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In this study, fully dense -SiAION/TiN composites were produced by Spark Plasma Sintering (SPS) method. Si3Ny,
Al,0O;, AIN and TiO, powders were used as precursors. Starting powders were mixed with high energy ball milling and
then were sintered by SPS method (at 1750 °C under pressure of 30 MPa for 12 min.). The milled powders had an av-
erage particle size of below ~ 155 nm. The XRD patterns of SPS-ed composites showed that the entire f-SiAION phase
constituent was in the form of Si;Al,0,N, phase and cubic TiN phase can be formed by the phase transformation of TiO2
in relation with other precursors. FESEM micrographs confirmed that TiN particles were distributed homogeneously
throughout B-SiAION matrix. Mechanical properties evaluation revealed that by adding micro sized TiO,, optimal me-
chanical properties with a hardness ~ 14.6 GPa and a fracture toughness ~ 6.3 MPa m'"” were obtained. The improvement
in the fracture toughness was attributed to the presence of the crack deflection as the dominant toughening mechanism in
the SPS-ed B—SiAION/TiN composites.

© 2016 Published by Elsevier Ltd.

1. Introduction

Ceramics of silicon nitride are one of the most widely used engi-
neering materials due to their high strength, good friction and oxida-
tion properties, low density and high erosion and chemical corrosion
resistance [1]. By substitution of silicon nitrogen bond for aluminum
oxygen one in beta silicon nitride a solid solution is made which called
primarily beta prime silicon nitride, beta prime SiAION and nowadays
beta SiAION [1-3]. They were discovered in 1970 and actively devel-
oped [2,4,5]. The most marvelous structure of SiAION is -SiAION
(Si4.,AlLLO,Ng ), where z varies from 0 (pure SizN,) to 4.2 with a
structure similar to hexagonal $-Si;N, [6-8]. Other forms of SiAION
are o, O and X-SiAION [7].

Many efforts have been done to improve ceramics properties via
well definable composition and microstructure by carefully control-
ling the process parameters and methods [8—10]. Similar to almost all
the ceramic materials, however, low resistance to fracture has limited
the application of silicon nitride based ceramics. The fracture tough-
ness of hot-pressed Si;N, is typically 3—5 MPa m'? [11]. The prob-
lem of the low fracture toughness of the ceramic materials can be
overcome by designing composite materials reinforced with a suit-
able second component [12]. The addition of particulate TiN as a rein-
forcement can enhance the fracture toughness of the SIAION materials
[13-15]. B-SiAION/TiN composites are widely attracted the attention
of many researchers due to their good thermal shock and corrosion
resistance, enhanced mechanical properties, thermal and dimensional
stability [15-21].
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SiAION/TiN nanocomposities can be synthesized by planetary ball
milling of different compositions of powders like SisN,, TiN, Ti,
Al,0; and AIN [7,18,22-24]. Available sintering techniques of
SiAION and its nanocomposites via solid state routes range from gas
pressure sintering to pressure less sintering [4]. Introduction of lig-
uid phases into the SIAION composite system during sintering is one
of the most important progresses to obtain ceramics with high perfor-
mances [20]. Usually, metals and rare earth metal oxides (e.g Al,O3,
TiO, and Y,05) are used as sintering additives which promote den-
sification through the liquid phase sintering [16,17,22,25]. By using
Si3Ny, AL,O; TiO, and AIN as starting materials, the first three mate-
rials reacts to each other and as a result a low-viscosity liquid phase
with low SiO, content forms, thereby grain boundary glasses develops
[26,27].

Spark plasma sintering (SPS) is a novel sintering technique that
allows sintering of hard-to-sinter materials to full density very rapid-
ity [21,22,28]. Compared to conventional sintering (CS) techniques
such as pressureless sintering (PLS), hot pressing (HP) or hot iso sta-
tic pressing (HIP), SPS provides much faster heating rates, shorter sin-
tering times in the range of some minutes [29-31]. Also, with com-
monly lower sintering temperatures, getting total densification with
negligible grain growth and/or phase transformation allowed [32-34].
There have been several studies dealing with the sintering of sili-
con nitride-based ceramics using SPS technique [20,34]. By utiliz-
ing Si3N, and TiN nano-powder as the starting materials, Si;N,/TiN
nanocomposites with full density have been fabricated successfully
via SPS technique and the nanocomposite containing 10 wt% TiN had
the highest toughness of ~ 4.9 MPa m'"? [15]. Nevertheless, C. Tian
et al. [35] have made Si;N,/TiN nanocomposites containing 10 wt.%
TiN  with  toughness of ~6.7MPa m'"”? by HP and
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H. Mandal et al. [18] have received f - SIAION with toughness of
~5.6 MPa m'? by GPS.

The PLS of B-SiAION from low cost combustion synthesized
Si3sN, powders has been previously studied by H. Mandal et al. [18],
but they didn't report SPS of SiAION and its composites with TiN.
There for; the objective of this study was to develop SiAION/TiN
composites, with good mechanical properties and low sintering tem-
perature by incorporating low cost combustion synthesized p-Si;N,
and TiO, powders. In the present work, SiAION/TiN ceramics were
prepared using the SPS sintering process. Phase composition, densifi-
cation, microstructure and mechanical properties of the bulk samples
were investigated.

2. Exprimental procedure

Specimens were prepared from high-purity (*99 wt%) powders
with composition by weight percent according to Table 1. Si;N,
(B-Si3N,4 composition, — 325 mesh powder size), AIN (powder size:
<10 pm), two batch of TiO, (powder size: Nanometer powder and
submicron powder) and Al,O; (powder size: <50 nm) were selected
as starting materials for synthesizing SiAION/TiN nanocomposites.
Si3N, powders were purchased from Beijing Chanlian-Dacheng Trade
Co., China and other powders were bought from Sigma-Aldrich.

The mixture of starting materials was milled in isopropanol alco-
hol for 10 h in a poly amid jar using Al,O5 balls by planetary ball
mill (PM2400, 400 rpm). The ball-to-powder weight ratio of 10:1 was
used. The obtained slurry was dried and sieved to prepare fine and uni-
form powder mixtures for spark plasma sintering. Spark plasma sin-
tering was conducted in vacuum at 1750 °C for 12 min. The heating
rate was set at 30 °C/min and an applied pressure of 30 MPa was used.
Graphite foils were used to constraint and prevent sticking of powders
to die during spark plasma sintering. An optical pyrometer that placed
on a hole on the surface of the carbon die was used for monitoring
temperature during sintering. The set-up (Nanozint 10) allowed cool-
ing rate of 200 °C/min in the temperature range up to 100 °C/min.

The powders were suspended in distilled water and then ultrasoni-
cally treated and then the particle size distribution of the milled pow-
der was measured by a laser interferometer (Horiba, LB-550). The
density of the samples was measured by the Archimedes method in
distilled water as an immersing medium. For determining phase com-
position of the samples, x-ray diffraction patterns (X'Pert. P W 3040/
60 philips, CuK,, radiation) in the range of 10-90° (20) were collected.

The SPS set-up enabled us to draw the temperature and shrinkage
changes according to the sintering time. For microstructure study of
the samples by FESEM (SEM: MIRA, TESCAN) and energy-disper-
sive X-ray spectroscopy (EDS), all samples were polished using 300
up to 1500 SiC grit and standard diamond polishing techniques. Den-
sity of specimens was carefully measured by archimedes method. The
micrographs were recorded in back scattered electron mode (BSE).
Vickers hardness of the samples was measured by applying a load
of 10kg (HV 10) for 15s (Instron Wolpert, MX-96604) [36].

Table 1
Composition of different SIAION/TiN composite.

Sample S;N,  ALO; AIN  TiO, Predicted TiN

SB Rest 15.56 933 0 0
SBM Rest 15.56 9.33 15 (micronized) 13
SBN Rest 15.56 9.33 15 (micronized) 13

Toughness measurements carried out by measuring the dimensions of
indenture crack effect (by SEM secondary electron mode or optical
microscopy) using Anstis and Nihara method [6,16,37].

3. Results and discussion

Measuring of particle sizes by laser interferometer characterized
the average particle size of the SB, SBM and SBN powders after 10 h
mechanical alloying, about 120, 155 and 98 nm respectively.

High energy ball milling was successfully used to mix starting pre-
cursors homogenously and the particle size of the mixed powder was
reduced. Fig. 1 showed the FESEM image of the SB, SBM and SBN
powders composition after high energy ball milling. It was obvious
that after grinding the obtained powders with very small particle size
of the average values below 150 nm could be gained.

Fig. 2 showed x-ray diffraction patterns of samples SB, SBM and
SBN spark plasma sintered (from 10 h milled powders) at 1750 °C.
The rapid crystallization of amorphous phases in milled powders has
occurred. XRD analysis revealed that SB, SBM and SBN were
poly-phase materials consisting the main phase of p-SiAION. The
maxima XRD peaks of $-Si;N, was shifted towards the left hand that
confirmed the existence of f-SiAION in product [19]. Also, the overall
composition of B-SiAION phase in sintered samples was Si,Al,O,Ng
(Z =2) with some X-SiAION and O-SiAION. Results showed that
TiN phase was in the X-ray patterns with major phases in SBM and
SBN samples. Existence of f-SiAION at 1750 °C sintered sample
was due to the mechano chemically activation of the fine powder
which had good tendency to be converted to p-SiAION phase. This
may also be attributed to this fact that by modifying sintering tem-
perature, unchanged f-Si;N, phase was not found in the specimens
[23,38-40]. The minor obtained phases like X-SiAION (Si;Al,O,N,)
and O-SiAION (SigAl,(O,;N,) were metastable phases at higher tem-
perature and would transform to $-SiAION during the high sintering
temperature or post heat treatment [41]. On the other hand, XRD char-
acterization results showed that by SPS process during 72 min (60 min
need for receiving sintering temperature + 12 min dwelling time) crys-
tallization have completed. The intensity of TiN peaks had an in-
crease with decreasing of TiO, precursor particle size. Additionally,
The XRD results of SBM and SBN verified that the excess using of
additives like TiO, caused remaining of amorphous phases after densi-
fication [8]. And, the fast cooling rate of SPS process hindered phases
changes like B-SizN, to a-SisNy [8].

The mechanism of reaching to -SiAION-TiN composite can be
written as follows: Due to eventually reactions of silicon nitride with
alumina and aluminum nitride, -SiAION has formed by increasing
the temperature. TiO, take parted in reactions for producing of TiN
and by reducing the temperature of reaching to SiAION - TiN com-
pounds. The formation reactions of SiAION and TiN can be written as
Egs. (1) and (2) [22,26,27,42-48]:

(6 —2) /3 SiyN, +z/3 ALO, + z/3AIN
- Si,_,ALO.N; (0

<z
<42) M
1/3 Si;N, + TiO, — SiO, + TiN + 1 /6N, )

It has been reported [3] that the Reaction (1) could be occurred
under reducing conditions or at temperatures above 1350 °C [49].
Thus keeping sintering temperature sufficiently above this temper-
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Fig. 1. FESEM images of SB, SBM and SBN powders obtained from high energy ball milling.

ature could be motivated Reaction (1). In the present work, in com-
parison to conventional sintering techniques by employing SPS tech-
nique sintering temperature and time were reduced to 1750 °C and
12 min respectively. Thus, formation of unwanted phases was sup-
pressed during sintering process. Moreover, the successful retaining

of transformable phases in the SIAION matrix would be valuable in
improving mechanical properties of the composites [49].

The microstructure of the $-SiAION/TiN nanocomposites SPS-ed
at 1750 °C for 12 min is shown in Fig. 3. The micrographs on the
back scattered mode showed that, two areas were well distinguished
from the image: light areas represent TiN phase and dark areas
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Fig. 2. XRD patterns of the SPS-ed samples at 1750 °C for 12 min. TiN and Si,Al,O,Ng
phases have labeled with TN and SAON, respectively. O-SiAION and X-SiAION
phases have labeled with O and X respectively.

SiAION. It can be observed that the microstructure was dense with
no porosity and TiN particles were distributed homogenously in the
SiAION matrix, which helped full densification of SPS-ed SiAION/
TiN composites [15]. In addition there were some gray areas located
beyond the TiN particles and between TiN and SiAION phases. Ac-
cording to the XRD results (Fig. 2), they could be X-SiAION or
O-SiAION phase. These phases were products of reactions that oc-
curred in a liquid phase under the presence of the oxide compo-
nents and $-Si;N, which were dissolved in the liquid during sintering
process [11]. This grain boundary phases have seen clearly in SPS-ed
materials that were remained after sintering in the samples due to use
of Al,O; and AIN as a sintering aid.

On the other hand, in SPS-ed samples large amount of liquid phase
and more finer particles of milled samples have prompted particle re-
arrangement at lower temperature (1750 °C) with a higher shrinkage
rate, utilizing full densification [50]. SEM-EDS analyses of SB (point
A and point B in Fig. 3) showed that the highest amount of nitro-
gen (44 At% N, 25 At% O, 20 At% Al and 26 At% Si), which was
approximately consistent with the composition of Si;Al,0,Nj in sec-
tion A, and lowest amount of nitrogen (22 At% N, 42 At% O, 17
At% Al and 18 At% Si), which was approximately consistent with
the composition of SigAl;(O, N, in section B (grain boundary re-

gion), were exist. Due to secondary chemical compositions that were
existed with high concentration at grain boundaries, softening of
SiAION at high temperature would be happen [49]. Also, this glassy
phases decrease the strength of bulk ceramics like SiAION, but this
phases are need for thermal shock resistance and toughness increment
[49].

Fig. 4 showed densification curves of SB, SBM and SBN samples
which were spark plasma sintered at 1750 C for 12 min under 30 MPa,
which demonstrated the displacement of the upper punch during the
process as a function of sintering time. All the samples reached nearly
full density by SPS process. The densification curves of SBM and
SBN samples (Fig. 4) showed that by addition of TiO, component to
the initial composition, the onset and the final point of sintering den-
sification occurred at the lower temperatures. The results implied that,
the composites (SBM and SBN) shrinkage start point was 1100 °C and
1035 °C, respectively. But the start point for SB sample was 1295 °C.
The onset temperature of densification process is lowered to approxi-
mately 1035 °C, and the ending temperature of the densification was
approximately 1650 C for SBN composition, which were over 260 °C
and 50 °C respectively lower than that of SB without TiO, component.
It can be directly concluded that the addition of TiO, into initial pow-
der mixture could decrease sintering temperature. The SiO, compo-
nent was always present as a surface layer on the silicon nitride parti-
cles. With increasing oxide content more TiO, phase was available for
further liquid phase generation and there for the sintering temperature
is much more decreased [50].

The specimen densification started at lower temperatures due to
being of eutectic temperature of compounds below 1500 °C. Also,
construction of liquid phases at this temperature has caused sharp SPS
punch displacement. The subsequent sharp displacement or shrinkage
at the higher temperature, i.e. 1300-1450 °C can be caused by plas-
tic deformation due to rearrangement mechanism [51]. It can be con-
cluded that the densification of the samples after liquid phase sintering
is due to the existence of Al,O;, AIN and TiO, which is related to the
effect of particles rearrangement and/or softening of the amorphous
Si-Al-O-N [52].

In the present study, the SIAION-TiN composites were sintered to
full density at reduced time and temperature i.e. 1750 °C and 12 min
respectively, comparing to CS techniques. Cain et al. [3] have used
HP to sinter similar compositions in the Si;N,-TiN system. They
found that sintering at 1700 °C was necessary to reach a relative den-
sity of 96% for Si;N,~10 wt% composite. According to the Fig. 4,
however, sample with similar composition could be receive to full
density at just 1595 °C by SPS. The existence of electromechanical
forces acting over the liquid phase which was formed during sintering

o uses |
T 4
Pn Detmy] T

Fig. 3. Microstructure of SB, SBM and SBN samples SPS-ed at 1750 °C for 12 min.
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Fig. 4. The densification curves for SB, SBM and SBN composites SPS-ed at 1750 °C for 12 min.
would be a plausible explanation of the reduced sintering temperature 7 5 SBN 75
and time in SPS-ed Si;N, based composites [5]. Furthermore, the use 16 cr SBM
of nano-sized powder with a high specific surface area for preparing 15 - S8 -7.0
the samples promoted densification process due to the increment in 14d Hu o
grain boundary diffusion [10]. 13 ] 65 g
Fig. 5 showed the dependence of the hardness and fracture tough- = 12] £
ness of the SPS-ed composites. There can be seen that hardness in- 5 1] o =
creased from ~ 14.1 to ~ 15.7 GPa with the decrement of TiO, par- '; 10 ] & =
ticle size from micron to nanosize. It is well known that the hard- 2 9] B
. . o = . @
ness values in the multiphase samples are affected by the intrinsic S g] 50
hardness of constituents. The hardness values increased with the de- s 7] ' ‘;
crease of TiO, particle size due to the lower hardness of SIAION com- 6 ] | 45 §
paring to its composites. H. Mandal [18] and C. Tian [35] were re- ] B
ported hardness values of SIAION and SiAION - TiN ceramics be- 6 . lLao
tween ~ 13 GPa and ~ 15.6 GPa respectively [18]. The fracture tough- 4 ; . S , : g
ness increased with the increase of TiO2 particle size. Sample with- Samples

out TiO, additive had a fracture toughness of ~ 4.8 MP m'2, while
with the addition of 15 wt% TiO,, fracture toughness increased about
31% to ~ 6.3 MPa m"%. From the FESEM results it was obvious (Fig.
6) that with the increase of TiO, particle size in the initial chemi-
cal composition increment in the Toughness corresponding to the in-
crease of cracks path in the samples with higher TiO, particle size

Fig. 5. The dependence of hardness and fracture toughness values of the SPS-ed com-
posites to the samples. H. Mandal results labeled with HM and C. Tian results labeled
with CT.

has occurred. This scenario showed this means that the cracks path
increment could be the dominant mechanism responsible for tough-
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Fig. 6. FESEM photograph of SPS-ed SBM composite after toughness measurement.

ening in the SPS-ed SiAION-TiN composites which were studied in
the present work. SBM showed good hardness and fracture toughness
of ~ 14.6 GPa and ~ 6.3 MPa m'” respectively. Also, due to large par-
ticle sizes of TiN in SBM the toughness have been increased [53].
As clearly seen, the nanocomposite processed with benefits high frac-
ture toughness in expense of a little reduction in hardness. It implies
that the main aim of the present research is attained. Also, due to sec-
ondary chemical compositions, that exist with high concentration at
grain boundaries, softening of SiAION at high temperature would hap-
pen [49]. Also, this glassy phases decreased the strength of bulk ce-
ramics like STAION, but this phases were need for thermal shock resis-
tance and toughness increment [49]. The studies about active toughen-
ing mechanisms in SPS-ed nanocomposites were underway and their
results would be publish in forthcoming future. But, based on FESEM
results crack deflection was the first suggestion.

4. Conclusions

In this work, the TiN toughened beta SiAION nanocomposite ce-
ramics were obtained successfully, via low cost Si;N, and TiO, pow-
der by combination of mechanical alloying and SPS method. Also by
improving and using this technique results regarding the PLS-ed sam-
ples, possible mass production of f-SiAION/TiN were expected. From
the experimental results and the above — stated discussion the follow-
ing results were concluded:

1. After milling for 10 h, a homogeneous nanopowder with length -
scale down to 150 nm were produced. Also, Mechanical activation
of the precursors reduced the temperature associated with the for-
mation of the liquid phase and furthermore it improved the densifi-
cation.

2. The addition of TiO, as a source of TiN, decreased the sintering
temperature from 1700 to 1595 °C by improving liquid phase sin-
tering. Also, it is shown that cubic TiN phase can be formed by
phase transformation of TiO, in relation with other precursors.

3. It was observed that, spark plasma sintering of the f-SiAION/TiN
powder at temperatures as low as 1750 °C resulted to full density
ceramics.

4. B-SiAION/TiN SPS Sintered samples from micronized TiO,
showed good hardness and fracture toughness of ~ 14.6 GPa and
~6.3 MPam'”? respectively. It implies that the main aim of the pre-
sent research is attained.

5. The major reason for improving the fracture toughness would be
crack deflection.
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