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Abstract

This paper is concerned with the synthesis of composites in the Si3N4~Al,O3;-TiC-Y,0; system. The materials obtained have a
high density and a good fracture toughness (K;c=9.3 MPa,/m). Machining tests show that the service life of the tool blades made
of these composites may even be tenfold longer than that of commercial blades made of SisN4 with an additon of Al,O3, MgO and
Y,0;. © 2000 Elsevier Science Ltd and Techna S.r.1. All rights reserved.
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1. Introduction

Silicon nitride ceramics are promising candidates for
engineering and tooling applications because of the
combination of the excellent intrinsic mechanical, ther-
mal and chemical properties [1]. Since the Si—N bonds in
these materials have mostly the covalent character and,
thus, the diffusion coefficients are small, silicon nitride is
difficult to sinter. An efficient method of producing
pore-less silicon nitride ceramic materials consists of
introducing active additives during the sintering process
and using pressure enhanced densification techniques,
such as hot pressing (HP) or isostatic hot pressing (HIP)
[2-4].

At the sintering temperatures, the densification facil-
itating substances, chiefly oxides such as Al,O3, Y,O3,
MgO, CeO,, ZrO, BeO and lanthanum oxides, react
with the surfaces of the SisNy, grains forming a liquid
phase, which makes possible mass transport processes
and enhances the densification [5-7]. The SizNy, sintering
activating additive most frequently used recently is a
mixture of Al,O3+ Y,Os, since the sinters obtained with
it have relatively best mechanical properties at high
temperatures [8—10].
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Si3Ny, is also a well-known structural material both as
a monolith and as a constituent of a composite [11].
Typically, in a densified monolithic form, SizNy, is
composed of «-SisNy, containing elongated particles of
B-SisNy, in which the densification proceeds through
debonding between the SizNy4 grains and through crack
bridging by the B-phase. SisNy, is also used in particu-
late-reinforced composites where interface debonding is
essential for a high density [12].

The aim of the present study was to produce hard
composite ceramic materials composed of Si3sN4—Al,O3—
Y,03 and 10-30 wt% of TiC as the reinforcing phase.
The method used in the experiment resorts to the
known idea of increasing the fracture toughness (K;c)
of composite materials by introducing a certain amount
of a phase with a substantially higher thermal expansion
coefficient. This additional phase may be TiC whose
expansion coefficient is relatively high whereas « for
Si3N4, 3.2x 1076 I/K

2. Experimental procedure

The starting powders — silicon nitride, yttria, tita-
nium carbide (MBE Industries, Yamaguchi, Japan) and
alumina (ALCOA-Chemicals Division, US) were milled
(40 h) using alumina milling balls, with ethanol alcohol
as the milling medium. The compositions of the studied
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Table 1

Compositions of the sintered samples

Composition SizNg wt% ALO;+ Y03 wt% TiC wt%

A 60 10 30

B 60 20 20

C 60 30 10

Table 2

Machining parameters

Cutting speed v=2.5m/s

Feed f=0.4 mm/rev

Cutting depth ap=1.0 mm

Cutting lubricant Dry machining

Table 3

Properties of the Si3N4~Al,O3;-TiC-Y,053 materials

Composition Relative Open Closed Hardness Kjc
density  porosity porosity HV (MPa/m)
(%) (%) (%) (GPa)

A 89.5 0.17 10.35 11.2 7.5

B 94.5 0.85 4.30 13.7 8.1

C 99.2 0.47 0.33 14.1 9.3
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Fig.1. Flank wear of a ceramic tool blade — VB.

samples are given in Table 1. Then, the powder mixtures
were dried, sieved and densified with a cylinder shape
(20mm in diameter, 20mm high) by cold pressing
(100 MPa) and cold isostatic pressing at a pressure of
250 MPa. The cylindrical samples were then hot-pressed
(HP) in an induction-heated graphite die at a tempera-
ture of 1953 K under a pressure of 20 MPa for 0.5 h.
The heating and cooling rates were 10 K/min.

The final density was evaluated by the Archimedes
method, and the phases were identified by X-ray dif-
fraction (XRD) using the CuK radiation. The density of
the powder mixture was determined with a Accu Pyc
1330 type helium pycnometer. The chemical composi-
tion was examined using an X-ray microanalyser. Sam-
ples intended for microstructural observations and for
mechanical measurements were ground and then
polished with a 1/4 um diamond paste. The morphology
of the sintered material was examined by scanning elec-
tron microscopy (SEM). The hardness was determined
using a Vickers diamond indenter under a load of 100,
300, 500 N and the fracture toughness by the indenta-
tion method using the equation formulated by Niihara
et al. [13]. We also examined the machining indices of
the SisN4—Al,03-Y,053-TiC ceramics. The samples were
prepared in the form of plates sized at 12x12x5 mm.
The wear of the cutting blades was examined during a
cutting operation (the parameters are given in Table 2)
using a heat-treated carbon steel roller whose hardness
was 25 =1 HRC. The wear of the blades was deter-
mined by measuring the wear depth on the flank face
VB (Fig.1). For the sake of comparison, we also mea-
sured the wear of commercial SizN4—Al,O;-MgO cut-
ting blades using the same method. The temperature
within the cutting area as a function of the time of the
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Fig. 2. XRD spectra of the Si;N4—Al,03-Y,05;-TiC materials (C).
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Fig. 3. An analysis of the chemical composition of the Si3N4~AlLO3—
Y,05-TiC materials (C).

blade operation was measured with a Thermalert
pyrometer (Alborn, USA).

3. Results and discussion

The measured values of the densities, porosities,
hardnesses and Kjc are given in Table 3. The relative
density of the materials increases with increasing Al,O3,
content and, in the mixture C (10 wt% TiC), reaches a
value of 99.2%. The porosity, open and closed, varies in
a similar way. It is interesting that the hardness of the
composites falls within the range from 11.2 to 14.0 GPa,
i.e. is relatively small compared with that known for
Si3Ny, (22 GPa), whereas the stress intensity factor Kjc
reaches a value of 9.33 MPa (material C), which is sub-
stantially greater than the value known for SizNy (6.5—
8.0 MPa).

Examinations of the phase composition of the mate-
rials (Fig. 2) have shown that a new phase, Siz;Al303Ns,
forms during the sintering process. Its concentration
increases with increasing share of Al,Oj in the powder
mixture (the concentration of Y,O; is constant). The
Al,O3, and Y,0; contents tend to zero and, finally, the
material becomes a mixture of the B-SizN4, TiC and
Si3Al1303Ns, phases.

An analysis of the chemical composition (Fig.3) has
shown that, on the surface of the materials, the TiC
grains (8 pm in diameter on average) are uniformly dis-
tributed within the Si3Al30;N5, matrix.

Fig. 4. SEM micrograph of the materials (C).
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Fig. 5. Flank wear vs cutting time for Si3N4~Al,03-Y,05-TiC mate-
rials (A, B, C) and for commercial tools (SisN4~Al,O3-Y,03-MgO).
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Fig. 6. Temperature within the machining region vs cutting time for
Si3N4—~ALL,O3-Y,05-TiC materials (A, B, C) and, for commercial tools
(Si3N4*A1203*Y203*MgO)‘

Fig. 4 shows the morphology of the materials deter-
mined by the fracture technique. The microstructure
appeared to be characteristic of materials with a very
high relative density, in which the densification due to
the sintering process leads to the formation of a liquid
phase.

The variation of the wear of the plates A, B, C (30,20,
10 wt%TiC, respectively) and of the reference plate as a
function of the machining time is shown in Fig. 5. We
can see that the materials have very good machining
properties. The durability of the plate C (the highest:
relative density (99.2%), hardness (HV =14.1 GPa) and
stress intensity factor (Kjc =9.3 MPay/m)) is tenfold the
durability of the commercial SizNy, reference plate. Fig.
6 shows the time variation of the temperature within the
machining region. This curve is comparable in character
(to within the measurement error) with that obtained
for the reference tip, but the temperature values are
lower.
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4. Conclusions

The introduction of superhard TiC grains (HV =30
GPa), intended to function as the reinforcing phase,
into the SisN4—Al,O3-Y,0O3; composite increased both
the hardness HV and the stress intensity factor Kjc of
the material, thereby greatly improving its machining
properties (compared to those of commercial Siz;Ny—
Al,O3-Y,05-MgO). Under the sintering conditions
(temperature, time, pressure, atmosphere) employed in
the present experiments, the maximum densification
degree was achieved in sample C (10 wt%TiC), which
manifested itself in the highest values of HV and Kjc
and the best machining properties.

The results, presented above, concerning the synthesis
and applications of the composites based on the Si;Ny—
AlL,O3-Y,05-TiC system indicate that this system is
very promising as regards both its brittle fracture
toughness and its machining properties. In view of their
substantially longer service life and the lower temperature
within the machining region, the cutting rods made of these
materials seem to be higher over the tools made of SizNy,
added with small amounts of Al,O3, MgO and Y,Os;.
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