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ANALYSIS OF MATERIALS
AND MODERN TECHNOLOGIES
FOR PDC DRILL BIT MANUFACTURING

The article presents a review of PDC (polycrystalline diamond composite) drill bit
manufacturing technologies and used metals in order to provide surface quality and
accuracy as well as to attract a wider range of scientists to find new technologies
and improve current ones in the field of oil and gas production. The review deals
with studies of mechanical and physical characteristics, properties, structure ef-
fects as well as modern PDC drill bit manufacturing technologies, tools and techni-
cal means. Authors discuss the main tendencies and analyse differences in the tech-
nologies determined by the used metals. A drill bit quality assurance diagram is
developed, which depicts drill bit quality as a complex indicator determined by both
used metals and drill bit element-manufacturing technologies. The follow techno-
logical stages are defined as the drill bit quality assurance stages: workpieces pro-
duction, rough and semi-rough machining, chemical and thermal treatment, body
covering, finishing machining, cutter soldering and drill bit assembling. As stressed,
the used metals determine not only drill bit manufacturing technology, but also
drill bit design.

Keywords: PDC drill bit, quality, technology, metal, welding, casting, body, cutter.

1. Introduction

Drill bits are widely used for oil, gas and water drilling, as well as in
mining and exploration. Their main performance options are mechanical
speed, stability and penetration. The current drill bit market stipulates
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scientific, design and technological development due to high competi-
tion of the manufacturers in different countries. The drill bits’ design,
manufacturing, and performance problems are in the focus of the na-
tional program of fuel provision ‘Energy Strategy of Ukraine until
2035’ [1] aims at prospecting and exploration drilling increasing.

Currently, the polycrystalline diamond composite (PDC) drill bits
are used for oil, gas, and water drilling and drive three-cone bits out
from the drilling market due to design benefits. Absence of a bearing
assembly and movable elements in the PDC drill bit design provides in-
creasing of rate of penetration, low number of lifting operations, re-
pairable design, and due to this fact higher mechanical speed, lower
costs per a penetrated meter, and well completion time with collector
properties of the productive horizon.

This way, scientific and technological progress and modern drilling
requirements stipulate for new designs and technologies of drilling
tools. Drill bits are the most loaded structures due to complex bottom-
hole kinematics, limited wellbore space, high temperatures, high static
and dynamic pressures, associated with liquid column and high pressure
fluctuations in bits’ hydraulic elements, and huge dynamic loads associ-
ated with rock destruction of different hardness and abrasiveness.

Exploration and well production increasing, difficult operational
conditions as well as serious drilling manufacture competition put for-
ward a claim of quality, efficiency and value of modern drilling tools.

The drill bit quality indicators are the issues at stake. Traditionally
performance indicators specify drill bit quality, in particular reliability
and operating time [2]. This means that scientists determine quality
through cutter operation indicators [3], because there are no clear rela-
tions between drill bit options and drilling indicators. This spawns
complexity of drilling indicator forecasting (rate of penetration, opera-
tional time, average speed of mechanical drilling in meters per hour,
etc.) [4, 5].

On the other hand, focusing on rock destruction indicators [6] often
disregards drill bit technology issued (drill body technology, covering,
cutter attaching, metals, etc.) Besides, some issues are still challenged,
in particular a comprehensive review of metals from the standpoint of
metal physics, physical metallurgy, technical means and equipment de-
signs used for PDC drill bit manufacturing.

This review focuses our attention on the metals and technologies
used for PDC drill bit manufacturing, summarizing the main features
of this process refer to metals and technologies, national and interna-
tional experience of PDC drill bit usage analyzation and comparing as
well as drill bit quality model development.
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2. Modern Technologies of PDC Drill Bit Manufacturing

2.1. Main Directions of Technology
and Material Improvement for Drill Bit Durability Increasing

Technological, design and operation method are used in order to in-
crease drill bit durability. The authors start review of drill bit durabil-
ity and efficiency improvement approaches from studying works aimed
at dynamic loading decreasing within drill bit operation.

The works simulated friction contact in shell-core systems under
nonmonotonic loading in order to specify the rigidity [7—9] and the
damping ability [10—13] of shell anti-vibration devices.

Rod system static and dynamics with interaction of elastic or inelas-
tic medium lateral surface were studied refer to issues of drill string
sticking [14-16], safe operation of oil and gas equipment in difficult
mining and geological conditions [17-19], drill string durability [20,
21], and drill string stabilization [22—24].

Special anti-vibration and damping devices reduce drill string vibra-
tions to optimize drill bit operation modes [25—27]. The works [28—31]
present theoretical and experimental studies of strength, rigidity, damp-
ing characteristics and rational design of the aforementioned devices.

The work [32] analyses in detail the drilling equipment design and
technology of stuck metal drill string releasing. The authors also devel-
oped a dynamic mathematical model that takes into account elastic os-
cillations of drilling pipes coupled to a shock mechanism to make pos-
sible improvement of engineering methods of drill tubes modelling and
calculations at the stage of their design and production [33].

The paper [34] presents a mathematical model of drill string opera-
tion with a surface vibration mechanism, which releases the stuck drill.
Besides, the authors developed a discrete-continual model taking into
account wave propagations in drill strings with sequentially fitted dif-
ferent pipes (metal, cross-sectional area, external loads), provided nu-
merical calculation of the main kinematic and dynamic characteristics
of the studied system, and developed recommendations on forced oscil-
lation amplitudes to specify resonant frequencies for stuck drill string
realizing and sticking destruction.

Authors of Ref. [35] studied a contact of metal drill string made of
different metals with the bottomhole. The authors developed a mathe-
matical model to analyse the strength properties of shock-loaded metal
pipes, obtained an analytical solution of the dynamic problem of elastic
oscillations of stuck drill string with a built-in impact mechanism. Be-
sides, the authors numerically simulated and estimated strength of the
stuck drill string, taking into account the elastic and plastic properties
of metals, and provided recommendations for the selection of metals for
drilling pipes.
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Generally, material scientists focus their efforts on life increasing
of details and drill bits as well as methods of deformation definition
[36]. Thus, Ref. [37] proposed to increase an aluminium drill pipes’ life
by applying a protective thickening of the optimum shape to provide
stability under axial force loading and torque. The article [38] proposed
to increase the wear resistance of steel bits’ details by their surface cen-
trifugal reinforcement with tungsten carbide during manufacturing a
workpiece with two mutually perpendicular axes of mould rotation.
Tests of reinforced parts for wear are described in Ref. [39].

Application of one-layer [40] and two-layer coatings [41] is an ap-
proach to increase drilling tool longevity. In order to make a rational
choice of coatings, their physical and mechanical characteristics are
studied. In particular, a series of studies is devoted to the structure and
properties of layered coatings from the point of view of the solid-state
physics [42-46] and electrochemistry [47—49].

The authors studied some aspects of surface hardening by electro-
sparking [50, 51] and high-speed milling [52], chemical treatment [53,
54], and high-temperature pressing [565] of details made of alloys.

Authors of Refs. [66—59] studied the load-bearing capacity of two-
layer coatings under the local arbitrarily oriented loading. The authors
studied a layer thickness ratio for the two-layer coating of the alumini-
um—aluminium oxide system to provide the maximum bearing capacity
of the steel-based composition. A one-dimensional model of the interac-
tion of a thin coating with particles of fixed and unattached abrasive
was proposed in [60].

One of the promising methods of coating is electrochemical chro-
mium plating of steel parts in a flow electrolyte [61]. The technological
parameters of the coating process were optimized to ensure maximum
microhardness and minimum conicalness of cylindrical parts.

There were developed models to study the effect of flexible coatings
on the strength of thin-walled structures with crack-like defects. In
particular, the papers [62—64] investigated the stress concentration in
defective coating plates, and in publications [65—67] similar problems
are solved for coated shells.

The authors proposed computational models for the treatment of
crack defects by injection of compliant metals [68—70] or non-contrast-
ing filler [71, 72].

Nowadays, there are the following directions of drill bit technology
improvement [73—75]:

o efficiency of metals and their impact on drilling tool perfor-
mance;

e study of new coating effectiveness and surface treatment methods;

e investigation of contact interaction of drilling equipment elements
in order to specify tolerances of details;
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e study of stress state and performance of the drilling equipment
elements, including the finite element method;

e study of complex shaped workpiece quality.

At the same time, certain issues are still challenged; particularly,
there is no review of available metals, technical means, and structures
of mechanisms used for PDC drill bits, and no comprehensive universal
technology of providing accuracy and quality of production of the afore-
mentioned drill bits.

2.2. PDC Drill Bit Design Features
and Main Stages of Drill Bit Manufacturing

PDC drill bits (polycrystalline diamond bits) are high-tech product and
used for water, oil/gas wells or geothermal well drilling. PDC drill bits
are made of high quality steel, solid alloys and are equipped with diamond
polycrystalline cutters. The size and number of cutters depend on the
number of blades and the bits’ diameter. The PDC drill bits have high
wear resistance and provide high speeds of penetration (2—3 times high-
er than 3-cone drill bits). Figure 1 shows the PDC drill bit design [76].

The outer diameter is the main dimension of the drill bit for oil and
gas drilling, and ranged as follows: 120.6 mm; 124.0 mm; 142.9 mm;
149.2 mm; 155.6 mm; 215.9 mm; 295.3 mm; 393.7 mm; and 444.5 mm.
This size range was specified by API and IADC, state standards (GOSTs
and DSRUs), and drilling regulations, which refer to well construction

Cutters%?’ >
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Gauge pad l I
oy

API Pln /
connection ~

Fig. 1. Matrix and steel drill bit designs (Hudges Christensen materials) [76]
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and dimensions of other drilling equipment, namely, diameters of down-
hole engines and turbodrills, casings, tools for carrying out lifting op-
erations, emergency and other types of work.

The PDC drill bits have a body (solid or with welded blades depend-
ing on the used metal), blades with brazed cutters made of super hard
alloys and polycrystalline diamond cutting plates. PDC drill bit technol-
ogy is divided into the following main stages:

e manufacturing of a nipple, a body and blades (with holes for cut-
ters) workpieces;

e manufacturing of cutters;

e brazing of cutters into the drill bit workpiece;

¢ bit assembling (blades with cutters—case—nipple).

2.3. Technologies and Material Used for Body Workpieces

Bodies for PDC drill bits are made of two types: assembled and solid
ones. This way, solid bodies are made of the same metal (by hard alloy
agglomeration or by steel casting, forging or stamping); assembled bod-
ies are made of two different metals and then threaded and welded. Ac-
cordingly, technologies of their manufacturing differ (Fig. 2).

As it was mentioned above, solid bodies are made by hard alloy ag-
glomeration or by steel casting. In this case, solid body technology pro-
vides manufacturing of bodies with blades with and without cutters.
The article [77] presents a high temperature and pressure technology
(pressure up to 1.5 GPa and temperature up to 1250 °C) to manufacture
bit bodies with a diameter up to 212 mm by a reusable high-pressure
chamber. The technology envisages the solid body agglomeration with
and without cutters, which in their turn includes or does not include
heat-resistant PDC-plates. The technology restricts the PDC-plate mate-
rials: only heat-resistant materials as ‘carbonado’ can be used.

Bodies of PDC drill bit can be assembled; the body is threaded to the
hardened steel nipple of the bit. The nipple design provides the threaded
connected surface to be coupled with drill pipes. In this case, the body
workpiece is manufactured by steel casting or by hard alloy agglomera-
tion). Figure 1 shows a body assembling diagram.

Manufacturers out of Ukraine make, mainly, solid bodies (so-called
matrix drill bits). The body consists of two parts: a crown ring and a
crown. As far as hard alloy are relatively rigid and are difficult to
machinate, the crown ring is used to attach the bit body to the neck of
the bit. Traditionally, matrix bodies are made by casting in graphite
moulds. Cavities in graphite moulds are typically processed via the CNC
(computer numerical control) machines. Then, cavities are threated
manually to design specific structural features. This may require addi-
tional clay packing to provide desired configuration of some structural
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— PDC drill bit body
Solid —
Steel |
I I
Casting Casting of a nipple, body
of a body (with/without blades) and blades

Manufacturing of cutters
|

Brazing of cutters to blades
|
|
Covering of individual areas (or the whole body)
with wear-resistant coatings

Matrix
| |
Matrix drill Drill bit body and cutter
bit agglomeration agglomeration
— Assembled -

Matrix crowd ring
|

Casting of steel crown ring
|

Agglomeration of crown ring

Steel crowd ring
|

Casting of crowd ring
|
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Casting of nipple
|

Body and nipple assembling

Fig. 2. PDC drill bit case manufacturing generalized technology
(developed by the authors)
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elements of the body. If necessary, pre-fabricated elements or inserts
(ceramic, graphite or sand-filled rubber-coated components) may be
used. These inserts are placed inside the mould to specify inner grooves,
pockets for cutters, holes in the body for removal of drilling mud as well
as other external structural elements. Then, graphite moulds are filled
with hard alloy powder: tungsten carbide particles, titanium carbide,
tantalum carbide, etc.

The next stage is assembling the pre-made crown ring inside the
mould in a specific place and in the desired position. The crown ring is
usually at least partially immersed in the environment of solid carbide
particles inside the mould. The mould is further subjected to vibration,
or the particles can be packaged in any other way to increase the den-

Table 1. Main stages of PDC drill bit case manufacturing [76]

Stage title Carried out actions

Graphite Graphite mould development for the drill bit

mould body is the first stage of PDC drill bit manufac-

devel-op- turing. The internal part of the cylinder mould is

ment formed on the lathe, forming an imprint profile
of the bit cutting part

Milling of Holes for PDC cutters are milled on a CNC ma-

holes for chine to specify the location and direction of the

cutters holes

Graphite Graphite inserts are glued into the holes just

inserts made. These graphite inserts form the sockets
for the cutters when forming the matrix cutting
part of the bit

Loading The steel workpiece is placed in a mould, which

into a heat |then is filled with tungsten carbide. The steel

furnace workpiece is preheated to burn any impurities.
After pre-heating, brass and liquid additive sub-
stance is added to the assembly prior to loading
the entire structure into a heat furnace

Manufactur- | The obtained PDC drill bit workpiece is finished

ing result for practical use
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sity of the metal. Further, the solids particles are poured with molten
copper-based binder. The casting mould and the body are cooled to so-
lidify the binder material. The crown ring is attached to the formed
crown, and all inserts are removed from the mould. After body remov-
ing from the mould, it is fixed to the nipple. As noted above, body
metal is relatively solid and difficult to machinate; the crown ring is
used to attach the body to the nipple. The crowd ring can have threaded
surface to join the body to the nipple. After connection the nipple to the
body, these parts are welded [78]. Figure 2 and Table 1 present a drill
bit body manufacturing scheme.

Matrix drill bits are better in terms of erosion and wear resistance
than steel bit. This way, matrix drill bits provide higher rate of penetra-
tion per the drill bit and better controllability of the bit, taking into
account possible multiple reusability through restoration.

However, usage of matrix metal for entire body is disadvantageous,
since abrasive wearing is characteristic only of certain sections. There-
fore, the majority of modern drill bits are made of corrosion and abra-
sion resistant steels, with treatment or strengthening of certain sections.

Manufactures in Ukraine use heat resistant steel 25G2S2N2MA [79]
to make steel bodies. Double tempering with accelerated cooling is used
to improve the toughness [80]. Moreover, Ukrainian manufactures make
drill bit bodies both with blades and with welded blades to bodies [81].

Abrasive wear of near-cutter areas is a significant problem for steel
bodies of drill bits. Besides, this problem is acute for braze filling that
keeps cutters from tearing out, provides exposure, increases protection
area near cutters. In turn, the abrasive wear of cutters causes decreas-
ing of specific pressure on the rock within its cutting, and rate of pene-
tration decreasing. In order to increase abrasion resistance, manufactu-
res reinforce near-cutter areas or use a protective wear-resistant coating.

Thus, the articles [78, 82] suggest using a solid hard alloy covering
to improve the resilience of the prefabricated steel body. The authors
developed a method of arc surfacing to provide the following advan-
tages: possibility to change metal properties and to apply cover to the
surface with both thin (up to 0.8 mm) and thick (up to 5 mm) layers.
This method bases on electrode usage for arc surfacing, made of VK20KS,
VK15C, VK8 and TN 20 powders, regenerated by vibrating grinding.
Further, these coatings should be machined, for example by cutters
made of materials Elbor-R, ASPC, SVBN-1, SVBN-5B.

In order to cover some areas of steel bodies by arc surfacing, the
coating is heated by electrodes made of Tero-Cote 7888t, Diamax M,
relay LZ-11-7 (derived from tungsten carbides) [83]. The authors stated
random resilience proprieties of composite hard alloy covering LZ-11-7
and Diamax M, consisting of reinforcing Fe-basis particles (submerged
spherical and crushed tungsten carbides). The TeroCote 7888t Ni-based
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composite hard alloy covering provides effective protection under condi-
tions of water-abrasive wear. The Tero-Cote7888t protective coating ex-
ceeds the wear resistance of the LZ-11-7 and Diamax M relays by 1.5
and 2.0 times respectively.

The article [84] proposes to reinforce some areas of drill bit body by
multilayer facing, and the first and second layers are differ from each
other in carbide content and thickness. Another method of coating is
spraying, as described in Ref. [85]. The authors suggested spraying a
pre-coating layer and stable protective facing layer on the drill bit body
surface. The pre-coating layer hardness is less than the deposited protec-
tive hardcover hardness, but more higher than the hardness of the drill
bit body. The deposited protective layers’ thickness is from 0.3 to 0.8 mm.

Similar methods are used to restore the most worn areas of drill
bits, for example, holes for cutters.

The assembling of the drill bit body and the nipple is another tech-
nological problem. The nipple design provides two types of threads:
metric and tube joint threads. The tube joint thread joints the nipple
and the drill string. The metric thread joints the drill bit body and the
nipple; further, these details are welded. The quality of the joint is de-
termined by the alignment of body and nipple axis at the stages of po-
sitioning of these details within assembling and fixing their mutual
position by welding. Welding causes thermal deformations of the nipple
and the body, which displace and/or distort the body and nipple posi-
tions. If the deformation exceeds the tolerance value, the whole drill bit
is considered unfit for use. Technology provides high quality of thread
machining (accuracy grade 6) [82], but even this does not provide the
necessary precision of the joint after welding. Drill bit operation statis-
tics shows that accuracy of the ‘body—nipple’ relative position (axis in-
compatibility and misalignment) of significantly affects the drill bit
performance. Significant axe skew leads to uneven cutter wear, and in
its turn, drill bit life reduces by several times. In this case, cutter wear
is uneven and the cutter can fall out, while the other blade is in working
order. The ‘body—nipple’ axe skew obtained after welding, affects the
drill bit controllability during drilling, and cause well axe deviation
from the planned trajectory. Thermal deformations significantly change
the ‘body—nipple’ magnitude of the radial deflection, indicating signifi-
cant lacks of existing assembling technology.

Traditional (factory) welding technology has the following opera-
tions:

e joint the body and the nipple by the metric thread until they lock;

e provide three tack welds evenly in a circle;

e weld the body and the nipple.

The disadvantages of technology are the following:

e tack weld positions are random;
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e tack weld can be started from anywhere;

¢ bypass direction of welding is not regulated.

Experiments [86] showed that tack welds cause the ‘body—nipple’
axe deviation in the direction opposite to the tack weld. As the tem-
perature decreases, the body starts to deviate in the opposite direction,
and after cooling, the body shifts towards the weld. As the thermal de-
formation vector in the weld joint is always directed towards the tack
weld, the authors proposed to correct the relative position of the details
by selecting the positions of a new weld and compensating the offset
axes of the welded details. Every new tack weld provides a consistent
approximation of the body and the nipple axes. Thus, tack welds are
positioned specifically for every drill bit. The position of every next
tack weld is defined after evaluating the previous effect.

The next technological step is thread machining on the bit nipple.
This operation is machined either by a lathe or by a CNC machine. In
the first case, the cams rigidly fix the drill bit. The three-jaw chuck has
axes that coincide with the axis of the welded body. To avoid the pos-
sible drill bit position deviation within thread machining, conical sur-
face of the thread is machined at the same CNC. The conical surface of
the nipple is coaxial to the body and chuck axes. Thereafter, a conical
pin of the lathe tailstock is introduced into the surface of the central
hole to the rigid touch. The pin is coaxial to the chuck axe. After that,
the machined conical thread is theoretically arranged coaxially with the
geometric axis of the drill bit [87].

Thread machining by CNC machines [88] is provided in the standard
conical thread machining approach. The following options are specified:
thread end point, thread pitch, thread profile height, depth, the small-
est diameter for thread, and relative x-coordinate of the cutter exit
point. The required number of passes for thread machining is automat-
ically determined by the control system as the closest integer from di-
viding the height of the profile to the cutting depth.

The issues of machining are discussed in Ref. [89]. The authors
studied change of a thread lead angle and proposed a method to specify
the conical thread lead line. They calculated conical thread lead lines for
oil/gas pipes using different relations and specified related errors. The
authors showed that thread lead angle changes more intensively for
conical threads of small diameters, but slightly for conical threads of
big diameters. The authors stated that increasing of the thread lead
angle leads to increasing of the helical line angle.

Researchers have also proposed a tool thread hardening [90]. They
proposed a cutter for high-performance machining of an external trian-
gular cylindrical thread of increased accuracy. It has a handle and a
cutting part with left and right rectangular cutting edges and a radial
cutting edge between them. The anterior angle of the cutter is non-zero
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Fig. 3. Two-thread rolling tangential head
[78]: 1 — rollers, 2 — workpiece, 3 — body
head, 4 — holder

and can be both positive and nega-
tive. The cutting edge profile is not
equal to the angle of the thread
profile to be cut by the cutter. The
cutting edge profile is specified by the geometrical parameters of the
cutting. The technical result is achieved by improving the thread ma-
chining precision.

Thread for nipples of 65—70 mm diameter can be rolled through
CNC machine using a tangential threaded head, instead of cutting
(Fig. 3). The tangential threaded head is mounted in one of the positions
of the multi-position revolving head of the machine or on the transverse
support of the machine. Then, the tangential threaded head is moved in
the transverse direction to the drill bit workpiece mounted on a rotating
spindle. The method of thread rolling has the following advantage: it
provides fully automatization of the high-quality thread rolling with
effectively integrating it with other types of machining at the same
CNC-machine.

The tangential threaded double-roller head has two rollers with par-
allel arrangement of axes, which rotate due to friction interaction with
the forcibly rotated workpiece. Roller top threads should be placed ex-
actly one opposite to the other. The roller head is moved in parallel to
the workpiece surface. Rolling stops when the axes of the rollers and
the workpiece get positions in the same plane. The length of the rolled
thread does not exceed the width of the rollers. The roller multi-start
thread direction is opposite to the workpiece thread direction. The
‘workpiece-rollers’ direction synchronization is provided in two ways:
(1) by additional structural elements; and (2) independent rotation of
the rollers, when the kinematic connection is established directly at
working due to the axial self-alignment of one of the rollers.

For the last case, there may be a misalignment of roller threads,
which is the cause of the defect. The duration of the rolling cycle does
not exceed 6 s. The thread rolling improves the efficiency of this opera-
tion, but also the quality of the thread obtained. The thread surface
obtained by rolling has bigger strength and reliability, which is espe-
cially relevant for the drill bit due to significant torques and alternat-
ing cyclic axial forces. The thread rolling provides thread surface mi-
crohardness increasing from 13 to 33% for alloy and structural steels,
and cold hardening depth is 0.4 mm [77].

Therefore, to sum it up, we can consider (1) technological character-
istics of the drill bit body is indicated by its resistance to wear in cor-
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rosive and abrasive media, and (2) studies focuses, mainly, on wear re-
sistance increasing and manufacturing cheapening.

2.4, Technologies and Materials for PDC Cutter Manufacturing

Plates for modern PDC cutters are produced in different configura-
tions, but the most widespread are the round and oval ones. Until re-
cently, the most widely used PDC cutters were cylindrical or cylindrical
cutters with a work surface that is oriented at an angle to the axis
(Fig. 4). The elongated cutter provides better PDC plate wear and ero-
sion resistance, and increased strength within brazing the PDC plate to
the cutter. Round plates are made with diameters of 8, 13, and 19 mm.
Schlumberger Company also produces 11 and 16 mm diameter plates.
The V.M. Bakul Institute for Superhard Materials of the NAS of Ukraine
produces plates of only 13.5 mm diameter plates.

Oval-shaped plates are used for drilling both soft and hard rocks,
since their area is 40% larger than similar circular shapes, and they
provide maximum load at the rock-cutter contact, which will increase
the cutting depth (according to BBL Downhole Tools Ltd).

The sizes of oval plates that are manufactured and used are 9x13,
13x19, and 19x27 mm?2.

The cutters are made of different diameters according to the PDC
plates. The smaller diameter cutters tend to be used for drilling rocks
of greater hardness. So, cutters with a diameter of 8 mm are used for
drilling of hard rocks. The 13 mm PDC cutters are mostly used and in-
tended for drilling both rocks of medium hardness and abrasive rocks.
The 19 mm PDC cutters are used for the drilling of soft rocks. Heighted
cutters are used for soft rocks, but at the same time, it is necessary to pro-
vide a better cleaning of the well bottomhole from the destroyed rock.

The typical PDC cutter resembles a cutter
for machining (Fig. 4). The previous studies
tried to draw an analogy between the machin-
ing process and the rock cutting process. Prac-
tice has shown that this approach is inappropri-
2 Q ate and now there are oval, conical, mosaic cut-

ters (Fig. 5).
PDC plates consist of a polycrystalline dia-
~——  ~ mond layer and a super hard substrate, which are
manufactured under high pressure and temper-
ature conditions [89, 90]. The PDC cutter provi-
des cutting by its PDC plate (a disc of a certain
S —

Fig. 4. PDC cutter: I — cutting element type 2530 NS;
2 — solid brazier
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Fig. 5. Modern PDC
cutters (PDC cutter
manufacture site Su-
preme Superhard Ma-
terials Co. Ltd)

diameter), which is a layer of polycrystalline diamonds sintered in a tung-
sten carbide substrate at high temperatures and the pressure. PDC pla-
tes of 0.635 mm thickness are fixed to disks of 2.92—7.37 mm thickness.

The disks are brazed to the holders of various shapes, which are
mounted in the drill bit body. PDC plates consist of many small chaoti-
cally arranged crystals, which provide high impact strength and wear
resistance of the plate in a whole. The polycrystalline structure makes
possible ever opening of new sharp edges of diamonds that effectively
cut the rock. Due to this, the high mechanical speed of penetration is
maintained throughout the entire operation. High durability of poly-
crystalline diamonds with the absence of moving elements in the PDC
drill bit design contributes to the drill bit operational time.

Natural diamonds are formed in nature at pressures from 24 to 42
MPa and temperatures from 1000 to 3000 °C. For comparison, synthet-
ic diamonds are created at a pressure of (7—10.5)-10®> MPa and a tem-
perature of 2000 °C.

Synthetic diamonds are obtained by combining graphite with a meal
solvent as nickel or cobalt (silicon may also be used). These metals act
as catalysts for the synthesis of diamonds. By choosing the right pres-
sure and temperature, different types of synthetic diamonds can be ob-
tained. The result is a diamond powder applied to produce polycrystal-
line diamond compacts.

The PDC plate manufacturing begins with a careful analysis of pos-
sible impurities in the feedstock, auxiliary materials and semi-finished
products used in the manufacturing. The obtained macropowders of
synthetic diamonds weighed less than 500 carats are poured onto a brass
deck, loaded into a furnace, heated for 19—-90 min to a temperature of
450 to 500 °C and treated for 25—30 min. Then, they are purified by
saturated aqueous ammonium sulphate solution. The supersaturated
ammonium powder with weight of 1 to 1.5 kg is placed in a two-litre
glass vessel, fill with distilled cold water to 2000 ml and stir for 10 to
15 minutes. 1000 carats of powder are placed in the vessel and fill with
2/3 volume of ammonium sulphate solution. The vessel is heated on the
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hotplate for 60—70 min with constant remixing. After that, the washing
is carried out with distilled water to neutral medium. The powders are
dried and placed in a high-pressure chamber.

A thick hard PDC plate of 2.5 mm thickness is placed on a heated
graphite disk. Then, 16 mg of treated diamond powder is poured into it
and then the diamond layer powder is pressing and levelling, and then
PDC plate is placed on the top. The graphite disk is inserted, and the
assembled container together with the heater is placed in a high-pres-
sure furnace of the Toroid type. The container is sintered at the tem-
perature of 2070 K and the pressure of 8 TPa within 8 s. This makes
possible diamond layer percolation with cobalt from both plates (mainly
from the top) and forms a sintered polycrystalline diamond layer that is
firmly connected to the rigid plates. Then after cooling, they reduce the
pressure and get the diamond-solid layered layer. Before the brazing,
the plates are machined, and for certain types of bits, the top plate is
sanded [91].

PDC plate wear resistance is tested by planning of fine-grained
quartz sandstone using a special workbench. Wear resistance criteria is
the wear area dimensions, which is 0.5 mm as standard with a planning
path of 300 m with the following regimes: cutting depth per pass 0.5
mm, cross feed 3.5 mm/sub. path, cutting speed 0.235 m/s (30 paths/
min) [92].

PDC plates can be made by two-stage technology: polycrystalline layer
and solid-state substrate separately agglomerated and subsequently con-
nected [93]. A double-layer damping coating is sometimes applied to the
PDC plate surface for the drilling of strong and fractured rocks [94].

In order to increase PDC plate durability, it is proposed to increase
the synthetic diamond surface purity, to provide a uniform distribution
of diamond grains in the plate through increasing the uniformity of
their shape [95].

In addition, in order to improve PDC plate wear resistance, it is
proposed as follows:

e use aggregated mixtures containing from 75 to 85% strong grains
[96];

e separate solid polycrystalline aggregates, distributed in a certain
way throughout the bulk [97];

e use thermostable solid areas [98] or pre-aggregated diamond-solid
granules [99];

e select diamond layer components with different hardness, frac-
ture-resistance and location [100];

e making squares, pentagons groves on the diamond layer [101].

Thus, to sum it up, we can conclude the following:

e the high cost of PDC plate manufacturing with its relatively rapid
wear, determines the need for scientific research in this direction;
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e PDC plate wear resistance is determined by the quality of the
bonding materials and synthetic diamonds as well as the technology of
mounting the plate to the substrate and cutter;

e due to the appearance of various forms of cutters, there was a
need to produce plates of corresponding complex spatial shapes;

e due to the development of various forms of PDC cutters and, ac-
cordingly, PDC plates of complex spatial forms, there was a need to
ensure their secure attachment;

e wearing is the main reason for reduction of the bit diameter, so it
is necessary to pay the utmost attention to the quality of the production
of cutters, which are located farther from the axis of the bit.

2.5. Technological Solutions for PDC Cutter Fixing on Drill Bit Blades

PDC cutters are placed in the holes made in the blades, protrude above
the drill bit body surface, and contact with the bottomhole. As it was
mentioned above, PDC plates of cutters are made of diamond powder
with the addition of a catalyst from the iron group, usually cobalt.
There are many ways to attach the PDC plate to the carbide substrate of
the cutter: welding, brazing with different types of hard braziers, etc.
Method of PDC cutters attachment to the blades depends on the metal
of the bit body (steel or hard alloy).

2.5.1. Attachment of Cutters to the Steel Drill Bit

Brazing technology is the preferred technology, but cutters can also be
attached by using a tensioned fit. In
this case, the bit body with previ-
ously drilled holes for cutters is
heated in the furnace to the tem-
perature of 440 °C to expand hole
dimensions in order to freely at-
tached cutters. When the bit is
cooled to an ambient temperature,
the holes are reduced in diameter,
clamping the cutter in the desired
position.

The PDC cutters with fixed dia-
mond plates are mounted in blade
holes by low-temperature brazier
with a melting point less than
700 °C. There are three thermal sta-
bility thresholds of the PDC plates
depending on the diamond grade

Fig. 6. Brazed cutters (Hudges Christens-
en Materials)
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and the technology of converting it into a conglomerate during sin-
tering and pressure: about 400 °C, about 750 °C and about 1250 °C. Ac-
cording to these temperature thres-holds, part of the diamond con-
glomerate cracks. This way researches in this field aim at improving
of the technology to provide PDC plate thermal stability closer to
800 °C and more.

Despite the fact that brazing temperature should not exceed 800 °C,
heating to the temperature at 700 °C negatively affects the strength and
heat resistance of PDC plates. The beyond-Ukraine manufactures use
low-temperature brazing with silver hard-solder. This way cutter is at-
tached to the substrate. Then, a thin layer of alloy is formed between
the cutter and the hole (Fig. 6).

2.5.2. Attachment of Cutters to the Matrix Drill Bit

Holes in matrix drill bits (drill bit body is made of hard alloy agglom-
eration) are obtained by installing auxiliary graphite inserts, which af-
ter agglomeration are eliminated by machining. All cutters are soldered
into the blades using a regular solder. Cutter handles and holes are care-
fully cleaned to place the brazier to the bottom of each hole. A flux is
applied to cutter handlers to neutralize the oxidation products, which
may interfere with the proper brazing. The flux also provides a uniform
distribution of solder over the cutter. The cutters are installed into the
holes and fixed with a special spring device. The drill bit body is pla-
ced in the furnace and heated to 700 °C in a reducing medium. This
temperature makes possible attachment of the cutter and the hole.
After cooling, the brazing toughens and the spring locking device is
removed.

Cobalt determines the lowest threshold of PDC cutter temperature
resistance. This temperature threshold is substantially lower than the
temperature resistance of natural diamonds. Cobalt serves as a graphite
solvent and catalyst for the conversion of graphite and the growth of
diamond particles formed within the process of synthetic diamond pro-
duction. If the PDC cutter is heated above 700 °C, the cobalt again be-
gins to act as a catalyst, but in this case, it stimulates the conversion of
diamond crystals to graphite. Therefore, in order to avoid the risk of
spontaneous graphitization, it is important to use the PDC cutter at
temperatures below the critical temperatures.

In Ukraine, the technology of PDC drill bits was developed at the
V.M. Bakul Institute for Superhard Materials of the National Academy
of Sciences of Ukraine. However, technologies often do not meet the
state-of-the-art requirements. The technology provides the brazing of
the PDC plate and hard alloy holders with the blade that does not allow
controlling the temperature of the diamond layer.
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Fig. 7. Bi-directional inductor placement
diagram and temperature distribution in
the brazing area for one and two loops

1-st loop
[102] e
In addition, only the surface lay- 2-nd loop

within the induction brazing. Be-
sides, the one-loop induction tech-
nology used for successive brazing r,
of PDC cutters to blades is rather ggo |
outdated. This technology forms un- 799 L | % | T
even temperature field in the blade | b

within the next PDC cutter brazing :gg L 2;5 P
as well as re-heating the already

brazed PDC cutter when braze the

next one. In addition, induction heating is sometimes combined with
gas-flame (surface) heating, which creates the risk of direct contact of
the diamond layer with the flame of the burner.

The article [102] presents the developed a two-loop inductor techno-
logy. A two-loop inductor is introduced into the working area of the
blades with cutters (Fig. 7) and provides a uniform temperature field in
the heating region of the cutters. The size and shape of the inductor was
determined experimentally. In this case, the value of the current in each
of the loops depends on the distance to the cutter and geometric dimen-
sions of the loops. This technology in some cases is used to achieve the
desired heating temperature of the details of various sections and sizes.

The first loop of the inductor heats the work zone of the bit to a
temperature of 680—-700 °C, and the second loop acts as pre-heating
from 580 to 600 °C. In this case, surface and deep heating are used for
uniform heating of the bit body in the desired area without overheating
of individual sections by heating duration increasing and specific power
decreasing. The high-frequency heating make possible to braze all the
cutters simultaneously to the blade. The PDC plate is heated at high tem-
perature for a minimum time and retains the necessary technological
properties during operation. The temperature field in the heated area is alig-
ned throughout the blade; the temperature is from about 680 to 700 °C.

The method of layered structure thermal state studying [103] can
also be used to simulate PDC drill bit plate—rock frictional interaction.

At the same time, according to another method of PDC cutter at-
tachment [92], cutters are placed in inserts made of plastic metal and
then are pressed into the blades. The inserts have longitudinal grooves
on the outer surface providing better adhesion. The cutter pressing into
the metal inserts reduces the compression stress and increases the ac-

er is heated, but not the entire metal ( ‘

% Y
el S

Thermo pair
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PDC drill bit quality

Materials

Bit body

Determined
by quality of material

Provide indicators maintainability
of the body; abrasion and abrasion
resistance corrosive media

PDC plates

Determined
by quality of materials
(bonds and diamonds)

Provide indicators resistance
of cutters; wear resistance of a drill bit
in general; providing drill bit diameter

PDC cutters

Determined by
quality of materials

Provide indicators connection
quality, plate with cutter

Fig. 8. Drill bit quality formation diagram technology (developed by the authors)
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tual contact surface. Bending stresses (i.e., compression and tensile)
deform metal inserts and decrease the total stresses. This fastening
method is carried out without heating and brazing. However, this meth-
od does not make possible to repair PDC cutters by their rotation and
reinstallation with the unworn side.

The work [93] proposed to place cutters in plastic metal inserts in
the blades. Attachment of the PDC cutter is performed using a pair of
forcefully mounted conical retaining bushings.

So, summarizing the above, we can conclude:

e brazing is a modern way of fastening the cutters to the blades;

e the main problem with soldering is providing the proper tempera-
ture mode;

e the brazier must be able to replace the cutters along with their
reliability within operation.

3. Conclusions

Drilling equipment life and reliability are determined by many factors,
the main of them are technological ones. The rational choice of metals
is the basis for providing rock destructive tool quality and reliability.
This way drilling tool manufacturing technology is based on the physi-
cal-metallurgy approach, and drill bit quality depends on the structure,
nature and the physical and mechanical properties of metals and alloys
and is determined at each of the technological stages. Figure 8 shows
the developed model of drill bit quality.

PDC drill bit design consists of the body with blades and blazed cut-
ters, respectively; the technological consists of the following main stages:

e manufacturing of the nipple, base and blade;

e manufacturing of PDC cutters;

e brazing cutters into blades;

e assembling of the bit (blades—body—nipple);

o further treatment of the bit body (threading) [104].

The technology comprises the following technological stages to pro-
vide drill bit quality: workpieces manufacturing, rough and semi-rough
machining, chemical-thermal treatment, coating of the body, assembly
of the bit as a whole, quality control. It should be noted that quality
providing and cost saving are the main aspects of all stages of drill bit
manufacturing and operating.

Drill bit quality is a complex indicator, which is determined by both the
materials and the technology of production of individual chisel elements.

Drill bit quality assurance begins at the design stage. All modern
approaches to technology improving are determined by the structure
and physical and mechanical properties of metals, in particular, metals
and alloys used for PDC drill bit manufacturing (powder agglomeration
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technology or welding for body manufacturing, various types of coat-
ings, PDC cutter soldering, thread machining).

The drill bit design is an aggregate of interconnected assemblies,
parts, elements and materials that function in complex operating condi-
tions. Under these conditions, the quality of individual elements of the
structure determines the decisive influence on the efficiency of the drill
bit as a whole. Therefore, it is important not only to find the perfect
technology for drill bits and their parts manufacturing but also to make
a reasonable choice of materials that provide technological, operational
and economic indicators of the work [81].
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J.A. Pon’ax!, T.O. IIpuzoposcvral, K.I'. Jleauyr?
! Isano-PpaHKiBCHbKMI HAIlIOHAJBHUYN TeXHiUHUM yHiBepcuTeT HadTH i rasy,
Bys. Kapnarceka, 15,
07600 IBano-PpaHKiBChK, YKpaiHa
2Iacturyt meranodisuku im. I'.B. Kyparomosa HAH Vkpaiun,
oyasB. Akazemika Bepuaacskoro, 36,
03142 KuiB, Ykpaina

AHAJII3 MATEPIAJIIB I CYHACHUX TEXHOJIOTIN
JJIST BUTOTOBJIEHHSA CBEPOEJI, OCHAIIIEHNX KOPOHKAMMN,
APMOBAHUMM ITIOJIIKPUCTAJITYHUMU CUHTETUYHUMU JIAMAHTAMMN

3 MeTOo0 3aJyYeHHs IIUPIIOro K0Jia HayKOBI[iB 0 IOINYKY HOBUX Ta YAOCKOHAJEHHS
HasABHUX TEXHOJIOTIYHUX ITPOIIECiB BUTOTOBJIEHHA OYPUJIBHUX AOJIT 3aJIesKHO Big Me-
TaJiB, 1[0 BUKOPHUCTOBYIOTLCS, CIOCOOIB (hOpMYBAHHS TOYHOCTI i AKOCTi IXHiIX pobo-
YKX MOBEPXOHBb IPOBEAEHO OTJIAL Ta aHAJTI3 TeXHOJOTIUHMX CHCTEM MeXaHiyHOTOo 06-
pobiieHHA Ta HAABHUX TEeXHIYHMX 3aco0iB. BukomaHo oryang pobiT, ge posIasHYyTO
BILIUB MeXaHO(DiBMYHUX XapaKTEePUCTUK, BJIACTUBOCTEl, CTPYKTYPH, a TAKOXK cydac-
HUX TeXHOJIOTill, iHCTPYMEHTIB i TexHiUHMX 3ac00iB, IPOaHAJIi30BaHO OCHOBHI TeH/€H-
mii Ta BigMiHHOCTI y TexHOJIOTisIX, BUBHAUEHi MeTajaMu, siKi 3acTocoByIOTh. Ilokasa-
HO, N[0 METaJO3HABUMI IIiAXiM 10 MUTaHb MPOEKTYBAHHA OYPUILHUX iHCTPYMEHTIB €
OCHOBHUM IILJISIXOM [JIsl iCTOTHOTO IiJABUIIEHHA IXHIX eKCIJIyaTamiiHWX BJIACTUBO-
CcTell; KpiM IIbOTO, MOCTiM:KeHHA YMOB TEPMOAMHAMIUHOI DPiBHOBAru Ta XapaKTepy
nepebiry B MeTajJieBUX MaTepiajax PisHMX IPOIlECiB IiJf Yac BUTOTOBJIEHHA GYPUJIb-
HUX AOJIT 3abesmeuaTh ixHiI BUCOKi eKcIryaTrariiini mokasuuku. [Io0ymoBaHO cxemy
dopMyBaHHA AKOCTi OYPUIBHOTO JOJIOTA, 3TiJHO 3 KOOI AKiCTH J0JIOTa € KOMILJIEKC-
HUM NOKasHUKOM i BU3HAUeHA AK MeTajJaMHU, TaK i TeXHOJIOTie€l0 BUTOTOBJIEHHS OKPe-
Mux ejemeHTiB moiir. IlokasaHo, 110 1O OCHOBHMX TEXHOJOTIiYHUX €TaliB, HA AKUX
dopmMyeThCs AKICTh M0JIOTA, HAJIEXKATh: BUPOOHUIITBO 3arOTOBOK, YOPHOBE Ta HAIIiB-
YHUCTOBEe MexaHiuHe OOpOOJIeHHs pisaHHAM HAeraseill, XiMiko-TepMmiuHe 00pOOGJIeHHA,
HOKPUTTS KOPHOYCY, BUKiHUyBaJbHe MexaHiuHe 0OpoOJIeHHA pi3aHHAM, IIPUJIIOTOBY-
BaHHA PisIliB, CKJAaJaHHA JOJIOTA B IiIJIOMY. BcTaHOBJIEHO, 1110 BUOip MeTany IJis BU-
TOTOBJIEHHSI OYPUJIBLHOrO A0JIOTA BHM3HAYAE BiAMIHHOCTI He TiIBKU TEXHOJOTiuHi, aje
1 KOHCTPYKTHUBHI.

KarouoBi cmoBa: 6ypunabue mosoro PDC, akicTh, TexHoJOrid, mMeras, 3BaplOBaHH,
JIUTTS, KOPITYC, pPidelb.
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AHAJIN3 MATEPUAJIOB 1 COBPEMEHHBIX TEXHOJIOTUN
IJI1 UBTOTOBJIEHUSA CBEPJI, OCHAIIEHHEIX KOPOHKAMU,
APMHWPOBAHHBIMMU ITIOJIMKPUCTAJIJIMYECKMMN
CUHTETUYECKUMU AJIMA3SAMHI

C mesiplo IpuUBJIedeHUA OoJiee IIMPOKOTO KPyra YYEHBIX K IIOMCKY HOBBIX U yCOBED-
IIEHCTBOBAHUIO MMEIOIINXCA TEXHOJOTUUECKUX IIPOIIECCOB M3TOTOBJIEHUS OYPOBBIX
JIOJIOT B 3aBUCHMOCTH OT HCIIOJIb3YEeMBIX MaTepPHAaJIOB, CII0C000B GOPMUPOBAHUSA TOU-
HOCTHU U KauecTBa MX pabouymx MOBEPXHOCTEI MPOBEJEH 0030D M aHAJIMN3 TEXHOJIOTUYE-
CKHUX CHCTEM MeXaHWYECKO 00pabOTKM U MMEIOUIUXCS TeXHUYECKUX CPEeACTB. BbI-
TIoJIHeH 0030p paboT, Ife PacCMOTPEHO BIWAHNE MeXaHWKO-(QM3NYecKUX XapaKTepHu-
CTHUK, CBOMCTB, CTPYKTYDPHI, & TaKiK€ COBPEMEHHBLIX TEXHOJOTUIl, WHCTPYMEHTOB U
TEeXHUUYECKUX CPEICTB, MPOAHAJN3UPOBAHBI OCHOBHBIE TEHACHIIUU U PA3INYUA B TEX-
HOJIOTUAX, KOTOPBIe OIIPefiesIAIoTCA WCIOJb3yeMBIMU MaTepuasamMu. IloxaszaHo, 4TO
MeTaJIOBEUECKUI ITOAXO0 K BOIPOCAM IPOEKTUPOBAHUSA GYPOBBIX MHCTPYMEHTOB SAB-
JISIeTCS OCHOBHBIM IYTEM [JIf CYIIECTBEHHOT'O MOBBIIIEHUA UX IHKCILIYATAIIMOHHBIX
CBOMCTB; KPOMe 3TOI'0, MCCJEJOBAHUSA YCJIOBUH TePMOAMHAMUYECKOIO PABHOBECHUS U
XapakKTepa IPOTEKAHUS B METAINYECKUX MaTepHajax DPa3JINMYHBIX IIPOIIECCOB IIPU
MBTOTOBJIEHUY OYPOBBIX JOJIOT o0ecledaT WX BHEICOKME 9KCILIyaTaIlMOHHEBIE ITOKa3aTe-
nu. IToctpoeHa cxema GOPpMUPOBaHUA KauecTBa GYPOBOTO AOJIOTA, COTJIACHO KOTOPOM
Ka4JecTBO JOJIOTA fABJAETCSA KOMILJIIEKCHBIM IIOKasaTejieM M OIpefesdeTcsa KaK Mare-
puajiaM¥, TakK U TeXHOJOTHEel M3TOTOBJICHMS OTHAeJIbHBIX dJIeMEHTOB noJor. Ilokasa-
HO, UTO OCHOBHBIMM TE€XHOJIOTMYECKUMMU dTAallaM¥, Ha KOTOPBHIX (hopMHpyeTcs Kaue-
CTBO J0JIOTA, SBJIAETCA IIPOM3BOJICTBO 3aTOTOBOK, YEPHOBASA U IIOJYYNCTOBAA MEXaHMU-
Jeckasd o0paboTKa pesaHWeM JeTajlell, XMMHKO-TepMHUUecKas o0paboTKa, IOKDHITHE
KopIlyca, JOBOJOYHAS MeXaHWYecKasd o0paboTka pesaHMeM, IPUMIANKU PesIoB, cOOp-
Ka JOJIOTa B I[eJIOM. Y CTAHOBJIEHO, UTO PAa3JINYMNsA B IPUMEHAEMBIX MaTepualax oIpe-
JIeJIAIOT PasJINyYnusA He TOJIBKO B TEXHOJIOTHM, HO U B KOHCTPYKIIMU OYypPOBOTO HOJIOTA.

Karouessie caoBa: 6ypoBoe mosioro PDC, KauecTBO, TeXHOJOTUs, METAaJJ, CBapKa,
JUTBHE, KOPIIYyC, Peseir.
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