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Abstract. It was established that conditionally viscous-brittle tool materials (high-speed steels
and hard alloys) behave in the same way with an increase in hardness: wheel wear and the
specific energy consumption of their grinding decrease. As the hardness of brittle tool oxide-
carbide ceramics increases, both wheel wear and the specific energy consumption of grinding,
on the contrary, increase. That is, an increase in the hardness of viscous-brittle materials
facilitates the separation of elementary chips, less energy is needed for this, and accordingly
the wear of the wheel and the specific energy consumption of their grinding are reduced. On
brittle ceramics, with increasing hardness, there is no change in chip removal, but harder
sludge becomes more abrasive and, as a result, the wear of the wheel and the specific energy
consumption of their grinding increase. The conclusion from the literature that hard and less
plastic materials require relatively less specific energy for grinding is confirmed by us when
comparing materials of approximately the same hardness - hard alloys and ceramics. In
ceramics, the energy consumption of grinding is actually four times lower than that of hard
alloys.

Keywords: hardness; high-speed steels; hard alloys; ceramics; wear of SHM grinding wheels;
specific energy intensity of processing.

1. Introduction

The hardness of materials is related to a complex of mechanical properties,
such as elasticity, plasticity, strength and yield limits, as well as micro- and
nanohardness with such thermodynamic characteristics of substances — the energy
of the crystal lattice, the energy of breaking crystal bonds, surface energy, melting
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point [1]. The hardness indicator characterizes a state of stress close to non-
equilibrium compression, and thus determines the resistance to contact stresses
arising in the working part of the cutting tool [2]. Therefore, for a cutting tool, the
hardness of the tool material has a determining role. At the same time, it affects their
processability, although there are certain features noted in publications [2—4]. Thus,
the hardness of ceramics based on silicon nitride and silicon carbide has a smaller
effect on their machinability than their density [3], and in [4] it is indicated that when
grinding hardened steels, the cutting force does not depend on their hardness. The
hardness of heat-resistant tool steels is determined by the dispersion and amount of
carbides released during tempering, and residual austenite as a soft component [2].
Up to the hardness index of tool steels of 65 HRC, with increasing hardness, their
strength also increases. However, their high hardness corresponds to a sharp
decrease in viscosity [2]. That is why studies of the influence of the hardness index
on the machinability of the tool material, when the hardness changes on one material,
may be of some interest.

2. Modern studies on the influence of hardness on the operational
characteristics of the material

Let us point out that modern researchers pay due attention to the hardness
indicator, even in areas related to abrasive processing. Let us point out that modern
researchers pay due attention to the hardness indicator. A vivid example is the
polygonization of a railway wheel, which is a type of uneven wear of the material
that worsens the directional stability of trains. On the railway, wheels and rails of
different hardness are used, respectively HW and HR. An important factor affecting
wear is wheel-rail hardness matching (ie HW/HR hardness ratio), which can affect
the formation of a polygonal wheel. The results show that when fitting a softer rail,
the wheel is less likely to become polygonal as HW/HR increases. When paired with
a stiffer rail, the wheel showed early polygon initiation. The highest HW/HR ratio
of 1.263 represented the best anti-polygonal condition for the wheel material [5].

Attention was also paid to hardness in the study [6], where the mechanism
of plasticity with a deformation gradient was applied to study the size effect in the
behavior of single-crystal copper during scratching. It is shown that the scratch
hardness, which takes into account both the size effect and the dependence on the
crystallographic direction, is a suitable property of the material for the evaluation of
wear. Laser exposure and the use of a diamond tool with a negative front angle are
promising methods of processing hard and brittle materials.
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Fig.1. View of the surface, after processing with a diamond tool with grains with
a front angle of —65° and without laser exposure (a) with exposure (b) with a
power of 10 W [7].

In article [7], the mechanism of plastic removal of fused quartz is
investigated. And here the effect on hardness is important. The results showed that
ductile removal was improved with the laser due to hardness reduction and brittle
fracture was reduced due to high hydrostatic compressive stress when using a
diamond tool with negative rake grains (Fig. 1). Let's pay attention to the fact that
we can observe this type of surface (see Fig. 1, a) under the conditions of diamond
grinding of tool ceramics, when both plastic flow and brittle fracture zones are
observed on the processed surface, which we described in more detail in the article

[8].

In work [9], this was already considered for ultra-thin Ti-Al-Diamond
wheels with variable abrasive sizes, concentration and shape, i.e. not due to a
directed decrease in the hardness of the processed brittle material, but due to a
change in the characteristics of the diamond layer of the wheel. Experimental results
indicate that diamond abrasives significantly affect chip formation and material
removal of SiC workpieces by changing the thickness of undeformed chips (Fig. 2).
A theoretical analysis based on the classical brittle—plastic transition model shows
that a hard but brittle SiC single crystal can be removed in the plastic regime using
a relatively large abrasive size and low concentration in the work layer as long as the
undeformed chip thickness is sufficiently smaller than the calculated critical cutting
depth [9].
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Fig. 2. Machining conditions: diamond blade — frictional factors — undeformed chip
thickness

It was confirmed [10] that the specific energy during material removal has
an asymptotic behavior with the speed of material removal, and as this speed
increases, the specific energy consumption decreases. It is shown that in plastic
materials, the viscosity of the material due to the release of heat and a higher fracture
toughness compared to brittle materials increase the complexity of processing and,
accordingly, require more specific energy during grinding. When grinding hard and
less plastic materials, the growth rate of cracks when cutting with abrasive grains is
higher, which reduces energy costs for material deformation. For this reason, hard
and less plastic materials require relatively less specific energy for grinding [10].

Finally, let's pay attention to how the change in hardness of the studied
material affects its operational characteristics, especially since it is relevant for
modern conditions in Ukraine. The main role of the armor plate is to increase the
safety of the combatants. Armor plates are made by welding high-hardness armor
steel (HHA), but a reduction in hardness may occur. Taking into account the direct
correlation between the hardness of armor steel and its ballistic characteristics,
avoiding softening becomes important. For this, welding was performed using a flux
consisting of nanoparticles of tungsten carbide (WC), titanium carbide (TiC), silicon
carbide (SiC) and ethanol. As an example, hardness values of 654.0 HV and 590.4
HV were observed with 8% WC and 8% SiC, respectively, i.e. increases by 16.6%
and 5.28% compared to no nanoparticle flow [11]. That is, the use of flux with
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nanoparticles increases the hardness in the welding zone and the ballistic
characteristics of armor steel.

Let's summarize the above.

First, hardness is an important indicator, and in order to improve the
operational characteristics of products, one should strive to increase it [5, 11];

secondly, a decrease in hardness improves plasticity, i.e., the transition to
the plasticity mode when processing brittle materials is associated with a decrease
in their hardness [7];

thirdly, during diamond-abrasive processing, for such transfer to the
plasticity mode, it is necessary to increase the grain size of the abrasive and reduce
the concentration of abrasive grains in the working layer [9];

fourth, hard and less plastic materials require relatively less specific
energy for grinding [10].

3. Formulation of the purpose of the research

That is, the hardness of the processed material is an important factor that affects
its machinability and specific energy intensity during grinding. At the same time, in
the literature there are no studies of the performance indicators of the diamond
abrasive tool during the processing of different tool materials, but with a study of the
effect of changing their hardness in a certain range on the same material, which was
the goal of this work.

4. Presenting main material

At the same time, an exclusively brittle material (oxide-carbide ceramic
VOKG60, range of hardness change 82-94 HRA) and conditionally viscous-brittle
materials (hard alloy TT21K?9, range of hardness change 90.5-92.0 HRA and high-
speed steels P18 and P6MD5, hardness change range 60-64 HRC). The hardness
ranges specified above were determined by the possibilities of selecting a significant
batch of samples of one tool material and the presence of a noticeable range of
hardness at the same time. It should be noted that it was not possible to achieve this
only for hard alloy, but taking into account the large number of hard alloy plates, it
was possible to divide them into three sub-ranges according to the hardness of HRA:
90.5-90.9, 91.0-91.5 and 91.6-92.0. At the first stage, deep grinding of high-speed
steels with a productivity of 1920 mm3/min was considered. with a cubonite wheel
12A2-45° 150x10x3x32 — KPS 100/80 M1-10 100. Samples 100x20x8 mm in size
with a hardness of 60+0.5 and 64+0.5 HRC were pre-selected.
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The wear resistance of the grinding tool was studied based on the relative
consumption of KNB grains in the wheel during grinding (q, mg/g), and the effective
grinding power (Ner, KW) and the specific energy intensity of grinding (Epy, kJ/kg)
were determined. The specific energy capacity of grinding was calculated according
to the new method described in the article [12]. The test results are shown in Table.
1.

In our opinion, as the hardness of steels increases, they become less viscous,
chips are removed more easily, and therefore both wheel wear and the specific
energy consumption of grinding are reduced. Indirect confirmation of this is the fact
that in P18 steel, where tungsten is almost 3 times more than in P6MD5 steel, fragility
is also greater and, therefore, similarly, wheel wear and specific energy capacity are
lower than in P6MD5 steel (see Table 1).

Table 1 — Grinding indicators of high-speed steels at a productivity of 1920 mm?/min.

Steel brand Hardness, HRC Nef, KW g, mg/g Epyt, kilkg
60 18 161 106.5
POMS5 64 18 1.30 86.0
60 16 1.01 59.4
P18 64 16 0.86 50.6

At the second stage, grinding of TT21K9 hard alloy was considered at a
productivity of 480 mm3®min with a diamond wheel 12A2-45° 150x10x3x32 —
AC4MA 63/50 B1-111I1-2 125. Hard alloy samples measuring 16x16x6 mm were, as
indicated above, previously divided into 3 groups by hardness. Let's pay attention to
the fact that TT21K?9 is one of the most difficult-to-machine hard alloys containing
(% by volume): TiC — 8.7 and TaC — 12.5. Its standard hardness should be 91 HRA,
so even small deviations in the smaller or larger direction, in our opinion, should
definitely cause a change in the diamond grinding performance. We investigated the
wear resistance of the grinding tool based on the indicator of the relative
consumption of diamonds in the circle during grinding (q, mg/g) and determined the
effective grinding power (Ner, KW) and the specific energy intensity of grinding (Epy,
kJ/kg). The test results are shown in table. 2.

Table 2 — Grinding indicators of hard alloy TT21K9 at a productivity of 480 mm3/min.
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Range of hardness, HRA Ner, KW g, mg/g Epyt, kd/kg
90.5-90.9 0.95 2.8 304
91.0-91.5 1.00 2.4 274
91.6-92.0 1.20 15 206

From the table 2, it can be seen that a slight decrease in hardness (to 90.5
HRA), relative to the standard 91.0 HRA, slightly increases the wear of the wheel
and the energy intensity of processing, while with an increase in hardness to 92.0
HRA, the wear of the wheel and the energy intensity of grinding are significantly
reduced. That is, these two conditionally viscous-brittle materials (high-speed steels
and hard alloys) react in the same way to an increase in their hardness: wheel wear
and specific energy capacity decrease.

At the third stage, we considered the grinding of already extremely fragile
oxide-carbide ceramics VOKG60 with a productivity of 1750 mmS3/min with a
diamond wheel 12A2-45° 150x10x3x32 — AC4 100/80 B1-13 100. Samples of alloy
ceramics measuring 12x12x4 mm were previously divided into 4 groups by
hardness. We would like to point out that the standard hardness of VOKG60 ceramics
should be 93 HRA, but in the process of manufacturing these ceramics, we selected
samples with an abnormally lower hardness, which made it possible to obtain an
additional, quite noticeable hardness range of 82-91 HRA. The wear resistance of
the grinding tool was investigated by the indicator of the relative consumption of
diamonds in the circle during grinding (g, mg/g) and the effective power of grinding
(Nef, KW) and the specific energy intensity of grinding (Epy, kJ/kg) were determined.
The test results are shown in Table. 3.

From the Table 3, it can be seen that with the increase in the hardness of
such conditionally exceptionally brittle oxide-carbide ceramics VOKG60, both the
wear of the wheel and the specific energy intensity of grinding do not decrease, as
in the conditionally viscous-brittle materials described above (high-speed steels and
hard alloys), but on the contrary, they increase. That is, here, in our opinion, with an
increase in the hardness of ceramics, there is no transition to increased fragility and
easier material removal, which is indicated not by a decrease, but, on the contrary,
by an increase in the specific energy intensity of grinding. At the same time, an
increase in the hardness of sludge particles improves their abrasive properties, which
is reflected in an increase in the wear of the diamond wheel (see Table 3).
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Table 3 — Grinding indicators of oxide-carbide ceramics VOKG60 at a productivity
of 1750 mm3/min.

Range of hardness, HRA Ner, KW g, mg/g Epyt, k/kg
82-83 0.95 1.23 458
85-88 1.07 141 59.1
90-91 1.17 1.75 80.2
93-94 1.28 1.93 96.8

5. Conclusions

Thus, it is possible to draw the following conclusions from the above.

1. Both conditionally viscous-brittle materials (high-speed steels and hard
alloys) react equally to an increase in hardness: wheel wear and the specific energy
consumption of their grinding decrease.

2. With an increase in the hardness of such conditionally exceptionally
brittle oxide-carbide ceramics VOKG60, both wheel wear and specific grinding
energy do not decrease, as in conditionally viscous-brittle materials (high-speed
steels and hard alloys), but, on the contrary, increase.

3. That is, it is likely that an increase in the hardness of conditionally
viscous-brittle materials improves the separation of elementary chips, less energy is
needed for their separation and, accordingly, the wear of the wheel and the specific
energy consumption of their grinding are reduced. On exceptionally fragile materials
(ceramics), with increasing hardness, there is no change in chip removal, but the
slurry becomes harder and, accordingly, more abrasive, and, as a result, wheel wear
and the specific energy consumption of their grinding increase.

4. The conclusion from the literature that hard and less plastic materials
require relatively less specific energy for grinding is confirmed by us when
comparing materials of approximately the same hardness (in HRA units), hard alloys
and ceramics. In ceramics, the specific energy intensity of grinding is actually four
times lower than that of hard alloys.
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Banepiit JlaBpinenko, Kuis, Ykpaina, Bonogumup Comon, Bomogumup Tumenko,
Kam’siHCBKE, YKpaina, €Breniit OcTpoBepx, XapkiB, YKpaiHa

BILJIMB PI3HOI TBEPJIOCTI IHCTPYMEHTAJIBHOI'O MATEPIAJTY
HA 3HOC HIIVII®YBAJIBHUX KPYT'IB 3 HTM TA IMTOMY
EHEPTOEMHICTD IIVII®YBAHHA

AHoOTAaWis. /s pizanbnoco IHCMpyMeHmy GU3HAYATbHY POab  eidiepac meepoicmv mamepiany
iHcmpymenmy. BooHouac ye niueae Ha ix mexHono2iuHicmy, Xxoua € negui ocodausocmi. Tak, meepdicme
Kepamixu Ha OCHOSI HImpuoy Kpemuiio i KapOioy KpeMHilo Mae MeHwul 6naug na ix o6podosanicms,
HIDIC WITbHICTb, 4 NPU WTIQYEANHT 3a2aPMOGAHUX CIMAEL CULd PI3AHHS He 3A1eACUntsb 610 ix meepoocmi.
Teepdicmb  HcaApOMIYHUX [THCIPYMEHMANbHUX CMATel BUSHAYAEMbCA OUCHEPCHICMIO [ KIbKICIIo
Kapo6ioie, wo GUOLIAIONMbCA NPU GIONYCKAHHI, | 3aTUUKOBO20 AYCMEHIMY 6 AKOCMI M'IKO20 KOMNOHEHmA.
Aoic 0o noxasmuxa meepoocmi incmpymenmanvhux cmanei 65 HRC, 3i 30invwennsm meepoocmi
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3pocmace i ix miynicmo. OOHAK iX Ucoka meepdicme 8ionogioac pizkomy 3nudicentio 6'szkocmi. Came
momy nesHull iHmepec MOXCYMb NpeOCMAasnsAmu OOCHIONCEHHS 6NAUSY NOKASHUKA MEepOOCmi Ha
06pobII08anicms Mamepiany IHCmMpyMeHmy, KOU 3MIHIOENbCSL MEepoicmb Ha 0OHOMY MamepiaJi.
Bcmanoeneno, wjo yMOGHO 6 'S3KO-KpUXKi IHCMPpYMeHmMAanvHi mamepianu (WeuoKopizaivHi cmani ma
meepoi Cniasu) OOHAKOBO NOGOOAMb cebe 13 NiOGUWEHHAM MEepOOoCmi: 3HOC Kpyey i numoma
EHEP2OEMHICb IX WY 8aHHS 3MEHULYIOMbCS. 31 301TbUEHHAM MEePOOCI KPUXKOT IHCIPYMEHMATbHOT
OKCUOHO-KAPOIOHOT KepamiKu, AK 3HOC Kpy2y, MaK i numoma eHepeOeEMHICMb Wiy6aHHs HA6NAKU,
niosuwyromocs. Tobmo, nioguuwientss meepoocmi 8 s13K0-KPUXKUX MAMepianie nojecuye Gi0O0LNeHH s
eNleMeHmHOl  cmpydicKy, eHepeli O0nsl yvboeo mpeba Menuwie I GIONOGIOHO 3HOC Kpyey [ Numoma
eHepeoEMHICIb IX winighysants smeHuyomocs. Ha kpuxkitl kepamiyi 3i 30i1bueHHAM MEepoocni AK0iCy
3MIHU Y BUOATIEHHI CIMPYJICKU He 8i00Y8acmbcsl, ane Oitbil meepoutl wiiam cmac i Oitbid adpasueHuM i,
5K HACTIOOK, 3HOC Kpyey | Numoma eHepeoemuicmyv ix wnigpyeanns 30inbuyiomvces. Buchnogok 3
aimepamypu npo, me, wo meepoi i MeHwl NIACMUYHI Mamepianu nompeOyroms NOPIGHAHO MeHule
numomoi enepeii Ha Wiy 8anHs niOMeepOACYEMbCsL HAMU NPU NOPIGHAHHI Mamepianie npubIu3Ho 00HA-
K060I meepoocmi — meepoux Cniasié ma Kepamik. Y Kepamik eHepeoeMHICmb WHighyeants hakmuyHo y
YOMUPU Pazu € MEHUIOI0, AHIJIC Y MEEPOUX CRIABIS.

Kiio4oBi ciioBa: meepoicms,; wieuokopizansi cmani, meepoi Cniasu, KepamiKa;, 3HOC WiQyeanrvHux
kpyeie 3 HTM; numoma enepeoemuicms 06pooKu.
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