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Abstract

To achieve the secondary production in multistage fracturing wells of tight oil, milling tools are usually used to remove the
multistage fracturing ball seats to achieve production with a large diameter in later. In this paper, first of all, the working
mechanism of milling tools for multistage fracturing ball seats was studied and a mechanical analysis model of single abrasive
grain was established. Then, an experimental system for milling tools was developed, and the experimental tests of the flat,
the blade, and the slope milling tool were conducted in order. Besides, the morphology of chips and the surface morphology
of the workpiece after the experiment were analyzed. Also, the working performance of milling tools was evaluated from the
perspectives of working safety, working efficiency, and wear resistance of the milling tool. The results show that the torque of
the milling tool increases nonlinearly with the increase in the cutting depth of the abrasive grain and increases linearly with
the increase in the cutting width. Also, the chips are irregular particles and the size is mainly from 10 to 50 pm. So, the chips
should be pumped up with a small pump pressure and a large displacement. Besides this, the cutting depths of the abrasive
grains are from 216.20 to 635.47 pm and the bottom surface of the milling tool should be eccentric to avoid the zero point
of cutting speed. Furthermore, the torque of the slope milling tool is 23.8% larger than that of the flat milling tool, which
is also 30.4% smaller than that of the blade milling tool. Compared with the flat milling tool, the working efficiency of the
blade milling tool improves by 79.9% and the slope milling tool improves by 111.1%. Also, the wear resistance of the blade
milling tool decreases by 102.7%, while the slope milling tool declines by 32.6% when compared with the flat milling tool.
Therefore, the slope milling tool has the characteristics of moderate torque, stable working conditions, the highest working
efficiency, and fine wear resistance, which is preferably used to mill multistage fracturing ball seats. This study provides
a theoretical basis and guidance for milling multistage fracturing ball seats on-site and realizing production with a large
diameter in later stages of multistage fracturing wells.

Keywords Multistage fracturing ball seat - Milling tool - Working performance - Tight oil - Experimental system - Single
abrasive grain

1 Introduction 2019a, b; Qu et al. 2019). As a typical kind of unconven-

tional resources, tight oil has recently taken on great sig-

With the rapid development in exploration technology,
unconventional oil and gas resources, such as tight gas, tight
oil, and shale oil, have been successfully developed all over
the world (Zhang et al. 2016; Zhao and Hou 2017; Li et al.
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nificance in global hydrocarbon exploration, which is also
seen as the major force to replace conventional resources and
support energy revolution (Zhao et al. 2017; Cai et al. 2019;
Longde et al. 2019; Sun et al. 2019). To be more specific,
tight oil refers to the oil preserved in tight sandstone or tight
carbonate rocks with overburden pressure matrix permeabil-
ity less than or equal to 0.1 x 10~um? (Zou et al. 2015). And
multistage fracturing technology has been recognized as the
main stimulation technology for the development of tight
oil (Zhang et al. 2015; Hu et al. 2017), which is also helpful
to create or extend many complex fracture networks along
a long wellbore (Li et al. 2017; Cheng et al. 2019a, b). So,
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the successful application of multistage fracturing technol-
ogy has boosted oil production and improved exploitation
economics from tight oil obviously in the last decade (Wang
et al. 2018; Li et al. 2019a, b).

As one of the most crucial multistage fracturing tech-
nologies, the ball and seat multistage fracturing technology
has significantly contributed to the development of tight oil
(Zheng et al. 20164, b). The multistage fracturing ball seat,
which is utilized to seal the ball, is the key component in
multistage fracturing systems (Liu et al. 2020). In order to
achieve the secondary production of multistage fracturing
wells, the multistage fracturing ball seat should be milled
clean by milling tools to remove wellbore blockages and
form wellbore with a large diameter. As shown in Fig. 1,
force F, known as the weight on bit (WOB), and torque T
are applied to the milling tool firstly, and then the milling
tool starts to rotate under a certain pressure. Due to the large
number of cemented carbide grains arranged on the bottom
of the milling tool by welding, the fracturing ball and frac-
turing ball seat would be milled clean by the milling tool. As
the material of the ball seat is usually very hard to withstand
the erosion of fracturing fluid, it is difficult to mill it out
efficiently and safely (Zheng et al. 2015, 2016c). In order
to select the milling tool that is more suitable for milling
multistage fracturing ball seat, it is important to evaluate the
working performance of different milling tools.

As for the analysis and evaluation of milling and drilling
tools, in the previous studies, experts and scholars in related
fields have carried out a lot of research. Ajibose et al. (2015)
studied drillbit—rock interaction via conical and spherical
indentation of rocks. Lundberg determined the optimal inci-
dent wave shape maximizing the efficiency of wave energy
conversion to work at a drill bit (Lundberg and Collet 2015).
Kivade et al. (2015) carried out detailed studies to deter-
mine the influence of rock properties on the penetration rate

Milling tool

Fracturing ball

Fracturing ball seat

Fig. 1 Milling process of multistage fracturing ball seat

@ Springer

during pneumatic drilling. Hashiba et al. 2015 investigated
the impact penetration behavior of the button bit in labora-
tory tests and developed an impact penetration tester built
from the same components. Miyazaki et al. (2016) per-
formed percussion drilling tests on hard and highly abrasive
granite in a laboratory using PDC and WC—Co percussion
bits to evaluate their drilling performance. Munoz et al.
(2016) carried out a series of cutting tests using a single
PDC cutter at three different back-rake angles and uniaxial
compressive tests on different rock types to quantify the
intrinsic specific energy and strain energy. Che et al. (2016)
formulated a cutting theory to analytically explain how rock
interacts with PDC cutters in a simple cutting configura-
tion—linear cutting and conducted comprehensive linear rock
cutting tests on a newly developed rock cutting facility. Che
et al. (2017) presented an experimental study of the cutter’s
cutting performance and the rock’s failure behaviors on a
newly developed linear rock cutting facility to investigate the
influences of process parameters and the rock’s mechanical
properties on chip formation and force responses. Rostam-
sowlat (2018) carried out an extensive and comprehensive
set of cutting experiments on two sedimentary rocks using
a state-of-the-art rock cutting equipment and various blunt
cutters. Shi et al. (2018) proposed a new drilling method
called coiled tubing partial underbalanced drilling (CT-
PUBD) and presented predictions of hole cleaning effi-
ciency, drilling speed, cuttings migration, and pressure loss
in the drilling process based on numerical simulation and
full-scale experimental studies. Peng et al. (2019) carried out
the experimental study of drilling basalt with small-diameter
cemented carbide triangular bit and diamond trepanning drill
and established the drilling thrust force models of basalt
drilled by cemented carbide triangular bit and diamond tre-
panning drill, respectively. Zhang et al. (2019) used the finite
element to simulate the thermal—structural coupling of the
rock breaking process of the full-sized PDC bits and verified
the accuracy of the simulation analysis method by experi-
ment. Chen et al. (2019a, b) studied the integrated effect of
double cutters on cutting rock and built a cutting model to
study the integrated effect of double cutters. Cheng et al.
(2019a, b) proposed a new analytical model of rock cutting
force and failure surface based on the stress state calcula-
tion of each micro-unit inside the rock. Chen et al. (2019a,
b) studied the influence of poroelastic effects on MSE dur-
ing the rock cutting process and conducted cutting tests on
Torrey Buff sandstone and Carthage marble to verify the
poroelastic effects in cutting process. In summary, at present,
researchers mainly analyze the process of cutting rock to
complete the analysis and evaluation of the drill bit. The lack
of analysis about the working performance of milling tools
for multistage fracturing ball seats has led to the fact that the
working performance of different milling tools is not clear
now. At the same time, the lack of experimental equipment
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for the study of milling tools for multistage fracturing ball
seats makes it impossible to conduct experimental analysis.

In this paper, first of all, the mechanism analysis of the
working process for cutting the metallic material of mul-
tistage fracturing ball seats by carbide abrasive grains on
the milling tool was conducted, and then the experimen-
tal equipment for different milling tools was developed.
Besides, efficiency, safety, and wear resistance evaluation
of different milling tools were carried out. At the same
time, the surface morphology and chip morphology after
the experiment were analyzed. The experimental study on
the working performance of different milling tools for mul-
tistage fracturing ball seat provides theoretical guidance for
field construction, which is of great significance for remov-
ing wellbore blockages and achieving more production at the
later stage of multistage fracturing wells.

2 Analysis of mechanical model
2.1 Model assumption

The process of milling multistage fracturing ball seats by
milling tools is essentially a process of cutting and removing
the material of multistage fracturing ball seats by the abra-
sive grains at the bottom of the milling tool. According to
the working process of milling ball seats, a mechanical anal-
ysis model of single abrasive grain was established. Before
the analysis, the following assumptions needed to be made.

(1) The material is homogeneous.

(2) The shear plane develops along the shear angle ¢ to the
free plane.

(3) The normal stress and shear stress are evenly distrib-
uted.

(a)

Contact surface

(b)

Ball seat

(4) Ignore the wear and passivation effects of abrasive
grains.
(5) Ignore the effects of string oscillation.

2.2 Solution of mechanical model

The material of multistage fracturing ball seats undergoes
cutting deformation in a sliding manner under the extru-
sion of abrasive grains. With the cutting progress of abra-
sive grain, a cutting layer will form on the upper surface of
the multistage fracturing ball seat. When the shear stress
7 generated by abrasive grains is greater than the critical
shear stress 7, of ball seats, the material on the ball seat
will be cut off by abrasive grains. During the cutting pro-
cess, the resistance to the abrasive grains mainly includes
the resistance caused by elastic and plastic deformation of
the ball seat and the friction force of the contact section
(Sun et al. 2018). According to the model assumption, the
process of cutting the material of ball seats by abrasive
grains was simplified. The mechanical analysis model of
single abrasive grain is shown in Fig. 2.

The positive force F; and shear force F{ are on the
shear plane OB, and their resultant force is F,,. ABC and
DEF are the two shear side surfaces of the cutting layer,
and the shearing force on the shear side surfaces ABC and
DEF is F. ABED is the contact surface between the chips
and the abrasive grains. The normal force F; and friction
force Fy are applied to the contact surface ABED, and their
resultant force is F;.

According to the force balance formula, formula (1)
can be derived.

Abrasive
grain

B Shear side surface

Fig.2 Mechanical analysis model of single abrasive grain
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F—F cos® =0
F—F,sin®=0 (1)
Frs+Frf:O

where ®=@ + 6 — a, a is the front angle of abrasive grains,
@ is the shear angle, and § is the friction angle between the
abrasive grain and the ball seat. And the shear force F on
the shear plane OB can be obtained by formula (2).

bhr,
Fo= 2 )

sin @

where £ is the cutting depth, b is the width of abrasive grain,
and 7, is the critical shear stress of the ball seat.

From formulas (1) and (2), the resultant force F, on the
contact surface ABED and the normal force F, on the shear
surface OB can be obtained, respectively, by formula (3).

bh,
Frs = cos zD:in(p
_ bhr,sind (3)
F"S T cos@sing

The resultant force F,, on the contact surface ABED can
be projected along the normal direction of the cutting plane
and the direction of the cutting speed, and the normal force
F, as well as the cutting force F; of the cutting plane can be
obtained, respectively, by formula (4).

{ Fn — bht, sin(é—a)
cos @ sin @

z 4
Fd — bhr, cos(6—a) ( )

cos D sin @

In addition, the shearing force F on the shear side sur-
faces ABC and DEF can be obtained by formula (5).

2
_ Th

a tan @

s ®)

By formulas (3), (4) and (5), the normal force F,; and
the main cutting force Fy, of the single abrasive grain are
obtained by formula (6), respectively.

F = bhr sin(6—a)
nt cos @ sin @

F. = bhr, cos(6—a) Ts/’l2 (6)
de = cos @ sin @ tan @

As the abrasive grain on the milling tool performs a cir-
cular cutting motion, the annular diameter is defined as d,
and the torque M generated by the abrasive grain can be
obtained by formula (7).

bht,cos(6 — @) 7,h?
L5

_4d
T2 [cos((p+5—a)sin(p 7

tan @

It can be known from formula (7) that the torque of the
milling tool increases nonlinearly with the increase in cutting
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depth & of the abrasive grain and increases linearly with the
increase in cutting width b. Furthermore, the change of front
angle a of the abrasive grain leads to periodic fluctuations.

3 Experimental analysis

3.1 Experimental equipment

(1) Experimental system for milling tools

Due to the lack of an experimental system for testing the
working performance of different milling tools for multi-
stage fracturing ball seats, so an experimental system for
milling tools has been developed according to the actual
operating conditions of the construction site. The experi-
mental system can test the performance of the milling tools
at different speeds and WOB to complete the evaluation
of the working efficiency and safety of different milling
tools. The experimental system for milling tools is shown
in Fig. 3. This system is mainly composed of a milling tool
experimental bench, a frequency conversion module, a thrust
control module, and a data acquisition module. The milling
tool experimental bench mainly includes a power module,
a transmission module, and a milling module. The power
module includes a variable frequency motor, which mainly
provides power for the milling tool. The rotating speed of the
variable frequency motor is controlled by the inverter in the
frequency conversion module, and the milling tool is driven
to rotate by the transmission module. The transmission mod-
ule includes a reducer and a coupling. The reducer converts
the high rotating speed of the motor into low rotating speed
and increases the torque. The milling module is equipped
with the NC26 threaded joint, which can be connected with
different milling tools. Below the milling tool is a four-jaw
chuck fixture, which is used to clamp multistage fracturing
ball seats or workpieces of the same material. Below the
milling module is an electric cylinder. The thrust control
module can produce thrusts of different values and apply
them to the bottom of the milling tool through the four-jaw
chuck fixture to simulate the impact of different WOB on
the working performance of milling tools. In addition, the
upper end of the electric cylinder is equipped with a pressure
sensor, which can measure the pressure at the upper end of
the electric cylinder and adjust it through the feedback of
the PLC controller to control the output thrust within the set
value. Specifically, the adjustable range of output thrust is
0-20 kN, the adjustable range of output speed is 0—50 mm/s
and the adjustment stroke is 200 mm. The error between the
output value, such as the speed and the force, and the set
value is within 1%. The data acquisition module includes
a torque sensor, rotating speed sensor, pressure sensor, and



Petroleum Science

Saamia B cr

Data acqwsmon
module

an Laas

o > '
= i 2
E Experlmental SP'L =
bench

=3

Fig.3 Experimental system for milling tools

M400 data acquisition management software. The torque
sensor, rotating speed sensor, and pressure sensor are used to
measure the torque, rotating speed, and the WOB data dur-
ing the milling process in real time. The software of M400
data acquisition management collects instrument measure-
ment data through a computer serial port and it can display
the data in real time. At the same time, it can draw cor-
responding curves and export data to meet different needs.

(2) Different milling tools

According to the construction records of well 74-1HF in
Shengli Oilfield and considering the types of milling tools
commonly used to mill multistage fracturing ball seats of the
Sinopec Shengli Oilfield Company’s Petroleum Engineer-
ing Technology Research Institute, three types of milling
tools, including the flat milling tool, the blade milling tool,
and the slope milling tool, were selected to be tested by the
experimental system for milling tools. Besides, the working
performance of the milling tools was evaluated from three
perspectives of working efficiency, working safety, and wear
resistance, which was helpful to guide on-site construction.
For easy installation and comparison, the nominal outside
diameter of the experimental milling tool is 100 mm, and
the joint threads are both NC26. The structure of three dif-
ferent milling tools is shown in Fig. 4. Among them, the end
surface of the flat milling tool is mainly formed by irregular
cemented carbide abrasive grains. The whole end surface is
relatively flat and there is no obvious cutting edge, which
makes the working efficiency quite low. The end surface of
the blade milling tool is made of three blades. The blades

superimposed by irregular cemented carbide abrasive grains
form three complete cutting edges on the end surface of the
blade milling tool along the direction of rotation. The end
surface of the slope milling tool has a slope structure, and
the slope milling tool has three inclined cutting edges along
the direction of rotation.

(3) Material of multistage fracturing ball seat

As the multistage fracturing ball seat in the wellbore is faced
with large pressure of fracturing fluid and erosion from
fracturing sands, multistage fracturing ball seats are usually
made of wear-resistant materials. The chemical composition
analysis of the multistage fracturing ball seat provided by
Shengli Oilfield was performed, and the chemical composi-
tion of multistage fracturing ball seats is shown in Table 1.

At the same time, the mechanical properties of the mul-
tistage fracturing ball seat provided by Shengli Oilfield
were tested, and the mechanical performance parameters of
multistage fracturing ball seats are shown in Table 2. After
that, the microstructure of the multistage fracturing ball seat
was observed and the microstructure of the multistage frac-
turing ball seat was obtained as shown in Fig. 5. Through
the observation and evaluation of microstructure, it can be
seen that the main component of the multistage fracturing
ball seat is ferrite, of which the white part is ferrite and the
black part is spherical graphite. Besides, it also contains a
small amount of pearlite. To be more specific, the graph-
ite grade is 1-3 and the graphite length is grade 67, from
which it can be known that it is a kind of ferritic nodular cast
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(a) Flat milling tool

Fig.4 Structure of different milling tools

Table 1 Chemical composition of multistage fracturing ball seats

C, % Si, % Mn, % P, % S, Mg, %

3.35 2.55 0.31 0.040 0.011 0.035

Table 2 Mechanical performance parameters of multistage fracturing
ball seats

(b) Blade milling tool

Material properties Unit Value
Tensile strength MPa 510
Elongation % 7
Hardness HB 170-190
Yield strength MPa 500
Elastic modulus GPa 173
Poisson’s ratio - 0.30
Density kg/m? 7300

@ Springer

Rotation direction

(c) Slope milling tool

iron. Comprehensively consider the chemical composition,
mechanical performance parameters, and microstructure of
the multistage fracturing ball seat, it can be sure that the
material of the multistage fracturing ball seat is QT500-7.
So, QT500-7 was selected as the material of experimental
workpiece for the performance test of different milling tools.

3.2 Experimental process

Through the analysis above, QT500-7, as the same mate-
rial of the multistage fracturing ball seat, was selected as
the experimental workpiece. Then, three common milling
tools including the flat milling tool, the blade milling tool,
and the slope milling tool were tested by the experimental
system for milling tools. The specific experimental process
was as follows.
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(a) Multistage fracturing ball seat
Fig.5 Microstructure of the multistage fracturing ball seat

(1) Start the experimental system for milling tools

When the experimental system was started, to begin with,
the experimental workpiece was clamped by the four-jaw
chuck and the power switch of the variable frequency motor
was turned on. Then, the variable frequency motor started
to rotate and the rotating speed was adjusted by the fre-
quency conversion module to simulate the impact of the
rotating speed on the milling process. Besides, according to
the set thrust, the electric cylinder pushed the experimental
platform to move upward along the guide rail. When the
experimental workpiece contacted the milling tool, the pres-
sure sensor started to show real-time pressure. According to
the value of the pressure sensor, the thrust control module
adjusted the thrust through feedback adjustment system, so
that the output thrust of the electric cylinder was consist-
ent with the set one to simulate the impact of WOB on the
milling process. At this time, the data acquisition module
recorded the rotating speed, torque, and pressure to conduct
the experimental study of the working performance for dif-
ferent milling tools.

(2) Close the experimental system for milling tools

When the experimental system is closed, the “return to ori-
gin” button in the motor thrust control module is first turned.
At this time, the thrust motor rotates in the reverse direction,
and the thrust cylinder of the thrust motor is retracted to the
initial position, thereby driving the table to move down the
guide rail to Limit position, then turn off the power switch
of the frequency conversion motor, at this time the frequency
conversion motor stops rotating, and finally remove the mill-
ing sample to complete the experimental test of the working
performance of the milling tool.

(b) Microstructure of multistage fracturing ball seat

(3) Replace different milling tools

When changing different milling tools, first of all, the experi-
mental system for milling tools was closed, and the milling
tool for this experiment was removed. Then, the next milling
tool and the threaded joint were connected with a threaded
connection, and a new experimental workpiece was replaced
at the same time. After that, the experimental system for
milling tools was started to complete the experiment of
working performance for different milling tools. Accord-
ing to the above steps, the experiment of working perfor-
mance was completed for three commonly used milling tools
including the flat milling tool, the blade milling tool, and
the slope milling tool in order. The working parameters of
each milling tool were the same, including the experimental
WOB of 5 kN, the rotating speed of 60 r/min, and the mill-
ing time of 5 min. In order to ensure the reliability of the
experimental results, five sets of repeated experiments from
1# to 5# of each milling tool were conducted under the same
working condition parameters.

3.3 Processing experimental results

(1) Record the working torque of the milling tool

During the experiment of milling tools, the torque sensor
in the experimental system could record the working torque
of the milling tool in real time, and the data collection was
completed through the M400 data acquisition management
software. And the working torque could be displayed in real
time. Meanwhile, corresponding curves could be drawn and
the data could be exported to facilitate the analysis of experi-
mental results in the later period.

@ Springer
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(2) Record the remove mass of workpieces

The material of workpieces was the same as that of the
multistage fracturing ball seat. To facilitate clamping
and experimental test, the experimental workpiece was
uniformly processed into a rectangular parallelepiped
structure of 100X 100 X 50 mm. At the same time, the
mass of the workpiece before and after the experiment
was weighed by the electronic balance. The mass of the
experimental workpiece before and after the experiment
is shown in Fig. 6. The model of electronic balance was
METTLER TOLEDO ME2002E. And the readability was
0.01 g, the diameter of the weighing pan was 90 mm, and
the interface was RS232, which met the precision require-
ment for the mass change of the experimental workpiece.

(3) Record the wear mass of milling tool

Relying on the experimental system for milling tools, the
experiments of three types of milling tools, including the
flat milling tool, the blade milling tool, and the slope mill-
ing tool, were conducted. Also, the quality of the mill-
ing tool before and after each experiment was recorded
through the electronic balance. So, the wear quality of the
milling tool could be determined according to the quality
change of the milling tool in each experiment, which was
used as an evaluation index of the wear resistance of the
milling tool.

T
.

g
=

o

(a) Experimental workpiece

Fig.6 Mass of workpiece before and after the experiment
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(b) Mass before experiment

(3) Analysis of the surface morphology

In order to quantitatively analyze and evaluate the surface of
the workpiece after the experiment, the surface morphology
of the workpiece after the experiment was obtained through
the ultra-clear microscopic imaging system, and a 3D model
of the surface morphology of the workpiece was constructed
at the same time. The intelligent measurement mode was
used to accurately measure the surface shape of the work-
piece after the experiment. The model of the ultra-clear
microscopic imaging system was LY-WN-YH 3D SYSTEM.
This system could image different heights of the sample to
obtain plane pictures, and used the superposition of plane
pictures to build a 3D model as the surface morphology of
the workpiece after the experiment. The intelligent meas-
urement mode accurately measured the three-dimensional
space. The structure of the ultra-clear microscopic imaging
system is shown in Fig. 7.

4 Results and discussion
4.1 Morphology analysis of chips

The material QT500-7 of multistage fracturing ball seats
was milled by the experimental system for milling tools,
and the morphology and microstructure of the chips from
the experimental workpiece was analyzed. As a result,
the morphology and microstructure of the chips from the

(c) Mass after experiment
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Fig. 7 Ultra-clear microscopic imaging system

experimental workpiece are shown in Fig. 8. As the mor-
phology and microstructure of the chips obtained by dif-
ferent milling tools in the five sets of repeated experiments
from 1# to 5# were consistent basically, the morphology
and microstructure of the chips were mainly related to
the material of the workpiece. From the morphology of
the chips after the experiment as shown in Fig. 8a, chips
of the experimental workpiece are mainly fine powder
with relatively uniform grain size. It can be seen from
the microstructure of the chips in Fig. 8b that the chips
are irregular grains and the grain size is mainly between
10 pm and 50 pm. Milling the material of multistage frac-
turing ball seats produces a large number of chips with
small volume when compared with milling other junks
in oil wells. Therefore, the chips of multistage fractur-
ing ball seats should be pumped up to ground at the field

construction site of well servicing with a small pump pres-
sure and a large displacement.

4.2 Surface topography analysis

As shown in Fig. 9, the surface morphology of the work-
piece after the experiment was acquired by an ultra-clear
microscopic imaging system, and then the surface morphol-
ogy of the milled surface on the workpiece was analyzed.
The workpiece after the experiment is shown in Fig. 9a,
from where it can be seen that there are some annular cuts
on the surface of the workpiece after the experiment and the
cuts at different positions have different cutting depths. It
shows that these abrasive grains of the milling tool are not
on the same plane, which results in different stress condi-
tions of each abrasive grain and different cutting depths.
Also, from the microstructure of the workpiece shown in
Fig. 9b, after the experiment, a cylinder appears in the center
of the workpiece surface and the diameter of the cylinder
is about 2 mm. That is to say, a zero point of cutting speed
occurs in the work process of the milling tool, which causes
the material at that position to remain uncut condition. As
a result, the cylinder at the center of the workpiece will
become a support point that prevents the milling tool from
milling downward and ultimately affects the working effi-
ciency of the milling tool. To better analyze the influence
of the cylinder at the center of the workpiece, the surface
topography of the central pivot was obtained through an
ultra-clear microscopic imaging system and combined with
3D imaging technology. The surface topography image of
the workpiece in the area was obtained as shown in Fig. 9c.
The image can accurately measure the depth of cuts at dif-
ferent positions through the intelligent measurement mode,

(a) Chips after experiment

Fig.8 Chip morphology and microstructure

(b) Microstructure of chips

@ Springer
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(a) Workpiece after experiment

Fig.9 Surface morphology of the workpiece after the experiment

which is convenient for the quantitative analysis and evalu-
ation of the surface morphology of the milled surface from
the workpiece after the experiment. And at the same time,
the impact of the central pivot at the center of the workpiece
surface was analyzed.

The experimental results show that the surface contours
of the workpieces obtained by the same milling tool in five
sets of repeated experiments from 1# to 5# were basically
the same, but the surface contours of central pivots formed
by different milling tools were different, indicating that the
surface morphology of the workpiece was related to the type
of the milling tool. Then, the workpiece surface topography
image in Fig. 9c was cut through the center position, and the
surface contours of the central pivots formed by different
milling tools are shown in Fig. 10. Among them, the surface
contour of the central pivot formed by the flat milling tool
is shown in Fig. 10a. It can be seen from Fig. 10a that the
center position of the workpiece surface is not involved in
the cutting process, so it has the highest height. The outer
diameter of the center cylinder is 2120.97 pm, the cutting
depth on the left is 224.65 pm, and the figure on the right is
216.20 pm. The cutting depths on the two sides are incon-
sistent because the workpiece was not fully leveled when
clamping the workpiece. According to the previous mechani-
cal analysis model of single abrasive grain, the torque of the
milling tool will fluctuate with the fluctuation of the abra-
sive grain cutting depth. The surface contour of the central
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(c) Surface appearance of workpiece

pivot formed by the blade milling tool is shown in Fig. 10b.
The outer diameter of the center cylinder is 1938.12 pm,
the cutting depth on the left is 551.61 pm, and the figure on
the right is 635.47 pm. The surface contour of the central
pivot formed by the slope milling tool is shown in Fig. 10c.
The outer diameter of the center cylinder is 1782.34 pm, the
cutting depth on the left is 323.30 pm, and the figure on the
right is 428.06 pm.

In general, all three kinds of milling tools produce central
pivots, but the central pivot formed by the flat milling tool
has the largest outer diameter while that formed by the blade
milling tool has the highest height. As the abrasive grains on
the bottom surface of the milling tool are not on the same
plane, and the structure and shape of abrasive grains are
not the same, the cutting depth of each abrasive grain is not
consistent, which affects the working efficiency of milling
tools. Therefore, the carbide abrasive grains on the same
cutting edge of the milling tool should be arranged as evenly
as possible. Besides, during the working process of the mill-
ing tool, the uncut cylinder at the center of the workpiece
surface will become a support point that preventing the mill-
ing tool from milling downward and ultimately affecting the
working efficiency of milling tools. So, an eccentric struc-
ture is needed on the bottom surface of milling tools to avoid
the zero point of cutting speed that affects work efficiency.
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Fig. 10 Surface contours of the central pivots formed by different milling tools

4.3 Working safety evaluation

Since the magnitude and fluctuation of the working torque
directly affect the construction safety of the pipe string for
servicing, the working torque is used as the evaluation index
of the working safety of milling tools. The experimental
results show that the torque curves of the same milling tool
in the five sets of repeated experiments from 1# to 5# are
basically the same, while those of different milling tools
are different. So, the average torque of the same milling
tool in the five sets of repeated experiments from 1# to 5#
was calculated to show the torque curve of this kind of the
milling tool. As a result, the working torque curves of dif-
ferent milling tools are shown in Fig. 11a, and the average

value and standard deviation of working torque in the sta-
ble fluctuation range of different milling tools are shown in
Fig. 11b. In general, it can be seen from Fig. 11a that the
working torque curves of the three milling tools increase
rapidly at first and then become stable gradually in the end.
This is due to the effect of WOB; the abrasive grains on
the bottom surface of the milling tool gradually press into
the surface of the workpiece. At the same time, the cutting
depth /& and cutting width b of the abrasive grains gradually
increase. According to the analysis results obtained from
the previous mechanical analysis model of single abrasive
grain, the torque of the milling tool increases nonlinearly
with the increase in cutting depth & of the abrasive grain
and increases linearly with the increase in cutting width b.
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Fig. 11 Working torque of different milling tools

So, the torque of the milling tool increases rapidly at the
beginning. As the abrasive grains are further pressed into
the surface of the workpiece, the resistance to the abrasive
grains, including the resistance from the elastic and plastic
deformation of the workpiece and the friction of the contact
section, also increases roughly, which preventing the abra-
sive grains continue to be pressed into the surface of the
workpiece. At the same time, the cutting depth / and cutting
width b of the abrasive grains stop increase, so the torque of
the milling tool gradually stabilizes in the later stage.

Specifically, when the flat milling tool starts to rotate, the
torque of the flat milling tool increases rapidly at first and
reaches 13.23 N m at 0.5 s and then enters a stable milling
state from 0.5 to 3.0 s. The stable fluctuation range of work-
ing torque is 12.93-21.56 N m, and the average value of
working torque in the stable fluctuation range is 17.14 N m
with a standard deviation of 1.37 N m. The bottom surface
of the flat milling tool is made of irregular cemented carbide
abrasive grains by welding, and the overall surface is rela-
tively flat without a complete cutting edge. So, the cutting
depth & and the cutting width b are relatively small, which
results in the fact that the working torque of the flat milling
tool is very small and stable.

When the blade milling tool starts to rotate, the work-
ing torque of the blade milling tool increases rapidly and
reaches 25.65 N m at 0.5 s and then enters a stable mill-
ing state at the time of 0.5-3.0 s. The stable fluctuation
range of working torque is 25.11-40.13 N m, and the
average value of working torque in the stable fluctuation
range is 29.34 N m with a standard deviation of 1.50 N
m. Because the bottom surface of the blade milling tool
has three blades and these blades are made of irregular
cemented carbide abrasive grains by welding and the three
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edges of the three blades form three relatively complete
cutting edges, the cutting depth / and the cutting width b
are relatively large. Therefore, the working torque of the
blade milling tool is considerably large. But the three cut-
ting edges made of irregular cemented carbide abrasive
grains are not regular enough, which makes the working
process of the blade milling tool very unstable. So, its
fluctuation range of the working torque is relatively large,
which affects the construction safety.

When the slope milling tool starts to rotate, the torque of
the slope milling tool increases rapidly at first and reaches
21.25 N m at 0.5 s and then enters a stable milling state
at the period of 0.5-3.0 s. The working torque is generally
stable and the fluctuation range is 20.02-30.92 N m, and
the average of value working torque in the stable fluctua-
tion range is 22.50 N m with a standard deviation of 1.76 N
m. The bottom surface of the slope milling tool is a slope
structure and the front end surface of the slope structure
is made of regular cemented carbide abrasive grains. The
side edges of the front end surface on the slope form three
complete cutting edges, so the cutting depth / and the cut-
ting width b are relatively large. Therefore, compared with
the flat milling tool, the working torque of the slope milling
tool is larger. And because the three cutting edges are made
of regular cemented carbide abrasive grains, the working
process of the slope milling tool is relatively stable. There-
fore, compared with the blade milling tool, both the average
value and fluctuation range of the working torque of the
slope milling tool are small.

In general, in the process of cutting the material from the
multistage fracturing ball seat, the working torque of the
slope milling tool is 23.8% larger than that of the flat milling
tool and 30.4% smaller than that of the blade milling tool.
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The working torque fluctuation range of the slope milling
tool is 20.8% larger than that of the flat milling tool and
37.8% smaller than that of the blade milling tool. There-
fore, the slope milling tool has the characteristics of moder-
ate torque and stable working conditions, which can better
ensure the safety of oil field construction.

4.4 Working efficiency evaluation

Since the remove mass of the workpiece under the same time
and the same working condition parameters can reflect the
working efficiency of the milling tool, the remove mass of
the workpiece is used as the evaluation index of the work-
ing efficiency of the milling tool, and the remove mass of
workpieces by different milling tools is shown in Fig. 12.
Among them, the five sets of repeated experiments from 1#
to 5# on different milling tools were carried out. As a result,
the remove mass of workpieces by different milling tools in
the five sets of repeated experiments from 1# to 5# is shown
in Fig. 12a, and the average value and variation range of the
remove mass of different milling tools are shown in Fig. 12b.
It can be seen from Fig. 12a that in the five sets of repeated
experiments from 1# to 5#, the remove mass of the slope
milling tool is generally greater than that of the blade milling
tool, and the remove mass of the blade milling tool is gener-
ally larger than that of the flat milling tool. Figure 12b shows
that as the most commonly used milling tool for milling
multistage fracturing ball seats in the Shengli Oilfield, the
average remove mass of the flat milling tool is only 101.87 g,
and the change range of that is from 95.56 to 105.67 g, so
the fluctuation range of the remove mass is within 6.2%. The
average remove mass of the blade milling tool is 183.24 g,
and the change range of that is between 172.33 and 192.87 g,

(a) 300
I:l Flat milling tool
- Blade milling tool
250 4 -
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Remove mass, g

200 4

150 -

100 A

50 -

0 -
1# 2# 3# 4# 5#
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Fig. 12 Remove mass of workpieces by different milling tools

so the fluctuation range of the remove mass is within 6.0%.
Compared with the flat milling tool, the working efficiency
of the blade milling tool improves by 79.9%. The average
remove mass of the slope milling tool is 215.01 g, and the
change range of that is between 205.49 g and 223.84 g, so
the fluctuation range of the remove mass is within 4.1%.
Compared with the flat milling tool, the working efficiency
improves by 111.1%, and the figure improves by 17.3% when
compared with the blade milling tool. It can be seen that the
slope milling tool has the highest efficiency in the process
of milling multistage fracturing ball seats.

Based on the analysis results of working efficiency, the
structural characteristics of different milling tools are fur-
ther analyzed as follows. Among them, the end surface of
the flat milling tool is mainly formed by irregular cemented
carbide abrasive grains. The whole end surface is relatively
flat and there is no obvious cutting edge, which makes the
working efficiency quite low. The end surface of the blade
milling tool is made of three blades. The blades superim-
posed by irregular cemented carbide abrasive grains form
three complete cutting edges on the end surface of the blade
milling tool along the direction of rotation. Similarly, the
cutting edge plays an essential part in the process of cutting
the material on multistage fracturing ball seats, so the blade
milling tool improves the working efficiency by 79.9% when
compared to the flat milling tool.

The end surface of the slope milling tool has a slope struc-
ture and the specific structure is shown in Fig. 13. Along the
direction of rotation, the front end surface of the slope struc-
ture is made of regular cylindrical carbide abrasive grains by
welding, and the other parts are made of irregular cemented
carbide abrasive grains by welding. Therefore, three com-
plete cutting edges are formed by regular cylindrical carbide
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(a) Slope milling tool

Fig. 13 Structural characteristic of the slope milling tool

abrasive grains, which play a major role in the process of
milling. So, when compared with the flat milling tool, the
working efficiency of the slope milling tool improves by
111.1%. Besides, the cutting edges of the blade milling tool
are horizontally arranged while the cutting edges of the
slope milling tool are inclined. This kind of slope structure
with inclined cutting edges is more suitable for milling the
material of multistage fracturing ball seats. Therefore, com-
pared with the blade milling tool, the working efficiency of
the slope milling tool improves by 17.3%.

The working process of the slope milling tool is further
analyzed below, and the working process of the slope milling
tool is shown in Fig. 14.

The working process of the slope milling tool can be
divided into the following four stages. In the first stage, the
regular abrasive grain at the front end surface of the slope
structure plays the main role of cutting. The material of
multistage fracturing ball seats is cut by the regular abra-
sive grain rapidly. At this moment, the working efficiency
of the slope milling tool is the highest. In the second stage,
the regular abrasive grain at the front end surface of the
slope structure begins to appear some failure phenomena
such as damage, gully, and crack, leading to the result that
the cutting edge of the regular abrasive grain is incomplete.
As aresult, the working efficiency of the slope milling tool
decreases gradually. In the third stage, the weld between
the abrasive grain and the substrate fails, resulting in the
fact that the regular abrasive grain at the front end surface
of the slope structure falls off from the slope milling tool.
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Therefore, the irregular abrasive grain at the rear end sur-
face of the slope structure is used to complete the process
of cutting. Because the irregular abrasive grain does not
have a complete cutting edge, the working efficiency of the
slope milling tool is the lowest at this time. In the fourth
stage, with the wear of the irregular abrasive grain at the
rear end surface of the slope structure, the regular abrasive
grain at the front end surface of the slope structure gradu-
ally comes into contact with the material of the multistage
fracturing ball seat and completes the process of cutting.
At this moment, the working efficiency of the slope milling
tool recovers to the highest, and a new cycle starts at this
point. Therefore, the slope milling tool with slope structure
and multiple layer structure of regular abrasive grains can
give full play to the efficient cutting performance of regular
abrasive grains. As the regular abrasive grain falls off in time
after failure and the regular abrasive grain on the next layer
starts the process of efficient cutting quickly, the slope mill-
ing tool has a higher working efficiency in a longer period.

4.5 Wear resistance of milling tools

Because the wear mass of the milling tool under the same
time and same working condition parameters can reflect the
wear resistance of the milling tool, and the wear resistance
directly affects the service life of the milling tool, the wear
mass of the milling tool is used as the evaluation index of
wear resistance, and the wear mass of different milling tools
is shown in Fig. 15.
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Fig. 14 Working process of the slope milling tool
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Then, the five sets of repeated experiments from 1# to
5# on different milling tools were carried out. As a result,
the wear mass of different milling tools in the five sets of
repeated experiments from 1# to 5# is shown in Fig. 15a,
and the average value and variation range of the wear mass
of different milling tools are shown in Fig. 15b. It can be
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seen from Fig. 15a that in the five sets of repeated experi-
ments from 1# to 5#, the wear mass of the flat milling tool
is generally lower than that of the slope milling tool and
the wear mass of the slope milling tool is generally lower
than that of the blade milling tool. Besides, Fig. 15b shows
that the average wear mass of the flat milling tool is only
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2.58 g, and the change range of that is from 1.94 to 3.22 g, so
the fluctuation range of the wear mass is within 24.8%. The
average wear mass of the blade milling tool is 5.23 g, and
the change range of that is between 4.23 and 5.86 g, so the
fluctuation range of the wear mass is within 19.1%. The wear
resistance of the blade milling tool decreases by 102.7%
when compared with the flat milling tool. The average wear
mass of the slope milling tool is 3.42 g, and the change range
of that is between 2.66 and 4.01 g, so the fluctuation range
of the wear mass is within 22.2%. Compared with the flat
milling tool, the wear resistance declines by 32.6%, and the
figure improves by 34.6% when compared with the blade
milling tool.

It can be seen that in the process of milling the material
of the multistage fracturing ball seat, the wear resistance of
the flat milling tool is the best while that of the blade milling
tool is the worst. The wear resistance of the slope milling
tool is fine, which is close to the flat milling tool. This is
because the contact area of the flat milling tool with the
workpiece is large, and the stress of a single abrasive grain
is relatively small, so the flat milling tool has the best wear
resistance. Besides, the cutting edge of the slope milling
tool is formed of regular cylindrical carbide abrasive grains
by welding, and the abrasive grains are relatively uniformly
stressed, so the wear resistance of the slope milling tool is
better than that of the blade milling tool.

5 Conclusions

This paper mainly studies the working performance of dif-
ferent milling tools for milling multistage fracturing ball
seats. Firstly, the working mechanism of milling tools for
multistage fracturing ball seats was studied and a mechani-
cal analysis model of single abrasive grain was established.
Then, an experimental system for milling tools was devel-
oped, and the experimental tests of three commonly used
milling tools including the flat milling tool, the blade mill-
ing tool, and the slope milling tool were completed in order
under the same working conditions. After that, the morphol-
ogy of chips and the surface morphology of the workpiece
after the experiment were analyzed to determine the working
mechanism of the milling tool. Finally, the working per-
formance of different milling tools was evaluated from the
perspectives of working safety, working efficiency, and wear
resistance, which provides a theoretical basis and guidance
for milling multistage fracturing ball seats on-site. This is
of great significance for removing wellbore blockages and
achieving more production at the later stage of multistage
fracturing wells. Specifically, the following conclusions
were obtained.
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(1) From the mechanical analysis model of single abrasive
grain, it can be known that the torque of the milling
tool increases nonlinearly with the increase in the cut-
ting depth of the carbide abrasive grain, and increases
linearly with the increase in the cutting width. Also,
the change of front angle of the abrasive grain leads to
periodic fluctuations.

(2) The result from the morphology analysis of chips shows
that the chips produced by the milling tool to remove
the material of multistage fracturing ball seats are
mainly fine powder with relatively uniform grain size.
Chips are irregular grains on the microcosmic scale,
and the grain size is mainly between 10 pm and 50 pm.
Compared with milling other tools in oil wells, milling
the material of multistage fracturing ball seats produces
a large number of chips with small volume. Therefore,
the chips of multistage fracturing ball seats should be
pumped up to ground at the field construction site of
well servicing with a small pump pressure and a large
displacement.

(3) The result of surface topography analysis shows that
there are some annular cuts on the surface of the work-
piece after the experiment and the cuts at different posi-
tions have different cutting depths. The cutting depth at
the analysis position varies from 216.20 to 635.47 pm.
Besides, a cylinder appears in the center of the work-
piece surface. All three kinds of milling tools produce
central pivots. The outer diameter of the central pivot
formed by the flat milling tool is the largest that can
reach 2120.97 pm, while the height of the central pivot
formed by the blade milling tool is the highest that
can reach 635.47 pm. During the working process of
the milling tool, the uncut cylinder at the center of the
workpiece surface will become a support point that pre-
venting the milling tool from milling downward and
ultimately affecting the working efficiency of milling
tools. So, the bottom surface of the milling tool should
be eccentric to avoid the zero point of cutting speed that
affects work efficiency.

(4) Under the working conditions that the WOB of the
milling tool is 5 kN, the rotating speed is 60 r/min,
the milling time is 5 min, and the workpiece is the
material of multistage fracturing ball seats; it can be
known that the working torque of the slope milling tool
is 23.8% larger than that of the flat milling tool and
30.4% smaller than that of the blade milling tool. The
working torque fluctuation range of the slope milling
tool is 20.8% larger than that of the flat milling tool
and 37.8% smaller than that of the blade milling tool.
Besides, the remove mass of the workpiece by the flat
milling tool is only 101.87 g. When compared with the
flat milling tool, the working efficiency of the blade
milling tool improves by 79.9% and the slope milling
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tool improves by 111.1%. The wear mass of the flat
milling tool is 2.58 g. Compared with the flat milling
tool, the wear resistance of the blade milling tool drops
by 102.7%, and that of the slope milling tool falls by
32.6%. Therefore, the slope milling tool has the charac-
teristics of moderate torque, stable working conditions,
the highest working efficiency, and fine wear resistance
that is close to the flat milling tool, which is preferably
used to mill multistage fracturing ball seats.
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