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Summary :

The microstructure of reaction sintered silicon nitride (RSSN)
was changed over a wide range by varying the green density, grain ;
size of the silicon starting powder, nitriding conditions, and

by introducing artiiicial pores. The influence of single
microstructural parzmeters on mechanical properties like room
temperature strength, creep behavior and resistance to thermal
shock has been investigated. The essential factors influencinrg
these properties were found to be total porosity, pore size
distribution, and the fractions of o and Si3N4. In view of
high=temperature engineering applications of RSSN, potentials
inr optimizing the material's properties by controlled processing
are discussed.
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1. Introduction

Various recent developments in the fields of energy, raw
materials and environmental protection make it seem certain that
ceramic high-temperature materials will find increasing use in
the future in machine design. Silicon nitride is one of these
ceramic high-temperature materials. Its application is being
discussed particularly in the production of ceramic motor vehicle
gas turbines.

This material exhibits advantages over metals in good creep
strength, as well as in resistance to oxidation and corrosive
media at high temperatures. But it shows brittle fracture, with
its tensile strength and thermal shock resistance too low in
comparison with metals.

For this reason, designers of planned high-temperature uses
of silicon nitride as a construction material are forced on one
hand to seek new ways of designing parts for high dynamic and
thermal stresses, and on the other hand, to optimize the
mechanical properties through applied materials research and
development.

It is the object of this work to investigate the effect
of structural parameters on the mechanical properties such as
strength, creep and thermal shock behavior of reaction-sintered
silicon nitride, and to optimize these properties by directed
development of the stru:ture, using variation of the preparation
conditions.

2. Literature survey

2.1 Structure of silicon nitride

As early as 1958, Turkdogan et al [1] reported that silicon
nitride appears in two different crystallographic forms. Hardie
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and Jack [2] showed that both modifications crystallize in
the hexagonal system, differing essentially in the fact that
the lattice separation in the direction of the crystallographic
¢ axis is about twice as great for o Si3N4 and for the P
modification. The SigNg elementary cell of the P phase is
derived from the phenacite type (BeZSIOA) in which the Be
atoms are replaced by Si and the O atoms by N, These findings

were confirmed by Ruddlesden and Popper [3] and by Wild et al. [4].
The elementary cell of the fmodification with the layer sequence

AB is shown schematically im Figure 1 (projection on the base
plane).

Figure 1. Atomic arrangement in @ silicon nitride (according to
Wild et al. [4].

Bond lengths (nm) Distance from the projection
plane (units of the ¢ axis)

si-N; 0.1730, 0.1739  si 0.25, 0.75
Si-Np 0.1745 Ny 0.25, 0.75
Ny 0.25, 0.75

The silicon atoms sit en the centers of irregular N tetra-
hedra, in wh'ch each N atom simultaneously belongs to three
tetrahedra. The B structure shows hexagonal channels having
a diameter of about 0.15 nm in the direction of the crystallo-
graphic c¢ axis. Even large atoms can diffuse easily through
'”; these channels. This is later shown to be important in consider-

ation of the reaction kinetics. i
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Figure 2. Atomic arran%emEZ§ in a silicon nitride (according

to Wild et a
Bond lengths (nm) Distance from the projection
plane (units of the c-axis)
Nl-Sil 0.1566, 0.1687 Siy 0.146, 0.646
N;-Sip 0.189%6 Sijp 0.451, 0.951
N2-Sip 0.1893, 0.1562 N1 0.400, 0.900
Np-Si; 0.1795 N2 0.170, 0.670
N3-8i, 0.1781 N3 0.115, 0.615
Na-Sil 0.1782 Ny 0.384, 0, 884

Figure 2 shows the §1,9N6 elementary cell of the & phase
projected on the base plane. Here, the layers known from the
B structure alternate with their mirror images in the stacking
sequence ABCD, giving about twice the lattice distance in the
¢ direction (Table 1). The hexagonal channels in the ¢ direction
do not appear any longer, so that diffusion of foreign atoms
is more difficult.

While the structure of the P modification is generally
assured, there are still contrary views about the a modification.
Wild et al. [4] describe a Si;N, as an oxynitride with the total
formula Sill.SNISOO.S’ and this was later confirmed in further
investigations [14]. In other works, though, it was shown that




Table 1. LATTICE CONSTANTS FOR THE $i;N, MODIFICATIONS

Modification a B
Crystal structure hex. hex.

a axis (nm) 0.7748-0.7756 0.759-0, 7608
c axis (nm) 0.516 -0.5691 0.2709-0,292
c/a ratio ~ 0,70 ~ 0.37
Literature [2 - 13] (2 - 10]

much less oxygen, if any, is required for formation of the
amodification [13, 15-18], It has also been suggested that
in the presence of oxygen gas, gaseous Si0 forms, and that
this reacts with nitrogen, forming o 813N4 and liberating
nitrogen [19 - 27].

Although it is not yet certain whether the two S14N,
phases are polymorphic modifications or whether impurities
are needed to stabilize them, we can in general say that
both modifications occur together in the usual manufacturing
process using technlcal silicon powder, after the nitriding
reaction,

2.2 Preparation of silicon nitride

Silicon nitride has no true melting point, but decomposes
at 2173 °K [95, 96]. This eliminates the manufa:ture of formed
products via the liquid phase. On the other hand, the pre-
dominantly covalent bonding character and the resultant low
diffusion rates prevent the sintering processes otherwise common
in powder metallurgy [97]. Although attempts have been made
to make low-pressure sintering possible by suitable powder
preparation and additives [98], the major emphasis in production
of formed pieces of SisN, is on hot-pressing and reaction-sintering.
Dense, hot-pressed silicon nitride (HPSN) is produced by com-
pressing silicon nitride powder at temperatures between 1770 and

7
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2070°K and pressures of about 30 MNm'2 with addition of sintering
aids which form glass phases (e. g., Mg0) [99]. For production
of porous reaction-sintered silicon nitride (RSSN), in contrast,
formed bodies of silicon powder, after shaping, are nitrided

to silicon nitride under a nitrégen at about 1673°K [35]. In
contrast to HPSN, which loses strength rapidly at temperatures
above 1300°K because of the glass phase-forming sintering aids
[32], RSSN in many cases actually shows an increase in strength ‘
at high temperatures [33, 34]. \

The injection molding process is suggested for manufacture
of RSSN, along with some other processes such as mud casting,
isostatic pressing, and web pressing. Because of the variability #
of the tool shape and the high production rate, this process
is particularly suited for mass production of complex parts,
and was therefore selected for preparation of the samples to be
studied in this work.

2.3 Physical properties of silicon nitride

The physical properties of silicon nitride can in part be
deduced from the high proportion of covalent bonding. The
low coefficient of thermal expansion, the low density, high
hardness and strength, as well as the high decomposition tem-
perature (Table 2) make SisN, interesting for engineering use.

The wide range for some values such as the Eemodulus and
the bending strength occur because these data describe both
porous reaction-sintered and dense hot-pressed silicon
nitride. RSSN can be used up to nearly its decomposition
temperature in neutral or reducing atmospheres. It is not
resistant to oxidizing atmospheres, though. Nevertheless,
this material can be used under oxidizing conditions, as
a protective layer of SiO forms on the surface and inhibits
oxidation.




Table 2. PHYSICAL PROPERTIES OF Si;N,

Crystal structure hex,
Decomposition point [ °K] 2173
Theoretical density [g cm” ]
o modification 3.168-3.188
f modification 3.19 -3,202
Thermal exgansion coef 1ci nt 3.2
(293 - 1773 °K) (10~
Thermal conductivity
(at 473 °K) [10°° msec” l] 4.8
(at 1673°K) [107® m?sec™1] 2.1
Specific heat [J g™ lK~ ] 0.71

Electrical resistance [ohm cm] 103
Microhardness [Vickers, MN m” ] 16000-18000
E-modulus

(at 298°K)  [GN m"“] 172-317
Bending strength
(at 293°K) [MN m” ] 200 - 1000

(2]
(96]

(3, 4, 9, 10]

[29]

[30]
[30]

(29]
[97]
[28]
[29]

[97, 31]

Because of its chemical stability and its high mechanical
strength in comparison to other ceramic materials, silicon
nitride would be a particularly useful material for use at

high temperatures.

2.4 Structure of reactionwsintered silicon nitride (RSSN)

The mechanical properties of RSSN such as bending strength,
deformation behavior and resistance to thermal shock are
determined essentially by the nature and distribution of the
stereometric components of structure and by physical parameters
such as the E-modulus and the thermal conductivity. The
structural parameters can be varied by the preparation process.

9
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In preparation, of course, several purameters are usually ;
changed at the same time [35, 36]. That leads to difficulties i
in judging their effects on the mechanical properties [37].

The stru.iure of RSSN is characterized by the proportions .
of the @ and  modifications, their grain sizes, the total }
porosity, the pore size distribution, unconverted free :
silicon, and any foreign phases due to the presence of §
impurities. :

In the o phase w¢ distinguish between o needles, which
are found on the sample surface and in larger pores, and the
very fine-pained so-called "o mat",

The origin of the & needles has been discussed extensively |
on the basis of TEM photographs. Popper and Ruddlesden [8] |
showed that the growth of these needles is influenced by
impurities in the silicon powder or in the nitriding gas, while
Parr and May [38] mention that the presence of oxygen and
hydrogen in the nitriding atmosphere is important for the growth
of these whiskers. Evans and Sharp [39, 40] describe two
whisker types on the form of long thin fibers (with diameters |
of 0.05 um) and relatively coarse fibers (with 0.2 um diameter) |
having an internal (rystalline core surrounded by a thin ;
amorphous layer. This picture was also described by Danforth i
and Richman [41]. Many of these whiskers show a spherical .
origin, which often contains impurities such as iron [21]. %
Jennings et al. [42, 43] concluded from that that these |
o fibers originate through a VLS (vapor-liquid-solid) mechanism,
as Carr and Barlett [44] also suggested. Not all whiskers
show this characteristic picture characteristic of the VLS
mechanism, and it must be assumed that still other growth
mechanisms contribute to formation of the a needles [42, 45],
so that we still lack a final explanation.

Several models have been suggested for the mechanism
forming the o mat. Thompson and Pratt [46] worked on the basis
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that nitrogen has access to thc Si-Si4N, boundary during “he
entire nitriding cycle, and that it reacts with Si ther:.
Liberation of new Si surfaces after formation of a SijN, coating
was explained as due to microcracks from the 22% volume increase
and the resulting stresses. But microcracks of this nature

have not been demounstrated microscopically.

Atkinson et al. [47] suggested 2 model which does not
require microcracks, in spite of the volume expansion and
the constancy of dimensions of RSSN material during nitriding
(dimensional changes < 0.05% [48]), as the reaction does not
occur at the Si~813N4 boundary. After a nitride layer has
formed at the surface of the Si particle, silicon diffuses
through this layer and reacts with nitrogen in the original
pores, so that these are made smaller. As a consequence,
empty sites appear in the unrsacted silicon grain, and these
condense into pores. In these newly formed pores, the
nitrogen diffuses in and reacts with Si or Si0 in the gas
phase. Because of the volume expansion, these newly formed
pores become completely refilled with nitride. This model
was at first explained with structure photographs, and
was confirmed in other works [42]. As the condensation of
empty sites into pores was considered improbable, the authors
have modified this model in a later work [49]. It was later
conjectured that Si3N, nuclei are formed by chenisorption of
N, onto the Si surface. At these nuclei, nitrogen is
transported out of the vicinity of the nuclei by evaporation-
condensation or by surface diffusion. At the same time, the
nitrog.: concentration in the near vicinity of the nuclei
(where ¢ilicon vaporizes) 1is too low to be able to form new
nuclei. As the nuclear growth advances, a Si3N4 coating forms.
Pores appear at the places where silicon vaporizes or has
diffused away and then they can be refilled as described
above.

While the o phase appears preferentially at t.emperatures
below the melting point of silicon, via the gas phase, the

11

s W g

]
|

.
S

A T 1,5




R ]

R b

R

B modificacion arises from diffusion of N, into solid silicon
nitride or in the presence of a liquid phase [42, 50, 51].
After a coating has formed, nitrogen can diffuse through the
hexagonal channels of the B crystals to the §1-51,N, boundary
and react with Si there. Danforth et al, [52] observed a
'wire-llke' growth of B crystals within the silicon grains
and ¢:., tatned it as due to occurrence of the hexagonal high-
pressure modification of silicon, which forms because of

the pressure stresses which occur during nitriding. Metcalfe
[53], who criticized this work, showed that the appearance
of these 'wires' 1is an interference phenomenon.

Because of the already-mentioned volume expansion with
constant external dimensions, new places must be provided
for the reaction product. This new space can be provided
through newly appeared porosity, or from the silicon melting
together, which would explain the high proportion of the
B phase with nitriding temperatures above the melting point
of silicon [44]. Formation of the B phase in the presence
of a liquid phase is also supported by the observations that
impurities in the silicon raw material, which form low-
melting eutectics with silicon, promote the occurrence of the
8 modification [51, 54-56]. The B grains are considerably
larger than the o whiskers because of the different mechanism
of formation, and the habitus is nearly equiaxial in the
mass of grains(ul).

The porosity remaining after nitriding can be divided
into several groups. One includes the porositv from
pore sizes which can be derived from the porosity in the green
formed piece, and which has become smaller due to the volume
expansion during nitriding. Another group includes new pores
formed during nitriding by fusion of Si particles [57] in
unconverted silicon at the Si-Si3N, boundary and by formation
of the o mat [58]. The latter may be smaller by some orders
of magnitude than the former [37].

12
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2.5 Mechanical properties of reactionesintered silicon
nitride (RSSN)

The mechanical properties of RSSN are strongly &fected

i by the development of the structure. We shall first consider
: the effect of the structure on the strength. In brittle
&‘ ceramic materials, a crack travels under bending stress from

the largest pore or weak site in the surface region of the
tensile zone and runs through the sample with little or no
plastic deformation. The strength is defined by the stress
needed to make the crack advance. In agreement with the
theory of Griffith [59] there is a relation between the
breaking strength and a critical crack size, according to

Equation 1.
/ey
(1) o =2V 5y
}
f Of = Dbreaking strength a = failure or crack depth

= modulus of elasticity
Y = specific surface energy

Thus, the strength depends on the E-modulus, the specific

surface energy, and the size of the failure which initiates
| the crack. The proportion of porosity in a material affects
' all three values. The specific surface energy is determined
by the strength properties of the Si3N4 grains or of the
grain boundaries, and by the porosity. According to ;
Spriggs [60] the E-modulus shows a dependence on porosity i
Vv ‘ which corresponds with Equation 2.

(2) E = E_exp(-bP)

E = Eat P=20 f
=  porosity q

o
il

constant
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The strength can, then, be increased both by reducing the
porosity and by reducing the critical crack size.

There are several empirical expressions for the dependence
of strength on total porosity [61 - 64]. Thompson and Pratt
[46] showed that the relation between porosity and strength of
Si;N, can be described with Equations 3 and 4.

(3> o= coexp(-bp)

(4) o= 00(1-P)m

9, = o at P =0
P = porosity
b, m = constants

They defined the constant b in Duckworth's Equation (3) [61]
as equal to 4.2 for a silicon nitride of high a content,
and 6 for a material with high £ content. The value for
the constant m of the Bal'shin equation (4) was given

as 3.4. Rice [65] also determined the dependence of strength
on porosity, using strength values determined by several
authors, and found good agreement with Equation (3). Jones
et al. [66] found a linear relation between strength and
density, measured at various degrees of conversion during
nitriding. They made the surprising finding that samples
having different initial densities have the same strength
when they are nitrided to the same density, although the
proportion of 813N4 in the sample differs. Rice [658 argued
that the reduction In total porosity is the most important
quantity increasing the strength. In other works it was also
explained that the pore size and the pore size distribution
have similar magnitudes of effects on the strength. It could
be shown, for instance, that with constant total porosity
the strength increases of the pores are made smaller and
homogeneously distributed [67-72].

14




Different judgements have been made about the effect of
the proportions of the two modifications, @« and p. Although
Elias et al. [73] and Jennings et al. [74] always relate
low bending strengths to high proportions of the f modification
in the material, Mangels and Cassidy [75] found no effect of
the a/8 ratio on the bending strength. In the literature
there are as yet no quantitative data on the grain size
distribution in RSSN; that is¢, effects of grain size on
strength have not yet been studiad quantitatively. The
different opinions about the «:i.ects of individual structural
parameters on the strength in the literature are due to the
fact that there are problems in varying specific single
structural parameters. Often the a/B ratio and the pore size
distribution are changed simultaneously in different preparation

conditions, while both can contribute to the change in strength.

Along with the strength of RSSN, deformation behavior
is of particular importance for high-temperature application.
For engineering use of RSSN it is interesting that many of
the works in the literature on high-temperature creep indicate
that the maximal creep elongations are practically always < 1%.
It has also been shown that the structural morphology sub-
stantially affects the creep bahavior. For instance,
Thompson and Pratt [46] and Engel and Thimmler [76] report
that under constant experimental conditions at Temperatures
above 1200°C in a 4-point bending test, the creep rate and
the total elongation increase with increasing porosity. At
constant total porosity the creep behavior is also affected
by the other structural parameters. Din and Nicholson [77],
like Thompson and Pratt [46] showed that the creep strength
(high creep strength : low creep elongation) of RSSN increases
with increasing proportion of a. Grain boundary sliding and
accomodation by grain boundary separation (crack formation)
were suggested in [77§and [78] as the creep mechanism. The
rise in creep strength with rising o proportion is explained
in [77] as due to the fact that in the relatively large B
grains there can be displacements, in contrast to the whiskers,
and that the displacements make an additional contribution
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to deformation. Mangels [71] also described an increase in
creep strength in the study of samples with a fine, homogeneous
internal structure. Birch and Wilshire [79], who studied
creep of Si;N, in a pressure experiment, reported on the
contrary that the creep strength diminishes as the initial
silicon powder is made finer; this is usually connected with
formation of a fine-grained, fine-pored structure during
nitriding (37]. In this respect it should be considered that,
if, as is often assumed, the creep deformation occurs
substantially through the deformation of amorphous grain
boundary phases, there should be a rise in creep rate or

a reduction in creep strength with diminishing grain size
(80]. 1In none of the works, to be sure, was a quantitative
analysis of the grain size distribution performed.

After Glenny and Taylor [81] made the startling observation
that RSSN exhibits a considerably higher creep rate at 1000°C
than at 1200°C, Gratwohl and Thtimmler reported that the
atmosphere can have a surprising influence on the creep
behavior. For instance, they showed that a material with
relatively large creep in air at 1200-1400°C shows substantially
lower elongation and creep rate in vacuum at these temperatures.
Further studies of this phenomenon led to the observation that
the internal oxidation of RSSN contributes to a considerable
reduction in creep strength [80, 83, 84]. It is principally
the narrow pore channels (finely porous, homogeneous structure)
which are responsible for the internal oxidation. The strong
drop in creep strength due to internal oxidation can be
explained by the formation of an initially amorphous grain
boundary phase. The extended primary region, linked with
the strong drop in creep rate in the early stages of the
experiments is explained as due to reduction of the viscosity
by diffusion of impurities to the sample surface and by
crystallization of the glass phase. A steady crrep rate is
hardly observed at all during the continuing structural change
as the experimental period passes. Internal oxidation can be

&
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prevented by the formation of a Si0, coating in very finely
porous material, which substantially improves the creep
strength. This observation, and the observation that strong
internal oxidation can occur at low oxidation temperatures
because of the very slow formation of the coating [34] might
explain the experimental result [81] that a higher creep
rate was observed at 1000°C than at 1200°C.

The thermal shock behavior is one of the most important
properties for the intended use of RSSN in gas turbine design.
Those parameters which affect the thermal shock resistance
have been described extensively in, among others, a review
article by Shaffer, Hasselman and Chaberski [85] and in works
by Hasselman [86, 87]. Here it appears that parameters of
particular importance for high thermal shock resistance are
not only high values of tensile strength, but also the heat
and temperature conductivity, low value of transverse con-
traction, of the E-modulus, and of the thermal expansion.

As some of these parameters depend on the formation of the
structure, one must also expect that the thermal shock
behavior will depend on the structure, as Coble and Kingery
[88], for instance, described for aluminum oxide. 1In this
work, one of the findings was that the thermal shock resistance
of Alzo3 can be improved by reducing the porosity. The tests
done with SisN, have generally been limited to the comparison
of its thermal shock behavior with other materials [89 - 92],
from which it can be established that silicon nitride is
superior to most ceramic materials because of its small

thermal expansion. The few works concerned with structural
effects on the thermal shock behavior generally describe only
materials with different porosity. In these cases, to some
extent, materials with high porosity show better thermal shock
resistance than those with low porosity (89, 93], 1in contrast
with the results with Al,0; in [88]. Ziegler [94] studied
various commercial grades of RSSN. By means of structural
characterization he tried to establish a correlation between

17
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the individual structural parameters and thermal shock
behavior. In this work it was mentioned that still other
structural parameters than the total porosity, such as
macropores and density inhomogeneities in the macro region
can affect thermal shock resistance.

3. Experimental
3.1 Sample preparation
3.1.1 Raw material characterization

Four different silicon powders were used as raw materials
for preparation of RSSN. In order tec investigate the effect
of the initial silicun grain size on the structure and the
mechanical properties, a silicon powder from the H. C. Starck
Company of Berlin and Goslar was used. It was separated by
air-sieving into fractions < 10 um (A), 10 um - 37 um (B)
and 37 um - 63 um (C). For all the other experiments in this
work, a silicon powder trademarked "Murex Super Fine" (D)
was used. This was provided by the company of Murex Ltd.,
Rainham, Essex. Figure 3 and Table 3 show the particle
size distribution, the specific surface, and the chemical
analysis of these powders.

The organic plastic components required for the injection
molding process consisted of low-molecular-weight polyethylene
waxes and high-molecular-weight polyethylene thermoplastics.
Table 4 shows some of the properties of the organic components
used which are significant for the injection and burning-out
processes.

The dropping point and solidification point must be
taken into consideration in selecting the injection temper-
ature (3.1.2), while different burnout temperatures are
important for the subsequent burnout process (3.1.3).
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Table 3 CHARACTERISTICS OF THE SILICON POWDERS

A B C D
Particle size (um) . C10 . toemm 37-63 |« oo
Specific surface (BET) (ng ) 2,09 ! 0,46 0,24 1,35 |
d at 50% residue(um) (Fig. 3) 7 26 st W |
Impurity content (% by weight) ' '
Fe 0,58 1,01 0,8 \ 0,65
Al 0,17 | 0,22 | 0,16 A FR)
0,02 i 0,014 0,02 0,C4
ca 0,0‘ 0'04 0,05 !
C 0'8 0‘4 } 0,4 l n. do
02 I'l. do
n. d.: not determined
%of ’ ‘ 3
13})" ° 4
$0.0t- : 4
|
X 500} :
5 950 -
o i
T o8t 1
[ ,
fr; 980+ ~
995t~ -
B8 0 Ty pm 19!

Particle size d

Figure 3. Particle size distribution of the silicon powder.
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Table 4. CHARACTERISTICS OF THE ORGANIC COMPONENTS

i Parameter Dropping Solidification Burnout Density
§ Point Point Temp. at 293°K
! Compenent (°K) (°K) (°K) (gend)
. Thermoplast A B , ' . | X
; (Lupolen x) 408 9 405 410 : 583 1,0
| ‘e’gx?.? *) 376 - 381 36t - 366 443 0,93 - 0,95
‘gazé)B 412 - 017 408 - 413 538 0,99 - 1,01
c
?&ngo*) 376 ~ 380 363 - 367 533 0,91 - 0,92
Pa
‘gax*[)) 373 - 378 347 - 352 483 1,001 - 1,03
oP

X BASF trademark

Hoechst trademark
3.1.2. Injection molding process

A heatable kneader, type LUK 4 III-2 from the Werner and
Pfleiderer company was used to mix and homogenize the organic
components with the silicon powder. The liquid plastics were
mixed with the silicon powder for about 5 hours at temperatures
of about 440°K. The temperature was set above the dropping
points of the organic components, and was intended to be
limited so that the proportion of organics would not be r:duced
by excessive evaporation. The granulation needed for the
injection~molding process was prepared by cooling with the
kneader running. Table 5 shows a typical injection=molding
formulation.

A production plastic auger-piston injection-melding
i machine, the Allrounder 221U/150P of the Arburg company was
k4 used for forming (Figure 4). The machine has a maximum
injection force of 77 kN. With an auger end diameter of 22 mm
there is a maximum specific injection force of 2020 bar.

feis;

L

20




A R R B SRR A

Table 5. Formula for an injection molding mixture.

Component Function % by weight
Silicon powder matrix 85
Thermoplast A binder and plasticizer 3

Wax lubricant and mold release 3

wa B " " L " 3

wax C " " " " 3

wax D " " " " 3

Figure 4. Design and operation of the auger piston injection

unit (from [102]).

a. Injection process. b. Standing period with
residual pressure. c¢. Removal of the injection-

molded piece.

1. Closure mechanism., 2. Ejector side clamp plate
3. Die 4. Core 5. Injector side clamp plate
6. Plasticizer cylinder 7. Hopper 8. Hydraulic
motor. 9. Hydraulic cylinder. 10. Pressure gauge
11. Afterpressure cutoff switch. 12. Auger motion
adjustment. 13. Heater.
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The granulation fed in from the hopper is plasticized
in the heated cylinder and injected into the shaping unit
by the auger which acts as the feed and pressurizing element

(Figure 4; other information on the injection molding technology

in {100 - 107]). The temperature zones in the heatable plast-
icizer cylinder are determined by the dropping points and the
viscosity curve of the organic components used. Depending on
the flow behavior of the powder and the content of organic
components, they were between 440 and 510°K.

The mold temperature is below the solidification point
of the plastic mass, so that the plastic mass solidifies and
can be removed from the mold. This temperature should be
selected so that the mixture remains fluid until the mold
is completely full. Thus, high mold temperatures can prevent
inhomogeneities across the sample cross section and feed cone.
On the other hand, this temperature must be sufficiently
under the solidification point of the lowest-melting organic
component in order to prevent bubble formation at the sample
surface after removal from the mold. As an appropriate
compromise, the mold temperatures were between 310 and 330°K.

Augers having different geometry were used, depending
on the flow behavior of the mixture. For high plastic contents
and powders with relatively broad particle size distribution
(Powder D) a conventional thermoplastic auger with a compression
zone and backflow barrier could be used because of the good
flow characteristic of the mixture (Figure 5a). At the
compression zone in the forward part of the auger the core
diamter increases, causing #dded homogenizing action. The
backflow barrier prevents the material from being pressed
backward during the injection process (Figure 5a).

When powders with very narrow particle size distribution
were used (Powders A, B and C) or at very low plastic contents

22




PN

i,

a)

b)

Figure 5a. Auger tip with backflow barrier; cylinder with
open nozzle.

Figure 5b. Auger tip without backflow barrier; cylinder with
open nozzle.

1. Plasticizer auger. 2, Plasticizer cylinder
3. Backflow barrier. 4. Auger tip

a durometer auger without the compreysion zone and without
the backflow barrier was used (Figure 5b). Because there is
a larger space here between the auger core or auger tip and
the cylinder wall, even powders which flow poorly can be

injected.

When working with mixtures with poor rheological behavior,
injection into the mold was also not perpendicular to the
separating surface, as shown in Figure 4, but rather it was
into the separation plane of the mold, with a vertical
arrangement of the plasticizer cylinder. This arrangement
makes it unnecessary to have flow diverting channels in the
mold, where the masses tend to unmix, The homogeneity of
the injected samples can also be improved by optimizing the
injection rate and the injection pressure. Table 6 shows
schematically the parameters to be optimized for injection

molding.
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Table 6. PARAMETERS TO BE OPTIMIZED IN INJECTION MOLDING

Optimization of mold
filling (injeetion into Jptimal mold
the mold separatir s sin+ ) temperature

Low viscosity
of the orpanic liigh injection rate

components

Optimal particle distribution
of the sillcon powder

S /Z//

homogeneous injection casting samples

High injection pressure

3.1.3. Burning out the organic components

The organic components were burned out in a Heraeus
Type KA F 320 fresh=air oven equipped with a five-stage
electronic programmer from the Ingenieur-buro Vakuumtechnik
company. The temperature was measured and controlled from
NiCr-N1 thermocouples placed in the center of the material
heated. Flow, diffusion and evaporation processes in the
porous sample, similar to those in the drying process of
ceramic pieces [105] are responsible for the burning-out

process., It is essentially the wali thickness or the sample

thickness which determines the burnout time. There is no
noticeable shrinkage here with maximum of 20%=-by=-weight
plastics which was used. One may assume that there is a
framework of silicon powder with particles in contact, in
which the plastic fills the spaces. This is confirmed by
the dimensional stability of the samples.
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Figure 6. Weight loss on burning out of the organic components
of the injection-molded samples, as a function of
the temperature.

As the temperature rises during the burning-out process,
significant volume changes occur for the organic components,
due to the thermal expansion of the binder as well as to the
transition of the organic components from the solid state to
the liquid and later to the vapor staie. Overly-sudden
rise in temperature or use of a single organic plasticizer
can, therefore, destroy the originally homogeneous structure
of the sample because of the too-sudden transition of the
organic components from the solid to the liquid or gaseous
state [see 108]. For this reason, emphasis was placed
on different softening ranges or burnout temperatures when
the organic components were s.:lected. (See Table 4.)

The softening range and the weight loss of the injection-
molded samples as a function of the temperature were taken into
consideration (Figure 6) when the time-temperature program
was established. The total burnout times were about 100 hours,
with holding periods at 373°K (2 hours), 473°K (10 hours),
and 573°K (10 hours) and heating rates from 2.5 to 10 °K/hr
with a maximum temperature of 653°K. The maximum temperature
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should not be exceeded because the silicon powder is
susceptible to oxidatioi.

3.1.4. Nitriding proccss

The conversion of the injection-molded and burnt-out
samples according to the net formula

381 NPT anis 84N
(5) (8) Y2 (g) 138 (8)

was performed in a vacuum/protective gas oven from the company
Ingenieurburn Vakuumtechnik (Figure 7). This is a double-walled
water-cooled all-steel oven with molybdenum heating elements and
molybdenum radiation shields.

i
F
.
1
|
1
'
E
i
:
,

Figure 7. View into the interior of the nitriding oven.

The usable volume of the oven is 175 x 175 x 380 mm.
The power supply is designed for a maximum temperature of
1923°K. The temperature is measured and controlled from two
W5Re/W26Re thermocouples (7 in Figure 8) placed in the center
of the open volume or on the thermal cocnductors. The
temperature is controlled using a PID controller and a five-
stage electronic programmer. The latter provides for programming
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the heating rates, holding temperatures, and holding times

in five steps. The nitriding oven is equipped with a
high-vacuum pump system (12-17 in Figure 8) with high«vacuum
measurement (9 - 11 in Figure 8). As nitrogen is consumed

in the conversion of Si to 813N4, and all the nitriding tests

i ' were to be performed under static conditions, 1i. e., at
. constant nitrogen pressure, pressure regulation was installed.
F‘ The MKS Baratron (9 in Figure 8) actuated a magnetic valve

(19) through a valve controller (18), so that the nitrogen
pressure in the free volume could be held at a constant value.
The desired pressure is adjusted at the valve controller.

I E’} [p— ..,;.ﬂ._..w.

Figure 8. Schematic design of the resistance-heated nitriding |
oven,

1. Water-cooled stainless steel chamber
2, Water-cooled copper holder
3. Molybdenum radiation shield
g. Molybdenum heat conductors
6
9

. Control valves i
0. Spring pressure manometer 4
Temperature measurement point

8. Overpressure valve. 9, MKS Baratron 4
10. TIonization gauge 11. Thermal conductivity gauge |
12. Gate valve 13. Bypass line 5
14, High vacuum valve 15. Cryo-baffle ]
16. Diffusion pump 17. Mechanical forepump
18. Valve controller 19. Magnetic valve
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Before the uctual nitriding process, the samples were
outgassed for some hours in high vacuum (~ 2 x 10"5 mbar)
in the nitriding oven at temperatures up to 673°K to remove
the last residues of organic components and physically ad-
sorbed gases. Then nitrogen, nitrogen-hydrogen or nitrogen-
argon mixtures were added to a pressure which was, according
to experience, below the actual experimental pressure because
of the expansion of the gases on heating. Because of the
exothermic nature of the nitriding reaction and the related
danger of overheating the incandescent mass, holding periods
were provided from 1453°K and up, and relatively low heating
rates of 0.1 °K/minute were selected. The maximum nitriding
temperatures were usually 1673°K, 1. e., _just below the
melting point of silicon (T, Si = 1683°K). The total
nitriding time was about 100 hours (Figure 9).

2000 I T T V

K Temperature curve
1500}

[,
v =l
& 1000} 1500 o
9 Pressure curve mbar ;
) 1000 @
§ 500 g
B ~1500 M

0 | ! l f .

20 40 60 80 100 h 120

Time, t

Figure 9. Cou{se of temperature and pressure during a nitriding
cycle.

3.2 Quantitative determination of structure
A structure is characterized by those parameters which

describe the stereometric structure (grain size, pore size, etc.)
and are independent of material-related factors [109]. The
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stereometric parameters are characterized by size, shape,

volume proportion and distribution with respect to their size
and location in the sample. In reaction-sintered silicon
nitride, it is principally the proportions of the two
modifications, o and B, the grain size and grain size
distribution, the total porosity, the pore=size distribution,
and non-converted silicon which contribute to differences in

the structural morphology [37]. The porous RSSN samples were
structurally characterized by determining the degree of reaction
and by density measurements using the Archimedean principle.

The grain sizes of the @ and f modifications were determined
on etched or ion-thinned slices using the scanning or trans-
mission electron microscope. The volume proportions of the

a and @ phases were determined by X-ray. The pore size
distribution was determined with an ERBA Science mercury
pressure porosimeter and from light-microscopic photographs

of sections,

3.2.1 Degree of reaction

The theoretical weight increase on conversion of silicon
to silicon nitride by the net formula (5) is 66.49%.
The degree of reaction can be determined by determiring the
weights of the samples before and after the nitriding process:

measured weight increase
theoretical weight increase

(6) degree of reaction =

In this calculation one must take into consideration the
proportion of free silicon and that in the SisN, after nitriding,
as well as the proportion of silicon before nitriding and

the proportion of evaporated silicon which leaves the pore
volumes (other phases could not be detected either by

light microscopy or by X-ray).
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With:
m = mass of Si before the reactlion

mp = mass of free Si after the reaction
my = mass of evaporated silicon
= mass of Si3N4 after the reaction

we get:

Aweight measured
Aweight theoretical

1.66 ml - ml

(7) Degree of reaction =

and with

m, = 1,66 (my = m, - m3)

0.66 my - 0.66 mp - 1.66 mq

i
|
:
; it follows that
|
|

(8) Degree of reaction =

] and thence

; (9) Degree of reaction = 1 - 0.66 m, + 1.66 mj
| 0.66 my

Converted into terms of percent by volume, V., this gives

(10) Degree of reaction = 1l - [VV(Z) - 2.5 VV(B)] < 1

Because of the negative correction term in this formula, the
degree of reaction is less than 100% in practice. With a
measured Y0% degree of reaction and 4% free silicon after the
reaction (see 4.1.1) the volume proportion of evaporated
silicon is 2.4%. If oxides or oxynitrides also occur due to

30

SE———————— A



o s e

high oxygen contents in the starting material or in the
nitriding gas, those percentages must also be considered in
tho calculation of degree of reaction.

3.2.2. @ and £ phase components

The proportions of the & and f phases are determined
roentgenographically with a Siemens fine structure goniometer
using Cuk, radiation. For these measurements, the RSSN samples
were ground to a particle size < 5 um in a Retsch | igh-speed
micro-mill with a boron carbide holder.

Frcin the goniometer records, the peak heights of the
intensicies of the B lines (10l1) and (210) and of the a
lines (102) and (210) were evaluated. According to [110],
good accuracy is achieved if the ratios of these values are
evaluated by the formula:

(11) F = Iso1)  * Is(210)
Luro2)  * Ia(210)

and the proportion of the o phase in the total amount of
Si3Na is determined from a calibration curve (Figure 10).
Values of a/a +p from 10% to 90% were found.

3.2.3. Grain size

The grain size in the RSSN was studied on etched sections
or on ion-thinned samples in the scanning electron microscope
(SEM) and transmission electron microscope (TEM). For the
SEM studies the sections were ground and polished as in 3.2.5.2,
then etched and vapor-coated with gold. Because of the differ-
ing grain sizes of the & and B crystallites it was not
possible to make both phases visible with a single etching
process. By the time the grain boundaries of the B grains,
which are relatively large in comparison to the o whiskers,
appeared, the o phase was completely over-etched, Table 7
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Figure 10. Relative intensity ratios for the lines (101)
and (210) of P and of (102) and (210) of o
as functions of the proportion of f. [110]

Figure 11. Differing grain sizes and grain morphology of the
a and P modifications (SEM, etched sections).

a; a mat
b) B phase

indicates the different etching techniques and their applicability
for particle size determination in RSSN.

For this work, the P crystallites were etched chemically
(NaOH melt, 673°K, 40 sec.) and the a whiskers were etched
by ion bombardment (argon ions, 3 hrs) in an ion thinning
apparatus (Figure 11).
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Table 7. ETCHING TECHNIQUES FOR GRAIN BOUNDARY ETCHING IN
a and P 813Na

Etching Etching Etching a grain p grain

method temperature time boundary boundary
(°K) etching etching

Thermal 1473-1673 10 min = 2 hr too satisfactory

(vacuum) aggressive

Chemical 673 40 sec too good

(NaOH melt)

Ion bombardment 2713 Ja n good insufficient

(argon ions)

b)

R R e i 15 1T | Porreeeed O, 5 UM

Figure 12. Differing sizes and morphologies of grains of the
a and P modifications (TEM, ion-thinned).

ag a whiskers
b) B phase

For investigation in the TEM the samples were first ground
to a thickness of about 100 pm on silicon carbide abrasive
paper, and then prepared for examination in the ion thinning
apparatus., Figure 12 shows TEM pictures of the a and §

phases.
3.2.4. Density and total porosity

The density of RSSN was determined using the Archimedean
principle by measuring the buoyancy in mercury. The density
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is made up of the densities und volume proportions of the separate
phases, with the porosity taken into consideration.

(12)  » peasured = V0TV with gvm -

v,v) = volume proportions of the phases which occur
v = densities of the individual phases.

In the calculation of total porosity, free silicon in
particular must be considered along with the Si;N, as
solid phases. It follows from (12) that

(13)

+ vv(sx) * gy

-
» measured Vy (814N " PsigN,

4 Yeage eant
wivn Vy (81N + V(81 + v (Pores) = 1.

Then, by eliminating V, (Si3NA) it follows that the volume
proportion of porosity is:

\
]
g

o ;

P measured 51 | /
4 ’ TR A R T S B :

(14) v, (Pores)® ! Psix, v Psi,N,

With 5% free silicon, the value for the correction term,
Pg4 |

)
¢
SiyN,

v, (84« (1 -

L~ is within the measurement accuracy of 1%.
3.2.5 Pore size distributions

3.2.5.1. Mercury pressure porosimetry ]

The volume proportion of the open porosity and the
distribution of open pores having d = 15 um were
determined with a mercury pressure porosimeter from the ERBA
Science company. Based on the surface tension, o , of
mercury and the contact angle, ¢ , between 813N4 and Hg,
a diameter d for an open cylindrical pore can be assigned
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to a hydrostatic pressure, P, according to Equation (15):

(15) d = -4 0cosewitho = 480 My ™' and e = 141,3 °,

For porous ceramic materials in general, to be sure, one must
figure on 'bottle pores’ (Figure 13). For a mercury pressure
of P, the volume vy of the pore opening with diameter dl
and the volume Vl' are filled with mercury, until a pore
with d2 < d1 is reached. The same process holds, with
pressure increase, for the pore openings with diameters d,
and d3. If the pressure is reduced, the pure volumes Vl',
V,' and V5' remain filled with mercury and hysteresis is
observed. With this procedure, then, only the distribution
of the 'bottle pores' can be determined, and not the exact
distribution of the total open porosity (cf. [111]).

Mercury under

hydrostatic
pressure
‘/ // I / ~
d >dz >d_, ’
Distance from the sample surface
/"/ e"(.) //', ,// /’p;AM»g”‘
o ';‘/, .f//é// L
L

Figure 13. Schematic arrangement of a 'bottle pore'.

The spatial frequency of these pore openings determines
the depth of penetration of mercury into the samples. For
samples with dimensions 3.5 x 4.5 x 45 mm only a marginal
region of the sample was measured at low pressures, corresponding
to large pore opening diameters (e. g., d, iu Figure 13)
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because of the limited depth of penetration of the mercury.
All the pore openings with the diameter d, still present

in the rest of the sample volume would only be measured with
smaller diameters (higher pressure). These would then be
overestimated, and the distribution function which indicates
the volume proportion AV/VP (VP = total volume penetrated
by mercury) per class width Ad as a function of d would
be asymmetric (Figure 14).

-3

Total ‘1=3: Increasing sample
sample dimensions
volume, 2

Jeasured

N

Pore diameter ——e

Relative fréquency

Figure 14. Effect of the sample dimensions on the curve for
the pore size distribution function (schematic).

In order to attain realistic distribution functions, it
was necessary to grind the samples to a thickness of 1.1 mm,.
(Further grinding of the sample did not change the distribution
function.)

The hysteresis curves, which measure only the volumes
of the pore openings, show approximately the same curve as
the distribution functions of the thin samples with h < 1.1 mm.
From this it follows that the ratio V/V' is constant in each
Ad interval, so that the curve determined with the mercury
porosimeter gives at least an accurate distribution of pore
openings. (See Figure 13). The dg, values listed in
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Section 4 give the diameters which divide the distribution
functions into two halves with equal areas. The values for the
total open porosity were dependent of the sample dimensions
selected here.

In spite of the limited predictive power of this measuring
technique, the distribution of the micropores may represent
a reasonable parameter for some properties of RSSN, such as
the oxidation behavior, as the micropores can affect the
formation of the 510, coating which prevents further diffusion
of oxygen into the sample.

Si2:i2:8: Light microscopic evaluation

For investigation by light microscopy, the RSSN samples
were ground on SiC abrasive paper and polished with A1203
paste. The various phases, Si;N,, §i, and pores can be
distinguished with the light microscope because of their different
reflectivities (Figure 15). The volume proportions of the
individual phases can be determined from linear analysis:

V Vv (o]

(length ., in the phase v per measured length L_).
o

Pt 100 10

gray matrix: Si3Na

white phase: unconverted
silicon )

black phase: pores

Figure 15. Structure of RSSN (light microscopy, polished
section, unetched).
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The volume portion of the pores which can be determined in the
plcture of the section is made up of the contributions of the
open and closed pures with d 2 1 um and an additive preparation
error. At present it is not yet possible to estimate the
preparacion error, as none of the measuring methods mentioned
can determine the ratio of the pores with d 2 1 um and

d £ 1um. We can determine only the sum of the contributions
fo: the open and closed porosity. Evaluation of the pore size
distribution of the pores detectable in the light microscope,
called macropores in the following, was done with the
MOP/AMO3 semiautomatic image analysis instrument of the
Kontron Company. The percent area of pores in each diameter
class was determined at 400 x magnification from a sample area
of 0.375 mm<. The 50% value, dSO macropores, which divides
the curve into two halves of equal area, was determined from
the frequency distribution curve.

3.3 Determination of the mechanical properties
30301, Four-point bending strength

The bending strength was determined on samples with
dimensions 3.5 x 4.5 x 45 mm. The samples were tested in
the "as fired" state; that is, as they left the nitriding
oven. Figure 16 shows schematically the testing system.
Because of the great scatter in bending strength due to
the brittle breakage of ceramic materials, 25 samples were
tested for each experimental point.

Fola - 11

6
(16) , .Sa I

B b h

3.3.2. Creep behavior

The creep behavior of RSSN with different structural
morphology was investigated in the 4-point bending test
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Figure 16. Four-point bending test system (schematic).

11 = 20 mm la = 40 mm
b = 4.5 mm h = 3.5mm

at constant temperature (1573°K) and constant stress (70 Nmm'z)
in air. The tests were done with samples of dimensions 3.5 x
4,5 x 45mm (=h xbx 1) with 11 = 20 mm and ¢ = 10 mm
(Figure 17). The samples were ground plane parallel near the
supports, but were left with their "as fired" surfaces on the
tension side in the area of maximum bending woment (11i).

The samples were stressed in a resistance-heated oven lined
with firebrick, in a clamping arrangement of RSSN. A probe
touched the underside of the sample at its center. This probe
contained the thermocouple for temperature measurement, and
its motion was detected with an inductive motion sensor

with a carrier frequency amplifier to indicate the total bending.

This type of test has the advantage over the classical tensile
creep test that its accuracy is higher for low deformation
and flat samples. With very slight elongations, such as

occur with RSSN (see Z.2) one cal also avoid the superimposition

of bending moments with clamping in the tensile tester.

In addition, it is considerably simpler to prepare samples
because of the difficulty of processing Si3N4. To be sure,

a simplifying assumption must be made to calculate the total
elongation in the outer tensile fibers of the bending sample.
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It is possible to establish a relation with the
extension used in the tensile test if we assume that the
middle plane of the bending sample, as a 'neutral fiber',
experiences no elongation [112]. With the requirement that,
as with RSSMN, only small bending nccurs, we can transfer the
relations applicable to the elastic case also to the elastic-
plastic case of creep [80]. With this, the error in calcul-
i ation of plastic elongation according to elasticity theory
increases with increasing stress exponents. For small stress
exponents of RSSN (1 s n < 2) [80] this error is
negligible.
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xpee mental arrangement and measuremei. ;. in the
~puint bending test (schematic).

According to [113], then, for samples of rectangular cross-
section (Figure 17) stressed in the four-point bending test,
we have the relations

2 2
B A - AN I
(17) BrgsTe 4 fartEaT et T

* I LR

In the creep test, the total bending of the sample,
f = f1 + f2' is measured.
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the total elongation ¢ 1in the outer tensile fiber of the
bending sample is found to be

. 12 £
(18) I (l+2a)? - g ¢?

3.3.3. Thermal shock behavior

Thermal shock investigations were performed on samples
with square cross sections (dimensions: 5 x 5 x 50 mm and
3.4 x 3.4 x 45 mm), The surfaces of the samples were ground
with diamond wheels. In order to study the strength behavior
after a single temperature change, the samples were held in
an induction furnace for 15 minutes at the test temperature,
and then thrown into a container of water or oil (T = 298°K).
The strength was determined at room temperature before and after
this test in the four-point bending test (see 3.3.1). The
measure of thermal shock was the so-called critica. temperature
difference, ATC, at which the thermal stresses developed in
quenching exceed the tensile stresses of the material and the
strength drops off sharply.

According to [86, 87], wunstable crack growth occurs at
a critical temperature difference AT, between the temperature
of the sample in the oven and the temperature of the quenching
medium (Figure 18). This is linked with a discontinuous drop
in strength (small crack length in the starting material).
Following this rapid drop in strength, there is a region in
which the new crack length remains subcritical, so that the
strength remains constant. For a temperature difference
greater than AT, there is a continuous decrease in strength.
This is explained by stable crack growth (Figure 18).
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Figure 18. Dependence of the crack length and the strength
at room temperature on the temperature difference
in quenching (single thermal shock).

Along with the breaking tension, the B-modulus *, the
transverse contraction number * and the thermal conductivity
of the samples were determined to calculate the thermal shock
parameters R and R' (see 4.2.4). The thermal conductivity,

» , was determined from the experimentally measured values
of temperature conductivity, a, [127] and literature values of
the specific heat (cp = 700 J/kg °K) and the density, ,

s T T T T e e

(19) A=ac p

P

The thermal expansion coefficient, o, was taken as 3.3 ° 10"6 K"1

.

* I thank Dipl.-Phys. W. Grellner, Erlangen-Nuremberg University, ; %
for determining the E-mocdulus and transverse contraction number. :
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4, Results and discussion of the relations between preparation
conditions, structure and mechanical properties.

4,1 Density and total porosity

The density, or the total porosity, of nitrided samples
was varied by varying the proportion of organic components on
injection molding. The proportions in the injection moldings
used here were between 12,7 and 207 by weight. These yielded
green densities (densities in the burned=out state of the
samples) of 1.40 to 1.65 g cm'3, and with degrees of reaction
above 84%, final densities between 2.23 g cm™3 and 2.68 g cm™3
(0.30 2 VV(P) 2 0.15). The samples were all prepared from
powder D with the same nitriding gas composition and constant
gas pressure (N, : H, = 90:10, P = 950 mbar). These
nitriding conditions were selected to give optimum room
temperature strengths (see 4.5 and 4.6).

As the external dimensions of the samples hardly changed
during the nitriding process, the porosity is reduced by
the volume increase on formation of SigN,. A green density
of 1.91 g cm'3 would be needed to produce theoretically
dense samples. These green densities are, on one hand,
not attainable with the avallable preparation technology;
and on the other hand, with increasing conversion the
access of nitrogen to the individual silicon particles is no
longer certain. Thus, the reaction is no longer diffusion-
controlled, so that complete conversion in acceptable times
is no longer possible, especially for samples with thick
walls and with use of coarse silicon starting powder. Figure
19 shows, wusing as an example samples with a green density
of 1.57 g cm'3, the decrease in the residual silicon
content with increasing degree of reaction. In Figures 19a and
19b one can clearly see the pore formation at the edges
of the silicon granules, with the incompletely nitrided
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Figure 19. Development of structure in RSSN with increasing
degree of reaction (RG) (light microscopy, ground
sections, unetched). H

gray matrix: Si3N4
white phase: unconverted silicon
black phase: pores
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samples. This confirms the reaction mechanism suggested

by Atkinson, Moulson and Roberts [49] (see 2.3). As the
reaction advances, the areas of free silicon become smaller,
disappearing completely with complete conversion (Figure 19 c-e).

For samples with a green density of 1.65 g em™3 it wes
no longer possible to attain a degree of reaction of 70%
with the nitriding conditions selected because of the problems
mentioned above. In this case the degree of reaction was
increased by addition of 1.6% iron by weight to the silicon
powder. The degree of reaction rose to 93%. As several
authors have reported [114, 115], when iron is added low-melting
eutectics form during the nitriding reaction. As is also
shown here, they accelerate the reaction and increase the
degree of reaction (see also [124])

4.1.1 Bending strength
Table 8 shows the characteristics of the samples,

indicating the relation between bending strength and tota
porosity.

Table 8. RELATION BETWEEN THE DENSITY, OR TOTAL POROSITY, AND
' THE BENDING STRENGTH

Density Degree of Volume proportion Bending
o Reaction of the total porosity strength
3 22
(g cm ) (%) VV(P) (MN.m <)
2,23 95,8 0,30 ! 108 - 10
2,30 E 94,3 0,27 144 = 17
2,42 91,0 0,23 164 = 14,
2,44 g 84,2 0,20 187 + 16
2,54 1 91,0 ‘ ‘ 0,19 203 = 13
L53_J 88,4 0,18 215 = iC

@




The total porosity is calculated according to Equation (14)
from the density, with consideration of the proportion of free
silicon. Here it is assumed that the evaporated silicon
amounts to about 2.5% (see calculation of the degree of
reaction in 3.2.1.). The dependence of the bending strength
on the porosity can be described quite well by means of
the empiric relation

(3) 0 = o, exp - bvv(P)

often applicable to ceramic materials (Figure 20).
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Figure 20. Dependence of the bending strength on the porosi’y

The constant, b, which is the slope of this line, has a value
of 5.2, 1in rather good agreement with the literature values

of 3.9 to 6.0 for silicon nitride [45, 65]. o, (© at

V,(P) = 0) is 550 MN m 2. This value is in the range of

the usual strength values for dense hot-pressed silicon

nitride.
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4.1.2. Creep behavior

Figure 21 shows the total elongation as a function of the
time in creep tests at constant load and constant temperature
for samples with difrferent densities. The total elongation,

¢ 1is still less than 2 9/oo for samples with a density of
2.30 g <:m'3 even after 100 hours, With increasing porosity

P Fad
= Q

Gs TOMNm?

T:1573 K

® V2268 gcm’?
o P:254gem!
o P:242gcm))
e ¥3230¢gcm?

w

0 20 40 60 80 100 h 120
Timet —

Total elongation; € —

Figure 21. Creep curves of RSSN having d}fferent densities,
in air at 1573°K and 70 MN.m~ <.

(decreasing density) the bearing cross-section of the sample
is lower, so that the stress is higher for a given load, and
the creep rate and total elongation show the expected increase
for comparable test periods. Steady creep rate and the tertiary
creep region followed by breakage were not observed with these
test conditions. If, as described in the literature, the
creep mechanism for RSSN is viscous flow of a grain boundary
phase with accomodation through grain boundary separation or
crack formation, 1i. e., continuous change in structure during
deformation [77, 80], then it is not surprising that a steady
creep rate does not appear in practice. Figure 22 shows the
creep rate (slope of the curve at °» = 2,68 g cm'3) at

50 hours, and for the other densities at 80 hours, Figure 21)

as a function of the porosity.
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Figure 22. Dependence of the creep rate on the porosity.

It appears from the linear relation between ¢ and
[VV(P)]2 that in this case the creep rate can be described
by the empirical relation

[
(20) et v )

with ¢, ® Ccreep rate of the porous sample
a = creep rate of the dense sample

a = constant

which has already been established for other ceramic
materials [116]. If this curve remains linear for even
lower porosity, then Figure 22 indicates that for a total
porosity of 0.11 there should be no deformation within the
o measuring period for a stress of 70 MN m"2 and a temperature
- of 1573°K.

It should be noted here that the total porosity alone
is not sufficient to describe the dependence of the creep rate
and the strength, but that still other structural parameters
play their roles.
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4.2 Effect of the pore size with constant total porosity

The goal of the investigations performed here was to
produce samples with different macropore size distributions but
with constant. total porosity and with the other structural
parameters equal. For this purpose, an organic wax, which
could be burned out completely, and which was available as
a powder with spherical grains, was sieved into the fractions
0 - 36 um, 63 - 90 um, and 125 - 180 um. Four percent of
these fractions, by volume, were mixed into silicon powder D.
In contrast with the production of all the other samples used
in this work, these powder mixtures were isostatically pressed
to a green density of 1.45 g cm'3 *. The added wax was burned
out before nitriding to produce spherical pores of different
sizes.

4,2.1. Structure analysis

Different pore size distributions were determined, due
to the different grain sizes of the added waxes (Figure 23).
Some of the artificially introduced pores, which can be
distinguished from the "natural" pores by their spherical
shapes, are marked by arrows in the figure. Table 9 shows
the individual structural parameters of these three sample
charges.

The value aﬁacropores is the mean diameter of the
artificially introduced pores. Aside from the macropores,
the other structural parameters remained more or less constant,

as was expected with the constant preparation conditions.

* 1 thank Rosenthal Technik AG, Plant group IV, Selb,

for performing the pressings.

49




B aal o die b e e o oo i 4 Ml s i s b i an o T R N T et -

e WA T .
T

S,
.'."i'.“ 1~y '{. s';.\,' ;

S il ve S 3
PO YT ek

O, "‘ DR
c) D! ‘f&"'-"‘“‘. o

Figure 23. Artificial pores produced with waxes which could
be burned out. Some, which can be distinguished
from the natural pores because of their spherical
shape, are indicated by arrows. (light microscopy,
ground sections, unetched).

Wax particle size: a) O - 36 um
b) 63 - 90 um
o} 125 - 180 um

Table 9. STRUCTURAL PARAMETERS OF THE RSSN SAMPLES WITH
ARTIFICIAL PORES

Wax particle Z Degree of a/a+ d d %y
size reaction m;ggo- macro-
. pores pores
@m) . (gem™ (@ (ume1o”l) @m) (mvem2)
0 - 136 2,39 92,8 o,71' 101 ' 48 140 + 12
63 -~ 90 2,39 92,5 0'73| 1,29 i 66 109 #16
125 - 180 2,41 90,1 0,841 0,97 ! 100 - 191 & 14
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4.2.2. Bending strength

The bending strength is plotted in Figure 24 as a

? function of the mean pore size of the artificially introduced
) pores. The natural pores, which are smaller than the newly
ﬂ introduced ones, are not considered, as a crack usually

h propagates from the largest pores in the surface region of the

tensile zone.

200- a/aeps constant
dy micropores = constant

‘ N
r \:% [\

[
< 120 l
9 o00-
. B T\
\ 7] 90}*
30
? g 4
e T IURUUNNENS DU UMY WUOOY U Y SO
%1, 30 0 50 60 70 um 100
m

d macropores

2 ey

Figure 24, Effect of macropores on bending strength.

1f we consider a pore as a sharply defined crack, then
the breakage can be described using Griffith's relation (1).
The relation between the size of a fault a and the strength,
oy , can be derived either from the specific rupture surface
energy Y or from the crack ductility Kic: There is a
relation between the two quantities:

(21) Kie = YTV E.

The relation between ©¢; , a and y or KIc is:

K ‘ -
(22) o -VEEE G
A The value Y depends on the nature of the fault. (Evans and
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Tappin [117] have extensively discussed the problems in the
fracture mechanistic consideration of pores.) 1If one considers
a pore as a semicircular surface crack, then Y = 1,16 [125].

If the strength is plotted versus the fault size, a,
on log-log paper, this must according to Equation (1) give
a straight line with a slope of -%. In Figure 24 there is a
slope of -0.47, and thus good agreement with the predicted
value. Calculation of KIC accord1n§ to Equation (22) gives
values of 1.13 MN m'3/2, 1,12 MN m~ /2, and 1.17 MN m~3/2
for the three different pore sizes. Direct measurements of
Kic on the same materials gave a value of ~ 1,53 MN m~3/2
for all three materials [118]. The fact that the calculated
value of KIc based on the mean pore size 1s too low is
understandable becausc the break propagates from the largest
pore, mnot from an average one. For a more accurate consideration
it would be necessary to determine the fracture-initiating pore
for each sample, and even pores below the surface would have
to be considered.

4.2.3. Creep behavior

Figure 25 shows the curve for total elongation versus
time at 1573 °K and 70 MN m~2 for the samples with different
macropore slizes, Although the mean macropore size changes
by more than 100%, the creep curves are almost identical,
and the sample with the largest macropores actually shows
the least deformation. As the proportion of artificial
macropores is less than 4% of the sample volumes (see 4.2)
and the pore size distribution of the natural macropores and
micropores has hardly changed (Table 9), these samples
show very similar oxidation behavior. (The proportion of
open porosity was about 23% for all three series.) On heating
to incandescence in air at 1573°K the samples with aﬁacropores
equal to 48 um and 66 um showed the same weight increase. The
weight increase was slightly lower for the samples with
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Figure 25. Creep behavior of RSSN with different macropore
sizes in air at 1573°K and 70 MN m-2,

aﬁacropores = 100 um, As i3 shown more extensively later

(see 4.3.2 and 4.4.4), the micropores are responsible for

the oxidation behavior of RSSN. With small micropore
diameters a protective SiO2 layer forms relatively quickly

at the sample surface, strongly inhibiting further oxidation.
With larger micropores, on the other hand, there is
increased internal oxidation of the samples. As is shown
quite extensively in [80], this internal oxidation leads

to formation of amorphous oxide phases, so that the Si;N,
grains can slide past one another due to the viscous flow of
amorphous grain boundary phases. That is why these samples
show very similar creep behavior in spite of the ver' different

pore sizes of the artificial macropores.

4.2.4 Thermal shock behavior

Figure 26 shows the dependence of the bending strength
on the quenching temperature difference for quenching in
water and oil (samp:e dimensions: 5 x 5 x 50 mm). Up to
1400 °K no strength drop is observed with oil quenching;
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Figure 26.
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Bending strength as a function of the quenching
temperature difference for samples with different
macropore sizes (single thermal shock, quenching
medium oil or water).

Size of the macropores:

a 48 um
b) 66 um
c¢) 100 dm.

that is, the critical temperature difference for crack

initiaticen,

AT, (see 3.3.3) is greater than 1400°K for

these sample dimensions aud quenching conditions.

Because of the higher heat transport number on queaching

in water,

the temperature gradient in the sample is higher,

SO

that the thermal stresses induced are greater than with quenching
in oil, and as a result the critical temperaéhre difference is
moved to lower values.
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With water quenching, the critical temperature difference
is between 300 and 375°K, and AT, decreases with increasing.
porosity (Figure 26; Table 10). This result agrees with the
studies of Hasselman [87], who explained the drop of AT, as
due to increasing critical crack size (pore size). The strength
also decreases with increasing pore size (see 4.2.2), although
the E modulus and, therefore, the transverse contraction
number remain constant (Table 10).

The experimental results can be explained well with the
parameters defined by Hasselman [86], which serve as measures
for the resistarce to thermal shock stress:

(23)  r=GE
and
(26) R =THEEa-wea,

with o = bending strength
v = transverse contraction number
a = coefficient of thermal expansion
E = modulus of elasticity
A = thermal conductivity.

From the peiative values of R' and ATC one can recognize the
good agreement between the calculated and experimental values
(Table 10). The calculated values of R and R' confirm the
experimental finding of a decrease in AT, with increasing
pore size.
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Table 10. PHYSICAL PROPERTIES, THERMAL SHOCK PARAMETERS
AND CRITICAL TEMPERATURE DIFFERENCE OF SAMPLES
WITH DIFFERENT MACROPORE SIZES.

Wax particle E 1- v a A
size
(um) (GN-m"2) (em?sec™t) (wn~1k™1)

0- 36 161 | 0,78 ' » 0,1 [ 16,6
63 - 90 167 i 0,77 | 0,097 ‘ 16,1 i

125 - 180 165 ] 0,76 ] 0,1 16,6 *

Wax particle R R! ATC Relative Values 4
size R' AT, 3
(um) (°K) (wm™1) (°K) :

0 - 36 206 3410 ! 375 ! !
63 - 90 166 2680 [ 313 ‘ 0,79 0,83
125 - 180 141 2340 f 300 C,69 9,8

4.3 Effect of the proportions of the & and B phases

The contradictory statements in the literature on the
effect of the a/B ratio on the mechanical properties of RSSN
stimulated the following investigations. They began with
establishing that the a/B ratio could indeedbe changed
considerably by varying the preparation conditions, although
other structural parameters, such as the pore size distribution
of the macropores, change at the same time (see 4.4 - 4.6).
Thus, evaluation; of the effect of the o/ ratio are no longer
possible. If in these cases one considers only the relation
between the proportion of @ and the strength, one finds both
a rise and fall of the strength, as well as constancy, with
rising @ content. Therefore, we attempted to vary the &
proportion in such a manner that the macropore size distribution
should remain constant.
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Table 11. STRUCTURAL PARAMETERS AFTER HEATING TO INCANDESCENCE.

o ot
Tax t a/o4p  dgy micropores dg, macropores
-3 -1
(°K) (hr) (g+cm™”) (Mm + 1077) (Mm)
1753 ' 10 ! 2,53 { 0,78 0,64 ; 10
1753 20 2,53 i 0,78 0,84 : 1
1753 40 2,54 0,76 1,02 ’ X
1753 80 2,54 0,75 1,00 12
1873 8 2,51 | 0,56 1,40 l 28
1873 16 2,54 0,50 1,60 29

For this ' purpose, a sample charge was nitrided at a
gas pressure of 270 mbar, a nitrogen/hydrogen ratio of 90/10
and a maximum temperature of 1673°K. This established a value
for a/a + 8 Of 0.80 at a density of 2.46 g cm™3 (degree of
reaction = 84.6%). These samples, which served as the
starting material, were heated for 8 - 80 hours at temper-
~rtures between 1753 and 1973°K at a nitrogen/hydrogen ratio
oL 90/10 and a gas pressure of 950 mbar. Table 11 shows
the change in individual structural parameters.

By means of the heating above the melting point of
silicon (1683°K) the proportion of free silicon was reduced
through further reaction with nitrogen, and as a result the
densities of the samples increased slightly in comparison with

the starting material. At 1973°K and a heating period of 16 hrs

the SigN, began to vaporize, as is noticed in the slight
decrease in density. Heat treatments at 1753°K and holding
periods up to 80 hours had practically no effect on the a/B
ratio. A change in the proportion of a could be observed
only above a temperature of 1873°K.
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Figure 27. Differing grain sizes and grain morphology of the
a and B modifications (scanning electron micrographs,
ground sections, etched).

a) a phase b) B phase

Figure 27 shows the difference in grain sizes between the
o mat and the relatively densely packed P grains. (More on the
grain sizes of the @ and P modifications and their developmental
histories in 2.3 and 4.4.2.) The pores visible within the
a mat agree in order of magnitude with the micropore diameters
measured with the pressure porosimeter (Table 11). The
micropore diameter rises with increasing o content, while
the macropores do not change significantly in size. As it has
not yet been possible to visualize both the @ and the §#
grains with a single measuring method, quantitative grain
size analysis was not possible.

4.3.1. Bending strength

With diminishing & content; that is, (under these
experimental conditions) with increasing micropore diameters,

the strength decreases for constant macropore diameter (Figure 28).

This indicates that still other structural characteristics than
the macropores affect the strength. As the value of Kie measured
for these samples rises with diminishing & content
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(a/o48 = 0,76, Kic ™ 1.67 MN m'3/2; a/a4 = 0.16, Kie =

2.23 MN m'3/2)‘ it is not immediately possible to explain

this result. It would be necessary to consider also the effect
of grain growth and the potential alteration in the shape of the
micropores and macropores during the heat treatment, so that
explanation of this result would become very complex.

T ) T 1
260 -10,17
MN m? i micropores um §
B 9]
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Figure 28. Effect of micropores and the a/B ratio on the bending
strength (dSO macropores ~-30 um).

It should be mentioned, though, that individual structural
parameters may change oppositely due to different preparation
conditions (e. g., high @ proportion with high micropore
diameter, and conversely). Thus, if the bending strength
is plotted versus the proportion of a without consideration of
the other structural parameters, an opposing tendency is
observed because under some circumstances the effect of other
quantities predominates.
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4.3.2. Creep bebhavior.

Figure 29 shows a plot of total elongation versus the time
at 1573°K and 70 MN m"2 for materials with high @ content and
with high B content (a/a+48 = 0.76 and 0.16, respectively; see
Table 11). The material with high f content exhibits a higher
creep rate or higher total elongation at comparable times.

But, as Table 11 shows, this material also has almost double

the micropore diameter, dg, micropores. As previously mentioned
in 4.2.3, the micropore size is responsible for the oxidation
behavior of RSSN. On heating at 1573°K in air, a higher

weight increase can be seen with rising micropore diameter
(rising B content), due to increased internal oxidation of

the samples, although the high-p samples, at 5%, show a

far lower proportion of open porosity than the high-a samples

at 20% (Figure 30).
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Figure 29, Creep curves of RSSN with different proportions of
o in air at 1573°K and 70 MN m-2.
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Figure 30. Oxidation curves for RSSN with different proportions
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of & at 1573°% in air.

Because of this poorer oxidation behavior (formation of

amorphous grain boundary phases;

sliding of the SisN, grains

due to viscous flow of these amorphous grain boundary
see 4.2.3) the material with high B content
shows a higher creep rate in spite of the fact that the B

phases [80],

crystals are relatively large in comparison with the a whiskers

(high o content: ¢
at 80 hours = 10 . 10 6 hr-l).

B content: ¢

1

at 80 hours = 3.8:10°° hr~ ; high

4.4 Effect of the initial silicon particle size

In order to investigate the effect of the initial silicon

particle size on the structural development and on the

mechanical properties,

and 1.50 g cm™3
the organic constituents.

the starting powders A, B, and C
were injectiop-molded to give samples with green densities
of 1.40 g cm™3

by varying the proportion of
These samples were nitrided for

100 hours at a gas pressure of 950 mbar in a mixture of
90% N2 and 10% H, by volume (see 4.5).

densities of

~

2,2 and'~ 2.4 g cm-3, respectively. (Table 12).

61

This gave final




4,4.1 Course of the reaction

Fignre 31 shows the time-temperature program and the
course of the reaction during nitriding, using samples with a
green density of 1.40 g c:m'3 for examples. (Samples with
the green density of 1.5 g cm'3 show the same course, except
that the degree of reaction at the end of the reaction is some-
what lower; see Table 12). The course of reaction during the
period was calculated from the consumption of nitrogen during
nitriding. The total nitrogen consumption corresponded to the
degree of reaction which had been calculated from the weight
increase after the complete nitriding cycle corresponding to
Equation (6). With decreasing initial silicon particle size,
the degree of reaction increased at relatively low nitriding
temperatures. It follows from that, that when finer starting
powders are used the total reaction time for complete conversion
is considerably reduced and the final temperature can be reduced
(Figure 31). The degree of reaction after 100 hours is approx-
imately the same for the same green density (Table 12).
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Figure 31. Course of reaction of RSSN with use of different
initial silicon particle sizes.
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Figure 32. Proportion of u as a function of the specific
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4.4,2. Structure analysis

The reason for the increasing degree of re:~tion with
diminishing initial silicon particle size at low nitriding
temperatures is based on the higher evaporation rate of silicon
due to the increasing specific surface of the powder. As the
a phase is presumed to originate through gas phase reactions
between Si or Si0 and N, [21, 25, 42, 73, 119] we would
expect here that the volume proportion of the & modification would
increase with increasing spicific surface (see [119, 120]).
Figure 32 shows this rise in @ content with increasing
specific surface of silicon powder for both series of samples.
As shown under 4.3, here too the micropore diameter,

D50 micropores, determined in the pressure porosimeter
decreases with rising & content (Table 12).

Figure 33 shows the porous a mat and the relatively
dense areas of the § phase, using as examples the samples with
a final density of 2.41 g cm™3 (produced from powder A) and
2.38 g cm'3 (produced from powder C); see also Table 12,
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Figure 33. Development of structure in RSSN with use of different
initial silicon particle sizes (scanning electron
microscope, ground sections, etched).

a) o phase (initial silicon particle size < 10 um)
b) o phase (initial silicon particle size 37 - 63 um)
c¢) P phase (initial silicon particle size < 10 um)
d) B phase (initial silicon particle size 37 - 63 um)

Growth of the & needles during nitriding is inhibited during
nitriding if either the reaction partners (Si( y or Sio( ) and
NZ(g)) are no longer available, or if the need%es mutual%y
interfere. As the pores with use of powder C are larger than
with powder A (Table 12), larger & whiskers can arise
(Figure 33). Because of the larger crystallite size, the
distribution function of the newly formed micropores in the

o phase are shifted to larger d values (Table 12).
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With nitriding temperatures below 1673°K the £ phase
is formed by the reaction of nitrogen with the remaining solid
silicon particles [42, 51]. The grain size of the equiaxial
P grains increases with increasing initial silicon particle
size (Figure 33c and d). As the silicon powder particles can
consist of several crystallites, the § crystals can be smaller
than the initial silicon particle size in splte of the volume
expansion during nitriding. The TEM pictures of the same
samples, in Figure 34, also show the « mat with the micro-
pores and the relatively large £ grains. They confirm
qualitatively the results of the SEM pictures.

Figure 35 shows the light-microscopic pictures from both
sample series. With increasing initial silicon particle size
the macropore diameter increases. The value for d50 macro=-
pores determined from these pictures shows that the macropore
diameter increases with decreasing final density. With lower
green density the pores must be larger than at higher green
density for the same initial silicon powder. For a constant
volume increase of 22% during nitriding, then, the macro-
pore diameters in the final nitrided samples must also be
larger. The individual structure parameters are tabulated
once more in Table 12.

4.4.3. Bending strength

Figure 36 shows the curve of bending strength for different
initial particle sizes and different densities. As the initial
silicon particle size decreases, the parameters which determine
the bending strength, such as the grain size, micropore and
macropore diameters all decrease, with the resulting increase
in bending strength at constant density. We also see here the
previously noted increase in strength with increasing density
for all three starting powders used.
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Figure 34. Structural development of RSSN with use of
different initial silicon particle sizes
(TEM, ion-thinned).

a) o phase initial silicon particle size < 10 um)
b) a phase initial silicon particle size 37-63 um)
c) B phase initial silicon particle size < 10 um)
d) B phase initial silicon particle size 37-63 um)
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Figure 35 Structural development of RSSN with use of different |
initial silicon particle sizes (ligh' microscopy, |
. ground sections, etched). f
f a) o=2.25¢g cm:g initial silicon particle size < 10 um)
! b Pw 2,17 g cm_3 initial silicon particle size 10-37 um;
- c o= 2,23 g cm_3 initial silicon particle size 37-63 um
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of the initial particle size.

4.4.4 Creep behavior.

Figure 37 shows the course of total elongation versus time
at 1573°K and 70 MN m" 2 for the sample series having a density
of 2.4 g em™ 3. The creep rate (slope of the curves at 80 hours)
increases with increasing initial particle size, from
3.3 - 107 hr'l (< 10 um) to 8.3 . 107® ne7l (37-63 um).
Steady creep rate does not appear here any more than in the curves
in Figures 21, 25 and 29.

As the initial silicon particle size increase¢s, both
the micropores and the macropores become larger (Table 12).

 This makes a large change in the oxidation behavior of these

samples. Figure 38 shows the weight increase versus time for
heating to incandescence in air at 1573 °K.  With increasing
initial particle size, that is, for larger pore diameters,
the weight increase is considerably greater (proportion of
open porosity: < 10 wum, 7%; 10 - 37 um, 7%; 37-63 um, 13%).
While the material with fine pores (< 10 um) has already formed
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Figure 37.

Figure 38.
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a protective §1i0, layer after half an hour, which strongly
inhibits further oxidation, indicated by proceeding increase

in weight. This result again suggests that the incernal oxidation
of the samples very substantially affects the creep behavior;

that is, the formation of the amorphous grain boundary phases

due to increased internal oxidation reduced the creep resistance.

4.4.5, Thermal shock behavior

Figure 39 shows the dependence of the bending strength
on the quenching temperature difference for oil and water
quenching with the samples listed in Table 12 (sample
dimensions 3.4 x 3.4 x 45 mm). Here the samples in Figure
39d and £ show a considerably lower initial strength in
comparison with the results listed in Table 12, Both series
of samples were injection-molded simultaneously with those
studied in 4.4.3, but only outgassed and nitrided six months
later. These samples showed inhomogeneities, which are
conjectured to have been caused by changes in the sample
bodies during storage, producing the drop in strength.

As observed in 4.2.4, here too we saw no drop in
strength until AT = 1400°K, For water quenching, the
critical temperature difference remains nearly constant with
increasing initial silicon particle size 2t a density of
~ 2.2 g cm 3. At a density of ~ 2.4 g cm'3, on the other hand,
variatiocns of 87 °K occur in AT,. No systematic relationship
can be detected (Figure 39; Table 13). From these results
it becomes clear that along with the pore size (and with that,
the strength) the other structural parameters also must have
a very significant effect on the thermal shock behavior. The
E modulus and the transverse contraction number show no system-
atic changes in both series of samples, while the heat
conductivity increases strongly with increasing initial silicon
particle size (Table 13). The thermal shock parameter, R',
(see 4.2.4) , in which not only the strength, the transverse
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Figure 39. Bending strength as a function of the quenching
temperature difference for samples with different
initial siiicon particle size (single shock,
quenching medium water or oil.)

a o = 2.25 (initial silicon particle size < 10 um)

b ¢ = 2,17 (initial silicon particle size 10 - 37 umg

c p = 2.23 initial silicon particle size 37 - 63 um

d = 2,41 (initial silicon particle size < 10 um)

e p = 2,42 (initial silicon particle size 10 - 37 umg

f e = 2,38 (initial silicon particle size 37 - 63 um

contraction, the eloangation coefficients and the E modulus as

well as the thermal conductivity are considered,

described

the experimental results quite well in contrast to R. The
increase in strength with decreasing pore size in the sample
series with o =~ 2.2 g

expected from 4.2.4,

.cm'B,

and the increase of\ﬁTc,
is compensated by the drop in thermal

conductivity with decreasing initial silicon particle size.
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Also, in the sample series with » =~ 2.4 g-cm'3 the experimental
results are very well described by R', therefore with consider-

ation of the thermal conductivity. No systematic relation
could be detected between AT, or R' and the total porosity
from these results.

4.5 Effect of the nitriding gas composition

In this section we shall investigate the effect of hydrogen

and argon in the reaction gas on the nitriding reaction, on
the structure, and on the bending strength. For this purpose,
samples were molded using powder D at constant green density
of 1.56 g-cm'3, and nitrided with the same temperature-time

program and constant total pressure of 950 mbar. The proportions

of hydrogen or argon in the nitriding gas were varied from
0 to 20% by volume.

4.5.1. Course of the reaction

Figures 40 and 41 show the temperature-time program and

the course of reaction with addition of H, and argon, respectively.

With increasing hydrogen content, the degree of reaction
increases strongly at relatively low nitriding temperatures.
With addition of argon, in comparison, there is no effect
at all on the course of the nitriding reaction. The curve
shape for addition of 20% argon by volume practically matches
that for pure nitrogen. The degree of reaction is equal
within the individual sample series.

The fact that the degree of reaction in the argon sample
series after completion of the nitriding cycle is greater
over-all than for the hydiogen-nitrided samples (Figures
40 and 41, Table 1l4) is very probably not due to the additives
to the gas, as the degree of reaction for the samples nitrided
in pure nitrogen, in Figure 41, 1is likewise higher than for
the samples in Figure 40. A new powder charge from the
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Figure 41. Course of reaction for different Nj:Ar ratios in

the nitriding gas.

manufacturer was used for the argon series.

the same particle size distribution,
propo.tion of impurities which can lead to an increase in the
degree of reaction due to incceased formation of low-melting

eutectics [114, 115].
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The increase of the degree of reaction in the initial
stage of the nitriding reaction when hydrogen is added can be
explained with the observations made in [121], that hydrogen
strongly promotes the formation of Si0 in the early stage of
nitriding. Then S10 reacts with N, forming G-Si3N, with
liberation of oxygen. Dervisbegovic [122] also noted an
increase in the degree of reaction with addition of hydrogen
at the beginning of the nitriding reaction., He found that
the reaction

A kil |
|
o

AT R

K]
e _S + .‘.ﬁo
| (25) 81O ) ¢ 2N, == oamiiyhy 2

“(g) (s) 2 ()

proceeds toward the right if the partial pressure of oxygen
is less than the value of 10-17 bar, and this can be attained
| by addition of hydrogen.

The results in Table 14 show that here too the increase
of the degree of reaction with increasing hydrogen content
in the nitriding gas at the begimning of the nitriding
reaction is linked with an increase in the @ content.

4.5.2.  Structure analysis

Scanning electron microscope pictures of fracture surfaces é
show that the structure becomes more finely porous and homogeneous |
» with increasing hydrogen content (Figure 42). Along with the
| macropore diameter, the micropore diameter also decreases, Tg
due to the rising @ content, with increasing percentage of
H, (Table 14; see 4.3 and 4.4). With addition of argon,
on the contrary, all the structural parameters listed in
Table 14 remain constant. The higher density of the argon
sample series is due to the higher degree of reaction (see 4.5.1).
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Figure 42. Structural morphology as a function of the composition
of the nitriding gas (SEM,

a) Ny:H, = 100:0
b) NptHy = 95:5
c) Ny:Hy = 90:10
d) N23H2 = 80:20

4.5.3. Bending strength

(%
(%
(%
(%

by volume)
by volume)
by volume)
by wvolume)

fracture surfaces).

Figure 43 shows the curve for strength as a function of

the different additions to the nitriding gas.

The addition

of argon causes no structural changes in the samples, so that

the strength remains constant.

In contrast,

the strength for

addition of 10% H, by volume increases from 162 MN m"2 (100% N2)
to 204 MN m'z. This increase can be explained as due to the

more homogeneous structure (Figure 42; Table 14).
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addaition of 20% hydrogen by volume the strength falls again,
This drop in strength cannot be explained with the analytical
values now available. Mangels [71] also found a maximum in
the strength, although he found it using only 1% H, in the
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I ] ¢ t Ed

i
i
' !
1 o
0 5 10 15 Vol% 20
Proportion of Il in the nitriding gas
(29

120

Bending strengthc,

Figure 43. Dependence of the bending strength on the
nitriding gas composition.

nitriding gas. To be sure, he used a mullite tube furnace,

as a variation from the experiments conducted here, which might
have changed the gas composition. In addition, the final
temperature was not 1673°K as here, but 1773°K. Jones and
Lindley [123] who like Gugel et al. [124] were unable to
confirm this dependence, related the strength maximum found by
Mangels to the fact that he nitrided at temperatures above

the melting point of silicon (1683°K). They explained the
differing results to the drop in strength found with nitriding
temperatures above the melting point of silicon. Use of hydrogen
in the nitriding gas caused a large part of the reaction to occur
at lower temperature, as we observed also (Figure 40), so

that the rise in strength observed by Mangels may have been a
result of ihe degree of conversion below the melting point of
silicon. The present investigations, though, have shown that
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Table 14. STRUCTURAL PARAMETERS OF RSSN AFTER NITRIDING WITH
DIFFERENT NITRIDING GAS COMPOSITION

N,:H, Degree P a /a4 d 9 d39
of reaction microa res macropdres
-3 -1
(% vol.) (%) (g em™ ™) (um.10" ") (Mm)
100t O 77,9 2,39 ' 0,51 0,86 22
95: § 83,9 2,45 0,07 0,70 20
I 90110 80,9 ! 2,42 0,69 0,60 12
! 80:20 83.0 2'4;) 0,77 0;60 12
e e 2}
NZH'\!'
[Vol.%)
100: © 91,5 2,53 G, 44 0,91 21 ?4
95¢ 5 92,6 2,54 0,47 0,89 20 ‘
90: 10 92,1 2,54 0,47 0,92 23
2000 ; . . ;
' . K ; . Temperature curve
.ro.l 1500 4_...__,,‘_..,,,”.4',‘,,., e ot e N
gm g Course gf reaction
7y ot
80 §1w0
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9 g PINyeH ), N H, 55210
L0 5 s00| T b0 70 MbAr e e
8 S @130 mbar
t:) 20 a 270 mbar
2ol — ! OQSOm?or ‘
3 0 20 L0 ¢ 80 100 28 00 Wl

Time !

Figure 44. Course of reaction at different nitrogen partial
pressures.

79




3
g
3
;

e T TR TR

a maximum occurs in the strength even if the entire nitriding
reaction proceeds below the melting point of silicon.

4.6 Effect of the nitriding gas pressure

In the previous section, of course, the partial pressure
of nitrogen was slightly reduced by addition of hydrogen or
argon. In the following, though, the course of nitriding
is studied, and the structure and strength are examined,
if the nitrogen partial pressure decreases to 70 mbar during
the nitriding. For this, the samples used had a green
density of 1.59 g c:m'3 and were nitrided in a mixture of
Nz, H2 and Ar. The ratio NZ‘HQ was always 90:10. The
partial pressure of the (N, + H,) mixture was reduced from
950 mbar to 70 mbar (Table 15). The total pressure was
always kept constant by addition of argon (950 mbar).

4,6.1 Course of the reaction

Figure 44 shows the temperature-time program and
the course of the reaction for various nitrogen partial
pressures. As the nitrogen partial pressure is reduced the
reaction rate decreases strongly. This automatically increases
the reaction time required to attain a comparable degree of
reaction,

4.6.2, Structure analysis

Table 15 shows the change of the individual structural
parameters with decreasing nitrogen partial pressure. Both the
micropore diameter and the macropore diameter increase with
decreasing nitrogen partial pressure. Figure 45 shows sections
of the fracture surfaces from samples with different N, pressures.
As the N2 pressure decreases, the structure becomes more grossly
porous and less homogeneous. This coarsening of the structure
was also described by Atkinson et al. [49]. According to their
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Figure 45. Structural morphology as a function of the nitriding
gas partial pressure (SEM, fracture surfaces).

a; 950 mbar b) 270 mbar ¢) 130 mbar
d 70 mbar

N2:H2 = 90:10

concept the homogeneous structure at high nitrogen partial
pressure results from the large number of Si;N, nuclei forming,
which cause a finely granular or finely porous structure. On
the contrary, at low No pressures, relatively few SisN,
nuclei form on the silicon surface. With the advance of the
reaction, nitrogen evaporates at the still uncoated surfaces
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Table 15. STRUCTURAL PARAMETERS OF RSSN AFTER NITRIDING AT
VARYING NITROGEN PARTIAL PRESSURES

&:\

(N, +it,) RG o a/a+B dsg ds
-3 ; macropores .micropores

meet || tee (16711 s
950 | 89,6 2,50 0,60 TTores - PR

|| ) e PR
70 94:5 2:42 o:s7 60 do '

e e 17,0 42

arid deposits on or diffuses to the few nuclei. As the individual
nuclei are more separated at lcwer pressures than at higher
pressures, the higher pressures give a finer and more homogeneous
structure, as is also observed here. This mechanism also
explains the decrease in reaction rate with decreasing nitrogen
partial pressure in the nitriding gas.

4.6.3 Bending strength

Figure 46 shows the dependence of the bending strength
on the nitrogen partial pressure in the nitriding gas. As
was to be expected, the strength decreases with decreasing
N2 pressure because of the related coarsening in structure;
that is, because of the increase in micropore diameters. The
total porosity will also have a smaller effect in this drop
in strength, because as a result of the lower degree of
reaction in the samples nitrided at 70 mbar the density is
somewhat lower than at the higher pressures (Table 15).
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Figure 46. Effect of the nitrogen partial pressure during
nitriding on the bending strength.

5. General discussion and conclusions

For most mechanical properties of RSSN it is desirable
to have homogeneous structure and the minimum of porosity.
With the production technologies available today, the
minimum attainable total porosity of RSSN is about 15%.

We must, then, attempt further optimization of the structure
by varying the production conditions. By using silicon
particle feedstocks with optimal spherical packing and high
specific surface the pore size distribution can be shifted
toward smaller diameters (macropores) in the 'green state'
and, therefore, also after nitriding. As the o modification
is believed to be produced via the gos phase (see 2.3), and
more gaseous Si or Si0 is available for reaction with higher
specific surface, the O proportion increases and the micro-
pore radius decreases (See 4.4).
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One can see a further homogenizing effect on structure
development with use of hydrogen in the nitriding gas. Because
of the thermodynamic instability of silicon in air there are
practically always Si0, layers on the surface of silicon
particles. With hydrogen present the oxygen partial pressure
in the nitriding gas is reduced. Thus, §i0, can be reduced
to Si0 and react with nitrogen, forming a-5i;N, [112, 122].
This can also reduce the size of the macropores (see 4.5) as
well as reducing the micropore diameter.

Another possible way of optimizing the structural
parameters with respect to improving the mechanical properties
13 increasing the nitrogen pressure during nitriding. In
agreement. with the model concepts of Atkinson, Moulson and
Roberts [49], it can be shown from the course of the reaction
and the structural analyses that, because of the low number
of 813N4 nuclei which form, the reaction rate of nitriding
decreases with low nitrogen partial pressures, producing a
very inhomogeneous coarsely porous structure (see 2.4 and 4.6).
That is, a high nitrogen pressure during nitriding is necessary
to produce homogeneous finely porous structures.

The present state of development does not yet appear
to have arrived at the end of expicitable pessibilities for
optimizing the material qualities of RSSN materials with
respect to their use as design materials. Nitriding at
pressures of several thousand MN-m'2 is already being considered
to produce materials of higher density than attainable now with
very homogeneous strucinre. Attempts should also be made
to optimize the structure and mechanical properties by use
of very fine silicon powder in the submicron range. Admittedly,
this would give problems in process control because of the
exothermy of the conversion reaction; and such powders are
very difficult to process, particularly with the injection
molding technology. But even for the RSSN materials available
today it seems possible to improve the mechanical properties
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and the oxidation behavior, which is particularly important
for creep behavior, by appropriate aftertreatment. One
possibility is that of coating with a-SisN, Dby the CVD process.

In considering the room temperature bending strength of
RSSN as a function of the total porosity (or of the density),
the great scattering at the same porosity is striking in com-
parison with measurements reported in the literature (Figure 47).
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Figure 47. Dependence of the bending sirength on the porosity
(from [65]).

In many cases, to be sure, including in this work, the
dependence of the bending strength on the total porosity can

be described by an expcnential function. The strength increases
with decreasing porosity, but to some extent. the variance of
the constants of these functions differ substantially [46, 65]
(see 4.1.1). One reason for this could be that materials having
different structural parameters with the same total porosity are
it being compared.
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Fracture-mechanical considerations chow that at constant
porosity the room temperature strength of brittle materials
i{s principally influenced by the fracture tcughness and the
critical crack size, a (Equation (22)):

(22) o = 5 -

This appears especially with variation of the macropore
diameter at constant total porosity. While the Ko factor
remains practically unaffected by the pore size distribution,
the pore size changes. This can be considered as the critical
crack size, so that with the same total porosity the strength
varies as o - a'/? (see 4.2.2). Along with the macropore
size, the strength is also affected by the proportion of

the ¢ modification, or by the new micropores which originate
with nitriding, so that the strength increases with increasing
proportion of a or with decreasing micropore diameter.

The increase in strength with increasing o proportion has also
been reported by Jennings et al. [74]. In their work,
apparently because of the production conditions, the size of
the micropores decreased and no prediction was made. In order
to study the effect of the total porosity on the room temperature
strength one should, according to these concepts, use only
samples having a constant a proportion and the same pore size
distribution with different porosities. As this requirement
cannot be fulfilled in practice because of the complex processes
in production of RSSN, and the structural parameters can vary
strongly due to different preparation conditions (see 4.4 to
4.6), the scattering of strength with the same total porosity
in Figure 47 is understandable.

The maximum attainable density (or minimum porosity)
of RSSN is limited due to the manner of production, so that
the structure must be optimized for further increase in
strength. That is, essentially the critical crack size must
be reduced. Therefore, to produce RSSN grades with high
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strength, it is necessary to have not only minimum porosity
but homogeneous and very finely distributed pores.

Structural changes also appear very noticeably in the
study of the creep behavior. For instance, the creep rate
shows the quadratic dependence on the total porosity which has
been found with other ceramic materials. This relation, though,
applies only for samples which were produced from the same
silicon powder with constant nitriding conditions (see 4.1.2.).

As was shown extensively in [80], viscous flow of an
amorphous grain boundary phase with accomodation through grain
boundary separation or crack formation is the creep mechanism for
RSSN, and the oxidation products of SisN, must be considered
the grain boundary phases. But, along with the open porosity,
it is principally the size of the micropores wnich is responsible
for the oxidation behavior of RSSN. With very fine micropores,

a protective oxide layer can form very quickly on the surface,
preventing complete internal oxidation. With large micropores,
though, there can be increased internal oxidation (see
4,3.2 and 4.4,4). Thus it is understandable that the creep
rate increases with a decrease of the proportion of a in

RSSN, as well as with an increase in the initial silicon
particle size; both result in enlargement of the micropores
and, therefore, increased internal oxidation (see 4.3.2 and
4.4.4)., With the same total porosity, ior instance, with a
change of the value of a/o+8 from 0,78 to 0.16 (change of
the micropore radius from 0.64.1071 um to 1.70.10° 1L um)

the creep rate increases just as much as with the cnange in
total porosity from 19% to 27% (cf. Figures 21 and 29).

The prerequisite for a creep-resistant RSSM material

is, then, as it is for strength, a high o proportion and
finely distributed pores with winimum total porosity.
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Changes in the structural parameters also result in
different thermal shock behavior of RSSN. The observed drop
in the critical temperature difference, ATC, with increasing
pore size and the other structural parameters constant (see
4.2.4) can be explained on consideration of the fracture
mechanical theory of fracture initiation by thermal stresses [87].
With the assumption of a semicircular surface crack, the
critical crack size increases correspondingly [125] as:

(26) a =o,74(7if)

Calculation of a according to Fquation (26) yielded

an increase from 88 um to 229 um with increasing pore size
and the other structural parameters the same (see 4.2). In
agreement with [87], this increase leads to a decrease in
ATC, which agrees with the experimental results (see 4.2.4).

We may also make an estimate, from the mechanical and
physical properties of the samples, of the maximum critical
temperature difference which the samples may be exposed to
without damage. When a horizontal circular cylinder is quenched,
AT, is given by [126]:

1,451 ¢« o, * {1 = V)

(27) AT, = s (1 + 24,
with

(28) B (Biot number) -4h
where d = diameter of the sample

h

[

heat ‘transport number of the quenching medium.
A crude estination of f for the given quenching
conditions shows that the second term in Equation (27), which

also contains the thermal conductivity, cannot be neglected.
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This is expressed especially clearly in consideration of the
critical temperature difference with samples produced from
silicon powders with different initial particle sizes. The
value of AT, can remain constant in spite of a large increase
in the pore size (and resulting drop in strength) if the

. thermal conductivity increases simultaneously, as it does

ﬁ here (see 4.4.5).

6. Summary

morphology and the mechanical properties such as the room
temperature bending strength, the creep behavior, and the
thermal shock behavior were studied with reaction-bonded
silicon nitride. The major results can be summarized as
follows:

!
!
' The effect of the preparation conditions on the structural
|
l

1) The structural parameters can be varied over wide ranges
by means of the preparation conditions. At constant
total porosity, the following structural changes were
observed with decreasing initial silicon particle size:
The density and, with it, the total porosity and
the proportion of free silicon remain unchanged.
The proportion of the & modificaticn increases.
The diameters of the newly formed micropores in the
a mat and the diameters of the macropores decrease.
The particle size in the & and B crystallites decreases,

) 2) Addition of up to 20% argon irn the nitriding gas has no
o effect at all on the structural parameters.

As the proportion of hydrogen in the nitriding gas increases
(up to 20% by volume) the sizes of the micropores and

; macropores decrease. The @ proportion in the samples

o increases.
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3)

4)

5)

6)

7)

8)

With decreasing nitrogen partial pressure during
nitriding (< 750 mbar) the reaction rate decreases.
The diameters of the micropores and macropores increase.

With constant preparation conditions, the strength
increases exponentially with decreasing total porosity.

With constant total porosity and otherwise identica’
structural parameters the dependence of the strengt
on the macropore diameters, which act as critical
crack sizes, can be described by a power function
with an exponent of -%.

With constant total porosity and constant macropore

size distribution, the a/a+8 ratio is varied by

heating above the melting point of silicon. The strength
decreases with increasing f propertion or increasing
micropore radius.

At constant preparation conditions the creep rate rises {
as the square of the total porosity.

At constant total porosity the size of the micropores and, {
with it, the oxidation behavior have a very strong effect '
on the creep rate. With small micropore diameters a
protective S$i0, layer forms relatively quickly on the
outside of the samples at high tempzratures (1573 °K),
preventing further oxidation. With larger micropores,

in contrast, there is increased internal oxidation of
the samples. Material grades with large micropore
diameters and, therefore, greater internal oxidation,
show a considerably higher creep rate than those with
small micropore diameters.
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10)

The macropore size and thermal conductivity largely
Jetermine the thermal shock behavior of RSSN. With
constant total porosity and otherwise identical structural
parameters the critical temperature difference, which

is a measure of resistance to thermal shock, 1increases
with decreasing macropore size and, thus, with
increasing strength.

In spite of the increase in the pore size, the critical
temperature difference can remain constant if the thermal

conductivity rises simultaneously due tr variation of other

structural parameters. The thermal shock behavior can be
described well by the thermal shock parameter R', which
takes into consideration not only the strength but also
the E-modulus, transverse contraction number, the

thermal expansion coefficient and the thermal conductivity.
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