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Abstract
Cutting edge preparation has become more important for tool performance. The micro-shape,
radius and surface topography of the cutting edge plays a significant role in the machining process. The
cutting edge of solid carbide end mills have some micro-defects after grinding. For eliminating

aforementioned problem, this study investigates drag finishing (DF) preparation for solid carbide
end mills reconstruct cutting edge micro-geometry. This paper is to present the design of DF
experimental set-up and analysis the characterization of various abrasive media (K3/600, K3/400,
HSC 1/300 and HSO 1/100) on the evolution of the surface /roughness along the cutting edge. In
parallel, the mechanism of material removal and the kinematics trajectory of the drag finishing are
presented. In fact, the form factor (also called as “K-factor”) of the cutting edge micro-geometry is
quantified. Comparing with four lapping media, the higher material removal rate (MRR) and the
lower surface roughness are obtained by HSO 1/100 abrasive process. The results show that the
cutting edge K-factor, MRR and surface topography are influenced by the abrasive particles size,
composition and process time. The cutting edge micro-geometry is measured through Scanning
Electron Microscopy (SEM) and 3D Optical measuring instrument.
Keywords: Drag finishing; abrasive medium; K-factor; kinematics trajectory; cutting edge
micro-geometry

1 Introduction
Cemented carbide tools have higher hardness and higher toughness, and have good
temperature wear properties, suitable for metal materials in recent decades. Solid carbide end mills
have a complex helical surface, and the irregular cutting edge take shape after grinding. Therefore,
cutting edge preparation is an indispensable manufacturing process in the tool grinding process. L
i et al. [1] analyzed the grinding process of helical groove of the solid carbide end mill, and
pointed out that the grinding parameters play an important role in the geometry of the end mills.
Denkena et al. [2] studied the influence of cutting edge microscopic geometry on tool wear and
life. The results show that the flank face wear and the cutting edge rounding are positively
correlated in machining AISI4140, where the state of art cutting edge micro-geometry can be
determined according to the cutting parameters. Bouzakis et al. [3] reviewed the influence of
cutting edge preparation on coated tools. The result was shown that the cutting performance
improvement was obtained almost by all edge preparations.
Solid carbide end mills composed of carbide and cobalt, high brittleness, formation of
micro-cracks, micro-chipping and sharp cutting edge after grinding. Karpat et al. [4] reported that
the sharp cutting edges were generally considered to be unfavorable for the cutting process
because of their low stability and poor impact resistance. The preparation of solid carbide end
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mills has become an indispensable process, in order to reduce edge chipping at the beginning of
the cutting process, increasing tool life and process reliability. Denkena et al. [5] reviewed several
studies on the cutting edge preparation methods and summarized cutting edge micro-geometry
how to influence the whole of cutting process.
Drag finishing (DF), mainly used for deburring, cutting edge preparation and high-demand
polishing [6]. Uhlmann et al.[[7]-[8]] conducted experimental study the cutting edge preparation
of micro-milling tools using DF method，the results obtained the cutting edge radius range from
4.0 μm to 31.2 μm. The crucial factors affecting the cutting edge preparation is the abrasive media.
The typical motion of DF is the secondary planetary motion. The removal of material mainly
depends on the relative movement between the abrasive and the tool. During the second planetary
motion, Gillespie et al. [9] and Holzknecht et al. [10] were measured the final surface quality and
material removal rate (MRR) by the abrasive dynamics and the initial surface roughness of the
workpiece. Nguyen et al. [11] was studied Silicon carbide (SiC) abrasive, which has stable
chemical properties, high thermal conductivity, low thermal expansion coefficient, good wear
resistance, and can be used as abrasive medium. Quartz, the main chemical component of is SiO2,
which is an inorganic substance with very stable physical and chemical properties. Lee et al. [12]
used silica (SiO2) chemical mechanical polishing technology to establish a material removal
rate distribution model. The analysis included particle size, particle concentration, slurry flow
rate, density of the abrasive pad surface and chemical reaction. Abrasives were usually in the
form of hard mineral particles, which removed material by generating large local stresses and
strains on the surface of the part. Pellegrin et al. [13] characterized the shape and scale of
complex particles, using Euclidean three-space established the abrasion model. Uhlmann et al.
[14] used two different lapping medias (HSC 1/300 and H4/400) experimental investigations on
the preparation of four tool groups of micro end mills cutting edge geometry, the cutting edge
radius rβ and the cutting edge chipping possibility to control by the processing time tB. Sooraj et al.
[15] dedicated the important issues of cutting edge preparation about abrasive media, due to the
complex cutting tools and fixtures, cost-effectiveness, and surface finishing.
Cutting edge preparation is the interaction between the solid particles and the workpiece in
the slurry, leading to mechanical removal material from the surface of the workpiece. Mechanical
aspects of the interaction of a granule and a tool surface have been widely studied. Evans et al.
[16] reviewed the lapping and polishing process, and analysized the solid granules physical
removal material mechanism. Barletta et al. [17] established the basic mechanisms of solid particle
removal ductile metal workpiece material through fluidized bed assisted drag finishing.
Sundararajan et al. [18] defined the collision process between abrasive and workpiece as the
hypothesis of localization of plastic deformation. Brach et al. [19] according to the Hertzian contact
theory defined the erosion of ductile metal as the transformation from the collision energy of solid
particles to internal deformation energy. Mechanical aspects of the interaction of a granule and a
workpiece surface have been widely studied. Yang et al. [20] conducted experimental study the
alumina abrasive and garnet abrasive about the abrasive flow velocity and energy distribution in
cutting performance. Fowler et al. [21] reported that, the abrasive media, size, shape factor have
significant influence the tool cutting performance. With increasing particle hardness, the material
removal rate and surface roughness increased. Only by choosing the right medium can the desired
cutting edge micro-geometry and topography. Malkorra et al. [22] researched on the mechanism of
material removal aim to provide answers to the following questions: how surface topography

formation influenced by different abrasive processes, process parameters such as processing time
tB and rotation speed, commercially available abrasive media and the initial surface roughness Rz
of workpiece.
This article aims to provide a better understanding of mechanical removal mechanisms, with
special emphasis on the role of abrasive media. The correct choice of abrasive media is the key to
the success of obtaining uniform cutting edge micro-geometry and topography. Hopefully, this
paper will help provide some guidance on the tailored cutting edge preparations. According to
experiments, most of the available research is deterministic and/or statistical, but there is less
experience and less understanding of material removal and motion trajectory issues. Consequently,
this paper presents a detailed drag finishing preparation process with four-kind abrasive medium
in the mechanism material removal rate and the investigate the surface topography by SEM.
Nomenclature
K
From-factor
Sγ
Cutting edge segment on the rake face
Sα Cutting edge segment on the flank face
Aγ
Rake face
Aα Flank face
φ
Apex angle
dG
Abrasive grain diameter
nR
Rotational speed of the first-planetary motion
nH
Rotational speed of the first-planetary motion

rβ
rR
rH
S

β
Ar
θ
rs
Δr

Cutting edge radius
Sun wheel radius
Planetary wheel radius
Cutting edge rounding
Cutting edge wedge
Material removal area
Rotation angle
Initial cutting edge radius
Profile flattening

2 Materials and methods
2.1 Abrasives
In the process of cutting edge preparation, Steigerwald et al. [23] investigated the abrasive in
the slurry play a very important role in transferring mechanical energy to the machined surface. In
terms of metal cutting, the tools are used as industrial teeth. From the perspective of cutting edge
preparation, abrasive media can be understood as the teeth of the tool. They have no specific
geometric cutting edges, and can be distinguished by the high hardness with sharp edges and also
having good cutting abilities. Holzknecht et al. [24] were good description of the sharpness of
abrasive particles including roundness and apex angle. Nie et al. [25] obtained the abrasive
roundness model by enlarging the shape according to the estimation method in the literature. As
the size of abrasive particles increased, the sharpness of the apex angles of these particles
decreased, which reduced the cutting ability of the abrasives.
The abrasive of drag finishing with four different medium, namely K3/600, K3/400, HSC
1/300 and HSO 1/100 supplied by OTEC, Germany. The abrasive particles are observed by
magnifying 100 as shown in Fig. 1. K 4/600 and K 4/400 abrasives are mainly composed of
walnut shells, which are widely used because of its high cost performance and relatively low
wear and different sizes of walnut shells define different specifications. The above abrasives are
all added with polishing paste containing diamond particles (in the range of a few microns), which
are designed for rapid finishing and removal of large amounts of material. The HSC 1/300
abrasive in the experiments consists of 30 % silicon carbide (SiC) and 70 % walnut shell granulate
of K3/400 widely used as cutting edge preparation. The abrasive of HSO 1/100 mainly consists of
two components 50 % SiO2 and 50% walnut shell granulate of K3/400, its high hardness and

material removal have unique performance in the cutting edge preparation process, which is also
an important research in this paper. The physical properties of abrasive media are shown in Table 1.
To compare the differences in mechanical properties with abrasive during slurry, twenty end mills
were prepared with each abrasive for five end mills.

Fig. 1 Microscope images of abrasive particles

Table 1 Abrasive medium used for drag finishing
Analysis typical
Hardness
Density

[(kg/mm2]

[g/cm3]

Average diameter of grain [mm]

K 3/600

K 3/400

SiC

SiO2

1500

1500

2700

2400

3.0

3.0

3.2

3.6

0.4 ≤dG≤0.8

0.4 ≤dG≤0.8

0.4 ≤dG≤0.8& dSC≈0.2

0.8≤dG,dSO≤1.3

2.2 Cutting tool
Solid carbide end mills are produced by a ANCA TX7+ 5-axis CNC grinding machine. The
3D model of end mill is derived from the tool room grinding simulation software by ANCA as
shown in Fig. 2a. After grinding, the marks and irregular defects are significantly affect the tool
life. Irregular cutting edges micro-geometry increase the stress concentration in the cutting process,
leading to premature failure. Weinert et al. [26] investigated the grinding marks how to influence
the chip flow, and the higher friction temperature and chip compression were observed. Lv et al.
[27] reported that the size of W-Co grains correlated with a high degree of edge chipping, and the
tool substrate of cobalt proportion result into the cutting edge roundness. In this paper, the
uncoated solid carbide end mills with 8% Co and average grain size of WC particles was
measured to be about 0.6 μm was shown in Fig. 3. These end mills are in four flute, six-diameter
with hardness HV = 1.7 kN/mm2, supplied by Guohong tool system (Wuxi) Co., Ltd. The milling
tool geometric parameters were shown in Table 2.
The cutting edge micro-geometric characteristics are shown in the Fig. 2b. Zhou et al. [28]
reported that edge radius rβ is normally defined the rounded cutting edges. But the micro-shape of
cutting edge is actually not constant circle and cannot be characterized by only one parameter.
Denkena et al. [5] established more precise characterization method with four parameters Sγ, Sα,
Δr, φ are presented in Fig. 2b. It is defined as the form factor method.

Fig. 2 (a) Solid carbide end mill (b) K-factor of cutting edge characterization

Fig. 3 The grain size of Cemented carbide milling cutter

Table 2 Solid carbide end mills geometric parameters.
Parameter

Value

Shank diameter D

8mm

Tool diameter d

6mm

Number of teeth Z

4

Tool length L

55mm

Cutting edge length l

10mm

Helix angle β

40°

Radial rake angle γ

0°

Radial relif angle α

8°

Corner radius R

1mm

2.3 Drag finishing machine and parameters
For the cutting edge preparation of solid carbide end mills with rounding cutting edge, drag
finishing (DF) is an appropriate process. The DF machine was shown in Fig. 4a. DF-3 machine
was made by the company OTEC PRÄZISIONSFINISH GMBH, Straubenhardt, Germany. In this
drag finishing process, the milling tools fixed on holders and immersed in an abrasive lapping
medium. From the Fig. 4a, the tools move along the two-stage planetary motion trajectory through
the abrasive particles. The ability of material removal is the result of the relative movement
between the cutter and the abrasive. The spindle motor turns clockwise (red arrow) to drive the

coupling, causing the planetary motion to revolve in the same direction as the spindle motor. As a
result, the rounded cutting edge is prepared with the abrasive in both rotation nR and revolution nH.
The experimental analysis focuses on the cutting edge preparation by abrasive medium
K3/600, K3/400, HSC 1/300 and HSO 1/100, which enhance MRR on the cutting edge, it can also
achieve more efficient deburring and micro-defect. During the grinding process surface quality,
surface characteristics and surface texture of rake and flank face play an essential role in solid
carbide end mills performance. As Fig. 4c, the surface of the rake and flank face are obvious traces
of the grinding wheel and micro-defect are obvious near the cutting edge. After preparation by
HSO 1/100, the micro-defect and grinding lines disappeared as shown in Fig. 4d.
All of the applied end mills have been produced out of one production batch with uncoated in
Fig. 4b. The abrasives were listed in Fig. 1. The prepared cutting edges were labeled as Ei, where
“i” depends on the abrasive medium indices for all prepared end mills. The unprepared solid
carbide end mills E0 have an average cutting edge radius of rε= 3.35±0.58 μm. For the
investigations of four tool groups, each with five end mills were formed and each group has an
abrasive preparation. The process parameters are given in Table 3. For all preparation parameters,
the direction of rotor motion and the tools is clockwise for 1 minute and counterclockwise for 1
minute, and the total processing time is 20 minutes.
Table 3 Process parameters for drag finishing.
Parameters

Vlue

Group

Abrasive

Rotational speed of the rotor nR

30 [r/min]

E1

K 3/600

Rotational speed of the workpiece holde nH

50 [r/min]

E2

K 3/400

depth of immersion TE

20 [mm]

E3

HSC1/300

Processing time tB

20[min]

E4

HSO1/100

Fig. 4 DF process (a) DF machine (b) solid carbide end mills (c) cutting edge micro-defect after grinding (d)
cutting edge rounding after HSO 1/100 abrasive preparation

2.4. Cutting edge measurement
The edge geometry of all prepared solid carbide end mills are measured with Infinite-Focus
G5 microscope by ALICONA. The cutting edge micro-geometry was measured by built-in Edge
Master Module and through the 50 edge profiles. As Fig. 5, the green lines illustrates the fitting

data. The four cutting edges of each tool are measured, and the average value is calculated and
recorded. The entire cutting edge preparation process have a maximum deviation of 10% from the
specified nominal rounding as mentioned by [2].

Fig. 5 Cutting edge measurement using Alicona microscope

The cutting edge surfaces were optically scanned measuring instrument by Alicona G5. The
cutting edge chipping measurement is automatically set along the cutting edge in the Edge master
module. Cutting edge chipping and roughness precise measurement along the cutting edge.
Moreover, some measurements with physical surface quality (arithmetic average height Ra, total
height of profile peak and valley Rt and ten-point height Rz) have also obtained by Edge master
module. The value Rt reflects the largest chipping of the cutting edge. Solid particle abrasion and
surface roughness analysed on the cutting edge after process 20min. Composed by five roughness
profiles each, were performed on each sample, make sure the roughness profiles to be fixed in one
positions. Thus, ensures the same position of the each cutting edge after drag finishing, Ricardo
et al. [29] measured 2D-Roughness by profilometer. Scanning electron microscope (SEM) was
used to discover and identify the microscopic topography caused by various abrasive processing
on the tool surface.

3 Results and discussion
3.1. Material removal process of DF
3.1.1 Analysis of abrasion mechanism
A basic understanding of material removal mechanisms is essential for developing predictive
models and optimizing lapping processes. The function of solid particles in the slurry is to
physically remove materials from the surface of the end mill. Beaucamp et al. [30] studied shows
that the material removal (MR) model of hard and brittle materials involved brittleness and
ductility mechanisms, which depend on abrasive composition. Lin et al. [32] also verified this
study. Kato et al. [31] also explained that the process of MR was a complex mechanism because of
its nonlinear and dynamic nature. During the movement of the abrasive and end mills, the contact
between the particle and the cutting edge will only be established within a short period of time,
resulting in impact and energy transfer thereby smoothing the surface. The material removal
process largely depends on the mechanical action of the cutting edge and particles, as mentioned
by Hutchings et al. [33] and Lu et al. [34]. The mechanism of brittle material removal explained in
this paper is based on a detailed literature review Chiaia et al. [35]. Typical abrasive cutting and
material removal mechanism of drag finishing is shown in Fig. .

Fig. 6 Schematic illustration of the abrasive process

The impact removal mechanism of loose abrasive media on brittle materials in DF equipment
can be divided into two types: brittle fracture and plastic deformation. The former is similar to the
indentation of a hard indenter on brittle materials. It involves two main crack systems, in which
lateral cracks are responsible for material removal, while radial cracks lead to strength degradation
in Fig. 6 the red dotted line position. The latter is similar to the chip formation process in metal
grinding, which involves scraping, ploughing and chip formation, as mentioned by [36]. Some
assumptions based on the abrasive removal process are as follows
 The abrasive particles are spherical and harder than the workpiece material.
 The movement of abrasive particles will not undergo plastic deformation or brittle fracture.
 No chemical reaction occurs on the particles and cutting edge contact interface.
 The crater produced by the crack propagation and chipping in brittle material is similar
hemispherical in shape.
 The processes of adhesion and deformation energy loss are independent .
According to this hypothesis, all materials, regardless of their hardness and brittleness, will
undergo a transition from brittleness to ductile processing. Since the mode of deformation (plastic
or brittle) depends on the state of stress and not on the magnitude of the stress. It is difficult to
understand the local deformation caused by the material near the abrasion zone. The MR is based
on the amount of the kinetic energy of the solid particle impinged cutting edge equal to the energy
of deformation. Therefore, the deformation energy of the MR can be determined by the incident
energy of the solid particles thus, defined as:

I E  0.5mv 2 sin 2  1  e 2 

(1)

where v and m are the impinging particle speed and mass, α the impact angle, and e the
restitution coefficient, which, according to Johnson et al. (1985), can be estimated as follows:

e

1.7 y5/8 w

v1/4  a1/8  E * 

1/2

where  y  w is the yield strength of the milling cutter,

(2)

a the abrasive particle density, and

E * the equivalent modulus, that is:
1 1  va2 1  vW2


E*
Ea
EW

(3)

where Ea and Ew are the elastic modulus of abrasive particle and milling cutter, and νa and νw
are Poisson’s ratio Equation (3) provides an estimate of the material removal potential of solid
particles during slurring.
When the particle movement has a high and positive strain hardening capability (δσ/δε> 0,
σ=flow stress, ε=plastic strain), the plastic deformation beneath the abrasives spreads uniformly
for volume energy, as mentioned by Brach et al. [37] and Sundararajan et al. [38]. Conversely, if
the kinetic energy of the particle does not exceed the tool material's strain or work hardening
capacity (ie δσ/δε> 0), the deformation under the particle is immediately confined to the near
surface layer, leading to the formation of lip. Under this condition, the material deforms uniformly
until the critical strain of δσ/δε=0. When high than this critical strain, δσ/δε<0, so the plastic
deformation is localized to form a lip. As shown in previous studies [[39]-[40], the plastic flow
behavior of materials deformation can be easily obtained, and the critical strain (εc) formed by the
lip can be obtained. The following equations are related to flow stress (σ), plastic strain (ε) and
temperature (T)

  K  n 1  CT 

(4)

where K is the strength coefficient, n is the strain hardening exponent and C is a constant
characterizing the temperature dependence of the flow stress. The critical strain for localization
and hence lip formation (εc) is then obtained as
1/  n 1

 n  C T / K  
 c   W P W m

CTm



(5)

where n is strain hardening exponent, ρw is cutter material density, Cp-w and Tm are the specific
heat and melting point respectively of the abrasive and C is constant which has a value of about
0.5 for many typical metals, as reported by [41].
3.1.2 Drag finishing kinematics analysis

Fig. 7 Drag finishing motion analysis (a) Motion diagram (b) Milling cutter movement trajectory

The drag finishing is a typical equipment for preparing the cutting edge of round bar tools
and workpiece polishing as reported by [42]-[43]. The complexity of solid particle abrasion relies
on its rotational movement in fixed barrel and the material removal depends on normal and
oblique action. When the angular particles are impinged at an oblique angle, the friction between
the abrasive and the workpiece will introduce a high level of shear strain in the near-surface area
as reference [44]. The dispersed solid abrasive, consisting of K3/600, K3/400, HSC 1/300 and
HSO 1/100 in the container. The solid carbide end mills are clamped on the planetary wheel as

indicated in Fig. 4a, and the cutting edge is prepared by the continuous impact of the loose
abrasive particles, which eliminating micro defects and realizing an efficient and uniform cutting
edge preparation by drag finishing. The two-stage planetary motion of the tool is shown in Fig. 7a.
In Fig. 7a, ω1 is the rotation speed of axis O2 around O1, ω2 is the rotation speed of axis O3 around
O2, rR is the rotation radius of O2, rH is the rotation radius of O3, and rT is the tool rotation radius.
The pattern of a generic point on the outer surface of the milling cutter during its motion can be
accurately described by the following equations (6):


 rR   rH  i  
 
 x     rR   rH  i   cos   d gcos 
r
i



H




 rR   rH  i  

y
r
r
i
d


sin
sin




g







R
H

  r  i   
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(6)

With this particular motion, the tools movement trajectory by MATLAB 7.0 was shown in
Fig. 7b. An epitrocycloid trajectory ensures the maximum contact uniformity between the abrasive
and the tool surface, accordingly, the best performance of the drag finishing.
3.1.3. Material removal rate (MRR)
In order to characterize the precision removal process for cutting edge preparation, a
parameter can be defined that takes into account the volume of material removed, regardless of the
length of the cutting edge, and the number of five tools are processed simultaneously. The nominal
removal area Ar, as a parameter to determine the material remove in the preparation of the cutting
edge, is shown in Fig. 8. Ar represents the nominal initial radius rs transform final radius rβ formed
to remove the area of material. Considering the quantification of the cutting edge preparation
process, an expression to determine the nominal removal area of the material is proposed by [43].
For this expression, the change of radius (from rs to and the wedge angle β are considered. The
four abrasive removal capabilities are shown in Fig. 9.
The nominal removed area Ar, can be written as follows:

Ar =K   r 2  rs 2 
(7)
Where Kβ is:



sin 2  90°  
°
2    180  

- 
K 

2  180°
tan
2
Kβ is the coefficient as function of the wedge angle β

Fig. 8 Concept of nominal removed area Ar.


°
  sin 180   


(8)

Fig. 9 Material removal area of four abrasives with the time variation

3.2. Cutting edge characterization
3.2.1. Cutting edge K-factor parameters
The macroscopic and microscopic geometry defines the shape of cutting tool. The
micro-geometry characterizes the cutting edge, which is the transition between the rake face and
flank face to the cutting wedge. For the rounded cutting edge, the radius (rβ) is still a frequently
used to characterize the cutting edge micro-geometry. Generally, the fitting shape of the cutting
edge is not circular, and it is too simple to use a single parameter to characterize it. Denkena et al.
[5] established the form-factor method (also referred to as K-factor method), which more
accurately describes the cutting edge micro-geometry, it can be measured by the Alicona
Infinite-Focus microscope.
The K-factor of cutting edges are prepared by four-level abrasive medium on the process
time. For each section of lapping media, the average cutting edge rounding S calculated from
Edge Master module to fitting 50 edge contours. At the same time, the length of cutting edge Sα
and Sγ are introduced to measure the distance between the ideal sharp cutting edge and flank face
and rake face, respectively. The location of the tangent separation of Sα and Sγ largely depends on
the fitting area. The K-factor reflects the cutting edge with symmetry and asymmetry. As for
asymmetry cutting edge, (K < 1) defined as waterfall hone and (K > 1) defined as trumpet hone.
As for symmetry cutting edge defined as (K=1). Fig. 10 demonstrates the K-factor parameters
with four abrasives at process time 20min. It can be seen from the figure that the HSO 1/100
abrasive has the highest removal ability after processing time of 20 minutes, and it is an abrasive
that can be considered for large K-factor value. The scope of application of this abrasive will be
description in my article. At process parameters, nH =30rpm, nR =100 rpm and TE=30 mm, the
K-factor variation range from 0.9 to 1.2, because of the symmetrical cutting edge is a commonly
prepared parameter in the case of proportional clockwise and counter clockwise rotation. The
cutting edge rounding S values approximately range from 5 μm to 10 μm after process time 20
min. The stability of MR mainly comes from the consistency abrasive, while tolerances on the
cutting edge geometry and the positioning are somewhat relaxed. The micro-geometry and surface

finish depends on the size and component of the abrasive particle.

Fig. 10 K-factor by drag finishing for solid carbide end mills

3.2.2. Cutting edge radius
According to the research in the previous section, the symmetrical cutting edge is the main
goal of this paper. Although, the cutting edge radius rβ is too simplified, it is still very common in
practical applications. The accuracy of cutting edge depiction with a constant circle can be
increased by using a higher number of measured points.
The characterization accuracy of the cutting edge radius depends on the selection of the
measuring point, which determines the fitting constant circle. Benjamin et al. [45] and Wyen et al.
[46] were indicated that fitting algorithm was also a very important factor. The unprepared cutting
edges (rs) is range of 3 µm < rs < 5 µm. The abrasive removal process is shown in Fig. 9. By
calculating the mean value and standard deviation of all prepared cutting edge radius, it is possible
to evaluate the repeatability of abrasive process. The unprepared cutting edges have some micro
defects and grinding marks clearly visible on the rake and flank surfaces. All these edge defects
can cause large deviations in the measurement along the cutting edge and lead to reduced cutting
stability and tool life. It can be seen from Fig. 11, the cutting edges prepared by four abrasives
have prepared different cutting edge radius. Among them, the K3/600 abrasive prepared rβ is the
smallest, so that the normal distribution is dispersed, while the HSO1/100 abrasive obtains the
largest rβ, and the measured passivation value fluctuates less, which indicates that the prepared
cutting edge is more uniform. The cutting edge radii prepared by HSC1/300 and HSO1/100
abrasives are uniformly distributed, and the mean values are 12, 15 μm respectively. Because of
SiC has a higher hardness, adding 50% fine grain SiC to K3/400 walnut powder has a higher
abrasion ability to obtain a larger edge radius. Regarding the application of four abrasives, the
abrasives should be tailored specific processing materials and working conditions.

Fig. 11 Cutting edge radius after abrasive process.

3.3 Surface topography
3.3.1 Abrasive process
As we all know, the preparation of the cutting edge is not only a process of changing the
cutting edge geometry, but also a process that modify the surface topography. Fig. 12a depicts a
schematic diagram of microscopic damage such as burrs and chipping. The abrasive in DF plays
an important role in transferring mechanical energy to the smooth surface reported in [7].
Commonly used abrasives are HSC 1/300, H4/400 and M4/400 is one of the most popular
abrasive used for preparation the cutting edge. The surface roughness variation caused by the
interaction of solid particles and the cutting edge surface are evaluated by quantifying the c
parameters Ra, Rz and Rt. In the DF finishing process, the abrasion caused by plastic
deformation/indentation or micro-cracks in the case of brittle materials is regarded as a
hemispherical volume, as shown in Fig. 12b. As shown in Fig. 12c, multiple abrasive particles
overlap the cutting edge, resulting in a smooth surface and rounded cutting edge as seen Fig. 12d.

Fig. 12 Schematic diagram of surface smoothing process (a) cutting edge micro-defect after grinding (b) Single
abrasive impact (c) multiple, repeated impacts of abrasive impact (d) smooth surface after certain process time

3.3.2 Cutting edge surface roughness
This section mainly analyzes the cutting edge surface roughness prepared by the four kinds of
abrasives. Denkena et al. [5] studied shown that the surface roughness of the cutting edge is very
important for the chip flow, cutting force and temperature distribution in the cutting area,
especially for coated cutting tools. Therefore, evaluation of the cutting edge surface quality after

four kinds abrasive mediums prepared cutting edge roundness is of great significance. In this way,
successive cross sections of the cutting edges roughness can be monitored, variation of average
roughness Ra, Rz and Rt, after drag finishing can be estimated. Out of the large number of
experiments conducted, 2D profile of cutting edge is selected relatively stable cutting edge of
solid carbide end mill, as presented in Fig. 13. The measurement of the edge chipping has been
summarized in Fig. 14. As the size of the larger rounding increases, the chipping Rt decreases. The
error bars in the figure are represent the standard deviation of the measurements. In order to prove
the repeatability of the microscopic geometry, the cutting edge prepared by each abrasive was
measured three times.

Fig. 13 The cutting edge roughness measurement (a) cutting edge 3D topography; (b) cutting edge 2-D profile

Notably, the roughness Ra and Rz decrease with different abrasive. Since the removal of
material depends on the interaction between the tool and the solid particles of the abrasive, the
height and distance between the peaks are significantly decreased. This is due to the solid abrasive
is squeezed to remove micro-defects on the cutting edge surface and removes surface peaks in
each process. As explained by the previous theory, Uhlmann et al. [14] studied clearly proven the
effectiveness of elastic abrasion. The critical values of Rt after a processing time of 20 min are E0:
3.5±0.1μm, E1: 1.8±0.85μm, E2:1.36±0.53 μm, E3: 2.0±0.53 μm and E4: 0.9±0.53 μm,
respectively. This is due to the removal ability of different abrasive media, include abrasive
geometry, composition and kinetic energy vibration and fluctuations in the abrasion process.

Fig. 14 Average cutting edge chipping Rt after drag finishing

Fig. 1 Cutting edge roughness Ra and Rz

In Fig. 15, the surface roughness of the cutting edge prepared by K3/600, K3/400, HSC 1/300
and HSO 1/100 abrasives are measured. Experimental results show that the abrasive HSO 1/100
mixed SiO2 abrasive 50% exhibits a smaller average surface roughness (Ra). Denkena et al. [2]
recognized as the solid carbide end mills was a form of brittleness removal during the cutting edge
preparation process, and the surface is smoothed on and around the cutting edge. The surface
roughness value of all prepared cutting edges are lower than the unprepared edge. It can be
observed that cutting edge roughness decreased by HSC 1/100 abrasive medium preparation. It is
due to the larger material removal ability, the micro-defect disappeared with increasing the cutting
edge radius and obtained the better surface quality.
3.3.3 Cutting edge micro-topography
In order to further analysize the influence of drag finishing on the surface structure of solid
carbide end mills, SEM was used to measure the cutting edge morphology using EVO 18 Zeiss.
Solid carbide end mills are prepared by four-abrasive in Table 3. As mentioned by Bouzakis et al.
[3] and other reletive work Ricardo et al. [29], sharp cutting edge of solid carbide end mills
without drag finishing treatment have irregular shapes and micro defect as shown in Fig. 12a.
Cutting edge micro-topography describes the surface structure of the cutting edge, as shown in Fig.
16. Corresponding SEM-supported investigations, the rake face and flank face and near the cutting
edge were smoothly after HSO 1/100 abrasive prepared E4 group end mills, no obvious signs of
micro-breakages and consistent cutting edge micro-geometry was obtained. By observing other
abrasives to prepare the cutting edge, the micro morphology of the cutting edge have not been
well improved. Comparing K3/600, K3/400 and HSC1/300 abrasives to prepare solid carbide end
mills E1, E2 and E3, the cutting edges micro geometry and topography structure are all processed,
but the grinding track is still clearly visible on the rake face. As we all know, the roughness of the
rake face was greatly significant the chip flow and the quality of cutting edge and thus affects the
tool life. This paper researches the process of abrasive to prepare the cutting edges, but for coated
tools, it is necessary to combine the tool coating tailor the preparation technics enforce its
performance. In the future, the interaction between the cutting edge and the combination tool wear
and life will respect to the attention of scientists.

Fig. 16 SEM micro-graphs of four prepared solid carbide end mills

4. Conclusions
This article details the cutting edge preparation using four-abrasive medium prepared solid
carbide end mills by drag finishing on the mechanism of movement trajectory, material removal,
cutting edge characterization, and surface topography. In this work, the efforts were made to
analysis four abrasive to prepare the complex solid carbide end mills using drag finishing are
listed below:
 The mechanism of material removal and trajectory motion by drag finishing with
two-stage planetary motion was obtained. Material removal volume Ar uses 4 abrasives
(K3/600, K3/400, HSC 1/300 and HSO 1/100 ) to analyze the ability of removal material
after process time 20 min.
 Geometric characterization shows the ability of the four-abrasive medium using drag
finishing process to produce uncoated solid carbide end mills for different shapes and sizes



(average cutting edge rounding S ranges from 5 to 10 μm). The K-factor parameters with
Sα, Sγ, K and cutting edge rounding S were measured by Edge Master Module.
The abrasive HSO 1/100 has obtained the highest cutting edge radius rβ with 15μm and the
measurement data is analyzed by Gaussian fitting. The smaller the σ, the more
concentrated the edge radius, in other words, more scattered, the variance u determines the
size of the cutting edge radius.



The cutting edge surface roughness and topography were investigated with four abrasive
preparation. The cutting edge chipping Rt reflects the cutting edge micro-defect, and
determines the quality of the cutting edge. Compared four-abrasive HSO 1/100 has a good
abrasive in the preparation of cutting edges, so as to obtain better smoothness.
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