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Abstract: In the practice of drilling oil and gas wells with diamond bits equipped with PDC cutters, cutter quality non-

compliance with the declared class occurs. At the same time, the currently used methods of full-scale testing, when granite
stone is used as a counterbody, are time-consuming and expensive, which complicates their use for prompt incoming in-
spection of new batches of PDC cutters arriving for assembly of diamond bits. This necessitated the development of a la-
boratory tribotechnical facility for quantitative assessment of the ability of PDC cutters to resist abrasion against abrasive
materials. The study covers the development of a specialized tribotechnical facility that allows testing PDC cutters of vari-
ous sizes for wear during friction against a diamond-containing metal work face, for which it is proposed to use diamond
cutting wheels. The developed laboratory tribotechnical facility includes: an electromechanical rotary drive (a drilling-and-
milling machine); a measuring unit with sensors for normal loads, friction force and temperature of cutter self-heating dur-
ing testing; a lever loading mechanism; a set of mandrels for the possibility of installing PDC cutters of various sizes;
a data collection system and licensed software. The results of practical evaluation of the developed laboratory tribotech-
nical facility on PDC cutters of various batches showed that testing on the new equipment allows for quick collection of
data on the wear rate of the working edges of PDC cutters. The developed methods, equipment and criteria can be used to
certify the wear resistance of PDC cutters.
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INTRODUCTION
Currently, the most popular drilling tools for drilling oil

abrasiveness. To determine the degree of wear of the bits
(crowns), it is necessary to bring the tool to the surface.

and gas wells in soft rocks with interlayers of hard rocks
and medium-hard rocks are bits with PDC (Polycrystalline
Diamond Compact) cutters [1]. It is known that rock-
destructing PDC cutters are the most loaded and least reli-
able elements of the design of diamond drill bits [2; 3].
When used at the work face, they have a chipping, crushing
and abrasive effect on the rock being drilled. In turn, the
rock has a destructive effect on the cutters: their working
edge wears out when dragging against the rock, which leads
to a gradual decrease in the aggressiveness of the cutters
and, accordingly, a decrease in the drilling speed. In most
cases, the durability of the PDC cutters limits the repair-to-
repair period of the diamond bit, and therefore the efficien-
cy of drilling wells [4; 5].

When drilling prospecting, exploratory and producing
wells, the drilling tool passes through shale, limestone, sand-
stones, quartzites and other rocks of different strength and
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The duration of the process of pulling and running operations
significantly increases the cost of well construction [6].

PDC cutters are a superhard monolithic composite
material produced by sintering a hard-alloy tungsten car-
bide base on a cobalt bond and a polycrystalline diamond
insert [7]. The sintering process is carried out in cubic
presses at ultra-high pressures (6...8 GPa) and tempera-
tures (1400...1500 °C) in a liquid medium of a metal
catalyst (cobalt) [8]. Despite the existing multi-stage
control system in the production of PDC cutters, includ-
ing control of raw materials, sintering pressure, visual
inspection, defect analysis and laboratory impact and
wear tests, studies have shown that changes in the wear
resistance of PDC cutters occur from batch to batch [9].
Therefore, the introduction of incoming quality control
of cutters arriving for assembly of diamond bits should
be an integral part of the implementation of a quality
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system in bit production. The problem is complicated by
the fact that, currently, there are no international norms
and standards for assessing the quality of PDC cutters.
Until recently, each company with diamond production
developed its own testing methods and criteria for ana-
lyzing their reliability. Now, one can see a trend towards
conducting seminatural tests, when the tested PDC cut-
ters (in real design) are worn out on a rotating natural
stone (Fig. 1) simulating a work face [10].

For example, the general technical requirements of
the Institute of Oil and Gas Technology Initiatives for
cutting action blade bits equipped with cutters with a dia-
mond polycrystalline insert' propose to test PDC cutters
for abrasive resistance on the basis of a turning-and-
boring lathe, including a mandrel for installing the test
cutter in the cutter holder installed at a given angle to
the cylindrical granite stone surface. The lathe ensures
cutting of the rock with a constant angular velocity
(40...80 rpm) and axial load. The tensile strength of gra-
nite is set in the range of 150...250 MPa. A standard system
for supplying lubricating and cooling liquid is used to cool
the cutter. The cutting depth during tests is 0.25...1.0 mm.
The cutting stroke is from the centre to the periphery.
The return stroke is carried out without contact with
the surface of the stone. After each cycle, the friction sur-
face of the cutter is photographed to assess the volumetric
wear, and then the cycles are repeated.

A similar method for assessing the wear resistance of
PDC cutters was described in the Laboratory of Ultra-
hard Materials at MISiS. It involves drilling granite on
a vertical turret lathe under high load. The wear rate is
defined as the change in the weight of the cutter before
the start of the experiment and after a certain number of
passes in the granite [10]. Similar equipment for testing
PDC cutters was used by LANDS Superabrasives, Ele-
ment Six (E6), Drilling Industrial Systems (LLC), Vol-
gaburmash (OJSC), and others. For example, Element
Six (E6) tests cutters for wear resistance by turning
a granite sample of fine-grained or medium-grained
structure with a strength of at least 220 MPa at a rotation
speed of 54 rpm (40-160 m/min), a cutting depth of
0.25 mm, and a feed rate of 4.5 mm/rev with water-
cooling [4]. The Ufa State Petroleum Technological
University has proposed a technique for testing cutters
for wear during friction against granite, taking into ac-
count the work face profile [11]. Test modes: six levels
of penetration per one cutter revolution 6=0.28, 0.4,
0.56, 0.8, 1.12, 1.6 mm at a rotation frequency of
90 min"!. Flushing is carried out with technical water.

The considered tests are attractive because they create
conditions that are as similar as possible to operational
ones. However, some unaccounted factors, such as the flow
of abrasive-containing drill fluid acting on the cutter, can
lead to hydroerosive wear of the carbide base under
the polycrystalline diamond insert, depriving it of support
(Fig. 2). Moreover, during the drilling process, a specified

! Cutting action blade bits equipped with cutters with a dia-
mond polycrystalline insert. General technical requirements. St.
Petersburg, Institute of Oil and Gas Technology Initiatives, 2022.
81 p.

axial load is maintained on the bit and on the cutters in
particular [12; 13]. If the tests are carried out at a constant
penetration depth, this leads to constant changes in axial
loads, which creates uncertainty in the modes of loading
the cutters during tests. The choice of granite or marble as
the work face material is caused by the fact that these ma-
terials, due to their high abrasiveness and hardness, allow
assessing the wear of the cutters in a relatively short time.
However, natural materials have a heterogeneous (lay-
ered) structure in depth, which, taking into account
the long duration of the tests, can lead to an error in the
measurements depending on the location of the abraded
layer of the work face [14; 15]. To solve this problem, it
was proposed to use artificial abrasive materials — 64C
(silicon carbide) grinding wheels, as a counterbody during
testing, which due to their increased hardness, accelerate
the wear process [10].

Despite the general test scheme, one can state that cur-
rently, there is no generally accepted technique for wear
tests of cutters, which does not allow comparing the re-
sults of different researchers and confirming the declared
quality of products. To move to the possibility of certify-
ing the quality of cutters according to the wear resistance
criterion, it is necessary to determine the list of confirmed
indicators and their ranges or limit values, observing
the unity of the conditions for conducting tests and mea-
surements. At the same time, it is advisable to supplement
the arsenal of full-scale methods for testing cutters with
simpler and more efficient methods of laboratory testing.
Their purpose is not to determine the wear rate of cutters
during operation, but only to give a comparative assess-
ment of the wear resistance of polycrystalline diamond
inserts on the edges of cutters while maintaining the test
scheme, acceptable forcing of mechanical stresses and
increasing the aggressiveness of the counterbody for
the quickest possible comparative analysis. All other factors —
the value of the load on the cutter, the cutter angle to the
counterbody, the speed of rotation of the work face, etc. —
are chosen constant so that the wear rate of the PDC in-
sert depends only on the properties of the insert on
the tested cutter.

The purpose of the study is to develop a laboratory tri-
botechnical facility and a method for testing PDC cutters
for wear.

METHODS

Development of a methodology for wear test
of PDC cutters

When developing equipment for laboratory wear tests of
cutters, the following assumptions were made. The design
of the bit provides for an angular (usually at angles from 5
to 30°) position of the cutters relative to the work face, in
which not the entire cutter surface contacts the rock, but
only the protruding edge of the diamond polycrystalline
insert (working edge). In this respect, it was decided to set
an angle close to the average in the specified range equal to
15°, due to the geometry of the equipment.

To accelerate wear tests, the authors proposed using
a metal-diamond “work face” in the form of a diamond-
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Fig. 1. Scheme of PDC cutter wear tests:
1 — tested cutter; 2 — counterbody (granite stone);
F — normal load; S — transverse feed; V — rotation speed of the movable counterbody
Puc. 1. Cxema ucnoimanuii PDC-pe3yos na usnawuganue:
1 — ucnvimyembviii pezey, 2 — KOHMpPMeNo (SPAHUMHbBIL KAMEHD),
F — nHopmanvnas naepysxa; S — nonepeunas nooaua;
V — ckopocmb épawenus noOsUICHO20 KOHmMpmena

Fig. 2. The proposed scheme for wear tests of the PDC cutters:
1 — tested cutter; 2 — counterbody (diamond cutting wheel);
F — fixed normal load; V — wheel rotation speed
Puc. 2. [Ipeonazaemasn cxema ucnoimanuii PDC-pe3yos na uznawueanue:
1 — ucnvimyemuiii pesey, 2 — KOoHmpmeno (AImMasHulii OMpe3Hou OUCK),
F — ghuxcuposannas nopmanbHas Hacpy3xa;
V — ckopocmu @pawenusi Oucka

containing rim of a diamond cutoff disk as a counterbody.
Unlike the use of natural rocks (granite stone), which can
have significant differences in hardness (6.5—7 units on
the Mohs scale) and tensile strength (from 40 to 80 MPa),
artificially created diamond tools are manufactured accord-
ing to accepted technical specifications and have a regulat-
ed range of properties. To test PDC cutters, it is recom-
mended to take wheels with a hard bond (6600 MPa on the
Vickers scale). This will reduce the wear rate of the dia-
mond rim and allow using one disk twice: first from one
end, then from the other. In this case, there is no disk clog-
ging. The tested edge of the PDC cutter effectively removes
the metal layer and reveals new diamond grains. Moreover,
with an increase in the hardness of the counterbody,
the pressure at the point of contact of the cutter with the me-
tal-diamond work face during friction increases. This creates
conditions for a significant acceleration of wear tests.

The recommended load on the friction contact is 20 kgf
(196.2 N). Higher loads lead to the appearance of areas of
adhesion of the PDC cutter with the diamond rim, strong
heating of the contact (over 300 °C), and rapid failure of
the diamond wheel without the possibility of its secondary
use. For the same reasons, the speed of rotation of

the wheel was limited to 200 rpm. Lower loads lead to
the necessity of increasing the test duration to form notice-
able wear. Studies have shown that the characteristic values of
the force of friction between the cutter and the diamond rim
at the selected normal load are about 60...70 N, which with
a cutting wheel diameter of 115 mm corresponds to a friction
torque of 3.6...4.2 N-m. To implement such an effort, it is
recommended to use a drive with a power of at least 400 W.
Modernized vertical drilling machines equipped with a lever
loading system can be used as such a drive.

The PDC cutters were tested for abrasive wear re-
sistance under the following test conditions:

— friction pattern: “tooth edge — diamond wheel”;

— rotation frequency of the metal “work face” — 200 rpm;

—counter sample (“work face”) — diamond -cutting
wheel (125 mm);

— samples — two PDC cutters with the same service life;

— sample mounting angle relative to the “work face” — 15°;

— test time — 30 min;

— friction without lubrication (dry);

— continuous collection of data on the normal load ap-
plied to the contact and the friction force, and periodic tem-
perature monitoring.
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Development of equipment for laboratory wear tests
of PDC cutters

Taking into account the above, a laboratory software and
hardware complex (Fig. 2, 3) was developed at the Chair of
Machinery and Equipment of Petroleum and Chemical Pro-
duction of Samara State Technical University. The scheme
of the friction unit (Fig. 2) of this facility is generally simi-
lar to the scheme of full-scale tests shown in Fig. 1. The
model work face is also rotating relative to the fixed cutter
inclined relative to the work face at an operating angle and
cutting into it with the edge of the polycrystalline diamond
insert. The difference is that the work face is inverted rela-
tive to the cutter, which creates conditions for the sponta-
neous removal (shedding) of wear particles from the fric-
tion zone. Moreover, such a mutual arrangement allows
free loading of the cutter from above with a fixed load and
rotation of the work face using standard and relatively in-
expensive equipment — desktop drilling or drilling-and-
milling machines as a drive. The edge of the cutter is
pressed into the diamond rim for an amount determined by
a fixed normal load and relatively stable strength properties
of the rim. This creates identical friction conditions when
testing various cutters and more closely matches the load-
ing pattern of cutters during drilling.

The design of the device for testing PDC cutters for
abrasive wear is shown in Fig. 3. The main components of
the test facility are:

1) a drive consisting of an electric motor, a spindle unit,
a rack, a base and a console table. Drilling or drilling-and-
milling machines can be used as a drive. The modification
of the machine includes the installation of a lever loading
system allowing the creation of an axial load of up to
200 N. It is preferable to use machines with the ability to
move axially the console table along the toothed rack;

2) a system for monitoring experimental data consisting
of a measuring unit (Fig. 4), an E14-140 data collection
system and PowerGraph software. The measuring unit is
equipped with sensors for the average self-heating tempera-
ture of the PDC cutter, normal load and tangential load. In
the lower part of the monoblock, there is a shank end for
fixing in a vice on the console table. In the upper part, there
is a vertical hole with a clamp allowing the fixation of the
mandrel with the tested cutter. The range of measured va-
lues of the sensors: temperature 7 — up to 600 °C, normal
load F, —up to 1000 N, friction force F; —up to 500 N. The
software allows calibrating the sensors and building dia-
grams of the measured values in real time with the adopted
data collection frequency of 100 Hz. Since the PDC cutter
materials (polycrystalline diamond insert and hard alloy)
have good thermal conductivity, the process hole for mea-
suring its average temperature is located directly under the
PDC cutter;

3) a mandrel for the PDC cutter. The mandrel provides
its reliable fixation on the monoblock and a specified angle

/4
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N
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Fig. 3. Device for abrasive wear tests of the PDC cutters:
1 — electric motor; 2 — spindle unit; 3 — rack; 4 — base; 5 — console table; 6 — lever; 7 — load;
8 —data collection system; 9 — vise;

10 — diamond cutting wheel; 11 —lock; 12 —

cooler; 13 — PDC cutter; 14 — screw coupling

Puc. 3. Yempoiicmeo ons ucnoimanus PDC-pe3yos na abpazuenoe usHawusanue:
1 — anexmpoodsuzamensv, 2 — wnUHOENbHbII Y3ei, 3 — cmouka, 4 — ocHoganue;
5 — KoHcombHbIll cmox; 6 — puiyaz; 7 — epy3; 8 —cucmema coopa OanHwix; 9 — mucku,
10— anmaswwii ompesHou ouck; 11— guxcamop; 12 — oxnaoumens, 13 —peszey PDC; 14 — cmsicka
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3

Fig. 4. Measuring unit without housing:
1 —monoblock; 2 — mandrel; 3 — PDC cutter, 4 — clamp bolt; 5 — axial load sensors;
6 — friction force sensors (tangential load),; 7 — process hole for thermocouple
Puc. 4. Hzmepumenvuwiil 610k 6e3 kopnyca:
1 — mownobnok; 2 — onpaska,; 3 — PDC-pesey; 4 — bonm xomyma, 5 — 0amuuku 0cegou Hazpy3Ku,
6 — OamyuKu cunbl mperust (ManeeHYuarbHou Hazpy3Ku);, 7 — mexHoiozcuueckoe omeepcmue OJisi mepMonapbl

of the cutter location. To unify the tests, a single angle of
15° was accepted for all cutters;

4) a mandrel for a counter-sample (Fig. 5). It allows fix-
ing the diamond cutting wheel in the drive chuck and elimi-
nates the possibility of bending the diamond cutting wheel
under the action of axial load. Moreover, the diamond cut-
ting wheel mandrel is additionally equipped with a lock that
prevents the diamond cutting wheel from rotating around
the rotation axis at high friction torques during tests, thus
ensuring the same friction path when testing different PDC
cutters and, accordingly, increasing the reliability of
the results obtained.

RESULTS

The typical diagram of wear tests according to
the “tooth edge — diamond wheel” scheme given in Fig. 6
shows that as the cutter wears, the friction torque increases.
In this case, axial and torsional vibrations occur. Axial vi-
brations lead to the formation of a wave-like profile on the
surface of the counter sample. Upon completion of the tests,
a flat similar in shape to the worn surface is formed on
the working edge of the cutter (Fig. 7).

Fractographic analysis of the surfaces of PDC cutters
worn during operation (Fig. 8) and during laboratory tests
showed a similar damage pattern in the form of a stepped

Fig. 5. Mandrel for counter sample.
Diamond cutting wheel mandrel.:
1 — hole for the lock; 2 — installed lock; 3 — diamond cutting wheel
Puc. 5. Onpaska ons konmpobpasya.
Onpaska anmasnozo ompe3nozo oucka:
1 — omsepcmue nood gurxcamop; 2 — yCmanosIeH b GUKCAMOP, 3 — AIMA3ZHBIL OMPE3HOU OUCK
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Fig. 6. Typical view of the PDC cutter test diagram
Puc. 6. Xapaxmepnwiii 6uo sniopsl ucnvimanuii PDC-pe3yos

Fig. 7. View of the worn surface of a polycrystalline diamond insert
Puc. 7. Buo usnowienHoti nogepxHocmuy NOIUKPUCTRATIIUECKOU ATMAZHOU NAACTUHbL

Fig. 8. Stepped structure of the wear surface of the polycrystalline diamond insert of PDC cutters: at magnification x40 (a) and x100 (b)
Puc. 8. Cmynenuamas cmpykmypa no8epxHocmu UsHAWUEAaHUs noruKpucmaniuieckol aimasuou niacmunsvt PDC-pe3yos:
npu yeenuuenuu x40 (@) u x100 (b)
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structure characteristic of fatigue wear. The studiBE prevent the wheel from bending under the influence of axial
cutters of different batches and quality classes for wédaad and ensure the correct angle of the cutter.
showed that the range of wear rates is from 1 tond/h, The obtained results show that the developed methods
and the wear rate of the work face is from 0.8 tg8 for testing PDC cutters for wear aaduipment can be used
The wear rate of the counterbody characterizes the dedmedifferentiate cutters by wear resistance.
of aggressiveness tfie cutter in relation to the work face. The quality management system for diamond and ma-
Cutters with a lower content of plastic cobalt binder turnédx bits requires improving the methods of incoming in-
out to be more aggressive to the metal work face. spection of PDC cutter resistance to operational destructive
A complex parameter characterizing the efficiency ddctors. For effectivencoming inspection of PDC cutter
the cutter during frictiontthe amount of remowework wear resistance, it is necessary to ensure both the adequacy
face (in mg) per Ing of weight wear of the cutting edge obf test results and the efficiency of testing without unneces-
the cutter is also of interest. sary costs. For this purpose, special laboratory equipment
Based on the conducted studies, the authors proposed developed at Samara State Technicaladsity. To
a criterion that allows classifying cutters into one of fowaccelerate wear tests, it was proposed to use a-metal
groups of operational properties by weasistance, which diamond work face in the form of a diameodntaining
is given in Tablel. rim of a diamond cutting wheel as a counterbody. Unlike
the use of natural rocks (granite stone), which can have
significant difference in hardness (6% units on the
DISCUSSION Mohs scale) and tensile strength (from 40 toN&®a),

The results of testing the developed laboratory tribastificially created diamond tools are manufactured ac-
technical facility on PDC cutters of different batchesording to accepted technical requirements and have
showed that tests on the new equipment allow obtainiagegulated range of properties. To test PDC cutters, it is
data on the wear rate of the working edges of PDC cu¢écommended to take wheels with a hard bond (68P&a
ters quite quickly. At the same time, the fact that grinan the Vickers scale). This will reduce the wear rate of the
ing wheels are manufactured using a speddithnology diamond rim and allow using one disk twice: first from
regulated by technical requirements creates prerequisibe® end, then from the other. In this case, there is no disk
for improving the reproducibility of test results. Sincelogging. The tested edgef the PDC cutter effectively
diamond inserts are superhard materials, artificial diremoves the metal layer and reveals new diamond grains.
mond-containing materials manufactured using a specifMoreover, with an increase in the hardness of the counter-
technology can havihe greatest abrasive effect on thenbody, the pressure at the point of contact of the cutter with
Such metadiamond composites are used as a workinge metaldiamond face during friction increaseshi3
layer in diamond grinding wheels and diamond cuttingreates conditions for forcing wear tests.
wheels, the use of the latter has a significant advantageThe recommended load on the friction contact i&g@0
in terms of economy. (196.2N). Higher loads lead to the appearance of areas of

The experimental equipment devedal for conducting adhesion of the PDC cutter with the diamond rim, strong
abrasive tests has a wide potential for application bothheating of theantact (over300f & DQG UDSLG IDLC
the field of well drilling and in other areas where it is naiamond wheel without the possibility of its secondary use.
cessary to assess the wear resistance of materials wheriFrexthe same reasons, the rotation speed of the wheel was
posed to abrasive media. limited to 200rpm. Lower loads lead to the necessity of

Studying the processing of matds using diamond cut- increasing the test duration to rfio noticeable wear.
ting wheels often requires the development of specialiZ€de studies have shown that the characteristic values of
devices for optimal tool operation. One of the key elemenike force of friction between the cutter and the diamond rim
of such a device is a mandrel that ensures reliable fixatiomder the selected normal load are about 60N, A®hich,
of the diamond cutting wheel and PDC cutter. It is inwith a cutting wheel diameter of 118m, corresponds to
portant to take into account that the mandrel design shosldfriction torque of 3.6..4.R™. To implement such

Table 1.Classification of PDC cutters by abrasion resistanc
LZ[ebpDeZkkbnbdZplhyad'® ih klhcdhklb d Z[jZab\ghfm bk

Group of cu.tter operationql properties Cutter wear rate, mg/h
according to wearresistance
1 <2
2 «
3 «
4 >6
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