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In this investigation, two environmental metrics (the comprehensive energy used (TU) and turning noise (TN)) and a quality metric (surface
roughness (SR)) of the rotary turning process for the Ti6AI4V were optimized and reduced using the optimal factors (the inclined angle-i, depth
of cut-d, feed-f, and turning speed-V). The TU model was proposed comprising the embodied energy of the insert and lubricant. The method
based on the removal effects of criteria (MEREC), an improved quantum-behaved particle swarm optimization algorithm (IQPSO), and TOPSIS
were applied to select weight values and the best optimal solution. The machining cost (MC) was proposed in terms of process parameters.
The outcomes presented that the optimal values of the i, d, f, and V were 35 deg., 0.30 mm, 0.40 mm/rev., and 190 m/min, respectively, while
the TU, SR, TN, and MC were saved by 6.7 %, 22.3 %, 23.5 %, and 8.5 %, respectively. The turning responses were primarily affected by the
feed rate and turning speed, respectively. The developed turning process could be employed for machining hard-to-cut alloys. The developed

approach could be applied to deal with optimization problems for other machining operations.
Keywords: rotary turning, total energy consumption, surface roughness, noise emission, IQPSO

Highlights
*  Anew rotary turning tool was designed and fabricated.

*  Process parameters, including the spindle speed, depth of penetration, feed rate, and inclination angle were optimized.
*  The total energy consumption, surface roughness, and turning noise were enhanced.
*  Animproved quantum-behaved particle swarm optimization algorithm was proposed.

O INTRODUCTION

The machining operation using rotary inserts is an
effective solution to deal with hard-to-cut materials.
The cutting temperature, force components, and
pressure at the nose are reduced with the support of the
rotational motion of the round piece. Additionally, a
higher tool life is obtained due to the even distribution
of the cutting temperature, leading to higher
productivity and quality indicators, as compared to the
conventional processes.

Different milling and turning operations having
rotary inserts have been developed and optimized
by many investigators. Karaguzel et al. [1] indicated
that the rotary turning and milling processes provide
10- and 40-times longer tool life than conventional
operations. The optimal cutting speed, feed, depth of
cut, and inclination angle were selected to decrease the
surface roughness and improve the material removal
rate [2]. The ultrasonic vibration-based rotary turning
was developed to machine decrease the machining
forces and average roughness of the turned AA 7075
[3]. The results indicated the tool speed of 98.63 m/
min and the feed of 0.08 mm/min were optimal data.
A simulation model was developed to predict the tool
wear in the rotary turning [4]. The authors stated that
the tool wear was effectively decreased due to the

disengagement duration. The energy efficiency and
surface roughness were enhanced by 8.9 % and 24.8
%, respectively using the optimal process parameters
[5]. Nguyen emphasized that the energy consumption,
surface roughness, and material removal rate of the
turned SKD11 were affected by the speed, feed, depth
of cut, and inclination angle [6]. Umer et al. indicated
that an increased speed and/or depth caused a higher
temperature of the turned 51200 steel [7]. Ahmed et
al. stated that surface roughness and tool wear of the
turned AISI 4140 were decreased by 24.6% and 32.6
%, respectively using optimal process parameters [8].
Nieslony et al. [9] indicated that a higher speed
caused a decrease in the surface roughness and a
stable turning operation, while an increased depth led
to a higher intensity of the vibration. A rotary milling
process was developed to machine the titanium alloy,
in which a low speed was recommended to reduce the
tool wear rate [10]. Ahmed et al. [11] emphasized that
low process parameters (speed, feed, and depth of cut)
and high inclination angle decreased the temperature
of the rotary turning. Similarly, Chen et al. [12]
emphasized that the surface roughness produced by the
rotary process was lower than the conventional one. A
novel simulation model was developed to forecast the
temperature of the turned nickel and titanium alloys
[13]. The authors stated that low process parameters
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(speed, feed, and depth of cut) and high inclination
angle decreased the temperature. Umer et al. [14]
revealed that a lower depth of cut was recommended
to reduce the temperature and forces. The total energy
consumed and machining time of the turned SKD61
were decreased by 17.0 % and 17.8 %, respectively,
using the optimal factors [15]. Additionally, the carbon
emission of the rotary turning operation was reduced
by 5.0 % using the PSO [16]. He et al. revealed
that the cutting temperature of the turned K417
alloy decreased with a higher inclination angle and
cutting speed [17]. However, the shortcomings of the
aforementioned works can be expressed as follows.

An efficient self-propelled rotary tool having
high stiffness to machine high-hardness steels has
not been designed and fabricated to replace the fixed
turning one. Low rigidity is a primary drawback of the
proposed tools in previous publications.

The noise emission damages the inner ear and
causes occupational hearing loss as well as chronic
stress; hence, minimizing the sound intensity of the
rotary turning operation is a necessary requirement.

Moreover, the optimal process variables have
not been determined to make reductions in energy
consumed, roughness, and noise emission.

The next section presents the framework. The
experimental setting and discussions are then shown.
Finally, the obtained findings are drawn.

1 THE CONCEPT OF THE ROTARY TURNING OPERATION

The principle of the rotary turning process to produce
external surfaces of hardened materials is presented
in Fig. la. The workpiece is rotated around its axis,
while the motion of the round piece is conducted
using the friction between the body and specimen.
The manufactured tool is shown in Fig. 1b, including
the screws, bolts, the round insert, the base, and the
holder. The milled grooves on the base are utilized
to change the inclination angle. The round insert is
conducted self-rotation using two bearings. The round
inserts having a rake angle of 11° and a hardness of 92
HRC are utilized for all tests.

2 OPTIMIZATION APPROACH

The TU consists of the turning energy (7F), embodied
energy for the insert (E/), and embodied energy for the
coolant (EC).

TU =TE + EI + EC. (1)

a)

b)
Fig. 1. The concept of the rotary turning process; a) the schematic
principle, and b) the fabricated rotary tool (1. the screws; 2. the
bolts; 3. the round insert, 4. the base; and 5. the holder)

The EC is computed as:

TE:E‘S!+E€b+Etn+Eat+El+Etc’ (2)

where £, Egy, E,,, E,, E, E, are energy consumed
in the startup, standby, transition, air-turning, turning,
and tool change stages (Fig. 2).

Transition

Startup Standby

Air-turning Turning  Air-turning Tool changing

Power [w]

'Tim;e [s]

Fig. 2. The machining load of the rotary turning process

The start-up state presents the shortest period
for turning on the lathe. The standby state denotes
the stable period, which starts with turning on the
machine tool and stops with the spindle rotation. The
transition state refers to the short period for increasing
and decreasing the spindle speed. The air-turning
state presents the duration with spindle rotation but no
material cutting. The turning state refers to the steady
period for material removal.

Multi-performance Optimization of the Rotary Turning Operation for Environmental and Quality Indicators 43



Strojniski vestnik - Journal of Mechanical Engineering 70(2024)1-2, 42-54
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where P,, P, and P, are the power used in the
startup, standby, and turning states, respectively.
ty L 1g and ¢, are the startup, standby, air-cutting,
and turning time, respectively. a, b, and ¢ denote
the experimental coefficients. ¢,. and Ty are the tool
change time and tool life, respectively. The T is
expressed as:
A

I,=———

oyt

where A4, a, 5, and y are the experimental coefficients.
The EI is computed as:

, “

t
El=—<SEI, (5)
T
where SE; and [, are the fabricating energy and volume
of each insert, respectively.

The EC is computed as:
t
EC= 7 VPEL, (6)

L

where 7; and E; denote the cycle time and fabricating
energy of the lubricant, respectively. V), is the lubricant
volume. p and # are the density and concentration of
the lubricant, respectively.

The SR is computed as:

"R
SR=) "L, @)
=1 N
where R,; is the average roughness at the iy, measured
point.
The TN is computed as:

* TN,
TN = Z—n , (8)
i=1

where TN, is the turning noise at the ith measured time.
In this study, the characteristics of the coolant
system, cutting piece, and specimen are named as
constants. The factors considered and their levels are
presented in Table 1. The ranges are determined based
on the specifications of the lathe. Moreover, these
values are confirmed with the published works related
to the rotary turning processes. The optimization issue
is presented as:
Find X=1[i, V, f, and d].
Minimizing TU, SR, and TN,
Constraints: 20 deg < i < 50 deg;
0.3 mm <d <0.7 mm;

0.4 mm/rev << 0.8 mm/rev;
90 m/min < ¥ < 190 m/min.

Table 1. Process parameters of the rotary turning

Symbol Parameters 1 2 3
i Inclination angle [deg] 20 35 50
d Turning depth [mm] 03 05 0.7
f Feed rate [mm/rev] 04 0.6 0.8
v Turning speed [m/min] 90 140 190

3.2 Optimization Framework

The optimizing approach is depicted in Fig. 3.

| Performing self-propelled rotary turning experiments |

y
—>| Developing regression models of the E,, E,, and TE |

| Developing models for the TU, SR, and TN |

A

| Selection of the weights using the MEREC |

| Selecting optimal factors using IQPSO and TOPSIS |

Fig. 3. Systematic optimizing procedure

Step 1: Performing experimental tests using the
Box-Behnken design [18] and [19].

The Box-Behnken design requires three levels for
each factor, which presents the lowest, middle, and
highest ranges. The design points are placed on the
middle points of the edge and the centre of the block.
The advantages of the Box-Behnken design are the
low number of tests and ensuring predictive accuracy.
The number of experiments (NE) in the Box-Behnken
design is computed as [20]:

NE =2n(n-1)+N.. )

where n and N, are the number of variables and the
number of centre points, respectively. In this work, 29
experiments are performed for 4 process parameters
and 5 replications.

Step 2: Developing regression models for energy
components, SR, and TN [21].
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Step 3: The MEREC is utilized to compute the
weights.
For the maximizing aim, the normalized response
(n;) is computed as:
__miny,

" . (10)
Vi
For the minimizing aim, the n; is computed as:
=2 (11)
max y,

The performance of the alternatives S; is
computed as:

S, = 11{1‘*'(%2]"111(”1']')‘]] (12)

where 7 is the number of responses.
The performance of ith alternative is computed as:

S, = ln{n(%z,{,k# j\m(n,-j)\ﬂ. (13)

The removal effect of the jth response (E)) is
computed as:

E, =%ls; -S| (14)

The weight (w,) is computed as:
E

0 =—7_ (15)

Step 4: Generation of the optimality using the
IQPSO.

In the QPSO, the updated position of each particle
is expressed as: [22] and [23]:

X, (t+)=p, (-a(m,,, ()

—x,.’/.(t))ln(lj If k> 05, (16)
: u
x, (t+1)=F (1)

1
+o (mbesti,j (t) B xi’j (t)) in (;j

If k< 0.5, (17)
p,,(t+)=AF () +(1-1)G, (1), (18)
M) O= % 3. B0 (19)

i=1,j=1

In this work, the IQPSO combining the QPSO
and theCauchy-Lorentz distribution is proposed to
expand the perturbation [24]. The probability density
function (f{x)) of the Cauchy-Lorentz distribution is
given as:

1 A
XX,7)=—| —— | 20
FGx,.7) ﬂ((x_xo)2+y2J (20)
where x, and y are the locations of the peak of the
distribution and scale parameter, respectively.

In the mutation stage, each vector is added by a
Cauchy-Lorentz random value (D(.)) and expressed:

x'=x+AD(), Q1)

where x’ is the new location after mutatation with
random value to x.

The convergence of the QPSO-CL is enhanced
with the aid of natural selection, which is expressed
as:

F(X(0) ={F (x,(1)),.... F(x,, (1))} (22)

where X(¢) and F(X(¢)) are the position vector of
particles and fitness function of swarm, respectively.
The particles are sorted based on fitness values, which
is expressed as:

F(X'(0) = {F(x/(1))...F (x/' (1)},
X'(0) ={x,/(1),..xy' (D)} . (23)

The operating steps of the IQPSO are illustrated
in Fig. 4. Matlab 2019 commercial software entitled is
used to conduct the IQPSO.

| Initializing particles with random position vector |

%| Computing the fitness value for each particle |

'

it=it+1
:

| Comparing the fitness value among particles |

i

| Setting the best position |

| Computing the mean value of the best position |

'

| Generating the contraction expansion factor |

| Updating the position of each particle |

Fig. 4. The operating procedure of the IQPSO
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Step 4: The best solution is selected by the
TOPSIS.

The normalized value of each alternative (gj) is
computed as:

g =———, (24

where e;; presents the value of the alternative j,.
The positive ideal solution (P*) and the negative
idea solution (N-) are computed as:

m 2

P = I3 (] (25)
j=

N 2 \vii—vi| -
£ (1)

The best point is found with the highest selection
index (5;), which is calculated as:
N
S =—. 27
" P 4N @7

3 EXPERIMENTAL SETTING

A turning machine entitled EMCOTURN E45 is
utilized to execute the turning trials. The Ti6Al4V bar
with an outside diameter of 60 and a length of 400
mm is utilized as the specimen (Fig. 5). The chemical
compositions of the Ti6Al4V produced by EDX
results are presented in Table 2 and Fig. 6. The outside
diameter, inside diameter, and thickness of the round
insert are 12 mm, 4.4 mm, and 4.76 mm, respectively.

a) s

Fig. 6. lnvéstigation of a) the microstfucture, and b) ch

A KEW6305 electrical sensor, Mitutoyo SJ-301, and
EXTECH 407730 sound meter are employed to obtain
the power components, machined roughness, and
turning noise.
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Fig. 5. The turned specimens

Table 2. Chemical compositions of the Ti6AI4V

Elements Al Ti V Fe C 0 Others
[%] 6.01 83.74 326 016 028 508 Allowance

The representative data of the rotary turning
operation are depicted in Fig. 7. Fig. 7a presents the
power used at the experimental No. 16, while the
roughness profile and SEM image are shown in Figs.
7b and c, respectively. The wear and fracture have not
been found on the edges of round inserts, as shown in
Fig. 7d. The noise profile is presented in Fig. 7e.

cps/eV

emical compositions of Ti6GAI4V; produced by EDX results

Table 3. Regression models of the energy consumed in the transition state and operational power

No. Regression model R2 Adjusted R? Predicted R?
1 EC,, =0.0000257"2-0.0014V + 0.4682 0.9882 0.9794 0.9654
2 POL, =0.0025V + 0.03682 0.9924 0.9826 0.9758
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Fig. 7. Representative experiments at experimental No. 16; a) power consumed, b) average roughness,
¢) the SEM image, d) the SEM image of the round insert, e) turning noise

4 RESULTS AND DISCUSSIONS

4.1 Development of £C, and P,, Models

The EC,, and P,, models are shown in Table 3.

4.2 Development of £/, SR, and TN models

The obtained data for the E,, SR, and TN are presented
in Table 4.

The ANOVA results of the E,, SR, and TN are
shown in Tables 5 to 7, respectively. The values of
the R2, the adjusted R2, and the predicted R2 values

Multi-performance Optimization of the Rotary Turning Operation for Environmental and Quality Indicators

indicate that the E, SR, and TN correlations are
significant.

For the E, model, the contributions of the i, d,
f, and V are 2.11 %, 6.04 %, 22.79 %, and 27.33 %,
respectively. The contributions of the if, df, dV, and fV
are 1.22 %, 2.44 %, 2.89 %, and 4.23 %, respectively.
The contributions of the 2, 2, and }2 are 6.89 %, 9.33
%, and 13.2 %, respectively.

For the SR model, the contributions of the i, d,
f, and V are 6.37 %, 18.18 %, 22.15 %, and 23.36 %,
respectively. The contributions of the id, iV, dV, and fV
are 1.06 %, 2.42 %, 3.34 %, and 2.59 %, respectively.
The contributions of the i2 and d? are 15.22 % and
3.38 % respectively.
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For the TN model, the contributions of the i, d,
f, and V are 17.37 %, 1591 %, 16.82 %, and 18.09
%, respectively. The contributions of the if, dV, and
fV are 1.64 %, 1.44 %, and 1.04 %, respectively. The
contributions of the 2, @2, f2, and V2 are 21.23 %, 1.82
%, 1.35 %, and 2.22 % respectively.

The deviations between the actual and predictive
values of the E,, SR, and TN change from —0.99 % to
1.26 %, from —0.97 to 0.80, and —1.26 % to —0.47 %,
respectively (Table 8). Therefore, the E,, SR, and TN
models are significant.

The probability plots of three responses are
presented in Fig. 8. It can be stated that observed
data are distributed on straight lines, indicating the
goodness of the fit of the proposed models.

Table 4. Experimental data for developing the E;, SR, and TN
models

No. i d f V E, SR TN
Experimental data for developing models

1 50 0.5 0.6 190 875 217 981
2 20 0.3 0.6 140 969 204 782
3 35 0.3 0.8 140 757 224 782
4 20 0.5 0.8 140 867 278 914
5 50 0.5 0.4 140 1490 216 794
6 20 0.7 0.6 140 1078 275 921
7 50 0.5 0.6 90 1573 299 814
8 35 0.7 0.4 140 1424 219 733
9 20 0.5 0.4 140 1398 197 774
10 35 0.5 0.6 140 960 218 763
11 50 0.3 0.6 140 999 231 801
12 35 0.5 0.4 90 1934 214 598
13 20 0.5 0.6 190 836 1.81 965
14 35 0.5 0.6 140 962 216 768
15 35 0.3 0.4 140 12.08 141 588
16 35 0.5 0.4 190 11.47 137 767
17 35 0.5 0.8 190 652 211 949
18 35 0.7 0.6 190 852 222 934
19 50 0.5 0.8 140 899 3.02 967
20 50 0.7 0.6 140 1129 294 942
21 35 0.5 0.8 90 1232 3.07 759
22 35 0.3 0.6 190 755 149 773
23 20 0.5 0.6 90 15.09 281 792
24 35 0.7 0.6 90 1556 294 7441
25 35 0.7 0.8 140 853 299 914
26 35 0.3 0.6 90 1318 246 609

Experimental data for testing developed models
27 25 0.5 0.4 100 1772 215 657
28 30 0.4 0.5 120 1457 217 633
29 40 0.6 0.7 140 895 263 857
30 25 0.7 0.5 130 13.08 251 807
31 40 0.5 0.7 150 811 236 843
32 45 0.4 0.6 160 873 2.06 819

Table 5. ANOVA results for the E, model

So. SS MS F-value p-value  Con. [%]
Mo. 2491 17.8 35.6 < 0.0001

i 37.4 37.4 74.8 0.003 211
d 107.1 1071 2141 < 0.0001 6.04
¥i 404.0 404.0 807.9 <0.0001  22.79
|14 484.4 484.4 968.9 <0.0001  27.33
if 21.6 21.6 43.2 0.007 1.22
dv 51.2 51.2 102.5 0.003 2.89
Vi 75.0 75.0 150.0 0.002 4.23
i2 1221 1221 244.3 < 0.0001 6.89
12 165.4 165.4 330.8 < 0.0001 9.33
V2 2340 234.0 467.9 < 0.0001 13.2
Re. 55 0.5

To. 254.6

R2 = 0.9784; Adj. R? = 0.9692; Pred. R2 = 0.9578

Table 6. ANOVA results for the SR model

So. SS MS F-value p-value Con. [%]
Mo. 6.33 045 38.90 < 0.0001 6.37
i 0.42 0.42 154.86 < 0.0001 18.18
d 1.19 1.19 441.98 < 0.0001 22.15
f 1.45 1.45 538.49 < 0.0001 23.36
V 1.53 1.53 567.91 < 0.0001 1.06
id 0.07  0.07 25.77 0.010 6.37
iV 0.16  0.16 58.83 0.007 2.42
av 022 022 81.20 0.009 3.34
Vi 017 017 62.97 0.007 2.59
2 1.00 1.00 370.02 < 0.0001 15.22
d? 022 022 82.17 0.009 3.38
Re. 0.13  0.01
To. 6.45

R2 =0.9802; Adj. R2 = 0.9784; pred. R2 = 0.9662

Table 7. ANOVA results for the 7N model

So. SS MS F-value  p-value  Con. [%]
Mo.  3168.7 226.3 44.4 < 0.0001

i 2729.5 27295 535.1 0.0010 17.37
d 2500.1  2500.1 490.1 < 0.0001  15.91
f 2643.0  2643.0 518.1 < 0.0001 16.82
|14 2842.6 28426 557.3 < 0.0001  18.09
if 257.7 257.7 50.5 0.0068 1.64
dv 226.3 226.3 44.4 0.0075 1.44
Vi 163.4 163.4 32.0 0.0078 1.04
i2 3336.0  3336.0 654.0 < 0.0001 21.23
d? 286.0 286.0 56.1 0.0066 1.82
12 212.1 2121 41.6 0.0074 1.35
)2 348.8 348.8 68.4 0.0062 2.22
Re. 56.1 5.1

To. 3224.8

R? = 0.9826; Adj. R2 = 0.9794; pred. R? = 0.9685
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Fig. 8. The probability plots of three responses;
a) for E, model, b) for SR model, c) for TN model

The residuals versus the observations of three
responses are presented in Fig. 9. The errors of the
responses are systematically distributed, presenting
constant errors for each model.

4.3 Parametric Impacts

The E, is first reduced by 2.8 % with a higher i (Fig.
10a). However, the E, is increased by 7.9 % with
a further i. An increased i causes a reduction in the
cutting volume, leading to a decrease in the resistance;
hence, the E; reduces. A higher i increases the cutting
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Fig. 9. The residuals versus the observations for three responses;
a) for E, model, b) for SR model, ¢) for TN model

volume due to the perpendicular tool, resulting in
higher friction; hence, the E, increases.

The E, is increased by 14.9 % with an increment
in the d (Fig. 10a). A higher d increases the thickness
of the chip; hence, the E; increases.

The E, is decreased by 33.6 % with an increment
in the f'(Fig. 10b). A higher freduces the turning time;
hence, the E, increases.

The E, is decreased by 38.9 % with an increment
in the V (Fig. 10b). When the V increases, the
turning time reduces; hence, the energy consumption
decreases.
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Table 8. Confirmations of the precision of the developed models

\o. E, [kJ] SR [um] TN [dB]
Exp. Pred. Err. Exp. Pred. Err, Exp. Pred. Err.

27 17.72 17.86 -0.79 2.15 2.16 -0.47 65.7 66.1 -0.61
28 14.57 14.62 -0.34 217 2.18 -0.46 63.3 64.1 -1.26
29 8.95 9.04 -1.01 2.63 2.62 0.38 85.7 86.1 -0.47
30 13.08 13.16 -0.61 2.51 2.49 0.80 80.7 81.2 -0.62
31 8.11 8.19 -0.99 2.36 2.38 -0.85 84.3 84.9 -0.71
32 8.73 8.62 1.26 2.06 2.08 -0.97 81.9 82.6 -0.85

The SR is first decreased by 11.2 % with an
increment in the i (Fig. 11a). However, the SR is
increased by 21.9 % with a further i. An increased
i decreases the turning volume, resulting in a low
resistance; hence, a low SR is produced. A higher i
causes an increased turning volume, leading to a hard
turning; hence, a rough surface is generated.

The SR is increased by 30.9 % with a higher d
(Fig. 11a). A higher d causes an increase in the turning
volume, leading to higher resistance; hence, a higher
SR is produced.

The SR is increased by 47.6 % with an increment
in the f'(Fig. 11b). A higher f causes an increase in the
turning volume, leading to a higher friction; hence, the

- _—
o —_
— T —

SR increases. Moreover, A higher f causes an increase
in the turning marks, resulting in a higher roughness.

The SR is decreased by 47.6 % with an increment
in the V' (Fig. 11b). The cutting temperature increases
with an increment in the V, resulting in softer
specimen; hence, the SR reduces.

The TN is decreased by 8.72 % with an increment
in the i (Fig. 12a). However, the 7N is increased by
47.5 % with further i. A higher i decreases the material
removal volume, resulting in low friction between the
turning insert and workpiece; hence, the TN decreases.
In contrast, a further 7/ increases the material removal
volume, leading to greater resistance; hence, the TN
increases.

Fig. 11. Interactions of process parameters on the SR; a) SR vs. i and d, b) SR vs. V and [
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Fig. 12. Interactions of process parameters on the TN; a) TN vs. A and D, b) TN vs. Vand f

The TN is increased by 27.6 % with an increment
in the d (Fig. 12a). A higher D increases the material
removal to be cut, leading to higher friction; hence,
the 7N increases. Moreover, a higher d causes greater
resistance, resulting in higher turning noise.

The TN is increased by 28.2 % with an increment
in the f (Fig. 12b). An increased f causes higher
material removal to be cut, leading to higher friction;
hence, the 7N increases. Additionally, a higher f
increases the machining power of the drive system;
hence, a higher TN is produced.

The TN is increased by 29.3 % with an increment
in the V (Fig. 12b). A higher V increases the
engagement frequency of the spindle system; hence,
the 7N increases. Additionally, an increased V' causes
higher material removal to be cut, leading to higher
friction; hence, the TN increases.

The E,, SR, and TN are expressed as:
E,=0.43126 -0.21181/+14.09801d — 49.89973f

—0.25773V + 0.017943id — 0.04979if — 0.000085:V
—7.46871df - 0.03535dV + 0.05171 + 0.00374:*
—1.60143d*+28.51704f* +0.00064 /> (28)

SR =3.29271 — 0.08815i — 0.4125d + 2.77125f
—0.0126V — 0.00666id + 0.00416if + 0.00006iV
—0.1875df + 0.00625dV — 0.00475fV + 0.001264"
+1.58333d%— 0.07292f2 + 0.0000053 V> (29)

TN = 56.38004 — 2.88317i + 57.05417d +49.7375f
~0.003017 + 0.01666id + 0.275if — 0.0002iV
—8.125df+ 0.0725dV + 0.0525/V + 0.04743;
~22.91667d* - 16.97917£%+0.00044 (30)

4.4 Optimizing Outcomes Produced by the IQPSO

Table 9 shows the coefficients for turning objectives.
The values of the TU, SR, and TN are presented in
Table 10. The weight values of the TE, SR, and TN are
0.43, 0.37, and 0.20, respectively.

The Pareto fronts generated by IQPSO are
exhibited in Fig. 13. As a result, turning objectives
have contradictory trends. The reduction in the SR
leads to a higher TU (Fig. 13a). Similarly, a decreased
TU leads to a higher TN (Fig. 13b).

The TOPSIS is utilized to select the best point
among feasible solutions. The optimum values of the
i, d, f, and V are 35 deg, 0.30 mm, 0.40 mm/rev., and
190 m/min, respectively. The reductions in the 7F, SR,
and TN are 6.7 %, 22.3 %, and 23.5 %, respectively in
comparison with the initial values (Table 11).

4.5 Comparisons with the Optimization Results Produced
by the MOPSO

The optimum findings generated by the MOPSO
of the i, d, f, and V are 29 deg, 0.30 mm, 0.40 mm/
rev, and 172 m/min, respectively. The reductions in
the TU, SR, and TN are 6.0 %, 20.9 %, and 23.0 %,
respectively, as compared to the initial values. The
number of feasible solutions generated by the IQPSO
and MOPSO are 426 and 286, respectively. It can be
stated that the IQPSO provides better optimization
results than the MOPSO.

4.6 Evaluation of the Total Turning Cost

The comprehensive model for the MC is expressed as:

t
MC=kTU +k, ——+k,,, (t, +t,+t,+1, +1.)
T s
T
t N (ky +k )@, +t,+1,+1,+1)V,

+klab0rtch_L
TT TL
kg tk, ), +t,+1, +1, +1,
+( md mr)( o st a tc c) (31)
Tm
+kn(zo+ts,+ta+zw+tc)
T, ’
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Table 9. Experimental coefficients for the rotary turning process

Po [KW] 1, [s] Py, [KW] I [8] 1y [8] L [8] A a B
0.48 4 0.72 6 8 8 16.2x105 2.65 0.27
y U, kyms] T, [month] ¥, [cm?] V. [cm3] H (%] p [g/cm3] E W) U, ki/ms]
0.37 9.16x103 1 8.5 45 5 0.92 422984 9.16x103
36 100
32 - 90

Optimal solution Optimal solulign. iz

—28 - . — , °gs P
27 \"/G.* Tate g% sy ¢
= M" L..., ® [ o E ofe o ‘.." & $ e o
~24 - M, 00 70 &ty \‘3 "N
” ° J 3 °
20 60 e °
e
16 T T | 50 : : : |
0.6 1 14 1.8 22 2.6 3 0.6 1 1.4 1.8 22 2.6 3
a) SR [pm] b) SR [pum]

Fig. 13. Pareto fronts generated by IQPSO; a) TE and SR, b) TN and SR

Table 10. The values of total energy consumption, average roughness, and turning noise

No. i [deg] D [mm] Jf [mm/rev] V [m/min] TU [kJ] SR [um] TN [dB]

1 20 0.3 0.6 140 25.31 2.04 73.6

2 50 0.3 0.6 140 25.72 2.32 90.9

3 20 0.7 0.6 140 26.69 2.76 89.5

4 50 0.7 0.6 140 27.31 2.96 107.2

5 35 0.5 0.4 90 33.65 2.16 63.9

6 35 0.5 0.4 190 28.52 1.38 81.3

7 35 0.5 0.8 90 27.05 3.08 79.8

8 35 0.5 0.8 190 23.98 2.11 992

9 35 0.3 0.6 90 28.05 2.41 64.3

10 35 0.3 0.6 190 24.65 1.41 81.1

11 35 0.7 0.6 90 30.24 2.96 78.9

12 35 0.7 0.6 190 25.43 2.21 98.5

13 20 0.5 0.4 140 29.84 1.93 74.1

14 20 0.5 0.8 140 24.57 2.73 89.4

15 50 0.5 0.4 140 30.66 2.14 89.9

16 50 0.5 0.8 140 24.79 3.00 108.5

17 35 0.3 0.4 140 28.31 1.47 62.1

18 35 0.3 0.8 140 23.33 2.31 79.7

19 35 0.7 0.4 140 30.38 2.16 78.8

20 35 0.7 0.8 140 24.21 2.98 95.3

21 20 0.5 0.6 90 29.73 2.83 74.3

22 20 0.5 0.6 190 25.75 1.87 92.8

23 50 0.5 0.6 90 30.37 2.98 92.1

24 50 0.5 0.6 190 26.14 2.20 109.9

25 35 0.5 0.6 140 25.48 217 80.5

26 35 0.3 0.4 190 27.77 1.03 711
where k,, k. ki, are the costs of energy, tool, and and disposal, respectively. k,,4, k,,,,» and T, are the cost
labour, respectively. V, is the lubricant volume. kj, of the degradation and remanufacturing for the lathe,
and kg, present the cost for the lubricant preparation respectively. T, is the service life of the machine. %,
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Table 11. The optimality produced by the IQPSO and MOPSO

Method i [deg] d[mm]  f[mm/rev] V[m/min] TU [kJ] SR [um] TN [dB] S;
Initial values 50 0.30 0.40 140 28.89 1.48 89.5

Optimal values by IQPSO 35 0.30 0.40 190 26.95 1.15 68.5 0.8624
Reductions by IQPSO [%] 6.7 22.3 23.5

Optimal values by MOPSO 29 0.30 0.40 172 27.08 117 68.9

Improvement by MOPSO [%] 6.0 20.9 23.0

Table 12. Experimental coefficients for the turning cost model

k, [USD/KWh] &, [VND/piece] Kyuppne [USD/N] 77, [1]

kyp [USD/) kg [USD/) 75, [month] &, [USD] K, [USD] 7, [year] k, [USD]

0.15 16.62 8.40 20 0.14

0.45 1 4124475  1649.79 14 2.68

and 7, are the noise tax and working hours per month,
respectively.

The empirical coefficients of the MC are shown
in Table 12. It can be stated that, the MC is saved by
8.5 % at the selected point (Table 13).

Table 13. Comparative values of the total cost

Optimization parameters Response

[deg] [mm] [mm/rev] [m/min]  [USD]
Initial values 50 0.30 0.40 140 4.91

Optimal 35 030 040 190 448
results
Reduction [%] 8.5

4.7 The Contribution Analysis

The proposed cutting tool could be used in the
practical rotary turning process for other hard-to-cut
alloys. The new rotary turning tool could be developed
based on the current device.

The empirical correlations of the performance
measures could be effectively employed to forecast
the total energy, turned roughness, and noise emission.

The optimizing outcomes could be used in the
practical operation to improve the technological data.

The proposed turning process could be applied
to produce external surfaces for other difficult-to-cut
alloys.

The develop optimization approach could
be applied to deal with other issues of different
machining operations.

The turning expense model could be used to
compute total cost.

5 CONCLUSIONS

In the current work, the TU, SR, and TN of the rotary
turning process were optimized, while optimal inputs

were the i, d, f, and V. The MEREC and IQPSO were

utilized to select optimal outcomes. The findings are

expressed as below:

1. To save the TU, the low data of the i and D were
used, while the highest data of the f'and V" were
utilized. To decrease the SR, the low d and f'were
utilized, while the high 7 and V" were employed.
For reducing the TN, the lowest process
parameters could be applied.

2. The TU and SR models were primarily affected
by the f and V, followed by the d and I,
respectively. For the 7N model, the V" had the
highest contribution, followed by the f, i, and d,
respectively.

3. The optimal i, d, f, and V were 35 deg, 0.30 mm,
0.40 mm/rev, and 190 m/min, respectively. The
TU, SR, and TN were saved 6.7 %, 22.3 %, and
23.5 %, respectively.

4. The IQPSO provided better optimization
outcomes for the rotary turning process, as
compared to the MOPSO.

5. The MC was decreased by 8.5 % at the selected
point.

6. The influences of rotary turning factors on the
production rate and carbon emission will be
explored in future works.
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