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Abstract

The hot-pressed Si;Ny self-reinforced ceramics with Y,03 and Al,O3 addition were first ground using the diamond wheel with the
diamond grit of 64 um size, and then polished using the diamond abrasives of 15, 6 and 1 um size. The surface morphologies were
examined by scanning electron microscopy (SEM) and atomic force microscope (AFM). The flexural strength at room temperature
showed a net relationship with surface roughnesses (R., R, R3,, Ri, Ry) the increase of which followed the surface finished and
defect disappearance. The flexural strength and the negative square root of surface defect size, maximum peak-to-valley height of
surface, fit the following equation: or = (4/R;) — B/\/E + C, where surface compressive residual stress and defect size interact
competitively on strength. Sharp peaks and deep grooves were undoubtedly the fracture origins after the first grinding by the dia-
mond wheel. The obvious surface defects had been eliminated by the following polishing, where fracture may be initiated from
subsurface defects; however, there was still some local damage observed by AFM due to diamond abrasion. The mirror finished

surfaces should be stress free. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Due to their superior mechanical and thermal prop-
erties, structural ceramics such as SizNy, SiC, Al,O3z and
ZrO, have found increasing applications in high-tem-
perature and high-stress situations, such as for turbine
blades, automotive engine components, wear parts and
cutting tools etc.! High dimensional accuracy and
good surface integrity are usually required of these
components. Although advances have been made in
near net-shape technology, grinding with diamond
wheels is still the machining method of choice.* The
problems commonly found in ceramic grinding, how-
ever, are low grinding efficiency, surface—subsurface
damage, strength degradation, low grinding ratio and
high machining cost.’> In the manufacture of high
strength components, grinding alone may constitute a
significant portion of the total cost.®

* Corresponding author.
E-mail address: yesha@cv.ua.pt (Y. Zheng).

The most common method of machining these mate-
rials is grinding with a diamond tool. From the materi-
al’s point of view this must be a very rough method,
since diamond particles are forced into the surface. It is,
therefore, not surprising that grinding causes decreased
mechanical strength of the machined components,
which has frequently been reported in the literature.”'°
This reduction in strength is caused by cracks intro-
duced into the surface layer during machining.®1° It has
been shown that cracks perpendicular to the grinding
direction are half-penny-shaped,®'? whilst those parallel
to the grinding direction more or less continuously fol-
low the grinding groove.”!0. The latter cracks seem to
be deeper than the former!? and they probably consist
of halfpenny-shaped defects so close together that they
in fact form an elongated crack.”-!°

Ceramics are characteristically brittle and sensitive to
the condition of the surface. The presence of cracks,
pores, flaws and residual stresses at, or near, the surface,
and the surface roughness determines the strength of the
ceramic; for example, it may be reduced up to about 50%.%
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In addition to mechanical grinding and lapping,
methods such as ultrasonic, electro-discharge and laser
machining are available."" The machining of ceramic
components can be classified into two broad groups: (i)
non-abrasive; and (ii) abrasive. Non-abrasive processes
include ultrasonic machining and laser machining.'? At
present, the applications of non-abrasive machining
methods are limited by one or more of the following
features: (a) low material-removal rates; (b) poor sur-
face finish; and (c) difficulty in controlling geometrical
features such as straightness of cut.?

Abrasive machining processes generally involve super-
abrasive (most commonly, diamond) grinding wheels.
Grinding with diamond wheels continues to be the
predominant material-removal process for structural
ceramics. Unfortunately, ground ceramics are known to
have a strength-degradation problem caused by
machining-induced damage.®!'3 The flexural strength of
a ceramic part may often depend on the grinding para-
meters used to finish it.

Undoubtedly, past research results have contributed
greatly to present knowledge of ceramic grinding pro-
cesses. Conflicting observations also exist and there is
need of more clarifying research work. Researchers
are still striving to produce low-cost high-quality
ceramic components. This implies that continuous effort
is needed to better understand the physics and mechan-
ical properties of ceramic grinding and finishing
processes. As part of this continuous effort, particular
emphasis was given in this study to the relationship of
flexural strength and surface roughness for hot-pressed
SisNy, self-reinforced ceramics, which can lead to a
clear quantitative understanding in this key effective
factor.

2. Experiments
2.1. Material

The workpiece material used in this investigation was
hot-pressed silicon nitride. Due to strong covalent
bonds and low self-diffusivity of SisNy, the classical
solid-state sintering techniques are unable to densify the
SizNy. In order to densify the Si;N4, appropriate sinter-
ing aids must be used to promote liquid-phase sintering
via solution—precipitation processes.'* Y,O3 is a devi-
trification agent, stimulating the nucleation and growth
of crystalline phases in the amorphous boundary. Al,O3
can reduce the softening temperatures of the residual
amorphous phase.

The material composition is listed in Table 1. The
material was uniaxially hot-pressed for 60 min at
1650°C under 25 MPa of offered pressure. The hot
pressed pellets have the final density of 3.25 g/cm? after
hot-pressing.

Table. 1

Hot-pressed SisN, composition

Composition SizNy SiO, Y,0;3 Al,O3
Mol% 85 8 4 3

The heating rate was controlled at 50°C/min from
room—temperature to 1100°C, and 30°C/min to 1650°C,
respectively.

Hot-pressed Si3Ny is representative of ceramics which
are mechanically strengthened by the presence of elon-
gated grains, so-called in-situ whiskers. Occasionally,
exaggerated large grains are also observed. Fig. 1 shows
this self-reinforced microstructure; the elongated grains
impinged each other due to different growth rate in dif-
ferent growth direction, constituting a strong obstacle in
front of the crack growth and resulting in self-reinforced
microstructure, i.e. in-situ composite.

2.2. Grinding and polishing

All samples were pre-machined into flexural bars of
22~24 mm length and 3 x 4 mm mm? section. The
grinding was done by a metal-bonded wheel of diamond
sand of 64 um with diameter (d) of 150 mm and width
of 14.8 mm, wheel speed 44 m/s, and a depth of material
removal of 10 um. A copious supply of water-based
coolant was consistently provided during the grinding
operations. Grinding direction is parallel to the test bar
major axis (longitudinal).

Polishing gives a reference state where material
damage is minimized after previous lapping by reducing
the diamond polish particle size stepwise from 15 to 6
pm, then to 1 pm, using diamond flat lapping/polishing
machine, which can be automatically operated. Each
step lasts until former defects and scratches are

Fig. 1. The intercontact of elongated grains. This will become an
enormous obstacle in the front of crack growth, so that the crack may
suspend if the driving force of the crack tip is not enough to overcome
this obstacle, resulting in the higher strength and toughness of the
material. Therefore, this ceramic is called in situ composites or self-
reinforced ceramics.
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removed. All four faces of the test samples were finally
polished to a mirror finish, where the majority of the
roughness associated with the grinding had been
removed by the polishing process. However, this proce-
dure requires a vast amount of time. At least, 8~20
samples of each type were tested in this key grinding
and polishing programme.

To prevent failure caused by edge flaws, all the bars
were chamfered prior to bending testing.

2.3. Three-point bend tests

The flexural strengths of the ground specimens were
determined at room temperature using a three-point
flexural testing facility. The span of the three-point
bending fixture was 18 mm. The cross-head speed of the
testing machine was 0.5 mm min~!. At least 3~8 speci-
mens were tested for each condition.

2.4. Surface-roughness tests

Surface-roughness measurements were taken on the
wide surface of the bend bars using a contact stylus-type
probe made by Hommelwerke GMBH. Measurements
were made along the length (L) of each test piece.

Roughness may be defined by many parameters:
arithmetic mean roughness value (R,); mean peak-to-
valley height (R,); averaged middle peak-to-valley
height (R53,); maximum peak-to-valley height (R,); mean
peak height value above the mean line (Rpn); single
highest peak above mean line (Rp); root mean square
roughness value (R,); maximum profile depth (Py).

The trace profiles of the grinding and the finishing
surfaces recorded by roughness tester are shown in
Fig. 2. The surface roughness of the ground specimens
were measured in the range of 4.8 mm length so this, in
fact, was the average data of macro-roughness (Table 2).

(b)

-
=

(c) \ g*.-‘almgf*;"‘"gi ““"3"”"#1“ k‘f“"f"w “»"rxu I

C))

wu,a! &Iilligk f ] .i;gg,,'bh ]

i’ ,.“‘ lﬂ !;,‘F!r’; ;;!F'h

“’m 11*“[" 1 ﬁu*“‘ 5'%%* i

; _ ukimu]',l;ga

Fig. 2. Caption profiles of surface roughness by the roughness tester in 4.8 mm length; (a) after the first grinding using the diamond wheel of 64 pm
size; (b) after the first polishing using the diamond abrasive of 15 pm size; (c) after the second polishing using the diamond abrasive of 6 um size; (d)

after the last polishing using the diamond abrasive of 1 pum size.
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Table. 2

Relationship of surface roughness and bend strength for hot-pressed SisN4 ceramics

Finish Bend Strength R, R, R, Rym R, Ry Rs, P,
(m) (MPa) (m) (nm) (nm) (pm) (pm) (pm) (nm) (nm)
64 (wheel) 869+ 50 0.13 0.82 1.02 0.33 0.38 0.16 0.62 1.02
15 940+ 35 0.06 0.45 0.52 0.22 0.24 0.08 0.37 0.52
6 1015+25 0.04 0.24 0.35 0.15 0.18 0.05 0.25 0.35
1 116115 0.02 0.12 0.16 0.07 0.10 0.02 0.08 0.16

2.5. SEM observation

The ground surfaces were first examined by scanning
electron microscopy. (SEM) inspection of the ground
surface after the diamond wheel grinding suggested
fragmented surfaces, indicating material removal pre-
dominantly by fracture mechanisms. Grinding tracks
were evident and had very deep grooves. But SEM is
only suitable to observe the surface of machined sam-
ples. It is not suitable for observation of the surface of
polished samples. One must choose AFM to observe the
surface morphology in range of the nanometer.

2.6. Atomic force microscope (AFM ) observation

AFM (Nanoscope Illa, Scanning Probe Microscope
with Dimension 3100 Series digital instrument) was used
to observed the surface morphology and roughness of
ground and polished samples. Arithmetic mean rough-
ness value (R,) and root mean square roughness value
(Rq) were obtained by AFM in the micro-range of 25
um?2, which are listed in Table 3.

3. Results

3.1. Relationship between surface roughness and
diamond abrasive size

Figs. 3 and 4 show the relationship of surface
roughness and diamond grit size. Obviously, the surface
roughnesses were largely improved by the grinding and
polishing sequence, the surfaces of machined samples
still have rough grinding grooves in Fig. 3(a). The top
micrograph shows the rough groove after first grinding

Table. 3
Roughness R, and R, by AFM in the range of 25 pm? for ground and
polished surface of Si;N, ceramics

Diamond As machined 15 6 1

(m) (64 pm) (m) (m) (m)
R, 0.050 0.021 0.005 0.003
R 0.071 0.028 0.007 0.006

q

with a diamond wheel, but the surface finish has been
largely improved by first grinding compared to the sur-
face of the hot-pressed sample in the bottom of the
graph [see Fig. 3(a)]. The grooves had been polished

25.0kV X1.080K 38.8srm
(b)

lhplSu

Fig. 3. SEM micrographs show surface morphologies of ground sam-
ples; (a) the rough and deep groove after first grinding using a dia-
mond wheel (top of the photograph) and the initial rough surface in
the as-sintered state (bottom of photograph); (b) surface flaws still
survive the first polishing using 15 um size diamond abrasive.
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using the diamond grit of 15 pum size, but some flaws
still remained on the surface [see Fig. 3(b)].

3.2. Relationship of surface roughness and flexural strength

Measurement shows a material-dependent effect of
roughness on strength. Roughness measurements of
ground samples parallel to the grinding direction show a
clear correspondence between roughness and flexural
strength. Fig. 5 shows the strong relationship between
surface roughness (R,) and flexural strength at room
temperature, where the standard deviation of strength
increases with the increase of surface roughness.
Because strength is closely related to the surface flaw
sizes, the standard deviation of strength values decrea-
ses with the improvement of surface quality (Fig. 5).
Fig. 5 shows that the positive deviations of flexural
strength in the high roughness samples are often inside
the range of strengths of the lower roughness ones
except for the last polishing.

As a result of minimized machining defects, SizNy
samples reach the same level of their highest strength
values of 1161.1 MPa reported to date (see Fig. 5 and
Table 3).

3.3. Relationship of flexural strength and diamond
abrasive size

Sections 3.1 and 3.2 have proved the relationship
between surface roughness and diamond abrasive size,
and between flexural strength and diamond abrasive
size, respectively. In fact, from the above results there
has been an equally good trend between flexural
strength and diamond abrasive size (see Fig. 6). The
flexural strengths were largely improved as abrasion
diamond sizes were decreased from 15 to 1 pm. It is
illustrated that surface defects often are fatal origin of
fracture in ceramics and the strength of ceramics can be
largely improved by grinding and finishing the surface,
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Fig. 4. Relationship of surface roughness and diamond abrasive size
for the grinding and polishing of hot-pressed silicon nitride.

removing hidden danger from the surface. But notice-
ably, we would rather use the relationship of strength
and roughness than that of strength and diamond
abrasive size here. Why? There is a very direct correla-
tion between strength of ceramics and surface damage
than that between strength and diamond abrasive size.
It is necessary to finish off traces remaining from the last
grinding. This is not only a very cautious work but also
consumes process time, or else it cannot be expected to
obtain an equally good trend between the strength and
diamond abrasive size.

3.4. Surface morphology by SEM and AFM

Fig. 7(a) clearly shows the surface morphology of
samples after first grinding by diamond wheel. There
still are sharp peaks and valleys in the surface of first
grinding by diamond wheel. SEM observation also
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Fig. 5. The effect of surface roughness, R, and R, in the longitudinal
directions, on the flexural strength of the hot-pressed SizNy self-rein-
forced ceramics.
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Fig. 6. The effect of diamond abrasive size on the flexural strength in
the hot-pressed SizNy self-reinforced ceramics.
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shows the deep grooves (Fig. 8), which will undoubtedly
become the origin of fracture. By diamond grit of 15 pm
size the sharp peaks of sample surface become polished,
but some valley still remain [Fig. 7(b)]. Some grinding
marks and small grit particles on the surface survived
the 6 um polishing [see Fig. 7(c)]. The 1 um polishing
had completely polished all features on the surface, but
left some marks of grinding grit surface damage [Fig.
7(d)]. The cracks parallel to the grinding direction are
more elongated and deeper than those perpendicular to
the grinding direction (see Figs. 7 and 8).

3.5. Flaw size and strength

The surface roughness parameter R; is a direct mea-
sure of the maximum crack or pit depth in the surface,
and hence the flaw size ¢ is equated to R, here.

The plot of fracture stress op against the roughness
(Ry), expressed as (R)~'?, is a useful representation
which highlights a surface geometry-controlled limit
(see Fig. 9). The curve of the strength of ceramics fits
the following equation:
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where A, B, and C are constant, which is only related
with material properties and test condition. The surface
energy per unit area (y) and the elastic modulus (E)
should have been included in 4, B and C coefficients.
A=923, B=127.6 and C=903.4 for the hot-pressed
Si3Ny self-reinforced ceramics of this study.

According to Eq. (1), the curve has a minimum lim-
ited value, where the interaction of compressive residual
stress and the defect size in surface layer reach balance.
This is rational, because compressive residual stress
usually make a positive contribution and defect size
conversely. Diamond particles are forced into sample
surface, resulting into both surface compressive residual
stress and defect size, both of which increase with
increase of wheel power. Compressive residual stress
depresses and delays propagation of flaw crack in left of
curve and the finer surface improve material strength
although surface has only weak or free stress layer in the

Fig. 7. AFM micrographs of surface morphologies in 25 um? area; (a) after the first grinding using the diamond wheel of 64 pm size; (b) after the
first polishing using the diamond abrasive of 15 pm size; (c) after the second polishing using the diamond abrasive of 6 um size; (d) after the last

polishing using the diamond abrasive of 1 pm size.



Y. Zheng et al. | Journal of the European Ceramic Society 20 (2000) 1345-1353 1351

right of curve, here two mechanisms together restrict
material quality (Fig. 9). The range of R, size is also
limited, and it is impossible for R, to be decreased
unlimited, because fracture strength will be controlled
by the pores and subsurface flaws in the bulk, if the
surface flaws have been completely eliminated.

4. Discussion

4.1. Difference of surface roughness by two methods
Tables 2 and 3 show the roughness values measured

by machine contact pin and AFM, respectively. The

former values were higher than that of the latter. The
former has an advantage: its values were in fact the

Fig. 8. SEM micrograph of the deep groove of the ground surface
after the first grinding using the diamond wheel of 64 um size; the
large groove is parallel to the grinding direction.
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Fig. 9. Flexural strength as a function of surface roughness para-
meter, R /2, which is a direct measure of the maximum peal-to-valley
height, in fact, the maximum crack or pit depth in the surface.

average ones in the range of 4.8 mm length; the dis-
advantage is: it cannot detect some micro-valleies, as
only some macro-valleies can be contacted. The latter
advantage: its values were obtained by non-contact
AFM detection, which was in fact more accurate mea-
surement from all micro-details; the disadvantage: the
detection resulted only from very local area, such as the
range of 25 pm?.

The present authors consider it practical to use
machine-contact pin in long range for engineering com-
ponents if the surface roughness is required to be mea-
sured. But it should be recommended to take as much
areas as possible as AFM is used in scientific research.
AFM was adopted in this article only in order to observe
surface morphologies, i.e. for a non-quantum aim.

4.2. Residual compressive stresses

Murata et al. (1992).'> had proposed that the depth of
the compressive residual stress can be estimated from
the plastic deformation zone obtained by sphere inden-
tation, which gives an analogous effect to the burnishing
action of the abrasive grains. The depth of the com-
pressive residual stress, d, is given as:

d = (0.6 ~ 0.8)r'* Rz} (E/H)*? )

where r is the average radius of the abrasive grains, Rz,
is the five-point average peak-to-valley height of the
ground surface in the direction perpendicular to the
grinding direction, £ is the young modulus and H the
hardness. According to Eq. (2), the calculated values of
d, the depth of residual compressive stress, as a function
of Rzy, according to Eq. (2) are shown in Fig. 10. The
depth of the effective layer of residual stress is below 2 um
for the diamond abrasive grains finer than that of 6 um
size. In fact, the deep stress layer produced by using the
diamond wheel had first been ground by the following
polishing steps. The polished surface, however, should
be stress free only under the mirror polish conditions.

Several similar calculations were made and they all
show that grinding had resulted in a compressive surface
layer.'®!7 This is a positive effect that would increase
the material strength. It may help to close cracks and
delay the onset of crack propagation, particularly in
restraining the subsurface crack growth.

The polished surface is almost free of residual stresses.
Since the rough surface layer has been ground, the resi-
dual stresses are kept inside a very thin hardened layer.
A large part of finely polished samples should be free of
residual stresses in the present study.

4.3. Fracture stresses associated with flaw size

Pre-existing cracks have long been recognized as pre-
cursors to failure.'®22 The strength of materials is
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Fig. 10. Depth of residual compressive stress layer versus R, the five-
point average peak-to-valley height of the ground surface.

obviously related to flaw size. Flaws are divided into
surface, corner, subsurface and internal defects, such as
surface scratch, groove and internal pore, inclusion,
microcrack, etc. Fatal cracks often originate from sur-
face microdefects in the centre sites beneath surface of
bending samples, where the bending sample bears the
maximum tensile stress. So the flexural strengths can
largely be improved by finely finishing the surface. Sec-
ondly, it was observed that the specimens often failed
from corner cracks, if the surface beneath has been
perfectly finished, where stresses often concentrate
more, and corners are chamfered round rather at 45°.
Thirdly, the fracture origins also often initiate from
subsurface flaws of the well polished samples, resulting
from bulk defects that are produced during the sintering
process, such as pore, inclusion and microcrack, etc.
The above results were deduced from a large number of
SEM micrographs in fracture origins (SEM photo-
graphs are omitted here due to space).

Eq. (1) only describes the relationship of flexural
strength and surface maximum flaw size [maximum
peak-to-valley height (R;)], since flaw and flaw size
beneath the surface of bending samples are the key fac-
tors of strength dependence in ceramics, which is also
the focal point discussed in this paper. The classic frac-
ture mechanics were based on an internal, penny-shaped
crack of radius ¢ being first introduced prior to loading,
which is completely unsuitable for discussion in this
paper. Fracture stresses are usually related with nega-
tive square root of internal flaw size in the original
Griffith and its modification equations,'®??> which just
discussed the effect of internal flaws. Firstly, the effect of
beneath the surface flaws is even more prominent in the
bending test of brittle solid in this paper. Secondly, self-
reinforced SizN, ceramics have an elongated grain
morphology, and its critical strain energy release rate is
four times larger than for the same material with an
equiaxed grain morphology.!® So, it is not realistic to

explain this especial engineering application only using
classic fracture mechanical formulas. Eq. (1) accords
well with the test results in this paper when compared
with the numerous equations of fracture mechanics
existing to date. It should be of great importance in the
ceramic community, especially regarding design and
reliability analysis of ceramic components.

4.4. Fracture toughness associated with crack growth

Strength and fracture toughness cannot only be inte-
grated but are also contradictory in some conditions.
For example, the flexural strength could be obviously
improved by surface fine finishing, but fracture rough-
ness did not show obvious improvement in this test (the
data of fracture toughness were omitted here), because
the former depends on crack initiation and the latter
depends on crack growth. Surface finishing eliminated
the hidden danger of surface crack initiation although,
of course, strength was improved. But it did not have
direct connection with crack growth, so fracture tough-
ness virtually almost did not change.

4.5. Microplasticity produced by local stress
concentration

The observed effect of microplasticity is a common
feature in macroscopically brittle materials. Unequi-
vocal evidence of plastic flow for grinding of single
crystals and polycrystalline alumina was obtained by
transmission electron microscopy (TEM) which showed
the finished surface after grinding to contain dense dis-
location arrays.?®> Similar findings were reported for
grinding of MgO single crystals.?*

High stresses applied in small-scale microstructural
volumes by processes such as machining, abrasion, fric-
tion and wear give rise to microplastic deformation
processes taking place in these ceramics, which are
known as brittle materials. The elastic/plastic interaction
of abrasive grains with the ceramic surface is considered
to be analogous to a series of closely-spaced, high-speed,
sliding single-point indenters. The trace of plastic defor-
mation due to local high stresses of a diamond wheel can
be observed from the side of a deep groove (Fig. 8).

In summary, the material removal process associated
with grinding is probably primarily a series of localised
surface fractures, whereas with lapping and polishing tend
to be predominantly a ductile or plastic processes: those
latter processes are capable of producing a smooth surface
finish and are beneficial as post-grinding processes.

5. Conclusions

1. The flexural strengths at room temperature of
SizNy self-reinforced ceramics correlates to the
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surface roughness (R,,R,,R3,,R,R;) of samples
ground and polished by using diamond abrasive.
The flexural strengths are obviously improved with
decrease of flaw sizes. The dependence of flexural
strength at room temperature on flaw size, R;, as
given by the maximum peak-to-valley height R, is
given by the following relationship:

4_8 ¢
of = — — ——
"“RVR

Flexural strength is actually interacted by both
compressive residual stress and defect size in the
surface layer.

2. SEM and AFM obversations show that the sharp
peak and valley, groove all are fatal fracture origin
after the first grinding using diamond wheel; the
fracture origin may initiate from the subsurface
after the following fine polishing using diamond
abrasive of 6 and 1 um, where the sharp peak,
valley and groove had been grinded, but the sur-
faces had the mark of micro-damage by diamond
grit.

3. Flexural strength can be achieved 1161 MPa after
fine grinding using the diamond abrative of 1 um
size for this hot-pressed self-reinforced SizNy4 cera-
mics.
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