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Summary

An investigation into the development of reaction bonded silicon
nitride has been conducted in which the relationship between the various
processing parameters and the resulting microstructures has been used
to design and synthesize reaction bonded materials with improved room
temperature mechanical properties,
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* This Final Report was written by all present members of the research
group together. Alphabetically, they are Otto J. Gregory, Matthew B.
Magida and Marc H. Richman.
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1. Introduction

During recent years, silicon nitride (especially reaction bonded
silicon nitride) as well as other ceramics, has emerged as a viable

substitute matarial for gas turbine applications. Due to the charac-

teristics of materials presently used, the overall efficiency of the
system is limited. The high temperature strength and resistance to
thermal shock, - orrosion and creep properties of silicon nitride would
allow higher operating temperatures and thus increases in efficiency.
Furthermore, the supcralloys currently used are expensive and require
many materials in strategically scarce supply. Thus research and
development of silicon nitride has been quite active.

The investigation into the development of reaction bonded silicon
nitride at Brown University has been concerned with the relationship
between the processing parameters and the resulting microstructures.
These results are then correlated to the bulk mechanical properties of
the material. Through an understanding of these relationships, a
program can be implemented to produce a superior‘ceramic material.

Work completed in the early stages of this investigation utilized
a starting silicon powder (K series) of relatively high purity with
iron being the major (v1 wt %) metallic impurity. It was confirmed

that the purity and particle size distribution of the starting

(green) silicon powder has a marked influence on the nitriding

kinetics and resulting material. Since this investigation is concerned

with the effects of various processing parameters on mechanical proper-
ties, a puror silicon powder (v.03 wt % Fe) was obtained in an attempt

to re.ove the variances caused by impurity additions. Upon nitridation
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of this new powder (E series), major differences were observed relative
to the well-characterized K-series product.

The most striking difference between the two series was the color
of the nitrided sample. The purer E-series powder nitrided to a dull
goldish color in contrast to the normal gray color of the K series. The
two series further differed in microstructure morphology and bulk
mechanical properties. At this point, the investigation concentrated
on the cause of these property variations and it was established that

Fe as an impurity was directly responsible. With this information, the

bulk of the later part of the investigation was concerned with producing,

characterizing and testing silicon nitride produced from powder contain-
ing from .03 to 1 weight per cent iron. The per cent reacted, density,
microstructiure, strength and color of the nitrided product have been
determined as a function of Fe concentration within the above range.

The end results indicate that Fe must be present in the silicon powder
in order to produce superior silicon nitride following conventional

nitriding procedures.

2. Discussion of Results

The first silicon powder (K-series) used in this investigation was
purchased from Kawecki Berylco Ind. Co. (Reading, Pa.) and specified as
99.4% pure (.35% Fe, .30% AL, .03% Ca). The as-received powder purity
was determined prior to subsequent processing by neutron activation
analysis performed at the University of Rhode Island Nuclear Facility.
These results are included in Table I. The impurity levels after powder

processing were similarly determined and are presented in Table II.
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: ‘TABLE I

§§» Neutron activation analysis of K series Si in the as received

£

; condition in ppm. (percent where noted).

gl Element Run 1 Run 2 Run 3
Ag 4.0% * 4.2% * 4.4%

E Mn 80 84

E v 326 336 343

F Ti 304 292 418

i

i Na 15 12 11
Sc 1.2 1.2 1.2

¢ W 75 70 74

)

: La 4.4 4.3 4.4
Fe 4822 5270 5117
Co 4.7 4.6 5.4
Cr 65 63 67
* Not

Meaningful
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TABLE II

Neutron activation analysis of the N, K, and E Series Si Powders

as milled in ppm.

Element N K
AL 4414 *
Mn 126
\ 1 377
Ti 439
Th
Fe 5226 11187
Co 205 306
Cr 956 1352
La 0.2 4.3
W 1376 780
Na 33
Sc 0.07 1.08
Sb 0.2
Ta 51
* Not

Meaningful
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161.3 *

5.4

13.3

4.9

6.7

18.3

0.11
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The as-received powder contained particles with a mean size of 10-15
microns. It has been determined that smaller particle sizes are more
easily nitrided to completion. Thus, processing to reduce the powder

particle size was needed. It has also been established that nitrided

This relationship follows *he classical fracture mechanics of brittle
ceramic materials where the strength controlling flaws in this case are
the pores. Thus, the powder was processed in such a way as to yield a
higher green density.

White and Walton [1] have quantitatively shown that higher packing

densities can be achieved using a mixture of different size particles.

The smaller particles can pack, after thorough mixing, in the intersticial

voids between the larger particles, leading to a more dense compact.
They calculated that for optimum conditions, T, = 0.414 T (rz and T
being the radii of the two-particle sizes). Using this particle packing
theory, 100 grams of the as-received powder was ball milled in a Fritsch
ball mill with 413 grams of WC balls and 100 ml. of acetone. After
varying the ball milling time and determining the particle size distribu-
tion using a Fisher Sub Sieve Sizer, two particle size distributions were
found in the ratio specified above. After driving off the acetone, the
two powder lots were sized to -325 mesh and mixed together in a ratio of
1:1 by weight for 24 hours in a reaction bonded silicon nitride ball mill.
The mill (Figure 1) was 3 in. (7.62 cm) in diameter and used five .75 in.
(19 mm) reaction bonded silicon nitride cylinders as the grinding medium.
It is interesting to note that particle size reduction using the silicon

nitride ball mill resulted in a steeper and narrower particle size
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Figure 1
® Si,N -ball mill with
: et

Si.N, balls.

ORIGINAL PAGE 5
OF POOR QUALITY




distribution (as shown in Figure 2) than had been found after milling

with the WC balls. 1In this system, silicon nitride is not considered an
impurity. The resulting powder had an average particle size of 2.9 microns
with the largest particles less than 20 microns. The particle size
distribution is shown in Figure 2. Figure 3 is a photomicrograph of the
as-milled K series powder.

The K series powder was isostatically pressed at Norton Co.* in
6 in. (15.24 cm) diameter rubber bags approximately 8 in. (20.32 cm)
long. Hard rubber plates were placed at the ends to insure a flat sur-
face. These were then pressed at 35,000 psi (241 mn/mz), yielding a
green compact density of 1.46 g/cc. These cylinders were then processed
and nitrided as described below.

The mechanically strongest material obtained from this powder
exhibited a room temperature modulus of rupture of 42.0 Ksi in four
point bending. This value compares very favorably with those values
reported in the literature [2]. The particular nitriding schedule and
material properties of this sample is given in Figure 4 and Table III.

Another powder (N series) nominally -325 mesh as-received was also
used in conjunction with the K series powder during the first part of
the investigation. This powder was purchased from Electronic Space
Products, Inc., as nominally 99.99% Si. After processing, the purity
was determined using neutron activation analysis and is given in Table
II. This powder was sized to -325 mesh and then ball milled in a

Fritsch mill. One hundred grams of powder was milled for 4 hours

* Courtesy of Dr. M. Washburn.
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Particle distribution for:

received, N, K, and E series powders as milled
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Figure 3

Scanning electron micrograph of the K series

Si powder as milled and sieved.
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Time-Temperature Schedule for K-8 Run

TABLE III

Material Characteristics for Strongest RBSN to Date (Run K-8)

K 2
a/R %o a/Si MOR (ksi) lc MN/mS/“ % Reacted

2.9 73 82 42.0 2.357 92
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in a 4 inch (10 cm) diameter stainless steel jar using 320 grams of
0.25 inch (6 mm) WC balls as the grinding medium with 40 ml of acetone. f
v AZter milling and upon remcval of the acetone, the agglomerated Si powder
i was retu @d to the mill for 30 seconds. To further insure removal of ﬁ

powder agglomerates, the powder was again sized to -325 mesh. The

AT T M

resultant Si powder had a particle size distribution shown in Figure 2 P
with average and maximum particle sizes of 3.2 and 25 microns respectively. Q
The physical characteristics of the powder are shown in Figure 5. The

powder was then isostatically pressed at the Norton Co. in 1 inch (25.4 5
mm) diameter cylindrical polyethylene bags approximately 10 in (254 mm)
long at 40,000 psi (275 mn/m2) without a binder. This yielded a green
compact with a density of 1.4 g/cc.

Using these two starting silicon powder compacts, experiments were
designed and performed in an effort to establish the effects various
processing parameters would have on the resulting reaction bonded silicon
nitride. Since increased strength is the main objective of this investi-
gation, it is important to establish the strength-controlling criterion.
It is widely agreed, that the strength of brittle materials like silicon %
nitride is controlled, as described by the Griffith theory, by the stress

necessary to propagate the largest surface or internal flaws. Thus, '

{ increased strengths could be achieved by controlling the size and shape

of these flaws. One of the major failure-initiating flaws has been the
porosity found in reaction bonded silicon nitride. It is therefore ex- %
tremely important to understand the variations in the pore structure and
understand its development.

Four types of porosity have been observed and quantified during this

Y.
b investigation. The largest, macropores, are associated with the formation
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Figure 5

Scanning electron micrograph of the N series

Si as milled and sieved.
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of the green compact and arc cowmon to all ceramics (except those of
theoretical density) formed by compacting powders. This post compaction
porosity may vary in volume fraction from 0.27 to 0.44 porosity and in
size from 10 to several hundred microns. Techniques for reducing the
residual macro-porosity are well developed and include increased com-
pacting pressures, decreased particle size and improved void filling
processes (particle packing theory). Some densification aids such as
MgO and CaO can be used, but they are detrimental at high temperatures
duc to their enhancement of creep.

The three other types of porosity have been labelled micro-pores,
nano-pores and pico-pores in order of decrecasing size (Figure 6). The
micro-pores are associated with the meiting of Si particles (either due
to local impurity segregation or as a result of a larvge reaction exrtherm)
and may range in size (depending on original Si particle size) up to one
hundred microns. The largest of the micro-pores are often found in
materials formed from large starting Si powder particles and low a/B
ratios. This is not tc say that the B formation mechanisms require Si
melting, but that this melting is associated with the formation of
micro-pores.

The nano- and pico-pores result when silicon grains are recacted to
form a-matte silicon nitride. The medium sized nano-pores are present

in the unrcacted silicon grain ahead of the Si - SigN, interface as

!
shown in Figure 7. The finest pico-pores arc found in the a-matte
after the interface has passed through that povtion of the silicon

grain. Earlier mechanisms presented in the literature [3] for the

growth of a-matte and thosc developed from this work jointly explain
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Figure 7

Scanning Electron Micrograph of Pore Structure

Associated with a-Si3N4 Advancing into a Si Grain
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the formation of these pores. Briefly, the nano-pores are the result of
the loss of silicon through either vaporization or diffusion (vacancy
condensation) of the silizon to the nitridation sites. These pores are
subsequently sealed off by the formation of the nitride. The pico-pores
form as a result of further nitridation inside the nano-pores by either
trapped or diffused nitrogen. The nano-pores are reduced to pico-pores
through the 22% volume increase upon nitridation. With a knowledge of
how these strength-reducing flaws are formed, it becomes important to
understand the effect of nitriding conditions on these mechanisms.

At this point it should be emphasized that extensive material
characterization was performed on the reaction bonded silicon nitride
products. Optical, scanning and transmission electron microscopy were
extensively used in the investigation and the experimental procedures
will be discussed later. The observed characteristics from this study
will be briefly reported below.

Silicon nitride exists in two crystallographic forms, « and B
which can form in distinct morphologies by several different reaction
mechanisms. The morphologies that will now be discussed include
a-needles, B-spikes and a-matte.

Alpha needles have a high aspect ratio (>10) and tend to form at
lower temperatures (<1300°C) primarily in the internal porosity or on the
external surface of the sample. TFigures 8 and 9 show SEM and TEM images
of these needles. In Figure 9 the drop at the end of the needle marked A
indicates a vapor-liquid-solid (VLS) growth sequence. It has been shown

that these beads contain high Fe concentrations which would facilitate

fo
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Figure 8

Scanning electron micrograph of a-needles growing into a pore

Figure 9

Transmission electron micrograph of a-needles,

needle marked A has a bead at its terminus, .
()I{I(ylﬁ(;xyl PAGE IS
OF Py OR QUAT ;’1‘\L

B and C have crystalline inner cores.
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the VLS mechanism by lowering the temperature of fusion of the reacting Si,

Needles B and C have crystalline inner cores with amorphous outer sheaths
(determined by lack of tilt contrast). Figure 10 shows a helical banded
structure comprised of impurity bands that segregate out of the liquid
as the VLS interface progresses. These needle morphologies observed may
contribute to the mechanical integrity of the nitride in much the same
way as interlocking plates in cement.

Beta silicon nitride has a hexagonal unit cell with large hexagonal
tunnels in the <0001> direction. The formation of B silicon nitride is
propo;ed as being controlled by a solid state diffusion mechanism. These
B grains can grow very rapidly into the silicon grains ct higher tempera-
tures due to the ease of diffusion of N2 down the B tunnels. R grains
that have grown into the silicon grains can be seen in Figure 11. As
the B spikes grow, they converge on one another combining to form a
uniform, dense B—SiSN4 matrix (Figures 12 § 13). It appears from optical
microscopy that the size of the B grains is limited mainly by the Si
particle size. Figure 14 shows a finer B-grain cluster as a result of
nitriding a fine starting Si powder, under conditions aimed at yvielding
a high o/B8 ratio.

The 8 grains not only grow larger than o silicon nitride but also
contain much higher dislocation densities. These dislocations (Figures
15 § 16) are thought to be the result of the solid state difiusion growth
mechanisms and compounded by the 22% specific volume increase upon

nitridation.

In an additional morphology, o silicon nitride can grow as a very

fine grained (<1 micron) a-matte (Figure 17). Contrasting the directional
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Figure 11

Optical photomicrograph of large B-grains
growing into a grain of unreacted Si

1 (white is Si, gray is B-SisN4,
and black is porosity).




Figure 12

Optical photomicrograph of B-grains (gray)

forming a dense B-matrix

(Si is white, and porosity is black).
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Figure 13

Scanning electron micrograph of B-Si3N4

forming a dense B-matrix.




Figure 14

Scanning electron micrograph of finer B-grain cluster

size associated with reduced starting Si particle size.




Figure 15

Transmission electron micrograpk of large B-grains

containing dislocations.

0.34

Figure 16

Transmission electron micrograph of large B-grains

P g Ty

containing dislocations.
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Figure 17

Scanning electron micrograph of fine grained a-matte Si;Nl.
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growth of S-Si3N4 into the unreacted silicon, «-matte forms an even bound-
ary on the silicon surface. This region tﬁeu advances into the unreacted
grain as shown in Figure 18. N

The fine grained structure of the a-matte is clearly seen in
Figures 19 and 20 . The fact that the grain size is substantially less
than the original silicon particles and the low dislocation density
observed, supports a mechanism involving a vapor phase reaction. Such
mechanisms have been proposed during this investigation and supporteu
elsewhere in the literature [3].

Since all these phases and morphologies are simultaneously formed,
knowledge of how to control the final microstructure would be advantageous.
It is the goal of this investigation to be able to form a microstructure
with the best resistance to crack propagation. In order to achieve this,
understanding of how the nitriding parameters effect the microstructure
is needed.

The nitriding variables of interest are the following: 1) Si particle
size and distribution, 2) Si powder purity, 3) temperature of nitridation,
4) gas fiow rate, 5) O2 content of the nitriding atmosphere, 6) utilization

of an argon pre-sinter, and 7) the N, content of the atmosphere. These

2
parameters affect such features as the green and nitrided density, the
percentage reaction, the phase ratios, the grain size and the resultant
pore size and distribution. All of these properties will affect the

,final mechanical properties of the reaction bonded silicon nitride.

Large Si particle sizes hinder successful compacting (particle

packing) thus lowering the green density. Furthermore, complete

P ) M,MMb,&ﬁﬂ;maﬁaaﬁﬁm,Adi




Figure 18

Optic

al photomicrograph of fine grained a-matte structure

advancing into an unreacted Si grain (white).
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Figure 19

Scanning electron micrograph of K series 513N4.

-~

Figure 20

Transmission electron micrograph of fine

grained a-matte Sizﬂx.
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nitridation of the silicon is impeded by the larger particles. The vapor
phase and solid state diffusion reaction mechanisms involved are accele-
rated by reduced particle size due to increased vapor pressure and reduced
diffusion paths. The effect Si particle size has on the microstructure
can be seen in Figures 21 through 24 where the particle sizes used were
<75, <45, and average particle sizes of 3.2 and 2.9 microns respectively.
These pictures clearly show that reduced Si grain size leads to a more
refined and uniform microstructure., The results indicate that reducing
the Si particle size promotes the reaction mechanisms, reduces the
nitriding time, increases nitrided density, refines grain size, reduces
the general flaw size and hence promotes strength in reaction bonded
silicon nitride.

The main concern in reducing the Si particle size is the maintenance
of powder purity. Two main types of impurities were investigated. The
first group, which are often added as densification aids, include MgO
and Ca0. These impurities are to be avoided as they tend to form a
glassy grain boundary phase to the detriment of the material's ability
to resist creep.

The second category includes impurities often present due to the
processing techniques employed. These metallic impurities include Af,
Cr, Fe, Mn, Ca, Ni, Co, etc. Iron is the most important impurity due
to its high concentration (a few ppm to several percent) and also due
to its effect on the kinetics of the nitridation reaction. The role of
iron as an impurity was studied in the later part of this investigation

and will be discussed later. Briefly, iron tends to increase the
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Figure 21

Optical photomicrograph of reaction bonded Sis.\'4 made from

>75 micron starting Si powder, white is Si and black is porecsity.
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Optical photomicrograph of reaction bonded Si;Nl made

from >45 micron starting Si powder.
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Figure 23

Optical photomicrograph of reaction bonded Si made

Na
from starting Si powder with an average size of 3.2 microns.

Figure 24

Optical photomicrograph of reaction bonded Si made

3Ny
from starting Si powder with an average size of 2.9 microns.

ORIGINAL PAGE IS
OF POOR QUALITY




LA

tyl

o —

L
}1
¢

- 31 -

reaction rates as well as the resultant o/B ratio (see Table IV).
Localized segregation of the iron can however be detrimental due to the
formation of low melting point SiFex compounds. However, as will be
shown later, Fe in the silicor powder is necessary in order to produce
superior reaction bonded silicon nitride.

The ultimate temperature and the heating rates used during nitridation
greatly affect the microstructure and resultant properties of the material.
Observed changes in the o/f ratio as a function of the ultimate nitriding
temperature is shown in Table V. The increase in B content with tempera-
ture can be related to existing reaction mechanisms. The high temperatures
associated with B formation also promote melting of the Si and the
formation of large strength reducing pores. If high temperatures are
reached too quickly, large B grains in an unreacted (melted) Si matrix
result (Figure 25). Since o is not present in this region, it would seem
that the B formed as the silicon was melting. It is thus observed that
high nitridation temperatures promote B growth and large pore sizes.
Unfortunately, it is often necessary to use such temperatures especially
when nitriding compacts with high green densities (>1.6 g/cc). A way to
minimize these high temperature effects is to hold the reaction at lower
temperatures in an effort to completely recact the silicon prior to
reaching the high temperature.

The heating rates used during nitridation seem to have an effect
similar to that of the ultimate temperature. High heating rates reduce
the o content while promoting rapid B growth. Large void formation is
associated with high heating rates thus opposing the increase in reaction

rates. Furthermore, a high heating rate in conjunction with the reaction
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TABLE IV

Increase in the o/B Ratio Associated

with Nitridation in the Presence of Fe.

Pure Sample was Adjacent to Impure

Samples Within Furnace Chamber.

a/B Ratio of Sample

o/f Ratio of Sample Nitrided

Nitrided Alone in Presence of Impure Si (Fe)
2.3 3.9
4.2
4.5
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TABLE V

The Effect of Nitriding Temperature on the
o/B-Ratio for the N and K Series SisN4 Samples

N Series Si.N

Temperature °c

1300
1350
1350
1360
1410

34

K Series Si.N

Temperature °c

1300
1300
1300
1360
1360
1400
1430

34

N e B B

n

a/B-Ratio

= N N N D
N N

[e> 2NN @)

a/B-Ratio

LY B> B S B o= B (o B o]
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Figure 25

Optical photomicrograph of a sample heated too

quickly to 14200C; note unreacted Si.
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exotherm can lead to severe silicon melting and possible damage to the
nitriding furnace. Thus slow heating rates are desired.

The effect of gas flow rate on the nitridation of Si has been well
established. Since o formation mechanisms are enhanced by Si0O vapor,
under flow conditions this vapor is likely removed. This inhibits o
formation, reduces the reaction rates, and lowers the resultant weight
gain and density of the nitrided material. Reduction in the room
temperature MOR is observed for material formed under flow conditions.
This is explained by the effect gas flow has on the reaction kinetics
which is to increase B formation with its accompanying increased flaw
size. The more refined microstructure of reaction bonded silicon nitride
formed with an effective gas flow rate of 0 is compared to that of a
conventional cycle in Figures 26 and 27.

The role of 0, in the nitriding system is not fully understood
at this time. However, it is known to greatly affect the reaction
rates and the resultant o/B ratio. Sources of O2 in the system include:
oxygen in the nitriding gas, the furnace liner (A1203 will liberate some
O2 at elevated temperatures), and the silicon powder in the green com-
pact (in the form of SiO2 or adsorbed onto the silicon particle surface).
The major role that oxygen plays during the nitridation reaction seems
to lie in its effect on the stability of the layer of SiO2 on the
silicon surface. I the O2 concentration is maintained below the
equilibrium Vépor pressure of Si02, then the silicon will volatilize
forming SiO vapor which aids in the formation of a. This will increase

the a/B ratio while achieving complete nitridation to yield reduced flaw
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Figure 26

Optical Photomicrographs of Two Ford Motor Co.
Reaction Bonded SiSN4 Samples Nitrided
Using a Conventional Cycle.
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Optical Photomicrograph of Ford Motor Co. supplied

.
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Green Si Compact After Nitridation in the K Series System

Note the Relatively Small Pore Size Distribution

in Comparison to Figure 26.
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.

sizes and refined microstructures. It should be noted that this is an
upper limit on 0, concentration and that much less 0, in the system
reduces the o/f ratio. The results from the investigation show the
maximum o/f ratio foxr the N series (1.5 wt % 02) was 4, while the K
series (2.4 wt % 02) was 9. Although the higher a/f ratio reduces the
pore size distribution, large amounts of unreacted Si are also found
and this is detrimental to the strength of the finer material. Thus,
O2 can be both beneficial and detrimental to the formation of quality
reaction bonded silicon nitride.

Often, in an effort to impart greater strength to the green silicon
compact for machining, a presinter in argon is performed. Table VI
summarizes the results of an argon presinter of the N series material
and shows a decrease in the o content as a result. Argon sintering
will reduce the surface area of the silicon particles which in effect
lowers the vapor pressure (larger radii of curvature) thus reducing
the formation of a. The formation of a can be further reduced if argon
acts to effectively ''clean" the silicon surface resulting in the loss
of SiO2 and lewving virgin silicon, a co..dition that will encourage B
formation. The sintering of the silicon particies ig shown in Figures
28 and 29 as indicated by the inter-particle nsck formations. These
are the result of a 48-hour 1200°C argon presinter of the K series Si
compact.

The addition of H2 to the nitriding atmosphere has been known to
be beneficial to both the room and high temperature properties of
reaction bonded silicon nitride. This has been attributed to a finer

more uniform grain structure and reduced grain boundary impurity
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- TABLE VI

;(9"

The Effect of an Argon Pre-Sintering Troatment

L On the a/B-Ratio for N Series Si Compacts.

Pre-Sinter N2 Flow Temperature a/B-Ratio
Rate cc/min °c

None 0 1390 2.3
None 130 1470 3.5

g o}

| 1100°C 0 1400 1
1100°C 0 1460 1
1200°C 44 1415 2
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Figure 28

Optical Photomicrograph of Polished K Series Si Compact

After an Argon Pre-Sinter; Note the Neck Formation

Figure 29

Scanning Electron Micrograph of K Series Si Compact After
an Argon Pre-Sinter; Note the Neck Formation

and the Effectively Large Grain Size.
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; segregation., It is believed that the H2 can readily promote increased

éij Si0 vapor concentration (through reaction with impurities and oxides

? which liberate HZO and other lower more volatile oxides) accounting

{c for the more refined microstructure (Figures 30 and 31). Table VII

k shows that under those nitriding conditions favoring 8 formation, the

addition of H, lowered the o/B ratio. Furthermore, under those condi-
tions favoring the formation of a, the H2 addition accelerated the
rate of o silicon nitride formation.

The results of the K series experiments reveal that there was no

in the

significant variation in o/f or «/Si ratio with or without HZ i

nitriding atmosphere. It appears that these ratios are largely deter-
mined by the Si particle size, temperature and oxygen content of the

silicon powder. Indications are that the role of H, is the refinement

2
of the microstructure, flaw size and grain size through the increased
nucleation of silicon nitride by vapor phase transport.

The results presented below are from experiments designed to
correlate the reaction mechanisms with the resultant microstructures.
The representative curves in Figure 32 show the possible variations
in pore size distribution as a function cf a/f ratio at constant
denzity. In Figure 33, it may be scen that C (defined as the pore
size where there was an average of 1 pore per 0.018 mm2) is independent
of density. This further shows the importance of pore size and dis-
tribution on the strength of reaction bonded silicon nitride. In
Figure 34, C is plotted against o/f ratio for two silicon particle
sizes and constant density. It is observed that as the a/B ratio

increases, C decreases and that for constant o/f, the pore size

it e B e i e e e



Figure 30

Scanning Electron Micrograph of K Series Si_ N, Nitrided Without

34
H,; Note the Coarse Structure in Comparison to Figure 31.

4
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("’ oy
:IJ" 1.\,.

/4"‘, ,.»

Nitrided With

Scanning Electron Micrograph of K Series 813N4

% H, Added to the Atmosphere;

-

Note the Fine Structure in Comparison to Figure 30.
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TABLE VII
g
L
' The Effects of H, Additions to the Atmosphere on the
i a/B-Ratio for the N Series Si3N4 Material.
E
Gas Flow Rate Temperature
cc/min °¢c
N, 0 1360
| N2 0 1400
? N2 10 1400
Nz—lféH2 0 1450
Nz-l/aH2 2 1450
]
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Figure 32

Pore Size Distribution Curves vs.

a/B-Ratio for the N Series SisN4.
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35 PORE SIZE C VS. DENSITY
N SERIES
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Pore Size Parameter C vs. Density
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Figure 34
Pore Size Parameter C vs. a/B-Ratio for

the N Series Si3N4 at Constant Density.
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Figure 35

Optical Photomicrograph of the Pore Size Distribution

of N Series Si3N with an ao/B-Ratio of 1.
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distribution decreases as the silicon particle size decreases. Typical
microstructures and pore distributions for the N series material is
shown in Figures 35 and 36 with a/B ratios of 1 and 4 respectively.
Similar results were observed for the K series material and these in
turn were related to the reaction mechanisms involved.

A thorough understanding of the relationships between the process-
ing parameters, reaction mechanisms and microstructures indicated that
microstructural control could be employed here. The results have been
the production of an N series material with a density of 2.4 g/cc and
a room temperature MOR of 42 ksi (275 MN/mz) in three point bending.
With a density of 2.46 g/cc, K series material exhibited an MOR of
50 ksi (344 MN/mZ) in three point bending. Following is a more
detailed presentation of the effects previously mentioned with respect
to mechanical properties.

The N series modulus of rupture was determined using a three
point bend rig (Figure 37) while the K series was tested using a
four point bend rig designed through the courtesy of the NASA Lewis
Research Center (Figure 38). Figure 37 also reveals the specimen
geometry and the test parameters used. It is important to note that
while any particular MOR test may be used to compare silicon nitride
materials, only carefully standardized tests can be used to quantita-
tively compare results from different investigationms.

The K series bend bars were diamond ground to final dimensions of
1.250 x 0.250 x .1250 * 0.001 in. (31.75 x 6.35 x 3.17 * 0.0254 mm)
with a 0.005 in (0.127 mm) 45° edge chamfer to reduce edge failure.

An Instron testing machine with a cross head speed of 0.02 in/min




Figure 36

Optical Photomicrograph of the Pore Size Distribution

of N Series SisN4 with an a/f-Ratio of 4.
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CROSS HEAD SPEED
0.02"/min
(0.508 mm/min)

P
0.3" A
02" (7.6mm) =

(5.08mm) N 1"(25.4mm)
o) "
fﬁg%“oﬂs»g}] i |
A (19mm) r=0.125
(3.175mm)

Figure 37

Schematic of N Series Three Point Bend Fixture.
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Schematic of Four Point Bend Fixture.
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(0.5 mm/min) was used for both the three and four point testing. -
When testing a brittle material such as silicon nitride, the
surface finish of the test bar is of major concern. Damage caused
by grinding will often be the failure initiating flaw. The bars
. tested during this investigation were prepared following the grinding
specifications shown in Table VIII. Figures 39 and 40 show failure
initiating from a surface defect while Figure 41 shows an internal
failure initiation site.
As previously noted, the pore size C for the N series decreased

‘ with increasing o/B ratio. Thus, it would be expected that the N

series MOR would increase with decreasing pore size and increasing

Y a content. Figures 42 and 43 confirm this observation. 5
F : The results for the K series material, however, do not yield such

‘ a direct relationship. The K series MOR varied from 30 to 42 ksi (in
four point bending) but did not show a continuing increase with increas-
ing a/B ratios. Samples with high o/B ratios (8 to 9) had MOR values

of 30.3-33.6 ksi (209-231 MN/mz). Those samples with maximum MOR had
a/B ratios from 3 to 5 while those with ratios below 3 had reduced MOR
values, This data is shown in Figure 44.

One possible explanation of the K series results is the amount and
role of the unreacted silicon. The K series material with high a-content %
are also foinmd to contain larger amounts of unreacted Si. Figure 45 is
a photomicrograph of such a material and Figure 46 shows an unreacted
Si particle as the failure initiating flaw. Samples of silicon nitride

with low o/f ratios (<3) are well reacted but exhibit reduced strength

ts N - c e . . ; o e N . o y v’ -7 2 . B - N B ~ .\J
bR g A g f e e S e S Sk TR T T NE R APt - PR WP h e NNV - S T\ e - .




TABLE VIII

Grinding Specifications for K Series

Four Point Bend Bars.

Rough Grind

Wheel Spec. 100 grit
Wheel Speed 5000-6000 sfpm
Downfeed 0.002-0.003 in inches/pass
Crossfeed 1/8-1/4 in inches/pass
Table Speed 300-400 inches/min
Intermediate Grind
Wheel Spec. 150 grit
Wheel Speed 5000-6000 sfpm
Downfeed 0.001 in inches/pass
Crossfeed 1/8-1/4 in inches/pass
Table Speed 200 inches/min
Finish Grind
Wheel Spec 320 grit
Wheel Speed 5000-6000 sfpm
Downfeed 0.0005 in inches/pass
Crossfeed 1/64 in inches/pass
Table Speed 100-140 inches/min
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Figure 39
Scanning Electron Micrograph of Failure initiating

Flaw at Corner for K Series Sample.

. a.
“

j Fie 7 )
i i" 2 ),'#‘;-{

Figure 40

Scanning Electron Micrograph of Failure Initiating

Flaw at Corner for K Series Sample.
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Figure 41

Scanning Electron Micrograph of Internal Failure

Initiating Flaw for K Series Sample.
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MOR vs. a/8-Ratio for the N Series Si,zN4
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Figure 45
Optical Photomicrograph of a High a-Si3N4

K Series Material; Note the Unreacted Si (white)

.

Figure 46
Scanning Electron Micrograph of Large Si Grain
as the

Failure Initiating Flaw in the K Series.
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% as a result of large pore size distributions. Thus, for maximum MOR,
B ,

{ one must insure both minimum flaw size and complete reaction.

3 ‘s . .

5 Efforts at determining the elastic modulus from the four point
; bend load-elongation curves were unsuccessful. This was mainly due

to the large compliance of the test fixture with respect to the mater-
ial being tested. The elastic constant E was successfully measured
using elastic wave propagation. E was measured for the K-series material
as 24.2 x 106 psi (166 GN/mZ).

When considering the use of ceramics in structural applications,

component design and fabrication as well as failure prediction and
analysis become quite important. To aid these analyses, the evaluation

of the plane strain fracture toughness (ch) is required. ch is a

IR A AR S

measure of the material's inherent resistance to the propagation of a
crack. Once ch is determined, the critical flaw size, 2a, can be
calculated in conjunction with the material's strength. Furthermore,
if the elastic modulus, E, is known, the effective surface energy for
failure initiation can be determined.

In order to measure ch, a 0.078 in (1.988 mm) notch was cut in

R

: the center of the K series bend specimens using a .006 in (0.15 mm)

thick diamond wafering blade (Figure 47). The resulting notch root

B SRR

is shown in Figure 48. As can be scen, the region just ahead of the
notch root contains small natural cracks. The ch tests were performed
using the four point fixture with a cross head speed of 0.02 in (0.5 mm)
per minute. The test bar had a width of 0.125 in (3.175 mm) and a

thickness of 0.250 in (6.35 mm).
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Figure 47
Specimen Configuration for ch Test
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Figure 48

Optical Photomicrograph of Damage at Notch Root
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It is seen in Figure 49 that the fracture toughness is constant
with respect to the o/B ratio of the material tested. The average ch
value is 2107.4 # 160 1bs/in’*> (2.316 # 0.175 MN/m**®). The variations
found for the MOR results with pore size and o/f ratio are not present
for the fracture toughness. The main variation in ch observed was for
those samples which were argon sintered prior to nitridation. These
samples had an average ch value of 2,318 + 232 lbs/inl'5 (2.55 £ 0.3

MN/ml's

). The exact role argon has in this increase is presently un-
known. It is thought that the argon may yield increases in grain
boundary energy and through its grain coarsening effect, increase the

frictional energy term.

The fracture surface energy Y; for the materials tested was

2 41,8 x102

determined yielding an average value of 9.08 x 10~

in—lbs/in2 (15.9 + 3.25 J/mz). This value is in good agreement with

results found elsewhere for other SiSN4 materials. The argon sintered
1 2

material exhibited an increase in y; to 1.12 x 107 £ 2.2 x 107

in—lbs/in2 (19.6 + 3.9 J/m2) as would be expected from the K,  data.

lc

Using these values, the critical flaw sizes were evaluated and
found to range from 106 microns for an MOR of 30.3 k;i (209 MN/m2 with
a/B = 9) to 52 microns for an MOR of 42 ksi (290 MN/m2 with a/8 = 3.5).
The size of these critical flaws are comparable to the largest micro-
structural features observed.

This data indicates that through control of the various processing
parameters and an understanding of their effect on the reaction mech-

anisms, one can design and produce an improved microstructure that

will encourage superior mechanical properties.
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Fracture Toughness ch vs. a/f Ratio for K Series Si3N4
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The next stage of this research effort concerns the effect of
impurities in the starting silicon powder on the reaction mechanisms
(of nitride formation) and the properties of the resultant material.

In an effort to remove the variances caused by impurity additions,
99.999% pure silicon powder was purchased from Electronic Space
Products, Inc., Los Angeles, California. The as received powder

purity was determined by neutron activation analysis and is given in
Table IX. The powder (E series) was nominally -325 mesh (<44u) but
further reduction in particle size was required for optimum nitridation.
The powder was, therefore, further processed at NASA Lewis Research
Center * by a method developed there [4]. Using an attritor mill
(similar to a ball mill, but one in which the action of the balls

and additional force is accomplished by an internal rotating oar or
paddle) modified to maintain a nitrogen atmosphere, it was found that
the steel balls used became intimately coated with a continuous layer
of silicon. This protective coating was also established on the wall:
of the mill. Thus, a situation developed such that silicon was grinding
silicon, maintaining the purity of the powder. Table II gives the
purity levels after milling.

During the milling process, air cannot be allowed to enter the
system or the silicon will be rapidly oxidized and the protective
layer wi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>