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SUMMARY OF I MPORTAN T RESULT S

1. Substantial amounts of oxygen contained in submicron particle
size silicon nitride cannot be removed by thermal treatment
without considerable material loss by evaporation and
coarsening due to crystallite growth.

2. Pure ultrafine silicon nitride may be prepared by calcination
of the condensation product obtained by heating SiH4 and
anhydrous NH3 above 5000C. Such Si3N4 is amorphous up to
1480°C and converts to the alpha form at this temperature.

3. Si~N4 may be densified to near~ theoretical densities at 5GPa (800 Kpsi) at 1500°C or above . At lower temperatures
limited bonding occurs , as determined by microhardness
measurements.

4. Grain growth does not occur on annealing at 1750°C of S13N4
compacts obtained by high—pressure hot-pressing.

5. Relatively pure , submicron Si3N4 compacts when heated above
1400°C undergo weight loss and coarsening manifested by sur-
face area reduction . The weight loss is related to the
specific surface area and caused , predominantly, by thermal
decomposition . Coarsening is brought about by vapor trans-
port due to thermal decomposition and recombination .

6. No shrinkage was observed on Si3N4 compacts heated under
normal N2 pressure up to 1800°C. Under 8 MPa of nitrogen
(1200 psi) at 2000°C and 2100°C shrinkage does occur but
densificat i~n is limited .

7. The lack of bonding typical for Si3N4 compacts heated at
normal nitrogen pressure above 16000C results from thermal
decomposition.

8. Amorphous Si3N4 may be hot—pressed under nominal conditions
close to theoretical density when sintering promoting addi-
tives are used . The most effective additives evaluated in
this study were Mg3N~ , Be3N2 and Mg2Si.

9. On hot-pressing Be3N2 addition permits a density maximum at
1-2% and a drop off at higher levels. About 2% of either
Mg3N~ or Mg~Si addition yields full density. Higher addi—

• tions do not have a more pronounced effect on densification
but bring about appearance of binary nitride in the X-ray
patterns.

10. Sintering with the same additions at normal nitrogen pressure
on heating up to 1800°C does bring about some shrinkage ,
about 5%, however , no densification takes place because of
the simultaneous weight loss.

I
a 

~~~ ~~~ GEDI~~~~?A 0~~~~~
1
~~~~~

-— — — “— . 

•~~ —h- - 
-



. •••• 

~~~~~ •‘ ~-—
-‘ . c ~~c~ ~~~~~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~ 

- .  —I
I,

I
11. Low-green densities obtained with the amorphous powders,

thermal decomposition of Si3N4 and the limitation of tempera-
ture applicable at normal nitrogen pressure are the factors
which hinder conventional sintering.

12. At hyperbaric nitrogen pressure sintering of Si3N4 to high
densities could be achieved with 1% Be3N2 and 2% Mg3N~ .
Ninety—eight percent of theoretical density was obtained at
1880°C and 2000°C for amorphous and crystalline Si3N4,
respectively.

13. Increased nitrogen pressure decreases the equilibrium pres-
sure of silicon over S13N4 and thus suppresses both thermal
decomposition and coarsening due to vapor transport.

14. S13N4 sintered below 1900°C is composed of tB-S13N4 grains
1-2 p in size both equlaxed and elongated. The microstructure3
of S13N4 sintered at 2000°C consists of highly anisotropic
8 grains 1—3 microns thick and 3—10 p long.
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SECTION I

RESEARCH OBJECTIVES

The object ives of th is research program are to ident i f y the
factors which govern the sintering of covalent ceramics , spec ifi-
cally Si3N4, and to apply this knowledge towards developing pro-
cedures for sintering dense Si3N4 into components suitable for use
in high temperature engines. In order to meet these objectives ,
experiments have been conducted to elucidate which physical and
chemical processes prevent or aid the densification of Si3N4 and
to determ ine by what means these processes may be appropriately
modif ied , if necessary .

The main thrust of this research is aimed at attempting to
dens i fy  pure or doped Si3N4 by a solid state sintering process.
The ability to prepare dense S13N4 with strength levels adequate
for turbine parts by sintering would greatly enhance the prospects
for fabr ication of truly high performance ceramics for high tem-
perature engine applications.

SECTION I I

GENERAL BACKGROUND

Silicon nitride is a prime candidate material for high tem-
perature , structural applications. it is , however , a ma ter ial in
which the atomic species exhibit a high degree of covalent bond-
ing, and similar to many other materials (B4C , A1N , SiC), presents
many severe obstacles to its consolidation into useable dense ,
high strength structures. Hot pressing, chem ical vapor de po-
sition (CVD), and recently, sintering processes have been utilized
to prepare dense silicon nitride ceramics.

CVD is the only technique found to date to yield fully dense ,
phase—pure polycrystalline Si3N4 in thicknesses up to about 1 mm .
Serious problems exist with intergranular cracking, preferred
orientation and residual silicon particles. This process is un-
l ikely , however , to be developed in the foreseeable future into
a technique for fabrication of components.

The most common fabrication method of producing dense Si3N4
is by hot pressing in the presence of a densif ication aid. Early
forms of hot pressed Si3N4 contained ~ 5wt% MgO and suff~ered f rom
unacceptably high creep rates and strength degradation at tern-
peratures above 1100°C. The nature of these processes has been

1
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linked to the large addition of the densifying aid , MgO , and to
impurity elements (Ca , Fe , Al) in the starting Si3N4 powder. It
is generally accepted that a thin , amorphous (glassy) inter—
granular phase controls the hi gh temperature mechanical properties
of Si3N4 by a grain boundary sliding effect. Calcium magnesium
silicate (l) and calcium aluminum silicate (2) have been identified
in the microstructure by Auger spectroscopy. By reducing the MgO
additive to about 2 wt% and the Ca content to about 0.07 wt%, the
high temperature potential of this hot pressed form of Si3N4 was
shifted to about 1200°C.

Further improvements in the high temperature mechanical
stability of Si3N4 is currently being sought by the replacement
of MgO with other oxide additives such as Y203(3), Ce02(4) ,
Ce203(4 )  an d Zr02(5). These additions are believed to result in
the formation of more refractory silicate or oxynitride phases
which aid densification and are more stable at high temperatures.
For example , Y2Si3O3N4 is a reaction product detected when
5 wt% Y203 is added to Si3N4, presintered to about 1700°C and
then hot pressed at 1750°C at 98 kPa(6). The high va lues
(“.‘ 50 J/m~~) of fracture energy frequently observed in this
material are probably related to the polyphase nature of this
ceramic( 7 ) . However , one can anticipate some problems in the
use of such polyphase Si3N4 bodies:

(1) The polyphase microstructure will have incoherent
grain boundaries and exhibit thermal expansion mis-
match; consequently, microcracking may result ,
especially on thermal cycling.

(2) The relatively large oxide additions necessary to
promote densification will result in decreased thermal
conductivity offsetting the be~ efi~ of t he low thermal
expansion coefficient (‘~

, 3x10 °°C ) of relatively pure
- • S13N4 under t hermal stress cond itio n s.

( 3) Cr ys ta l l ine silicates MgSIO3 and MgO~Ca0~2Si0~ , form ,
for example , during oxidation of conventional hot
pressed doped 313N4(8). The protective effect of this
t ype of surface ox ide f ilms may be strongly affected
under thermal cycling conditions. Furthermore , as
Lan ge( 9) has recent ly  shown , subtle compositional
changes may result in catastrophic oxidation of bodies
in the Si3N4—Y203 system.

• The recent successful consolidation of Si3N4 by the sinter—
ing process has been a major advance towards the fabrication of
complex shapes. Under specific conditions Si3N4 with ‘

~~ 5wt% MgO
was densified to relative densities greater than 90%(10,lfl. The

• fracture stress versus temperature curves for sintered and hot
pressed Si3N4 are found  to have the same sha pe , wit h a marked
reduction in strength occurring at about 1000°C(12). This in-
formation suggests that an amorphous , grain boundary silicate
phase also exists in this form of sintered Si~N4 and controls the

2
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high temperature , mechanical , and oxidation properties. A major
problem during sintering is f o u n d  to be the thermal decomposition
of Si3N4 which leads to evaporat i on and lower final densities. Pre-
liminary experiments showed that partial control of therma l decom-
position could be accomplished through the use of high nitrogen
pressures ( 11)~

Quite recently, sintered densities of 98% and room tempera-
ture flexural strength of 100 Kpsi have been obtained by Buijan
and Kieiner of GTE Sylvauia (13) and Tsao Oda of NGK (1-4). Both of
these latter disclosures refer to proprietory processes and not
enough information is available to assess their potential. As
long as oxide sintering additions are used , however , there is no
reason to expect better high temperature performance than in
the hot pressed forms of silicon nitride.

Reaction sintering is the oldest and best known consolidation
technique for Si3N4 and is being studied by many groups around
the world. The absence of shrinkage and the great versatility in
shaping make it particularly attractive for Si3N4 component fabri-
cation . The practically achievable density upon nitridation of
preshaped silicon powder compacts is , however , limited to between
70 and 80%. Consequently, the strengt h of typical test bars of
about 0.3x0.3x2.5 cm does not exceed 280 MPa , a value not suff i-
cient for many typical applications. The strength limitation
arises from several circumstances:

(1) Green densities over 65% are required if final densities
are to exceed 80% of the theoretical density. Current
ceramic processes will not yield this degree of densif i—
cation with a 5 micron silicon powder.

(2) Cessation of silicon nitridation is observed when the
density reaches about 80%; thus , when nitridation of a
silicon compact of ‘

~~ 65% density is attempted (such as
obtained by flame spray ing), a silicon-silicon nitride
body is formed. Cracking may occur due to stresses
resulting from the molar volume change (+22crr )  upon
nitridation if the forming Si3N4 cannot be accommodated
in the available pore space. From available data , the
mean strength increases with nitrided density and is
controlled by the largest effective pore size
probably, by other yet unidentified parameters’— 1- ~~~.

Therefore , a process of consolidation of Si3N4 to produce
ceramic components for load bearing applications at ~ 1400°C isnot currently available. This report discusses our approach to-
wards achieving this goal.

3
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SECTION III

APPROACH

Two years ago the Ceramics Branch of the General Electric
Corporate Research and Development Center initiated a program to
(1) investigate some of the intrinsic properties of pure Si3N4 by
studying the creep and oxidation resistance of high quality CVD
foils; the results obtained would tell whether or not Si3N4 could
meet the high temperature specifications projected for use at
1400°C , and (2) identify the important factors which control
the sintering behavior of covalently-bonded solids , espec ia l ly
s-SiC and Si , about which some information was available , so that
the theoretical and experimental findings could be applied to the
sintering of a very intractable material , Si3N4. The results of
this investigation may be summarized as follows0-6):

(1) Creep experiments on CVD foils of Si3N4 in three po int
bending at “-‘ 1540°C showed essentially no deflection
after 7 x iO~ sec at 70 MPa. The material exhibited an
upper creep limit of “ 10—11 sec 1 outer fiber strain or
a creep rate at least 5 orders of magnitude less than
that expected for commercially hot—pressed S13N4 contain-
ing MgO , based on extrapolat ion from published data.

(2) Oxidation studies monitored ~y weight gain measurementsshowed a rate of lO~~ kg/m
2s~ at 1450°C , or about 10

times less than S13N4 hot pressed with 5% MgO and tested
at ‘t’ 1100°C.

(3) Although the specific grain structure found in CVD
material makes generalizations of these results to a
polycrystalline S13N4 somewhat uncertain , it can be con-
cluded that the intrinsic potential of Si3N4 as a high
temperature structural material is indeed excellent.

(4) The mechanism proposed to explain the microstructure that
develops in unsinterable covalent solids which does not
undergo a phase change is based on the existence of a
high ratio of surface and/or vapor—phase matter transport-
to—volume and/or grain—boundary transport .

(5) The addition of a nonoxide sintering aid. boron , to both
s—SiC— and Si— containing carbon , retards surface and/or
vapor-phase transport and grain growth at lower tempera-
tures , which results in enhanced densification at high
temperatures.

(6) The sintering of pure Si depends sensitively on particle
size in the submicron range . Theoretical density is
nearly achieved at 1375°C by using 0.06 micron silicon; powder.

~~~~~ ~~~~~
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(7) Finally, the ability to sinter submicron silicon powder
compacts to any desired density opened up a new approa c h
to reaction sintering; the nitridation of a sintered prc~—
form of pure or doped s i l i con  h a v i n g  any des i red in i t i ai
density.

The establishment of the unique high temperature properties
of pure Si3N4 described above , coupled with the elucidation of the
important parameters which must be controlled for the sinterir i g
of covalently—bonded solids , led to the present approach of at-
tempting to densify pure and doped-Si3N4 under the ARPA /AFML
(Contract No. F336l5—76—C—5033) program initiated in 1975.

Experience indicates that there exist four main obstacles
which hinder the application of solid state sintering principles
to the densification of S13N4 without property degrading phases
and additives. First , the decomposition temperature of Si3N4
is only around 1900°C at 0.1 MPa (1 atm) of nitrogen , and there-
fore large weight losses by vaporization and thermal decomposi-
tion are anticipated and observed. This characteristic suggests
that ultrafine particle size Si3N4 powders must be prepared and
utilized to enhance volume and/or grain boundary diffusion at
somewhat lower temperatures. Secondly , this characteristic
virtually demands that high nitrogen pressures , perhaps in the
kilobar range may be required to suppress decomposition . A
third obstacle is the judicious search and use of solute addi-
tives to achieve matter transport mobility sufficient to promote
grain boundary formation , yet insufficient to significantly de-
grade high temperature properties. Finally, the a-~S Si3N4transformation , which may lead to elongated grain morphologies
and bridg ing particle structures before densification is com-
plete , is considered to be undesirable , and means should be
sought for its inhibition or control.

W it h t he  back ground developed during the first year and with
experience acquired in prior sintering work , the following ob-
jectives were sought in order to elucidate the possibility of
f a b r i c a t i n g  dense Si3N4 with potentially improved properties:

(1) Provide and characterize a source of silicon nitride
powder with highest possible purity , especially with
respect to oxygen , free silicon and other metals. The
ultimat e particle size should be in the 0.1 micron range ,
and have a low degree of crystallinity.

( 2 )  Obtain information , by some indirect means , on the atomic
mobility in pure Si3N4 to assess the temperature range at

• which densification could be observed , in principle.

( 3 )  Study the behavior of pure Si3N4 powders and its particle
morphology under various heat treatment conditions to

• determine whether bonding and neck formation occurs , and
which of the above listed obstacles mi ght interfere with
densification .
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(4) Study the effect of small additions of selected non-
oxide substances on the bonding and densification of
Si3N4 and identify those with promoting effects. Em-
phasize those substances , which are unlikely to bring
about melt formation .

(5) Opt imize the sintering process to obtain high density
ceramics and fine—grained microstructures.

The following chapters describe and discuss work done along
these lines. The approach was successful and conditions for
sintering Si3N4 to high densities have been identified. However ,
continuing effort is necessary to further investigate and
optimize the process , and evaluate the resulting Si3N4 bodies.

SECTION IV

Si3N4 POWDER CHARACTERIZATION AND SYNTHESIS

A. General

It has been shown in previous work that the ultimate
part icle size of covalent solids , such as SIC and Si , must be
extremely small in order to induce sintering. Crystalline sizes
well, in the submicron range are required. In addition , high
chemical purity and a low degree of crystallinity are also
believed to be necessary characteristics. The only Si3N4 with
specifications close to these available at the beginning of this
contract , was GTE Sylvania ’s SN-402 (amorphous) and SN-502
(crystalline) powders. After initial delivery of one pound lots
of these materials , however , the supplier withdrew these products
from the market . Consequently, further work with Sylvania ’s
silicon nitride powders was terminated and work during the second
half of the year was based on Si3N4 powder prepared “In—House” .
The use of other Si3N4 powders , such as those marketed by AME*,
have not been considered because of the high impur ity levels of
iron , calc ium , aluminum , oxygen and free silicon . The following
sections present work done on characterization and attempts at
oxygen removal of GTE Sylvania ’s powders and ~~~~ synthesis of our
own Si3N4 powders.

B. Characterization of Procured Si3N4 Powders

1. Physical Data

The powder , identified as SN—4O2 , was primarily amor—
phous and had a purity >99.99% by weight with respect to

*Advanced Materials Engineering , Durham , England
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metallic contamination . The major metallic impurity
was molybdenum , 0.01 wt%. An oxygen content of 3.14
wt% was measured by neutron activation analysis , and
agrees well with the value of ‘~3 wt% measured by thesupplier. X—ray fluorescence revealed the presence of
about 1 wt% Cl , a value in agreement with that given by
the supplier. The chlorine contaminat ion apparently
arises from the synthesis of Si3N4 by the reaction be-
tween S1C14 and NH3. X—ray diffraction analysis using
a Debye-Scherrer camera and 5X104 sec of exposure time
showed that the SN—4O2 powder contained a trace amount
of a—Si3N4, a trace of free silicon , and no crystalline
or amorphous SiO2 or ammonium chloride . Also , there
were very weak , unidentified diffraction 1in~s at d-
spacings of 5.60 A , 3 . 2 9  A , 2.17 A and 2.63 A , which may
indicate possible traces of some (Mo ,Cr) silicides. The
lattice par~meters of the ct—Si3N4 were a0 = 7 . 7 5 2  A and
C0 = 5.614 A.

The particle size and shape were determined by
specific surface area measurements and observations by
scanning electron microscopy (SEM). The SEM photo—
micrograph presented in Figure 1 shows that the powder
particles are uniformly equiaxed , having a size of about
0 . 2  p ,  and appear to be at least partially aggregated.

• 
~~~~

- 

. . 

.

~~~~~~

Figure 1. Scanning Electron
Micrograph of Part i—
d e s of the SN—402
Si3N4 Powder
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The specific surface area. measured by the single point
B.E.T. method , was 12.8 m2/g and corresponds to an average
ultimate particle size of 0.15 ji. The B.E.T. method is ,
of course , a more reliable method of measuring the aver-
age particle size of submircon powders than is SEM.

The second Si3N4 powder purchased from GTE Sylvan ia
was identified as SN-502. This powder had a purity
greater than 99.9% with molybdenum being the major
metallic contaminant of about 0.01 wt%. The oxygen and
chlorine content of this powder were 1 wt% and <0.04 wt%,
respectively. This SN—502 powder was crystalline , as
determined by X—ray diffraction analysis , and contained
about 94% n-Si3N4 and 6% ~-Si3N4. Forms of SiO2 or
Si2ON2 could not be detected by X—ray analysis. The
lattice parameters of the ct-Si3N4 were nearly the same
as that measured for the n-Si3N4 phase in the SN—4O2
powder.

The average part icle size , as determined from the
spec if ic surface area measurement of 4.5 m2/g, was 0.42 u .
Particles of cz-Si3N4 were equiaxed , but some were elon-
gated with aspect ratios as high as 20:1. It is
believed that the anisotropic crystallites are ~—Si3N4.

2. Thermal Treatments

The high oxygen content of ‘L 3 wt% in the  s t a r t in g
Si3N4 powder is believed to be undesirable since its
presence can lead to formation of silicate phases in the
fired material which have deleterious effects on higt~j
temperature mechanical properties. Wright and Niesz~~

7
~

reported that as much as 50% of the oxygen could be re-
moved by thermal treatment at 1600°C under a nitrogen
pressure of 4 kPa (30 torr) for several types of start-
ing powder. These powders had initial specific surface
areas between 2 and 4 m2/g, and particle growth and ag-
gregation occurred during firing which reduced the
sinterability of the starting powder. The powder used
in this present study , SN—402 , has a specific surface
area of 12 m2/g and is about 4 times finer than those
powders invest igated by Wr ight and Niesz. The applica—
tion of a preliminary heat treatment schedule was found
to cause a 75% reduction in the specific surface area of
the powder and signif icantly reduce the sinterability
of the powder. Consequently, other heat treatment
schedules were explored.

The removal of oxygen from Si3N4 powders at high
temperatures probably occurs by one or both- of the fol-
lowing possible chemical reactions:

SIO2 (s)  -
~ SiO (g) + 1/2 02 (g)

3S iO2 (s )  + S i3N4 (s )  -
~ 6SiO(g) + 2N2 ( g )

8
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The oxygen is assumed to be present primar i ly in the
form of discrete SiO2 part icles , (SiO2 particles are
observed in pol ished sect ions of dense samples prepared
from SN-402 and SN-502 Si3N4 powders formed under diamond-
form ing conditions), or in t h e  form of a pass iv~~t ion
layer of S1O2 surround ing the Si3N4 particles. In the
l a t t e r  case , reaction can occur at the Si3N4/Si02 inter-
face with the format ion of SiO and N2 gases. This re-
action can proceed at a reasonable rate only if the
product gases escape.

By u s i n g  the free energies of formation available
in the JANAF tables0-8) , c a l c u l a t i o n s  reveal t ha t  f o r
reaction (1) at 1700°K

= 6.5 x l0
_12

and for reaction (2) at 17000K

P6SiO = 8 x l0~~
8

N
2

-
~ These calculat ions show that by firing the starting

powder in dry H2 (dew point = —60°C) the partial pres-
sure of oxygen is 5 fPa (5 x 10—20 atm) at 1700°K . Con-
sequently, there is a strong tendency to form SiO gas ,

~SiO ~ 3kPa 
(3 x 10—2 atm), by reaction (1). Reaction

(2) should also proceed during hydrogen f iring or when
H2/N2 mixtures or vacuum are used. Furthermore , by

• firing in a vacuum of 1.3 mPa where the P~2 is ~O. 3 mPa —

and the PN2 is ~1 mPa , there will also be a tendency to
form SiO gas by reaction (1).

The results of the effect of hydrogen and vacuum
• firing on weight loss , spec if ic surface area , and

residual oxygen content of SN—402 Si3N4 powder , are
presented in Table 1 and Figures 2 and 3.

In both firing treatments , 5 grams of Si3N4 powder
was spread out on a tungsten sheet in an identical man-
ner and then fired in a tungsten furnace. Over the tern-
perature range investigated , the weight loss increased
and the specific surface area decreased with increasing
temperature . The oxygen content was reduced from 3.14
to 0.7 wt% by firing under vacuum (1.3 rnPa) for 1 hr
at 1400°C, representing a 78% reduction in the oxygen
content of the powder. The disadvantages of this heat
treatlA ent schedule are that the specific surface area
decreases from 13 to 5.8 m2/g and the weight loss is
very high , near 30%. This high weight loss can only be
accounted for by the thermal decomposition of ‘.Si3N4
into Si and N2 (the equilibrium 

~N2 = 130 Pa (1.3 x l0~~

9
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TABLE 1. THE EFFECT OF HEAT TREATMENT IN VACUUM AND

HYDROGEN ON WEIGHT LOSS, SPECIFIC SURFACE AREA AND

OXYGEN CONTENT OF Si3N4 POWDER (SN-402)

Oxygen

Heat Treatment ~W/Wj%) S(m /g) Content*(%)

None 0 13 3.14

1200°C-i hr-.Vac 1.8 12 N.D.

1300°C-i hr-Vac 10.5 10.7 2.40

1400°C-i hr-Vac 29 5.8 0.70

1300°C-i hr-H2 1.0 12 3.15

1400°C-i hr-H2 3.2 10.8 3.05

1500°C-i hr-H2 18 8.8 2.48

N.D. = Not Determined
* Neutron Activation Analysis

10
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Figure 2. Weight Loss and Specific Surface
Area as Function of Temp . for
Loose Powder of SN-402 Si3N-4
Fired in Vacuum for 1 Hr

atm at l700°K), because the maximum weight loss ex-
pected for the SN-402 powder containing ~3 wt% oxygen
is about 5.6 wt% according to reaction (1) and 10 wt~
according to reaction (2), assuming all the oxygen is
removed and no other weight loss mechanisms exist . By
firing for 1 hr in dry H2 at 1500°C , the oxygen content
was reduced from 3.14 to 2.48~- . A large weight loss of

-
‘ 18% occurred and depended on the thickness of the powder

bed used , wit h smaller  weight losses being observed for
thicker powder beds . The specific surface area of the

• - Si3N4 powder heat treated in hydrogen was always hi gher
• than that treated in vacuum at temperatures above l3000C

and attained a value of 8.8 m2g/ at 1500°C , correspond-
ing to a 32~ reduction in the surface area.

The primaril y amorphous Si3N4 (SN—402) powder re-
mained white when fired in H2 at 1300°C and 1400°C , but

11
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turned light grey in color when fired at 1500°C. Under
vacuum cond it ions , t he  powder was essent ia l l y  wh it e at
12000C but turned pale yellow at the higher temperatures.
X—ray diffraction analys is showed that powder f ired at
or above 1400°C consisted primarily of a—Si3N4 , which
was more poorly crystallized when hydrogen-treated
rather than vacuum—treated. A small percentage (‘~-~5-l0%)
o f poor ly  c r y s t a l lized ~—S i3N4 and a slight trace of free
Si were detected in Powder vacuum—fired at l4000C.

It was f irst t hought that changes in oxy gen content
produced by a given thermal treatment might be detected
by i n f r a r e d  spectroscopy.  A f t e r  a s p e c i f i c  the rma l
trea tment , the  Si3N4 powder was placed in a N2 glove box ,
weighed in a proportion of 2 mg of Si3N4/g KBr , and the
m ixture pressed into a thin , transparent disc for
infrared analysis. Infrared absorption spectra are
given in Figures 4(A—E). The spectrum for the “A s-

I I I
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- 16
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Figure 3. Weight Loss and Specific Surface

Area of Loose Powder of SN-402
Si3N4 Fired in Dry Hydrogen
for l Hr 
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received” , primarily amorphous Si3N4 (SN-402) powder
which contains 3.14 wt~ oxygen , is i l l u s t r a t e d  in  Fig-
ure  4(A). Small absorption bands located at approxi-

• mately 2.9 and 6.2 microns are due to vibration s of 0-H
bonds and arise because of the presence of H20 in the
KBr material . A large broad absorption band due to Si—N
vibrations is centered at about 10.5 microns , containing
some fine structure between the wavelengths of 11 and 12
microns. Absorption bands also exist at wavelengths
beyond a p p r o x i m a t e l y  14 mic rons , b u t t h e y  a re less
intense and sharp. There is no observable absorption
due to Si—0 bonds . As illustrated in Figure 4(E) for
amorphous Si02, the major Si—0 absorption bands occur
between about 8 and 10 microns , and if weak , will be
masked by the  much s t ronger  Si-N absorp t ion  b a n d ( s )
centered at 10.5 microns. The i n f r a r e d  absorp t ion
spectrum of powder fired in vacuum at 1400°C and con-
taining only 0.7 wt% oxygen is given in Figure 4(B). All
the absorption bands related to the Si3N4 structure ap—
pear to be sharper and may be attributed to the better

— c r y s t a l l i n i t y  (c~— S i 3N 4)  of the  v a c u u m — f i r e d , Si 3N~1
powder as compared to the  amorphous s t a r t i n g  powder .
The interpretation is further reinforced by comparing
this spectrum to that for powder fired at 1400°C in
hydrogen (F igure  4 ( C ) ) .  This  h y d r o g e n - f i r e d  powder ,
which is composed of poorly crystallized cx—Si 3N4 and
contains  nea r ly  3 wt~ oxygen , also sh ows t h e same la rge ,
broad peak as observed for the “amorphous powder il-
lustrated in Figure 4(A) and no detectible absorption
attribut able to Si-O bonding. By accident , there was
onl y one case where oxy gen was detected in Si3N4 powder
by infrared spectroscopy. This occurred when Si3N4
powder was fired in hydrogen at l4000C and then removed
from the furnace while still hot , and cooled in air.
The spectrum of this powder , as seen in Figure 4(D),
shows two shoulders on the main absorption band between
8 and 10 microns which agree well with the positions of
the Si—0 absorption bands for Si02 shown in Figure 4(E).
The oxygen content  of t h i s  Si3N4 was not de te rmined .
The above resul ts  demonstrate  t ha t  i n f r a r e d  spectroscopy
cannot be conveniently used to measure small oxygen
contents in Si3N4 powders , probably less than 5 wt~
oxy gen .

3. Leaching Treatment

A few experiments were carried out to determine if
it was feasible to dissolve the Si02 phase from the
amorphous (SN—402) Si3N4 powder . Sixteen milliliters

• of concentrated HF was added to a water slurry (1.6 g
Si3N4/16 ml ) in a teflon beaker , until the onset of gas
bubble formation . A strong exothermic reaction occurred.
A f t e r  3 mm the system was h e a v i l y  d i l u t e d  w i t h  d i s t i l l e d

13
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water and filtered and washed. The percent recovery was
only 5%, obv iously indicating that Si3N4 also dissolves
in the reagent. In order to suppress the dissolution of
Si2 ,N 4 , the  leach ing  t ime was decreased by diluting the
system at the t ime when the first gas bubbles were
visually observed. The percent of the powder recovered
in this case was on’y 25%. The s~eciuic surface area
of this leached powder was 10.8 m’~/g which is signi-
ficantly lower than that (13 m2/g) of the start ing
powder . By considering the reactivity of amorphous
Si3N4 with HF and the observation that the oxygen con—
tent of the leached powder is 2%, as compared to a value
of 3.14 wt% for the unleached powder, it appears that
leach ing with HF acid is not a viable method of signifi-
cantly reduc ing the oxygen content , certainly with
amorphous Si3N4.

4. Summary

The thermal and leaching experiments conducted on the
removal of oxygen from a Si3N4 powder of high specific
surface area (13 m2/g), strongly indicate that it is ex-
tremely difficult to remove a large fraction (>80%) of
the oxygen without sacrificing large amounts of material
and/or considerable reduction in the specific surface
area. Based on the premise that oxygen (Si02 ) in the
starting powder is mostly responsible for the formation
of undesirable silicate phases which degrade the high
t emperature , mechan ical properties of dense Si3N4, it
becomes apparent that the best method of controll ing the
oxygen content in fine Si3N4 powders is by careful powder
preparation and processing .

C. Silicon Nitride Powder Synthesis

1. Select ion of the Process

Nitridat ion of crystalline silicon , although it is
the most current method of preparing Si3N4, has not
been considered , since it does not yield a product with
the desired physiochemical characteristics. A number of
chemical react ions leading to S13N4 have been described
in the literature , such as nitridation of silicon vapor ,
pyrolysis of silicon diimide0-9), synthesis from SiCl4,

Figure 4. Infrared Spectrum for (A) the “As-Received” SN-402
• Si3N4 Powder , (B) the “As-Received” Si3N4 Powder

Vacuum—Fired at 1400°C for 1 Hr , (C) the “As-Received”
Si3N4 Powder Hydrogen-Fired at 1400°C for 1 Hr , (D)
the “As—Received” Si3N4 Powder Hydrogen-Fired at
1400°C for l Hr, Then Removed From Furnace , Cooled in
Air , and (E) (Cabosil) SiO2
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N2 a n d  112 (2 0 )  or  S i T - .1 + N i l - 3 . E x ce p t  f o r  t h e  first , which
is a d e m a n d i n g  h i g h  t ef l ipe r a  L u r e  process , t he se  processes
s ta r t  w i t h  silicon h a l i d e s  and y i e l d  Rr o d u ct s  c o n t a i n i n g
v a r y  in g  a m o u n ts  of ha1o~~en s . M or g an (  ~ 1) s t u d i e d  one of

• t hese  processes  a n d  f o u n d  t h a t  un l e s s  ammon ium c h l o r i d e
was c o m p l e t e l y  r ( - m o v ( cl from the intermediat es , the
r e su l t i n g  SI 3 N. 1 a l w a y s  c o n t a i n e d  c h l o r i n e .  However ,
t he  s e p a r a t i o n  of N l I .1 C 1 f rom S i ( N H ) 2  by w a s h i n g w i t h
l i q u i d  ammonia , as p r a c t i c e d  by M o r g a n , turned out to
be p r o h i b i t i v e l y  s l o w  and e x p e n s i v e .  He a l s o  obse rved
that residual chlorine in amorphous Si 3N4 strong ly
i n h i b i t e d  d e n s i f i c a t i o n  u n d e r  h o t — p r e s s i n g  c o n d i t i o n s .
Because of t h i s  suspected role of halogens in densifi—
cat i on  of Si 3N 1 , we decided to investigate the synthesis
o l  Si:~N i f r o m  silane and ammonia. Such a process should
circumv ent , entirel y , the problem of halogen contamina-
tion of the resulting Si3N-1 .

S il a n e doos not react with NH3 at ambient tempera-
tures , but  does reac t with liquid NH 3 when the  r e a c t i o n
is c a t a l yz e d  by an alkali amide. The product is a con-
densed substance with a variable composition containing
the compounds Si (NH2)2N11 and Si (NH)2. These compounds
are v e ry  sensitive to moisture , and on contact with
ambient air tend to hydrolyze rapidly. Also , the washing
of the precipitate with liquid ammonia (to remove the
alkali amide ) makes this reaction inconvenient as a
preparative techni que. Therefore , we have pursued the
possibilit y of reacting SIH4 with NH3 at elevated tem—
peratues. This reaction process has been studied ex-
tensivelv in vapor deposition of Si3N4 thin films for
electronics (22) and formation of both amorphous and
rvstalline products were described.

2. Experimental

The starting materials were silane (electronic grade
with Union Carbide Corp.), anhydrous ammonia (dried with
Ca3N2) and purified argon.

The gases were metered into a fused silica reaction
tube 3.8 cm diameter throug h flowmeters and separate
concentric inlet tubes. The reaction tube was placed

• -
- in a tube furnace and connected on the downstream end

to a coaxial electrostatic separator operated between 5
and 15 kV and 0.2 to 0.5 mA. The outlet of the
separator was terminated with a bubbler filled with an
organic solvent which ensured positive pressure in the
system . A liquid manometer indicated gas pressure in
the tube .

The use of the electrostatic separator was essential
because the reaction products formed a stable aerosol
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( smoke) f rom wh ich  t h e  sol id  could not be c o n v e n i e n t ly
separated by other  means .  In t h e  e x p e r i m e n t s , t h e
furnace was heated to the selected temperature , t h e  sys-
tem purged with argon and the reactants were metered in.
Af te r  term inat ion of a run , the system was cooled to
room temperature under flowing argon and disassembled.
The react ion product was washed out of t he  tube and the
separator by benzene.

The powder deposited predominantly downstream from
the  hot zone (60—70~~) and a smaller amount was collec ted
in t he  separa tor .  In e ver y  r u n  bo th  por t  ions of t h e
product were recovered together. In  t h e  hot zone of t h e
furnace an adherent CVD ~a v e r  of S i3N4 a l w a y s  b u i l t  up
on the react ion tube . In tbout -1 to 5 hrs (duration of
one run) a layer about 25 to 50 microns thick formed.
Th~ inner surface of the reaction tube was usually
crazed after term ination of every experiment , perhaps
due to thermal expansion mismatch between the CVD layer
and the fused silica glass. The CVD layer could be
removed (flaked—off) from the tube by heating it to
about 100°C above the reaction temperature.

In general , the product was a non—coheren t powder
and could be easily scraped out or washed out of the
react ion tube . The recovered powders were either dried
and stored in a nitrogen glove box or calcined in flow-
ing ammonia directly after recovery from the reactor.
The powders were characterized by X-ray diffraction ,
surface area measurements , electron diffraction and
microscopy , and IR absorption spectroscopy . The reaction
conditions for a number of experiments are listed in
Table 2 and the character istics of the powders are dis-
cussed below.

3. Results

The two ma in  parameters  which  con t ro l  t he  react ion
between Sill4 and NH3 are temperature and ammonia-to-
silane ratio. Below 5000C no appreciable reaction was
observed and the gases ignited at the exit of the system
due to the presence of unreacted and nonpyrol ized SiH4 .
Tne only indication of a slight reaction was a light
ye l low , irridescent film which formed on the reaction
tube wall.

F . With ammonia—to—silane ratios less than 10 , (expei- i-
ments 1-4 , Table 2) brown to orange powders were obtained
at temperatures between 700—900°C. The discoloration
was presumably due to the presence of free silicon.
This was supported by annealing experiments in ’nitrogen
(T>14 000C) when these powders turned cream-white and
gained weight (5 and 8% respectively for specimens 1
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and 2). The anneal ing of powder No. 3, wh ich had the
darkest color , brought about strong X-ray peak charac-
teristics of silicon. The observation that annealing
below 1400°C does not bring about much nitridation of
the free silicon and that the brown color did not
change after immersion in hot l5~ KOll solution (which
readily dissolves Si) suggest that the free silicon is
in the form of particles coated with an impermeable
layer of Si3N4 , which is not accessible to the reagent.

By increasing the ratio of ammonia/silane to greater
than 10, white or ligh t tan powders were obtained . The
lowest temperature at which an appreciable yield was
obtained was 530°C (No. 5). The yield increased with
increasing temperature and was close to the theoretical
value at and above 650°C. Further increase in the
NH3/SiH4 rat io , beyond about 15 , and in the reaction
temperature , above 6500C , did not appear to have any
marked effect on the appearance and yield of the
product . Only a slight variation of color , white—to-
cream , was noticed between separate runs; Nos. 8
through 17.

All the powders were amorphous to X—rays , including
those calcined . Powders 1 and 2 were also found to be
amorphous by electron diffraction. Most of these powders
were amorphous up to \~14800C at which temperature a 20
mm anneal in N2 brought about small peaks of a-Si3N4
indicating poor crystallmnity. This temperature agrees
well with 1490°C found for crystallination oi~ pure amor-
phous Si3N4 prepared by decomposition of silicon diimide
to Morgan( 2l). The crystallizat ion temperature of
amorphous Si3N4 containing free silicon (No. 1-4) was
substantially lower and proceeded between about 1250°C—
1350°C and also yielded a-Si3N4. It was generally
found that the free silicon crystallized at temperatures
approximately 50°C below the crystallization tempera-
ture for Si3N4.

The crystallization temperature is related probably
to stoichiometry of the amorphous product and is de-
creased by an excess of silicon . The amorphous—
crystalline transition is usually sharp and strongly
exothermic. Once initiated , the heat evolved accelerates
the transformat ion process. This effect has been ob—
served on amorphous powder compacts during heating-up.
Near 1450°C the sample develops a hot spot which rapidly
spreads over the specimen ’s surface and brightens the
pellet for about two sec. In some instances , especially
in the larger compacts , the sample wou l d  crumble.
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The specific surface area of the prepared powders
varied over a large range and did not seem to be related
to the ammonia/silane rat ios. Increasing temperature ,
however , clearly decreased the specific surface area of
the product (Run No. 5-7 in Table 2). Other parameters;
such as the distance of the gas inlet from the hot zone ,
also had an effect on the surface area , but were not
i nv es t igated in the course of this study . The sample
surface area , measured by low temperature nitrogen
absorption , as a function of calcination temperature (30
mm hold , nitrogen atm ) for powder No. 11— 13 is shown
in Figure 5. Surface area decreases from 17 m2/g at
850°C to 12.8 m2/g at 1300°C and remains relatively un-
changed up to about 1475°C.

IS

6 —

4%’
E

— 3.2

I I I I I I
800 900 1000 1100 1200 1300 1400 150O

TEMPER ATURE (°C )
Figure 5. Surface Area and Density as a Function of

Temperature for a Reaction Product of
S1H4 + NH 3
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The same d iagram shows also t h e  change  in  d e n s i t y  of
the powder determined by helium displacement. There is
a gradual increase in density from 2.55 g/ee at 850°C to
“p3.18 g/cc (the theoretical value) at about 1475°C.

Measurements were not taken for powders prepared at
temperatures below 850°C, however , st il l  lower dens it ies
would be expected from the trend of the curve in Figure
5. A dens i ty  of on ly  2 . 4 0  glee was reported for a
product formed from Sill4 + NH 3 by glow d i scha rge  at
room temperature(2 3) .

Gradual changes in the structure of the “as-
prepared” silicon nitride as a function of temperature
were followed conveniently by infrared spectroscopy .
The absorption spectra of a series of powders obtained
at different temperatures are shown in Figure 6(A—E).
The absorption bands are identified in Table 3. It is
observed that a low temperature product exhibits strong
absorpt ion bands characteristic for N-H and Si-H bond-
ing in addition to the expected absorption due to the
two basic Si—N stretching modes near 11.5 p and 21 p.
In a sample prepared at 850°C (Figure 6(B)), the N-H
and Si-H bands at 3.0 p , 4.6 p and 8.3 p are sub-
stant ially weaker but still well resolved , wh i le a f t e r
calc ination at 1150°C there is only a slight trace of
the N—H absorpt ion near 3.0 p. At this point , the
ident ification of N—H absorption at 3 p is uncertain
due to the overlap with the weak 0—H band near 2.8 p .,
r e s u l t i n g  f rom t races  of water  in t he  KBr used in t h e
preparation of the specimen.

The absorpt ion band , due to the s y m m e t r i c a l  s t r e t ch -
ing of Si—N—Si at 21 p ., is very weak (and shifted) for
the low temperature product and gradually strengthens
as the reaction temperature incrc~~ses , indicating an in—
crease of in—line Si—N—Si bonding. . The spl itting of the
Si—N bands due to crystall ization of cz—Si3N4 is shown
in the spectra in Figure 6(D—E). This reflects ab-
sorpt ion due to modes resulting from the different N
sites in the ct—Si3N4 lattice. Figure 6(D) shows a
poorly crystallized powder , calcined at 1-175°C , in
which a—Si3N4 lines were just about detectable by X-
rays. In Figure 6(E) the spectrum of a well crystal-
l ized a— Si 3N4 is shown . This  specimen was c a le i n e d  at
about 13500C , and as ment ioned above , its crystallization
was enhanced due to the presence of free silicon .

The onset of crystall ization can also be detected
by transm iss ion electron micr osco py (TEM) . A TEM
micrograph in Figure 7 illustrates the typical morphology
of part icles of an amorphous Si3N4 powder. The suhericall
particles range in size between 0.03 to 0.2 p and  t en d
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TABLE 3. I.R. ABSORPTION BANDS IN Si3N4

PREPARED AT VARIOUS TEMPERATURES

Prep. 3.0 p. 4.6 p. 8.3 p 11.5 p 21 p
Temp. °C N-H Si-H N-H Si-N Si-N

590 St St St vst w

850 w vw w vs t m

1150 vw -- -- vst St —

1350 -— -— —- vst vst

1475 -- -- -- vst vst

VSt = Very Strong

st = Stong

m = Medium

w = Weak
vw = Very Weak

-

~

Figure 6. I.R. Absorption Spectra of Reaction Products of
SiH4 + NH3 (A) Synthesized at 600°C, (B) Synthesized
at 8500C, (C) Calcined at 1150°C , (D) Calcined at
1480°C, (E) Silicon Rich Product Calcined at 1350°C
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F i g u r e  7. P a r t i c l e  M o r p h o l o g y  of Amorphous  Si 3 N I  S y n t h e s i z e d
at 850°C. 30 , 000 N , TEM

to aggrega te  i n t o  loose c l u s t e r s  and  c h a i n s .  Even at
t h e  hi ghest  r e s o l u t i o n  f lO long range a t o m i c  order  is
observed in these  p a r t i c l e s  which  were also non—
c r y s t a l l i n e  by N - r a y s  ( F i g u r e  8 ) .  P a r t i c l e s  of a
powder a n n e a l e d  at 14250 , composed of c ry s t a l l i n e
a—Si 3N 4  + t race of Si by X—rays , show an i n t e r n a l
s t r u c t u r e , some i n d i c a t i o n  of f a c e t i n g , and  f r i np e s
i . e . , e v idence  of a c r y s t a l l i n e  s u b s t a n c e .  C r y s t a l —
l i z a t i o n  occurs  p r o b a b l y  by n u c l e a t i o n  and c r ys t a l l i te
growt h w i t h i n  i n d i v i d u a l  amorphous  S I 3 N 4  p a r t ic l e s ,
and therefore , the crystallite size is by a l l  p r o b a b i l i t y
i n i t i a l l y  i n d e p e n d e n t  of t h e  s t a r t i n g  ( a m o r p h o u s )
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A d e t a i l e d  i n v e s t ig a t i o n  of a s i l i c o n - r i c h  powder
c al c i n e d  at a t e m p e r a t u r e  s l i g h t l y  above t h e  onset  of
c r y s t a l l i z a t i o n  revealed i n c l u s i o n s  in some p a r t i c l e s
w h i c h  cou l d  be i d e n t i f i e d  by e l e c t r o n  d i f f r a c t i o n  as
silicon (Figure 9). Whether ~hese s i l i con p a r t i c l e s ,
wh ich  a re ge n era l l y less t ha n l00~ in size , fo rmed by
p r e c i p i t a t i o n  d u r i n g  heat t r e a t m e n t  f rom hy p e r s t o i c h i o —
m e t r i c  s i l i con  in t h e  as—prepared , amorphous so l id ,
or were formed by the initial decomposition of silane
fo l lowed  by Si3N4 fo r m a t i o n , cannot be resolved at t h i s
t ime . However , judg ing  f rom other  observa t ions  ( in-
solubility in KOH , f o r m a t i o n  of Si on SiH4 pyrol y s i s )
and other studies , both origins of silicon particles
are possible .

4. Discussion

The overall reaction between silane and ammonia can
be written :

3 SiH 4 + 4 N H 3 = Si3N4 + 12 112

2 l
~G8OOoK 

= -6. 7 M J / k g ( — 2 2 4  k c a l /m o l e )

The probability for such a reaction to occur in one
step would be negl ig ibl y sma l l .  Consec~u e n t 1y ,  a series
of successive reac t ions  i n v o l v i n g  fewer molecules  may
be postulated:

(1) SiH4 + NH 3 = SiH3~ NH2 + H2

(2) SiH3~NH2 = S 1H 2 (N H ) + H2

( 3 )  SiH2 ( NH ) +N H 3  = S iH(NJ - l )NH 2  + H2

( 4 )  S i H ( N H ) NH2 00 S i ( N H ) 2 + 112

(5) 3 Si(NH)2 = Si3 (NH)3 N2 + NH 3

( 6 )  Si 3(N H) 3  N 2 = Si3N4 + NH 3

Two additionally important reactions are:

(7) SiH4 Si + 2H2 , 
~~~H2 

00 e~~~7

(8) 2 NH3 = N2 + 3 112, P3 .P 
—H2 1

~2 =  e~~~8

~NH 3
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Figure 9. Elemental Silicon Inclusion in a Particle of Amorphous
-- Si3N4 300 ,000 X , TEM
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‘ l i i . . - ~- i c q i U ’ t i t ( ’  01 r e a ct  ions , ( 1 — 6 ) ,  a l t h o u g h  p u r e l y
s p e c u l a t i v e , h e l p s  t o  u n d e r s t a n d , it  l e ast  q u a l i t a t i v e l y ,
I Jo -  ‘ 1 k - c t  o l  amm o n i a  t o  sii:ue’ r a t i o  ~~ t h e  ferma t jon

I t t ’ee s i l  i c o n  and  a l s o  t h e  o r i g i n  of t h e  N — i l  and  S i — l i
bo nd s  in  t h e  p ( ’ ( ( d U ( ’ t

~~~~ the t emperature is inci’e: is ’d , the p a r t i a l  p r o s—
SUrt ’ of l iv i i’o~~ ‘ n f o rmed  by r ear  t ion  ( 8 )  c o n t r o l s  t lie
ei~ui  l ib r i a  ( I f  r I - a l t ions  (I— -i) a n d  ( 7 ) .  Because of t h e
qu a d r a t i c  h - p t - n d e n c e  of  i t s  e c i u i l i b r i u m  c o n s t a n t  on
h y d r ogen flt’ e s sU ( ’( ’  - t h e  decomposi t  ion of  si l a n e  i n t o
s i l  ico n a nd h vd r o g e n  ( r e a c t  ion 7 )  w i l l  be m or e su p p r e sse d
by i n c r e a s i n g  PH2 , and t h e r e f o r e , ‘by t h e  f l o w  of NH 3
t h a n  a n y  of  t h e  i n d i v i d u a l  i n t e r m e d i a t e  s t eps  i n v o l v e d
in n i t r i d e  f o r m a t i o n  ( r e a ct i o n  1— 4 ) .  Thus , a p a r t i a l
p r es su r e  of N i l ’1 and t em p e r a t u r e  m ay  exist w h i c h  r e t a r d s
or c o m p l e te l y  e l i m i n a t e s  t h e  f o r m a l  io n o f I r ee  si i i COf l  .

The p resence  of s p e c i f i c  i n t e r m e d i a t e s , as cxpe~’ted
from the above reaction sequence , is probably un l i k e l y ,
The best description of the product and its properties
is obtained in terms of a three dimensional polym er , a
concept suggested previously for amorphous CVD de—
posits.(24 ’~~

5) At low reaction temperatures both N-li
and S i — H  bonds are  i n c o r p o r a t e d  i n t o  t h e  n e t w o r k  a n d  an
open , random s t r u c t u r e  r e s u l t s .  As t h e  f o r m a t i o n  tem-
p e r a t u r e  i nc reases , t h e  a toms assume p o s i t i o n s  of c loser
p a c k i n g  and t h e  r e l a t i v e l y  u n s t a b l e  bonds are removed ,
t h e  less s t a b l e  S i — H  bond d i s a p p e a r i n g  f i r s t .  D e p e n d i n g
on s t o i c h i om e t r v  of t h e  p r o d u c t , h y d r o g e n  and n i t r o g e n
w i l l  be g i v e n  o f f  and new S i — N  or S i — S i  bonds w i l l  f o r m .
C o n s e q u e n t l y  t he  d e n s i ty  of t h e  so l id  inc reases .  The
produc t  of r e a c t i o n  between SiH4 and NH 3 w i l l  have  r a r e l y
the  s t o i ch i o m e t r ic  r a t i o  of s i licon to  n i t r o g e n  of 3 : 4 .

- 1n excess of n i t r o g e n , however , cannot  be accommodated
u n l e s s  h y d r o g e n  is present  and in such a c o m p o s i t i o n  so
t h a t  t he  S13N4 s t o i c h i o m e t r y  w i l l  be a c h iev e d  on h e a r i n g
up to  some t e m p e r a t u r e  above 1100°C (by  s p l i t t i n g  of N 2
and H 2 ) .  A s i l ic o n  r i c h  n e t w o r k , on t h e  o t h e r  hand , when
l o s i n g  h y d r o g e n , w i l l  r e a d j u s t  by f o r m i n g  S i — S i  bonds
or by r e a c t i n g  w i t h  some species f r o m  t h e  e n v i r o n m e n t ,
such as n i t r c g e n , oxy gen  or w a t e r .  Most  l i ke l y  b o t h
w i l l  occur , t h e  fo rmer  p roceed ing  in t h e  b u l k  and  t h e
l a t t e r  a t  t h e  p a r t i c l e  s u r f a c e .

t The ab o v e  p i c t u r e  of t h e  s t r u c t u r e  of “ amorphous

E S i 3N l ” h e l p s  to  e x p l a i n  a n u m b e r  of e x p e r i m e n t a l  ob—
s)-rvations and make some predictions:

- p r e s e nce  of S i — S i  bonds  w 1 11 ex p a n d  t he
Si r u c t u r e  due to t h e  su b s t a n t i a ll y  l a r g e r
( ‘ ova  l e n t  S i — S i  bond l e n g t h s  ( 2 .  3A °) corn~ia i-e d 

-
to t hat ( 1 . 6A ° ) expec ted  f o r  t he  S i — N  h o n d (  2b )~
‘I’h u s  , a s il  i c o n  r i c h  a mor p h o u s  S i : 3 N . J  w i l l  h a v e
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a more ( ( f l e n  S i  t ’ I l ct u r e , i n c r e a s e d  at ’rn i ( ‘

mob i 1 it v , and  h I ‘fl (’( - , a I owe r ( ‘r v  St  a lii za t ion
t ‘~f lp ( ‘ i’ :i t U

2 . ~\ s i t  i ( ( ( f l  r 1( 11 a mor p h o u s  S i~~N 1  w i  1 1 probably
— i’ e j  ( ‘I t t i l l -  excess  si  I i con  on c ry s t  a l l  i z a t  ion 1)1’ —

& ‘ :(U s e  excess  o f ’ s i l i c o n  c a n n o t  }a~ accomodat ,ed
in t h e  c ry s t a l l i n e  Si :1N i l a t t i ce . T h u v , t h e
appe :i i ’ an c e  o f  cr st :tlline sil icon sh o u l d  a p p r o x i —
m a t e l v  c o i n c i d e  w i t h  t h e  c t ’y s t a l l i z a t i u n  t er n—
p er : i  t t i r e , as  i n d ee d  ob s er v e d .

3. The  presence of S i — S i  bonds  i s  l i k e l y  to  b r i n g
a b o u t  d i s c o l o r a t i o n  and dec rea sed  d e n s i t y  of
t h e  amorphous  Si ’ iN i .

-1 . Thu S i — H  bond is u n s t a b l e  in t h e  presence of 1120 ,
even at room temperature . A prod uct containing
these bonds w ill therefore tend to hydrolyze on
exposure  to a m b i e n t  a i r , a c c o r d i n g  to the re-
act i o n ;

Si—H + 1120 = 112 + SiOH ,

and c o ns e q u e n t l y  p i c k  up o xy g e n .  TGA r e su l t s
show t ha t  such p o wd e r s  h e a t e d  in n i t r o g e n  or
argon a t m o s p h e r e s  ( 2 0  ppm o xy g e n )  g a i n  as m u c h
as 2 . 5  wt~ at -100 to  500°C.

5. N i t r o g e n  h v p e r s t o i c h i om e t r v  ( w i t h  r e spec t  to
s i l i c o n )  a l s o  o c c u r s  and is c o m p e n s a t e d  by
hydrogen atoms to obtain possibly,

S1 3N 1+x 1
~3x

Such  c o r n p o s i t  i n S  ~~ 11 y i e l d  s t o i c h i o m e t r i c
s i l i c o n  n i t r i d e  tipon hea t  t r e a t m e n t  a t  e l e v a t e d
t e m p er a t  u r es  ( 1200°C) . ,- \ s ma 11 amount of hydro-
gen m a y  lx -  r e t  a in e d  up  to  t h e  c r v s  t a l l  i / a t  ton
t e m p e r a t  u r e .  TGA r e s u l ts  on ‘‘ : i s  pr  p a r ed ’ ’
pI >wdle  i’s f i l l  -d i n  a 1 0’~ H 2—90 t ~ .Ar a t  rn ) s p her e
show a h i g h  a e i  g h t  los s , 5’ a t  500°C’ , wIt ich
con firms t h e  post u l : t t  ion of t he p r ‘se nec of
nitrogen hyperst o ich iornetrv.

5. Summary

The s y n l l m ’ s i s  o f  S i ’~N . 1 f r o m  Sill ari d \‘ii :l i s  n e l l
understood and is :i s i m p l e  a n d  prad’t i cal pr o- ’ss for

• p r e p a rat  ion of l a b o r a t o ry  (m an  I i t I cx o f  x i  I i  con n i t  r iW -

I f  ca r r i e d  ou t  p r o p e r l y , a very pure p i ’ o i k R - t  . low i n
oxygen  , may be o b t a i ned .  U n d er mos t  ( ‘on d i t  i o n s , t he
p r o d u c t  appeal ’s  t o  1) 1’ s l i g h t  ] y  t ) V 1) ( ’ I ’ S t O n ’ h i o t r n’ t  r~~ ’ i n
s i l i c o n .  The  excess  s i l i c o n  i s  a t  l e a s t  p a r t l v  p i e —
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cipitated dur ing Si3N,1 crystall ization near 1473°(’ and
n i t r i d e d  at t h e  same t i m e  ( i f  n i t r o g e n  is a v a i l a b l e ) .
This pr ocess is certainl y amenable to  s c a l i n g  u p .  h ow—
eve r , t h e re does not  seem to be a fundamental adv ant age
over  processes using silicon halides as precursors ,

— provided these have t h e  necessary purity.

Co n d e n sat i on r u a c t i o n  p roduc t s  o b t a i n e d  a t  lower
t e m p e r a t u r e s  f r om r e a c t i o n  b e t w e e n  S 1H .i and  NH 3 c o n t a i n
S i — H  and  N — H  bonds .  I t  is t h e  i n s t a b il i t y  of  t h e  S i — H
bond , in c o n t a c t  w i t h  oxygen  or w a t e r , w h i c h  causes
ox yge n p i c k  up in such a product. Powder synthesized
or calcined at 850°C or higher temperatures are  st a b le ,
The density of the powder increases gradually ax the
r e a c t i o n  t e m p e r a t u r e  increases  and app roaches  t he  v a l u e
f or c r y s t a l l i n e  S13N4 near  1475°C. Cr v st a l l i z a t  ion i n
nearly stoichiometric compositions occurs near 14750C ,
and this temperature is decreased by silicon hyper-
st o i c h i o m e t r y .

SECTION V

HIGH PRE SSURE , HOT PRESSING OF PURE Si3N 4 POWDERS

A.  O b j e c t i v e

A t t e m p t s  to  conso l ida te  Si 3N4 w i t h o u t  s i n t e r i n g  a ids  un der
hot p r e s s ing  c o n d i t i o n s  have shown (see below ) e s s e n t i a l l y
no d e n s i fi c atj o n  at a l l .  This i n f o r m a t i o n  c o n f i r m e d  ea r li e r
f i n d i n g s  t h a t  l i t t l e  d e n s i f i c a t i o n  occurred  in Si3N 4 except
in one case where very pure  Si3N4 , der ived f rom s i l i c o n
d i i m i d e , d e n s i f i e d  to m90% d e n si t y  at 1800°C and 4 MPa
(6000 p s i )(2 1) . In genera l , t h e  n o n d e n s i f i e d , hot  pressed
m a t e r i a l s  were f r i a b l e , poo r ly bo n ded compacts , w i t h  r e l a t i v e
de n s i t i e s  ‘t~50% .

The absence of densification in S13N4 , as wel l  as in
other c o v a l e n t l y — b o n d e d  sol ids such as C , BN , A1N and SiC , is
probabl y related to low atomic diffusivity of the rate limit-
ing species. Recent self d i f f u s i o n  s t u d i e s(2 7 )  gave an
es t im at e of si l i co n d i f f us io n i n Si~ N 4 of ‘~1.5 X 10—17 m 2 /sec
at l4000C as compa red to m2 X 10— 17 m2/ sec fo r the  e x t r a p o l a t e d
d i f f u s i v i t y  of Si in  SiC.  The self  d i f f u s i o n  c o e f f i c i e n t  of
N in Si3N4 was not obtained , but extremely low nitrogen dif-
f u s i v i t y  is expected from recent exper imen t s  in our labora—
tory . It was observed t h a t  pure , f i n e  ( 10 m2 / g )  SI 3N 4

• powders containing ~ 10 wt~ free silicon cou ld  not  be f u l l y
n i t r i d e d  at t e m p e r a t u r e s  of l4750C , i.e. , temperatures well
above t h e  m e l t i n g  po in t  ( 1420°C ) of s i l i c o n  Other  i n d i r e c t
evidence for the very low mobility of Si and N in Si 3N4 was
t h e  v i r t u a l  absence of creep in  CVD Si3N -1 at l5~~0~ C as men-
tioned above (16).
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The absence of bonding , i.e. , interparti cle contact
growth in hot pressed samples is more  difficult to account
for. Si3N4 is known t o have  a relativel y hig h vapor pressure ,
and hence , p a r t i c l e  g rowth  is e x pe c t e d , and is  i n d e e d  o b ser ve d
on hea t t r e a t m e n t of powde r c o m p a c t s .  The same transport
mechan i sm s h o u l d  b r i ng  about  i n t e r p a r t i cl e  c o n t a c t g r o w t h  as
is observed in other subs tances  w i t h  r e l a t i v e l y  h i g h vapor
pressure , such as A 1N , NaC 1 , ~~~~~~ e t c .  Contrary to expecta—
tion , bonding in pure Si3N4 is , in most  ( ‘axes , poor .  h o t —
pressed Si3N4 powders can be scratched with a fingernail and
crumbled between fingerti ps. On the other hand , Si3N4 formed
in situ by nitridation of silicon seems to exhibit ample
in t e r gr a n u l a r  bond f o r m a t i o n .  This  p e c u l i a r  b e h a v i o r  of
Si3N4 is inconsistent with the understanding of the physical
processes involved in sintering and is obviously the key
problem in the study directed towards developing a consolida-
ti on p rocess for th is mater ial .

Consequently, to bet ter understand intergranular bonding
and determ ine the lower temperature limit at which densifica—
t ion (or  atom ic mob il it y )  becomes apprec iab le , Si3N4 was
consol idated under diamond form ing cond iti ons followed by
heat treatment of the result ing compacts. Densification
under diamond forming conditions would not be , nowever , a
suff icient criterion for bonding and atomic mobility.
Nadeau(2 8) , who stud ied high pressure hot pressing of silicon
carb ide , has observed that w ith some powders , 95~ - of theoreti-
cal density could be obtained at 5 GPa (50 kb) and tempera-
tures <l5000C by rearrangement and fragmentation of grains ,
and that the result ing compact s had a dense ceram ic appearance.
However , such compacts could not be sat isfactorily ground and
polished , and showed very low microhardness values and
spec if ic microstructures. Therefore , microstruc tural stud ies ,
indentat ion hardness , and X—ray diffraction analyses were
selected as the prime characterization methods. In addition ,
compacts were annealed at various temperatures to determine
whether or not grain growth occurred. Grain growth in pure
S13N4, if detected , would be sufficient evidence that suffi-
cient atomic mobility exists to make consolidation by sinter-
ing processes possible , at least in principle.

B. Exper imenta l

The apparatus and procedure for u l t r a — h i g h pressure
consol idat ion of S13N4 powders has been essent ially the same

•
1 as used for diamond synthes is , and has been adequately d is-

cussed prev iously (29) . The only necessary chan ge has been
the use of a boron n i t r i d e  l iner  w i t h i n  the carbon heater  to
prevent Si3N4—carbon interaction . The liner consisted of a
t h i n - w a l l e d  tube and bot tom and top spacers , a l l  of w h i c h
were machined  f rom comercial  BN stock to f i t  i n t o  t he  carbon
hea te r .  Pe l le ts  0.95 cm x 0 .64  cm were prepressed f r o m  the
powders , repressed isostatically at 200 MPa (30 , 000 p s i )  and

3’
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p r e f i r e d  in nitrogen or NH3 at 1200°C. Two of t h ese f i r ed
p e l l e ts  w o u l d  f i t  i n t o  the cell. Preliminary experiments
showed that 14000C was  t h e  lowest  t e m p e r a t u r e  t h a t  c o u l d  be
a - i t ’d  to  o b t a i n  good b o n d i n g  and  d e n s i t i e s .  T h e r e f o r e , t h e
present ser i e s  of e x p e r i m e n t s  was c a r r i e d  out  in t he  r eg ion
l l O O_ 16 0 0 0 C .  T e m p e r a t u r e  was ob ta ined f r o m  powe r read ings
and  c a l i b r a t i o n s  and  was a c c u r a t e  w i t h i n  ±50°C. The sped-
nu n s  were  he ld  at  temperatures for 20 m m under  5 .5  GPa.

The h i g h — p r e s s u r e  hot p re s s ing  e x p e r i m e n t s  were c a r r i e d
out  us i n g f ine Si3N4 powde rs. Powder 1 and 5 (Table 4 )  were
prepared in our laboratory as described in the previous chap-
ter. They had surface areas 26 and 14 m2/g and oxygen con-
tents of 0.5~- and 2.O~ respect ively. No. 1 was silicon rich.
Powder 2 was a white amorphous material derived from ammono-
i s is of S iC14 w ith surface area of 43 m2/g and an undeter-
mined amount of oxygen . Powder 3 was Sylvania SN-502 de-
scri bed in sect ion III , surface area 4.5 m2/g and ~ l~
oxygen. Powder 4 was the SN—5O2 powder processed by vibra-
t o r y  m i l l i n g  fo r  6 hrs  w i t h  cemented  t u n g s t e n  ca rb ide  b a l l s
in a p l a s t i c  j a r  in benzene .  The t u n g s t e n  carbide  p i ckup
corresponded to less than 1 wt1~ W.

The p i l l s  ob ta ined  a f t e r  compac t ion  are about 0 .6  x 0 . 3
cm in s ize and are r a r e l y  f r e e  of c racks .  U s u a l l y  severe
c r a c k i n g  occurs on pressure  r e l a x a t i o n  due to d i f f e r e n c e s  in
c ompress ibility of t h e  cell componen t s .  The t y p i c a l  appear-
ance of a spec imen crossect ion is shown in Figure 10. Af te r
recovery, the specimens were boiled in concentrated HC1 to
remove residue of adherent BN. Density was determined by
l i qu id  displacement  or by f l o a t i n g  of specimen f r a g m e n t s  in
m i x t u r e s  of CC14 + CH2I2 of known dens ity .  However , ne it h e r
techn ique is accurate in th is situat ion because of spec imen
c r a c k i n g ,  and errors  of +0 .05  g/cc  are a n t i c i p a t e d .  Also
the  cracks made it impossible to d e t e r m i n e  accu ra t e ly whe the r
th~ specimens had open poros i ty  or not . Phase composi t ion  was
determined by X—ray diffraction on a diffractometer . For
m e t a llo g r a p h y ,  specimens were moun ted , g round  and pol ished
w i t h  3 p d iamond g r i t .  No s a t i s f a c t o r y  e t chan t  was found  and
almost  every specimen responded d i f f e r e n t l y  to those t r i e d .
Three chemica l  e t c h a n t s  were t r i e d  on Si3N4 w i t h  l i m i t e d  and
var iable success: (a) a bo iling solut ion of 5 cc HNO3 (con-
c e n t r a t e d ) ,  30 cc HF (5 O~~) and 25 cc H202 (3 0 1T ) ,  ( b )  a b o i l —

• ing  s o l u t i o n  of 15 cc HF ( 5 0 % ) ,  45 cc HNO3 ( c o n c e n t r a t e d )  and
45 cc ace t ic  acid and , ( c )  a mel t  of KOH—NaOH at 280°C.
Etchant (c)  caused severe pi tt ing at part icular spots and no
effect elsewhere. Etchants (a) and ( b )  revealed some g ra in
boundar ies  o n l y .  The charac te r  of t he  grooves ( s p o t t y  ap-
p e a r a n c e )  ob ta ined  w i t h  these e t c h a n t s  is s i m i l a r  to the
charac ter of gra in boundar ies which conta in Si02 in hot—
p ressed S iC , and it is poss ible that simi larly in the presen t
case , t h e  r eagen t s  a t t a c k e d  o n l y  segregated i m p u r i t i e s .
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Figure 10. Section of a Typical S13N4 Specimen
Compacted at 5 GPa and 1500°C

The difficulites with etching and the very limited
amounts of experimental material made grain size measurements
uncertain. Nevertheless , by combining TEM (double stage
replicas), optical microscopy and SEM fractography estimates
of grain size could be made and are reported in Table 4.

Annealing experiments were done by packing the pills
i n to  S13N 4 powde r in a smal l  BN c r u c i b l e  and h e a t i ng  in a
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ca rbon  resistance furnace in nitrogen at about 16500C ,
1750°C and 1850°C for 40 m m .  However , none of the sped-
mens survived 1850°C without serious degradat ion.

C. Results

In the following, the response of each of the Si3N4
powders and the characterization of the resulting micro-
structure are discussed separately. Some of the results are
summarized in Table 4.

Figures  11 and 12 give TEM of repl icas  of a f r a c t u r e  sur-
face  and of a pol ished and e tched s u r f a c e  of specimen 2. This
specimen contained grains of free silicon which were revealed
as a result of etching (rounded white spots , Figure 12). The
silicon phase in this specimen does not tend to distribute it-
self along grain boundaries , but forms discrete grains. Their
rounded shape suggests that a ratio of the grain boundary energy
of Si3N4 to the Si—S13N4 interfacial energy is close to 1.

Very few pores can be seen , which  c o n f i r m s  the high
density value measured (3.11 g/cc). The grain size was
estimated from Figure 12 to be near 0.2 microns , which is
about the maximum particle size of the starting powder ,
impl ying that little grain growth occurred during the high
pressure consolidation . On the  o ther  hand , interparticle
bonding is excellent , as shown by the Knoop indentat ions
(200 g ) .  The value  of 3080 found , is in f ac t , h i gher t h an
those previous ly reported for  dense Si 3N 4 . Ano the r  in-
teresting feature is the predominantl y transgranular fracture
in this specimen (Figure 11). Silicon nitride conventionally
hot pressed w i t h  add i t ives  is known to f r a c t u r e  i n t e r —
granularly.

Specimen 3 was annealed 40 mm at 1650°C , 1760°C an d
1850°C. No change in appearance or gra in  growth was de-
tected by optical microscopy (2000 X) after exposure to
1760°C (Fi gure  13(A)  and ( B ) ) .  The specimen degraded on
annealing at 18500C as a result of crack growth due to
evaporation , and was not evaluated metallographically.

Specimen 4 f r agmen ted  on removal from the  press ing ce l l .
This  f r a g m e n t a t i o n  could be partly suppressed by pretreating
the precompacted pill at higher temperature , 1300°C , for 1

- , hr (Specimen 5). However , it is likely that particle
coarsening occurred in t h i s  ex t remely  f i n e  s t a r t i n g  powder at
t h i s  t empera tu re .  The re fo re , the  gra in  size es t imated  from
the micrograph on Figure  14 does not  t r u l y  i n d i c a t e  growt h
during consolidation. Although about 90c of the theoretical

• density was achieved , bonding was poor as reflected by the
low microhardness  v a l u e .  This  suggests a case of a h i g h
degree of compact ion achieved p r i m a r i l y  by f r a g m e n t a t i o n  and

• rearrangement under extreme pressure , similar to that

~~~~~~~ T~~~~~II
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F i g u r e  11 . TI of Replica of F r a c t u r e  S u r f a c e  of ~ i — ~N ,1
Ci cm p a c t e d  a t  5 GPa a t  1500°C. S pe c i m e n
No . 2 in Table 4, 30 , 000 N
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o l t s ’r V ( ’ ( i  b~- \ad c-a u (In Si (’. In other words , t h e  at ,utic
mcd i i i  v was v c I ’v  s m a l l  i n  t h s Si i~ i sarnj) I c ’  a t  I 5~~

Q0(’ -

‘C

- . -

‘C

C - .  

- 
C 

- ~~~~~~ . 1

Figure 13. Hot—Pressed  S 1 3 N4  ( A )  ,-\s Polished , (B) Same
Spec imen  A f t e r  A n n e a l i n g  at  1760°C Hr 40 M m .
Phase Co n t r a s t  M i c r o g r ap h s , 2000 X

The f r a c t u r e  s u r f a c e  of spec imen  7 is shown in Fi g u re
15 ( A )  and ( 1 3 ) .  This  spec imen was w e l l  bonded and had a
relatively low microhardness , most likely related to the

- 
- - large volume f r a c t i o n  of round , n e a r l y  sphe r i ca l  pores.

These round pores suggest t hat atomic mobility during the
microstructure formation was ap p r e c i a b l e .  A c rude e s t i m a t e

I ,  

; of g r a i n  size ~0 .5  p was made f rom the  f r a c t og r a p hs , because
no information on grain size could be obtained on this
speci m en by polishing, etching, and replication for TEM . The
e t c h i n g  t r e a t m e n t s  revealed  on ly  segments  of some g ra in  boun-

‘ daries. it is speculated that the boundary pattern revealed
by etchin g is due to segregated silica , i .e . , o n l y  s i l ica in
grain boundar ies W a s  attacked by the etchant. This may be the
case s ince  no c h a n g - in the patt em was observed by ext ended
exposure  t o  t h e  e t c h a n t - In addit ion , a few s i zab l e  (~~50 i i)

38
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Figure 15. Si3N4 (SN-502) Hot-Pressed at 1550°C and 5 GPa .
SEM of F r a c t u r e  S u r f ac e , ( A )  5000 X ( B )  10 , 000 X

The anneal ing of this specimen at 1650°C led to expansion
and delam ination , as shown in Figure 16. This resulted from
the open ing of numerous cracks pe rpend i cular to the pressin g
direction and not from separation of individual grains , as
shown in Figure 17. This photograph also shows that very
little grain growth occurred.
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Figu re  16. Piece of  Spec imen 7 ( T ab l  -1)  R e f  cr c
and  A f t c  F Au n t a l i n g  ( Up p e r  S p c - c n~ c - n )
a t  1650°C , 6 N

The processed SN—502 powder - 1 gave  r ise  t o  sp e c i n ~( -n s ~
- and 9 with the h i g h e s t  d e n s i t ie s  by hi gh ~ rcss’~i i ~~- .

- pressing. These sp ec i men s  were  ~vei 1 bonded t o g e t  h em  a n d
exhibited a ml (‘y-ohardness v a l u e of 2500. Very Few small
pores could he ob s e rv c - d  in the fracture s ur f  ac e of thi s

-
~~~ spec imen.

4 Specimen 8 was t h e  o n l y  ~e wh i c h  was  c ’Oifl pOs ( ’U o f  : —

Si3N4. All other spec i m e ns  \v-~rc: ~—Si 3N on l v .  T he r e  Wri t-i

c o n s i d e r a b l e  d i f f i c u l ty  i n  o b t a i n i n g  a good g r a i n  b o u n d a ry
etc h , so l i t t l e  in  f o r m a t  ion en ~ ra in  s i 7 c  c o u l d  be c b t a  i ned.

- - Nevertheless , the replicas (see Fi gure 15 (A) and (B)) to-
ge the r  w i t h  r e su l t s  of SE~-1 seem to indicate t h at su b s t an t  ir i
g r a i n  g r o w t h  o c c u r red  on : t n n c - a i i n g  t h e  s p e c i m e n  a t  l 7A O o C .

-
~~~ 

- I t  s h o u l d  be p o i n t  ‘d o u t  t hat t h er e  w a s  no exp a u s  i on ci -

I

- ‘ b l o a t i n g ’’ o f  t h i s  s a m p l e  d u r i n ~ - high I er ip ’i - a t  t i re  a n n ea l i n g
— Thus , i t appears that the p r o ce s s i n g  of  t h e  p o w der  w i t h

cemen ted  en rb i  de h a l l s  d r a m a t i c a l  l v  c h a ng e d  t h e  m i c r o —
st r u c t u r e  m d  i t s  h i g h  t e m p e r a t u re  b e h a v i o r .

- I l
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Figu l ’ H 17. S u r f a ce  of A n n e a l e d
Spec i fli(~ ,* 7

S p e c i m e n  N o ,  10 was  h o t — p r e s s e d  f rom one of t h e  l a t e r
3i 3N.1 powders  prepared in t h e  l a b o r a t o ry  ( #  11— 13 , Table 2),
much  lower in f r - c -  silicon than th~ powder used for specimen
~ l and ~2 . The  d e n s i t y  v ,as 3 . 1 5  f l / c - c .  S e c t i o n i n g  r evea led
w h i t e  is] et s  about 100—300 r n i c t ’ ons  in s ize  a s soc ia t ed  w i t h
‘, e r y  f i n e  pores (

~ 
I i )  and a n o n p o r o u s , b rown m a t r i x  con—

t a m ing  a few h i g h l \  t r a n s l u c e n t  a r eas .  The i n h o m o g e n e i t y
was a lmost  c e r t a i nl y  i- c l a t ed t o  ~ a i - v i n g  con t e n t s  of f r e e
s i l i c o n  in  t h e  s t a r t i n g  p~~m c l c - i ’ , As o n ly  sma l l  a m o u n t s  were
a v a i l a b l e , t h e  powder c o u l d  n o t  k ct  e f f e c t i v e l y  h o m o g e n i z e d .
T h e r e f o r e , no d c - I  ai  led in’~ c-s t iga I. i oil of t h i s  p ress ing  was
done.

D. Summary

The i m p o r t a n t  1 n f c s ’ i ~i : t t i on ) h t ~t l 1 1 ( cl  f r o m  t h c ’  s t u d y  of
S13N4 compac t ed  u n d e r  d i a m o n d  f o r m i n g  c o nd i t i o n s  can be
s u m m a r i zed  m t  ~ the fol l o w i n g  c c h s c - r v a t  i o n s :

1. A tempei’at arc ’ lu- i  wc’en 1500— 1 550°C is necessa ry  to
o b t a i n  good I c o n d i n g  in  Si3 :c,~ u n d er  c o m p a c t i o n  pres-
sur e  of  5 GPa.  The h i fl l~~-St  d e n s i t y,  3 .19 g/ cc ,
and H i ’  i’ olia i’dn ess - :t080 k n o o p/ 200g load , are  in t bc

• range t- ~~p c-c ’ t c - d Fc ~~’ a ful l y dense material.

2. A i i n e ; c  ling t h e  I)r~’ss( ci compacts UI) to 17500C produced
1 itt Ic ’ grain ~ i ’ tc  uh. ‘I to - pos~ lh1e except ion was one
compact oh)  a i ned f r o m  a pc c w c l c  s- m i I li-c l with cemented
( ‘a r I l i d l e b a l l s ,

- - - ~~~~~~~~~~~ “ ‘~~~~
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3. A l l  t h e  c o n i p a c ts  s l l c c \ - ; c ’ d  i n h oin o g e n e i  t I c - a  i’ c - l a t  ~- ‘.l t o
the presence of c i  t h c - i ’  5109 or Si i n  t h -  s t a r t  I ng
powder s .  Compac t s  wli 1 ch d i d  n o t  contain I i t - c - SI I I c i i

— 
wer e  wh i t e .

4 . Pressure seems I.e en h a n c e  t h e cm t o ~ t m a n s  I o r - n c ~t t  i c ,n
in S1 3N i .

I t  was a n t  i c i p a t e d  t h a t  a mi  n h r n u m  t empc ’i-a t it i c  to  obt a m
b o n d i n g  in Si ~3 N .-1 wou l d  be f o u n d  i i ’ c c t n  t he h i g h I ) I ’ ’ - -~ 1N ’ - hot—
pressing experiments. The results indicate th at be l ow a b o u t
1550°C there is not enough atomic mobility in “pure ” Si:1N.i
to obtain sintering even unde r  yerv h i g h  p l ’ c- -s s u res .  There-
f o r e , d e n s i f i c a t i o n  c a n n o t  be expected at 01’ below this t em-
p e r a t u r e . By analog s ’  t o  s i l i c o n  c am -b i d e , wh ich b eh a v e s
s i m i l a r l y  un de r diamond forming condition , one u ou l d  1) 1-ed ic t
t h a t  t e m p e r a t u r e s  n e c e s s a ry  f o r  c o n vc ’n t  i o n a l  ho t  p r e s s i n g  of
Si3N4 to near theoretical density w i l l  be near 1800°C and
for pressureless sintering near 20000C , both estimated for
relatively pure , submicron particle size st a t - I. i n g  materials
(1850°C has been the lowest temperature at which boron cio p c-d
SIC could be hot—pressed to >99~i d e n s i ty  a n d  2080°C was
necessary for sintering to terminal densities in eXc’(’ss of
95C~)~

SECTION VI

S INTERIN G BEHA V IOR OF PURE SI 3N . 1

A. Introduction

The results of the high pressure , hot pressing of SI3N-1
revealed that temperatures above ‘c’l550°C would be required to
promote sufficient atomic m o b i l i t y  for densification by
s i n t e r i n g .  On the other hand , therma l decomposition of
Si 3N 4 w i l l  compete with sintering at high temperatures and
may result in complex mic~~ structures similar to those ob-
served for s—SiC and 5J (10) • Since no c’xperirnenta l data
existed for weight loss , specific surface area and micro-
structural analysis of pure SI 3N,i a-s a function of firing
temperature , such an inve sti gation was  undertaken to further
elucidate the sintering behavior of various Si3N4 powders
at normal (0.1 MPa) and hi gh (5-JO MPa) nitrogen pressures.

B. Normal Nitrogen P r es su re

1. Powder Forming and Firing Conditions

Most powder compacts wer e f o r m e d  f r o m  t h e  “ a -s— r e c e i v e d ”
commercial and the “as—prepared ’’ In House po’vch’r-i by d i e —
pressing 1/2 g of Powder in a 1.0 cm diameter d i e  at
62 MPa and then i s o s t a t i c al l y  p r e s s i n g  t he  r e s u l t i n g  disc

- ‘ 
13

Li
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a t  2 0 ) )  MI >~t. ‘h ’ ii c - g t ’ c ’ ( ’ n  d e n s i ty  c c i  5 N ~ 102 and In Housc-
Si~~N.j cOili p iic ’ts aits - -3a ’~ c c l  I tie 1 l i c - c c r ’ c - t  i c ~c l  ~:t1w- ( 3 , 1 8
g/ i nt ’ 1 ) m d  t h a t  c c f  t h e  S N — 5 0 2  ( c ) i f l t c ~~C ( t S  a : m s  a b o U t  10’- .

vt - r a I cc I I ti c - to ‘a t I. t e a t  cd p c c w d c  - ta wh i c - h  t n td  I c, wc ’ r  c c \\ g m - tI

i c c i l t en t t -t \O-t’ c- cl - sn fab ric a t e d Int o pci i c - i s  In the Sara’
inannei- as dc-sc -i’ i ta il a hoyt ’ -

Most of  I l ie  f i r i n g  e x p e r i m e n t s  We t - c -  pci- i oi’n~c ’d  In it
p r o g r a m m a b l e  ~, 1 c c — ’ ~ii) U f l d  r’esistau’’e furnace in si ch- o f  wit c - It
was located an 11203 t ube , c losed on one e n d ,  The S I - ~N i
c o m p a c t  was p1 aced C cn a SIC setter which i- c’sted on an
4 1203 set  tc ’r and t h c -  a ssembl y p u s h e d  i n s i d e  I he  11203
t u b e  i n t o  t h e  hot zone of  t h e  f u r n a c e  opei’at ing at lO00~- (
in one at m o s p h e r m ’  c~ f flowing nit rog ’n (15 cm 3/ Sec ) - The
t h e r m a l c y c l e  t 1- c ’a t m e f l t  u su a  I I V consisted of a heat ing
r a t e  of b C / m m  to  the d e s i r e d  soak temperature , a soak
t ime of 30 m m and  a c o o l i n g  r a t e  of -1°C/mm down to 1000°C .
Sc’vera I powder  c o mp a c t  s w e r e  f i r e d  t o  1750°C u n d e r  r a p i d
hea t  i n g  r a t e  c o n d i t i o n s  (~ -5°C/sec ) - A k-w samp les ~v c- rc -
f i r e d  in  a ( N 2 — 5 ~ H2) gaseous  m i x t u r c - .

2. Characterizat ion of F’i red S i  ~ N i Coinpac I. s

The f i r e d  compacts  were  we i g h e d  and t h e n  m e a s u r c - d
for dimensional changes. Parts c l  the fired compact were
(1) lightly crushed with a SIC m o r t a r  and p e s t l e  t o  mal-i e
coarse powder for surface a rea  m e a s u r e m e n t s , ( 2 )  com-
p l e t e ly powdered f o r  p h a s c ’  a n a l  si i- by X—ray di I fract ion -

and ( 3 )  f r a c t u r e d  f o r  t h e  o b s e r v a t  iofl  of  m i c r o s t r u c t u rc -
by SEM .  O c c a s i o n a l ly  - a w h o l e  s a m p l e  wt t s  s u b m i t  t e d  for
an oxygen  a n a l y s i s  by n e ut  i-on act ivat io n .

3. Results

The specific surface area and weight loss of compacts
of SN—402 and SN—502 powders are shown as a funct ion of
temperature in Figures 19 and 20. In Figure 19 the Si 3N 1
(SN—402 ) compacts began to exhibit surface area reduction
between 1200 and 1300°C, and had the ‘~ r c - a t c ’ s t sui’lace a rt - ti
reduction between 1 100 and 1600°C. The specific s u r f a c e
area after firing at 1400°C for 30 mm in nitrogen is
about 13 ,5 m2/g and at 1600°C is 1.6 m2/g. From 1600 to

1800°C the specific surface area changes vc’ry slowl y from
1.6 m2/g to 0.8 m2/g.

Figure 18. Polished and Etched Surface of Speci men 5 (1) as
Prepared at 1500°C (8) Annealed at 1750°C Tl- \t .
Double Stage Replica 2-1 .000 N
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T 1

Si3 N4 (SN 402 ) COMPACTS

~ I2 w
U)cnIO -  - 1 0 w
0 C.)

‘-- 8 -
9 U)

- 6 ~~~
4 -

2 -  

- 

2

0 ~ ~~~~~ I I I ~~~~~~~~~~ 0
1200 1400 1600 1800

TEMPERATURE (°C )
Figure 19. Weight Loss and Specific Sur-

face Area as Function of Temp .
fo r  (SN-402 ) S13N4 Compacts
Fired for 30 Mm in N2

It should be pointed out that the apparent specific
s u r f a c e  area of lumps of “green ” compact of SN-402 powder
was 15.5 m 2/g  as compared to 13 m2 /g f o r  t he  unpressed
powder. In addit ion , compacts fired at 1100 and 1200°C
had a spec if ic surface area of 17.2 m2/g which is higher
than that of the green compact . These differences are
probably attr ibutable to cap illary condensat ion of
nitrogen in the very fine (<50 A ) pores created in the
green compact and in compacts fired at 1100 and 12000C.

The we ight loss data presented in Figure 19 show there
is little (<1%) weight loss up to 1400°C, a rapid increase
in the weight loss between 1400 and 1600°C f rom about 1 to
12.5%, and a slow increase in weight loss from 12.5% at
1600°C to 15% at 1800°C. The weight loss of a compact pre-
pared from vacuum-fired SN-402 powder containing 0.7 wt%

C 
oxygen was still very high , n e a r l y  13~ at 1700°C , indicat—
ing that most of the weight loss observed is independent of
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Figure 20. Wt~ight Loss and Specific- S u r f a c e

Area as F u n c t i o n  of  Temp . f o r
(SN-502 ) Si3N4 Compacts Fired for
30 Mm in N2

oxy gen con tent  ~ f the starting powder. Finally , s im i l a r
weight loss charactc’rist I es arc ’ o bse r v e d  for Si 1’ - l pre-
pared by the reactions between S 1CI. i  + N1l3 and Si Ii1+NH 3 .
which sugges ts that thermal decompos iti on is una f f ec ted
by chlor ine impur ities . The spec ific surface area and
weight loss data as a function of temperature (Figure 20)
for S13N4 compacts made from SN-502 powder (94~ -a-S i3N,1 )
also showed a major amount of weight loss in the same
temperature region where a large redtict ion in specific
surface area occurred. The specific surface area began
to decrease at a much higher temperature (‘\-~l50O0C) than• t h a t  (“4250°C) observed fo r  the  SN-402 powder , wh ich had
a much higher , initial specific surface area. However ,
fo r  t he  SN—502 specimens t h e  b e g i n n i n g  of we igh t  loss

• occurred at t h e  same t e m p e r a t u r e , ~ 1450°C , as t h a t  ob-
served for SN-402 specimens. The average weight loss
for the SN-502 compacts fired at 1800°C was about 12~ as
compared to a value of 15~ for the SN-402 compacts.



I
F i r e d  c-oml)ac -I of l i i i -  S N —  102 and  SN — 5 0 2  s t a r t i n g

powders c l i i i  no t  u n d e r g o  a n y  - s u n  nkage  up I t  l80o~ C a n d
Wi’ re weak I y bonded t 1 cg e  t t ie r  or c ’ i-umb l v . \1 I ernst rue t. t i l t ’ S

of I he l i r c a l  ccnnpacts of SN — -1112 p t c w d c ’ r  a re  p r e sen t e d  in
I-’ig-uta’ 21 and show the f in e gnu i n — f i n e  pore  s t r u c t u r e  om
a s p m - & -  im o l i  f i t - c  -d a t 1300°C ( F i gu r e  21 ( I ) ) as co m p a re d  to

he development of’ a In i-g c - gra I n— in  rgc’ porc’ structure in
a spec I ran fi t - c ‘ci a t  I 7000C . ( F i g u re  21 ( B ) )  - The
‘‘ a p p a r e n t  I v ’’ l a r g e  (- 2  t-i )  c - c t u i a x c ’ d  g r a i n s  oh - se r v e d  ( F i g —
t i r e  21(C)) are in I’act dense  r e g i o n s  composed of several
f a t - e t c - i l  g r a i n s . The g r a i n s  w i t h i n  a dense r eg ion  appear

cc be ~v i ’ 1 1—bonded t oget her , bu t  t h e r e  appear-s to be l i t t l e
b o n d i n g  between t h e  dense pol y -r y st  a l l  in c  r eg i o n s . An—
ot her  i n t  c ’r es t  i n g  resu i t  was t h a t  t h e  f i i- m d  compacts  were
p r i m a r i l  composed o f  ~ — S i 3N4 up to 1800°C. For ex amp le ,
c ’ c m t l c t c c t s  o f  SN — - 1 0 2  and SN—502 p owder s  f i r e d  i t t  18000C for
30 m m  i n  N 2 Were  compost-c l  o f  abou t  90P - c +1 OP ~— S i 3N,i
and  7 ) Y a +30~ - ~_Si :1N.1 , r e s p e c t  i ve l , with no ev i d e n c e  of
an  t ret,-’ s i l i co n  or - s I  l ’a-a . H o w ev c ’i - , f r ee  s i l i c o n  was
d e t e c t e d  i n  a s a m p l e  f i r e d  at 17500C and q u e n c h e d  to  room
t e m p e r a t u r e  -

1-ired compacts of  an amorphous  Si3N -1 powder (Ru n No.
3, T a ble  2), der ived from the reaction l)c-tw (’en silane and
ammoni a (-specific surface area of 15.5 m2/g), underwent
a b o u t  OP and 12P l i n e a r  shr inkage when f i red in f l ow ing
N2 a t  l1700C and 1700°C , r e s p e c t i v e ly .  In bo th  cases ,
howe ver , t h e  samp les conta ining microcracks were very
Fr iable and did not exceed greater than 35P of the theo—
l et ical density. The color of the specimen fired at
1700°C turned from brown to l i g h t  t an , i n d i c a t i n g  t h a t  a
la rge i’ract ion of the free s i lic on did nit ride. Mos t of
the shrinkage occurred in the amorphous state because the
(‘l-vsta llization temperature for this powder was ~l49O0C .
In fact , linear shr inkage measured for a samp le f ired at
1510°C (i.e. , the par ti cles are now cr ystalline) was
onl y about lOP as compared to OP for the amorphous sample
fired at 1-170°C. These experiments proved that there is
little effec t of the amorphous—to—crystalline transforma-
tion on the sin) c - r i n g  of Si3N4 , and that the shrinkage
observed is related to the increasing powder density of
amorphous S13NI with increasing temperature (see Fig-
ure 5), accompanied b particle rearrangement in a highly
PO~~OUS (65P ) e c c m p a c t .  In addition , the micros t ructure of
this fired compac t was very s im i l a r  to those represen ted
in Figure 21.

I .  D i scus s ion

The oh s e r v t c  t i on  t h a t  1 a rg c -  weight losses ( u p  to 18~~)
a r e  accompanied by no change  in  t h e  external dimensions
of  fired e o mj c c - t s  d u e  to ac-tual si nter i fl g, strongly

• sug g e s t s  t h a t  m a te r i a l  i t m ~ o e ct ir s  throughout the bulk
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Figure 21. Scanning Electron Micrographs of Fractured Surfaces
( SN— 402 ) Compacts F i red  30 \ I i n  i n  N2 at ( A )  1300°C ,
( B )  1700°C and ( C )  1700°C
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of t h e  porous ( -u 65P p o r o s i t y )  a m n p l e . T he s i m i l a r  w e i g h t
loss of S i’1 N 1 compac t s  made f rom st art I ng P ow der  cccn t al  n—
i ng 3. i-I  and 0 . 7  w t ~ o xy g e n  and f i t - e d  a t  1800°C sugges t s
t h a t  t h e  m a j o r  por t  ion of ’  m a t e r i a l  los-s  i s  c a u s e d  by ther-
mal  decompos iti on of S i3NI i n t o  Si and ~~~ and  not  by

• oxygen removal according to reactions described in Section
IV—B. This suggestion is strengthened by the fact that a
compac t of (SN—402) Si:3N4 I cowcb ~’r fired a t  1700°C for 30
mm in nitrogen (10 ppm oxygen impurity) had a weig h t loss
of l4’~ but still had an oxygen content of 1, 8  wt~l- . Con-
s e q u e n t l y ,  t h e  maximum amoun t  of we ight loss expect ed
from the oxygen removal reactions (Section IV—B) can only
be about 6 wt P  based on the initial (3.14 wt~l) and final
oxygen contents of the S13N4 . Finally, when a rapid
heat ing rate of 5°C/mm was used and the sample was
quenched t o room temperature , f ree  sil icon was detected
by X-ray diffraction , suggest ing that the proposed
thermal decomposition reaction is valid.

The f inding that large weight losses occur simul—
taneouslv ’.v ith large reductions in specific surface area
over  the same t empex-ature range (between l4000C and
1800°C) in a. nitrogen environment suggests that the weight
loss of th - se compac ts is sens it ive to surfac e ar ea and
temperature. The sensitivity of weight loss to surface
area is d e m o n s t r a t e d  by the experiment in which the re-
sul ting weight loss and specific area of an SN--102 com-
pact fired at 1800°C for 30 mm were ‘\~l5P and 0.8 m2/g,
respectively (see Figure 19), but upon refiring the same
specimen for another 30 mm at 1800°C in the same furnace ,
the result ing weight loss and specific surface area were
o n l y  0 .7~ and 0 . 7  m2/ g.

The l a rge  we igh t  losses observed and t h e  f a c t  t ha t  a
considerable amount of grain (particle) growth and pore
growt h takes p lace w ithout any real macrosco pic shrinkage
lead to t h e  conc lus ion  t h a t  t he  s in t e r i n g  of pure  Si3N ~1
powders hav ing average particle sizes between 0.1 and
0.4 ji is prevented by high vapor transport and thermal
decompos it ion. This deduct ion is , so f a r , based on t h e
use of four relat ively pure S i3N4 powders , three amorphous
and one crystall ine cz—Si3N4, der ived from the reaction
between SiC14 an d NH 3, an d S iH4 and NH 3 .  I f  s i n t e r i n g
is kinetically limited by a high ratio of matter trans-
port by vapor phase transport as compared to volume and/
or g r a i n  b o u n d a r y  t r a n s p o r t , t h e n  a p r a c t i c a l  approach
to densification of pure Si3N4 is to start with Si3N4
powder h a v i n g  an average p a r t i c l e  s ize — 0 . 15 ~i so t h a t
there w ill be a high probability for macroscopic shrink-
age at temperatures at or below 1400°C , the temperature
above which appreciable weight loss is d e t e c t e d  (see
Fi g u r es 19 and 20). h owever , the high temperature hot—
pressing experiments showed that atomic mobility occurred
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on l y  at t e m p e r a t u x - c ’s  above  1~~50 ( c ( ’ , TI e -  c m - c - p a i n t ‘ c i t  c t
f i ne ( <  0. 1 

~
j ) S i3N -1 po wder s  and I tic ’ jUt r o d i n -  t I on

a d d i t i v es may permit solid state si r i t m - n i i i g  01 Si~~N.i (dis-
cussed below). If the thermal dc ’c ’ c c n i p c s I  t en ot Si  3N -1 is
responsible for its nonsint erabi 1 i tv - t hen both t lx (’rmo—
dynamic (surface energy ) and k i n e t i c  ‘ un , s i d c - r ’~t i  i o n s  Icia

be importan t . High nitrogen pressures ( 5 Mba ) would l-s-
expected t o suppress t h e  t h e r m a l  d ec o m p o s i t i o n  of Si25.i
i n to  Si and N 2 ,  and t h e r e f o r e , c’n h : i n c ’ c  the ~a s s i h i 1 i t y  at
s i n t e r i n g .  E x p e r i m e n t s  on t h i s  ~- c - r v t o p i c  h a v c -  bc- m n
car r ied  out and w i l l  be d i , s c - u s s c - d  i n  the nex t  c e - t i  on.

The weak “ i n t e r g r a n u l a r” b o n d i n g  or c r u m b l i n e s s  of
Si3N 4 compacts  f i r e d  at t e m p e r a t u r e -s ‘,c,hc cve 14000C m isc-s
several impor t an t  q u e s t i o n s .  S i n c e  i t  i s  m a n d a t o r y  t c
have good intergranular bonding for scu d state sint c - r i ng,
it becomes important to clct erm in e if it is 1) c c sibl t ’ t c
obtain strong intergranular bonding in pure Si3N -1 . From
the experimental results presented it appears that the
poor intergranuiar bonding is r e l a t e d  t o  t l t c ’ r m a l  decom-
p o s i t i o n  of SI 3N - l  and  no t  i m p u r i t i e s . T h i s  c o n c e p t  is
supported by the observation t h a t  contpac t s fired below
l4000C were s t ronger  t h a n  t ho -sc ’  f i r e d  above t h i - s  tern—
1)e r a t u r e .

A n o t h e r  i n t e r e s t i n g  p o i n t  i - s  t h a t  fo r  the silicon
t e t r a c h i or i d e  d e r i v e d  powders investigated , i—Si 354 re-
mained stable at temperatures up to 18000C , whereas
Si3N-1 powders derived by the reaction between S1H4 and
NH 3 c o n v e r t e d  a lmost  e n t i r e ly  i n t o  e longa ted  g r a i n s  of
~—Si 3 N - 1  at 1800°C in n i t r o g e n .  Th i s  ev idence  may suggest
t h a t  imp u r i t i e s , pe rhaps  c h l o r i n e , stabilize a—Si 3~~1 at
very hi gh temperatures.

C. Effect of High Nitrogen Pressures

A number of firing experiments were carried out on 
- -

Si3N4 compacts at nitroge n pressures between 5 and  8 MPa
(50—80 atm) to determine i f  t h e  t h e rmal  decompos i t i on of
Si3N4 could be sufficiently suppressed to permit sintering.
Temperatures above 1800°C were employed to enhance diffusional
processes which may activate sintering. An oxygen partial
pressure much lower than  1 Pa , w h i c h  was used for the previous
experiments in 0 i  MPa (1 atm) of flowing nitrogen , was em-
ployed in several experiments to minimize possible oxidation
of Si3N4. Such experiments were conducted in a water-cooled
tungsten resistance furnace having a hot zone 8 cm long  and

• 2.5 cm in diameter. Temperature was me asur ed by o p t i c a l
pyrometry by sighting on the specimen surface. The gaseous
mixture selected for use was 95’~ N 2 + 5P H2, having an

C oxygen content of about 2 ppm. This gas was pressurized and
maintained at the desired total pressure during the experi-
ment. Several Si3~4 compacts were fired under high nitrogen
pressure in a pressurized SiC tube . Results are givefl in
Table  5.

I
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TABLE 5. RESULTS ON SINTERING Si3N4

UNDER HIGH NITROGEN PRESSURE

AL 1.
Experiment No. Temp . ( °C) Time ( ru in )  

~~~~~~~ !~oi~il

1 1850 45 4 . 7  1-2 10

2 >2 10 0 5 4 . 7  + 60

3 2000 20 8 10 2 0

4 2 100 15 8 20 2 1

+Shrinkage could not be determined .
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I n t he  f i r s t  e x p e r i m e n t , a Si 3N 4 Sy -40 2 compact was
f i r e d  fo r  -15 m m at 1850°C in - 1 . 7  MPa of n i t r o g e n  and 300
pPa (3  x 10—15 a t m )  of oxyge n .  The f i r e d  compact was
c r u m b l y  and e x h i b i t e d  a linear s h r i n k a g e  of about l — 2 P 2,
wei ght lo ss of lOP , and s p e c i f i c  s u r f a c e  area of 1.1 m~ / g .
The r e l a t i v e  bu lk  density of the fired compact was 33P as
compared to  36P f o r  t he  green compac t .  X — r a y  d i f f r a c t i o n
a n a l y s i s  showed t ha t  the f i r e d  compact consis ted of about
70 wt P ct-S1 3N 4 and 30P ~— S i 3 N 4 .  The we igh t  loss of lOP f o r
the  compact f i r e d  at 1850°C in 4 . 7  MPa of n i t r o g e n  is about
the  same we igh t  loss as t h a t  measured f o r  a compact  f i r e d
at 1550°C i n 0.1 MPa (1  a t m )  of n i t r o g e n .  This  we igh t  loss
may be due to the  the rma l decomposition of Si3N4 into
s i l i con  and n i t r o g e n , bu t  t h e  subsequent  loss of s i l i c o n  does
not proceed comple t e ly  v ia  pure s i l i con  vapor .  I f  so ,
t u n g s t e n  su icides would  have been expected to form in the
tungs ten  h e a t i n g  e lement , because a low t empera tu re  e u t e c t i c
exists in the W—Si system at 1392°C. This finding and t h e
observat ion that a creamy white condensate containing Si and
Cl (H , N and 0 cannot be detected by the solid state X-ray
detector on the SEM) deposited in the cold sections of the
furnace suggested that silicon—bearing molecules , such as
Si~ Ny ,  a n d/ o r  S i - C l — N - b e a r i n g  molecules  may also ex i s t  in the
sys tem.  On t he  o ther  hand , t h e  w e i g h t loss of 10 wt~ ob-
served corresponds exactly with the weight loss expected by
the removal of all of the initial oxygen impurity (3.1-1 wt ’T)

by reac t ion  2 (Sect ion I V B ) ,  t he  r eac t i on  between S 13N-1 a n d
SiO2 t o g ive SiO and N 2 .  However , oxy gen  d e t e r m i n a t i o n  I c y
neutron activation analysis showed the fired samp lc ’ contains
about 1.7 wt% oxygen and proves t h a t  a large por t  i on  of t h e
material loss is indeed associated with thermal dec omp ositi cn
of S13N4. Neither reaction 2 nor the thermal dec ompc s i t  i n
reaction can , howev er , account for the Cl loss from t h e
sample during firing.

The microstructure of the fired compact (Exp. 1) i~ -’

shown in Figure 22. In Figure 22(A) the equiaxed solid
regions have an average size of about 2 u and are c ’ c c m l c e s c - d
~~~ f cc—Si3Nz~ grains , w h i l e  t h e  e longa ted  g ra in s , abo ut  1 to
2 ji long and 0.2 to 0.3 ti in diameter , are ~—Si3N .1 as deter-mined by electron diffraction patterns. The pol y cryst alH n e
c~—Si3N4 regions shown in Figure 22(B) appear to be d c - u s c -  -

and contain thermal grooves at the grain boundaries .

A second experiment using hi gh nitrogen px- c-ssli r c- w a s
designed to reduce the weight loss of SN-402 813N-1 by en-
closing the compact inside a BN crucible with a screw lid.
Agai n , t h e  t o t a l  pressure of t h e  95P N 2 + SP H2 m i x t u r c -  was

~5 MPa. Unfortunately , because of problems a s s o c ia t e d  w i t h
temperature control , the temperature exc eeded 21000C for
5 m m .  Observation of the fired material and a measured

C weight loss %60P, indi ra ted that c o m p l c ’t  c c l c ’ c ’ c c m t ) c o — I t  ion of
Si 3N 4 occur red .  There was a m i x t u r e  of b l a c k  n n d  w h i t e
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m a t e r i a l  i n s i d e  t h e  UN c r u c i bl e  which was i d e n t i f i e d  as
s i l i c o n  and V — S i  ‘1N 1, r e spec t  i v e l y ,  by X — r ay  di  f f r a c - t  ion  -

The s i l i c o n  was presen t  in t h e  f o r m  of spherical parti cl c-s ,
on many of w h i c h  a layer of  f i n e  w h i s k e r s  of ~— S i 3N4 g r c - w .
The ~— S i 3 N j  phase is be l ieved  to have formed f r o m  t h e  rc --
a c t i o n  between l i q u i d  s i l i c o n  and h i g h  p ressure  n i t r o g e n  dur-

- 
-

- 
- ing  c o o l i n g ,  because t h e  la rge  weigh t  loss observed ( ‘sdOP )

is higher than that predicted (-c~4OP ’ for complete decomposi-
t i o n  of Si 3N 4 .  The h i gh wei gh t  loss observed was caused by

— d i f f u s i o n  of gaseous s i l i c o n  out of t h e  BN c r u c i b l e  and
deposition on the cold surfaces of the f u r n a c e  w a l l s .

A react ion zone was observed on the tungsten heat ing
element in the vicinity of the BN crucibl e X—ray dif-
fract ion analysis showed the p resence of WB , WB2 and W in
the react ion zone with no indication of any tungsten sili—
cides , again i n d i c a t i n g  t hat the concent ra t ion of pure  sil icon
vapor  species is small  in h i g h  n i t r o g e n  pressures.  This
reac t ion  between BN and t h e  t u n g s t e n  h e a t i n g  element probably
changed the electrical resistance of the heating element and
was responsible for the difficulty in maintaining tempera-
ture control. As a result , BN does not appear to be a
compatible crucible material for Si3N4 in tungsten furnaces
at high temperatures .

Si3N4 powder ~ l 4  (Tab le  2 ) ,  prepared h o r n  t he  r e a c t i o n
between SiH4 anci  NH3 was compacted to a green dens i t y  of
~u32~ and used for  exper iments 3 and 4 pe r fo rmed  in t h e
pressur ized  SiC tube . By using 8 MPa of nitrogen pressure
and t empera tu re s  01 2000°C and 2 100°C , the  powder compacts
sh rank  about 10 and 20~ (linear), respectively, and ex-
hibited about the same we ight loss of ~2OP . The sintered
compacts were moderately stron g, suggest ing that s igni f icant
bonding occurs between neighboring grains. A scanning
electron m icrograph (Figure 23) of a fractured surface of
spec imen 4 clearly reveals that the microstructure is
composed of well bonded grains. Most of the grains are
elongated and approximately 5-7 microns long and 2-3 microns
w ide. A small volume fract ion of equ iaxed gra ins can also
be observed in Figure 23. X— ray  d i f f r a c t i o n  a n a l y s i s  of
th is specimen showed only the presence of ~—Si3N4

D. Summary

The thermal decompos it ion of Si3N4 can be supp ressed

I 

and sintering enhanced at high t emperatures by the use of
high nitrogen p ressures . The use of nitrogen pressures of
i-~ 8 MPa and temperatures between 2000°C and 2100°C per-
mitted 10 to 20P linear shrinkage of compacts prepared from
S13N4 powder der ived from the reaction between SIH.1 and
NH3. Whether or not the sintering observed is characterist ic
of “pure” Si3N4 or is caused by impurity contamination from
the SiC tube during firing is yet undetermined . By using
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Figure 23. SEM Photomicrograph of

Frac tured  Sur face  of
Si 3N 4 Prepared in
Table 1, Exp . No.  3
Mag = 2000 X

a n i t rogen  pressure  ~ 5 MPa and low oxygen p a r t i a l  pressures
% lOO pPa , a compact , prepared from Si~ N4 powder derived
from the reaction between SiCl4 + NH3 , shrank only a few
percent at 1850°C but had a weight loss (‘~-lO~~) considerably
lower than that (‘c-25%) found when 0.1 MPa (1 a t m)  is used.
Under the latter conditions , pore growth and grain growt h
occur in the absence of much macroscopic shrinkage , suggest-
ing that vapor phase transport and/or thermal decomposition
still dominate structural transformation(s) during firing.
The relatively high weight losses of 10 to 2OP at tempera-
tures between 1850°C and 2100°C and at nitrogen pressures

~-5 and 8 MPa tend to support this deduction.

Al thoug h some sintering takes place at temperatures
between “-‘2000 and 2100°C , the  h ighes t  f i n a l  d e n s i t y  o b t a i n e d
was only about 1.9 g/cc or 6OP of the theoretical density
of Si3N4. Finally, the use of high nitrogen pressures
appeared to enhance bonding between grains in the micro-
structure .
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SECT ION VI I

HOT—PRESSIN G OF Si’3N .1 WITH ADDITIVES

A. Introdu ction

The inability to densify “pure ” Si’3N~1 by sintering led to
the investigation of the effect of chemical additives. The
chemica l  a d d i t i v e s  s e l ect e d  were non—oxide substances. This
r e s t r i c t i o n  has been a p p l i e d  i n  an a t t e m p t to  avoid f o r m a t i o n
of silicate melts and densifi c- a t ion assisted by such liquids.
Several nitrides and si li - i c l c ’ s  were tried , as well as add i-
tions of elemental boron and carbon . The use of solute ad-
ditives was desired , hut in the absence of known phase
equilibria and crystal chemical studies involving the solu—
b ility of small concentrations of dopants in the Si3N4
l a t t i c e , a s e m i — e m p i r i c a l  approach  was u n d e r t a k e n . Th i s  ap-
proach  b a s i c a l l y  i n v o l v e d  t h e  s e l ec t ion  of sma l l  atom ic
s~-ecies w h i c h  m i g h t  s u b s t i t u t e  f o r  Si or N in t he  Si :~N~1
lt ttice and enhance den-sification or sintering, perhaps by
t h e  f o r m a t i o n  o f latti ce defe c ts and by decreas ing the ra ti o
of g r a i n  b o u n c i i r y  e n e r g y  to surface energy . This approach
was p r e v i o u s ly  s u c( - e s s f u l  f o r  t h e  s i n t e r i n g  of ~— S i C  and
Si (16). 

-

Hot p r e s s i n g  Was used to d e t e r m i n e  t h e  e f f e c t i v e n e s s  or
t h e  a d d i t i v e .  I f  the add i t iv e did not promote dens ifi cat ion
during hot pressing, th en there would certainly be no possi-
bility of densifying the same composition by sintering in
the same temperature range. The hot—pressing temperature ,
1750°C or 1800°C, was selected about 100°C below the  t h e r m a l
decomposition temperature for Si 3N4.

B. Experimental

Powder c o m p o s i t i o n s  produced for hot pressing were pre-
pared by m ixing the desired weighed proportions of the chem-
ical ingredients with a SiC mortar and pestle under he’mzene ,
followed by dry ing and collection. When hygroscopic chemical
substances such as Be3N2 and Mg3N2 wer e used , all bonder
preparat ion procedures were carried out in a dry n i t r o g e n
glove box. Understandably, limited chemical homogeneity nas
expected by t h i s  m i x i n g  procedure . However , this was not a
serious complication because only qualitative information was

C desired.  Ap p r o x i m a t e l y  0 .5  g of t h e  r e s u l t i n g  ba tch  com-
position was loaded into a graphite die fitted with a 1 cm
diameter BN insert. The faces of the graphite p l u n g e rs  wc ’rc ’
coated w i t h  a BN s l u r r y  b e f o r e  hot p r e s s i n g .

The tem perature and p ressure cy c le for a typi cal ho t
pressing r u n  cons i s t ed  of a p p l y i n g  a p ressure  of  3 .5  MPa a t

-; 57
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i ooiii t e m p e r a t u r e  and  f u l l  p r e s su re  (55 M P a )  a t  l l 0 00C .  The
t line to i- c acti  1750°C , for exainpi ( ‘  , was about 15 mi n - !\ Uter a
soak t ime of 20 m i n in a nitrogen a t m o s pl ic ’r e  a t  t h e  hold t ern—
peratui- e , t he powc -r to the i n d u c t  ion coils was turned— off a n d
t h e  load rc’ncoyecl . RN had to be remov ed f r o m  t h e  r e s u l t i n g
hot prc- ssed. sample  be fo re  c h a r a c t e r  i zat  ion - The c l e a n e d  hot
pres ed sa m p l e  was t h e n  c h a r a c t e r i z e d , u s u a l  l y by X — r a y  d i f —
f r a c t i on , SliM , cer-amo graphy  and d i s p l a c e m e n t  d e n s i t y .

C. Res u l t s  and  Discuss ion

The r e s u l t s  fo r  hot pressed , doped Si 3N ,~ ar c ’  show n in
T a b l e  1 . Pure Si3N4 , SN—402 and Run 8-10 In-House powder ,
were  densified to only -15 to 50P relative den sity at 1750°C
for 20 mm at 55 M P .  The addition of B in -lementa l form
or in the form of BN had little e f f c ’ c - t  on d e n s i f i c a t  i on .
Si m i l a r l y ,  t h e  s imu l t aneo u s a d d i t i o n  of s m a l l  a mou n ts  of b o t h
B and C , additives which cause densification in SiC (1-6) , did
not enhance densification in Si 3N l . A typical SliM of a
fractured surface of any of the B—doped , hot pressed samp les
showed that the grain Size  is very small or less than 0.1 ~~~ .

The specific surface area for the hot pressed sample  of Si 3N 4
containing 3P B and 1P C was meas u r ed as 28 m 2 / g ,  corresponding
to an average spherical grain size of 0.07 ~i. The lack of ex-
tensive macroscopic shrinkage combined with the suppression of
grain growth and pore growth at 1750°C to 1800°C strongly sug-
gested that under the experimental conditions employed , atomic
mobility in Si3N4 containing C and/or B was very low. X-ray
diffraction analyses on these hot pressed materials revealed
little difference in the lattice parameters of a-Si3N.1 with
B and B+C additions. The measured lattice paran~1eters for th~
ct—Si ’tNi phase in each sample were about a=7.759A and c 5.6l7A
+ O.002.-\ , and i t was impcssible to detect a real change in
the a— and c— values with composition . In addition , there
did not seem to be major differences in the measured half—
breadths of the X-ray lines , although “pure ” Si3N4 had
slight ly sharper lines than any of the B- and (B+C)— doped
Si3N4 samples.

The nonoxide additives that best promoted densification
in Si :3N 1 we re Be 3N2 , Mg~ Si an d Mg3N~ (Table 6). The relative
density versus wtP I3e:~N2 in Si3N4 for constant hot—pressing
conditions is i l l u s t r a t e d  in  F i g u r e  24 .  There is a maximum
in relative density of abou t 98P between 1 and 2 wt~ Be3N2 .
The drop—off in relativ e density as the Be3N2 content in-
creases beyond 2P is not yet understood but may be related
t o  t h e  f o r m a t i o n  of ReSiN2 , which is detected by X—ra y dif-
fraction for compositions having >5 wtP Be3N2. The Sylvania
(SN—-102 ) Si3Ni powi c -rdid not densify as much as the In—House
Run 8—10 powder even though both powders were initially
amorphous , of comparable specific surface areas , “— l0—l3m 2/g,
and of the same oxygen content , “-‘3 wtP. A polished section of
hot pressc’d (Run 8—10) Si3N,1 doped with I wtP Be3N2 is shown
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o RUN (8— 10) SI3N4 POWDER,
/ ~\ HOT PRESSED AT 1750°C

• FOR 2OMIN. AT 8000 PSI• 90~ 
-.)

I \ a SYLVAN IA (SN-402) Si 3 N4\ POWDER
>-

~~8O
0

LU

0
LU
?7 0
I—
-J
LU
a:

60 -

5O’—~- I

0 2 4 6 8 10 12 14
WI. % Be 3 N2

Figure 24. Relative Density of Hot-Pressed
Si3N4 as Function of’ Be3N2
Conten t

in Figure 25. The dark spots are pores less than  4 p in
size. The br ight par t icles , although not positively identi-
f i e d , con t a in  s i l icon and probably are si l icon pa r t i c l e s  re-
sulting from t h e  presence of f r ee  s i l icon in the  s t a r t i n g
Si3N4 powder or from thermal decomposition during firing.
Also , there appear to be dense regions elongated per pendicular
to the hot pressing direction. The hot pressed samples were
composed of nearly all ~—Si3N4. Chemical etching of the
pol ished section was unsuccessfu l , and the same was true for
other  dense samples discussed below .
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Figure 25. Reflected—Light Photomicrograph of a

Pol ished Section of Hot-Pressed Si 3N.1
Doped w ith  1 wt~ Be3N2 Mag = 500 X

The e f fec t  of Mg2Si additions on the density of hot
pressed specimens is shown in Table 6 and Figure 26. Essen-
t ially full dens ity  is achieved by adding Mg~ Si in concentra-
t ion >2 wt%. For compositions having >5wt~ Mg2Si , an MgS i X2
phase was detected by X—ray diffraction but had no apparent
ef fec t  on f inal dens ity .  The microstructure of S i:3N4 (Run
8—10) doped w ith 3 wt~ Mg~ Si in Figure 27 shows (1) s11all
islands of pores interm ixed wi th br ight part icles , suggesting
the pores may be a consequence of particle pull-outs , (2 )
small islands of br ight part icles wh ich are proba bl y f r e e
silicon , and (3) randomly dispersed bright particles . X-ray
di f f ract ion shows that the S i3N4 matr ix is composed of ~-~70’~
~—S i3N4 and 30~ a—S i3N4.

The add ition of 2 wtc. Mg~~N~ to Run 8—10 Si3N- 1 powder
perm i t ted the fabr icat ion of 99~ dense , hot p ressed ma ter ial
composed of 70C-~ s— a n d  about 30’~ a — S i 3 N - 4 . The m i c i o s t  c i c t u r e

-

. 
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Figure 26. Relative Density of Hot—Pressed
S13N4 as Function of Mg~ Si Content

of th is spec imen , shown in Figure 28, is characterized by a
sma l l  amount  (1 %)  of m i c r o n — s i z e d  pores , and a r e l a t i v e l y
random distr ibut i on of br ight part icles , possible Si. No
other features (Si 3N4 grain size and shapes) could be observed
in the pol ished sec ti on , even at magnifications up to 1000 X.
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F i g u r e  28. M i c r o s t r u c t u re  of H o t — P r ’- sse d
Si 3N , 1 Doped ‘~ it b 2 wt
T= 1750°C , t = 2 0  mm . p=8000 P s i

D. Summ a ry

S i l i con  n i t r i d e  can be d e n s i fi e d  to n e a r ly  f u l l  d e n s i ty
by m a k i n g  a d d i t i o n s  of Be:f N 2 ,  Mg~~Si and Mg-~N2 to  h i g h  p u r i t y ,
s u b m icr on  Si~~N 1 powders . I f  s i n t e r i n g  a n d  cr eep  m e ch a n i s m s
are  r e l a t ed ,  as frequently assumed , t h e n  t h e  r e l a t i v el y  h i~~li
t e m p e r a t u r e s  f o r  the o n s e t  of d en s i  f i c a t  ion (~~16000C) f o r
Re- f N2— and Mg2 Si — d o p e d  S13N 4 of particle s i ze  ~0 2 3  a may be
a promi sing sign f o r  good h i g h  t e m p e r a t u r e  m e c h a n i c a l  proper—
t i e s .  Furthermore , ~a i l u r e of  p o l i s h e d  sect -  i ons  I o e t c h  in
HF based e t c h a n t s  i n d i c a t e s  t h a t  no m a j o r  a m o u n t  of  s i l i c a t e
phase (s) formed.

The h i g h  t e m per a t u r e  of 1600°C fo r  t h e  onse t  of d e n s i f i i - a -
ti ccfl i n  \ftJ)—dop ecl Si ~~ N ,1 was unexpected. ~\ character ist ~ Ct e mp - c - : c t  I l l - c -  f o r  t h e  o n s e t  o f  clen si f icat  ion  was ex~~e c t c - d  i c c  be
1 ,a c i- t h a n  1500°C , a c c o r d i n g  to t h e  l i t  e r at u r e (30
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Figure 27. Microstructure of Hot—Pressed
Si3N4 Doped with 3 wt~ Mg2Si
Mag = 5 0 0 X

It was believed that the temperature f o r  U’ie onset of
d e n s i f i c a t i o n  migh t  be r e p r e s e n t a t i v e  of some measure of the
creep resistance of doped S13N4. Table 7 shows t h e  tempera-
ture for the onset of densification for pure and doped-
Si3N4, which was taken to be that temperature at which the
spec imen dens i f ied to 53~ of the theoret ical value , s ince
pure Si3N4 does not densify beyond 50~ . In all cases , the
hot pressing conditions were the same , i.e. , c o n s t a n t  hea ti n g
rate (~~2oC/sec) and an applied pressure of 55 MPa . Run 11—13
Si3N4 powder was used for all experiments. It had a s p e c i f i c
surface area of 8 m2/g and an oxygen content of 1.94 wt~- .
The temperature for the onset of densification in pure Si3N4
is > 1750°C. By d o p i n g  w i t h  2~ Mg ’~N~~ , 21T Mg2S i and 1~ Be3N2,
t he  c h a r a c t e r i s t i c  temperatures f o r  t h e  beg i n n i n g  of d e n s i f i —
cat ion are 1400°C , 1600°C a n d  1625°C , respectively. A sur-
p r i s i n g  re~~u 1t  was t h e  h i gh temperature (‘\Il6000C) found for
MgO—doped Si 3N , 1 ,  w h i c h  was used for  c o mp a r i s o n .
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TABLE 7. CHARACTERISTIC TEMPERA TURE FOR THE

ONSET OF D E N S I F I C A T I ON D U R I N G  HOT P R E S S I N G

OF DOPED S i3N4

Onset of F ina l  Rel .
Composition Densification Dens ity (%)

(wt %) (°C) (1750°C—55 MPa)

Si
3
N4 

(Run 11—13) >1750 50

S1
3
N4 

+ 2% Mg
3
N
2 

1400 100

Si 3N 4 + 2% Mg 2 Si 1600 99

Si
3
N4 

+ 1% Be
3N2 

1625 97.5

Si
3N4 

+ 2% MgO 1600 97
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f i n d i n g  m a y  su~~~- e s I  t h a t  Si 1N i p o w d e rs  v i r t u a l l y  free of
m e t a l l i c  i m p u r i t  ie s , s u c h  as (‘ a , A l , Fe , etc . , r e q u i r e  h i g h e r
hot p r c - s s in g  t emper- atur - es to prom ote d e n s i f i c a t  i o n  a n d  c o n —
sequent 1 y , one may e\pec t i m p r o v e d  h i g h  t e m p e r a t u r e  strength
and related p r op er t  ies  t h a n  c c l c s t - r v c - d  so f a r  in a v a i l a bl e  forms
O f h o t  p m -~-ssed Si’3N 1 (31 ) -

The mechanism of d e n s i f ’ i i - a t i o n  of Si~~N4 by hot pressing
w h e n  t h e  n o n o x i d e  a d d i t i v e s , Be3N2 , Mg~ Si a n d  Mg3 N~ a re  used

C 

ha-s not  been i n v es t i g a t e d .  So f a r , d e t a i l s  of t h e  m i c r o —
s t r u c t u r e , e s p ec ia l ly  t h e  presence  of an i n t e r g r a n ul a r  phase ,
have  not  been reso lved .  C o n s i d e r a b l y  more  i n f o r m a t i o n  on
phase compos it ion dur ing the course of densi f icat ion mus t be
obtained so that the sequence of events can be described.

SECTION VIII

SINTERING OF S13N4 WITH NON-OXIDE ADDITIONS

Gen eral

I t  has been discussed i n Sect ions VI and VI I that pure
s i l i c o n  n i t r i d e  does not respond to either hot-pressing or
sintering under conventional conditions. * At 2000°C and
above , u n d e r  8MPa of N 2 p ressure , however , apprec iable
dens ification was observed in a limited number of experi-
ments. ** Clearly, temperatures above the dissociation tem-
pera ture at amb ient N 2 pressures  are necessary to induce
s i n t e r i n g .  In add it ion to inc reased tempera ture , it is
bel ieved t h a t t he  decreased p a r t i a l  pressure  of s i l i con  re-
sult ing from increased nitrogen pressure is also essent ial
to bring about densification.

In anothe r se ries of experiments dis cussed above , several
a d d i t i o n s  have been i d e n t i f i e d  w h i c h  induce  d e n s i f i c a t i o n
under convent ional hot—pressing conditions. The tempera-
tures requ ired to ach ieve near theoret ical dens it ies in
amor phou s S i3N4 with these additions at 55 MPa were about
1750°C. Thus , c o m b i n i n g  t he  hyperbar ic sin t e ring cond it ions
with the sintering promoting additions , dens if icat ion was
expected at about 200°C above t h e  ho t -p r e s s ing  t e m p e r a t u r e
i.e., somewhere between 1800°C and 20000C. This has been the
case indeed. In addition , many sinter ing exper iments were

* The small shrinkage occasionally observed was attributed to
amorphous—crystalline transition in Si3N4 .

** Although interference of small amounts of’ impurities from the
furna ce could not be ex c luded.
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run at norm al pressure of nitrogen. T h i s  s c - t i e s  o f - x p c - i - i r m - r i t s
wa s d e s i g n e d  to i n v e s t i g a t e  a l c r c e c d c - r  - p . - ( - t r t i m  ol  add  i t  ly e - s

t h a n  was p o s s i b l e, t’ or -s ch e d u l i n g  r e aso ns , b l i t  — p r e s s i n g .
I n i t i a l  s h r i n k a g e  i n  S13N .I  wi t h effec t lye s i n t e r i n g  cr ( m r e t  Iflf .1

add i t i v e s  oc cu r s  be t  ween  1 5 ( ) O o ( ’  a n d  17000C , I - - a t  t c - w p c - c ’ a —
t U r c - s  not r e q u i r i n g  i n c re ased  n i l  r c ) g € - n  p re ss u r e , and for basic
assessment of t h e  effect of an a U d i  t i v e  su - I c  m i t  i a l  s h r i n k a g e
ma v be s u I f I c i en t -

The experiments described above were - i-e-c - m c t  i a l l y q u a l  i t a —
t i v e  in n a t u r e  and  were designed to verify some basic conc-ept s
and demonstrate the feasibility of Si3N4 sintering A much
b r c c a d c i’ investigation has to fol low before si a t e r in g  cf Si :iN
a t  LI i c c -  a v a i la b l e  as a process.

B. Experimental

A f e w  gram batches  were p repa red  by m i x i n g  I n — H o u s e  Si 3N4
powders  w i t h  a d d i t i v e s  u s i n g  a m o r t a r  and  p e s t l e  in a n i t r o g e n
glove box. Initial dry mixing was followed by homeogenization
in  a slurry formed by adding a 2~ solution of paraffin in
benzene .  I t  was be l i eved  t h a t  t h e  paraffin would help to
p r o te ct  t h e  hygroscopic substances from hydration in air.
However , this was not t h e  case , s i n c e  on exposure  to  a i r  a
pressed pellet containing Mg3N2 would fall apart in several
hours. Therefore , exposure to air was minimized. The pres-
sing die was loaded in the glove box with dry powder , removed
and pressed outside. After ejection the pill was usually im-
med iately repressed isostaticall at 200 or 350 MPa and stored
in a dessicator above Ca3N2 until sintering.

C. Normal N itrogen Pressure (0.1 MPa ) — Results

The var ious types of chem ical add itive s mixed w it h f ine .
amorphous Si3N4 powders were (1. ) nitrides — Be3N2, Mg3N2,
A1N , Z rX and Ge3N4, (2) su icides — Mg2 Si , T i SI 2 an d B6Si ,
( 3 )  e l emen t s  — B, C , Co and N i , ( 4 )  ca rb ides  — ZrC , and (5)
combinations of several selected compositions B+Be3N2 ,
Be3N2+Mg3N2, B+C and B+Ni . Most compositions contained 1 to
5 wt~ add it ive , separately or in combination .

The powder form ing and the rmal cycle cond iti ons wer e
similar to those described previously in Section \‘I—B. Both
slow and fast hea ti ng rates to f i ring temperatures between
l7500C and 1800°C were used. Furthermore , a number of ex-
per iments were performed by p lacing the p ressed disk of the
sele-ted composition into a BN capsule and imbedding the disk
completely in Si3N4 powder in hope that Si 3N4 decomposition
could be suppressed . In the latter casc- , the sample was
loaded into the BN capsule while in a dry—n itrogen glove box
in order to minimize the chance of trapping air , which might
poss ibl y interfere with sintering inside t h e  RN capsule.
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The m n a j c c i -  r e s u l t s  and  c o n c l u s i o n s  c c i  t h e  i n ve s t i g a t i o n  of
t he e f f c c  t o f  t he  abc  ve m e n t  i oned add it i ~ -s on t he  s i n t  en ng
b e h a v i or o f ’  amorphous Si :iN l powder  i n 0. 1 M I~a ( I  a t m )  of
n i t  m-ogen pressti ma - (-an be s u m m a r i z e d  a-s t o  I 1 ( cw s  - Spec ’ i m e n s  c c f
a l l  compost t i o n s  underwent hi gh weight losses between 10 and
2O~ when f i t.ed i n  t h e  open at t emperat tires b e t w e e n  17500C and
18000C - T h e  use of I he RN c’apsu Ic- reduced ac-i ght  lo sses

• usuall y f c c less t h a n  1O’~ - h e nce , t h e  u N  c a p s u l e  p a r t l y ( ‘ O n —
• trolled weight loss due p ri l n r c r i i y  -, c  t l s -r m a l  decomposition.

Howev er , t h e  a d d i t  is-es had no n o t .  icc-ab le effect on the
t h e r m a l  dec-ompo -s i t  i o n  o f  Si’~N .1 - Sc’cond 1 y , t h e r e  was  c o m p l e t e
absence  of s h r i n k a g e  ( h e n c e  s i  n t e n i  n g )  f o r  a l l  composi t  i ons
t r i e d , ex cep t  f o r  t h e  samc -  t h r e e  ac id i  t I yes  , Re 3 N 9 , Mg3N~ and
Mg2 Si , w h i c h  p e r m i t t e d  f u l l  d e n s i f i ca t i o n  of ’  Si 3\ ,1 u n d e r  h o t —
pressing conditions. by f i r i n g  at 17’iO0(’ for 15 mm in
n i t r o g e n , powder compacts of Si :i~ - i ( R u n  ~ — i 0 )  c o n t  aining 2~
Be-iN2 , 5’-~ B e 3 N ’, , 2~ Mg 1 N .c and 3’ Mg~~S i g a v e  r i se to  l i n e a r
s h r i n k a g e  ~- a i t o - s  o f  3. 5Y , ‘l. UT , 3, 3~ a n d  -1’ - , r e s p e c t i v e l y .
Even u n d e r  t h e s e  c o n d i t i o n s , the m a x i m u m  f i n a l  d e n s i ty  of t h e
f i red compac t s  d id  not  exceed  -1O of t h c -  t h ( - o r e t  i c a l  v a l u e .
A p p a r e n t l y ,  t h e r m a l  d e c o m p o s i t i o n  a n d  t h e  low green  d e n s i t y
of t h e  compac t s  i n h i b i t  d e n s i f i c a t i o n , p r c chal c l y due to g r a i n
and pore  g r o w t h .  There  is l i t  t I c -  hc cu- s tha t h i g h  dens it ies
could be obtained at  n o r m a l n i t  rccgen prc s-sure aith the ad-
ditives investi gated , although s u b s t a n t i a l  i m p r o v e m e n ts are
anticipated if substantiall y high -i - gr ec-n densities w o u l d  be
used and silicon v a p o r  loss reduced durin g sintering.

SEM photomicrographs of the mic rc cst ru~- t UIC e~S of f ir ed
compacts  of SI 3N 1 containing UTB and 3’T M g 9 S i  a re  shown in
Figures 29(A) and (B) and 30. The boron d op a n t  caused no
macroscopic densification , but coarsening of t h e  s t r u c t u r e
is appa ren t . Most grains arc ’ in t h e  form of equiaxed
c1us ters  ( F i g u r e  29B)  of a v a r i a b l e  size range below 1
Tndividua l grains of a—SI 3N4, -0.2 ~i in size , app ear to ex—
hibit a certain degree of faceting. Thermal groo~-ing be-
tween grains is also evident. In Figure 30 , the aggregation
of grains of Mg2Si—doped S13N4 into dense cluster- s is not as
apparent. In fact , the individual equiaxed grains of ~~

—

Si 3N4 have better bonding between each other , which is
0 probably the consequence of shrinkage mechanism(s) operating

in this case . This explains why fired compacts of’ ‘-kr-Si-
doped S13N,i were substantially stronger than those of B—
doped Si3N4 . The m i c r o s t r u c t u r e s  of f i re d  compacts of R~- - 3 N 2
and  Mg3N2 containing S13N4 were s i m il a r  to t h a t ohs - i - ’~a - ~1 or
Mg~ Si—d oped Si3N4.

D. Sintering at Hyperbaric Nitrogen Pru-ssttre

The  sintering was done in a c ] o s e d — c nd s i  I icon ear l - i  ct~ ’

tube in a f u r n a c e  desc r i  bed pt -ev  i ou - s ly  I c y  Si - Pt err , rind
Curran. For mi st- experiments the oress tcrt of ni ‘ i’ - k - - fl a : j ’~
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selected such that the silicon partial pressure above Si3N4
at the sintering t emperature , calculated from the free energy
of format ion , i . e . ,

S = 
~ 

-AG e 1/3

would be equal to or less than the silicon vapor pressure
above SiC. It was hoped that in this way the silicon loss
from the sistering specimens would be sufficientl y suppr c-ssc ’d,
Although this was effective it was not sufficient enough , and
in later experimonts the pill in the muffle was loosely Packed
i n  Si tN i powder * which brought about additional impr i vements
in sint c-ring.

T e m p e r a t u r e  was measured by an L&N optical pyrometer at
t h e  closed end of t h e  t u b e , corrected for furnace window
abs rption and a mirror. Readings wer e believed accurate
within ±25°C , with positive deviations more likely due t o
occasional light fogging of the furnace window. “High
Purity Dry Nitrogen ” from Union Carb ide Company was used as
the furnace atmosp h~ - c ’e. No analysis of the gas was available.
The system was kept under vacuum while the temperature was
brought up to 800°C, and was pressurized at that point.

*Sillco n N itride Fle e t ronic Grade P~eo-he Chemicals Inc.
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‘i’li - a p i - - i n c - J O - c  c - c e  -va t u ~t t c - d  p r i l n c i ’ i I v  i n t -c’c i-~ I
s l ir i n k r c a - c-  r i n d  d i - i e — ; i t  v i c t c t r t i n ’ d  h\ -  \Vrc i c r  d i s p l a c e - n  - ‘ Il ~-
m i t  n i l  spec ’ i nc- to - c c i t e  nonuni foi-ml v -cm i ‘rc -cl ( f r i ;  - c - ’ -
e i t h e r  due t o  i - c n p r - t ’ r c t u n ’ - cr r r e l i c ’ n t s  c c r  ; i - m ’ t i c p s  c—u
‘ a p o r  pr e s sum -e  g r a d i en i  a ;  I so- such  s p c - c ’ i e  ns  t I c - l o n g i -
t u d i n a l  s h r i n k a g e  i s  given , M c c s t  c f  l i i i -  a I ’ c - - i m c?n s c c - i ’-

sec-f io ru— d a n d po l  I sic -d fir riet a l l  ~m-aphv - II wi - v i
et c hing I c c  rc ’vc’a I prr c in m o r p h o l ’i g v  fu r -n e d  out t i  h i -  ci d i !  —

t ’icu lt task , and t lcet’ c - was not c-n eigh t b ’  during i h i s
p r u a c - am to work  out  t hc- p r o p c -r  t c - c h n  ique - Thc-rmai etch-
ings were unsuccess fu i - Some ri-au Its were uhf ci m e d  by
etching (1) in molten NaOFI at about 250°C for 3 to 5 mm ,
and (2) in hot N i l i F  + HNO3 for 10 to 15 m m .  However , t h e
sp t-’ irnens even t ‘h easil y because of the vc -t - y tine grain
size - Thc’rc’fore , onl y few examp li’s of grain st ructure
are given below.

The resu its of t he most important expel- iment 5 arc]
collected in Table 8. Observation of the data suggests
several trends in t h e  h e h c c v i o r  of Si 3N under hyperbaric
sintening conditions , Primar il y all the additions which
b r o u g h t  about  d e n s i f i c - a t i o n  on c u t — p r e s s i n g  a l s o  p romoted
sintering. The combined Be3N2-Mg~IN2 additions seemed t o
b c-  more e f t c - c t  i ye than any ot  her  addi t ion t i - s t  ed and t icc-
majority of experiments wec- - done~, t h u r - c - f o r e , w i t h  a 1r 2
ratio of this combination . No other ratio or concentra r ion
has been inve st ic~ated . It is likely that small er addi-
tions would also be effective.

In experiments 1— 5 (Table 8) nonuniform shrinkage was
observed , the specimens were taoe rc ’ci ri nd the oppus it e
faces showed different degrees of densif ie:c tic cn. This
could be almost eliminated by packing the specimens in
loose Si3N4 powder during firm a in experiments 6-l5.~

Experiments 3—7 indicate that increased temperature
and green density lncr i-as e the di t,trei- of densi ficat ion - cc
quite predictable result , and aic - i c that incri-a sed nitr ocen
pressure in- rc’ased density (Exp. 1— 5).

The green densities of the compacts were low , even
after compaction at 350 \!Pa as a result of the low
specific wei ghts of thc— amorphous o~vdc-rs . Calcination
of the powders t i c  1150° and 1480° brought substantial
improvements , both in green and fired densities ,

* Whether the merit of the powder used for covering of the pill
during sintering was to  remove temperat tire gradients or retard
evaporat ion has not hi-en positively determined,
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The t- esu Its F u r t h e r  i n d i - a t -  t h a t  t he  w - i g h t  loss  is
about c o n st a n t  fc~~ a, g I von  b a t c h  of  powder and therefore
it relates , mor e 1 i k c - l y  , to the c h em i s t r y  of’ t i e -  powder
t han  t o  t h e  c - u i n t e r i n g  c o n d i ti o n s . In  f act  it reflects the
sum of three i cr four components ; ovaporat ion i i  para ft in
used as the b i nder  ( about :lr,’ ) , 1 OSS of’ weight due to
i- c l  ease o t’ amm on i a f rom t 1u’ amorphous S i3N.1 ( see a1,c)vc -

weight b c-os due to thermal dc’compos I t ion of Si :1N .l during
s - i n t e r i n g ,  and rce i ght gain du e  to nit r icl ation of hvpei- —
st cichiome tri c si1ic ~on.

In several exp el- i meet S I t vas obsi i’ved that the
siritered specimen was densified but d i s r u p t e d  by a net-
work of’ ct-a,t’ks , as shown in Figur e 31. This effect
was particularly strong with pow der No. 17 (experiments
10 , 11). It was suspected that this cracking occuri-ed
during the exothermic crystallization of the amorphous
Si 3N 1 at  1480°C . Therefore , t h e  pr e p a r e d  powder w i t h  t h e
a d d i t i v es  ~‘a s calcined to 1,1800 in experiments 12 and 13.
At t h i s  c a l c i n a t i o n  t e m p e r a t u r e , c r y s t a l l i z a t i o n  was
ba re ly  de tec :-tab le  by X — r a v s  i .e., t h e  crys ta l l it e size
was very  s m a l l .  Compacts  s i n t e r e d  u s i n g  t h e  c a l c i n e d
powders did not crack. However , the temperature to ob-
tain the same final density as with a noncrystallirce powder
was somewhat greater , by about  100°C (compare experimen ts
9, 12 and 13) .

Fi gure  31. S i n t e r e d  S13N , 1 D i s r u p t i o n  of
• Specimen Due to Amorphous—

Crystall i nc— Transition 55 X
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2 .  M i c i - o s t rt u ’ t u r es

F i g ti r es  32( ~\) , (3) show photomicrograp its c c f  spec imen  ( ,
ti ti- Ui r st  spec i men w h i m was  s u c - i ,- e s s f ul  l y  s i nt e r e c i  to an
ap p r e c  i ab l e  dens  i t v  , ~~~~ - The opt i c al  m i  crc graph wa-s
t a ken flea i- t h e per ~pherv of t he sect ion wh’’y-e t he d e n s  i t  v
was h i g h er t h a n  a v e r ag e . The r e l a t  I vo l  v l a r g e  por ’  -s a r e
due , in part , to the insuffici ent pro c-c -’ssing and the l o w
green  dens  i t i e s  - N e~’ c - i - t  hel ess , one obse rves  i n  t h e
sect ion -si zabi e a rea s of v e ry  hi gh dens it y , a, q u i t e  en-
couraging feature in the quest for a new sintering prcccess.
The scanning electron micrograph in Fi gure 32(B) shows
t h e  f r a c t u r e  s u r f a c e  of t h e  same specimen. The structure
is composed of e s s e n t i a l l y  e q u i a x e d  g r a i n s  a round one
m i cr o n  in size w i t h  the  la rges t  g r a i n s  about 2 m i c r o n s .
One observes faceting and grain boundary grooving in the
pores.

Comparing the grain size of this specimen with that
estimated for Si3N4 consolidated at 1550°C under diamond
forming conditions (Figure 12), one concludes that sub-
stantial grain growth occurred during sintering at 1750°
with additives. This observation , alon g wit h  the absence
of grain growt h on annealing of the undoped high pressure
hot—pressed Si3N4 at 1750°C (Figure 13), suggests that the
sintering additives may have increased the mass transport
rate(s) (volume or grain boundary diffusitivity).

Figure 33 , an optical micrograph of a polished section
of specimen number 9 sintered at 19800C , demons trates t he
very low po ros it y ach i evable in Si3N4 on hyperbar ic
sintering. The scanning electron micrograph in Figure
3.1 shows the surface of a polished (and etched) section
of specimen No. 13 (Table 8). The ph otographed  area is
essent ia l l y pore f r ee , however , t he  specimen d id con ta in
some pores and imperfections due to processing . Neverthe-
less , t h is r e s u l t  p roves t h a t  Si3N4 w ith add it ives can be
sintered close to theoretical density. The etchant was
a mixture of HF , HNO3 and 11202, and obv iously, d id not
attack the surface. Molten NaOH at about 250°C did etch
the  s u r f a c e , however , l it t le cou l d  be resolved un less  the
specimen was severely overetched . This was due to poor
contrast resulting from the light tan color of the speci—
men and the very fine grain size. In the NaOH etched
surface , optical microscopy resolv’-’d elongated grains ,

C some up to abou t 30 micr ons long wi th an aspect rat io of
about 5 to 8, embedded in a f iner matr ix w hic h could not
be resolved (F igure 35). Fi gure 36 shows an SEM micro—
graph of the elongated , prismati (’ grain morphology taken
from the same overetched surface. The gra ins here are
ty pically 1—2 microns thick and 3 to 10 microns long. It is
probable that still finer grains were etched away. At ~
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Fi gure 35. Section of Specimen 13 Etched
w i t h  NaOH Incident Ti ght ,
5S0 X

h~gher magnifi cation (Figure 37), one can see that some
of the prismatic grains are faceted and have hexagonal
cross sections.* The grain morphobogies of specimens 9
and 13 reveal that increasing the siintering temperature
to 2000°C brought about strong anisotropic grain growth
in this composition. Similar grain shape has been ob-
served before in Si3N4 hot—p~~~sed with MgO additionsat temperatures near l800°C~—~~~ and also in pure Si3N4
exposed to 1820°C. The sintering behavior of silicon
nitride under hyperbaric nitrogen conditions , as observed
in th~ above experiments , may be summarized as follows :

(1) The degree of densification increases with tempera-
ture , nitrogen pressure and green density.

(2) 98% of theoretical density was obtained w i t h  Be3N2 +
Mg3N~ additives (1+2% ) in small specimens at 1880°C
and above and 8 MPa of nitrogen .

(3) Amorphous Si3N4 powders yield low green densities and
tend to introduce severe cracking due to the exothermic
amorphous—crystalline transition.

~
‘ It has been determined with another specimen by electron dif-
fraction that the grains are elongated in the c—d irection.
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Figure 36 . Surface of Overetched
Specimen 13 SEM ,
2200 X

- 
Figure 37. Morphology of Grains

in Si3N4 S inte red at
- 2000°C SEM , 10 ,000 X
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( - 1 ) Si 3N4 s i n t e r e d  at  or above about 1900° exhibits
a n i s o t r o p i c  gra i n  g r o w t h .  ~ — S i - 3 N .i  gI’ c o v i n  t i t e  e —
d irec t ion and fo rms p r i s m a t i c  g r a i n s  w i t h  an aspect
r a t i o  up to 8.

E.  D i scuss ion

The pecul iar it ies of t h e  sinte r ing of Si3N4, such as l ack
of bond ing and dens i f icat ion cessa ti on of shr inkage , sensi-
t ivity to the heating rate (16) etc. , are related to its thermal
decomposition , a phenomenon absen t during s inter ing of many
other typical ceramics. In order to understand its effect ,
one has to consider the interference of the thermal decomposi-
tion with the internal transport mechanisms responsible for
sintering. The following will give a qualitative picture of
t h i s  i n t e r a c t i o n  as we p r e s e n t l y  u n d e r s t a n d  it.

Thermal decompos it ion o f S i3N4 is described by the re-
act ion;

( a )  Si 3N 4 ( 5 )  ~ 3 SI (g )  + 2N 2( g ) (1)

( -AG 1/3
kT~(b)P. = ~ e 2 1 ( 2 )
P

where  AG f is the  sum of t h e  f ree  energy  of f o r m a t i o n  at T and
t h e  l a t e n t  heat of t h e  3Si(l) ‘

~~ 3Si
~(g) 

transition . Thus Psi’
t h e  s i l i con  vapor pressure  above a s i l i con  n i t r i d e  s u r f a c e ,
is f ixed by t h e  ambient  n i t r o g e n  pressure . As long as P~~1 is
less t h a n  t h e  s a t u r a t e d  vapor p ressure  above s i l i c o n  at T ,
wh ich is t r ue fo r  a l l  pract ical sit ua tions , there is no con-
densed silicon present and whether or not reaction (1) pro-
ceeds depends on the removal of silicon vapor from the system.
Because there is no pract ical means to p revent the esca pe of
s i l i con  vapor , thermal decomposition will always occur. It
is the consequence of thermal grad ients in a f u r n a c e  w h i c h
necessar i ly impose s ili con vapor pressure grad ients and br ing
about transport of silicon away from a spec imen pos it ioned in
the  hot zone .

The r a te  of t h e r m a l  decomposi t ion  in a powder compact may
be controlled by one of three steps:

(1) ra te of react ion ,

(2) transport of the gaseous species through pores , or

(3) transport of Si vapor  away f rom t h e  o u te r  s u r f a c e  of
the spec imen.
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i- : . \ l c c - r i m c n t  al &- ~-ich- n ce obtaine (l i n  t h i s  w o r k  i n d ic at e s  t h a t
st (‘i) one has hi -en rat I - o n t i u l  I i n g ,  at  l ea s t  i n  som e OX—
per tine nt s. It f o l l ow s  ft -u r n  t h e  r e l a t i o n s h i p  between specifi c-
surface a t - eu  and  w e i g h t  loss  o b s e r v e d  d u r i n g  h e a t  t r e a t m e n t
o f  p c cv’ d er  c o m p a c t s  i n  v a r i o u s  a t m o s p h e r es .  I f  s tep t w o  were
~~~ it t roll ing ev:tporat ion , t h e  w e i g h t  loss w o u l d  be p r o p o r t i o n a l
t i c  t h e  porosity i.e. , s l i g h t  l v  i i i  cr e a s i n g  as p o r o s i t y  goes up
due  t o  ev a p o r a t  ion . T h i s  has not  been obse rved .  The same
a r g u i t c en t  ex c l u d e s  st e p  t b t - e e  as r a t e  c o n t r o l  l i n g  in our cx—
peri mc- nts. In a d d i ti o n , i f  t h e  m i g r a t i o n  t h r o u g h  t h e  pores
c o n t r o l l e d  the r a t e , the outer geometrical surface w o u l d
evaporate faster and  a dimensional change would be expected .
T h i s  has no t  been t h e  c, ’ase.

The t h e r m a l d e c o m p o s i t i o n  is , howeve r , a r e v e r s i b l e
process , and r e c om b in a t i or i  of Si (~~) and N 2 i n t o  Si 3N4 w i l l
occur  w i t h i n  t h e  pol’es of t h e  powder  compact  as a r e s u l t  of
loca l  v a r i a t i o n s  of P 5j .  T h i s  s i l i c o n  p re s su re , as expressed
in e q u a t i o n  ( 2 ) ,  is t hat  over  a f l a t  s u r f a c e .  It is affected

~~~:
su1rf c u r v a t u r e  K , such t h a t  P~~1 above a c u r v e d  s u r f a c e

= p  ~~~~~Si Si kT

where y is surface energy and ~ molar volume . P~~ varies with
K , t h e  local  c u r v a t u r e  in  t h e  pores , and c o n s e q u e n t l y ,  t h e r e
is i n t e r n a l  m a t e r i a l  t r a n s p o r t  due to t h e r m a l  d e c o m p o s i t i o n
and recombinat ion , proceeding from loci of positive curvature
to  loci of nega t ive  c u r v a t u r e . The t e rms  “ p o s i t i v e” and
“negative ” here are relative , i .e., with respect to the mean
average curvature K of the internal surface 5, w h e r e  K is

=

In a very simplified way, one can look at this process as
C m a t t e r  t r a n s p o r t  f rom large pores into small pores. Thus ,

large pores grow and smaller ones are filled in , - ‘ esu b t in g  in
the formation of a structure composed of large polv crysta lline
domains separated by large pores , as described by Greskovich
and Rosolowski (33). the dense domains being interconnected by
relatively narrow bridges .*

W h e n  now , in the case of Si3N4 , material loss from the
system is superimposed on the 1 rocess of coarsening, the
narrow bridges connecting the solid domains tend to evaporate
p r e f e r e n t i a l l y ,  as t h e y  have  t h e  h i ghes t  p o s i t i v e  cu r v a t u r e ,
and the system undergoes  d i s c o n ne ct  ion i n t o  separa te  p o l y —

* T h i s  process , desig n a t e d  as coarsen ing, is manifested by a
dc-crease in spec- i fir sur ui -c area -
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cr y s t a l l i n e  p a r t i c - l e s .  This i , —~ m a n i f e s t  cci hy t i n -  f a m i  I iat’
loss of coherence and s t t - e t c g t  11 in Si 3N.1 compacts exposed to
high t e m p et - a t u r e s  at  n o r m a l  n i t  rogen p r e s s u r e .

W h a t  happens when  t h e  t e m p e t - a t  ure is in -i- ea s c-d  s u c h  t h a t
additional transport mechanisms (volume and grain boundary
diffusion , li quid phase assisted materia l transport ) start
to o per a t e  depends on:

(1) the degree of disconnection which the system pro-
viou slv suffered and;

(2) the ratio of the rate of matter transp ort clue to
thermal decomposition-recombination to that due to
volume , grain boundary and li quid transport (trans-
port mechanisms leading to densific -ation). If the
system was severely disconnected by the time it
reached the sintering temperature , no densifica t ion
can occur , bec ause w h a t e v e r  changes  go on prcs’e -d
w i t h i n  the  separa ted  p a r t s  of t h e  sys t em . The l a c k
of c o n n e c t i v i t y  e x c l u d e s  c o o r d i n a t e d  m o v e m e n t  of t h e
parts , and shrinkage is not observed.

If the system was not seriously affected by disconne ction
and coarsening when densification started to opt-rate - t h en
sh r inkage  proceeds.  The f i n a l  outcome in t h i s  l a t t e r  case
depe n ds on t he comp e t i t io n of t h e  two k i n d s  of atomic trans-
port mechanisms , those which do and those w h i c h  do n o t  d e n s i t y
the system. These , in turn , are primarily dominated by their
activation energies.

From the above analysis it seems that there are three ways
to affect sintering of silicon nitride :

( 1)  Enhance volume , grain boundary or liquid assisted
mass transport .

( 2 )  Suppress  therma l decomposi t ion .

(3) Suppress coarsening of the system .

The f i r - s t  is accompl ished by u s i n g  very  f i n e  p a r t i c l e s
and by chemical activation through additives , ,-\lso . hi gh
green d e n s i t i e s  may be expressed in these terms ; increased
compaction decreases diffusion distances and increases
initial curvature gradients.

The second approach , at least in princip le , can be
achieved by preventing silicon loss during sintering.

Both 2 and 3 may be achieved by decreasing the equilibrium
Si pressure above the Si 3N 1 surface by raising t he  f l I t i ’ L i iZc ’fl

pressure in the sinterlng atmosphere.
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