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Abstract: Titanium alloys are widely used in various fields, but milling titanium alloy materials often
leads to problems such as high milling forces, increased milling temperatures, and chip adhesion.
Thus, the machinability of titanium alloys faces challenges. To improve the milling performance
of titanium alloy materials, this study analyzes the effective working area on the surface of the
milling cutter through mathematical calculations. We design micro-grooves in this area to utilize
their friction-reducing and wear-resisting properties to alleviate the aforementioned issues. The
effective working area of the ball end milling cutter’s cutting edge is calculated based on the amount
of milling and the installation position between the milling cutter and the workpiece. By observing
the surface structure of seashells, micro-grooves are proposed and designed to be applied in the
working area of the milling cutter surface. The impact of the micro-groove area on the milling cutter
surface and spindle speed on milling performance is discussed based on milling simulation and
experimental tests. Experimental results show that the cutting force, milling temperature, and chip
resistance to adhesion produced by micro-groove milling cutters are superior to conventional milling
cutters. Milling cutters with three micro-grooves perform best at different spindle speeds. This is
because the presence of micro-grooves on the surface of the milling cutter improves the friction state,
promoting a reduction in milling force, while the micro-grooves also serve as storage containers for
chips, alleviating the phenomenon of chip softening and adhesion to the cutter. When conducting
cutting tests with a milling cutter that has three micro-grooves, the milling force is reduced by 10%
to 30%, the milling temperature drops by 10% to 20%, and the surface roughness decreases by 8%
to 12%.

Keywords: micro-groove; titanium alloy; milling force; milling temperature; surface roughness

1. Introduction

Titanium alloy materials are widely used in the aerospace field because of their ex-
cellent physical properties, such as corrosion resistance, high-temperature resistance, and
high strength [1,2]. However, titanium alloy materials have a small coefficient of deforma-
tion, thermal conductivity, and modulus of elasticity, making cutting and machining more
difficult [3,4]. When machining titanium alloy materials, the deformation of the material
removal layer is small and difficult to break, which makes the chip sliding friction area on
the surface of the tool increase, leading to increased risk of tool wear, which seriously affects
the service life of the tool and the machining accuracy of the material. So, the high-quality
machining of titanium alloy materials has become a hot issue in current research [5-7].

Relevant studies have shown that sliding friction zones and adhesive friction zones
exist between the tool and the chips during the milling of titanium alloys. Due to the low
thermal conductivity of titanium alloy materials, as the cutting progresses, the temperature
rises in the adhesive friction zone near the cutting edge, causing the chips to adhere
to the tool surface, resulting in a decrease in milling cutter processing efficiency and
quality [8-10]. Therefore, introducing surface micro-textures onto the tool surface reduces
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the effective contact area, alters the frictional state between the tool and the chips, reduces
the friction coefficient on the tool surface, and improves the heat dissipation conditions
of the tool surface, thereby optimizing milling performance and meeting the practical
machining requirements of improving tool wear resistance and reducing the use of cutting
fluid [11,12].

Numerous academics have delved into the study of micro-textured cutting instru-
ments since the contemporary era, driven by the ongoing advancements in tribology and
bionics [13,14]. Yang S. et al. [15]. constructed a large number of crater micro-textures on
the front face of the ball end milling cutter, studied the milling temperature generated in
the process of milling titanium alloy by the crater micro-texture tool, and found that the
milling temperature during the milling process was lower than that in the diamond tool.
It was found that a large amount of milling heat is generated during the milling process,
which the micro-texture can mitigate, and the optimum pit milling parameters were found
to be a pit diameter of 40 um, pit spacing of 225 um, distance from the cutting edge of
100 um, and radius of the blunt edge of 60 pm, using the milling temperature as an evalua-
tion index. Tong X. et al. [16] addressed the problems of the poor surface quality of titanium
alloy workpiece materials and severe tool wear, machined micro-texture on the front face
of the ball end milling cutter to improve the friction state of the tool surface, and verified
through testing. The results show that the surface quality of the workpiece processed with
a micro-texture milling cutter is superior. The research by Patel K. et al. [17] focused on
how micro-texture factors influence the forces and wear observed in slicing titanium alloys.
The study revealed that the dimensions of the micro-textures, including their width, depth,
and proximity to the primary cutting edge, greatly influence the cutting forces, with the
rate of feed exerting the most substantial effect on these forces and the wear of the tools.
Zheng K. et al. [18] developed four varieties of micro-textures on the tool’s surface and car-
ried out slicing experiments in identical conditions. Research revealed that micro-textured
tools generated lower cutting forces than conventional tools, with sinusoidal micro-textured
tools showing superior cutting efficiency under varied conditions, and it was also observed
that sinusoidal micro-textures decreased surface roughness by 35.89%. Li Q. et al. [19]
grounded their analysis of the slicing efficiency of conventional and micro-textured in-
struments in the principles of multi-objective decision-making theory, considering factors
like tool wear, surface texture, hardening, and chip development as benchmarks for an
all-encompassing evaluation of these tools. Their research revealed that micro-textured
instruments markedly enhance the frictional interaction between the tool and chips as
well as the cutting efficiency, and their cutting steadiness was substantially superior to
conventional tools. This also laid the theoretical groundwork for milling titanium alloys
using micro-textured instruments. Alagan N. et al. [20] engineered three distinct micro-
textures on the instrument’s front and rear surfaces to prolong its lifespan in the slicing
of high-temperature alloys and carried out slicing experiments. The study revealed that
decreased cutting speeds, feed speeds, and cutting depths decreased the wear rate on the
tool’s surface. Additionally, it was discovered that the lifespan of these tools was extended
by 30% compared to conventional ones.

As a result of the above studies, it was found that micro-texturing of the tool surface
can reduce the cutting force, alleviate the wear of the tool surface, and extend the tool
life. Due to the small size of the micro-weave structure, which makes it more difficult
to process, the currently known methods of micro-texturing preparation include EDM,
laser processing, grinding, and plasma etching. Since laser machining uses laser beam
energy to ablate the material, which has the characteristics of good controllability and fast
machining speed, it has been widely used in the research of micro-woven tools [21-23].
Puoza J.C. et al. [24] utilized a laser to fabricate micro-structures on the metal surface and
found that micro-pitted structures with high quality, smooth surfaces, and less debris can be
processed by using laser machining. Sun X. et al. [25] prepared three types of micro-textures
on a carbide tool using a femtosecond laser to cut titanium alloy, and it was found that the
surface prepared with micro-textures can reduce the coefficient of friction and tool wear.
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In this paper, the laser machining method is used for micro-grooves on the surface of the
milling cutter.

Previous research has shown microstructures’ tremendous potential in optimizing tool
performance, with microstructures widely integrated into bearings, gears, turning tools,
and grinding tools. However, there are few studies on the application of microstructures in
milling, and even fewer that explore the mechanisms of microstructures and the effect of
their coverage area on milling performance. Therefore, this paper analyzes the effective
working area of the milling cutter surface by examining the installation positions of the tool
and the workpiece, as well as the mechanical properties of the shell surface. Micro-grooves
are extracted based on the arrangement of perlite, and based on this, a 3D model of a micro-
groove ball-nose milling cutter is established for the finite element simulation of milling
tests and actual milling experiments. Milling force, stress distribution, milling temperature,
and surface roughness are used as evaluation criteria to assess the performance of the
micro-groove milling cutter, providing a theoretical basis for the research on micro-groove
milling cutters for milling titanium alloys.

2. Micro-Groove Distribution Locations and Micro-Groove Sources
2.1. Carbide Ball End Milling Cutter Micro-Groove Distribution Location

Milling is a process in which a milling cutter with one or more teeth makes cuts with
intermittent motion. Typically, a complete milling motion consists of a rotary motion of the
milling cutter blade and shank being held on a spindle, with a feed motion of the workpiece
in a fixture [26,27]. During the milling motion, the spindle speed at the tip position of the
ball end milling cutter is constant at zero, which very easily causes wear on the milling
cutter, affecting the machining quality of the product. Therefore, to improve the service
life of the ball end milling cutter, side milling is usually used in milling, i.e., the ball end
milling cutter is at a certain angle with the workpiece, which promotes the increase of the
milling radius of the ball end milling cutter [28,29].

The workpiece selected in this paper for milling is a rectangular sample block of
titanium alloy. To improve the machining accuracy and surface quality, the workpiece is
tilted 15° as mounted on the fixture for the milling test [30,31]. By increasing the workpiece
tilt to 15°, the ball end milling cutter can cut the edge part of the working area so that the
cutting force and cutting heat are dispersed on the surface of the workpiece and, at the
same time, are stored in the chip exclusion of the milling cutter; the workpiece mounting
position is shown in Figure 1. Figure 1a shows the ball milling cutter and 15° tilt workpiece
three-dimensional model; Figure 1b shows the milling process and the actual contact radius
of the milling cutter with the workpiece at a fixed 15° tilt of the rectangular block, so the
actual milling radius remains unchanged in the milling process at O1A.

Ball end milling

Ball end millng

Ball end milling cutter PR
Ballcnd milln

> B(Contact point)

3 e ~. “x X
| >
/Mkpleces y
y
(a) Simplified diagram of ball end milling cutter in (b) Effective cutting radius during point milling.

relation to workpiece position
Figure 1. Mounting position of the milling cutter and workpiece.

To allow analysis of the effective working area of the ball end milling cutter blade
during milling, the two-dimensional model of the milling cutter and the workpiece is
shown in Figure 2. Mathematical calculation of the positional relationship between the
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milling cutter and the workpiece defines the workpiece as triangle CDE, with ZCDE = 15°.
Point A is the highest point of contact between the milling cutter and the chip (related to the
milling depth), and point B is the lowest point of the milling cutter and the chip formation
(for the point of contact with the workpiece material). Hence, the AB arc is the main work-
ing part of the milling cutter because the milling cutter is perpendicular to the horizontal
plane; point A and B will be projected positively in the center of the ball end milling cutter
as the milling cutter is perpendicular to the horizontal plane, point A and point B will be
projected on the center of the ball end milling cutter to form points O; and O,, and point
O3 will be the tip of the ball end milling cutter. So, OO3;_LDE, is the milling cutter sur-
face working area for O;0,BA. Because OB_LCD, BO, LOOj3, then ZBO,0O3 =£CED = 90°;
because O,B||DE, then Z0,BO3; = ZCDE = 15°; and because OB_LCD, then Z/O,0B = 15°,
that is, &1 = 15°.

Ball end milling cutter

Machined
Workpiece surface

(a)

Ball end milling cutter inserts

Workpiece

(b)

Figure 2. Two-dimensional model of milling cutter and workpiece. (a) Effective contact area;
(b) two-dimensional calculation of effective contact area.

As shown in Figure 2, the maximum milling length is O A, the minimum milling
length is O;B, the milling depth is ap, and OB = OA = R, so that it can be expressed through

®, as follows:
R—ap
®, = arccos( R ) 1)

Because OA =R, triangle OO; A is a right-angled triangle; the maximum milling radius
O1 A of the ball end milling cutter is given in Equation (3):

OlA = RSil‘l(Cpl + (I)z) (2)

Because OB = R and triangle OO;B is a right-angle triangle, the minimum milling
radius O,B is as given in Equation (3):

0,B = Rsin®; 3)
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Based on the actual specifications of the milling cutter, this article selects a CNC milling
cutter radius of 10 mm and preliminarily selects a milling depth of 0.5 mm according to
related references, which conforms to the parameter selection for actual milling usage.
Therefore, through (2) and (3), it can be derived that ®; ~ 18.1949°, the maximum milling
length O1 A ~ 5.475 mm, and the minimum milling length O,B ~ 2.588 mm. For O A, for
the actual milling radius of the ball end milling cutter, this paper sets the machine tool
milling speed of 2500 rpm, 3000 rpm, and 3500 rpm. The actual instantaneous speed V¢
of point A on the milling edge relative to the main movement of the workpiece can be
converted to 86 m/min, 103.2 m/min, and 120.4 m/min.

2.2. Sources of Micro-Grooves

Numerous research works have shown that by creating different micro-structures
on the tool surface, the frictional properties of the tool surface can be reduced, lowering
the coefficient of friction and, consequently, creating less friction on the tool surface [32].
Figure 3 shows the movement trajectories of chips on the smooth surface of the tool and on
the surface of the micro-grooved structure, from which it can be seen that, in contrast to
the smooth surface, the micro-grooved structure can be used as a storage container for tiny
chips to avoid abrasive wear due to the extrusion of chips on the surface of the tool and
the workpiece.

Ve

Smooth tool surface Ch'l
\ ips
State of micro-structure
Ve
Micro-grooved tool surfaces ‘
\ Chips
i

State of micro-structure

Figure 3. Mechanism of micro-groove effects.

The surface of the shell is distributed with a grooved texture, in which the raised
ridges prevent the impact of sediments; the groove structure can be used for the attachment
and growth of sediments (algae) [33-35]. The shell surface has a prominent texture; the
arrangement, size, and shape of the texture structure affect the hardness and impact
resistance of the shell surface calcareous material. The shell surface groove morphology
is shown in Figure 4. Measurement of the perlite structure on the shell surface, as shown
in Figure 4b, yielded a two-dimensional interface map of the shell surface, as shown in
Figure 4c, with a surface morphology of rectangular grooves interlaced with approximate
depressions and projections, for which the extracted micro-groove shape is shown in
Figure 4d.

Inspired by this, and considering the manufacturing of micro-grooves on the surface of
milling cutters, the shell groove shape was applied to the edge of the milling cutter surface.
A ball end mill with micro-grooves was manufactured using laser processing methods,
and both finite element simulation tests and actual milling experiments were conducted to
study the milling performance of the micro-grooved milling cutter.
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Figure 4. Morphology of grooves on shell surface.

3. Micro-Groove Milling Cutter Finite Element Simulation Test
3.1. Establishment of 3D Model of Micro-Grooved Milling Cutter

To investigate the effect of micro-grooves in the milling cutter surface working area on
the milling performance, using a design with micro-grooves of the same shape but different
in number, AdvantEdge version 7.1 was utilized for the finite element software simulation.
AdvantEdge is a dedicated metal cutting simulation software, software that provides
a variety of standard models of the tool to simulate the results of different structure
and process parameters, such as cutting forces and chip morphology changes [36,37].
The simulation of different structures and process parameters such as cutting force, tool
temperature, and chip morphology are used in the customized tool model. In this paper,
three kinds of micro-groove milling cutters are established, as shown in Figure 5, and ball
end milling cutters with the number of micro-grooves of 1, 2, and 3 are defined as G1, G2,
and G3. The dimensional parameters of the micro-grooves are a micro-groove spacing of
150 um, width of 60 um, depth of 60 um, and distance from the main milling edge of 200 um.
The arc length of each micro-groove is determined to be 1200 um, considering the effective
working area of the milling cutter edge area and concerning the relevant literature [28,38].
Dimensional parameters of the three types of micro-groove milling cutters are shown in
Table 1.

Figure 5. Micro-grooved milling cutter. (a) G1; (b) G2; (c) G3.
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Table 1. Micro-groove size parameters.
Dimensional Spacing Length Width Depth
Parameters (um) (um) (um) (um)

Numerical Value 150 1200 60 60

3.2. Finite Element Simulation Test of Milling by Micro-Grooved Milling Cutter

The designed micro-grooved milling cutter model is imported into the finite element
simulation software, in order to obtain more accurate test results on the milling cutter
and the workpiece mesh division; for the milling cutter distance from the milling area,
the maximum mesh size is set to 0.1 mm; for the micro-grooved parts, the refinement of
the mesh size is set to 0.01 mm; for the workpiece distance from the cutting layer, the
maximum mesh size of the parts of the workpiece is set to 3 mm; for the workpiece surface
of the cutting layer, the refinement of the minimum mesh size is set to 0.01 mm. The
workpiece material is defined as titanium alloy, the size of the workpiece is defined as
a rectangular block of 3 mm x 2 mm X 3 mm, and fixed constraints are applied to the
bottom of the workpiece. The milling cutter material is defined as carbide, and the size of
the milling cutter is a double-flute ball end milling cutter with a radius of 10 mm. During
the milling process, the initial environmental temperature is set at 20 °C. The ball end mill
rotates 360° during the simulation. In the metal-cutting process, the appropriateness of
the friction model set between the chip and the tool directly affects the accuracy of the
simulation results. This paper employs the Coulomb friction model for milling simulation,
which accurately describes the friction state during the milling of titanium alloys, thereby
enhancing the simulation’s accuracy. The finite element simulation mesh model of the
milling cutter and workpiece is shown in Figure 6.

Ball end milling cutter Material: Cemented Carbide

p-

L N/ A end milling

ay-bal
Ti-6A1-4V Workpiece Mesh Refinement

Effective workir cutter inserts

Figure 6. Workpiece and milling cutter meshing.

Ball milling cutters commonly use complex surfaces and process materials that are dif-
ficult to machine, usually according to the milling workpiece material processing hardness
and tool life. To determine the range of milling parameters, this paper reviewed relevant
references to ensure the premise of machining accuracy and to improve the processing
efficiency; the milling parameters determined by the experimental group are shown in
Table 2. We established a milling test schedule for the above-established three kinds of
micro-groove milling cutter models and a group of milling cuttings without micro-groove
structure milling simulation tests, to explore the micro-grooves in the milling work area
and the milling speed to ensure high milling cutter performance.
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Table 2. Processing parameters used in finite element analysis.

Spindle Speed Feed per Tooth Depth of Cut
Group
n (rpm) f (mm/z) ap (mm)
1 2500 0.1 0.5
2 3000 0.1 0.5
3 3500 0.1 0.5

3.3. Experimental Results and Analysis
3.3.1. The Influence of Micro-Groove Count on Milling Force

When the spindle speed is 2500 rpm, to extract the triaxial milling forces generated
during the simulation process using conventional milling cutters and three types of micro-
groove milling cutters, 30 data points are selected to ensure the accuracy of the experimental

results, and their averages are taken. Using the appropriate formula , /FZ + Fy2 + F2, the

rational milling of conventional milling cutters and three types of micro-groove milling
cutters is obtained. Figure 7 shows the influence of the number of micro-grooves on the
milling force. The figure shows that compared to conventional milling cutters, the three
types of micro-groove milling cutters promote a decrease in milling force. The G1 milling
cutter promotes a 17.62% decrease in milling force; the G2 milling cutter promotes a 21.58%
decrease in milling force; the G3 milling cutter promotes a 25.55% decrease in milling force.
During the milling process, when the cutter enters the workpiece material, the surface of
the workpiece material exhibits micro-elastic collision, and the internal strain zone shows
plastic deformation, resulting in a sharp increase in milling force. As the milling progresses,
the material of the workpiece removal layer begins to fracture, forming chips that overflow
along the rake face, entering a stable milling state, and the milling force gradually stabilizes.

300 T T T T 300
CRXHXK SR
~ — 2 Fx EE Fy B2
Z 250 - . 4250
g 3 —O— Milling force &
XK
5 2004 % _E'_\_E_\_E] d200 &
e o3 03 Y
> 9% < (X3 — 2]
s o o 3 o s
g 5 5 53 o ~
;150 - o <3 o <8 1150
3 <3 % 5 s g
X < XK 90 .
E S S % =
ep 100 - SIS &0 <3 1 100
£ SSBS TS 2% 9%
= 00801 9% SRR 9050 % xS
= 000 20505 760 SHRXK SRS %%
- SCSCRCRIBLS 000202920 006! %% AR
S 504 ROERSHRE K 5 S - 50
R BTN ol BSRS
OB R RIS S
9200 % XX Do 92030 92054 92020 % K5 00020 1 9S04 9%,
0 LR BRI BT BOSho %% 0
Conventional G1 G2 G3
Cutting tool types

Figure 7. Effect of the number of micro-grooves on the milling force.

For micro-groove cutting tools, the insertion of micro-grooves on the milling cutter
surface alters the friction state between the tool and the chips, reducing friction during the
cutting process, thus playing a role in anti-wear and anti-friction, leading to a decrease in
milling forces. It can be observed that as the number of micro-grooves increases, i.e., in-
creasing the proportion of micro-grooves on the milling cutter surface, it is more conducive
to the decrease in milling forces.

Milling belongs to intermittent machining; the insert force mode during milling is
very complex, the magnitude of the force is related to the direction of the milling cutter,
and the surface stress has a significant effect on the mechanical properties and fatigue life
of the cutter. Figure 8 shows the change of x-direction stress during the simulation of four
kinds of milling cutters at a spindle speed of 2500 rpm, from which it can be seen that the
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conventional milling cutter without micro-grooves has the largest area of stress distribution
at the cutting edge, while the other three kinds of micro-groove milling cutters have stresses
gradually spreading to the micro-groove part. It can be shown that the surface micro-groove
can disperse the x-direction stresses generated during milling. Analysis of the milling cutter
surface stress data shows that G1, G2, and G3 promote an x-directional stress reduction of
5.90%, 10.11%, and 13.76%, respectively, compared with the conventional milling cutter
without micro-texturing. During the machining process, stresses are generated on the
surface of the milling cutter due to the external forces on the material. When machining
with a micro-grooved milling cutter, on the one hand, the stresses on the surface of the
micro-grooved milling cutter are less than those of the conventional milling cutter due to
the micro-groove on the surface, which promotes the decrease of the milling force. On the
other hand, due to the micro-groove embedded in the surface of the milling cutter, the
inner part of the micro-groove is perpendicular to the surface of the milling cutter, the edge
of the micro-groove appears to have a sharp peak, and the micro-groove part is a certain
distance away from the milling edge so that the high-stress area appears at the edge of the
micro-groove.

Stress-XX (MPa)
50
38.8889
27.7778
16.6667
555556
555556
-16.6667
27,7778
-38.8889

(b)

Stress-XX (MPa)

Stress-XX (MPa)
38.8889
38.8889
277778
16.6667
555556
-555556
-16.6667
-27.7778
-38.8889

5.55556

e AVV""‘;"";
AVAVE, e e
NN KAL)

AVAVA'; s -5.55556

B O -16.6667
-27.7778

-38.8889

(©) (d)

Figure 8. Effect of the number of micro-grooves on stresses. (a) Conventional tools; (b) G1; (c) G2;
(d) G3.

3.3.2. Effect of Micro-Grooved Area on Temperature

In the metal cutting process, the shear deformation of the chip and the friction of the
tool surface of the work are transformed into cutting heat; under dry cutting conditions,
the chip mainly removes the cutting heat, with a small portion of the residue in the milling
cutter and the surface of the workpiece, and the temperature of the milling cutter edge part
directly affects the wear of the surface of the milling cutter. Figure 9 represents the surface
temperature distribution of the four types of milling cutters at a spindle speed of 2500 rpm.

From the graph, it can be observed that high-temperature regions are usually dis-
tributed at the tool’s cutting edge, and as the arrangement of micro-grooves gradually
spreads inward, the temperature decreases gradually. As milling progresses, the tempera-
ture of the milling cutter continues to rise. The overall temperature rises sharply. This is
because during the milling process, the milling motion causes chips to be created quickly,
and the milling heat cannot be promptly be conducted between the tool and the chips,
resulting in an excessive local temperature rise.
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Temperature (°C)
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Figure 9. Effect of the number of micro-grooves on the cutting temperature. (a) Conventional tools;

(b) G1; (c) G2; (d) G3.

Figure 10 shows a conventional milling cutter and three kinds of micro-groove milling
cutters under spindle speeds of n = 2500 rpm, # = 3000 rpm, and # = 3500 rpm. From the
tip part of the milling temperature map in the figure, it can be seen that when the speed of
the milling temperature gradually decreases for the three kinds of micro-grooved milling
cutters, the milling temperature is significantly lower than that the conventional milling
cutter. The milling temperature of the ball end milling cutter with three micro-grooves
shows the most apparent decrease in the milling temperature.

300 T T T T \?0.20 T T T T
3 n=3500rpm S 778 —
B 030000 % ;// n_3500rpm

5275+ E3 n=2500rpm | g 0.16 1 n—zgggrpm ? it

= - n= rpm 7

e_ 2 % 7 7
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| : R
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g N BN g 1 .21 ir
g \\ 2= \ T g 0.08 4 / 7 K

225 4 KA\ H- \ \ £ Tk 7 7

\H- N\ \ s AKX VA Uik
NER\ \ S BB PR R VR R -

N B \ 1R ViR Vi d

N\ EN N N\ £ o m m @

N \ \ = ’ 7 7 7 % 7 7

200 JEENSES BUNEY BN Swl ARl VYRRl VAR

Conventional Gl G2 G3 G1 G2 G3
Cutting tool types Cutting tool types
(a) (b)

Figure 10. Milling temperature of milling cutters with different numbers of micro-grooves. (a) Effect
of spindle speed on milling temperature; (b) rate of decrease in milling temperature.

At a milling cutter speed of 2500 rpm, compared to conventional milling cutters,
the milling temperature decreased by 10.61%, 13.77%, and 16.19%, respectively, when
machining with the G1, G2, and G3 ball end milling cutters. With the increase of spindle
speed, the insert’s continuous working time is accelerated, the material removed per unit
time is increased, and the heat piles up on the surface of the cutter, which is difficult to
dissipate, resulting in heat build-up; this leads to an increase in the milling temperature.
The reduction of milling temperature is mainly due to the tool and chip close contact area
constructing a micro-groove; the existence of this micro-groove increases the heat exchange
capacity of the tool surface, and tool surface air convection heat transfer area increases,
prompting faster milling heat dissipation, resulting in the decline of the milling temperature.
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3.3.3. The Influence of Micro-Groove Area on Chip Formation

For machining titanium alloy materials, due to the poor thermal conductivity and
forming ability of titanium alloys, the chip outflow efficiency of the milling cutter surface
is enhanced by placing micro-texturing on the tool surface under dry milling conditions.
Figure 11 shows the chip outflow comparison between conventional milling cutters and
three kinds of micro-grooved milling cutters under the spindle speed of 2500 rpm. It can be
seen from the figure that the milling cutter easily produces small chips when machining
titanium alloy materials; the chips are captured by the surface of the milling cutter, and
with the machining of the chips for a long period, are extruded between the surface of
the milling cutter and the workpiece material. This can easily cause abrasive wear on the
cutter. For the micro-grooved milling cutter, the tiny chips on the surface of the cutter are
captured by the micro-grooved part and stored inside, preventing wear of the milling cutter
surface as caused by these tiny chips. Therefore, using micro-grooved milling cutters can
effectively reduce the adhesion of titanium alloy chips during machining.
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Figure 11. Influence of micro-grooves on chip overflow. (a) Conventional tools; (b) G1; (c) G2; (d) G3.

The above study shows that the micro-groove ball end milling cutter can reduce
milling force, temperature, and stress, optimizing the milling cutter’s performance.

4. Micro-Groove Milling Cutter Test
4.1. Laser Fabrication of Micro-Groove Milling Cutters

This study employed laser processing to fabricate micro-groove milling cutters. The
laser processing parameters were as follows: laser power 35 W, laser scanning frequency
800 mm, frequency 50 kHz, spot size 5 um, and processing repetitions 25, with machining
performed on the cutter surface. Based on the micro-groove milling cutter model estab-
lished through milling simulation, a micro-groove ball end milling cutter consistent with
the simulation was manufactured using a laser, as shown in Figure 12. During laser process-
ing, residual milling cutter material powder is prone to remain inside the micro-grooves,
affecting machining accuracy. Therefore, cleaning was conducted using an anhydrous
ethanol solution and vibrating for 15-20 min in an ultrasonic cleaner; the processed milling
cutter was used for milling experiments.
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Figure 12. Micro-groove ball end milling cutter surface shape. (a) G1; (b) G2; (c) G3.

4.2. Micro-Groove Milling Cutter Test

The milling test uses a CNC milling machine model CMV-850A (TTGroup, Jiangsu,
China). The workpiece material is titanium alloy Ti-6Al-4V. The workpiece sample is a
rectangular block of 90 mm x 50 mm x 20 mm. The milling cutter blade adopts double-
edged YGS8 carbide inserts. The milling test bench is shown in Figure 13.

P
1

Q Kistler DAQ

~‘ Multi channel charge amplifier

=

Ju

Main axle

Cutterbar

Ball end milling
cutter insert!

Titanium alloy
workpiece

Working platforms

Figure 13. Milling test platform.

A Kistler 9527B force gauge was mounted on the bottom of the workpiece to measure
the three-way milling force, a ZeGage™ Pro (Zygo Corporation, Middlefield, CT, USA)
three-dimensional profiler was utilized to measure the post-processing surface roughness,
and a Leica super depth-of-field microscope was used to observe the micro-groove milling
cutter edge area and the resulting chip morphology. The milling tests were conducted with
ball end milling inserts consistent with the simulation, and the milling parameters shown
in Table 2 were used to conduct the milling tests of three types of micro-grooved milling
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cutters and one group of non-micro-grooved milling cutters. The titanium alloy workpiece
is clamped at an angle of 15° between the plane to be machined and the horizontal plane
of the machine guide, the milling method of down milling is adopted, and the milling
distance of each type of milling cutter is 90 mm.

4.3. Milling Results and Analysis of Micro-Groove Milling Cutter
4.3.1. Impact of Micro-Groove Surface Area on Milling Forces

The milling force generated during the milling process of different micro-weaving
milling cutters is determined using a force measuring instrument. Under the stable state
of machining, several data points are selected for the measurement of milling force for
each set of test results, and the average of the milling force for each set is calculated as a
result of the test; the milling force of the conventional milling cutters and the three types of
micro-groove milling cutters is shown in Figure 14.
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Figure 14. Effect of spindle speed n = 3500 rpm for micro-grooved milling cutters.

From the figure, it can be seen that when the spindle speed is 3500 rpm, compared
with the conventional milling cutter, the G1 milling cutter promotes a decrease of the
milling combined force by 12.59%; the G2 milling cutter promotes a reduction in the milling
combined force by 21.12%; and the G3 milling cutter promotes a reduction in the milling
combined force by 29.72%. For the three micro-groove ball end milling cutters, with the
increase of the number of micro-grooves, the contact area between the milling cutter and the
chip decreases, which further promotes the change of the friction state; the heat dissipation
area on the surface of the milling cutter increases, and the amount of chips captured by the
micro-grooves increases, which gives full play to the friction-reducing and anti-wearing
effect of the micro-grooves and further promotes the decrease of the average milling force.
Comparative analysis of the milling test and simulation test with regard to the milling force
shows that the trend of the influence of the number of micro-grooves on the milling force
remains consistent, which can prove the accuracy of the simulation results and provide a
theoretical basis for the next step of the study.

Figure 15 represents the changes in milling force under different spindle speeds.
Figure 15a represents the changes in milling force when the spindle speed is 3000 rpm, from
which it can be seen that compared with the conventional milling cutter, the G1 milling
cutter promotes the decrease of the milling combined force by 8.43%; the G2 milling cutter
promotes the decrease of the milling combined force by 19.14%; and the G3 milling cutter
promotes the decrease of the milling combined force by 25.27%. Figure 15b shows the
change of milling force when the spindle speed is 2500 rpm. From the figure, it can be seen
that the G1 milling cutter promotes a decrease of the milling force by 7.97%; the G2 milling
cutter promotes a decrease of the milling force by 18.23%; the G3 milling cutter promotes
a decrease of the milling force by 22.34%. In the above analysis of the test results, it can
be seen that compared with the conventional milling cutter without micro-grooves, the
micro-groove milling cutter promotes a decrease of the milling force, and with the increase
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of the number of grooves, the milling performance of the micro-groove milling cutter
is enhanced.
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Figure 15. Effect of the number of micro-grooves on the milling force. (a) Spindle speed n = 3000 rpm;
(b) spindle speed #n = 2500 rpm.

4.3.2. Effect of Micro-Groove Area on Surface Roughness of Machined Workpiece

The machined parts’ surface roughness directly affects the parts’ service life. In this
paper, the surface roughness of the machined workpieces was measured using a ZeGage™
Pro type optical profiler. The milling parameters used in the milling test are shown in
Table 2. A conventional milling cutter and three kinds of micro-groove milling cutters
were used for the milling test, and the milling distance of each type of milling cutter was
90 mm. Figure 16 shows the surface morphology of the workpieces after machining by the
conventional milling cutter and the G2 milling cutter with a milling speed of 3500 rpm.
The figure shows that the surface roughness of the workpiece after machining with the
conventional milling cutter is 1.446 um and that of the workpiece after machining with the
G2 milling cutter is 1.371 um. Thus, it can be seen that the G2 milling cutter contributes to
reducing the surface roughness after machining.
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Figure 16. Surface morphology of machined workpiece.

In order to ensure the accuracy of the test, when the milling is completed, the surface
roughness of the workpiece is measured; each group of surfaces is measured three times,
and the average value is taken as the test result. The surface roughness of the workpiece
is plotted in Figure 17, which shows that the four types of milling cutters are processed
at milling speeds of 2500 rpm, 3000 rpm, and 3500 rpm. From Figure 17a,b, it can be seen
that at a spindle speed of 3500 rpm, the surface roughness of the ball end milling cutters
G1, G2, and G3 decreases by 2.49%, 6.43%, and 8.37%, respectively, compared to that of the
conventional milling cutter; at a spindle speed of 3000 rpm, the surface roughness of the
ball end milling cutters G1, G2, and G3 decreases by 2.59%, 7.20%, and 9.43%, respectively,
compared to that of the conventional milling cutter; at a spindle speed of 2500 rpm, the
surface roughness of the groove micro-weave is decreased by 2.59%, 7.20%, and 9.43%,
respectively; at a spindle speed of 2500 rpm, the surface roughness of the ball end milling
cutters G1, G2, and G3 decreased by 3.92%, 7.90%, and 11.53%, respectively, compared
with that of the conventional milling cutter. Therefore, compared with the conventional
milling cutter, the surface roughness of the workpiece after machining is significantly
reduced when using the micro-grooved milling cutters, and the surface micro-groove
further reduces the contact area between the tool and the chip, which contributes to the
reduction of the frictional resistance generated by the chip flows through the cutter surface
and enhances the milling performance.
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Figure 17. Surface workpiece roughness after micro-groove milling cutter machining. (a) Effect of the
number of micro-grooves on surface roughness; (b) rate of surface roughness reduction.

4.3.3. Effect of Micro-Groove Area on Chip Adhesion Resistance

The surface morphology of the milling cutter was measured after milling was com-
pleted using a Leica ultra-fine depth microscope, and Figure 18 shows the chip adhesion
on the surface of the conventional and micro-grooved ball end milling cutter tools after
milling a titanium alloy specimen with a length of 90 mm using four types of milling
cutters with exact milling parameters at n = 3500 rpm. It can be observed from the figure
that when using conventional milling cutters, chips adhere to the surface of the cutter,
while for micro-groove cutters, a small amount of debris adheres at the milling edge. For
micro-groove ball-nose cutters, the working process of the micro-groove can be divided
into three stages: at the start of milling, the layer of material on the workpiece breaks
under the external load, forming chips that overflow along the surface of the cutter, with a
small amount of tiny debris stored inside the micro-grooves; as milling progresses, tiny
debris accumulates and is pressed into the micro-grooves, gradually filling them up; in
the later stages of milling, the filled micro-groove area is under high pressure for a long
time, causing stress concentration on the cutter surface, and under the action of repeated
cyclic stress, this leads to wear on the surface of the cutter. When using a cutter with
three micro-grooves, the number of micro-grooves working at the cutting edge increases,
enlarging the space for heat exchange and the heat dissipation area on the cutter surface,
thus improving the heat transfer effect, reducing the surface temperature of the cutter, and
alleviating the phenomenon of chip adhesion.

Using the Leica Ultra Precision Microscope (Leica Microsystems, Mannheim,
Germany), the chips generated using the G3 milling cutter at different spindle speeds
were collected, as shown in Figure 19. It can be seen from the figure when the spindle speed
is high, the deformation of the cutting layer on the workpiece is severe within the same time,
the chip formation speed accelerates, the chips accumulate in the milling cutter surface
work area, causing a local temperature rise in the milling cutter, and the phenomenon of
chip adhesion is prone to occur. When using a conventional milling cutter for milling, the
milling cutter surface and chip make direct contact, and a large number of chips overflow
and remove a large amount of heat. When there is a small amount of chip residue on the
milling cutter surface, the milling cutter blade local temperature rises and thus increases
the chip adhesion, resulting in the tool surface occurrence of a “cold weld”, affecting the
machining quality. For the micro-groove milling cutter, to avoid direct contact between
the tool and chips, the surface of the micro-groove can be used as a storage container
for chips, reducing the friction on the surface of the milling cutter and, at the same time,
increasing the heat dissipation area of the surface of the milling cutter, which contributes to
the enhancement of the milling performance.
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Figure 18. The adhesion condition of chips on the surface of the milling cutter. (a) Conventional tools;

(b) G1; (c) G2; (d) G3.
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Figure 19. Effect of spindle speed on chip morphology. (a) 3500 rpm; (b) 3000 rpm; (c) 2500 rpm.
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The study shows that when micro-grooved milling cutters are used in milling exper-
iments, they help reduce the milling force by 10% to 30%, achieving good consistency
with simulations. When a cutter with three micro-grooves is used, it promotes an 8% to
12% reduction in surface roughness of the machined workpiece while also alleviating the
phenomenon of chips adhering to the milling cutter surface.

5. Conclusions

To explore the impact of micro-grooving on the surface of milling cutters on their
milling performance, this paper calculates the effective working position of the milling
cutter blades based on the milling parameters and the installation positions of the milling
cutter and the workpiece. Inspired by the arrangement of perlite on the surface of seashells,
micro-grooves are applied to the milling surface. A micro-grooved ball milling cutter is
manufactured, utilizing the friction-reducing and wear-resistant mechanisms of micro-
grooves on the cutter surface to optimize the milling performance. The effectiveness is
verified through finite element simulation tests and actual milling experiments, yielding
the following conclusions:

1.  Through finite element simulation experiments on milling titanium alloys, it was
found that compared to conventional milling cutters, micro-groove milling cutters
promote a reduction in milling force and temperature, enhance chip resistance to
adhesion, and change the concentration location of high stress areas on the surface
of the milling cutter. Meanwhile, it was found that milling force, milling cutter
surface stress, and milling temperature decreased significantly as the area occupied
by micro-grooves on the milling cutter surface increased.

2. Milling experiments showed that micro-grooved ball end mills help reduce milling
forces, achieving good simulation consistency. When using a cutter with three micro-
grooves, the milling force decreased by 10% to 30%, and the surface roughness
decreased by 8% to 12%. It was also found that as the spindle speed increases, the
curling radius of the chip decreases.

3. The test results prove that preparing micro-grooves in the working area of the milling
cutter surface changes the friction state between the milling cutter and chips, increases
the heat dissipation area of the milling cutter surface, and allows the micro-grooves to
be used as a storage container for chips, improving the resistance of the milling cutter
surface to chip adhesion.
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