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Abstract: The combination of the turning and burnishing process is an efficient approach to improve
machined quality and productivity. This paper aims to optimize energy efficiency (EF), improved
hardness ratio (IHR), and decreased roughness ratio (DRR) of a new hybrid turning-burnishing
process. The machining parameters are the feed rate (f ), turning speed (v), depth of cut (a), burnishing
pressure (p), and the diameter of the compressing ball (d). A new turning-burnishing tool using
compressed air has been designed and fabricated. A set of experiments for Aluminum Alloy 5083
were performed using the Taguchi method. The weightage principal component analysis (WPCA) and
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) were applied to obtain the
weight values and optimal outcomes. The results indicated that optimum values of the depth of cut,
pressure, diameter, feed rate, and speed are 1.00 mm, 0.4 MPa, 16.00 mm, 0.084 mm/rev, and 120 m/min,
respectively. The improvements in the EF and IHR are by 20.75% and 8.23% respectively, while the
DDR is decreased by 19.05%, as compared to common values.

Keywords: hybrid turning-burnishing; energy efficiency; decreased roughness; improved hardness;
optimization; TOPSIS

1. Introduction

Improving surface properties is the primary purpose of industrial manufacturers and researchers,
in which the roughness, residual stress, hardness, and the depth of the hardened layer are important
criteria. Different machining approaches, such as turning and milling processes, were employed
to boost surface properties [1]. The linear model of the machined roughness (MR) was developed
in terms of the depth of cut (a), feed (f ), spindle speed (S), and flow rate (FR) of the lubrication
for the turning of AISI 1045 steel [2]. Three different types including the dry, minimal, and flood
lubrications were analyzed. The outcomes indicated that minimal a, maximum S, and maximum FR
were contributed to a smoother surface. Jafarian et al. optimized the machining speed (v), a, and f
to decrease the MR and tensile stress (TS) for the Inconel 718 [3]. The neural network (NN) and
genetic algorithm (GA) were employed to propose performance models and select optimal parameters.
The authors emphasized that the neural network could be applied to model technical performances.
A Taguchi-based approach was utilized to select optimal inputs to decrease the MR and improve the
hardness (H) for the milled magnesium alloy [4]. The results indicated that the f is the highest effective
parameter for the performance models. The impacts of the v, f, workpiece thickness, and inclination
on the surface characteristics for the milled Inconel 718 were analyzed [5]. It can be stated that the
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machining path in the horizontal direction could be used to enhance the surface quality. The influences
of the turning parameters, grinding factors, and tool properties on the MR and machining stress
(MS) were explored in the work of Reference [6]. The authors stated that an increased v causes a
reduction in the roughness. Moreover, the compressive stress (CS) was produced with the aid of the
grinding operation.

The measuring tools were designed and fabricated to decrease the cycle time and improve the
machining accuracy [7]. The quadratic model of the form error was developed in terms of process
parameters. The results indicated that the profile accuracy of a cosine curve was enhanced with the aid
of the developed tool. The deviation less than 4% revealed that the developed model was accurate.
Similarly, a metrology-integrated machining platform was developed to improve the measuring
accuracy for the ultraprecision turning machine [8]. The experimental results indicated that the
proposed system was significantly contributed to minimizing surface error and measuring time.
Unfortunately, the aforementioned processes cause various limitations, including the high roughness
and tensile stress on the machined surface [9]. To deal with the drawbacks, several treating processes
were developed to provide low roughness, compressive stress, and increased hardness.

Burnishing is a prominent manufacturing process to improve the surface properties, in which
the profile irregularities will be burnished under the effects of balls or rollers. This operation brings
some attractive advantages, including the low roughness, high hardness, the high depth of the affected
layer, and compressive stress [10]. The surface properties and the component’s functionality have been
greatly improved, contributing significantly to increase in the mechanical strength and resistances.
Moreover, this process can be considered as a greener manufacturing due to the removal of the
machined chip and saving raw materials.

Enhancing characteristics of different burnishing processes has been widely attached to many
former investigators. The common characteristics, such as MR, H, CS, and the depth of the
hardened layer (DL) were extensively analyzed to exhibit the strength of the burnishing operations.
The mathematic formulas of the MR, H, and profile irregularities (PI) were developed in terms of the
v, f, and depth of penetration (p) [11]. The results indicated that the MR and PI were decreased by
81% and 34%, while the H was increased by 17%, respectively. An optimization effort was made to
improve the surface properties of the burnished EN-9 alloy [12]. The optimal outcomes exhibited that
the improvements in the MR and H were 94.5% and 41.7%, respectively. The mathematical formulas
of the MR, H, and DL were developed in terms of the S, f, and p for the carbon steel [13]. The results
indicated that performance models were mainly affected by the S, p, and f. Similarly, the selection of
process parameters of the internal burnishing was performed to enhance the hardness and roughness
properties [14]. The findings showed that the MR was decreased by 95.80% and the H was improved by
45.44%. Sachin et al. proposed a new burnishing tool having a diamond tip to investigate the impacts
of the v, f, and burnishing force (F) on the MR and H [15]. The results revealed that the optimal values
of the MR and H were 0.07 µm and 363 HV, respectively. The surface properties were analyzed with
the variety of the burnishing paths and process parameters for the burnished martensitic steel [16].
The findings revealed that the F and raster path were contributed to a reduction in roughness criteria.

In practice, mechanical processes (i.e., turning and milling) and treating operations (i.e., burnishing)
are separately performed to enhance the surface properties [17]. This causes an increase in total
machining time due to the setting time for each operation. To improve the production rate, different
hybrid turning-burnishing operations have been developed. The summarized findings of related
publications are described in Table 1. A turning-burnishing tool using a hydraulic unit was designed by
Axinte and Gindy [18]. The experiments were performed for the Inconel 78 to prove the effectiveness
of the conceptual design. The authors revealed that the MR was decreased by 68% and the DL could be
reached to 300 µm for the burnished surface. Mezlini et al. proposed a new turning-burnishing tool
using a spring to improve the surface characteristics of the treated C45 steel [19]. The impacts of the v,
f, and p on the MR and total machining time (TP) have been explored. The authors emphasized that
the MR and TP were decreased by 77% and 51%, respectively. A simulation model was developed
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to describe the behavior of the turning-burnishing operation [20]. The variety of the residual stress
under the impacts of the F, v, and f was investigated using the numerical approach. The outputs
revealed that the three-dimensional (3D) model could bring a high precision of the stress. The selection
of optimal values of the v, f, F, d, and a was obtained to improve the MR, H, and CS for the treated
AISI 4140 steel [21]. The outcomes revealed that the surface properties were significantly improved,
in which the MR was decreased by 70%. However, all attempts have been made to improve the surface
characteristics. The optimal selection of the varied factors to solve the trade-off analysis between
energy efficiency and surface characteristics has not been thoroughly addressed in the published works.
To achieve sustainable production, the optimal parameters have to be selected to satisfy the social,
economic, and environmental aspects.

Table 1. Summary of published works related to turning-burnishing processes.

Year Authors [Ref.] Actuator Responses Outcomes

2004 Axinte and Gindy [18] Hydraulic unit Roughness 68% decreased roughness
Thickness of the depth layer 300 µm of the depth of layer

2014 Mezlini et al. [19] Mechanical
unit

Roughness 77% decreased roughness
Total machining time 51% decreased total time

2018 Rami et al. [20] Mechanical tool Prediction of the
compressive stress

Acceptable accuracy for
prediction

2018 Rami et al. [21] Mechanical tool
Roughness 70% decreased roughness
Hardness Enhanced hardness

Compressive stress Enhanced compressive stress

In this paper, an optimization of the turning-burnishing operation of the Aluminum Alloy 5083
has been addressed to obtain improvements in energy efficiency (EF), improved hardness ratio (IHR),
and decreased roughness ratio (DRR). The chosen material is employed due to the high resistance to
the negative impacts of the seawater and chemical environments. This material is typically applied in
the marine and automotive industries for manufacturing components, such as rail cars, vehicle bodies,
tip truck bodies, mine skips, and cages. Firstly, the concept of a new hybrid turning-burnishing process
has been developed. The turning-burnishing tool is then proposed to conduct the experimental trials.
The weight principle component analysis (WPCA) is employed to estimate the weight values of the
machining performances. Finally, the Technique for Order of Preference by Similarity to Ideal Solution
(TOPSIS) is applied to select the optimal solution.

2. Development of a New Hybrid Turning-Burnishing Tool

A new hybrid turning-burnishing tool using the compressed air has been developed and fabricated,
as depicted in Figure 1. The primary components of the hybrid tool are the holder, turning insert,
turning shank, pneumatic cylinder, burnishing head, and position bolts. The turning insert and
burnishing tool are integrated into one device, which can be installed in the tool-turret of the lathe
machine. The turning insert CCGT09T302-AZ is mounted on the turning tool shank SCLCR1616H09.
The hardness of 62 HRC and roughness of 0.05 µm are employed in the compressing ball. Three support
balls are used to aid the motion of the burnishing ball. The burnishing ball and turning insert can be
easily replaced with various shapes and/or dimensions. Moreover, this device can be used to perform
different operations, including turning, burnishing, and turning-burnishing.

As the design of a new turning-burnishing tool, the turning insert is set ahead of the compressing
ball. The turning operation is immediately followed by the ball burnishing process and two machining
operations are simultaneously performed on the path. The burnishing pressure or force is adjusted
using compressed air with the aid of a pneumatic cylinder. The turned chips are prevented from being
entangled/pressed by the compressing ball. The dominance of a new turning-burnishing tool is to
allow to precisely control the burnishing pressure and force, as compared to using the calibrating
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spring in the works of References [19–21]. This effectively supports deep understanding of the impacts
of the burnishing force. Moreover, the use of the compressed air also decreases the negative impacts
on the environment, as compared to the hydraulic unit [18].
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3. Optimization Framework

3.1. Optimization Issues

In the current work, three machining responses, including energy efficiency, improved hardness
ratio, and decreased roughness ratio are simultaneously optimized using a hybrid method.

For the hybrid process, the turning and burnishing are sinuously performed. We assumed that
these operations are combined into one operation. Therefore, the total consumption of the hybrid
process is used. The energy efficiency of the turning-burnishing operation (EF) is defined as the ratio of
the average turning-burnishing energy consumed (TBECav) to the average machined energy consumed
(MECav) in the machining period. The value of the EF is calculated as:

EF =
TBECav

MECav
=

ATBPav × tTB

MPCav × tTB
=

ATBPav

MPCav
=

n∑
1

ATBPi

n∑
1

MPCi

(1)

where
ATBPi—the average active turning-burnishing power at the ith elapsed time.
MPCi—the average machine power consumed at the ith elapsed time.
tTB—the turning-burnishing time.
Practically, each combination of the machining parameters leads to the variety of the active

turning-burnishing power, machine power consumed, and machining time. In this work, ten
maximum values of the active turning-burnishing power and machine power consumed are taken
into account to calculate the average outcomes. The similar definitions are computed in the works of
References [22,23].

The decreased roughness ratio (DRR) is calculated as:

DRR =
RTB

RI
(2)

where
RTB—the arithmetic roughness after turning-burnishing.
RI—the initial arithmetic roughness.
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The improved hardness ratio (IHR) is calculated as:

IHR =
HTB

HI
(3)

where
HTB—the Vicker hardness after turning-burnishing.
HI—the pre-machined Vicker hardness.
For the hybrid turning-burnishing process, three kinds of parameters are considered, including

turning factors (machining speed, depth of cut, and feed rate), burnishing factors (pressure and
diameter of the compressing ball), and common inputs (machining speed and feed rate). Process
parameters and their ranges are exhibited in Table 2. The values of the varied inputs are selected based
on the recommendations of the manufacturers for the turning tool, pneumatic cylinder, and workpiece
properties. Consequently, the optimizing issue is defined as:

Find X = (v, a, f, p, and d).
Maximize EF as well as IHR and minimize DRR.
Constraints: 60 ≤ v ≤ 140 (m/min), 0.50 ≤ a ≤ 1.50 (mm), 0.056 ≤ f ≤ 0.168 (mm/rev.),
0.2 ≤ p ≤ 0.6 (MPa), 8 ≤ d ≤ 16 (mm).

Table 2. Varied inputs.

Symbol Parameters Level 1 Level 2 Level 3 Level 4 Level 5

a Depth of cut (mm) 0.50 0.80 1.00 1.20 1.50
p Burnishing pressure (MPa) 0.2 0.3 0.4 0.5 0.6
d Diameter (mm) 8 10 12 14 16
f Feed rate (mm/rev.) 0.056 0.084 0.112 0.140 0.168
v Turning speed (m/min) 60 80 100 120 140

3.2. Optimization Approach

The systematic procedure for the selection of optimal inputs is shown in Figure 2.
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Step 1: The experimental trials are conducted in order to collect the necessary data [24–26].
Step 2: Normalization of the experimental data.
For lower, the better approach is

I∗(k) =
minIi(m)

Ii(m)
(4)

For higher, the better approach is

I∗(k) =
Ii(m)

maxIi(m)
(5)

Step 3: Determining the weight values of performances using the WPCA [27,28].
In the current work, the weight value is directly calculated from the experimental data and it

does not depend on the operator’s choice. The important role of the weight value is to objectively
reflect the importance of each response. The weight calculated is assigned to each response when the
optimization process is performed.

The correlation coefficient is calculated as:

S jl =

[
Cov(Ii( j), Ii(l))
σIi( j) × σIi(l)

]
(6)

where
Cov(Ii(j),Ii(l))—the covariance of sequences Ii(j) and Ii(l). Additionally,
σIi(j)—the standard deviation of sequences Ii(j).
σIi(l)—the standard deviation of sequences Ii(l).
The eigenvalues and consequent eigenvectors are calculated as:

(S− λk Jm)Vik = 0 (7)

where
λk—the eigenvalues.
Vik—the eigenvectors.
Jm—the identity matrix, respectively.
The major principal coefficient is calculated as:

PCm =
n∑

i=1

Im(i) ×Vik (8)

where
Im(i)—the normalized response.
PCm—the principal component.
Step 4: Determining the optimal parameter setting using the TOPSIS method [29,30].
The weighted value of each response is calculated as:

Vi j = Iiwi (9)

where
wi—the weight value calculated.
Vij—the normalized response.
The positive ideal solution (S+) and the negative ideal solution (S-) are determined as:

V+ = (v+1 , v+2 , v+3 . . . , v+n ) maximum values (10)
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V− = (v−1 , v−2 , v−3 . . . , v−n ) minimum values (11)

Si
+ =

√√√ m∑
j=1

(vi j − v+j )
2 (12)

Si
− =

√√√ m∑
j=1

(vi j − v−j )
2 (13)

The best solution is determined based on the highest desirability (D) value. The desirability value
is calculated as:

D =
S−i

S+
i + S−i

(14)

4. Experiments and Measurements

The experimental runs are performed on a turning machine, namely EMCOMAT-20D, to obtain
necessary data. The surface is simultaneously treated using turning and burnishing processes.
A pneumatic pump is used to generate compressed air. The air pressure has been changed by a solenoid
valve and the pressure value is detected using the gauge. The flexibility of the compressed air allows it
to more conveniently adjust the burnishing pressure for a specific purpose (Figure 3).Energies 2020, 13, x FOR PEER REVIEW 8 of 21 
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The aluminum bar of 40 mm diameter is used for all experiments. The machined length of
22 mm is employed for each experiment. The pre-machined surface is turned using the depth of cut
of 1.5 mm, feed rate of 0.3 mm/rev, and cutting speed of 90 m/min, respectively. The initial values
of the average roughness and Vicker hardness are 1.96 µm and 96 HV, respectively. The machining
experiments are conducted under the wet condition. The cooling oil, namely E-660 V, is flooded into
the machining zone.

The power consumption is automatically recorded using a power meter. The clamp sensors are
directly connected with the electrical source and power lines of the lathe machine. The power meter is
switched on to capture the variation in machining time. The time interval of 0.1 s is employed to ensure
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the accuracy of the measured data. The obtained data is stored on the memory card and visualized
with the support of the software.

The standard for measurement of surface roughness is ISO 4287. The roughness value is measured
on the machined surface in the axial direction using a roughness tester Mitutoyo SJ-301. The diamond
tip of 5 µm radius is linearly moved on the machined sample. The measured length of 3 mm is
employed for all machining samples. The measured ranges of 0.05–40 mm and the resolution of
0.01 mm are applied to obtain the best results.

The hardness value is obtained with the aid of a tester labeled HV-112. The pyramid diamond
indenter is pressed on the machined surface under the test force 49.03 N. The pressed load is maintained
for a dwell time of 5 s. The average value of the hardness is calculated from 5 different points on the
circular cross-section.

The obtained values of the turning-burnishing performances are shown in Figure 4.Energies 2020, 13, x FOR PEER REVIEW 9 of 21 
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5. Results and Discussion

5.1. Parametric Effects

The experimental results of the turning-burnishing process are shown in Appendix A Table A1.
In this sub-section, the impacts of the machining parameters on the responses have been thoroughly
analyzed. Moreover, analysis of variance (ANOVA) is applied to identify the significance of the models
and parametric contributions. The results are analyzed with the aid of the Minitab software.
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The impacts of the varied factors on the energy efficiency of the turning-burnishing process are
shown in Figure 5. For the turning-burnishing operation, higher energy efficiency is preferred.

Higher energy efficiency is obtained with an increased depth of cut. When the depth of cut
increases, the thickness of the turned chip is increased due to an increment in the contact area between
the turning insert and the workpiece. More material processed results in larger plastic deformation,
leading to greater resistance. As a result, a higher active power is required to overcome resistance;
hence, energy efficiency is enhanced.

Higher energy efficiency is firstly found with increased burnishing pressure. As the burnishing
pressure increases, a higher degree of plastic deformation of the machined surface is obtained. Greater
resistance is then produced. Therefore, the higher active power is consumed to overcome the reaction
load and energy efficiency increases. A further burnishing pressure may cause excessive resistance,
which leads to an increase in reactive power; hence, energy efficiency decreases.

Energies 2020, 13, x FOR PEER REVIEW 9 of 21 

 

  

(a) (b) 

 

(c) 

Figure 4. Representative values of the technical performances at the experimental No. 13: (a) Power 
consumed, (b) average roughness, (c) Vicker hardness. 

 
Figure 5. The main effects of machining parameters on energy efficiency. Figure 5. The main effects of machining parameters on energy efficiency.

It can be stated that an increased ball diameter causes higher energy efficiency. As the diameter
increases, the machining area between the burnishing ball and the workpiece is higher. More material
is burnished, and larger deformation is produced. Greater resistance and friction are generated.
Obviously, higher active power is required to burnish material; hence, higher energy efficiency is
obtained. When the diameter increases from 12 to 16 mm, excessive resistance and friction are produced,
this requires higher reactive power. Therefore, energy efficiency decreases.

An increased feed rate causes an enhancement in energy efficiency. A higher feed rate causes a
higher reaction load, which requires an increment in the active power to process material. Additionally,
a higher value of the feed rate may lead to an increment in the machining temperature, which may
cause the work-hardening on the machined sample. This results in an increase in active power due to
greater resistance on the workpiece surface. Therefore, higher energy efficiency is achieved with an
increment in the feed rate.

Similarly, increased speed leads to an enhancement in energy efficiency. A higher value of the
momentum on the spindle motor is produced at an increased speed, which causes an increased active
power. Therefore, higher energy efficiency is obtained. Moreover, increased speed leads to a reduction
in the machining time, resulting in a decreased energy consumed, which may increase energy efficiency.

The interaction effects of the machining parameters on energy efficiency are shown in Figure 6.
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The contribution of each factor on energy efficiency is shown in Table 3. As a result, the feed rate
is the most significant factor with a contribution of 17.98%, followed by the speed (14.47%), depth
of cut (12.39%), pressure (6.02%), and ball diameter (3.95%), respectively. The p2 has the highest
contribution regarding the quadratic terms (8.97%), followed by the d2 (8.82%), f2 (5.12%), a2 (2.67%),
and v2 (2.64%), respectively.

Table 3. Analysis of variance (ANOVA) results for energy efficiency.

Source Sum of Squares Mean Square F-Value p-Value Remark Contribution

Model 579.5436 28.9772 77.5620 <0.0001 Significant

a 71.8055 71.8055 192.1987 <0.0001 Significant 12.39
p 34.8885 34.8885 93.3847 <0.0001 Significant 6.02
d 22.8920 22.8920 61.2740 <0.0001 Significant 3.95
f 104.2019 104.2019 278.9131 <0.0001 Significant 17.98
v 83.8600 83.8600 224.4646 <0.0001 Significant 14.47
ap 12.1125 12.1125 32.4209 0.0254 Significant 2.09
ad 10.3738 10.3738 27.7672 0.0385 Significant 1.79
af 14.1988 14.1988 38.0054 0.0214 Significant 2.45
av 8.2875 8.2875 22.1827 0.0416 Significant 1.43
pd 7.0125 7.0125 18.7700 0.0422 Significant 1.21
pf 6.3170 6.3170 16.9085 0.0486 Significant 1.09
pv 0.1159 0.1159 0.3102 1.0000 Insignificant 0.02
df 10.2579 10.2579 27.4570 0.0394 Significant 1.77
dv 10.5477 10.5477 28.2326 0.0383 Significant 1.82
fv 19.1249 19.1249 51.1909 0.0167 Significant 3.30
a2 15.4738 15.4738 41.4181 0.0204 Significant 2.67
p2 51.9851 51.9851 139.1463 <0.0001 Significant 8.97
d2 51.1157 51.1157 136.8194 <0.0001 Significant 8.82
f2 29.6726 29.6726 79.4235 0.0059 Significant 5.12
v2 15.3000 15.3000 40.9528 0.0224 Significant 2.64

Error 7.4714 0.3736

Total 587.0150
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Figure 7 depicts the influences of the machining parameters on the decreased roughness ratio.
To enhance the machined quality, low DRR is desirable.
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As a result, a lower value of the DRR is obtained at the lowest depth of cut. The DRR value is
increased with an increment in the depth. At a low depth, a small amount of material is processed
and the turned chip is easily removed from the workpiece surface; hence, the machined roughness
and DRR values are low. When the depth of cut increases, the machining area between the insert and
the workpiece increases. A bigger chip is heavily detached from the machined sample, leading to an
increased roughness or DRR value.

The DRR is firstly decreased with increased burnishing pressure. A further burnishing pressure
leads to an increment in the DRR. An increment in the burnishing pressure causes increased machining
pressure on the sample, which increases the degree of the plastic deformation. Larger material is
compressed, which causes a reduction in roughness and DRR value. However, further burnishing
pressure may cause the machining instability due to greater reaction pressure during the machining
period, which leads to an increase in the deterioration of the surface quality; hence, the roughness and
DRR value are increased.

The roughness and DRR value are increased with an increment in the ball diameter. When the ball
diameter increases, a machining length between the turned surface and the ball is decreased, leading
to smaller peaks. Therefore, the roughness and DRR value are reduced.

The roughness and DRR values are decreased at a low feed rate due to the small distance between
the successively turning or burnishing paths. A higher feed rate leads to an increased distance
between the turned peaks. Therefore, a higher feed mark is left on the machined sample; hence, higher
roughness is produced. Moreover, a higher burnishing trace is generated at the high feed rate, which
causes an increase in the roughness.

The roughness and DRR values are decreased with an increased speed. The machine tool vibration
may suppress at an increased speed, leading to the machining stability. Moreover, an increased
speed causes an increase in the machining temperature; hence, the workpiece is reduced. For the
turning, the chip is easily detached from the machined sample. For the burnishing, the material is
easily burnished; hence, a roughness is decreased. However, further machining speed causes the
excessive temperature in the machining region, which results in the work-hardening behavior on the
workpiece [31,32]. For the turning stage, the turned chip is heavily removed. For the burnishing stage,
the machined material is hardly burnished. Therefore, the roughness is increased when the speed
changes from 100 to 140 m/min.
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Figure 8 depicts the interactive effects of machining parameters on the decreased roughness rate.
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Figure 8. The interactive effects of machining parameters on the decreased roughness rate.

Table 4 illustrates the contributions of the inputs, which have a significant impact on the decreased
roughness ratio. As a result, the feed rate is the highest effective factor due to the contribution of
15.94%, followed by the depth of cut (16.63%), diameter (10.05%), pressure (2.50%), and speed (1.70%),
respectively. The contributions of the p2, f2, v2, and a2 are 13.28%, 9.37%, 8.61%, and 5.93%, respectively.

Table 4. ANOVA results for decreased roughness rate.

Source Sum of Squares Mean Square F-Value p-Value Remark Contribution

Model 0.5574 0.0279 53.7928 <0.0001 Significant

a 0.0865 0.0865 173.0485 <0.0001 Significant 16.63
p 0.0130 0.0130 26.0145 0.0097 Significant 2.50
d 0.0523 0.0523 104.5783 <0.0001 Significant 10.05
f 0.0829 0.0829 165.8685 <0.0001 Significant 15.94
v 0.0088 0.0088 17.6899 0.0468 Significant 1.70
ap 0.0003 0.0003 0.5203 0.9119 Insignificant 0.05
ad 0.0019 0.0019 3.8501 0.8249 Insignificant 0.37
af 0.0271 0.0271 54.2142 0.0053 Significant 5.21
av 0.0089 0.0089 17.8980 0.047 Significant 1.72
pd 0.0243 0.0243 48.5951 0.0110 Significant 4.67
pf 0.0097 0.0097 19.4588 0.0446 Significant 1.87
pv 0.0000 0.0000 0.0000 1.0000 Insignificant 0
df 0.0010 0.0010 1.9771 0.9119 Insignificant 0.19
dv 0.0048 0.0048 9.6774 0.5814 Insignificant 0.93
fv 0.0000 0.0000 0.0000 1.0000 Insignificant 0
a2 0.0309 0.0309 61.7064 0.0049 Significant 5.93
p2 0.0691 0.0691 138.1890 <0.0001 Significant 13.28
d2 0.0051 0.0051 10.1977 0.6106 Insignificant 0.98
f2 0.0488 0.0488 97.5024 <0.0001 Significant 9.37
v2 0.0448 0.0448 89.5939 0.0002 Significant 8.61

Error 0.0104 0.0005

Total 0.5677
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The burnished images at different process inputs are depicted in Figure 9. The smooth surfaces
are obtained with the aid of the turning-burnishing process. The turned marks are eliminated on the
burnished surface.
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Figure 10 depicts the influences of machining parameters on the improved hardness ratio. For the
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Figure 10. The main effects of machining parameters on the improved hardness ratio.

The improved hardness rate is associated with an increment in the depth of cut. Moreover, a
further depth of cut causes a slight reduction in the IHR. An increased depth of cut causes a larger
degree of work-hardening, resulting in a higher IHR value. However, a further depth of cut leads
to higher machining temperature, which may relieve the residual stress; hence, the IHR value is
then decreased.

Higher IHR value is found at an increased burnishing pressure. Moreover, a further burnishing
pressure causes a decrease in the IHR. As the burnishing pressure increases, more material is compressed
and burnished. A higher degree of plastic deformation is generated; hence, higher IHR is obtained.
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However, a further burnishing pressure may cause the relieved residual stress. Therefore, the IHR
value is decreased.

A lower IHR value is obtained with an increment in the ball diameter. An increased diameter
causes an increment in the machining area between the ball and workpiece, which decreases the
compressed pressure. A low degree of plastic deformation is produced and the IHR value is decreased.

A higher IHR value is obtained with an increment in the feed rate and/or speed. An increased
feed rate causes a larger degree of work-hardening, resulting in an enhanced hardness. As the
machining speed increases, the temperature is increased, resulting in an improvement in the larger
plastic deformation; hence, the hardness is enhanced. A further feed rate and/or speed may cause an
increase in the machining temperature, which leads to reductions in the hardness.

Figure 11 presents the interactive effects of machining parameters on the improved hardness ratio.
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Table 5 shows the contributions of the inputs for the improved hardness rate. As a result,
the diameter has the largest contribution (15.05%), followed by the depth of cut (7.50%), speed (6.80%),
and feed rate (4.60%), respectively. The contributions of the a2, p2, d2, f2, and v2 are 14.20%, 12.60%,
12.27%, 8.59%, and 2.64%, respectively.

Table 5. ANOVA results for improved hardness rate.

Source Sum of Squares Mean Square F-Value p-Value Remark Contribution

Model 1.0484 0.0524 74.8865 <0.0001 Significant

a 0.0786 0.0786 112.3298 <0.0001 Significant 7.50
p 0.0028 0.0028 4.0439 0.9864 Insignificant 0.27
d 0.1578 0.1578 225.4085 <0.0001 Significant 15.05
f 0.0482 0.0482 68.8956 <0.0001 Significant 4.60
v 0.0713 0.0713 101.8457 <0.0001 Significant 6.80
ap 0.0561 0.0561 80.1286 <0.0001 Significant 5.35
ad 0.0029 0.0029 4.1936 0.7888 Insignificant 0.28
af 0.0095 0.0095 13.6293 0.3849 Insignificant 0.91
av 0.0791 0.0791 112.9289 0.0032 Significant 7.54
pd 0.0047 0.0047 6.7398 0.6657 Insignificant 0.45
pf 0.0000 0.0000 0.0000 1.0000 Insignificant 0
pv 0.0000 0.0000 0.0000 1.0000 Insignificant 0
df 0.0018 0.0018 2.5461 0.8707 Insignificant 0.17
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Table 5. Cont.

Source Sum of Squares Mean Square F-Value p-Value Remark Contribution

dv 0.0061 0.0061 8.6868 0.5765 Insignificant 0.58
fv 0.0021 0.0021 2.9955 0.8455 Insignificant 0.20
a2 0.1489 0.1489 212.6777 <0.0001 Significant 14.20
p2 0.1321 0.1321 188.7141 <0.0001 Significant 12.60
d2 0.1286 0.1286 183.7715 <0.0001 Significant 12.27
f2 0.0277 0.0277 39.5401 0.0098 Significant 2.64
v2 0.0901 0.0901 128.6551 <0.0001 Significant 8.59

Error 0.0140 0.0007

Total 1.1635

5.2. Optimization Results

The normalized values of the responses are shown in Table 6. The eigenvalues and proportions
for the principal components are depicted in Table 7. As a result, the first component accounts for
71.90%, followed by the second component (26.40%) and the third component (1.70%), respectively.
The eigenvectors of the principal components are shown in Table 8. The weight values are calculated
based on the squares of subsequent eigenvectors of the first and second components. Table 8 revealed
that the weight values of the EF, DRR, and IHR are 0.28, 0.34, and 0.44, respectively.

The normalized weighted values are shown in Table 9. The values of the positive and negative
values are shown in Table 10. The highest desirability value is obtained at the experimental number 13.
The optimal values of the depth of cut, burnishing pressure, diameter, feed rate, and turning speed
are 1.00 mm, 0.4 MPa, 16.0 mm, 0.084 mm/rev., and 120 m/min, respectively. The optimal outcomes
of the EF, DRR, and IHR are 27.52%, 0.17, and 1.71, respectively. The average roughness and Vicker
hardness at the optimal solution are 0.34 µm and 164 HV, respectively. The improvements in the EF,
DRR, and IHR are 20.75%, 19.05%, and 8.23%, as compared to common values used (Table 11).

Table 6. Normalized results of machining responses.

No. EF DDR IHR

1 1.0000 0.4324 0.9924
2 0.8826 0.5926 0.8188
3 0.7323 0.8421 0.7486
4 0.6526 0.5714 0.7988
5 0.6122 0.3333 1.0000
6 0.7305 0.4000 0.6931
7 0.5773 0.4211 0.7081
8 0.6156 0.3636 0.8291
9 0.8745 1.0000 0.8792
10 0.8143 0.5000 0.6650
11 0.6166 0.2759 0.8397
12 0.7453 0.7619 0.8344
13 0.6581 0.9412 0.7661
14 0.6211 0.3902 0.6268
15 0.7009 0.3200 0.6859
16 0.6491 0.4211 0.7939
17 0.7383 0.4848 0.8562
18 0.6597 0.3404 0.6422
19 0.5440 0.3077 0.6788
20 0.6438 0.4211 0.8188
21 0.6256 0.3333 0.8973
22 0.5668 0.2388 0.6823
23 0.5969 0.3404 0.7706
24 0.7025 0.3265 0.7751
25 0.6372 0.3200 0.7616
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Table 7. Eigenvalues and proportions of principal components.

Principal Component Eigenvalues Proportion (%)

First 1.9759 71.90
Second 1.1456 26.40
Third 0.1784 1.70

Table 8. Eigenvectors and contributions for the principal components (PC).

Characteristics
Eigenvectors

Contribution (%)
PC1 PC2 PC3

EF 0.659 0.08 0.749 0.22
DDR 0.57 0.60 0.561 0.34
IHR 0.491 0.80 0.352 0.44

Table 9. Normalized weighted values.

No. EF DDR IHR

1 0.0294 0.0608 0.0679
2 0.0333 0.0443 0.0823
3 0.0401 0.0312 0.0900
4 0.0450 0.0460 0.0843
5 0.0480 0.0788 0.0674
6 0.0402 0.0657 0.0972
7 0.0509 0.0624 0.0951
8 0.0477 0.0722 0.0812
9 0.0336 0.0263 0.0766

10 0.0361 0.0525 0.1013
11 0.0476 0.0952 0.0802
12 0.0394 0.0345 0.0807
13 0.0446 0.0279 0.0879
14 0.0473 0.0673 0.1075
15 0.0419 0.0821 0.0982
16 0.0452 0.0624 0.0848
17 0.0398 0.0542 0.0787
18 0.0445 0.0772 0.1049
19 0.0540 0.0854 0.0992
20 0.0456 0.0624 0.0823
21 0.0469 0.0788 0.0751
22 0.0518 0.1100 0.0987
23 0.0492 0.0772 0.0874
24 0.0418 0.0805 0.0869
25 0.0461 0.0821 0.0884

With an increase in the energy price and environmental legislation, enhancing the energy efficiency
of machining operations is an urgent demand for industrial manufacturers. Additionally, improving
machined quality is also an important requirement to satisfy customer demand and increase profit.
For this purpose, a parameter-based optimization of the new turning-burnishing has been addressed to
maximize energy efficiency and enhance the machined quality. The technical performances are energy
efficiency, decreased roughness ratio, and improved hardness ratio, respectively. The optimization
conditions are the machining speed, depth of cut, feed rate, and ball diameter, and burnishing pressure.
The optimal solution has significantly contributed to the improvements in energy efficiency and
machined quality. The outcomes obtained can be used for the expert knowledge-based system for the
turning-burnishing operation. Moreover, the finding is expected as a technical solution to make the
turning-burnishing become greener and more efficient.
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Table 10. Desirability values and ranking.

No. S+ S- D Ranking

1 0.0580 0.0492 0.9360 16
2 0.0373 0.0674 0.9798 7
3 0.0229 0.0827 0.9937 2
4 0.0317 0.0680 0.9854 4
5 0.0664 0.0363 0.8917 23
6 0.0430 0.0545 0.9672 11
7 0.0383 0.0591 0.9758 8
8 0.0533 0.0442 0.9396 15
9 0.0370 0.0843 0.9840 6

10 0.0324 0.0670 0.9846 5
11 0.0744 0.0267 0.8283 25
12 0.0316 0.0773 0.9873 3
13 0.0218 0.0860 0.9945 1
14 0.0416 0.0612 0.9725 9
15 0.0579 0.0434 0.9284 19
16 0.0435 0.0531 0.9656 12
17 0.0426 0.0579 0.9697 10
18 0.0518 0.0521 0.9510 14
19 0.0597 0.0472 0.9298 18
20 0.0448 0.0524 0.9631 13
21 0.0621 0.0366 0.9046 22
22 0.0842 0.0385 0.8445 24
23 0.0549 0.0432 0.9348 17
24 0.0592 0.0375 0.9145 2210
25 0.0595 0.0387 0.9162 20

Table 11. The optimum results.

Method a
(mm)

p
(MPa)

d
(mm)

f
(mm/rev)

v
mm/min

EF
(%)

RTB
µm

HTB
HV DDR IHR

Initial 0.75 0.3 12 0.090 90 21.81 0.42 152 0.21 1.58
Optimal 1.00 0.4 16 0.084 120 27.52 0.34 164 0.17 1.71

Improvement (%) 20.75 −19.05 8.23

6. Conclusions

In the current research, an optimization of the hybrid turning-burnishing process has been
considered to improve energy efficiency and product quality. The machining responses are energy
efficiency, decreased roughness ratio, and improved hardness ratio. Five key factors are the depth
of cut, burnishing pressure, the diameter of the compressing ball, the feed rate, and the turning
speed. The experimental outcomes were obtained from the trails using the Taguchi method.
The weight principle component analysis was employed to determine the weight value of each
response. The TOPSIS method was applied to select the optimal solution. Some findings obtained are
listed as:

1. The highest values of the depth of cut, feed rate, and turning speed cause an increased energy
efficiency, while the middle levels of the diameter and burnishing pressure can be used to obtain
higher energy efficiency. The lowest levels of the depth of cut and feed are recommended to
decrease roughness, while the larger diameter is used to achieve a smooth surface. The middle
values of the burnishing pressure and speed can be employed to enhance the machined quality.
Higher hardness is obtained with an increment in the depth of cut, burnishing pressure, and turning
speed. A low diameter can be employed to obtain a higher hardness, while the middle value of
the feed can be applied to improve hardness.

2. The optimal factors setting obtained by TOPSIS of the depth of cut, burnishing pressure,
ball diameter, feed rate, and turning speed were 1.00 mm, 0.4 MPa, 16.0 mm, 0.084 mm/rev,
and 100 m/min. The EF and IHR were enhanced by 20.75% and 8.23%, while the DRR was
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decreased by 19.05%. Additionally, the outcomes can be considered as technical solutions for
improvements in energy efficiency and machined quality of the turning-burnishing processes.

3. The hybrid approach, including the Taguchi method, WPCA, and TOPSIS, can extensively
support the optimization of the hybrid operation when the responses have contradictory impacts.
The proposed method was employed to save machining costs and efforts due to the lesser number
of experiments. The WPCA was used to identify the weight for each objective, without the maker
‘subjective choice’. Therefore, the hybrid approach is multi-purposeful and can be applied to
different manufacturing operations.

4. It is difficult to apply the new turning-burnishing tool to machine difficult-to-cut material and/or
hardened steels. The proper materials for the hybrid process are aluminum, copper, and brass.
Moreover, an increase in the burnishing head and pneumatic cylinder can be used to enhance the
machined quality.

5. This work addressed the three machining responses, including energy efficiency, roughness,
and hardness, that were considered as the outputs. Other responses such as residual stress
and the depth of the hardened layer should be studied in order to holistically optimize the
turning-burnishing process.
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Appendix A

Table A1. Experimental data of the hybrid process.

No. a
(mm)

p
(MPa)

d
(mm)

f
(mm/rev.)

v
mm/min

EF
(%)

RTB
µm

HTB
HV DDR IHR

1 0.5 0.2 8 0.056 60 18.11 0.72 126 0.37 1.32
2 0.5 0.3 10 0.084 80 20.52 0.53 154 0.27 1.60
3 0.5 0.4 12 0.112 100 24.73 0.38 168 0.19 1.75
4 0.5 0.5 14 0.14 120 27.75 0.55 157 0.28 1.64
5 0.5 0.6 16 0.168 140 29.58 0.94 125 0.48 1.31
6 0.8 0.2 10 0.112 120 24.79 0.79 181 0.40 1.89
7 0.8 0.3 12 0.14 140 31.37 0.74 178 0.38 1.85
8 0.8 0.4 14 0.168 60 29.42 0.86 152 0.44 1.58
9 0.8 0.5 16 0.056 80 20.71 0.31 143 0.16 1.49
10 0.8 0.6 8 0.084 100 22.24 0.62 189 0.32 1.97
11 1 0.2 12 0.168 80 29.37 1.13 150 0.58 1.56
12 1 0.3 14 0.056 100 24.30 0.41 151 0.21 1.57
13 1 0.4 16 0.084 120 27.52 0.34 164 0.17 1.71
14 1 0.5 8 0.112 140 29.16 0.81 201 0.41 2.09
15 1 0.6 10 0.14 60 25.84 0.97 183 0.50 1.91
16 1.2 0.2 14 0.084 140 27.90 0.75 158 0.38 1.65
17 1.2 0.3 16 0.112 60 24.53 0.64 147 0.33 1.53
18 1.2 0.4 8 0.14 80 27.45 0.92 196 0.47 2.04
19 1.2 0.5 10 0.168 100 33.29 1.01 185 0.52 1.93
20 1.2 0.6 12 0.056 120 28.13 0.74 154 0.38 1.60
21 1.5 0.2 16 0.14 100 28.95 0.94 140 0.48 1.46
22 1.5 0.3 8 0.168 120 31.95 1.32 185 0.67 1.92
23 1.5 0.4 10 0.056 140 30.34 0.93 163 0.47 1.70
24 1.5 0.5 12 0.084 60 25.78 0.96 162 0.49 1.69
25 1.5 0.6 14 0.112 80 28.42 0.98 165 0.50 1.72
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16. Świrad, S.; Wydrzynski, D.; Nieslony, P.; Krolczyk, G.M. Influence of Hydrostatic Burnishing Strategy on the
Surface Topography of Martensitic Steel. Measurement 2019, 138, 590–601. [CrossRef]
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