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ABSTRACT 
 
 The quality of surface finish after machining is one of the most important parameters in ensuring the 
performance requirements of machined components during assembly. In this study the surface roughness of 
titanium alloy, Ti-6Al-4V was investigated during high speed end milling under dry condition. Evaluation was 
conducted using TiAlN+TiN PVD coated carbide tool under different cutting speeds and feed rates. Surface 
roughness was measured in two directions of feed and stepover. Results showed that increasing cutting speed 
led to a higher or better surface quality of the machined part. This behaviour was more significant when higher 
feed rate was employed. In contrast, lower feed rate at higher cutting speed caused appearance of lamellae 
defect on the machined surface resulting in comparatively poor surface finish. Overall results revealed that the 
best surface finish with 63 nm was obtained when employing cutting conditions of 300 m/min and 0.06 
mm/tooth. 
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Introduction 
 
 The high quality of surface finish of titanium alloys and the high demand materials for manufacturing 
aerospace parts (Klocke and Eisenblatter, 1997; Yuan et al., 2011; Jawaid et al., 2000) is an objective to achieve 
high reliability levels required for the machined components in aerospace industry. Recently, dry machining, 
also known as green manufacturing is progressively becoming more popular as it protects the environment and 
reduces manufacturing cost (Li et al., 2012; Li et al., 2011). However, the absence of cutting fluids, results in 
high mechanical and thermal loads on the cutting tool and workpiece interface leading to tool wear deterioration 
and alteration in surface integrity such as surface roughness, microstructure, grain size and shape, residual 
stresses and hardness, etc. To explore such effects on the surface integrity of titanium alloys many studies on 
milling process have been conducted by many researchers (Zhang and Li, 2010; Che-Haron and Jawaid, 2005; 
Sharman et al., 2001).  
 As reported, surface roughness of the manufactured parts directly influences the performance of the end 
products as well the processes (Ghanem et al., 2002) through wear mechanism at the workpiece-tool interface. 
In addition, the condition of appearance, cleaning, effectiveness and control of lubrication in all rotating and 
moving elements, heat transfer and electrical conductivity between two parts in contact may be deteriorated. As 
such, having the smoothest possible surface is highly desired in most applications. On the other hand, machining 
processes may affect surface integrity of the finished parts such as surface roughness, microstructure, grain size 
and shape, residual stresses and hardness, etc.  
 Previous studies on surface integrity (Kuo et al., 2010; Guo et al., 2009; Abd. Rahim and Sharif, 2006; 
Javidi et al., 2008; Fadare et al., 2009) of different machining processes showed that material properties of 
workpiece, cutting tool as well as cutting conditions such as cutting speed, feed rate, depth of cut, and tool 
geometry significantly influence the surface finish of machined parts. However, reports on surface integrity of 
titanium alloy using end milling process are still very limited. In this study, the effect of different end milling 
conditions on surface roughness of Ti-6Al-4V alloy using PVD coated carbide tool was investigated. It is 
expected that near nano-surface finish can be obtained with appropriate cutting condition with the aim of 
eliminating the machining secondary operations. 
 
Materials and Methods 
 
 High speed end milling process with the maximum spindle speed of 18000 rpm and feed rate ranges up to 
20000 mm/ min were conducted under dry condition on a MAHO DMC 835 V CNC milling machine. Different 
cutting speeds of Vc=100, 200, and 300 m/min, cutting feeds of fz=0.03 and 0.06 mm/tooth together with axial 
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depth of cut ap=5.0 mm, and radial depth of cut ae=1.5 mm were employed as the cutting parameters. A 
TiAlN+TiN PVD coated carbide milling insert known as Nano Turbo from SECO with designation 
XOMX060204R-M05 F40M was used and mounted onto a tool holder type R217.69-1616.0-06-4A with the 
specification given in Table 1. 
 
Table 1: Specification of the cutting tool insert and the holder used throughout the experiment 

Tool holder Insert 

 

Wiper flat width 
(mm) 

Max depth of cut 
(mm) 

Coating  layers 
Dimension (mm) 

rε  
(mm) 

Cutting 
Rake (˚) 

I D s 

0.9 5 TiAlN+TiN 6.94 4.09 2.45 0.4 21 

  

 
 Workpiece of alpha-beta Ti-6Al-4V alloy with dimensions 58 mm × 25 mm × 270 mm, was used for the 
experimental trials. Table 2 shows the composition and mechanical properties of the investigated material which 
was received as hot rolled at the temperature of 925˚C and air cooled. A Handysurf E-35 surface roughness 
tester was used to determine the average surface roughness value of the machined parts at different machining 
conditions. An average of four readings of surface roughness for each machined surface was recorded. 
Subsequently, surface of the workpieces after machining was characterised using scanning electron microscope 
(SEM, Philips XL40). 
 
Tables 2: Nominal compositions and mechanical properties of Ti-6Al-4V alloy at room temperature used throughout the research. 

Characteristics of Ti-6Al-4V alloy 
Nominal composition (wt.%) Mechanical properties 

Ti Al V Fe 
N2+ 
O2 

H2 
Tensile 
strength 
(Mpa) 

Yield 
strength 
(Mpa) 

Elasticity 
modulus 
(Gpa) 

Elongation 
(%) 

Area 
reduction 
(%) 

Hardness 
(Hv) 

Bal. 
5.5-
6.75 

3.5-
4.5 

0.03 
(Max) 

0.25 
(Max) 

0.0125 
(Max) 

960-
1270 

885 100-130 8 25 330-370 

 
Results and Discussion 
 
Surface roughness: 
 
 The results of the surface roughness measurement when end milling at both feed and stepover directions at 
different feed rates of 0.03 and 0.06 mm/tooth are presented in Figs. 1 (a) and (b), respectively. It was observed 
that in general, higher degree of surface quality was obtained when the cutting speed increases for both feed 
rates. As shown in Fig. 1 (a), a significant improvement in the values of surface roughness up to 50% was 
achieved with recorded surface roughness of 65 nm at the highest cutting speed of 300 m/min in the feed 
direction. Similar behaviour was observed for the stepover directions; however the measured surface roughness 
values were notably higher than those obtained in the feed direction. In general, increasing feed rate results in 
increased surface roughness of the machined parts. Result in Figs.1 (a) and (b) indicates that increasing feed rate 
from 0.03 to 0.06 mm/tooth during dry end milling of Ti-6Al-4V, not only reduces the surface roughness, but 
surprisingly the improvement was remarkable significant, especially for those machined under lower cutting 
speed. This can be attributed to the combination effect of the machining conditions and the tools geometry used 
during milling process.  
 
Surface roughness micrograph: 
 
 SEM micrographs of the machined surfaces of Ti-6Al-4V alloy at cutting speed of Vc=300m/min and 
different feed rates are shown Fig. 2 at two different magnifications (500X and 2000X). As shown in Fig. 2(a), 
the surface of the workpiece consists of deformed lamellae caused by the machining process. The micrograph 
also shows that the lamellae are perpendicular to the feed direction with an average size of 30 μm. The 
measurement was carried out by plotting continuous lines on the edges of lamellae and measuring the distance 
between the plotted lines, as shown in Fig. 2(b). The distance represents a single feed band. Fig. 2(c) magnifies 
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a lamella which clearly represents the surface quality of the workpiece after end milling at Vc=300m/min and 
fz=0.03 mm/tooth. It was found that at cutting speed of 300 m/min and when feed rate was increased from 0.03 
to 0.06 mm/tooth, the lamellae size increases from 30μm to 60μm, as shown in Figs. 2(d) and (e). It should be 
noted that in lower cutting speed, the aforementioned phenomenon was not observed. Due to the higher quality 
of the milled surface obtained using higher feed rate, the lamellae can hardly be observed in Fig. 2(d). Higher 
feed rate generally causes higher cutting temperature leading to an increase ductility of the chips; therefore, it 
produces larger lamellae on the surface of the workpiece. It also generates more smeared material particles on 
the surfaces. However, the analysis of the milled surfaces produced in the present research interestingly showed 
higher quality surface finish. 
 

 
 
 
Fig. 1: Surface roughness of the milled Ti-6Al-4V workpieces as a function of cutting speed at (a) fz=0.03 

mm/tooth, (b) fz=0.06 mm/tooth 
 

 
 
Fig. 2: SEM micrographs showing surface quality of the milled Ti-6Al-4V workpieces at Vc=300 m/min and         

(a) fz=0.03 mm/tooth, (b) fz=0.03 mm/tooth displaying lamellae size, (c) fz=0.03 mm/tooth, magnified, 
(d) fz=0.06 mm/tooth, (e) fz=0.06 mm/tooth displaying lamellae size  

 
Cutting force: 
 
 The variation of cutting force in three directions, Fx, Fy and Fz as a function of cutting speed during dry 
milling conditions is illustrated in Fig. 3. It can be inferred that Fx is the dominated cutting force amongst the 
three cutting force components. Accordingly, the cutting force component, Fx can be considered as the major 
signal to monitor the cutting process. Moreover, it can be observed that cutting force in X-direction amplified 
with increase in cutting speed conditions. However, the cutting force in two other directions, Y and Z, almost 
behaved constant at different cutting speeds. 
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 In other words, the resultant cutting force increased when higher cutting speed utilized for the milling 
process. This can be due to the increased cutting temperature at higher cutting speed used during the end milling 
process. In fact, higher cutting temperature softens the tool material, while the investigated titanium alloy 
maintains its strength at the elevated temperature (Yuan et al., 2011). Thus higher cutting force is required 
during high speed milling (HSM) of the titanium alloy. On the other hand, the stresses developed in the cutting 
zone must be reduced to prevent cracking in the surface of the workpiece. One of the methods of the producing 
crack free surfaces is using HSM. The low cutting forces generated during HSM process is one of the 
characteristic of this technique. Cutting force can be used as a criterion for the stress developed in the cutting 
zone. Cutting forces is also associated with energy consumption in a cutting operation. Therefore, lesser cutting 
forces are a demand in terms of productivity in any machining process. 
  

 

 

Fig. 3: Cutting force components as a function of cutting speed in dry milling of Ti-6Al-4V alloy. 
 
Conclusion: 
 
 Based on the experiments conducted during high speed end milling of Ti-6Al-4V alloy under dry condition, 
the following conclusions can be drawn: 
(1) Increasing cutting speed resulted in higher quality of surface finish. This behaviour was pronounced at 

lower feed rates especially in feed direction. 
(2) Increasing the feed rate did not significantly affect the surface quality of the milled part at higher cutting 

speed. 
(3) Higher cutting speed caused emerging lamellae defect on the surface of the milled part. Higher feed rate 

increased lamellae size. 
(4) Higher cutting speed increased the resultant cutting force in dry end milling process.  
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