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Abstract

The effect of nanosized oxidized silicon nitride powder particles on the microstructural and
mechanical properties of hot isostatic pressed silicon nitride was studied. The starting <alpha>
Si3Ny powders were oxidized for 10 and 20 h at 1000 °C in ambient air environment. An
amorphous oxide layer was observed on the surface of SizN4 powder particles using high
resolution transmission electron microscopy (HRTEM) whose thickness increased with the
oxidation time. The powders were hot isostatic pressed at 1500 °C and 1700 °C in nitrogen
gas environment under 20 Mpa for 3h. Complete <alpha> to <beta> transformation was
observed in SisN4 samples sintered at 1700 C under 20 MPa for 3 h compared to SizNy
samples sintered at 1500 °C. Silicon oxynitride (Si;N,O) was found in sintered samples
whose amount increased with the oxidation time. The <beta> phase decreased with the
increase of Si,N,O phase in the sintered samples. The flexural strength of samples sintered at
1700 °C is higher due to the higher amount of <beta>-SizN, phase than for samples sintered at
1500 °C. Decreasing flexural strength was observed with the oxidation time. Higher amount
of oxygen in the base powders resulted in a higher Si,N>O content in the sintered Si3Ny.

Keywords: Silicon nitride; Oxidation; Mechanical properties; Hot isostatic pressing, Silicon
Oxynitride

1. Introduction

Silicon nitride (Si3Ny4) is a high-grade structural ceramic material due to its excellent flexural
strength, fracture resistance, high hardness, resistance to oxidation, thermal properties at room
and elevated temperatures [1- 6]. Si3N4 have been applied in high speed cutting tools, bearing
and sealing, gas turbine engines and different components in the aircraft’s auxiliary power
units [1- 6]. Two crystallographic structures of SisN4 as <alpha> and <beta> has its own
intrinsic properties [4, 7, 8]. The <alpha> — <beta> phase transformation occurs at high



temperature when <alpha> grains dissolve into a liquid phase and precipitate as <beta> phase
[9]. More stable <beta> Si3N4 named as self-reinforced Si3zNy is characterized by elongated
rod-like structure which acts as reinforcing phase in a matrix and enhance the strength of the
material [10 - 12].

Si3N4 based materials are used in a high-temperature oxidizing environment. The knowledge
of oxidation’s effect on the structural, mechanical and tribological properties is indispensable.
Several scientific works have studied this effect and found that the formation of oxide layer
caused the degradation of material due which resulted the lower value of mechanical
properties [13 - 18]. Balazsi et al. showed the role and the effect of excess oxygen in the
<alpha> - Si3Ny starting powder performed at 1000 °C in air for 150 h The oxidized samples
was sintered by Hot isostatic pressing (HIP) at 1700 °C in high purity nitrogen at a low gas
pressure of 20 bar for 1 h. They confirmed the presence of <beta> - SizN4and Si,N,O phases
in sintered samples and glassy phases appeared after sintering [19]. The base silicon nitride
powder characteristics have a significant influence on the final properties of densified
product. On the other hand, the surface modifications of starting powder influenced the
microstructural and mechanical properties of the densified material as well. Lot of works
studied the kinetics and structural changes of surface-oxidized i SizN4 phase [20 - 22].
Riviere et al. obtained the SiOxNy,-as intermediate surface composition between Si3N; and
silica [23]. The effect of oxidized silicon nitride starting powder on the mechanical properties
of sintered material is still ambiguous. Behaviour of oxidized particles during the sintering
process at different sintering temperatures is not studied yet.

The aim of this work is to study the effect of oxidized nanosized <alpha> -Si3N4 powder
and sintering temperatures on the microstructural and mechanical properties of the hot
isostatic pressed ceramics. Scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM) and X-ray diffraction measurements were
carried-out to characterize the powders and sintered samples. 3 and 4 points bending strength,
Young's modulus, Vicker's hardness and toughness of sintered samples were measured.

2. Experimental details
2.1. Preparation of samples

The <alpha> -Si3N4 powder was oxidized at 1000 °C for 10 hours and 20 hours in ambient air,
respectively. The starting powders used in experiments were as follows: 90 wt. % <alpha>
Si3N4 powders (Unoxidized and 10 & 20 hrs oxidized <alpha> Si;N4 powders) (Ube, SN-
ESP), as well 4 wt. % Al,O3; (Alcoa, A16) and 6 wt. % Y,03 (H.C. Starck, grade C) sintering
additives. Polyethylene glycol (PEG) surfactants and ethanol were added to the powder
mixture. These mixtures were milled in high efficient attritor mill (Union Process, type 01-
HD/HDDM) equipped with zirconia agitator delta discs and zirconia grinding media
(diameter of 1 mm) in a 750 cm® zirconia tank with high rotation speed 4000 rpm for 4 hours..
Each batch contains zirconia as contamination which originated from media and discs. The
details of sample composition can be seen in Table 1.



The powders were dried and sieved through 150 pm mesh number. Green samples were
produced by dry pressing under 200 MPa pressure. These samples were subjected to the
oxidation at 400 °C for the elimination of polyethyleneglycol (PEG) prior to the sintering
process. The same powder preparation process was adopted as in Balazsi et. al publications
[24].
For analysis of the effect of sintering temperature on the microstructural and mechanical
properties of composites, two hot isostatic pressing sintering temperatures were carefully
chosen.
a) First batch of samples was densified at 1700 °C, under 20 MPa in nitrogen (N;)
gas environment for 3 hours as a holding time.
b) Second batch of samples was densified at 1500 °C, under 20 MPa in nitrogen (N)
gas environment for 3 hours as a holding time.

The heating rate did not exceed 25 “C/ min. The dimensions of the as-sintered specimens were
3.5mm x 5 mm x 50 mm [19].

2.2 Characterization of Materials

Phase compositions of powders and sintered samples were analysed by X-ray diffractometer
(Bruker AXS D8) with Cu Ka radiation. Morphology, shape and homogeneity of powder
particles were examined by scanning electron microscopy (SEM, LEO 1540 XB). Energy
Dispersive X-ray Spectroscopy (EDS) was carried out for the qualitative analysis of base
powders (oxidized & unoxidized SizNs powders) for the quantification of elemental
compositions. Transmission Electron Microscopy (TEM, Philips CM-20) with accelerating
voltage 200 kV was carried out for the microstructural characterization of base powders. High
Resolution Transmission Electron Microscopy (HRTEM, JEOL3010) with accelerating
voltage 300 kV were carried out for the microstructural analysis of oxidized powders and
sintered samples.

The density of the sintered materials was measured by Archimedes method (Table 1). A slight
decrease in the density of all sintered samples with the increase of oxidation time was
observed. The hardness was tested by Vicker’s indentation with 10 N load was applied for 10
seconds in each case. Elastic modulus and flexural strength (3- and 4-points bending strength)
of sintered samples was measured by bending tests on a tensile/loading machine (INSTRON-
1112). The indentation toughness was calculated from the lengths of radial cracks and indents
diagonals using a formula valid for semi-circular crack systems as proposed by Shetty [25]:

K,c = 0.0899 (%)05 ------ (1),

where H is the hardness, P is the indentation load and [ = ¢ — a is the length of the
indentation crack. The fractured surfaces of sintered materials were analysed by SEM.

3. Results and Discussions

3.1. Microstructural characterization



The phase analysis of base powders confirm the presence of <alpha> Si3N4 phase before and
after the oxidation (Fig. 1). The XRD spectra of un-oxidized (reference) and oxidized Si3Ny
powders are given in Fig. 1 and correspond mainly to <alpha> Si;N, according to the JCPDS
PDF (01-076-1407). The minor amorphous concentration was seen in the range of 20 = 15°-
22°(Fig. 1). The presence of amorphous phase indicates the part between 26 = 15°and 22° as
the formation of an amorphous SiO, after oxidation process on the surface of the nanosized
particles of Si3N4. The main lines of silicon oxynitride (Si,N,O) were detected in this range
after sintering. The calculated weight of powders increased with the oxidation time that point
out the oxidation of powder’s surface. Furtherly, EDX qualitative results confirmed the
presence of oxygen content in powders which were subjected oxidation and it was seen that
the atomic percent of oxygen increased with the oxidation time. Five times higher oxygen was
detected in the case of 20 hours oxidized base powders compared with reference powder (Fig.
2-3).

The microstructural investigations in accordance with the phase analysis revealed the
crystalline and amorphous phases in the base powders. The crystalline and amorphous phases
corresponded to the SizN4 and SiO,, respectively. This amorphous SiO, phase was formed in
the result of reaction between Si3N4 and O, during oxidation. (2) [26 - 27].

Reaction on the surface: SizsN4 + 30, =3Si0; + 2Ny —--mmmmmmme - 2)

The thickness of amorphous SiO, phase was observed 1.5 nm and 4 nm with the oxidation
time of 10 hours and 20 hours, respectively (Fig. 4). The SiO; layer on the silicon nitride
particles might act as a protective layer and slowed down the reaction between oxygen and
silicon nitride. It is proposed that the thickness of layer was the controlling step of the
oxidation of powder particles.

The morphology of un-oxidized and oxidized SizN4 powders are shown in Fig. 4. In all cases,
the base powders before and after oxidation showed the globular morphology. The observed
grain size was bimodal, 50 nm and 500 nm. The amorphous oxide layer was observed on
surface of oxidized grains, ~ 1.5 nm in case of 10h and ~ 4 nm in case of 20 h oxidization
process (Fig. 4). Based on HRTEM investigations, the oxygen-containing crystals were not
located at the Si3N4 grain boundaries, as shown in the Fig. 5, where the Si0, amorphous phase
was located earlier in the base powders (Fig. 4). It was expected that the amorphous phase
will be present in the sintered samples due to the presence of amorphous SiO, phase on the
particles of base powders. The HRTEM images of sample 1700/20 reveal that the amorphous
phases are not present at the grain boundaries. The clear grain boundaries could be seen
between the Si3Ny grains. The same results are expected in the remaining samples as 1700/20
(Fig. 5). After the sintering at 1500 and 1700 °C under 20 MPa pressure for 3 hours, the
structural peaks of <alpha> phase and <beta> phase of Si3Ny, silicon oxynitride (Si,N,O) and
71O, phases were detected (Fig. 6). ZrO, is assumed to be the contamination which was
originated from the milling media (ZrO, balls). The <alpha> Si;N4s JCPDS PDF (01-076-
1407), <beta> SizN, JCPDS PDF (00-33-1160), Si,N,O JCPDS PDF (00-47-1627) and ZrO,
JCPDS PDF (00-83-0944) were identified. The complete transformation of <alpha> to



<beta> phase of Si3N4 was found and the <alpha> grains were dissolved in a liquid phase and
precipitated as <alpha> phase in the samples sintered at 1700 °C (1700/0, 1700/10 and
1700/20). On the other hand at 1500 °C (Samples: 1500/0, 1500/10 and 1500/20), the
incomplete transformation was observed because the sintering temperature was lower than the
transformational temperature [28 - 29]. Si;,N,O was formed from the reaction of SiO, and
Si3Ny in the presence of liquid phase [30 - 31]. The study of this work showed that the
oxidized powders contained oxygen which caused the formation of Si,N,O in the presence of
liquid phases. In the first step, the SiO, was formed (3) on the surface of the Si3N4 powder
particles and in the second step, reaction was occurred between SiO, and SizNs in the
presence of N, gas environment during the sintering process at higher temperatures. The
increasing Si;N,O amount was observed with the increasing amount of oxygen content in
powders which is the function of oxidation time (4) (Fig. 4).

Reaction on the surface:
Si3N4 +30, = 38102 + 2Ny ——mmm - (3)
Reaction during sintering process:

Si0; + Si3Ny = 2S1,N,0 --------mmmeeeo- 4)

The maximum content of <beta> Si3;N4 was found to be ~ 78 wt.% in un-oxidized sample,
sintered at 1700 °C (Table 1). The obtained amount of <beta> phase decreased with the
oxidation time (Fig. 7) while Si,N,O phase increased linearly with the oxidation time (Fig.
8a). It is consistent with study of Park et al. [32]. They showed that <beta> phase decreased
with the increase of Si;N,O. In the case of sintered samples at 1700 °C, Si,N,O phase
increased with same growth rate as <beta> Si3Ny decreased (Fig. 8b). The amounts of Si,N,O
and <beta> Si3N4 phases could be optimized with the oxidation time; the graph (Fig. 8b)
shows Si,N,O increases and <beta> SisN,4 decreases equally with respect to oxidation time.
The growth rate of Si,N,O phase in the samples sintered at 1500 °C was slightly higher than
the transformation rate of <alpha> to <beta> phase of SizNy4 (Fig. 8c). It is assumed that the
temperature of formation of Si;N,O was lower than the temperature of <alpha> to <beta>
transformation because almost similar amount of Si,N,O was observed at 1500 °C and 1700
°C. The 23 wt. % and 25 wt. % of Si,N,O was detected in the sintered samples at 1500 °C and
1700 °C respectively but <beta> concentration was different at both temperatures; this was is
the indication that Si;N,O was formed at lower temperature than the <alpha> to <beta>
transformational temperature. The crystallite size of <beta> phase in all samples decreased
with the increase in oxidation time but the crystallite size of Si,N,O increased with the
increase in oxidation time. The formation of Si,N,O started at lower temperature than the
<alpha> to <beta> transformation temperature and the higher concentration of oxygen in base
powders favoured the formation of Si;N,O and hindered the crystallite growth of <beta>
phase of SizNy.



The morphological study of fractured surfaces of 1500/0, 1500/10 and 1500/20 revealed the
presence of internal porosity and more likely, the fractures are initiated from these porous
points (Fig. 14). Unlike the samples sintered at 1500 °C, the porosity in samples sintered at
1700 °C could not be observed by microstructural examination (Fig. 15). The rod-like <beta>
grains and bright Si,N,O phases are visible. The crack growth was inter-granular and trans-
granular in the samples. It could be seen a few fractures happened in hexagonal <beta> grains
but mainly went along the grain boundaries (trans-granular) and Si;N,O grains.

3.2. Mechanical Properties

The <alpha>/<beta> ratio and Si,N,O phases influence the mechanical properties. The 4-point
bending strength of samples sintered at 1500 °C were in the range of 300 + 320 MPa (Fig. 9).
This value decreased slightly with the increase of oxidation time. The 4- point bending
strength of samples sintered at 1700 °C is two times higher in the range of 600 + 775 MPa
(Fig. 9). Un-oxidized sample (1700/0) with highest 78% of <beta> Si3N4 phase showed the
highest value and followed by 1700/10 and 1700/20. The flexural strength decreased due to
the decrease in the amount of <beta> phase with the increase in oxidation time. The <beta>
phase are rod-like elongated hexagonal grains which act as reinforcing agent in the matrix and
strengthen the composite. The decrease in strength can be seen with the increase in oxidation
time in Fig. 9. The degradation in strength is due to the decrease in amount of <alpha> SizNy
and increase in amount of Si;N,O phases in the sample with the oxidation time. The <beta>
Si3sN4 to SipN,O ratio is important for optimizing the flexural strength. The presence of
internal porosity was revealed by the morphological study of fractured surfaces of all samples
sintered at 1500 °C (Fig. 14) and the porosity contributed in decreasing the flexural strength.
The fracture was nucleated from the porous sites and propagated through inter-granular and
trans-granular sites. The 4- point bending strength of samples sintered at 1500 °C are much
lower than that of samples sintered at 1700 °C. The lower flexural strength in case of samples
sintered at 1500 °C is due to the incomplete transformation of <alpha> to <beta> phase of
Si3N4 and internal porosity in the composite. The similar tendency for 3- point bending
strength was observed in all sintered samples (Fig. 10). All samples sintered at lower
temperature showed lower strength valses than the samples sintered at higher temperature
(Fig. 9 — 10). The reason of this lower strength is incomplete transformation of <alpha> to
<beta> phase at 1500 °C. This is also fact which can be seen clearly that strength decreased
with an increase in ef silicon oxynitride (Si;N,O). The <beta> Si3N, phase decreased with the
increase in ef oxidation time, which lowered the strength of the samples. The strength of
1700/0 (reference) is higher because it has the highest content of <beta> phase. The elastic
modulus (E) identifies the stiffness and depends on porosity, grain boundary phases, texture
and relative contents of a and B phases was measured in the range between 240 and 260 GPa
(Fig. 11). In the case of sintering temperature 1500 °C, the value is constant and no effect of
oxidation time on the elastic modulus was observed compared to samples sintered at 1700°C.
The elastic modulus of 1700/0, 1700/10 and 1700/20 decreased with the increasing of the
oxidation time. The same decreasing trend was observed for bending strength of these
samples. These differences can be explained by some parameters; the sintering temperature



and the oxidation time, the <alpha>/<beta> phase ratio, <beta>Si3N4/Si,N,O and the
differences in the apparent density of the samples. The samples with higher densities showed
higher values, respectively. The toughness (Kjc) values of all the samples sintered at 1500 "C
are in the range of 10 = 11 MPa-m'? (Fig. 12). The sample 1500/20 has the highest toughness
among the samples which were sintered at 1500 °C. More likely the reason is sample 1500/20
contains the & higher content of <beta> phase among the samples of this series. The toughness
values of all the samples sintered at 1700 °C were in the range of 8 + 13 MPa-m'” The
highest toughness was observed in the sample 1700/0 which is 13 MPa-m"2. The toughness
decreased with the decrease of <beta> phases and the oxidation time. Park et. al. [32] reported
the higher toughness with the higher amount of Si,N>O in the sample but this study disagreed
with this fact and reported the decrease in ef toughness with the increase of Si,N,O. The
Vicker’s hardness values of samples sintered at 1500 °C are higher compared to the samples
sintered at 1700 °C (Fig. 13). The positive effect of oxidation time can be observed to some
extent in the hardness values of samples 1500/0, 1500/10 and 1500/20. The highest hardness
value was observed in the case of 10 hours oxidation sample (1500/10) and the hardness
started decreasing after 10 hours oxidation. In the case of samples sintered at 1700 °C
(1700/0, 1700/10 and 1700/20), a different trend of hardness was observed. The hardness of
10 hours oxidized sample has the highest hardness and lowest hardness in 20 hours oxidized
sample case. The un-oxidized sample has the hardness value in between the values of 10
hours and 20 hours oxidized samples. The samples 1500/0, 1500/10 and 1500/20 contain a
higher amount of <alpha> Si3N,4 than that of samples 1700/0, 1700/10 and 1700/20. The
<alpha> phase of Si3Ny is harder than the <beta> Si3Ny4. The higher content of <alpha> phase
in 1500/0, 1500/10 and 1500/20 contributes in the hardening of the material and the higher
values of hardness were observed in these samples. It was also observed that the oxidation
time has a positive effect on the hardness of both series of samples to some extent.

4. Conclusions

The effect of nanosized oxidized silicon powder particles on the microstructural and
mechanical properties of hot isostatic pressed silicon nitride was studied.

e <alpha> SisN4 powders were oxidized for 10 and 20 hours successfully and the
amorphous oxide layer was found on the Si3Ny particles.

e The complete <alpha> to <beta> phase transformation was observed at 1700 °C
under 20 MPa for 3 hours holding time, 1500 °C is insufficient sintering temperature
for the complete phase transformation.

¢ Si)N,0 phase was formed in the samples after sintering and this amount increased
with the oxidation time.

e There is a threshold of powder oxygen content (2.29 at% given by EDS) above that
the Si,N,O phase is stabilized even at higher temperatures. Oxides in the base



powders favours the formation of Si,N,O and supress the <beta> Si3Ny in sintered
material.

e The bending strength of those samples which were prepared at 1700 °C is higher
than that of samples sintered at 1500 °C due to the presence of <beta> phase and
Young’s modulus is almost similar of both set of samples. The optimum sintering
temperature is 1700 °C when the bending strength decreased with the oxidation
time.

e The toughness decreased with the oxidation time due to the decreasing amount of
<beta> Si3Ny.

¢ Higher hardness was observed in the samples which contain higher <alpha> Si3Ny.

In conclusion, the oxidation of starting powders degrades the mechanical properties of
hot isostatic pressed (HIP) Si3Ny.
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Table 1
Nr. 1500/0 1500/10 1500/20 1700/0 1700/10 1700/20
Oxidation 0 10 20 0 10 20
Time (hrs)
Sintering 1500 1500 1500 1700 1700 1700
Temperature
(C)
Apparent 3.330 3.303 3.27 3.431 3.387 3.352
Density
(g/em’)
B—SisNy |128 " 1 5 028 |2, 0434 | 22, (11|22, 29222 218
SI.N.O 12.6 17.8 23 6.7 20.5 25.8
2772 1) 1) 1) 1) 1) 1)
Average size | 39.39 £]39.65 +|37.14 +|60.81 +|56.75 £|56.37 +
of  PB-SizN4 | 4.42 4.57 4.05 8.38 8.28 8.46
(nm)
Average size | 52.53 +|55.18 £[5190 +|37.72 +£|6271 +|64.18 =
of  Si;N,O | 4.40 4.50 4.01 8.40 8.29 8.47
(nm)

calculated by Scherer Formula
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Si,N,O Composition in HIP Si;N,

Equation
Adj. R-Squar

Si2N20 at 1
Si2N20 at 1
Si2N20 at 1
Si2N20 at 1

y=a+b*
1 08761
Value

Intercept =~ 8.1166
Slope 0.955

Standard Err
Intercept 126 1.71995E-16
Slope 052 1.33227E-17
0.22399
0.01735

1700°C

Oxidation Time (hrs)

Fig. 8.
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Figure Captions:

Fig. 1. XRD spectra of Reference, 10 and 20 hours oxidized Si3N4 base powders.

Fig. 2. EDX results of SizN4 powders a) Reference; b) 10 hrs oxidized; c) 20 hrs oxidized.
Fig. 3. Oxygen content vs oxidation time of Si3N4 powders

Fig. 4. SEM, TEM and HREM images of SizNs base powders a) Reference; b) 10 hrs
oxidized; ¢) 20 hrs oxidized

Fig. 5. HRTEM images of 1700/20 sample sintered at 1700 °C.
Fig. 6. Phase analysis of sintered SizN4 samples measured by XRD. a) 1500 °C; b) 1700 °C.
Fig. 7. B phase composition in SizN4 with respect to oxidation time (hrs).

Fig. 8. Si,N,0 and B-Si3Ny4 phase in sintered Si3Ny4 with respect to oxidation time (hrs); a)
Si,N>0 in SizNy; b) B-SizN4 and Si,N,O w.r.t oxidation time in sintered samples at 1700 °C;
¢) B-SizNy and Si,N,O w.r.t oxidation time in sintered samples at 1500 °C.

Fig. 9. 4- points bending strength of Si3N4samples sintered at 1500 °C and 1700 °C.

Fig. 10. 3- points bending strength of Si3N4 samples sintered at 1500 °C and 1700 °C.

Fig. 11. Young's Modulus measurements of Si;N4 samples sintered at 1500 °C and 1700 °C.
Fig. 12. Indentation toughness values of sintered materials.

Fig. 13. Vicker's Hardness of Sintered Materials



Fig. 14. SEM images of fractured surfaces of Si;N4 Sintered at 1500 °C; a & b) 1500/0
(Reference); ¢ & d) 1500/10 (10 hrs oxidized); e & f) 1500/20 (20 hrs oxidized).

Fig. 15. SEM images of fractured surfaces SizN4 (Sintered at 1700 °C); a & b) 1700/0
(Reference); ¢ & d) 1700/10 (10 hrs oxidized); e & f) 1700/20 (20 hrs oxidized).



