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ABSTRACT: Magnetic abrasive finishing is a nano-machining process; due to low machining
temperature, this process is categorized as a cold forming process. Therefore, the machined surface is
free from thermal damages such as microcracks, phase changes, burnt area and etc. In this paper, the
effects of machining parameters (machining gap, work piece rotational speed and abrasive particles’
type) on work piece surface roughness have been experimentally studied. To achieve this goal, a series
of experimental tests were conducted on a newly developed setup and work piece surface roughness
was measured. The results of experimental studies were then used to develop a mathematical model
for work piece surface roughness using response surface method. The results show that there is good
agreement between experimental results and model predictions. This model was then used to minimize
workspace surface roughness. In the selected range of machining parameters the minimum value of
surface roughness is achieved by work piece rotational speed of 373.73 rpm, machining gap of 1.98 mm
and using diamond particles as abrasive. In addition, it was shown that abrasive particles’ type is the
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most affecting parameter on work piece surface roughness.

Surface roughness

1- Introduction

Most of the manufacturing processes such as grinding,
Electro Discharge Machining (EDM), Electro Chemical
Machining (ECM), and etc., due to their nature, produce
surface damages such as micro-cracks, phase transformation,
tensile residual stresses, poor surface finish and etc. These
damages can significantly affect work piece performance;
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Fig. 1. Schematic illustration of the Magnetic Abrasive Finishing
(MAF) process for finishing external surfaces of cylindrical parts.
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therefore, supplementary finishing processes such as Magnetic
Abrasive Finishing (MAF) are required to remove these
surface damages [1]. Up to now, several research works have
been done in the field of MAF. In continuation, the most recent
studies published in this field will be reviewed.

In 1929, Abraham et al. [2] introduced the MAF process
for the first time. They used this technique for finishing the
internal surfaces of wire drawing dies. Up to now, several
research works have been done to improve performance and
application of MAF as a final finishing process, [1-5].

Despite the studies mentioned above, there is still lack of
research works to help users in selecting appropriate finishing
parameters. Therefore, in this paper, the effect of finishing
parameters (including working gap, rotational speed, and
type of abrasive particles) have been experimentally studied
on the surface roughness of cylindrical parts made of AISI
440C stainless steel. The results of experimental study have
been used to model and optimize work piece surface roughness
using Response Surface Methodology (RSM).

2- Fundamental of MAF Process

In the MAF process, the cutting tool consists of two main
parts: (1) abrasive particles and (b) iron particles. As shown in
Fig. 1, the magnetic force is composed of two components (Fx
and Fy). The main component is shown by Fx; this component
applies magnetic force on abrasive particles along with magnetic
lines and is the major factor of particle penetration into the work
piece surface and hence the main cause of material removal
operation.

The other component of magnetic force (Fy), make abrasive
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Table 1. Parameters and levels used in experiments

Table 2. Results of experimental tests

Level
Parameter 1 2 3
Working gap, 4 (mm) 1 2 3
Work piece rotational speed, B 250 355 500
(rpm) . .
Abrasive particles’ type, C Slq AIZQ3 Diamond
abrasive abrasive paste(c)
slurry(a) slurry(b)
Optimal || High “"Dl'kingsgnap (mm) ‘Work piece rotational speed (rpm)
D Our 1.98] [373.73]
10000 || Low (1 2500
Composite F’
Desirability ‘\
1.0000 AR
\ f {
Surface \ rﬂ \\ f’
Roughness \ / \ f
Ra \ / \ /
| / \ /
|Ra =0.1999 \ / \ /
\ / \ /
\ /
d=1.0000 \ / \ ,-/
‘\ ;r’ \\ /
/ N
______ \_\_—e_’/____________:1.‘-:/______

Fig. 2. Optimization results from response surface method

particles to incorporate in the finishing process. In other words,
this component makes magnetic particles to connect along with
the magnetic field lines between magnetic poles and creates a
Flexible Magnetic Abrasive Brush (FMAB), Fig. 1. This FMAB
behaves like a tool with multiple cutting edges and finishes the
work surface like a mirror in nanometer range.

3- Material and Method

In this research, cylindrical AISI 440C stainless steel parts are
machined with the help of lathe machine. In the next step, the
samples are heat treated and their hardness is measured to be 50
HRC. Finally, the samples were ground. Then, the initial surface
roughness was measured at several points and their average was
reported 0.418 pm.

4- Design of Experiments (DOE)

In this study, to conduct the experiments and investigate the
effect of finishing parameters (including working gap, rotational
speed, and type of abrasive particles) on the work piece surface
roughness, full factorial method was implemented. Therefore,
three levels were chosen for each input parameter and finally
27 experiments were defined. Parameters and their levels are
presented in Table 1. Also, the results of the experiments are
shown in Table 2.

5- Optimization Model

In this article, using RSM, a mathematical model was
developed to optimize the effect of finishing parameters
(working gap, rotational speed, and type of abrasive particles)
on the work piece surface roughness. Therefore, addressing this
goal, all experimental data related to diamond paste abrasive
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Run No. A(mm) B(rpm) C %ARa (nm)
1 1 250 a 24.16
2 1 250 b 23.20
3 1 250 c 38.03
4 1 355 a 26.07
5 1 355 b 17.22
6 1 355 c 43.06
7 1 500 a 22.72
8 1 500 b 18.66
9 1 500 c 34.21
10 2 250 a 23.20
11 2 250 b 8.37
12 2 250 c 45.21
13 2 355 a 29.18
14 2 355 b 20.57
15 2 355 c 50.47
16 2 500 a 20.09
17 2 500 b 16.02
18 2 500 c 42.10
19 3 250 a 19.13

20 3 250 b 6.93
21 3 250 c 31.10
22 3 355 a 24.64
23 3 355 b 10.28
24 3 355 c 47.12
25 3 500 a 25.11
26 3 500 b 11.00
27 3 500 c 36.12

type with test numbers of 3, 6,9, 12, 15, 18, 21, 24 and 27 are left
in Table 2 which are the most effective ones on the improvement
of surface roughness. Then, full factorial method, further design
in the RSM has been defined in the working space.

6- Results and Discussion

The RSM optimization results are shown in Fig.2. It is
found that surface roughness is obtained 0.1999 pm under
the optimized condition of 1.98 mm working gap, work piece
rotational speed of 373.73 rpm and using diamond paste as
abrasive tool. In fact, surface roughness has been improved
as much as 52.17 % under the optimized condition. These
results are also in good agreement with experimental results
(test 15 in Table 2). Moreover, from Fig. 2 it is found that the
obtained point’s degree of desirability is 100% which means
that the design’s desirability is estimated to be 1. Therefore,
the optimized point is acceptable.

The results of optimizing the working gap and work piece
rotational speed parameters utilizing RSM are represented in
Figs. 3 and 4. Regarding these figures., as the working gap
decreases, the surface roughness experiences an increase.
The best surface smoothness is obtained 1.98 mm in working
gap. From this point, increase in working gap reduces surface
smoothness. Also from Figs. 3 and 4, it is deduced that as
work piece rotational speed increases to an amount of 373.37
rpm, the surface roughness decreases, while further increase
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Fig. 3. 2D contour plot from the effect of the working gap and
work piece rotational speed on the surface roughness

in speed rises surface roughness.

7- Conclusions

The results are summarized here:

Results of optimization with RSM show that surface
roughness has improved as much as 52.17 % under the
optimized condition of 1.98 mm working gap, work piece
rotational speed of 373.73 rpm and using diamond paste as
an abrasive tool.
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Table 1. Chemical composition of AISI 440C stainless steel
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Fig. 3. Equipment of magnetic abrasive finishing process (a) Sche-
matic illustration and (b) Actual view
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Fig. 5. Surface roughness measuring device

Lo sialojT (gl 5 ol —F —Y
oibeil (b sy 5l lagialesT el (gl cllie ol o
el Sl elS ialel b el o osliul ' LlS
SRl s Go9y il 5o 45 Lxe oy 0yl 00 ol 3wl b
ol il sy et Salss ol 5 ol sla el
o2 b Lo el ase sl slaws JolS” Galojl >k 5 oreizeen
byl el (y p Ban b Baiz nl 55 ol o ailon il
b 625 S9) p odle g53 g JBaxkd Jlyg0 Sy (S
O3l VY a3 oy s 4285 )15 50 rbas as el y2 ol
o0 03,51 oyl ok 5 el ¥ Jgdz )0 sl odhyeass
el 00l o taloj] 5 oS Ly Y iz )0 «iprizad o
B30 g5 olKiiws leolatul b ladiges da iole;] plsl b
bagio jlade 5 (6505wl caliseo alall wix l diged lans 515590
o0 (V) dolre SaS a0 S o (605 (ylsie @ oy
ARy ) e (R o515 0585 o 5l e 5 s

0d 03,91 ¥ Jgo yo a5 78 swools Culgs o s T Al

oo o g 405565 VA 5 e (55l 15810 5 51 oolaial b cel

1 Full Factorial Design
2 Initial Surface Roughness
3 Final Surface Roughness

vsas

b o 20,18 0l 3 () Lo y3gy 0298wy S pglias 1 JSUS
ST 0ai ke )3 (0) «piog Ko B/ &ls 031l lawgio g VY o+ SlaiSy5
b ol S (g) 2e9)Se0 VA @l 031l Lawsgio § YYF (loiS )5 b posipes]
io9ySeo Ve &ild 03lu) Lawgio g Voo sleiS )5

Fig. 4. Microscopy images form powders (a) silicon carbide abrasive
particles with a magnification of 1100 and the average grain size of
5.5 pm (b) aluminum oxide abrasive particles with a magnification
of 236 and the average grain size of 18 pm (c) iron particles with a

.magnification of 200 and the average grain size of 150 pm
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Table 3. The Condition of Experimental Tests
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Table 2. Finishing parameters and their values
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Table 4. Results of experimental tests
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Fig. 6. Parameters main effects on the surface roughness
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Fig. 7. Interaction of parameters on the surface roughness

g 63 89y 2 SEGS Bl YN Y

Mo 4y guablize oals (5) S8l sl 5 3, Slas 5 g (5
prducilasl bl odile oy plowul 18U cov ool Sl
b lize 00 lus Ly o) eyl Il Ty cpl ) s )3 sl o
O3 i publize (lae o (ol Gisu e ) 45wl pdybllasl
sl 505 ST g, il ,ISl, e g ol @3 o pal

oS b ol odds 0ad LB Y 9 5 sl S > &S jebylen
st @Bly 3 bbioo (RIFE daw ) e Ve B ()5S
S Gloj adlo byl o b jBaad s oy alold ()55
x5 45 Wboo Gl pblise (s 595 Ml pR2T S5GS
ol gl 2l o ydibllan] bliin diyles Loy plSctasl gl o

23S ()85 syt ord b 1y oail Ol coal S 2980

v544

Table 6. Summary of Developed Model based on full factorial

JolS ptalesl (b By Jae a0 2 Jgaa

Slese Gl il (ao,0) (do,0) oads (Qo,0) ooy
<[ AYYEAY ANV av/-# YoIey

@ o0l hawd (pes o pd g Gt eyl g loie (S jlade
wile doys AY-F 5 aoys AVAF Sefeer YoXS i
Sl (42 F BB Gl & Joe a5 285wl Gl oo eonlnle
RETg
9> Copw (S layiall (o )lie 4 d2gi b cul oMo
gaw 5l jeS saile 9 9 CS hlite Jl g oaile g Sanlad
cal o] 5 S clinlie (plpls aisb o (/40 1 xeS) lueb!
935,15 (s )blino 3L o (25 (595 2 Wl B (63959 sal)l w m oS
ool J5 otz g5 o (625 59 22 el (258 8L (ionen

sl e

by o)l blie 9 ol sl =Y =Y =¥
ods osls Hlis mhaw 55 byl Lol Sljl IS jo
a5 Ogad yudd dgSiopl @ |y el ool LS L')|55‘5,o o
s5isn o (5715 St ey Gl Sl 45 el 0
SIS 50 gl (Blo ke (n i (eizren S dales el
SIS Gal3l am s jlade cpl 5l el sdelcassdy s Lo ¥
Sankd Jlyg0 ey Gl g 090 o0 ghan (Sl Sl o
O o8 L Lol sl oo oS e (6505 4k 5 590 YOO U
VSE 50 a5 pbplen wboe ll mhaw (55 lade cnl
9 6)59‘5 L oaslas o u*’L"J‘ J) ol E9 gl 0 odalin
)18 e 25 69y 2 ) U Gt sk Jlyes S
55 2 ML Jale (agd jSanksd Sl ey cimizean
o el 45 amo s L VIS copdle 4y .l co gl (525
o Jolss g 058 co oanlice (6350 U 55 (5,5CS 5 ounle g4
Sy A (i ¥ UK Sl gl bl g e 0
oolitl 5 )58 gz olall 5 5 s 4 ool g5 51 45 oo

ahse G20l 0T 55y » 6,5 0S Sl sl o



Pedisr B ES 4l jl odle @)y Gad Uy G § LS o0 ade
2R3 9 9800 0368 oo 5l pdySlasil (uboline oAl oy ety
L egpenlil -l oys €8 4 S aabad ans (slaslgenl (55, (255
SIS Cldas @iedd 593 YOO jlude Sl i S askad 95 a8l

Hbee Gl e 5325 5 2580 S

g 2 9y 2 odule g9 S -0 ) Y
opr9% oaile )y oS 4 ey ol 5 S sba
EP b SN l.m‘_’j 3,8as ablise sible Sy, J..ui).‘i
LS o5 Ll b Cov sdal Cundty maw (¢ ) g oo oanline
Goyp ) eolaiwl g 4ady e YOO JWaskad  Slyed sy cyio Juo ¥
J5 9 poseed)l dunST ouils Clegd 52,55 commabiw 2w)l8 0l Lleg
FCHIRGI PV PR PR VSR P (R L.g,m“ Olise & iy & lad!

1Sl oo s BB 5 3)lge 1L Lo yiall

Lo oS gaw (05 ) 4l ojlul dx S5k £ gl 3590
3 eaiod ol > Ml on yidin a6 0j e icadyd Al ojlal 4> 4o
030l Lawgio b wlodl 5 g powmeg)l s commmbin 20,8 (claosislus
&l oS Sloj sl oas ool iegySuo ¥ g VA /D s 4 &l
o3l (209,Sun YA 4l 0}l Lawgio b posinagll unST) peas s oail
Ole 33 Canl sdlw @l o0 Jole &S wudblize (6905 D9 oo
090> 4 98 59y eonlpli D9doe @8 el G 5l (oS Sl
oS NS (o0 20 )5 askad aw (19,0 4 |y i S98 Bes D)
g Sl 55 SiGms Slaelii 5 S Gl ol s
Sy 9 o0 03l (yiagSee ¥ olell J5) 52y ol il 5l a5 Sle;
il 25800 @i oxile S I gyt Sl ple ) (publise
Wb o ialS odile &by (g9 S dxdad pdaw 5500 4y 985 (g9
)Kd&bﬁ be O90° LY) I) d)mf 39.0) Ls.o& s)J)J) b.\».sl.w &l £4.’>D.U)D
S aslody (BIpSy g Jheo (395 CEby paw S & WS (o0 w5
(oA JS5) Canl ose] Canndds yiog,Sn +/Y+V 39450 b a]

SBlo 9 » (258 b S else S Sos S tped 29
051851 o D> (qmablize oaisle g,y sl B 3 Slos g pdaw

HSaalad w90 4 Iy 8yl 399; o 0w &l D9 0 g0 PLe
LSL&’L)"‘P o g JJ[J‘_;O du‘)ﬁl oole C',‘.wl.)).s C).: su,sl).:L.: &S 4>
g 525 1Bl ol 4ot o 250 S ankad s L g5 (ros
RV
e pyine b o odalin Voo £ sl IS5y A jsblen
@ e oyl 5l ol odel Candds o e ¥ 6 5CS > paw Slo
955 O o & 9 b oo S0 publize (e )08 il o Sl
i i ol Sl 3 (st S S0 Jole) (bl
Jaskad ()93 sty iz 3 Ml GRS (publise oo oy
45 900 nge oailo S Ll b (SOl byle (iman o
A )d Wi Oy (g & () Cpdle 4l 3 el )3 Sl g )ls
s 5 39 5o S5 (555 e e in o ¥ ) 5VL (5505 53

Muw Cawd & (auolio CB Dy

Taw 525 9y » S aakB (Slyg> o p JI ¥ ) ¥
syl iee J S )l omtle (b Jadas e
ozl (5,58l 418 5 Sles g o (625 i S5 2 ST
il L 48 1imd o LY 5% ela IS5 (slal3g05 il o suiboliie
Lol b oo yidlS pdaw (6505 ddiBd oy YOO Uyl aaad Jlyg0 sy
ol cnl > 8l smled il edaw 6 olade cul 51 e ]8I L
odil oy S ashad ()9 ammeds D390 pudl B8 (pl 4 Blgiee )
Oh9d & g9yd ) aabad o Slag)lganl (g9, piySlasil upblise
g ss)lseal bonlo @y los b larlpd (i 53 S o0
e ORIl oale ©ld Clid g e 3 eg S 4 S adkad
Ol pylas publise odile oy 3 Sepl & a2 b oumen
Ohg? GRIBI L egycnlil 2l 3929 phaial ok slaad g awain b ol
Lo Gl andad o (slaslgenli b oail @) Jolas oS ankab
Ss)lgeal b 2yg 3 0k sload bmle Gialjdl el Grien
Gor Ll cly dnylis, ol Al oty bl o S ankad
O 3y ek s (slag)lgenl (ol)ar 9 298 o0 0ablo &> (o3
Ol L oSy B b e el e 6y ol S0 5 o

ablize e (6955 p 350 5l 32)5 (s9yw Baalad 4l)90 o5l i

AR



TVAA B YFAY doio VYRR Jlo - o)l @Y 0593 ¢y yuel SilSo pwiigen s

pored] ST oatlo &by ojlul g IS5 4 g3 b ol bty 45 o olox
YOO, asad (Jl)9d oy g ptodee ¥ (65 6y prble Laal b
ol a8l dgun Aoy Y L.;)m Olise 4w (605 483Dy 590
bolge 1 (o ueblian ol )by 13 )5 6 lez 5,00
bl oo izl g5 ) o1 2,Skes 5 o Blo (555 2 (il L &S
Aoy edblo &b 4 s (oYL Jly (B gl Goledl oatle @l
S o crizmen il porisegl] dpuST odisls S g el
Ab o posmagll ST oanle @l 5l ik w08 oasle
LS| g pmrdiens 208" e plall 5 ol IS 5oy 4295 L coplplo
Ol & gaw (55 iy 4 G omble bulyd ien g porines]

! 4.»31.: dgake Loy e 9\”' AR L)w

5T ) o 5 S0 s il 5SS bl 5 Y ¥
coebliie o1l gy,

9 J8 Jaddad s 8l gy (39S Sy S Sl enlizal L
4,5 )18 oyt 5 S 390 smabliie oailo ()5 SN AT 5l an
Ve @l b (odugy (S9ySl QgSwg Sue pgeal AIFA S ol
|y sl 035 (1S eyl 5t ) ol L & IS adsd ebans il |
S5 S 2l yh 5l il maw slayls g cas o) 55 &S cul 033
o) snlia B pdgts S adad o il (55,

Wges ol 4185 (Lhug) S99y S pga il 2
il a5 95 00 00 i o(F J992) V0 o)l (ralesl o 90
snlb 5 L5 sla )l 5 g ablite sanle (g Sl
gl S4 Geizme g Sl 00 (5l (25 S jsba ] (S
YV oogamme b an] S asleds 35S g o 398 Sy
(u—/\ ‘Jiw) S O.La] Cawddn ]A.QB)&A—Q

Lg)L{wL)).: MT)S )‘ Jaol> G’L” e J)d 6‘)" ‘(.)"‘ » 05)LC
2l 5 Bl slas 5 osSg Sae (gMumalio  umsbliin ool
el 455 plol oSSl ) am 5 L Saxks gl
S99y gg“"‘li‘ d5).> ‘09*‘%5“ ool -4 JS.W L as )#uw
Sy &S wad o Hlid cpl il 00l WSais sk mlaw cél
&K 9zl 5l b g s o lgenl Sankd mlaw cdL

YV«

Hid ouiiS o s oyl Ll odle Gl 4 ablinesyd <l
soeblize oailu o plSotiul 5 el v g9, » S by
yogySae V0 il o5lul Lawgio b al jdgr 5l auins ol > bl e
(ol ol oad oolatwl (=¥ JSB) Lubblizegyd <l laie o
yogySun ¥ o3lil lawgio b wladl J5 51 eolasiwl a8 s jlamsl I 590
/b &ils ojluil bawgio L) pamslew 308 0able Clegdy )5 b )
VA @l 051051 Lawgio b) posmagll dnST odislo Clégd 2,5 ¢ (iog,Sue
odlitul a8 ol o) 5 sl oelcndts o Blo oy yigs (ieg )Suo
oo (5 Ca oy b jag Seo ¥ il )] Lawszo b olall Jj
oiblito o3l oyt (et 5 ol 03,5 Sl Sl o 55,
sobds v o) i & Canl 0l SIS (6 FpSoins pySllas
ol il 2alS am L

odisle (gy8caby dols 0 sanle Glyd ab JSKG pow dy50
il cediy ad g dwiin oaiS pus 1) )b (0L Cuodl wdblize
oS Sun yokad «¥ 5 GFF cla S ) adle )5 el
oL posisagll 1auST g mamalins )8 02l i) 51 g, (39Sl
S )8 ol dild IS5 &S 558 o odmliie Y IS )3 .ol 05 00l
Al il sloed 5 Awin b (grskn pet 2 A5l punly
sglsenl b Slasuin g dwlin s b odole aly opl &S Jloj
8y Shp A i bl S il A o0 3)08 S asdad
031l lawgio b i )8 oailus lyd 3l oolatwl cqycpljl S o
sy g yio oo ¥ () 5CS (6 8 cpuilo byl o ¢ ying S O/ 4l
3oy o LB e & oo (505 4RSS 2 50 YOO Sanksd 0
ol a8l dgup0

pormooll LT oaisl il)d IS5 a8 5945 co odmliie (¥ JSi )
95955 b Yl IS (03 Sop (ool 022 jlojlul g jall Ll
ol ald 5l odelcuwna pmaw Slo @l 5 Al o > ghis pa
¥ USE p0 blb e i gl ol db & Cuns (g9)S
rlply gde sdmlie (p2gdiz w9 £ Wb JSS 5 Sy
ol &l 3l am S o caby 1y maw (69,5 sdule aily &5 Sl
S 33 05 o 515 e Sl |y b il o (53 s
ool 8y (ool M v & Cans il o311 &S 3 0 0> ¥
a0 3D |y s ) edgle als &S Gloj 98 00 sl ol

Waskad o 8l (69, |y LAes ol 3 S sanle 4l o] 5!



TVAA B YSRY domio AYAA Jlo Vo 0)lad DY 093 oS el CSlSn pusbigen & it

(N (&)

5l b () S askad c\m.u bl (Al slod g (6Kwg Sue pglas A szw
VY s (55 Wl 8 5 an () 5 seg S [TV adl o (605 Sl 8
Saskd Slgd e o o ¥ (6)5CS) (o) e bl s v iag Se
0yd 03l lawgio by sl jl5l lgicdy Sulodl J5 51 oslaiwl g adBd p 59 YOO

(yra9,See ¥

Fig. 9. Microscopic images and actual view from work piece surface
texture (a) before finishing (initial surface roughness 0.418 pm) and
(b) after finishing (final surface roughness 0.207 pm); Machining
Conditions (working gap of 2 mm, work piece rotational speed 355
rpm and diamond paste with average particle size of 2 pm was used
(as abrasive tool
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Fig. 8. Microscopy images from work piece surface texture (a)
finishing by grinding initial surface roughness 0.418 pm (b) finishing
assisted magnetic abrasive finishing (MAF) process using diamond
paste (working gap of 2 mm and the work piece rotational speed of
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