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Abstract

Machining quality

Titanium alloy has been applied in the field of aerospace manufacturing for its high specific strength and hardness.
Nonetheless, these properties also cause general problems in the machining, such as processing inefficiency, seri-
ous wear, poor workpiece face quality, etc. Aiming at the above problems, this paper carried out a comparative
experimental study on titanium alloy milling based on the CAMC and BEMC. The variation law of cutting force and
wear morphology of the two tools were obtained, and the wear mechanism and the effect of wear on machining
quality were analyzed. The conclusion is that in contrast with BEMC, under the action of cutting thickness thinning
mechanism, the force of CAMC was less, and its fluctuation was more stable. The flank wear was uniform and near the
cutting edge, and the wear rate was slower. In the early period, the wear mechanism of CAMC was mainly adhesion.
Gradually, oxidative wear also occurred with milling. Furthermore, the surface residual height of CAMC was lower.
There is no obvious peak and trough accompanied by fewer surface defects.
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1 Introduction

Titanium alloy is widely applied to the aerospace indus-
try owing to its high strength and hardness, outstanding
high and low temperature performance, etc [1, 2]. For
example, aircraft engine turbine blades, engine shells and
other parts are made of titanium alloy. Yet the titanium
alloy is characterized by high chemical reactivity and low
elastic modulus [3]. This results in low machining effi-
ciency, severe wear and inferior surface quality in struc-
tural parts processing [4, 5]. At present, a ball-end milling
cutter (BEMC) is mostly used for machining titanium
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alloy structural parts. However, the poor machining
quality and low milling efficiency of BEMC milling steep
surface structural parts had severely restricted the appli-
cation and promotion of titanium alloys. Therefore, it is
an urgent requirement to conduct a study on the devel-
opment and performance of new structure-cutting tools
for the future titanium alloy processing industry.

In the aspect of cutting performance research and
structure design of BEMC, Liang et al. [6] conducted
the experiment of milling TC17 with cemented carbide
BEMC and found that changing the tool cutting direction
was conducive to improving the surface residual stress
and tool wear. Cheng et al. [7] optimized the design of
BEMC by changing the cutter geometrical parameters,
and analyzed the variation laws of the optimized cutter
milling force by using the finite element method. Chen
et al. [8] proposed a mathematical model of a spiral edge
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curve, which overcame the disadvantage of large calcu-
lation in the traditional spiral edge modeling approach,
and improved the processing efficiency and cutting sta-
bility. Zhang et al. [9] combined the bionic structure with
BEMC, established a finite element model of the biomi-
metic BEMC machining process, and studied the vari-
ation laws of cutting force. Jin et al. [10] designed two
kinds of BEMC with special cutting edges, and carried
out milling experiments, which proved that these two
kinds of tools can obtain higher machining accuracy and
smaller main cutting force in finishing. Antoniadis et al.
[11] established the surface morphology and roughness
forecasting model of BEMC, and verified the validity of
the model through experiments. Abbasi et al. [12] ana-
lyzed the influence of the inclination angle of the 5-axes
BEMC on the machining deformation of thin-walled
parts. The results found that near the angle perpendicu-
lar to the workpiece surface, the milling speed and mill-
ing force of the cutter were low, which helped to improve
the machining accuracy.

Many scholars have also studied the new tool structure
for difficult-to-machine materials [13]. Wang et al. [14]
presented a revolving cycloid milling cutter with a large
spiral angle and front angle. The experiment showed that
compared with BEMC, its wear area was shallower and
wider, and the processing process produced smaller axial
force and tangential force. Song et al. [15] introduced
a way to design a variable pitch end milling cutter, and
obtained the milling speed range under the stable condi-
tion of high-speed milling. Yusoff et al. [16] combined the
semi-discretization method with the difference method
and proposed the optimal structure of the variable screw
cutter and variable pitch cutter. The experimental result
showed that the chatter stability of the optimized cutter
was improved by 5 times matching with the ordinary cut-
ter. Li et al. [17] developed a barrel ball milling cutter and
offered a method to select cutting parameter and calcu-
late tool position. Krishnaraj et al. [13] conducted a high-
speed milling experiment of Ti6Al4V with cemented
carbide end milling cutter. The results showed that the
cutting depth and feed speed had a significant effect on
the milling force, and the milling speed had a signifi-
cant effect on temperature. Chen et al. [18] conducted a
comparative experiment of milling TC11 with the self-
propelled rotary cutter and indexable cutter. The wear
mechanism of self-propelled rotary cutter and its influ-
ence on processing performance were obtained.

In summary, related scholars have performed sig-
nificant research on the milling of titanium alloys with
BEMC and ordinary end milling cutters [19-21]. The
researches on titanium alloy special integral milling cut-
ters mostly focus on the optimization of tool geometric
characteristics and multi-axis machining center toolpath
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planning [22, 23]. Machining efficiency and tool life are
still important factors affecting titanium alloy process-
ing. Compared with BEMC, a circular-arc milling cutter
(CAMC) has a larger radius of the cutting edge, which
can greatly increase the cutting bandwidth. Besides, the
CAMC eliminates the influence of cutter body structure
size on cutting edge radius, forming a longer effective
cutting edge and improving the utilization rate of tool
material. For the purpose of further exploring the mill-
ing performance of CAMC, comparative experimen-
tal research on titanium alloy milling with BEMC and
CAMC was carried out. Combined with milling force,
tool wear morphology and machined surface quality, the
milling performance of the two kinds of tools was ana-
lyzed, which provided theoretical support for the applica-
tion and popularization of CAMC.

2 Experimental Design

The experimental system is shown in Figure 1.
The workpiece material was TC4, and its size was
150 mmXx100 mmx30 mm. The machine tool used
in the experiment was VDL-1000E high-speed milling
center. Furthermore, BEMC and CAMC were installed
on it. The substrate materials of the two tools were
K88UF cemented carbide with WC as the main compo-
nent and binder Co accounted for 10%. Both of the tools
were coated with AICrN and the coated layer thickness
was 4 um. The radius of BEMC was 5 mm; the side edge
rake angle was 6°; the flank angle was 12°, and the helix
angle was 30°. The radius of CAMC was 5 mm; the end
edge radius was 9 mm; the side edge radius was 45 mm;
the rake angle was 6°; the flank angle was 12°, and the hel-
ical angle of the helical groove was 30°.

The experimental parameters shown in Table 1 were
designed to investigate the impact of machining param-
eters on the cutting force. The side milling process was
conducted in the down milling with BEMC and CAMC
respectively. The data on cutting force was collected by
the Kistler 9139AA dynamometer.

For fear of the deviation of experimental results due
to extreme parameters, the processing parameters were
fixed: milling speed 70 m/min, feed per tooth 0.06 mm/z,
cutting width 0.3 mm. Each time when the milling dis-
tance reached 30 m, the tools were removed. The SU3500
scanning electron microscope was employed to detect
the flank wear morphology of BEMC and CAMC. Then
the wear area was analyzed by Bruker xflash6|30 energy
spectrometer. Meanwhile, after unloading the workpiece,
workpiece face quality was detected by the Talysurf CCI
white-light interferometer. The surface roughness was
characterized by S, the root mean square deviation of
the surface contour height.
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Figure 1 Experimental system

Table 1 Experimental parameters

Serial number Speed (V) (m/min) Feed per tooth (f,) (mm/z)  Width (a,) (mm) Tools
Nos. 1-8 50, 70,90, 110 0.06 03 BEMC CAMC
Nos. 9-14 70 0.04,0.08,0.10 0.3
Nos. 15-20 70 0.06 0.1,02,04
@ A b) & c)
125 seMc [l camc (b) 125|[] Bemc [l camc © 125 h seMc [l camc
Tangential force F(N) Tangential force F,(N) Tangential force F,(N)
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Figure 2 Variation law of cutting force with milling parameters: a Milling speed, b Feed per tooth and ¢ Cutting width

3 Analysis of Experimental Results in Figure 2. As can be seen from the figure, the forces
3.1 Analysis of Milling Forces change trend of the two tools with the milling speed
The forces variation law of two kinds of tools with mill-  was basically the same, which increased with the mill-
ing speed, feed per tooth and cutting width was shown ing speed increasing and decreased gradually when the
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milling speed was more than 90 m/min. At the same
time, the growth of feed per tooth and cutting width
increased the cutting resistance, and the milling forces
in all directions of both tools also enlarged significantly.
Because of the larger radius side edge, the narrower cut-
ting region of CAMC reduced the cutting thickness and
the milling force. When the cutting volume enlarged, the
effect of reducing the milling force was more outstand-
ing. The forces of CAMC were less than that of BEMC,
especially the tangential force F, was about 15% smaller
than that of BEMC, while the axial force F, of CAMC
was not significantly lower than that of BEMC. The F,
of CAMC was only 4% lower than that of BEMC with
feed per tooth 0.10 mm/z. The reason is that the differ-
ent helix angles in the cutting area of tools can result in
different force decomposition effects. This led to the dif-
ferent proportions of the forces in all directions between
BEMC and CAMC.

Figure 3 shows the actual measured data of tangen-
tial force F, of the two kinds of tools at a milling speed
of 70 m/min, feed per tooth of 0.06 mm/z, and cutting
width of 0.3 mm. It can be seen that the F, peak value of
BEMC was higher than that of CAMC, and the former F,
peak value fluctuation range was also greater than that of
the latter. This can be interpreted as CAMC relieving the
fluctuation of the cutting force caused by the frictional
resistance and mechanical shock concentration for its flat
cutting edge. Thus the processing stability was higher.

3.2 Analysis of Tool Wear Process and Mechanism

Figure 4 shows the flank wear morphology in differ-
ent milling lengths. It is observed that the adhesive
layer appeared on the flank of BEMC and CAMC obvi-
ously at a milling length of 60 m. Since the strong affin-
ity of titanium alloy, the cutting area of the flank face
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Figure 3 Actual measured data of tangential force F,
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formed a bonding under friction. But the difference is
that the bonding of BEMC was relatively concentrated
and blocky, while the flank adhesive layer of CAMC was
more uniform. Moreover, its width was smaller than that
of BEMC and appeared as a strip.

As the milling progressed, the extrusion and friction
between the tool and the workpiece intensified, which
led to a degradation in cutting performance. When the
machining length reached 150 m, the bonding on the cut-
ting edge of BEMC fell off constantly, which weakened
the cohesion between the coating and substrate. Fur-
thermore, because of the large curvature transformation
of the cutting edge, the force on both sides and the mid-
dle of the cutting edge was uneven. Therefore, under the
action of mechanical and thermal shock, micro notches
occurred at the weak part. At this period, the flank adhe-
sive layer of CAMC also fell off continuously, forming a
strip-shaped wear belt with intermittent coating. How-
ever, the flatter cutting edge of CAMC made the contact
between the flank face and the machined surface more
uniform, and thereby avoided tool tipping. As the milling
length reached 240 m, the gradually increasing stress on
the cutting edge of BEMC accelerated the separation of
substrate material particles, and there was tool tipping on
the cutting edge. Although tiny tipping also appeared on
CAMC, they were smaller and more dispersed than those
of BEMC, and the cutting edge remained relatively intact.

Figure 5a and b shows the flank wear morphology of
BEMC and CAMC at the machining length of 60 m.
It can be seen that the two kinds of tools had differ-
ent degrees of bonding. Due to the concentration of
the cutting area, under high stress and high tempera-
ture, there was a large bonding on the flank of BEMC.
The wear area was not uniform, and some coating was
removed nearby. At this point, block bonding appeared
at the cutting edge of CAMC. And strip adhesive layer
appeared at the bottom of the block bonding, which
was evenly coated on the tool surface. Compared with
BEMC, CAMC had smaller block bonding and a nar-
rower tool wear area.

When the machining length reached 150 m, the bond-
ing at the cutting edge of BEMC increases, and a large
area of coating peeling occurred, exposing the tool sub-
strate (Figure 5¢). O and Ti were found by the analysis
of the material composition. This showed that the tool
oxidative wear occurred, and the Ti diffused into the tool
with the increase of temperature. The TiC layer, which
formed by C in the tool and Ti, and adhered to the tool
surface, was continuously worn away under the cyclic
impact force. Bonding tear characterized by bonding
pits has formed, which reduced tool substrate strength
and increased tool wear. Meanwhile, the bonding debris
on CAMC continuously peeled off and took away the
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(a)

Wear zone

60 m

15.0kV 55.4mm x47 SE
150:m
240 m

BEMC
Figure 4 Flank wear morphology

coating, and the wear area presented a uniform strip
shape (Figure 5d). Furthermore, a large amount of Al, N
and Cr were detected in the wear area, which indicated
that the coating was not completely peeled off and in a
slow grinding process. It can be deduced that CAMC was
in a stable wear period. Additionally, a small amount of O
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was found in the cutting area, and thus CAMC also had
slight oxidation wear.

Figure 5e and f shows the flank wear morphology of
two tools at the machining length of 240 m. There was
tipping at the cutting edge of BEMC, and a tight adhe-
sive layer was found in these areas. It indicated that
tool tipping had occurred at an earlier time. Further
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Figure 5 Flank wear morphology at different length

elemental analysis results of the wear area show that the
content of C increases and the content of Co decreases
at the cutting edge. At this time, the diffusion of Co
to the inside led to a lack on the surface, resulting in a
decrease in the bonding strength between the substrate
C particles. So the substrate material fell off together
with the bonding, which was the main reason for the
formation of severe tool tipping. In this period, the

Atomic Mass Categorize Atomic
number (%] mass[%]  [%]
Carbon 62424 61.03 74.89
Oxygen 8 483 1215 1119
¥ Aluminium 13 9.29 2338 1277

Chlorine 17 034 085 035
Titanium 22 103 260 080
100,00 100.00

Element

1188
Ch1 MAG:700x HV:15kV WD: 851 mm Px: 0.18 pm

CAMC

coating peeling of CAMC intensified, and the width of
the wear area increased. Additionally, there was a small
amount of adhesive layer and tiny notches occurred at
the same time. However, since the flank face of CAMC
contacted the workpiece more evenly, the heat dissi-
pation conditions were improved while reducing fric-
tion. Therefore, the spalling of the tool substrate was
avoided. The energy spectrum analysis showed that the
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Figure 6 Comparison of the machined surface morphology at different length

content of O increased and there was a small amount of
Ti at the tipping area. This showed that oxidative wear
and slight diffusion wear occurred at the same time.

3.3 Effect of Tool Wear on Surface Quality

Figure 6a and b shows the comparison of the machined
surface morphology at the machining length of 60 m. It
can be observed that an outstanding peak and trough
appeared on the surface machined by BEMC, and the S,
was 0.679 pm. Due to the small radius of the ball head,
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BEMC cut into the workpiece and produced obvious ball
pits in the wave trough. In contrast with BEMC, CAMC
had a flatter machining surface, with only shallow strip
grooves and slight wave crests. Its S, was 0.467 pm and
smaller than that of BEMC.

When the machining length was 150 m, the two kinds
of tools entered into a stable wear stage. At this point,
the wear of BEMC was relatively severe. The peak and
trough of the machined surface were more remarkable,
and reflected in the wave peak height increasing. The
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maximum height of the peak top S, was 3.713 pm. Con-
currently the defects at the cutting edge were reflected
on the machining surface, and there were bulges along
the feed direction at the trough floor (Figure 6c). The
wave peak on the machining surface of CAMC had also
begun to become prominent, and a narrow trough had
appeared. Compared with BEMC, its surface quality had
not significantly decreased. The S, was 0.565 pm, which
was much smaller than 0.905 um of BEMC (Figure 6d).

As the machining length increased, continuous abra-
sion and mechanical shock between BEMC and the
workpiece led to tool tipping and intensified the squeeze
plowing action. Therefore, when the machining length
was 240 m, the bulge on the surface was more outstand-
ing, and the ball pit in the wave trough became irregular
and more rugged. The peak height increased further, and
the S, reached 1.087 pm (Figure 6e). The surface quality
machined by CAMC also dropped to some degree. The
uniform wave peak disappeared and was replaced by
an irregular wave peak and shallow trough. These phe-
nomena were caused by the notches of CAMC and the
decrease of machining stability. By contrast, the S, value
of CAMC was only 0.678 pm, so the surface quality was
better (Figure 6f).

3.4 Analysis and Discussion of Cutting State

According to the above, the residual height value of
CAMC was lower, and the surface quality was better. This
paper analyzed the actual processing situation of BEMC
and CAMC, and established the mathematical model
of residual height. Figure 7 shows the comparison of
machined surface residual height after milling by BEMC
and CAMC. The residual height of machined surface 4 is:

4R? — [2
h=R—-———, (1)

z (a)

X

Ball-end milling cutter

Workpiece

Feed direction
Figure 7 Comparison of machined surface residual height: a BEMC and b CAMC
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where R is the radius of the cutting edge, L the processing
line spacing.

As can be seen from Figure 7, under the condition of
the same processing line spacing and milling width, the
larger radius cutting edge of CAMC cut into the work-
piece, resulting in more uniform thickness and thinner
average cutting thickness. Moreover, it can be seen from
Eq. (1) that the surface residual height / at the two adja-
cent tool paths overlap of CAMC is lower under the con-
dition of fixed processing row spacing L. Thus the surface
quality is improved.

To investigate the milling forces of the two kinds of
tools, it is indispensable to create the milling force model
diagram in the normal plane reference frame based on
the actual cutting process (Figure 8). The cutting area
is equivalent to point A. At point A, the cutting edge
receives a feed force F, perpendicular to the base plane
P, and a tangential force F, directed to the cutting edge
center in the normal section P,. The resultant shear force
F of these two forces can be expressed as follows.

Ts - de - Hp

F=ng cosptn—v) @

where 7, stands for the shear stress, 4, the cutting width,
Hj, the instantaneous undeformed cutting thickness, ¢
the shear angle, y’ working rake angle, # the friction angle
determined by the experiment.

Taking into account the differences in cutting perfor-
mance caused by different cutting areas of the tool, it is
necessary to probe the impact of the geometric charac-
teristics on helix angle 5. The cutting area of CAMC is
the side edge, and its helix angle is 30°. The cutting area
of BEMC is the end edge, both its equivalent helix angle
/3’ and working rake angle y’ measured in main section
P, vary with the axial position angle 6 of point A, as is
shown in the following equations.

2(b)

Circular-arc
milling cutter

Workpiece AR
: Michin
surface
| v Zo =
_.>\ ~
Feed direction
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Figure 8 Milling force model diagram: a BEMC and b CAMC

B’ = arccos cot§ , (3)
V/(sin0)* + (cot B)>
y' = siny cos® B'+sin® B (4)

According to Eq. (3), the end edge equivalent helix
angle of BEMC increases nonlinearly with the axial
position angle 6 and is less than the helix angle of
CAMC by 30°. Compared with BEMC, constant helix
angle of the side edge of CAMC makes the cutting
process more stable. Moreover, the larger helix angle
can effectively decompose the main cutting force into
axial direction, which makes the axial force component
increase significantly. This is the reason that the decline
of F, and F, of CAMC is more remarkable than that
of F, (Figure 8). Eq. (4) demonstrates that the working
rake angle y’ of CAMC is larger, which will be men-
tioned in the calculation of the cutting force later.

The other parameters in Eq. (2) can be expressed as:

o 4R? — g2
Dmax — ’
/ 2__ 2
2sin [arctan(;[isz")} ()
p=T -1V (6)
T4 2

Therefore, the maximum shearing force F,,,, of a sin-
gle cutting edge in the cutting process can be obtained.
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It can be seen from Eq. (5) that CAMC reduces the
maximum instantaneous cutting thickness Hj,, . for
its larger side edge radius R. Therefore, the conclusion
can be drawn from Eq. (7) that the large working rake
angle of CAMC and the cutting thickness thinning
mechanism reduce the maximum cutting force dur-
ing the cutting process jointly. Furthermore, the tool
wear was effectively relieved. It is worth noting that the
larger radius and flatter cutting edge of CAMC make
the wear area dispersed and uniform to avoid heat con-
centration. Consequently, this also has a positive effect
on prolonging tool life.

4 Conclusions

In this paper, the cutting property comparison study of
ball-end milling cutters (BEMC) and circular-arc mill-
ing cutters (CAMC) was carried out. The comparative
analysis was made of milling forces, tool wear and surface
quality. The following conclusions were obtained.

(1) In contrast with BEMC, the tangential force and
radial force decreased obviously under the action of
cutting thickness thinning mechanism. In addition,
the tangential force fluctuation amplitude of CAMC
was significantly smaller than that of BEMC, which
represented excellent dynamic processing perfor-
mance.

(2) The flank face of CAMC was dominated by adhe-
sive wear, and the wear area was near the cutting

Ty de - \/4AR? — a2
Fomax = AR —a2 , -
2 sin [arctan( ae—z};e )} ~sin(% _ %) . cos(% + '1—21/ ) (7)
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edge and narrower. After a long cutting time, obvi-
ous oxidation wear was observed. The width and
depth of the wear area increased slowly. The final
failure occurred with the appearance of the notches.
(3) In the whole cutting process, CAMC had bet-
ter surface quality. There was no obvious peak and
trough in machined surface, and the surface rough-

ness S, was kept at a low level.

(4) The machined surface produced by CAMC had
lower residual height under the action of a large
cutting edge radius. Compared with BEMC, the
large working rake angle of CAMC and the reduc-
tion of cutting thickness decreased the maximum
cutting force. And the flatter cutting edge makes the
heat even, effectively relieving tool wear.
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