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Abstract: In the realm of engineering rotary excavation, the rigid and brittle nature of the Polycrystal
Diamond Compact (PDC) layer poses challenges to the impact resistance of conical teeth. This
hinders their widespread adoption and utilization. In this paper, the Abaqus simulation is used.
By optimizing the parameters of the radius of the cone top arc, we analyzed the changing law of
the parameters of large-diameter D30 series conical PDC teeth, such as the equivalent force, impact
force, and energy absorption of the conical teeth during the impact process, and optimized the best
structure of the conical PDC teeth. After being subjected to a high temperature and high pressure,
we synthesized the specimen for impact testing and analyzed the PDC layer crack extension and
fracture failure. The findings reveal the emergence of a stress ring below the compacted area of the
conical tooth. As the radius of the cone top arc increases, so does the area of the stress ring. When
R ≥ 10 mm, the maximum stress change is minimal, and at R = 10 mm, the stress change in its top
unit is relatively smooth. Optimal impact resistance is achieved, withstanding a total impact work
value of 7500 J. Extrusion cracks appear in the combined layer part of PDC layers I and II, but the
crack source is easy to produce in the combined layer of PDC layer II and the alloy matrix and extends
to both sides, and the right side extends to the surface of the conical tooth in a “dragon-claw”. The
failure morphology of the conical teeth includes ring shedding at the top of the PDC layer, the lateral
spalling of the PDC layer, and the overall cracking of the conical teeth. Through this study, we aim
to promote the popularization and application of large-diameter conical PDC teeth in the field of
engineering rotary excavation.

Keywords: conical PDC teeth; impact resistance; large diameter; simulation; crack extension

1. Introduction

Since the early 1970s, when Polycrystal Diamond Compact (PDC) was first proposed
by General Electric Company (GE) [1,2], domestic and foreign experts and scholars have
been conducting in-depth explorations and research on the comprehensive performance
of PDC teeth. By optimizing the tooth structure, material ratio, and forming process, its
wear resistance and impact resistance are enhanced to improve its rock-breaking efficiency
and extend the service life of the tool. Conical PDC teeth were developed by Hall and Dur-
rand [1] in 2010, and compared with the traditional carbide teeth, the impact resistance was
improved by 3~8 times and the wear resistance by 1~2 times [3], which greatly improves
the breaking efficiency in highly abrasive hard rock and sandstone formations.

In recent years, in the research on the impact resistance of PDC teeth (composite pieces)
in terms of their diamond grain size and content, FuXiao Zhang [4] conducted impact
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tests on five kinds of PDC composite pieces with different diamond grains, judged the
performance according to the shipping time, and analyzed the fracture morphology of each
composite piece by scanning electron microscopy, and the results showed that the finer the
diamond grains were, in conjunction with the coarser the WC grains were, the better the
impact resistance performance was. Valentine K. et al. [5] studied the fatigue behavior and
failure of PDC composite pieces under continuous impact loading and observed the impact
cracks inside the composite piece tool by scanning electron microscopy. They found that a
given range of coarser-grained polycrystalline diamond layers has better impact resistance,
and under continuous impact, cracks will be generated and extended intermittently until
failure. Yuanyuan Li et al. [6] used the lattice point-spring model to analyze the impact test
of diamond–silicon carbide superhard composites with different volume fraction ratios
and concluded that the lowest damage degree was achieved when the volume content of
diamond particles was 70%.

In their research on improving the comprehensive performance of conical PDC teeth,
Jialiang Wang [7] and others used a falling hammer impact testing machine loaded with a
high-circumference fatigue mode to consider the impact power, ball surface area, WC-Co
cemented carbide teeth substrate thickness, and thickness of the PCD layer for the impact
resistance of the teeth. The results show that the bigger the impact power, the higher
the crushing rate; when the impact power is the same, the bigger the surface area of the
ball, and the lower the crushing rate. When the impact power is the same, the larger the
surface area of the ball, and the lower the crushing rate; the greater the thickness of the
WC-Co tungsten carbide tooth substrate, and the smaller the thickness of the PCD layer,
the better the impact resistance of the ball teeth. Yuanxiu Sun [8] optimizes and improves
the parameter aspects affecting the performance of conical PDC teeth, from changes in the
main parameters such as the diameter of the substrate, the cone top angle, the cone top
radius, and so on, to an in-depth study of the impact on the impact resistance and wear
resistance of the conical teeth. Chaowei He [9], in their study of the larger-diameter conical
PDC teeth, through a finite element simulation combined with experiments, the larger-
diameter conical PDC teeth for impact resistance analysis and cutting analysis, through the
adjustment of their cone top angle and cone top radius structural parameters, preferred the
better performance of the conical teeth.

However, in engineering rotary excavation, due to complex geological conditions,
conical PDC teeth are often subjected to alternating loads and are prone to tooth tip wear,
tooth body cracking, chipping, deformation [10–13], and other forms of failure, which
reduces the impact resistance and service life of the conical PDC teeth and affects the
productivity of the engineering rotary excavation [14], and the comprehensive performance
of the conical PDC teeth still needs to be further improved. At present, regarding the
design and analysis of conical PDC teeth, there are a large number of literature studies
on the diameter of 14~16 mm conical teeth, ball teeth, and PDC pieces. Relying on the
design criteria of cemented carbide teeth [15], due to the harsh molding conditions of
large-diameter conical PDC teeth and the rotary excavation of highly abrasive hard rock,
super-hard rock, and complex rock formations, large-diameter (D ≥ 20 mm) conical PDC
teeth are needed to enhance their wear resistance and impact resistance, but there are fewer
studies on the effects of the structural parameters of large-diameter conical PDC teeth on
their impact resistance performance. Therefore, there is an urgent need to study the impact
resistance of large-diameter conical PDC teeth. In this paper, finite element simulation is
used to optimize the structural parameters of large-diameter D30 conical PDC teeth with
different radii of the conical arc, and then high-temperature and high-pressure molding
specimens are formed, and an impact resistance analysis is carried out on the specimens to
further analyze the crack extension of the PDC layer and the overall distribution law [16].
This provides theoretical support for the design of large-diameter conical PDC teeth and
promotes the popularization and application of large-diameter conical PDC teeth in the
field of rotary excavation.
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2. Simulation and Test Conditions
2.1. Conical PDC Tooth Structure Parameters

The main structural parameters affecting the performance of conical PDC teeth include
the radius of the top arc of the cone, R, the height of the top of the cone, h, the total height
of the taper, H, and the diameter of the tungsten carbide substrate, D, as shown in Figure 1.
In this test, a conical PDC tooth with the diameter of the tungsten carbide substrate, D, of
30 mm and the radius of the top arc of the cone of 4 mm, 6 mm, 8 mm, 10 mm, 12 mm, and
13 mm, was used with the ratio of the height of the top of the cone, h, and its overall height,
H, of the cone remaining unchanged. The specific structure is as shown in Figure 2a–f.
According to the working condition of the large-diameter conical PDC teeth, we set the
impact parameters and analyzed the vertical impact on the conical PDC teeth.
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Figure 2. Structural parameters of D30 series conical PDC teeth ((a) R = 4 mm; (b) R = 6 mm;
(c) R = 8 mm; (d) R = 10 mm; (e) R = 12 mm; (f) R = 13 mm).

2.2. Boundary Condition Loading for Simulation

The three-dimensional model was established by Solidworks, and the file was con-
verted into .Stp format and imported into Abaqus 2020 software for impact simulation. The
material selected for the conical PDC teeth is polycrystalline diamond, with a density of
3520 kg/m3, modulus of elasticity of 8.9 × 105 MPa, Poisson’s ratio of 0.07, and a compres-
sive strength of 7600 MPa [17,18]. The material selected for the impact block is 45# steel,
with a density of 7850 kg/m3, modulus of elasticity of 2.06 × 105 MPa, and Poisson’s ratio
of 0.3 [19].
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The conical PDC teeth contact the impact block during assembly, and the impact starts
when contact is made; the impact time is set to 3 × 10−4 s; the impact block is set to be a
rigid body; the alloy matrix part is set to be at a fixed constraint; and the conical part of
the conical PDC teeth is set to be an elastic–plastic body. To improve the accuracy of the
model and efficient calculation, the conical PDC teeth are finely divided. The mesh size of
the conical arc part of the conical PDC tooth is set to 0.5, the mesh size of the rest of the
conical part is set to 0.8, the mesh size of the alloy matrix part is set to 1.3, the cell type is
C3D8R, and the total number of cells is 23,244; the mesh size of the impactor block is set to
5, and the total number of cells is 2000, as shown in Figure 3.
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2.3. Field Tests and Equipment

The conical PDC teeth with superior impact resistance were simulated, and the PDC
layer [20] with a layer thickness of 2~3 mm was synthesized on the cemented carbide
substrate after being subjected to high temperature and high pressure. The PDC layer
utilizes a dual-layer sample preparation technique, taking advantage of the gradient mate-
rial, and the specimen was subjected to an impact test using the homemade impact testing
machine. The overall structure of the testing machine is shown in Figure 4, and its main
parts include a retainer, impact pad block, counterweight block, strong magnetic suction,
winch controller, and conical tooth placement slot. The conical PDC teeth are mounted in
the corresponding truncated tooth holders and placed in the truncated tooth placement slot
for vertical impact. The mass of the impact block is 150 kg, the height of the impact is 0.5 m,
the impact block adopts free-fall motion, the speed of the impact block in contact with the
conical PDC teeth is calculated to be 3.1305 m/s, and the single impact work is set to 750 J.

Subsequently, the conical PDC tooth specimen after the impact test was cut and made
into samples: the HSQ2C EDM wire cutting machine was used to wire cut the impact area of
the conical tooth as shown in Figure 5a, the ZXQ-5H automatic inlay machine was used to
inlay the sample after wire cutting, and the MoPao3S automatic lapping/polishing machine
was used to grind and polish the samples as shown in Figure 5b, and the sample was then
polished by using an OYA-1048 ultrasonic cleaner with acetone to remove impurities on the
specimen surface and observe the crack extension and the overall cracking of the PDC layer.
Acetone was added through an OYA-1048 ultrasonic cleaner to remove the impurities on
the surface of the specimen, and the specimen was examined using a JSM-6380LA scanning
electron microscope (SEM) to observe the crack extension and overall distribution of the
PDC layer. The parameters of the equipment used above are shown in Table 1.
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Table 1. Summary of equipment in use.

Equipment Name Model Number Manufacturer’s Name Procurement
Country

EDM Wire-cutting Machine HSQ2C Suzhou Sanguang Science Technology Co., Ltd. Suzhou, China
Automatic Inlay Machine ZXQ-5H Laizhou Huayin Test Instrument Co., Ltd. Laizhou, China

Automatic Grinding/
Polishing Machine MoPao3S Laizhou Weiyi Experimental Machine

Manufacturing Co., Ltd. Laizhou, China

Ultrasonic Cleaner OYA-1048 Suzhou OYA Ultrasonic Equipment Co., Ltd. Suzhou, China
Scanning Electron Microscope (SEM) JSM-6380LA Japan Electron Optics Laboratory Co., Ltd. Japan

3. Simulation Results and Analysis
3.1. Equivalent Stress Maps and Top Cell Stress Analysis

By optimizing the parameter value of the radius of the top arc of the cone (R) and
analyzing the effect of the different radii of the top arc of the cone on the impact resistance
of the conical PDC teeth, the equivalent stress Mises cloud diagrams of each conical tooth
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are extracted, as shown in Figure 6. The appearance of a stress ring at the lower position of
the compacted area [21] of the conical PDC teeth during impact is evident, which is due to
the generation of the impact stress wave [22,23] accompanying the impact at the time of the
impact. The impact force is transmitted from the compacted region to the surrounding area
and is transmitted relatively uniformly through the conical tooth shape. Figure 6 shows
that the maximum stress ring of the conical teeth appears in roughly the same location, but
the size (area) is different. With the increase in the radius of the top arc of the cone, the
maximum value of the stress is reduced, but the stress ring area increases. This is because
the impact load in the impact process is vertically downward and due to the circumferential
decomposition of the ring. The greater the radius of the top arc of the cone of the PDC tooth
volume and the greater the area of contact, the more the stress ring of the unit area of the
impact load is reduced. The impact load per unit area of the stress ring decreases because
the impact load is decomposed in the circumferential direction at a rate greater than that in
the axial direction [24], increasing the area of the stress distribution region decomposed in
all directions.
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(c) R = 8 mm; (d) R = 10 mm; (e) R = 12 mm; (f) R = 13 mm).

Through extracting the maximum value of stress in the stress ring, obtained as shown
in Figure 7a, the overall trend decreases with the increase of the radius of the top arc of
the cone. The inflection point begins to appear in the structure with R = 8 mm. With a
larger decrease, the maximum stress in the structures with R = 10 mm, 12 mm, and 13 mm
is relatively small, and the change is smooth. The maximum stress values of the conical
PDC teeth with the radius of the top arc of the cone R = 4 mm, 6 mm, 8 mm, 10 mm, 12 mm,
and 13 mm are 4462 Pa, 4465 Pa, 3822 Pa, 3542 Pa, 3521 Pa, and 3357 Pa, respectively. After
extracting the stress change in the top unit of the conical teeth (the part in contact with the
impactor block) and obtaining the stress change curve shown in Figure 7b, it can be seen
that the R = 10 mm, 12 mm, and 13 mm structures have relatively large and smooth changes
in the maximum stress. The stress change curve is shown in Figure 7b, which shows that
the stress change trend of the top unit of the bevel tooth of the R = 10 mm structure is
relatively smooth and the stress peak value is low.
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Figure 7. Maximum stress value of each conical tooth and change in stress in the top unit ((a) maximum
stress value of each conical tooth; (b) stress change curve of the top unit of each conical tooth).

3.2. Impact Force Analysis

The main reason for the failure of conical teeth is the large impact force caused by
alternating loads, which leads to the cracking, chipping, and crushing of conical teeth [25],
so the analysis of the impact force is particularly important. The impact force–time curve of
the truncated tooth is shown in Figure 8, and it can be concluded that the conical PDC tooth
is divided into two phases during the impact process: the elastic deformation phase and the
fracture phase, and its impact process is the impact contact between the rigid–elastic–plastic
body [26]. Its elastic deformation stage is a rising quarter sine wave, but the fracture stage
is an extremely steep downward straight line, and the impact force–time curve is smooth
and without volatility during the whole impact process. This is because the PDC layer
is a brittle material, and when the impact force exceeds the maximum limit value it can
withstand, brittle fractures occur instantaneously. It can also be seen from Figure 8 that the
vertical impact process impact force first increased to the peak and then quickly reduced to
0, and with the increase in the radius of the cone top arc, the peak impact force borne by
the conical PDC teeth increased; the maximum (R = 13 mm) reached 973 KN. The R = 4 mm
structure in Figure 8 reveals that a small portion of the peak impact force and a very small
portion of the gradual rise can be attributed to the plastic deformation occurring within the
alloy matrix section of the plastic deformer.
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3.3. Analysis of Energy Absorption in Bevel Gears

Energy absorption is not only an important index to evaluate the energy absorption of
the structure but also reflects the ability of the specimen to withstand the load. The impact
work absorbed by the conical PDC teeth during the impact of this test is mainly composed of
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the kinetic energy of the impact block and the gravitational potential energy [9], according
to which the impact work absorbed by the conical teeth can be calculated as follows:

EX = ECMAX + mgS − EC, (1)

where EX is the energy absorbed by the conical PDC teeth, J; ECMAX is the initial kinetic
energy of the impact block, i.e., the initial impact work set for the test, J; m is the mass of
the impact block, kg; g is the acceleration of gravity, m/s2; S is the displacement distance of
the impact block, m; EC is the kinetic energy of the impact block, J.

Inserting the above data into Formula (1) enabled us to calculate the conical PDC teeth
energy absorption time curve, shown in Figure 9. It can be seen that the D30 conical PDC
teeth’s energy absorption curve trend is the same; with the increase in the impact contact
time, the cone tooth’s absorbed energy from the initial value gradually increased to the
peak value, followed by a slight decline, and eventually stabilized. The extracted conical
teeth energy absorption data are shown in Table 2; the results show that the peak value
of the energy absorbed by the conical PDC teeth increases with the increase of the radius
of the top arc of the cone, the maximum value (R = 13 mm) is 751.2088 J, the peak time of
appearance decreases with the increase of the radius of the top arc of the cone, and the peak
time of appearance stabilizes at 0.15 × 10−3 s when R = 10~13 mm. Combined with Figure 9,
it can be seen that the energy absorption efficiency of the conical PDC teeth increases with
the increase of the radius of the top arc of the cone. This shows that under the same impact
work, the larger the radius of the top arc of the cone, the larger the peak value of the energy
absorbed by the conical PDC teeth, the faster the energy absorption efficiency, and the
better the vertical impact resistance, which shows that the energy absorbed by the conical
PDC teeth is related to the volume and mass of the conical teeth, and under the condition
of the constant ratio of the cone height and the total height, with the increase in the mass
and volume of the conical PDC teeth, in the process of the impact, the ability to absorb
the impact work is enhanced, and the overall fluctuation is lower when the R ≥ 10 mm
after the overall fluctuation is small; its law coincides with the change rule of the impact
force-time in Section 3.2. The decrease in the energy absorption of the conical teeth at the
tail end of the energy absorption–time curve in Figure 9 is due to the deformation of the
conical PDC teeth that dissipates a small portion of the kinetic energy of the impact block
at the end of the time period analyzed in the impact simulation.
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Table 2. Analysis of the absorbed energy of conical PDC teeth.

Impact Power/J Radius of the Top Arc of the Cone/mm Peak Energy Absorption/J Peak Occurrence Time/(1 × 10−3 s)

750
R = 4 748.4091 0.225
R = 6 749.3675 0.200
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Table 2. Cont.

Impact Power/J Radius of the Top Arc of the Cone/mm Peak Energy Absorption/J Peak Occurrence Time/(1 × 10−3 s)

R = 8 750.1123 0.175
R = 10 750.6345 0.150
R = 12 750.9841 0.150
R = 13 751.2088 0.150

4. Test Results and Analysis
4.1. Impact Resistance of Conical PDC Teeth

According to the simulation results and combined with the working conditions of
conical PDC teeth in rotary excavation projects, from the comprehensive consideration
of improving the efficiency of rotary excavation and extending the teeth’s service life,
the comprehensive impact resistance performance of the R = 10 mm structural conical
PDC teeth is excellent. High-temperature and high-pressure synthesized specimens were
made [27]. As shown in Figure 10a, the surface of the conical teeth is smooth and neat,
and the synthesis process did not appear to cause tooth cracks, chipping, delamination, or
other defects [28,29]. Subsequently, the vertical impact test was carried out. After 10 tests,
the total impact work of the specimen was 7500 J (single impact work is 750 J); after the
impact, it was not broken, but its head has a slight extrusion deformation as shown in
Figure 10b. The predicted number of impact times is consistent with the expected require-
ments, indicating that the use of a reasonable structure can be prepared, with the excellent
impact resistance of the large-diameter conical PDC teeth, to meet the requirements of
application with highly abrasive hard rock, super-hard rock, and complex rock formations.
The application of PDC teeth in highly abrasive hard rock, ultra-hard rock, and complex
rock formations is possible.
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4.2. Generation of Cracks in the PDC Layer

In the process of rotary excavation, conical tooth cracking, chipping, and crushing
are the main forms of conical PDC tooth failure; the cause of workpiece cracking is largely
determined by its material properties and is closely related to the microstructure of the
material. Due to the microstructure of polycrystalline diamond being face-centered cu-
bic stacking, the structure is stable, and the PDC layer has a high level of hardness and
brittleness, which is prone to brittle fracture under a large impact load [30–32]. Figure 11
shows the load–deformation relationship graphs for different fracture modes; brittle frac-
tures occurs when the load reaches the maximum value that the material can withstand to
reach the destabilizing fracture point, followed by the instantaneous fracture and failure
of the workpiece. The toughness of the fracture increases when the load reaches the crack
initiation point state. As the load continues to increase, the crack is then extended until
the fracture occurs, resulting in workpiece failure. The conical PDC tooth displays brittle
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fracture, and the whole impact process is divided into two stages: the elastic deformation
stage and the fracture stage, which coincide with the law of the impact force–time curve
simulated by finite element simulation in Section 3.2.
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4.3. Crack Expansion of the PDC Layer

Figure 10: The conical PDC teeth were not broken, but cracks were produced inside
the PDC layer due to multiple impacts. As shown in Figure 12a for the specimen scanning
electron microscopy, the distribution of cracks in the PCD layer I, PCD layer II, and the
distribution of the alloy matrix can be seen. The overall distribution of cracks presents
a “dragon-claw” on the left and right, as shown in Figure 12a. Figure 12a also shows
that the crack distribution density of PDC layer I is larger, which is because PDC layer I
contains more brittle material, diamond, leading to the rapid expansion of cracks [33–35].
The conical tooth head compaction region is initially subjected to a higher impact force.
As the number of impacts increases, the impact force follows a designed arc downward
and around the conduction path. In this process, stress concentration occurs in both PCD
layer II and the bonding layer between alloy matrix and polycrystalline diamond due
to differences in physical properties resulting from high temperature and high pressure
synthesis of base alloy materials and polycrystalline diamond properties. These residual
stresses lead to extrusion cracks in PCD layer II and the bonding layer [36], as shown clearly
in Figure 12b when magnifying crack sources observed in Figure 12a.
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Figure 12. Scanning electron microscope image of the specimen (SEM) ((a) full view of the crack;
(b) magnified view of the crack source; (c) crack at the interface of PDC layers I and II; (d) magnified
view at i; (e) magnified view at ii; (f) magnified view at iii).

With the increase in the number of impacts, the cracks were extended from the crack
source to the left and right diagonally above, and the cracks distributed to the left stopped
at the interface of PDC layer I and PDC layer II. The cracks extending from the crack source
to the right diagonally above led to several upward river-like small cracks, as shown in
Figure 12c, and due to the load conduction during the impacts, the cracks were extended
toward the region of higher stress, and the cracks were then extended to the head of
the conical gears. An shown in Figure 12d–f, an enlarged view of the crack, the surface
cracks generated in the region coincide with the location of the maximum stress ring in the
previous Section 3.1; the specimen withstood 10 impacts without rupture, however, upon
further increasing the impact force, laminar detachment occurred in the area, leading to
failure of the conical tooth.

4.4. Impact Failure Morphology

The crushing process of the conical PDC teeth includes crack initiation, crack extension,
and final crushing and shedding. The crushing failure morphology of the conical PDC
tooth specimens that are continuously impacted until failure occurs was analyzed. The
morphology of the conical teeth after impact failure is shown in Figure 13, and there are
three main forms, which are the annular shedding failure on the top of the PDC layer,
the lateral spalling failure of the PDC layer, and the overall cracking failure of the conical
teeth. The PDC layer is a brittle material, and when brittle crushing occurs according to
Griffith’s theoretical equations [37–39], it can be seen that the fracture stress increases with
the increase in the surface energy consumed by the crack expansion.

σc =

√
2γE

πa(1 − v2)
(2)

where σc represents the fracture stress, MPa; γ represents the surface energy consumed per
unit area of crack extension, J; E represents the Young’s modulus; a is the crack radius, m;
v is Poisson’s ratio.
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Figure 13. Failure of a conical PDC tooth by impact crushing ((a) failure of the top ring of the PDC
layer; (b) failure of the side spalling of the PDC layer; (c) failure of the overall cracking of the conical
tooth specimen).

When the top ring-off failure of the PDC layer occurs, as depicted in Figure 13a, it
is primarily attributed to the elevated stress levels experienced by the maximum stress
ring beneath the compaction area, rendering it susceptible to rupture. The subsequent
multiple impacts result in crack propagation over time, ultimately leading to complete
dislodgement and failure of the uppermost portion of the PDC layer. When the failure
form for the PDC layer is a lateral spalling failure, this situation is more serious. As can
be seen from Figure 13b, the PDC layer occurs in a large area of broken spalling, and the
deconstruction crack expansion process is accompanied by a step. Due to the small head
of the conical tooth compaction region at the location of stress, the maximum stress ring
below it ruptures, and with the increase in the number of impacts, the cracks propagated
through the radial feather region in the direction of tooth shape [40]. With the increase in
the number of impacts, the cracks expand along the radial feather zone in the direction
of the tooth shape, and the cracks produced by the dissociated surfaces in the dynamic
impact process are branched and combined. The impact force is transformed into the
kinetic energy of crack expansion, which finally leads to the spalling of the PDC layer on
the surface of the conical tooth. When the overall cracking failure of the conical tooth, as
shown in Figure 13c, occurs, this situation is even more serious because the impact force
is too large between the PDC layer and the matrix part of the extrusion cracking, many
times the dynamic impact, so that the PDC layer is subjected to serious damage, and the
compressive stress caused by the PDC layer II and the alloy matrix bonding layer of the
seam cracks between the extension is extended, ultimately leading to the complete cracking
failure of the whole matrix.

5. Conclusions

(1) In the large-diameter D30 series conical PDC teeth in the vertical impact process, the
maximum stress ring appears below the compaction area of the conical teeth, and the
maximum stress ring area increases with the increase in the radius of the top arc of
the cone.

(2) The large-diameter D30 series conical PDC teeth with an increase in the radius of the
top arc of the cone can withstand the maximum impact force, peak energy absorption,
and energy absorption efficiency, and the R ≥ 10 mm structure of the maximum stress
and peak energy absorption of the conical teeth tends to stabilize.

(3) The R ≥ 10 mm structural bevel teeth of the maximum stress value are relatively small,
and the stress value of the R = 10 mm structural bevel teeth of the top unit changes
more smoothly. The high-temperature and high-pressure synthetic specimens with
impact resistance are excellent, and a total impact work of 7500 J did not occur.

(4) When the conical PDC teeth were subjected to continuous impact, extrusion cracks
were caused in the combined layer of PDC layer II and the alloy matrix and expanded
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to both sides, with the left side expanding to the combined layer of PDC layer I and
PDC layer II and the right side expanding to the surface of the conical teeth in the
form of a “dragon-claw”.

(5) The conical PDC teeth were continuously impacted until failure, and the failure
morphology can be divided into ring peeling off the top of the PDC layer, flaking off
the side of the PDC layer, and the overall cracking of the conical teeth.

Author Contributions: Z.X. carried out the concept, methodology, writing of the first draft. Y.Z.
carried out formal analysis, writing of the manuscript, data analysis. S.H. and F.Z. mainly did the
investigation and verification. J.J. did the formal analysis. H.W. and J.L. undertook originality and
form analysis. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Henan Provincial Key R&D Program (231111231200), the
Henan Provincial Science and Technology Tackling Project (222102230118), and the Key Research
Programs of Higher Education Institutions in Henan Province (23A460016).

Data Availability Statement: The data presented in this study are available on request from the cor-
responding author. The data are not publicly available due to the structural parameters of the conical
PDC teeth in this paper are confidential to the corresponding author and the associated organization.

Conflicts of Interest: Authors S.H. and F.Z. were employed by the company Henan Huanghe
Whirlwind Co., Ltd. The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Durrand, C.J.; Skeem, M.; Hall, D.R. Thick PDC, shaped cutters for geothermal drilling: A fixed cutter solution for a roller

cone drilling environment. In Proceedings of the 44th US Rock Mechanics Symposium and 5th US-Canada Rock Mechanics
Symposium, Salt Lake City, UT, USA, 27–30 June 2010.

2. Clayton, R.; Chen, S.; Lefort, G. New bit design, cutter technology extend PDC applications to hard rock drilling. In Proceedings of
the SPE/IADC Drilling Conference and Exhibition, Amsterdam, The Netherlands, 23–25 February 2004; SPE/IAD: Washington, DC,
USA, 2004; p. 91840.

3. Durrand, C.J.; Skeem, M.R.; Crockett, R.B.; Hall, D.R. Super-hard, thick, shaped PDC cutters for hard rock drilling: Development
and test results. In Proceedings of the 35th Workshop on Geothermal Reservoir Engineering, Stanford, CA, USA, 1–3 February
2010; pp. 1–3.

4. Zhang, F.X. Failure Analysis of Cutting Teeth of PDC Drills and Experimental Study of Wear and Impact Resistance of PDC Drills;
Southwest Petroleum University: Chengdu, China, 2015.

5. Kanyanta, V.; Dormer, A.; Murphy, N.; Invankovic, A. Impact fatigue fracture of polycrystalline diamond compact (PDC) cutters
and the effect of microstructure. Int. J. Refract. Met. Hard Mater. 2014, 46, 145–151. [CrossRef]

6. Li, Y.Y.; Yu, Y.; Meng, C.M.; Zhang, L.; Wang, T.; Li, Y.Q.; He, H.L.; He, D.W. Dynamic impact strength of diamond-SiC superhard
composite. Acta Phys. Sin. 2019, 68, 323–329. [CrossRef]

7. Wang, J.L.; Zhang, S.H.; Yang, K. Shock resistance of polycrystalline diamond compacts button insert using in DTH bit. Mater. Sci.
Eng. Powder Metall. 2014, 19, 479–485.

8. Sun, Y.X. Research on Rock-Breaking Mechanism of Stinger Cutters and New Bits Development; China University of Petroleum: Beijing,
China, 2016.

9. He, C.W. Research on Optimization Design of Cutting Parts of Rotary Drilling Rig; Zhengzhou University of Light Industry:
Zhengzhou, China, 2023.

10. Nahak, S.; Chattopadhyaya, S.; Dewangan, S.; Hloch, S.; Krolczyk, G.; Legutko, S. Microstructural study of failure phenomena in
WC 94%–Co 6% hard metal alloy tips of radial picks. Adv. Sci. Technol. Res. J. 2017, 11, 36–47. [CrossRef] [PubMed]

11. Akintunde, I.B.; Lindsay, E.E.; Olakanmi, E.O.; Prasad, R.V.S.; Matshediso, B.I.; Motimedi, T.; Pityana, S.L. Performance evaluation
and failure analysis of conical picks used in a Botswana (Ngwato) mine. Eng. Fail. Anal. 2023, 143, 106872. [CrossRef]

12. Olovsjö, S.; Johanson, R.; Falsafi, F.; Bexell, U.; Olsson, M. Surface failure and wear of cemented carbide rock drill buttons—The
importance of sample preparation and optimized microscopy settings. Wear 2013, 302, 1546–1554. [CrossRef]

13. Pirso, J.; Letunovitš, S.; Viljus, M. Friction and wear behaviour of cemented carbides. Wear 2004, 257, 257–265. [CrossRef]
14. Sharma, A.; Al Dushaishi, M.; Nygaard, R. Fixed bit rotary drilling failure criteria effect on drilling vibration. In Proceedings of

the ARMA US Rock Mechanics/Geomechanics Symposium, Virtual, 18–25 June 2021.
15. GB/T2527-2008; State Administration for Market Regulation; Cemented Carbide Inserts for Mining and Oil-Field Bits. Standard-

ization Administration: Beijing, China, 2008.
16. Li, Y.; Zeng, Y.; Chen, Z.J.; Liu, L.Y.; Liu, H.L.; Yang, Y.X. Failure characteristics and service life prediction of polycrystalline

diamond compact (PDC) cutter under cyclic impact loading. Geoenergy Sci. Eng. 2023, 231, 212339. [CrossRef]

https://doi.org/10.1016/j.ijrmhm.2014.06.003
https://doi.org/10.7498/aps.68.20190350
https://doi.org/10.12913/22998624/68457
https://www.ncbi.nlm.nih.gov/pubmed/34586065
https://doi.org/10.1016/j.engfailanal.2022.106872
https://doi.org/10.1016/j.wear.2013.01.078
https://doi.org/10.1016/j.wear.2003.12.014
https://doi.org/10.1016/j.geoen.2023.212339


Materials 2024, 17, 477 14 of 14

17. Paggett, J.W.; Drake, E.F.; Krawitz, A.D.; Winholtz, R.A.; Griffin, N.D. Residual stress and stress gradients in polycrystalline
diamond compacts. Int. J. Refract. Met. Hard Mater. 2002, 20, 187–194. [CrossRef]

18. Miyazaki, K.; Takehara, T.; Tsuduki, M. Application of laboratory-based rate of penetration model for polycrystalline diamond
compact bit to geothermal well drilling. Geomech. Geophys. Geo-Energy Geo-Resour. 2023, 9, 103. [CrossRef]

19. Jia, X.L. Simulation Research on Drill Rod Vibration and Control of a Rotary Drilling Rig; Chang’an University: Xi’an, China, 2018.
20. Perepechko, L.; Protsenko, N.; Rakhmanova, A.; Timoshenko, N.; Tikhonovich, V.; Filatova, S.; Sharina, I. Promising directions in

studying and using polycrystalline diamond coating. In E3S Web of Conferences; EDP Sciences: Les Ulis, France, 2023; Volume 459,
p. 01005.

21. Ni, P. Experimental and Numerical Simulation of Laser Shock Dynamic Compaction; Jiangsu University: Zhenjiang, China, 2023.
22. Grady, D.E. Shock-wave compression of brittle solids. Mech. Mater. 1998, 29, 181–203. [CrossRef]
23. Sun, T.P.; Álvarez-Novoa, F.; Andrade, K.; Gutiérrez, P.; Gordillo, L.; Cheng, X. Stress distribution and surface shock wave of drop

impact. Nat. Commun. 2022, 13, 1703. [CrossRef] [PubMed]
24. Li, X.H.; Si, H.; Xie, Y.M. Numerical simulation of rock fracture under high pressure water jet. Key Eng. Mater. 2011, 462, 785–790.

[CrossRef]
25. Rahmani, R.; Pastusek, P.; Yun, G.; Roberts, T. Investigation of geometry and loading effects on PDC cutter structural integrity

in hard rocks. In Proceedings of the SPE/IADC Drilling Conference and Exhibition, Galveston, TX, USA, 3–5 March 2020;
SPE: Dongguan, China, 2020.

26. He, L. Study on Correlative Theory of Impact Fatigue Testing of Critical Components of Firearms Automatic Mechanism and Impact Fatigue
Test; Nanjing University of Science and Technology: Nanjing, China, 2011.

27. Guignard, J.; Prakasam, M.; Largeteau, A. A review of binderless polycrystalline diamonds: Focus on the high-pressure–high-
temperature sintering process. Materials 2022, 15, 2198. [CrossRef] [PubMed]

28. Sánchez Egea, A.J.; Martynenko, V.; Martínez Krahmer, D.; López de Lacalle, L.N.; Benítez, A.; Genovese, G. On the cutting
performance of segmented diamond blades when dry-cutting concrete. Materials 2018, 11, 264. [CrossRef]

29. Niazi, S.; Chen, Z.; Bobaru, F. Crack nucleation in brittle and quasi-brittle materials: A peridynamic analysis. Theor. Appl. Fract.
Mech. 2021, 112, 102855. [CrossRef]

30. Zacny, K. Fracture and fatigue of polycrystalline-diamond compacts. SPE Drill. Complet. 2012, 27, 145–157. [CrossRef]
31. Chapetti, M.D.; Gubeljak, N.; Kozak, D. Intrinsic fatigue limit and the minimum fatigue crack growth threshold. Materials 2023,

16, 5874. [CrossRef]
32. Hasan, M.M.; Baxevanis, T. A phase-field model for low-cycle fatigue of brittle materials. Int. J. Fatigue 2021, 150, 106297.

[CrossRef]
33. Mazanova, V.; Heczko, M.; Polak, J. On the mechanism of fatigue crack initiation in high-angle grain boundaries. Int. J. Fatigue

2022, 158, 106721. [CrossRef]
34. Alshoaibi, A.M.; Bashiri, A.H. Adaptive finite element modeling of linear elastic fatigue crack growth. Materials 2022, 15, 7632.

[CrossRef] [PubMed]
35. Ma, A.B.; Jiang, J.Q.; Chen, S.L. Metal Heat Treatment and Quality Inspection; Southeast University Press: Nanjing, China, 2001.
36. Nakamura, N.; Kawabata, T.; Takashima, Y.; Yanagimoto, F. Effect of the stress field on crack branching in brittle material. Theor.

Appl. Fract. Mech. 2020, 108, 102583. [CrossRef]
37. Lajtai, E.Z. A theoretical and experimental evaluation of the Griffith theory of brittle fracture. Tectonophysics 1971, 11, 129–156.

[CrossRef]
38. Kristensen, P.K.; Niordson, C.F.; Martínez-Pañeda, E. An assessment of phase field fracture: Crack initiation and growth. Philos.

Trans. R. Soc. A 2021, 379, 20210021. [CrossRef]
39. Alessi, R.; Ulloa, J. Endowing Griffith’s fracture theory with the ability to describe fatigue cracks. Eng. Fract. Mech. 2023, 281, 109048.

[CrossRef]
40. Yokoyama, T.; Kishida, K. A novel impact three-point bend test method for determining dynamic fracture-initiation toughness.

Exp. Mech. 1989, 29, 188–194. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0263-4368(01)00077-4
https://doi.org/10.1007/s40948-023-00644-x
https://doi.org/10.1016/S0167-6636(98)00015-5
https://doi.org/10.1038/s41467-022-29345-x
https://www.ncbi.nlm.nih.gov/pubmed/35361765
https://doi.org/10.4028/www.scientific.net/KEM.462-463.785
https://doi.org/10.3390/ma15062198
https://www.ncbi.nlm.nih.gov/pubmed/35329649
https://doi.org/10.3390/ma11020264
https://doi.org/10.1016/j.tafmec.2020.102855
https://doi.org/10.2118/150001-PA
https://doi.org/10.3390/ma16175874
https://doi.org/10.1016/j.ijfatigue.2021.106297
https://doi.org/10.1016/j.ijfatigue.2022.106721
https://doi.org/10.3390/ma15217632
https://www.ncbi.nlm.nih.gov/pubmed/36363222
https://doi.org/10.1016/j.tafmec.2020.102583
https://doi.org/10.1016/0040-1951(71)90060-6
https://doi.org/10.1098/rsta.2021.0021
https://doi.org/10.1016/j.engfracmech.2023.109048
https://doi.org/10.1007/BF02321374

	Introduction 
	Simulation and Test Conditions 
	Conical PDC Tooth Structure Parameters 
	Boundary Condition Loading for Simulation 
	Field Tests and Equipment 

	Simulation Results and Analysis 
	Equivalent Stress Maps and Top Cell Stress Analysis 
	Impact Force Analysis 
	Analysis of Energy Absorption in Bevel Gears 

	Test Results and Analysis 
	Impact Resistance of Conical PDC Teeth 
	Generation of Cracks in the PDC Layer 
	Crack Expansion of the PDC Layer 
	Impact Failure Morphology 

	Conclusions 
	References

