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OPTIMIZATION OF COMPRESSED AIR-ASSISTED
TURNING-BURNISHING PROCESS FOR IMPROVING

ROUGHNESS AND HARDNESS

TOI WU HOA QUA TRINH TiCH HOP TIEN-LAN EP V01 SU HO TRO' CUA KHI NEN

DE CAI THIEN BO NHAM VA BO CUNG

ABSTRACT

A hybrid process combining the turning-burnishing operation is a prominent solution to improve
productivity due to the reduction in the auxiliary time. The objective presents a parameter-based optimization
of the compressed air-assisted turning-burnishing (CATB) process to enhance the Vickers hardness (HN) and
decrease the roughness (SR). The inputs are the cutting speed (V), depth of cut (a), feed rate (f), and ball
diameter (D). A turning machine was used in conjunction with the turning-burnishing device to perform the
experimental runs for aluminum 6061. The response surface method (RSM) was applied to render the
correlations between the inputs and performances measured. The multi-objective particle swarm optimization
(MOPS0) is used to select the optimal factors. The results revealed that machining targets are primarily
affected by feed, speed, and depth. The roughness is reduced by 36.84% and the Vickers hardness is improved
by 17.51% at the optimal solution, as compared to the general process. The obtained outcome is expected as a
technical solution to make the CATB process become more efficient.

Keywords: Turning-burnishing operation, Roughness, Vickers hardness, Aluminum 6061, RSM, MOPSO.
TOM TAT

Qua trinh tich hop tién - 14n ép 1a mt giai phap ndi bt dé cai thién ndng sudt do giam thoi gian phu. Muc
tiéu cdia nghién ciru ndy 1a t6i tu hda cac thong 6 cdia qua trinh tich hop tién - Ian ép voi su ho tro cua khi nén
(CATB) dé téng cudng do cng (HN) va giam do nham (SR). Céc thdng s6 duoc can nhéc la toc dd cat (V), chigu
sAu cat (a), lvong tién dao (f) va duong kinh bi Idn (D). My tién diroc st dung cling véi dung cu tich hop tién-
[an ép dé thuc hién cac thi nghiém cho vt liéu nhom 6061. Phuong phap bé mét dap tng (RSM) duroc st dung
@€ thé hién mdi trong quan gitra céc yéu to dau vao va ham muc tiéu. Phrong phap t6i wu hda bay dan da muc
tiéu (MOPSO) duwoc stk dung dé xc dinh cac gia tri t6i vu. KEt qua cho thay cac ham muc tiéu chd yéu bi anh
hudng béi lvong tién dao, tdc do cét, va chiéu sau cat. D9 nham ¢4 thé gidm 42,10% va do cling dugc cai thién
17,51% & gidi phap t6i uu khi so sanh vdi cdc gia tri trung gian. Két qua thu duge ky vong nhy mot giai phap ky
thuat dé qué trinh tich hop tién - 1n ép véi s ho tro clia khi nén trd nén hiéu qua hon.

Tir khoa: Tich hop tién - 1an ép, do nham, d6 cling Vicker, nhom 6061, bé mat dap tng, t6i vu hoa bay dan
da muc tiéu.
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1. INTRODUCTION

The surface treatment can be
classified into three primary
operations, including the thermal
impact (quenching and tempering),
mechanical influence (turning,
burnishing, and rolling), and
chemical processes (carburizing,
nitriding, etc.). Burnishing is a
prominent solution to improve the
surface properties, in which the
profile irregularities generated by
the former operation will be
flattened under the effects of ball or
roller pressure. The compressive
residual stress, one of the effective
residual stresses is then obtained.
This method effectively enhances
the mechanical properties as well as
surface quality and can be
considered as a potential solution
to replace  the  traditional
approaches, such as reaming,
grinding, honing, lapping, supper-
finishing and polishing [1].

The burnishing process brings
some attractive advantages,
including decreased roughness,
increased hardness as well as the
depth of the affected layer and
generated compressive  stress.
Additionally, its productivity is
higher 2-3 times than the honing
process [2]. The surface properties
and the component’s functionality
have been greatly improved,
contributing significantly to
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increased strength behavior and abrasion as well as
chemical corrosion resistances. Moreover, this process can
be considered as a greener manufacturing due to
eliminating chips and saving raw materials in the
processing time.

To improve the production rate, a hybrid process
combining turning and burnishing operations has been
considered. Mezlini et al. emphasized that the
manufacturing costs could be decreased up to 4 times
using this approach for treated C45 steel [3]. Moreover, the
roughness was reduced by 58%, as compared to the
turning process. Similarly, the roughness could be
decreased by 85.33% for the aluminum material. Axinte
and Gindy revealed that a smooth surface was obtained
and the hardness depth could be reached to 300 ym for
treated Inconel 718 [4]. Rami et al. stated that the
improvements in the roughness, residual stress, and micro
hardness of the AISI 4140 steel were achieved [5]. However,
the parameter-based optimization of the turning-
burnishing process of aluminum 6061 has been not
considered in the aforementioned works.

In this work, a multiple-response optimization of
process parameters for the turning-burnishing process of
aluminum 6061 has performed to improve the hardness
and decrease the roughness. In practice, the variety of
process inputs may lead to the contradictory results of the
machining performances. Moreover, the selection of
optimal factors for improvements of the roughness and
hardness has a significant contribution to the applicability
of the turning-burnishing process.

2. OPTIMIZATION ISSUE

The optimizing approach shown in Fig. 1 includes the
following steps:

Step 1. The experimental runs are performed based on
the Box-Behnken matrix [6].

Step 2: The predictive models of the SR and HN are then
proposed regarding the inputs using the RSM method [7].

Step 3: The soundness of the correlations is assessed by
ANOVA analysis.

Step 4: The optimal parameters are determined using
the MOPSO.

Multi-Objective Particle swarm optimization (MOPSO)
mimics the social behavior of animal groups such as flocks
of birds or fish shoals. The process of finding an optimal
design point is likened to the food-foraging activity of
these organisms. Particle swarm optimization is a
population-based search procedure where individuals
(called particles) continuously change position (called
state) within the search area. In other words, these particles
'fly' around in the design space looking for the best
position. The best position encountered by a particle and
its neighbors along with the current velocity and inertia are
used to decide the next position of the particle [8].
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Figure 1. Optimization approach
Table 1. Process inputs

Symbol Parameters level-1 | level0 | level +1
Vv Cutting speed (m/min) 60 90 120
a Depth of cut (mm) 0.50 1.00 1.50
f Feed rate (mm/rev.) 0.056 | 0.112 0.168
D Ball diameter (mm) 8 10 12

Table 2. Chemical compositions of Aluminium 6061

Si| Fe | Cu [Mn| Mg | Zn | Cr | Ni Ti Al

1.00 | 0.290 | 0.030 | 0.530| 0.570 |0.009|0.011] 0.019 | 0.020 | 97.400

For the CATB process, three kinds of parameters are
considered, including the turning factors (cutting speed,
depth of cut, and feed rate), the burnishing factors
(pressure and ball diameter), and general inputs (cutting
speed and feed rate). In this paper, the burnishing pressure
is kept as a constant. Process parameters, including the V, a,
f, and D as well as three levels (-1; 0; +1) were shown in
Table 1. The values of the process inputs are selected based
on the recommendations of the manufacturers for the
turning tool, pneumatic cylinder, and workpiece properties.

Consequently, the optimizing problem can be defined
as follows:

Find X =[V, a, f,and D]

Minimize surface roughness and maximize the Vickers
hardness.

Constraints: 60 < V <90 (m/min), 0.5 < a < 1.50 (mm),
0.056 < f<0.168 (mm/rev.),

8<D <12 (mm).
3. EXPERIMENTS AND MEASUREMENTS

The experimental runs were performed on a turning
machine, namely EMCOMAT-20D. The turning tool and
burnishing tool are integrated in one device, which can be

installed in the tool-turret of the lathe machine (Fig. 2). The
finished surface is simultaneously treated by turning and
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burnishing processes. The hardness and roughness of the
ball are 63 HRC and 0.05um. The pneumatic cylinder is used
to generate the burnishing pressure. The aluminum bar of
40mm diameter is used for all machining runs. The
chemical compositions of aluminum 6061 are shown in
table 2. The chosen workpiece is applied due to the wide
applications in the automotive and aerospace components.

The roughness and Vickers hardness are measured by
Mitutoyo SJ-301 (Fig. 2b) and HV-112 (Fig. 2c), respectively.
The average values of the outputs are identified from 5
investigated points.

The average value of the surface roughness is calculated
using Eq. 1:
_ Ral +Ra2 +Ra3 + Ra4+ Ra5

5

where R,; is the arithmetic roughness at the iy, position.

The average value of the Vickers hardness is calculated
using Eq. 2:
_ HN; +HN, +HN, +HN, +HN,
- 5
where HN,; is the Vickers hardness at the iy, position.

SR

1)

HN

(2)

(c) Measuring roughness (d) Measuring Vickers hardness
Figure 2. Experiments and measurements

4. RESULTS AND DISCUSSIONS

4.1. Development of RSM models

The experimental matrix and results of the CATB
process are given in table 3.

The adequacy of the RSM models can be evaluated
using the R*values and adjusted R% The R? value is defined
as the ratio of explained variety to total variety. This
indicator is used to explore the fitness of the model. The
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adjusted R? denotes the total variability of the model using
the significant factors. The R*values of SR and HN are
0.9865 and 0.9892, respectively, indicating an acceptable
fitness between predicted and actual values. The adjusted
R%-values of SR and HN are 0.9676 and 0.9686, respectively,
proving the soundness of the proposed models. Moreover,
Fig. 3 depicts that the measured data evenly distributes on
the straight line and the unique behavior does not show.

103 —

079 —|

054 —|

Predicted value

029 —|

005 —|

006 0.30 054 079 1.03

Actual value

() For the surface roughness

217.00 —

200.50 —

184.00 —

Predicted value

167.50 —

15100 — W

T T T T T
151.00 167.26 183.52 199.78 216.04
Actual value

(b) For the Vickers hardness
Figure 3. Investigations of the fitness for the RSM models

4.2. The effects of process parameters on the technical
responses

The effects of processing factors on the roughness are
shown in Fig. 4. When the cutting speed or spindle speed
increases, higher ball pressure is obtained, which causes
more plastic deformation of the burnished material; hence,
the roughness is decreased. Moreover, as the cutting speed
increases, the temperature of the machining region
enhances, which leads to a decrease in the strength of the
workpiece. The chip produced is easily detached from the
workpiece and the turned material is more pressed, resulting
in areduction in surface roughness (Fig. 4a). When the depth
of cut increases, the material removal volume increases,
resulting in an increment in the cutting forces and instability.
This may lead to more chattering in machine tool which
eventually causes a coarse surface. Moreover, an increment
in the removal volume causes an increased thickness of the
chip. The material is difficult removed out from the
workpiece and a coarse surface is produced.

As the burnishing feed increases, higher burnishing
forces and instability are produced; hence, a higher
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roughness is obtained. Moreover, a higher burnishing trace
is obtained at a high value of the feed and roughness is
increased (Fig. 4b). A higher burnishing pressure generated
at an increased ball diameter causes a reduction in the peak
and a smoother surface is obtained. When ball diameter
increases, a high contact length between the turned
surface and the burning ball is produced, leading to smaller
peaks on the trail. The roughness is decreased with high
diameter, resulting in a smoother surface.

Table 3. Experimental results

No. Vv a f D SR HN
(m/min) | (mm) |(mm/rev.)| (mm) | (um) (HV)
1 60 15 0.112 10 0.96 165
2 120 15 0.112 10 0.66 194
3 120 0.5 0.112 10 0.17 189
4 920 15 0.112 8 0.91 197
5 120 1.0 0.112 12 0.21 190
6 920 1.0 0.056 12 0.18 154
7 90 1.0 0.168 12 0.61 165
8 920 05 0.056 10 0.11 151
9 120 1.0 0.056 10 0.16 188
10 920 05 0.168 10 0.75 169
11 920 15 0.056 10 0.64 164
12 60 1.0 0.112 8 0.71 191
13 90 1.0 0.112 10 0.38 177
14 60 1.0 0.168 10 1.03 166
15 60 1.0 0.112 12 0.51 155
16 90 1.0 0.056 8 041 182
17 920 0.5 0.112 8 0.33 186
18 60 1.0 0.056 10 043 156
19 920 15 0.112 12 0.61 162
20 60 0.5 0.112 10 0.47 157
21 90 0.5 0.112 12 0.19 158
22 920 15 0.168 10 0.94 173
23 120 1.0 0.168 10 0.72 199
24 120 1.0 0.112 8 041 216
25 920 1.0 0.168 8 0.84 195
0.96
o 0.7625
[]
g 0.565
g s
E 0.3675 SR :::: =
3:) 047 == ; ’o’fo’f’éfff"

60.00 \
75.00 1.50

90.00
Cutting speed (m/min) ~ 105.00

120,00 0.50 Depth of cut (mm)

(a) Roughness versus speed and depth of cut
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Figure 4. The effects of the process inputs on the roughness

The effects of processing factors on the Vicker hardness
are shown in Fig. 5. When the cutting speed increases, larger
plastic deformation is obtained, leading to work-hardening
behavior; hence, the hardness enhances (Fig. 5b). Similarly,
an increased depth of cut or feed causes a larger degree of
work-hardening, resulting in an improved hardness.
However, a further increment in the depth of cut or feed
leads to high material volume is obtained and the machining
heat enhances. The increased amount of heat would have
relieved the residual stress consequently causing hardness to
drop with may lead to a slight reduction of the hardness. At a
lowe value of the ball diameter, a higher burnishing pressure
is generated, which causes more pressed material and
enhanced hardness (Fig. 5b).
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HN (HV)

" 12000
///1 05.00
90.00
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Depth of cut (mm) Py o 75.00

(a) Hardness versus speed and depth of cut
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D2 | 0.0003 | 0.0003| 0.1107 | 0.7462 | . .ln. 0.02
significant

Residual | 0.0255 | 0.0026
Total | 1.8906

The ANOVA results for the Vickers hardness model are

= shown in table 5. As a result, the percentage contributions of
e V, D, f, and a are 39.62%, 38.35%, 5.94%, and 2.32%,
respectively. The f* account for the highest percentage
contribution with respect to quadratic terms (1.72%); this
followed by V* (156%), f (172%), and D* (0.77%),
Feed rate (mm/rev.) O‘M ) respectively.

0.056 " 12.00 Ball diameter (mm) .
Table 5. ANOVA results for Vickers hardness model

HN (HV)

33
553535
5555
S5

(b) Hardness versus feed and ball diameter

Sumof | Mean Remark | Contribution
216 | Source F-value | p-value
squares | square (%)
A: Cutting speed .
B: Depth of cut A Model | 7419.94 | 534.24 | 247.52 | <0.0001| Significant
200 — D & T
. R o - V| 288300 2883.00 | 1335.75 | <0.0001| Significant |  39.62

S, D: Ball diameter A

a 168.75 | 168.75 | 78.19 |<0.0001| Significant 2.32
f 432.00 | 432.00 | 200.15 {<0.0001| Significant 5.94
D [2790.75|2790.75| 1293.01 | <0.0001| Significant 38.35

(AH) SsaupJef] sJoyo1\

Va 225 | 225 | 104 | 03313 | . .ln. 0.03
151 | significant
VH;OO O;OO OOTOO 0;00 1(;00 |n
The levels of process inputs Vf 0.25 0.25 0.12 0.7406 significant 0.00
(¢) Single impact of the inputs VD | 2500 | 2500 | 1158 | 0.0067 | Significant |  0.34
Figure 5. The effects of the process inputs on the Vickers hardness of 2025 | 2025 | 938 | 00120 | Significant 0.28

The ANOVA results for the roughness model are shown D 1225 | 1225 | 568 | 00385 | Significant 0.17

in table 4. The feed is found to the most effective factor I
n

with a contribution of 38.99%, followed by the depth of cut in) 100 | 1.00 | 046 | 05115 | . i 0.01
(32.44%), cutting speed (14.10%), and ball diameter significant
(7.52%), respectively. The contribution of the f4 a? and V? V2 | 11325 | 11325 | 5247 |<0.0001] Significant 1.56
are 2.26%, 1.91%, and 0.85%, respectively. a2 | 11077 | 11177 | 5179 |<0.0001| Significant | 1.54
Table 4. ANOVA results for surface roughness model f2 | 12549 | 12549 | 5814 |<0.0001] Significant 172
Source | UM Of | Mean | o ue | pvalue | Remark CO”“{I}EU“O” D2 | 5612 | 56.12 | 26.00 | 0.0005 | Significant | 0.7
Squares | square (%) Residual| 8L02 | 26

Model | 1.8651 | 0.1332 | 52.2430 | <0.0001 | Significant

Total | 7500.96

V| 02640 | 0.2640 | 1035425 < 0.0001  Significant | 14.10
a | 06075 | 0.6075 | 238.2353] <0.0001 | Significant | 32.44 5. OPTIMIZATION RESULTS

f 0.7301 | 0.7301 | 286.3268 | < 0.0001 | Significant 38.99 The predictive models of roughness and Vickers
D | 0.1408 | 0.1408 | 55.2288 | <0.0001] Significant | 7.52 hardness are expressed as follows:
Va | 0.0000 | 0.0000 | 00000 | 10000 | Significant| 0.0 SR =1.48833-0.019278V +0.29000a

vf | 0.0004 | 0.0004| 01569 | 0.7004 | Significant |  0.02 —0.77381f - 0.064167D — 3.03571af 3)
VD | 0.0000 | 0.0000 | 0.0000 | 1.0000 | Significant |  0.00 +0.0000833V2 +0.45000a2 + 39.06250f2
af | 0.0289 |0.0289 | 11.3333 | 0.0072 | Significant | 154 HN = 306.87500 — 1. 13333V + 88.83333a
aD | 00064 | 0.0064 | 2.5098 | 0.1442 sigm'gcam 0.34 +694.94048f —31.41667D +0.041667VD
n —80.35714af —1.75000aD + 0.007037V? ()
D | 00000 | 0.0000 | 0.0000 | 10000 | . .o 0.00 , , ,
significant —25.16667a° —2125.85034f% +1.11458D

V2 | 0.0159 [ 0.0159 | 6.2284 | 0.0317 | Significant 0.85
a2 | 0.0357 | 0.0357 | 14.0138 | 0.0038 | Significant 1.91
f2 | 0.0424 10.0424 | 16,6159 | 0.0022 | Significant 2.26

The mathematical models of the responses were used
to select the optimal values of the inputs with the support
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of the MOPSO. The values of the maximum iterations,
number of particles, global increment, and particle
increment are 50, 10, 1.2, and 1.8, respectively. The Pareto
front was exhibited in Fig. 6, in which the pink points are
feasible solutions. The optimization results are listed in
Table 6. As a result, the roughness is decreased around

42.10% and the Vickers hardness is approximately
increased 17.51%.

Table 6. Optimization results

Method Optimization parameters Responses

Vv a f D SR HN
(m/min) | (mm) | (mm/rev.)| (mm) | (um) (HV)
MOPSO 120 | 070 0.09 8 0.22 208
0.112 10 | 0.38 1

Commonvalues | 90 1.00
used

Improvement
(%)

-4210 | 1751

0.8

o
(o))
%o aem

Optimal point

Surfaceroughness {micrometer)
o <
S

o
N

/
0 “. .
150 170 190 210 230
Vickers hardness (HV)
Figure 6. Pareto fonts generated by MOPSO
6. CONCLUSION

This work addressed a multi-objective optimization of
the CATB process of the aluminum 6061 to reduce the
roughness and enhance the Vicker hardness. The predictive
correlations of the machining responses were proposed
using the RSM approach. The MOPSO was adopted to
select the optimal inputs. The following conclusions are
listed as:

1. The process inputs have contradictory impacts on the
machining outputs. The highest levels of the speed and ball
diameter could be used to minimize the roughness. The
minimal values of the depth and feed are recommended to
use for minimizing roughness. Higher values of the speed,
depth, and feed could be applied to achieve maximizing
hardness. The lowest diameter is used to improve the
Vickers hardness.

Website: https://tapchikhcn.haui.edu.vn

2. The predictive formulas of the roughness and Vickers
hardness could be used to predict the response values of
the machining performances in the CATB process of the
aluminum 6061.

3. The optimal values of the speed, depth, feed, and
diameter are 120 m/min, 0.7 mm, 0.09mm/rev., and 8mm,
respectively. The improvements in the roughness and
Vickers hardness are 42.10% and 17.51%, as compared to
the initial values.
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