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Abstract 
Titanium alloys are widely used in aerospace industries because of their superior mechanical properties. 
However, titanium alloys are material that extremely difficult to machine because of their low thermal 
conductivity and high chemical reactivity. Recently, with increasing demands for precision machining of 
titanium alloy have brought the development of hard coating tools in terms of optimizing the acceptable tool life, 
and thus minimize tool cost. An investigation of cutting performance of uncoated and TiCN coated carbide tools 
when end milling of aerospace titanium alloy, Ti-6Al-4V was carried out. Machining tests were conducted at 
various cutting speed with constant feed and depth of cut. The performance for both cutting tools was evaluated 
with respect to tool wear, surface integrity of machined surface. Results show that the TiCN coated carbide tool 
was better than uncoated carbide tools in term of surface finish for all cutting speeds observed. Plastic 
deformation was found on the machined subsurface for both carbide tools. 
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I. INTRODUCTION 

Titanium and its alloys are used widely in the aerospace, chemical and ship building 
industries because of their superior mechanical properties, heat and corrosion resistance. 
Titanium alloys, however, are materials that are extremely difficult to machine because of 
their poor machinability. During the machining of titanium alloy, tools wear progresses 
rapidly because of the high temperature and strong adhesion between the tool and the work 
material, due to their low thermal conductivity and high chemical reactivity. 

Generally end mills are produced in solid HSS, WC-Co, ceramic; PCD/PCBN brazed or vein 
construction, inserted blade and indexable insert design. Recently, the development of wear-
resistant hard coatings has brought a revolution in the metal cutting industry. These coatings, 
which are applied onto tool surfaces in only micro thickness layers, substantially improve 
tools performance and cutting economies. They allow an increasingly wide range of materials 
to be machined with lower tool wear, better finishes, reduced power consumption, and 
enhanced productivity. It is estimated that 80% or more of all machining operation nowadays 
are carried out using coated tools. 

Hence considerations of selecting cutting conditions and tool material during end milling of 
titanium alloys are among important factors which directly affect the machining performance, 
surface enhancement, tool life, and manufacturing cost. The aims of this study are to 
investigate and evaluate the machining performance of uncoated and TiCN coated carbide end 
mills when machining titanium alloy, Ti-6Al-4V in term the surface integrity. 

II. METHODOLOGI 

This study covered investigations and evaluations about surface integrity under several cutting 
conditions. The experiments were performed at various cutting speeds with constant depth of 
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cut and feed rate. Experimentation was terminated when the tool life criteria, failure mode and 
maximum average of flank wear according to ISO 8688-2 was achieved. 

The experimentations were carried out on a MAHO 700S CNC machining center at cutting 
condition shown in TABLE 1.  

TABLE 1, Cutting conditions for the Investigation 

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

End mills diameter 10 mm 

Axial depth of cut ae 5 mm 

Radial depth of cut ap 0.5 mm 

Cutting speeds 100, 130, 160 m/min 

Feed rate 0.04 mm/tooth 

Cutting fluid Water soluble 6% concentration 

 

For the machining trials, two types of experimental set-up were employed as shown in 
Figure 1. The first is set-up I where the titanium workpiece was mounted on the top of multi 
component force dynamometer, Kistler type 9265A with adapter type 9443B for measuring 
the cutting forces. In the set-up II, the Ti-6Al-4V block was securely clamped onto the 
machine table for conducting the performance testing. 
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achining interval, the flank wear of end mill was measured using Nikon 
icroscope. The worn tool was further observed under the Zeiss high power 
d 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 surface tester. 

Machining test will be terminated when the cutting edge experienced any 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. 

Workpiece used in the experimentation was alpha + beta titanium alloy Ti-6Al-4V (IMI 318). 
The nominal compositions of this alloy are given in TABLE 2. 

TABLE 2, Nominal chemical composition (%) of titanium alloy Ti-6Al-4V 

Al V Fe C Mo Mn Si Ti 

6.37 3.89 0.16 0.002 < 0.01 < 0.01 0.01 Balance 

III. RESULTS AND DISCUSSIONS 

III.1. Wear Progression and Surface Roughness 

Wear progression and the surface roughness occurred in machining tests of uncoated carbide 
tools were shown in Figure 2 and 3 respectively, while the TiCN coated carbide tools were 
shown in Figure 4 and 5 respectively. 

 
Figure 2, Wear Progression of uncoated carbide tools when end milling Ti-6Al-4V at various 

cutting speeds 

The surface roughness values were recorded from initial cut until the end of tool life and were 
taken according to the measurement of wear progression of each cutting tool. 



 
Figure 3, Surface roughness values of uncoated carbide tools when end milling Ti-6Al-4V at 

various cutting speeds 

 
Figure 4, Wear Progression of TiCN coated carbide tools when end milling Ti-6Al-4V at 

various cutting speeds 



 
Figure 5, Surface roughness values of TiCN coated carbide tools when end milling Ti-6Al-4V 

at various cutting speeds 

Poor surface roughness can be directly influenced by worn tool and vibration. For example 
the flank wear, build up edge and chipping affected the value of surface roughness. The 
surface roughness values when end milling of Ti-6Al-4V with uncoated and TiCN coated 
carbide tools at various cutting speeds result the highest surface roughness value 0.62µm 
when machining at 100 m/min with uncoated tool.  

Initially, the increasing of cutting time led to an increase in roughness values for both 
uncoated and TiCN coated tools. This may due to increase of flank wear at the cutting edges 
during machining process. Furthermore, that rapid tool wear and chipping at cutting edge 
resulted in poor surface finish of the machined surface as reported by Che Haron. However, 
the values of surface roughness tended to become smoother when the cutting speed was 
increased. This result was also revealed and agreed by Zoya. 

The roughness values were also found inconsistence and fluctuated during the intermediate 
cutting process. This is due to the build up edge (BUE) formation which occurred on the 
cutting edge (flutes) and may be affected by chemical reactivity of work material. This 
situation led to the surface roughness deterioration and alternately surface improvement 
during machining process (Ezugwu). 

As comparison in term of surface finish, the TiCN coated carbide tools performed better than 
the uncoated carbide tools. The average of surface roughness values of TiCN coated carbide 
tools was less than the uncoated carbide tools for the respective cutting speeds. This may due 
to high wear resistance and chemical stability of TiCN coated tools. 

From the results was also revealed that the surface roughness values tended to decrease when 
the cutting speed was increased for both cutting tools. These values were also fluctuating with 



increase of cutting time due to progression of non-uniform flank wear, build up edge and 
chipping at the cutting flutes. Other factors influencing the surface roughness are probably 
vibration and the tendency of tool deflection during the machining tests. 

III.2. Surface Integrity 

Investigation of surface integrity behaviour on machined subsurface were carried out for both 
uncoated and TiCN coated carbide tools. Initial microstructure of Ti-6Al-4V before 
machining process is shown in Figure 6. 

 
Figure 6, Microstructure of titanium alloy, Ti-6Al-4V at magnification 200X 

Combination of cutting parameters and types of cutting tools influenced directly the surface 
integrity behaviour of work material. Figure 7 shows the microstructures of machined 
subsurface after end milling with both uncoated and TiCN coated carbide tools. 

From the observation, it was found that plastic deformation formed slightly underneath the 
machined surface when end milling with uncoated and TiCN coated carbide tools. This slight 
change in microstructure may due to the exceeding value of the yield point of the material 
which generally includes elongation of the grain structure and increased hardness. It was also 
revealed that the average depth of plastic deformation underneath the machined surface tend 
to increase slightly as cutting speed increased for both types of cutting tools. 

In general end milling of Ti-6Al-4V with uncoated and TiCN coated carbide tool resulted in 
plastic deformation on machined subsurface. The average depth of plastic deformation when 
end milling with both cutting tools, were measured approximately between 0.16 to 0.21 mm. 
These small values were probably due to the low effect when machining at low feed rate 
0.04 mm/tooth. 

 

 



 
Figure 7, Microstructure of titanium alloy, Ti-6Al-4V at magnification 500X, below 

machined surface after end milling with uncoated and TiCN coated carbide tools at 
various cutting speeds. 

 

 



IV. CONCLUSIONS 

The investigation of surface integrity when end milling of titanium alloy, Ti-6Al-4V with 
uncoated and TiCN coated carbide were successfully conducted. From the observations, some 
conclusions can be summarized as follows: 

1. The cutting speed and wear on the flank face influenced the machined surface roughness 
values. In general, it showed that the average roughness value decreased with increasing 
the cutting speed. Results also indicated that the performance of TiCN coated carbide tool 
when end milling of Ti-6Al-4V better than uncoated carbide tools in term of surface 
finish. The average of surface roughness value for TiCN coated carbide tools was less 
than uncoated carbide tools for each cutting speed. 

2. Plastic deformation was observed on the top layer of machined surface when machining of 
Ti-6Al-4V with uncoated and TiCN coated carbide tools. However this alteration effect 
was insignificant and relatively small due to the utilization of low feed of 0.04 mm/tooth. 
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