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Nomenclature

: Magnetic flux density (T)

: Coefficient of burr removal rate

: Distance vector between poles of magnetized pin (m)
: Normal force per magnetic abrasive (N)

: Tangential force per magnetic abrasive (N)

: Normal force in magnetic abrasive finishing (N)

: Tangential force in magnetic abrasive finishing (N)

: Magnetic force acting on magnetized pins (N)

: Magnetic field (A/m)

: Inertia moment of magnetized pin (kg~m2)

: Half length of magnetized pins (mm)

: Magnetic pole of magnetized pins

: Effective magnetic dipole moment (A-mz)

: Specific permeability of magnetic tool (H/m)

: Permeability of free surface (H/m)

: Mass of magnetized pin (kg)

: Magnetization (A/m)

: The number of abrasive particles in magnetic abrasive finishing
: Normal pressure per magnetic abrasives (Pa)

: Tangential pressure per magnetic abrasives (Pa)

: Distance vector between magnetized pin and magnet (m)
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AR, : Coefficient of surface roughness

S . Contact area between magnetic tool and workpiece (m’)
TP : Magnetic torque acting on magnetized pins (N-m)

v : Velocity of magnetized pin (m/s)

V' : Volume of magnetized pin (m)

w : Angular velocity of magnetized pin (rad/s)

W, : Magnetization energy (J)
W, : Repulsion energy (J)
W, . Tension energy (J)
x : Target value
Ty (k) : Desired value in grey relational analysis
(k) : Generating value in grey relational analysis
z;(k) : Experimental data
X : Susceptibility of magnetized pin

A, (k) : Deviation between target and normalized data

0 : Angle of longitudinal axis of pin and rotational axis (°)
13 . Distinguish coefficient

Y : Grey relational grade

n : Signal-to-noise ratio (dB)
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A study on machining characteristics and optimization for aluminum material by

electro-magnetic finishing

Chul Bae Son

Department of Mechanical Engineering, The Graduate School,
Pukyong National University

Abstract

The final status of workpiece surface decides product quality, manufacturing
cost and improvement of functionality. Thus, numerous traditional finishing
methods such as super-finishing, honing, grinding are widely employed for fine
surface. However, these conventional techniques with rigid tools have limitation
of complex shape of surface and productive efficiency. Since demands for better
surface characteristics for free-form shape with less time and cost, it is
necessary to develop advanced finishing ones which are required to achieve
better surface integrity.

Among the novel processes, magnetic finishing processes in the presence of
the magnetic field have been especially attracted in the last decades. This is
because it could acquire high geometric precision by adjusting magnetic force
acting on free-form surface with the flexible tool. Although these processes have
a number of benefits, it has also limitation of time consuming and process
efficiency for non-ferrous materials due to lack of magnetic permeability. Some
of research has attempted to increase magnetic intensity by applying permanent
magnets for non-ferrous materials but distribution of magnetic flux density
directly related to magnetic force is not symmetrical unlike ferrous
materials.

Consequently, this phenomenon leads to getting non-uniform surface and

removing edge of the workpiece excessively.
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In order to overcome drawbacks of magnetic abrasive finishing, this study
suggests a electro-magnetic finishing(EMF) process which combined magnetic
energy derived form rotating disc with permanent magnets and kinetic energy
acting on magnetic pins as polishing medium in the alternating magnetic field.
To optimize magnitude and distribution of magnetic flux density in EMF
process, finite element analysis is carried out by using Ansys workbench. In
addition, experiments is carried out applying a Taguchi’s Lo(3%) orthogonal
method based on computational simulation to verify effects of EMF process on
improving surface roughness and burr removal rate. According to the results,
grey relational analysis(GRA) is conducted to find out an optimal condition
satisfying both requirements simultaneously.

Moreover, it is proved that suggested EMF method in this study is valuable
for manufacturing industries based on experimental results applied to the holder

of solenoid valve.
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Fig. 2.1 Basic principle of MAF process
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Fig. 2.3 Drawbacks in MAF process for non-ferrous material
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Fig. 2.8 Magnetization curves for SUS304
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Table 3.1 Fixed process parameters

Items Conditions
Diameter of container(mm) 730
Height of container(mm) 300
Thickness of container(mm) 5

Permanent magnet

Nd-Fe-B(N35)

Thickness of magnet(mm) 15
Area of magnet(mmz) 7,850
Table 3.2 Experimental factors and levels
Levels
Factors
1 2 3
Shape of magnet, A Circle Square Half ring

The number of magnets(ea), B 3 4 5
Radial distance from center(mm), C 120 180 240
Working gap(mm), D 135 150 165
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Fig. 3.2 3D modeling of the EMF device
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Table 3.3 Boundary conditions for simulation

Items Conditions
Elements 455,196
Nodes 334,077
Air 40
Mesh size(mm) Cylindrical device 10
Magnet 10
Isotropic relative permeability 10,000
Structural steel
Isotropic resistivity(kgm3/Azs3) 1.70e-7
Coercive force(A/m) 8.67e5
Nd-Fe-B(N35)
Residual induction(gauss) 11,900
Air Isotropic relative permeability 1

Cylindrical device

Fig. 3.3 Mesh modeling of the EMF device

Rotating disc with magnets
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Table 3.4 Derived results in simulation for magnetic flux density

Exp. Factors Max. magnetic Ave. magnetic
no. A B C D flux density(mT) | flux density(mT)
1 1 1 1 1 91.57 32.56
2 1 1 2 1 66.18 28.90
3 1 1 3 1 49.76 22.00
4 1 2 1 1 68.13 32.44
5 1 2 2 1 70.22 38.41
6 1 2 3 1 55.38 35.25
7 1 3 1 1 83.81 25.31
8 1 3 2 1 84.57 26.96
9 1 3 3 1 70.85 23.51
10 1 1 1 2 73.75 26.67
11 1 1 2 2 56.55 24.41
12 1 1 3 2 41.84 18.79
13 1 2 1 2 51.11 24.05
14 1 2 2 2 56.86 32.74
15 1 2 3 P 47.20 30.16
16 1 3 1 2 64.81 19.70
17 1 3 2 2 67.92 21.88
18 1 3 3 , 60.07 19.30
19 1 1 1 3 60.28 22.08
20 1 1 2 3 48.62 20.59
21 1 1 3 3 35.70 16.30
22 1 2 1 3 38.88 20.07
23 1 2 2 3 46.16 27.08
24 1 2 3 3 40.72 26.39
25 1 3 1 3 50.73 15.95
26 1 3 2 3 55.09 17.41
27 1 3 3 3 50.50 15.99
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Exp. Factors Max. magnetic Ave. magnetic
no. A B C D flux density(mT) | flux density(mT)
28 2 1 1 1 92.47 32.76
29 2 1 2 1 67.20 29.18
30 2 1 3 1 50.56 21.98
31 2 2 1 1 67.99 33.75
32 2 2 2 1 70.76 40.36
33 2 2 3 1 55.85 35.13
34 2 3 1 1 85.55 25.50
35 2 3 2 1 85.92 27.94
36 2 3 3 1 71.85 24.26
37 2 1 1 2 75.16 27.18
38 2 1 2 2 57.49 24.79
39 2 1 3 2 42.42 18.88
40 2 2 1 2 50.90 26.61
41 2 2 2 2 57.40 33.72
42 2 2 3 P 47.70 31.09
43 2 3 1 2 66.34 20.41
44 2 3 2 2 69.37 22.55
45 2 3 3 2 59.47 18.81
46 2 1 1 3 61.33 22.48
47 2 1 2 3 49.24 20.81
48 2 1 3 3 36.31 16.38
49 2 2 1 3 38.74 20.67
50 2 2 2 3 46.45 28.14
51 2 2 3 3 41.26 27.52
52 2 3 1 3 51.97 16.55
53 2 3 2 3 56.10 18.01
54 2 3 3 3 51.55 16.63
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Exp. Factors Max. magnetic Ave. magnetic
no. A B C D flux density(mT) | flux density(mT)
55 3 1 1 1 87.13 31.81
56 3 1 2 1 64.63 28.44
57 3 1 3 1 48.50 21.45
58 3 2 1 1 70.99 29.34
59 3 2 2 1 55.34 37.89
60 3 2 3 1 40.86 34.46
61 3 3 1 1 58.22 26.36
62 3 3 2 1 47.63 27.22
63 3 3 3 1 35.05 23.88
64 3 1 1 2 61.25 26.26
65 3 1 2 2 68.47 23.94
66 3 1 3 i 54.99 24.01
67 3 2 1 2 45.47 28.2%
68 3 2 2 2 54.87 3223
69 3 2 3 2 47.28 30.83
70 3 3 1 2 34.24 20.82
71 3 3 2 2 44.19 21.80
72 3 3 3 2 40.58 19.52
73 3 1 1 3 81.36 20.38
74 3 1 2 3 80.91 15.96
75 3 1 3 3 70.65 29.34
76 3 2 1 3 64.03 18.38
77 3 2 2 3 65.17 26.72
78 3 2 3 3 58.97 26.93
79 3 3 1 3 50.87 16.41
80 3 3 2 3 52.53 17.41
81 3 3 3 3 49.80 16.43
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Fig. 3.7 Magnetic flux density for 3 pieces of magnets

- 50 -



70.755 M
62.899
55.043
47.187
39.331
31.475
23.619
15.763
7.907
0.051 M

(a) Simulation result of magnetic flux density

~J
()

(O8] S D
S W S
T T T

Magnetic flux density(mT)
O

-350 -175 0 175 350

Radial distance (mm)

(b) Magnetic flux density distribution

Fig. 3.8 Magnetic flux density for 4 pieces of magnets

- 51 -



85915 M
76.373
66.830
57.288
47.745
38.203
28.660
19.118
9.575
0.032 v

(a) Simulation result of magnetic flux density

\O
(e
T

D
(e
T

45

(V%)
(=)
T

Magnetic flux density(mT)
o

(e

-350 -175 0 175 350
Radial distance (mm)

(b) Magnetic flux density distribution

Fig. 3.9 Magnetic flux density for 5 pieces of magnets

-5 -



4 W3t wE

L
=

-
X

2717 &
bl g7l

°

=
‘CH

T

o

oL
=

[}

21m}7}

|

/g st w

—_L
=

3.2

e
N
"
N

7%

=

=

A 0]
NNSS=o & Hjx]= uf A

3

R

B

] ¥H4 180mm, 7+ 135mm

18 4719

A X

5.5 Tn, 5l
A AN AU FH o B e

z
.

==

=
7 Fol AR o]

o A

] 29

NNNN=FO 2 Hjx|= ujof

B AN 47, 9
N

bl ek,
j\jd_

[e)

R

RS

<

==

9

7}

[e]

A}
DE|
Z}+7]
=& 51.7mTE Ak
Fig. 3.11

]

o

Y

o

=i}

=

=z O

=

2

H
U
4r
—_

NN=F2} SS=o2

B

o
o
Bl
)

<=l

A3 W=l NS Hj ol 2] E o]

[e;
PA

—_
o

15

2

- 53 -

whlo] N3} sFo] wA Wl



Qo e A7) %
SRR

il

A1
A

S Al e FTA

kel
T

Fig. 3.13

B
it

=

=

_?4
ALZERRA o] Amtz] 71 9] FAlel Al 180mm Eol Xl o] AXETH #7)

PN
T

o 474, A

A4 o] NSNS=

=2 135mme] o}

=

A&

EEEE)

e
-

B
il

v e B NS

0
o
oj

—

R

&

K

)

il
2
i

!

e =
=1 =

2~
=1

1

Al Awkr] 7]l A A

Al
=

Ut} 3 Fig. 3.149F o]

=
=

A 7](TM301, KANNTEC)

74

S
=

Aladold Aart AEA

B

%
R

oY
o
el

- 54 -



51.706 M
45.963
40.220
34.477
28.734
22.991
17.248
11.248
5.762
0.019M

51.348 Max
45.644
39.941
34.237
28.534
22.830
17.127
11.423
5.719
0.016 Min

Fig. 3.10 Magnetic flux density distribution at NNNN
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Photo 4.1 Experimental machine of EMF process

Table 4.1 Specification of EMF equipment

Y
IteﬁiQ = \- F Conditi?ils /
Diameter of cylinder device(mm) 730
Permanent magnet Nd-Fe-B
The number of magnets(ea) 4
Max. magnetic flux density(mT) 68
Rotational speed(rpm) 1,800
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Table 4.2 Chemical composition(wt. %) of Al6061

Si Fe Cu Mn Mg Cr Zn Ti Al
0.730 | 0.304 | 0.293 | 0.069 | 1.025 | 0.161 | 0.036 | 0.024 | Bal.
Table 4.3 Mechanical properties of workpiece
Ultimate tensile strength(MPa) 325.0
Yield strength(MPa) 300.0
Elongation(%) 12.6
Brinell hardness(HB) 30.0
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Fig. 4.2 Measuring method and definition of burr height
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Table 4.4 Conditions of micro-milling operation

Items Conditions
Cutting tool 2-flute flat end-mill
Diameter of cutting tool(mm) 6
Spindle speed(rpm) 7,200
Feed rate(mm/min) 80
Total depth(mm) 0.5
Lubricant Wet condition
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(b) Contour measurement

Photo 4.2 Measuring equipment
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Burr height(mm)
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Fig. 4.3 Averaged burr height formed by
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Table 4.5 Experimental conditions

Items Conditions
Rotational speed(rpm) 1,800
Total pin weight(kg) 1.0, 2.0
Diameter of pin(mm) 0.3, 0.5, 0.7
Total working time(min) 20
Located distance from center(mm) 180

Workpiece

Magnetic
pins

Support

Photo 4.3 Actual arrangement of workpiece with magnetic pins
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Table 4.6 Experimental factors and levels

Levels
Factors
1 2 3
Rotational speed(rpm), A 1,200 1,500 1,800
Pin weight(kg), B 1.0 1.5 2.0
Diameter of a pin(mm), C 0.3 0.5 0.7
Working time(min), D 5 10 15
Table 4.7 Taguchi's L9(34) orthogonal array table
Level
Exp. no.

A B C D

1 1,200 1.0 0.3 5

2 1,200 1.5 0.5 10

3 1,200 2.0 0.7 15

4 1,500 1.0 0.5 15

5 1,500 1.5 0.7 5

6 1,500 2.0 0.3 10

7 1,800 1.0 0.7 10

8 1,800 1.5 0.3 15

9 1,800 2.0 0.5 5
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Table 4.8 Experimental results and calculated S/N ratio

Surface roughness(um)
Exp. no. S/N ratio
Before After
1 0.975 0914 0.561
2 0.893 0.771 1.275
3 0.885 1.043 -1.425
4 1.304 0.792 4.334
5 1.265 1.103 1.194
6 1.656 1.149 3P
7 0912 0.965 -0.493
8 1.358 0.928 3.309
9 0.895 0.716 1.939
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Fig. 4.6 Improved surface roughness ratio(AZ,) and S/N ratio
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Table 4.9 Experimental results of S/N ratio for each factor

Levels . Percentage
Difference | Total
1 2 3 (%)
A 0.137 2.902 1.585 2.765 39.17
B 1.467 1.926 1.231 0.695 9.85
AR, 7.058
C 2.350 2.516 -0.241 2.757 39.06
D 1.231 1.320 2.073 0.841 11.92

A: Rotational speed
B: Weight of pins
C: Diameter of pins
D: Working time

AAl

D3

D1

Fig. 4.7 Main effect of process factors on surface roughness
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Table 4.10 Results of best and optimal configuration

N Surface roughness(um) Improved
Conditions
Before After (%)
Exp. no. 4 1.304 0.792 39.26
Optimum 1.273 0.635 50.12
Table 4.11 Results of ANOVA for surface roughness
SS DOF v Fo
A 11.476 2 5.738 15.295
B (0.750) 2) (0.375)
C 14.342 2 7.171 19.115
D 1.282 2 0.641 1.709
E 0.750 2 0.375
Total 27.850 8
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Table 4.12 Experimental results and calculated S/N ratio

Burr height(mm)
Exp. no. S/N ratio
Before After
1 0.036 0.007 -1.878
2 0.044 0.019 -4.910
3 0.033 0.005 -1.427
4 0.049 0.010 -1.983
5 0.049 0.017 -3.701
6 0.027 0.001 -0.328
7 0.026 0.004 -1.451
8 0.031 0.004 -1.200
9 0.051 0.025 -5.852
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Fig. 4.8 Burr removal rate(ABR) and S/N ratio
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Table 4.13 Experimental results of S/N ratio for each factor

Levels ) Percentage
Difference | Total
1 2 3 (%)
A | 10.833 10.417 12.627 6.631 22.08
B 9.204 12.889 11.783 11.056 36.81
ABR 30.031
C 12.117 9.185 12.574 10.165 33.85
E 11.136 11.007 11.733 2.179 7.26

Fig. 4.9 Main effect

A: Rotational speed
B: Weight of pins
C: Diameter of pins
D: Working time

D1
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Table 4.14 Results of best and optimal configuration

N Burr height(mm) Improved
Conditions \
Before After (%)
Exp. no. 8 0.0559 0.0094 83.18
Optimum 0.0580 0.0093 83.96
80 + ——ems Before
— After
60 -

N
S
T

Removed area
of burr

SRR

202000 % %

LR
SRRXRRRS
LK &5

Burr height (um)
S

)
S
T

Surface on workpiece

40 1 1 1 1 1 I
0 20 40 60 80 100 120

Surface distance (mm)

140

Fig. 4.10 Burr removal area in optimal condition
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Table 4.15 Results of ANOVA for burr removal rate

SS DOF \% Fo
A 8.278 2 4.139 9.179
B 21.456 3 10.728 23.792
C 20.287 2 10.144 22.497
D (0.902) @) (0.451)

E 0.902 2 0.451

Total 19.684 8
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= |1—0.5513|

= |1—0.3376|
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Table 4.16 Results of grey relational generating and deviation sequences

Grey relational generating Deviation sequence
Exp. no.

AR, ABR Ay, (1) Ay, (2)
1 0.4217 0.3877 0.5783 0.3877
2 0.5513 0.5568 0.4877 0.5568
3 0.0000 0.5851 1.0000 0.5851
4 1.0000 1.0000 0.0000 1.0000
5 0.5371 0.9465 0.4629 0.9465
6 0.8488 0.3392 0.1512 0.3392
7 0.2099 0.6915 0.7901 0.6915
8 0.8669 0.0000 0.1331 0.0000
9 0.6624 0.3253 0.3376 0.3253
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Table 4.17 Grey relational coefficient and grade

Grey relational coefficient Grey
Exp. no. relational Orders
AR, —— grade
1 0.4637 0.5633 0.513 5
2 0.5270 0.4731 0.500 6
3 0.3333 0.4608 0.397 9
4 1.0000* 0.3333 0.667 3
5 0.5192 0.3457 0.432 7
6 0.7678 0.5958 0.682 “
7 0.3876 0.4196 0.404 8
8 0.7898 1.0000* 0.895* 1
9 0.8970 0.6058 0.601 4

* Optimum conditions
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Table 4.18 Mean response table for grey relational grade

Controllable parameters
Exp. no.
A B C D
1 0.4702 0.5279 0.6967* 0.5158
2 0.5936 0.6091* 0.5894 0.5285
3 0.6333* 0.5601 0.4110 0.6529*
Max-Min 0.1631 0.0812 0.2857 0.1371
Total 0.6671
Contribution(%) 24 .45 12.18 42.82 20.55
Pin weight
50
40
Pin Working
diameter time

S

Rotational speed

Fig. 4.11 Main effect of process factors on multiple requirements
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Fig. 5.1 Operating principle of auto transmission
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Burr height Burr height
measurement #1 measurement #2

Surface roughness Surface roughness
measurement #1 measurement #2

(a) External part of holder

e roughness Surface roughness
measurement #1 measurement #2

(a) Internal part of holder

Fig. 5.4 Conducted holder of solenoid valve
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Table 5.1 Results of external part in optimal condition

Measurement
Conditions
#1 #2
Surface Before 0.340 0.320
roughness(um) After 0.180 0.190
AR, 0.529 0.594
Before 0.026 0.029
Burr height(mm)
After 0.000 0.000
ABR 0.000 0.000
Table 5.2 Results of internal part in optimal condition
Measurement
Conditions
#1 #2
Surface Before 0.381 0.340
roughness(um) After 0171 0.175
AR, 0.447 0.515
Before 0.026 0.029
Burr height(mm)
After 0.000 0.000
ABR 0.000 0.000
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