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Abstract: Titanium alloy is a kind of typical hard-to-cut material due to its low thermal conductivity and high strength at elevated
temperatures, this contributes to the fast tool wear in the milling of titanium alloys. The influence of cutting conditions on tool wear has
been focused on the turning process, and their influence on tool wear in milling process as well as the influence of tool wear on cutting
force coefficients has not been investigated comprehensively. To fully understand the tool wear behavior in milling process with inserts,
the influence of cutting parameters on tool wear in the milling of titanium alloys Ti6Al4V by using indexable cutters is investigated. The
tool wear rate and trends under different feed per tooth, cutting speed, axial depth of cut and radial depth of cut are analyzed. The results
show that the feed rate per tooth and the radial depth of cut have a large influence on tool wear in milling Ti6Al4V with coated insert. To
reduce tool wear, cutting parameters for coated inserts under experimental cutting conditions are set as: feed rate per tooth less than 0.07
mm, radial depth of cut less than 1.0 mm, and cutting speed sets between 60 and 150 m/min. Investigation on the relationship between
tool wear and cutting force coefficients shows that tangential edge constant increases with tool wear and cutter edge chipping can lead to
a great variety of tangential cutting force coefficient. The proposed research provides the basic data for evaluating the machinability of

milling Ti6Al4V alloy with coated inserts, and the recommend cutting parameters can be immediately applied in practical production.
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1 Introduction

Titanium alloys are widely applied in aerospace, power
and energy industries due to its good mechanical properties,
corrosion resistance property and high strength-to-weight
ratios! ). Titanium alloy is difficult-to-cut materials and is
expensive to machine. Due to its low thermal conductivity,
cutting temperatures up to 1100 C will be achieved in a
narrow region near the cutting edge at the tool-chip
interface during titanium alloy machining®. This will lead
to high reaction and diffusion rates, resulting in high
cutting tool wear rates. Tool wear has a great impact on the
surface integrity of the finished part as well as the part
surface quality. Therefore, knowing about wear
mechanisms and their trends along the cutting length in the
machining process is needed for cutting tool life control.

As for the machinability of titanium alloy, PERVAIZ, et
al'¥, reviewed the machinability of titanium alloys
concerning cutting tool materials, associated wear
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mechanism and so on, they pointed out that heat generation
is the main reason for tool failure in carbide material.
ARRAZOLA, et al™, presented the machinability results
carried out for Ti555.3 compared with the commonly used
Ti6Al4V, they found that it’s more difficult to machine
Ti555.3. ODELROS!' studied tool wear during the
orthogonal turning of titanium alloy. In the study, the
cutting tool inserts were analyzed by SEM, EDS and
optical imaging in Alicona InfiniteFocus. Their results
show that crater wear was the dominating wear mechanism
during the cutting speeds of 90-115 m/min. DA SILVA, et
al”l, investigated the behavior of Polycrystalline Diamond
(PCD) tools when machining Ti6Al4V alloy at high speed
conditions using high pressure coolant supplies. They
found that increase in coolant pressure tends to improve
tool life and reduce the adhesion. RAZA, et al®),
investigated the effect of different strategies on the flank
tool wear during turning of titanium Ti6Al4V using
uncoated carbide tools, they found that the adhesive and
abrasive wear mechanisms were dominant at the flank face.
WEIL et al®, investigated the influence of hydrogen
contents on tool wear, they founded that the tool wear is
closely related to cutting speed in machining hydrogenated
Ti6Al4V alloy. SUN, et al''®, investigated the evolution of
tool wear and its effect on cutting forces during dry
machining of Ti6Al4V alloy and found that both the
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average and maximum flank wear increased more
significantly with volume of material removed at higher
cutting speed.

In order to reduce tool wear in cutting titanium alloys,
RIBEIRO, et al!'!l, performed turning tests and their results
showed that better surface roughness can be obtained under
the speed of 90 m/min than 70 m/min. YANG, et al''?,
presented a tool wear prediction model, including abrasive,
adhesion and diffusion wear and they found a reasonable
range of cutting parameters: the cutting speed is in the

range of 50-100 m/min, and the feed is in 0.15-0.25 mm/r.

ZHANG, et al'"*! studied tool wear in precision turning of
titanium alloy, the ultrasonic vibration turning method was
adopted to reduce the wear of diamond tool in the turning
of TC4 titanium alloy. DENG, et all" examined the
element diffusion from the Ti6Al4V titanium alloy to
WC/Co carbide tools at temperature up to 800 ‘C. They
found that the element diffusion from the Ti6Al4V to the
WC/Co carbide tools through the tool-chip interface in
machining processes leads to a composition change of the
tool substrate, which may accelerate the tool wear. SUI, et
al'"! proposed a tool path generation and optimization
method for pocket flank milling of aircraft structural parts.
A combination strategy of corner-looping milling and
clothoid curve transition is proposed to reduce cutting force
and machining vibration, thus to further reduce tool wear.
Despite lots of researches have been performed on the
machinability of titanium alloy Ti6Al4V, most of them
focused on the turning process. These research results
provide basic cutting parameters for industrial application.
But for practical application, particularly for milling
process, these results are not enough for selecting
appropriate cutting parameters since the cutting conditions
are not actually the same as those employed in experiments.
To study the tool wear behavior in milling process with
inserts and reduce tool wear, the effects of cutting
parameters on tool wear in the end milling of titanium alloy
Ti6Al4V with indexable milling cutters is studied. The
cutting conditions are the same as industrial application and
the parameters can be immediately employed in the

workshop. Materials and methods are described in section 2.

Results and discussion are discussed in section 3. Finally,
some conclusions are given in section 4.

2 Materials and Methods

The material used in this research is titanium alloy
Ti6Al4V. The chemical components are Ti-90%, Al-6%,
V-4%, Fe-max 0.25%, O-max 0.2% and the physical

properties of Ti6Al4V are as follows: 4430 kg/m3
(Density), 880MPa (Tensile strength, yield), 113.8
MPa(Modulus  of Elasticity), 6.7W/m-K (Thermal

Conductivity), 36HRC (Hardness), 1604—1660 C(Melting
Point).

In order to study tool wear in the milling of Ti6Al4V
under different cutting parameters with indexable milling

cutters, a series of milling experiments of Ti6Al4V were
performed. The setup for milling experiment is shown in
Fig. 1. The inserts used in the experiments are
MITSUBISHI APMTI1135PDER-M2 VPISTF and the
cutter diameter is 16mm. The machining center used is
YHVTS50Z.
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Fig. 1.

Workpiece

Test setup

Listed in Table 1 are the used cutting parameters, water
soluble coolant was used in the milling tests. In the table, v
is the cutting speed, a. is the radial depth of cut, a, is the
axial depth of cut, f; is the feed per tooth. Four components
dynamometer(Kistler 9123C) was used for measuring
cutting forces in three coordinate directions(X, ¥ and Z) and
the spindle torque in the milling process. In order to
measure the tool wear, Alicona Infinitefocus G4 was used
to get the tool wear width.

Table 1. Cutting parameters used in the experiments

Cutting Axial depth Radial Feed per
No. speed of cut depth of cut tooth

v/(m * min™") a,/mm a./mm f/(mm e tooth™)

01 60.29 2 1 0.05
02 60.29 2 2 0.05
03 60.29 2 3 0.05
04 60.29 2 4 0.05
05 90.43 2 1 0.05
06 90.43 2 1 0.07
07 90.43 2 1 0.09
08 90.43 2 1 0.11
09 120.58 2 1 0.05
10 150.72 2 1 0.05
11 90.43 1 1 0.07
12 90.43 3 1 0.07
13 90.43 4 1 0.07

3 Results and Discussion

Optical 3D topography measurements were performed
for inserts using Alicona InfiniteFocus, both before and
after wear tests in the milling. Images measured before and
after machining were analyzed and the wear length was
estimated. Cutting forces and the spindle torque were
measured in the milling process.

From the optical measurement results, flank wear is
observed as the main wear mechanism in the milling test
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with inserts. Flank wear is caused by friction between the
flank surface of the cutter and the machined workpiece
surfacel'®.

3.1 Influence of cutting parameters

3.1.1 Influence of feed per tooth

Tool wear under different feed per tooth is investigated:
0.05, 0.07, 0.09, and 0.11 mm/tooth. Other cutting
parameters are v=90.43 m/min, a,=2.0 mm, a.=1.0 mm.
Tool wear(VB) results are shown in Fig. 2. The results
show that tool wear increases greatly with the increase of
feed per tooth. When the length of cut exceeds 2760 mm
under feed per tooth of 0.07 mm/tooth, insert edge
breakage was observed. For larger feed per tooth, the
breakage did not happen, it may due to the hard point in the
workpiece for feed per tooth 0.07 mm/tooth. When £=0.05
mm/tooth, tool wear increases gradually with the increase
of cutting length. For different f;, results show that tool
wear is slow for a certain length of cut. After that, tool wear
grows fast. As feed per tooth increases, the material
removal rate increases and so does the cutting heat. The
same happens to the unit cutting force. Increase of cutting
heat will lead to higher cutting temperature, which will
aggravate the failure of insert coating. Hence, tool wear
will increase under high cutting temperature and large
cutting force.
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Fig. 2. Effects of feed per tooth on tool flank wear

3.1.2  Influence of cutting speed

Under four different cutting speeds: 60.29, 90.43, 120.58,
150.72 m/min, the tool wear increases gradually with the
increase of cutting length, as shown in Fig. 3. For different
cutting speeds, it is observed that there is no big difference
of tool wear trend. As for the tool wear in the experiments,
none of the four inserts reaches 0.3 mm. An approximately
linear dependence between tool wear and increasing cutting
length is found for cutting speeds 120.58 m/min and
150.72 m/min. For lower cutting speeds, 60.29 m/min and
90.43 m/min, the tool wear is not showing an obvious
dependence on the cutting length or the cutting time. For
high cutting speeds, 120.58 m/min and 150.72 m/min, it
seems that the steady-state wear region is reached.
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Fig. 3. Effects of cutting speed on tool flank wear

3.1.3  Influence of axial depth of cut

Fig. 4 shows the effects of axial depth of cut on the tool
wear. Under different axial depth of cut, tool wear increase
slowly with the increase of cutting length, it seems the
steady state region is reached. When cutting length reaches
2760 mm under an axial depth of cut 3.0 mm and 4.0 mm,
cutter insert edge breakages were observed at the upper
edge of the insert. It is mainly caused by large stress due to
large cutting load. As for the tool wear behavior, a gradual,
approximately linear tool wear development with
increasing cutting length is observed at the axial depth of
cut a,=1.0 mm and a,=2.0 mm. As the axial depth of cut
increased, the heat generated and cutting force might
increase, but the working length of the cutting tool insert
edge increased as well. The cutter insert edge breakage is
mainly caused by the large tool load.
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Fig. 4. Effects of axial depth of cut on tool flank wear

3.1.4  Influence of radial depth of cut

When the radial depth of cut increases, insert edge
breakage is prone to occur, as shown in Fig. 5. For small
radial depth of cut (a.=1.0 mm), tool wear increases slowly,
it seems the steady state region is reached. For large radial
depth of cut (a¢.=2.0 mm), the tool wear rate is much larger
and the edge breakage is prone to happen. Tool wear rate
grows with the increase of radial depth of cut and it seems
accelerated wear zone is reached rapidly. Besides, the tool
wear behavior is approximately exponential for radial depth
of cut larger than 1.0 mm, and approximately linear tool
wear trend is observed for the radial depth of cut a.=1.0
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Fig. 5. Effects of axial depth of cut on tool flank wear

3.1.5 Discussion

With the increase of radial depth of cut, cutting time
during one cutter revolution of the insert increase as well,
which means the tool insert withstands high temperature
and high tool load for much longer time. Hence, the heat
generated during cutting accumulated and tool wear
increases. Besides, the peak temperature grows with the
increase of radial depth of cut and accumulation of heat.
Higher contact temperatures give higher reaction rates and
probably higher tool wear rates. Therefore, higher tool wear
rate was observed with the increase of radial depth of cut.

The above results show that feed rate per tooth and radial
depth of cut have great influence on tool wear, axial depth
of cut and cutting speed have a small influence on tool wear.
Therefore, selecting proper feed rate per tooth and radial
depth of cut are the key factors in extending tool life. For
the given tool-workpiece material pair, suggested cutting
parameters are £;<0.07 mm/tooth, ¢, <1 mm, ¢,<2 mm,
the cutting speed can be set between 60 m/min and 150
m/min. In order to reduce tool wear in milling titanium
alloy by using cutters with inserts, the ratio between
working time and cooling time of the insert should be set
properly according to the cutting conditions. Radial depth
of cut can be optimized according to the working-cooling
time ratio to reduce tool wear rate. Since axial depth of cut
does not increase tool wear rate noticeably, it can be
increased according to the tool load to get higher machining
efficiency. Therefore, the trochoidal milling strategy can be
an alternative method for high efficiency milling of
hard-to-cut material with longer tool life!'” . In the
subsequent study, selection of proper cutting parameters for
trochoidal milling of titanium alloy to get higher machining
efficiency and longer tool life will be carried out.

3.2 Tool life prediction
Tool life can be expressed as a function of cutting
conditions as follows!'®!:

Ct
fotq ’ 1

t

where T is tool life, C, p and ¢ are constants for a given
tool-workpiece material pair. Based on the test above, the
machinability test results are shown in Table 2.

Table 2. Machinability tests

No Cutting speed Feed rate Measured tool life
" v/(memin") f/(mm * tooth) T/min
1 60.29 0.05 125
2 90.43 0.05 79
3 90.43 0.11 16

From tests 1 and 2,

. ln(Tu/Tn)

B ln(vz/vl)

) =1.135. ©)

From tests 2 and 3,

_ 1n(th/th)

= =2.011.
1 1n(ft2/ft3>

3

Substituting p and ¢ into Eq. (1) gives the third
parameter as
C, =31.7. “)

Then the resulting empirical Taylor tool life equation for
tested tool-Ti6Al4V pair becomes

317
t v14135f;24011 :

&)

It can be observed that feed rate per tooth has more
influence than cutting speed on tool life within the tested
parameter range.

3.3 Influence of the tool wear on cutting
force coefficients
To further analyze tool wear’s influence on cutting
process, cutting force coefficients were tracked and
analyzed. In the milling process, cutting forces in tangential
(Fij(¢)), radial (Fj(#)) and axial (F,j(¢)) directions for
cutter tooth j can be expressed as!'®!

E (@) =K hj(@)*a,+K, *a,,
E @) =K h(p)ea,+K,a,
F;l,j(¢):Kac .hj(¢)'ap +Kae .ap’

(6)

where K, K., and K,. are the cutting force coefficients
contributed by the shearing action in tangential, radial, and
axial directions, respectively, and K, K. and K,. are the
edge constants, /(@) is the chip thickness at instantaneous
tool immersion angle @, a,, is the cutting depth.
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In the milling process, the cutting torque acting on the
cutting tool is

T,=r+Y F(¢), b <4 <4, €

Since the power consumed by the spindle can be
expressed as

—Qj (2) b<4,<4.. (®)
Then, the relationship between the torque and power is

T =—. 9
¢ 2nw ©)

The work (dE) done by unit cutting length material can
be expressed as

dE = K h(¢,(2))rdgdz+K rdgdz, (10)
where r is the cutter radius. Then, the work done by the ith
element on the jth tooth of the cutter is

E, _Kff%‘

Since rd¢ is the differential arc length, h(¢;(z))rd¢dz is
the volume of removed material, rd¢dz is the contact area
between the cutter and the workpiece. Therefore, Eq. (11)
can be expressed as

rd¢dz+Kmff rdgdz. (11)

E,=K/J; +K, (12)
where
v= " h(g, (2)) rdgetz,
(13)
=) ¢ rdgdz,
Then the total work in one cutter revolution is
E; = ZZ i (14)
and the power consumed in one cutter revolution is
:ﬁ:ZZ%ZKtCV+KmA, (15)
J i

where 7 is the cutting period. Substituting Eq. (15) into Eq.
(9), gives

T:: = 120n22( tc’ ij +KteAy)

2na)r

1
1207

K
V A ] tc . (16)
120n 1207)|K,,

During the milling process, the total torque can be
measured by Kistler 9123C dynamometer and it contains
two parts: one is the idle running torque 7t and the other
one is cutting torque 7, that is

(KV+KA)[

T,=T:+T,. 17)
Substituting Eq. (16) into Eq. (17) gives
T;
Tm[l 7 i] K.|=SK, (18)
120 120%
te
where
_ [1 v A ]
120n  1201)’
T; (19)
K=|K,|
Kte
Then
K=T,(s"s)"s". (20)

The material removal volume 7 and the cutter-workpiece
contact area A can be calculated by CAM software, T, and
Tt are measured by Kistler 9123C.

XU, et al®, stated that the tangential cutting coefficients
behave differently with tool wear. In this paper, tangential
cutting coefficient and tangential edge constant are also
used in this paper. Cutting force coefficients variation with
tool flank wear under different feed per tooth are shown in
Fig. 6. Results show that tool wear does not have great
influence on cutting force coefficients. But when cutter
edge chipping happens, cutting force coefficient will
change dramatically, as the data shown in Fig. 6 for feed
per tooth 0.09 mm/tooth.

Edge constant variation with tool wear in all tests is
shown in Fig. 7. Results shown that approximately linear
relationship between edge constant and tool flank wear can
be found based on the tested data. By applying a linear least
squares fit, the following equation can be get:

K., =252.12+VB+158. (21)

Based on Eq. (20) and Eq. (21), tool flank wear can be

estimated based on the online measured torque. Once
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estimated tool wear is observed too large in the milling
process, the milling process can be stopped for detail tool
wear measurement.
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4 Conclusions

(1) Cutting speed is observed to have less effect on tool
wear under low feed rate per tooth(0.05 mm/tooth).
Besides, tool wear behavior is approximately linear for
higher cutting speeds(120.58 m/min and 150.72 m/min).

(2) Feed rate per tooth and radial depth of cut have great
influence on tool wear, and the tool wear behavior is
approximately exponential under large value.

(3) To reduce tool wear in milling titanium alloy with
inserts, the recommended cutting parameters are f;<<0.07
mm/tooth, a.<1.0 mm, ¢,<2.0 mm, the cutting speed can
be set between 60 m/min and 150 m/min.

(4) Tangential edge constant increases almost linearly
with the increase of tool wear.

(5) Cutting parameters and strategies can be further
studied based on the results of this research to get higher
machining efficiency and longer tool life in the milling of
titanium alloys.
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