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Abstract

Si3N,/SiC cutting tools were fabricated by industrial near net shape fabrication processes. The samples were consolidated by gas-pressure sintering
and pressure less sintering using three different additive systems. The mechanical and microstructural properties were compared to composites
made by hot pressing. The composites fabricated by gas-pressure sintering showed 99% density, the Vickers hardness was 17.2 GPa and the fracture
toughness reached 4.5 MPa,/m. Machining trials on wood showed that a post-sintering treatment by hot isostatic pressing increases the integrity

of the cutting tip due to a devitrification of the intergranular phase.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Industrial wood cutting is a challenging process, as the wood
by its nature is inhomogeneous and contains knots, abrasives
such as sand and tannins — acids which attack the cutting mate-
rial. Further, temperatures up to 800 °C can be reached at the
cutting tip during wood machining' and no coolant can be used
as this would impair the surface quality of the cut wood.> The
lifetime of currently used tungsten carbide (WC) knives is lim-
ited by abrasive wear and corrosive attack.’>> Si3Ny shows
superior wear resistance and chemical inertness. It is a hard
material with high strength and it can thus withstand high struc-
tural loads to high temperatures. SiC has an even higher hardness
than Si3Ny4 and additionally a good thermal conductivity.® Due
to the high hardness, the excellent corrosion resistance, and the
lower density compared to hard metals a composite of Si3N4 and
SiC is a promising material for wood cutting inserts. Because of
economical reasons, there is a tendency to increase cutting speed
in wood machining.” However, the cutting speed (and thus rota-
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tion speed) is limited by the centrifugal forces and the clamping
forces of the tool holder. Si3N4/SiC composites have less than
one quarter of the density of WC. Smaller centrifugal forces
are therefore acting on the composite knives and the clamping
forces can be reduced. This allows the use of lighter tool holders,
which enables higher cutting speeds.

In an earlier feasibility study the Si3zN4/SiC composite
showed three times longer lifecycles than commercially avail-
able tungsten carbide. Eblagon et al. measured Vickers hardness
values of 19.6 GPa and an indentation fracture toughness of
6.7 MPa,/m.” However, the production costs of these compos-
ites, which were fabricated by hot pressing followed by diamond
cutting, grinding and polishing, were too high for an industrial
application. Hence a near net shape processing route involv-
ing gas-pressure sintering and hot isostatic pressing has to be
followed. Other groups have tried to improve the lifetime of
metallic wood cutting tools by covering the knives with anti-
abrasive ceramic coatings, such as TiN8 or CrN.%9 Bulk ceramic
Al O3-knives have been produced by Gogolewski et al.!? To our
knowledge there are currently no ceramic cutting knives on the
market for high speed industrial wood cutting.

Due to the covalent nature of SizNy4 and SiC, dense ceram-
ics are produced via liquid phase sintering. The liquid phase is
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Table 1
Compositions of the SizN4/SiC ceramics after debinding. The atomic ratio of
Al:Y:La was kept constant for all compositions.

A B C
AL O3 [wt%] 1.1 1.6 1.8
Y203 [wt%] 23 3.1 35
LayO3 [wt%] 2.5 3.4 3.8
MgO [wt%] 2.0 2.0 1.0
Si3Ny [wt%] 64.1 62.6 62.6
SiC [wt%] 28.0 27.4 27.4

formed by a reaction of sintering additives with SiO; from the
surface of the SizN4 powder particles. Since the liquid phase
remains in the grain boundaries of the sintered ceramics it
strongly influences the microstructural and mechanical prop-
erties. This intergranular phase was shown to play a critical role
in the performance and lifetime of wood cutting tools, as shown
in a previous studies.” Additives such as MgO, Al,O3, Y,03
or mixtures thereof were found to be most effective in the ear-
lier years of Si3Ny research.!1-13 MgO and Al,O3 are additives
leading to a low viscous liquid which strongly promotes densi-
fication. Y203 forms a high viscous and refractory glass phase
which increases the mechanical properties of Si3N4 ceramics. '
Rare earth oxides, such as Lay O3, YbyO3 or Luy O3, were inves-
tigated more recently. They increase the fracture toughness of
Si3Ny ceramics by promoting the formation of elongated [3-
Si3Ny grains. !>~

There are several production methods for manufactur-
ing dense Si3N4/SiC composites, e.g. hot pressing (HP),'%18
pressure-less sintering (PLS)'®1® or gas-pressure sintering
(GPS).2%21 The main advantage of HP is that complete densifica-
tion can be achieved with alow amount of sintering additives due
to the applied mechanical pressure. However, HP can produce
only simple two-dimensional shapes. In PLS and GPS, which are
more economical than HP, densification for low amounts of sin-
tering additives is the main problem. Hot isostatic pressing can
be performed on the presintered samples for further densification
and enhancement of the mechanical properties.'?

In the current work we developed Si3N4/SiC composites with
varying composition of Al,03, Y203, MgO and La, O3 sintering
additives, for densification by PLS and GPS. The samples were
HIPed and analysed for microstructure and mechanical prop-
erties. Then they were compared to samples prepared by HP
having the same sintering additives. Density, hardness, fracture
toughness, grain size and X-ray diffraction patterns were used
for comparing the materials. Knives were manufactured from
the most promising GPS composition. These were tested in a
wood cutting trial and compared to HP knives. The goal was to
develop a composition, suitable for industrial wood machining,
which can easily be sintered.

2. Experimental details

Composites with varying amounts of sinter additives were
prepared according to Table 1. The ratio of aluminium to lan-
thanum to yttrium atoms was kept constant, it was the same ratio
as employed by Eblagon et al.” For composition A, 2 wt% MgO

was added in order to enhance the densification of Eblagon’s
composition. The level of total additives was raised from 8 wt%
for A to 10 wt% in compositions B and C. In composition C, the
MgO content was reduced to 1 wt% for reducing the negative
effect of MgO on the mechanical properties.'*

The starting powders for the Si3N4/SiC composite were
Si3Ny grade M11 and SiC grade UF25 (both H.C. Starck,
Germany). The Si3N4 consists of 95% «a-Si3N4 and of 5%
B-Si3N4. MgO and LayO3 were added as MgCOj3 pentahy-
drate 99% (ABCR, Germany) and La(OH)3 99.9% (Auer Remy
GmbH, Germany), respectively. The other sintering additives
were Al, O3 (grade CT3000, Alcoa, Germany) and Y03 (grade
C, H.C. Starck, Germany). The decompositions of La(OH)3
and MgCO3 were analysed by thermogravimetric analysis
(TGA/SDTAS851, Mettler Toledo, Switzerland). The specific
surface areas were determined with the BET method (SA3100,
Coulter Corporation, USA). The BET surface area of the start-
ing powders SizNg4, SiC, MgCO3, La(OH)3, Al,O3 and Y703
were 12.7,27.3,10.0,9.8,7.2,12.3 mZ/g. The sintering additives
were ball milled in water for 2h using SizNy balls with 5 mm
diameter. Afterwards the SizNy and the SiC powder were added
stepwise and the suspension was milled for another 48 h. 2 wt%
polyethylene glycol (PEG 20000, Clariant GmbH, Germany)
was added as a binder to the slurry after the milling process.
Before granulation, the suspension was passed through a 64 pm
sieve. The spray drying was performed on a Minor Hi-Tec appa-
ratus (Niro S/A, Denmark). The particle size of the suspension
and the dried granules were measured with a laser diffractometer
(LS230, Beckman Coulter, Germany).

For HP, the granules filled into a BN coated graphite dye. The
samples were hot pressed (Thermal Technology Co. USA) in
nitrogen atmosphere. For PLS and GPS, the precursor powders
were compacted uniaxially at 30 MPa and then cold isostatically
pressed at 200 MPa. The binder was burnt out by heating the
samples in air to 600 °C. The debinded green compacts were
pressure-less sintered in a Si3N4/BN powder bed in a graphite
furnace (FSW 315, KCE, Germany). The gas-pressure sintering
of the green compacts was carried out in an industrial furnace
(KCE, Germany). Finally, HP, GPS and PLS samples were all hot
isostatically pressed (EPSI, Belgium) under nitrogen pressure.
The sintering and HIP parameters including temperature, dwell
time and pressure are summarised in Table 2.

The effective density of the sintered composites was deter-
mined by Archimedes principle. The relative theoretical density
was calculated using the rule of mixtures. The Vickers hard-
ness was determined following the procedure described in EN
843-4 using a weight of 2kg.?? The diagonals of the indents
were measured with an optical microscope. Bend-bar speci-
mens of 2mm x 2.5 mm x 16 mm were cut out of the sintered
composites by conventional diamond machining; the sides of
the bend-bars were polished. However the edges of the sam-
ples were not chamfered. The strength values obtained by a
three point bending test were thus used for comparative pur-
poses of materials machined under identical conditions. The
fracture toughness was determined on bend bars with a length of
approximately 8 mm by a three point bending test of single-edge
v-notched beams in accordance to Kiibler.”> The microstructure
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Table 2

Sintering and heat treatment parameters for the processing of the SizN4/SiC composites.

Temperature [°C]

Dwell time [min]

N pressure [MPa] Mech. pressure [MPa]

Hot pressing 1800 30
Pressure-less sintering 1750 30
Gas-pressure sintering 1860 30
Post-hot isostatic pressing 1400 240

0.1 35
0.1
7

195

of the polished and CF4/O, plasma-etched samples were anal-
ysed by HR-SEM (Hitachi S-4800, Japan). The grain size of
the B-Si3Ny grains was determined using the linear intercept
method EN 623-3.2% For each data point in density, bending
strength, fracture toughness and grain size 5 samples were anal-
ysed. The grain boundary phase was analysed by transmission
electron microscopy (TEM) (CM30, Philips). X-ray diffraction
was carried out on polished samples using a PANanalytical
XPert Pro diffractometer from Phillips, equipped with a Cu Ko
radiation source to determine the types of crystalline phases
present. The ratio of a- to B-SizNy was calculated according to
the method developed by Gazzara et al.>> The peaks from the
(101) and the (30 1) planes were taken for a-Si3Ny, peaks from
the (1 10) and (2 00) planes for B-Si3N4. The wood cutting trials
were performed on a moulding machine (GF Brugg Typ HAC,
Switzerland) with automated feed. The feed rate was 12 m/min,
the revolution speed 8000 min~—!, the tests were performed on
spruce.

3. Results and discussion
3.1. Powder preparation

The sintering additive La;O3 was substituted by La(OH)3,
because Lay O3 readily transforms into lanthanum hydroxide. In
order to avoid coagulation of the slurry, MgO, which has an iso-
electric point of 12.4,%° was replaced by MgCO3 having an IEP
of about 9.27 The pH of the slurry was adjusted to 11 using NH3.
At this pH the sintering additives, SiC and Si3N4 are negatively
charged and form a stable suspension. The mean particle size of
the slurry and the spray dried granules were 1.2 pm and 59.3 pum,
respectively. The flowability of the spherical granules allowed
an automated dye pressing into rectangular and circular green
bodies. Thermogravimetric analysis of La(OH)3; and MgCOs in
air up to 1000 °C showed a mass loss of 14% and 57%. These
mass losses were in accordance with the transformation from
La(OH);3 to LapO3 and MgCOs3 to MgO.

3.2. Sintering behaviour

Densification and elimination of the porosity has been shown
to be a major step in the production of ceramic cutting tools
with long lifetimes.” Fig. 1 gives the densities of the composites
after the HP, GPS and PLS. The composites produced with PLS
had the lowest relative densities in the range of 85-88%. The
presence of more liquid phase leads to higher densities. PLS
specimens with 10 wt% additives were therefore denser than the
specimens with 7.9 wt% additives. MgO is a sintering additive

which lowers the eutectic temperature and thus the viscosity
of the liquid melt. Densification rates are therefore increased
for MgO.?® Hence, specimen B was denser than sample C. The
above influences of total additive content and MgO level were
not observed with the samples produced by pressure assisted
sintering (GPS and HP). HIP could increase the density for PLS
samples by about 5%. However, GPS and HP samples, which
had already densities between 97.5% and 99%, did not densify
a lot during HIP.

Itis known that the density gain during HIP gets smaller as the
starting densities of the samples approach theoretical densities.
It is also known that the densification of silicon nitride ceramics
by HIP is only possible if the presintered samples have densi-
ties above 94%, and thus open porosity had been eliminated.
This was observed for example by Ziegler et al. who measured
a decrease in density during HIP for samples with a starting
density below 94%.?° This finding is in contrast to the results
obtained in this study. Ziegler et al. for example attributes the
reduction of density to the evaporation of liquid phase during
HIP at temperatures up to 1980 °C. The HIP temperature in the
present study is 1400 °C. Therefore, an evaporation of the liquid
phase is unlikely and an increase in density during HIP might
thus be possible. Nevertheless, the densities of PLS composites
produced in this study were too low for the application as a wood
cutting tool, and these samples were not further investigated.
Greil et al. showed that the fabrication of dense SizN4/SiC com-
posites by PLS and HIP is possible by the addition of 15 wt%
additives.'® However, an increase in the concentration of addi-
tives is known to reduce the mechanical properties, especially
at elevated temperature.®
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Fig. 1. Measured densities (compared to theoretical density) of samples sintered
with different processing methods. Composition A contained 7.9 wt% sintering
aids, while B and C had 10 wt% additives.
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Fig. 2. HR-SEM images of the GPS/HIP sample of composition A. The hexag-
onal B-SizNy grains were etched, while SiC and intergranular phase remained
unattacked. SiC grains can be found in intragranular (white arrow) and inter-
granular (black arrow) position.

3.3. Microstructural characterisation

Fig. 2 shows a SEM micrograph of the GPS sample A. The
sample was treated in CF4/O; plasma. This leads to a favoured
etching of the SizNy grains, while SiC grains and the intergran-
ular phase undergo insignificant, if any, attack.’® The B-Si3Ny4
grains were visible as dark grey hexagonal areas. They occupy
65 £3% of the area of the micrograph, as was calculated by
image analysis. This was in good agreement with the addition
of 64 wt% SizNy in the starting powder. SiC could be found
in inter- and intragranular position. The ternary phase, con-
taining the sintering additives, was identified as a light film
around the 3-SizNy grains and in the multiple grain junctions.
XRD patterns of GPS/HIP and HP/HIP specimens reveal that
the phase transformation from a-SizNy4 to (3-Si3N4 was com-
pleted in the GPS samples. However 5 wt% a-Si3Ny4 remained
in the HP specimens. This might be due to the shorter process-
ing time, which allows less time for the phase transformation.
The XRD patterns showed that the intergranular phase had a
glassy character after sintering for both HP and GPS samples.
The intergranular phase devitrified during the HIP treatment.
As an example, Fig. 3 gives the XRD spectra for GPS samples
before and after HIP. In the GPS sample with composition A,
the H-phase YsSi3012N was identified. In composition B the
phase Y»SipO7 was present, while sample C contained both
the H-phase and Y,SipO7-phase. The H-phase was also the
predominant phase in the samples prepared by hot pressing.
TEM and selected area diffraction analysis confirmed the crys-
talline nature of the intergranular phase in HP/HIP samples,
see Fig. 4. Rendtel et al. annealed SizN4/SiC composites with
12 wt% Y,03 at 1400 °C for 24 h. The H-phase, as well as the
M- and K-phase (Y2Si3N403 and YNSiO,, respectively) were
identified in their samples.? They stated that the above crys-
tallisation treatment increases the creep resistance of the GPS
composite.
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Fig. 3. XRD patterns of GPS specimen A without HIP cycle (a), A GPS/HIP
(b), B GPS/HIP (c) and C GPS/HIP (d). (#) B-SizNy; (x) SiC; (O) Y2Si203;
(*) Y5SizOp2N.

The grain sizes of the HP/HIP and GPS/HIP samples, deter-
mined with the linear intercept method, are given in Fig. 5. The
finer grains in the HP/HIP samples might evolve due to the exter-
nal mechanical pressure during sintering which increases the
nucleation rate.”® Another reason could be the shorter process-
ing time in HP, which allows less time for grain growth. For the
production of a sharp cutting tip, with radius <2 pm, it is impor-
tant to have a grain size <0.5 pm. The variation of the average
grain size for one processing method was within the standard
deviation of the measurement.

3.4. Mechanical properties

Fig. 5 gives the Vickers hardness of the HP/HIP and the
GPS/HIP specimen. The hardness was higher for the HP/HIP

Fig. 4. TEM pictures of HP/HIP specimen, including SAD pattern of the inter-
granular crystallised phase (arrow), which is surrounded by hexagonal 3-SizN4
grains.
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Fig. 5. Average grain size of 3-Si3Ny4 grains and Vickers hardness of GPS/HIP
and HP/HIP samples having different compositions.

samples than for the GPS/HIP sample. Rice et al. stated that
the hardness typically increases with decreasing grain size in
the finer grain size region.>! The HP/HIP specimens had finer
grains than the GPS/HIP samples and therefore showed higher
hardness. The best value for GPS samples was 17.2 £+ 0.4 GPa
for composition A. The hardness of the composite produced by
Eblagon et al. via hot pressing was 19 GPa.” The reason for the
lower hardness in this study might be the use of more sintering
additives and the addition of MgO. Nevertheless, the addition of
MgO was necessary in order to optimise composite and reach
99% density by GPS. A high hardness is better for the wear prop-
erties of a cutting tool, but on the other hand, a high hardness
hampers the machinability of the knife edge. Good machinabil-
ity is important on one side for the quality of the cutting edge,
and on the other side for reducing the production costs. The
fracture toughness of the HP/HIP and GPS/HIP specimens is
reported in Fig. 6. Shaoming reported a fracture toughness of
5.4 MPa,/m for a CMC with 6 wt% La;O3 and Y,O3 additives,
fabricated by encapsulated HIP.>? The fracture toughness of the
samples produced in this research is in the range of 4.5 MPa,/m
for all compositions, independent of the production process. The
bending strength is shown in Fig. 6. In GPS samples with larger
grains, the bending strength was higher than in the equivalent HP
samples. A decrease in grain size normally causes an increase in
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Fig. 6. Three point bending strength (samples without chamfer) and fracture
toughness (SEVNB-method) of samples produced by HP/HIP and GPS/HIP,
having different compositions. *The powder for this composition was made by
evaporation and grinding and not by spray drying.

Fig. 7. Pictures of the origin of fracture of GPS/HIP bend bar composition C
with a bending strength of 1024 MPa. (a) Optical microscopy image of the two
fracture pieces. (b) SEM image of the origin of fracture. T.S. tensile surface,
F.O. fracture origin.

Fig. 8. SEM picture of a dense silicon rich cluster, found on the fracture surface
of the GPS/HIP bend bars.
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Fig. 9. Optical microscopy pictures of the cutting edge (arrow) of samples after
the cutting trial on wood. Sketch shows the viewing angle of the images. (a)
Knife made by GPS/HIP of composition A, knives produced by HP/HIP (b) and
HP (c). E. C. W. edge in contact with wood.

bending strength.?® There must be other influences, such as the
anisotropy of HP samples, or the differences in aspect ratio of the
B-Si3Ny grains, which could increase the strength in GPS sam-
ples. A comparison of bending strength values with the literature
was omitted, as the tested bend bars had smaller dimensions than
standard bars and no chamfered edges. There was no measurable
effect of the type of intergranular phases on the hardness, bend-
ing strength and fracture toughness. Fractography by optical
microscopy and SEM were performed on the bend bars. Optical

microscopy revealed that black spots were the origins of fracture
in GPS/HIP and HP/HIP bend bars (see Fig. 7). SEM revealed
that these black spots were made up of more and longer 3-SizNy4
grains than the surrounding area, some porosity was found too.
EDX showed that the area of the fracture origin was enriched
in sintering additives. This accumulation of sintering additives
led to an increased grain growth and a more elongated mor-
phology of B-SizNy grains. An optimisation of the processing,
e.g. the ball milling, could avoid such inhomogeneities in the
composites. There was a second type of defect found on the
fracture surface, which were dense agglomerates, see SEM pic-
ture in Fig. 8. These clusters were found on GPS/HIP samples
only. The shear bands on the agglomerates were an indication
for the crystalline nature of these clusters. Semi-quantitative
EDX showed that the cluster compared to the matrix was silicon
rich, but depleted in sintering additives, oxygen and nitrogen.
This suggests that the clusters could be agglomerates of SiC,
which formed during the sintering process by decomposition of
SizNy.

3.5. Cutting trials

Based on the microstructural and mechanical properties,
especially the hardness, composition A was chosen to be the
most suitable among the GPS specimens for the wood cutting
trials. In Fig. 9a and b the cutting edge of knife GPS/HIP A was
compared to knives prepared by HP/HIP. The GPS/HIP knives
nearly show the same performance as HP/HIP knives. How-
ever, some minor chips are visible. A reason for this could be
the already discussed agglomerates which were found during
the fractographic analysis, or the lower hardness compared to
HP/HIP specimens. Furthermore, Fig. 9c shows that the post-
HIP treatment is indispensable for the integrity of the cutting
edge. This increase in cutting tip integrity was due to the crys-
tallisation of the grain boundary triple points as shown by XRD
and TEM. And due to the crack healing behaviour of SizN4/SiC
ceramics during HIP, which can reduce the defect size introduced
by diamond machining.3*

4. Conclusion

This study showed that gas-pressure sintering is a suitable
near net-shape process for the production of dense SizN4/SiC
composites for the use as wood cutting inserts.

e Compared to hot pressed composites, gas-pressure sintered
samples display higher bending strength, lower hardness and
larger grain size.

e GPS/HIP knives almost reach the performance of HP/HIP
knives in the cutting trial on wood.

e Hot isostatic pressing after machining of the cutting inserts
is indispensable for good cutting edge integrity. This is due
to the crystallisation of the intergranular phase into Y, Si;O7
and/or Y5Si301,N as was proven by XRD and TEM analysis.

e Gas-pressure sintering produced composites with 98.5-99%
relative densities. This is similar to what was obtained by
hot pressing. However the processing has to be optimised in
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order to eliminate the clusters of SiC and the inhomogeneous
distribution of sintering additives.

e PLS of Si3N4/SiC composites produced densities of less than
93%, this is insufficient for a good cutting tool.

Future work will include optimisation of the processing
and further cutting trials with GPS/HIP knives. Additionally,
the authors will investigate the evolution of the intergranular
crystalline phases as a function of the HIP parameters and its
influence on the cutting performance.
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