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Abstract

C/SizNy nanocomposites have been prepared through carbon black nanograins, graphite micrograins addition to silicon nitride
starting powder. The role of excess oxygen was examined by oxidising the alpha silicon nitride starting powder. For nanocomposite
processing sinter-HIP and hot press have been applied. Bending strength and elastic modulus have been found to be influenced by
amount of carbon black and graphite introduced in silicon nitride matrix. In the case of HIP samples a desintering process was
observed. During pressure-less sintering step the structure retained the a-SizN, phase, after second sintering step new phase(s)
appeared. Hot pressed samples with a higher a-SisN,4 phase contribution showed considerable improvement of hardness.
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1. Introduction

Ceramics based on silicon nitride are well-known as
low density materials with high strength and toughness.
With these combination of properties silicon nitride
based ceramics are an ideal candidate for several struc-
tural applications. However, applications to higher
temperatures (greater than 1000 °C) face difficulties due
to degradation of grain boundary phases. Generally,
there are two ways to improve the mechanical proper-
ties of ceramics: controlling the microstructure and pre-
paration of composite. Lately, by in-situ tailoring the
microstructure, new observations were performed on
structural and morphological development on silicon
nitride ceramics in order to understand the governing
principles of sintering processes."? In this way, through
formation of tough interlocking microstructure (con-
sisting of elongated B-SizN4 grains) mechanical proper-
ties may be improved. In the other hand, physical and
mechanical properties of silicon nitride ceramics can be
improved through nanocomposite processing.’>> To
increase the fracture toughness, incorporation of var-
ious energy-dissipating components into ceramic matri-
ces have been performed.® The second phases act as
bridging elements at the grain boundaries, thus hinder-
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ing grain boundary sliding. These components can be
introduced in whisker, platelets, particles or fibre forms.
Depending on processing route micro/nano or nano/
nano type microstructures can be synthesised. Recently,
silicon nitride-silicon carbide nanocomposites were
developed, which retained high strength and good oxi-
dation resistance up to 1400 °C.7-® Moreover, through
nanocomposite processing not only the high tempera-
ture properties may be improved, but high-performance
structural materials can be synthesised. From literature
work, are known several methods for obtaining porous
ceramics, such as partial sintering® or using sintering
additives with high melting points to hinder the sinter-
ing process.'” It was reported that by small carbon
addition high porous silicon nitride composites with low
shrinkage have been realised.!' This process involved
the formation of SiC particles at the grain boundaries,
which inhibited the rearrangement of Si;N, particles
during sintering, assuring high porosity. A method for
producing porous silicon nitride having high strength
and low thermal conductivity by adding B-SizNjy crystal
seeds was presented by Toriyama et al.'>!3 A carefully
control of oxidation process of SisN, that contains
organic binder as source of carbon can lead to porous
ceramic with high strength.'* Addressing to these cri-
tical points, we performed the preparation and exami-
nation of carbon added silicon nitride ceramic matrix
composites. Results about structural, morphological
measurements and mechanical properties are presented.
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2. Experimental method
2.1. Materials

Details about sample preparation can be followed in
Table 1. The compositions of the starting powder mix-
tures of the eight materials were the same: SizN4 (Ube,
SN-ESP), Al,O3 (Alcoa, A16) and Y,O5; (H. C. Starck,
grade C). In addition to batches carbon black (Taurus
Carbon black, N330, average particle size between ~ 50
and 100 nm), graphite (Aldrich, synthetic, average par-
ticle size 1-2 um) were added. Samples of batch 683
were prepared with surface modified alpha silicon
nitride. Oxidation of the surface of powders was per-
formed at 1000 °C in air for 150 h. The powder mixtures
were milled in ethanol in a planetary type alumina ball
mill. Each batch contains approximately 1 g alumina as
contamination from balls and jars. The batches were
sieved with 150 um mesh. Powder samples were passed
to FTIR examinations.

2.2. Sintering methods

Samples for HIP (ABRA), were compacted by dry
pressing at 220 MPa. The materials were sintered at
1700 °C in high purity nitrogen by a two-step sinter-HIP
method using BN embedding powder. First, some of the
samples were sintered without applying pressure. In
second step, the samples from first sintering step (ser-
ving as reference samples) were re-introduced in the
HIP together with the rest of examined samples. Then, a
pressure of 2 MPa were applied for 1 h. The dimensions
of the as-sintered specimens were approximately
3.5%5x50 mm.

Samples for HP (CENTORR Vacuum Industries)
were prepared as follows. After 10~* Torr vacuum, at
20 °C, nitrogen gas were introduced at 1 atm. Heating
rate was 20 °C/min till 1800 °C. At 1000 °C uniaxial
pressure of 2.8 MPa was applied. From 1400 °C the
pressure was increased step by step to 40 MPa. At

Table 1
The preparation conditions and composition of starting powder mix-
tures

Batch Composition Added carbon Milling

(wt.%) (wWt.% to batch) (in ethanol)
(h)

Si3sNg AlLO; Y,0; Carbon black Graphite

HIP

642 90 4 6 - - 3

644 90 4 6 23 - 150

645 90 4 6 - 23 150

683 90 4 6 23 3

HP

713 90 4 6 - - 3

714 90 4 6 1 3

715 90 4 6 10 3

1800 °C the pressure was kept at 40 MPa and was
applied for 2 h. The samples were cooling down toge-
ther with furnace.

2.3. Microstructural observations and mechanical tests

After sintering the weight of the samples were deter-
mined. All surfaces of the test bars were finely ground
on a diamond wheel, and the edges were bevelled. The
direction of both the diamond grinding and of the
bevelling was parallel with the bar lengths. The density
of the as-sintered materials was measured by the
Archimedes method. To identify the crystalline phases
X-ray diffraction of Cu K, radiation was applied by a
Philips PW 1050 diffractometer. Infrared absorption
spectra were taken by BOMEM MB-102 FTIR spec-
trophotometer equipped with deutero-triglicine-sulfate
detector, at a resolution of 4 cm~!, in the range of 400
4000 cm~!; 2 mg/g KBr pellets were used. Morphology
of the solid products was studied by scanning electron
microscopy, with a JEOL-25 microscope. The elastic
modulus and the four-point bend strength were deter-
mined by a bending test with spans of 40 and 20 mm.
Three-point strength was measured on broken pieces
with span 20 mm. Hardness measurements were per-
formed on micro Vickers Model LL, Tukor Tester, by
applying 1 kg load.

3. Results and discussion
3.1. Milling an oxidation
The mixing of powders was monitored step by step by

infrared observations. Infrared spectroscopy measure-
ments are presented on Fig. 1. Samples from batches
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Fig. 1. FTIR spectra of milling products: (a) resulting mixture after
150 h activation, batch 644; (b) resulting mixture after 150h activation,
batch 645; (c) mixture after 3 h milling, batch 683. On the inset: (d)
mixture after 3 h activation, batch 713; (¢) mixture after 3 h activation,
batch 715.
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644 and 645 are characterized mainly by Si—N vibration
modes (Fig. 1a and b). In the case of batch 683 (Fig. 1c)
due to surface oxidation of alpha silicon nitride powders
vibration modes of Si—O bonds appeared at 1250 and
1100 cm~!. In the inset infrared spectras of samples 713
and 715 are presented (Fig. 1d and e). These spectras are
characterized by the same vibration modes. However,
some of the vibration modes of ethanol can be recog-
nized as OH, H,O, CH;3 and C=0O stretching (v) and
bending (8) vibrations [15-18].

After performing the mechanical activation of powder
mixtures, for HIP samples, rectangular bars were
obtained by dry pressing at 220 MPa. The as-obtained
samples were oxidized for 2 h. Oxidation at different
temperatures resulted in samples with different carbon
content as presented in Fig. 2. The carbon removal was
very fast in the case of batch 683. The behavior of car-
bon black (batch 644) and graphite (batch 645) added
silicon nitride matrix was found to be significantly dif-
ferent regarding the oxidation process. From 450 °C up
to 600 °C the carbon black content has a decreasing
tendency, at 600 °C was 0.4 wt.%. At this stage the
graphite content is around 10 wt.%. Above this tem-
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Fig. 2. Samples from batches 644, 683 and 645 with different carbon

content after oxidation in atmosphere. Average values of four samples
are presented.

perature the graphite content has also a decreasing ten-
dency with increasing temperature. Continuing the
oxidation process above 800 °C, according to weight
losses we obtained almost a carbon free structure. Dur-
ing oxidation process carbon is released as CO or CO,
gas while the surface of a-SizN,4 in the compacts may
be also oxidized (case of batches 644 and 645), but we
have not observed Si—O bond evolving on the infrared
spectra of compacts.

3.2. Morphological observations

Morphological study was performed after sintering by
scanning electron microscopy. In Fig. 3a and b the
microstructure and the fracture surface of reference
sample (642) consisting of uniform grains is shown. The
structures characterized by high carbon content can be
seen Fig. 3c and d. A totally different morphology is
developing in the case of samples from batch 683
(Fig. 4a and b). These samples characterized by minimal
(0.56 wt.%) respective with considerable high (10.62 wt.%)
carbon content after oxidation are showing new crystal
facets (similar to Ref. 23) in both cases after sintering.

Sharply different microstructure, well developed pB-
Si3Ny grains evolved in the case of sample (from batch
644) with no carbon content after oxidation at 800 °C
(Fig. 5). Low magnification shows macro- and micro-
pores present in structure (Fig. 5a). In preferred sites,
mainly on the cavity surfaces huge B-SisN,4 grains
developed with 2-3 pm thickness, 10 pm length (Fig. 5¢).
However, the characteristic microstructure consist of -
Si3Ny crystals with 3-4 pm length and submicron
thickness, as in Fig. 5b. The growing in excess of B-
SizNy4 grains can be related to huge pores present in
structure induced by oxidation through elimination of
the adhered carbon phases, which resulted during mil-
ling.'> The highly porous sample may exhibit preferred
growing sites, surfaces that can contact the reaction
gases during sintering more easily than more compact
ones (e.g. batch 642). If we compare the microstructure
of the samples with high carbon black and graphite

Fig. 3. Micrographs of the samples after sintering process: (a) reference sample (642); (b) fracture surface of the reference sample; (c) sample from
batch 644, with 11.9 wt.% carbon content after oxidation at 450 °C (see Fig. 2); (d) sample from batch 645, with 12 wt.% graphite content after

oxidation at 500 °C.
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content (Fig. 3c and d) with the carbon free sample after
oxidation, we should remark that only in the later case
developed such a huge B-Siz;Ny grains.

In Fig. 6a the microstructure of hot pressed HP sam-
ple consisting of submicron grains (batch 713) can be
seen. Fig. 6b shows the polished surface of sample with
cracks propagated by the Vickers indentation. The
crack deflection (zigzagged crack) appears due to rod-
like grains contained in this specimen. This may cause
an increase in fracture toughness.’

10 um==

Fig. 4. Micrographs of the samples after sintering process: (a) sample
from batch 683, with 0.56 wt.% carbon content after oxidation at
550 °C; (b) sample from batch 683, with 10.62 wt.% carbon content
after oxidation at 480 °C. Bar: 10 pum for all of the samples.

100um™ = 1 um

3.3. Mechanical properties and structural observations

Relation between apparent density and modulus of
elasticity of samples containing carbon (batches 644,
645, 683, 714, 715) and reference (642 and 713) carbon
free samples after sintering are presented on Fig. 7. The
642 HIP reference samples are characterized by higher
apparent density and higher modulus than samples with
carbon content. Linearly fitted dashed line was added to
Fig. 7 from Ref. 9. This line has been produced to study
partial and final sintering processes of silicon nitride.
On Fig. 7 it is shown that with changing carbon content
in the specimens resulted in the similar porous struc-
tures (with low densities) as in the case of partial sin-
tering. The slope of the regression lines of samples 644,
683 and 645-the full lines of Fig. 7—is similar, this
value is lower than was in the case of Ref. 9. As con-
clusion can be drawn that samples 644 and some sam-
ples from 683 at low densities have higher modulus
values than samples from Ref. 9. In the range of 1.5-2.1
g/cm? the 683 samples have higher modulus than 644
samples. Hot pressed samples, with and without carbon
addition (713 and 714) marked with circles, are char-
acterized by higher densities and modulus than HIP
samples.

A desintering process (decreasing of density) was
observed during two-step HIP sintering process, as

= 1um

Fig. 5. Micrograph of porous sample from batch 644, with no carbon content after oxidation at 800 °C: (a) macro- and micro-pores are present in
structure; (b) characteristic microstructure with B-Si;N, grains; (c) well developed B-Si;N,4 grains.

10 um™

Fig. 6. Micrographs of hot pressed reference sample (batch 713): (a) submicron grains of hot developed after hot pressing; (b) cracks propagated by

the Vickers indentation; (c) zigzagged cracks.
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shown in Fig. 8. The starting points of arrows present
the first sintering step without any pressure applied. The
ends of arrows present the second sintering step with
2 MPa pressure applied. The desintering process was
observed for reference sample (642) and for batches 644
(samples containing ~0.1 wt.% carbon after oxidation)
and 645 (samples with no graphite content after oxida-
tion) as well. A very similar desintering phenomenon
was described by Hwang et al. in the case of gas-pres-
sure sintering.?! The decrease of density was ascribed to
chemical dissolution of nitrogen into oxynitride melts
assisted by high pressure and presence of boron nitride
phases. An interesting remark should be added to
desintering observation presented on Fig. 8. In the case
of reference sample (642) we have the similar decrease of
density as in the case of batches 644 and 645, but the
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Fig. 7. Relation between apparent density and modulus of elasticity
after sintering. Sinter—HIP samples: reference 642, with carbon addi-
tion 644, 645. HP samples (marked with circles): reference 713, and
with carbon black addition 714, 715.
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Fig. 8. The effect of desintering observed during two-step sintering
process (without and with pressure applied) on reference sample (from
batch 642), two samples with carbon content ~0.1 wt.% carbon con-
tent after oxidation at 800 °C, from batch 644 and one sample from
batch 645, with no graphite content after oxidation at 800 °C.

effect on modulus of elasticity is reversed. An accom-
panying phase transformation to desintering process
can be seen on Fig. 9.

On Fig. 9a the X-ray diffractogram of reference sam-
ple is presented after HIP sintering at 1700 °C, nitrogen
atmosphere and without applying pressure. The struc-
ture consist of B-SizNy and a-SisNy. After the second
sintering step (Fig. 9b) mostly the reflection of B-Si;Ny
can be recognized. At d=0.3041 nm however, a peak
has appeared. This reflection may be attributed to
0-Y>Si,07 phase (JCPDS-PDF 21-1460). In Fig. 9¢c the
reflections of sample from batch 644 can be seen after
first sintering step. The structure consist of B-Si;N4 and
a-Si3Ny as in case of reference sample. In addition to
this reflections at d=0.3613 nm and ¢=0.3041 nm can
be observed which may be attributed to 6-Y,Si,O-
reflections. Some reflections of SiC (JCPDS-PDF 31-
1231) can be observed as well. After the second sintering
step the structure is converting to B-Siz;N,4 phase, but
retains some of the possible 3-Y,Si,O reflections (d=0.
3613 nm and 4=0.3041 nm) and some of the a-Si;Ny
reflections (d=0.2259 nm, 0.2619 and 0.280 nm).

In Fig. 10 the X-ray diffractogram of a HIP sintered
reference sample and diffractograms of specimens from
batch 683 can be seen. The structure consists of B-Si3Ny
in the case of reference sample. In Fig. 10b remaining
reflections of B-Si;Ny can be recognized. Main lines of a
new phase (Si,N,O) appeared at d=0.466 nm, d=0.444
nm, d=0.336 nm, 4d=0.26 nm, d=0.242 nm and
d=0.239 nm. On Fig. 10c the Si;N,O is the main phase
with additional Siz;AlsO;Ns lines at d=0.384 nm and
d=0.332 nm.

In Fig. 11 the X-ray diffractograms of HP sintered
samples are shown. As in the case of HIP samples at
d=0.3041 nm, a diffraction peak related to 6-Y,Si,O,
phase appeared (Fig. 9). This peak is present on the all
of the HP structures, as on the carbon free structure
too, but in the case of 1 wt.% carbon content (batch
714) represents the highest peak (Fig. 11b). At the end
of the sintering all of the specimens have B-Si;N4 and
a-Si3N,4 as main components. This may explain the high
hardness value (22 Gpa) obtained for carbon free sam-
ple (batch 713). Generally, silicon nitride samples pro-
duced in our laboratory with HIP method are
characterized by a hardness value high as 18.5 Gpa.??

As observed by X-ray measurements after sintering
the conversion a— B-Si3Ny is completed only in the case
of HIP samples. In the case of surface oxidized samples
glassy phases are evolving. The formation of SiC phase
have been observed only in the case of presented HIP
experiments, as we expected from earlier works.!!-19-24
However, in our case the SiC act as an intermediate
phase in the reactions as discussed in elsewhere.?> In the
presence of silicon-rich liquid, at certain nitrogen pres-
sure the decomposition of silicon carbide cannot be
avoided.?¢
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A comprehensive view about the carbon content effect
to strength can be seen in Fig. 12. Samples with added
carbon (644, 645, 714, 715) due to lower densities, show
lower values for strength as compared with 642, 713
reference samples. The porous sample presented in Fig. 5

Relative intensity
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has a modulus 97 GPa at 2.276 (g/cm?) apparent density
and 130 MPa value for three point bending strength. As
can be seen on the graph and inset the hot pressed
samples in all of the cases are characterized by higher
bending strengths than sinter-HIP specimens.

20, Cuko

Fig. 9. X-ray diffractograms of one and two step sintered samples: (a) reference sample (from batch 642) sintered without pressure; (b) reference
sample (642) sintered under pressure; (c) carbon added (644) sample first step sintered; (d) carbon added sample (644) after two-step sintering. Black

points mark new phase(s).

Relative intensity
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Fig. 10. X-ray diffractograms of sintered samples: (a) reference sample (642); (b) sample with 10.62 wt.% C after oxidation (683); (c) sample with

0.56 wt.% C after oxidation (683).
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Fig. 11. X-ray diffractograms of hot pressed samples: (a) reference sample (713); (b) sample with 1 wt.% carbon (714); (c) sample with 10 wt%
carbon (715).
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Fig. 12. Relation between carbon content and four point bending strength (BS4) and three point bending strength (BS3). Carbon contents for
samples 644 and 645 resulted from oxidation process as in Fig. 3. Hot pressed composites are characterized by 1 and 10 wt.% carbon content as in

Table 1.
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4. Conclusion

The structure and properties of silicon nitride ceram-
ics may be improved by adding carbon nano- and
micrograins or modifying the surface of starting pow-
ders. The milling products of added carbon black and
graphite have the same vibration modes on infrared
spectra. Carbon addition resulted in porous samples,
thus has the same advantages as partial sintering or
addition of sintering aids. In the initial stage of sintering
the carbon addition has a beneficial role to the modulus
of elasticity. Compared with partial sintering, however,
above a certain value carbon content has a detrimental
role to modulus. A desintering process was observed.
During desintering process the a—p-SisN4 was com-
pleted. The porous samples suffered a decrease, the
reference sample had an increase of modulus. The por-
ous samples have 20-100 um macro- and 1-2 um
microporosity and consist of huge B-SizNy grains. In the
case of specimens with oxidized surface glassy phases
appeared, the morphology is independent from carbon
content of samples after oxidation. The structure of hot
pressed specimens consist of o and B-SizNy, therefore an
increase of hardness was observed.
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