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Abstract This paper focused on combined study on the
evolution of tool wear and its influence on borehole quality
in dry helical milling of Ti-6Al-4V. The carbide tools with
TiAlN coating were used in this experimental investigation.
The tool wear characteristics both at front and periphery
cutting edges were investigated using an optical micro-
scope and SEM-EDS techniques. The experimental results
demonstrate that the combined effects of chipping/fracture,
diffusion, and oxidation have significant bearings on front
cutting edge failure, while the flank wear was predom-
inant at the periphery cutting edges. The cutting speed
was correlated with tool failure mechanizes, and the differ-
ent wear rates at front and periphery cutting edge caused
different variation trends of cutting force in thrust and hori-
zontal direction during hole-making process. The quality of
machined holes was evaluated in terms of geometry accu-
racy, burr formation, and surface roughness. The exit-burrs
of machined hole were closely correlated with front cutting
edge wear. However, high hole quality was observed even
the near end of tool life from the point of view of diameters,
roundness error, and surface finish due to the smooth wear
pattern at periphery cutting edges. Severe tool wear at front
cutting edges will cause excessive exit-burrs, but it has no
obvious effect on geometry and surface roughness in helical
milling of Ti-6Al-4V.
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1 Introduction

Due to high strength-to-weight ratio and excellent resis-
tance, titanium and titanium alloys are excellent candidates
for high performance applications [1]. However, tool wear
in titanium alloy machining process is severe because of
high cutting temperature and low thermal conductivity [2].
In the machining process, high cutting temperature also
enhances the chemical reactivity of titanium, producing a
strong adhesion of the workpiece to tool surface and leading
to premature tool failure [3]. Kramer [4] separated the wear
into a low-temperature region wear (the mechanical wear
like abrasion is predominant) and a high-temperature region
wear (chemical properties and diffusion are the predomi-
nant). Tool wear in machining of titanium alloys is mainly
caused by high cutting temperature in the vicinity of cut-
ting edges, and in addition, adhesion-dissolution-diffusion
wear, attrition, and micro- and macro-fracturing of the cut-
ting edge also increase the risk of rapid tool wear [5]. In this
paper, the tool wear in helical milling of Ti-6Al-4V alloy
was been studied separately from front cutting edge and
periphery cutting edge under dry machining condition.

The cutting temperature in cutting zone mainly depends
on the cutting speed and cutting force. Several authors
developed experimental techniques to study on the progres-
sive tool failure during machining operations. The cutting
speed and cutting force are two important factors needed
to consider in the investigation of tool wear. It can achieve
a more realistic optimization of machining operations by
building the relationship between process factors and tool
degradation. Wanigarathne et al. [6] established the inter-
relationships between the progressive tool wear, cutting
temperature, and the cutting forces experimentally. Zhang
et al. [7] have analyzed the tool wear and the cutting force
variation during high-speed end milling of Ti-6Al-4V alloy.
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Fig. 1 Helical milling
kinematics

Mantle et al. [8] have studied on the effects of machining
parameters in relation to tool life, hole quality, and cutting
force and workpiece surface integrity. The cutting speed was
correlated with progressive tool failure mechanisms, and the
different conditions of friction and normal stresses caused
by different cutting forces and cutting temperatures under
different cutting speeds resulted in varieties of progressive
tool wear mechanisms [9]. At the same time, finite element
method has been utilized to investigate the machining of
Ti-6Al-4V alloy in high cutting speed range [10–12], but it
is still difficult to discuss the tool wear and cutting force
and the coated carbide tools under a certain flank wear.
Furthermore, the above research results did not involve the
relationship between the tool wear mechanism and pro-
cess factors (cutting force and cutting speed) in Ti-6Al-4V
helical milling.

As one of the new hole-machining methodologies, helical
milling has a number of advantages such as smooth cut-
ting process, small thrust force, and high accuracy compared
with conventional drilling. Due to the excellent performance
in hole-making operations, the helical milling process is
widely researched, especially for difficult-to-cut materials,
such as titanium alloy and carbon fiber reinforced plastic
(CFRP) [13]. Detailed studies about helical milling pro-
cess have been initiated. Iyer et al. [14] proved that helical
milling is capable of machining H7 quality holes with a sur-
face finish of 0.3 μm Ra in AISI D2 tool steel. Denkena

et al. [15] investigated the influence of the axial and tan-
gential feed on cutting forces and borehole quality during
helical milling of layer compounds consisting of unidi-
rectional CFRP and Ti-6Al-4V. Brinksmeier et al. [16]
established the mathematical model of helical milling kine-
matics to describe mathematically the occurring cutting
conditions over the engagement angle as a function of the
parameters: hole diameter, tool diameter, and gradient of
the helical course. Based on an improved Z-map model, a
3D surface topography simulation model was established to
simulate the surface finish profile in helical milling process
[17]. Wang et al. [18] established an analytical cutting force
model of the helical milling which can be utilized to predict
the change of cutting force in helical milling process under
different cutting conditions. Nevertheless, the detailed study
about tool wear mechanism of helical milling process was
not elaborated clearly.

Titanium alloys represent a significant metal portion of
aircraft structural and engine components. In order to meet
the requirements of low costs of production and safe assem-
bly environment, the dry cutting is recommended by aero-
nautical manufacturers. Several papers about machining
titanium alloy with dry cutting [19, 20] have been published.
Dry machining of titanium alloys is difficult because the
temperature at the cutting edge is very high, and it should be
controlled to guarantee the quality of machined hole. When
these critical structural components in aerospace industry

Table 1 The cutting parameters for helical milling Ti-6Al-4V

Cooling condition Cutting speed Tangential feed Axial feed Hole diameter Hole depth Axial distance

of tool machined

Dry 120/100/80/60 m/min 0.04 mm/tooth 0.2 mm/rev 10 mm 10 mm 12 mm
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Table 2 Nominal composition of alpha-beta Ti-6Al-4V (weight percent)

Al V Fe (max) Si (max) C (max) N (max) H (max) O (max) Titanium

5.5–6.8 3.5–4.5 0.3 0.15 0.1 0.05 0.015 0.15 Balance

are manufactured with the objective to reach high reliability
levels, surface integrity is one of the most relevant factors
for evaluating the quality of machined surfaces. Herberta
et al. [21] made an evaluation of the evolution of workpiece
surface integrity in hole-making operations (plunge milling
and drilling) for a nickel-based superalloy, while Sharman
[22] presented the tool life and surface integrity aspects
when drilling and hole making in Inconel 718. Biermann
et al. [23] presents the influence of tool geometry, coating,
and cutting data on the bore hole quality.

Most of these papers focused on the conventional drilling
process, and there is few study about the hole quality of
helical milling published. Machining of titanium alloys will
cause rapid chipping at the cutting edge which could lead
to catastrophic tool wear of the inserts [24]. Tool wear
is an important factor which affects the borehole quality.
In this paper, the evolution of tool wear and the correla-
tions between the cutting speed with tool degradation for
dry helical milling Ti-6Al-4V were analyzed. Moreover, the
influence of tool wear on the quality of machined hole in
dry helical milling of Ti-6Al-4V with carbide tools was also
presented.

2 Experimental

The helical milling feed was realized by motion compen-
sation of machining center. The detailed helical milling
kinematics is shown in Fig. 1. As shown in the figure, the
borehole is generated by a milling tool which executes a
helical path in the workpiece. The three motions in heli-
cal milling process are orbital rotation, spindle rotation, and
axial feed. To establish the relationship of helical milling
parameters, the following variables are used: Dt, tool diam-
eters (millimeters); Dh, borehole diameters (millimeters);
n, spindle rotation speed (rpm); np, orbital rotation speed
(rpm); and a, feed rate in axial direction per orbital rotation
(millimeters per revolution).

The angular velocities corresponding to spindle rotation
and orbital rotation can be given as follows:

ω = 2nπ/60;ωp = 2npπ/60 (1)

fa = a × np (2)

α = arctan(fa/(π × (Dh − Df ) × np)) (3)

The cutting parameters in the experiment are shown in
the Table 1, and the axial feed represents the axial feed per

orbital revolution. The axial distance of the tool machined in
every hole-making operation was 12 mm, and the thickness
of titanium plate was 10 mm. Therefore, it can make sure
that all holes are through-hole in this experimental study.
The alpha-beta titanium alloy Ti-6Al-4V plates was used as
workpiece materials in this study, and the nominal chemical
composition of Ti-6Al-4V is shown in Table 2.

In tool wear investigation under the variation of cutting
speed, tool rejection or failure was determined based on the
following criteria:

1. Average nonuniform flank wear VB = 0.2 mm;
2. Maximum flank wear VBmax = 0.3 mm;
3. Excessive chipping/flaking or catastrophic failure.

The experiment trial will be stopped when any one of the
above criteria is reached.

In this paper, helical milling operations were performed
on DMC75Vlinear five-axis high-speed machining center.
As shown in Fig. 2, a Kistler three-direction stationary
dynamometer (9257A) and supporting Kistler charge ampli-
fier (type 5070) were used, and data acquisition board and
Kistler software were utilized for a three-direction cutting
force measurement. The tools specifically designed for heli-
cal milling were used in this study, as shown in Fig. 2. The
ultrafine grain carbide helical milling tools (ISO K10) rec-
ommended by tool manufacturers were selected for helical
milling tests. The composition of the cutter matrix is WC-
8 % Co, and the thickness of the TiAlN coating is 1∼3 μm.

Fig. 2 Experimental setups and helical milling cutters used in the
experiment
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Table 3 The parameters for helical milling cutter

Diameter of cut Length of cut Length overall First clearance angle Second clearance angle Number of teeth

6 mm 4 mm 55 mm 15◦ 20◦ 4

The detailed parameters of helical milling tool used in this
paper are shown in Table 3.

The observation of tool wear mechanism was carried
out using a scanning electron microscope (SEM), Philips
XL-30 with an EDSDX4i system. The further investigation
about elemental distribution was performed using energy-
dispersive X-ray (EDX). The tool wear observation was
carried out by a SI-DUSB-8-1300k digital camera after each
hole was machined. The measurement of diameter accuracy
and roundness error was achieved using coordinate measur-
ing machine (CMM), and the surface roughness values were
obtained by Talysurf of Taylor Hobson surface profilers.

3 Results and discussion

3.1 Tool wear

The helical milling process is completely different from
other hole-making processes; the front cutting edges and the
periphery cutting edge all take part in the machining process
at the same time. The periphery materials of the borehole
are removed by the periphery cutting edges, and the part
of material at the bottom of borehole is removed by front
cutting edges [16]. Therefore, in this paper, the tool wear
of helical milling was separately investigated in the follow-
ing three zones: front cutting edges zone, periphery cutting
edges zone, and the tool nose. These three zones are marked
with A (tool nose), B (front cutting edge), and C (periphery
cutting edge) in Fig. 3. All the experiments were carried out
under the dry condition with the specially designed helical
milling tools, and cutting parameters are shown in Table 1.

3.1.1 Front cutting edge wear

Figure 4 is the photography of initial wear of the front cut-
ting edge zone after machining three holes (cutting time
with 2.5 min). Image shows that the clearance face near the
cutting edges presents the different color contrasts. Zones
with different contrasts were analyzed by EDX technique,
and the results show that the bright white region corre-
sponds to tool substrate (WC-8 % Co) and coating materials
(TiAlN); the gray region only corresponds to coating mate-
rials (TiAlN). The above results suggest that part of coating
material has been removed. However, the geometry param-
eters of the cutter were measured by an optical microscope,
and no significant changes were observed at the front cutting
edges.

With the increase of cutting time, the phenomena
described in the initial phase of tool wear showed increase
in evolution. It is observed that more coating materials were
lost compared with initial wear stage. The medium wear
situation of front cutting edge zone after a cutting time of
12.5 min is shown in Fig. 5a. It is interesting to observe that
the early chipping/fracture firstly occurred at the tool nose
in general (the zone which is marked with A in Fig. 3). The
main occurrence reason of this phenomenon is the highest
cutting speed, and the cutting temperature [19] was reached
compared with other positions at the front cutting edges
in helical milling process. Furthermore, the helical milling
process consists of a discontinuous milling process on the
periphery cutting edge and a continuous drilling process
on the front cutting edge [15]. The tool noses are sub-
ject to thermal cycles owing to discontinuous cut, and it
will increase the wear rate to a certain extent. Chipping at
the tool nose would lead to flaking with the cutting time
increases, as shown in Fig. 5c. Although these flaking do

Fig. 3 Three sections of interest
in wear mechanism study on
helical milling
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Fig. 4 Initial wear of the bottom cutting edge zone after machining
three holes (cutting time 2.5 min)

not affect the surface quality of the machined hole, they
weaken the tool [25]. When the tripping/fracture occurred,
the cutting force will increase due to the change of geome-
try parameters, and the more tough cutting condition will be
present for the cutting tool and lead to more serious wear.

Figure 5b shows an image of the front cutting edge when
cutting time reached 12.5 min. The good geometry shape of
the front cutting edge was still obtained. However, the adhe-
sion phenomena were observed as shown in the figure. The
adhesion phenomena are formed due to the high pressure
generated during cutting and the high chemical affinity of
the tool to the workpiece material. Sharman et al. [26] has
made similar observations in end milling of Inconel 718TM.

When ball nose-end milling Inconel 718, they found that
the main wear mechanism was adhesion and reported built-
up edge (BUE) formation and plucking of the tool coating.
When adhesion materials is taken off during the machin-
ing process, the fresh tungsten carbide substrate is easily
exposed, decreasing the strength of the tool and leading
to the rapid wear, such as craters. As shown in Fig. 5d,
small crater was observed at the front cutting edge when the
cutting time reached 18.3 min. Because the cemented car-
bide belongs to the brittle material, brittle tripping is very
common in the Ti-6Al-4V helical milling process.

The EDX analysis result of worn front cutting edge is
shown in Fig. 6, and two kinds of wear mechanism were
observed through the results of SEM-EDX: diffusion and
adhesion. According to Nabhani [27], the temperature of the
cutting zone even at moderate cutting velocity is generally
around 900 ◦C. At such high temperature, the titanium chip
maintains a very high intimate contact with the tool rake
and flank face especially at the condition with no protec-
tion of coating. The EDX analysis of the crater (spectrum
A) proved that the diffusion wear exists in the crater sec-
tion. In the spectrum, peaks of W and Co correspond to
the tool substrate, while peaks of Ti corresponds to the
workpiece materials. The diffusion between the cemented
carbide tool and titanium alloys can embrittle the region of
tool where diffusion happened [28]. The diffusion speed of
carbon atoms from tool substrate is more rapid than metal
atoms (Co and W) [19]. A carbon-deficient region appeared
at the tool subsurface, and this may be the reason for the
embrittlement of the tool. This process may lead to the more

Fig. 5 Medium wear of front
cutting edge: a chipping at
cutting time of 12.5 min, b
adhesion at the cutting time of
12.5 min, c flaking at the cutting
time of 18.3 min, and d crater at
the cutting time of 18.3 min
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Fig. 6 EDX analysis of bottom cutting edge zone (cutting time of 22.5 min)

serious brittle chipping/fracture. As shown in Fig. 6, chip-
ping/fracture was observed at the diffusion zone of front
cutting edges. It is interested to find that oxidation mech-
anism that occurred during the dry helical milling process
(spectrum A). Therefore, the combined action of diffu-
sion, adhesion and oxidation generates the craters shown in
Fig. 6. The flaking wear pattern was also observed in sec-
tion B; the EDX result is shown in the spectrum B and no
diffusion or adhesion occurred in section B.

According to Astakhov [29], machining of difficult-to-
machine materials and in high-speed machining, plastic
lowering of the cutting edge is the predominant cause of
premature tool failure. In the machining process, the stress
concentration at the cutting edge trends to deform the tool
edge plastically. Because the chipping/fracture occurred
more easily and played a predominant role in wear process,

the plastic lowing phenomenon is not observed in the cur-
rent study. As shown in Fig. 7, the more severe crater was
also observed at the tool nose. EDX analysis of the crater
was carried out, and the results are similar to the result of
spectrum A in Fig. 6.

At the end of the tool life, the excessive chipping and
fracture occurred in the cutting edge. The catastrophic frac-
ture was observed at one of the tool noses (this region may
reach the highest cutting temperature and cutting speed in
helical milling process), as shown in Fig. 8a. However, the
rest of cutting edges did not show significant change in
geometry. The fractures were also observed at the other
position of front cutting edge (Fig. 8b). High stress and
cutting temperatures coupled with the brittleness of the sub-
strate tool due to diffusion may accelerate the chipping,
flaking, cracking, and fracture of the tool [30]. Catastrophic
failure of the tool occurred without previous progressive

Fig. 7 EDX analysis of cutter nose (cutting time of 22.5 min)
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Fig. 8 Final wear of front
cutting edge zone: a fracture at
tool nose (cutting time 33.3 min)
and b fracture at cutting edge
(cutting time 33.3 min)

wear. The tool life in this test is mainly decided by the wear

performance of front cutting edges.

3.1.2 Periphery cutting edge zone wear

It is interested to find that the wear at the periphery cutting

edge zone is not quite severe compared with the front cut-

ting edge, and the occurrence time of obvious wear is much

later. As shown in Fig. 9a, the coating material (TiAlN) in

the vicinity of the periphery cutting edges was lost at the

rake face of the periphery cutting edges when machined for

5 min, but no significant geometry change was observed.

The loss of coating leads to the weakness at the cutting

edges, and the flaking and chipping/fracture were followed

with the increase of cutting time, as shown in Fig. 9b, c. Dif-

ferent from the chipping/fracture that occurred at the front

cutting edge, the process that occurred at the periphery cut-
ting edge was the predominate reason to affect the surface
quality of the machined hole.

Micro-craters were also observed at the periphery cutting
edges at the cutting time of 23.3 min, as shown in Fig. 9.
The wear mechanism is similar to the mechanism at the
front cutting edges, in which diffusion and adhesion were
also observed using the EDX analysis method. The different
point comparing with front cutting edge wear is smooth, and
steady wear was widely observed at the periphery cutting
edge (Fig. 10). This might be due to the following two facts:
abrasion wear was more predominant than other wear mech-
anisms on the flank face of the periphery cutting edges, and
better cutting environment (both in cutting heat and cutting
force) is presented due to the unique characteristic in helical
milling process. The interrupted and eccentrically machin-
ing process elevates the room for chip removing and heat
flowing.

Fig. 9 The wear process of the
periphery cutting edge: a
coating materials lost at flank
face (cutting time 5 min), b
micro-flaking that occurred at
the cutting edge (cutting time
12.5 min), c
micro-chipping/fracture that
occurred at the cutting edge
(cutting time 18.3 min), and d
micro-crater at the cutting edge
(cutting time 23.3 min)
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Fig. 10 Smooth wear at flank
face of the periphery cutting
edge zone (cutting time
33.3 min)

According to the above observation results of the tool
wear process both at the front cutting edge and periphery
cutting edge, micro-smooth wear (Fig. 11) was predominant
at the periphery cutting edge when the excessive fracture
or crater (as shown in Figs. 7 and 8) occurred at the front
cutting edge. The cutting forces have a strong positive cor-
relation with the tool wear propagation. When the chipping
and fracture occurred, the cutting force will increase due
to the change of tool geometry parameters and sharpness.
As shown in Fig. 11, the variation of cutting force in heli-
cal milling process is presented. The cutting force of Fx (or
Fy) , which is the cutting force in horizontal direction, is
lower than the thrust force in helical milling process and has
no obvious fluctuation with increasing cutting time. How-
ever, the thrust cutting force increases with the progression
of tool wear, which ranges from 115 to 257 N as shown in
Fig. 11. That is to say, tool wear in helical milling process
only has influence on the variation of thrust force but has
little influence on the cutting force of Fx (or Fy). In the heli-
cal milling process, the cutting force in thrust and horizontal
directions mainly depend on the tool wear of the front and
periphery cutting edge, respectively. Therefore, the different
wear characteristics in helical milling tool—excessive chip-
ping/fracture at front cutting edge and micro-flank wear at
periphery cutting edge—will lead to the different variation
trends of cutting force.

Fig. 11 Cutting force aviation versus hole number (cutting speed,
100 m/min; tangential feed, 0.04 mm/tooth; axial feed, 0.2 mm/rev)

3.1.3 Effect of cutting speed variation on tool wear
progression

The developments of flank wear obtained for helical milling
with coated carbide tools operated at various cutting speeds
are shown in Fig. 12. The tool life for hole-making process
can be replaced by borehole numbers. With the increase of
machined hole numbers, the average flank wear of the front
cutting edges increased gradually when the cutting speeds
were lower than 100 m/min. However, it was found that
when higher cutting speed was employed, the tool wore
quite rapidly. The tool life of hole making was less than
14 holes when the cutting speed was 120 m/min. The num-
ber of machined hole increased almost six times when the
lower cutting speed (60 m/min) was used. The failure mode
images when the tool reached the tool life criteria under
various cutting speeds are shown in Fig. 13. Catastrophic
failure is a common failure mode under the cutting speeds
of 120 and 100 m/min, while it turns out to be the flank wear
or nonuniform flank wear under the lower cutting speed (60
and 80 m/min).

For metal machining process, the cutting temperature
became higher with the increase of cutting speed. Due
to the low thermal conductivity of titanium alloy, high
cutting temperature is generated at the tool-chip contact
zone, especially at the tool nose. The three causes of tool
failure are qualitatively presented in Fig. 14, including

Fig. 12 Flank wear versus hole number at various cutting speeds
(tangential feed, 0.04 mm/z; axial feed, 0.2 mm/rev)
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Fig. 13 Tool wear modes at the
end of tool life under various
cutting speeds (a 120 m/min, b
100 m/min, c 80 m/min, d
60 m/min)

mechanical damage, thermal damage, and adhesion [31]. As
shown in the figure, thermal damage increases rapidly with
increasing cutting speed. At higher cutting speed, chem-
ical reaction and diffusion weaken the tool surface and
make coating flaking and micro-chipping happened. These
would increase the mechanical stresses and expose the tool
substrate to the extremely worse cutting environment, and
increase the catastrophic failure risk of the machining tool.

3.2 Quality of machined hole

Machining conditions which lead to poor quality of
machined hole in the hole-making process are aggravated
with increase of tool wear. The quality of machined holes
presented in this paper includes geometrical accuracy, burr
formation, and surface roughness.

3.2.1 Geometrical accuracy

Diameter accuracy and roundness tolerance are two impor-
tant evaluation indicators for the quality of the machined
hole. In this paper, hole diameter and roundness error
have been measured using coordinate measuring machine
(CMM), and each item was measured four times separately
at different height and orientation. There is a concern that
the heat generated in the hole-making process, particularly
from the severe tool wear, will lead to thermal expansion
of tool and workpiece that will affect the diameter size and

quality of the machined holes [32]. However, as shown in
Fig. 15, there is no significant changes in diameter and
roundness error were observed. All diameter measurement
mean values ranged from 9.962 to 9.991 mm, and average
values of roundness error ranged from 0.011 to 0.025 mm.
These values corresponding to dimensional and geometrical
tolerance were reasonable in the whole helical milling oper-
ations even when the catastrophic failure of tool occurred.
This would lead to the conclusion that the tool wear might
not cause excessive deviation of diameter and roundness

Fig. 14 Tool failure mechanisms versus cutting speed [31]
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Fig. 15 Diameter and
roundness error versus number
of holes for dry helical milling

Fig. 16 Burr height at the exit
of hole versus number of holes
for dry helical milling

Fig. 17 Burr formation process at the exit of hole for three different
stages: a–c initial wear of front cutting edge, corresponding to
stage I; a–e burr formation process in medium wear of front cutting

edge, corresponding to stage II; e–h burr formation at the end of tool
life (stage III); f three-dimensional photo of helical milling cap
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Fig. 18 Surface roughness measurements

error in the helical milling hole-making process. Owing to
the feed, normal forces act on the tool center point and
deflect it in the direction of the bore hole center point, and
the actual diameter deviations are negative compared with
the programmed target diameter [15].

3.2.2 Burr formation in dry helical milling of Ti-6Al-4V

Burrs in the machined holes cause fastener and material
problems. Burrs would cause stress to be concentrated at the
edges of holes, decreasing resistance to fracture and short-
ening fatigue life. Figure 16 shows the evolution of burr
height at the exit of the hole versus the number of machined
holes. According to the height and shape of the burr, the
whole hole-making process can be divided into three stages,
as shown in Fig. 16. In stage I, the value of burr height dis-
tributed in the range of 0∼0.1 mm, no obvious burr was
observed in this stage. The burr height in stage II is in the
range of 0.1∼0.3 mm, and the discontinuous and slight burrs
can be observed at the edge of holes. The thickness of the
burr in stage II is much smaller compared with that in stage
III, and these burrs are easy to be removed. In stage III (as
the number of machined hole passed the 36th hole), burr
height increased rapidly and presented excessive values up
to tool failure.

There are three types of burr that can be formed from
machining operations: Poisson burr, rollover burr, and

breakout burr [33]. Burrs may also be classified by the
physical manner of formation. Plastic deformation of mate-
rial includes lateral flow (Poisson burr), bending (rollover
burr) and tearing of material from the workpiece (tear burr).
As shown in Fig. 17a, the exit of the machined hole pre-
sented a crescent shape when the helical milling operation
was almost getting to the end. The irregular edge can be
observed when the front cutting edge (section B, shown
in Fig. 3) was worn badly, but this irregular edge was
not the final target circle; the final burr status of the hole
exit depends on the wear condition of machining tools. In
stage I, the residual workpiece of the irregular edge can be
cut off by the corner of the cutting edge (section A, shown
in Fig. 3) and the periphery cutting edge (section C, shown
in Fig. 3) in the subsequent cutting process. As shown in
Fig. 17c, no obvious burr can be observed in stage I because
of the favorable cutting performance of the machining tool.
However, the serious crater wear occurred at the tool nose
(section A) with the increase of cutting times in stage II.
This will cause lateral flow and bending when the irregular
edge of the exit of the hole has been cut by worn front cut-
ting edge and would lead to the rollover burr appearance at
the exit of the hole, as shown in Fig. 17d. The helical milling
cap appeared owing to the catastrophic failure at the front
cutting edges with the increasing cutting time. As shown in
Fig. 17e, f, the workpiece material was extruded out by the
machining tool, instead of cutting them off, and then the
large plastic deformation happened at the exit of the hole.
When the thrust force reached the fracture limit of the work-
piece material, the tearing break occurred at the boundary
of the cap, and these led to the tear burr to happen in stage
III, as shown in Fig. 17h.

3.2.3 Surface finish

Surface roughness was measured in three different gen-
eratrixs of each machined hole using Taylor roughness
measuring instrument, a number of readings were taken, and
the averages are detailed in Fig. 18. The average roughness
(Ra) was approximately 0.4 μm in initial holes. Roughness
increased at a cutting time corresponding to medium wear

Fig. 19 Surface of the
machined hole: a cutting time of
5 min, b cutting time of 18.3 min
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of the tool, ranging from 0.4 to 0.8 μm. Finally, close to tool
failure, roughness increased up to 1 μm. In the whole helical
milling process, the evolution of surface roughness of holes
was relatively smooth, and the reason for this was smooth
wear that happened at the periphery cutting edge (section
C) which mainly decides the hole surface finish in helical
milling process. As shown in the figure, good surface rough-
ness was obtained up to tool failure (the maximum mean
value of surface roughness was 0.96 μm).

The surfaces of the machined holes were observed by
SEM both in the cutting time of 5 and 18.3 min, in which
chipping/fracture did not occur in the periphery cutting
edge at the first time point (5 min, the sixth hole), but
occurred at the second time point (18.3 min, the 22nd hole).
A visual examination of all the holes showed clearly that
micro-smearing can be observed in some locations of the
machined hole surface when the chipping/fracture happened
(even though surface roughness was not always significantly
affected), compared with Fig. 19a, b. Smearing is unaccept-
able to the aerospace industry because it may cover cracks
and other surface defects leading to premature in-service
failure of the component. From Fig. 19, we can know that
the surface quality with the cutting time of 5 min is better
than that in the cutting time of 13.8 min, but their sur-
face roughness values almost kept in the same level, as
red-marked circle (a and b) shown in Fig. 18. Therefore,
surface roughness could not fully characterize the qual-
ity of the machined surface in hole-making process. When
chipping/fracture and flaking occurred, many small hard
particles of tool substrate were generated. Smearing in the
machined surface might occur owing to the existence of
these hard particles of tool substrate, and the breakage of
periphery cutting edge will lead to the irregular cutting
marks at the same time.

4 Conclusions

This paper is focused on dry helical milling of Ti-6Al-4V,
studying on tool wear evolution and its influence on the
quality of machined holes (including geometrical accuracy,
burr formation, and surface roughness). Based on the results
of experimental investigation, the following conclusions can
be drawn:

1. Due to the different machine environments, the wear
mechanisms of front cutting edge zone and periphery
cutting edge zone was not the same. The severe frac-
ture and crater were observed at bottom cutting edge
zone; however, smooth wear at flank face was a pre-
dominant wear mechanism at the periphery cutting edge
zone. The different wear characteristics of the front and
periphery cutting edges will also cause different cutting

force variation trends in thrust and horizontal directions.
The thrust force has a positive correlation with tool wear
propagation, and it can be used to monitor the tool wear
of front cutting edges.

2. Most serious wear occurred at the tool nose, which was
originated by a combined action of diffusion and adhe-
sion. Tool failure usually occurred at tool nose in helical
milling hole-making process owing to the highest cut-
ting temperature and then followed by front cutting
edge. The high cutting speeds cause the more severe
thermal damage in helical milling and thereby increase
the catastrophic failure risk of machining tool.

3. SEM-EDS analysis showed progressive loss of TiAlN
coating and adhesion of workpiece material in the rake
face. Diffusion and oxidation wear were both observed
in the periphery cutting edge and tool nose from SEM-
EDS analysis results.

4. Machined hole quality, evaluated from the items of
dimensions, roundness errors, and surface roughness, is
elevated even at the end of tool life. However, tool wear
of front cutting edge and tool nose has a tremendous
impact on the height and shape of the exit burr in helical
milling process. Moreover, there are two kinds of burr
that can be observed in dry helical milling of Ti-6Al-4V,
including rollover burr and tear burr.

5. Surface roughness could not fully characterize the qual-
ity of machined surface in hole-making process. The
excellent surface roughness was maintained up to the
end of tool life, but smearing can also be observed at
the surface of the machined holes.
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