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Abstract—Cutting performance of uncoated WC/Co
and TiCN coated solid carbide tools when end milling
titanium alloy, Ti-6Al-4V was carried out investigated. Tool
wear, tool life and cutting forces were investigated during
end milling at various cutting speeds. Results showed that
uncoated endmill outperformed TiCN coated endmill with
regards to tool life at cutting speeds 130 m/min and below.
However TiCN coated tools was more superior when
endmilling at higher cutting speed. Both tools suffered non-
uniform flank wear and chipping at the main cutting edge at
most cutting conditions. In general, cutting force was
slightly higher when machining with TiCN tool as compared
to the uncoated tool. Similar trend of decreasing cutting
force with increasing cutting speed was observed on both
tools. At higher cutting speed, the effect of TiCN coatings on
the cutting force was not significant when the difference in
cutting force was very marginal between both tools.

Keywords—Cutting Force, End Milling, Tool
Titanium Alloy, Tool Wear.
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1. INTRODUCTION

Progress in the machining of titanium alloys has not
kept pace with advances in the machining of other
materials. This is due to their high temperature strength,
very low thermal conductivity, relatively low modulus of
elasticity and high chemical reactivity. Therefore, to be
successful in machining of titanium alloys depend largely
on the overcoming of the principal problems associated
with the inherent properties of these materials [1].

Recently, the developments of cutting tools are
incorporated in thin-film production systems, thereby
leading to producing of extended variety coatings
materials, thus offering coating system selection flexibility
according to the requirements of each application.
Therefore the coatings can be tailored for specific
machining applications and workpiece materials [2]. The
majority of carbide cutting tools in use today employ
CVD and PVD hard coatings. The high hardness, wear
resistance, and chemical stability of these coatings offer
proven benefits in term of tool life and machining
performance. Chemical vapor deposition (CVD)
technologies have advanced from single layer to multi-
layer versions combining, TiN, TiCN, TiC and ALOs.
However, over the last decade, physical vapor deposition
(PVD) coatings originally limited to TiN, have been
successfully applied PVD TiCN and TiAIN to solid round
carbide tools and offer performance advantages in
applications involving interrupted cutting and those
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requiring sharp edges, as well as in finishing and others
applications [3].

Most of the machining studies for titanium and its
alloys have been focused on the turning process that
involves continuous cutting [4][5][6][7][8]. These results
are not applicable to drilling process reported in
[91[10][11] and also to milling [12][13][14][15] where
interrupted cutting takes place, subjecting the tools to a
variety of hostile conditions. Severe chipping and flaking
of the cutting edge were reported to be the main failure
modes when milling titanium alloys with carbide tools.
Despite some investigations on milling of titanium alloys,
as mentioned before, there are relatively few publications
detailing the end milling of titanium alloys. For this
purpose Production Laboratory of Universiti Teknologi
Malaysia in cooperation with one of Malaysians tools
manufacturer (base on the agreement, the name of tool
manufacturer is not published) conducted performance
evaluation for new developed carbide end mill generation
with hard coating TiCN with cutting speeds and feeds
commonly used in industry manufacturing.

II. METHODOLOGY

Milling tests were conducted on a MAHO 700S CNC
machining centre at cutting conditions shown in

TABLE 1. In order to minimize the effect of cutting
forces which will lead to wobbling motions [16] during
the machining trials, endmills with 30 mm overhang were
used.

TABLE 1
CUTTING CONDITIONS FOR END MILLING TEST.

Tool tested Tungsten carbide (WC-Co) and TiCN coated

carbide tools.

Endmill diameter 10 mm
Axial depthof cut 5 mm
Radial depth of 0.5 mm

cut

Cutting speed 100, 130, 160 m/min

Feed 0.04 mm/tooth.

Cutting fluid Water soluble (6 % concentration).
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Two types of end mills were investigated in the end
milling of Ti-6Al-4V. They are solid endmills consisting
of uncoated WC/Co and TiCN coated carbide tools. Both
endmills have a similar substrate composition of WC (92-
94%) and Cobalt (6-8%).

For the machining trials, two type of experimental set-
ups were employed as shown in Fig. 1. The first is Set-
up I where the titanium workpiece was mounted on top of
the multi component force dynamometer, Kistler type
9054B for measuring the cutting forces. In Set-up II, the
Ti-6Al-4V block was securely clamped onto the machine
table for conducting the performance testing.

After each machining interval, the flank wear of end
mill was measured using a Nikon Toolmaker microscope.
The worn tool was further observed under the Zeiss high
power microscope and micrographs of the respective
images of worn region were captured and analyzed. On
the machined surface, surface roughness values were
measured using a Taylor Hobson Surtronic 3+ portable
tester.
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Fig. 1. Experimental Set-UP for End Milling Testing

Machining test will be terminated when the cutting
edge experienced any one of the following tool life criteria
adopted, which were uniform flank wear > 0.2 mm,
maximum flank wear > 0.25 mm, chipping > 0.4 mm, and
catastrophic failure.

III. RESULTS AND DISCUSSIONS
A. Tool wear and tool failure mode

Wear progression of uncoated and TiCN coated
carbide tools were shown in Fig. 2 and 3 respectively.
Results showed that the flank wear increased gradually
before reaching its limiting value. Similar results were
reported by previous researchers [13] which revealed a
better tool life performance when compared with results
obtained by Brinksmeier et. al. [17] even the lower cutting
speed of 70 to 90 m/min. It was also reported that in all
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cases for TiCN coated tools, the machining trials were
stopped as a result of chips welded to the tool. This was
probably due to the chemical reaction of the titanium
material with the titanium based coating which causes the
chips to adhere or weld on the tool flank, even with the
application of an additional special anti-stick coating base
on MoS, called MOVIC. Nevertheless, the tool with the
MOVIC coating showed better wear performance than the
tool without the additional coating.

Wear Diagram WC-Co uncoated on Ti-6Al-4V with
Coolant
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Fig. 2 Wear progression of uncoated carbide when end milling
Ti-6Al-4V at various cutting speeds.

Wear Diagram SC TiCN coated on Ti-6Al-4V with Coolant
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Fig. 3. Wear progression of TiCN-coated carbide when end milling
Ti-6Al-4V at various cutting speeds.

It was observed that at all cutting conditions, non-
uniform wear and chipping at the flank were the dominant
wear mode, while wear on the minor cutting edge was so
small that it could not have any significant effect on the
tool during machining.

During the entire machining trials, the titanium chips
were very tiny as a result of very small radial depth of cut.
The combination of a small contact area and low thermal
conductivity of Ti-6Al-4V results in a very high cutting
temperatures at the nose of the tool. As reported by many
researchers, there are also mechanical hardening effect on
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the machined surface and strong chemical reactivity of
titanium at cutting temperature ( > 500 °C) with almost all
available tool materials [5][12][18]. This was also
suggested by previous studies [12], whereby at high
cutting speed, significant increase in cutting temperature
was observed thus encouraging thermal stresses and
thermal related wear mechanism to operate such as
diffusion, plastic deformation and thermal cracks on the
cutting tools.

Flank wear of TiCN
coated carbide tool at
Ve =160 m/min

Severe chipping of
uncoated carbide tool at
V¢ =160 m/min

Fig. 4. Cutting edge comparison of uncoated and TiCN-coated carbide
tools when end milling Ti-6A1-4V at Vc = 160 m/min.

At the highest cutting speed Vc = 160 m/min, it was
found that the TiCN coated tools suffered less damage on
the cutting edge whilst uncoated tools experienced severe
chipping as shown in Fig. 4. TiCN coated tools only
undergone non-uniform wear at the main flank face which
indicates the wear resistance of the coatings at higher
temperature. This may have been associated with the
greater chemical stability of the TiCN coating [13] when
machining titanium alloys.

B. Tool life

As shown in Fig. 5, that the tool life of both uncoated
and TiCN coated carbide tools decreases with increase in
cutting speed. Highest tool life of 140 minutes was
recorded by uncoated tool at the lowest cutting speed of
100 m/min. Significant drop in tool life was recorded with
the coated tool when cutting speed was increased from
100 to 130 m/min. At similar condition, the uncoated tool
recorded a gradual drop in tool life which indicates that
the tool wear rate was much lower than the coated tool.
Further increase in cutting speed to 160 m/min, results in
shorter tool life on both tools due to the rapid tool wear
during machining. Nevertheless at this highest speed
TiCN coated tool seems to outperform uncoated WC/Co
tool by almost double in tool life as shown in Fig 5. This
phenomenon was probably due to the chemical stability of
the TiCN coating at high cutting temperature. Another
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possibility could be due to reduction in friction at interface
between tools and workpiece at high cutting speed [13][6].
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Fig. 5. Tool life comparison of uncoated and TiCN-coated carbide tools
when end milling Ti-6A1-4V at various cutting speeds.

Therefore, from the experimental results, it can be
suggested that when considering the tool life performance,
uncoated WC/Co tool should be used below 100 m/min
during endmilling of Ti-6Al-4V. Similarly, TiCN coated
tool should be recommended when higher productivity is
the main concern and this can be achieved by employing
high cutting speed above 160 m/min.

C. Cutting Force

The relationship between cutting force and the type of
cutting tools at various cutting speeds are presented in Fig.
6. The cutting force was measured during the early stage
of the machining trials. In general cutting force of both
uncoated and TiCN coated tools decreases with increase
in cutting speed. The reduction of cutting force at higher
cutting speed was probably due the effect of high
temperature at the tool-chip interface thus lowering the
coefficient of friction.

Cutting Forces when End Milling of Ti-6Al-4V
with Uncoated and TiCN coated Carbide Tools
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Fig. 6. Effect of cutting speeds and coating on cutting force.
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According to previous researchers [19][20], which
reported on the uncoated carbide and HSS tools, the
combined causes and their effects on the cutting force
revealed the following behavior:

e Reduction of specific cutting force with increased
cutting speed was caused by one of the decreasing
component of deformation work on the total
machining force.

e Increasing of cutting force which proportional to the
cutting speed as a result of slightly chip clogging and
chip deformation. Therefore it could be accompanied
by a bigger single chip volume.

e Increasing of resistance to deformation of the
workpiece at elevated deformation velocity.

Fig. 6 also shows also that at cutting speed lower than
160 m/min, the cutting force of the uncoated tools was
slightly lower than the TiCN coated tools. This may
perhaps due to the effect of increase in nose radius of the
coated tool when compared to uncoated tool. This
minimal effect was also observed when comparing the
sharp tools with the corner radius tools [21]. Similar result
was reported by Armarego [22], which stated that TiN and
TiCN coated tools were equally effective in reducing the
forces, power and friction on the rake face when applied
to HSS tool material and equally less effective when
applied to the carbide tool material. However at higher
cutting speed of 160 m/min, the effect of coating was less
significant when both coated and uncoated tools recorded
almost the same value of cutting force, probably due to the
low friction of both tools at high cutting speed.

IV. CONCLUSIONS

The conclusions drawn from the above study of end
milling titanium alloy, Ti-6Al1-4V with uncoated WC/Co
and TiCN coated tools are as follows:

1. Non-uniform flank wear and chipping were the
dominant failure modes for both uncoated and TiCN
coated tools.

2. The uncoated carbide tools showed better tool
performance than the coated at lower cutting speed. In
contrary the TiCN coated tools outperformed the
uncoated at higher cutting speed. Higher tool life of
140 minutes was recorded when using uncoated tool
at cutting speed of 100 m/min

3. It is recommended that the cutting speed should not
exceeded 100 m/min during endmilling Ti-6Al-4V
when using both uncoated and coated tools in order to
obtain the best tool life performance.

4. In general the difference in cutting force between both
coated and uncoated tools at each cutting speed was
marginal.
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