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Abstract  In this study, the density, compression, and mechanical properties of the Si;N4-SiO, composite
containing Eu,O; and SiO, additives with weight percentages of 7 wt% and 10 wt%, respectively, were studied
at different ratios of 0, 3, and 5. The composite ceramics in this study was produced by, first, preparing the
powder by mixing and milling for 12 h. Then, they were formed based on cold pressing and cold isostatic
pressing methods and finally sintered through spark plasma sintering process. The samples were incubated at
1750 °C for 15 min at the heating rate of 100 °C/min, pressure of 40 MPa, and maximum temperature under
vacuum atmosphere. After the grinding process, the particle size of the initial powder mixture was reduced by
about 19 %. The results demonstrated that after the cold isostatic pressing process, the relative density of the
samples increased up to 14.67 %. The high beta phase amount of the silicon nitride in the 7 % Eu,0; sample
confirmed the presence of sufficient amount of liquid phase during the sintering process, improvement in the
dissolution, diffusion, and precipitation mechanism, and finally an increase in the rate of phase transformation
of alpha to beta. The highest hardness of 21.61 GPa was observed in the 5 % Eu,0; sample, indicating its high
density, advancement of dissolution-diffusion mechanism, and deposition of nitride compounds in the sintering
process. In this study, due to the presence of glass phase in the Eu,O; sample, its toughness value was a
significant amount, i.e., 6.1 MPa.m'?, compared to that of the other samples.
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1. INTRODUCTION

Si3Ns ceramics are promising materials for high-
temperature applications [1]. Over years, engineering
ceramics have had extensive applications in automobile
manufacturing, coating industry, structural components,
etc. [2] owing to their beneficial properties such as
thermal resistance, high-temperature strength, good
resistance to the corrosion and high hardness, excellent
wear resistance, and low thermal expansion [3, 4].

Different sintering techniques can be used for the
expanding the Si3N4 applications. The standard
sintering techniques are pressureless sintering, hot
pressing, and spark plasma sintering [5, 6]. Spark
plasma sintering, in comparison with the other
conventional methods, enjoys some notable advantages
such as easy processing and fast sintering of high energy
precision control sintering with the ability to achieve full
condensation within a few minutes, to name a few [8, 9].
In addition, spark plasma sintering is known for its high
crystal growth and more chemical reaction in ceramics
sintering [7]. However, owing to the strong links
between Si-N, sintering of Si3Nj is problematic because
the materials become highly porous after sintering [8].

Meager densification causes heterogeneous grain
growth and subsequently forms different crystalline
sizes and shapes. Heterogeneous microstructure affects
the mechanical properties such as the fracture behavior
and reduced material life.

2. MATERIALS AND METHODS

Commercial a-Si3Ns powder (a-SizNg > 95 %, d50 =
0.5 pum, purity of 99.5 %, oxygen content of 0.68 %,
Luoyang info technology Co., Ltd., Henan, China) and
Si0; powder (d50 = <4 pm, purity of > 99.99 %, Iliya
Industry Co., Isfahan, Iran) were used as the raw
powders. In addition, Eu;03 powder (d50 = < 4 um,
purity of > 99. 99 %, Yunshen Industrial Co., Ltd.,
Hebei, China) was used as the sintering additive. To
fabricate the Si3N4 ceramic composite, the composition
ratios of the SizsN4, SiO,, and Eu,O3; powders that are
listed in Table 1 should be taken into account.

The high-energy planetary milling machine was
mixed with the raw materials. Nest, the raw materials
and ethanol were mixed with the SizNy balls in the
milling machine. The slurry was poured into the Teflon
cup and milled for 24 h and then dried at 80 °C for 24 h
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until all of the ethanol was evaporated. After drying, the
powder was crushed by a ceramic mortar and passed
through a 200-mesh sieve. The obtained powder was
granulated for better flowability in the mold for uniform
distribution. For the uniaxial press, a steel mold of 25
mm in diameter was used at the pressing pressure of 30
MPa.

Table 1. The composition of samples

Name Purity % Particle Size (um)

Si3N4 98 < 0/05

Si02 98 < 4>

Eu203 98 < 4>
C:HsOH 99.7 < -

PVA 99 -

3. RESULTS AND DISCUSSION

Since the mechanical properties of the engineering
ceramics strongly depend on the type of the developed
microstructure and nature of the grain boundary phases
formed during the sintering process, the microstructure
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of the manufactured ceramic parts was investigated and
analyzed. The amount, distribution, grain size, and
morphology of the alpha and beta particles in the silicon
nitride-based ceramics are decisive factors in
determining the final properties of the produced parts
[9]. Figures 1 and 2 depict the SEM images of the
fracture surface and polished surface of the sintered
samples. According to the SEM images in Figure 1,
upon increasing the amount of the Eu,Oj; sintering aid,
the microstructure of the samples becomes denser and
more uniform than before, and the number of pores
decreases. Further, upon increasing the amount of the
sintering aid, an increase in the relative density and an
improvement in the compressibility behavior of the
samples can be observed.

As observed in the SEM images illustrated in Figure
2, the samples do not have a uniform microstructure, and
their microstructure contains micropores. With an
increase in the amount of the sintering aid, the phase
transformation from alpha to beta is done through the
dissolution progress, diffusion, and precipitation
mechanisms, hence formation of rod-shaped grains of
beta silicon nitride. In the 7 % Eu,O3 sample, a
completely rod-shaped microstructure can be observed.
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Figure 1. SEM images of fracture surface of sintered samples, a) 0 % by weight Eux03, b) 3 % by weight Eu203, ¢) 5 % by weight
Eu203, and d) 7 % by weight Eu203
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Figure 2. SEM images of the polished surface of sintered samples, a) 0 wt % Eu203, b) 3 wt % Eu203, ¢) 5 wt % Eu203 and d) 7 wt
% Eu203 in one view

4. CONCLUSION

The particle size of the primary powder mixture, after
12 hours of the grinding process through the wet
method, became smaller by 19 %. As a result of this
particle size reduction, the particle size distribution of
the primary powders would become more uniform. In
order to obtain the desired mechanical and
microstructural properties, appropriate compressibility
behavior, and uniform distribution of the primary
powder mixture, it is necessary to granulate the silicon
nitride primary powder through an energetic milling
process. According to the observations, the dimensions
of the samples before the cold isostatic pressing process
had an average diameter of 24 mm while after the cold
isostatic pressing process, they had an average diameter
of 21.2 mm. It can be concluded that after cold isostatic
pressing in the diameter direction, all the samples
experienced an average size reduction of 11.7 %,
indicating that in the first stage (uniaxial press), the
powders were compressed only in the direction of
pressure (thickness direction) while they were
compressed in all directions, especially in the diameter
direction, in the second stage (cold isostatic press). The
results revealed a 14.67 % increase in the relative
density that corresponded to a 12 % size reduction in the
diameter direction. The high amount of silicon nitride
beta phase in the 7 % Eu,O3 confirmed the presence of
sufficient amount of the liquid phase during the sintering
process, progress of the dissolution, penetration, and

precipitation mechanisms, and finally increase in the
rate of alpha to beta phase transformation. The highest
hardness value of 21.61 GPa was obtained for the 5 %
Eu,O3 sample, indicating high condensation, progress of
dissolution-permeation mechanism, and precipitation of
the nitride compounds in sintering as well as high
amount of alpha phase. The values of the fracture
toughness (varying in the range of 4.9-6.1 MPa.m'?) of
the samples were affected by the growth of the rod-
shaped grains of beta silicon nitride and high
length/width ratio of the grains.
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