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The development of strength in reaction

sintered silicon nitride

B. F. JONES, K. C.PITMAN, M. W. LINDLEY
Admiralty Materials Laboratory, Holton Heath, Poole, Dorset, UK

The development of strength in reaction sintered silicon nitride has been investigated by
determining the elastic moduli, fracture mechanics parameters, strengths and critical
defect sizes of silicon compacts reacted to various degrees of conversion using “’static’’ or
“flowing’’ nitrogen. The relationship between each property and the nitrided density is
shown to be independent of the green silicon compact density but is influenced by the
nitriding conditions employed. Young’s moduli, rigidity moduli and strengths vary
linearly with the nitrided density. After an initial period when increases may occur, the
critical defect sizes in both “'static’’ and ‘‘flow’’ materials decrease continuously with
increasing nitrided density, although at any particular density they are larger in material
produced under “flow”’ conditions. A model is suggested for the development of the
structure of reaction sintered silicon nitride involving the development of a continuous
silicon nitride network within the pore space of the original silicon compact. The
experimental data are discussed in terms of the proportion of silicon nitride which
contributes effectively to the continuous network.

1. Introduction

A knowledge of the size of the critical defects in
any material is of importance to both the engin-
eering application of the material and the funda-
mental understanding of the factors which control
its strength. Although a number of suggestions
have been made concerning the nature of the
critical defects controlling the room temperature
strength of reaction sintered silicon nitride, the
literature contains no positive direct identification
of such defects. Excluding the mechanical damage
of surfaces, there appear to be three potential
sources of defects:

(a) Porosity developed from the interparticle
voids in the original silicon compact, e.g. unfilled
or partially filled holes [1-3].

(b) Large silicon particles which are retained
(unconverted) in the final material or holes which
develop due to the melting of large silicon particles
during nitriding [1, 2].

(c) Impurity particles or voids generated due to
the presence of impurities [4].

In cases (2) and (b) a close correlation between
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strength and degree of conversion of the silicon
compact would be anticipated- as interparticle
voids should be progressively filled, or the size of
the remaining silicon particles reduced during
reaction. Such behaviour is reflected in the linear
relationships between strength and nitrided den-
sity, and strength and weight gain which have been
established for several silicon powders [3, 5]. In
cases where the strength is related to the presence
of impurity particles, the degree of conversion
may be less important than the size, composition
and distribution of impurities. Only one of six
commercial silicon powders examined at this
laboratory has not exhibited a well-defined linear
strength/density relationship and subsequent in-
vestigation revealed several important factors [6].
Chemical analysis indicated the powder to have an
unusually high iron content (> 1.0%) and the
measured strengths were extremely variable.
Fractographic examination enabled the critical
flaws to be identified with ease due to the occur-
rence of fracture mirrors, and the use of energy
dispersive X-ray analysis with the scanning elec-
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tron microscope positively identified iron im-
purities associated with these flaws.

For all other commercial silicon powders {3, 5],
however, linear strength/density relationships exist
and no such fractographic features are evident: the
difficulty of identifying critical defects in reaction
sintered silicon nitride by conventional means such
as porosimetry, optical or electron microscopy is
well known [4, 7, 8]. Measurement of the critical
stress intensity factor, K¢ of the material provides
ameans of obtaining the critical surface defect size,
2a, from the equation {9):

Kic = 0YV/(2q) (1

where o is the stress to propagate the defect and Y
is a geometric factor: Ky¢ is related to the critical
strain energy release rate, G, by the equation
2
G = * 0 )
where £ is Young’s modulus and v is Poisson’s
ratio, and since in a brittle material G, = 2vy; we
can derive the effective surface energy for fracture
initiation, -y;, from a knowledge of Ky¢, F and v.
Recent studies [3, 5] have demonstrated that
there are linear relationships between strength and
nitrided density for most commercial silicon pow-
ders which are independent of green density. Con-
sider two green silicon compacts x and y prepared
from the same silicon powder but compacted to
different green densities p, and py such that
Px > py. If these materials are nitrided to different
degrees of conversion such that their nitrided den-
sities are the same, then they will have equivalent
strengths [3, 5]. Their structures, however, in
terms of the proportions of silicon, silicon nitride
and porosity will be very different, but since
0y = 0y and, for a flaw of length 2¢ at the surface
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Because of these structural differences, it was
thought unlikely that £, =FEy, vix =7y, and
ay = ay, so it was concluded that there must be a
subtle relationship between these parameters [3] .
It has also been demonstrated [10, 11] that
nitrogen gas flow during nitriding significantly
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reduces the strength of the material, although for
particular ““flow” conditions a strength/density
relationship exists.

To investigate why strength/density relation-
ships exist and the influence of gas flow on
strength, a series of experiments were designed to
nitride silicon compacts of different green den-
sities to varying degrees of conversion under
“static” and “flow” conditions. The strength (o),
Young’s modulus (£), Poisson’s ratio () and
critical stress intensity factor (Kyc) of these ma-
terials were measured and values of the effective
surface energy for fracture initiation (y;) and criti-
cal defect size (2a) obtained.

2. Experimental

2.1. Materials and nitriding

A detailed investigation was conducted on a pow-
der known to exhibit a linear strength/density
relationship (Table I), which was isostatically
pressed at 31 or 185 MNm™ and argon sintered
for 4h at 1175° C to produce low green density
(gd) or high green density (hgd) compacts, respec-
tively. Strength bars 4.57 x 4.57 x 30.00mm?,
modulus  bars 500 x 500 x 50.00mm® and
double torsion plates 254 x 254 x 2.00mm?
(see Section 2.3) were cut from each billet [3].
For each nitriding experiment four strength bars,
two modulus bars and four plates from each com-
pact were selected at random and nitrided on
silicon nitride trays in a closed end mullite furnace
tube at temperatures in the range 1200 to 1350° C.
Both “static” and nitrogen “flow” furnace systems
were used — full details of the nitriding conditions
have been presented elesewhere [10].

TABLE I Characteristics of starting silicon powder

Impurity (Wt %)
Iron 0.87
Aluminium 0.20
Calcium 0.27
Titanium 0.08
Other cations 0.05
Oxygen® 1.0
Median particle size (measured by 13 um
Coulter counter)

Maximum particle size (measured 60 um
by Coulter counter)

Specific surface area (measured 1.5m?g™?

by BET)

Measured by neutron activation analysis.



2.2. Measurement of strength, density and
moduli of elasticity

The weights and dimensions of strength and
modulus bars were determined before and after
nitriding and their densities calculated. Strengths
were determined in the as-nitrided condition in
three-point bend with a span of 19.05mm.
Rigidity modulus (G), £ and » were determined by
the British Ceramic Research Association using
established resonant frequency methods [12].

2.3. Determination of Ky

Ky was determined by the double torsion method
[13] using a short specimen of the form shown in
Fig. 1. It was noted in an earlier investigation [14]
that the load to propagate a crack became lower as
the crack approached the end of the plate, thus
casting some doubt on the values of Kic measured
when the crack was in this end region of the
sample. In a short specimen of the type used here
there is an increased chance that measurements
may be made in the region where the end effect
occurs and it was therefore necessary to design a
testing technique which allowed us to identify and
exclude data of this type. Natural cracks were
initiated in the specimens at a cross-head speed of
0.05mmmin~! and the load removed. The load
required to propagate this crack at the same cross-
head speed was then determined, the load being
removed as soon as significant crack movement
was detected by a drop in load on the recording
chart. The load was then reapplied and the pro-
cedure repeated so that a number of values (up to

Figure 1 Double torsion specimen.

5) for the load to extend the crack were obtained.
Only when the first two or three load values for
any one specimen were similar was it concluded
that the initial crack was far enough from the end
of the plate to provide accurate values of K. This
procedure resulted in the rejection of approxi-
mately 25% of the plates tested. When these con-
ditions applied the first load recorded to propagate
the crack (P.) was used to calculate K¢ from the
equation

3 1/2
Wd?d,, (1 — V)l )

where W, Wy, d and d, are the specimen dimen-
sions shown in Fig. 1. Confidence in the Kj¢ data
obtained by this procedure was confirmed by
testing both 25.4 and 100 mm long plates in both
the green and fully nitrided condition when the
values obtained from both geometries were in ex-
cellent agreement.

KIC - Pcwm [

3. Moduli of elasticity
E and G are plotted against nitrided density (p,)
in Figs. 2 and 3. In each case, separate straight
lines fit the data under “static” and “flow” con-
ditions. The equations of these lines and their
correlation coefficients (all better than 0.99) are
listed in Table II. The £/p,, and G/py, relationships
are independent of the green density of the com-
pacts, despite the large structural differences
which exist at a particular nitrided density be-
tween hgd and lgd bars (see Table III).

It is interesting to note that the “static” E/p,
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Figure 2 Young’s modulus versus nitrided density for lgd
and hgd compacts nitrided under “static” and “flow”
conditions.
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line extrapolates to a value of 285 GNm™ at the
theoretical density of silicon nitride (3.2Mgm™)
which is close to the reported value for fully dense
silicon nitride (e.g. [1]). The “flow” E/p, line
extrapolates to a lower value (272GNm™) at
theoretical density, but the plotted points suggest
that at densities above 2.3Mgm™ the values for
“static” and “flow” tend to converge. The impli-
cations of the existence of modulus/density
relationships are discussed in Section 7. It is also
noted that linear relationships which are depen-
dent on green density exist between elastic moduli
and weight gain.

TABLE Il Linear equations of Young’s modulus,
E(GNm™) versus density, po(Mgm™) and rigidity
modulus, G(GN m?) versus density

Nitriding Equation Correlation
conditions coefficient
Static E =160 p,—227 0.997
G=634p,—888 0.997
Fiow E =163 p,—249 0.991
G=653p,;—98.3 0.992
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Figure 3 Rigidity modulus versus nitrided density for lgd
and hgd compacts nitrided under static and flow con-
ditions. Symbols as in Fig. 2.

Values of v were calculated from the equation
(6)

and individual data points are plotted against den-
sity in Fig. 4. The separate curves drawn to rep-
resent “static” and “flow” data were generated
from the appropriate equations for £ and G (Table
II).

4. Fracture mechanics
4.1. Critical stress intensity factor, K¢
Table IV shows the nitrided densities of the
double torsion specimens and the corresponding
values of Ky together with values of v, obtained
at appropriate densities from the curves of Fig. 4.
Kic is plotted against nitrided density in Fig. 5.
It was not possible to draw separate lines for lgd
and hgd materials for either “static” or “flow”
specimens, and hence Kyc also appears to be in-
dependent of green density. A straight line is the
most appropriate fit to the “static” data (corre-
lation coefficient 0.936) whilst the curve drawn by
eye is obviously a better representation than a
straight line for the “flow” data. The values of Kj¢

TABLE I1II Comparison of the structure of lgd and hgd compacts after partial nitridation to equivalent densities

Density % conversion of Relative proportions of phases by volume (%)
Mgm™3) silicon to " T o P ]

silicon nitride Silicon nitride Silicon orosity

lgd hgd lgd hgd 1gd hgd 1gd hgd
1.47 (gd green) 0 - 0 - 63.1 - 36.9 -
1.60 (hgd green) - 0 - 0 — 68.7 - 31.3
1.80 33.6 18.8 26.1 15.9 41.9 55.8 32.0 28.3
2.40 94.9 751 73.7 63.5 3.2 171 23.1 194

Volumes of silicon, silicon nitrideand porosity have been calculated assuming pg; =2.33Mgm™, p Si,N, = 3.20Mg
m™?, and that 100% conversion from silicon to silicon nitride represents a weight gain of 66.7%. The lattice volume ex-

pansion for silicon to silicon nitride was taken as 23%.
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TABLE IV Critical stress intensity factor, Kyjc for compacts nitrided in “static” and “flow” conditions

Experiment Compact Nitrided v Kic
density (MNm%2)
(Mgm™®)
Static
(1) 1h,1200°C igd 1.65 0.17 0.92
1.64 0.17 0.83
1.65 0.17 0.94
1.64 0.17 0.87
hgd 1.79 0.20 1.11
1.77 0.20 0.99
1.78 0.20 1.11
(2)5h, 1200°C lgd 1.81 0.21 1.11
1.81 0.21 1.22
hgd 1.94 0.22 1.26
1.93 0.22 1.19
1.93 0.22 1.25
1.93 0.22 1.28
(3)5h,1300°C lgd 2.14 0.23 1.41
2.12 0.23 1.37
2.16 0.23 1.50
hed 2.25 0.23 1.35
2.25 0.23 1.85
4)5h,1350°C lgd 2.34 0.24 1.56
2.33 0.24 1.71
2.36 0.24 1.88
hgd 2.46 0.24 1~.74‘
2.50 0.24 2.27
2.48 0.24 1.74
Flow ’
(5)5h,1200°C lgd 1.54 * 0.19
1.54 * 0.25
1.54 * 0.28
hgd 1.69 0.10 0.56
1.68 0.09 0.46
1.68 0.09 0.53
(6) 5h,1300°C lgd ) 1.73 0.12 0.94
1.76 0.13 0.98
hgd 1.91 0.18 1.28
1.90 0.18 1.29
1.93 0.18 1.37
(7)5h,1330°C lgd 1.94 0.19 1.37
1.95 0.19 1.38
1.91 0.18 1.34
hgd 2.05 0.20 1.69
2.15 0.20 1.75
2.07 0.20 161
(8) 20h, 1330°C lgd 2.28 0.21 1.79
‘ 2.26 . 0.21 1.79
2.31 0.21 1.88
hgd 2.39 0.22 2.05
2.40 0.22 2.01

Values of Poisson’s ratio (v) were obtained at the appropriate nitrided density from Fig. 4.
*» = 0 assumed.
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Figure 4 Poisson’s ratio versus nitrided density for lgd and
hgd compacts nitrided under “static” and “flow” con-
ditions. Smooth curves generated from equations in Table
II, symbols as in Fig. 2.

for “static” and “flow” are similar over a range of
densities from 1.7 to 2.5Mgm™. At densities
below 1.7Mgm™, K¢ is lower for “flow” com-
pared to “static” material.

4.2. Effective surface energy for fracture
initiation, ~;

v; was calculated for various densities from the

equation

g_c _ KIC2(1 “‘Vzl
2F ’

i 5 @)

Values of £, v and Kjc were obtained from Figs. 2,
4 and 5. v; is plotted against nitrided density for
“static”” and “flow” data in Fig. 6. Also shown on
this graph are the values of +; for green hgd and
lgd materials, Whilst the values of ; for partially
and fully nitrided compacts are similar over the
density range 1.7 to 2.5Mgm™3, it is thought that
the difference between 9Jm™2 for “static” and
153 m™ for “flow”, which occurs at a density of
2.0Mgm™ is significant. Also of interest is the
form of the curves at densities below 1.7 Mgm™
in relation to the values of +; for green materials.
The trends shown in Fig. 6 suggest that at low
densities vy; ‘“static” increases rapidly to a maxi-
mum at a density below 1.7Mgm™ and then falls
as the density increases further. The initial increase
of v; “flow” with density is more gradual, reaching
a maximum at a density of about 2.0Mgm™
before decreasing again at higher densities.
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Figure 5 Critical stress intensity factor versus nitrided
density for lgd and hgd compacts nitrided under “static”
and “flow” conditions. Symbols as in Fig. 2.
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Figure 6 Effective surface energy for fracture initiation
versus nitrided density for “static” and “flow™ con-
ditions.——— Static, flow, o value measured for
green hgd compact, {1 value estimated for green lgd
compact.

The values of +; in the density range 2.3 to
2.5Mgm™ are 9 to 14Jm™2 and correspond
closely with the values quoted {1, 15] by workers
who have used various fracture mechanics tech-
niques but always natural cracks. Higher values of
v; (20 to 30T m™2) are generally reported by in-
vestigators who use machined notches (e.g. {16]),
and we note that the loads required to initiate a
crack from the machined notch in our specimen
was, in most cases, significantly larger than the
load required to propagate that crack. Thus, con-
trary to the suggestion in a recent review [17], it
appears advisable to use natural cracks for fracture
mechanics studies.



TABLE V Critical defect size in green compacts

Material Density v K1c Mean strength Critical defect size
(Mgm™) (MN m™¥?) (MNm™) (xm)

lgd 1.47 <0.1 0.14 9 190

hgd 1.60 <0.1 0.35 14 490

Evans and Davidge [1] reported that vy; appears,
at any particular density to be insensitive to struc-
ture in that /g ratios and the size and distribution
of pores have no significant effect. Our obser-
vations are in agreement with this but we can
extend the statement to include the fact that vy; is
insensitive to the amount of silicon present in the
material over a much wider range of structures
than those considered by Evans and Davidge. How-
ever, our results show that it is necessary to
qualify their statement because 7; is dependent on
nitriding conditions as “static’” and “flow” values
can be different at the same density. Data on a
reaction sintered silicon nitride made from a
coarser powder and nitrided to complete conver-
sion under ‘“‘static” conditions indicate a ; value
of about 7Im™ for a density of 2.5Mgm™. This
suggests that v; is also dependent upon the proper-
ties of the starting silicon powder.

5. Critical defect size, 2a
Using Equations 3 and 7 and assuming that the
flaw approximates to a sharp penny-shaped

crack over the range of densities studied (e.g.
(1,15, 18]) then

1/2
(” )

and the critical defect size was calculated at

various densities from

_ TfKICZ(] _VZ)
4¢°

®

©)

At each density values of v and K¢ were obtained
from the “static” or “flow” lines of Figs. 4 and 5
respectively. Values of ¢ were obtained from Fig.
8 and are discussed in Section 6. The curves of
critical defect size versus p, for ‘‘static and
“flow” conditions are shown in Fig. 7. Confidence
in these curves is high for values above 1.7 Mgm™.
At lower densities the curves are less satisfactory
due to uncertainties in the extrapolation of the o
and Kye lines and the rapid change in v with
density. The evidence is conclusive, however, that
in the density range 1.7 to 2.6 Mgm™, the critical
defect size decreases with increasing density for

both “static” and “‘flow” materials. This disagrees
with the suggestion [1] that critical defects may
result from interparticle voids present in the green
silicon compact which do not fill with silicon
nitride during conversion. At all densities the criti-
cal defect size is larger in “flow” than it is in
“static” material and in the density range 2.5 to
2.6Mgm™ the defect size is about 100um for
“flow” and 60 um for “static”.

Measurements of critical stress intensity factor,
Poisson’s ratio and strength were also made on lgd
and hgd green silicon compacts and values for the
critical defect size calculated from Equation 9
assuming »?= 0. These data are summarized in
Table V. The critical defect sizes in this case are
extremely large and it is surprising that the defect
size for hgd material is larger than that for lgd
material. Measurements of the strength of other
batches of hgd green silicon compacts have indi-
cated a range of strengths from 8 to 23 MNm™. It
is suspected, therefore, that the strength of green
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Figure 7 Critical defect size versus nitrided density for
“static” and “flow” conditions. © value for green hgd
material. o value for green Igd material.
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silicon bars is controlled by surface defects which
arise in the machining process rather than the
interparticle voids in the compact. Despite this,
however, it is noted from Fig. 7 that bars nitrided
to low weight gains under “flow” conditions con-
tain even larger defects than those which existed in
the green silicon bars. The same may be true for
lgd bars nitrided under ‘‘static” conditions
although the uncertainty of the curve below a den-
sity of 1.7Mgm™ does not permit a definitive
statement. In this particular case there is no evi-
dence to suggest an increase in the defect size for
hgd bars nitrided under “static” conditions.

6. Strength

6.1. Observed strength density relationships
Table VI shows values of green density, nitrided
density, weight gain and strength for both lgd and
hgd compacts nitrided under “static” and “flow”
conditions. Mean strength is plotted against
nitrided density in Fig. 8 and the separate straight
lines fitted to “static” and “flow” data have corre-
lation coefficients of 0.992 and 0.973 respectively.
As previously observed [10] for other powders
“flow” strengths are significantly lower than
“static” strengths.
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Figure 8 Strength versus nitrided density for lgd and hgd
compacts nitrided under “static” and “flow™ conditions.
Symbols as in Fig. 2.

It is clear from the data reported here that the
strength/density relationships are independent of
green density because F, v; and 2a for materials of
different green density, nitrided under the same
conditions, are identical at any particular nitrided
density. The implications of this in terms of the
development of the structure of reaction sintered
silicon nitride are discussed in Section 7.

TABLE VI Green density, nitrided density, weight gain and strength data for compacts nitrided in “static™ and “flow”

conditions (all values are means from 4 tests)

Experiment Compact Green Nitrided Weight Mean
density density gain strength
(Mgm™) (Mgm™) (%) (MNm™)
Static
(1) 1h, 1200°C lgd 146 1.63 119+ 1.0 55+5
hgd 1.60 1.78 11.9+0.3 76 +2
(2) 5h, 1200°C lgd 1.47 1.80 228+04 95+ 8
hgd 1.60 1.93 21.1+ 0.4 114 £ 9
(3)5h,1300°C lgd 1.47 2.15 46.6 £ 2.8 148 + 8
hgd 1.60 2.26 42.0+1.6 166 = 15
(4)5n,1350°C 1gd 1.46 2.34 60.0= 1.7 171 + 21
hgd 1.60 2.50 559+14 217+ 7
Flow
(5)5h,1200°C lgd 1.47 1.54 4.6+0.3 9+2
hgd 1.60 1.68 52+0.1 15+ 3
(6) 5h, 1300° C lgd 1.47 1.76 19.7 £ 1.7 46 + 4
hgd 1.61 1.93 20.5+ 0.8 71+5
(7)5h,1330°C lgd 1.46 1.89 29.5 3.1 526
hgd 1.60 2.10 31413 79+ 5§
(8) 20h, 1330°C lgd 1.48 2.28 54.6 £ 2.7 136 + 18
hgd 1.61 2.42 503+1.9 153+ 10
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TABLE VII Comparison of the measured strength of
green silicon bars with values obtained by extrapolation
of the strength/density lines in Fig. 8

Density Strength (MNm™2)

(Mgm™) Measured on Extrapolated
green bars Static  Flow

1.47 (1gd) 8 28 -ve

1.60 (hgd) 14 51 10

6.2. Strength changes at the early stages of
nitridation

Table VII compares the experimentally measured
values of the strength of lgd and hgd green silicon
compacts with values obtained by extrapolating
the strength/density lines of Fig. 8 back to the
green densities of 1.47 and 1.60Mgm™. Extra-
polation of the “static” line gives strengths which
are considerably higher than measured values
whilst the “flow” line gives a negative strength
value at a density of 1.47 Mgm™ and a strength of
IOMNm™2at a density of 1.60Mgm™>. As dis-
cussed in Section 5 the low measured strengths of
the green bars are attributed to surface flaws
formed during machining.

In the case of “flow” the data presented here
suggest that strength decreases in the early stages
of nitridation. This is supported by other unpub-
lished studies where we have measured strengths
less than the green strength in materials nitrided to
very low weight gains under both “static” and
“flow” conditions. These observations are con-
sistent with an increase in critical defect size
during the early stages of the reaction (Section 5).

7. Discussion
7.1. Microstructural model for reaction
sintering of silicon compacts
Of the three types of potential critical defect dis-
cussed in Section 1, types (b) and (c) are con-
sidered unimportant in this material. Melted sili-
con particles are unlikely since the maximum
nitriding temperature was only 1330°C, and un-
converted silicon particles (b) do not appear
important because their size after nitriding at
1330°C is extremely small. The existence of a
good linear relationship between strength and
nitrided density, low variability of strength and
the absence of fractographic evidence of critical
defects are all reasons for eliminating the import-
ance of impurity particles and voids generated due
to the presence of impurities as critical defects in
the present material.

After consideration of these points and the
other data obtained in the present study, a micro-
structural model for reaction sintered silicon
nitride compacts has been formulated.

When the isostatically pressed powders have been
sintered in argon, particles are joined by necks of
silicon or silica derived from the oxide surface
layer present on the original particles. The strengths
of bars machined from this material are controlled
by either interparticle voids or by larger defects
which must result from the breaking of interparti-
cle necks in the regions close to the surface. The
evidence suggests that during the early stages of
nitridation the interparticle necks are destroyed
resulting in a decrease in strength and modulus.

The main evidence for this is:

(i) Strengths lower than the measured green
strengths have been recorded for materials nitrided
to low weight gains in both “static” and “flow”
conditions.

(ii) Young’s moduli lower than the measured
green Young’s moduli have been recorded for ma-
terials nitrided to low weight gains under ““flow”
conditions.

(iii) The evidence of Fig. 7 indicates an increase
in the critical defect size during the early stages of
nitridation under “flow” conditions and suggests
that this can also occur under “‘static”” conditions.
Subsidiary evidence is provided by the fact that
under the same nitriding conditions the same
strength/density relationship is obtained for com-
pacts of a particular powder independent of the
critical defect size in the green silicon compact.
This point is discussed in detail in Section 7.4.

As the necks between silicon particles are
gradually eliminated, silicon nitride begins to form
in the void space between silicon particles. The im-
provement in strength and stiffness following the
initial decline must correspond to the development
of a continuous skeletal network of whisker-like
silicon nitride. It is the densification of this
network on further nitridation which gives rise to
the linear portions of the strength/density and
modulus/density relationships. Once the silicon
nitride network has formed, the major voids in the
material will be holes which contain the reacting
silicon particles. As the reaction proceeds, the
silicon particles reduce in size providing additional
silicon nitride for the thickening and extension of
the silicon nitride network. The mechanism for
these processes is in agreement with the theories
proposed for the formation of silicon nitride
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Figure 9 Typical scanning electron micrographs of fracture surfaces of partially nitrided hgd compacts. (a) and (b)
Nitrided under “static” conditions to a density of 1.96 Mgm™. Silicon particle is marked A, developing silicon nitride
B, and the void space C between these features is noted. The ragged nature of the edge of the silicon particle is evident.
(c) and (d) Nitrided under “flow” conditions to a density of 1.92Mgm™3. The smoother nature of the edge of the
silicon particle compared to (a) and (b) is obvious and the void space C less clearly defined. A discontinuous surface

layer can be seen along the line L-L in (d).

involving vapour-phase transport of silicon
monoxide formed from silica and silicon [10, 11,
19,20]. The mechanism is supported by the
microstructural evidence of Fig. 9a and b which
shows the interface between a silicon particle and
the silicon nitride network to be a gap in a compact
converted under “static” conditions. Apart from
this evidence, consideration of the mismatch in
thermal contraction coefficients of silicon and
silicon nitride suggests that it is unlikely that the
silicon will contribute to the mechanical properties
of the structure at room temperature.
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The stage of the process at which the silicon
nitride network becomes continuous will depend
on both the geometry of the structure (i.e. the size
and distribution of the silicon particles and the
voids between them) and the proportion of the
silicon nitride formed which contributes to the
network. The properties of the network at the
stage when it becomes continuous will depend on
the volume of the silicon nitride contributing to
the network and the detailed structure of the net-
work and whisker dimensions. A simplified
schematic representation of the early stages of
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Figure 10 Schematic model of development of structure.

conversion is shown in Fig. 10. The contrast
between “static” and “flow” situations is dis-
cussed in detail in Section 7.3. The main experi-
mental observations can now be discussed in terms
of the proposed mechanism of formation of reac-
tion sintered silicon nitride.

7.2. The existence of strength/density
relationships

As noted in Section 6.1 the strength/density
relationships are independent of green density
because E, v; and 2z are the same at any particular
density despite the fact that low green density ma-
terial will contain a higher proportion of silicon
nitride and less silicon than a material of higher
green density (see Table III).

Consider Igd and hgd compacts made from the
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same silicon powder and nitrided under identical
conditions. The particle sizes in the green silicon
compacts are identical, but the particles will be
further apart and the void spaces larger in lgd com-
pared to hgd compacts. It follows, therefore, that
a higher degree of conversion from silicon to
silicon nitride will be required to form a con-
tinuous network in the more open lgd structure. It
must also be remembered that whilst all the silicon
nitride formed contributes to the measured den-
sity of the material, it will not all contribute to the
continuous network, ie. a proportion of the
silicon nitride will be “redundant” as far as
mechanical properties are concerned. A higher
proportion of the silicon nitride formed in the lgd
material will be “redundant” compared to that in
hgd material. Whilst a quantitative analysis of this
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situation is impossible because the amount of
“redundant” silicon nitride is unknown, it seems
plausible that the proportion of silicon nitride con-
tributing to the Young’s modulus at a given
density for lgd and hgd material could be similar,
as a result of greater “redundancy” in lgd. It also
seems plausible that v; and 2a could be similar in
the two materials as a result of the combination of
the geometric relationship of the green structures
and the degrees of conversion to silicon nitride
required to produce lgd and hgd materials of the
same density.

7.3. The effect of “flow”
During the early stages of nitridation the necks
which join the silicon particles in the green com-
pacts are gradually eliminated under both “static”
and “flow” conditions. This process is likely to be
more efficient under “flow” conditions due to the
removal of silicon monoxide from the furnace
atmosphere in the gas stream [11, 20]. It is dif-
ficult to imagine, however, that after elimination
of the necks, the silicon particle sizes, spacings or
the void spaces are very different for the compacts
nitrided under *‘static” or “flow” conditions (see
Fig. 10, stage 2). It is probably the mechanism of
network growth which is the most important dif-
ference between the two situations (see Fig. 10,
stages 3 and 4). It is well established that differ-
ences in reaction rate exist between “‘static” and
“flow” systems [10, 20] and the examination of
microstructures has indicated the tendency for the
formation of surface layers on the silicon particles
nitrided in “flow” (Fig. 9¢ and d) whereas no such
layers are observed after “static” nitriding (Fig. 9a
and b). Silicon nitride layers of this type have been
observed by Atkinson ef al. [21] and Guthrie and
Riley [22] on silicon surfaces nitrided under
“flow” conditions. Layers of this nature will not
contribute at the early stages to the continuous
network of silicon nitride which governs mechan-
ical properties and as such can be considered as
part of the “redundant” silicon nitride. Thus for
any particular compact the use of “flow” rather
than “static” conditions will result in a greater
proportion of “redundant” silicon nitride in the
structure at any particular nitrided density as
iltustrated in Fig. 10. This will be reflected in a
lower value of Young’s modulus and a much larger
defect size, and since <; is not greatly changed
(Fig. 6), a lower strength resuits.

It follows from this theory that as the silicon
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nitride network grows and thickens it will absorb
into it greater proportions of the silicon nitride
which is initially “redundant”. In the case of
“static” formation this explains why the Young’s
modulus line extrapolates to a value which corre-
sponds to fully dense silicon nitride at a density of
32Mgm™. Also of interest is the tendency of
data points for Young’s modulus under “flow”
conditions to converge with “static” values, as
would be expected as increasing proportions of the
“redundant” silicon nitride are absorbed into the
continuous network.

7.4. Silicon compact structure

The surface defects which control the strength of
green silicon bars must represent a continuous
crack path where the necks joining silicon particles
are broken. However, if all necks are eliminated at
an early stage in the conversion of the compact,
the presence of the surface defects will have no
significance in terms of the structures which
develop around the silicon particles. Thus as long
as the surface defect does not significantly alter
the geometric arrangement (i.e. crack opening is
minimal), regions containing such defects should
have the same potential to develop a continuous
silicon nitride network as do regions which contain
no such defect. This is supported by five pieces of
experimental evidence:

(1)In the present experiments much larger
defects exist in green hgd bars compared to green
lgd bars, yet at densities greater than 1.7 Mgm™
the partially converted materials fall on the same
strength/density line and contain critical defects of
the same size (Fig. 7).

(2) Different batches of green hgd bars have
been prepared from the same powder by the same
techniques but exhibit green strengths from 8 to
23 MNm™ implying large differences in the size of
surface defects. However, on nitriding, these ma-
terials all fall on the same strength/density line
(Fig. 8) for specific nitriding conditions.

(3) Batches of a particular silicon powder have
been pressed at the same isostatic pressure but
sintered in argon or hydrogen at various tempera-
tures up to 1325°C. Minimal densification oc-
curred but green bars machined from these com-
pacts had strengths in the range 8 to 55MNm™
representing a considerable variation in surface
defect size. The strength/density relationships
were unchanged despite these differences in initial
defect size.



{4) Recent experiments [23] have compared
the strengths of as-nitrided bars with those of bars
nitrided at the same time but diamond ground and
polished to remove 250um from the as-nitrided
surface. The strengths of diamond ground and
polished, and as-nitrided bars were identical at
equivalent nitrided densities over a range of weight
gains from about 1% up to 60%, suggesting that
the strength of the bars is controlled by a surface
breaking feature of the bulk microstructure. This
information suggests that an incorrect interpre-
tation may have been placed on earlier reported
data [7] and agrees with more recent work on the
effect of surface finish [4].

(5) Green silicon bars have been fractured in
three-point bending so that, although a crack ran
through the cross-section of each specimen, the
crack opening displacement was minimal and the
specimens held together by mechanical keying.
Subsequently, these bars have been nitrided and
continuous silicon nitride networks were formed,
closing the cracks and resulting in the attainment
of relatively high strengths for the bars when re-
tested in three-point bending.

7.5. The effect of nitriding above the
melting point of silicon

It has been noted [1, 2] that the strength of reac-
tion sintered silicon nitride is lower when a large
proportion of the nitridation occurs at tempera-
tures above the melting point of silicon. This has
been explained [1] in terms of the melting of
silicon particles which are bigger than the inter-
particle void size producing a new critical defect
size in the material and hence reducing strength.
The evidence proposed to support such a mech-
anism [1] appears inconclusive as calculation of
the critical defect size from quoted values of £, v
and o reveals that even in the high strength ma-
terial the defect size may be greater than the
maximum particle size and, in the low strength
material the defect sizes are almost certainly larger
than the maximum particle size. The estimation of
pore sizes and their relationship to critical defect
sizes by optical microscopy is notoriously difficult,
as discussed in Section 1. The explanation based
on defects resulting from melted silicon particles
cannot apply if reaction sintered silicon nitride
forms by the mechanism described in Section 7.1
since the critical defect size is always larger than
the silicon particle within it. In terms of the
present model, however, a lower strength might be

anticipated, if the melted silicon, when sub-
sequently converted to silicon nitride, does not
contribute to the continuous network in the same
way as silicon nitride formed at temperatures
below the melting point.

7.6. Requirements for the production of
high strength silicon nitride

The strength of reaction sintered silicon nitride
will, in the absence of large impurity particles, be
controlled by the structure of the green compact
and the conditions under which it is nitrided. It is
clear from the arguments presented above that for
high strength it is advantageous to produce a green
silicon compact with a large number of small voids
in close proximity since these can be more ef-
ficiently “linked” by the growing silicon nitride
network than can relatively few large voids. Small
silicon particles will also be advantageous since the
critical defect size is obviously “linked” with par-
ticle size [5]. Because fine powders are generally
more difficult to compact than coarser ones it is
likely that the best powder will be one providing
an optimum balance between particle size, particle
size distribution and compactability. The nitriding
conditions which produce the highest strengths are
those which will maximize the amount of silicon
nitride contributing to the network, the formation
of which probably involves vapour transport of the
reacting species [11, 19, 20]. Network formation
is obviously encouraged by the use of “static” ni-
triding conditions and by avoiding the melting of
silicon particles. It is possible that there are other
processing factors which could be adjusted to in-
crease the quantity of silicon nitride which contri-
butes to the continuous network and these are the
subject of current research,

8. Conclusions
(1) For a particular silicon powder nitrided under
specific conditions, relationships which are in-
dependent of green compact density exist between
nitrided density and Young’s modulus, rigidity
modulus, Poisson’s ratio, critical stress intensity
factor, surface energy for fracture initiation, and
critical defect size. The existence of these relation-
ships accounts for the existence of the strength/
nitrided density relationship which is independent
of green density. The Young’s modulus, rigidity
modulus and strength/density relationships are
linear.

(2) A change in nitriding conditions from
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“static” to “flow” changes all the relationships dis-
cussed in (1). At any particular density, strengths
and moduli are lower and critical defect sizes are
considerably greater in “flow”™ compared to
“static” materials.

(3) The experimental observations can be ex-
plained in terms of a model which involves the
gradual elimination of the necks between silicon
particles at an early stage in the nitriding process,
followed by the development of a continuous
silicon nitride network surrounding the silicon
particles. The existence of the strength/density
and modulus/density relationships are explained in
terms of a greater proportion of “redundant” sili-
con nitride in low green density compared to high
green density compacts. The influence of gas
“flow” is to increase the proportion of silicon
nitride which does not contribute to the mech-
anical properties of the continuous network.
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