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Cutting inserts obtained by electrosintering aluminum oxide and silicon carbide
nanopowders have good mechanical properties and high thermal conductivity.
Comparative tests of plates made of a composite of Al,O; with 15 wt% SiC (As15-6)
were made. The material enables finishing and semi-finishing speeds to be doubled in
comparison with plates made of oxide and oxide—carbide cutting ceramics. It has been
established that the formation of microcracks at grain boundaries as a result of pore
formation and creep in the surface layers leads to chipping of the cutting edge. The
high chipping resistance of these As15-6 ceramics is due to their high dispersion and
the presence of inordinate mechanical stresses around the SiC grains.
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1. Introduction

The development of new composite materials for instrumental purposes is an important step in
the development of machine-building and other material-intensive industries [1]. Currently,
there is a wide range of difficult-to-machine alloys, and the correct selection of the tool material
for their processing is of great importance, as it increases the quality of the surface treatment of
the product, making it possible to eliminate some stages of post-turning processing, and reduces
tool wear. It should be noted that many technologies for obtaining materials are quite expensive,
and simplifying the process of obtaining them is also relevant [2].
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Many years of experience show that ceramic materials are extremely promising [3, 4].
Ensuring the necessary complex of attributes (such as strength, wear resistance and thermal
conductivity) requires the development of sound technological bases for obtaining new
ceramic materials.

Prediction of properties is the main problem in the creation of new materials and is
related to the fundamental “structure—properties” problem, the solution of which involves
solving a number of subordinate problems related to chemical composition and
manufacturing technology.

An increase in wear resistance, which is very important for ceramic materials, is possible if
composite polycrystalline materials with a fine structure are obtained. The use of nanosized
powder materials is promising in this regard [5, 6]. Since nanomaterials can significantly differ
in their properties and behaviour from coarsely dispersed particles of the same material, it is
necessary to conduct research to demonstrate the peculiarities of the use of such materials in the
manufacture of ceramic composites and form the basis for developing a system for predicting
the properties of nanocomposites. The high activity of nanosized powders, which is due to the
extensive surface and excess surface energy, requires the use of intensified manufacturing
modes [7, 8]. It is possible to increase the speed of consolidation due to the use of new methods;
for example, electroconsolidation—sintering in an electric field [9, 10]. This should reduce the
duration of consolidation, increase homogeneity and, as a result, yield a high-density composite
with a fine-grained structure.

The development of material for the manufacture of cutting plates for mechanized
processing requires, in addition to good mechanical properties (strength and crack resistance),
the study of thermophysical properties (thermal conductivity), due to the complex temperature
conditions experienced by the tool. A material capable of working in difficult conditions (high
temperature, exposure to high forces, subjected to friction) can be used in other fields as well—
for the manufacture of parts of gas turbine engines, thermal abrasive nozzles and various
sealing elements—which significantly increases the expediency of its development [11, 12].

The most important attribute of tool materials is their wear resistance [13]. It depends on
wear processes that occur under certain cutting modes with certain workpieces. At the
moment of metal cutting, the stress and temperature at the front corner of the cutter reach
such values that jamming occurs in a plastic state between the tool and the reverse side of the
chip (i.e., the workpiece), and the movement of the chip relative to the tool creates a zone of
intensive cutting in the chip, not far from the surface of its separation from the tool. This
generates heat, which partially goes into the chip, but can raise the temperature of some parts
of the tool up to 1000 °C [14].

Due to the high temperatures, tool wear processes can be not only mechanical but also
chemical [15, 16]. Abrasive wear occurs during the mechanical impact of hard particles [17],
hence the material of the tool must be hard and at the same time possess sufficient fracture
toughness. When the wear chamfer on the rear surface reaches a certain size, staining and
chipping of the cutting edge occurs. The intensity of such marking and chipping of the cutting
edge is determined by the dynamic properties of the machine, the processing modes and the
structure of the cutting material [18, 19].
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2. Experimental conditions

a-Al,O; micropowders from LLC “Khimlaborreaktiv” (Kyiv, Ukraine) and Al100
nanopowders produced by spray drying by NANOE (France) with a purity of 99.9% were used.
Tables 1 and 2 show the main physical properties of the powders, as well as data on their
chemical compositions.

Table 1. Main properties of the A1100 powder.

Parameter Value
Loss on ignition (wt%) 3/1
Average crystallite size/nm 150
Free density/g cm™ 1.1
Minimum purity (%) 99.9
Alpha phase (%) 100
Specific surface area/m® g ! 15+2
Granule size (d50)/um 35
Purity Al100
ALO; + MgO (wt%) <99.9
MgO (ppm) 1000
Na,O (ppm) <80
Si0, (ppm) <40
Fe,0O; (ppm) <20
K,0; CaO (ppm) <10

Table 2. Main properties of SiC nanopowder brand # 4629HW manufactured by Nanostructured &
Amorphous Materials (USA) (CAS # 409-21-2).

Parameter Value
Colour grey-green
Crystalline form cubic (3C)
Particle size/nm 80...100
Specific surface area/m” g™ 20...30
SiC content (%) 99
Si (%) 69.1
Free Si (%) 0.051
Free C (%) 0.35
Al (%) 0.003
Mg (%) 0.002
Fe (%) 0.012
C (%) 28.94
O (%) 0.53
Ca (%) 0.021

The cutting ceramic composite As 15-6 (SiC with 15 wt% Al,O; was sintered at 1500 °C,
pressure 40 MPa, holding time 3 min.
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3. Results and discussion

Investigation of the properties of As15-6 was made in the process of turning the thermally
treated steels 45 (40...45 HRC), HVG (58...60 HRC), ShH15 (58...60 HRC); and cast iron
VCh45 (38...40 HRC). The results were compared with an oxide ceramic (VO-13), oxide—carbide
ceramics (VOK-60, VOK-71), and an oxide—nitride ceramic (Kortinit). The comparison included
the working mode within the ranges v x f'x a=100...300 m/min x 0.085...0.3 mm/rev x
0.1...0.5 mm, where v is tool speed, f'is feed and a is cutting depth. Figs 1 to 4 present the
results in the form of dependencies between cutting strength and cutting speed for different
cutting modes, and also dependencies between flank wear and cutting time. Cutting strength
was determined as the time over which this wear reached the value 2 = 0.3 mm.
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Figure 1. Dependency of wear resistance (quantified as tool life 7)) of ceramic cutting plates on cutting
speed during treatment of steel ShH15 (58...60 HRC): 1, As15-6; 2, ONT-20; 3, VOK-60; 4, VO-13
(cutting mode f'x @ = 0.15 mm/rev x 0.2 mm, where f'is feed and « is cutting depth).

In the process of turning rolls of hardened steels HVG and ShH15 with cutting parameters
v X fxa=120 m/min x 0.1 mm/rev x 0.2 mm the cutting strength of composite As15-6 was
about the same level as that of VOK-71 plates, amounting to about 65 min. The roughness of the
surface was R, = 0.70. When the feed reached /= 0.25 mm/rev the strength of the plates of
As15-6 decreased twofold, and for the plates of VOK-71 fourfold; the plates of VOK-60 spalled
within the first seconds of turning. When the cutting speed reached 200 m/min the strength of
the plates of As15-6 composite was 15 min; it was five times less than the strength of the plates
of VOK-71.

Fig. 2 presents the dependency between flank wear of the cutting edge on the turning time
for some cutting plates of various materials; wear intensities of plates of oxides and As15-6 are
compared. One of the tasks in developing new composite ceramic cutting materials is to obtain
better thermal and physical properties to provide favourable temperature conditions for cutters
working at higher processing speeds. The thermal conductivity of the material obtained
(0t=9.4-10° m?/s) exceeded those of the existing oxide—carbide equivalents at least 1.5 times,
ensuring that heat removal rate is higher in the cutting zone; this is very important for ceramics
that are heat-sensitive, and the consequences are manifest in Fig. 2.
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Figure 2. Dependency of flank wear / on the processing time for steel 45 (40...45 HRC) plates of: /,
As15-6; 2, VOK-71; 3, VO-13 (cutting mode v X f'x @ = 200 m/min x 0.085 mm/rev x 0.2 mm).
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Figure 3. Dependency of the wear resistance of cutting ceramic plates on the cutting speed during proces-
sing of cast iron VCh45: 1, As15-6; 2, VOK-71; 3, ONT-20 (cutting mode / x @ = 0.2 mm/rev x 0.5 mm).
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Figure 4. Dependency of ceramic cutter plate strength during turning steel 45 (40...45 HRC) on cutting
speed: 1, As15-6; 2, ONT-20; 3, VOK-71; 4, VO-13 (cutting mode /' x @ = 0.085 mm/rev x 0.2 mm).
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The wearing of cutting ceramics is accompanied by the creation of a hole on the rake face
and a dimpled zone on the flank face (Fig. 5). Our results demonstrate that the wear of cutting
ceramic Asl5-6 can be considered through universal wear dependencies of the cutting
instrument [20]. After diamond turning, the grains in the oxide, nitride and carbide phases of the
ceramic have a certain dislocation density; in the process of external friction during cutting the
dislocation density in the grains increases.

Figure 5. Wear of the rake (A) and the flank (B) faces on the cutting edge of an As15-6 plate after testing.

The analysis of microphotographs of the wear surface demonstrates that wear of the As15-6
ceramic is concomitant with microdeterioration of the grains as a result of an increase in
dislocation density up to critical, cyclic slacking and grain breakaway.

Fractographic analysis shows the predominance of the grain-boundary fracture mechanism
(intercrystalline), while the fracture of big grains is transcrystalline (Fig. 6). The development
of microcracks on the grain boundaries due to pore formation and creep in the surface layers
leads to spallation on the cutting edge. High spallation resistance of As15-6 ceramic is conditioned
by its high dispersity and presence of excess mechanical stresses around the SiC grains.
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Figure 6. Cutting edge (A) and fracture pattern (B) of a cutting plate of As15-6 composite.
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After the diamond turning the surface layer of the ceramic is solid up to a depth of 2...5 um
and without high internal stresses in the volume. The porosity of As15-6 ceramic does not exceed
1%; the pores are round, which also decreases stress concentration in the volume (Fig. 7).
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Figure 7. Surface structure of As15-6 composite after diamond turning.

Structural analysis for ceramics VO-13, VOK-60, VOK-71 and ONT-20 with scanning
electron microscopy demonstrates that these instrumental materials can be considered as
disperse-reinforced materials [21, 22]. According to the grade of the ceramic, its matrix is
hardened with particles of oxides and carbides (TiC, TiN, ZrO, etc.) [23, 24]. The material is
reinforced with SiC particles. The size of Al,O; particles in ceramic VO-13 exceeds 3 um.

In an oxide—carbide ceramic the size of the Al,O; grains reaches 2...5 um, and those of TiC
reach 0.2...0.7 wm. The size of reinforcing particles in As15-6 is 50...100 nm. The content of
reinforcing particles (TiC, TiN, SiC) in ceramics varies: for example, in the VOK-60 oxide—
carbide ceramics it reaches 40 wt%, but in As15-6 it is only 15 wt%. The physical and
mechanical properties of As15-6 and some cutting materials are given in Table 3.

Table 3. Physical and mechanical properties of some cutting ceramics.*

Method of p/ o/ Kic/ Al Grain size/

Name obtaining HRA gem> GPa MPam'"> Wm'K" pum
CC620 Hot pressing 93 3.97 0.48 6.1 - 2
VO-13 Sintering 92 3.95 0.50 3.5 20 3.4
VOK-60 Hot pressing 94 4.30 0.60 4.2 22 2.3
ONT-20 Hot pressing 90...92 4.39 0.64 4.5 - 2
VOK-71 Hot pressing 92...93 4.52 0.65 5.6...6.0 22 2.3
Asl5-6 Hot pressing 94 3.83 0.85 6.5 23 2

“HRA is Rockwell hardness A scale, p is density, o is bending strength, K¢ is the crack resistance
coefficient and A is thermal conductivity.
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Disperse reinforcement of materials is determined by the morphology and the size of the
particles in the reinforcing phase, the content, and the strength of interphase boundaries [25,
26]. This strength depends on the ratio of the elasticity coefficients of the reinforcing phase and
the matrix, their thermal expansion coefficients, and the solubility in the reinforcing phase in
the matrix. The higher the ratio of the elasticity coefficients in the matrix and reinforcing
phases, the higher the stress concentration on the interphase boundaries. Table 4 gives the ratio
of the elasticity coefficients of the reinforcing phases to the elasticity modulus of the matrix,
and the ratio of the thermal expansion coefficients.

Table 4. Ratios of elasticity coefficients and thermal expansion coefficients.

Ratios of Young’s moduli £ and TiN TiC SiC
coefficients of thermal expansion « AlLO, AlLO, AL,
E\ /E, 0.7 1.3 0.9

Table 4 shows that in the aluminium oxide matrix, silicon carbide gives a higher stress
concentration on the interphase boundary than titanium carbide or titanium nitride. Besides,
SiC grains are more disperse; therefore they are more coherent with the matrix. Thus, the high
wear resistance of As15-6 during the processing of hardened steels can be explained by the
higher strength of the interphase boundaries.

A potential reaction and the type thereof between the material being processed and the
structural components of the cutting ceramic can be predicted on the basis of calculation of
thermodynamic potential.

The present results demonstrate that the temperature in the cutting zone in fine surface
layers can reach the Fe, — Fe, phase transition temperature of iron. High pressures initiate
dissociation of iron carbide. Thus, the main elements diffusing into the surface layers of the
ceramics would be ionized iron and carbon, as they are in austenite. However, calculation
demonstrates that for the reaction Al,O; + 2Fe — 2Al + Fe,0; the thermodynamic potential is
positive over a wide range of temperatures and the reaction is energetically unfavourable.

Reactions with carbon such as 2A1,0, +9C — Al,C;+ 6CO can run at temperatures
> 1800 °C, which is beyond the working temperature of the cutting tools. At a temperature of
1100...1300 °C, reaction between Al,O5 and the silicon, magnesium or calcium (their oxides)
contained in steel is possible.

X-ray analysis does not reveal carbides and pure Fe and Al in the chip and materials under
processing as the result of potential renovation of their oxides. However, contact area strata of
the material being processed contains the oxides FeO and Fe,0;.

Experimental data were used to obtain the empirical mathematical dependencies of the main
strength characteristics, notably the microhardness H; and the crack resistance coefficient Kj:

y
Hv(Tax)=Ao+DT—_D» (1)

X
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where
2 2
T-T, T-T-\+T-T,
DT=n+(—C] —bT-[| c C) ; @)
WT 2‘WT
1 X—X 2 X=X —|x—x | :
D =—4| 2 2C | _p | € 17 7€ :
Ton ( W, J x{ 2-W, ) G)
A
Kic (T,x) =4y + 5 >
Nt T_TC . l+ x_xC (4)
WT n Wx

where T'is here the sintering temperature, x is the SiC content in the primary mixture in wt%; 4,
is the tool—chip contact area before wear; 4 is the area after wear; W, and W, are coefficients
giving the influence of 7 and x on the width of the tool—chip contact area, by, b, are the
coefficients of thermal conductivity, and 7 is the coefficent of heat partition. These equations
(1)—(4) are three-dimensional variants of the Lorentz function [27]. Numerical values of the
coefficients for these equations are given in Table 5.

Table 5. Coefficients for equations (1)—(4).

Td/
°C
for Hy 8.0 16.8 1620 180 15.1 30,0 0.8 0.5 1.3

Factor Ay A Wy /8 br b, n

for Kic 35 33 1560 120 15.0 0.6 - - 1

Plots of these functions are given in Fig. 8. They show that the optimal amount of SiC
additive in the composite under consideration is 15 wt%, and the optimal consolidation
temperature for this composition is 1600 °C. The inclination of planes can be used for
estimation of the impact of each primary parameter on the hardness /|, and stress intensity
coefficient K, -
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Figure 8. Dependency of the microhardness H, (upper) and the stress intensity coefficient K| (lower)
on the sintering temperature 7};,, and SiC content in the A1,0;—SiC system.

4. Conclusions

Comparative studies of various cutting ceramic materials show that the main reasons for the
high wear resistance of oxide—carbide ceramics when processing steels are their fine-grained
structure and the substructural and dispersed strengthening mechanism. In white Al,O4
ceramics, the grains contain dislocations; hence the grains are not capable of storing
deformation energy, as a result of which microdestruction of the Al,O5 grains occurs in the
surface layers of the tool. It follows that increasing the resistance to brittle fracture of oxide—
carbide ceramics and the stability of their cutting properties can be achieved by reducing the
size of the grains in the matrix, which is realized when using carbide (TiC, SiC) additives.
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Tests of the composite material, made in this work, during turning of high-strength alloys
demonstrate that it allows the speed of finishing and semifinishing to be increased twofold
compared to plates made of oxide and oxide—carbide cutting ceramics. The novel
nanocomposite material is four times higher than domestic high-speed steel and two times
higher than modern cutting materials based on Al,O; of foreign production, in terms of
thermomechanical properties. Further improvement of performance and reliability of As15-6
ceramics can doubtless be achieved by optimization of the diamond processing régime,
polishing (smoothing of irregularities), spraying of the defective surface layer, as well as by
mechanically dampening the tool in the normal direction. The latter can be achieved by
increasing the thickness of the plates.
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