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Abstract. When studying the process of rock fracture with tools equipped with polycrystalline superhard materials
(PSHM) and hard alloys, the main regularities of the fracture mechanism, despite the significant differences in physical
and mechanical properties of the used tool materials, are assumed to be identical. This approach not only reduces the
efficiency of using the created rock-destroying tools, but also limits the scope of application of polycrystalline superhard
materials.

Experimental studies using various methods of obtaining information shown significant differences in the
mechanism of rock fracture by hard alloys and polycrystalline superhard materials. The study of the zone of the pre-
destroyed surface showed that when cutting rocks with PSTM, the process of destruction is carried out not only by the
entire polycrystalline plate, but also by ridged diamond formed on the cutting edge and rear surface of the tool. At the
same time ridged diamonds, when embedded in the rock, create high contact stresses and an additional network of
microcracks interacting with microcracks formed due to the embedding of the entire cutting edge of the plate. The impact
of two independent indenters simultaneously increases the zone of the pre-destruction layer in the rock mass, which
leads to a more significant decrease in its strength and, as a consequence, to the intensification of the process of rock
destruction by the PSTM tool.

In case of wrong choice of PSTM application area and operation modes, errors in tool design and insufficient
cooling, ridges are not formed on the cutting edge and back surface of the polycrystal. As a result, the polycrystalline
insert works as a carbide insert and the efficiency of the PSHM tool is sharply reduced.

The use of knowledge obtained as a result of the conducted research makes it possible to create tools equipped
with diamond-hard-alloyed inserts, the wear resistance of which is dozens of times higher than that of similar tools made
of hard alloy. For example, effective tools equipped with diamond-hard-alloyed inserts have been created and widely
introduced into practice for rotary drilling of boreholes, degassing wells, anchoring of mine workings, saw stone cutting,
drilling of abrasive permafrost soils and others.

Keywords: polycrystalline diamonds cutters (PDC), hard alloys, pre-destruction zone, rock breaking tools, rock
destruction.

1. Introduction

Many authors [1, 2, 3] devoted their works to the study of rock fracture process,
in which the mechanisms of rock fracture by tools equipped with hard alloys and
polycrystalline superhard materials (PSHM) are considered, and also mathematical
models of contact interaction of rock-destroying tool with rock are developed
[4, 5, 6].

At the same time, in the majority of studies, the regularities of rock fracture with
tools equipped with polycrystalline superhard materials and hard alloys, despite
significant differences in physical and mechanical properties of these tool materials,
are assumed to be identical.

However, observations on the Camscan-4DV scanning electron microscope of the
crack formation process [7] and analytical studies [8] shown that when cutting with
polycrystalline superhard materials, rock fracture occurs mainly due to the
development of shear cracks, while when cutting with carbide cutters, crack initiation
is initiated due to compression stresses. The most important physical and mechanical
properties that determine the serviceability of PSHM include [9, 10]: hardness, wear
resistance, thermal conductivity, strength and crack resistance, due to which the
performance of rock-cutting tools can be significantly improved. Thus, the thermal
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conductivity of PSHM is 5-6 times higher than the thermal conductivity of hard
alloys, which makes it possible to significantly reduce heat stress in the cutting zone,
and the wear resistance of PSHM is 200 and more times higher than the wear
resistance of hard alloys.

Another feature of rock fracture with tools equipped with polycrystalline
superhard materials and hard alloys is different conditions of pre-fracture zone
formation.

It is known [11, 12] that when cutting rocks, a layer of destructed rock with a
network of microcracks is formed in the underlying layers, as a result of which the
tangential component of the cutting force is significantly reduced. At the same time,
the measurement of the parameters of chips formed during sandstone drilling with
cutters equipped with carbide and PSHM showed that in the case of using carbide
tools, the average size of chips is 1.4-1.6 times smaller than when using PDC.

At the same time, in a number of cases, tools equipped with wear-resistant hard
alloys can work much more efficiently than tools made of polycrystalline superhard
materials. This required additional research to establish the mechanism of rock
destruction by tools made of hard alloys and PSHM and to determine the conditions
of effective operation of tools equipped with polycrystalline superhard materials.

For this purpose, the pre-fracture surface zones and force characteristics during
rock fracture with different tool materials, as well as the ridges of the cutting edge of
polycrystals were investigated.

2. Methods

Investigations of the zone of the pre-fractured surface and microrelief of the
cutting edge and back surface of the polycrystal were carried out by experimental
method with subsequent mathematical processing of the obtained results. For
fractoscopic studies the method of scanning electron microscopy on the microscope-
analyzer "Camskan-4DV" was used. For sclerometric studies a special device was
created on the basis of the UIM-21 instrumental microscope using standard
measuring mechanical and electronic devices, as well as a number of specially
manufactured mechanical units and electronic blocks. The electrical scheme of the
device makes it possible to connect it to a computer for automation of data
acquisition.

To estimate the topography of the working surface profiles of polycrystals, the
automatic profilograph "Contracer CA-104" with the measuring system "Talysurf" as
well as the method of stereoscopic fractoscopy were used, which makes it possible
owed to qualitatively and quantitatively evaluate the features of microrelief details.

The study of the degree of surface layer de-strengthening and its depth was
carried out using the technique of luminescence defectoscopy of rocks developed by
Prof. I.A. Sveshnikov [11].

To establish quantitative values of cutting force, a set of experimental studies on
cutting rocks with micro-cutters equipped with PSHM and hard alloy BK6B was
performed. The cutters were made in the form of disk sectors with a diameter of 13.5
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mm. Micro-cutters with both new carbide and PSHM were used, as well as cutters
with inserts having blunting areas on the polycrystalline layer.

The micro-cutting process was carried out at a constant axial load of 1.0 N and
1.5 N. At the same time, scratches were successively applied on one trace with a
length of 20 mm until the tangential component of the cutting force Pz stabilized.

3. Results and discussion

The results of measuring the average values of the tangential component of the
cutting force Pz during micro-cutting of various rocks with PDC (with new and a
blunting pad), as well as cutters with hard alloy BK6B, showed that during multiple
consecutive cutting of rock samples with cutters equipped with PSHM inserts and
hard alloy, their resistance to fracture decreases. Table 1 shows data on the average
values of the cutting force component Pz during micro-cutting of marble.

Table 1 — Average values of the tangential component cutting forces Pz
during micro-cutting of marble

Normal | Serial Pz, N
load cut New Decrease Primed Decrease | Hard alloy | Decrease
value, N | number PSHM Pz, % PSHM Pz, % cutters Pz, %
1 1.90 - 1.30 - 1.19 -
1.0 2 1.54 23.4 1.04 20.0 1.08 9.2
3 1.48 22.1 0.92 29.2 1.00 16.0
1 2.24 - 1.56 - 1.52 -
1.5 2 1.95 12.9 1.40 10.3 1.24 18.4
3 1.88 16.1 1.15 26.3 1.22 19.7

As it can be seen from the above data, the reduction of the tangential component
of the force Pz in the case of working of the worked PSHM at the third pass is 29%
and 26% for the load of 1.0 N and 1.5 N, respectively, while in the case of working of
the new PSHM - 2 and 16%, and carbide - 16 and 20%, respectively. Similar results
were obtained by repeated sequential cutting of other rock samples.

Based on the performed experimental studies, in order to establish the reason for a
more significant decrease in the tangential component of the cutting force Pz when
using a lapped insert and to explain the mechanism of diamond-hard-alloyed inserts
operation, a hypothesis was put forward that when cutting rocks with polycrystalline
superhard materials, the process of destruction is carried out not only by the entire
polycrystalline insert, but also by ridged diamond formed on the cutting edge and
back surface of the tool At the same time, ridged diamonds, when embedded in the
rock, create high contact stresses and an additional network of microcracks
interacting with microcracks formed due to the embedding of the entire cutting edge
of the plate. As a result of impact of two independent sources of stress concentrations
simultaneously, the zone of the pre-destructed layer in the rock mass increases and its
lesion, which leads to a more significant strength reduction compared to the impact of
only one polycrystal (in the case of a new insert) or only diamond grains (when
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drilling with diamond tools). The stress fields formed under PSHM and carbide
cutting elements can be schematically represented as follows (Fig.1).
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Figure 1 — Scheme of stress fields at rock fracture by tungsten carbide plates (a) and PSHM (b)

To confirm the put forward hypothesis, a set of studies was carried out on the
microscope-analyzer "Camskan-4DV" to investigate the microrelief of the cutting
edge and back surface of the polycrystal in contact with the rock massif during
cutting. The studies shown that unlike new plates, there are many ridges formed on
the polycrystalline layer of the cutting surfaces of working diamond-hard-alloy plates
and syndrill (Fig.2) soldered from rotary drilling cutters. This ridges is formed during
the operation of diamond-hardfacing plates made of diamonds of any grain sizes,
while in the initial state there are no ridges on the PSHM surface.

Figure 2 — Cutting surfaces of PSHM (a) and syndrill (b), soldered out
from working rotary cutters for rotary hole drilling
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The use of stereoscopic fractoscopy method makes it possible to qualitatively and
quantitatively evaluate the features of microrelief details.

The results of the research showed that the relief of the cutting surface of the new
diamond-hard-alloyed inserts is practically a smooth surface without any ridges of
diamonds on the polycrystalline layer. This is explained by the technology of
mechanical processing of the plates after sintering in high-pressure apparatuses
(diamond-hard-alloy plates are ground with diamond wheels on the ends and
cylindrical surface). As a result, a sharp cutting edge with a rounding radius of 0.02—
0.03 mm 1s formed, which is used to cut the rock.

At the same time, the analysis of topograms of the cutting surface of the working
PSHM shows that as a result of interaction with the rock being destroyed, the cutting
edge of the plate undergoes significant changes, acquiring a relief surface with a
multitude of diamond ridges.

Mathematical processing of the results of measurements of profiles of the
working surface of polycrystal, obtained on a stereo comparator, showed that the
height of these ridges is within 5-25 microns, which is commensurate with the height
of diamond grains in fine-grained grinding wheels (Fig. 3).

Figure 3 — Microrelief of the cutting surface of the working PSHM
with grain size of initial grinding powders 60/40 (a) and 125/100 (b)

It is characteristic that these ridges are formed on the cutting edge of polycrystal,
the sizes of which do not depend on the grain size of the initial grinding powders, but
are determined by the conditions of contact interaction with the rock being broken.
This is due to the fact that ridges are not individual diamond grains that form the
basis of the polycrystal, but their conglomerates.

Accordingly, the work of all inserts made of polycrystalline superhard materials
can be represented as the result of the total impact on the rock of the cutting surface
of the polycrystal and ridges located on its cutting edge.
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In order to establish the influence of ridges on the cutting edge of polycrystal on
the process of cutting rocks, the microprofile of the destructed surface was
investigated. For this purpose, cutting of the ground surface of a silicon single crystal
with a new diamond-hard-alloy plate and a working plate having a blunted area was
carried out on a planing machine of 7V36 model. Cutting was carried out at a speed
of 0.55 m/s and a depth of 1.0 mm. The stereo pairs of profiles obtained on a
Camskan microscope were examined on a stereo comparator. The obtained results
showed that the microprofile formed by the previously working PSHM, in addition to
the main groove has ridges at the blunting area of the cutting edge of the polycrystal,
while in the microprofile formed by the new plate, these ridges are absent. This
indicates the active participation in the process of formation of the cutting surface of
the cutting edge ridges, which create additional damage in the surface layer of the
rock, leading to its de-strengthening.

This conclusion is also confirmed by the results of the study of the degree of
surface layer de-strengthening and its depth using the technique of luminescence
defectoscopy of rocks.

As it can be seen from the obtained images (Fig. 4), the size and shape of the pre-
fracture zone formed when cutting the rock with a diamond-hard-alloy plate and a
carbide-alloy plate are significantly different. In this case, when cutting with a
carbide insert, the tangential components of the cutting force Pz increase by 1.7-2.5
times because, as shown by earlier studies [7], in this case the crack occurrence is
initiated by compression stresses. l.e., fracture by diamond-hard-alloyed inserts
requires lower energy consumption, which can be explained by their unique physical
and mechanical properties.

a b

Figure 4 — Pre-destruction zones formed during cutting of granite
diamond carbide insert (a) and carbide insert (b)

These regularities, which were confirmed in all experiments, indicate the active
participation of ridges on the cutting edge of PSHM in the destruction of rock and in
the formation of the pre-destruction zone.

This confirms the hypothesis that when cutting strong rocks with a strength of
100-150 MPa with polycrystalline superhard materials, the destruction is carried out
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not only by the entire polycrystalline plate, but also by diamond ridges formed on the
cutting edge and rear surface of PSHM during operation. The influence of these two
factors determines the conditions for the formation of the pre-destruction zone and
the reduction of the force characteristics of the cutting process.

In our opinion, this is the main difference between the mechanism of rock
destruction by tools equipped with diamond-hard-alloyed inserts and hard alloys.

At the same time, studies shown that ridges on the cutting edge and back surface
of PSHM may not be formed due to a violation of the thermal mode of tool operation.
This may be a consequence of incorrectly selected application area of PDC, incorrect
operating modes, errors in tool design, insufficient cooling and other factors.

In this case, the diamond-hard-alloy insert begins to work as a carbide insert and
the efficiency of the PDC is drastically reduced.

The use of knowledge obtained as a result of the conducted research makes it
possible to create tools equipped with diamond-hard-alloyed inserts, the wear
resistance of which significantly exceeds the wear resistance of similar tools made of
carbide. Thus, for example, the wear resistance of the created PIII-140 type cutters
for rotary borehole drilling is 50—70 times higher than the wear resistance of carbide
cutters of PI1-42 or BU-741 type, the wear resistance of drilling tools for drilling
abrasive frozen ground is 70-90 times higher than the resistance of serial carbide
tools, and when cutting saw stone the increase in the resistance of cutters is 120—150
times.

This made it possible to widely introduce the efficient tools equipped with
diamond-hard-alloyed inserts into the coal industry, geological exploration,
construction, open-cut and underground saw stone mining.

4. Conclusions

As a result of the conducted experimental studies, it was established that the main
difference in the mechanism of rock destruction by tools equipped with
polycrystalline superhard materials and hard alloys is that the process of rock
destruction by PDC is carried out not only by the polycrystalline plate as by a solid,
but also by discrete ridges of diamonds formed on the back surface and cutting edge
of the polycrystal.

The ridges formed on the surface of the polycrystal when embedding into the rock
create high contact stresses and an additional network of microcracks interacting with
microcracks formed due to the embedding of the entire cutting edge of the plate.

It is established that the impact of two independent indenters simultaneously
increases the zone of the pre-destroyed layer in the rock massif, which leads to a
more significant decrease in its strength and, as a consequence, to the intensification
of the process of rock destruction by the PDC.

It 1s shown that in case of incorrect choice of application area and operating
modes, errors in tool design and insufficient cooling, ridges are not formed on the
cutting edge and back surface of the polycrystal. As a result, the polycrystalline insert
works as a carbide insert and the efficiency of the PDC is sharply reduced.
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[0 MUTAHHA MEXAHI3MY PYUHYBAHHSA FPHUYMX NOPIA IHCTPYMEHTAMU 3 TBEPOUX CMIABIB
| NTONIKPUCTANIYHUX HAOTBEPOUX MATEPIANIB
KpacHuk B.T.

AHotauia. [lig yac [JOCnimKeHHs npoUEecy PYAHYBaHHS TipCbKMX MOpPiA  IHCTPYMEHTaMM, OCHALLEHUMM
nonikpucTaniyHumu HagTeepaumn matepianamu (MHTM) i TBepauMn cnnaBamu, OCHOBHI 3aKOHOMIPHOCTI MexaHiamy
PYHYBaHHS, HE3BaXalouW Ha ICTOTHI BiAMIHHOCTI (Di3WKO-MeXaHIYHMX BNACTUBOCTEN IHCTPYMEHTamNbHIUX MaTepianis, Ski
BUKOPUCTOBYIOTLCS, MPUAMAIOTb iOEHTUYHMMKU. Takui nNigxig He TiNbKM 3HWKYE €EKTUBHICTb BUKOPUCTaHHS
CTBOPIOBAHMX MOPOAOPYMHIBHUX IHCTPYMEHTIB, @ 1 0OMeXye Cepy 3acToCyBaHHSI MOMIKPUCTAmiYHMX HaLTBEPAMUX
maTepianis.

lMpoBeaeHi ekcnepumMeHTanbHi AOCTIMKEHHS 3 BUKOPUCTAHHAM PisHUX METOAIB OTPUMAaHHS iHchopmaLii nokasanm
iCTOTHI BIAMIHHOCTi B MeXaHi3Mi pyiHyBaHHS FipCbKiX NOpig TBEPAUMK CraBamMu i NOMKpUCTaniYHUMKU HaaTBEPAUMM
MaTepianamv. BMBYEHHSI 30HM Nepeas3pyHOBAHOI MOBEPXHI Mokasano, Wo nig 4ac pisaHHs ripcekux nopig MHTM
NpoLec pynHYBaHHS 3MINCHIOETLCA HE TiNbKK BCIEK0 NONIKPUCTANIYHOK NMACTUHOW, a i MIKPOBUCTYNaMK anmasis, Lo
(hOPMYKOTbCH Ha pi3anbHid KpOMLUi Ta 3afHiA NoBepxHi iHCTpyMeHTy. [pu LbOMy anmasu, Lo BWUCTYNawTb, Npu
BMpOBaXeHHi B MopoJy CTBOPIOKTL BUCOKI KOHTAKTHI HAMpYXeHHS | JOAATKOBY Mepexy MIKPOTPILLWH, AKi B3aEMOZitoTb
3 MIKpOTPILLMHAMK, L0 YTBOPHIOTLCS Bif BNPOBAMKEHHS BCIEi PiKY40i KPOMKM NnacTuHu. 3a HenpaBuIbHOrO BUOGOPY
obnacti 3actocyBaHHs TMHTM i pexumiB ekcnnyatauii, MOMWIOK Y KOHCTPYKLil iHCTPYMEHTY Ta HegocTaTHbOro
OXONOZKEHHS! MIKPOBMCTYNM Ha PiXYYil KpOMUi Ta 3afHiil NOBEPXHi MoMikpucTana He YTBOPKKTLCSA. Y pesynbTari
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nonikpucTaniyHa nnacTuHa npauoe Sk TBepAOCnIaBHa BCTaBKa i eheKTUBHICTE poboTn iHCTpyMeHTy 3 MHTM pisko
3HUKYETBCS.

BukopucTaHHs 3HaHb, OTPUMaHKX y pesynbTaTi NPOBEAEHWX AOCRIOKeHb, Aae 3MOry CTBOPKOBATU IHCTPYMEHTH,
OCHalLieHi anMasHo-TBEPAOCNNABHUMI NNACTUHAMM, 3HOCOCTIMKICTb AKUX Y AECATKM pasiB nepeBuLLye 3HOCOCTIMKICTb
aHanoriyHMX iHCTPYMEHTIB i3 TBepaoro cnnaey. Hanpuknag, Gyno CTBOPEHO i LUMPOKO BMPOBAMKEHO B MPAKTUKY
€(EKTUBHI IHCTPYMEHTH, OCHALLEHI anMasHO-TBEPAOCNNAaBHUMM NnacTuHamu, Ans obepTanbHoro BypiHHS Lnypis,
AerasaLliiHux CBEPANOBMH, aHKEPHOTO KPINMeHHs ripHunx BUPOBOK, pidaHHs MUIANBHOMO KameHto, BypiHHS abpasnBHNX
BIYHOMEP3MMX IPYHTIB Ta iHLLI.

KntoyoBi cnoBa: nonikpuctaniyHi HaaTBepai Matepiany, TBepi Cnnasu, 30Ha NepeapynHyBaHHs, MOPOLOPYMHIBHI
IHCTPYMEHTW, PYHYBAHHS FipCbKUX NOpig.
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