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Abstract: The paper studies the influence of diamond grinding, lapping, and polishing on the surface
layer and defectiveness of the Al;O3/TiC and SiAION ceramic samples. The index of defectiveness I,
which is the product of the defect density and the defective layer’s thickness (R;), and a method for its
evaluation are proposed to quantify the defectiveness of the ceramic surfaces. Lapping reduces the R;
parameter by 2.6-2.7 times when the density of defects was decreased by 2 times. After polishing, the
R; parameter decreases to 0.42 um for Al,O3/TiC and 0.37 um for SiAION samples. The density of
defects decreases many times after polishing: up to 0.005 and 0.004, respectively. The crack resistance
of the polished samples increased by 5-7%. The volumetric wear of polished samples decreased by
1.5-1.9 times compared to the ground ones after 20 min of abrasion wear. The polished samples show
a decrease in the coefficient of friction at 800 °C and a decrease in the volumetric wear by 1.5 and
1.3 times, respectively, compared to the ground ones after 200 m of friction distance. The volumetric
wear at high-temperature friction of sliding for polished specimens was 55% and 42% less than for
the ground ones, respectively.

Keywords: Al,O3/TiC ceramics; defects; diamond grinding; fracture resistance; lapping; polishing;
SiAION ceramics; surface layer condition; wear resistance

1. Introduction

Modern world trends demonstrate the fundamental modernization of the machine-
building industry and the spread of the latest technologies, materials, and equipment
to improve the efficiency of production processes. A key role in developing various
areas of mechanical engineering today is the use of structural and tool materials with
improved properties when exposed to intense operating loads [1-3]. No metal alloy can
compete with ceramics in terms of heat resistance, hardness, and chemical inertness. These
irreplaceable materials are actively used today or have immediate prospects for use in
various industries when parts operate in extreme conditions at high temperatures and
aggressive environments. For example, bearing rings, turbine blades of aircraft engines,
elements of combustion chambers of rocket engines, nozzles of various reactors, mud
pump bushings, cutting tools for processing parts made of hard-to-cut materials, and
dies for producing wires and tubes [4-10]. However, the risks associated with premature
destruction of the contact surfaces of ceramic products have long been the main problem
hindering the expansion of these materials’ scope. Many years of technological research by
leading scientific groups in the fields of obtaining high-quality initial powders, developing
new approaches to the selection of optimal powder compositions, the emergence of new
sintering technologies, and optimizing their key parameters, today make it possible to
obtain high-density ceramic blanks with improved strength and crack resistance [11-15].
This progress in the field of ceramics contributes to an increase in the share of their industrial
application for the manufacture of products of a wide range.

Sintered ceramic blanks in industrial manufacturing of various parts and tools are
subjected to diamond grinding. Large thermal and mechanical loads acting during the
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destruction of the allowance in diamond grinding have a negative effect on the surface
layer state of ground ceramic products [16-20]. The process of formation of the surface
morphology of a ceramic product during grinding is complicated given the random nature
of the shape and arrangement of grains in a diamond wheel. An additional effect is exerted
by friction between the surface to be processed and the bond of the wheel, as well as
multiple cycles of heating and cooling of local volumes of ceramics. Consequently, after
grinding, the surface layer has a specific morphology, including a set of defects such as
microprotrusions, deep grooves, microcracks, craters in the place of torn grains, etc. [21-25].
The noted defects are common features of a ground surface layer and are characteristic of
all types of commercially available structural and tool ceramics based on Al,O3, SiAION,
Si3Ny, SiC, ZrOy, etc. [26-30]. At the same time, specific features are traced along with
common features in the surface layer of polished ceramics. These features are associated
with different initial structures and chemical compositions of ceramics, and an unequal per-
ception of impact force and cyclic thermal loads accompanying the grinding by structural
elements of ceramics. For example, Al;O3/TiC ceramics are characterized by numerous
deep grooves with cracks along their boundaries, while the predominant defects of SIAION
and SizNy ceramics are numerous craters formed at the site of torn out grains and their
conglomerates [31,32]. Unfortunately, it is impossible to reliably determine the relationship
between the state of the ground surface and the physical and mechanical characteristics
of the ceramic product, due to the variety of morphological patterns and heterogeneity
of surface defects as well as the very complex physical nature of this relationship. The
use of mathematical modeling for these purposes involves numerous assumptions [33-35].
Defects in the surface layer significantly contribute to the processes of contact interaction
between the ceramic product and counter body, and affect the performance. For example,
the operation of ceramic cutting inserts involves high thermal loads and cutting forces,
often failing due to premature destruction of the contact surfaces of the tool [36-38]. It
has been proven that defects in the ground surface layer are additional stress concentra-
tors that contribute to the accelerated destruction of the contact surfaces of ceramic tools
and other products under external thermal and mechanical loads [39-42]. At the same
time, international standards for the manufacture of ceramic products strictly regulate the
requirements for design and geometric parameters but do not standardize the issues of
surface layer defects. For example, certification of the surface layer state of ceramic inserts
under standard conditions of tool production provides only an assessment of the roughness
by the R, parameter and optical control of the absence of chips on the cutting edges [43,44].

A separate direction has been developed, such as surface engineering of ceramic
products, to improve the surface layer state after grinding. Various scientific groups conduct
research in the field of purposeful influence on the surface layer state by mechanical, ion
plasma, beam, and combined methods to improve its characteristics [45-54]. Evaluation of
the effectiveness of the application of surface action technologies on ceramic products is
greatly hampered by the lack of techniques for quantitative assessment of the surface layer’s
defectiveness level. Considering that a combination of various defects characterizes the
surface layer of ceramic products after diamond grinding, the measurement of individual
characteristics of the surface layer (roughness, crack resistance, etc.) used in practice,
and the establishment of relationships between these parameters and the wear resistance
of ceramic products, in most cases, is not informative and requires the development of
new approaches.

The main purpose of this work was to develop an informative criterion that allows
the assessment of the defectiveness level of the ceramic products’ surface layer, to create
a methodology for its quantitative assessment and to test the sensitivity of the proposed
criterion to a change in the surface layer state. The research objects were cutting inserts
made of tool ceramics widely used in industry, such as Al,O3/TiC and SiAION. The
ceramic samples with a different surface layer state were produced by three types of
technological operations: diamond grinding, diamond grinding and lapping, diamond
grinding, lapping, and polishing. The problem of establishing relationships between the
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criterion characterizing the defectiveness level of the surface layer and the physical and
mechanical characteristics of ceramic samples was solved based on a conducted set of
experimental studies.

2. Materials and Methods
2.1. Theoretical and Experimental Background

Diamond grinding of ceramics is a highly energy-intensive process in which the
removal of a ceramic workpiece’s surface layer (allowance) to the required depth occurs due
to creating stresses in it; the level of which, exceeds the fracture stress of tool ceramics [55,56].
Figure 1 shows diagrams of diamond grinding of ceramic cutting inserts and the impact of
diamond grains on the surface layer of a ceramic workpiece when removing the allowance
in grinding. The scheme proposed by the authors clearly illustrates that the sintered ceramic
workpiece is subjected to a combined thermomechanical action during grinding, which
destroys and removes the specified allowance. In this case, the thermal and mechanical
impact area extends deeper than the cut allowance’s value.
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Figure 1. Schemes of diamond grinding of ceramic cutting inserts (a) and the diamond grains’ impact
on the surface layer of a ceramic workpiece when removing the allowance in grinding (b).

The mechanisms that underlie diamond grinding during the formation of the surface
layer of ceramics differ significantly from the processes observed during the grinding
of metals and alloys. Various studies have shown [57-60] that the surface layer formed
during diamond grinding of ceramic blanks at cutting depths of 0.02-0.04 mm represents
characteristic areas (as a rule, their combination) of predominant elastoplastic deformation
with a relatively small number of micro-fractures, predominantly brittle fractures with
pronounced micro-chips and cracks, as well as zones of brittle-plastic (mixed) fracture.

As a result of increased thermal and mechanical loads acting on the surface layer of
the ceramic workpiece during diamond grinding, the formed layer is characterized by
increased defectiveness. Figure 2 shows a 3D profilogram and SEM image of the typical
surface layer of a SiAION ceramic sample after diamond grinding, obtained by the authors
during the research. The impact action of diamond grains, the friction of the grinding
wheel bond over the workpiece surface, and the local plastic deformation that occurs
during high-speed heating of the ceramic surface areas and their rapid cooling, lead to
the formation of a surface layer with a high level of imperfection. It reveals deep grooves
profiled with diamond grains, microcracks along the grooves’ boundaries, furrows formed
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due to the slipping of “passive” diamond grains over the ceramic surface, and numerous
craters due to grain eruptions under the action of force loads (Figure 2). The described
morphology of the surface layer is typical for manufacturing ceramic products in mass
production (in particular, ceramic cutting inserts) when diamond grinding is performed at
high-performance modes.

VEGA3 TESCA

View field: 41.4 ym
SEM MAG: 10.0 kx MITY CTAHKWH

(a) (b)

Figure 2. 3D profilogram (a) and SEM image (b) of the typical surface layer of a SiIAION ceramic
sample after diamond grinding.

An objective quantitative assessment of the level of defectiveness of the surface layer
of ceramic products after diamond grinding is complicated, due to the diverse surface
microrelief, the lack of informative parameters, and available methods. The analysis of the
presented profilogram of polished ceramics (Figure 2) allows us to conclude that the R,
roughness parameter, controlled by various researchers and technologists of enterprises,
is practically uninformative for assessing the level of defectiveness of the surface layer.
According to the ISO 21920-2-2021 standard, the arithmetic average of the absolute values
of the Z(x) ordinate within the sample length in the X-axis direction is calculated in
determining the R, parameter (Figure 3). The value of R, is not affected by numerous
grooves, craters from torn out grains, and many other defects present on the surface
of ceramic samples after diamond grinding. In practice, having the same R, value for
significantly different profiles is common. If the subject of assessment is the surface layer’s
defectiveness level, then a significant decrease in the R, parameter will not always indicate
a significant decrease in defectiveness.

As confirmation that the use of the R, parameter in a number of cases is not informative
for assessing the level of defectiveness of the surface layer, let us consider the SEM images
and 3D profilograms of the surface layer of samples made of Si3Ny tool ceramics after
diamond grinding and polishing (Figure 4). After grinding, the value of the R, parameter
was 0.29 um, and after polishing, the parameter decreased by 9.6 (to 0.03 pm). However,
the result does not indicate a significant reduction in defectiveness, which is clearly seen in
the presented SEM images. Polishing minimized external micro-irregularities (microprotru-
sions) but exposed the many existing craters in place of torn grains or their particles, which
are not detected in evaluating the R, parameter. At the same time, they negatively affect
the physical and mechanical characteristics of the material. Therefore, it is necessary to
search for alternative parameters for structurally inhomogeneous materials, which include
ceramics and are characterized by the formation of numerous grooves, craters, and cracks
during abrasive processing.
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Figure 3. Schemes for various parameters estimating the state of the surface layer of ceramic samples
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after diamond grinding: arithmetic mean deviation of the profile, R, (a); total profile height, R; (b).

SEM HV: 10.0 kV WD: 18.64 mm VEGAS3 TES
View field: 20.7 pm Det: SE
SEM MAG: 20.0 kx MITY CTAHKWUH

=0.29 um

SEM HV: 10.0 kV WD: 18.64 mm VEGA3 TES(
View field: 20.7 pm Det: SE
SEM MAG: 20.0 kx MIrTY CTAHKWH

(a) (b)

Figure 4. Typical SEM images (top) and 3D profilograms (bottom) of the surface layer of SizNy tool

ceramic samples after diamond grinding (a) and polishing (b).
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In practice, the most informative parameter that could be used to study the defec-
tiveness of the surface layer of ceramic products is the R; parameter which is the total
height of the profile (Figure 3), estimated as the sum of the highest peak height of the
profile (Z,) and the most significant depth of the profile trough (Z;) within the evaluation
length, which contains several values of the length of the sample in the X-axis direction.
The value of the Ry parameter allows us to take into account all possible grooves, furrows,
cracks, and craters present in the surface layer and, in fact, the thickness of the defective
layer. Considering that only one parameter (R;) is insufficient for an objective assessment
of the surface layer state, the authors of this work propose to evaluate the density p of
defects (total area per unit area) on the surface of a ceramic sample in addition to it. It is
proposed to use a technique based on contrasting surface defects with oblique illumination
of the surface during the analysis of a stereoscopic image to assess the density of defects.
Figure 5 shows an example of contrasting defects in the surface layer of a sample made of
SiAION tool ceramics when the axis of the illuminating beam is located at an angle of 75°
concerning the microscope’s optical axis. Thus, the defects contrast with the main plane of
the ceramic sample, where a dark color is the main plane and a light one is the surface layer
defects. With the help of specialized software for image analysis (Thixomet Pro software,
version 5.3.1, Saint Petersburg, Russia), the number of light pixels on the test sample is
calculated. The p parameter value is calculated based on the data obtained for ceramic
samples as the ratio of the total area of defects to the unit area of the ceramic sample under
consideration. In the study, the calculation was performed for an area of 250,000 um?.

Figure 5. Optical image of a sample of SIAION ceramics after diamond grinding (a) and contrasting
the surface with oblique illumination to assess the density of defects (b).

Thus, the authors of the work propose a new generalized criterion, “index of defective-
ness” (um), for a quantitative assessment of the defectiveness level of the ceramic product
surface layer formed after various technological operations, which is determined according
to the following relationship:

Ip = p-R; 1)

where p is the density of defects (total area) per unit area of the ceramic sample surface
(dimensionless); R; is the maximum profile height (thickness) of the defective layer (um) in
the considered area of the ceramic sample.

2.2. Preparation of Samples Made of Al,O3/TiC and SiAION Ceramics

Two types of cutting inserts made of Al,O3/TiC ceramics (round shaped) and SiAION
ceramics (square shaped) were used (Figure 6) in conducting experimental studies. X-
ray diffraction patterns of samples made of Al,O3/TiC and SiAION ceramics are shown
in Figure 7. The analysis was performed on a Bruker D8 Advance diffractometer with
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monochromatic CuKe radiation and shooting in the angle range 20-90° 2@. Main parame-
ters used in experiments of ceramic inserts are presented as follows:

e  The round Al,O3/TiC ceramic inserts were 19.05 mm in diameter and 7.94 mm in
thickness. Characteristics of the ceramic: microhardness of 19.0 GPa; density of
4.15 g/cm?; fracture toughness Ki. (volumetric material) of 4.1 MPa-m'/2.

e  The square SiAION ceramic inserts were 19.05 mm in inscribed circle diameter and
7.94 mm in thickness. Characteristics of the ceramic: microhardness of 16.5 GPa;
density of 4.6 g/cm?; fracture toughness K. (volumetric material) of 6.4 MPa-m'/2.

AlL,O3/TiC

SiAION

Figure 6. Al;O3/TiC and SiAION ceramic inserts used in experiments.
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Figure 7. X-ray diffraction patterns of ceramic specimens: Al,O3/TiC (a); SIAION (b).

The ground (initial) ceramic inserts were subjected to additional technological opera-
tions of abrasive processing, such as lapping and polishing, to produce ceramic samples
made of Al;O3/TiC and SiAION ceramics with different surface layer states. The ceramic
inserts were processed additionally on a Lapmaster Wolters lapping and polishing machine
with special lapping and polishing wheels using various diamond suspensions (grit 50/40,
40/28 for lapping and 10/7, 5/3 for polishing) at a cutting speed 3 m/s.

Thus, three groups of samples were produced for study for each type of Al,O3/TiC
and SiAION tool ceramics:

after diamond grinding (G);
after grinding and lapping (L);
. after grinding, lapping, and polishing (P).
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2.3. Estimation of the Surface Layer State and the Microstructure of Samples Made of Al,O3/TiC
and SiAION Ceramics

A quantitative assessment of the defectiveness level was performed for each group
of samples (G, L, P samples) made of Al,O3/TiC and SiAION ceramics according to the
method for determining the index of defectiveness described above.

The microstructure of fractures and a surface layer of ceramic samples was studied on
a Tescan Vega 3LMH scanning electron microscope with a thermionic tungsten cathode. A
Meiji Techno RZ optical stereomicroscope was used to obtain a stereoscopic image of the
surface and to contrast it to assess the density of defects on the surface of ceramic samples.

The plotting of surface-layer 3D profilograms and the measurement of the R; parameter
were carried out on a highly sensitive Dektak XT stylus profilometer, which performs a
set of electromechanical measurements by contact scanning a selected area of the ceramic
sample surface with a diamond tip. A specialized software performed visualization and
plotting of the necessary profilograms based on the results of measurements.

2.4. Estimation of the Physical and Mechanical Characteristics of Samples Made of Al,O3/TiC and
SiAION Ceramics

The crack resistance of the surface layer of ceramic samples was determined on a
QnessQ10A universal microhardness tester by indentation with a Vickers diamond pyramid
according to the ISO 21618:2019 standard and with a load of 50 N. After indentation, the
values of the diagonals of the indentations and the lengths of cracks propagating from the
corners of the indentations were measured, based on which the stress intensity factor K
was determined from the known dependences [61,62].

The original technique of the authors of this work [63] was used to assess the ability of
the edges of ceramic samples with different states of the surface layer to resist chipping.
The tests were performed by exposing the samples to a Vickers diamond pyramid with a
smoothly increasing load from 20 to 40 N on a Revetest scratch tester equipped with an
acoustic emission (AE) signal-recording sensor. The system recorded the force at which the
chip occurred. The author’s technique is based on works [64,65], where the possibility of
obtaining reliable information on the mechanical behavior of ceramics is substantiated from
the standpoint of the theory of brittle fracture when their edges are chipped by an indenter.

The study of the influence of the surface layer state of ceramic samples on the resistance
to abrasion was carried out by tests on a Calowear CSM Instruments instrument. A rotating
sphere of hardened steel was pressed against the ceramic samples with a force of 0.2 N, and
an abrasive water-based suspension was fed into the contact zone. The measurement of the
parameters of wear holes on an Olympus BX51M optical microscope (Ryf AG, Grenchen,
Switzerland) and a Dektak XT stylus profilometer made it possible to quantitatively and
qualitatively estimate the volumetric wear of ceramic samples [66].

The coefficient of friction and wear resistance of ceramic samples with different surface
layer states during high-temperature heating up to 800 °C in the friction—sliding was
evaluated using the ball-disk method following ISO 20808:2016. The tests were performed
with the rotation of ceramic samples relative to a fixed counter body, when a ceramic
ball with a diameter of 6 mm at a load of 1 N was rotated at a sliding speed of 10 cm/s
and a displacement radius of 2 mm on a tribometer TNT TNT-S-AX0000 Anton Paar
TriTec. Volumetric wear of ceramic samples was determined using the average value of the
cross-sectional area of the wear track, which was estimated from the results of measuring
5 transverse profiles on a Dektak profilometer [67,68].

3. Results and Discussion
3.1. State of the Surface Layer of Samples Made of Al,O3/TiC and SiAION Ceramics and the Index
of Defectiveness

Figure 8 shows the SEM images that illustrate the transformation in the microstructure
of the surface layer of sintered Al,O3/TiC and SiAION ceramic samples, which occurs after
grinding as a result of the impact of diamond grains of the grinding wheel and local plastic
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deformation during high-speed heating and subsequent cooling of the subsurface layers. It
can be seen that diamond grinding significantly changes the surface microstructure of the
ceramics that were formed at the stage of their sintering. It should be noted that the initial
microstructure is shown on the sample’s fractures. The structurally transformed surface
layers of Al,O3/TiC and SiAION ceramic specimens contain numerous defects, such as
deep grooves, microcracks, and craters in the place of torn grains. The defective surface
layer perceives the entire complex of operational loads, and its condition is paramount for
the friction and wear processes of the ceramic sample contact surfaces.

r
SEMHV:20.0kV | WD: 13.77 mm I SEMHV: 50KV

View field: 13.8 pm Det: SE View field: 10.4 ym
SEM MAG: 36.5 kx_

& . s e § = . P =
SEM HV: 20.0 kV WD: 13.77 mm SEM HV: 5.0 kV Det: SE, BSE

View fleld: 10.4 pm WD: 15.41 mm
SEM MAG: 36.5 kx

View field: 13.8 ym Det: SE

(b)

Figure 8. Structural transformation of the surface layer of samples made of Al,O3/TiC (a) and
SiAION (b) sintered ceramics occurred under the exposition of a diamond wheel in grinding: SEM
images of fractures of sintered ceramic samples on the left; SEM images of the ground surface layer
on the right.

The use of additional processing, such as lapping and polishing for the ground ceramic
samples, leads to pronounced changes in the surface layer state. Typical 3D profilograms
and SEM images of the microstructure of ceramic samples after various processing options
are shown for Al,O3/TiC (Figure 9) and SiAION ceramic samples (Figure 10). The use of
additional lapping significantly reduces the depth of the defective layer in terms of the R;
parameter (by a factor of 2.6-2.7):

. from 3.9 um to 1.5 pm for Al,O3/TiC;
. from 3.6 um to 1.5 pm for SiAION.
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Figure 9. 3D profilograms and SEM images of the microstructure of the surface layer of Al,O3/TiC
ceramic samples after various types of abrasive processing: grinding; grinding and lapping; grinding,
lapping, and polishing (top-down).

A decrease in the depth of furrows and craters is observed, but there remains a
significant amount of defects on the surface. The density of defects after lapping decreases
by about 2 times following experimental data provided in Table 1 for Al,O3/TiC samples
and in Table 2 for SiAION samples: from 0.4 to 0.206 and from 0.354 to 0.153, respectively.
The value of the R; parameter decreases to 0.42 um for Al,O3/TiC and to 0.37 pm for
SiAION after lapping and polishing: pronounced defects on the surface of ceramic samples
were not detected visually. In addition, the density of defects on the surface of ceramics
decreases many times after polishing:

up to 0.005 for Al,O3/TiC;
up to 0.004 for SiAION.
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4

Figure 10. 3D profilograms and SEM images of the microstructure of the surface layer of SIAION
ceramic samples after various types of abrasive processing: grinding; grinding and lapping; grinding,
lapping, and polishing (top-down).

Table 1. Surface layer imperfection index and its components for Al,O3/TiC ceramic specimens
subjected to various processing options.

Abrasive Processing Densitv of Defects Defective Layer De f:ilt?\f:n(:efss I For Reference: R,
Option and Sample Code y P Thickness R; (um) (um) b Parameter (um)
Diamond grinding (G) 0.4 39 1.56 0.32
Diamond grlndmg and 0.206 15 031 02
lapping (L)
Diamond grinding,
0.005 0.42 0.002 0.036

lapping, and polishing (P)
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Table 2. Surface layer imperfection index and its components for SiAION ceramic specimens subjected
to various processing options.

Abrasive Processing Densitv of Defects Defective Layer De fel:tf::noefss I For Reference: R,
Option and Sample Code y p Thickness R (um) (um) b Parameter (um)
Diamond grinding (G) 0.354 3.6 1.27 0.29
Diamond grinding and 0.153 1.32 0.2 0.17
lapping (L)
Diamond grinding, 0.004 0.37 0.0015 0.028

lapping, and polishing (P)

Destructive load [N]

Tables 1 and 2 show the values of the index of defectiveness, which were determined
based on the measured data and calculations. It should be noted that the tables show the
average values of the index of defectiveness and its components based on the results of
evaluating 10 cutting inserts for each group of the samples under study. The presented data
allow us to conclude that the proposed index of defectiveness is an informative parameter
sensitive to changes in the surface layer state of ceramics.

3.2. Physical and Mechanical Characteristics of Samples Made of Al,O3/TiC and SiAION Ceramics
Depending on the Index of Defectiveness of the Surface Layer

Figure 11 shows the correlation between the state of the surface layer of Al,O3/TiC
and SiAION ceramic samples, characterized by the index of defectiveness, and the value of
breaking loads at the moment of edge chipping identified by the spectrum of the acoustic
emission (AE) signal. It can be seen that with an increase in the index of defectiveness (from
P to G samples), the ability of the cutting inserts to resist chipping decreases sharply. The
average breaking load was 29.1 and 37.6 N for the P group of specimens with minimum Ip
of 0.002 um for Al,O3/TiC and 0.0015 pm for SiAION. A decrease in the magnitude of the
breaking load by 20 and 30% was recorded for the G group of specimens with maximum I
of 1.56 and 1.27 pum, respectively. At the same time, the differences in the magnitudes of
loads at which chipping of the edges occurs for G and L samples were insignificant.

30 ‘ ‘ 3.9 40| ‘ ‘ 53
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24 o 133 O 28 47 ©
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Defectiveness index [um] Defectiveness index [um]
(a) (b)

Figure 11. Dependences of the breaking load during edge chipping (1) and crack resistance (2) on the
state of the surface layer of ceramic samples, characterized by the index of defectiveness: Al,O3/TiC
(a) and SiAION (b).

A similar trend was revealed when assessing the relationship between the index of
defectiveness of the surface layer of ceramic samples and crack resistance measured by
indentation (Figure 11). However, the change in the crack resistance with a change in the
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surface layer state (Ip) was insignificant and amounted to about 5-7% compared to the
experimental data for G and P groups. At the same time, the differences in crack resistance
values for G and L samples were minimal for both ceramics under study.

Figures 12 and 13 show the dependences of the volumetric wear of Al,O3/TiC and
SiAION ceramic specimens on time of abrasive exposure and 3D profilograms of specimen
wear holes after 20 min of testing. The presented dependences show the wear kinetics of
ceramics with a different state of the surface layer (the index of defectiveness) and their
resistance to abrasive wear. It is noticeable that the high defectiveness of the surface layer
(G samples) significantly reduces the ability of ceramics to resist abrasive wear. The P
samples with a minimum index of defectiveness, which underwent additional lapping
and polishing compared with other groups of the ceramic inserts under study, showed
significantly lower volumetric wear values throughout the tests. The values of volumetric
wear of the P samples made of Al,O3/TiC and SiAION, which have a minimum index of
defectiveness, were by about 1.5-1.9 times less than for samples from other control groups
(G and L samples) after 20 min of abrasive action. Thus, additional lapping and polishing
of ceramic cutting inserts significantly improve their resistance to abrasion wear under
normal conditions (20 °C).
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Figure 12. Dependences of the volumetric wear of Al,O3/TiC ceramic specimens with a different
state of the surface layer on the time of abrasive exposure for ground samples (G), ground and lapped
samples (L), and ground, lapped, and polished samples (P).

The experimental curves presented in Figures 14 and 15 show that the samples with
the lowest index of defectiveness (P samples) compared to other groups (G and L) of the
samples under study show a slight decrease in both the average value of the coefficient of
friction when heated to a temperature of 800 °C and also the nature of the change in the
coefficient of friction over time. The coefficient of friction changes abruptly for samples
with the highest index of defectiveness (G samples). Especially, for the samples made
of Al,O3/TiC: first, the coefficient of friction increases, reaching maximum values, then
sharply decreases, increases again, and only stabilizes with time. Such a nonmonotonic
change is the result of the alternation of the processes of the adhesion of contact surfaces and
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the destruction of the “bridges” of adhesive bonds. The change in the coefficient of friction
over the entire friction path is monotonic for Al,O3/TiC and SiAION ceramic samples that
underwent additional lapping and polishing (P samples), which indicates more favorable
conditions for frictional interaction with the counter body. It can be assumed that the noted
changes in the nature of the contact interaction under the friction of sliding conditions are
also associated with a significant decrease in the roughness of the surface layer of ceramic
samples, which occurs after polishing [69,70].
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Figure 13. Dependences of the volumetric wear of SIAION ceramic specimens with a different state
of the surface layer on the time of abrasive exposure for ground samples (G), ground and lapped
samples (L), and ground, lapped, and polished samples (P).
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Figure 14. Change in the coefficient of friction depending on the friction distance of Al,O3/TiC
ceramic samples with a different state of the surface layer (a) and volumetric wear of the samples
(b) after passing a distance of 200 m at high-temperature friction of sliding.
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Figure 15. Change in the coefficient of friction depending on the friction distance of SiAION ceramic
samples with a different state of the surface layer (a) and volumetric wear of the samples (b) after
passing a distance of 200 m at high-temperature friction of sliding.

Data on the volumetric wear of ceramic samples of Al,O3/TiC and SiAION with
different surface layer states at high-temperature friction of sliding (800 °C) are provided
together with the data on the change in the coefficient of friction (Figures 14 and 15). As in
the case of abrasive wear, the high index of defectiveness of the surface layer (G samples)
significantly reduces the ability of ceramics to resist abrasion wear when interacting with
a counter body under thermal heating conditions. The samples with the minimum index
of defectiveness that underwent additional lapping and polishing (P samples), compared
to the samples of ground ceramic inserts (G samples), showed a decrease in the value of
volumetric wear after 200 m of friction distance: by 1.5 times for Al,O3/TiC samples and
1.3 times for SiAION samples, respectively. In addition, additional lapping and polishing
(P samples) demonstrated a more negligible effect than the ground and lapped samples (L
samples): the volume of wear decreased by 1.3 and 1.1 times for Al;O3/TiC and SiAION
samples, respectively. Thus, additional lapping and polishing of ceramic cutting inserts
slightly improve their resistance to abrasion wear under the conditions of the thermal loads
(800 °C). The effect is more noticeable for Al,O3/TiC ceramics.

Figure 16 shows the correlation between the state of the surface layer of Al,O3/TiC
and SiAION ceramic samples, characterized by the index of defectiveness, and the value
of volumetric wear during abrasive action and high-temperature friction at 800 °C. It
can be seen that the intensity of wear of inserts made of the two ceramics under study
significantly increases under various conditions of external influence, with an increase
in the index of defectiveness (from P to G samples). The amounts of volumetric wear
during abrasive action were about 12.1 and 55.1 x 10~* mm?3 for specimens of the P group
with the minimums Ip of 0.002 um for Al,O3/TiC and 0.0015 pm for SiAION, respectively.
Increases in volumetric wear by 85 and 80% were recorded for specimens of the G group
with the maximums Ip of 1.56 and 1.27 um. A similar trend was revealed in assessing the
relationship between the index of defectiveness of the surface layer of ceramic samples
and volumetric wear at high-temperature friction of sliding. The volumetric wears for
Al,03/TiC and SiAION ceramics corresponded to the values of 8.0 and 11.2 x 10~° mm3
for specimens of group P (Ip of 0.002 um for Al;O3/TiC and 0.0015 um for SiAION), and
the volumetric wears increased by 55 and 42%, respectively, for specimens of group G (Ip
of 1.56 pm for Al,O3/TiC and 1.27 um for SiAION). The nature of the dependences is the
inversely proportional exponential of (a—e~¥) type, where a and b are empirical constants
and can be interpolated.
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Figure 16. Dependences of volumetric wear under abrasive action (1) and high-temperature friction
(2) of ceramic samples with a different state of the surface layer, characterized by the index of
defectiveness: Al,O3/TiC (a) and SiAION (b).

4. Conclusions

A new criterion, the “index of defectiveness,” was proposed to quantify the surface
layer defectiveness levels of ceramic products made of Al,O3/TiC and SiAION subjected
to various processing. The developed technique for performing a quantitative assessment
of the index of defectiveness includes determining the density of defects by contrasting the
surface with oblique illumination and the depth of the defective layer according to the R;
parameter through profilometry. The proposed index is an informative indicator, highly
sensitive to changes in the state of the surface layer by oxide—carbide and oxide-nitride
ceramics subjected to diamond grinding, additional lapping, and polishing.

The experimental studies of the influence of the state of the surface layer of cutting
inserts, characterized by the index of defectiveness, on the complex of physical, mechanical,
and tribological characteristics allowed the establishing that minimizing the proposed
index:

e significantly increases the wear resistance of the ceramic inserts” edges to chipping
and the resistance of the surface layer to abrasive wear;

e stabilizes the conditions of frictional interaction with the counter body in high-
temperature heating, and reduces the amount of volumetric wear of ceramic samples.
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