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This paper considers features related to man-
ufacturing the chromium oxide-based tool materi-
al. The process involved ultra-dispersed powders
made of aluminum nitride. It has been established
that the destruction of chromium oxide at high sin-
tering temperatures is prevented through the reac-
tion sintering of chromium oxide (Cr,03) and alu-
minum nitride (AIN).

It was established that the structure of the
composite depends both on the temperature and
the duration of hot pressing. Thermodynamic cal-
culations of the interaction between Cr,03 and AIN
showed that this interaction begins at a tempera-
ture of 1,300 °C. In contrast to hot pressing in the
air, no CrN and CryN compounds were formed in
a vacuum. With increasing temperature, the con-
tent of Al,Osin solid solution becomes maximum at
a temperature of 1,700 °C in the case of hot press-
ing in the air while in vacuum the content of Al,03
remains unchanged within the entire temperature
range of 1,300—1,700 °C. When increasing the
time of hot pressing to 30 minutes, the size of indi-
vidual grains reaches 10 um. It has been shown
that in the sintering process involving Cr,03 and
AIN, the plasma-chemical synthesis produces the
solid solution (Cr, Al) ,03 at the interphase bound-
ary, which improves the mechanical properties of
the material.

The influence exerted on the quality of the
machined surface of tempered hard steel when
machining by the devised tool material based
on chromium oxide with an optimal admixture
of 15wt % of ultra-dispersed aluminum nitride
powder was investigated. It was determined that
the quality of the machined hard steel surface
improved compared to standard imported tool
plates.

It was established that the resulting tool mate-
rial, in addition to relatively high strength and
crack resistance, also demonstrates high thermal
conductivity, which favorably affects the quali-
ty of the machined steel surface, given that lubri-
cants and coolants are not used during the cutting
process

Keywords: hot pressing, tool material, alu-
minum nitride, chromium oxide, ultra-dispersed
powder
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1. Introduction

For machining, the quality of the cutting tool materials
is one of the most important issues that need to be addressed.
Increasing the productivity of the cutting tool can be achieved
through the use of modern composite ceramic cutting materi-
als [1]. These materials should demonstrate the following set
of properties: high hardness, wear resistance, strength, impact
viscosity, oxidation resistance [2, 3]. In addition, cutting tool
materials must be able to withstand extreme cutting conditions
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such as high temperature and friction between a workpiece and
the cutting tool surface. This can be achieved through surface
treatment, as well as by applying hot pressing and spark plasma
sintering — two basic processes used to make such tools.

The availability of a variety of machined metals neces-
sitates designing a wide range of cutting materials, each
of which would have its specific application area [4, 5]. Po-
tential fields of the practical application of various cutting
materials depending on the cutting speed and feed rate are
shown in Fig. 1 [6].
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Cutting speed, m/s

Study [16] reports the development of a
cutting tool alloyed with zirconium oxide of
aluminum oxide with the addition of chromi-
um. Its design involved a solid state process
in which aluminum oxide powders (Al;O3),
zirconium oxide (ZrQO,), and chromium ox-
ide (CryO3) were processed in a ball mill.
Compaction was carried out by cold isostatic
pressing, sintering — at a steady temperature
of 1,400 °C with a soaking time of 9 hours.
The manufactured cutting tool was able to
reach a service life of 225 s at a cutting speed
of 200 m/min and a feed rate of 0.15 mm/rpm.
However, at higher cutting speeds, the de-
signed tool failed to operate; the wear mecha-
nisms of manufactured cutting tools were not
fully investigated.

In [17], the study focused on the analysis
of friction and wear of ceramic cutting tools
made from Al,O3, ZrO,, and CryO3. The tool

0 0.2 0.4 0.6 0.8
Feed rate, mm/rev

Fig. 1. Typical fields of the practical application of various cutting tools:
1 — ceramics; 2 — cermet; 3 — hard alloy; 4 — coated hard alloy;
5 — fast-cutting steel; 6 — fast-cutting coated steel

Fig. 1 shows that materials with higher high-tempera-
ture hardness can be used at high cutting speeds [7]; those
with enhanced strength — at high feed rate values [8].

The wear resistance of the material is higher, the higher
the hardness of the material [9, 10]. However, since different
types of wear include the phenomena of diffusion, adhesion,
electrochemical wear, depending on the material being ma-
chined and the conditions of machining, intense wear can be
observed even in those materials that possess high hardness.
In the modern process of metalworking, tools based on re-
fractive compounds of four types are used: hard alloys, tung-
sten-free hard steels, carbide steels, and ceramics [11, 12].

Once we consider the dependence of the cutting speed
on the mechanical characteristics of the cutting materi-
al (Fig. 1), it should be noted that at high cutting speed
and low feed rate, materials with high hardness and low
strength [13, 14] can be used. These properties are inherent
in ceramic materials. At great cutting depths, high mechan-
ical strength is required, possessed by hard alloys [15]. This
reduces the cutting speed. In addition, hard alloys have
the optimal set of necessary properties for the cutting tool,
which can be the benchmark both in structure and proper-
ties when designing a new cutting material.

Devising highly efficient tool ceramic materials is a
relevant task of our time as it increases the productivity of
machining, as well as the wear resistance and quality of the
finished parts. In addition, it contributes to expanding the
scope of application of tool materials by eliminating the cost-
ly grinding processes involving diamond abrasive wheels.

2. Literature review and problem statement

Great attention is paid to issues related to improving the
mechanical properties of tool ceramics, producing tool ma-
terials based on chromium oxide, and determining patterns
of influence of impurities, in particular aluminum nitride, on
the structure and properties of tool materials.

1.0 1.2

was manufactured at machine AISI 1045.
In that case, it was possible to increase
the tool’s service life by 51 % compared to
Al,O3-ZrO, and an improvement of almost
800 % compared to Al,Os. The addition of
Cry03 enhanced the growth of Al,O3 grain,
which contributed to better particle compac-
tion and made it possible to obtain higher density, bending
strength, and hardness. However, there remain unresolved
issues related to the dependence of the microstructure of
ceramic compacts obtained from AlyO3—-ZrO,—CryO3 with
a mixing coefficient of 80-20-0.6 wt % on the tetrago-
nal-monoclinic transitions.

Paper [18] investigated the wear of the cutting tool
ZTA-TiOs—Cry03 and the roughness of the machined sur-
face of stainless steel 316L. The experiments were carried
out at cutting speeds from 314 to 455 m/min, a feed rate
from 0.1 to 0.15mm/rev, and a cutting depth of 0.2 mm.
For the lathe operation, the experiment made use of a lathe
machine with numerical control. In addition, an optical
microscope was used to analyze the side wear and the wear
of craters, while the area of chips was observed using scan-
ning electron microscopy. The lowest obtained values of the
side wear, the wear of craters, and surface roughness were
0.044 mm, 0.45 mm?, 0.50 pm, respectively, at the highest
cutting speed of 455 m/min and the highest feed rate of
0.15 mm/rev. The limitation of the cited study is that the
patterns of influence of impurities on the mechanical and
operational properties of the resulting ceramic cutting tool,
tempered on the basis of ZTA-TiO,—Cry03, were not fully
considered.

The authors of work [19], in order to improve the physical
and mechanical properties of ceramics, considered the pecu-
liarities of the formation of the microstructure of composites
based on zirconium dioxide nanopowders, chemically syn-
thesized using the method of decomposition of fluoride salts.
It was established that reducing the porosity of nanopowders
in the process of sintering is the key task on the way to the
formation of high-density materials. It has been shown that
an increase in the content of aluminum oxide nano additives
leads to an increase in the strength and crack resistance of
samples by simultaneously curbing the abnormal growth of
grains and forming a smaller structure with a high tetrago-
nal phase content. The limitation of the cited work is that



thermogravimetric studies were not carried out in full when
sintering with various additives. In addition, not all samples
were tested for the mechanical strength of the material, the
mechanical properties were not fully compared with known
world manufacturers of such materials.

Paper [20] proposes a method for quantifying the effect of
alloy oxide on the coexistence of microstructure phases, the
mobility of non-polarized ceramics charge carriers alloyed
by different amounts of FesO3 and CryO3. The measurement
of electrical properties has shown that the doping of chro-
mium and iron oxide contributes to the development of the
tetragonal structural phase and leads to the transformation
of the rhombohedral structure into a cubic shape. Chromium
oxide is faster at driving the mobility of charge carriers of
non-polarized material than iron oxide. Moreover, the ad-
dition of both chromium oxides and iron oxides contributes
to an increase in the size of the tetragonal phase crystal. On
the other hand, the size of the rhombohedral phase crystals
increases due to the addition of iron oxide and decreases
when alloying with chromium oxide. However, there remain
unresolved issues related to determination the influence of
the structural arrangement of composites based on chromi-
um oxide on wear resistance. In addition, correlation bonds
of thermomechanical properties were not considered.

n [21], the residues of the metallurgical industry, rich
in Cr(III), were used for the synthesis of ceramic pigments.
Cry03 chromium oxide was successfully separated from
chromium waste by washing to extract soluble salts and py-
rolysis up to 1,000 °C to decompose hydrated oxides, remove
organic traces, and finally obtain appropriate oxides. Cr(III)
oxide is accompanied mainly by AI(IIT) oxide and other
insignificant impurities compatible with the composition
of white ceramic raw materials. Thus, the chemical compo-
sition for the synthesis of ceramic pigments was obtained.
The coatings had a homogeneous microstructure, without
surface defects. The leaching test confirmed the assumption
that vitreous dangerous chromium stabilizes well in vitre-
ous matrices. In this way, ceramic technology contributes
to inertization of this hazardous waste, destruction of the
organic matter, reduction of the volume of wastes and its
transformation into a useful material, with potential for
commercial purposes. The limitation of the cited study is
that the method for preparing the material used in the cited
work is expensive. In addition, no comparative analysis of
the quality of the resulting surface of ceramic material with
known world analogs was carried out.

Paper [22] analyzed and compared the advantages and
disadvantages of technologies and processes used to deter-
mine the most appropriate methods for designing ceramic
cutting tools. The latest improvements in materials for ce-
ramic cutting tools are considered. It has been shown that
the choice of ceramic cutting tools is a rather complicated
process, which should take into consideration a series of
important factors. However, the cited paper does not fully
take into account the chemical composition of the studied
materials and structural transformations in them at friction.
The wear resistance criteria discussed can be used for limit-
ed operating conditions and individual groups of materials.

The authors of [23] reported a study aimed at under-
standing the interphase tribological behavior when different
types of tools are used for machining soft steel (MS) and
high-chromium stainless steel (ST). The results show that
fast-cutting steel (HSS) suffers severe abrasive wear at MS
and causes serious ST sticking problems. It was established

that the oxide scale on the surface of metal slip contributes
to wear resistance. However, for high-chromium stainless
steels, oxidation is significantly inhibited by the formation
of a protective layer of chromium (CryO3 or (Fe;_Cry)203),
which is self-repaired at high temperatures. This layer can
prevent iron diffusion outwards and oxygen diffusion inside,
leading to several issues during hot molding, such as uneven
tool wear and sticking phenomenon.

The review of studies has shown that chromium oxide
with the additives of ultra-dispersed powder of aluminum
nitride is a promising material for use in tools with improved
cutting and anti-wear properties. When designing a cutting
tool, the focus is on the investigation of the mechanical
characteristics of the material, especially crack resistance
and hardness. When conducting friction and wear tests, the
impact of the structural structure of composites based on
chromium oxide on wear resistance is mostly not taken into
consideration. In most studies, no correlation bonds between
the thermomechanical and tribological properties were es-
tablished. Almost unattended were those issues that relate
to the compatibility and mutual impact of the tribosystem
“ceramic composite — metal” on the friction processes in the
contact zone.

Thus, the task of determining the effect of ultra-dis-
persed additives of aluminum nitride on the structure and
physical-mechanical properties of tool ceramics needs to be
addressed. In addition, designing effective cutting tools, im-
proving the quality of machined surfaces of high-alloy steels,
using modern methods for the formation and sintering of
nanopowders create new opportunities to produce composite
materials with high operational capabilities.

3. The study materials and methods

The purpose of this study is to determine the effect of ul-
tra-dispersed additives of aluminum nitride on the structure
and physical-mechanical properties of tool ceramics based
on chromium oxide, which could make it possible to produce
tool material with high performance properties.

To accomplish the aim, the following tasks have been set:

— to investigate the microstructure of composite materi-
als based on chromium oxide under hot pressing;

— to determine the regularities of influence of aluminum
nitride additives on the structure and physical-mechanical
properties of tool materials based on the synthesized chro-
mium oxide nanopowder;

— to compare the quality of the machined surface of the
high-strength alloyed steel of the designed tool material
with the best imported analogs.

4. The study materials and methods

We used the following powders manufactured by Sig-
ma Aldrich Chemie GmbH (Germany): Cr,Os3 the size of
1-3 pm, and AIN A200 the size of 0.7-1.8 pm.

The mixtures were mixed in agate drums in a planetary
mill with a rotational speed of 5 m/s for 30—-40 minutes.

Ethyl alcohol was used as a mixing medium.

The ratio of the starting mixture, alcohol, and mixing
balls was, respectively, 2:1:1. After mixing, the mixtures
were dried and rubbed through sieve No. 0064. The mix-
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tures of powders “chromium oxide — aluminum”, “chromium



oxide — aluminum nitride” were subjected to briquetting in
steel molds in a vacuum. To study the structure formation
and properties in these powders at high temperatures, bri-
quetted samples were subjected to hot pressing in a vacuum
at a pressure of 30 MPa at the installation for electric sin-
tering.

Some physical and mechanical properties of the obtained
composites (Cr, Al);O3—CrN were determined according to
the generally accepted procedures by using standard equip-
ment [24, 25]. The bending strength limit was determined
with the help of the MH-1 test machine on samples the size
of 5x5x35 mm when applying a concentrated force at a speed
of 40 m/s; the number of samples — 5 pieces per pack.

The compression strength limit was determined at the
UMN-10 test plant. Samples were polished to the purity
specified by GOST 2789-73 to the size of 5x5x10 mm; the
number of samples — 5 pieces per one point.

The hardness of the obtained compositions was mea-
sured by the PM T-3 microhardness meter using instructions
for optimal load values and the time of their action.

The crack resistance of materials was determined by
identification involving the Vickers pyramid using carefully
polished microsection according to the procedure proposed
in [26].

The viscosity coefficient of destruction, characterizing
the crack resistance of the sample, was determined from the
following expression [27]:

IS (HOY™ H g%
K,.=0016-]—| =% — , 1
o (3) {75) ®

where Hyis the micro-hardness, GPa; E is the Young module,
GPa; F — a constant, F=3; [ is the length of the crack from the
angle of the Vickers pyramid, m; a is the half-band finger-
print of the Vickers pyramid, the average distance from the
center of the imprint to the end of the crack, m.

Apparent density, relative density, and porosity were
determined according to the methodology set by GOST
20018-74.

X-ray images of powder samples were acquired from the
diffractometers “Dron-3.0” and URS-50 in Cu,-radiation
with a Ni-filter.

The acquisition of fractograms of breaking surfaces was
carried out at a raster electron microscope.

Micro-X-ray spectral analysis was carried out at the
Camscan raster electron microscope, which makes it pos-
sible to determine the qualitative, semi-quantitative, and
quantitative distribution of elements at certain points of the
surface.

The qualitative chemical analysis along the line was
carried out with the help of ILink-860 system; the quanti-
tative chemical analysis — employing the ZAF-4 software.
In semi-qualitative analysis, computer simulation was used.

When processing the results of experiments, the methods
of mathematical statistics were used [28, 29].

Metallographic studies of the structure of the obtained
materials and their photographing were carried out at the
metallographic microscopes MIM-8 “Neophot-2” in reflect-
ed light with magnification from 300 to 1,000 times.

To obtain high-quality micro sections, we machined the
sample plane at the universal-sharpening machine ZB456.
In this case, the sample was fixed in a special mold and con-
sistently polished with diamond wheels with a grain size of
60/40, 20/14,7/5, 3/2 pm using a cooling water-based liquid.

The thermal conductivity coefficient was determined
at room temperature on samples of a rectangular shape of
15%15x1 mm at the device for measuring the thermal con-
ductivity NT-3 MHTI.

Tempered steel 13HV (HRC 57...60) was used as the
material for machining.

The roughness of the machined surface was investigated
at the special device KEYENCE (Japan) shown in Fig. 2.

Fig. 2. Device for measuring roughness and quality of the
machined surface

The KEYENCE device (Fig.2) makes it possible to
determine the quality of the machined surface of the part
for several indicators at once. With its help, we determined
the profile of the machined surface, roughness parameters,
as well as the topography of the surface in general, based on
the distribution of heterogeneities in the surface layer of the
samples studied.

The tribological tests of sintered samples were carried
out at an ambient temperature of 25 °C and relative humidity
of 50 % at the Microngamma device. The structural diagram
of the device is given in [30]; in the test mode of pin-on-disk
at reciprocating friction — in [31]; at the friction machine in
the test mode of ball-micro section (calo-test) — in [32].

The surfaces of the samples were pre-polished using SiC
materials up to 5 um and an oxide suspension based on col-
loidal silicon dioxide particles the size of 100 nm.

Tests involving the reciprocating friction of sintered
samples were carried out by a diamond conical indenter with
a rounding radius at a top of 50 um at a load of 500 mN and
a slip speed of 20 pm/s.

The wear of friction paths was measured at the contact-
less 3D Micron-alpha interference profiler, consisting of an
optical electron unit and a system of micromirrors [33, 34]. It
registers surface irregularities at nanometric accuracy, which
makes it possible to measure the volume of the friction path.

Based on the acquired experimental data, we determined
the wear rate from the following expression [35]:

I= : (2)

where Vis the volume of the friction path (the loss of sample
wear volume), pm?;

Py is the applied normal force, N;

L is the path length (the distance covered by the indenter
per one cycle), um;

n is the number of cycles.

The tests met international standards ASTM G99-959,
DIN 50324, and ISO 20808.
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tion make it possible to effectively use such

ceramics for machining cast iron. However, in

terms of ensuring the quality of the machined surface, of
interest is the CryO3-based cutting ceramics. This mate-
rial has good abrasive properties and is used as polishing
pastes [39, 40]. Chromium oxide, being a refractive ma-
terial with a high melting point and oxidation resistance,
is widely used to produce ceramics. In addition, CryO3 is
a carrier for catalysts or is part of them, which makes it
possible to use such catalysts up to 1,000 °C, without a
noticeable change in composition [41]. Table 1 gives the
comparison of the physical and mechanical properties of
chromium and aluminum oxides.

Table 1 shows that the CryO3 material has a higher hard-
ness and melting point than Al,Os.

Chromium forms a series of oxygen compounds CrO,
Cry03, CrO3 whose physicochemical nature, the properties
and mutual transitions are complex and diverse. Between
these oxides, there are several intermediate oxygen com-
pounds whose compositions have not yet been precisely estab-
lished. The higher chromium oxide CrOjs has a low melting
point (about 195 °C) and, when heated, decomposes into a se-
ries of intermediate oxides. Chromium oxide CrO is unstable
in the air and quickly turns into a stronger oxide CryO3. The
Cr-O state diagram is shown in Fig. 3.

The Cr-O state diagram (Fig.3) demonstrates that
at temperatures below 1,600 °C there is a two-phase re-
gion Cr+CryOs, and, within the temperature range of
1,600-1,660 °C, there is a two-phase region Cr+Cr3Oy. The
Cr+Cr3O4 materials (31.58 wt %) have a region of non-mix-
ing between 780 and 1,300 °C.

Chromium oxide CryOj is industrially produced from
chromite ore by obtaining an intermediate compound of
sodium bichromate, as well as direct oxidation of chromium.
Cry03 has a thombohedral lattice, the type of Al,Os3, with
the following parameters of the elementary cell: a=4.950 A,
c=13.665 A, ¢c/a=2.761 at 20 °C.

Chromium oxide begins to decompose at a temperature
of 1,257 °C, at 1,200 °C — with the formation of Cr30,. It
is likely that the reasons for the discrepancy in dissociation
temperature are related to the private reduction of Cr3*
to Cr?".

The caloric value of chromium oxide formation at 2,516 °C
is equal to 4,691.4 kJ/mol. Specific electric conductivity at
20 °C ranges between 3.4-10° and 1.2:10* Ohm™'-m™.

Chromium oxide is characterized by exceptional chem-
ical inertia, which is a great advantage in the processing of
various alloys. The oxygen and temperature limit of stability
is determined from the following dissociation reaction [42]:

Cr,0, & 2Cr+%02. 3)

The dissociation pressure P(‘)’f, MPa, and dissociation
temperature are related via the following equation [43]:

lgPs" =O.1~[7.16— 4)

3,579]
|

Dissociation negatively affects the sintering and hot
pressing of chromium oxide. It is known to limit the oxygen
content in the gas environment, with a decrease in which the
number of oxygen vacancies in the oxide increases, so the
sintering occurs better. The partial pressure of oxygen P(‘)"f
over the oxide is [44]:

—4/3
’

Py =K**[Cr] (5)
where K is the equilibrium constant.

The creation of dense and high-strength chromium ox-
ide is complicated by the decomposition and evaporation of
Cry0Os3, the result of which is microporosity that reduces the
mechanical characteristics [45]. The main gaseous product
on the surface of chromium oxide is chromium anhydride
Cry03, so weight loss occurs due to the following reaction:

Cr,0y

har

)%02 2Cr0,. (6)

Dissociation of chromium oxide can be damped by rapid
compaction and the creation of closed porosity by applying
high pressure. One of the promising ways to obtain dense
articles from CryOj is to introduce additives that actively
interact with the oxide and thereby prevent its dissociation.
One of these materials is ultra-dispersed aluminum nitride
powder. Aluminum nitride has high enough thermal con-
ductivity, so its addition to chromium oxide helps increase
the thermal conductivity of the tool material in general [46].



In addition, the comprehensive study of dielectric charac-
teristics in wide ranges of frequencies, electrical resistance,
and thermal conductivity of AIN-based com-

the content of Al;O3 remains unchanged throughout the
temperature range of 1,300-1,700 °C.
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Designing tool materials with the high 075

wear resistance, without the use of lubricants,
and high quality of the machined surface,
low roughness, which could replace some
technological processes of grinding with fine
turning, is a relevant task.
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the temperature and time of hot pressing, 7 relu
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nitride” were pre-pressed in steel molds.
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vacuum. This is due to the fact that the air gg |---
is pressed (compressed) and its pressure can 0.75
reach 10 MPa [48]. ‘

Subsequently, after removing the load, 099
compressed air expands and leads not only to  0.90
an increase in porosity but also, in some cases, (.85
to the stratification of the sample. The com-
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parison of the estimation and experimental
porosity values in the case of pressing in the air 0.75
revealed that they are approximately the same.  0.95

After cold pressing in a vacuum, the samples ) g
were installed in graphite molds and subjected 0.85
to hot pressing. The hot pressing was carried
out at temperatures of 1,500-1,700 °C under 0.80
a pressure of 15-30 MPa. The kinetics of hot ¢, 750

pressing the mixture CroO3 —15 wt % AIN are
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shown in Fig. 5.
Fig. 5 shows that increasing pressure
and temperature increases relative density,

Fig. 5. Dependence of the relative density on the temperature and time of
hot pressing for the mixture Cr,O3 —15 wt % AIN: 1 — at a pressure of
30 MPa; 2 — at a pressure of 20 MPa; 3 — at a pressure of 15 MPa

and accordingly, decreases the porosity. The ;7

densest samples can be obtained at a pres-
sure of 30 MPa and a hot-pressing time of
4—6 minutes.

The lower temperature limit of hot press-
ing of 1,500 °C was chosen on the basis of the
differential thermal analysis of the mixture

1,435

CryO3-15wt % AIN (Fig.6), according to 200 400

which the interaction in this system begins at a
temperature of 1,435 °C.

The thermodynamic calculations of the interaction of
chromium oxide with aluminum nitride showed that the in-
teraction between them begins at a temperature of 1,300 °C.
Table 2 gives the equilibrium content of the components
formed during the reaction process. Calculations were car-
ried out according to a specially developed program for ideal
multicomponent heterogeneous systems [49].

Table 2 demonstrates that with the hot pressing in the
air, the (Cr, Al);03, CryN, CrN, Cr compounds are formed.
Unlike hot pressing in the air, no CrN and CrysN compounds
are formed in a vacuum. As the temperature rises, the Al,O3
content in solid solution is maximum at a temperature of
1,700 °C in the case of hot pressing in the air; in a vacuum,

600 800 1,000 1,200 1,400 1,600 1,800 T,°C

Fig. 6. Heating thermogram of the Cr,O3 —15 wt % AIN mixture in argon

X-ray phase analysis of the samples, hot-pressed in the
air at a temperature of 1,600 °C, confirmed the presence of
(Cr, Al)»03, CrsN, CrN phases.

Fig. 7 shows the structure of the composite obtained by
hot pressing in the air from the mixture of CryO3 —15 wt %
AIN at different temperatures.

At a temperature of 1,500 °C, the structure consists of
gray and white phases, and, at 1,700 °C, dark areas are visi-
ble, which is likely the compound Cry 36Alg.6403, judging by
the data of chemical analysis (Tables 3, 4).

Quantitative analysis (Table 4) reveals that at 1,700 °C,
a large amount of aluminum is contained in the dark oxide
phase of the composite. It is a solid solution of Cry 4Aly ¢O3. In



the gray phase, the content of aluminum is much smaller, and
it mainly consists of chromium oxide CryO3. The structure
of the composite depends both on the temperature and the
time of hot pressing. With an increase in hot pressing time to
30 min, the size of individual grains reaches 10 pm (Fig. 8).

Table 2

Data of the thermodynamic calculation of equilibrium
content of components in a composite with the output

mixture Cry03 — 15 wt % AIN, mol /kg Fig. 7. The structur.e of composite material §r203 —1§ yvt %
AIN, hot-pressed in the air under the following conditions:
o P, MPa a— P=30 MPa, 7=1,500 °C, t=10 min; b — P=30 MPa,
T,°C Component X
30 0.0098 0.0098 7=1,700 °C, t=10 min
CryO3 0.4827 0.9994 0.9994 P
Al,O3 0.0069 0.0002 0.0002
1,300 CrN 0.4979 — —
CryN - - -
Cr 0.0009 0.0002 0.0002
Cry0O3 6.0030 0.9994 0.9994
Al,O3 0.6471 0.0002 0.0002
1,400 CrN - - -
CryN 0.0120 - -
Cr 0.0003 0.0002 0.0002
CryOs3 3.4827 0.9994 6.5756
Al O3 0.4768 0.0024 0.0025
1,500 CrN - - -
CroN 0.0001 - -
Cr 0.0395 0.0002 0.0025
Cry0O4 4.7493 0.9994 0.9994 c
AlOs 0.3584 0.0002 0.0002 Fig. 8. The structure of composites Cr,03 —15 wt % AIN,
1,600 CrN 0.0013 — — hot-pressed in the air at P~=30 MPa, 7=1,500 °C, during the
Cro)N 0.2990 - - time: @ — =10 min; b — =15 min; ¢ — =30 min
Cr 0.0001 0.0002 0.0002
Fig. 8 shows that with hot pressing, zones with high alu-
CryO3 7.1539 0.9994 0.9994 . . . . .
minum content in a solid solution are formed in some areas
Al O3 0.5264 0.0002 0.0002 . . .-
of the composite. The quantitative composition of elements
1,700 CrN 0.0034 — - at individual points of samples is given in Table 5.
CroN 0.0007 — —
Cr 0.0002 0.0002 0.0002 Table 5
The result of quantitative analysis of the distribution of Cr,
Table 3 . . . .
Al, O in the samples, hot-pressed in the air, from a mixture of
The result of quantitative analysis of the distribution of Cr, Cr03 —15 wt % AIN at P=30 MPa; 7=1,700 °C; t=6-102 s
Al, O in the sample, hot-pressed in the air, from a mixture of
Cr,0; —15 wt % AIN at 7=1,500 °C Elemental content, wt %
Point 1 Point 2
Elemental content, wt % Cr Al 0 Cr Al 0
Hot pressing Light phase, point 1 Grey phase, point 2
parameters ght phase, p y phase, p 56499 | 41.036 | 2034 | 55382 | 40.606 | 3.604
Cr Al (0] Cr Al [e) Elemental content, wt %
P=30 MPa, Point 3 Point 4
T=1,500 °C; | 98.529 | 0.101 | 0.292 | 89.311 | 6.286 | 3.906 Cr Al O Cr Al 0)
=6:10%s 74.709 21.777 3.457 95.867 1.863 0.882
Table 4 As the time of hot pressing increases, the quanti-

The result of quantitative analysis of the distribution of Cr, Al, O in the tative composition of the elements changes [50, 51].
sample, hot-pressed in the air, from a mixture of Cr,03 —15 wt % AIN  The amount of aluminum in the light phase increases
at 7=1,700 °C and its content decreases in the gray phase (Table 6).

Fig. 8,9 show how the structure of the CryO3—

15 wt % AIN composite changes at hot pressing depen-
dence on the temperature and time. With increasing
parameters | Cr | Al | O | Cr | Al | O | Cr Al | O the time of hot-pressing temperature, chromium grains

P=30 MPa; increase. For instance, at the temperature 7=1,500 °C
T=1,700 °C;|96.479| 1.729|1.026|81.082(13.172|5.698|71.464|23.735|4.804|  and an aging time of 10 minutes, the size of chromium
=6:10%s

Hot Elemental content, wt %

pressing | Light phase, point 1| Grey phase, point 2 | Dark phase, point 3

grains is 1 um; with an increase in the time to 30 min-




utes, their size reaches 3—4 pm. At a temperature of 1,700 °C,
the average size of chromium grains is 3—5 pum at an aging time
of 10 minutes, and 5-8 pm at an aging time of 20 minutes.
There are also separate inclusions the size of 10—12 pm.

Table 7 gives data on the chemical analysis that demon-

at a temperature of 1,500 °C and an aging time of 10 minutes.
Fig. 11, b demonstrates that a transition zone 15 um wide is
formed between CryOs3.

A similar pattern is revealed in the case of hot pressing at
a temperature of 1,600 °C (Fig. 12).

strate that when the temperature rises, the con-
tent of aluminum and oxygen in the light phase
decreases, while increasing the content of alu-
minum in the gray phase. X-ray microanalysis

Table 6

The result of quantitative analysis of the distribution of Cr, Al, O in the
samples, hot-pressed in the air, from a mixture of Cr,03 — 15wt % AIN

solutio ’ )2 3, the LI, LTIV compounds, ple eters: P=30 MPa; Light phase, point 1 Gray phase, point 2
and pure chromium are formed in the samples = o
. o No. 1=1,700°C cc | Al | O] ¢ | Al | O
obtained by the hot pressing in the temperature ;
range of 1,500—1,700 °C. This is also confirmed ! =610°s 98.529 | 0.101 | 2.292 | 89.341 | 6.286 | 3.906
by thermodynamic calculations given in Table 2. 2 =9-10%s 99.249 | 0.109 | 0.642 | 89.653 | 6.028 | 4.212
3 1=1210%s 99.115 | 0.117 | 0.728 | 90.066 | 5.737 | 4.950
4 =1810%s 99.082 | 0.126 | 0.792 | 89.735 | 5.267 | 4.998

AIN—

CI'203 —
x2,000
a b

Fig. 11. Study of the sample obtained by hot pressing at P=30 MPa,
7=1,500 °C, t=10 min: a — distribution of chromium and aluminum by the
area of the model sample; b — formation of a transition zone 15 um width

x2,000

. AIN
Fig. 9. The structure of Cr,03 — 15 wt % AIN

composites, hot-pressed in a vacuum:
a— P=30 MPa, 7=1,600 °C, =10 min;
b— P=30 MPa, 7=1,700 °C, t=10 min;
¢ — P=30 MPa, 7=1,700 °C, t==20 min

..

——
AR
gt L-uu

Fig. 12. Study of the sample obtained by hot pressing at P~=30 MPa,
7=1,600 °C, =10 min: @ — distribution of chromium and aluminum by the
area of the model sample; b — formation of a transition zone

Table 7

The result of quantitative analysis of the distribution of Cr, Al, O in the
hot-pressed samples from the mixture of Cr,03 — 15 wt % AIN (Fig. 10)

Sam- | Hot pressing param- Elemental content, wt %
ple cters: P=30 MPa; Light phase, point 1 Gray phase, point 2
No. 12:10%s a |l alol| o] a | o
1 7=1,500 °C 94.596 | 3.924 | 1.381 | 84.884 | 10.852 | 4.037
c 2 7=1,600 °C 96.658 | 2.138 | 0.613 | 84.777 | 12.010 | 3.193
Fig. 10. Structure and fractogram of the composite T=1,700°C 98.723 | 0.121 | 0.460 | 84.896 | 12.117 | 2.857

Cry03 — 15 wt % AIN, obtained by hot pressing in
a vacuum at P=30 MPa, t=10 min, at temperature:
a— T=1,500 °C; b— 7=1,600 °C; ¢ — 7=1,700 °C

The transition zone is a solid solution of (Cr, Al),O3. The
distribution of chromium and aluminum along the line of
passing the scanning beam of the microscope on the model

Fig. 11, a shows the distribution of chromium and alumi-
num by the area of the model sample, hot-pressed in the air

sample obtained by hot pressing at P=30 MPa, 7=1,600 °C,
=10 min, is shown in Fig. 13.



Fig. 15. Machining the tempered steel 13HV
(HRC 57...60)

0 3 6 9 12 15 18 21 24 27 um

Table 8 gives the comparative characteristics of
the assessment of the quality of the surface machining
of tempered steel by standard cutting plates manu-
factured by Sandvik Coromant (Sweden) and plates

Fig. 13. Distribution of chromium and aluminum by the area of the model
sample obtained by hot pressing at /=30 MPa, 7=1,600 °C, t=10 min

The distribution of elements from the material developed on the basis of chromium oxide.
(aluminum and chromium) by
the area of the entire surface of Table 8

the sample obtained by hot press-
ing from Cr,O3 —-15wt% at
P=30 MPa, T=1,600 °C, t=10 min, | Material
is shown in Fig. 14. name

Characteristics for estimating the machining quality of the surface of tempered steel

Sandvik Coromant 650 Developed material

Starting
surface

Surface
with
limited
scale
Material
Fig. 14. Distribution of elements ratio
by the area of the entire surface curve
of the sample obtained by hot
pressing from Cr,03 — 15 wt % -2,0000 i
AIN at P=30 MPa, 7=1,600 °C, -2,4323 % %
=10 min: @ — aluminum 0,0 20,0 40,0 60,0 80,0 100,0 20,0 40,0 60,0 80,0 100,0
distribution; b — chromium
distribution
Fig. 14 demonstrates that alu- | Autocor-

minum and chrome are distribut- | relation
ed evenly over the total area of | function
the sample.

5. 3. Comparing the quality
of the machined surface of high-
strength steel by the developed
tool material with imported an- Angle
alogs spectrum

Fig. 15 shows the process of ma-
chining the tempered steel 13HV.




Our study of the quality of the machined surface com-
pared with the cutting plates made by Sandvik Coromant
(Sweden) has shown that the quality of the machined tem-
pered steel when using plates from the material developed on
the basis of chromium oxide is higher than that of standard
imported plates. It should be noted that the introduction of
aluminum nitride makes it possible to increase the thermal
conductivity of chromium oxide to 35 W/(m-K). This factor
has a positive effect on the removal of heat from the cutting
zone, which also affects the quality of the machined surface
since no lubricating-cooling liquids were used.

Tribological comparative studies have shown that the wear
rate of the developed material based on CryO3 — 15wt % AIN
was 10.04-10mm3 N, For a similar type of Sandvik Coro-
mant 650 cutting plate, the wear speed was 12.10-10°6 mm3N".
This indicates the high wear resistance of the developed ceram-
ic tool material based on chromium oxide with the additives of
ultra-dispersed aluminum nitride powder.

6. Discussion of results of studying the effect of
aluminum nitride additives on the structure and
properties of ceramics

Our study has shown that in terms of ensuring the
quality of the machined surface, the CryO3-based cutting ce-
ramics are of interest. CroO3 material has a higher hardness
and melting point than Al,O3 (Table 1). At temperatures
below 1,600 °C, there is a two-phase region Cr+CryO3, and,
in the temperature range of 1,600-1,660 °C, there is a two-
phase region Cr+Cr3O4 (Fig.3). The creation of a dense
and high-strength chromium oxide is complicated by the
decomposition and evaporation of CryO3, as a result of which
microporosity forms, which reduces mechanical characteris-
tics. One of the ways to obtain dense articles from chromium
oxide is to introduce an admixture of ultra-dispersed alumi-
num nitride powder, which actively interacts with oxide and
thereby prevents its dissociation. The densest samples can
be obtained at a pressure of 30 MPa and a hot-pressing time
of 8—10 min when pressing in a vacuum (Fig. 4). As pressure
and temperature increase, the relative density increases
while porosity decreases accordingly (Fig. 5).

We have determined the equilibrium content of the com-
ponents formed during the reaction of chromium oxide with
aluminum nitride (Table 2), which begins at a temperature of
1,300 °C. The structure of the composite material obtained
by hot pressing in the air from a mixture of CryO3 — 15 wt %
AIN at different temperature values (Fig.7) was deter-
mined. Quantitative analysis of the distribution of Cr, Al,
O in the samples, hot-pressed in the air, from the mixture
of CryO3 — 15 wt % AIN depending on the temperature and
the time of hot pressing (Tables 5-7) was performed. X-ray
microanalysis and X-ray phase analysis showed that in the
samples obtained by hot pressing in the temperature range
of 1,500-1,700 °C, the solid solution of the overcoat type
((Cr, Al);O3is formed. This helps increase the strength and
crack resistance of the material. The distribution of elements
by the area of the model sample obtained by hot pressing
showed that aluminum and chrome are distributed evenly
over the entire area of the sample (Fig. 14).

Our study of cutting plates based on the resulting mate-
rial demonstrated the high quality of the machined surface
of tempered steel 13HV (Fig. 15). Ultra dispersed aluminum
nitride powders increase the thermal conductivity of the

cutting material, thereby contributing to the improvement
of the quality of the machined surface of tempered steel.
In addition, comparing the quality of the machined surface
with that machined by the Sandvik Coromant cutting plates
showed that the quality of the tempered steel, machined
with plates from the material developed on the basis of chro-
mium oxide, is higher than that of standard imported plates.
The developed tool material can be used for the fine turning
of high-strength steels and cast irons without lubricants and
coolants instead of grinding, which could significantly re-
duce the cost of machining. In particular, the material would
be promising for machining a surfaced layer of railroad cars’
wheelsets during repair work.

The limitation of the current study is that the operation-
al properties of the proposed material have not been fully
investigated, for example, wear resistance when machining
various tempered steels. In addition, not all samples were
tested for the mechanical strength of the material; the cut-
ting properties were not compared in full with known world
manufacturers of such materials.

In further studies, it would be advisable to achieve
greater dispersion of chromium oxide grains. In addition,
such modes of sintering should be optimized as the rate of
increase in temperature with hot pressing, the aging time at
the final temperature, an increase in the pressure applied to
the material.

7. Conclusions

1. We have investigated the microstructure of composite
materials based on chromium oxide under hot pressing. It
is determined that the creation of dense and high-strength
chromium oxide is complicated by the decomposition and
evaporation of CryOsg, as a result of which microporosity is
formed, which reduces mechanical characteristics. One of
the promising ways to produce dense articles from CryOs is
to introduce additives that actively interact with the oxide
and thereby prevent its dissociation. One of these materials
is ultra-dispersed aluminum nitride powder.

2. The regularities of influence of aluminum nitride ad-
ditives on the structure and physical-mechanical properties
of tool materials based on the synthesized nanopowder of
chromium oxide have been determined. Thus, the structure
of the composite depends both on the temperature and time
of hot pressing. With an increase in hot-pressing time to
30 min, the size of individual grains reaches 10 um. At the
same time, X-ray microanalysis and X-ray phase analysis
showed that the solid solution of (Cr, Al),O3, the CryN,
CrN compounds, and pure chromium are formed in sam-
ples obtained by hot pressing in the temperature range of
1,500-1,700 °C.

3. We have compared the characteristics of the quality
assessment of the machined surface of tempered steel when
using standard cutting plates manufactured by Sandvik
Coromant and plates from the material developed on the
basis of chromium oxide. It is determined that the quality of
the tempered steel machined with plates from the material
developed on the basis of chromium oxide is higher than that
of standard imported plates. In addition, the introduction of
aluminum nitride prevents the destruction of chromium ox-
ide during hot pressing due to reaction sintering and makes
it possible to improve the strength and increase the thermal
conductivity of the tool material.
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