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Abstract: In order to improve the wear resistance, impact toughness and other comprehensive properties of PDC cutter, a new type of graphene-enhanced PDC cutter was
developed by taking advantage of the excellent mechanical and thermal properties of graphene. Through the research of raw material treatment, diamond micro powder
ratio, cemented carbide substrate structure and synthetic sintering process, three kinds of PDC cutters with graphene mass percentage of 0,1 wt%, 0,2 wt% and 0,3 wt%
were prepared respectively. SEM tests showed that the binder distribution of PDC cutters with graphene mass percentage of 0,1 wt% and 0,2 wt% is relatively uniform, and
there are no graphene agglomeration phenomenon occurred. Heat resistance tests showed that the heat resistance of the PDC cutter with graphene mass percentage of
0,2 wt% is the highest. Abrasion resistance tests showed that the wear ratio of the PDC cutter with graphene mass percentage of 0,2 wt% is the highest. Impact resistance
tests showed that the impact energy of the PDC cutters with graphene mass percentage of 0,2 wt% and 0,3 wt% is the highest, and the impact resistance energy is over
2500 J. The Multiple Attribute Decision Making method was used to select the best graphene added scheme, and the PDC cutter with graphene mass percentage of 0,2
wt% shows the best comprehensive performance. The real drilling test was carried out in the Baiping Coal Mine of Zhengmei Group, the concave drill bit with 0,2 wt%

graphene added PDC cutters showed the fastest average ROP, the least cutter wear, and the best drilling effect.
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1 INTRODUCTION

With the increasingly complex geological conditions
of coalbed methane gas extraction (drainage) drilling
construction, the formations with high hardness, strong
abrasive and severe heterogeneity were often encountered.
As a pioneer of rock breaking, the drill bit faces serious
challenges. The Polycrystalline Diamond Compact (PDC)
bits pull and shear rock by means of PDC cutters, which
has the advantage of high rock breaking efficiency in soft
to medium hard formations. However, when drilling into
complex and hard formations, PDC bit is subjected to
serious impact and vibration, and PDC cutters are often
worn seriously or even broken, which results in short bit
life and low drilling efficiency [1-4].

As the cutting element of PDC bit, the performance of
PDC cutter has a decisive influence on the rock breaking
effect. Good tools are a prerequisite to the successful
execution of a job. For PDC cutter materials, there is large
difference in thermal expansion coefficient between cobalt
and diamond, which will result in the weakening of D-D
bonds between diamond grains, a large residual stress will
be generated, and the performance of PDC cutters will be
degraded [5, 6]. In view of this, researchers have carried
out a lot of researches on residual cobalt decobalt
technology, and summarized two methods to remove
cobalt from diamond skeleton: strong acid soaking method
[7-9] and electrochemical method [10-12]. However, in the
process of decobalt treatment, tiny pores are generally
generated in the materials, which will weaken the strength
of PDC cutter. Therefore, during the synthesis of PDC
cutters, some scholars have studied the technology of using
noncatalytic binders with better thermal stability to replace
cobalt. For example, Qian, J. et al. [13] considered using
MgCO:s, A. S. Osipov et al. [14] considered using Li,CO3
and CaCOs, E. A. Meysam et al. [15] considered using
boron carbide, Mashihadikarimi et al. [16] considered
using pure Nb, Huang Zhiqiang et al. [17] considered using
nano-cobalt as the binders to replace cobalt, improve the

wear resistance and thermal stability of PDC cutters, but
the preparation processes of these methods are
complicated, and the requirements for synthesis parameters
are more demanding.

Graphene is a perfect honeycomb lattice composed of
sp’ hybridized carbon atoms, which has excellent
comprehensive properties of light weight, high hardness
and breaking strength, and high thermal conductivity [18].
By adding graphene, it helps to form a lubricating
protective film on the diamond grains surface, which can
reduce the gap and strengthen the bond binding between
diamond grains, and the performance of PDC cutter can be
improved. Baker Hughes invented graphene-coated
diamond particles, the polycrystalline composite cutter was
sintered by adding catalysts or other materials between the
diamond particles, but the preparation process was
complicated and it was difficult to realize [19]. Jilin
University studied a method for preparation of diamond
composite cutter containing graphene, by adding graphene
and cobalt powder into diamond micro-powder, the gap
between diamond grains was filled, and the wear resistance
and impact toughness of PDC cutter were improved, but
this method still relies on the addition of cobalt as a binder,
which cannot avoid the adverse effects of cobalt [20, 21].
However, these research ideas can provide important
inspiration for the research of this paper.

Therefore, based on the shortcomings that decobalt
technology will weaken the material strength of PDC
cutter, and the cobalt replacement preparation technologies
require harsh conditions, this paper innovatively applied
graphene materials to the preparation of PDC cutter
without adding binder cobalt and other catalytic
substances; the preparation process is simple and feasible.
The extraction and bridging effects of graphene are more
conducive to strengthening the D-D bond between
diamond grains, thereby improving the comprehensive
performance such as impact resistance, wear resistance and
heat resistance of PDC cutter. Finally, the research of this
paper can provide theoretical support for a new high-
performance PDC cutter product.
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2 PREPARATION PROCESS OF GRAPHENE-ENHANCED
PDC CUTTER

The preparation of graphene-enhanced PDC cutter
includes six steps: raw material pre-treatment, batching,
cemented carbide design, assembly, synthetic sintering,
and product post-processing.

2.1 Raw Material Pre-Treatment
2.1.1 Diamond Micro-Powder Treatment

Diamond micro-powder is the main raw material for
synthesizing polycrystalline diamond layer of PDC cutter.
The impurities on its surface have a great influence on the
properties of PDC cutter, so it is necessary to purify the
diamond micro-powder [22, 23].

In order to ensure that the diamond grains will not be
damaged under high pressure, the purchased diamond
micro-powder must be in a complete crystal form. High
temperature alkali treatment and acid solution treatment
were taken to remove the impurity on the surface of the
diamond micro-powder.

(1) High temperature alkali solution treatment. The
diamond micro-powder was mixed with concentrated
NaOH in a beaker, and the beaker was placed in a muffle
furnace at 400 °C for 30 min to make the mixture fully
react. Then the mixture was cooled to room temperature in
the furnace and washed to neutral with deionized water.
This operation can remove inorganic mineral impurities in
the diamond micro-powder.

(2) Acid solution treatment. The alkali treated diamond
micro-powder was placed in a strong acid solution mixed
with concentrated nitric acid and concentrated
hydrochloric acid. Then the mixture was shocked by
ultrasonic shock for 60 min, and was washed with
deionized water to neutral. Fig. 1 shows the diamond
micro-powder solution after rinsing.

Figure 1 Diamond micro-powder solution after impurity removal treatment

(3) Vacuum drying. The acid treated diamond micro-
powder solution was dried in a vacuum oven for 120 min
with a pressure of 0,01 MPa and a temperature of 200 °C.
The inert gas in the vacuum oven can help to remove
various impurities such as water vapor, oxygen, nitrogen
and other impurities absorbed on the surface of diamond
micro-powder.

2.1.2 Carbide Substrate Treatment

The grade of cemented carbide substrate is YG16, and
its cobalt content is 16%. During the synthesis of PDC
cutter, cobalt seeps out from the cemented carbide
substrate and flows into the diamond micro-powder under
high temperature and high pressure, the cobalt acts as a
binder to promote the formation of D-D bonds between
diamond grains.

Because there are impurities such as oxide scale on the
surface of the cemented carbide substrate, which affects the
composite strength of PDC cutter, it is necessary to pre-
treat the cemented carbide substrate. First, a sand blasting
machine was used to blast the surface of cemented carbide
substrate to remove impurities, in the meantime fresh
surface with tiny pits was exposed so as to increase the
contact area between cemented carbide substrate and
diamond micro-powder. Then the cemented carbide
substrate was cleaned by ultrasonic with acetone and
deionized water to remove oil stains and other impurities.
Finally, the cemented carbide substrate was dried and
placed in a vacuum drying oven for use.

2.2 Batching
2.2.1 Diamond Micro-Powder Ratio

According to the classical packing theory, a good
particle gradation should be that the void of coarse particles
is exactly filled by medium particles, and the void of
medium particles is exactly filled by fine particles, thus, the
porosity is minimum and the bulk density is maximum
[24]. Therefore, the diamond micro-powders with three
different particle sizes: coarse particle size (particle size of
30-50 um), medium particle size (particle size of 5-10 um)
and fine particle size (particle size of 0-1 pm) were selected
for proportioning. The particle size mass ratio was
mM(30-50 pm)- M(5-10 um): 72(0-1 um) = 70:15:15.

2.2.2 Mixing

Due to the large specific surface area, graphene
nanosheets have a tendency of spontaneous agglomeration,
so the graphene nanosheets need to be uniformly dispersed.
Anhydrous ethanol was used as dispersant, and 0,1 wt%
graphene nanosheets were added into 100 mL anhydrous
ethanol solution, the graphene nanosheets agglomerated
and floated above the ethanol, as shown in Fig. 2.
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Figure 2 Graphene suspension solution
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The above mixed solution was placed in an ultrasonic
cleaning device for ultrasonic dispersion for 180 min, the
graphene evenly dispersed in the ethanol solution, as
shown in Fig. 3.

Figure 3 Graphene evenly dispersed solution

The diamond micro-powder with the particle size mass
ratio mentioned in section 2.2.1 was fully stirred in the
graphene dispersion solution, and ultrasonic dispersion
was performed for 60 min. Then, the graphene-diamond
dispersion was wet mixed for 200 min in a ball mill mixer.
Finally, the wet mixture was placed in a drying oven and
dried at 100 °C for 100 min until the mixed powder
particles were dispersed and fluffy.

Three kinds of diamond-graphene composite powders
with graphene mass percentage of 0,1 wt%, 0,2 wt% and
0,3 wt% were prepared respectively according to the above
mixing steps. Meanwhile, pure diamond micro-powder
with no graphene added was used as a control group for
comparative study.

2.3 Carbide Substrate Design
2.3.1 Carbide Substrate Interface Structure Scheme

Due to the great difference in thermal expansion
coefficient between the polycrystalline diamond (PCD)
layer and the carbide substrate, residual stress is easily
generated at the interface between the two, which will lead
to the decrease of PDC cutter performance [25, 26]. This is
an unavoidable phenomenon, but the problem of residual
stress can be alleviated by optimizing the bonding interface
structure of cemented carbide substrate.

For the plane shaped bonding interface structure, the
contact area between the PCD layer and the carbide

substrate is small, the bonding strength is low, and it is not
easy to release the stress, so the bonding interface is usually
"grooved" [27]. For the sharp angle, the concentration of
residual and impact stresses is easily to be generated,
smooth rounded angle is used to replace sharp angle when
the interface is grooved. At the same time, the corrugated
interface structure helps to disperse the stress and adjust the
stress distribution position and direction effectively. Based
on this, four kinds of cemented carbide substrate interface
structures were designed, and the interface structure was
optimized by finite element simulation [28, 29]. Fig. 4
shows the interface structure model of cemented carbide

substrates.

(a) Concentric circular interface structure

(c) Large wave interface structure

(b) Small wave interface structure

(d) Compound surface interface structure

Figure 4 Cemented carbide substrate interface structure

2.3.2 Finite Element Analysis of Thermal Stress of PDC
Cutters

The Abaqus thermal-mechanical sequential coupling
method was used to optimize the cemented carbide
substrate interface structure [30]. The simulation model
size (@13,44 x 8 mm) was determined according to the
actual PDC cutter, and the specific interface structure is
shown in Fig. 4. Considering the axisymmetric property of
PDC cutter, the 1/2 model was used. It was assumed that
there was no plastic deformation occuring in the material
during sintering cooling process, and the change of
material properties (such as creep) at high temperature was
ignored. The physical parameters of PCD layer and carbide
substrate (YG16) are shown in Tab. 1.

Table 1 Physical parameters of PCD and carbide substrate

. Density / | Elastic Modulus / | Poisson's Specific heat (20 °C) / | Thermal Conductivity (20 °C) / Therma.l expansol on
Material 3 . o o coefficient (20 °C)
kg/m GPa ratio J/(kg-°C) W/(m-°C) /% 10°6-K"!
PCD 3510 890 0.22 790 543 2,5
YG16 15000 579 0.07 230 100 52

The tetrahedral mesh was used to discretize the model.
In order to improve the calculation accuracy, the mesh
density was refined, and the mesh size was set to 0,0003
mm. The model mesh division results are shown in Fig. 5.

The upper end face of the PCD layer, the bottom face
of the cemented carbide substrate, and the outer peripheral
cylindrical surface of both the PCD layer and cemented
carbide substrate were fully fixed and restrained. The stress
relaxation temperature was set to 1500 °C and the room
temperature was 20 °C. The simulation calculation results
are shown in Fig. 6 to Fig. 9.

(a) Concentric circular interface structure  (b) Small wave interface structure

(c) Large wave interface structure (d) Compound surface interface structure

Figure 5 Meshing model
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Figure 8 Stress distribution cloud map of large wave interface structure
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Figure 9 Stress distribution cloud map of compound surface interface structure

(b) Shear stress

(c) Von Mises stress

In Fig. 6 to Fig. 9, axial stress was analysed according
to the principle that tensile stress is positive and
compressive stress is negative, and shear stress was
analysed according to the principle that clockwise is
positive and counter-clockwise is negative.

For all the PDC cutters with four kinds of interface
structures, the maximum axial tensile stress was located at
the maximum diameter of the upper edge of PCD layer and
the lower edge of cemented carbide substrate, the
maximum axial compressive stress was located on the
cylindrical surface of the cemented carbide substrate near
the maximum diameter. The axial compressive stress is
beneficial to prolong the life of PDC cutter, while the axial
tensile stress can easily lead to the breakage and even
delamination of PCD layer. On the basis that the axial
compressive stress is required to be as large as possible, it
is more important to ensure that the axial tensile stress is as
small as possible. The maximum axial compressive stress
of PDC cutter with small wave interface structure was the
largest, while the maximum axial tensile stress of PDC
cutter with compound surface interface structure was the
smallest.

Shear stress is the main reason for the delamination of
PCD layer and even the fracture of PDC cutter. For all the
PDC cutters with four kinds of cemented carbide substrate
interface structures, the maximum shear stress was located
at the maximum diameter edge of the interface between
PCD layer and carbide substrate. The maximum shear
stress of PDC cutter with concentric circular interface
structure was the largest, while the maximum shear stress

of PDC cutter with compound surface interface structure
was the smallest.

The equivalent stress can assist in judging the
vulnerable parts of the PDC cutter. For all the PDC cutters
with four kinds of cemented carbide substrate interface
structures, the maximum equivalent stress was located at
the maximum diameter edge of the interface between PCD
layer and cemented carbide substrate. The maximum
equivalent stress of PDC cutter with small wave interface
structure was the largest, while the maximum equivalent
stress of PDC cutter with compound surface interface
structure was the smallest.

Therefore, considering the axial stress, shear stress and
equivalent stress comprehensively, a compound surface
interface structure was preferred as the interface shape of
the cemented carbide substrate.

2.3.3 Validation of Finite Element Method

In order to verify the rationality of the simulation
results, taking Xu's paper "Micro-Raman stress of
polycrystalline diamond compact" as a reference [31], the
simulation results were compared with the Laser Raman
test results. The size of the simulation model was consistent
with the PDC cutter mentioned in Xu's paper, that is, the
diameter of PDC cutter was 25,4 mm, the total thickness
was 3,2 mm, and the diamond layer thickness was 0,7 mm.
The interface structure of cemented carbide substrate was
plane.

Nodes were selected successively along the radial
direction on the upper surface of the PCD layer, the
simulation and Raman test results of these nodes were
compared, as shown in Fig. 10.

According to Fig. 10, the compressive stress showed
an overall decreasing trend with the increase of radial
distance. The variation rules of the simulation and Raman
test results were basically consistent. However, there was
a large deviation between the simulation and Raman test
results in specific values. The reasons can be summarized
as follows: (1) In the simulation, the thermal expansion
coefficient of PCD layer was set singly, and its change with
temperature was ignored; (2) The stress relaxation
temperature also has an effect on the final stress value [32].
There may be a gap between the simulation and the actual
situation. (3) The surface of PCD layer will be lapping in
the process of PDC cutter, and the lapping will have a
certain impact on the surface stress of PCD.
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Figure 10 The curve of the stress on the PCD layer with the radial distance

-800

However, although there was a large deviation
between the Laser Raman test data and simulation result,
the overall variation rule can be referred to. Hence, it was
feasible for qualitative comparative analysis of the four
kinds of cemented carbide substrate interface structures
using this simulation method.
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2.4 Assembly

The diamond-graphene composite micro-powder and
cemented carbide substrate were loaded into a shielding
cup. Salt tubes and salt plates in the shielding cup formed
a closed space, which can effectively prevent the
occurrence of chemical reactions in the phase change layer
of leaf paraffin block, and provide a stable high pressure
synthesis chamber environment. The components such as
salt tube, leaf paraffin block and conductive steel ring were
put into a muffle furnace at 120 °C for 8 hours, so as to
remove the gas and impurities on the assembled
components.

Fig. 11 is the assembly diagram of the synthetic block
and the photo of the assembly.

Salt tube -._| [ e e % - Shielding cup

Graphite

heating tubg¢ s _-Leaf paraffin block

_. Diamond-graphene
composite micro-powder

__ Cemented carbide
Conductive - G substrate

steel ring™._|'¢

Salt plate —_|_

A total of four kinds of synthetic blocks were
assembled: the graphene mass percentage was 0, 0,1 wt%,
0,2 wt% and 0,3 wt% respectively. The corresponding
PDC cutters were numbered No. 0, No. 1, No. 2 and No. 3
respectively.

2.5 Synthetic Sintering

PDC cutters were synthesized in a cubic synthetic
diamond press with a cylinder diameter of 560 mm and a
maximum loading pressure of 6 GPa. Photo of the press is
shown in Fig. 12. Before synthesis and sintering, the
pressure and temperature of the press were calibrated by
fixed point standard pressure method and thermocouple
method to ensure the accuracy of synthetic parameters
[33].

Synthesis temperature, pressure and time are three key
parameters affecting the sintering performance of PDC
cutter. In general, the higher the synthetic pressure, the
better the density and wear resistance of the PDC cutter,
but the higher the requirements for the press. The synthesis
temperature and synthesis time are not the higher the better

or the lower the better. It is necessary to comprehensively
consider the wear resistance of PDC cutter, micro cracks
and other defects of diamond layer and overburning
problems [34].

The synthesis was carried out by means of increasing
the pressure first then sending the temperature, cooling the
temperature first then releasing the pressure. The internal
cavity of the synthesis block was 5,5-6 GPa, the synthesis
temperature was 1500 °C, and the synthesis time was
750 s. The synthesis process curve is shown in Fig. 13.
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Figure 13 Synthesis process curve

No. 0, No. 1, No. 2 and No. 3 PDC cutters were
sintered normally, and no defects were found on the surface
of PCD layers. Fig. 14 shows the PDC cutters after
sintering and synthesis.

No.1

No.2

No.3

Figure 14 Photos of four groups of PDC cutters
2.6 Post-Processing

The synthesized PDC cutters were machined to the
standard size. The PDC cutters were roughly ground and
finely ground by cylindrical grinder and centerless grinder
respectively, the impurities on the surface of the cutters
were removed, and the outer diameter of the cutters was
ground to the standard outer diameter of 13,44 mm.
Surface grinding machine was used to grind the bottom
surface of the cutters' cemented carbide substrate to a
standard height of 8,0 mm.

Fig. 15 shows the No. 0, No. 1, No. 2 and No. 3 PDC
cutters after machining. Naked eye observation showed
that there was no difference in the appearance of the four
groups of cutters.
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TS T e
Figure 15 Photos of the four groups of PDC cutters

3 PERFORMANCE CHARACTERIZATION OF GRAPHENE-
ENHANCED PDC CUTTER

The properties of the above four groups of PDC cutters
were characterized from two aspects: microscopic
morphology and macroscopic mechanical properties.

3.1 Microscopic Morphology

Phenom desktop scanning electron microscope was
used to observe and analyse the bonds between diamond
particles and the distribution of binders. First, SEM
samples of PDC cutters were prepared by wire-electrode
cutting, and the cutting surfaces were polished until they
became a mirror. Fig. 16 shows the SEM samples of PDC
cutters.

3 o

mples of PDC cutters for SEM

Fig. 17 shows the SEM microstructures of the four
groups of scanned PDC cutters.

No.0 No.1

|gure 7 SEM microstructure images of four groups of PDC cutters

As shown in Fig. 17, for No.0 PDC cutter without
graphene added, the white binder distributed around the
black diamond grains in a network structure, and the
binders showed spot-like aggregation in individual areas.
The binder wrapped around the diamond grains affected
the bonding (D-D bonds) between diamond grains. For
No. 1 PDC cutter with 0,1 wt% graphene added and No. 2
PDC cutter with 0,2 wt% graphene added, the brightness
of the white binder decreased significantly, and the binder
was flocculent along the diamond grain boundary. The
lubrication characteristics of graphene contribute to the
sharp reduction of friction between diamond grains, and
the bonding between diamond grains was dense. However,
when the amount of graphene addition was increased to 0,3
wt% (No. 3 PDC cutter), the white binder showed flake

distribution, and the diamond grains were separated by the
binder. There may be a problem of graphene
agglomeration, which hindered the bonding between
diamond grains and caused uneven dispersion of the
binder.

Fig. 18 is a SEM microstructure diagram of the
interface between cemented carbide substrate and diamond
layer. For the four groups of PDC cutters, the cemented
carbide and diamond grains were interlaced with each other
at the interface, the bonding was firm, and no metal
agglomeration occurred [35].

Figure 18 SEM micrograph of the interface between cemented carbide
substrate and diamond layer

3.2 Macroscopic Mechanical Properties
3.2.1 Heat Resistance Test

After the muffle furnace was heated to 800 °C, the four
groups of PDC cutters were placed in the muffle furnace
for naked burning. When the furnace was heated to the
specified temperature, the samples were removed and
placed in white corundum to cool to room temperature.
Fig. 19 shows the test process.

-~ B3

(a) Healing (b) Taking out samples (c) Embedding cooling

Figure 19 Heat resistance test process

After heating, the defects of PCD layer of the four
groups of PDC cutters were observed, as shown in Tab. 2.

According to Tab. 2, when the temperature rose to
880 °C, there were no cracks on the PCD surface of the
four groups of PDC cutters. When the temperature rose to
890 °C, network cracks appeared on the PCD surface of the
two No. 0 PDC cutters and the two No. 2 PDC cutters,
tortoise cracks appeared on the PCD surface of the one
No. 1 PDC cutter, and no cracks appeared on the PCD
surface of the two No. 2 PDC cutters.

The reasons can be summarized as follows:

(1) There was no graphene added for No. 0 PDC cutter,
the network shaped binder expanded at 890 °C, and the
expansion force exceeded the bounding force between
diamond grains, so network cracks occurred in all No. 0
PDC cutters.

(2) At room temperature, the thermal expansion
coefficients of graphene and cobalt binder are 8,0 x 107%/K
and 12 x 107%K respectively. The internal expansion force
of the PDC cutter with graphene added is less than that of
the PDC cutter without graphene added. Therefore, the heat
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resistance of No. 1 and No. 2 PDC cutters was better than
that of No. 0 PDC cutter.

(3) There was a large amount of graphene in No. 3
PDC cutter, and SEM results showed that the internal
binder was unevenly dispersed. During heat resistance test,
a large stress source was easily formed in the binder
agglomeration area, thus causing surface cracks on PCD
surface.

In addition, at room temperature, the thermal
conductivity of graphene and diamond is 5000 W/(m-K)
and 2000 W/(m'K) respectively, so the overall thermal
conductivity of PDC cutter with graphene added is also
improved. Friction heat generated on the cutters during
drilling can be diffused more quickly, which helps to
extend the life of PDC cutters.

Table 2 Heat resistance test results of PDC cutters

Temperature 880 °C 890 °C

PDC cutter

No. 0

No. 1

No. 2

No. 3

Table 3 Wear resistance test data of PDC cutters
Average mass wear of the S Average mass wear ratio /
PDC cutter erinding wheel / g Average grinding time / s « 10° Wear orphology of PDC cutter

No. 0 119,355 127,6 18
No. 1 119,14 160,5 28
No.2 124,825 132,5 41
No. 3 124,85 288,5 32
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3.2.2 Abrasion Resistance Test

PDC cutters are fixed on the PDC bit body by brazing
at a temperature of about 700~800 °C. In order to be close
to the actual working conditions, the PDC cutters were
heated to 750 °C and kept for 15 min, then the wear
resistance tests were carried out.

The wear resistance of PDC cutter was evaluated by
mass wear ratio according to "JB/T 3235-2013
determination method of wear ratio of polycrystalline
diamond" [36]. The grinding wheel size used in the test was
100 x 16 x 20 mm. The grinding time was set based on
grinding a grinding wheel with the same diameter. The
mass wear ratio is expressed as:

E, =M/ M;)xn (1)

where: E,, is the mass wear ratio; M, is the mass wear of
the grinding wheel, g; M; is the mass wear for PDC cutter,
g; n is the correction factor for grinding wheel, generally
takes 1,02.

Two pieces of cutters from each group of PDC cutter
were taken for testing. The mass wear ratio of each group
of PDC cutter was obtained by averaging the mass wear
ratio of the two pieces of cutters. The results and grinding
morphology of the PCD layer are shown in Tab. 3.

According to Tab.3, the mass wear ratio of PDC cutters
with graphene added was higher than that of PDC cutter
without graphene added. The mass wear ratios of No. 2 and
No. 3 PDC cutters were both 30 x 10* higher, and they were
high wear ratio PDC cutters. The grinding wheel speed of
No. 0 and No. 2 PDC cutters was obviously faster than that
of No. 1 and No. 3 PDC cutters, so the grinding wheel
capacity of No. 0 and No. 2 PDC cutters was stronger.
After grinding, the cutting edges of the four groups of PDC
cutters were all worn normally, and the cutting edge of No.
3 PDC cutter bore the least wear, which was considered to
be related to its weak ability to grind the grinding wheel.
The wear ratio of No. 2 PDC cutter was 127,8% higher than
that of No. 0 PDC cutter without graphene added.

3.2.3 Impact Resistance Test

Similar to the wear resistance test, the PDC cutters
were first heated to 750 °C and kept for 15 min before the
impact resistance test was carried out. A drop hammer
impact test was used. PDC cutters were fixed on the punch
head with a fixed elevation angle of 20°. The punch pin
continuously impacted the mold steel with a given energy.
The hardness of the mold steel was HRC58-62. For each
punch impact, the mold steel rotated 10° to ensure that the
PDC cutter can impact the undamaged mold steel plane
each time. Fig. 20 shows the drop hammer impact test
device.

The impact energy was loaded in a step-by-step style.
Starting from a single impact energy of 30 J, after every 10
impacts, the single impact energy was successively
increased by 10 J, until the final single impact energy
reached 70 J. During the impact process, when the PCD
layer was damaged, the test was stopped, and the total
impact energy that PDC cutter can withstand was

calculated according to the cumulative energy of a single
impact.

s 2
Figure 20 Drop hammer impact test device

Two pieces of cutters from each group of PDC cutters
were taken for testing. The impact energy of each group of
PDC cutter was obtained by averaging the impact energy
of the two pieces of cutters. The results and damage
morphology of the PCD layer are shown in Tab. 4.

According to Tab. 4, the impact times of the four
groups of PDC cutters were all at a high level (more than
40 times). For No. 2 and No. 3 PDC cutters, the impact
times were full marked 50, and the impact energy was 2500
J, cracks were formed at the interface between PCD layer
and cemented carbide substrate in both No. 2 and No. 3
PDC cutters. For No. 0 and No. 1 PDC cutters, the impact
energy was similar, and the PCD layer fragmentation
occurred in both of them.

Table 4 Impact test data of PDC cutters

PDC Average Cumulative Sample damage

cutter number of | average impact morpholo
impacts energy /J il

No. 0 43 2010

No. 1 45 2150

No. 2 50 2500

No. 3 50 2500

700

Technical Gazette 30, 3(2023), 693-704



Pei JU, Chuanliu WANG: Development and Performance Evaluation of Graphene-Enhanced Polycrystalline Diamond Compact Cutter

3.4 Comprehensive Characterization of Cutter Performance

The Multiple Attribute Decision Making method [37,
38] was used to comprehensively select the optimal PDC
cutter scheme from the aspects of microscopic
morphology, heat resistance, wear resistance and impact
resistance.

There are 4;(i = 1, 2, ..., m) alternatives, which are 4,
(No. 0 PDC cutter), A2 (No. 1 PDC cutter), 43 (No. 2 PDC
cutter) and A4 (No. 3 PDC cutter) respectively. There are
X;(G =1, 2, ..., n) attributes, which are X; (microscopic
morphology), X> (heat resistance), X3 (wear resistance) and
X4 (impact resistance) respectively. The attribute values of
each scheme are shown in Tab. 5.

Table 5 Attribute value of each PDC cutter scheme

Scheme Attribute
X X5 X3 X,
Good binder o 4
4 PN 880°C | 1810 2010
4, | Preellembinder | gggoc | agxi0t | 2150
4| Prsllembinder | gggoc | arxi0t | 2500
Ay Mgids‘t‘ggulggﬂer 880°C | 32x10* 2500

The representations in X; are quantified, with scores of
9, 7, and 5 for good, excellent and medium respectively.
Therefore, the decision matrix can be expressed as:

d41 d42 d43 d44

7 880 18x10* 2010 2
9 880 28x10* 2150
9 890 41x10* 2500
5

880 32x10* 2500

According to the equation:

@=%/Z%> 3)

The decision matrix is normalized:

N N2 N3 Nhg

D1 T Ty Ty

31 I3y T3z T34

M T T3 Ty
0,233 0,249 0,151 0,219
0,3 0,249 0,235 0,235
0,3 0,253 0,345 0,273
0,167 0,249 0,269 0,273

(4)

The information entropy method is used to calculate
the weight of each attribute. The entropy of 4; to attribute
Xjis:

m 1 m
Ej =_k2(”ij ln’?j)z_MZ(”y ln”zj) (5
i=1 i=1

Combining Egs. (4) and (5), it can get:

E=[E E, B E,]

6
=[0,98153 0,99998 0,97104 0,99674] ©
The discrimination degree of X; to scheme 4;is:
£ =1-E, ?
The attribute weight of each scheme is:
wp=F [ 2 F (8)
j=l

According to Egs. (6) and (7), the attribute weight
value is:

w:wj:[w1 Wy W w4]T

)
=[0,364228 0,000394 0,571091 0,064287]

The final solution decision is obtained from the
decision matrix and attribute weight. The simple weighted
sum method is used, the comprehensive value of scheme 4;
for all attributes is:

EEDNTEDIAT (10)
Jj=1 Jj=1

According to Eq. (4), Eq. (9) and Eq. (10), the final
decision values of A4,, 4;, A3 and A4 are 0,1853, 0,2587,
0,3239 and 0,2321 respectively. Scheme A3 (No. 2 PDC
cutter) shows the highest decision value, so its
comprehensive performance is the best.

4 REAL DRILLING TEST

Real drilling tests were carried out for No. 0, No. 1,
No. 2 and No. 3 PDC cutters to further evaluate the
comprehensive performance of PDC cutters, also to verify
the performance characterization results obtained in
Section 3. The above four groups of PDC cutters were
brazed to 94 mm three wing concave bit body (shown as
Fig. 21), and the real drilling tests were carried out.

Figure 21 ®94 mm three wing concave PDC bit
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The test site was Baiping Coal Mine of Zhengmei
Group, the construction borehole was the bottom gas
drainage hole, and the drilling rock was mainly limestone,
with coal-containing interlayer, and the rock Platts
hardness was about 7. The drilling rig used in the drilling
field was the ZDY3200 drilling rig produced by Xi'an
Research Institute of China Coal Science and Industry
Group, the drill pipe was @63,5 mm auger pipe. The
drilling test results are shown in Tab. 6.

According to Tab. 6, the concave bit welded No.2 PDC
cutters showed the largest footage in both rock and coal,
and its average rate of penetration reached 15,4 m/h, which
was significantly higher than that of the PDC bit welded

other cutter samples. The concave bit welded No. 3 PDC
cutters drilled in the whole rock section, and its average
rate of penetration was 10.5 m/h, which was the lowest.

Observing the wear of the PDC cutters of each PDC
bit, the wear of No. 0 and No. 1 PDC cutters was the most
serious, and there was large volume of wear, also the
peeling of diamond layer occurred in No. 1 PDC cutters.
The wear of No. 2 PDC cutters was the least. Considering
the drilling parameters and the wear state of the PDC
cutters, the real drilling performance of No. 2 PDC cutter
was the best, this result also is consistent with that obtained
in Section 3.

Table 6 Real drilling test results

PDC cutter . Bit footage . Average rate of}l)enetratlon/ Cutter wear condition
Footage in rock / m Footage in coal / m m-h
No. 0 17,52 8,76 12,3
No. 1 14,6 4,38 12,8
No. 2 18,25 12,41 15,4
No. 3 18,25 0 10,5

5 CONCLUSION

Based on the excellent mechanical and thermal
properties of graphene, this paper innovatively applied
graphene materials to the preparation of PDC cutter, no
binder cobalt addition was required, which can avoid the
decobalt process. Also the preparation process was simple
and feasible. The performance evaluations of PDC cutters
with different graphene added were carried out from two
aspects of microscopic morphology and macroscopic
mechanical properties, and the Multiple Attribute Decision
Making method was used to evaluate the optimal graphene
added scheme. The PDC cutter with 0,2 wt% graphene
added showed the best comprehensive performance,
comparing with the commonly used PDC cutter without
graphene added, its heat resistance increased by 10 °C,
wear ratio increased by 127,8%, and the impact energy
increased by 24,4%. Real test results showed that the
concave drill bit with 0,2 wt% graphene added PDC cutters

showed the fastest average ROP, the least cutter wear, and
the best drilling effect. The research of this paper breaks
through conventional products, greatly improves the
comprehensive performance of PDC cutter, and provides
theoretical guidance for the market application of the new
graphene-enhanced PDC cutter product. In the future, we
will focus on the field drilling test of 0,2 wt% graphene
added PDC cutter, to fully verify its performance, and
provide a large amount of data support for its market
application.
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