
Original Paper

Study on the cutting characteristics of different types of abrasive 
grains on workover bits in the high-temperature environment of the 
deep wellbore

Jia-Qi Che a,b, Jia-Qi Qiao b, Chang-Chang Chen b, Yi-Han Fan b, Yun-Fei Chen b, 
Yan-Wen Zhang c,*, Han-Xiang Wang a,b

a Hubei Key Laboratory of Oil and Gas Drilling and Production Engineering, Yangtze University, Jingzhou, 434000, Hubei, China
b College of Mechanical and Electrical Engineering, China University of Petroleum (East China), Qingdao, 266580, Shandong, China
c College of Engineering, Ocean University of China, Qingdao, 266100, Shandong, China

a r t i c l e  i n f o

Article history:
Received 20 October 2025
Received in revised form 
14 November 2025
Accepted 22 March 2026
Available online 25 March 2026

Edited by Min Li 

Keywords:
Drilling bit for workover
Abrasive grain
Johnson-Cook constitutive model
Cutting force
Fracture energy

a b s t r a c t

At present, drilling bits for workover under high-temperature conditions are facing technical bottle
necks such as low work efficiency and rapid wear, especially their working characteristics in the high- 
temperature environment of the deep wellbore need to be improved urgently. To address this issue, first 
of all, a two-dimensional orthogonal cutting theoretical mechanical model was established based on 
Oxley's shear theory to analyze the relationship between cutting parameters and working character
istics. Then geometric models of six commonly used abrasive grains in oil fields, namely disc abrasive 
grain, cylindrical abrasive grain, honeycomb abrasive grain, long strips of abrasive grain, pointed teeth 
abrasive grain and prismatic abrasive grain, were established. Also, the thermodynamic coupling 
simulation models in a high-temperature environment of 180 ◦C were established based on the 
Johnson-Cook constitutive model. The accuracy of the simulation model was verified  through the 
performance testing equipment of the drilling bit for workover. Single abrasive grain cutting simulation 
experiments were carried out based on Abaqus, and the cutting characteristics of different structural 
types of abrasive grains were analyzed from four aspects: cutting mechanism, work safety, work 
temperature and work efficiency. The analysis results show that: Firstly, the simulation model error of 
the abrasive grains of the drilling bit for workover is 9.98%, which meets the accuracy requirements for 
engineering analysis. Secondly, the cutting forces of the honeycomb abrasive grain and the disc abrasive 
grain are relatively small and have a smooth fluctuation pattern, being 1.27 and 1.45 kN, respectively. 
Thirdly, during operation, the cutting temperature of the honeycomb abrasive grain is the lowest, at 
521 ◦C, while the cutting temperature of the prismatic abrasive grain is the highest, reaching 612 ◦C. 
Fourthly, the crushing ratio work of cylindrical abrasive grain is the lowest, at 14.58 J/mm3, while that of 
prismatic abrasive grain is the highest, reaching 15.54 J/mm3. Based on the analysis of work safety, work 
temperature and work efficiency, when cutting metal blockages in the high-temperature environment, 
honeycomb abrasive grain is recommended as the preferred choice. The research content can provide 
theoretical guidance and technical support for the development of an efficient drilling bit for workover 
in the high-temperature environment of the deep wellbore.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

60% of the world's new oil and gas reserves come from deep 
geological layers. Deep and ultra-deep layers have also become the 
main front for major oil and gas discoveries worldwide. China has 
671 billion tons of oil equivalent in deep and ultra-deep oil and gas 
resources, accounting for 34% of the country's total oil and gas 
resources (Lu, 2024). Therefore, it is particularly important to 
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achieve efficient extraction of deep oil and gas. Efficient develop
ment of deep oil and gas resources is a major demand for ensuring 
national energy security. As the oil and gas production targets 
become increasingly challenging and the number of oil wells keeps 
increasing, the number of well repair tasks is also rising. Well 
repair operations run through the entire life cycle of oil and gas 
field  development and are an important part of ensuring the 
normal production and stable increase of output of the oil and gas 
fields. Among them, the drilling bit for workover (also known as 
the junk mills) is a crucial tool for removing metal obstructions in 
the wellbore and ensuring the smoothness of the wellbore. As 
China's oil and gas exploration and development move towards 
the “low-permeability, deep-sea, offshore, and unconventional” 
fields (Lei et al., 2019, 2020; Wang et al., 2018; Zhang et al., 2019), 
the types of oil reservoirs have become more diverse, the wellbore 
structures are more complex, and the bottom temperatures of 
deep wells are gradually increasing. Due to the influence of com
plex environments such as high temperature and high pressure, 
the drilling bits for workover are confronted with problems such 
as severe wear, rapid failure and low efficiency. Among them, the 
cutting teeth (also known as abrasive grain) are the most crucial 
component of the drilling bit for workover. Their performance 
directly determines the milling efficiency  and service life of 
the drilling bit for workover. Therefore, conducting 
research on the grinding and dressing characteristics of cutting 
teeth of different structural types holds extremely significant 
importance.

By using the finite  element analysis method to simulate the 
cutting process of the cutting teeth of the drilling bit for workover, 
and combining with specific experiments to verify the simulation 
results, this is currently the main method for analyzing and eval
uating the working characteristics of the cutting teeth of the 
drilling bit for workover. Professor Sun Linping and his colleagues 
established a three-dimensional orthogonal finite element model 
of the cutting teeth of the junk mills based on cutting mechanics, 
and analyzed the influence laws of different cutting parameters on 
the main cutting force (Sun et al., 2018). Yan et al. (2009) estab
lished a calculation model for rock crushing work, using the en
ergy perspective to evaluate the drilling efficiency of the drill bit. 
Abbas (2018) studied the wear mechanism of drill bits. They 
used finite  element and discrete element analysis methods to 
simulate the wear of drill bits and clarified the wear mechanism of 
the drill bits. Luo et al. (2023) established a three-dimensional 
thermal-structural coupling simulation model for the special- 
shaped teeth of PDC drill bits under high-temperature condi
tions, and analyzed the rock-breaking characteristics of the 
special-shaped teeth under such high-temperature conditions. 
Stowe and Ponder (2014) conducted on-site tests on different 
types of abrasive grains and analyzed the characteristics and ad
vantages of each type of abrasive grain. Rajabov et al. studied the 
influence laws of the tooth pitch angle of the cutting teeth on the 
crushing ratio, work and mechanical response, and clarified  the 
optimal tooth pitch angle for drilling bits and the speed-up 
mechanism (Dai et al., 2022; Maczura et al., 2015; Rajabov et al., 
2012; Rostamsowlat et al., 2018; Zhu and Liu, 2018). Wang et al. 
(2019) and Zhang et al. (2020) conducted single-tooth rock- 
breaking experiments using a modified drilling machine, aiming to 
study the wear mechanism of the single tooth. Furthermore, Baker 
Hughes, Weatherford and National Oilwell Varco are also dedi
cated to developing various types of abrasive grains and applying 
them to well servicing and drilling tools to achieve higher per
formance in milling operations (Larsen and Garfield,  2013). At 
present, most scholars and companies are focusing on the research 
of cutting teeth for rock breaking. However, there is relatively little 
research on the grinding characteristics of different structural 

types of abrasive grains when cutting metal blockages in the high- 
temperature environment of the deep wellbore.

In the early stage, our research team conducted a series of 
studies on the cutting mechanism and wear mechanism of the 
drilling bit for workover. Our team first  focused on the tooth 
arrangement of abrasive grains and explored the impact of 
different tooth arrangement angles on the working characteristics 
of the drilling bit for workover. Subsequently, based on the thermal 
coupling effect, we established a simulation model to analyze the 
heat generation law and temperature control methods of the 
drilling bit for workover. Through reverse engineering technology, 
we established a full-scale model of the drilling bit for workover 
and systematically analyzed the influence of working parameters 
on the working performance of the drilling bit for workover (Che 
et al., 2020a, 2020b, 2020c, 2021, 2023). The research shows that 
it is very important to conduct studies on the milling character
istics of different structural types of abrasive grains.

This paper mainly focuses on the analysis of the cutting char
acteristics of abrasive grains in the high-temperature environment 
of the deep wellbore. By combining the finite element simulation 
analysis and laboratory experiments, it conducts research on the 
cutting characteristics of abrasive grains of different structural 
types in deep high-temperature areas. The research results can 
provide theoretical support and technical guidance for the devel
opment of an efficient  drilling bit for workover, suitable for the 
high-temperature environment of the deep wellbore.

2. Cutting theory analysis

Based on Oxley's shear theory, the force conditions of the 
abrasive grains in the cutting stage of the drilling bit for workover 
were analyzed, and a two-dimensional orthogonal cutting me
chanics model of the shear zone was established (Li et al., 2024). As 
shown in Fig. 1, under the circumstances of the distribution of 
multiple physical fields during the cutting process and under the 
condition of achieving steady-state cutting, the theoretical rela
tionship between the cutting process variables and the output 
variables was established.

When the cutting process reaches a stable state, the chips are 
produced at a constant speed. At this point, the chips are in a state 
of force equilibrium. Analyzing the forces on the chips: the 
resultant force Fr of the normal force Fns at the shear surface and 
the shear force Fs at the shear surface, and the resultant force Frf1 of 
the normal force Fnf1 at the tool-chip interface and the friction 
force Ff1 at the tool-chip interface, are a pair of balanced forces. The 
balance equation is expressed as Eq. (1). 
{

Fnf1 sin α − Ff1 cos α = Fns cos ϕ − Fs sin ϕ
Fnf1 cos α + Ff1 sin α = Fs cos ϕ + Fns sin ϕ (1) 

In the formula, α represents the angle of the abrasive grain cloth 
teeth, and ϕ represents the shear angle (the acute angle formed 
between the shear surface and the direction of the cutting speed), 
Fns represents the normal force at the cutting chip surface, Fs 
represents the shear force at the cutting chip surface, Fr represents 
the resultant force of the normal force and shear force at the 
cutting chip surface, Fnf1 represents the normal force at the tool- 
chip interface, Ff1 represents the frictional force at the tool-chip 
interface, and Frf1 represents the resultant force of the normal 
force and frictional force at the tool-chip interface.

From the fact that the abrasive grains are in a state of uniform 
cutting, we can conclude: The total cutting force Fr of the abrasive 
grains, the normal force FN at the cutting edge of the abrasive 
grains, the frictional force Ft at the cutting edge of the abrasive 
grains, as well as the resultant force FT of these three forces, and 
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the normal force Fnf2 at the tool-chip interface and the frictional 
force Ff2 at the tool-chip interface, as well as their resultant force 
Frf2, these forces form a balanced force. The total cutting force Fr 
along the direction of cutting speed and the normal direction of 
the cutting plane can be decomposed as follows: The cutting force 
Fd and the normal force Fn establish the equilibrium equation as 
shown in Eq. (2). 
{

Fd = Ft + Fnf2 cos α + Ff2 sin α
Fn = FN + Ff2 cos α − Fnf2 sin α (2) 

In the formula, Fr represents the total cutting force of the abrasive 
grains, FN represents the normal force at the cutting edge of the 
abrasive grains, Ft represents the frictional force at the cutting 
edge of the abrasive grains, FT represents the resultant force of the 
normal force and frictional force at the cutting edge of the abrasive 
grains, Fnf2 represents the resultant force of the normal 
force and frictional force at the tool-chip interface, Fd 
represents the main cutting force, and Fn represents the normal 
cutting force.

From the shear force formula of the material, we obtain Eq. (3). 

Fs = τsSa =
τshdl
sin ϕ

(3) 

In the formula, τs represents the shear strength of the metal block 
material, Sa represents the shear area, hd represents the cutting 
depth, l represents the cutting width, and δ represents the friction 
angle, Fs represents the shear force at the shear surface.

From the above equation, we can obtain the normal force Fns of 
the abrasive grains and the main cutting force Fds of the abrasive 
grains as Eq. (4): 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Fds = Ft +
τshdl cos(δ − α)

sin ϕ cos(δ + ϕ − α)

Fns = FN +
τshdl sin(δ − α)

sin ϕ cos(δ + ϕ − α)

(4) 

In the formula, Fds represents the main cutting force of the abrasive 
grains, and Fns represents the normal cutting force of the abrasive 
grains.

The abrasive grains of the drilling bit for workover perform a 
circular cutting motion in the well. Let the diameter of this circular 
cutting motion be d. Then the torque generated by the abrasive 
grains is Eq. (5): 

M = Fds
d
2
=

d
2

(

Ft +
τshdl cos(δ − α)

sin ϕ cos(δ + ϕ − α)

)

(5) 

Based on the above mechanical analysis of the cutting process, 
it can be concluded that: The cutting force generated by the 
abrasive grains of the drilling bit for workover during the cutting 
process increases linearly with the increase in cutting width and 
depth, and undergoes stepwise periodic fluctuations  with the 
change in the tooth angle of the abrasive grains. The cutting force 
of the abrasive grains is also influenced  by factors such as the 
friction angle of the material, the shear angle, the friction coeffi
cient between the tool and the material, and the shear strength of 
the material.

3. Cutting simulation of abrasive grain

3.1. Different structural types of abrasive grains

At present, the oilfield  mainly uses the six types of abrasive 
grains shown in Fig. 2 for the milling operation of the underground 
metal blockages. These include disc abrasive grain, cylindrical 
abrasive grain, honeycomb abrasive grain, long strip abrasive 
grain, pointed teeth abrasive grain and prismatic abrasive grain. 
Based on the geometric dimensions of the abrasive grains, geo
metric models of the six different structural types of abrasive 
grains are established, providing a model basis for the subsequent 
analysis of the milling characteristics of different structural types 
of abrasive grains.

3.2. Constitutive model of metal cutting layer material

The titanium alloy material can still maintain the required 
strength under high-temperature conditions. Therefore, in the 
simulation process, titanium alloy material is used as the cutting 
layer material. The parameters of the titanium alloy material, as 
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Fig. 1. Mechanical model of cutting process.
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determined by referring to reference (Yang, 2022), are shown in 
Table 1.

During the process of grinding and milling metal obstructions 
in the well, the drilling bit for workover undergoes significant 
material deformation and damage. The Johnson-Cook model 
comprehensively considers the strain hardening effect (Xiao et al., 
2024), strain rate strengthening effect, and thermal softening ef
fect of the material, successfully coupling the three core physical 
mechanisms in the cutting process: work hardening caused by 
extreme strain, strain rate strengthening caused by extremely high 
strain rates, and thermal softening caused by adiabatic tempera
ture rise. In particular, its ability to describe thermal softening and 
failure makes it the preferred model for predicting cutting force, 
chip morphology, and cutting temperature, suitable for simulating 
the large deformation and damage process of metal materials. 
Therefore, the Johnson-Cook model is adopted as the constitutive 
model for the metal blockage material, and the Johnson-Cook 
damage criterion is introduced (Ljustina et al., 2014). The 
Johnson-Cook model is as follows: 

σ=(A+Bεn)

(

1+C ln
_ε
_ε0

)[

1 −

(
T − Tr

Tmelt − Tr

)m]

(6) 

D=

∫
dεp

ε f
p

(7) 

ε f
p =

[

d1 +d2 exp
(

d3
εp

εMises

)]

×

[

1+d4 ln
(

_εp

_ε0

)]

×

(

1+d5
T − Tr

Tmelt − Tr

) (8) 

In the formula, σ represents the flow  stress, ε represents the 
equivalent plastic strain, _ε represents the loading strain rate, _ε0 
represents the reference strain rate, T represents the experimental 
temperature, Tmelt represents the material melting temperature, Tr 
represents the ambient temperature, A represents the reference 

loss strain coefficient, B is the stress triaxiality coefficient, n is the 
stress triaxiality index, C is the strain rate sensitivity coefficient, m 
is the temperature sensitivity coefficient,  D is the damage 
parameter, dεp is the equivalent plastic strain increment of the 

integration element, ε f
p is the critical equivalent plastic strain, and 

d1–d5 are the failure parameters.
Based on the material properties (Zhou et al., 2019), the 

Johnson-Cook constitutive model parameters of the titanium alloy 
material are determined through calculation (Table 2).

3.3. Cutting simulation model for single abrasive grain

Based on the above abrasive grain geometric model and the 
mechanical performance parameters of the metal blockage, taking 
the abrasive grain cutting unit of the drilling bit for workover as 
the research object, a three-dimensional thermal-coupled simu
lation model for abrasive cutting was established (Qian et al., 
2020; Ye et al., 2019; Zheng et al., 2020). The abrasive grain cut
ting unit is approximately linear cutting. According to the actual 
working conditions of abrasive grain tooth distribution, the size of 
the metal blockage is established as 25 mm × 15 mm × 10 mm, 
and fixed constraints are applied to the lower surface and the 
surrounding area of the metal blockage. A reference point is set at 
the center of the bottom of the abrasive grain, and the entire 
abrasive grain is set as a solid body. The three-dimensional 
orthogonal cutting thermal-thermal coupling simulation model 
constructed simultaneously satisfies the following assumptions.

(1) The cutting tool is set as a steel body, and only the heat 
conduction effect of the cutting tool is considered.

(2) Ignore the changes in the metallographic structure and 
other chemical changes of the material that occur during the 
cutting process due to temperature variations.

(3) The material of the object being machined is isotropic.
(4) Ignoring the vibrations of the cutting tool and the workpiece 

during the cutting process.

Abrasive
grain

Subject

(b) (c) (d)

(e) (f) (g)

(a)

Fig. 2. Different structural types of abrasive grains. (a) Drilling bit for workover; (b) Disc abrasive grain; (c) Cylindrical abrasive grain; (d) Honeycomb abrasive grain; (e) Long 
strips of abrasive grain; (f) Pointed teeth abrasive grain; (g) Prismatic abrasive grain.

Table 1 
Parameters of the constitutive model for titanium alloy materials.

Density, kg/m3 Elastic modulus, GPa Poisson's ratio Thermal conductivity, W/(m⋅K) Specific heat capacity, J/(kg⋅K) Melting point temperature, 
◦C

4430 110 0.3 6.8 565 1660
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For the meshing of the bottom layer of the metal blockage, 
hexahedral meshes are used. The size of the bottom layer mesh of 
the blockage is determined to be 1 mm. The meshes on the top 
layer of the metal blockage are densified. To ensure the simulation 
accuracy, a mesh independence test is conducted on the single 
abrasive particle cutting simulation model, as shown in Fig. 3. The 
mesh size of the encrypted area in the cutting layer is set to 
0.1–0.9 mm, respectively, and the calculation time of the simula
tion model under different mesh sizes is determined. The torque 
generated by the abrasive particle is used as the evaluation index, 
and the simulation results of abrasive particle cutting and the 
experimental results are compared to determine the calculation 
accuracy of the simulation model under different mesh sizes. 
Through the verification of the accuracy of different mesh sizes, 
when the mesh size of the simulation model increases from 0.1 to 
0.3 mm, the calculation time decreases sharply from 13680.5 to 
9337.9 s. Then, as the mesh size increases from 0.3 to 0.9 mm, the 
calculation time decreases slowly from 9337.9 to 4780.3 s. On the 
other hand, when the mesh size of the simulation model increases 
from 0.1 to 0.2 mm, the relative error increases slowly from 7.8% to 
8.3%, and then as the mesh size increases from 0.2 to 0.9 mm, the 
relative error increases rapidly from 8.3% to 23.6%. Considering the 
calculation efficiency and accuracy of the simulation model, the 
size of the encrypted grid of the cutting layer is determined to be 
0.2 mm, with a grid number of 129,300. The top grid is densified 

for better simulation accuracy. The abrasive particle uses tetra
hedral meshes, with a grid number of 5780. The grid diagram of 
the abrasive particle cutting simulation model is established.

By adjusting the working conditions of the drilling bit for 
workover for cutting metal blockages under high-temperature 
environments, a three-dimensional orthogonal thermal coupling 
simulation model of abrasive grains, as shown in Fig. 4, was 
established. The abrasive grains were placed with a negative 
toothing angle of 8◦. This angle resulted in a large amount of debris 
removal by the abrasive grains, and the working process of the 
abrasive grains was smooth. The bottom and surrounding areas of 
the metal blockage are subject to completely fixed constraint 
boundary conditions. The temperature-displacement coupled 
penetration contact algorithm is used to simulate the thermal 
coupling working process of the abrasive grains. At the same time, 
a 180 ◦C temperature field  is applied to the entire model to 
simulate the high-temperature environment in deep oil and gas 
wells. The actual working conditions during the cutting of the 
drilling bit for workover were established. A reference point is set 
at the tip of the abrasive grain, and the drilling pressure in the y 
direction is applied to the reference point to simulate the drilling 
pressure of the drill bit, and the cutting speed v in the x direction is 
applied to the reference point to simulate the cutting speed of the 
drill bit. The cutting speed of the abrasive grain is calculated based 
on the rotational speed of the well servicing drill bit. The cutting 

Table 2 
Parameters of the constitutive model for titanium alloy materials.

A, MPa B, MPa C m n Tmelt, ◦C d1 d2 d3 d4 d5

875 793 0.01 0.71 0.386 1560 − 0.09 0.27 − 0.48 0.014 0.55
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Fig. 3. Verification of grid accuracy under different sizes. (a) Different-sized cutting layer grid diagrams; (b) Grid accuracy verification.
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Fig. 4. Three-dimensional orthogonal thermal-coupling simulation model of abrasive grains. (a) Simulation model; (b) Simulation mesh; (c) Simulation environment.

J.-Q. Che, J.-Q. Qiao, C.-C. Chen et al. Petroleum Science 23 (2026) 5914–5927

5918



speed of the abrasive grain is 1000 mm/s. The meshing of the 
metal blockage bottom is divided using hexahedral meshes, and 
the size of the bottom mesh of the blockage is determined to be 
1 mm. The meshing of the top of the metal blockage is divided by 
encryption, and the size of the encrypted mesh is determined to be 
0.2 mm based on the mesh independence test. The number of 
meshes is 129,300, and the encryption division of the top mesh is 
carried out to obtain better simulation accuracy. The abrasive grain 
uses tetrahedral meshes, with a mesh number of 5,780. The grid 
map of the abrasive grain cutting simulation model is established. 
By changing the type of abrasive grains, a simulation experiment 
on single abrasive particle cutting for drilling bit for workover was 
conducted.

4. Cutting experiment analysis

In order to verify the accuracy of the three-dimensional 
orthogonal thermal coupling simulation model, based on the 
experimental system for milling tools independently developed by 
China University of Petroleum (East China), a cutting experiment 
of a single abrasive grain drilling bit for workover was carried out. 
The experimental system for milling tools consists of a drilling bit 
for workover performance testing platform, a frequency conver
sion speed regulation module, a high-speed camera module, a 
drilling pressure control module, a signal acquisition and display 
module, and a drilling bit for workover module. The frequency 
conversion speed regulation module is used to adjust the rota
tional speed of the drilling, milling and drilling tools, while the 
thrust control module is used to regulate the thrust of the drilling, 
milling and drilling tools to simulate the effects of different drilling 
pressures. The adjustable range of drilling pressure is 0–20 kN, and 
the adjustable range of rotational speed is 20–200 r/min. The 
signal acquisition and display module display the rotational speed 
and torque data of the drilling, milling and drilling tools in real 
time. The well drilling bit module is specially equipped with a 
detachable single cutting tooth joint to meet the requirements of 
single tooth cutting experiments. The single abrasive cutting 
experiment process is shown in Fig. 5.

In order to verify the accuracy of the simulation results, the 
torque generated by a single abrasive grain drilling bit during the 
experiment was recorded through the signal acquisition display 
module, and the torque produced by a single abrasive grain cutting 
was obtained through the single abrasive grain cutting simulation 

model. The torque curves obtained from the experiment and the 
simulation are shown in Fig. 6.

The average value of the single abrasive grain cutting torque 
during the stable cutting stage obtained through simulation is 
37.34 N⋅m, while the average value obtained through experiment 
is 41.48 N⋅m. The error between the simulation results and the 
experimental results is 9.98%, indicating that the single abrasive 
grain cutting simulation model is relatively accurate and can meet 
the basic engineering analysis accuracy requirements. During the 
experiment, the torque of the single abrasive grain drilling bit 
increased rapidly at first,  reaching 31.20 N⋅m at the 33rd milli
second. Then the experimental torque remained stable and fluc
tuated within the stable cutting range of 31.20 to 50.36 N⋅m. For 
the simulation torque curve, the trend was basically the same as 
that of the experimental torque curve. The simulation torque first 
increased sharply and reached 32.05 N⋅m at the 25th millisecond. 
Then the experimental torque remained stable and fluctuated 
within the stable cutting range of 32.05 to 47.23 N⋅m. The exper
imental observation results show that the torque data obtained 
have a significant lag on the time axis compared to the simulated 
torque. This is mainly due to the inherent response delay of the 
signal acquisition and transmission system. However, the experi
mental torque curve and the simulated torque curve have a 
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Fig. 5. Cutting experiment process of single abrasive grain. (a) Experimental system for milling tools; (b) Milling tool with single abrasive grain.

Stable
cutting
zone

Average 41.48 Average 37.34

0 20 40 60 80 100 120 140

0

10

20

30

40

50

To
rq

ue
, N

·m

Time, ms

Experimental torque curve
Simulated torque curve

Fig. 6. Cutting torque curve of single abrasive grain.

J.-Q. Che, J.-Q. Qiao, C.-C. Chen et al. Petroleum Science 23 (2026) 5914–5927

5919



basically consistent trend of change, which further demonstrates 
the accuracy of the simulation model.

In addition, the variation trends of the experimental and 
simulation torque curves are in agreement with the mechanical 
analysis model of the abrasive grains. This further verifies  the 
accuracy of the mechanical analysis model of the drilling bit for 
workover in Section 2. Specifically, under the action of the drilling 
pressure, the abrasive grains at the drilling bit for workover 
gradually get pressed into the surface of the experimental work
piece. The cutting depth h and cutting width b of the abrasive 
grains gradually increase, thus resulting in the phenomenon that 
the torque of the workover bit with a single cutting tooth increases 
sharply first.  As the abrasive grains gradually penetrate the 
experimental workpiece, due to the resistance of the elastic- 
plastic deformation of the experimental workpiece and the fric
tion force between the front cutting face of the abrasive particle 
and the cutting layer, the increasing resistance hinders the further 
pressing of the abrasive grains into the experimental workpiece. 
Therefore, the cutting depth h and cutting width b of the abrasive 
grains no longer increase, and the torque of the workover bit with 
a single cutting tooth gradually stabilizes, and the cutting process 
enters the stable cutting stage.

5. Result analysis and discussion

5.1. Analysis of cutting mechanism

The cutting process of the abrasive grains welded at the bottom 
of the drilling bit for workover is shown in Fig. 7. Firstly, as shown 
in Fig. 7(a), during the fracturing stage, under the combined action 
of the drilling pressure and torque, the cutting edge at the bottom 
of the abrasive grain collides and squeezes the metal blockage. 
Since the initial contact is not firm, the depth of the abrasive grain 
penetrating into the blockage is not large. The cutting edge of the 
abrasive grain slides on the surface of the metal blockage, causing 
the metal blockage to undergo certain elastic deformation, and 
cracks appear on the surface of the blockage due to the impact. As 
the drilling pressure between the abrasive grain and the blockage 

surface continues to increase, as shown in Fig. 7(b) in the pene
tration stage, the depth of the abrasive grain penetrating into the 
blockage also increases. The surface material of the blockage 
gradually transitions from elastic deformation to plastic defor
mation. Under the combined action of torque and drilling pressure, 
the stress generated by the abrasive grain gradually exceeds the 
strength limit of the material. At this time, due to the compression, 
the surface material of the blockage undergoes fragmentation, 
generating small particle-like chips. As the drilling pressure 
further increases, as shown in Fig. 7(c) in the chip formation stage, 
the cutting edge of the abrasive grain penetrates into the surface 
layer of the blockage, and the cutting thickness reaches a certain 
value. At this time, under the action of torque, the abrasive grain 
continues to move forward, and the surface layer of the blockage 
undergoes a slip phenomenon. The slip causes the surface layer 
material to flow towards the front cutting face and both sides of 
the abrasive grain, and a groove appears on the surface of the cut- 
off blockage. The shear stress generated by the abrasive grain 
under the action of torque is greater than the critical shear stress of 
the material, causing plastic flow  and bulging on the material 
surface, resulting in the separation of the surface layer of the 
blockage from the base material. As the drilling pressure and tor
que continue to increase, as shown in Fig. 7(d) in the stable cutting 
stage, the depth of the abrasive grain penetrating into the blockage 
increases, and the friction resistance between the abrasive grain 
and the chip on the front cutting face, as well as the plastic 
deformation of the blockage, also increase. Eventually, in the ver
tical direction, they reach equilibrium with the drilling pressure, 
and the drilling pressure reaches a stable state. Under the action of 
torque, the abrasive grain moves forward, and the cut-off layer is 
subjected to slip under the compression of the abrasive grain along 
the shear plane, forming chips that flow out along the front cutting 
face of the abrasive grain, and the cutting motion process gradually 
becomes stable.

Based on the verification  of the model of abrasive cutting of 
metal blockages, six types of abrasive cutting simulation models 
were successively established: disc abrasive grain, cylindrical 
abrasive grain, honeycomb abrasive grain, long strip abrasive 
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grain, pointed teeth abrasive grain and prismatic abrasive grain. 
The cutting characteristics of different types of abrasive grains in 
the high-temperature environment of the deep wellbore were 
explored, and the cutting characteristics of different types of 
abrasive grains are shown in Fig. 8.

As shown in Fig. 8 of the abrasive cutting characteristics, the 
maximum contact stress areas during the abrasive cutting process 
all occur at the cutting edges on both sides of the abrasive grains. 
Among them, the honeycomb abrasive grains with a circular 
groove have the minimum contact stress of 160 MPa during the 
cutting process. The contact stress generated by the honeycomb 
abrasive grains during the cutting process is much lower than the 
strength limit of the material, which can effectively prevent 
macroscopic fracture and cracking, and at the same time maintain 
the structural integrity throughout the wear life. For the pointed 
tooth abrasive grains during the cutting process, due to the large 
contact area between the front cutting face of the abrasive particle 
and the chip, the maximum contact stress generated by the disc- 
shaped abrasive grains during the cutting process is 318 MPa. 
High contact stress means a huge amount of frictional work, which 
will instantly generate a large amount of heat, resulting in a 
decrease in the hardness and wear resistance of the abrasive 
particle. The stress generated by the other four types of abrasive 
grains during the cutting process is approximately the same.

The shape of the chips affects the chip return process. For the 
simulation model of single abrasive cutting under high- 
temperature conditions and thermal-physical coupling effects, 
the chip formation process and the chip formation mechanism are 
analyzed. Based on the simulation model established in the pre
vious text, the chips produced by each structural type of abrasive 
grains were extracted, and a comparative analysis of the chip 
shapes generated by different structural types of abrasive grains 
was conducted, as shown in Fig. 9.

As shown in Fig. 9, during the chip formation process under the 
action of thermal coupling, as the abrasive grains move, the edge of 
the rolled-up chip shows obvious serrations, and an adiabatic 

shear band with a certain inclination angle is generated between 
adjacent serrations. As the abrasive grains continue to move, the 
shear band and the grid undergo significant deformation, thereby 
continuously and periodically generating serrations. The adiabatic 
shear band produced in the high-temperature area is an important 
reason for the formation of serrations. Disc and cylinder-shaped 
abrasive grains tend to produce large-sized and highly curled 
spiral chips; honeycomb-shaped abrasive grains generate small- 
sized fragmented chips; long strips, pointed teeth, and prismatic 
abrasive grains mostly produce large-sized and low-curvedness 
long ribbon-shaped chips. Due to the influence  of the contact 
area with the chip, the width of the chips produced during the 
cutting process of long strips, prisms, and pointed teeth is large, 
and they are not prone to breaking, thus easily forming long and 
large-volume chips. Large-volume chips are more difficult  to re
turn with the cutting fluid,  and it is necessary to optimize the 
hydraulic parameters to improve the return ability of the chips. 
When cutting, the contact surface of honeycomb abrasive grains is 
in the shape of a V, with a small contact area, and the chips formed 
during cutting are in a granular state, with a small volume, and 
they are easy to return to the ground with the cutting fluid.

5.2. Analysis of work safety

The fluctuation of cutting force is an important evaluation in
dex reflecting  the work safety of the drilling bit for workover 
during the grinding particle cutting process. Through the estab
lished abrasive grain cutting simulation model, the cutting force of 
different structural types of grinding particles was extracted, and 
the fluctuation  of cutting force for different structural types of 
abrasive grain is shown in Fig. 10. As can be seen from Fig. 10, 
during the simulation of abrasive grain cutting, due to the initial 
collision between the front cutting edge of the abrasive grain and 
the cutting layer, the main cutting force did not exceed the yield 
strength of the metal cutting layer. Therefore, the main cutting 
force showed a phenomenon of rapidly increasing first, and after 
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reaching a certain peak, the metal cutting layer underwent shear 
slip deformation, and the main cutting force would decrease to a 
certain extent. As the cutting gradually entered the stable cutting 
stage, the magnitude of the main cutting force fluctuated within a 
certain range.

By extracting the main cutting force diagrams of the abrasive 
grains, a comparison Table 3 was established to compare the 
average cutting force, maximum cutting force, minimum cutting 
force, and the fluctuation amplitude of the cutting force during the 
stable cutting stage of the cutting forces generated by abrasive 
grains of different structural types. A comparative analysis of the 
cutting force characteristics of abrasive grains of different struc
tural types was conducted.

By extracting the main cutting force values of each structural 
type of abrasive grains during the cutting process, and based on 

the cutting forces of the abrasive grain between 0.005 and 0.015 s, 
the average values and amplitude diagrams of the main cutting 
forces of the abrasive grain during the stable cutting stage were 
established, as shown in Fig. 11.

From Fig. 11 and Table 3, it can be seen that under high- 
temperature conditions, for the disc abrasive and honeycomb 
abrasive, after entering the stable cutting stage, the fluctuation 
range of cutting force is relatively small, being 1.45 and 1.27 kN, 
respectively. The cutting process is more stable, which is condu
cive to ensuring the stability of the cutting. However, for the prism 
abrasive and the long strip, the fluctuation range of cutting force 
during the stable cutting stage is larger, being 2.19 and 3.07 kN, 
respectively. The cutting process is more violent in vibration, 
which affects the stability of the cutting. At the same time, the 
larger cutting force and fluctuation  amplitude will increase the 
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load during the cutting process, affecting the stability of the cut
ting and intensifying the wear of the drilling bit for workover. Due 
to the different contact areas between the abrasive grains and the 
cutting edge, as well as the chips for different structural types, the 
cutting forces during the abrasive cutting process vary signifi
cantly in value. The fluctuation  of the cutting force reflects the 
stability of the abrasive grains in the cutting process of the drilling 
bit for workover. Based on the simulation results, it can be 
concluded that the cutting forces of the disc abrasive grain and the 
honeycomb abrasive grain are smaller and have less fluctuation 
during the cutting process, which can ensure the stable operation 
of the cutting process and prevent the failure of the drilling bit for 
workover due to vibration. When selecting abrasive grain from the 
perspective of cutting stability, disc abrasive grain and honeycomb 
abrasive grain should be given priority.

5.3. Analysis of work temperature

Temperature has a direct impact on the performance of metal 
materials. Due to the working environment of deep high temper
ature, the crystal boundaries and crystal structures within the 
metal materials change, and the interatomic bonding force 
weakens, resulting in a decrease in the strength of the metal 
materials, which will directly affect the service life of the abrasive 
grain of the drilling bit for workover. Therefore, it is very important 
to conduct temperature analysis during the grinding process of the 
drilling bit for workover abrasive grain. Based on the grinding 
simulation model of abrasive grain in the high-temperature of the 
deep wellbore environment established in the previous text, the 
temperature fields of different structural types of abrasive grains 
are extracted, and the temperature distribution characteristics of 
different structural types of abrasive grains are obtained, as shown 
in Fig. 12. As can be seen from Fig. 12, since the heat generated 

during the grinding process of the abrasive grains mainly comes 
from the friction between the metal chips in the second defor
mation zone and the rake face of the abrasive grain, the high- 
temperature area of the drilling bit for workover abrasive grain 
is mainly distributed in the contact area between the rake face of 
the abrasive grain and the metal blockage chips, and the high- 
temperature area is mainly concentrated at the rake face of the 
abrasive grain.

Among them, the annular grooves of the honeycomb abrasive 
grain and the disc abrasive grain play a very effective role in heat 
dissipation. The larger heat dissipation area ensures that the 
temperature of the honeycomb abrasive grain is the lowest during 
the cutting process. While the long strips of abrasive grain and the 
prismatic abrasive grain have a large contact area with the chip, 
and a small heat dissipation area, resulting in the accumulation of 
heat on the front cutting surface of the abrasive grain during 
cutting, thus forming high temperatures.

In order to better analyze the heat generation situation of 
different structural types of abrasive grains, from the established 
model mentioned above, the highest temperatures of different 
structural types of abrasive grains were extracted for analysis, and 
the highest temperature diagrams of different structural types of 
abrasive grains were obtained, as shown in Fig. 13. From Fig. 13, it 
can be seen that under the same working conditions, the prismatic 
abrasive grain have the highest temperature during cutting, with a 
maximum temperature of 612 ◦C. The honeycomb abrasive grain 
and the disc abrasive grain have the lowest maximum tempera
tures during cutting, which are 521 and 529 ◦C, respectively. This is 
because the honeycomb abrasive grain and the disc abrasive grain 
have a recessed texture structure in their structure, which in
creases the heat dissipation area of the cutting tool and promotes 
the dissipation of the accumulated heat on the front cutting sur
face of the abrasive grains during cutting, thereby preventing the 
accumulation of heat on the front cutting surface of the abrasive 
grains and forming local high temperatures. The simulation results 
show that the maximum temperature difference between the 
honeycomb abrasive and the prism abrasive is 90 ◦C. Due to the 
influence  of the high-temperature environment, the chemical 
composition of the material changes, and the abrasive front cut
ting surface and the chip are prone to undergo oxidation reactions. 
Under the action of the drilling pressure, the chip is compressed 
and sintered, and an oxide layer forms on the abrasive front cutting 
surface. The formation of the oxide layer reduces the friction be
tween the abrasive and the chip, causing the drilling bit for 
workover to easily slip when cutting through obstructions, thereby 
increasing the difficulty of removing the obstructions. Therefore, 
controlling the working temperature of the drilling bit for work
over is the key to reducing abrasive failure and extending the 
service life of the drilling bit for workover.

By analyzing the cutting temperatures of different structural 
types of abrasive grains, it can be concluded that the cutting 
temperature of prismatic abrasive grains is the highest during 
cutting. This indicates that prismatic abrasive grain has the poor
est heat dissipation performance when milling down metal 

Table 3 
Cutting forces of different types of abrasive grains.

Abrasive grain Average cutting force, N Maximum cutting force, N Minimum cutting force, N Amplitude of fluctuation, N

Disc abrasive grain 5058 5708 3872 1836
Cylindrical abrasive grain 6479 8151 5181 2970
Honeycomb abrasive grain 3094 3729 2423 1306
Pointed teeth abrasive grain 6325 7962 4973 2989
Long strips of abrasive grain 9323 11,269 8041 3228
Prismatic abrasive grain 6842 7936 5712 2224
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blockages in the well, and they are prone to generating local high 
temperatures, causing the abrasive grain to fail and thereby 
reducing the service life of the drilling bit for workover. Therefore, 
in the high-temperature environment of the deep wellbore, to 
ensure that the drilling bit for workover has a longer service life, 
honeycomb abrasive grain or disc abrasive grain should be used. 
Their textured structure can increase the heat dissipation area and 
effectively prevent the accumulation of local heat on the front 
cutting surface of the abrasive grain.

5.4. Analysis of work efficiency

The breakage work is an important indicator for evaluating 
the efficiency  of abrasive grains from the perspective of energy. 

The breakage work refers to the energy consumed by abrasive 
grains when cutting a unit volume of material (Kishawy et al., 
2004; Zhang et al., 2015). During the abrasive cutting process, 
energy conversion occurs in three deformation zones. The energy 
provided by the drill pressure and torque is transformed into the 
elastic-plastic deformation properties of the metal debris and 
chips in the first deformation zone, the friction heat between the 
chips and the rake face of the abrasive grain in the second defor
mation zone, the friction heat between the metal debris and the 
flank  face of the tool in the third deformation zone, and the 
cohesive energy of the newly formed surface. The first deforma
tion zone is the main deformation zone during the cutting process. 
The mechanical energy of the abrasive grain gradually converts 
into the deformation energy of the material, and the energy con
sumption is the highest (Ni and Zhu, 2014; Wang and Yang, 2022). 
The following will make a comparative evaluation of the abrasive 
grain work efficiency from the perspective of crushing work.

Based on the different structural type simulation models of 
abrasive grains established in the previous text, through the post- 
processing module of Abaqus, the quality attributes of the metal 
blockage after cutting were queried, and the volume of the metal 
blockage after cutting was extracted, as shown in Fig. 14. The dif
ference between the volume of the metal blockage before cutting 
and that after cutting was calculated to obtain the volume of the 
removed material. At the same time, the ALLWK (external work) in 
the Abaqus post-processing module was output, which is the total 
energy consumed during the cutting process.

The breakage work of abrasive grain of different structural 
types is calculated using Eq. (9). 

e=
E
V

(9) 

In the formula, e represents the crushing work of the material, E 
represents the total cutting energy, and V represents the total 
volume of material removed.
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Fig. 12. Temperature distribution characteristics of various abrasive grains. (a) Abrasive grain structure diagram; (b) Disc abrasive grain; (c) Cylindrical abrasive grain; (d) 
Honeycomb abrasive grain; (e) Pointed teeth abrasive grain; (f) Long strips of abrasive grain; (g) Prismatic abrasive grain.
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The breakage work diagrams of abrasive grain of different 
structural types were established, as shown in Fig. 15. From the 
power consumption diagrams of different structural types of 
abrasive grain, it can be concluded that under the same working 
conditions, when cylindrical abrasive grain cuts through metal 
obstructions, the energy consumed to cut a unit volume of mate
rial is the least, only 14.58 J per cubic millimeter. At the same time, 
the pointed teeth abrasive grain and the prismatic abrasive grain 
consume more energy during cutting, with 15.52 and 15.54 J per 
millimeter, respectively. Disc abrasive grain and honeycomb 
abrasive grain consume slightly more energy than cylindrical 
abrasive grain. Under the conditions studied, the cylindrical 
abrasive grains exhibited a tendency to form chips more easily 
during the cutting process, while the plastic work of material 
removal was relatively low. This made them show potential ad
vantages in terms of cutting efficiency. Based on this, from the 
perspective of work efficiency, cylindrical abrasive grains can be 
regarded as a more efficient option.

6. Conclusions

This paper mainly focuses on the cutting characteristics of 
abrasive grains on metal blockages in the high-temperature 
environment of the deep wellbore. By integrating the research 
methods of theoretical analysis, finite  element simulation and 
indoor experiments, it conducts a study on the cutting character
istics of different structural types of abrasive grains in the high- 
temperature environment of the deep wellbore, and reaches the 
following conclusions.

(1) The accuracy of the thermodynamic coupling simulation 
model of the abrasive grain on the drilling bit for workover 
is 9.98%, which can meet the basic engineering analysis 
accuracy requirements.

(2) From the perspective of work safety, the fluctuation range of 
cutting force during the cutting process of honeycomb 
abrasive grain and disc abrasive grain is relatively small, 
being 1.27 and 1.45 kN, respectively. When milling metal 
blockages in the high-temperature environment of the deep 
wellbore, it is conducive to ensuring the smooth operation 
of the drilling bit for workover and has higher safety and 
stability.

(3) From the perspective of work temperature, the temperature 
of the honeycomb abrasive grain is the highest, and that of 
the disc abrasive grain is the lowest, being 521 and 529 ◦C, 
respectively. When working in the high-temperature envi
ronment of the deep wellbore, the unique annular texture 
structure of the honeycomb abrasive grain and the disc 
abrasive grain can effectively dissipate heat, preventing the 
accumulation of heat and avoiding the formation of high 
temperatures that would alter the performance of the cut
ting tool material, thereby extending the service life of the 
drilling bit for workover.

(4) From the perspective of work efficiency, cylindrical abrasive 
grain causes the least fragmentation during cutting, with a 
fragmentation work of 14.58 J per cubic millimeter. Cylin
drical abrasive grain is more likely to form chips during the 
cutting process. Under the same conditions, the plastic work 
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of the material is lower, resulting in higher cutting 
efficiency.

(5) Based on an analysis of work safety, work temperature and 
work efficiency, when cutting metal blockages in the high- 
temperature environment, the honeycomb abrasive grain 
is recommended as the preferred choice. The research 
content can provide theoretical guidance and technical 
support for the development of an efficient drilling bit for 
workover in the high-temperature environment of the deep 
wellbore.

(6) It is necessary to admit that the conclusions of this study 
were derived under idealized boundary conditions. We 
ignored the dynamic factor of downhole pipe column vi
bration and assumed that the microstructure of the metal 
material remained stable at 500 ◦C. Therefore, the differ
ences in cutting performance of the different structural 
abrasive grains revealed by this study should be more 
accurately understood as the performance under the spe
cific  premise of “stable conditions and constant material 
properties”. Although this limitation enables us to focus 
more clearly on the influence  of structural factors, it also 
means that when these conclusions are applied to actual 
deep well conditions with severe vibration or extreme 
temperatures causing material softening and phase trans
formation, their applicability may be constrained. Future 
research that can incorporate these dynamic and micro
scopic variables into consideration will be able to construct 
a more complete and closer-to-reality evaluation system for 
abrasive particle cutting performance.
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