
 
International Journal of Industrial Engineering Computations 7 (2016) 257–266 

 

 

Contents lists available at GrowingScience 
 

International Journal of Industrial Engineering Computations 
 

homepage: www.GrowingScience.com/ijiec 
 
 
 

 

 

 
 
Analysis of surface roughness and cutting force during turning of Ti6Al4V ELI in dry environment 
 

 

 
V. G. Sargadea, S. R. Nipanikara* and S. M. Meshramb  
 
 
 
aProfessor, Department of Mechanical Engineering, Dr. Babasaheb Ambedkar Technological University, Lonere-402103, Maharashtra, India 
bPG Student, Department of Mechanical Engineering, Dr. Babasaheb Ambedkar Technological University, Lonere-402103, Maharashtra, India 
C H R O N I C L E                                 A B S T R A C T 

Article history:  
Received July 22  2015 
Received in Revised Format  
Septmber17 2015 
Accepted October 14  2015 
Available online  
October 15  2015 

 This paper investigates the effect of cutting parameters on the surface roughness and cutting 
force of titanium alloy Ti-6Al-4V ELI when turning using PVD TiAlN coated tool in dry 
environment. Taguchi L9 orthogonal array design of experiment was used for the turning 
experiment 2 factors and 3 levels. Turning parameters studied were cutting speed (50, 65, 80 
m/min), feed rate (0.08, 0.15, 0.2 mm/rev) and depth of cut 0.5 mm constant. Linear and second 
order model of the surface roughness and cutting force has been developed in terms of cutting 
speed and feed. The results show that the feed rate was the most impact factor controlling the 
cutting force and surface roughness produced. MINITAB 17software was used to develop a 
linear and second order model of surface roughness and cutting force. Optimum condition was 
at 66.97 m/min of cutting speed, 0.08 mm/rev of feed rate. Surface roughness 0.57μm and cutting 
force 54.02 N were obtained at the optimum condition. A good agreement between the 
experimental and predicted surface roughness and cutting force were observed. 
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1. Introduction 
 

The surface quality of components are generally determined in terms of the measured surface roughness. 
Surface roughness also affects several functional attributes of component like friction, light reflection, 
heat transmission, coating and ability of distributing and holding a lubricant. Ti-6Al-4V ELI alloy (Extra 
Low Interstitial) has low oxygen, carbon, and iron content. It is used in biomedical applications such as 
medical gadgets, orthopedic transplants, and is the ultimate grade for marine and cryogenic applications, 
and some significant aerospace components. Asiltürk et al. (2012) investigated that the main effect of the 
feed rate was the most significant factor on the workpiece surface roughness (Ra and Rz) with the percent 
impact of 85.5%  in bringing down the average roughness values in both Taguchi and response surface 
analysis. It was also found that RSM to be effective for the identification and development of important 
relationships between cutting parameters. Axinte et al. (2002) found that no considerable changes in 
microstructure and micro-hardness below the machined surface. These effects mainly seem due to 
thermal and mechanical cycling, microstructural transformations, and mechanical and thermal 
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258  
deformations during machining processes.  Ezugwu et al. (1997) explored that the main difficulties 
related with the machining of titanium as well as tool wear and the mechanisms accountable for tool 
failure. Increasing the productivity and the quality of the machined parts are the main challenges of 
industry; there has been increased curiosity in checking all aspects of the machining process.  
Haron et al. (2005) explored that titanium alloys are generally used for a component, which requires the 
greatest reliability; therefore the surface integrity must be maintained. Straight grade cemented carbides 
are suitable for use in machining titanium alloy 64. The wear resistance and cutting edge strength of 
insert CNMG 120408-883 are superior to insert CNMG 120408-890.  

Haron et al. (2011) found that the feed was the most dominant factor influencing the surface roughness. 
Acceptable surface roughness achieved when cutting speed was 160 m/min; feed was 0.18 mm/rev and 
depth of cut was 1 mm. Ibrahim et al. (2009) found that surface roughness more affected by feed rate and 
nose radius in turning of Ti6Al4V ELI in dry environment. Machined surface acceptable and free from 
physical damage viz; cracks and tears. Ibrahim et al. (2011) explored that machining of titanium alloy at 
the high feed rate produced the high and uneven surface roughness but when the cutting speed increases 
surface roughness decreases. Ramesh et al. (2008) explored that surface roughness increases due to high 
feed, but the increased cutting speed decreases the surface roughness.  

Revankar et al. (2014) found that the surface roughness is minimum in minimum quantity lubrication 
environment as compared to dry and flood condition. The surface roughness decreases with increased 
cutting speed and nose radius, whereas the surface roughness increases with increased feed rate and depth 
of cut. The cutting speed (72.32 %) and feed rate (17.49 %) have major effects on minimizing surface 
roughness. Shetty et al. (2014) investigated that the influence of lubrication was highest physical as well 
as statistical on surface roughness of about 95.1% when turning Ti6Al4V by using PCBN tool under dry 
and near dry environment. Suhail et al. (2010) found that the workpiece surface temperature can be 
sensed and used effectively as an indicator to control the cutting performance and improves the 
optimization process. Surface roughness measurement presents important assignment in many 
engineering applications. Ulutan et al. (2011) observed that the surface roughness results are found to be 
lower in fresh cutting tools as compared to those measured when using slightly used cutting tool. They 
found that higher surface roughness is observable for worn tools. Zoya et al. (2000) found that adequate 
surface finish can be obtained during machining titanium alloys at the speed range of 185–220 m/min. 

In this universal context the aim of this paper is to optimize and predicted surface roughness and cutting 
forces when machining of titanium alloy Ti-6Al-4V ELI by using PVD TiAlN insert in turning process 
under dry environment. Cutting conditions such as cutting speed and feed were adopted for this study 
whereas depth of cut was constant 0.5 mm. Quadratic model have been developed with 95% confidence 
level. 
 
2. Experimental Procedures 
 
2.1 Workpiece material  
 
The workpiece material used in the experiments was in the form of a cylinder bar of alpha-beta titanium 
alloy Ti-6Al-4V ELI. The compositions of the alloys  (in wt. %) are given in Table 1.  
 
Table 1  
Chemical composition of the titanium alloy Ti6Al4V ELI 
Composition C Si Fe Al N V S O H Ti 
Wt % 0.08 0.03 0.22 6.1 0.006 3.8 0.003 0.12 0.003 Balance 

 

The workpiece has a microstructure, which consisted of elongated alpha phase enclosed by fine, dark 
etching of beta matrix. This material compromises high strength and depth hardenability (32 HRC). Fig. 
1 shows the photographic view of Kistler 3-D dynamometer.   
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Fig. 1. (a) Photographic view of Kistler 3-D Dynamometer during turning; 

(b) Kistler 3-D Dynamometer unit 

2.2  Cutting tool material 
 
A cutting tool insert with ISO designation CNMG 120408-QM-1105 PVD TiAlN was used for the 
machining experiments. The photographic view of PVD TiAlN insert is shown in Fig. 2. 

 
Fig. 2. Photographic view of PVD TiAlN coated insert 

 
2.3 Scratch test 
 
The scratch test was carried out on PVD TiAlN coated insert using loading rate of 5 N/mm and scratch 
speed of 0.2 mm/sec. The variation of normal load, traction force and coefficient of friction with the 
scratch length (stroke) as recorded during the test is shown in Fig. 3.  Fig. 3 also shows the photograph 
of the scratch tracks captured at the location where initiation of coating failure took place. The critical 
load is 78 N for PVD TiAlN insert where the Vickers hardness is 3100 HV. The critical load corresponds 
to a normal load at the point of sudden change in coefficient of friction owing to initiation and/or 
complete removal of the coating. The critical loads obtained during the present investigation represent 
the average of at least three different values obtained by performing the scratch test at three different 
locations on the insert. The value of critical load (Lc) for coating detachment is known to depend on the 
hardness of the substrate, the coating thickness and the level of residual stress within the coating. 
Typically as the coating thickness increases or the substrate hardness increases the stress transfer to the 
coating / substrate interface is reduced and Lc increases, whereas as the levels of residual stress in the 
film increases there is a reduction in critical load. TiAlN coatings show cauliflower nature of 
delamination during test. 
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Photographic view of scratch 

 
Fig. 3. Variation of normal load and coefficient of friction with scratch length during scratch test on 

TiAlN coated insert 
 
2.4 Machining tests 
 
All the machining experiments were carried out on a ACE CNC LATHE JOBBER XL, which FANUC 
Oi Mate- TC as a controller. During the experiments, the combinations of the parameter values were 
designed by using L9 orthogonal array design of experiment. The cutting speeds were set at 50, 65 and 
80 m/min, while the feed rates were 0.08, 0.15 and 0.2 mm/rev. The depth of cut was 0.5 mm is constant 
during the machining process. The machining experiments were carried out in dry environment. The 
combinations of parameters used are shown in Table 2.  
 
Table 2  
Combination of cutting parameters were used in the experiment 

Run Cutting speed (m/min) Feed (mm/rev) Depth of cut (mm) 
1 50 0.08 0.5 
2 50 0.15 0.5 
3 50 0.2 0.5 
4 65 0.08 0.5 
5 65 0.15 0.5 
6 65 0.2 0.5 
7 80 0.08 0.5 
8 80 0.15 0.5 
9 80 0.2 0.5 

 
Meanwhile, the cutting conditions in this experiment are shown in Table 3. 

Table 3  
Cutting condition for experimental works 

Machine tool ACE CNC LATHE JOBBER XL, FANUC Oi Mate- TC as a controller 
Work specimen Material Titanium alloy, Ti-6Al-4V ELI 
Cutting tool (insert) Cutting insert : Carbide, ISO CNMG 120408-QM-1105 Sandvick (PVD TiAlN) 
Tool holder PCLNL 2525 M12 
Process parameters 
 

Cutting speed (Vc) : 50, 65 and 80 m/min 
Feed (f): 0.08, 0.15 and 0.2 mm/rev 
Depth of cut (d): 0.5mm 

Machining Environment Dry 

 
= 78 N) C(LCritical Load  
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Design layout and experimental results shown in Table 4. 

 
Table 4  
Design layout and Experimental Result 

Run Cutting speed 
(m/min) 

Feed 
(mm/rev) 

Depth of cut 
(mm) 

Surface Roughness 
(µm) 

Cutting Force  
(N) 

1 50 0.08 0.5 0.67 60.01 
2 50 0.15 0.5 0.88 90.76 
3 50 0.2 0.5 1.17 115.9 
4 65 0.08 0.5 0.57 54.16 
5 65 0.15 0.5 0.87 85.3 
6 65 0.2 0.5 1.04 105.6 
7 80 0.08 0.5 0.65 57.4 
8 80 0.15 0.5 0.85 81.33 
9 80 0.2 0.5 1.13 109.9 

 
 
3. Results and Discussions 
 
Surface roughness and Cutting force 
 
In the experiments there were 9 experimental results used to investigate the effect of machining 
parameters on measured surface roughness and cutting force. The analysis of variance was applied to 
study the influence of the input parameters on the surface roughness. It exposes that quadratic model is 
the best fitting model. The most significant factor is feed rate which influencing on surface roughness 
and cutting force. 
 
Development of the surface roughness model and cutting force model 
 
Considering the surface roughness and cutting force values as response factor, and cutting parameters as 
input parameters; it is possible to achieve a linear, second order equation expressing the relationship 
between the response and input parameters. 
 

3.1 Linear model 
 

The dependent variable surface roughness and cutting force can be considered as a linear combination of 
the independent variables. Regression analysis is employed to the experimental data in order to obtain 
the coefficients of this equation. 
Ra = 0.364 - 0.00100 Vc + 3.986 f 
( R2 = 95.17%, Ra2 = 93.56% ) 

Fc =34.20 – 0.2004 Vc + 441.7 f 
(R2 = 98.32%, Ra2 = 97.77%) 

 
3.2 Second order model 
 

Second order surface roughness model developed by using MINITAB software and the equation is 
established as follows. 
Ra = 1.706 - 0.0378 Vc + 0.76 f + 0.000289 Vc xVc + 12.94 f x f - 0.0055 Vc x f 
  ( R2 = 98.62%, Ra2 = 96.33% ) 
Fc= 111.9 – 2.47 Vc + 317 f + 0.01865 Vc xVc + 706 f x f – 1.09 Vc x f 
( R2 = 99.49%, Ra2 = 98.65% ) 
 
Fig. 4 shows comparison of regression models with the experimental surface roughness results when 
cutting speed 50, 65 and 80 m/min. Fig. 5 shows comparison of regression models with the experimental 
cutting force results when cutting speed 50, 65 and 80 m/min. 
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Fig.  4. Comparison of Experimental and Predicted values for Surface Roughness 
 

 

Fig. 5. Comparison of Experimental and Predicted values for Cutting Force 
 

The values calculated using all the equations generated for surface roughness and cutting force models 
were compared with the experimental measurements, for the purpose of determining the most suitable 
model. Moreover the cutting parameters (cutting speed, feed rate), the experimental surface roughness 
and cutting force results were entered as inputs. Surface roughness (Ra) and cutting force (Fc) values 
were calculated for each cutting speed, feed rate. However, considering the total average errors, it is clear 
that the second order model represents the most reliable method.  
 

3.3 Analysis of Variance  
 

ANOVA technique can be useful for determining effect of input parameters from a series of experimental 
results by design of experiments for machining process and it can be used to interpret experimental data. 
The obtained results are analyzed by statistical analysis software (Minitab-17) which is extensively used 
in many engineering applications. The ANOVA table consists of a sum of squares and degrees of 
freedom. The ratio of sum of squares to degrees of freedom is called as mean square and F ratio is the 
mean square ratio to the mean square of the experimental error. Table 5 shows analysis of variance for 
surface roughness and Table 6 shows analysis of variance for cutting force. This analysis was carried out 
for a significance level of α = 0.05, i. e. for a confidence level of 95%. 
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Table 5  
Analysis of variance for surface roughness (Ra) 

Source DF Adj SS Adj MS F-Value P-Value % contribution 
Vc 2 0.009800 0.004900 3.82 0.118 2.68 
f 2 0.350467 0.175233 136.55 0.000 95.91 

Error 4 0.005133 0.001283   1.41 
Total 8 0.365400    100 

 

Table 6  
Analysis of variance for cutting force (Fc) 

Source DF Adj SS Adj MS F-Value P-Value % contribution 
Vc 2 89.46 44.73      6.86     0.051 2.04 
f 2 4265.35   2132.68    327.19     0.000 97.34 

Error 4 26.07      6.52   0.62 
Total 8 4380.89    100 

 
It was found that surface roughness ranged from 0.57 to 1.17μm and cutting force ranged from 54.16 to 
115.9 N. Figure 6 shows that the main effects plot for surface roughness (Ra) and cutting force (Fc) 
indicates that surface roughness and cutting force is influenced by feed rate significantly.  
 

  
(a)        (b) 

Fig. 6. Main effects plot for (a) surface roughness, Ra (b) Cutting Force, Fc 

 
 

(a) (b) 
Fig. 7. a) Surface roughness in 3D plot   b) Cutting Force in 3D plot when depth of cut 0.5 mm 

 
Fig. 7 shows that the cutting speed is kept constant at 50 m/min or 65 m/min or 80 m/min and the feed 
rate is varied at 0.08, 0.15 and 0.2 mm/rev, resulted in intensely increased in surface roughness at higher 
feed rate because of less available time to carry out the heat from the cutting zone, high amount of 
material removal rate and accumulation of chip between tool work piece zones. It can be revealed that 
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264  
lower surface roughness values are obtained at higher cutting speeds due to lower forces generated. At 
high cutting speed, an improvement in surface finish was obtained since less heat was dissipated to the 
workpiece. It is known that the amount of heat generation increases with increase in feed rate, because 
the cutting tool has to remove more volume of material from the workpiece. 
 

4. Optimization of Response   
 

Most unique important aims of experiments related to machining is to achieve the desired surface 
roughness and cutting force with the optimal cutting parameters. To attain this end, the RSM optimization 
seems to be a helpful technique. Here, the goal is to minimize surface roughness (Ra) and cutting forces 
(Fc). Fig. 8 shows the response optimization for surface roughness and cutting force.                                                             

 

 
Fig. 8.  Response Optimization for Surface Roughness and Cutting Force 

 

After optimization process the results are obtained in uncoded. The optimized values of input process 
parameters for all the responses are shown in the Table 7.  
 

Table 7 
Optimization Result 

Response 
Optimized Value of  

Input Process variables Predicted Response 
Value Cutting Speed, Vc (m/min) Feed,                 f  (mm/rev) 

Surface Roughness,     Ra (μm) 66.97 0.08 0.5865 
Cutting Force 66.97 0.08 54.2057 

 
On the basis of second order surface roughness model the predicted results according to the optimized 
input process parameters are given in the Table 7. Confirmation test is done to check the acceptability of 
the developed second order model and the experimental results thus found on the basis of optimized input 
parameters are given in Table 8. It could be observed that the predicted results are in acceptable zone 
with respect to the experimental results and thus it is concluded that the developed model seems to be 
acceptable. 
 
Table 8  
Result of Confirmation Test 

Response Response Value 
Predicted Experimental 

Surface Roughness, Ra (μm) 0.5865 0.57 
Cutting Force, Fc (N) 54.2057 54.02 

 
5.  Conclusions 
 
The following can be concluded from the results obtained when turning of titanium alloy Ti-6Al-4V 
ELI under dry environment using PVD TiAlN cutting tool: 
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1. Feed rate is the most significant factor influencing the surface roughness. In this experiment the range 
values of surface roughness between 0.57 – 1.17μm. 
 

2. Based on the analysis of the variance (ANOVA) results, the highly effective parameters on both the 
surface roughness and cutting forces were determined. Namely, the feed rate parameter is the main factor 
that has the highest importance on the surface roughness and accounts for 95.91% contribution in the 
total variability of the model. The cutting force is affected strongly by the feed rate and account for 
97.34% contribution in the total variability of model. 
 

3. The optimum cutting parameters was obtained using MINITAB 17 software, at cutting speed of 66.97 
m/min and feed rate of 0.08 mm/rev. Optimum parameters have produced the accepted surface 
roughness, Ra, of 0.57μm was obtained and cutting force, Fc, of 54.02 N. 
 

4. An improvement in surface quality and lower cutting forces are observed at higher cutting speed with 
lower feed rate. 
 

5. The developed model has high square values of the regression coefficients which showed  
high association with variances in the predictor values. 
 
6. The established second order model seems to be suitable. 
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