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SUMMARY OF IMPORTANT RESULTS

Beryllium additions (0.5 to 1.0%) added as BeSiN; induce den-
sification in silicon nitride powder compacts when heated to
2000-2100°C under 4-8 MPa nitrogen pressure. Sintering to
densities above 90% is obtained only with powders which con-
tain at least 2% oxygen. Powders with less oxygen respond if
the oxygen level is increased by addition of SiO; or exposure
of the green compacts to air at 850-900°C prior to sintering.
Loss of oxygen during sintering results in nonuniform shrink-
age and low final densities.

Metallic impurities, especially Ca, Mg, Fe on a 0.1 to 0.2%
level, and typical for high grade commercial Si3N4 powders,
promote sintering of beryllium-~added powders. Five different
powders were processed and sintered to densities near 90%.
High density material could be produced from very pure powders
under conditions which made possible impurity transport dur-
ing sintering.

The sintering operation was done in an envelope of dense SiC,
tube or crucible form with the spec¢imens usually covered by
pack powder. The pack powder is not essential to the sinter-
ing process under such circumstances.

Sintering of Sij3N4 requires ultimate particle size correspond-
ing to a specific surface area 10-15 m2/g and good particle
packing during compaction. Crystalline silicon nitrides may

be comminuted to the required fineness by extended ball milling
with steel balls and by removing iron wear by leaching with
HCl. The oxygen pick-up_due to this processing is small,

about 0.07% oxygen per m“ of new specific surface area and not
harmful to the composition when taken into consideration.

The nitrogen pressure required to prevent decomposition on
sintering of Si3Ng4 is in approximate agreement with data cal-
culated from chemical equilibria. Nitrogen pressures about

4 times the decomposition pressure at the sintering tempera-
ture results in successful sintering runs.

The sintered bodies consist of grains of a solid solution
near the stoichiometric composition of Sij; g Bep,] N3, 8

Op,2 and minor amounts of SiC, Si and BeSiN2. A small amount
of an amorphous phase is sometimes detectable by transmission
electron microscopy particularly in the lattice imaging mode.
The occurrence of the minority phases is strongly dependent on
starting composition and sintering conditions and sometimes is
nonuniformly distributed.

Creep testing of two compositions carried out in three point

bendlng shows strain rates not measurable at 1300°C and 69 MN/m
i.e. > 3 x 10-6/h outer fiber strain, and 3 x 104 and 2 x 10~5/h

iii




at 1450°C and 69 MN/m?. These values approach the lowest
creep rates for any silicon nitride (excluding CVD) material
reported in the literature.

Oxidation resistance is excellent at 1400°C in air and depends
strongly on residual porosity and the level of metallic im-
purities. The oxidation product is cristobalite in pure mate-
rials and cristobalite plus phenacite in less pure materials.

Microhardness is contro%led by residual porosity and ranges
between 1400-1800 kg/mm< for 95 to 99% density. The elastic
modulus is between 269 and 276 GN/m? and also depends on por-
osity. Thermal expansion coefficient for 25-1000°C is 3.37 -
3.54 x 1076/°C,

iv
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I. INTRODUCTION

Ceramics have been considered as structural materials for
components of heat engines. Such applications require complex
components with accurate tolerances which in many instances cannot
be machined or are prohibitively expensive when machined from hot-
pressed stock material. Therefore, developments of processes
which use conventional fabrication techniques for new ceramics,
such as SiC and Si3Ng4, can lead to mass production of ceramic com-
ponents for heat engines.

I This program addresses sintering of Si3Ng4. Its objectives
are to develop a sinterable form of Si3N4 with improved high tem-
perature behavior and to evaluate microstructures and properties
of the resulting ceramic.

A study of Si3Ng4 sintering was initiated in this laboratory
in 1976, within a broader program investigating the sintering be-
havior of covalent solids. The program was supported by an ARPA
grant under contract F33615-76-C-5033, which was terminated in
July 1976, and the results were discussed in final report AFML-TR-
76—179.(1’ It was shown that a very fine, very pure Si3Ng4 powder,
synthesized from SiH4 and NH3, could be sintered to high density
if additions of Mg3N; and Be3Nj; were used to promote densification
and if the sintering was carried out under 5-8 MPa (50-80 atm.) ni-
trogen pressure at 1800-2000°C. Both amorphous and crystalline forms
of Si3Ng responded favorably under these conditions, but amorphous
starting materials would in some instances result in disruption of
the specimens due to the spontanecus amorphous-to-crystalline tran-
sition near 1500°C. Specimens sintered near 1900°C were composed
of fine equiaxed grains of B8-Sij3Ng, those sintered at 2000° or above
showed strong anisotropic growth of prismatic grains.

The present work made possible by AMMRC/DOE support extends
the materials development initiated in the AFML program mentioned
above and strongly emphasizes the development of understanding of
the physical mechanisms involved in sintering. In the following
we report on work done during March 15, 1977 to March 14, 1978,
i.e., during the first year of this program. Sintering of a num-
ber of starting Si3N4, powders with additions of BeSiNp has been 3
achieved. Sintered densities in the low nineties have been ob-
tained routinely; however, high densities, close to theoretical,
although occasionally observed, have been elusive. According to
available X-ray and analytical evidence, the sintered bodies in
the selected system are composed of a solid solution of a composi-

| tion close to Si; g Bep, ] N3, g Og,2 and less than 2% of other
phases such as Si, SiC, and additional phases not yet identified.

The development of a process for fabrication of a sinterable
} single phase high grade silicon nitride ceramic has been a diffi-
cult task compounded by effects which were not anticipated and

(l)C.D. Greskovich, S. Prochazka and J.H. Rosolowski, "Basic

Research on Technology Development for Sintered Ceramics," November
1976, Final Report AFML-TR-76-179.
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only gradually recognized. Nevertheless, decisive progress has
been made, and the mechanisms of sintering in silicon nitride com-
positions containing beryllium are now better understood. Measure-
ments carried out on laboratory specimens show that a silicon ni-
tride ceramic surpassing all known hot-pressed forms in creep and
oxidation resistance has been synthesized thus far. One of our
future goals will be to prepare sintered Si3Ng4 with improved high
temperature stress rupture performance comparable to that recently
found for General Electric's hot pressed Si3Ng4 containing 7 wt%
BeSiNy in solid solution. See Figure 1. This figure is a plot of
normalized strength retention versus time to failure in an air (ox-
idizing) atmosphere for GE hot pressed Si3N4 and the best commer-
cially-available hot-pressed Si3N4, Norton's NC-132. These plots
demonstrate that the strength retention of GE HPSN at 1400°C far
exceeds that of Norton's NC-132 Sij3Ng4 at 1400°C and even exceeds
the Norton material at 1200°C. For example, although NC-132 Si3Ng
has a very high room temperature strength of 125,000 psi, the
strength retention is only about 35% of the room temperature value
after an exposure of 2 minutes in air at 1400°C. 1In contrast,
under the same conditions GE HPSN exhibits a strength retention

of about 90%. These outstanding properties of beryllium-containing
hot pressed Si3N4 provide the stimulus to establish a technological
base for the development of a sintering process which enables large,
complex shapes of high density to be fabricated with much lower
costs than the hot pressing route.

| 1 Jon B 2
© GE HPSN WITH 7%BeSiNy AT 1400°C
s NC-132 AT 1200°C
Lol © NC-132 AT 1400°C i
OQE\\\"“ )
§ OB e T e o e
B o7t pu =
[ \\\ T
= 06— s -
5|6 o T
05~ _ _ -
0.4— \\\\\ e
03— e -
02— ORTGE =50,000 PSI  ~~~_ _ 5
0.1 |— TryNC-132125,000 PS!I it R N
0 | | | | | | W
00l o0l 10 10 100 1000 104 10°
(10 WEEKS)

TIME TO FAILURE (MIN.)

Figure 1. Normalized strength versus time-to-failure for GE-HPSN
and Norton NC-132 Si3N4 at high temperatures.




Il, THE PRESENT STATUS OF SINTERING OF SILICON NITRIDE

Sintering in silicon nitride was first reported by Terwilliger
and Lange(z) who demonstrated densification in specimens of a
Si3N4-MgO composition at 1550-1650°C in nitrogen. They achieved
densities near 90% and observed that thermal dissociation inter-
fered with the sintering process and limited the attainable degree
of densification. At present this task is studied by a number of
research groups with emphasizing different metal oxides as sintering
promoting additions. D.J. Rowcliffe and P.J. Jorgensen{3) of S.R.T.
and Buljan and Kleiner (4) and J.T. Smith of GTE(5 developed sin-
tering in the Si3Ny4-Y,03 oxide systems to nearly full density. H.F.
Priest, G.L. Priest and G.E. Gazza of AMMRC have studied additions
cf CeOp, MgO and Y203,(6) and M. Mitomo 7, M. Tsutsumi, E. Bannai
and T. Tanaka(8) sintered Si3N4 with addition of MgO. I. Oda,
M. Kaneno and N. Yamamoto studied the system Si3Ng4-MgO-BeO and
Si3N4-MgO-BeO—Ce02.(9) Additional work in the system Si3N4-Al303
-ZrO, is in progress at Max Planck Institute (10)"and in the system
Si N4-A1203-Y203 in a program of Toyota-Tokyo Shibaura El. Co. (11)
Sugstantlal progress has been made in processing, and fabrication
of complex components has been demonstrated. Information on basic
thermomechanical properties of the new materials is gradually be-
coming available and shows, as expected, similar trends as in hot-
pressed materials. It is reasonable to expect, that with further
advancement, material with properties nearly equivalent to present
hot-pressed compositions may be obtained. Only scant information

(Z)G.R. Terwilliger and F.F. Lange, "Pressureless Sintering
of Si3N4" J. Mat. Sci., 10, 1169(1975).

(3)D.J. Rowcliffe and P.J. Jorgensen "Sintering of Silicon
Nitride," Proceedings of the Workshop in Ceramics for Advanced
Heat Engines, January 1977, F.C. Moore, ed.

(4)S.T. Buljan and R.N. Kleiner, "Cold Pressed and Sintered
Si3N4" Annual Meeting of Am. Cer. Soc., Cincinnati, 1976.

(S)J.T. Smith, "Properties of Fully Dense Sintered Si3Ng Com-
position," Fall Meeting of the Basic Science Group of the Am. Cer.
Soc., Hyannis, Massachusetts, 1977.

(G)H.F. Priest, G.L. Priest and G.E. Gazza, "Sintering of
Si3N4 under Ny Pressure," J. Am. Ceram. Soc., 60, 81(1977)

(M m. Mitomo, "Pressure Sintering of Si3N4" J. Mat. Sci. 11,
1103(197s6) . i

(B)M. Mitomo, M. Tsutsumi, E. Bannai and T. Tanaka, "Sintering
of Si3N4" Am. Cer. Soc. Bull. 55, 313(1976).

9)I. Oda, M. Kaneno and N. Yamamoto, "Pressureless Sintered
Si3Ny" in Nitrogen Ceramics, F.L. Riley, ed., Noordhcff Layden, 1977

lO)N. Clausen and J. Jahn, "Mechanical Properti s of Sintered
and Hot Pressed Si3N4-ZrO2 Composites," J. Am. Cer. Soc. 61, 94(1978).

(ll)K. Komeya, et al., "Silicon Nitride Ceramics for Gas Turbine
Engines," Paper No. 65, Proceeding of the Tokyo Joint Gas Turbine
Congress, Tokyo, 1977.




on the details of the processes is available. Generally commercial
medium purity grade Si3N4 starting powders have been used, milled
in nonaqueous dispersions with alumina, silicon nitride or cemented
carbide balls, shaped to obtain maximum green density and sintered
at 1750° to 1950°C at 2-20 atmospheres of nitrogen. The resulting
ceramics are generally composed of very fine grains of B-Si3Ng4 or 8
solid solutions (x1lu) and variable amounts of other phases, up to
30 vol% of metal oxynitrides and oxides, both crystalline and amor-
phous.

The role of the additions in sintering of Si3N4 is to enhance
internal mass transport which occurs, most likely, by the dissolu-
tion-reprecipitation mechanism. It is generally accepted that the
liquids providing the transport path have to have substantial solu-
bility for the solid and zero or close to zero interfacial angle.
The extraneous phases generated from the liquid phase on solidifi-
cation control all structure sensitive properties, such as strength,
creep, stress rupture and fracture toughness in ways which are not
predictable by present theoretical concepts. From this point of
view every composition is unique and has to be characterized sepa-
rately.




lil. APPROACH

High temperature mechanical properties such as creep and stress
rupture are probably controlled by the same atomic mobility as the
densification process by which a ceramic material is consolidated
during hot-pressing or sintering. Consequently, the higher the ne-
cessary consolidation temperature, the better is the chance to cbtain
a stable high temperature material. Contrary, therefore, to the
usual trend dominating current ceramic fabrication, i.e., to lower
the process temperature, one strives to incrcase it. In the case
of Si3N4, however, difficulties arise due to the limited thermal
stabiiity of Si3Ng4. In other words, one has to accept the inconven-
ience of processing under high temperature and gas pressure, a prac-
tice heretofore unusual in ceramics.

Another problem is that, according to all available evidence,
Si3N, does not densify without the presence of a liquid phase which
in instances solidifies, at least partly, as glass. To minimize the
detrimental effect of such a second phase on the refactoriness of
the product several options are available:

a. select a composition with a high solidus temperature and
minimize the volume of the liquid

b. select the composition such that on cooling, crystalliza-
tion of a stable refractory phase occurs which eliminates
or reduces the volume of liquid

c. select a composition where the additives which promote
sintering may ultimately dissolve in Si3N4 to form a single
phase system (transient liquid sintering)

d. select a composition which enables elimination of second
phase by vaporization during extended heat treatment.

Prior work has shown that the liquid phases which promote den-
sification in current hot-pressed forms of Si N4 are primarily com-
posed of silicates and silicon oxynitrides. n order to reduce the
amount of silicates or possibly even avoid them, we decided to apply
additions in the form of nitrides and to compensate for the lost
sinterability by increasing the sintering temperature and nitrogen
pressure. The endeavor to prepare a material without a grain bound-
ary phase is, in part, substantiated by the belief that an inter-
granular oxide phase, typical for current Sij3N4 ceramics, promotes
oxygen transport along grain boundaries particularly under stress
conditions. Such a process involving stress enhanced diffusion then
results in poor creep resistance and poor stress rupture performance
in polyphase materials.

Silicon nitride can be consolidated only with sintering promot-
ing additions and, if a single phase composition is to result, the
selected addition has to react with Si3Ng4 to form a solid solution.
A convenient addition of this type is alumina or more specifically
Al;03-AlN. Materials in the system Si3N4~Si02-A1203 - AIN have been
extensively investigated by many investigators since the discovery




of solid solubility by K. Jack.(l12) However, the results have been

at great variance and in general have not, thus far, met expectations.
Another substance known to have high solubility in Si3N, is beryllium.
An early investigation showed that Be3N; indeed promoteg sintering of
Si3Ng4 particularly if combined with additions of Mg3N; and the sinter-
ing was carried out between 1800-2000°C under sufficient pressure of
nitrogen to prevent thermal dissociation. Preliminary oxidation tests
revealed, however, that the presence of magnesium at a level of 1%

was detrimental to oxidation resistance and that hot-pressed Mg-free
compositions were superior to any material from the Si3N, family.
Therefore, the development of a sinterable material in the Si3N4-Be
system was chosen.

12 7
( K.H. Jack and W.J. Wilson, Nature, 283, 28(1972).




IV. SOME THERMODYNAMIC CONSIDERATIONS

A. Silicon Nitride Stability

Silicon nitride powder decomposes at high temperatures,
above about 1500°C, into silicon and nitrogen:

Si3N4 = 351(1) + 2N2(g); ‘\Gf (L)

If the ambient silicon vapor pressure, Pgi, is less than the
vapor pressure above liquid silicon, silicon will evaporate and
no condensed silicon appears:

Bl = Syt 86y, yee

At a certain temperature the nitrogen pressure and the
silicon vapor pressure are in equilibrium with Si3Ny and are
related by equation (3).

3 Pl

where K, the equilibrium constant, is related to the sum of
the free encrgies of reactions (1) and (2):

.\G(f)+ 3Z\G(v)

K =¢e - RT (4)

i The partial pressure of silicon at a selected temperature

l and nitrogen pressure can be calculated from equation (3). Us-
ing data for AG(¢) and AG(y) from JANAF Tables, (13) Pgi were
calculated and pfotted in the diagram on Figure 2.

The set of lines from lower right to upper left are iso-
therms and the solid curve from lower left to upper right is
the condensed Si-silicon nitride - gas coexistence boundary
and depicts nitrogen pressures above which silicon nitride
exists as a solid if silicon vapor is not removed from the
system. It has to be emphasized that even at high nitrogen
pressure Si3Ng4 will tend to decompose if silicon vapor trans-
port out of the system is not prevented. The role of nitrogen
pressure is to decrease Pg; such that it is below the vapor
pressure in equilibrium with liquid silicon and to prevent
! spontaneous decomposition of Si3N4 into liquid silicon and
{ nitrogen. 1If, for example, Si3N4 is kept at 2000°C in an en-
{ vironment of Py-. at 5 atm it will evaporate, and the rate of

evaporation will be controlled either by the rate of silicon
vapor transport away from the specimen or by the rate of Si3Ng
decomposition. If, alternatively, a closed system was used,
nitrogen pressure maintained at 10 atm and the temperature

1 ;
( 3)JANAF Thermochemical Tables, U.S. Government Printing

Office, Washington, D.C., 1971.
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Figure 2. Silicon vapor pressure in equilibrium
with silicon nitride as a function of
nitrogen pressure and temperature.

gradually increased, silicon vapor pressure would increase
(along vertical lines in Figure 2) until the liquid-solid
coexistence boundary is reached where liquid silicon forms
(univariant system). On further exposure all Sij3N4 would
isothermally decompose into liquid Si and N; and the rate of
decomposition would be centrolled by heat flow.

B. Silicon Vapor Barrier

From the above discussion it follows that two conditions
have to be fulfilled to prevent decomposition of Si3N4 at high
temperatures:

a. Nitrogen pressure has to be sufficiently high to keep
the system to the right of the solid-liquid coexistence bound-
dary, and,

b. Silicon vapor loss from the system has to be prevented.

As higher temperatures are used the second condition be-
comes increasingly critical as the rate of evaporation and vapor
transport increase with temperature. This results in the re-
quirement of isothermal confinement for the Si3N4 specimens by
a wall impermeable to silicon vapor during the sintering opera-
tion.

————
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There are only a few materials which may serve such purposes
near 2000°C under nitrogen pressure - perhaps carbon, SiC, BN,
AIN, B4C, and silicon nitride itself. (Carbon would become
siliconized at its surface and develop an impermeable SiC coat-
ing.) In the present experimentation we have selected SiC in
the configuration of a closed end tube 1 cm I.D. which also
serves as a pressure vessel.

Closed end tubes 25 cm long, approximately 1.15 cm O.D. and
1l cm I.D. in the final fired state, were slip cast from an aque-
ous dispersion of silicon carbide stabilized by tetramethylammon-
ium hydroxide at pH 10 and 1/2% by weight of solid of urea-
formaldehyde resol.* Slip casting was done in plaster-of-paris
molds, and the castings were fired at 2150°C in one atmosphere
of argon to a final density of 95%. The closed end of the tube
is hemispherical and the wall thickness is about 1.5 mm.

Pressurizing of a thin walled, closed end tube results
in tangential and longitudinal tensile stresses:

pPd and Pd
2t it

respectively, where P is the inside hydrostatic pressure, d is
the diameter and t is the wall thickness.

The open end of the tube is sealed into a pressure head
with epoxy resin and "proof-tested" at room temperature by
pressurizing to 15 MPa nitrogen pressure which results in hoop
stresses of approximately 52 MPa. The tube is inserted into a
graphite resistance laboratory furnace of the type described
by St. Pierre and curran. (14) The entire assembly has been
sketched in Figure 3, and a photograph of the tube sealed in
the pressure head is included in Figure 4. Gas cylinders are
used as the source of nitrogen and the pressure is controlled
with a pressure regulator.

The temperature is measured by an optical pyrometer sight-
ing on the closed end of the tube through a window in the
opposite end of the furnace. By adjusting the position of the
tube progressively farther into the furnace, it is possible to
measure the temperature gradient near the hot zone and to posi-
tion the tube such that the highest temperature is about 1 cm
from the end. In this position there is a temperature drop
from the hottest spot to the closed end of about 30°C and a
total length of approximately 2 cm within 30°C of the maximum
temperature. The temperature measured by the pyrometer has been

- —
URAC 180, American Cyanamide Co.

(14)P.D. St. Pierre and M.J. Curran, "A Simple Laboratory Fur-

nace for Temperatures Up to 25000C," General Electric Report No.
CRD-012, December 1972.
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Schematic of furnace for sintering

experiments with Si;N, under nitro-
gen pressure.

Figure 4.

corrected for losses by the furnace window and a mirror, thus
resulting in an estimated accuracy of *30°C for all quoted tem-

peratures.

Silicon carbide tube
and pressure head used
for Si3N4 sintering
work.

During experimentation several tubes ruptured.

stances the debris was safely contained within the furnace
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( 1J
Binary System Carbon-Silicon Using a Mass Spectrometer" in Silicon

Carbide, J.R. O'Connor and J. Smiltens, eds., Pergamon Press, New
York 1960.

envelope and no other damage occurred except to the heater and
insulation.

C. The Relative Thermal Stability of SiC and Si;N,; Under
Nitrogen Pressure

It is of interest to consider the relative stability of SiC
and Si,;N, under high temperature and nitrogen pressure. This
is besg éone by plotting the partial pressure of silicon above
the two compounds as a function of temperature and nitrogen pres-
sure. Such a diagram is shown in Figure 5. The parallel lines

. 2150 2100 2050 2000 1950 1900 °C
10 S, T T e

1‘

VAPOR PRESSURE OF Si MPa

Tl ) S S o s Gl
04l 042 043 044 045 046 047 048
177 x 103

Figure 5. Silicon vapor pressure above Si3N4 and SiC
as a function of temperature.

show Pg; over Si3N4 at various Py _ in the temperature range of

interest and the dashed line gives Pg; over SiC, according

to Reference 15. The crossover points to the dashed line
with the set of solid lines determines conditions under which
SiC and Si3N4 have the same Pgj and are therefore stable. To
the right of the crossover points SiC has higher Pg; and

. Drowart and G. DeMaria, "Thermodynamic Study of the

Il




should be, therefore, converted to Si3N4. The result also
shows that under these conditions Si3Ny should be stable in
contact with carbon. To the left of the crossover points
SiC is stable in nitrogen, and Si3Ny would react with carbon
(if present) to SiC. For 1 atm N, the diagram predicts an
SiC-Si3N4 equilibrium temperature near 1500°C (not shown in
Figure 5).

The essential point is that conditions exist under which
Si;N, will not react with carbon and that consequently a carbon
resistor furnace and a carbon enclosure for the sintering ob-
jects are applicable. This is particularly important for tem-
peratures considered here, where tungsten cannot be used due
to silicide formation.

The conversion of SiC to Si3N, predicted by the diagram
in Figure 5 is so slow that it may be ignored for most of the
conditions considered here. Nevertheless it has been observed.
Figure 6 shows a section through a SiC tube which was exposed
7 hrs. at 2050°C at 8 MPa N». A thin layer of Si3Ng4 formed
on the inner surface of the tube, and the rejected carbon is
located in the large pores near the interface.

Figure 6. Silicon nitride layer formed on the inner
wall of a SiC after exposure to 8 MPa Nj
at 2050°C for 7 hours. Mag. = 230X.
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V. SILICON NITRIDE POWDERS

A. “Zelection of Powders

Previous work in this laboratory showed that the densifica-
tion in covalent solids is more sensitive to impurities than in
other ceramics. For instance 1/2% of free silicon or other
metals will inhibit sintering of SiC dramatically and the ab-
sence of boron will turn off densification completely. Similar
behavior was expected also in silicon nitride, and therefore
a number of starting powders were selected to cover a wide range
of chemical compositions. A very high purity powder was syn-
thesized in-house from SiH4 and NH3 and was used in certain
experiments. Additional powders were procured from vendors
and characterized in the laboratory.

¥. High purity Si3N4 from GTE Sylvania, grade SN-502
(60% crystalline + 40% amorphous). It is derived from SiCly,
and, according to the supplier contains oxygen, chlorine, and
traces of molybdenum.

2. Indussa Sij3N, standard grade, a product of Nippon
Denko Co. Japan, a typical commercial, low priced crystalline
powder of medium purity.

3. Silicon nitride - hot pressing grade, from H. Starck
Inc. This has been specified as the highest purity of its kind,
prepared by nitridation of silicon. The company developed a
continuous process of nitridation and claims the lowest oxygen,
free silicon and calcium content.

4. 1In-house amorphous Si;Ny prepared from SiHy and NH3.
It is very low in metals but contains variable amounts of oxy-
gen and up to 2% hyperstoichiometric silicon. The preparation
procedure was described before. 1) 1ts supply has been limited
and is not expected to be used for larger specimen fabrication.

5. Electronic grade Si3N4 from Cerac Inc., which according
to the supplier's information was expected to be predominantly
the f form of Si3N,. Although this turned out not to be the
case, its high purity and low oxygen content warranted meaning-
ful experiments.

6. Indussa-low calcium grade Si3N, - an experimental grade
from Nippon Denko was also characterized and used in a few ex-
periments.

B. Powder Characteristics

The powders were analyzed in the as-received form and the
results together with other characteristics are summarized in
Table 1. Oxygen has been determined by neutron activation, free
silicon was estimated by X-ray diffraction (2% limit), surface
area and density measured by low temperature nitrogen adsorption
and helium displacement.

L3
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C. Oxygen Content

All fine nitride powders, analyzed for oxygen so far, con-
tain 1-3% Op. _Although some oxygen solubility in a=Si3Ny is
very likely,(16) 1t is believed that a major fraction of the
oxygen is present as a multimolecular layer on the part}i}e
surfaces similarly as has been found in silicon and AILN. )

An upper limit of surface oxygen may be estimated from Table 2
which shows oxygen pick-up as a result of comminution and
amounts to about 0.07% per m“/g. Some oxygen may also be rres-~
ent as silica, as has been shown by Jack, (16) and in our pre-
vious work. Such oxygen can be removed by leaching with NaOH
solutions or by redu ti?n in an ammonia or hydrogen atmosphere
between 1100-1300°C. {18) However, as will be shown below,
there does not seem to be immediate need for very low oxygen
levels in the starting materials as it forms a necessary con-
stituent in the selected system. Oxygen concentrations near
2.5 wt%, similar to that found in many starting materials, are
needed to bring about sintering.

D. Carbon Content

Si3N, powders which originate from nitridation of silicon
may contain certain amounts of carbon. See Table 1. Carbon
is introduced in the process of preparation of silicon from
silica and is, by all probability, present as SiC although
usually below the detectability limit of current X-ray diffrac-
tion analyses.

To obtain positive proof of SiC, a sample of Si N4 powder
(Starck) was exposed to 1500°C in vacuum until it lost about
2/3 of its initial weight. SiC, being more stable under these
conditions concentrated in the residue and was detected by
X-ray diffraction.

As discussed above SiC may be either stable or could con-
vert to Si3N4 at the sintering temperature depending on Py

applied. To determine whether or not there would be 3n effect
of SiC on the sintering process, 5% of fine g-SiC (8m“/g) was
added to a composition prepared of in-house Si3N, powder and
sintered at 2080°C. No difference in sintered density, com-
pared to powder without SiC addition was found indicating that
small amounts of SiC would not interfere with Si3N4 sintering.

(16)b Wild, D. Grieveson and K.H. Jack, "The Thermodynamics
and Kinetics of Formation of Phases in the Ge-N-O and Si-N-O Sys-
tems," Special Ceramic, No. 5, Brit. Cer. Res. Assoc., Stoke-On-
Trent, June 1972.

(17)H.G. Maguire and P.D. Augustus, "The Detection of Silicon-
Oxynitride Layers on the Surfaces of Silicon-Nitride Film by Auger
Electron Emission," J. Electrochem. Soc., 791-93, June 1972.

(18)p g, Wright and D.E. Niesz, "Improved Toughness of Refrac-
tory Compounds," NASA Report No. CR-134690(1974).
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TABLE 2. EFFECT OF MILLING AND ACID LEACHING
ON CHARACTERISTICS OF Si3N4 POWDERS

Powder Internal Sp. Surface Ca Fe Oxygen 7% Oxygen per mz/g
Origin Code Area(m2/g) PPM | PPM % of new surface area
CERAC CERAC 7.0 300 30 0.90 -
CERAC CER B2 12.8 100 30 1.08 0.031
processed
Indussa "Low Calcium" 6.0 200 | 2500 | 1.60 -
Indussa Ind. LCI 14.1 200 80 223 0.077
processed
GTE Sylv. SN-502 4.5 <40 <10 2.6 -
GTE Sylv. SN-502-23A 13.3 <40 <10 32 0.068
processed
H. Starck Stk 118 7.8 1200 700 1.1 -
H. Starck Stk 19A 14 600 30 1.47 0.06
processed

E. Free Silicon

Si,N, prepared

R el
residual silicon.
hydrogen evolution

Si

+

and may be removed

by nitridation of silicon always contains

It can be determined

according to the reaction:

2KOH + H,0 = K,Si03 + 2H,

in the same way.

F. Powder Processing

(after milling) by

In the present work small
amounts of finely dispersed silicon are of no concern as it is
expected to convert to Si3N4 under the sintering conditions.

Prior investigation of sintering of covalent solids - SiC,

8i, B4C(19)

showed that favorable results were not obtained

unless powders in the 0.1-0.3 micron particle size range were
The same requirement was therefore extended to the pres-
ent work.

used.

(19)

C.D. Greskovich, J.H. Rosolowski and S.

Prochazka, "Ce-

ramic Sintering," Final Report, 1975, General Electric SRD-75-084.
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None of the procured powders was fine enough and most
formed very coherent aggregates and had to be comminuted. Pre-
vious experience with SiC identified extended ball milling
with steel balls (3/16") as a satisfactory procedure and was
therefore adopted. It was done in a steel jar in hexane with
charge to ball ratio of 1/5. The requirement was to obtain
surface area of about 12 m¢/g which took between 70 and 100 hrs.
of milling. Hexane was dried off and the residue leached with
5% HCl to remove iron wear from the milling media (2-5% Fe per
charge). The ferrous chloride was removed by lengthy decanting
while keeping pH of the aqueous dispersion at about 2 to pre-
vent deflocculation. The final wash was done with acetone and
the powder was recovered by filtering. It was observed that
the leaching procedure removed the original content of iron
and decreased, in some cases, the level of calcium. The ef-
fect of processing on the chemical composition of four Si3N4
powders is shown in Table 2.

Additional leaching experiments were done with KOH which
resulted in an additional slight decrease of the oxygen level
but did not affect other impurities. For instance, a caustic
leach (following an acid leach) of the Starck powder decreased
the oxygen level from 1.47% to 1.2%.

Our experience has been that crystalline silicon nitride
is very stable, and current aqueous processing, such as used
for alumina, is quite satisfactory. This is not the case with
amorphous powders. These have been found to partly hydrolyze
on exposure to moisture and to dissolve in dilute HF. There-
fore, the in-house amorphous powder was not subjected to the
described processing. This circumstance also suggests that
caution should be taken with crystalline powders prepared by
calcination from amorphous materials which may not be fully
crystallized and the unconverted fraction would be suceptible
to hydrolysis. This would be manifested by a substantial ox-
ygen increase.




VI. SINTERING EXPERIMENTS

A. General

The objective of experiments discussed in this paragraph
was to determine conditions for sintering of the selected
Si3N, composition to high density, say 95% of theoretical.
The information sought was:

1. How do various SijN, powders respond to sintering
with additions which were found effective previously and
whether or not the response may be improved by processing of
the powders.

2. How strongly changes of time, temperature, nitrogen
pressure and green density influence sintered density.

3. What other factors, in addition, control final den-
sity.

Quantitative work was severely hindered by these latter
factors which were only gradually recognized, i.e., oxygen
level, oxygen loss during the sintering cycle and impurity
transport. Although some parameters were not fully controlled |
and some experiments were not very reproducible, the observed |
trends discussed below are believed to be qualitatively cor-
rect.

B. Sintering Additives

/ Previous work showed encouraging results where Mg3N, ard

| Be,N, were used as sintering additives, particularly when used

‘ in combination. Therefore the testing of sinterability of the
new powders was done with the same additives. Be N, and Mg3N,
were purchased from Ventron Co., Beverly, Mass. gccording go
the supplier, both were prepared by nitridation of metals and
were 95 and 98% pure, respectively. All the batch formula-
tions and powder preparation were done under glove box condi-
tions to avoid hydrolysis due to atmospheric moisture.

To circumvent the inconvenience of working in a dry box,
BeSiNy and MgSiNp; were synthesized. These are stable com-
pounds, do not hydrolyze even in water, and were used on an
equivalent basis in formulation of compositions later in the
work . (20,21

BeSiN, has been prepared by mixing stoichiometric amounts

i of BejN, and Si,N, in a mortar and firing the mixture in an

SiC crucible at temperatures between 1800° and 2000°C under

1 2.7 to 8.2 MPa N, for 15 minutes. The product, a grey-white
powder or friable aggregate, was analyzed by X-rays. Under

L all conditions BeSiN, was obtained with minor amounts (<10%)

(20) i

0 P. Eckerline, A. Rabenau and H. Nortmann, "Darstellung

and E%g?vschaften on BeSiNj," Z.An u. Alg. Chem. 353, 113(1967)
/J. David and J. Lang, "Sur un nitrure de magnesium et de

silicium," C.R. Acad, Sci. 261, 1005(1965).
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of B—Si3N4. The detected Si3N, may be either unreacted Si3Ny
converted to B, or it may be a (' solid solution of beryllium
oxide in Si3N,4 resulting from a reaction with oxygen present.

MgSiN, was prepared similarly.
In some experiments the effect of oxygen additions via
fine amorphous SiO2 ("Cabosil," Cabot Co., Boston, Mass.) was

studied.

C. Specimen Preparation

Processed powders were usually mixed with additions by
mortar and pestle in about 2g amounts. Two percent of paraf-
fin added in solution was used with some powders to improve
pressing behavior. Alternately 25g batches were prepared by
mixing in a plastic jar in a benzene dispersion using stearic
acid as dispersant and silicon nitride milling media. Cylin-
drical specimens were die pressed at 28 to 70 MPa and then
frequently repressed isostatically at 200 MPa. The final
diameter of the green compacts was ~1 cm or 1.6 cm. Test bars
0.5 x 0.5 x 5 cm were die pressed similarly. Green density
of the specimens from the processed powders was quite satis-
factory, typically 58-61% of theoretical, except for SN-502
Si;N4 powder which would yield 48-51% (depending on the press-
ing pressure) and the In-House powder, which was not milled,

J yielding 46-48%.

In some instances the green specimens were prefired either
in purified nitrogen of P, <10=6 or in air at 9000C. Air at-

mosphere was used to introduce additional oxygen into the com-
position. Table 3 gives the oxygen pickup calculated from
the weight gain of a 1 cm x 1 cm cylindrical pill of Starck
Si3N, exposed to temperaturesup to 1050°C and that found ana- |
lytically. The exposure to air at 900°C for one hour results |
in 1.6% oxygen pickup and temperatures of 750°C or less do
not bring about any measureable change in oxygen concentra-
tion. This latter finding is useful information in that it |
gives the upper limit of heat treatment one may use to burn I
out organic additives used in Si3Ny fabrication. |

D. Firing of Specimens |
i

Before sintering, a single pellet was inserted into the
SiC tube (see above) and covered with loose Si3N4 powder.
The use of pack powder to protect specimens during firing
has been a common procedure in experiments with nitrogen ce-
ramics and was also adopted early in the present work. It
has been observed that the pack powder, under certain circum-
stances, may critically influence sintering and therefore a
routine procedure was established, which has not been changed
during experiments when other sintering parameters were in-
vestigated. This procedure has been to use a mixture of pre- |
viously used pack powder with an addition of 1/4 to 1/3 of the i
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TABLE 3. OXIDATION OF Si3N4 IN AIR FOR ONE HOUR

il AW/Wo7 A7 0, Calc. 0, Determined* 470, Found
400 0.0 - 1.42 ==
600 0.0 - n.d. —
700 0.0 - 1.67 0.0
800 12 0.30 n.d --
850 0.34 0.82 2.45 1.03
900 0.46 1.1} 3.10 1.58
950 0.67 1.69 3. 57 2515
1000 1.03 2.45 n.d. -
1050 1.34 3.18 n.d. -

5 e o e

Measured by neutron activation analysis

[PV IR 3

charge of fresh silicon nitride supplied by Apache Chemicals,
Inc. cat. No. 6867 (Ca 500, Al 700, Fe 90, Mg 50, Cr 20, 0,
14000, C 2000 in PPM). The reason for this selection and pro-
cedure has been that it would yield best density results and,
secondly, that this pack powder was easily removed from the
tube or crucible after firing.

A typical sintering schedule involved heating up in vac-
uum to 800°C, holding for about 5 minutes to remove the binder,
pressurizing the SiC tube with nitrogen and heating in about
5 minutes to the sintering temperature ("fast heating rate")
or alternatively in about 20 minutes ("slow heating rate").
After every run the 0.D. of the tube was measured and when
creep strain exceeded 4% the tube was replaced to avoid sub-
sequent catastrophic rupture. The firing procedure in the
autoclave described below, was essentially the same except
that a slower heating rate was used and the specimens, usually
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several at a time, were placed in a silicon carbide crucible
2.2 x 2.2 » 15 onm.

A high-pressure high temperature furnace, with capabil-
ities applicable in present work, was designed and built in
this laboratory. The basic design features were derived from
a controlled atmosphere furnace by St. Pierre and Curran.

It uses a graphite foil (Grafoil, Union Carbide Co.) heating
element 12 inches long, easily replaceable, and may be oper-
ated at up to 2300°C at 100 atm of inert gas pressure (inert
with respect to carbon) and has a hot zone of 2.5 x 7 cm. A
photograph of the furnace appears in Figure 7. Overheating
of the end flanges and incorrect temperature read out through
a sighting port were major difficulties encountered in the
initial use of this furnace. The first was overcome by re-
drilling more efficient cooling channels and by providing
water cooled end covers. The temperature measurement was a
more difficult problem to solve.

Figure 7. Autoclave for sintering under gas pressure
up to 8 MPa and 2300°C. 2 1/2 x 7 cm hot
zone.

The design of the furnace called for optical temperature
determination axially through a sighting port in the end cover.
However, the density gradient in the pressurized gas (due to
temperature gradient in the furnace) severely defocuses the
light from the target so that a large pressure dependent de-
viation in the read out results. As shown in Figure 8 the
apparent temperature read by an L&N optical pyrometer at the
melting point of alumina is a strong function of N, pressure
and at 7 MPa a correction of 300°C would be necessary. More-
over, above about 1700°C the apparent temperature vs. true
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Figure 8. Effect of nitrogen pressure
on apparent temperature read
by an optical pyrometer in
the autoclave.

temperature curve is so flat that correcting the apparent
temperature is not a viable way to measure temperature. The
problem is further compounded by fogging of the sighting port.
In addition, attempts to calibrate the power setting at the
melting point of alumina was not useful as the power setting
at a temperature depends on gas pressure in the furnace, the
length of the crucible holding the specimens and aging of the
heating element.

The solution to the problem was obtained by redesigning
one end of the furnace so that a closed end silicon carbide
tube 0.75 x 1.0 x 13 cm could be sealed with the open end
into the sighting port and its bottom near the hot zone pro-
viding a target for optical temperature read out. The
design is shown on Figure 9. The pyrometer was calibrated
at the melting point of sapphire observed through the other
sighting port. The temperature reading is believed accurate
within #20°cC.

E. Specimen Evaluation

Weight loss, shrinkage and displacement density were ob-
tained by usual procedures. The specimens, small cylinders,
were frequently tapered, and sometimes flared towards both
ends, due to nonuniform shrinkage. In this case longitudinal
shrinkage, or average radial shrinkage was used. Most of the
specimens were sectioned and polished to investigate pore size
and porosity distribution. Some were further studied by X-ray,
optical microscopy after etching, SEM and TEM. These investi-
gations are reported below.
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Figure 9.

F

Sighting port of the autoclave
after redesign: 1. Grafoil heater,
2. Closed end SiC tube sealed in,
3. Tube holder, 4. Furnace flange,
5. Teflon insulation, 6. Rear
electrode, 7. Quartz window,

8. Cooling channel.
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VIl. RESULTS OF SINTERING EXPERIMENTS

A. Effect of Composition

Table 4 compares the effect of additions of Mg,N,, Be
and combination of the two on fired density of fouf Si3N4
powders. The results reveal that:

3Ny

1. Magnesium nitride is only marginally effective in
promoting densification. This may be, in part, the conse-
quence of evaporation of Mg 3N from the specimens. Analysis
of one sintered specimen founé 0.4% Mg instead of 1.5% added.

2. The combination Be and Mg nitrides has been very ef-
fective with the high purity in-house powder and both with
Starck and Indussa powders; SN-502 powder, however, did not
respond well.

3. Even in the absence of Mg3N2, Be N2 is effective
enough to bring about densification™if igs concentration and
other conditions were optimized.

Based on this later finding, we decided to omit Mg,N
from the composition in the succeeding experiments. The de-
cision was stimulated by preliminary oxidation tests which
showed substantially accelerated oxidation in specimens
containing Mg compared with specimens hot-pressed with Be
addition only. The poor response of the SN-502 was corrected
in later experiments by a specific firing schedule including
prefiring of the specimens at 1350-1450°C in vacuum prior to
sintering. The nature of the different behavior of this
powder is not clear; perhaps it is related to residual chlo-
rine content which is specific for this powder. A chlorine -
containing hygroscopic compound was identified in a deposit
formed over this powder by heating at high temperature on
several occasions.

Table 5 shows the effect of varying Be concentration on
the in-house Si3N, powder (added as Be3N,) and the Starck-118
powder, both as received and milled to 14m2/g (Be introduced
as BeSiNZ). In all three experiments it appears that a
specific concentration exists for each powder which allows
maximum sintered densities. A similar observation was done
previously in a study of hot pressing Si3N4 with Be;N, ad-
ditions.

In experiment No. 81 a final density of 92% was achieved
with 0.5% Be addition (3.5% BeSiN,). This composition was
reinvestigated in more detail and the results are shown in
Table 6. Again a 0.5% Be addition maximized final density.
The sintered density, however, could not be increased above
92% by increasing temperature because "bloating" occurred
above 2100°C (manifested by convex curvature of the pel-
let's faces) and resulted into large pore formation. Never-
theless the local density in specimen No. 87 was high, prob-
ably above 95%. The data also show that densification just
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RESPONSE OF DIFFERENT
SINTERING ADDITIVES:

TABLE 4.

Si3N4 POWDERS TO SELECTED
SINTERED DENSITY %/WEIGHT

LOSS %
I°C/Ry o P2 22 Mg, 2% Be,N, 1% Be,N +27Mg.N,

In-House Si3NA - Green Density 467

200C/8 63.47 74/5.4 92/4.5

2050/8 -- 80/5.7 94/5.5

2100/8 66/8.0 86/5.7 93/8.1
Indussa Si3N4 - Green Density 617

2000/7.5 81/1.5 T2{1.5 92.5/1.0

2050/7 82/- 82/2 93/~

2080/7 - 84.5/2 -
Indussa Si3Na Milled - Green Density 537

1880/7.5 - == 94/1.9

1930/7.5 - — 93/ 2. 4%

2020/7.5 - == 93//4..5*
SN—SOZ+ - Green Density 487

2000/7.5 - 84/5.9 75/4.0

2000/9.5 59/7.4 - -

2050/7.0 61/~ 955+ 75/4.6

2080/9.5 - 94/5.7 -
Starck - Green Density 617
Milled 2000/8.2 - 86/2 91/2.5

2050/8.2 - 92/2 94/2.5

2080/8.2 - 92/3.5 -
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TABLE 5. EFFECT OF Be CONCENTRATION

Exp. No. 7 Be T°C/PN , MPa Fractional/Weight
? Density 7 Loss 7%
Si3N4 Synthesized In-House, 467 Green Density
17 0.25 2050/7.1 50/3.7
16 0.50 2100/7.1 64/5.5
22 1.0 2100/7.1 86/5.7
20 2.0 2100/7.1 69/7.3
Si3NA Starck-118, as received, 617 Green Density
75 0.15 2100/8.2 63/~
74 0.5 2100/8.2 77/3.4
73 1.0 2100/8.2 75/1.8
Si3NA Starck-118, milled+, 607 Green Density
82 0.3 2100/8.3 83/1.4
81 0.5 2080/8.2 92/3.7
77 1.0 2100/8.2 88/3.0
Si3N4 SN-502, 487 Green Density
65 0.5 2100/8.3 74/5
61 1.0 2080/8.3 90/5.5
*
No. corresponds to in-house log.
Gt mz/g
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about starts at 1800° at which point 2% linear shrinkage
was measured (exp. 101).

Also in Table 6 is shown the effect of nitrogen pressure

on sintered density at 2080°. At 1.3 MPa N, the specimen
completely decomposed. Calculations show that for 1.3 MPa

N, the equilibrium temperature would be 21309, i.e., 50° above the
temperature measured, a fair agreement considering the uncertainty
in temperature measurement and of thermochemical data. At 2.7 MPa
90% density was achieved. However, a substantial amount of free
silicon, about 10%, was revealed in specimen No. 84 (Figure 10) and
a substantial weight loss resulted (11.6%). The origin of this
silicon is not quite obvious; it is perhaps related to interaction
with impurities in the specimen. It is unlikely that the discrep-
ancy with thermochemical calculation would be that large. In addi-
tion, no free silicon formed in the packing powder.

Figure 10. Microstructure of a Si;N, specimen
sintered at 2080°C and 2.7 MPa of Nj.
(Notice substantial fraction of free
silicon.) Mag. = 230X.
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The result of the latter experiment contains additional
information. Firstly, silicon metal does not inhibit densi-
fication of silicon nitride (contrary to SiC). Secondly,
sintering close to the coexistence boundary is uncertain and
may result in partial decomposition for reasons yet to be
investigated.

In experiments 81 and 83 no free silicon formed, and
consequently one can estimate the minimal necessary N, pres-
sure to sinter at 2080° to be about 4 MPa. It is furfher ob-
served that the increase of nitrogen pressure from 5.6 to
8.2 MPa increased the density only marginally if at all.

Some experiments were repeated many times under nearly iden-
tical conditions and a substantial variance in the degree of
densification was observed. Thus, final densities obtained
in one composition of Starck Si;N, powder varied between 85
and 95% and in SN-502 between 88-35%. An even dgreater varia-
tion was found in the processed Indussa powder where a com-
position with 1% Be yielded densities of 67% and 93% in two
successive runs differing only in heating rates. These re-
sults could not be correlated to temperature, time, gas pres-
sure or specimen green density and, clearly other variables
were interfering. Highly suspect are impurity effects.

B. Effect of Heating Rate

A possible effect of heating rate was investigated in a
series of experiments done with three powders. Changes in
heating rates were introduced at 800°C, after the furnace
was pressurized with N,; "slow" 60°C/min or "fast" 250°C/min.
The results collected iIn Table 7 show variations which can-
not be correlated with heating rate. In additional experi-
ments a soak for one hour at 1900°C was applied without a
substantial difference in sintered density. It was concluded
that no systematic effect of heating rate could be detected.

C. Effect of Oxygen

An effect of oxygen content was first observed in hot-
pressing carried out with the in-house synthesized Si3Nyg
powder with additions of 7% BeSiN,. These experiments showed
repeatedly that a batch of powder containing 3 wt% oxygen hot-
pressed easily to theoretical density at 1780°C while another
batch containing 2% resulted in final densities of 85 and 88%
at 1780°C and 1830°cC.

A batch of powder, "Starck 118," was milled and leached
successively with HC1l and KOH to reduce the oxygen content
from 1.9% to 1.26%. A composition with 3.5% BeSiN, prepared
from this powder (STK-19B) showed little densification under
typical sintering conditions (Table 8). When the powder or
the pressed pellets were prefired in air at 900°C the sinter-
ing response was restored, strongly indicating that a certain
oxygen content is essential to sinter the present Sij3Ng com-
position. The "addition" of oxygen due to prefiring in air
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TABLE 7. EFFECT OF HEATING RATE

Exp. No ZBe* T°C/P“ , MPa
2
In-House Si3N4, Green Density 467
52 1.0 2050/8.2
51 1.0 2050/8.2
69 1.0 2100/8.2

Indussa Si3N4(milled), Green Density 557

64 1.6 2050/7.5
65 1.0 2050/8.2
70 1.0 2100/8.2
SN-502 Si3N4, Green Density 487
65 1.0 2050/8.2
62 1.0 2050/8.2
61 1.0 2080/8.2
132 1.0 2080/6.2
133 1.0 2100/6.2
135 1.0 2100/7.5
136 1.0 2100/7.5
139 1.0 2100/7.5

*Be added as BeSiN2

**Slow Heating Rate: 60°C/min

Fast Heating Rate: 250°C/min

Density 7%/
Weight LossZ

91/2.4

94/3.8

93/4.6

88/4.6

67/7.0

93/4.9

74/5.1

90/6.8)
90/8.3)

91/1.0
89.5/1.9

98/1.5
94/0.9

89/0.8

Heating Rate**

Slow

Fast

Fast

Fast

Slow

Fast

Fast

Slow up in vac. up to
1450°C, hold for 15 min.
and fast to sintering
temp.

Prefired at 1350°/fast HR

" slow

slow
"

slow

slow




TABLE 8. EFFECT OF OXYGEN ADDITION ON SINTERING
OF Si3N4 - POWDER STK - 19B
""" TR A Sintering | Fired Demsity |
f Addition |Pressed Conditions Weight Loss
wt.Z Density T°C/P.. (MPa) %l % Comments
EXP+ | BesiN 0 4 %
No. it 2 . eREl = R e T A R
111 359 1.267% 60 2100/5.6 72 i@ -
k3 35 P 60.5 2120/6.3 76 0.4 -
: 114 Jia " 60.5 2100/6.3 15 [0.5 Up to 1500°C in
argon
115 L 4 58 2100/6.3 78 [-1.0 -
116 39 2512 60 2100/5.6 89 /2.0 Pellet exposed in
air at 900°C/1h.
118 D = 60 2100/5.6 92.5/2.0 +Pack powder
oxidized
119 5.0 i 52 2100/5.6 87 /6.8 Powder exposed at
900°C
121 5.0 Ly 53 2020/5.6 85 /4.0 in air
', 122 5.0 it 60 2100/5.6 91 /1.4 Pellet exposed i
at 850° ;
123 | 5.0 Z.3% 60 2100/5.6 91 /1.5 in air !
124 5.0 " 60 2100/5. 6 94.5/0.7 +Pack Powder #
oxidized ‘
(Table 8) was determined by neutron activation analyses and
was higher by about a factor of 1.5 from that determined

from weight gain. This correction factor was applied in
determining the actual oxygen concentration.

; A similar study was done with three more powders - SN-502-

' 23A, Cerac-B2 and Indussa -LCl which had an oxygen content

‘ 3.2%, 1.08% and 2.23%, respectively. (See Table 2 for other

% characteristics.) About 1.5% oxygen was introduced in some

3 of the experiments either by prefiring in air at 900°C or by

' adding 3% SiO, to the composition. The specimens were sin-
tered at iden%ical conditions at 2100°C in 6.0:0.5 MPa N,
for 15 min. The results presented in Table 9 suggest the
following conclusions:
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1. If the starting Si,N, powder contains more than 2%
oxygen, a proper amount of BeSiN, addition permits sintering
to a density of 90% or higher. éuch powder does not respond
to further increase in oxygen content either introduced as
Si0Op addition or by exposing specimens to air at 900°C be-
fore sintering.

2. When the starting oxygen content is low, near 1%, an
increase in oxygen aids densification substantially.

In view of the above results, which showed that small
amounts of oxygen are critical for the sintering of Si,N,,
it was conceived that the loss of oxygen during firing might
account for the different sintering results obtained in the
laboratory tube furnace and in the autoclave. Such possi-
bility was inferred from higher weight losses on sintering
in the autoclave and other observations such as the strongly
inhibiting effect of free carbon on densification. Oxygen
analyses of sintered specimens confirmed the loss of oxygen
as shown in Table 10. Comparing exp. Nos. 136 vs. 152 and
144 vs. 154 one sees that final density correlates to final
oxygen content and that firing in the autoclave did result
in a substantial decrease of oxygen content. This evidence
does not, however, prove that sintering was indeed inhibited
by the oxygen loss; the oxygen may have been lost as a con-
sequence of the specimen remaining porous at high tempera-
ture for other reasons.

D. Effect of Carbon Monoxide

A major difference between the sintering conditions in
the SiC tube furnace and in the autoclave is that in the lat-
ter the sintering atmosphere is also in contact with the
carbon heater. Consequently, if carbon was transported by
some mechanism, strong inhibition of sintering could be ex-
pected. Carbon monoxide was first suspected as a possible
transport medium for carbon. Small amounts of CO are always
present in the furnace atmosphere due to oxygen in nitrogen
and other sources.

In analyzing the effect of CO it is possible, to a first
approximation, to ignore minority species in the gas phase,
such as (CN),, Si, Sij)C, CO, and SiN and also carbon as a
solid and base a thermodynamic analysis on the following re-
actions:

1. 2Si3Ng + 3CO = 3SiC + 3Si0 + 4N,

2 3Si0 + CO = SsiC + 25102

3 Sl3N4 + 2C0O0 = 25iC % SiO2 + 2N2

Reaction (3) gives the overall reaction of (1) and (2)
combined. The equilibrium constant is then:
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TABLE 10. EFFECT OF MODE OF FIRING ON THE OXYGEN CONTENT
IN SINTERED SPECIMENS

Exp. No. Composition and Starting 7 O2 Sintering Final Density| Final
Powder Code Atmosphere* o E gkng
136 SN-502-23A a2 Tube fnc. 94.3 2.88
+ 77 BeSiN 6 MPa N
2 2
ol
152 Same 3.2 Autoclave 72 120
6.5 MPa N2
163 Same B2 Autoclave 87 2. 11
5.5 MPaN., +
1.05 MPa CO
144 Cerac B2 2.6 Tube fnc. 91.6 2.64
+ 7% BeSiN2+3ZSiO2 6 MPa N,
154 Same 2.6 Autoclave 83.4 1.86
6.5 MPa N2
161 Same 2.6 Autoclave 91.5 2.44
5.5 MPa N2 +
1.05 MPa CO

*Sintering runs made at 2100°C for 15 min. heating rate in the tube furnace

180°/min and 50°/min in the autoclave.

K = exp(—AG3/RT) =

where asioz is the activity of SiO, in the solid solution,

i.e., in Si3Ny . 2 x BeO - x Si0O,. Thus thermodynamics pre-
dicts, at least by this very simplified approach, that CO

is not likely to promote removal of oxygen and that a spe-
cific pressure ratio of nitrogen to carbon monoxide exists
at each temperature to bring the system to equilibrium.

Thus carbon monoxide is expected to retard oxygen removal
from Si3N4 by the formation of SiO and subsequent reaction
with more CO to make SiO,. Table 11 gives calculations of
the pressure ratios and K for several temperatures and for
$i05 activities of 1 and 0.1.
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TABLE 11. EQUILIBRIUM CONSTANTS AND EQUILIBRIUM
PN /P FOR REACTION 3

5l G0
—— S ———————— P ).- T s SR
T(°K) K NZ/I Co er QTS
a5102=1 aSi()2=0.1
2000 1.96 1.4 4.3
2100 1.62 1.27 4.0
2200 1.36 1.17 2,69
2300 1.17 1.08 3.41
2400 1.014 1.01 3.19
2500 0.892 0.94 2.97

Sintering experiments were conducted under CON, atmos-
pheres both in the tube furnace and in the autoclave. At-
mospheres containing CO (up to 1.4 MPa CO and Py /PCo = 4)

2

did not interact with Si3N4, did not inhibit sintering

and did retard oxygen loss as shown in data of exps. 161

and 154 in Table 1l1. 1In several instances CO containing at-
mospheres were beneficial to densification (density increased
a few percent) but in general the effect was small. Inspec-
tion of polished sections of specimens sintered under CO
pressure revealed the presence of grains of a new phase at

a l to 2% level which, judging from reflectivity and etching
behavior, was SiC. X-ray diffraction analysis of this same
sintered specimen revealed a weak but distinct peak corres-
ponding to £-SiC, in agreement with reaction 3.

E. Effect of Impurities

A number of indirect observations have been accumulated
during this study to indicate that in addition to the oxygen
and Be level, trace amounts of some species assisted the
densification and that these species were transported through
the sintering atmosphere and by the pack powder. These ob-
servations include the following:
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a) The least pure powders (Indussa-Standard and Starck)
sintered most consistently and required a lower level of ad-
ditions.

b) The densities obtained on sintering in pure pack pow-
ders were always lower than those of specimens sintered in
the currently used pack powder (see above).

c) It was observed that the side of a pure pellet (SN-
502) which was facing a pellet of Indussa LCl powder during
sintering achieved a relatively high density (>90%) while
the reverse side was more porous, with density near 80%.

d) Specimens from Cerac powder (with addition of 7%
BeSiN,; and 3% SiO,) could be sintered to 94% without pack
powder in presence of specimens pressed from Starck powder
but achieved only 82% when fired under the same condition
in combination with specimens from SN-502 powder.

e) Processed Starck powder without further additions
achieved a density of 82% when hot-pressed under nominal
conditions while pure powders did not respond at all.

f) In a sequence of sintering experiments it was ob-
served that the densities of specimens of pure powders fired
just after specimens of less pure powders were substantially
higher.

More direct evidence of impurity transfer was obtained
from the following experiment. The SiC tube was replaced
with a new one cleaned with HNOj3 to exclude contamination.

A specimen of SN-502 powder with 7% BeSiN,; was then sintered
at 2080/6.5 MPa/1l5 min. in fresh pack powder (Ca 500, Al 700,
Fe 90, Mg 50, Cr 20, 0, 14,000 in PPM). The density was 82%.
The experiment was repeated to yield 84%. 1In a third experi-
ment a mixture of the above pack powder and Indussa Standard
(Ca 3000, Al 4300, Fe 4000, 05 18000) powder in a 1l:1 ratio
was used to cover the specimen. The density achieved under
the latter conditions was 95%. The specimen when sectioned
showed a dense periphery and a more porous core, Figure 1l.
This is most likely explained by assuming diffusion of a
sintering promoting species inward from the surface. X-ray
fluorescence analysis however did not reveal a compositional
difference between the periphery and the interior, although
a week signal for Ca was detected.

A similar experiment was carried out in the autoclave with
with pills pressed fron SN-502 and Cerac-B2 both with 7%
BeSiN, addition. The first run was made without pack powder
and tﬁe second run with the impure mixed pack powder of the
composition described above. 1l data in Table 12 give Ye-
sults of spectrochemical analysis of the sintered pills and
shows clearly that metal concentration increased substan-
tially, particularly Ca and to a lesser degree Mg and Fe, on
sintering in the presence of impure pack powder.
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Figure 11. Section of sintered specimen of Si Ny-SN-
502 + 7% BeSiN,, showing dense periphery
and more porous core presumably due to
impurity transport from pack powder to
the specimen.

In light of the above observations it appears that
small amounts of metals, particularly Ca and probably Mg and
Fe, promote densification of Si;N4 composition with Be ad-
ditions and may be essential for achieving high densities
(>90%) at the selected level of Be addition. These metals
are readily transported through the sintering atmosphere
probably well below the current firing temperature. In our
experiments the source of the impurities has been the pack
powder or the firing crucible or tube which collected im-
purities during previous use with less pure specimens and
actually served as a reservoir for impurities.

During the firing cycle specimens may either accumulate
or lose active impurities depending on the relative activity
of these species in the source and in the specimens, and also
on the rate of dissipation of the species out of the atmo-
sphere in the hot zone. Thus, depending on these subtle cir-
cumstances a substantial variation in densification behavior
may result.

Consider for instances the effect of oxygen in Si3N4,
which is, most likely, the factor which determines activity
of the impurities. The higher the oxygen content the lower
their activity. If the oxygen level in the specimen is such
that the activity of minority species is less than in the
pack powder, the specimens will pick up impurities and sin-
tering will be enhanced. 1If the opposite is the case, im-
purities will be transferred in the reverse direction, i.e.,
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TABLE 12. IMPURITY TRANSPORT DURING SINTERING OF SPECIMENS
IN THE AUTOCLAVE

Starting Powder

Code Cerac B2 SN-502-23A
Addition % BeSiN2 i 4 BOSiN7
3% SiO2 %
2080°C
Sintering* 6 MPa N2 Same
Conditions 1 MPa CO
15 min
Sintered 947 89.5%
Density
Starting Ca 100 <40
Impurity Fe 30 <10
Concentration Al 700 <30
PPM Mg 40 <40
Impurity
Concentration Ca 850 750
in Sintered Fe 150 100
Specimens Al 800 <40
PPM Mg 150 80

*Impure pack powder used; approximate impurity
content PPM: Ca 1500, Fe 2000, Al 2200

they will be lost from the specimens and consequently sin-
tering will be inhibited. As the oxygen content in the pack
powder is close to that in the specimens very small changes
may result in the reversal of the trends. It is believed
that the observed variability of sintering results has been
a consequence of a similar situation.

Other factors may further compound this problem. If the
specimen is large with respect to the volume of the hot zone
and the loss of the impurities out of the hot zone atmosphere
is small, the atmosphere composition (with respect to impurity
concentration) will be dominated by the specimen composition.
If the specimen is small other factors will control the im-
purity concentration of the atmosphere and hence the sinter-
ing process. It is our opinion that this has been the origin
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of the differences in results of sintering in the tube fur-
nace and the autoclave.

Oxygen loss from the specimens will be another control-
ling factor. As explained above, oxygen is assumed to con-
trol the activity of the impurities and therefore one may
expect that oxygen loss will be coupled to the loss of the
impurities in reducing environments.

The species actually transported are with all probability
volatile nitrides (Ca3Np and Mg3N2) which form from oxides
due to the strongly reducing conditions of the sintering
atmosphere. Preliminary results indicate that aluminum,
which does not form a volatile nitride, has not been trans-
ported.

F. The Mechanism of Sintering in the Si3N4 - Be3N, System

The absence of densification and sintering in many sub-
stances is related to rapid growth of particles (grains) and
pores by mass transport along surfaces or through the gas
phase. This process, designated as coarsening, is a conse-
quence of the elimination of small pores and small particles
while larger ones grow. The growing particles are usually
not single crystal grains but pore-free domains composed of
many grains.

It can be shown that many crystalline materials may be
sintered at a temperature where D/d3 (D the diffusion coef-
ficient of the sintering rate controlling species, D e~Q/RT,
§ and d, the effective particle size) 1is near unity. f, how-
' ever, d can grow by another mass transport process, it is
possible that the above ratio never approaches unity with
increasing temperature and consequently such materials will
not densify appreciablg. This 1s precisely the case with
many covalent solids(22) and probably Si3Ng4 too.

Considering the above sintering criterion one sees that
in order to promote densification one has to increase D,
i.e., internal mass transport, reduce d and prevent or re-
tard its growth (particularly at temperatures where internal
mass transport is too slow to operate).

) A well known example of an effect of increased diffu-
sivity on sintering, mentioned above, is UO,. When the con- ‘
centration of uranium vacancies is increased due to reduc- |
tion in the U/O ratio, "sinterability" is enhanced dramati-
cally. An example of control of surface mass traasport is
perhaps the effect of boron in the sintering of SiC which,

(22)C.D. Greskovich and J.H. Rosolowski, "Sintering Covalent
Solids," J. Am. Cer. Soc., 59, 336(1976).
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(22)

according to Greskovich and Rosolowski, retards surface

mass transport.

The observation of the effect of oxygen in the sintering
of Si;N, with Be additions may be interpreted in similar
terms. The formation of solid solutions in the system Si-Be-
N-O is brought about by simultaneous replacement of two ni-
trogen atoms by two oxygen atoms for each Be atom going into
a silicon site. It may be expected that the two oxygen atoms
on nitrogen sites, each having one excess electron, will re-
main associated with the Peryllium atom with two fewer elec-
trons than silicon thus forming a (BeNzoz) tetrahedron iso-

electronic with a (SiNg) tetrahedron.(23) The substitution
will probably reduce the bonding energy in part due to re-
placing of Be-0 (1.624 &) and SiO (1.623 R) bonds (these are
bond lengths in BeO and SiOj) for Si-N bonds and partly due
to stretching of the Be-0O and Si-O bonds for accommodation
in the Si3N, lattice with average bond length of 1.736 R

The reduced free energy of the solid solution brings about
reduction of the energy for intrinsic defect formation (in-
creased equilibrium defect concentration) and hence one ex-
pects enhanced self-diffusion. We believe that our experi-
mental observations may be in support of the above model and
that it may apply also to solid solutions in the system
SiNy-Al;05-AlN.

The effect of metallic impurities on sintering observed
in the present investigation requires substantially more
quantitative measurements before a mechanism can be postu-
lated. Nevertheless, one speculates that the impurities
would be present during sintering as oxides or, more speci-
fically, as silicate melts and solidify as an amorphous
phase. This is indicated by the results of TEM. With a con-
centration of about 0.1% of Ca + Mg + Fe (see Table 12) a
volume fraction of liquid about 1-2% could be easily formed
(if enough oxygen was available). This volume of liquid is
insufficient to bring about densification by the dissolution
and reprecipitation mechanism. Indeed, such a composition
will not densify on sintering. Yet impurities on such a
level do promote densification to a certain extent under hot-
pressing conditions. (A sample of Si3N4 with no additions
yielded 82% density on hot-pressing under nominal conditions,
while pure Si;N, powders did not respond at all.) It is
therefore possible that the sintering of Si3N4 under the ex-
perimental conditions of the present investigation proceeds
by a combined effect of lattice and/or grain boundary dif-
fusion coupled with liquid-assisted mass transport, similar
to that of impure alumina or alumina with an addition of
about 1% Si0O, + MgO.

(23)

P.E.D. Morgan, "Bonding in Nitrogen Ceramics" in Nitrogen

Ceramics, F.L. Riley, ed., Noordhoff Leyden, 1977.

40




G. Summary of Sintering Results

a. BeSiN, is an efficient addition which promotes sin-
teringy of Si3N4 under specific conditions.

b. Additions of between 3.5 to 7% BeSiN,, correspond-
ing to 0.5 to 1% Be, brought about densi%ication of four
different Si3N4 powders to densities above 90%.

c. Powders derived from nitridation of silicon were
milled to improve sinterability.

d. Densification is first observed near 1800°C (2%
shrinkage) and terminates near 2100°C. Nitrogen pres-
sures between 5 and 8.2 MPa were applied in successful
sintering experiments.

e. Temperature in excess of 2100°C brought about bloat-
ing of some specimens.

f. At 2.75 MPa of nitrogen a substantial fraction of
silicon formed in the specimen at 2080°C; at 1.35 MPa
nitrogen a specimen totally decomposed.

g. Oxygen content > than 2% in the powders is necessary
for sintering. Powders with lower oxygen levels sintered i
poorly.

h. Powders low in oxygen responded to sintering when
1.5% oxygen was introduced as SiO, or by exposure of the
specimens to air at 900°C prior to sintering.

i i. Carbon monoxide pressures up to 1.5 MPa do not inter-
fere with sintering and, in some cases, promoted densifi-

cation.
j. Even with control of the oxygen level substantial
variation in degree of densification was observed. This

variation has been linked to transport of minor amounts
of Ca and Mg and perhaps Fe either into or out of the
specimens during the early stages of sintering. These
metallic impurities on a 500-1000 PPM level promote den-
sification.




Vhi. CHARACTERIZATION

A. Phase Composition

Phase composition and lattice parameters were determined
by evaluation of X-ray Debye-Scherrer patterns. The tech-
nique had to be optimized to obtain the necessary resolution
and to overcome current problems resulting from analyzing
light elements. With some specimens diffuse patterns were
obtained; the diffuseness of the diffraction lines could be
traced to compositional gradients across the specimens or to
compositional inhomogeneity which resulted in differences of
lattice parameters. In some instances, when the core of the
specimen and its periphery were analyzed separately these
differences could be determined.

The dominating phase in sintered specimens has been al-
ways B8-Si3Ng4 which showed, in most instances, decreased lat-
tice parameters resulting from formation of solid solution
of ?e and oxygen as expected according to work of Huseby, et
al. (24) 1n some specimens traces of other phases have been
detected (BeO, BeSiN3) and in addition some weak extraneous
lines which could not be identified.

Some important observations have been summarized in
Table 13. Experiment 1 and 2 done under hot-pressing con-
ditions show that Si3N4 (containing 3.2% oxygen) reacts with
BeSiN, at 1675°C and that BeO and probably SisN;0 appear as
transient phases. After a 30 minute hold at this temperature,
a B-Si3Ng solid solution has formed and no other crystalline
phases are detected. Consequently, it is expected that at
the onset of shrinkage (sintering) at 1800°C all BeSiN; re-
acted and a solid solution formed. However, in specimen
no. 4 (Table 13) BeSiN; has been detected after sintering at
2080°C. 1Its presence may be understood by considering the
difference in initial oxygen content of the starting powders
and the following reaction sequence:

1. BeSiN; + SiOj = BeO + Si,N0

2. BeSiNp + SipN,0 = BeO + Si3Ny

3. 2BeSiN, + SiO; = 2BeO + Si3Ny

4. XBeO + x/2 Si02 + (1-x/2) Si3N4 + Sij_g Bex N4-2x 02x
5. Si,N;0 = si0 + Si + N,

6. 3Si,N,0 = 35i0 + SisN, + Ny

(24) 1. c. Huseby, H.L. Lukas and G. Petzow, "Phase Equilibria

in the System Si;N4-SiO2-BeO-Be;jN;," J. Am. Cer. Soc. 58, 377(1975).
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BeSiNjy reacts with SiO to yield BeO, Eqg. 1, and BeO re-
acts further with additional SiO; and silicon nitride to form
a solid solution (Eq. 4). If enough oxygen is available as
Si0p both reaction 1 and 4 may go to completion. However,
as these reactions compete for SiO, their relative reaction
1 rate may control the fraction of BeSiN, reacted if less than
the stoichiometric amount of oxygen is available. The stoichi-
ometry necessary for completion of reaction 1 and 4 depends
on whether SipN,0 reacts according to equation 2 or some oxy-
gen is lost as SiO as shown by equations 5 and 6. If the
former applied (i.e., the overall equation 3 followed by 4),
then every mol of BeSiN); requires a mol of SiO; or in weight
ratio; oxygen to BeSiNp is about 0.5. This has been the com-
position of experiment 1 and 2 (Table 13) and in agreement
with predictions, no BeSiNy was found in the product. The
composition of experiment 4 was however substoichiometric in
the oxygen: BeSiNj; ratio and, consequently, BeSiNj did not
react to completion.

SipN20 could, in part at least, decompose according to
equations 5 and 6 which may further increase oxygen defi-
ciency. This would be manifested by residual BeSiN; and
under special circumstances possibly also by the appearance
of free silicon. Small amounts of free silicon were fre-
quently observed in sintered bodies by optical microscopy
and may have been of this origin.

A separate investigation of reaction 1 has been under-
taken. BeSiNp was mixed with SiO; and reacted under hot
pressing conditions. Near 1500°C a rapid reaction occurred
which resulted in formation of a low viscosity melt. The ex-
pected phases, BeO and SijN,0, appeared with some delay and

k| formed more rapidly as the temperature was increased. Thus
in the first stage of chemical reaction in the present sys-
tem a transient liguid is formed by the reaction of BeSiN,
with SiO; which further reacts with Sii3N4 directly or via
BeO and SijN,0 to form the expected solid solution. It has
been shown by hot-pressing experiments 25) that this tran-
sient liquid allows substantial densification between 1600-
1700°C at which temperature it disappears within 30 min.,
being consumed by Si3Ng4.

The absence of shrinkage on sintering below 1800°C sug-
gests that the transient liquid described above contributes
little or not at all to densification in the absence of ap-
plied pressure; in other words, that the mechanisms of hot-
pressing and sintering of this composition may be different.

(25)5.A. Palm and c.D. Greskovich, "Silicon Nitride for Air-
borne Turbine Application," Final Report General Electric SRD-78-
076 (1978).
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Another important result of the X-ray diffraction study
has been the relation of lattice parameters to the initial
oxygen content and final density. When the initial oxygen
content was low (exp. No. 5, Table 13) the shrinkage of the
unit cell is unobservable, i.e., very little Be and oxygen
dissolved to form a solid solution, and also little shrink-
age of the specimen occurred. The core of specimen in exp. 4,
which sintered dense, shows a well measurable decrease of
the a-lattice parameter (identical to exp. 2), indicating
solid solution formation. A surface layer, about 1/2 mm
thick around the dense core of this specimen was porous and
showed no lattice contraction. The likely interpretation
of this result is that during sintering, as a consequence
of a very low Ppy, the solid solution started to decompose
and the loss of oxygen from the surface layer inhibited its
densification. This process then led to the typical nouni-
form shrinkage manifested by flaring of one end of the cylin-
drical specimen.

| B. Microstructure

The characterization of microstructure and sub-micro-
structure in sintered Si3Ng samples was investigated to de-
termine: (1) pore size, shape and distribution, (2) Si3Ng
grain size, shape and distribution, and (3) the identifica-
tion of secondary phases and their location and size. Op-
tical microscopy, SEM, TEM and X-ray diffraction techniques,
were employed to reveal the various microstructural features.
It was very difficult to identify an active chemical etchant
which permitted delineation of grain boundaries in polished
sections. None of the hot mineral acids (HF, HNO3, HCI1,
H2504) was effective. This was always the case when sintered
material was prepared using Be3Np or BeSiN; dopant along with
highly-pure or impure Si3N, powder. After considerable ex-
perimentation an excellent caustic etchant was identified,
namely a melt of KOH, NaOH and LiOH (4:4:1 by weight, respec-
tively) at about 180°C for 20 min. The use of this etchant
combined with optical microscopy at high magnifications or,
preferably, SEM permitted the observation of grain sizes and
shapes in several of the fine-grained, sintered samples.

1. Porosity

The microstructures of three sintered samples of the
same starting composition (Processed Starck Si3Ng + 3.5 wt%
BeSiN,) fired under the same thermal conditions (2030°C-15
min - 7.6 MPa of nitrogen pressure) except for using dif-
ferent packing powders in SiC tubes of different size are
illustrated in Figure 12A, B, and C. Limiting densities were
obtained for each of these three samples and only B8-Sij3N, was
detectable by standard X-ray diffraction methods. A typical
microstructure of a low relative density (74%), sintered body
of B=SiyN, is shown in Figure 12A. It is characterized by an
interconnected network of pores (black) and solid (grey) phase.
Considerable growth of pores and grains has occurred because
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(C)

I'igure 12. Sintered Si3N4 of composition, Starck-possessed Si3Ng +
3.5% BeSiN,, fired at 2030°C for 15 min. at 7.6 MPa of
N>. (A) Mixture of SiC/Sij3N4 packing powder used in
an 8 cm long SiC tube, relative density ~ 74% Mag.
= 500X. (B) Apache Si3N4 packing powder used in an
] 8 cm long SiC tube, relative density =~ 84%, Mag.
: = 500X. (C) Reused SiC/Si3N4 packing powder in an
18 cm long SiC tube, relative density =~ 98%, Mag.
= 750X.

46

— g ———- B D S S




the average size of the pore and solid phases is 1-4 pu and
1-10 u, respectively, as compared to ~0.2 u Si3N, particles
in the initial green compact of 55% relative density. Addi-
tional noteworthy features of the solid phase are the thin
necks connecting larger solid-solid regions and the appear-
ance of many straight-sided grains of high aspect ratio > 5.
This type of microstructure is characteristic of those found
for other "unsinterable" covalent solids(22) such as Si and
SiC. As the relative density of sintered Si3Ng4 is increased
to +84%, the average pore size (Figure 12B) decreases and the
number density of elongated (high aspect ratio) £-Si3N, grains
decrease. At this density light reflectivity from the solid
phase is sufficiently high to distinguish bright particles of
secondary phases scattered throughout the matrix. These bright
particles have been identified as Si and SiC, both of which
in part originate from the starting Si3N4 powder. The high-
est density achieved by sintering was 98% and the correspond-
ing microstructure is shown in Figure 12C. The pore phase

is discontinuous and achieves an average size <1.5 py. The
fine dispersion of the secondary phases of Si and SiC, about
2 u or less in size, is more evident in this dense sample.
This high density was achieved by: 1) using a longer SiC
tube (18 versus 8 cm long) which is believed to suppress
significant transport of C-bearing gaseous species to the
Si3Ng4 compact, and 2) using a reused mixture of SiC/Si3Ng
packing powder which becomes more impure with repetitive
firings of impure Si3N, compacts.

Similar sintering behavior is observed for compacts
prepared from processed high purity Sylvania SN502 (S.A.
:13m2/g) Si3N4 powder mixed with 7 wt% BeSiNy (used as a
sintering aid). A pore-grain structure (Figure 13A) simi-
lar to that shown in Figure 12A occurs for an 80% dense,
sintered sample which was surrounded by a mixture of fresh
and reused Apache packing powder. If, on the other hand,
a reused mixture (20% Apache Si3N,4 + 80% Lonza Sic) of
packing powder surrounds the compact of the same initial com-
position, then sintered material with average relative den-
sities near 94% may be prepared. The microstructure of such
a sample presented in Figure 13B shows non-uniform pore dis-
tribution apparently due to non-uniform binder distribution
| in the green compact. The dense regions (Figure 13C) are
g over 98% density. It appears so far that the sintering be-
havior of the highly-pure Sylvania Si3jN4 powder is sensi-
tive to impurity effects.

The typical microstructure of a sintered compact, com-
posed initially in Cerac Si3N, powder + 7wt% BeSiN,; + 3%
Si0 and fired in a gaseous mixture of 8.5 atm CO +53 atm
Ny at 21009C is illustrated in Figure 14. The sample had a
uniform microstructure but was only about 86% dense. This
photomicrograph was particularly interesting because it
shows that fine particles of (-SiC (bright reflecting phase)
form in the B-Sij3N,; matrix. This appears to be the general
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(C) Ssame as
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Powder compact surrounded with mixture

3Ng (SN502-processed powder + 7 wt%

(A)
of fresh and reused Apache packing powder, Mag.

3N4 and 80% Lonza SiC, Mag.

(B) Packing powder was a reused mixture of 20% Apache
B) except Mag.

Reflected-light photomicrographs of microstructures

of sintered Si
BeSiNj) .

Si
(

Figure 13.
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Figure 14. Photomicrograph showing SiC particles
formed in Sij3N, during sintering in a
CO/N, gaseous mixture at 2100°cC.

case when substantial amounts of CO gas exists in the sin-
tering atmosphere.

2. Density Gradients

Density gradients usually exist in compacts sintered to
less than 95% relative density. The density of the surface
region can be higher than that of the interior region. This
observation is illustrated by Figures 15A and B and correlates
with the presence of disconnected porosity in the surface re-
gion and a significant amount of interconnected porosity in
the specimens' interior. Conversely, the specimen surface
region can be more porous than the interior region (Fig-
ure 16). This phenomenon appears to be associated with
gas/solid reactions and impurity effects in the vicinity of
the sintering compact during firing. If impurities, such as
Ca, are available in the prevailing atmosphere and diffuse
into the compact, then the higher concentration of the im-
purity in the surface region will accelerate densification
there and result in higher density in the surface region.

! An explanation offered for lower surface densities in sin-

! tered compacts is simply, but not conclusively, that too
much oxygen, probably in the form of SiO, is lost from the
B-Si3Ny solid solution during sintering, thereby decreasing
the densification rate in the surface region. Density
gradients also exist in sintered specimens that undergo
visible bloating (Figure 17). Rapid heating rates (v200°C/
min) and high sintering temperatures (>2100°C) usually give
rise to bloating. Figure 17 shows a porosity gradient from
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Figure 15.
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Sintered Si3Ng4 of composition Starck-processed Si3Ng +
3.5 wts BeSiNZ, fired at 2030°C-15min-7MPa of N,,
relative density =8&%. (A) Surface region. (B) In-
terior region. Mag. = 600X.




Figure 16. Typical density gradient observed in
several sintered specimens, Mag. = 100X.

the specimen interior to the surface region. The large
pores are frequently 30 u in size or smaller and up to
millimeter sized pores are found in the center of larger
sintered specimens (v1.3 x 0.5 cm). The gas evolution re-
sponsible for specimen bloating originates probably from
thermal dissociation of the B-Si3N4 solid solution in re-
gions of the specimen which are exposed to excessively high
temperatures.

3. Grain Structure

A typical grain structure of a polished and chemically
etched sintered specimen of composition high purity Si3N4
(93%) + 7 wt% BeSiNy, having a relative density of 96%, is
illustrated in Figure 18. Although the average grain size
is estimated to be 2-3 u, elongated B-Si3N4 grains up to
10 to 15 y in length have grown in the matrix. An occasional
bright particle of Si is also observed in the microstructure.
In polarized light (Figure 19) many of the hexagonally-shaped
grains appear dark or exhibit optical extinction. A high
magnification picture of this same microstructure was taken
by scanning electron microscopy (Figure 20A). Growth of
elongated R-Si3MN4 in a finer £-Sij3Ny matrix is obvious. A
number of hexagonal grains appear in the microstructure. In
addition, there are a number of triangularly-shaped pores
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Figure 17. Typical microstructure of sintered Sij3N4 that exhibited
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bloating. Fast heating rate ~200°C/min used to reach
a soak temperature of 2080°Cc, Mag. = 300X.

at grain boundary triple points. These pores, as will be
shown shortly, probably are a consequence of the dissolu-
tion (into the chemical etchant) of a wetting, grain boundary
liquid phase. A very similar type of microstructure is also
found for sintered Si3N4 made from Starck or Cerac powders
along with BeSiNj as an additive (Figure 20B).

Transmission electron microscopy was used to elucidate
the presence of a grain boundary phase in sintered Si3Nj.
Specimen preparation involved: (1) grinding a thin slice of
the sample with 600 grit SiC to a thickness of 25 to 75 mi-
crons and (2) micromilling from both sides of the specimen
with 6 XV Ar ions at an angle of 21° until a small hole
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