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Abstract

Introduction: High-speed and high-efficient machining is the inevitable development direction of
machining technology. The tool edge preparation can improve the life, cutting performance, and
surface quality of a tool and help to achieve high-speed and efficient machining. Therefore, precise
modeling and detection of the micron-level contour of a tool edge are crucial for edge prepara-
tion. The aim of this study is to provide the model and detect method of the prepared tool edge
radius.

Methods: The mathematical model of the milling tool trajectory is established through the
Matlab. The material removal model by single abrasive particle is established based on the energy
conservation principle and energy absorption theory. The material removal model by multiple
abrasive grains on the cutting tool edge is constructed using the statistical methods. The mathe-
matical model of the edge radius is established through the geometrical relationship. The milling
edge preparation contour detection system is setup based on the machine vision principle through
LabVIEWV software. Finally, the edge radius at different process parameters is determined by the
mathematical model and detection system, and the results are compared with the results of the
scanning electron microscopic measurement (SEM).

Results: Through the Comparison and analysis of the edge radius measured by the SEM and cal-
culated by the proposed model. The maximum error between the analytical results and SEM mea-
surements is |1.18 um, while the minimum error is 0.07 wum. Through the comparison and
analysis of the edge radius measured by the SEM and the edge detection system. The maximum
difference between the two methods is 2.71 wm, and the minimum difference is 0.31 um. The
maximum difference in percentage is 9.2%, and the minimum difference in percentage is 1.2%.
Discussions: The edge preparation mechanisms of a single particle and multiple particles on the
tool edge are explained. A mathematical model of the edge radius is established, which provides a
basis for a deeper understanding of the edge preparation effect. Based on the machine vision prin-
ciple, the prepared tool micron-level edge detection method is proposed. The histogram specifi-
cation method, median filtering, multi-threshold segmentation method, and Canny edge detection
operator are adopted to obtain the edge contour. The comparison result shows that the mathe-
matical model of the edge radius is accurate, and the proposed tool edge detection method is
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feasible, which lays the foundation for edge preparation and realization of high-speed and high-
efficient machining.
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Edge preparation, edge radius, drag finishing, modeling, machine vision

Introduction

High-speed and high-efficient machining is the inevitable development direction of
machining technology. The tool edge preparation can improve the process stability,
tool life, and surface quality changing the micro-contour edge and micro-morphol-
ogy, which helps to achieve high-speed and high-efficient machining. The precise
modeling and detection of the micron-level contour of a tool edge are crucial for
edge preparation.'

Different edge preparation methods are based on different mechanisms. The tool
edge preparation by using abrasive particles has the characteristics of good repeat-
ability, high quality, and low cost, and it is the most preferred edge preparation
method at present. In this edge preparation method, the tool edge preparation is
achieved through relative movement of the tool and abrasive particles, such as dia-
mond, cubic boron nitride (CBN), brown alumina, and SiC particles.2 So far, not
much research has been conducted on the action mechanism of abrasive particles
on the workpiece surface. The impact wear due to a single abrasive grain,® multiple
particles,* particles between the tool and a chip,’ abrasive water jets,® and semi-
fixed abrasive particles’ have been studied. The effects of the affecting parameters
of abrasive particles, such as type, size, and velocity, on the surface have been stud-
ied experimentally. However, there is less published research on the action mechan-
ism of dispersed solid abrasive particles on the workpiece surface.

The influence of edge preparation parameters on the edge radius has been
mainly studied experimentally. However, the edge preparation mechanism has not
been thoroughly studied yet. Uhlmann et al.® used the drag finishing method for
edge preparation of micro-cutting tools, the relationship between the preparation
time and the edge radius was investigated, and the influence law that relates the
edge radius and tool wear was studied through the cutting experiments, and it was
concluded that establishing a proper tool edge preparation could reduce tool wear.
Barletta et al.” used two kinds of abrasive particles with different sizes and experi-
mentally found that the planetary motion polishing method assisted by an abrasive
bed could achieve a better polishing effect than the centrifugal disk method in a rel-
atively short time. Sooraj and Radhakrishnan'® conducted a polishing experiment
on the drag finishing equipment assisted by an abrasive bed, and the influence of
the technological variables on the polishing effect was studied. The surface rough-
ness was reduced to 0.0267 wm under the optimum operating conditions.

Due to the micron level of a tool edge, there have been a few studies on the pre-
paration edge detection. Yeong adopted the subpixel boundary detection and pro-
posed a batch detecting method of the cutting edge radius. The error was reduced
by 3% compared to the Alicona 3D surface profiler.!! Ratnam proposed an
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accurate machine vision-based method for obtaining the edge radius. The maxi-
mum error was reduced by 3.7% compared to the contour projector test
results.'*'> Most tool detectors are based on machine vision. A variety of tool
parameters, including the rake angle, front angle, arc, and step surface, can be
measured by the UTS Tool Detection Equipment PG-1000 series detector. The
machine vision-based tool parameter measuring instrument has been developed by
the Alfred Zoller company, German. The repeated measurement accuracy reached
a few microns, and this instrument has been industrialized.'*

The forming mechanism and detection of the prepared edge are very complex.
The drag finishing method is adopted in this study. The mathematical model of the
milling tool motion trajectory is developed based on the characteristics of this
method. The mathematical model of material removal by a single abrasive particle
impacting on the cutting tool edge is based on the energy conservation principle
and energy absorption theory. The mathematical model of material removal by
multiple particles impacting on the tool edge is developed using the statistical
method while that of the edge radius is based on geometrical methods. In this
work, the hardware system of the milling tool edge detection system is established
using the machine vision. The software system, including the image filtering mod-
ule, image segmentation module, and Canny edge detection module, is developed
using the LabVIEW software. The detection method of a micron-level edge radius
is proposed. The suitability of the proposed modeling method for the dispersed
solid abrasive acting on a tool edge and the effectiveness in the micron-level edge
radius detection are verified by comparison with the edge radius measured by the
scanning electron microscope (SEM), which provides the basis for understanding
the wear mechanism of abrasive particles acting on the workpiece surface and opti-
mization of the tool edge preparation process.

Tool edge radius modeling
Tool edge preparation method

In this study, the drag finishing method is used for tool edge preparation. Besides
for edge preparation, the drag finishing method is used for workpiece polishing. A
dispersed solid abrasive consisted of walnut powder, brown corundum particles,
and silicon carbide particles mixed in a certain proportion is packed in the con-
tainer. Multiple tools are mounted on the spindle and they can move along a two-
stage planetary trajectory in the dispersed solid abrasive particles. In the drag fin-
ishing method, each tool undergoes both rotation and revolution movements. The
tool edge is prepared by the continuous action of the dispersed solid abrasive parti-
cles, thus removing micro-level defects and ensuring efficient and uniform edge
preparation. The milling tool moves along a predetermined trajectory while the
movements of the dispersed solid abrasive particles are random. Therefore, the
action of the dispersed solid abrasive particles on the cutting tool edge has a very
complex behavior, which requires thorough studying.



4 Science Progress

In the edge preparation process, the tool performs a two-stage planetary motion.
The simplified illustration of the two-stage planetary motion of the tool is displayed
in Figure 1. In Figure 1, the tool rotates around axis O; while axis O5 revolves
around axis O,, and axis O, simultaneously revolves around axis O;. Thus, the
rotation and revolution of all the tools are achieved. The mathematical model of
the milling tool tooth movement trajectory is given by equation (1), and it is shown
in Figure 2.

x = Ry X sin (wt) + Ry X sin (wyt) + R3 X sin (w3t)
y = R X cos(wt) + RyX cos(wyt) + R3X cos (ws3t)

(1)
where, w; denotes the rotational speed of axis O, around axis O, w, denotes the
rotational speed of O3 around O, w; denotes the rotational speed of the milling tool
tooth around Os; R; denotes the rotational radius of O, around O, R, denotes the
rotational radius of O; around O,, and R; denotes the tool rotation radius.

Material removal by single abrasive particle

The edge preparation process passivates the sharp and non-smooth edge of cutting
tools into a smooth arc of a certain shape. The edge contour of a tool is very com-
plex, and the tool edge size is of the order of microns. At present, the edge radius of
the arc contour is the evaluation criteria of the edge morphology of prepared tools.
The effects of edge preparation parameters on the edge radius and the effect of edge
radius on the cutting performance are studied. Thus, in order to obtain the opti-
mum size of the tool edge and effective edge preparation, the mathematical model
of the edge radius needs to be established, and the effects of the edge preparation
parameters on the edge radius need to be investigated.
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Figure I. Simplified illustration of the two-stage planetary motion during the edge preparation
process.
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Figure 2. The trajectory of the milling tool motion.

The impact of abrasive particles on the workpiece surface can lead to the plastic
deformation and indentation of the workpiece surface. When multiple particles
impact the workpiece surface repeatedly, the pitting is caused by erosion, and the
indentations are generated by the impacts overlap. After a certain period of time,
the workpiece surface becomes smooth, which represents the workpiece polishing
mechanism. When a two-stage planctary motion of the milling tool is carried out
in the barrel containing abrasive particles, the impacts of the abrasive particles
cause minute amount of material to be removed from the surface of the milling
tool edge. With the increase in the edge preparation time and change in the tool
trajectory, the abrasive particles along the trajectory impact the cutting tool edge
continuously. The volume of material removal from the cutting tool edge increases,
and finally, the sharp edge is completely removed, thus forming a smooth circular
arc of a certain shape and completing the uniform edge preparation of the cutting
tool. In this study, the material removal mechanism of a single abrasive particle
acting on the cutting tool edge is used to develop a material removal volume model
of multiple abrasive particles acting on the cutting tool edge using the statistical
method, and the mathematical model of the edge radius of the prepared tool is
developed using the geometry method.

As mentioned above, the material removal behavior of a dispersed abrasive on
the cutting tool edge is very complex. In order to simplify the model of the abrasive
action on the cutting tool edge, the following assumptions are made:

1. Abrasive particles are spherical and of the same size.
2. Section shape of the cutting tool edge is triangular.
3. After the edge preparation, the tool edge has a shape of a regular arc.

The energy conservation principle and energy absorption theory are adopted for
developing the material removal model of a single abrasive particle impacting the
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Figure 3. The impact of a single abrasive particle on the cutting tool edge.

cutting tool edge. The difference between the impact kinetic energy and the spring
back kinetic energy of a single abrasive particle, that is, the energy loss, is used for
the deformation of the cutting tool edge, according to the energy absorption
theory.

When an abrasive particle having a diameter d, and a mass m,, impact the cutting
tool edge at an impact velocity V, and at an impact angle «, the impact velocity V,
of the abrasive particle on the cutting tool edge can be decomposed into two com-
ponents, tangential velocity V,cosa and normal velocity V, sina. The impact of a
single abrasive particle on the cutting tool edge is presented in Figure 3. The impact
depth of a single abrasive particle on the cutting tool edge, denoted as 4, is pre-
sented in Figure 4.

When a single abrasive particle impinges on the cutting tool surface at speed
V,sina, the kinetic energy of initial impact E; and the rebound kinetic energy E,
can be respectively expressed by:

1
E = Ema(VaSina()2 (2)

1
E, = Ema(VaepSina)2 (3)

where ¢, represents the restitution coefficient of a single abrasive grain having a
mass m,,.

Considering that the kinetic energy loss is transformed into the deformation
energy, the restitution coefficient can be calculated as a ratio of the rebound velo-
city to the impingement velocity.
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Figure 4. The impact depth of a single abrasive particle on the cutting tool edge.

Based on the theoretical models developed by Johnson, the restitution coeffi-
cient of the abrasives can be expressed as a function of the impingement velocity,
mechanical properties of the work material, abrasive size, and abrasive density,'”
which is given by:

17(py)}

eP = 1 1L (4)
(Va)(p S (E”Y

where p, denotes the limiting value of the contact stress, p, denotes the abrasive

density, and E" denotes the equivalent elastic modulus at the contact interface, and

it is expressed as follows:

1 1 —v,2 1 —v,?

— = + 5
E E, E, (5)

where E and v denote the elastic modulus and Poisson’s ratio respectively; suffix a
stands for abrasive, and suffix w stands for a tool.

The impact force of a single abrasive particle on the cutting tool edge denoted
as F facilitates its penetration into the tool edge surface till the impact depth /. The
work done by the contact force F via penetrating through the material till the
impact depth /4 can be referred as the elastic work, and its results in erosion, which
is expressed as:

1
W= Fh (6)
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The impact force F can be expressed as a function of the contact area between
the abrasive particles and cutting tool edge and the Brinell hardness of the cutting
tool material, which is expressed as:

F = (wd,h)H, (7)

The depth of the impact wear can be derived based on the energy conservation
principle according to which the loss in kinetic energy is transformed into the defor-
mation energy of the cutting tool; thus, the penetration depth / can be calculated as
follows:

maV,2Sin*a(l — ey?)

W =
wd,H,,

(8)

The material removed by a single abrasive particle from the cutting tool edge
surface is regarded to be in the form of an approximately spherical segment with a
radius r, and height /4. Therefore, the removed material volume corresponding to
the action of a single abrasive particle on the cutting tool edge surface is the vol-
ume of a spherical segment, which is calculated by:

V, = wh <ra - g) 9)

Material removal by multiple abrasive particles

Using the previously presented material removal model of a single abrasive particle
on the cutting tool edge, the material volume removed by multiple abrasive parti-
cles on the cutting tool edge can be obtained when the number of abrasive particles
is known. In this study, the quantity of abrasive particles is considered to the abra-
sive particles swept by the cutting tool during the edge preparation process.

The length of the cutting tool trajectory in the abrasive barrel during the edge
preparation time that is denoted as 7 can be calculated by:

s= [ Vo + P (10)
0

where x.(¢) and y.f) denote functions of the preparation time that represent the
moving locus of the cutting tool edge.

During the edge preparation time 7, the differential form of the material volume
removed from the tool as it sweeps through the abrasive barrel can be expressed as:

dv, = L1.dS (11)

where L denotes the length of the milling tool, and /. represents the thickness of the
milling tool edge.

The total number of the abrasive particles that impact the cutting tool edge dur-
ing the edge preparation time 7 can be expressed as:
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Figure 5. The relation between the removed material volume and edge radius.

nr =n,V; (12)

where n, denotes the number of the elastic abrasive grains per unit volume in the
abrasive barrel, and it can be expressed as a ratio of the stacking density p,over the
mass of a single elastic abrasive:

n, = — (13)

The stacking density p, of the abrasive particles in the abrasive barrel is obtained
from the radius of the abrasive barrel, the total mass of abrasive particles, and their
accumulation height. Assume abrasive particles of mass M are poured into the bar-
rel of radius R,, and the stacking height of the abrasive particles is Hy. Then, the
stacking density of the abrasive particles can then be obtained by:

M

_r 14
R (14)

Pr =

Therefore, during the edge preparation time 7, the total volume of material
removed by multiple abrasive particles impacting the cutting tool edge can be
expressed as:

VwT = I’lTVW (15)

Mathematical model of cutting tool edge radius

The relationship between the edge radius of the cutting tool denoted as R and the
total volume of removed material is shown in Figure 5.

Therefore, the mathematical model of the edge radius of the cutting tool for an
edge preparation time 7 can be expressed as:
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VwT

sin?(B2=0) 1 (180°—6) (1800 79) }
+ —_— =
{ tan () 2 60 )7 L

R? =

(16)

Tool edge radius detection system
System hardware

Following the basic principles of machine vision and micron-level edge detection
accuracy requirements, a tool preparation edge detection system, including the
optical imaging system, mechanical system, and software system, is designed.

The optical imaging system mainly includes the OPT-RI5030-B ring light source,
FL2G-50S5M/C CCD (Charge Coupled Device) industrial camera, OPT-CC4M-
65 telecentric lens, and the glass material calibration plate. The theoretical imaging
field is 2.2mm X 1.65mm. Due to the reasonable collocation of the industrial cam-
era and telecentric lens, the theoretical imaging accuracy is 0.89 wm. The image
acquisition effect is improved by using the backlight illumination and low-angle
ring light source, which helps to achieve accurate edge detection of a prepared tool.

The fasten and specific movements of the hardware part are achieved in the
mechanical system. The prepared tool edge detection system is shown in Figure 6.
The mechanical system meets the optical imaging system principles, lighting theory,
and system calibration principle. It also meets the requirements of taking photos of
the milling tools with different diameters and different edges of the same milling
tool. The lead screw guide 1, 2, 3 can realize the relative movement between the
camera and milling tool in the three direction. The swallow grooves slide 4 can real-
ize the fine adjustment in the X direction. The relative motion between the milling
tool 12 and the ring light source 7 in the Z direction through the pulling rod 5.
While the circular crossbar 6 can realize the motion in the X direction. The rotation
of the milling tool can be achieved through the constant alignment coaxiality meter.
The calibration plate gripper 8 can realize the calibration of the tool edge.

1 Lead screw guide
'8 Calibration plate gripper

11Lens

10 Camera

Figure 6. The tool edge preparation detection system.
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The workflow of the prepared tool edge detection system is as follows. First, a
real, less-noisy image is obtained under even and stable illumination provided by
the ring light source to the milling tool edge and calibration plate. Then, the milling
tool edge images and the calibration plate images are captured by industrial cam-
eras and telecentric lenses. Finally, the software system based on the LabVIEW
software is developed to process the images. The milling tool edge is extracted, and
the micro-level edge contour is accurately detected by this system.

Image processing algorithm

The image acquisition process is inevitably disturbed by various noises. The col-
lected images include noise signals, which affects the extraction accuracy of image
contours. Therefore, the tool edge image needs to be processed in order to obtain
an accurate radius. The image processing method is as follows.

Histogram specification method. The image enhancement technology refers to the
enhancement of the whole or local characteristic purposely. The noise signal is sup-
pressed. The difference between the target signal and the surrounding environment
is enlarged. The recognizable effect of the human and the machine on the target
signal is improved. The spatial domain method directly changes the gray values of
all pixels in the image by a certain method to enhance the target characteristics of
the image. The histogram specification method is to enhance the contrast of the
image signal in a certain gray-value range to obtain a special histogram, which rea-
lizes the image enhancement effect.

Assume r, z, u, and v are random variables of a continuous image; Pr(r) denotes
the probability density function of the original gray image; Pz(z) denotes the prob-
ability density function of the desired gray image. The two probability density func-
tions are histogram equalization as follows:

u=T@)= Jr P.(w)dw (17)
0

v=_G(z)= Lpz(t)dt (18)

z=G'(v) (19)

The histogram specification method does not change the uniform density of an
image. Therefore, the uniform density of Pr(r) and Pz(z). v in inverse processes can
be replaced by u.

z=G '(u) = G [T (20)

where Z denotes the desired probability density function.
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Median filtering algorithm. The median filtering is a field calculation method com-
monly used in the image processing field, and it represents a nonlinear filtering
denoizing method. The median filtering can eliminate or weaken the high-frequency
components and impulse noise on target signal interference to protect the image
contour and other useful information and reduce the distortion of the effective sig-
nal. The image pixel represents a two-dimensional discrete function. The special
field of 3 X 3 pixels square window. Nine pixels in the window are sorted according
to the gray level. The gray value of the average gray level in the sequence is taken as
the gray value of the specific pixel point. The filtering effect is expressed as follows:

f(i.j) = Med,{g(i.j)} (21)

where 4 denotes the window, and {g(i, j)} represents a two-dimensional data
sequence.

Multi-threshold segmentation method. The multi-threshold segmentation method is a
simple threshold segmentation. Given two or more threshold values, different local
areas are segmented according to the gray level. Namely, in the case of two thresh-
old values, all gray pixel values between the two thresholds are replaced by a spe-
cific gray value P. Assume the gray image value at point (x,y) is g(x,y), and the
gray image value after the segmentation is f(x,y); and 7} and T,are the selected
threshold values; P;, P,, and P; denote the specific gray values after substitution.
The formula is as follows:

Py gle,y)<T
Fx,y)=q P, T1<gx,y)<Th (22)
P3 g(x,y)>T2

The image is divided into three regions corresponding to P;, P,, and P;3; if P,
equals P;, the image is divided into two regions.

Edge radius detection algorithm

Once a tool edge image is filtered and segmented, the edge profile extraction can
be conducted. The extraction method of the milling tool edge profile is important
to the edge detection system. In this work, the Canny edge detection operator is
adopted to extract the milling tool edge profile. The Canny edge detection operator
uses a two-dimensional Gaussian filter function for image filtering to eliminate the
image noise. The first-order partial derivative finite difference method is used to
obtain a smoothed gradient vector. The calculated gradient amplitude is non-
maximal value suppressed. The edge is connected through the dual-threshold
algorithm.'®!”
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Gaussian filter. The Gaussian function is filtered by applying the first derivative,
which is expressed as follows:

1 (x* + y2)>
Gx,y) = — - 23
(5y) = S exp< 552 (23)
The gradient vector corresponding to the Gaussian function is as follows:
et}
VG(x,y,8) = l o ] (24)
3
The two one-dimensional filters are split as follows:
aG x2 y2
— = kx -—— - 25
o exP( 262> eXp< 257 (25)
5 =wen(55)(-3)
— =kyexp| —= | exp| —— 26
5, Xp( 252) P\ 7 282 (26)
The function is convoluted with the two filter templates above:
IG(x,,9)
P = =T g(r) (27)
0G(x,y,0)
Py = —=—"g(x.y) (28)
y

where coefficient k is constant. The standard deviation o of the Gaussian function
is used to control image smoothness. The smaller the value of o is, the higher the
image edge location accuracy and the smaller the signal-to-noise ratio are, and vice
versa.

Gradient amplitude and direction angle calculation. The gradient vector is calculated
using a first-order finite-difference approximation in a 2 X 2 field. The partial deri-
vatives in the x and y directions denoted as Q.(i, j) and Q,(i, j) are respectively
calculated by:

0:(i.j) = (g(i + 1,j) —g(i.j) + g(i + 1,j+ 1) —g(i.j + 1))/2 (29)
Oy(i.j) = (glij + 1) —g(ij) + gli + Lj+ 1) —g(i + 1.)))/2 (30)

The magnitude M (i, j) and the direction 6(, j) are respectively obtained by:

Mi.j) = £/ Qi) + 0,00, (31)

Q}’(l’])
Ox(i.))

0(i,j) = arctan
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Figure 7. The tool edge radius detection interface.

Amplitude M (i, j) reflects the image edge strength, and direction 67, j) reflects
the edge direction of the image.

Non-maximal suppression. The larger the gradient magnitude image of array M (i, j)
is, the larger the gradient value of the image at the corresponding point is.
However, this does not mean that it is the image marginal point. Since the above
calculation is to find the abrupt point and change the abrupt point into the local
maximum value of magnitude M(i, j) only by narrowing the roof ridge in the
amplitude image, it is possible to determine whether it is the image edge point by
keeping the point with the largest local change in amplitude. This method is called
the non-maximal suppression, and it can suppress the amplitude of all non-ridge
crests and get a thinned image edge.

Double-threshold detection. The typical way for reducing the fake edge is to compare
the gradient magnitude to a selected threshold value 7. Also, the gray value of a
pixel whose gray value is below the threshold value 7 is zeroed. The double-
threshold method is proposed for the Canny edge detection. First, the high thresh-
old value T}, is determined, which is calculated by the cumulative statistical histo-
gram. Then, the low threshold 77 is determined, and its value is 7, = 0.4T},. A pixel
is the edge point if the gradient amplitude is greater than the high threshold 7}, so
a pixel is not the edge point if the gradient amplitude is lower than the low thresh-
old T}, and the pixel is not necessarily the edge point if 7,= T = T,. Further, a
pixel is an edge point if its adjacent eight pixels have a pixel amplitude greater than
the high threshold 77,; otherwise, the pixel is not an edge point.

Therefore, the milling tool edge profile is obtained by extraction using the
Canny edge detection operator.

As mentioned previously, the software of the prepared tool edge detection sys-
tem is based on the LabVIEW software. The tool edge points are extracted by the
image process method and Canny edge detection algorithm. The edge points are
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Table I. Main experimental parameters.

Parameter Silicon carbide Milling tool Brown alumina
Poisson’s ratio 0.14 0.3 0.24

Shear modulus (Pa) 430 610 400

Density (Kg/m®) 3200 1456 3900

then fitted to a circle by the least square method. The correspondence relationship
K1 between the true value and pixel value of the calibration plate is obtained by
the function IMAQ Calibration Target to Points - Circular Dots VI to. Then, the
tool edge profile image is calibrated by function IMAQ Set Calibration Info VI,
through which the actual value of the tool edge radius is obtained. The prepared
tool edge parameter detection system interface is shown in Figure 7. The prepared
tool edge radius is detected accurately.

Experimental results and analysis

In order to verify the correctness of the mathematical model of the cutting tool edge
radius and the validity of the detection system, the edge preparation experiment was
conducted by the drag finishing method. The experimental setup was as follows.

1. Equipment: The drag finishing equipment, shown in Figure 1, was chosen
for edge preparation.

2. Tools: The ZX40 tool was used as a cemented carbide milling tool. The rake
was 14°, and the relief angle was 15°. The edge length was 25 mm, the dia-
meter was 10 mm, and the total length was 75 mm.

3. Abrasive particles: The abrasive particles consisted of silicon carbide and
brown alumina; their parameters are summarized in Table 1.

4. Barrel size: The barrel radius was 200 mm, and the height was 500 mm.

5. Edge radius detection equipment: The high-resolution thermal field emis-
sion scanning electron microscope Zeiss SUPRA40 made in Germany was
used to measure the edge radius.

The experiment included two factors and three levels, in which the edge prepara-
tion speed was set to 20 r/min, 30 r/min, and 40 r/min, respectively; and the edge
preparation time was set to 15 min, 30 min, and 45 min, respectively. The drag fin-
ishing was used for edge preparation. The test and analytical results obtained using
the above-presented mathematical model, the detection system, and the scanning
electron microscope (SEM) are given in Table 2. The comparisons of the edge
radius are shown in Figures 8-10.

As presented in Table 2, the maximum error between the theoretical value and
the measured value of the edge radius was 11.18 wm while the minimum error was
0.07 pm. As seen from the figures, with the increase in the edge preparation time,
the number of impacts of the silicon carbide abrasive particles on the milling tool
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Figure 8. Comparison of the edge radius for the edge preparation time of 15 min.
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Figure 9. Comparison of the edge radius for the edge preparation time of 30 min.

edge also increased. Therefore, the volume of material removed from the milling
tool edge increased with a consequent increase in the edge radius. With the increase
in the edge preparation speed, the larger the impact speed of the abrasive particle
on the milling tool edge was, the greater the kinetic energy of the abrasive particles
was. The larger the amount of material removed from the milling tool edge was, the
greater the edge radius was. Therefore, with the increase in the edge preparation
time and speed, the edge radii obtained analytically as well as those obtained by the
SEM measurement showed an increasing trend. In fact, the abrasive particles were
not strictly spherical. The loss in the impact kinetic energy of the abrasive particles
was not completely used for material removal. Therefore, although there was a
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Figure 10. Comparison of the edge radius for the edge preparation time of 45 min.

certain error between the theoretical and experimental values of the cutting tool
edge radius, the variation trends of the theoretical and measured values matched
closely as can be understood. So, the mathematical modeling method of the edge
radius can be considered valid.

It can be seen from the table that the maximum difference between the detection
value of the scanning electron microscope (SEM) and the edge detection system is
2.71 pm, and the minimum difference is 0.31 wm. The maximum difference percent-
age between this system and the SEM test is 9.2%, and the minimum difference per-
centage is 1.2%.

Conclusions

In this paper, a mathematical model of the milling tool motion trajectory is devel-
oped based on the characteristics of the drag finishing operation used for edge pre-
paration. Subsequently, the material removal model of a single abrasive particle on
the cutting tool edge is designed based on the energy conservation principle and
energy absorption theory. On this premise, the mathematical models of the action
of multiple abrasive particles on the tool edge and edge radius are proposed using
statistical and geometric methods, respectively. The machine vision technology is
introduced into the prepared tool edge detection. Based on the basic principle of
the machine vision, according to the tool edge preparation characteristics, the pre-
pared tool micron-level edge detection method is proposed. The histogram specifi-
cation method, median filtering, multi-threshold segmentation method, and Canny
edge detection operator are adopted to obtain the edge contour. The micro-level
edge detection method is tested by comparison with the theoretic and SEM results.
The comparison results lay a foundation for optimization of the edge preparation
process and realization of high-speed and high-efficiency cutting.
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The main conclusions are as follows.

The edge preparation mechanisms of a single particle and multiple particles
on the tool edge are explained. A mathematical model of the edge radius is
established, which provides a basis for a deeper understanding of the edge
preparation effect.

The tool edge is prepared by the drag finishing method. Comparison and
analysis of the edge radii measured by the SEM and calculated by the pro-
posed model are conducted. The results show that with the increase in the
edge preparation speed and time, the edge radius increases. The maximum
error between the analytical results and SEM measurements is 11.18 pm,
while the minimum error is 0.07 wm, which verifies the correctness of the
mathematical model and the feasibility of the method.

The maximum difference between the two methods is 2.71 wm, and the min-
imum difference is 0.31 pm. The maximum difference in percentage is 9.2%,
and the minimum difference in percentage is 1.2%. The accuracy and feasi-
bility of the proposed prepared tool edge detection system are verified,
which provides the basis for further research on the tool edge preparation
and realization of high-speed and high-efficient machining.
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