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excellent creep and oxidation resistance in the temperature
range of 1300 to 1450°C can be produced by the sintering process
using small amounts (3—7%) of BeSiN2 as a densification aid.
These ceramics are composed of both elongated and equi-axed
grains of *B_Si 3N4 solid solution and sometimes contain minor

& amounts of Si , SiC and BeSiN2 , depending on starting composition
and sintering conditions. Although samp les have been occasionally ,
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ABSTRACT

sintered to 98% relative density , densities near 90% are rou- p

tinely produced by sintering at 2000—2100°C for 15 m m .  in 60-
80 atm of N2. In addition to optimum amounts of Be and 0 re-
quired for the attainment of high density and consequently ,
good thermochemical properties of the ceramic , e f f ec t s  of
metallic impurities (Ca , Mg and Fe which promote sintering)
have been observed. The thermodynam ic stability of Si3N4 is
outlined and the “reg ion of s in terabi l i ty” is established for
submicron ~-Si 3N4 powders containing small amounts of BeSiN2.
Proposed chemical reactions and mechanism of densificationdur—
ing sintering are discussed.,.
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SUMMARY OF IMPORTANT RESULTS

1. Beryllium additions (0.5 to 1.0%) added as BeSiN2 induce den-sification in silicon ni tride powde r compac ts 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 wi th less oxygen respond i f
the oxygen level is increased by addition of Si02 or exposure
of the green compacts to air at 850—900°C prior to sintering.
Loss of oxygen during sintering results in non uniform shrink-
age and low final densities.

2. Metallic impurities , especially Ca , Mg, Fe on a 0.1 to 0.2%
leve l , and typical for hi gh grade commercial Si 3N4 powders ,
promote sinteri~ g 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 impur ity transport dur-
ing sintering.

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

4. Sintering of S13N4 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 wi th
HC1. The oxygen pick-up due to this processing is small ,
about 0.07% oxygen per m2 of new specific surface area and not
harmful to the composition when taken into consideration .

5. The nitrogen pressure required to prevent decomposition on
sintering of Si3N 4 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.

6. The sintered bodies consist of grains of a solid solution
near the stoichiometric composition of Si2 9  Be0,1 N3,8
00 2  and minor amounts of SiC, Si and BeS iN2 .  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
nonuniform ly distributed.

7. Creep testing of two compositions carried out in three point
bending shows strain rates not measurable at 1300°C and 69 MN/rn2
i.e. > 3 x 10 6/h outer fiber strain , and 3 x lO~~ and 2 x l0 5/h

iii
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at 1450°C and 69 MN/rn 2 . These values approach the lowest 
&

creep rates for any silicon nitride (excluding CVD) material
reported in the literature .

8. Oxidation resistance is excellent at 1400°C in air and depends
strongly on residual porosity and the level of meta l l ic  im-
purities. The oxidation product is cristobalite in pure mate-
rials and cristobalite plus phenacite in less pure ma ter ia ls .

9. 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/m2 and also depends on por-
osity. Thermal expansion coefficient for 25—1 000°C is 3.37 -
3.54 x l0’6/°C.

iv
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I. INTRODUCTION

Ceram ics have been considered as structural materials fo r
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 Si3N4 , can lead to mass production of ceramic com-
ponents for heat engines.

This program addresses sintering of Si3N4. 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 Si3N4 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. Ui It was shown that a very f i ne , very pure Si3N4 powder ,
synthesized from SiH4 and NH3, could be sin tered to high dens ity
if additions of Mg3N2 and Be3N2 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 Si3N4 responded favorably under these conditions , but amorphous
starting materials would in some instances result in disruption of
the specimens due to the spontanec’us amorphous—to-crystalline tran-
sition near 15000C. Specimens sintered near 1900°C were composed
of f ine equiaxed grains o f ~-Si 3N4, those sintered at 2000° or above
showed strong anisotropic growth of prismatic grains.

The present work made poss ible by AHMRC/DOE support ex tends
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 Ma rch 14 , 1978 ,
i.e., during the first year of this program. Sintering of a num-
ber of s tar t ing Si3N4, powders with additions of BeSiN2 has been
achieved. Sintered densities in the low nineties have been ob-
tained routinely ; however , hi gh densities , close to theoretical ,
although occasionally observed , have been elusive . According to
available X-ray and analytical evidence , the s intered bod ies in
the selected system are composed of a solid solution of a composi-
tion close to Si2 9  Be0 1 N3 8  00.2 and less than 2% of otherphases such as Si , SiC , and additional phases not yet identified.

The development of a process for fabrication of a sinterable
p 

single phase high grade silicon nitride ceramic has been a diffi-
cult task compounded by effects which were not anticipated and

~~~~~~~ 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 , decis ive 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 Si3N4 with improved high
temperature stress rupture performance comparable to that recently
found for General Electric ’s hot pressed Si3N4 containing 7 wt%
BeSiN2 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-l32. These plots
demonstrate that the strength retention of GE HPSN at 1400°C far
exceeds that of Norton ’s NC-132 Si3N4 at 14 00°C and even exceeds
the Norton material at 1200°C. For example , although NC-132 Si3N4
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. In contrast,
under the same condi tions GE HPSN exhibits a st rength 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 he fabricated with much lower
costs than the hot pressing route.

o GE HPSN WITH 7%BeSiN2 AT 1400°C
PIC— 132 AT 1200 C

1.0 — 
NC—132 AT 400°C

‘ 9 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0.2 ~RT GE : -

Iii ” I I ~~~~~ A f l I~t~I01 — ‘~RT” I.J c. l ~~.I,vvv r~~ —

I I I
0.01 0.1 1.0 10 100 1000 ~~ io5

TIME TO FAILURE (MIN.) (10 WEEKS)

Figure 1. Normalized strength versus time-to-failure for GE-HPSN
and Norton NC-l32 Si3N4 at high temperatures.
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I I .  T H E  P R E S E N T  STATUS OF S I N T E R I N G  OF S I L I C O N  N I T R I D E

Sintering in silicon nitride was first reported by ‘rc rwil]i~~’rand Lange ( 2 )  who demonstrated dens i f ica t ion in specimens of a
Si 3N4-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 lim ited the attainable degree
of densification . At present this task is studied by a number of
research grou ps w ith emp hasizin g diffe rent me tal ox ides as si ntering
promoting additions. D.J. Rowcliffe and P.J. Jor~ ensen (3) of S.R.T.
and Buljan and Kle iner ( 4 )  and J.T. Smith of GTE (5’ developed sin-
tering in the Si 3N4—Y 203 oxide systems to nearly full density . H.F.
Pries t, G.L. Priest and G.E. Gazza of AMMRC have studied additions
cf CeO2, MgO and y2o3, ( 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 Si3N4-MgO-BeO and
Si 3N4-MgO-BeO—Ce02.( 9 )  Addit ional  work in the system Si3N4-A1203
-ZrO2 is in pro gress at Max Planck Institute ~~-°~ and in the system
5i.~N4— Al~03

...Y2O3 in a program of Toyota-Tokyo Shibaura El. Co. 
(11)

Substantial progress has been made in processing. and fabrication
of complex components has been demonstra ted. In fo rmation on basic
thermomechanical properties of the new materials is gradually be-
comin g avail able and show s, as ex pec ted , simi1~ r trends as in hot—
pressed materials. It is reasonable to expect , that with further
advancement , mater ia l  with proper ties nearly equivalent to present
hot—pressed compositions may be obtained. Only scant information

Terwilliger and F.F. Lange , ‘pressureloss Sintering
of Si3N4” J. Mat. Sd. , 10 , 1169(1975).

~~~~~~~ Rowcliffe and P.J. Jorgensen “Sintering of Silicon
Nitride ,” Proceedings of the Workshop in Ceramics for Advanced
Heat En gines , January 1977 , F.C. Moore , ed.

~~~~~~~ Buljan and R.N. Kleiner , “Cold Pressed and Sintered
Si3N4” Annual Meeting of Am. Cer. Soc., Cincinnat i , 1976.

~~~~~~~ Smith , “Properties of Fully Dense Sintered Si3N4 Com-
position ,” Fall Meeting of the Basic Science Group of the Am. Cer.
Soc., Hyannis , Massachusetts , 1977.

(6) . .
H.F. Priest, G.L. Priest and G.E. Gazza , Sintering of

S13N4 under N2 Pressure ,” J. Am. Ceram . Soc., 60, 81(1977)

~~~~ Mitomo , “Pressure Sinterin g of Si3N4 ’ J. Mat. Sci. 11 ,
1103(1976).

& 

~
8
~ M Mitomo , M. Tsutsumi , E. Bannai and T. Tanaka , “Sintering

of Si~ N4” Am. Cer. Soc. Bull. 55, 313 (197 6) .

~~~i. Oda , M. Kaneno and N. Yamamoto , “Pressureles s Sin tered
Si 3N4

1’ in Nitrogen Ceramics, F.L. Riley, ed., Noordh.ff Layden , 1977
Clausen and J. Jahn , “Mechanical Propertt s of Sintered

p and Hot Pressed Si3N4—Zr 02 Composites ,” J. Aim. Cer. Soc. 61 , 94(1978).
(11) . . . .K. Komeya , et al., Silicon Nitride Ceramics for Gas Turbine

Engines ,” Paper No. 65, Proceed ing of the Tok yo Joint Gas Turbine
Congress , Tokyo , 1977.

3

L . .. 
~~~~
. - -—~~~

- . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
~~
- :~~. 

.



on the details of the processes is available. Generally commercial
medium purity grade Si 3N4 startin g powders have been used , milled
in nonaqueous dispersions with alumina , silicon n itr ide or cemented
carbide balls , shaped to obtain maximum green dens ity and sintered
at 1750° to 1950°C at 2—20 atmospheres of nitrogen. The resulting
ceramics are generally composed of very f ine grains of 1~-Si3N4 or ~solid solutions (~ li.i) 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 sin tering of Si3N4 is to enhanceinternal mass transpor t which occurs , most like ly ,  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 solidif i-
cation control all structure sensi tive 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.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



III. APPROACH

High tempera ture mecha n ical prope rties s uch as cree p and s tress
rupture are probably co ntrolled 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 obtain
a stable high temperature material. Contrary , therefore, to the
usual trend domina ting cur rent ceramic fabr icat ion , i.e. , to lower
the process temperature, one strives to increase it. In the case
of Si3N4 ,  however , dif f i c u lties arise due to the l imi ted therma l
stability of Si3N4. 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.

Ano ther problem is that , according to all available evidence ,
Si3N4 does not dens ify  without the presence of a l iqu id phase wh ich
in instances solidif ies , at least partly, as glass. To minimize the
detrimental effect of such a second phase on the refactoriness of
the produc t several options are av ai lable :

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 r e f r a ctory phase occurs wh ich el iminates
or reduces the volume of l iqu id

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

d. se1ec-~.. 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 theamount of silicates or poss ib ly even avo id them , we decided to app ly
addi tions in the fo rm of n itrides and to compensa te fo r 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 fo r cur rent Si3N4 ceramics , promo tes
oxygen transport alon g grain bound aries par ticula rly unde r stress
conditions. Such a process involving stress enhanced diffusion then
results in poor cre ep resis tance and poor stress rupture performance

p in poly phase mater ials.
p 

Silicon nitride can be consolidated only with sintering promot-
ing addi tions and , i f a single phase composit ion is to result , the
selected addition has to react with Si3N4 to form a solid solution .
A convenient addition of this type is alumina or more specifically
A1203.A1N. Materials in the system Si3N4-Si02-Al203 - AIN have been
extensively investigated by many investigators since the discovery
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of solid solubility by K. Jack. (12) However , the results have been
at great variance and in gene ral have no t, thus f a r , met expectations.
Another substance known to have high solubility in Si3N4 is beryllium .
An early investigation showed tha t Be3N2 indeed promoted sintering of
Si3N4 part icularl y i f  combined with additions of Mg3N2 and the sinter-
ing was carried out between 1800—2000°C under sufficien t pressure of
nitrogen to prevent thermal dissociation . Pre l iminary  ox idation tests
revealed , however , that the presence of magnesium at a level of 1%
was detrimental to oxidation resistance and that hot-pressed Mg-free
compos itions were superior to any mater ial fro m the Si3N4 family.Therefore , the development of a s interable material  in the Si3N4-Be
system was chosen .

~~~~~~~~~~~H. Jack and W.J. Wilson , Nature , 283 , 28(1972).
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IV. SOME THERMODYNAMIC CONSIDERATIONS

A. Silicon Nitride St~’bil ity

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

Si 3N4 = 3Si (1) + 2 N 2 (g) .PG f (1)

If the ambient silicon vapor pressure , P~1, is less than thevapor pressure above liquid silicon , silicon will evaporate and
no condensed silicon appears :

Si ( 1) s1 ( V ) ; 
~
G (v) (2)

At a certain temperature the nitrogen pressure and the
sil icon vapor pressure are in equilibrium wi th Si 3N4 and are
related by equation (3).

x 
~N2 

= K (3)

where K , the e q u i l i b r i u m  constant , is related to the sum of
the f ree  energies  of react ions (1)  and (2)

.~G + 3.~GK = e — 
(f) (v) (4)RT

The pa r t i a l  pressure of s i l icon at a selected temperature
and nitrogen pressure can be calculated from equation (3). Us-
ing data for .‘.G (f) and .

~
.G (v) from JANAF Tables ,(13) ‘si. were

calculated and plotted 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
ex ists as a sol id i f silicon vapor is no t removed f r om the
system. It has to be emphasized that even at high nitrogen
pressure Si3N4 will tend to decompose if silicon vapor trans-
port out of the system is not prevented. The role of nitrogen
pressure is to decrease P~ 1 such that it is below the vapor
pressure in equilibrium with liquid silicon and to prevent
spontaneous decomposi tion of Si3N4 into liquid silicon and
nitrogen. If , for example , Si~ N4 is kept at 2000°C in an en-
vironment of 

~N•- 
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 Si 3N4
decomposition. If , al ternat ive ly ,  a closed system was used ,
nitrogen pressure main tained at 10 atm and the temperature

~
13
~ JANAF Thermochemical Tables , U.S. Government Printing

O f f i c e , Washington , D.C., 1971.
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Figure 2. Silicon vapor pressure in equilibrium
with silicon n i t r ide  as a func t ion  of
nitrogen pressure and temperature .

gradually increased , silicon vapor pres sure woul d increase
(along vertical lines in Figure 2~ until the l iquid—solid
coexistence boundary is reached where liquid silicon forms
(univariant system). On further exposure all Si3N4 would
isothermally decompose into liquid Si and N2 and the ra te of
decomposition would be controlled by heat flow.

B. Silicon Vapor Barrier

From the above discussion it follows that two conditions
have to he 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 isotherma l confinement for the Si 3N4 specimens bya 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 ,
A1N , 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 conf iguration of a closed end tube 1 cm I.D. which also
serves as a pressure vessel.

Closed end tube s 25 cm long, approximately 1.15 cm O.D. and
1 cm I.D. in the final fired state , were slip cast from an aque-
ous d ispersion of silicon carbide stabil ized 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 longi tudina l  tensile stresses:

Pd and Pd

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 int.o 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

URA C 180 , American Cyanamide Co.

St. Pierre and M.J. Curran , “A Simple Laboratory Fur-
nace for Temperatures Up to 2500°C ,” General Electric Report No.
CRD-0l2 , December 1972.
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FURNACE ENVELOPE
CARBON FELT INSULATION

FU RNACE FLANGE

WATER COOLING COILS

SIGHTING PORT
I4OT~~ONE \

SP ECIMEN . . EPOXY

~~ ~~ j:-.~!. ‘ :z SEAL
~~ ~~~~ 

. PRESSURE
~~~~~~~~~~ 

.,., . -
5,C TUBE

- ‘
V.

GRAPHIT E HEATER

Figure 3. Schematic of furnace for sintering
experiments with Si3N4 under nitro-
gen pressure.

Figure 4. Silicon carbide tube
and pressure head used
for Si3N4 sintering
work.

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

During experimentation several tubes ruptured. In all in-
stances the debris was safely contained within the furnace

10
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envelope and no other damage occurred except to the heater and
insu lation .

C. The Relative Thermal Stability of SiC and Si3N~ Under
Nitro9en Pressure

It is of interest to consider the relative stability of SiC
and Si-~Nd under high temperature and nitrogen pressure . This
is best done by plotting the partial pressure of si l icon 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 950 1900 ‘C

~

041 042 043 044 045 046 047 048
I/i X IO~

Figure  5. Silicon vapor pressure above Si 3N 4 and SiC
as a function of temperature .

show psi. over Si3N4 at various ~N 
in the temperature range of

interest and the dashed line gives P~~ 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 Si 3N4 have the same P~~ and are therefore stable. To
the right of the crossover points SiC has higher P~ 1 and

Drowart and G. DeMaria, “Thermodynamic Study of the
Binary System Carbon—Silicon Using a Mass Spectrometer ” in Silicon
Carbide, J.R. O’Connor and J. Smiltens , eds., Pergamon Press , New
York 1960.
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should be, therefore , converted to Si3N4. The result also
shows that under these conditions Si3N4 should be stable in
contact with carbon . To the left of the crossover points
SiC is stable in n it rogen , and Si3N4 would react with carbon(if present) to SiC. For 1 atm N2 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 3N4 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 Si3N4 predicted by the diagramin 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 N7 . A thin layer of S13N4 fo rmed
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 N2
at 2050°C for 7 hours. Mag. = 230X.
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V. SILICON NITRIDE POWDERS

A. ‘election 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 wil l  turn o f f  dens i f ica tion comp lete ly .  Simila r
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 .

1. High purity Si3N4 from GTE Sylvania , grade SN-502
(60% crystalline + 40% amorphous). It is derived from SiCl4
and , according to the supplier contains oxygen , chlorine , and
traces of molybdenum .

2. Indussa Si3N4 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 II. 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. In-house amorphous Si3N4 prepared from SiB4 and NH3.It is very low in metals but con ta ins  var iab le  amounts of oxy-
gen and up to 2% hyper s to ich iomet r i c  sil icon . The p repara t ion
procedure was described before . Cl ) Its 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 suppl ier ’s information was expected to be predominantly
the L~ form of Si3N4. Although this turned out not to be the
case , its high purity and low oxygen content warranted meaning-
f u l  exper iments.

6. Indussa-low calcium grade Si~ N4 - 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
resul ts  together wi th  other character is t ics  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.
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C. Oxygen Content

All f ine ni tride powders , analyzed for  oxy gen so fa r , con-
tain 1—3% 

~2• 
Although some oxygen solubility in ((-Si~ N~ is

very lik e l y ,  (16) i t  is bel ieved th at a ma jo r  f r ac tion of the
oxy gen is prese nt as a mul timolec u lar laye r on the part i,ç~ e
surfaces similarly as has been found in silicon and A1N.1’1
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 m2/g. Some oxygen may also be : res-
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 redugtiçrn in an ammonia or hydrogen atmosphere
between 1100-1300°C. ~l8) However , as w i l l  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 foun d in many starting ma ter ia l s, are
needed to bring about sintering.

D. Carbon Content

Si3N4 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 3N4 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 ~i3N4 at the sintering temperature depending on

applied . ‘10 uctermine whethe r or not there would be ~n e f f e ct
of SiC on the sintering process , 5% of fine h—SiC (8m /g) was
added to a composition prepared of in-house Si3N4 powder and
sintered at 2080°C. No difference in sintered density , com-
pared to powder without SiC addition was found indicating that
small amoun ts of SiC wo u ld no t in ter fere wi th Si3N4 sintering.

(16) . .S Wild , D. Grieveson and K .II . 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.

Maguire and P.D. Augustus , “The Detection of Silicon—
Oxyni t r ide  Layers on the Sur faces  of Silicon-Nitride Film by Auger
Elect ron Em ission ,” J. Electrochem. Soc., 791-93 , June 1972.

~
18
~ T.R. Wright and D.E. Niesz , “Improved Toughness of Refrac-

tory Compounds ,” NASA Report No. CR-134690(l974).
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TABLE ..! . EFFECT OF MILLING AN D ACID LEACHING
ON CHA RACTERISTICS OF Si 3N4 POWDERS

I n t e r n ~i 1 Sp. Su r f ace  Ca Fe Oxygen % Oxygen per m 2
/g

O r i ~~in L Code 
____ 

Area(m2/g) PPM PPM _ % 
- 

of new surface area

CERA C RAC 7 . 0  300 30 0.90 — —
CERA C CER B2 12.8 100 30 1.08 0.031

Indussa “Low Calcium” 6.0 200 2500 1.60 ——

Indussa m d .  LCI 14.1 200 80 2.23 0.077
processed

GTE Sylv. SN—502 4.5 <40 <10 2.6 ——
GTE Sy lv. SN—502—23A 13.3 <40 <10 3 .2  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

Si3N4 prepared by nitr idat ion of s ilico n always contai ns
residual silicon . It can be determined (after milling) by
hydrogen evolution according to the reaction :

Si + 2KOH ÷ H20 = K2SiO3 + 2H 2

and may be removed in the same way. In the present work small
amounts of f inely dispersed silicon are of no concern as it is
expected to convert to Si3N4 under the sintering conditions.

F. Powder Processing

Prior investigation of sintering of covalent solids - SiC ,
Si , B4C

(]-9) showed that favorable results were not obtained
unless powders in the 0.1-0.3 micron particle size range were
used. The same requirement was therefore extended to the pres-
ent work .

Greskovich , J.H. Rosolowski and S. Prochazka , “Ce-
ram ic Sinterin g , ” Final Report , 1975 , Genera l Electric SRD—75—084.
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None of the pro cured powders was f ine eno ugh and mos t
ormed very coherent aggregates and had to be comminuted.  Pre-

v ious  experience wi th  SiC identified extended ball milling
wit h steel balls (3 /16” ) as a s a t i s f ac to ry  procedure and was
Lherefore adopted. It was done in a steel jar in hexane wi th
charge to ball ratio of 1/9. The requirement was to obtain
s u r f a c e  area of about 12 m /g which took between 70 and l00 hrs.
of m i l l i n g .  Hexane was dried o f f  and the residue leached wi th
5% HC 1 to remove iron wear from the mi l l ing  media ( 2 - 5 %  Fe per
c h a r g e) .  The fe r rous  chloride was removed by lengthy decanting
whi le  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 orig inal content of iron
and decreased , in some cases , the level of calcium. The ef-
fect of processing on the chemical composition of four Si3N4powders is shown in Table 2.

Addi tional leaching exper imen ts were done with KOH wh ich
resul ted in an addit ional sli ght decrease of the oxy gen level
but did not affect other impurities. For instance , a caust ic
leach (following an acid leach) of the Starck powder decreased
the oxygen level from 1.47% to 1.2%.

Our experience has been that crystall ine silicon n i t r i de
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 sho uld be taken wi th crys talline powders pre pared by
ca lc inat ion from amorpho us materials which may not be fully
crystallize d and the unco nverte d fract ion would be s ucept ible
to hydrolysis. This would be manifested by a substantial ox-
ygen increase .
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VI. SINTERING EXPERIMENTS

A. General

The objec tive of exper iments discussed in th is paragraph
was to determine conditions for sintering of the selected
Si3N4 composition to high density, say 95% of theoretical.
The information sought was :

1. How do various Si3N4 powders respond to sintering
with additions which were found effective previously and
whethe r or not the response may be improved by process ing o f
the powders.

2.  How strong ly changes of time , temperature , nitrogen
pr essure and green densi ty influence sintered density.

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

Quantitative work was severely hindered by these latter
fac tors which were only grad uall y recognized , i.e., oxygen
level , oxygen loss dur ing  the s in tering cycle and impuri ty
transport. Although some parameters were not fully controlled
and so me experime nts were not very reprod uc ib le , the observed
trends discussed below are believed to be qualitatively cor-
rect.

B. Sintering Additives

Previous work showed encouraging results where Mg3N2 ard
Be3N2 were used as s in te r ing  add itives , par ticularly w hen used
in combination. Therefore the testing of sinterability of the
new powders was done with the same additives. Be1N2 and Mg1N2
were purchased from Ventron Co., Bever ly ,  Mass. According to
the supplier , both were prepared by n itr idat ion 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 work ing in a dry box ,
BeSiN2 and ~1qSiN 2 were synthesized. These are stable com-
pounds , do not hy drolyze even in water , and were use d on an
equ ivalent  bas is in formul ation of compos it ions la ter in the
work . (20,21)

BeSiN2 has been prepare d by mi x ing stoichiome tr ic amoun ts
of Be 3N2 and Si3N4 in a mortar and firing the mixture in an
SiC crucible at temperatures between 1800° and 2000°C under
2.7 to 8.2 MPa N2 for 15 minutes. The product , a grey-white
powder or fr iable aggregate , was analyzed by X-rays. Under
all condi tions BeSiN2 was obtained with minor amounts (<10%)

Eckerline , A. Rabenau and H. Nortmann , “Darstellung
and E4

~?~
schaf ten on BeSiN2 , ” Z .An u. Alg. Chem. 353 , 113 (1967)

-~ J. David and J. Lang, “Sur un nitrure de magnesium et desil icium ,” C.R. Acad , Sci. 261 , 1005(1965).
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of ~-Si3N4. The detected Si3N4 may be either unreacted Si3N4
converted to N, or it may be a ‘ solid solutio n of beryll ium
oxide in Si3N4 resulting from a reaction with oxygen present .

MgSiN 2 was prepared similarly.

In some experiments the effect of oxygen additions via
f ine amorphous SiO2 (“ Cabosil ,” Cabot Co . ,  Boston , Mass.) was
studied.

C. Specimen Preparation

Processed powders were usua l ly  mixed with additions by
mortar and pestle in about 2g amounts. Two percent of paraf—
fin added in solution was used w ith some pow ders to improve
pressing behav ior. A lterna tely 25g ba tches we re prepare d by
mixing in a p las tic jar in a benz ene dispers ion usin g stear ic
acid as dispersant and silicon nitride milling media. Cylin-
drical spec imens 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 3N4 powder which would yield 48-51% (depending on the press—
ing pressure) and the In-House powder , which was not milled ,
yielding 46—48%.

In some instances the green specimens were prefired either
in purified nitrogen of P0 <10—6 or in air at 900°C. Air at-

mosphere was used to introduce additional oxygen into the com-
position . Table 3 gives the oxygen pickup calculated from
the weigh t gain of a 1 cm x 1 cm cyl indr ica l  pill  of Sta rck
Si3N4 exposed to temperatures up 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
rot bring about any measureable change in oxygen concentra-
tion. This latter finding is useful information in that it
gives the upper limit of heat trea tment one may use to burn
out organ ic add itives used in Si3N4 fabr ication .

D. Firing of Specimens

Before sinterin g , a sin gle pelle t was inserted into the
SiC tube (see above ) and covered with loose Si 3N4 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 obse rved that the pack powder , under certain circum—
stances , may cr itically influence si nterin g and therefore a
routine proced ure was establ ished , 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
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TABLE 3. OXIDATION OF Si3N4 IN AIR FOR ONE HOUR

T O c. A W/W o~
’ .

~~
“ ()~~ C a l c .  02 D et e r n h in e d *  

~
1%O 2 Found

400 0.0 —— 1. 42 — —

600 0.0 —— n .d .  ——

700 0.0 —— 1. 67 0 .0

800 0 .12  0.30 n .d .  ——
850 0.34 0.82 2 . 4 5  1.03

900 0.46 1.11 3.10 1.58

950 0.67 1.69 3.~ 7 2.15

1000 1.03 7. -~i5 n . d . ——
1050 I .1 -~ 3.18 n . d .  ——
Measured by ucu t r ol l  • i & t 1 v .i  t I on • iu. i  1 vs i S

charge of fresh silicon nitride supplied by Apache Chemicals ,
Inc. cat. No. 6867 (Ca 500 , Al 700 , Fe 90, Mg 50, Cr 20, 021400 0, C 2000 in PPM) . The reason for this selection and pro—
cedurc has been that it would yield best density results and ,
secondly , that this pack powder was eas i ly 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 ”).
Aftei every run the O.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

20
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several at a time , were placed in a s ilicon car bide crucible
2.5 x 2.2 x 15 cm.

A high—pressure high tempe rature furnace , with capabil-
ities app licable in present  work , was designed and buil t in
this laboratory . The basic design features were derived from
a controlled atmosphere furnace by St. Pierre and Curran . ( 14 )
It uses a graphite  foi l  ( Grafo i l , Union Carbide Co.) heating
element 12 inches lon g , easily replaceable , and may be oper-
ated at up to 2 300°C at 100 at m 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.  Overh eating
of the end flan ges and incorrect temperature read out throu gh
a si ghting por t wer e ma jo r d i ff ic ulties encount ered in the
initial use of this furnace . The first was overcome by re-
dr illing more efficient cooling channels and by provid ing
water cooled end covers. The t’~mperature 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 de focuses 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 N2 pressure
and at 7 MPa a correction of 300°C would be necessary . More-
over , above about 1700°C the apparent temperature vs. true

21
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NITROGEN PRESSURE , MPo

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 addit ion , at tempts  to cal ibrate  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 holdi ng the specimens and ag ing of the
heating element.

The solu tion to the problem was obta ined by redesigni ng
one end of the furn ace so that a closed end silicon carb ide
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°C.

E. Specimen Eva luation
Wei ght loss , shrinkage and displacement density were ob-

tained by usual procedures. The spec imens , small cylinders ,
were f r equen t ly  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.

22
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Figure 9. Sighting port of the autoclave
a f t e r  redesign : 1. Grafo i l  hea ter ,
2. Closed end SiC tube sealed in ,
3. Tube holder , 4. Furnace flan ge ,
5. Teflon insulation , 6. Rear
elec trode , 7. Quartz window ,
8. Cooling channel.
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VII. RESULTS OF SINTERING EXPERIMENTS

A. Effect of Composition

Table 4 compares the effect of additions of Mg3N2 ,  Be3N2and combination of the two on fired density of four Si3N4
powders. The results reveal that:

1. Magnesium nitride is only marginally effective in
promoting dens if ication . Th is may be , in part , the conse-
quence of evaporation of Mg 3N2 from the specimens. Analysis
of one sintered specimen founa 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 its concentration and
other conditions were optimized .

Based on this later find ing, we decided to omit Mg~N2
from the composition in the succeeding experiments. The de-
cision was stimulated by prel iminary oxidation tests which
showed substantia l ly  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 -
containi ng hyg roscop ic compound was iden t i f i ed  in a deposit
formed over this powder by hea ting at high temperatu re on
several occasions.

Table 5 shows the effect of varying Be concentration on
the in—house Si3N4 powder (added as Be 3N2) and the Starck-ll8
powder , both as received and milled to l4m 2/g (Be introduced
as BeSiN2) . In all three experiments it appears that a
spec if i c  concen trat ion exists fo r each powder wh ich allows
maximum sintered densities. A similar observation was done
previously in a study of hot pressing Si3N4 with Be 3N2 ad-
ditions.

In experiment No. 81 a final density of 92% was achieved
with 0.5% Be addition (3.5% BeSiN2). This composition was
reinves tigated in more detail and the resul ts are shown in
Table 6. Again a 0.5% Be addition maximized final density .
The sin tered densi ty , however , could not be increased above
92% by increas ing 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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TABLE 4. RESPONSE OF DIFFERENT Si3N4 POWDERS TO SELECTED
SINTERING ADDITIVES : SINTERED DENSITY %/WEIGHT
LOSS %

T°C/PN ,  MPa 2% 
~~3~2 

2% Be
3N2 1% Be

3N2+2%Mg3N2

In—House S13N4 
— Green Density 46%

2000/8 63.47 74/ 5 .4  9 2/ 4 . 5

2050/8 —— 80/5 .7 94/5 .5

2100/8 66/ 8.0 86/5.7 93/8.1

Indussa S1
3N4 

— Green Density 61%

2000/7 .5 81/ 1.5 72/ 1.5 92.5/ 1 .0

2050/7 82/— 82/2 93/—

2080/7 —— 84 .5/2  ——

Indussa S1
3N4 

Milled — Green Density 53%

1880/7.5 —— —— 94/ 1.9

1930/7.5 —— —— 93/2.4*

2020/7.5 —— —— 93/4 5*

SN_502+ — Green Density 48%

2000/7 .5 — — 84/5.9 75/4.0

2000/9.5 59/7.4 —— ——
2050/7.0 61/— 95/5.9 75/4.6

2080/9.5 —— 94/5.7 ——
S ta rck  — Green Density 61%

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. % Be T°C/PN , 
MPa Fractiona 1/Wei~ ht Comment

_______ _________ 
Density % Loss %

S13N4 
Synthesized In—House, 46% Green Density

17 0.25 2050/7.1 50/3.7 Be added as
Re

3N.,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

S13N4 Starck—1l8, 
as received , 61% Green Density

75 0.15 2100/8.2 63/— Be added as

74 0.5 2100/8.2 77/3.4 BeS1N2

73 1.0 2100/8.2 75/1.8

S13N4 
Starck—1l8, milled

+
, 60% Green Density

82 0.3 2100/8.3 83/1.4 Be added as

81 0.5 2080/ 8.2 92/ 3 .7  BeS 1N 2
77 1.0 2100/8.2 88/3 .0

S13N4 SN—502, 48% Green Density

65 0.5 2100/8.3 74/5 Be added as

61 1.0 2080/8.3 90/5.5 BeS1N2

* 

No. corresponds to in—house log.

+ 214 m /g -
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about starts at l i~00° at which point 2% linear shrinkage
was measured (exp. 101).

A lso in Table 6 is shown the e f f e c t  of ni trogen pressure
on sintered density at 2080°. At 1.3 MPa N2 the specimen
completely decomposed. Calculations show that for 1.3 MPa
N2 the equilibrium temperature would be 21300, i .e., 50° above the

temperature measur ed , a f a i r agreement considering the un c e r t a i n t y
in temperature measurement and of thermochemical data. At 2.7 MPa
90% density was achieved. However , a substan tial amount of f r ee
sil icon , 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 qui te obv ious ; 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 Si3N4 specimen
sintered at 2080°C and 2.7 MPa of N2.
(Notice subs tan t i a l  f rac t ion  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,
siritering close to the coexistence boundary is uncertain and
may result in par tial decomposition fo r reasons yet to be
inves t iga ted .

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 further 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 , f i n a l  dens i t ies  obtained
in one composition of Starck S13N4 powder varied between 85
and 95% and in SN-502 between 8~ -~ 5%. An even greater varia-
tion was found in the processed Indussa powder where a com-
posit ion wi th 1% Be yielded dens ities of 67% and 9 3% in two
successiv e runs diffe ring only in heating rates. These re-
sults could not be correlated to temper ature , time , gas pres-
sure or specimen green densi ty and , clearly other ~ariables
were interfering. Highly suspect are impurity effects .

B . E f f e c t of Heating Ra te
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, af ter the f urnace
was pressurized with N2; “slow ” 60°C/mm or “fast” 250°C/mm .
The results collected in 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 Si3N4
powder with additions of 7% BeSiN2. 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 conta ining 2% resulted in final densities of 85 and 88%
at 1780°C and 1830°C .

A batch of powder , “Starck 118 ,” was mi l led and leached
successively wi th  HC1 and KOH to red uce the oxy gen con ten t
f rom 1 .9% to 1 . 2 6 % .  A composit ion wi th  3.5% I3eSiN 7 prepared
from this powder (STK—l9B) 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 con ten t is essential  to sinter the present Si 3N4 corn-
position . The “add ition ” of oxygen due to prefiring in air

-j * 
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TABLE 7. EFFECT OF HEATING RATE

Densi ty ZI
Exp. No ZBe* T°CL~~ , 

MPa Wei ght Loss% Heating Rate **

2
In—House Si3N4, Green Density 46%

52 1.0 2050/8.2 91/2.4 Slow

51 1.0 2050/8.2 94/3.8 Fas t

69 1.0 2100/8.2 93/4.6 Fast

Indussa Si3N4(milled), 
Green Density 55%

64 1.0 2050/7.5 88/4.6 Fast

65 1.0 2050/8.2 67/7.0 Slow

70 1.0 2100/8.2 93/4.9 Fas t

SN—502 Si
3
N4, Gre en Density 48%

65 1.0 2050/8.2 74/5.1 Fast

62 1.0 2050/8.2 90/6.8) Slow up in vac . up to

61 1.0 2080/8.2 90/8.3) 1450°C, hold for 15 m m .

and fas t to sin tering
temp .

132 1.0 2080/6.2 91/1.0 Prefired at 1350°/fast HR

133 1.0 2100/6.2 89.5/1.9 “ slow

135 1.0 2100/7.5 98/1.5 “ slow

136 1.0 2100/7.5 94/0.9 “ slow

139 1.0 2100/7.5 89/0.8 “ slow

*Be added as BeS1N
2

**Slow Hea ting Rate: 60°C/mm

Fas t Heating Rate: 250°C/mm
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TABLE 8. EFFECT OF OXYGEN ADDITION ON SINTERING
OF S13N4 

- POWDER STK — 198 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

J D ~ n~ Itv
Add i t  Ion Pressed Cond i t  i o n s  Wei gh t  Loss

- wt .7  Density T °C /P  (MPa ) I 7/ ~” ( om r m ’ n t s
I ;
~~

S i N
~ 

0~ % 
N 2

Iii 3.5 1.26’: 60 7100/5.6 72 0.7 ——

113 3.~ 
“ 60.5 2120/6.3 76 0.4 -—

F 1 1 4  5.5 
“ 60.5 2100/6.3 75 /0.5 Up t o  1500° C in

argon

115 5 . 5  “ 58 ~100 / 6 .3  78 1— 1. 0  ——

1 16 3.5 2 . 7 %  60 2 100/5 . 6 89 / 2 .0  Pell et exposed in
a i r  at  900° C / I h .

118 5 . 5 “ 60 2100/5.6 92.5/2.0 +P ,Ick  powder
oxidized

11~ 5.0 52 2 100/ 5 .6 87 / 6 . 8  Powder exposed at
900°C

121 5.0 ‘‘ 53 2 0 2 0 / 5 . h  85 / - ‘~.0 in  a i r

122 5 .0 “ 60 2100/5.6 91 / 1 . 4 P~~~~l 1 e t  exposed
- I t  850°

1 2 3  5 .0 2 .~~~ 60 2 10 0/ 5 . 6  91 / 1 .5  in a i r

124 5.0 “ 60 2100/5.6 94.5/0.7 +Paek Powder
o~ idized 

L - -- 

( T a b l e  8) was determined by neutron activation anal yses and
was h i g h e r  by about a f a c t o r  of 1.5 f rom tha t  determined
f r o m  wei ght 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 -LC1 which had an oxygen content
i .2- , 1.08% and 2.23% , respectivel y. (See Table 2 for other
characteristics.) About 1.5% oxygen was introduced in some
of the expe rimen ts either by prefir ing in air at 900°C or by
adding 3% SiO~ to the composition . The specimens were sin-
tered at identical conditions at 2100°C in 6.0-0.5 MPa N2
for 15 m m .  The results presented in Table 9 suggest the
follow ing conclusions :
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1. If the s t a r t i n g  Si3N4 powder contains more than 2%oxygen , a proper amount of BeSiN7 addition permits sintering
to a density of 90% or higher. such powder does not respond
to further increase in oxygen content either introduced as
Si02 addition or by exposing specimens to air at 900°C be-
fore sintering .

2. Whe n the st arting oxy gen conten t is low , near 1% , an
increase in oxy gen a ids dens i f i cation substantially.

In view of the above results , which showed that small
amounts of oxygen are c r i t i ca l  f o r  the s in t e r ing  of Si 3N 4 ,
it was conceived that the loss of oxygen during firing might
account for  the d i f f e r e n t  s i n t e r i n g  resul ts  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
i n h i b i t i n g  e f f e c t  of f ree  carbon on densification . Oxygen
ana lyses  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 t h a t  f i r i n g  in the autoclave  did result
in a subs tant ia l  decrease of oxygen con ten t .  This evidence
does not , however , prove tha t  s i n t e r i n g  was indeed inhib i ted
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 sinterit-ig conditions in
the SiC tube furnace and in the iutocl ,ve is that in the lat-
ter the sintering atmosphere is also in contact with the
carbon hea t e r .  Consequen t ly ,  i f  carbon was transported by
some mechanism , s t rong i n h i b i t i o n  of s i n t e r i n g  could be ex-
pected. Carbon monoxide was first suspected as a possible
tra nsport med ium fo r ca rbon . Small  amoun ts 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
approximat ion , to ignore minor ity spec ies in the gas phase ,
such as (CN) 2 ,  Si , Si2C , CO2 and SiN and also carbon as a
solid and base a thermodynamic analysis on the following re-
act ions :

1. 2Si3N4 + 3CO = 3SiC + 3SiO + 4N2

2. 3SiO + CO = SiC + 2SiO 2

3 . S13N4 + 2C0 = 2SiC + S102 + 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 SINTERE D SPECIMENS

Exp . No. Compos i t ion  and S t a r t i n g  7 02 
I S int e r ing  Fina 1 Dens i t y  F ina l

_______ 
Powder Code 

— 
Atmosp here 4. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

136 SN—502—23A 3.2 Tube fnc . 94.3 2.88
+ 7% BeSIN2 6 MPa N2

152 Same 3.2 Autoclave 72 1.20
6.5 ~~a N2

163 Same 3.2 Auto clave 87 2.11
5.5 ~11 aN~ +

__________ ________________ 
1.05 MPa CO 

______

144 Cerac B2 2.6 Tube fnc . 1)1 6 2.64
+ 7% BeSiN2+3%5i02 6 MPa N 2

154 Same 2.6 Auto clave 83.4 1.86
6.5 MPa N2

161 Same 2.6 1 Autoclave 91.5 2.44
5. 5 MPa N

2 
+

1.05 MPa CO

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

180°/mm and 50°/mm in the autoclave .

2
~~~~

K = e x p (- G 3/ RT )  = 
2P CO

where a
~~~0 is the ac t iv i ty  of Si0 2 in the solid solution ,

i.e., in Si3N4 . 2 x BeO • x SiO2. 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 pressur e ra tio of nit rogen to carbo n monox ide exists
at each temperature to bring the system to equilibrium .
Thus carbon monoxide is expected to retard oxygen removal
from Si 3N4 by the formation of SiO and subsequent reaction
with more CO to make SiO2. Table 11 gives calculations of
the pressure ratios and K for several temperatures and for
Si02 activities of 1 and 0.1.
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TABLE 11. EQUILIBRIUM CONSTANTS AND EQUILIBRIUM
P /P FOR REACTION 3N2 CO

- - - -~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
T ( ° c) K 2 ’ Co

- 

a
~~.0 i  

‘1Sit ) ,=O .1

200() 1.96 1.4 4.3

2100 1.62 1.27 4.0

2200 1.36 1.17 3 . 69

2300 1.17 1.08 3.41

2400 1.014 1.01 3 . 1 9

250 ( 1 0 .892 0 . 9 4  2 . 9 7

Sintering experiments were conducted under CON2 atmos-
pheres both in the tube furna ce and in the autoc 1a~ t’. At-
mospheres containing CO (up to 1.4 MPa CO and 

~N~~~ CO 
= 4)

cli i not i n t e r a c t  w i th  Si 3N 4 ,  d id  no t  i n h i b i t  s i n t e r in q
and did retard oxygen loss as shown in data of exp s .  161
and 154 in Table 11. In several instances CO con ta in ing  at-
mospheres were beneficial to densification (density increased
a few percent) but in general the effect was small. Inspec-
tion of polished sections of spec imen s s intered under CO
pressure revealed the presence of grains of a new phase at
a 1 to 2% level which , judging from refl ectivity and etch ing
behav ior , was SiC. x-ray diffraction analysis of this same
sintered specimen revealed a weak but distinct peak corres-
ponding to 13—SiC, in agreement with reac tion 3.

E. Effect of Impurities

A number of indirect observations have been accumulated
dur ing this  study to indicate that in addit ion to the oxygen
and Be level , trace amounts of some species assisted the
dens if ication and that these species were transported through
the sinter ing 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-
dit ions.

b) The densities obtained on sintering in pure pack pow-
ders were always lower than tho se of spe cimen s sintere d in
the cur ren t ly  used pack powder (see above).

c) It was observed that the side of a pure pellet (SN—
502 )  which  was f ac ing  a pel let  of Indussa LCI powder du r ing
sintering achieved a relatively high density (>90%) while
the reverse side was more porous , wi th  dens i ty  near 80%.

d) Specimens from Cerac powder (with addition of 7%
BeSiN2 and 3% SiO2) could be s in tered to 94% without pack
powder in presence of specimens pressed from Starck powder
but achieved only 82% when fire d under the same cond ition
in combination with specimens from SN-502 powder.

e) Processed Starck powder without fur the r addit ions
achieved a densi ty 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 tha t the densities of specimens of pure powders fired
just after specimens of less pure powders were substantially
higher.

More direc t eviden ce of imp ur ity transfer  was obtained
from the following experiment. The SiC tube was replaced
with a new one cleaned with HNO3 to exclude contamination .
A specimen of SN-502 powder with 7% BeSiN2 was then sintered
at 2080/6.5 MPa/l5 m m .  in fresh pack powder (Ca 500, Al 700,
Fe 90, Mg 50, Cr 20 , 02 14,000 in PPM). The density was 82%.
The experiment was repeated to yield 84%. In a third experi-
ment a mixture of the above pack powder and Indussa Standard
(Ca 3000 , Al 4300 , Fe 4000 , 02 18000 ) powder in a 1:1 ratio
was used to cover the specimen. The dens ity achieved under
the latter conditions was 95%. The specimen when sectioned
showed a dense periphery and a more porous core , Figure 11.
This is most likely expla ined by assuming d iffusion 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 t~ e second run with the impure mixed pack powder of the
composition described above. i1t~± data in Table 12 give ~e-suits of spectrocheniical 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 3N 4 -SN—
502 + 7% BeSiN 2 ,  showing dense periphery
and more porous core presumably due to
impurity transpor t 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 Si3N4 composition with Be ad-
ditions and may be essential for achievin g high densi ties
(>90%) at the selected level of Be addition . These metals
are readily transported through the sinte~-ing 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.

Dur ing 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 . Th us, depending on these subtle cir-
cumstances a substantial variation in densification behavior
may result.

Consider for instance 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. If 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

A d d i t i o n  7% R eSiN 2 7% R e S i N 7
3~ SW2

2080°C

sintermng * 6 MP,i N
2 Samt’

Condit ions 1 iPi CO

15 mm

Sintered ~~ 89.57
Density

~tarting Ca 100 <40
Impurit y Fe 30 <10
Concentration Al 700 <30
PPM Mg 40 <40

Impurity
Concentra t ion  Ca 850 750
in Sintered Fe 150 100
Specimens Al 800 <40
PPM Mg 150 80

Impure pack powder used ; approxim ate i~111( I r irv
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 smal l  changes
may result in the reversal of the trends. It is believed
that the observed variab ility of sintering resul ts 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—
l i ng  f a c t o r .  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
impurit ies in reducing environments.

The species actually transported are with all probability
volatile nitrides (Ca3N2 and Mg3N~ ) which form from oxides
due to the strongly reducing conditions of the sintering
atmosphere . Preliminary results indicate that aluminum ,
which does not form a vo la t i l e  n i t r i d e , has not been trans-
ported .

F. The Mechanism of Sintering in the Si3N4 -_Be3N2 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 , des ignated  as coarsen ing ,  is a conse-
quence of the elimination of small pores and small part icles
while larger ones grow . The growing particles are usually
not sing le c rys ta l  g r a i n s  but pore-free domains composed of
many grains.

It can be shown tha t  many c r y s t a l l i n e  ma te r i a l s  may be
sintered at a temperature whe :e D/d3 (D the diffusion coef—
ficient of the sintering rate controlling species , D0e

Q/RT,
and d , the effective particle size) is near unity. ~f, how-eve r , d can grow by ano ther mass t r ansport  process , it is
possible tha t  the above r a t io  never approaches u n i t y  wi th
increasing temperature  and consequent ly  such m a t e r i a l s  wi l l
not d e n s i f y  appreciabl y .  This is precisely the case wi th
many covalen t so1ids~

2
~~
) and probably Si3N4 too .

Considering the above s i n t e r i n g  c r i t e r i on  one sees that
in order to promote densification one has to increase D,
i.e., in t e rna l  mass t r anspor t , reduce d and prevent or re-
tard its growth (pa r t i c u l a r l y  a t temper atures where in ternal
mass transport is too slow to operate).

A well known example of an effect of increased diffu-
sivity on sintering, mentioned above , is U02. When the con-
cent ra t ion  of u r a n i u m  vacancies is increased due to reduc-
tion in the U/O r a t io , “ s i n t e r a b i l i t y” is enhanced dramati-
cally. An example of control of surface mass tr~ 8isport is
pe rhaps the effect of boron in the sin tering of SiC which ,

(2 2 )  -C .D .  Greskovich and J . H .  Posolowski , Sin t e r i n g  Covalent
Solids ,” J. Am . Cer. Soc., 59 , 336(1976).
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according to Greskovich and Rosolowski ,~~
22
~ retards surface

mass transport.

The observation of the effect of oxygen in the sintering
of Si3N4 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 havin g one excess electron , will re-
main associated with the beryllium atom with two fewer elec—
trons than silicon thus forming a (BeN 2O2) tetrahedron iso-(— ‘3’electronic with a (SiN 4) tetrahedron . ‘ The substitution
will probably reduce the bonding enerqy in part due to re-
placing of Be-O (1.624 A~ and SiO (1.623 A ) bonds (these are
bond lengths in BeO and SiO2) for Si-N bonds and par t l y  due
to stretching of the Be-O and Si-O bonds for accommodation
in the Si3N4 lattice with average bond length of 1.736 A .
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
Si 3N4—Al 203—A 1N,

The effect of metallic impurities on sintering observed
in the present investiga tion requires subs tantially more
quan t i t a t ive  measurements before  a mechanism can be postu-
lated. Nevertheless , one specula tes tha t the impurities
would be presen t du ring sinter ing as oxide s or , more speci-
f ically , as silicate melts an d solidify  as an amorphous
phase. This is indicated by the results of TEM . Wi th a con-
cent ra tion 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
i n s u f f i c i e n t  to br ing  about dens i f i ca t ion  by the dissolut ion
and reprecipitation mechanism. Indeed , such a compos ition
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 3N4 powders did not respond at all.) It is
therefore possible that the sintering of Si~ N4 under the ex-
perimental conditions of the present investigation proceeds
by a combined effect of lattice and/or grain boundary dif-
fusion couple d with liquid—assisted mass transport, similar
to that of impure alumina or alumina with an addition of
about 1% Si02 + 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. BeSiN2 is an efficient aW~ition which promotes sin-
teriny 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 fourdifferent Si3N4 powders to densities above 90%.

c. Powders derived from nitridation of silicon were
milled to improve sinterability .
d. DensifScation is first eL-served near 1800°C (2%
shrinkage) m d  terminates near 2100°C. Nitrogen pres-
sures between 5 and 8.2 MPa were applied in successful
sintering experiments.

e. Tempera ture  in excess of 2 100 °C b rought  about bloat-
ing of some specimens.

f. At 2.75 MPa of nitrogen a substantial fraction of
si l icon forme d in the specimen at 2080 0 C; at 1.35 MPa
n i t r o g e n  a specimen to ta l ly decomposed.
g .  Oxygen con ten t  > t han  2% in the powders  is necessary
for  s in t e r i ng .  Powders w i t h  lowe r oxygen levels s in te red
poorly .

h. Powders low in oxygen responded to sintering when
1 . 5 %  oxygen was i n t r o d u c e d  as SiO-, or by exposure of the
specimens to air at 900°C prior to sintering.

i .  Carbon monoxide pressures  up to 1.5 MPa do not in ter-
fere with sintering and , in some cases , promoted densifi-
c a t i o n .

j .  Even w i t h  c o n t r o l  o~ the oxygen  leve l s u b s t a n t i a l
v a r i a t i o n  in degree of d e n s i f i c a t i o n  was observed. Th is
v a r i a t i o n  has been l i nked  to t r a n s p o r t  of minor  amounts
of Ca and Mg and pe rhaps  Fe e i t h e r  i n t o  or out  of the
specimens d u r i n g  the e a r l y  s tages  of s i n t e r i n g. These
metallic i:npurities on a 500—1000 PPM leve l promote den—
s i f i c a t i o n.
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Vifi . CHARACTER%ZAT ION

A. Phase Composition

Phase composition and lattice parameters were determined
by evaluation of X-ray Debye—Scherrer patterns. The tech-
niq ue had to be op timized to ob ta in the necessary resolution
and to overcome current problems resul ting from analyzin g
light elements. With some specimens diffuse patterns were
ob tained ; the dif fuseness  of the d i f f r a c t i o n  lines could be
traced to compositional gra dients across the specimens or to
compositional inhomogenei ty which resulted in d i f f e rences  of
lat t ice parame ters. 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 B-Si3N4 which showed, in most ins tances , decreased lat-
tice pa rame ters resulting from format ion of solid solution
of ~e and oxygen as expe cted according to wo rk of Huseby, et
al. ~2 4 )  In some specimens traces of other phases have been
detected (BeO, BeSiN 2) and in addition rome weak extraneous
lines which could not be identified.

Some impor tant observat ions 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 Si 2 N 2 O appear as
transient phases. After a 30 minute hold at this temperature,
a 13-Si3N4 solid solution has formed and no other cry stalli ne
phases are detected. Consequently , it is expected that at
the onset of shrinkage (sintering) at 1800°C all BeSiN2 re-
acted and a solid solution formed. However, in specimen
no. 4 (Table 13) BeSiN 2 has been de tected a f t e r s i n t e r ing  at
208 0°C. Its presence may be understood by consider ing the
difference in initial oxygen content of the starting powders
and the following reaction sequence :

1. BeSiN2 + SiO2 BeO + Si2N2O

2. BeSiN2 + Si2N2O = BeO + Si 3N 4

3. 2BeSiN2 + SiO2 2BeO + Si 3N 4

4. XBeO + x/2 Si02 + (l-x/2 ) Si3N4 5
~- 3-x Be

~ 
N4_2~ °2x

5. Si2N2O = SiO + Si + N 2

6. 3Si2N2O = 3SiO + Si 3N4 + N2

( 2 4 ) I.C. Huseby , H.L. Lukas and G. Petzow , “Phase Equilibr ia
in the System Si 3N4-SiO2—BeO—Be 3N2,” J. Am. Cer. Soc. 58, 377(1975).
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BeS iN 2 reacts wi th  SiO to yield BeO , Eq. 1, and BeO re-
acts f u r t h e r  wi th  addi t ional  Si0 2 and silicon ni t r ide  to form
a solid solution (Eq. 4). If enough oxygen is available as
Si02 both reaction 1 and 4 may go to completion . However,
as these reactions compete for Si02 their rela tive reaction
rate may control the fraction of BeSiN2 reac ted if less than
the stoichiometric amount of oxygen is available. The stoichi—
ometry necessary for comp letion of reaction 1 and 4 depends
on whether  Si 2 N O  reacts according to equation 2 or some oxy-
gen is los t as SiO as shown by equations 5 and 6. If the
former applied (i.e., the overal l equation 3 followed by 4),
then eve ry mol of BeSiN 2 requi res  a mol of Si02 or in weight
r a t i o , oxygen to BeSiN 2 is about 0 . 5 .  This has been the corn—
position of experiment 1 and 2 (Table 13) and in agreement
w i t h  p red ic t ions, no BeSiN 2 was foun d in the product. The
composition of experiment 4 was however substoichiometric in
the oxygen : BeSiN 2 ratio and , consequ e n t l y ,  BeSiN2 did not
react to comp letion .

Si2N2O could , in pa~-t at least , decompose according to
equat ions  5 and 6 which  m~~; further increase oxygen defi-
ciency . This would be manifes~ ed by residual BeSiN2 and
un de r special circumstances possibly also by the appearance
of f ree  s i l i con . ~rna 11 amounts  of f ree  si l icon were fre-
quently observed in sintered bodies by optical microscopy
and may have been of t h i s  o r iq i n .

P. s epara te  i n v e s t ig a t i o n  of reaction 1 has been under-
taken. BeSiN2 was mixed with Si02 and reacted under hot
pressing conditions. Near 1500°C a rapid reaction occurred
which resul ted in format ion of a low viscosi ty  melt .  The ex—
pecte d phases , BeO and Si 2 N 2 O , appeare d wi th  some delay and
forme d more rapidly  as the tempera ture  was increased.  Thus
in the first stage of chemical reaction in the present sys-
tem a t r a n s i e n t  liquid is forme d by the reaction of BeSiN2
with Si02 wh ich f u r t h e r  reacts wi th  Si 3N 4 d i rect ly or via
BeO and Si 2 N 2 O to form the expected so),id solut ion . It  has
been show n by h o t —p r e s s i n g  exper imentS ’- 2 5 )  that  th i s  tran-
sient liquid allows substan tial densification between 1600—
1700°C at which temperature it disappears within 30 mm .,
being consumed by Si 3N4.

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.

~~~~~~~~ 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 importan t result of the X-ray diffraction study
has been the relation of lattice parame ters to the ini t ia l
oxygen content and f i n a l  dens i ty . When the initial oxygen
content was low (exp. No. 5, Table 13) the shrinkage of the
uni t  cell is unobservable , i.e., very l i t t le  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 measurab le de crease of
the a-lattice parameter (identica l 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 la t t ice  con t rac t ion. The l ike ly  i n t e rp re t a t i on
of this result is that during sintering, as a consequence
of a very low P02, the solid solution started to decompose
and the loss of oxygen from the surface layer inhibited its
densification . This process then led to the typ ical noun i-
form shr inkage  man i f e s t ed  by f l a r i n g  of one end of the cy l in-
drical  specimen .

B. Micros t ruc ture
The cha rac te r i za t ion  of m i c r o s tru c t u r e  and sub-micro—

structure in sinte red Si 3N4 samp les was i n v e s t i g a t ed to de-
termine : (1) pore size , shape and distribution , (2) Si 3N 4
grain size , shape and distribution , and (3) the identifica-
tion of secondary phases and their location and s i z e .  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, HC 1 ,
H2S04) was effective . This was always the case when -;intered
mate r i a l  was prepared us ing  Be3N 2 or BeSiN 2 dopan t along w i t h
hi gh ly-pure  or impure Si 3N 4 powder. A f t e r considerable ex-
per imenta t ion  an excel lent  caus t ic  e tchan t was i d e n t i f i e d,
namely a melt of KO!!, N aO }1 and LiOU ( 4 : 4 : 1  by wei gh t , respe c-
t ive ly)  at about 180° C for  20 m m .  The use of this etchan t
combined with optical microscopy at h i g h m a g n i f i c a t i o n s  or ,
preferab ly , 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 s t a r t i n g  composition (Processed Starck Si 3N 4 + 3.5 wt%
BeSiN2) fired under the same therma l conditions (2030°C—l5
mm — .6 MPa of nitrogen pressure) except for using dif-
f eren t pack ing powders in SiC tubes of d i f f e ren t size are
illustrated in Figure l2A , B , and C. Limiting densities were
obta ined for  each of these three samples and only t~—Si 3N4 wasdetectable  by s t andard  X-ray  d i f f r a c t i o n  methods.  A t y pic a l
m i c r o s t r u c t u r e  of a low r e l a t i v e  dens i ty  ( 7 4 % ) ,  s i n t e r ed  body
of t3-Si 3N4 is shown in Figure l2A. 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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Figure 12. Sinte re d Si 3N 4 of composition , Starck—possessed Si 3N 4 +
• 3.5% BeSiN~~, fired at 2030°c for 15 m m .  at 7 .6  MPa of

N2. (A) M ixtu re  of SIC/Si 3N 4 packing powder used in
an 8 cm long SiC tube , re la t ive  densi ty  74% Mag .
= 500X. (B) Apache Si3N 4 packing powde r used in an
8 cm long SiC tube , relative density 84%, Mag.
= 500X. (C) Reused SiC/Si~ N4 packing powde r in an
18 cm long SiC tube , relative density 98% , Mag.
= 750X.
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the averaqe size of the pore and solid phases is 1—4 ~ and1-10 ~ , r e s p e c t i v e l y ,  as compared to ~C • 0 .2  ~i Si3N4 particlesin the i n i t i a l  green compact of 55% relative density. Addi-
tional n o t e w o r t h y  fe a t u r e s  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  o the r  “unsinterable ” covalent solids~

22) such as Si and
SiC. As the re la t ive  dens i ty  of s in tered Si 3N 4 is increased
to o~84% , the average pore size (F igu re  l2B )  decreases and the
number density of elongated (high aspect ratio) II—S i 3N4 grainsdecrease. At t h i s  dens i ty  l i gh t  r e f l e c t i v i t y  f r o m  the solid
phase is s u f f i c i e n t l y  h igh  to d is t i n g u i s h  bri gh t j a r t i c l e s  of
secondary phases scattered throughout the matrix . These bright
par t ic les  have been i den t i f i ed  as Si and SiC , both of wh i ch
in part originate from the s t a r t ing  Si 3N4 powder. The hi gh-
est density achieved by sintering was 98% and the correspond-
ing microstructure is shown in Figure l2C. The pore phase
is discontinuous and achieves an average  s ize  ~~1.5 1 .  The
f ine  dispersion of the secondary phases of Si and SiC , about
2 ~ or less in size , is more evident in this dense sample .
This  h igh densi ty was achieved by:  1) us ing  a longe r SiC
tube (18 versus 8 cm long) which is believed to suppress
si g n i f i c a n t t ransport  of C-bearing gaseous species to the
Si 3N4 compact, and 2) using a reused mixture of SiC/Si3N 4
packing powder wh ich becomes more impure wi th repe titive
f i r i n g s  of impure Si 3N 4 compacts .

Similar sintering behavior is observed for compacts
prepared from processed high purity Sylvania SN502 (S.A.

~13m
2/g) Si 3N4 powder mixed with 7 wt% BeSiN2 (used as a

sintering aid) . A pore—gra in  s t ruc tu re  (F igu re  l3A) simi-
lar to that shown in Figure 12A occurs for an 80% dense ,
s intered sample which was surroun ded by a mixture of fresh
and reused Apache packing powder. I f , on the o ther  hand ,
a reused mixture (20% Apache Si 3~~4 + 80~ Lonza Sic) of
packing powde r surrounds the compact of the same initial com-
position , then s in tered  ma te r i a l  wi th  average  r e l a t i ve  den-
sities near 94% may be prepared. The microstructure of such
a sample presented in Figure l3B shows non—uniform pore dis—
tribution apparently due to non—uniform binde r distribution
in the green compact. The dense regions (Figure 13C) are
over 98% density . It appears so far that the s i n t e r i n g  be-
havior of the h ighly—pure Sylvania Si 3N4 powder is sensi-
tive to impurity effects.

The typical microstructure of a sintered compact , com-
posed initially in Cerac Si 3N4 powder + 7wti BeSiN2 + 3%
Si02 and fired in a gaseous mixture of 8.5 atm CO + 53 atm
N 2 at 2 100°C is i l l u s t r a t ed in  F igure  14. The samp le had a
un i form mic ros t ruc tu re  but  was on l y about 86~ dense. This
photomicrograph was pa rt icul a r ly interesting because it
shows that fine particles of n-SiC (brigh t re f lecting phase)
form in the -Si 3N4 matrix. This appears to be the general
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Figure 13. Reflected-ligh t pho tomicrographs of microst ructures
• of sintered Si 3N4 (SN502—processed powder + 7 wt%

Be SiN2). (A) Powder compact surrounded with mixture
of fresh and reused Apache packing powde r , Mag . = 500X.
(B) Packing powder was a reused mixture of 20% Apache
Si 3N 4 and 80% Lonza SiC , Mag . = 200X. (C) Same as
(B) except Mag. = 500X.
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Figure 14. Photomicrograph showing SiC particles
forme d in Si 3N 4 dur ing  s in te r ing  in a
CO/N 2 gaseous mixture at 2100°C.

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

• 2. Density Gradients

Density gradients usual ly exist in compac ts 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 i l lus t ra ted  by Fi gures 15A an d B and correlates
wi th  the presence of di sconnected 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 impuri ty  e f f ec t s  in the v i c i n i t y  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—
puri ty  in the surface region will accelerate densification
there and result in higher density in the surface region .
An exp lanation o f f e red 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
~—Si 3N4 solid solution during sin tering, thereby decreasing
the densification rate in the surface region . Density

• gradients also exist in sintered specimens that undergo
visible bloating (Figure 17). Rapid heatin9 rates (‘~200°C/
m m )  and high sintering temperatures (- - 2100°C) usually give
rise to bloating. Figure 17 shows a porosity gradient from
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Figure 15. Sintere d Si 3N4 of composition Starck—processed Si 3N4 +
3.5 wt% BeSiN?, fired at 2030°C—l5min—7Mpa of N2 ,
relative density ~88%. (A) Surface region . (B) In-
terior region. Mag . = 600X.
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Fi gure 16. Typical densi ty g rad ien t  observed in
seve ral sintere d specimens , Mag . = b OX.

the specimen interior to the surface region . The large
pores are f requen t ly 30 u in size or smalle r and up to
millime ter sized pores are found in the cente r of larger
sintered specimens (% 1.3  x 0 . 5  cm) . The gas evolution re-
sponsib le for  specimen b loa t ing  originates probab ly from
thermal dissociation of the ~—Si 3N4 solid solution in re-
gions of the specimen which are exposed to excessive ly high
temperatures.

3. Grain Structure

A typ ical grain structure of a polished and chemically
etched sintered specimen of composition high purity Si3N4(93%) + 7 wt% BeSiN2 ,  having a relative density of 96%, is
illustrated in Figure 18. Although the average grain size
is estimated to be 2-3 ~~, e longated ~—Si 3N 4 grains up to
10 to 15 ~ 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
e longated ~3-Si 3N4 in a finer ~—Si 3N4 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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Fi gure 17. Typical microstructure of sintered Si 3N4 tha t  exhibited
bloating. Fast heating rate 2000C/min used to reach -
a soak tempera ture of 2 080°c, Mag . = 300X.

at  grain boundary t r ip le points . These pores , as w i l l  be
shown shortly , probably are a consequence of the dissolu-
tion (into the chemical etchant) of a wetting, grain bour-dary
liquid phase. A very similar type of microstructure is also
found for  s intered Si 3N4 made from Starck or Cerac powders
along with BeSiN2 as an addi tive (Fi gure 203).

Transmission electron microscopy was used to elucidate
the presence of a grain boundary phase in sintered Si 3N4.
Specimen preparat ion 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 210 until, a small hole
formed in the center of the specimen and (3) examining the
specimen in bright field transmission in a multi-tilt, Sie-
mens Elrniskop 101 microscope at 125 XV . Approximately 100-
200 grains were examined for a grain boundary phase in each
sample . Only a few percent of the grain boundary intersec—
tions examined contained pockets of li quid phase (composi-
tions conta in ing  7 wt~ BeSiN2 ,  Figure 2lA and B. However,
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Figure 18. Grain structure in a polished and chemically-etched
sample of sintered Si3N4 of composition , In-House
Si 3N4 + 7 wt% BeSiN2. Sintered at 2050°C for 15 mm
in 8.4 MPa of N2. Polished specimen chemically—etched
in a hot mixture of NaOH, KOH and LiOH (4:4:1 pa rts ,
respective ly) for 20 mm at 180°C. Reflection Nomarski
differential interference contrast , Mag. = l500X.

for compositions containing both 1 wt% Be3N2 and 2% Mg3N2
(Figure 2lC) pockets of liquid phase were observed on more
than 5% of the grain boundary intersections. The triangular
pocket of liquid phase between 3 ~—Si 3N 4 grains shown in

— Figure 2lA has the identical shape of the fine pores located
at grain triple points in the SEM photomicrographs of Fig-

• ure 20A. and B. Another small t r iangular ly-shaped liquid
pocket can be seen in Figure 21B , along with a much larger
reg ion of liquid phase surrounding a hexagonal , face ted
?-Si 3N4 grain about 1 p in average dimension . Hexagonally—
shaped , faceted 6-Si 3N4 grains generally are associated with
neighboring li quid phase. This suggests that a quick method
to determine the presence of a small amount of liquid phase
in these ceramics is to use optical microscopy with polarized
ligh t wh ich reveals the h igh ly  face ted , ~—S i 3N 4 grains such
as shown in Figure 19. The faceted interface of these grains
may be related to anisotropy of solid/liquid surface energy
with crystallographic orientation or to crystallization of
the 6— Si3N 4 gra ins  from the l iquid phase.
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Figure 19. Different region of same specimen shown in Figure 17.
Polarized li ght , Mag. = l500X.

Finally , considerable effort was devoted towards apply-
ing TEM methods for de tection of a continuous , amorphous
(l i quid) phase tha t  comp letely wets the grain boundaries
present in a few s intered samp les. TEM photomicrographs of
a number of grain boundaries at magnifications up to 200 ,000X
using conventional til ting methods did not resolve a second
phase film at grair-grain interface in sintered samples made
with high purity In-House or Sy lvania Si3N4 powder. The use
of hi gher resolution latt ice f r inge  te chniques did reveal a
very thin film, < b A  thick , between selected 8-Si 3N4 grains
in BeSiN2-doped sintered material made with high purity In-
House Si 3N 4 powde r (Figure 22A ) and Sylvania SN502 powde r
(Figure 22B). Although many “clean ” grain boundaries have
been observed i t  is not possible to assert that a grain bound-
ary phase is absent because of the difficulties in observa-
tion - in the lattice imaging mode

C. Creep

Creep was measured in three point bending at constant
stress with specimens 0.25 x 0.25 x 3.0 cm on a 2.87 cm span.
The j i g oi the creep rig is made of dense silicon carbide
and consists of outer and inner tubes. The outer tube sup-
ports the specimen on two SiC pins; the inner tube transmits
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Figure 20. Typical SEM photomicrographs of microstructural fea—
tures observed in sintered material derived from (A)
high purity Si3N4 powder and 7 wt% BeSiN2 as a densi-fication aid, Mag. = 4 0 00X , and (B )  Commercial Starck
Si 3N4 powder and 3.5 wt% BeSiN2 ,  Mag . = 7000X. White
spots in (B) are surface contaminants .
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Figu re 21. Elec t ron t r ansmiss ion  photograph s of isolated pocke ts
of li quid phase in s intere d Si 3N 4 of composition (Si 3N4-
In—House  + 7 w t~ B e S i N 2 ) ,  ( A )  Mag.  = l50 , 000X and
(B) ~~~~~ = 100 ,1 00x. (C) Composition is Si 3N4— In—House
+ 1% Be~ N2 + 2% Mg3N2, Mag. = l75 ,000X.
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Figure 22. Lattice fringe photomicrographs of grain boundary re-
gion between neighboring grains of I~—Si 3N4 solid solu-
tion . Sintered samples were made .from high pur i t y
s t a rt i n g  powde rs , (A ) In—House  Si 3N 4 and ( B )  Sylvania
SN5O 2 — S i  3N 4 .
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the de f l ec t ion  to an LVDT. The load is imposed b y an inde-
pendent system on the inner tube as shown schematically in
in Figure 23. The system operates in air. The furnace is
heated by moly disilicide heaters and is controlled by means
of Pt/Rh thermocouples within about 50C. Previous expe r-
ience has shown that the stiffness of the loading train was
sufficient up to 1650°C. The diffe rence in the deflection
from the recorded trace and that determined by evaluation of
the specimen ’s deformation after testing was 8%, which is
considered good. Fluctuations of furnace and ambient tem-
peratures along with some undetermined origin of noise limi t
creep measurements down to a strain rate of about 3 x l0 6/hr
and to an accuracy of ±10% at higher values of strain rate.
Specimens were prepared by die pressing to shape , sin ter ing
in SiC tube furnace and machining to the desired dimensions.
The deflectior. was ob tained as a function of time by a re-
corded trace of the LVDT output through claibration (typi-
cal ly  4p/lcm) and converted to outer fiber strain through
the relation L 6hy/l,2, L=span and y=deflection . The strain
rate was obtained from the slope of the tangent to the trace.

Data in Tab le 14 gives results obtained at 1450° with a
specimen prepared from Si 3N4 Starck sinte red with 3.5% of
BeSiN 2 at 2080°. Clearly the creep rate of this composition
was decre asing ove r the whole tes ting per iod and the change
of creep rate did not indicate that steady state creep would
be obta ined.

T rans i en t s  are always observed in the initial period of
a creep experiment due to several phenomena. With other
r~i te r ials , howeve r , such as dense SiC or A1203, steady state

1 - - A [ I N~ TRAIN

L- 4 DI NG PIN — . .
SP EIIME N — --—---—_.

SUPPORT PINS

~~~~. c~’r~ -~~ i T I - 3 r

SiC INNER TUBE —

T R A N S M I T T I N G
Of ELECTION

Figure 23 . Schema tic of spe cimen jig of the appara tus used
in creep measurements .
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creep is usually obtained with about ten hours at high tem-
perature. It was suspected that the observed behavior could
be related to a phase change , such as c rys ta l l i za t ion, pro-
ceeding at the temperature of the experiment. Such an effect
is possible because o f the rap id cooling rate used in the
firing schedule for sintering. Therefore , another specimen
was annealed at l6500C for three hours and tested under iden-
tical conditions. The results (Table 14) were close enough
to the first measurement, both in absolute values and trends ,
to discoun t an ef f e ct of annealing . The d i f f e rence observed
was a t t r i bu ted  to the di f fe rence in specimen dens i ty .

Another specimen of the same composition was tested at
1300 , 1350 and 1400°C. Creep rates obtained after 24 hours
are in Table 15. This data does not appear to correspond to
steady state creep because the prob lem of transient effects
could not be resolved within the scope of this investigation .
(The creep rate at 14500, Table iS , was calculated from data
in Table 14, for 24 hours and assuming a stress exponent of
1). It was possible to calculate an activation energy of
161 Kcal/mo l bu t the involved uncertain ty is large due to the
difficulty of achieving constan t creep rates.

A test bar 0.25 x 0.25 x 3.0 cm was machined for a spec-
imen sintered from In-House , powder batch 20—21 , wi than addition

TABLE 15. CREEP RATE OF SINTERED “STARCK 118 ’
S13N 4 + 3.5% BeSiN~ at 69 MN/rn

2

T °C r /S e C

~300 0.25 x 10~~ 7 x 10~~~

1350 1.13 x 10~~ 3.14 x

1400 5 . 7  x 10~~ 1.6 x 1o
8

_ 4 *1’ 4)O 3.3 x 10 9.1 x 10

*(~l 1cu la t e d  f rom di t a in Table XVI us ing  stress exponent 1.0 and
24 hours exper iment  t i i n t - .
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TABLE 1G . CREEP OF IN— H O U SE Si 3 N 4 S I N T E R E D WITh
7% BeSiN~~, 1450°C

fim& Strain (Cumulativt-) S t r I i n  R;it~-
(M N/ m ) ( l i r )  x 1O~ / h r  x 1O~ - ‘ /~~~- ‘ x 10~

0.93 I. Y1

82.7 2-~ 1.5 2.7 7. .

13M 2 +  2.8 - ‘+ . S  12 . 5

212  7 3 .7  13 36.6

of 7% BeSiN2. The relative density of the bar  was 9 0 % .  Re-
sults of a creep experiment made with this specimen at 1450°C
are presente d in Table 16. More extensive work was not war-
ran ted due to the relatively large residual porosity which
could not be taken into account.

Fracture occurred after seven hrs . at 14500 at 212 MN/rn2
(30 ,000 p s i )  s t r e s s .  Whe the r  or not steady s ta te  creep was
achieved in the selected time intervals was not established
with certainty . The firs t th ree points in Tab le 16 ( f o r
stresses 41.4 , 82.7 and 138 MN/rn2) yield a stress exponent
near 1. Howeve r , the fourth point (for 1=212 MN) is sub-
stantially off the straight line , again indicating probably
nonsteady creep.

The creep ra te  data ob ta ined  so f a r  was p lo t ted  in
Figure 24 and is compared with several measurements  avail-
able in the literature on other Si 3N4 ceramics. Also in-
clude d is a set of data for hot-prv ssed material of the cur-
rent composition , Si 3N4—SN-502 + 7~ 9~~

iN2, obtained in this
laboratory in a concurrent program .

Ignoring an effect of porosity, the creep rate of the
material prepared from the pure In-House powde r is about a
fac tor of 20 less than tha t  of Starck Si 3N 4 measure d at
14530 and 69 MN/rn2. However , such a comparison is super-
f icial as i t  i gnores g r a i n  s ize  and does not r e f l e c t  the
ac tua l  p o t e n t i a l  of the two ma te r ia l s. Same app lies , of

( 2 5 ) J . A .  Pa lm and C.D. Greskovich , “Silicon Nitride for Air—
borne Turbine Applica tion ,” Final Peport Genera l Electric SRD—78—
076 (1978).
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Figure 24. Creep rate of Si3N4 as a function of inverse tempera-
tures , 1) Sintered Si 3N4-Starck (this work), 2) Sin—
tered pure In-House prepared Si3N 4 (th is  work ), 3) Ho~-pressed Si3N4-SN-502 + 7% BeSiN~ 3 pt. bending 69MN/m
(ref. 25) . 4) HS—l30 , compression 69MN/rn2 Seltzer
(ref. 26) , 5) NC—l32 compression 69 MN/rn2 Sel tzer
(ref. 26), ~) Si 3N 4 + 2 . 5 % Ce203 hot—pressed 4 pt. bend-
ing 69 MN/rn , Mazdiyasni (ref. 27), NC-132, tension at
17 MN/rn2, Kossowski , (ref. 28). 8) HS—l30 , 4 pt. bend-
in g , 60 MN/m2 , Mazdiyasni (ref. 27).

~
26

~~M.s. Seltzer , “High Tempera ture Creep of Silicon Base
Compounds ,” Am. Cer. Soc. Bull. 56 , 418(1977).

~
27)K.S. Mazdiyasni and C.M . Cooke , “Consolidation Micro-

structure and Mechanical Prope rties of Si1N4 Doped with Rare— EarthOxides ,” Jour . Am. Cer. Soc., 57 , 536 (1974T.
(2 8) A .F. McLean , E.A. Fisher and R.J. Bratton , “Brittle Mate-

rial Desi gn,” Report AMMRC-TR-73—32, January 1973.
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course, for comparing the sintered and hot-pressed materials.
It will be noticed from Figure 24 that creep rates of the
sintered materials measured in this program are the lowest
of any Si 3N4 materials reported in the literature except
NC 350 of Norton.

D. Oxidation Behavior of Sin tered Si3N4

The oxidation behavior of various sintered compositions
of Si3N4 (all containing some Be) was investigated at high
temperatures (1400°C an-i 1550°C) in air by weight change
measurements. During oxidation of Si3N4 there exists a net
weight gain according to the reaction :

Si 3N4 + 

~~~ 
+ SiO2 + 2N2 +

Singhal,(2 9 ) and Tripp and Graharn~
30
~ have shown that the

oxidation of commercially-availab le, hot-pressed Si3N4 (Nor-
ton HS—130) exhibits parabolic behavior at temperatures up
to 1500°C in air.

This is usually expressed by the parabolic rate equation ,

(~~w/A )
2 

= k~~t1

where LW/A is the change in weight per unit surface area ,
k0 is the parabolic rate constant and t is t ime . For Si 3N 4
this diffusion—controlled , oxidation behavior appears to be
rate-limited by either oxygen or magnesium-impurity diffusion
through the oxide scale composed of at least two phasç~~4 cris-
tobalite and enstatite. Recently Cubicciotti, et.al. ~~~~~~ pre-
sented oxidation data which suggests that the oxidation rate
of NC—l32 Si3N4 , which is similar to that of HS—l30 Si3N 4 ,  is
controlled by diffusion of magnesium in the unoxidized Si3N4
material towards the substrate/oxide scale interface . The
general results of these works show that the reaction rate
during oxidation of Si 3N 4 depends p r imar i ly on the tempera-
ture, composition and microstructure of the oxide scale
formed.

~
29

~s.c . Cinghal , “Thermodynamics and Kinetics of Oxidation
of Hot Pressed Si 3N4 , ” J. Mat. Sci., 11, 500—509(1976).

(30 )w . c. Tripp and H.C. Graham , “Oxidation of Si3N4 in the
Range 1300° to 1500°C,” J. Am . Ceram . Soc., 59 (9—10) 399—403(1976).

~
31
~D. Cubicciotti , K.H. Law and R.L. Jones , “The Rate Con-

trolling Process in the Oxidation of Hot— Pressed Si3N4 , ” J. Elec-
trochem. Soc., Accelerated Brief Communications , 124 , 1955-56
(1977). —
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Our oxidation experiments were carried out on cylindri-
cal specimens cut from sinte~ed pellets and having an apparent
surface area of about 1.9 cm and weight of ~0.45g. Before
oxidation these specimens were ground with 600 grit SiC to
remove any surface deposits , cleaned wi th concentrate d HF ,
and HC1 rinsed with distilled water and dried. In spite of
expected surface roughness the measured surface area was that
for a smooth surface.

Oxidation of test pieces of sintered Si 3N 4 was performe d
in an A1203 tube furnace in air. New A12O3 tubes (a5 5  cm x
2 . 5  cm) were f i r s t  baked—out at 1700°C for 24 h to volatilize
alkali impurities which may have spurious effects on the
oxidation rate of Si 3N4. The Si3N4 specimen was placed on a
SiC setter which lay on an Al203 boat. This assembly was
inserted wi th in  2 minutes into the hot furnace maintained at
the desired oxidation temperature . In all cases the oxi da-
tion atmosphere was air flowing at %5cc/sec. Specimens were
periodically removed from the furnace and their weight mea-
sured on a Mettler H54 AR balance capable of measuring weight
reproducibly to the nearest 2 x 10 5g. The square of the
wei gh t ga in/uni t  area divided by oxidation time is a measure
of the oxidation rate since the oxidation kinetics approxi-
mated nearly parabolic behavior.

The oxidation rates at 1405°C of three sintered composi-
tions are shown by the parabolic plots in Figure 25. The
three forms of sintered Si3N 4 were prepared from : 1) Sy lvania
SN502 processed S13N4 powder +7wt% BeSiN2 ,  2 )  Cerac processed
Si3N4 powder + 7 wt% BeSiN2 + 3 wt% Si02 and 3) Starck pro-
cessed Si 3N4 powder + 3.5 wt% BeSiN2. The sintered samp les
all had about the same relative density , C94%, and were oxi-
dized simultaneously in the same furnace. It is apparent
from the oxidation data at 1405°C in air that the oxidation
rate constan t (kp) increases in going from Sylvania (k =

2 x iO~~-1 kg 2 m 4  s~~~) + Cerac (k = 7 x 10 11kg2 nr4 ~—l ) -~

Starck (k~ = 15 x 10 1l kg 2 nr 4 s~~1) sintered Si 3N 4 . Although
the nominal compositions are different and might , in part , be
responsible for the trend , it is interesting to point out
that the purity of the starting Si 3N4 powders (see Table 1)
decreases in going from Sylvania -

~ Cerac + Starck . As a ref-
erence for comparison , however, our sintered Si 3N4 compo-
sit ions, containing BeSiN2 additive , have far improved oxi-
dation resistance than Norton ’s hot-pressed NC—132 Si3N4 ,
con taining “-‘1 wt% MgO as a densification additive . Figure 25
shows that the oxidation rate of NC-132 Si3N4 exhibits para-
bolic behavior during about the f i r s t  30 hours of oxidation ,
but  for longer times the rate of oxidation decreases with
time at temperature . In the parabolic region the calculated
oxidation r~ te cQnstan t ~k~ ) f or hot pressed NC—132 Si-~N 4
is 66 x i0 11 kg’ m 4 s~ which is about a factor of 3~ higher
than our sintered material prepared from high-puri ty Sy lvania
Si 3N4 powder. The improvement in oxidation resistance of any
of the sintered compositions over that of Norton ’s NC-132
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Figure 25 .  Oxidat ion k ine t ics  of sinte red Si 3N4 compared

to Norton ’s NC-132 hot-pressed Si 3N4 at 1405°C
in a i r .  P+ll specimens ~94% dense. (•) Sylvania
SN-502-processed powder used , (0) Cerac pro-
cessed powder , (U ) Starck processed powde r an d
(0) Norton NC-l32 hot-pressed Si 3N4.

Si 3N 4 is d i r e c t l y  re la ted to the use of small  amounts of
BeSiN2 instead of Mq~ as a d e n s i f i - ~-~i t ion  u i d .

The oxidat ion res ults ot  1550°C in air for several com-
positions of sin tered Si 3N4 containing BeSiN2 is shown in
Fi gure 26. The oxidation data of nearly theoretically-dense ,
hot-pressed Si 3N 4 con ta in ing  2 w t -  Be3 N 2 are used for  com-
parison because the desi red r e f e rence mate rial , NC-l32 Si3N4,
exhibits catastropic oxidation at 1550°C . For those cases
where several data poin ts ex ist fo r each material , the da ta
appro ximate a strai ght  l ine , ~nd ica t ing  parabol ic  oxidat ion
kinetics . The oxidation rate of a 92% dense , s in tered Si 3N 4
prepared f rom Starck—processed SI 3N 4 powde r wi th  a 3 .5  wt%
BeSiN2 addi tive was surp risin g ly low and almos t iden t ical to
nea r ly fu l ly  dense , hot pressed Si 3N4. For examp le , the
weigh t gain of this sin tered samp le was :3 q/rn2 after on
oxidation exposure time of 18 h at  1550° C in air. This çor-
responds to a parabolic rate constant  of abo ut 13 x 10~~-~k g2 nr 4 sec 1 and is comparab le to the oxidation rate foun d
for  sintered material  of the same nominal  composition ox idized
at 1405° C. This un usual observation is best  exp lained by the
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Figure 26. Oxidation results of selected composition s of
s in te red  Si 3N 4 at 1550 °C in a i r .  ( 0  ) In—House
Si 3N 4 + 7 wt% BeSiN2, 93% rela t i 3e dens i ty ;
(•) Starck—processed Si 3N4 + 3.5 wt% BeSiN2 ,
92% dense; (X) Starck-processed Si3N 4 powde r +

3.5 wt% BeSiN2 + 1 wt% A1N , 92% dense ; (0) high
density (99%) , ho t pressed Si 3N4 (In—HouseSi 3N 4 powde r + 2 wt% Be3N2).

f act tha t  the two green compacts were sin tered in packin g
powders of di f f e rent  chemis try such tha t a h igher pur i ty
packing powder was used to surround the sintered sample sub-
sequently oxided at 1550°C. This would suggest , then , that
impurities such as Ca , Mg, Fe and Al may be tfansported from
the Si3N4 packing powder to the powder compact during high
temperature sintering. An alternative explanation may be
that there is more weight loss due to vaporization of SiO2
at 1550°C than at 1405°C , res ulting in ap pa rent ly smaller
weight gains than expected at 1550°C .

The addition of 1 wt% A1N to the Starck Si 3N 4 powder
conta ining 3.5 wt% BeSiN2 resul ts  in sin tered samples w i th
a dramatic increase in oxi dation ra te , as shown in Figure 26.
The single poin t oxida tion behav ior of 92 % dense , sin tered
Si 3N 4 prepare d from high  purity (In-House) Si3N4 powder p lus
7 wt % BeSiN 2 is also included in Figure 26. The unexpectedly
hi gh weight gain/unit area measured was probably due to the
presence of some open porosity , de tectab le by water absorp-
tion during density measurement , and to appreciable impurity
pick—up from the impure packing powder used during sintering.
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Characterization of the oxide scales was followed by
X—ray diffraction , scanning electron microscopy and optical
microscopy . The character of the oxide scale after 115 h
at 1405 °C on s intered mater ia l  prepared from Sylvania pow-
der is i l lustrated in Figure 27A. The ox ide laye r at the
oxide/air in ter face  is character ized by a network of f ine
microcracks or “mud—flat ” cracks character istic of the 1~-~~cristobalite transformation on cool ing and a trace amoun t of
a needle—like second phase. X-ray diffraction analysis shows
only c~—cristoba1ite present in the oxide scale . This oxide
fi lm is very coherent , thin and sligh t l y “ g lassy ” in appear-
ance w i th  no obvious evidence of large bubble or pore forma-
tion . Fi gure 27B shows the oxidized su r face  of sintere d
“Cerac ” Si 3N 4 a f t e r  115 h of exposure to a i r  at 1405° C. M i-
crocracking of the oxide scale is also evi dent  but  f e a t h er -
like , presumably ~-cristoba1ite regions form at temperature .
X—ray diffraction shows only a-cristobalite along with a few ,
weak uni dent if ied peaks. Ths use of SEM equipped with a
solid state X—ray detector revealed that the featherlike
regions as well  as the “ma t r ix” oxide scale are composed pri-
mar ily of Si , prob ably SiO2 ,  with the detection of Ca , Mg and
Al. These latter impurities originate : 1) from diffusion
from the unoxidi zed Si3N4 to the oxide/air interface , as
previously reported during oxidation of hot pressed Si 3N4 ,
or 2) from impurity transport from the A12O3 tube to tfie
specimen surfaces during prolonged oxidation. X-ray diffrac-
tion analysis of oxidized “Starck ” Si3N 4 showed the appearance
of a trace amoun t of Be2SiO4, phenacite , in addition to the
major phase of L- cristobalite . The lack of detection of
Be2SiO4 or BeO in oxide scales in sintered “Sylvania and
Ce rac ” samples is possib ly due to the th inne r  oxide layers
fo rmed in these hi ghe r -pu r i t y, s in te red  samples.

The oxide scales forme d on s in tere d specimens a t  1550 °C
were also vis ibly coherent and smooth for  ( W/A) 2 —va lues  less
than 50g2 m 4. An occasional region of nonuniform oxidation
observed contained small gas bubbles (probably N2 f illed) and
was probably related to imprope r processing or contamination
from f urnace impurities. Those specimens which exhibited
(~ W/A)’~-values greater than 800g

2rn 4 had rough oxi de coa tings
that contained gas bubb les and partially spalled-off. X—ray
d i f f r a ction analyses showed tha t the ox id i zed layer on all
sintered compositions investi gated was composed of ~—cris to-
bali te and a trace amount of Be2SiO4 or possibly BeO.

E. Inde n tation Hardness
A selection of Si 3N 4 specimens was groun d and polished

and tested for microha rdness by a Knoop indenter at a 500 g
load. The da ta summari zed in Tab le 17 are averages of six
readings and indicate that  residual  porosity controls micro-
ha rdness. The small variation in the chemical composition
of the specimens would not be expected to reflect itself sub-
stantially. We note tha t these data do not necessarily
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Figure 27. Typical photomicrographs of oxide scale at oxide/air
interface after 115 h. of oxidation at 1405°C. (A)
Sintered Si 3N 4 (Sylvania  SN-502-processed + 7 wt%
BeSiN2 and (B) Sintered Si 3N4 (Cerac-processed +

7 wt% BeSiN2) Mag .. = 300X.
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TABLE 17. INDENTATION HARDNESS , KNOOP - 500g LOAD

Powder and Specimen Code R€~lative Density% Knoop Hardness No.

In—Hou se 99+ 1800
Hot pressed

In—House Sinterd 96 1410
No 12c

SN—503—23A 100 1820
Hot pressed , 3—SN—31

SN—503—23A 96.5 1490
Sintered No. 140

Starck—1l8 94.5 1390
Sintered No. 94

Cerac B2 98.3 1720
Sintered No. 159

represen t hardness of silicon nitride but refer to a solid
solution of an approxima te composition Si2 9 Be O l N3.8002 .

F. Thermal Expansion

Thermal expans ion was measured on one specimen prepared
from Si3N4 powder Starck - batch 118, sintered to 93% with
addition of 3.5 % BeSiN2, and one from In-House powder sintered
with 7% BeSiN2 to 91%. Both specimens were rods 35 mm long
3.5 x 3.5 mm. The measurement was carried out in a fused—
quartz dilatometer in air up to 10000C. The results presented
in Table 18 compare well to ci~ 3.29 x l0 6/°C rp~~~ ured by
X—ray data for 3-Si 3N4 by Hen derson and Tay lor. k -” -’ The dif-
ference be tween the two measuremen ts , about 4%, is believed
real and may be related to compositional differences.

G. Fracture Modes of Sintered Si 3N4
The f r ac tu r e  behavior of sin tere d Si 3N 4 ceramics with

relative density greater than 96% is illustrated in Fig-
ure 28A , B, and C. The sintered specimens are derived from
di f f e r en t s ta r t ing  Si 3N 4 powders , contain 7wt% BeSiN2 (in-House and Cerac Si 3N4 powder) or 3.5 wt% BeSiN2 (Starck),
and have an average grain size between about 2 and 3 ~i .  A
TEM rep lica of a fracture d surface shown in Figure 28A shows
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TABLE 18. RESULTS OF THERMAL EXPANSION MEASUREMENTS
HIGH-PURITY IN-HOUSE Si3N4 + 7% BeSiN 2

T° C Exp~ins ion -1°C 25—T

200 0.032 1.83 x io 6

400 0.092 2.45 x io
6

600 0.164 2.85 x io
6

800 0.250 3.22 x io
6

1000 0.3-~5 3.54 x i0~
6

STARCK , 118 + 3.5~’ ReSiN 2

200 0.030 1.71 x io
6

400 0.086 2.29 x 10 6

600 0.155 2.69 x io 6

800 0.235 3.03 x io
_6

1000 0 .329 3 .37 >~ 1o~~

the fracture occurred via a mixed mode process. Both inter—
granular  and t ransgranular  f rac ture  processes are evident
by the appearance of polyhedral  faces on many grains and the
large , smoo th and sometimes ri pp led regions , respective ly.
Simi la r ly , scanning electron micrographs presented in Fig-
ure 28B and C also illustrate the dual fracture mode and the
typical ly  “ rough” fracture surface characteristic of most
Si 3N 4 ceramics .
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Fi gure 2 8. M ixe d f r ac ture modes observe d in si n tered Si3N4 of
three compositions. (A) TEM replica of fractured
sur face  of sintere d Si 3N4 (processed Sy lvania Si 3N4 +

7 wt% BeSiN 2 ) ,  Mag. 12 ,500x. (B) SEN of f ractured
su r f ace  of s in tere d Si 3N 4 (processed Cerac Si 3N 4 +

7 wt % BeSiN 2) , Mag. 3,000X. (C) SEM of fracture d
surface of sin tered Si 3N 4 (P rocessed Starck Si~ N4 +

3.5 w t ~ BeSiN 2 ) ,  Mag. = 5,000X.
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