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Abstract

In this work, attention was concentrated on the microstructure optimization of normal sintering of silicon nitride by interference
on the a ---> fJ -Si3N4 transformation and the morphology and spatial distribution of fJ -Si3N4 grains, aiming for improvement of the
mechanical properties in these non-oxide based ceramics. Iron has a significant influence on thea ---> fJ -Si3N4 transformation,
allowing the formation of a great number of fJ -phase nuclei. Under appropriate conditions of temperature and time, a more
homogeneous microstructure results, in which the grains have a high aspect ratio and exhibit a low degree of abnormal grain
growth, achieving an in situ reinforcement. The refinement of the microstructure was accompanied by an increase of fracture
toughness values (Kd for samples sintered under the best densification conditions.
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1. Introduction

Since there are limitations regarding the reduction in
amount and use of more refractory sintering aids in the
normal sintering of silicon nitride based ceramics, re
crystallization of the vitreous phase by heat treatment
[1,2] and the "design" of microstructure, particularly by
controlling grain growth of the fJ -Si3N4 phase, thus
achieving an "in situ reinforcement", have been impor
tant issues of research.

Recent works [3-5] report the obtainment of "in
situ" composites either by growing fJ -Si3N 4 within a
matrix composed of equiaxed grains of a-sialons during
normal sintering or by the use of gas pressure sintering
process. Most recently, it has been shown that it is
possible to achieve "in situ reinforcement" by adding
fJ -particles in powders with small amounts of fJ -grains,
until a certain limit, because powders with higher initial
fJ -nuclei densities exhibit coarser microstructures with
additional fJ -particles [6]. Also, the growth rate of
fJ -grains should be controlled to avoid steric hindrance

[6].

Some authors have suggested that iron, besides act
ing as a catalyser of the direct nitridation of silicon
compacts by increasing the diffusion rate of silicon,
promotes the growth of fJ -phase by the formation of
silicon rich low melting point eutectic -SiFe, [7-9]. It
has also been observed that if high purity silicon is used
for the nitridation reaction, there is a tendency to form
almost exclusively the a-phase [10]. So, the effect of
iron and silicon addition on the a --+ fJ -Si3N 4 transfor
mation, morphology and grain size distribution of fJ
phase, as well as on the densification and mechanical
properties of normal sintering silicon nitride, were in
vestigated in this work. To ensure that the composition
with iron silicon could be used up to temperatures
around 1150 °C on products like cutting tools and
mechanical seals, dilatometric tests and oxidation
curves at 1200 °C were also performed.

2. Experimental procedure

Different amounts of iron, varying from 500 to 4000
ppm, in the form of iron silicon, and high purity silicon,
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Table 1
Relative density ('X, of theroetical density) and fracture toughness K" (MPa m' 'J

Si,N4 Without Iron silicon Silicon
5%Y20,-5%AI2O, addition -----

0.250
/;) 0.5% I.O"i" 2.tY>"1J 0.25% 0.5% I.()"I(,

dt(g cm-') 3.270 3.268 3267 3.263 3.257 3.267 3.263 3.257

1675 DC KJ( 4.7 4.6 4.6 4.2 4.3 4.4 4.9 4.9
30 min °/lld, 97.8 97.9 98.3 97.5 LJ8.3 97.0 98.4 97.7
1675 DC KJ(' 4.8 4.7 4.8 4.6 :i2 4.8 4.6 4.7
60 min %d{ 97.8 97.9 LJ75 98.1 n.7 97.1 97.9 98.4
1675 DC KJC 4.7 4.8 5.0 5.7 4LJ 4.2 4.8 4.9
90 min °/nd, 98.1 97R LJ7.8 97.3 98.2 98.2 97.5 98.4
1700 DC K" 4.8 4.7 4.1 4.4 4.1 4.9 4.9 5.1
IS min °/nd, 97.8 97.8 97.3 98.0 97.4 97.5 98.1 98.0
1700 DC K" 4.8 5.1 4.4 4.7 4.9 4.5 4.7 4.3
30 min (~/{)d! 97.2 97.0 97.8 98.0 LJ7.9 98.2 98.1 97.6
1700 DC KJC 4.6 5.2 5.3 6.1 5.7 4.6 5.1 5.0
60 min {)/lJdr 97.2 97.8 97.8 98.4 LJ9.2 97.5 98.0 980
1700 DC KJC 4.7 5.2 5.3 5.6 5.5 5.0 5.1 5.0
90 min 1)/~)dr 97.2 98.0 98.8 98.4 LJ9.2 98.8 99.0 98.2

---- - ----
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varying from 500 to 10 000 ppm, were added to silicon
nitride powder containing 5 wt.'Y<) AI20, and 5 wt.%
Y203 (Ube Kousan Co., Grade SN-COA, Fe < 100
ppm, Ca < 50 ppm and x-Si3N4 > 95 Wt.'/II). Because of
the low degree of sinterability of the as-received pow
der, all mixtures were milled in an attrition mill for 6 h
using ethyl alcohol P.A. as a fluid, according to the
recommended conditions for a suitable increase of sur
face area and minimal impurities pickup [II]. After
drying, the mixtures were sieved through a 65 mesh
screen to eliminate large agglomerates and, than, uniax
ialy pressed at 60 MPa, followed by cold isostatic
pressing at 200 MPa. Samples were heated using a
constant heat rate of 25°C min - I and sintered at 1675
and 1700 °C, in a graphite element furnace under 0.2
MPa nitrogen pressure and using a powder bed of 50%
BN and 50°1c) as-received silicon nitride powder. The
soaking time was varied from 15 to 90 min.

For each sintering condition, all compositions were
evaluated for the degree of sintering by Archimedes
method. Vickers indentations were made at 98 N load
on the polished surfaces. Fracture toughness values
were calculated from the results of seven crack length
measurements using the Anstis, Chantikul, Lawn and
Marshall equation [12], corrected with respect to poros
ity. The polished surfaces were overetched in molten
NaOH for microstructural observation in the scanning
electron microscope. Additionally, different series of
samples were heat treated in the range 1500 to 1650 0c,
then, the evolution of the x ---+ fJ transition was deter
mined by X-ray diffraction analysis. The bending
strength and Weibull distribution at room temperature
and the oxidation behavior at 1200 °C of selected
compositions sintered at 1700 °C 90 min I, were also
determined.

3. Results and discussion

For all compositions heat treated at the different
sintering conditions. the values of densities range from
97.0% to 99.2'/(, of the theoretical density. These rela
tively high densities are ascribed to the high surface
area of the powder mixtures and the sintering condi
tions used. As presented in Table I, the highest values
of density were observed for the mixture with 2% iron
silicon sintered at 1700 °C for 60 and 90 min.

Regarding the values of fracture toughness K/c pre
sented in Table I, we can notice: (a) at 1700 0c, 60 and
90 min and at 1675 0c, 90 min, all compositions
containing iron silicon gave KfC values higher than that
verified for the composition without iron silicon, with a
more pronounced increase for the mixtures with 1%
and 2':/r, SiFe\. In addition. a maximum in KfC values
was observed at I'/(, SiFe\; (b) the values of K lC for all
compositions containing only silicon are close to that
observed for the basic composition; and (e) at 1700 °C
15 min and at 1675 °C 30 min, values of K lC for the
compositions containing SiFe\ are smaller than the
value of K I ( observed for the basic composition, with a
tendency to decrease as the amount of iron silicon
ll1creases.

Analysing the SEM images of all mixtures tested at
different conditions, it was observed that the average
aspect of Ii -grains increases with the amount of iron
silicon added. resulting in a more refined microstruc
ture. Also. a high number of grains showing abnormal
growth was observed in the composition without SiFe\
and in the mixtures containing only silicon. Fig. 1
shows, as an example, the characteristic effects of iron
silicon and silieon additions, observed at different de
grees in other samples sintered at different conditions
[13]. The refinement of microstructure observed with
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Fig. I. Microstructure of samples sintered at 1700 °C 60 min - 1.

the addition of iron silicon may be owing to the fact
that it accelerates the growth of pre-existing fJ -particles
and acts as sites for heterogeneous nucleation of fJ
grains. However, it seems most probable that, with
increase of such nuclei densities, a greater number of
fJ -grains grow at the same time, leading to a more
uniform microstructure, as observed in Fig. 1. Also, a
relative increase in fJ -Si3N4 X-ray diffraction peaks
intensities was observed with the addition of iron sili
con in samples heat treated at 1500 °C 10 min [13].

The gradual increase in density of fJ -grains with
increase of iron silicon amount, and the X-ray diffrac
tion results [13], show that iron silicon has a significant
effect on the ex ---> fJ -transformation, leading to the oc
currence of heterogeneous nucleation of the fJ -phase.
According to Petzow and Hoffman [6], neither a homo
geneous nor a heterogeneous nucleation of fJ -Si3N4 has
a significant influence on microstructural development;

only pre-existing fJ -particles of the starting powder
seem to grow. In our opinion, the different grain densi
ties observed in samples with iron silicon as compared
to those without it, indicates that heterogeneous nucle
ation of the fJ -phase caused by SiFe\ plays, also, an
important role in microstructural development.

Comparing data from Table 1 with the microstruc
tures of the respective compositions, a direct correlation
is observed between fracture toughness values and the
size and morphology of fJ -grains. In fact, at 1675 °C 90
min, and at 1700 °C 60 and 90 min-conditions that
favour high densities- KJC increases as the microstruc
ture becomes more refined and uniform with an in
crease of SiFe, content. In such conditions, the
combination of sintering time and temperature was
appropriate for the necessary grain growth to improve
KJC values.
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Fig. 2. Microstructure of samples sintered at 1700 DC 15 min I.

fhe maximum values of KIC observed in Table I are
owing to the occurrence of a steric hindrance effect
caused by simultaneous growth of a great number of
fJ -grains that were nucleated by the influence of the
iron silicon addition [13]. Although more refined mi
crostructures are obtained, a decrease in average length
of the fJ -grains caused by steric hindrance decreases the
effect of in situ reinforcement in a manner directly
related to the {i crystal morphology.

In spite of the refinement of microstructure observed
for the mixtures sintered at 1675 °C 30 min .. 1 and 1700
°C 15 min - 1, the decrease in K lC val ues with the
addition of iron silicon is owing to the fact that, in such
conditions, the temperature and time were not sufficient
for suitable grain growth in order to allow an in situ
reinforcement An example can be seen in Fig. 2.

For the same amount of SiFe, addition, an increase
in sintering time causes a gradual increase in KIC val
ues, which is associated with the progressive growth of
fJ -grains. However, the decrease in KJ( values observed
for the samples sintered at 1700 °C 90 min I, may be
owing to the abnormal growth of fJ -grains,

As shown in Table 1, all compositions sintered at
1675 °C min-I and 1700 °C 15 min I have densities
greater than 97% of the theoretical density, presenting
microstructures with small grain sizes, as shown in Fig.
2. This fact is in accordance with results presented by
Herrmann et al. [14], where it was verified that grain
growth occurs at the final stage of liquid phase sinter
ing, just after conclusion of the x --> fJ transformation.

The values of three points bending strength (!Tos), the
Weibull parameter m and the correlation coefficient R
of Weibull distribution of samples sintered at 1700 °C
90 min - I are given in Table 2. The bending strength
values for all compositions tested are in the expected
range for normal sintering silicon nitride. The higher
values of Weibull parameter m observed in the compo
sitions with lOll) and 2% SiFe" showed in Table 2, can
be ascribed to better homogeneity of the microstructure
caused by the addition of iron silicon.

The weight gain of the basic composition and the
mixtures containing OSYo silicon and 1.0% and 2.0'I'C)
iron silicon sintered at 1700 °C 90 min - I [13], during
oxidation treatment at 1200 °C for 500 h, gave
parabolic kinetics, which is a typical behavior of high
density silicon nitride based ceramics. It should be
pointed out that the composition containing 1.01YrJ SiFe,
gave a weight gain of only 0.275 g cm - 2 after 400 h at
1200 0c. This result can be considered highly satisfac
tory when compared with curves observed for fJ -Sialon
ceramics (Si6 ,AtO,Nx " x = 0.4 and 1.5) + YAG
(3Y 20 1 + 5AI20,) [15,16], which are known to have
good oxidation resistance at 1200 0c.

4. Conclusions

In normal sintering of silicon nitride containing yt
trium and aluminum oxides as sintering aids, the addi
tion of iron silicon seems to promote a refinement in
the microstructure, influencing the x --> fJ transforma
tion and controlling the growth rate of fJ -grains. It was
observed that iron has a significant influence on the
x --> (/-Si,N4 transformation, allowing the formation of
a great number of fJ -phase nuclei. Under appropriate
conditions of temperature and time, a more homoge
neous microstructure results, in which the grains
present a high aspect ratio and a low degree of abnor
mal grain growth, achieving an in situ reinforcement.

Table 2

Bending strength (0'05) and Weibull distribution parameters

Si,N 4 5'/:,Y,0, + 5%AI2O, Without Iron Silicon
addition ----_._----

1.0% 2.0% 0.5% 1.0%

No. of samples 27 24 26 22 22
ITo 5 (MPa) 714 674 768 629 610
m 4.5 8.5 7.8 5.5 6.7
R 0.97 0.99 0.99 0.97 0.94
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The reinforcement of microstructure was accompanied
by an improvement in the mechanical properties, spe
cially, the fracture toughness K/o with an increase of
more than 30% when compared with iron-free samples,
and the Weibull's parameter m. The experimental re
sults have shown that the formation of an iron silicon
rich low melting point eutectic-SiFex , giving solution of
r:t. particles and reprecipitation of fJ, is the most proba
ble mechanism to explain the effect of iron on the r:t. ---+ fJ
transormation.

The addition of iron silicon has been shown to be a
simple way to affect the "microstructural design" of
silicon nitride based ceramics, where the morphology of
fJ -grains is responsible for the mechanical properties, in
particular, for the relatively high fracture toughness of
these ceramics. Nevertheless, for each basic composi
tion and sintering process, optimization of the iron
silicon amount to be added, as well as the appropriate
sintering conditions, have to be determined.
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