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Abstract: Under the conditions of drilling in gravel-bearing and heterogeneous stratas, the movement
and force of the PDC bit during drilling are highly unstable. Irregular impact loads often cause
fatigue failures such as tooth fracture, tooth breakage and delamination of the composite sheet.
Dynamic impact load is the main cause of fatigue failure of cutting-tooth, which seriously affects the
rock-breaking performance of PDC bits. This paper proposes a flexible cutting tooth unit consisting of
a central tooth, an elastic element, and a base. The technical concept of flexible-cutting rock breaking
is to reduce the impact load amplitude suffered during the cutting process to a certain threshold
range by setting elastic elements or reducing the support stiffness of the cutting tooth, so as to inhibit
the expansion of micro defects caused by the impact dynamic load of cutting teeth and prolong the
service life of drill bits. The finite-element models of flexible cutting teeth for rock cutting were
established. The influence of cutting depth, front rake angle and stiffness of elastic elements on the
cushioning and vibration-absorption effect of flexible cutting was analysed. The results show that
flexible cutting can reduce the peak and average value of von Mises stress at the cutting edge. Under
different cutting-depth conditions, the decline rates were 21.45-49.02% and 9.42-17.8%, respectively.
Then, under different front-rake-angle conditions, the decline rates were 20.51-24.02% and 9.41-17.8%,
respectively. There is a suitable stiffness of the elastic element, which makes the peak and average
value of von Mises stress at the cutting edge of the flexible cutting-tooth unit perform better and
the effect of improving the uneven stress distribution at the cutting edge better. Flexible cutting
technology can effectively improve the adaptability of the PDC bit in heterogeneous formations and
reduce the occurrence of abnormal failure of cutting teeth. The research results of this paper can
provide theoretical support for the drilling speed of PDC bits in hard formations.

Keywords: PDC bit; rock breaking mechanism; flexible cutting; drilling speed; impact dynamic load

1. Introduction

Compared with the roller bit, there are some significant advantages in terms of aggres-
sion and anti-abrasion of the PDC bit, which can effectively improve the penetration rate
and drilling efficiency. However, when drilling in heterogeneous or hard formations, the
movement and force of the drill bit are very unstable and the cutting teeth are subjected to
irregular impact loads, causing fatigue failures such as tooth breakage, tooth fracture and
delamination of the composite sheet [1-3]. The service life is greatly reduced, the number
of trips is increased, and the efficient development of oil and gas resources is hindered.

Experts and scientists at home and abroad have carried out a lot of research to propose
a variety of solutions to reduce the adverse effects of vibration, improve the cushioning
and vibration-absorption capacity of the cutting teeth, and prevent the impact failure of
the drill bit. The researchers enhanced the impact resistance of the drill bit by changing
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the shape of the composite sheet and designing the special-shaped teeth individually [4].
Durrand et al. [5] invented a new type of PDC tooth, namely conical tooth. The shape of
the tooth is conical, the thickness of the diamond layer at the top of the cone is twice that of
the conventional PDC tooth, and the impact resistance and wear resistance are increased by
100% and 25%, respectively. Zhao et al. [6,7] proposed roof-shaped and three-edge-shaped
cutting teeth. According to laboratory tests, the impact resistance of the two types of shaped
teeth has been improved to a certain extent compared with flat teeth. Liu et al. [8] analysed
the rock-breaking mechanism of non-planar triangular teeth by numerical simulation. It
was found that the non-planar triangular tooth has less tangential force than the cylindrical
tooth when breaking rock, and has greater impact resistance and wear resistance. Then, the
bonding surface between the carbide matrix and the diamond layer of the conventional
PDC teeth is planar, such that the PDC interface bond is weak [9], which is acceptable
as a cutting tool, but slightly insufficient in terms of impact resistance when used as a
drilling tool. Johnson et al. [10] developed a cemented carbide substrate with a serrated
interface. The serrated interface makes the polycrystalline diamond (PCD) layer thicker at
the outer edge of the PDC tooth, and the serrated structure can also disperse the interfacial
stress, reducing the possibility of cracking or delamination of the polycrystalline diamond
compacts during temperature changes or severe shocks. Gao et al. [11] used tree rings as
bionic prototypes to design the interface structure of bionic PDC teeth. Such a structural
design fully guarantees the stability and firmness of the interface. Yang [12] designed
a PDC with a rectangular protrusion interface. The rectangular protrusion can shift the
maximum shear stress from the edge of the interface to the inside of the diamond, thereby
reducing the possibility of spalling of the composite sheet under impact. For the whole
PDC bit, it is also possible to comprehensively consider various design parameters and
optimise the design of the bit structure to improve impact resistance and achieve drilling
speed. Han et al. [13] developed a “triangular teeth + bevel teeth + flat teeth” drill. It not
only has the strong aggressiveness of the general conventional PDC bit, and maintains
high mechanical drilling speed and fast drilling, but also has strong impact resistance
and anti-abrasion ability. Wang et al. [14] optimised the structure of the drill bit, such as
reasonable selection of the number of the blades, and optimisation of the tooth structure
and crown profile to improve the impact resistance and anti-abrasion performance of the
drill bit. In addition, the cutting-depth control of the cutting teeth [15-20] (DOC) is also
one of the main means of reducing vibration and improving the impact resistance of the
drill bit. It controls the cutting depth by determining the height difference between the
teeth, thereby reducing torque fluctuations and improving dynamic stability.

The above technology shows that unitisation, compatibility, and self-adaptation will
be the development direction of PDC bits to improve impact resistance in the future.
Therefore, this paper proposes a flexible cutting-tooth unit consisting of a central tooth,
an elastic element, and a base. The elastic element behind the tooth interacts with the
load, which can play its role of buffering and absorbing vibration, preventing overload
impact damage and fatigue damage to the diamond layer. The flexible cutting-tooth unit
is small in size and can be widely used. It is highly compatible with the previous impact-
resistance technology and solves the dynamic response problem of cutting-depth control
technology. The flexible cutting-tooth unit has wide development prospects. In this paper,
the finite-element software Abaqus is used to establish the rock-breaking model of the
flexible cutting-tooth unit and to study the effect of cutting depth, rake angle and elastic
element stiffness on the von Mises stress at the cutting edge. The research can support
the technical application of flexible vibration-reduction cutting technology, which can also
improve drilling efficiency, reduce drilling costs, and shorten the development cycle of
deep, complex, and difficult drilling formations.

2. Vibration-Reduction Mechanism of Flexible Cutting Technology

As the hardness and plasticity of the rock in deep formations increases, the abrasive-
ness is increased and the drillability is poor. The drill bit is prone to vibration in these
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well sections [21-23]. The shear stress in the shear plane of the rock is not sufficient to
overcome the frictional resistance, so the drill bit initially stops rotating on the rock until
the torque and energy transmitted by the drill string continue to the moment the rock
can be broken. The energy explodes instantaneously, which increases the stress on the
tooth surface, intensifying the impact between the composite layer and the rock layer, and
ultimately causing fatigue failure such as tooth breakage, tooth fracture and delamination,
as shown in Figure 1.

Figure 1. Abnormal failure forms such as PDC tooth breakage and delamination. (Scale on the left: 2:1).

The flexible cutting-tooth unit consists of a central tooth, an elastic element, and a
base. As shown in Figure 2, the PDC bit is provided with a tooth hole for installation of
the flexible cutting-tooth unit, which is installed in the tooth hole. The base is fixed to the
tooth hole by welding, interference fit, threaded connection, etc. [24]. The three paths of
action on the cushioning and vibration absorption effect of the flexible cutting tooth unit
are shown in Figure 3. First of all, in large-depth cutting, the excessive tangential force
along the axial component of the cutting-tooth will squeeze the elastic element and cause
the central tooth to retreat to a certain extent, which is called the tolerance phenomenon of
flexible cutting. In the longitudinal direction, the cutting depth is reduced, which helps
to reduce the cutting stress on the tooth surface. Then, on the PDC bit equipped with a
flexible cutting tooth unit, when the cutting tooth collides violently with the formation,
the huge instantaneous stress will also cause the flexible cutting-tooth unit to retreat. The
local stress originally carried by a single cutting tooth is now carried by multiple cutting
teeth to achieve a corresponding reduction in tooth surface stress. In addition, when the
elastic element plays a role, the process of changing its thickness will prolong the cutting
time, slow down the cutting speed, and then reduce the impact dynamic load increment.
As shown in Figure 4, by reducing the stress loaded on the part, the number of stress cycles
in the part is increased. In other words, the service life of the part is increased.

In conclusion, from the above three paths of action in Figure 3 and the fatigue life
curve of the classical material in Figure 4, it can be learned that flexible cutting reduces the
load on the PDC tooth and can moderately increase its service life.



Processes 2023, 11, 2658 40f 18

Figure 2. PDC bit with flexible cutting-tooth unit. (Scale: 1:8) 1—The central tooth, 2—The elastic
element, 3—The base.
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Figure 3. Action Paths of Flexible Cutting-Tooth Unit. (a) Reduce cutting depth (Scale: 1:1)
(b) Increase the number of teeth involved in cutting (Scale: 1.5:1) (c) Reduce impact dynamic load.
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Figure 4. Classical Material Fatigue Life Curve.
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3. Numerical Simulation

The model of the interaction between the flexible cutting-tooth element and the rock
is shown in Figure 5. In the drilling process of the PDC bit, the flexible cutting tooth unit
moves linearly along the drilling direction of the bit while performing a rotary motion
around the central axis of the bit. But the change in bit feed depth is small after a week of
rotation, so the trajectory of the flexible cutter unit in the drilling process can be simplified
to a linear motion with a fixed cutting depth.

support sleeve dise spring combination
PDC cutter

1
6:1

Figure 5. Model of Interaction between Flexible Cutting-Tooth Unit and Rock. (Scale on the left: 1:1).

In the process of breaking rock, the force of the cutting teeth can be divided into
tangential force F,, axial force F,; and radial force F;. The direction of F, is opposite to the
direction of cutting speed, the direction of F,, and F; are perpendicular to each other, and
the direction of F; is perpendicular to the paper surface. As shown in Figure 5, § is the
front rake angle of the cutting tooth, / is the penetration depth of the cutting tooth. The
disc-spring combination is the elastic element used. The support sleeve is the base.

3.1. Constitutive Relation of Rock

Since the plastic failure of rock cannot be recovered, the plastic constitutive relation
of rock, also known as the rock strength criterion, is the failure criterion of rock. The
Drucker-Prager criterion (D-P criterion) is a combination of the Mohr—Coulomb criterion
and the von Mises criterion, which are extended and modified. The D-P criterion can take
into account the influence of the intermediate principal stress and hydrostatic pressure on
the rock strength and reflect the expansion phenomenon caused by the shearing process
of the rock. The D-P criterion uses the normal stress (0oct) and shear stress (7o) on the
octahedral surface to express the influence of the intermediate principal stress (02) on the
rock breaking [25], i.e.,

Toct = T0 + M0oct 1)

In the formula,

Toct = %\/(01 — 02)2 + (o — 03)2 + (03 — (71)2

Ooct = %(Ul + 02+ 03) 2)
m= —6a
T) = ék

In the formula, 0,07, 03 are the maximum principal stress, intermediate principal
stress and minimum principal stress of the rock, respectively. &,k are the experimental
constants related to the cohesion ¢ and internal friction angle C of the rock.

The change of stress Lode angle 6, will affect the stress—strain relationship of the rock.
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When 6, = %, the rock is compressed and hardened. It can be obtained that,

_ 2sin¢ _ 6cos¢
‘= \/5(3—sin§)’k V/3(3 — sin¢) )

When 6, = — 7, the rock is stretched and hardened, it can be obtained that,

- 2sin¢ _ 6cos ¢
“ \@(3+sing)’k V3(3+sing) @)

When tan 6, = — Sinf, the rock is sheared and hardened. It can be obtained that,

y \/§s1n{f k=

34/3 +sin® ¢

3.2. Establishment of the Numerical Models

The variable parameters involved in the simulation experiment of the flexible cutting
tooth unit are the cutting depth, the front rake angle and the stiffness of the elastic element.
In particular, in order to make the stiffness change of the elastic element consistent with
the real situation, the disc spring is specifically used as the elastic element that exists
in reality. Three types of disc springs A, B and C were purchased. By changing their
number, they are combined to achieve the change in stiffness. For example, the disc-spring
combination of type A4 means that four disc springs of type A are used as elastic elements.
The stiffness of the disc-spring combination is equal to the stiffness of the elastic element,
so it is necessary to test the stiffness of different disc-spring combinations. And since the
stiffness of the disc-spring is non-linear, the results of the stiffness test are mathematically
fitted. Finally, the load—displacement relationship of various disc-spring combinations
is obtained to characterise their stiffness. The load—displacement relationship of various
disc-spring combinations is shown in Table 1. It can be seen that the stiffness of disc-spring
combinations A2, A4, B4 and C4 gradually decreases.

V3¢ cos ¢

\/3+sin? &

©)

Table 1. Mathematical expression of stiffness.

The Combination of Disc Springs The Expression of the Relationship between Load and Displacement
A2 y = 2.0483x — 0.0304 R? = 0.9987
A4 y = 1.02415x — 0.0304 R? =0.9987
B4 y = 0.49795x — 0.0236 R? = 0.9996
C4 y = —0.0788875x2 + 0.442575x — 0.0738 R? =0.9948

Notes: y is load/kN; x is displacement/mm.

A simplified finite element analysis model of the rock breaking of the flexible cutting-
tooth unit is established by using finite element software Abaqus. The size of the cutting
part of the cutting tooth model is ¢ 19 mm x 13 mm. The cutting stroke is appropriately
extended to observe the obvious phenomenon of rock breaking and vibration reduction,
so the size of the rock model is set to 110 x 60 x 20 mm. The rock and cutting teeth
are meshed by “hexahedral element” (C3D8R) with high calculation accuracy and high
stability, and the Druker—Prager failure criterion is used in the failure stage. In order to
improve the accuracy and speed of the calculation, the area of interaction between the rock
and the cutting teeth is refined by mesh refinement. The sensitivity of the mesh is checked.
When the number of elements continues to increase, it no longer has a greater impact on
the calculation results of the model. Therefore, the number of elements in this paper is
set to 688,792. The cutting model with a disc-spring combination behind the cutting teeth
is called a flexible cutting model. Correspondingly, the conventional cutting model with
a rigid sleeve behind the cutting teeth is called a rigid cutting model. The meshing of
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the flexible cutting-tooth element and the rigid cutting tooth is shown in Figure 6. The
complete scraping model is shown in Figure 7.
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disc spring combination rigid sleeve

Flexible cutting tooth unit Rigid cutting tooth

Figure 6. Mesh division of flexible cutting-tooth unit and rigid cutting tooth. (Scale: 1.5:1).

Figure 7. Flexible and rigid cutting model. (Scale: 1:3).

In this paper, the simulation experiment is carried out by using the method of control
variables. The benchmark variables are a preset cutting depth of 1.5 mm, front rake
angle of 15°, A4 disc-spring combination, and limestone rock (hard rock). Among them,
in the cutting-depth variable, a preset cutting depth must first be set. As the tolerance
phenomenon occurs during the operation of the flexible cutting-tooth unit, the actual
cutting depth is often less than or equal to the preset cutting depth. Through the process
output of Abaqus software, the actual cutting depth of the flexible cutting-tooth unit after
stable operation is obtained, and the cutting depth of the subsequent rigid-cutting control
group is set according to the actual cutting depth of the flexible cutting. The experimental
scheme of the numerical simulation is shown in Table 2.

In the above simulation model, the material properties of the PDC cutter part are
defined as the material properties of its diamond layer, and limestone is selected as the
rock material. The elastic element benchmark selects the A4 disc spring combination as
the flexible damping element setting. The rigid sleeve and the small section shaft behind
the tooth adopt tungsten carbide as the material property. The material input parameters
are shown in Table 3. Fixed boundary conditions are applied to the bottom, both sides and
back of the rock, and fixed constraints in the Z direction are applied to the cutting teeth so
that they can only move in the X and Y directions. The support sleeve is applied in an X
direction at a speed of 0.25 m/s, and the degree of freedom in other directions is 0. The
contact property between rock and cutting teeth adopts “general contact”. The contact
between the disc spring and the disc spring and other parts is set to surface-to-surface
contact(explicit). The contact between the shaft and other parts is also set to surface-to-
surface contact(explicit). “Penalty” is selected as the “Friction formulation” and given the
value “0.2”.
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Table 2. Numerical Simulation Scheme.

Programme Front Rake Angle B (°) Type of Support Preset Cutting Depth h (mm)
. A4 disc-spring combination 1,1.3,15,18,2
Change the cutting depth 15 rigid sleeve The corresponding actual cutting depth
A4 disc-spring combination 15
Change the front rake angle 510,20, 25 rigid sleeve The corresponding actual cutting depth
A2, A4, B4, C4 disc-spri
Change the disc spring 15 ! c’omiainatii)srfssp g 1.5
combination rigid sleeve The corresponding actual cutting depth
Table 3. Input parameters of the material.
Elastic Poisson’s Tensile Shearing Internal Compressive Plasticit
Material Modulus Ratio Strength Strength Friction Strength Coe fﬁciei ¢
(MPa) (MPa) (MPa) Angle (°) (MPa)
Lmr‘gione 31,200 0.171 6.758 17.12 43.62 105.951 1.32
A4
disc-spring 206,000 0.3
combination
Cemented 579,000 0.22
carbide
Polycrystalhne 890,000 0.07
diamond

3.3. Verification of the Numerical Models

In order to ensure the reliability of the numerical results, it is necessary to verify
the established simulation model. Hence, before the numerical simulation, some labora-
tory single-tooth experiments of the flexible cutting unit with the front rake angle of 15°,
A4 disc-spring combination, and limestone rock were carried out. As shown in Figure 8,
the experimental facilities use the improved shaping machine of the Drill Research Institute
of Southwest Petroleum University. The equipment has a constant speed and can meet the
requirements of a single-tooth.

The experimental
equipment

sensor+cutting tooth

data
transmission

- - € )
-
data "
transmission / \
' \
L —

Figure 8. Single-tooth cutting rock-breaking experimental device.

The three-direction sensor is installed on the tool holder of the shaping machine. The
cutting-tooth and the tooth seat are fixed on the sensor through two bolts. The cutting
tooth is fixed on the tooth seat through the thread designed behind the tooth seat and on
the cutting tooth matrix. Firstly, the rock is fixed on the cutting platform by the clamping
device before the test, and the surface of the rock sample is smoothed by ordinary PDC
teeth. Then, the flexible cutting-tooth unit and the rigid cutting tooth used in the test are
installed on the sensor in order. The movement of the planer tool holder drives the cutting



Processes 2023, 11, 2658

90f18

teeth to scrape the rock in a straight line along the cutting direction. Next, the depth of the
flexible cutting scratches is measured. Finally, the corresponding rigid cutting is performed
according to the measured depth. The cutting force on the cutting teeth during the rock
breaking process is obtained by the data acquisition system. Part of the operation process
is shown in Figure 9.

(b)

Figure 9. Part of the operation process. (a) Installation of gear seat (b) Measurement of cutting depth.

The actual cutting depth of the numerical simulation and experiment were compared.
As shown in Figure 10, the experimental data of the actual cutting depths of flexible cutting
under the conditions of 1 mm, 1.3 mm, 1.5 mm, 1.8 mm and 2 mm preset cutting depth
were basically consistent with the simulation data.

—#— experimental data
—®— numerical data

o ) -~ o
T T T T

actual cutting depth (mm)

e
o
T

0.6 L I 1 | L L
1.0 1.2 1.4 1.6 1.8 2.0

preset cutting depth (mm)

Figure 10. Comparison of Flexible Cutting Simulation and Experimental Cutting Depth Data.

The load magnitude of the numerical simulation and the laboratory test were com-
pared. As shown in Figure 11, when the preset cutting depth is set to 1 mm, the average
values of the experimental data and simulation data are 451.49 N and 487.17 N, respectively.
The error range between the two is 7.9%. When the preset cutting depth is set to 1.5 mm,
the average values of the experimental and simulation data are 689.98 N and 747.84 N,
respectively. The error between them is 8.4%. When the preset cutting depth is set to
2 mm, the average values of the experimental data and simulation data are 895.4 N and
977.92 N, respectively. The error between the two is 9.2%. Considering that the numerical
model cannot fully simulate the real heterogeneous rock, the dynamic randomness of
rock breaking and the error of the sensor, the error of the simulation model is within the
acceptable range. The flexible cutting simulation has a certain reference value.
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Figure 11. Comparison of Flexible Cutting Numerical and Experimental Cutting Load Data.
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4. Analysis of Simulation Results

In the process of scraping, the cutting teeth will peel off from the rock body, and form
a small range of space without rock at the moment of leaving. At this time, the cutting
tooth is in a state of no load. When it touches the rock again, it will be subjected to a
reaction force of the rock, that is, the impact load in the model. The von Mises criterion is a
yield criterion proposed by von Mises in 1913. The von Mises criterion is a comprehensive
concept that considers the first, second and third principal stresses and can be used to
evaluate fatigue failure [26-28]. That is, plastic deformation occurs when the von Mises
equivalent stress ¢ reaches the material yield strength og. Firstly, the original purpose of
the flexible cutting-tooth unit is to reduce the fatigue damage of the cutting tooth due to the
impact load, so the von Mises stress is used to evaluate the vibration-reduction effect of the
flexible cutting-tooth unit. Secondly, when cutting rock, the cutting teeth are in contact with
the rock with the blade, so research into the distribution of the cutting load also focuses on
the blade area. Furthermore, in the process of numerical simulation of rock breaking, the
area of contact between the cutting teeth and the rock is constantly changing. Therefore,
the instantaneous stress cannot accurately describe the stress characteristics of the tooth
edge and the von Mises stress of the entire cutting process should be averaged.

Then, according to the research [29], under the action of a variable load, the weak
area of the material is gradually damaged, and the damage accumulates to a certain extent;
cracks are generated, and the cracks continue to grow leading to an unstable fracture. The
characteristic is that the damage starts from the local area, accumulates continuously and
eventually causes the overall damage. From the microscopic point of view, the von Mises
stress value at the local point of the tooth edge is an important criterion for judging the
vibration-reduction effect of the flexible cutting-tooth unit. In addition, the simulation
results show that when the tooth-edge area is subjected to impact load, the cutting tooth
interacts with the rear elastic element, which improves the stress value and distribution
at the tooth edge to achieve a vibration-absorption effect. Therefore, the mean von Mises
stress and the standard deviation of the stress in the tooth-edge area are also important
criteria for assessing the vibration-reduction effect of the flexible cutting-tooth unit.

Therefore, some monitoring nodes are set at the edge of the tooth edge. The maximum
value of the mean value of the von Mises stress at a single node is used to characterise
the peak stress of the blade area. Moreover, the mean value and standard deviation of the
von Mises stress of all nodes are used to characterise the stress of the entire blade area.
Figure 12 shows the cutting-edge area and nodes of the selected cutting tooth.
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Figure 12. Cutting edge area and nodes of cutting tooth. (Scale: 2.5:1).

Part of the flexible and rigid scraping marks are shown in Figure 13a,b. It can be seen
from the figures that in the front part of the scraping marks, the flexible scraping mark
is irregular in relation to the rigid scraping mark. This is because when the cutting teeth
are just in contact with the rock, an impact load is also generated, causing the tolerance
phenomenon of flexible cutting and changing the depth of invasion. Although the force
of the cutting tooth is in a state of dynamic equilibrium at this point, its working state is
not normal and the reference value of this part of the data is not great. In the subsequent
processing of the extracted stress data, only the relatively stable cutting-depth data of the
rear section is retained. Correspondingly, when the data of rigid cutting is selected, the
location and length of the data correspond to the stable section of the cutting depth of

flexible cutting.

Abnormal working phase Normal working phase

(b)

Figure 13. Comparison of flexible and rigid scraping marks. (a) Flexible cutting with preset depth of
1 mm. (b) The corresponding rigid cutting.

In the simulation experiment, the cutting depth of the rigid cutting is determined
by the actual stable cutting depth of the flexible cutting. For example, when the rake
angle is 15° and the disc-spring combination is A4, the preset cutting depth of the flexible
cutting-tooth unit scraping limestone is 1 mm, but the actual cutting depth is 0.818 mm.
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4.1. The Effect of the Cutting Depth

Under the condition that the front rake angle is 15° and the disc-spring combination is
A4, Figure 14 shows the comparison of the average stress at the nodes when changing the
cutting depth. It can be seen from Figure 15 that the peak stress of flexible cutting increases
smoothly, and the peak stress of rigid cutting changes irregularly. However, under different
cutting-depth conditions, the peak stress of rigid cutting is greater than that of flexible
cutting, and flexible cutting reduces the peak stress at the cutting edge by 21.45-49.02%.
Under the condition of a 1.3 mm preset cutting depth, the peak stress at the tooth edge of
flexible cutting and rigid cutting are quite different. The flexible cutting is 476.98 MPa, but
the rigid cutting is 935.69 MPa. The flexible cutting reduces the peak stress by 49.02%.
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Figure 14. Comparison of von Mises stresses with varying preset cutting depths at tooth edge nodes.
(@) 1 mm (b) 1.3 mm (c) 1.5 mm (d) 1.8 mm (e) 2 mm.
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Figure 15. The peak values of von Mises stress with varying preset cutting depth.

It can be seen from Figure 16a that as the set cutting depth increases, the average stress
at the tooth edge increases for both rigid and flexible cutting, but the average stress at
the tooth edge area for flexible cutting is always less than that for rigid cutting. Flexible
cutting reduces the average stress at the tooth edge by 9.42-17.8%. Compared with other
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preset cutting-depth conditions, when the preset cutting depth is set to 1.3 mm, the average
stress of rigid and flexible cutting is quite different. The average stress of flexible cutting is
211.99 MPa, but the average stress of rigid cutting is 257.9 MPa. Flexible cutting reduces
the average stress by 17.8%. As shown in Figure 16b, as the preset cutting depth increases,
the standard deviation of the blade stress in flexible cutting is always smaller than that in
rigid cutting. When the preset cutting depth is set to 1.3 mm, the difference value of the
stress standard deviation between rigid and flexible cutting edges is comparatively large,
so the uneven distribution of tooth-edge stress is greatly improved by flexible cutting.
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Figure 16. Comparison of von Mises stresses with varying cutting depths in the tooth-edge area.
(a) The average values of von Mises stress (b) Standard deviation of von Mises stress distribution.

In summary, compared with rigid cutting, flexible cutting can make the stress distribu-
tion more uniform and also reduce the peak stress and average stress at the cutting edge.
As the cutting depth increases, the peak-stress growth rate of flexible cutting is slower than
that of rigid cutting. Under the condition of a 1.3 mm preset cutting depth, the differences
between the peak stress and average stress of the two cutting models are large and the
decreases are 49.02% and 17.8%, respectively.

4.2. The Effect of the Front Rake Angle

Under the condition that the disc-spring combination is A4 and the preset cutting
depth is 1.5 mm, Figure 17 shows the comparison of the average stress at the nodes as the
front rake angle changes. It can be seen from Figure 18 that the peak stress of rigid cutting
first decreases and then increases, while the peak stress of flexible cutting changes more
smoothly. Flexible cutting reduces the peak stress at the tooth edge by 20.51-44.54%. The
peak stresses of the two cutting models are quite different at 10°. The flexible cutting is
427.01 MPa but the rigid cutting is 769.94 MPa. The flexible cutting reduces the peak stress
by 44.54%.
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Figure 17. Comparison of von Mises stresses with varying front rake angle at tooth edge nodes.
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Figure 18. The peak values of von Mises stress with varying front rake angle.

From Figure 19a it can be seen that as the front rake angle increases, the average stress
at the edge of the rigid cutting tooth first decreases and then increases. The average stress at
the edge of the flexible cutting tooth decreases gradually. With flexible cutting, the average
stress at the tooth edge decreases by 9.41-24.02%. The average stress of the cutting edge of
the two cutting models is quite different at 25°. Flexible cutting is 199.19 MPa, while rigid
cutting is 262.15 MPa, and flexible cutting reduces the average stress by 24.02%. It can be
seen from Figure 19b that as the front rake angle increases, the standard deviation of the
tooth-edge stress for flexible cutting is always smaller than that for rigid cutting. Under the
condition of 10° rake angle, the difference value of stress standard deviation between rigid
and flexible cutting edges is comparatively large, which indicates that flexible cutting has a
better effect on improving the stress distribution of the cutting edge.
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Figure 19. Comparison of von Mises stresses with varying front rake angle in the tooth-edge area.
(a) The average values of von Mises stress (b) Standard deviation of von Mises stress.

In summary, under the condition of a 25° front rake angle, the average stresses of the
cutting edge of the rigid and flexible cutting models are quite different, and the decrease
reaches 24.02%. However, under the condition of a 10° front rake angle, the peak stresses
of the cutting edge of the rigid and flexible cutting models are quite different, and the
decrease reaches 44.54%. At this time, the difference value of the standard deviation of the
stress distribution of the cutting edge between the two cutting models is larger. Therefore,
the comprehensive vibration-reduction effect of the flexible cutting- tooth unit under the
condition of a 10° forward angle is better.

4.3. The Effect of the Stiffness

Under the condition that the front rake angle is 15° and the preset cutting depth is
1.5 mm, Figure 20 shows the comparison of the average stress at the nodes by changing
the disc-spring combination. From Figure 21a, it can be seen that the average stress of
flexible cutting of the A2 and A4 disc-spring combinations is lower than the corresponding
stress for rigid cutting, but the peak stress of A2 is higher than that corresponding to
rigid cutting. The average stress on the blade for flexible cutting of the B4 and C4 disc
springs are higher than that of the corresponding rigid cutting, but the peak stresses on
the B4 and C4 disc springs is lower than that for corresponding rigid cutting. It can be
seen from Figure 21b that the difference in stress standard deviation between rigid and
flexible cutting is different for different disc-spring combinations. In comparison, the stress
standard deviation is smaller and the stress distribution at the tooth edge is more uniform
when using an A4 disc-spring combination. In addition, the difference between the stress
standard deviations between the two cutting models using the A4 disc-spring combination
is greater, indicating that the flexible cutting-tooth unit has a better effect on improving the
uneven stress distribution.

In summary, if the stiffness of the elastic element is too high, the peak stress of the
blade will be too high. On the other hand, if the stiffness is too low, the average stress on
the blade will be too high and the stress distribution on the blade will be uneven. There is
a suitable stiffness in the elastic element, which makes the peak stress and average stress
at the cutting edge of the flexible cutting-tooth element perform better and the effect of
improving the uneven stress distribution is better.
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Figure 20. Comparison of von Mises stresses with varying disc-spring combinations at tooth edge
nodes. (a) A2 (b) A4 (c) B4 (d) C4.
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5. Conclusions

The vibration-reduction mechanism of flexible cutting technology was theoretically
analysed. The influence of cutting depth, front rake angle and stiffness of the elastic element
on the vibration-reduction effect of the flexible cutting-tooth unit was discussed through
the numerical simulation of rock breaking of the flexible cutting-tooth unit. The conclusions
are as follows.

Firstly, fatigue failures such as tooth breakage, tooth fracture and delamination of the
composite sheet are caused by impact dynamic load. The flexible cutting unit can achieve
a good vibration-reduction effect by changing the cutting depth, increasing the number
of teeth involved in cutting and extending the cutting-time history through adaptive
retraction.

Secondly, compared with rigid cutting, flexible cutting can make the stress distribution
at the cutting edge more uniform and reduce the peak stress and average stress. Under
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the conditions of different cutting depths, the peak stress and average stress at the cutting
edge decrease by 21.45-49.02% and 9.42-17.8%, respectively. As the cutting depth increases,
the growth rate of the flexible cutting stress is slower than that of the rigid cutting stress.
Under the condition of a 1.3 mm preset cutting depth, the peak stress and average stress
between rigid and flexible cutting at the tooth edge are quite different, and the decrease is
49.02% and 17.8%, respectively.

Thirdly, under the condition of different front rake angles, the peak stress at the tooth
edge is reduced by 20.51-44.54% and the average stress is reduced by 9.41-24.02%. Under
the condition of a 10° front rake angle, the peak stress of the rigid and flexible cutting
models at the tooth edge is quite different and the reduction reaches 44.54%. In addition,
the difference in the standard deviation of the stress distribution of the tooth edge between
the two cutting models is large under the same conditions as before, which indicates that
flexible cutting has a better effect on improving the uneven stress distribution at the tooth
edge. The overall vibration-reduction effect of the flexible cutting-tooth unit is better under
the condition of 10° forward inclination compared to other angles.

Fourthly, if the stiffness of the elastic element is too high or too low, it will have a
negative effect on the vibration-reduction effect of the flexible cutting unit. There is a
suitable stiffness that makes the peak stress and average stress at the cutting edge of the
flexible cutting-tooth unit better when working, and the effect of improving the uneven
stress distribution is better.
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