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Abstract
In this study, Ti 6Al-4 V (grade 5) ELI alloy was machined with minimum energy and optimum surface quality and minimum 
tool wear. The appropriate cutting tool and suitable cutting parameters have been selected. As a result of the turning process, 
average surface roughness (Ra), tool wear and energy consumption were measured. The results have been analyzed by normal-
ity test, linear regression model, Taguchi analysis, ANOVA, Pareto graphics and multiple optimization method. It has been 
observed that high tool wear value increases Ra and energy consumption. In multiple optimization, it was concluded that it 
made predictions with 89,1% accuracy for Ra, 58,33% for tool wear, 96,75% for energy consumption. While the feed rate 
was the effective parameter for Ra and energy consumption, the effective parameter in tool wear was the cutting speed. Our 
study has revealed that by controlling energy consumption, surface quality can be maintained and tool wear can be controlled.
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Introduction

Machining methods are preferred in many industrial and 
academic studies. Turning is an important metal removal 
operation. Tool wear significantly affects the surface qual-
ity of the machined products. Increasing tool wear affects 
energy consumption and reduces surface quality. Energy 
consumption is an important factor affecting the production 
cost. Therefore, energy consumption should be minimized.

With the development of materials science, many differ-
ent materials are produced. The machinability of the pro-
duced materials has gained importance. Titanium alloys are 
frequently used in aviation, chemical industry, automotive 
and medical products [1]. Titanium Grade 5 materials are 
recognized as the most widely used titanium alloy. These 
materials are called Ti-6Al-4 V, according to EN norm as 

37,164 or 37,165 and according to UNS norm as R56400. 
These materials contain approximately 90% titanium, 6% 
aluminum and 4% vanadium elements. Titanium Grade 5 
has a low weight like other titanium alloys and have high 
mechanical strength, high corrosion resistance and biocom-
patibility [2]. Grade 5 Titanium material also has Eli, ie 
“Extra Low Interstitials (ELI)” version. The development of 
materials science has positively affected titanium materials. 
Ti-6Al-4 V (ELI) titanium alloy is widely used in academic 
and industrial applications due to its heat treatment ability.

When it comes to machining methods, we think of turn-
ing, milling, grinding, drilling etc. processes [3]. Machining 
methods are preferred in industrial production and academic 
studies. The surface quality of the product obtained as a 
result of machining, machining time, machining cost, tool 
wear, cutting forces, delamination, energy consumption, 
temperature changes during machining, sound intensity, 
vibration, acoustic emission, etc. are examined [4]. As a 
result of the correct evaluation of the examined values, the 
quality of the machining is increased or the effective param-
eters that cause low quality are determined. Good surface 
quality and low energy consumption are required in manu-
facturing. In addition, low tool wear is required to reduce 
costs. Since the machining of titanium alloys is difficult, 
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many studies have been carried out on the machining of 
titanium alloys in the literature [5–7].

The most widely used method of machining is turning. 
Although there are many parameters that affect the turning 
process, the most important of these are cutting speed, feed 
rate and depth of cut. Change in cutting speed affects metal 
removal performance. High feed creates strong chips. It is 
known to facilitate chip breakage and chip control in some 
cases. According to the workpiece material, larger cutting 
depth affects chip breakage and creates larger forces [8–11].

An important measure of the quality of the product 
obtained as a result of machining is the surface roughness. 
There are many studies on surface roughness. When these 
studies are examined, it is seen that the effective parameter 
for surface roughness is feed rate [12].

Due to mechanical and chemical factors, wear is observed 
in the cutting tools used in machining. Tool wear means that 
the cutting tool loses its function as a result of detaching 
small parts from the cutting edge or building of small parts 
[13]. As a result of the loss of the cutting tool geometry, the 
desired surface quality cannot be achieved in the produced 
part. At the same time, the cutting power required for cutting 
increases in the deformed tool [14, 15]. Increasing cutting 
power means increasing energy consumption. By control-
ling energy consumption, protection of surface quality and 
control of tool wear can be achieved.

Considering the difficult conditions such as drought, pop-
ulation increase, epidemic diseases (such as COVID-19 pan-
demic) in our country and world, saving gains importance 
in every field. Efficient use of energy comes to mind when 
it comes to saving in machining. The main source of electri-
cal energy consumption in machining is the machine tools 
used. For this reason, energy efficient and clean production 
methods are preferred in manufacturing to reduce production 
costs. It is also known that high energy consumption causes 
short tool life [16].

Optimization of processes is extremely important in 
machining applications. Thanks to optimization, available 
resources are used economically [17]. Various studies have 
been done to optimize processing responses under different 
processing conditions. When the studies are examined, it 
is seen that optimum results, when the optimum values of 
the parameters are used, improve the surface quality, reduce 
wear and minimize energy consumption [18]. Many dif-
ferent optimization techniques have been used in studies. 
Taguchi-based signal-to-noise (S/N) ratio method, regres-
sion equations, pareto graphs, ANOVA results, Response 
surface methodology (RSM), grey relational analysis, neural 
networks, genetic algorithms are among the most used tech-
niques to obtain reliable results for optimization [19–21].

In present work, it is aimed to demonstrate experimen-
tally and statistically the interaction between Ra, tool wear 
and energy consumption during turning of titanium alloy. 

The specific feature of this study is the investigation of how 
Ra and tool wear affect energy consumption in titanium 
machinability. Our study has revealed that by controlling 
energy consumption, surface quality can be maintained and 
tool wear can be controlled. In this context, the accuracy 
of the results was compared using different optimization 
methods.

Material Method

In Table 1, workpiece dimensions, cutting parameters, meas-
ured values, lathe model, measuring devices, used statistical 
programs are clearly given. Detailed information is given in 
the introduction about the workpiece used in this study. The 
parameter ranges were determined from the catalog values 
of the company that produced the cutting tool and from the 
studies in the literature. The first trial experiments were cho-
sen slightly above these values and it was aimed to keep the 
processing time short.

Ra values were measured after machining was finished. 
The Mitutuyo SJ-210 surface roughness measuring device 
with a needle that can measure consecutive profile changes 
was used in the roughness measurement process. Measure-
ments were made according to the ISO 4287 standard [22]. 
The device is set to 2,5 mm measuring step, 4 measuring 
numbers. The unit of Ra values is measured in “μm”. Meas-
urements were carried out parallel to the workpiece rotation 
axis on three different surfaces at an angle of 120 degrees 
and averaged.

In tool wear, different insert was used for each process, 
and it was measured after the experiments were finished. 
The inserts were cleaned with a polisher before tool wear 
was measured. With the cleaning process, micron-level con-
taminants on the cutting edge were removed from the sur-
face. After cleaning, images of cutting tools were obtained 
with Dino-Lite AM2111 Digital Basic USB Microscope. 
Since the measuring feature of the existing microscope is 
not open, the images were processed with the AutoCAD 
program and tool wears were determined. Tool wear is meas-
ured in “mm”.

Hioki Power Quality Analyzer PW3198 device is con-
nected to the fuse panel of the lathe to determine the amount 
of electricity consumed by the machine. Energy consump-
tion is measured simultaneously during the machining 
operation. Energy consumption is measured in “kWh”. The 
energy consumption amount consumed during the machin-
ing period is determined.

A flow chart has been created to better understand the 
work done. The flow chart created is given in Fig. 1.

Figure  2 shows the workpiece, cutting tool, tool 
holder, CNC lathe, surface roughness measuring device, 
microscope, AutoCAD image on the computer, energy 
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consumption device placed on the fuse panel used in the 
experiments. Turning operations were carried out under 
dry cutting conditions. Because the use of cutting fluids 
has an important place in production costs. It also threat-
ens the environment and human health. For this reason, 
the use of cutting fluids is undesirable in order to reduce 
production costs, protect worker health and the environ-
ment [23, 24]. In this study, it was tried to determine the 
optimum cutting conditions without using cutting fluid.

Experiment Results

In some machining operations, SEM analyzes were per-
formed in order to investigate how the tool tips wear. Fig-
ure 3 shows the SEM images of the experiments where 
the smallest, medium and maximum tool wear occurred. 
In Fig. 3, it was seen that there was the smallest flank wear 
and no BUE in experiment number 1. However, in 7th 

Table 1   Descriptive information 
about the experimental study

No Machining Conditions Definitions

1 Workpiece 6A1-4 V ELI (grade 5) titanium alloy
2 Workpiece hardness 290 HB
3 Workpiece dimensions Ø60x200 mm
4 Machining length 85 mm
5 CNC Lathe CNC Lathe LT-20C
6 A-Cutting speed (m/min) [V] 55–80 - 105
7 B-Feed rate (mm/rev) [f] 0,15–0,30 - 0,45
8 C-Depth of cut (mm) [a] 1–2 - 3
9 Cutting fluid Cutting fluid is not used
10 Cutting insert Sangeo DNMG 150608R-ST PS7220S
11 Tool holder SMOXH TDJNR 2525 M15
12 Experimental design method Taguchi L9 (33)
13 Measured values Average surface roughness (Ra)

Tool wear
Energy consumption

14 Roughness measuring device Mitutoyo SJ-210 V.1.008
15 Tool wear measurement Dino-Lite AM2111 Digital Basic USB Microscope
16 Energy consumption measuring device Hioki Power Quality Analyzer PW3198
17 Hardness tester Proceq equotip 3 portable hardness tester
18 Used programs Minitab, Word, Excell, AutoCAD
19 Evaluation of the results Taguchi, regression analysis, pareto plot, ANOVA, 

multiple optimization

Fig. 1   Flow chart
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experiment, BUE and flank wear were large. Also, in the 
9th experiment, flank wear and bue were the biggest. In the 
7th and 9th experiments, tool wear occurred more because 
the cutting speed was high. Titanium 6A1-4 V ELI mate-
rial has a ductile structure due to its high aluminum con-
tent. BUE increased at high cutting speeds.

Measurements regarding tool wear are given in Fig. 4. 
When the tool wear microscope images are examined, it 
is seen that also flank wear and BUE were occurred in 
the cutting tools. The smallest flank wear appeared in the 
1st experiment, and the largest in the 9th experiment. In 
addition, it was observed that BUE was higher in the 8th 
and 9th experiments, where the cutting speed was high.

Choosing the optimum cutting parameters is difficult 
when machining titanium materials. In order to keep 
the machining time short, cutting parameters were ini-
tially set at high values. Figure 5 shows the tool wear 
image of the cutting tool during the turning process with 
200 m/min, the feed rate 0,4 mm/rev and the depth of cut 
3 mm. Due to excessive tool wear and low surface qual-
ity, cutting parameters have been updated as in Table 2. 
As a result of this update, excessive tool wear has been 
eliminated.

In Table 2, the list of experiments created with Tagu-
chi L9 design and Ra, tool wear and energy consumption 
values are given.

Fig. 2   Experiment equipment
Workpiece Cutting Insert

Tool holder CNC Lathe

Surface roughness measuring device Tool wear measuring device (microscope)

Tool wear measurement in the AutoCAD Energy consumption measuring device
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The Ra, tool wear and energy consumption obtained as 
a result of the experiment are shown graphically in Fig. 6. 
When Fig. 6 is examined, it is clearly seen that Ra, tool wear 
and energy consumption are linearly proportional to each 
other. In other words, the reason for the increase of Ra is tool 
wear. We can say that as Ra increases, energy consumption 
increases, energy consumption increases as wear increases.

Statistical Analysis

Statistical analysis constitutes the most important stage of 
research in many scientific studies. There is a very common 
mistake in research: Researchers miscalculate their results 
or cannot reach any conclusions due to the wrong analysis 
method. It is very important to know which analysis methods 
are used under which conditions in order to analyze the data 
properly. Improper method selection will result in incorrect 
interpretation of the data. It is important to know what you 
want to do in choosing the right analysis method, as well as 
your choice of method according to your data type.

Minitab 19 program was used in statistical tests. In this 
part of our study, the results of Ra, wear and energy con-
sumption were examined by normality test, linear regres-
sion model, Taguchi analysis, ANOVA, pareto graphs and 
multiple optimization method.

Test of Normality

Most of the statistical methods are based on normality 
assumption. For this reason, it is necessary to test whether 
the distribution of the data sets is normal before starting 
the analysis. Minitab offers Anderson-Darling, Ryan-Joiner 
(similar to Shapiro-Wilk) and Kolmogorov-Smirnov options 

for normality testing. We carried out our tests according to 
Anderson-Darling option among these presented normality 
tests. The normality test results obtained for Ra, tool wear 
and energy consumption are given in Fig. 7. We can see the 
mean, StDev (standard deviation), N (sample number), AD 
(Anderson-Darling) and p values on the figures.The result 
of the normality test should be p > 0.05 [21]. p values were 
obtained as 0,535 for Ra, 0,119 for tool wear and 0,686 for 
energy consumption. It was concluded that the values we 
obtained as a result of the test have a normal distribution.

Linear Regression Models

Regression models were created for the operations to be 
performed in the same cutting parameters and threshold 
ranges in the experimental results obtained. Linear, quad-
ratic and logarithmic regression models have been tested. 
Linear regression equations and determination coefficients 
are given in Table 3 in accordance with the study. The closer 
the R2 values to 1, the more reliable the resulting model.

Comparison of the real experimental results with Ra, tool 
wear and energy consumption values by using linear regres-
sion model is given in Fig. 8. It can be seen in Fig. 8 that 
there is a good correlation between real experimental results 
and predicted values.

Taguchi Analysis

In Taguchi analysis about Ra, tool wear and energy 
consumption, “smaller is better” option was selected in 
Minitab program. The S/N ratios obtained as a result of 
the analysis were given in Table 4. When Table 4 was 
examined, the S/N ratio for Ra was −5,44, the S/N ratio 

Fig. 3   SEM images of experi-
ments 1, 7 and 9
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Fig. 4   Tool wear images and measured values

Fig. 5   Excessive tool wear 
occurring at high values of cut-
ting parameters (V:200 m/min, 
f:0,4 mm/rev, a:3 mm)
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Table 2   Experiment list and 
values obtained as a result of 
the experiment

Experiment
No

V
(m/min)

f
(mm)

a
(mm/rev)

Ra
(μm)

Tool wear
(mm)

Energy 
consump-
tion
(kWh)

1 55 0,15 1 1871 0,108 9752
2 55 0,30 2 4708 0,111 14,852
3 55 0,45 3 7251 0,124 17,628
4 80 0,15 2 2315 0,154 10,035
5 80 0,30 3 4414 0,166 14,661
6 80 0,45 1 6878 0,247 17,021
7 105 0,15 3 2912 0,262 12,254
8 105 0,30 1 4184 0,286 12,365
9 105 0,45 2 8305 0,472 19,025

Fig. 6   Combined graph of Ra, 
tool wear and energy consump-
tion results

Fig. 7   Normality test results for Ra, wear and energy consumption

Table 3   Regression equations 
for Ra, tool wear and energy 
consumption

Equation R2 (%)

Ra -1738 + 0,01047*V + 17,04*f + 0,274*a 96,64
Tool wear −0,223 + 0,004514*V + 0,354*f-0,0149*a 85,26
Energy consumption 4,41 + 0,0094*V + 24,04*f + 0,901*a 94,64

951Experimental Techniques (2022) 46:945–956



for tool wear was 19,34, S/N ratio for energy consumption 
was found to be −19,78.

The response graphs of the S/N ratio obtained for Ra, 
tool wear and energy consumption are given in Fig. 9. 
When Fig. 9 is examined, the cutting parameters at which 
the optimum Ra values were obtained were determined 
as 55 m/min, which is the first level of the cutting speed, 
0,15 mm/rev, which is the first level of the feed rate, and 
1 mm, which is the first level of depth of cut.

When Fig. 9 is examined, the cutting parameters for 
which optimum tool wear values were obtained were deter-
mined as 55 m/min at the first level of the cutting speed, 
the first level of the feed rate was 0,15 mm/rev and the 
third level of the depth of cut was 3 mm.

When Fig. 9 is examined, the cutting parameters for 
which optimum energy consumption values are obtained 
were determined as the second level of the cutting speed 
as 80 m/min, the first level of the feed rate as 0,15 mm/
rev and the first level of the depth of cut as 1 mm. Also, 
according to Fig. 9, Ra, tool wear and energy consumption 
increased as the cutting speed and feed rate increased. As 

the depth of cut increased, Ra and energy consumption 
increased, but tool wear decreased slightly.

The response table of the S/N ratio obtained for Ra, tool 
wear and energy consumption is given in Table 5. The most 
effective parameters and levels of Ra, tool wear and energy 
consumption are plotted in the table. The delta value indi-
cates the first parameter that is high. It is seen that the feed 
rate for Ra and energy consumption and the cutting speed 
for tool wear are the effective parameters. The highest value 
is taken into account to determine the factor levels.

ANOVA Results

ANOVA results obtained for Ra, tool wear and energy con-
sumption are given in Table 6. Percentage values in the 
tables show the effect values of the cutting parameters in 
this model. The fact that P values are less than 0,05 indicates 
whether the values are meaningful for this model. Since 
P < 0,05, the regression models created are also significant 
[20]. When Table 6 is examined, it is seen that the feed rate 
for Ra is 94,57%, cutting speed for tool wear is 68,82% and 
feed rate for energy consumption is 88,73% efficient and 
significant.

Pareto Analysis

Pareto analysis is used for reasons such as determining the 
most important reason on the problem, listing all problems, 
seeing the rates and degrees of importance of the problems, 
and directing a team work [25].

In this study, Pareto analysis was used to determine the 
important cause on Ra, tool wear and energy consumption. 
Pareto charts for Ra, tool wear and energy consumption are 
given in Fig. 10. When Fig. 10 is examined, it is seen that 
the feed rate is important for Ra and energy consumption, 
and the cutting speed is important for tool wear.

Fig. 8   Comparison of experimental results and predicted values

Table 4   S/N values obtained for Ra, tool wear and energy consump-
tion

Experiment no Ra Tool wear Energy 
consump-
tion

1 −5,44 19,34 −19,78
2 −13,46 19,09 −23,44
3 −17,21 18,13 −24,92
4 −7,29 16,25 −20,03
5 −12,90 15,62 −23,32
6 −16,75 12,16 −24,62
7 −9,28 11,64 −21,77
8 −12,43 10,87 −21,84
9 −18,39 6,52 −25,59
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Multiple Optimization Model

In studies measuring more than one result, the optimiza-
tion of the parameters should not be performed separately. 
The optimum parameters for Ra, tool wear and energy 
consumption, which we examined above, determined by 
Taguchi, were determined as different levels. Multiple 

optimization is done for a common result when more than 
one result is measured.

Since Ra, tool wear and energy consumption values are 
desired to be low, the goal has been selected as minimum 
while performing multiple optimization [17, 26]. Table 7 
shows the selected objective functions for multiple optimi-
zation and their results. At the same time, the table shows 

Ra Tool wear

Energy consumption

Fig. 9   Response graphs of S/N ratio for smaller-better analysis

Table 5   Response table for S/N 
ratios

Ra Tool wear Energy consumption

Level V f a V f a V f a

1 −12,04 −7,34 −11,54 18,86 15,74 14,12 −22,71 −20,53 −22,08
2 −12,31 −12,93 −13,05 14,68 15,20 13,96 −22,66 −22,87 −23,02
3 −13,37 −17,45 −13,13 9,68 12,27 15,13 −23,07 −25,04 −23,34
Delta 1,33 10,11 1,59 9,18 3,47 1,18 0,41 4,52 1,26
Rank 3 1 2 1 2 3 3 1 2
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low values, high values, target values, weight and impor-
tance values for the test results.

As a result of multiple optimization, suitable cutting 
parameters were obtained as 55 m/min, 0,15 mm/rev, 1 mm. 
Since the obtained parameters were included in the experi-
ment list, the existing results were used. The experiment 

has not been repeated. Test and prediction results were 
given in Table 8. Predictions were made with an accu-
racy of 89,1% for Ra, 58,33% for tool wear and 96,75% for 
energy consumption. The reason for the high error rate of 
tool wear prediction as a result of multiple optimization is 
that while feed rate is the effective parameter for Ra and 

Table 6   ANOVA results Source DF Seq SS Contribution Adj SS Adj MS F-Value P Value

Ra
Regression 3 40,061 96,64% 40,061 13,354 48,00 0,0004
V 1 0,411 0,99% 0,411 0,411 1,48 0,2783
f 1 39,199 94,57% 39,199 39,199 140,90 0,0001
a 1 0,451 1,09% 0,451 0,451 1,62 0,2592
Error 5 1391 3,36% 1391 0,278
Total 8 41,452 100,00%
Tool wear
Regression 3 0,095 85,26% 0,095 0,032 9,64 0,0161
V 1 0,076 68,82% 0,076 0,076 23,34 0,0048
f 1 0,017 15,25% 0,017 0,017 5,17 0,0721
a 1 0,001 1,19% 0,001 0,001 0,40 0,5529
Error 5 0,016 14,74% 0,016 0,003
Total 8 0,111 100,00%
Energy consumption
Regression 3 83,199 94,64% 83,199 27,733 29,44 0,0013
V 1 0,332 0,38% 0,332 0,332 0,35 0,5784
f 1 77,998 88,73% 77,998 77,998 82,81 0,0003
a 1 4869 5,54% 4869 4869 5,17 0,0721
Error 5 4710 5,36% 4710 0,942
Total 8 87,909 100,00%

Ra Tool wear Energy consumption

Fig. 10   Pareto charts for Ra, tool wear and energy consumption

Table 7   Objective function 
selections and results for 
multiple optimization

Response Goal Lower Target Upper Weight Importance

Ra Minimize 1871 1871 8305 1 1
Tool wear Minimize 0,108 0,108 0,472 1 1
Energy consumption Minimize 9752 9752 19,025 1 1
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energy consumption, the effective parameter in tool wear is 
the cutting speed.

Debhnath et  al. and Akkus stated in their study that 
optimum cutting conditions for the desired surface rough-
ness and tool wear were obtained with high cutting speed, 
medium cutting depth level and low feed rate [27, 28]. The 
results of our study are also in this direction.

Results, Discussion and Suggestions

In this study, titanium alloy 6A1-4 V ELI (grade 5) cylindri-
cal workpiece was machined on CNC lathe. Ra, tool wear 
and energy consumption values obtained in turning process 
were analyzed experimentally and statistically. The results 
obtained below are given in order.

•	 Cost and time savings have been achieved with the Tagu-
chi L9 experiment design.

•	 Ra, tool wear and energy consumption values generated 
during turning of the titanium alloy have been deter-
mined.

•	 The microscope images of the tool wear have been meas-
ured with the help of AutoCAD program.

•	 When the wears on the cutting tools are examined, the 
wears appear as flank wear and BUE. BUE and flank 
wear amount increases at high cutting speeds.

•	 It is concluded that Ra, tool wear and energy consump-
tion are linearly proportional to each other. In other 
words, the reason for Ra increase is tool wear. As Ra 
increases, energy consumption increases. Energy con-
sumption increases as tool wear increases.

•	 As a result of Anderson-Darling normality test, p values 
have been determined as 0,535 for Ra, 0,119 for tool 
wear and 0,686 for energy consumption. It is concluded 
that the values of Ra, tool wear and energy consumption 
have normal distribution.

•	 Linear regression equations have been created. The coef-
ficients of determination (R2) have been determined as 
96,64% for Ra, 85,26% for tool wear and 94,64% for 
energy consumption.

•	 S/N ratios have been found as −5,44 for Ra, 19,34 for 
tool wear and − 19,78 for energy consumption.

•	 The optimum cutting parameters for the minimum 
Ra have been determined as 55 m/min - 0,15 mm/ rev 
−1 mm.

•	 Optimum cutting parameters for minimum tool wear have 
been determined as 55 m/min - 0,15 mm/rev - 3 mm.

•	 Optimum cutting parameters for minimum energy con-
sumption have been determined as 80 m/min - 0,15 mm/
rev - 1 mm.

•	 Created regression models, Taguchi and Pareto plots have 
shows that feed rate for Ra and energy consumption and 
cutting speed for tool wear are the active parameters.

•	 It is pleasing that the prediction results correspond to the 
experimental data.

•	 As a result of multiple optimization, it has been con-
cluded that it has made predictions with 89,1% accuracy 
for Ra, 58,33% for tool wear, 96,75% for energy con-
sumption.

•	 It was concluded that the reason for the high error rate of 
the tool wear prediction as a result of multiple optimiza-
tion is that the feed rate is the effective parameter for Ra 
and energy consumption, and that the factor in tool wear 
is the cutting speed.

•	 Since the information obtained about Ra, tool wear and 
energy consumption is positive, it can be used in future 
scientific and industrial applications.

•	 Our study has been an important research examining the 
relationship between Ra, tool wear and energy consump-
tion experimentally and statistically.

•	 This study has revealed that by controlling energy con-
sumption, surface quality can be maintained and tool 
wear can be controlled.

•	 It is recommended to use parameter changes, different 
statistical and numerical methods in future studies.
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