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Abstract

Si3N4/SiC composites used for industrial wood cutting were processed by a near net shape route involving gas pressure sintering with sintering
additives such as Al,O3, La,03, Y,0; and MgO. The cutting edge integrity of these knives was tested in a cutting trial and compared to knives
made by a hot pressing route. It was found that the intergranular phase has a crucial influence on the cutting edge integrity. The boundary phase
was analysed by EFTEM and EDX mapping on TEM samples: in gas pressure sintered composites the crystallisation of the apatite Y5Siz;O;,N
phase was identified. In the hot pressed composite the boundary phase consisted only of silicates. These composites showed better edge stability
than cutting tools with a Y-N-apatite phase. The formation of the type of intergranular phase was found to be determined by the amount of MgO

sintering aid and the temperature of the post sintering heat treatment.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Industrial wood cutting is a highly demanding and complex
process as wood by its nature is inhomogeneous. Beside the life-
time, the surface quality of the wood is an essential characteristic
of the cutting tool. For obtaining a nice surface finish the fibres
of the wood must be cut through. Otherwise unaesthetic rough-
ness results upon staining of the wood surface. The integrity of
the cutting edge is crucial, as chips on the edge of the cutting
tool leave their marks as fine lines and are not acceptable for
visible timbre constructions such as window frames. Further-
more, no cooling agent can be used as this would impair the
surface quality of the wood. Hence a good thermal conductivity
of the cutting tools is important in order to conduct the heat away
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from the cutting tip. Several other properties such as hardness
and fracture toughness contribute to the performance of a cut-
ting tool. However, how the material characteristics influence
the cutting edge integrity and wear behaviour are not yet fully
understood. For currently used tungsten carbide wood cutting
tools it is known that their lifetime is limited by abrasive wear
and corrosive attack.!?

Si3Ny ceramics are low density materials which display high
hardness, strength and corrosion resistance. The addition of SiC
can give a composite with even higher hardness and better ther-
mal conductivity than intrinsic Si3N4. A SizN4/SiC composite
is therefore a promising material for wood cutting applications.
In a preliminary study SizN4/SiC cutting tools showed 3—4
times longer lifetime than commercial standard tungsten carbide
(WO) tools.? A mixture of La;0O3 and Y, O3 sintering additives,
together with Al,O3 from the milling balls were found to give
the best combination of properties for wood cutting tools. How-
ever, the processing cost for these knives made by hot pressing,
diamond cutting and post-hot isostatic pressing were too high
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for commercial viability. Hence, a near net shape fabrication
route was developed, which involved die pressing, gas pressure
sintering, diamond finishing and hot isostatic pressing.* Due to
the lack of mechanical pressure in gas pressure sintering com-
pared to hot pressing the densification is hindered. Hence, the
sintering additives necessary for consolidation of the SizN4 com-
posite by liquid phase sintering must be adjusted. For enhancing
the densification of liquid phase sintered ceramics there are two
approaches: increasing the amount of additives or choose addi-
tives which form low viscosity melts, such as MgO. However,
MgO is known to negatively influence the mechanical properties
of Si3Ny4 ceramics, especially at elevated temperatures.’ Hence,
more refractory sintering additives, such as Y>O3 or LayO3 are
preferred. Rare earth elements such as LayO3 or YbpO3 are
known to improve the fracture toughness of Si3N4 ceramics by
promotion of elongated B-Si3Ny grain growth.® Beside the grain
shape, also the chemistry of the interface is crucial for improving
the fracture toughness, as only a weak interface allows debond-
ing and makes crack bridging and grain pull out possible.” A
further improvement of mechanical properties can be achieved
by performing a post sintering heat treatment.®° There are sev-
eral explanations existing for the positive effect of such heat
treatments on the mechanical properties. The first suggests that
due to the differences in thermal expansion coefficients between
the crystallising multiple grain junctions, the amorphous grain
boundary phase and the matrix grains, additional stresses are
induced, which then facilitate the interfacial debonding and
crack deflection.!®!! The second explanation suggests that the
bonding characteristics of the thin grain boundary film are cru-
cial for the strength and fracture toughness improvement.'>!3
Additionally a partially crystalline phase compared to an amor-
phous phase may have better intrinsic properties. Also for wood
cutting applications it was shown that a post-HIP treatment is
indispensable as it increases the cutting edge integrity and the
cutting performance. Furthermore, it was shown that tools pro-
duced by hot pressing have better edge integrity than tools made
by gas pressure sintering.*

The objective of this study is to identify the most important
parameters which are responsible for governing the cutting per-
formance and edge integrity of the Si3N4/SiC wood cutting tools.
The microstructural and mechanical properties such as: hard-
ness, indentation fracture toughness and edge toughness were
investigated. A particular interest was focussed on the compo-
sition of the intergranular phase determined by analytical TEM
and XRD. Moreover, the evolution of the intergranular phase as
a function of the MgO content and of the hot isostatic pressing
temperature was studied by XRD.

2. Experimental

The Si3zN4/SiC composites were synthesised from com-
mercially available Si3N4 grade M11 and SiC grade UF25
(both H.C. Starck, Germany). The sintering additives were
Al,O3 (CT3000, Alcoa, Germany), La(OH)3 (99.9% Auer-
Remy GmbH, Germany), MgCOs3 (pentahydrate, H.C. Starck,
Germany) and Y,03 (grade C, H.C. Starck). Composite named
H was prepared by hot-pressing at 1800 °C and 30 MPa uni-

Table 1

Detailed composition of investigated specimen. Mechanical and microstructural
investigations, as well as cutting trials were carried out with specimen H, G5.9+2
and G12. Composites G5.9+2, G8+2 and G9+1 were used for investigating the
phase evolution as a function of the MgO content.

H G5.9+2 Gl12 G8+2 G9+1
SisNy (Wt%) 65.0 65.0 63.2 62.6 62.6
SiC (wt%) 27.0 27.0 27.8 27.3 273
AL O3 (Wt%) 0.9 1.1 22 1.6 1.8
Y,03 (wt%) 2.3 23 43 3.1 35
La, 03 (Wt%) 4.7 25 55 34 3.8
MgO (wt%) - 2.1 - 2.0 1.0

axial pressure in nitrogen atmosphere, for further processing
details see Eblagon et al.> Composites abbreviated with G were
densified by a two step gas pressure sintering cycle at 10 and
70bar at a maximum temperature of 1860 °C. Further details
about the processing are given in a previous publication.* The
exact composition and abbreviation of the specimens described
in this work are given in Table 1. The first numbers give the
total amount of Al,O3, LayO3 and Y,Os3 sintering additives in
weight percent, while the second number is the quantity of MgO
(wt%) added to the composite. A post sintering treatment was
performed on all specimens by hot isostatic pressing (HIP) at
1950 bar nitrogen pressure for 4h. The HIP temperature was
varied between 1200 °C and 1500 °C.

The intergranular phase was analysed by long time X-ray
diffraction (XRD) (Pananalytic XiPert Pro, Phillips) using a Cu
Ka source. It was carried out on polished bulk specimens with
a scan time of 0.5 min/step and a step size of 0.005° from 20
angles of 10-80°. The structure and the intergranular phase of
specimens H and G5.9+2 were analysed in detail by transmis-
sion electron microscopy (TEM), energy filtered TEM (EFTEM)
and energy dispersive X-ray diffraction (EDX). An overview of
the microstructure was performed on a CM30 (Phillips) with a
LaBg electron gun operating at 300 kV. The analytical TEM anal-
ysis was carried out on a 2200FS TEM/STEM (JEOL, Japan)
equipped with an omega filter and a Schottkey field emission
gun operating at 200 kV. The specimens were mechanically pol-
ished down to a few microns thickness using a tripod holder and
then argon ion milled to electron transparency.

In order to observe the crack propagation path in the
Si3N4/SiC composites by SEM (Hitachi S-4800, Japan) a Vick-
ers indenter (2kg load) was loaded on polished specimens,
leading to radial cracking. For revealing the microstructure
the specimens were subsequently etched in CF4/O; plasma
(RIE 80+, Oxford Instruments, UK). The Vickers hardness
was determined according to the procedure EN 843-4.'4 Both
Vickers hardness and indentation fracture resistance were eval-
uated at a load of 2kg with a dwell time of 15s. For the hot
pressed specimens the hardness, fracture toughness as well as the
microstructure was analysed parallel to the pressing direction.
The lengths of the indented diagonals and the sizes of the surface
cracks were measured with a light microscope (Leitz Wet-
zlar Durimet, Germany) immediately after the unloading. The
indentation fracture resistance was calculated using Miyoshi’s
equation according to the Japanese Industrial Standard.'> The
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Fig. 1. Aspectratio of 3-Si3Ny grains and grain length distribution for composite
H, G5.9+2 and G12.

edge toughness test was performed according to the procedure
described in CEN 823.1° A Rockwell indenter was placed close
to the 90° edge the specimens. A constantly increasing load
was applied (Zwick Z005, Germany) until flaking of the edge
occurred. The ratio of the flaking load and the thickness of the
chip is termed edge toughness. Chips of various thickness were
produced, the average edge toughness and the standard devi-
ation was calculated. The density was determined using the
Archimedes principle. The theoretical density was calculated
from the composition of the specimen using the rule of mixture.

The cutting trials for tools H, G5.9+2 and G12 were
performed on a moulding machine (Type HAC, GF Brugg,
Switzerland) with laminated glued beech having cross fibred and
longitudinal sections. The rotation speed was set to 8000 rpm,
the feed of the wood plank was 12 m/min and the cutting depth
5mm. The surface quality of the wood was evaluated by an
experienced carpenter with an empirical roughness test by hand.
Short-term cutting trials (2 m) were performed only in order to
test the first-cut quality and the edge integrity of the tools.

3. Results and discussion
3.1. Mechanical properties and microstructure

Table 2 gives the HIP temperature and a summary of
microstructural and mechanical properties of composites H,
G5.942 and G12. A HIP temperature of 1400 °C instead of
1200°C was chosen for composite G12, as the experiments
described in the next paragraphs of this paper show that a higher
HIP temperature is more beneficial for the crystallisation of the
intergranular phase. The density for composite H is around 99%
and 97.5% for composite processed by gas pressure sintering.
Eblagon et al. showed that the density is a crucial factor for the
cutting performance.? Pores can act as origins for chipping and
may reduce the edge integrity and hence the cutting quality.

The hardness is known to be important for the wear behaviour
of a cutting tool.!” The Vickers hardness was measured to be
slightly higher for the hot pressed composite H (18.25 GPa) com-
pared to the gas pressure sintered specimens G5.9+2 (16.57 GPa)
and G12 (16.4 GPa), which are typical values for this type of
composites found in literature.'®!® The indentation fracture

Fig. 2. SEM images showing the microstructure and the crack propagation path of specimens H (a), G5.9+2, (b) and G12 (c). The cracks originate from the corners
of a Vickers indent. Specimen G12 shows less transgranular fracture than composites H and G5.9+2.
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Table 2

Detailed composition of investigated specimen. Mechanical and microstructural
investigations, as well as cutting trials were carried out with specimen H, G5.9+2
and G12. Composites G5.9+2, G8+2 and G9+1 were used for investigating the
phase evolution as a function of the MgO content.

H G5.9+2 G12

HIP temperature 1200 1200 1400
O

Density (%) 99.54+0.2 97.5+0.3 97.4+0.4

Average grain size 0.35+0.09 0.724+0.18 1.02+0.18
(pm)

Vickers hardness 18.25+0.58 16.57£0.20 16.4+0.56
(GPa)

Indentation 585+04 5.24+£0.29 54+0.22
fracture
resistance
(MPam'/?)

Edge toughness 530+£50 496 +44 509 +36
(N/mm)

First cutting Good Not acceptable Good
quality

Table 3

Intergranular phase formed in different compositions with different MgO content
and at various HIP temperatures. X: unidentified phase.

G5.9+2 G8+2 G9+1
1200°C Y5Si3012N Y5Si30N+X Y5Si3012N
1300°C Y5Si3012N+X Y5$i3012N+X Y5Si3012N
1400°C Y5Si3012N Y, Si,07 Y5Si3012N +Y2Si,07
1500°C - - Y, Si;07

toughness with values around 5.5 MPa,/m and the edge tough-
ness are in the same range for all three composites, independent
of the processing route and the additive system. Si3N4/SiC com-
posites, with similar parameters to the ones studied in this paper
were produced by Lee following a reaction bonding and gas pres-
sure sintering route with Al,03 and Y03 sintering aids.'® They
exhibited a hardness of 16.8 GPa and an indentation fracture
toughness of 5.2 MPa,/m. In fully dense Si3N4/SiC composites
made by GPS with Y,Os sintering aid Herrmann et al. mea-
sured. A Vickers hardness HV10 of 16.8 GPa and an indentation
fracture toughness of 4.1 MPa/m."”

©B-Si;N, +a-Si;N, ©SiC . oo H
»Y,Si,0, AlasSi,0, *®
.

Lo

© Y,Si,0,,N

35 40
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Fig. 3. XRD-spectra of composite H, G5.9+2 and G12.

Fig.4. TEM bright field images showing the typical microstructure of composite
H (a) and G5.9+2 (b).

The differences in processing route are clearly visible in the
microstructure: the grain size (Table 2) of the hot pressed com-
posite (0.34 wm) is smaller than the one of the near net shape
processed composites (0.72—1.02 pm). This fact was previously
observed by the authors* and is due firstly to the shorter process
time in hot pressing, which allows less time for grain growth
and secondly to the mechanical pressure counteracting the grain
growth. Composite G12 has larger grains than G5.942, which
is due to the higher quantity of sintering additives. Fig. 1 shows
the aspect ratio and the grain size distribution. Composite H
has more elongated grains than the gas pressure sintered speci-
mens. This can be explained by the uniaxial mechanical pressure
applied in hot pressing. The SEM images in Fig. 2 show the
microstructures of composites H, G5.9+2 and G12, together with
the crack propagation path. A combination of trans- and inter-
granular fracture is seen for all specimens. However, composite
G12 shows less transgranular fracture than tool H and G5.9+2.
Intergranular fracture behaviour and elongated SizNy grains are
desired, as they are necessary for obtaining high fracture tough-
ness. This type of microstructure allows the dissipation of energy
by mechanisms such as crack deflection and crack bridging. It is
known from literature,?%-2! that the fracture toughness increases
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Fig. 5. STEM image of composite H (a). Elemental map of C (light) identifying the SiC grains (b) and N-map in light (c) giving the location of the SizNy4 grains.
The intergranular phase is shown by the La-map in light (d). Comparison of (c) and (d) shows that no N is found in the intergranular phase.

with increasing grain size and increasing aspect ratio. Conse-
quently, composite H with its more elongated grains, compared
to the ones in composite G5.9+2 and G12, should yield a higher
fracture resistance. Unfortunately the smaller grain size counter-
acts this effect. Beside the aspectratio and the grain size, itis well
known that the chemistry and crystallinity of the intergranular
phase play a crucial role in governing mechanical properties.’
XRD diffractogramms of composite H, G5.9+2 and G12, shown
in Fig. 3, reveal clear differences in the intergranular phases after
HIP at 1200 °C (tool H and G5.9+2) and 1400 °C (tool G12).
Sample H made by hot pressing shows Y»Si»O7 and La;Si, O
phases, while composite G5.9+2 prepared by GPS with MgO
addition displays an apatite-like phase (Y5Si3012N). Composite
G12 exhibits only the Lag 7513013 phase.

3.2. TEM-analysis of the intergranular phase

The TEM investigations of composite H and G5.94+2 were
performed in order to analyse the structural and chemical com-

position of the intergranular phase. The TEM images in Fig. 4
show a typical microstructure of samples G5.9+2 and H, show-
ing a finer microstructure of specimen H. EDX maps in STEM
mode of the distribution of the C, N and La in composite H are
depicted in Fig. 5. This allows the differentiation between SizN4,
SiC grains and the intergranular phase. Besides La, the elements
Y and O were also detected in the intergranular phase. This is
in accordance with the XRD results, where silicon oxide phases
were measured. An elemental mapping of composite G5.9+2
by energy filtered TEM (EFTEM) allowed the identification of
SiC, Si3Ny4 grains and of the intergranular phase (Fig. 6). Fur-
ther, the EFTEM maps show that the multiple grain pockets of
specimen G5.9+2 are composed of Y, La, Mg and O. Al could
not be detected by energy filtered TEM, due to the fact that the
energy loss values of Al are in energy ranges, which are difficult
to detect. An EDX-linescan across the intergranular phase shows
the presence of the sintering elements such as: Y, La, Mg and O
(Fig. 7b), confirming the results obtained by EFTEM mapping.
Furthermore, with the EDX mapping, Al could be detected at
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Fig. 6. EFTEM images of composite G5.9+2: TEM bright field image of the analysed area (a), overlay of Si-map (grey) and C-map (light) showing the Si3N4 and
SiC grains (b). Overlay of La-, Y-, Mg- and O-maps in light, these elements are all located in the intergranular phase.

the borders of the intergranular phase (Fig. 7d). It seems that the
crystallisation of the intergranular phase leads to a depletion of
Al. Hence, Al is pushed to the borders of the multigrain pock-
ets. A depletion of the multiple grain junctions and a subsequent
enrichment of residual glass phase with Al were described by
Bodur et al. for Si3Ny densified with Y203 and Al,03 22 More-
over, the STEM-EDX mapping of nitrogen shows that N is not
only found in the SizN4 grains, but that it is also present in the
intergranular phase. This confirms the XRD spectrum, where the
crystalline phase was identified as Y5Si3012N. This is in contrast
to composite H, were no N was identified in the intergranular
phase.

3.3. Cutting trial and edge integrity

The qualitative results of the short-term cutting trial, deter-
mined as described by an empirical test, are given in Table 2.
Cutting tools H and G12 give a good first-cut surface qual-
ity, while tool G5.9+2 showed chipping, which results in an
unacceptable quality of the cut wood surface. The cutting
edge of tool G5.9+2 and the corresponding wood surface is
shown in Fig. 8. Chipping only occurs in the area where the

tool cuts the hard sections of the beech composed of cross
grained wood with high glue content. The chipping of the
cutting edge leads to a blunting and proper cutting through
of the wood fibres becomes impossible. Hence, the resulting
wood surface is very rough and the cutting quality is unaccept-
able.

Several mechanical and materials properties such as hardness
and fracture toughness contribute to the performance of a cut-
ting tool. However, how the materials characteristics influence
the cutting edge integrity and wear behaviour are not clearly
understood. Density, hardness, indentation fracture toughness
and edge toughness, which give the macroscopic properties of
a material, are not sufficient to explain the quality of the wood
cutting tool edge. The first cut quality of the two gas pressure
sintered tools is different, even though there is no significant dif-
ference in mechanical properties that were measured. According
to the experiments the intergranular phase is playing a critical
role in determining the edge integrity. Silicon oxide phases, as
developed in tool H and G12, are the preferred phases for cutting
applications. The edge integrity of Si3N4/SiC composite G5.9+2
with Y5Si301,N phase is unacceptable. Apatite-like phases, i.e.
Y5Si3012N, have a coefficient of thermal expansion of about



C. Strehler et al. / Journal of the European Ceramic Society 31 (2011) 2711-2719 2717

(=2
—

Intensity

Fig. 7. (a) STEM image of tool G5.9+2: image of the analysed area acquired with the HAADF detector (a). EDX scan along the line marked in (a) confirming the
presence of Y, La and Mg in the intergranular phase (b). N-map (light) showing that N is also found in the intergranular phase (c). Map of Al (light) which is pushed

to the borders of the intergranular phase (d).

1073 K~1,% which is higher compared to e.g. ~3.9 107 for
Y,8i,07.2* Lojanova et al. suggest that due to the difference
of thermal expansion coefficient between the apatite-like phase
located in the triple points and SizNy significant local stresses
are induced, which negatively influence the fracture behaviour
of ceramics with apatite-like phases.>> The crack path anal-
ysis shows that there is a difference in microscopic fracture
behaviour. Composite G12 shows less transgranular fracture
than specimen G5.9+2. Although this fact is not reflected in
the indentation fracture toughness or in the edge chipping mea-
surements, it could play an important role in determining the
edge integrity. It was further stated that Y,/La,Si>O7 in contrast
to apatite-like phases has the higher oxidation resistance and
is better for high temperature mechanical properties of SizNy
ceramics.? However, we assume that for short-term cutting
tests the issue of corrosion and excessive temperature can be
neglected.

3.4. Evolution of the intergranular phase

A series of HIP treatments, at 1200—1500 °C were performed
with compositions G5.9+2, G8+2 and G9+1. The intergranu-
lar phases generated after every treatment are listed in Table 3.
The apatite-like phase Y5SizO12N was preferentially formed
at lower heat treatment temperature, while the yttrium disili-
cate phase starts to form at 1400 °C and higher. In composite
G5.942 the Y»Si,O7 phase does not form at all. However, it
forms in specimens G8+2 and G9+1. Hence, it forms in com-
posites which have a lower amount of MgO compared to the
total amount of additives. MgO tends to hinder the crystalli-
sation of Y,SipO7 and La;SipO7. From the analytical TEM
analysis it is known, that the MgO is homogeneously distributed
in the intergranular phase of tool G5.9+2 thus holding an inter-
stitial position in the crystalline Y5Si3012N pockets. A similar
observation was made by Becher et al. who observed the crys-
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Fig. 8. Unacceptable roughness of the wood surface (left) cut with tool G5.9+2
(right). Chipping takes place where the tool cuts the hard sections of the wood
containing cross fibred wood with high glue content (dashed lines). Residues of
glue are visible on the clearance face of the tool.

tallisation of the Las ¢7Si3013 phase in SizN4 specimens with
Lay03 and SiO, sintering aids.2%2” However, for specimens
densified with La; O3 and MgO additives the nitrogen containing
phase of LaSiO,N was detected.

4. Conclusions

The influence of mechanical and microstructural properties
on the integrity of the cutting edges of wood cutting tools made
of Si3Ny4/SiC composites with sintering additives such as Al, O3,
Lay03, Y203 and MgO were investigated during real cutting tri-
als on wood. The hardness and fracture toughness values for
all composites, independently on the sintering additives and
the processing method by hot pressing or gas pressure sinter-
ing, were varying between 16-18 GPa and 5.2-5.85 MPa,/m,
respectively. Thus, it seems that macroscopic mechanical prop-
erties such as hardness, indentation fracture resistance or edge
toughness cannot be used as measures for the performance of a
wood cutting tool. However, TEM observations revealed clear
differences in the microstructures: the grain size of the hot
pressed composites was about 0.34 wm, contrary to the neat
net shape processed composites with grain sizes varying from
0.72 pmto 1 wm. Moreover, the most important parameter play-
ing a crucial role in determining the cutting edge integrity was
the intergranular phase, which was analysed by TEM and XRD.
Si3Ny4/SiC cutting tools without MgO sintering aid display a
La/Y-silicon oxide phase and show superior edge integrity. They
are preferred over cutting tools with MgO addition which have
an apatite-like phase (Y5Si3012N). Simultaneously, the crys-
tallisation of the apatite-like phase leads to the depletion of Al
from this phase, which is thus located at the edges of the inter-
granular pockets. Heat treatments of the composites at 1200 °C

and 1500 °C allowed finding out that MgO is an undesired sin-
tering additive, and that it hinders the crystallisation of the
silicon—oxide phase, which is beneficial for the edge integrity of
the wood cutting tools.
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