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Abstract-Titanium and its alloys give immense specific strength,
imparting properties such as corrosion and fracture resistance,
making them the right candidate for medical and aerospace
applications. There is a wide range of engineering applications
that use titanium alloys in a variety of forms. The cost of these
alloys is slightly higher in comparison to other variants due to the
problematic extraction of the molten process. To reduce costs,
titanium alloy products could be made by casting, isothermal
forging, radial swaging, or powder metallurgy, although these
techniques require some kind of finishing machining process.
Titanium and its alloys are difficult to machine due to skinny
chips leading to a small cutting tool-workpiece contact area. The
thermal conductivity of titanium alloys is too low and the stress
produced is too large due to the small contact area, which results
in very high cutting temperatures. This paper deals with the
experimental study of the influence of the Minimum Quantity
Lubricant (MQL) environment in the milling of Ti-6Al1-4V alloy
considering the optimization of surface roughness and production
rate. Taguchi-based TOPSIS and ANOVA were used to analyze
the results. The experimental results show that MQL with
vegetable oil is successfully applied in the milling of Ti-6Al-4V.
The research confirms the suitability of TOPSIS in solving the
Multiple Criteria Decision Making (MCDM) issue, by choosing
the best alternative at V,=120m/min, f;=0.065mm/tooth, and
a,~0.2mm, where the surface roughness and material removal
rate are 0.4lpm and 44.1492cm*min respectively. Besides,
ANOVA can be used to predict the best parameters set in the
milling process based on the regression model. The parameters
predicted by ANOVA analysis do not coincide with any
implemented parameters.
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1. INTRODUCTION

According to the thermophysical properties at elevated
temperatures, titanium alloy Ti-6Al-4V is considered as the
best material to manufacture parts in medical or euro space
industry [1, 2]. However, machining Ti-6Al-4V is complicated
because the temperature is usually very high in the contact area
between the workpiece and the cutting tool [3-9]. To reduce
cutting heat, Metalworking Fluids (MWFs) have been selected
as the most common solution [10]. Due to the harmful effects
of WMF to the operator’s health and environment, reducing
MWF consumption is always considered. In this aspect, dry
machining and Minimum Quantity Lubricant (MQL) are two of
the most effective alternatives. For the past 20 years, many
publications have confirmed the effectiveness of using MQL
metalworking in general and Ti-6Al-4V machining in
particular. Authors in [11] researched the role of MQL
condition in tool wear and surface quality in turning process
with an uncoated cutting tool. The research showed the
encouraging results where the MQL environment leads to the
significant reducing of tool wear and surface roughness mainly
through the declining of the temperature in cutting area and the
change of the interaction between chip-tool and tool-workpiece
during machining. Authors in [12] studied the grinding of Ti-
6Al-4V titanium alloy and the effects of different lubrication
conditions on the surface quality. The research showed that
vegetable oil can be applied in the milling of titanium alloys
under MQL conditions. Hence, the MQL technique was
applied in this study work to replace conventional lubricants in
the milling process.
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Authors in [13] carried out a study research to apply a
Multiple Criteria Decision Making (MCDM) approach for
enhancing University accreditation process. The results showed
that MCDM is suitable to solve multi response optimization
problems. Taguchi-based techniques, namely TOPSIS,
MOORA, VIKOR, COPRAS, ectc. have been often used to
solve MCDM problems with high accuracy. Authors in [13, 14]
used the TOPSIS method to solve the MCDM problem. These
researches show that TOPSIS could be applied to find the best
alternative easily and quickly. The problem here is that the
TOPSIS or other Taguchi-based technique can help finding the
best solutions from the conducted experiments only. This
means that this method cannot help predicting or finding the
exact optimum parameters set. To come over this disadvantage,
new methods can be applied, for example Genetic Algorihm or
combinations of some of the conventional methods. Authors in
[7] used statistical and soft computing techniques to determine
the optimum surface roughness in the milling of Ti-6Al-4V.
Their results show that the RSM model could be applied in
predicting the optimum surface roughness value in the milling
of titanium alloys. However, the predictive result given by
Artificial Neural Networks (ANNSs) is more accurate than by
the Response Surface Method (RSM).

Authors in [15] applied an experimental model to optimize
and predict the effect of the cutting tool on surface roughness
and geometrical characteristics in the drilling of H13 steel. The
Evolutionary Multiple Attribute Optimization algorithm was
employed to find the optimum parameters set. NSGA-II (Non-
dominated Sorting Genetic Algorithm) method was developed,
and the regression functions were considered to find the
optimum of surface roughness. The successful optimization
results are consistent with the experimental findings, and
ultimately the optimal set of cutting parameters can be chosen
by machining operators according to the application. The study
also showed that increased cutting speed and liquid coolant
intensity decline surface quality. By contrast, the rising of
cutting depth, tool diameter, and feed rate led to better surface
quality. Many other studies showed that MQL and vegetable
oil are suitable for machining titanium alloy surfaces. The
machining of titanium alloys is a major research topic. The
challenge is mainly the cost, due to the very high price of the
material and the cutting tools leading usually to a reduced
number of experiments. In this case, using the Taguchi design
method of an experiment is addressed as one of the best
solutions [16]. The Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) effectively identifies the
best alternative quickly. Authors in [17] succeeded in applying
an MCDM model to find the optimum shot-peening parameters
set. Authors in [18] were successful in multi-objective
optimization on surface quality optimization and MRR in the
face milling of AISI 304 steel. The results show that a
significant influence of all milling parameters on the MRR and
both the feed-rate and the depth of cut have a significant effect
on the cutting force. In the current work, information entropy is
performed to derive the objective weights of the evaluation
criteria. An entropy-based TOPSIS is employed to rank the
alternatives in order of preference and then choose the best
solution that conforms to the decision maker’s idea [19, 21]

II.  RESEARCH METHODOLOGY

A. Optimization Issues

Surface roughness and production rate are two standard and
essential criteria that must be considered in machining.
Improving surface quality leads to reduced Material Removal
Rate (MRR). So, finding the best solution to balance surface
roughness and production rate is a critical issue. In this study,
two primary responses, including the arithmetical mean
roughness (R,) and specific Material Removal Rate (MRR), are
optimized simultaneously using the entropy-based TOPSIS
model. The average roughness value is calculated as:

_ Rai+Ra2+Ra3+Raa+Rgs

R, = : (1)

where R,; is the arithmetic roughness at the i-th position.

The production rate is the amount of material removed per
time unit and is determined by:
w.ap.vf
1000

MRR =

2)

where MRR is the production rate in cm*/min, a, is the depth
of cut in mm, w is the width of cut in mm, and v, is feed speed
in m/min.

For the milling process, the cutting parameters, including
cutting speed (V,), depth of cut (a,), and feed rate (v,) can be
considered as inputs. The values of cutting parameters are
chosen by the suggestions of the cutting tool’s manufacturer
and the recommendations of any mold manufacturers. The
variance factor data are shown in Table I. In this study, the
MQL is fixed at 150ml/h flow rate and 2MPa air pressure. The
experiment is performed in 5-axis CNC Machine DMG
DMU50 (Germany), and the surface roughness results were
measured with the Mitutoyo Surftest JS-310 (Japan).

TABLE L THE VALUE SET OF CUTTING PARAMETERS
No. | Parameter | Symbol Unit ; Leovel -

1 Cutting Speed Ve m/min 120 | 210 | 300
Feed £ mmvtooth | 0.02 | 0.06 | 0.10
3 Depth of cut a, mm 0.1 0.5 0.9

The optimizing issue is described below. The study's
approach uses the MCMD method for selecting the best
solution for minimizing surface arithmetic roughness (R,) and
maximizing the production rate (MRR).

TABLE I1. EXPERIMENTAL DATA
Run V. yA a, R, MRR
1 60 0.0 0.2 | 0.281 5.42
2 60 0.065 | 0.4 | 0.336667 | 1.08
3 60 0.1 0.6 | 0.737333 | 16.25
4 90 0.03 0.4 | 0.328 21.67
5 90 0.065 | 0.6 | 0.321333 | 10.83
6 90 0.1 0.2 | 0.506667 | 2.17
7 120 | 0.03 0.6 | 0.358667 | 32.5
8 120 | 0.065 | 0.2 | 0.411667 | 43.33
9 120 | 0.1 04 | 0.635667 | 16.25
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B. Multi-Response Optimization Framework

The TOPSIS method was presented in [22, 23], and its
steps are:

Step 1: Given a set of alternatives, A = {4;|i = 1,2,..n},
and a set of criteria, C = {CJ|] =12, .m} , Wwhere
X= {xl-j|i =12,..nj= 1,2,...m} denotes the set of
performance ratings and w = {wj lj = 1,2,..m} is the set of

weights. The information table /=(4, C, X, W) can be
represented as shown in Table II1.

TABLE III. THE INFORMATION TABLE OF TOPSIS
Alternative | C; | C, Cn
A Xi | X2 | e | Xim
A X2 | X22
An Xni Xn2 ... Xnm
w w; ws W

Step 2: Calculating the normalized rating by [20, 21, 24-
28]:

xl-j

T = ——
Y e

Step 3: Calculating the weighted normalized rating by:

i=12.mj=12..n 3)

vii(x) =wir;(x),i=12.mj=12..m 4)
Step 4: Calculating a positive ideal point (PIS) and a negative
ideal point (NIS) by:
PIS = A* = {v} (x), v (®), ..., vE(x)} = {(maxi v (x)|j €
J1), (min; v ()] j el)li=12..n} (5)
NIS = A™ = {v] (x),v; (x), ..., v ()} = {(mini v (xX)|j €
]1), (maxi v ()| j E]z) |li=1,2 n} (6)
where J; and J, are the benefit and non-benefit criteria
respectively.

Step 5: Calculating the separation from the PIS and the NIS
among alternatives using the Euclidean distance, which is given
as:

D;:\[Zﬁl[vij(x)—v;(x)]z, i=12.n (7)

Di—:\/zygl[vij(x)—vj—(x)]z, i=12,..n (8)

Step 6: Determining the similarities to the PIS by the
formula:

CG=—2_ i=12,..n (9)

BCS N
where C; € [0,1] Vi =12, ..n.

Step 7: Arranging PIS(C;") and choosing the best and the
worst alternatives according to their ranking. In this study, the
weight set in (4) would be replaced by a new set, which is
determined by entropy, given as in the following step.

Step 8: Calculating the entropy by:

e = _1n(1m) ﬁl[rij.ln(rij)], i=12.mj=12..n (10)

Then the objective weight for each criterion can be
determined as:

1—8]'

w, = [z—] j=12,.n (11)

n
j=1(1=€j)

III.  EXPERIMENTAL PROCEDURE

In this work, the titanium alloy Ti-6Al-4V is selected, and
the five-axis milling center DMG DMUS50 is used for the
machining experiment. The experimental workpiece and
machine are shown in Figures 1 and 2. The surface roughness
value was measured 3 times at 3 different positions for each
experiment by a Mitutoyo Surftest JS-310. The average value
is shown in Table IV.

Fig. 2.

Workpiece specimen.

IV. RESULTS AND DISCUSSION

A. Optimization using Entropy-based TOPSIS

Step 1: The given selected responses are arranged in the
information table of TOPSIS according to Table IV.

TABLE IV. TOPSIS EXPERIMENTAL INFORMATION

Alternative R, MRR
A 0.281 5.42
A 0.336667 1.08
A; 0.737333 | 16.25
Ay 0.328 21.67
As 0.321333 | 10.83
As 0.506667 | 2.17
A; 0.358667 | 32.5
As 0.411667 | 43.33
Ay 0.635667 | 16.25

Step 2: The given responses are transformed to non-
dimensional form by (3). The result is presented in Table V.

Step 3: The weigh set is calculated using entropy by (10)
and (11). The summarized results are shown in Table VI.
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TABLE V. THE NON-DIMEN SIONAL FORM
Alternative Conversion vector
1¥] I
A 0.204 0.085
A4 0.244 0.017
A; 0.534 0.254
Ay 0.238 0.339
As 0.233 0.169
As 0.367 0.034
4, 0.260 0.509
As 0.298 0.678
Ay 0.460 0.254
TABLE VI. ENTROPY WEIGHT SET
er e
2.6831 | 5.1092
wp w;
0.2906 | 0.7094

Step 4: The weighted normalized rating is calculated by (7),
using an entropy weight set. The result is shown in Table VIL

Step 5: The best and the worst solutions are determined
using (5) and (6). The result is shown in Table VIIL

Step 6: PIS and NIS are calculated among the alternatives
by (7) and (8).

Step 7: PIS (C}") can be derived according to (9).

Step 8: PIS (C}') is arranged and the best and the worst
alternatives are selected (Table IX).

TABLE VIL ENTROPY WEIGHTED NORMALIZED RATING
Alternative v; v,
A 0.0591 | 0.0602
A 0.0709 | 0.0120
As 0.1552 | 0.1804
Ay 0.0690 | 0.2406
As 0.0676 | 0.1202
As 0.1066 | 0.0241
A7 0.0755 | 0.3608
As 0.0867 | 0.4810
Ay 0.1338 | 0.1804
TABLE VIII.  BEST AND WORST SOLUTIONS
R, MRR
A" 0.059148495 0.011989059
A 0.155203335 0.481005487
TABLE IX. THE RANKING OF THE ALTERNATIVES
Alternative v V) S S C Ranking
A 0.0591 | 0.0602 | 0.4317 | 0.0482 | 0.1004 7
A 0.0709 | 0.0120 | 0.4765 | 0.0117 | 0.0240 9
A; 0.1552 | 0.1804 | 0.3006 | 0.1939 | 0.3921 4
Ay 0.0690 | 0.2406 | 0.2554 | 0.2288 | 0.4725 3
As 0.0676 | 0.1202 | 0.3713 | 0.1086 | 0.2263 6
As 0.1066 | 0.0241 | 0.4595 | 0.0490 | 0.0964 8
A; 0.0755 | 0.3608 | 0.1442 | 0.3492 | 0.7077 2
As 0.0867 | 0.4810 | 0.0686 | 0.4698 | 0.8727 1
Ay 0.1338 | 0.1804 | 0.3014 | 0.1842 | 0.3794 5

According to Table IX, the Ag is the best alternative, with
R, and MRR values of 0.41166um and 43.33 respectively. The
worst is 4, with R, value at 0.336667 pm. The production rate
accounted for was 1.08 cm*/min. The value of surface quality
in Ag alternative is worse than in A,, but its MRR 1is about 40
times higher.

V. ANOVA ANALYSIS

In Table X we can see the SNR versus V7, ., a, (smaller is
better). Table X and Figure 3 illustrate that in the milling of the
titanium alloy Ti-6A1-4V under MQL conditions, the feed rate
value impacts significantly on surface roughness, followed by
the effect of cutting speed V... On the other hand, the influence
of depth of cut a, on the surface quality is fuzzy.

TABLE X. RESPONSE TABLE FOR SIGNAL TO NOISE RATIOS
Level V. f: a,
1 7.710 9.872 8.214
2 8.483 9.009 7.691
3 6.850 4.163 7.138
Delta 1.633 5.709 1.076
Rank 2 1 3
Main Effects Plot for SN ratios
Data Means
Ve fz ap
10 .
9 x\‘v
\
A \
N \ .
8 \
* \ e

Mean of SN ratios

1 2 3 1 2 3 1 2 3

Signal-to-noise: Smaller is better

Fig. 3. Main effects signal to noise ratios.
TABLE XI. SOLUTION RANKING BY ANOVA ANALYSIS
Solution| V. | £ | @ | MRRfit | R.fic | Composite
¢ N r ‘ desirability
1 120 0.03 0.6 | 44.1492 | 0.369511 0.897796
2 120 0.03 0.2 | 332325 | 0.334549 0.819577
3 120 | 0.065 | 0.6 | 36.6512 | 0.411079 0.775842
4 120 0.03 0.4 | 30.7508 | 0.351432 0.770634
5 120 | 0.065 | 0.2 | 26.7734 | 0.370215 0.699454
6 120 | 0.065 | 0.4 | 24.5508 | 0.389908 0.650340
7 90 0.03 0.6 | 18.8877 | 0.312368 0.626507
8 90 0.065 | 0.6 | 14.1041 | 0.344462 0.515162
9 60 0.03 0.6 | 134869 | 0.329394 0.512360
TABLE XII. ERROR OF CALCULATED AND ANOVA RESULTS
Calculated values | Predicted values Error
MRR 43.330 44.1492 1.856%
R, 0.4116667 0.369511 10.24%

Multi-response optimization is performed by the ANOVA
tool in MiniTab, and the result is presented in Figure 4. The
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ANOVA analysis gives similar results. Its best solution is at
0.32um of surface roughness and 34.3078cm’/min MRR, while
the predicted results are 041 and 43.33 respectively (Table
XII0).

Optimal Ve fz ap
Low 60 003 02
44 y
° ® °
Composite Y
Desirability \ 2
D: 0.8978
°
~~~~~~~~~ ¢ ————————F————————¢
MRR °
Maximum °°® °
y = 441492
d = 1.0000 ®
°
.
Ra
Minimum
y = 0.3695
d = 0.80604 .
—.————.————TQ——————————.————.————!»—
Fig. 4. Multiple response optimization analysis results.
TABLE XIIIL ANOV A AND TOPSIS MULTI OPTIMIZATION RESULTS
COMPARISON
Best solution set determined by
TOPSIS ANOVA
V. (m/m) 120 120
f: (mm/tooth) 0.065 0.03
a,(mm) 0.2 0.6
R, (pm) 0.41 0.32
MRR (cm*/min) 43.33 34.30

VI. DISCUSSION

The results in Table IX confirm that TOPSIS is the right
tool for multiple responses in milling Ti-6Al-4V. Multi-
response optimization analysis with TOPSIS and ANOVA
tools in Minitab showed relatively similar best choice results.
TOPSIS shows the As alternative at V,~=120m/min,
/=0.065mm/tooth and a,=0.2 as the best parameters set, where
R,~0.412um and production rate accounts for 43.330cm’/min.
Meanwhile, for ANOVA analysis, the most optimal choice is
R,~0.36um, MRR=44.1492cm’/min. The analytical results in
Table X show that the difference between these two methods is
1.856% in MRR and 10.24% in roughness.

Noticeable, TOPSIS helps selecting the best one out of 9
experimental options only, which means that the set of
parameters of cutting mode is one of the implemented
parameter sets, whereas the ANOVA allows the prediction of
the best cutting parameters based on the experimental data. In
this case, the optimal set of parameters is predicted to be
(V=120 m/min, f=0.03 mm/tooth, and a,=0.6mm). This
predicted parameter set does not coincide with any
implemented parameters. This study shows that combining
TOPSIS and ANOVA analysis could be applied to approve the
multiple optimization of the cutting process.

VII. CONCLUSION

The current work aimed at optimizing the cutting
parameters in the milling of Ti-6Al-4V under MQL
condictions. TOPSIS method and ANOVA analyis were
performed and the following findings of this research should be
considered:

e MQL with vegetable oil is successfully applied in the face
milling of Ti-6Al-4V.

e The impact of feed rate on surface roughness is significant.
Increasing feed rate or cutting speed lead to rising
production rate (MRR) but reduce the quality of surface
roughness.

e The best solution chosen by TOPIS is (V=120m/min,
J=0.065mm/tooth, and a,=0.2mm), where the surface
roughness and the material removal rate are 0.41um and
44.1492 cm’/min respectively.

e The best solution predicted by MiniTab is (V,=120m/min,
/~=0.03mm/tooth, and a,=0.6mm), where the surface
roughness is 0.32um and the material removal rate is
34.4cm’/min.

e The TOPSIS model can be applied to find the best
parameters set in the milling of Ti-6Al-4V. This model can
be used in different machining processes or materials.

e ANOVA analysis by software can be used to predict and
find the best alternative of the milling process based on the
regression model. The parameter set predicted by ANOVA
analysis does mnot coincide with any implemented
parameters.
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