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ABSTRACT

The use of non-conventional finishing processes for composite
materials is essential as these materials have supplanted
the conventional ones in several applications as they have properties
such as lightweight, high strength and good economy. The current
investigation attempts to finish the hybrid Al/SiC/B+C MMCs using
magnetic abrasive flow machining (MAFM) process. The Taguchi Lz7
orthogonal array is designed for experimentation to study the impact
of input factors on change in surface roughness (ARq), material
removal rate (MRR) and surface morphology. Magnetic flux density
(My), workpiece material (Wp), mesh number (M), concentration of
abrasives (C), extrusion pressure (Ep) and number of cycles (N) are
considered as the process variables. Analysis of means of data and
ANOVA is employed to find the impact of the process factors on MRR
and ARa. The optimal level of process factors for achieving better MRR
has been obtained as magnetic flux density (Myg) = 0.45 Tesla, workpiece
material (Wp) = 3, mesh number (M) = 150, concentration of abrasives
(C) = 50, extrusion pressure (Ep) = 7 Mpa and number of cycles (N) =
200. Moreover, the optimal level of process parameters for achieving
better ARq has been obtained as magnetic flux density (My) = 0.45 Tesla,
workpiece material (Wy) = 2, mesh number (M) = 220, concentration of
abrasives (C) = 50, extrusion pressure (Ep) = 7 Mpa and number of
cycles (N) = 100. It has been observed that extrusion pressure and
magnetic flux density are the most significant variables in regard to
MRR and AR.. The surface morphology of finished and unfinished test
specimens depicted the MAFM process to be very effective in finishing
hybrid Al/SiC/B+C MMCs surfaces.
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1. INTRODUCTION

The significance of surface finish quality and
accuracy has grown as a result of rapid
developments in engineering fields such as
aircraft, automobile, electronics, medical
(prosthetic knee joint implantation), optics and
aerospace. Due to the rapid evolution of
materials, the material characteristics
including wear-resistance, toughness and
hardness have gained popularity in the
business. However, using conventional
techniques to finish advanced materials is a
difficult process and challenging to perform
with tough materials. As a result, non-
traditional finishing methods like abrasive flow
machining, magnetorheological honing
process, magnetic abrasive finishing and
electrochemical magnetic abrasive finishing
etc. have been developed recently. Non-
traditional machining techniques have
demonstrated their effectiveness for industrial
use over the past few decades, particularly
when new, exotic, and customized materials
are manufactured. Magnetic abrasive flow
machining (MAFM) is one of the cutting-edge
machining approaches that meet the demands
of the modern world. The basic operating
principle of MAFM is demonstrated in Figure 1.
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Fig. 1. Schematic diagram of MAFM principal.
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The development of these techniques has
significantly benefited the industries. Magneto-
rheological polishing (MRP) fluid, sometimes
referred to as abrasive media, is applied to the
workpiece surface in MAFM. The MRP fluid,
which contains the abrasive particles, abrades
the roughness of the specimen surface under
the influence of a strong magnetic flux density
causing the material removal in the form of
microchips. Over the years, MAFM has
demonstrated its capability to finish
components with exceptional quality, and it is
appropriate for processing surfaces which are
difficult to process by hand and have complex
external and internal geometries. The past
studies shed light on analyzing the machining
process using various sets of parametric
combinations to emphasize the significance of
state-of-the-art machining in the current
environment, as stated in the next section.

2. STATE OF THE ART REVIEW

The current study investigates the viability of
using the MAFM process for improving the
texture of inner cylindrical surface of hybrid
Al/SiC/B4C-MMCs using Fe-SiC bonded
abrasives. The study indicates that no work has
been done using the MAFM method to enhance
the surface finish of hybrid Al/SiC/B4+C-MMCs.
An adequate work has been carried out using
various finishing processes and other
abrasives like Al;03, B4C to finish several
materials viz. aluminium, copper, brass, mild
steel, stainless steel, HSS, Al/SiC-MMCs etc. An
optimal set of input parameters are taken to
reduce the surface roughness of Al/SiC/B4C-
MMCs. The six input parameters viz. magnetic
flux density (M;), workpiece material (W),
number of cycles (N) concentration of
abrasives (C), mesh number (M) and extrusion
pressure (Ep) with three different levels are
selected for the present experimental wok. For
the process to be as effective as possible,
process parameters must be optimized.
Taguchi's Lz7; Orthogonal array has been
employed to tackle this issue in the current
study. The machined surfaces were compared
with SEM before and after machining.



Gagandeep Chawla, Journal of Materials and Engineering Vol. 03, Iss. 3 (2025) 259-284

Authors/ . E?(perlment_al Abrasives/ Process Responses R
Year Material Design/Technique Media Parameters Parameters Findings
/ Model/Method
Data d q Abrasive . The extrusion
- ata dependent Silicon Extrusion pressure and media
Williams systems (DDS) carbide (SiC) pressure, Metal removal viscosity were the
et.al AIST 4140 methodology and Media number of rate (MRR), most significant
(1992) sclanmng electron Medium-high cycl'es, medla surface finish | ¢ 0. affecting MRR
microscopy (SEM) viscosity viscosity and surface finish [1].
Media pressure had a
SL5170 Media significant effect on
Williams Stereolitho A full factorial phﬁ:gilfl Ozr;er pr;zzu:z,Signrlt Flatness, MRR gliinizglggf ma](i)rz
etal -graphy experiment design - and surface
. 5180 type, build surface  roughness
(1998) (SL) and SEM technique photopolymer | orientation roughness was achieved
resin and style through the initial
AFM cycle [2].
Number of The MR and change
cycles, mesh in surface roughness
size, . were increased with
: Material .
Abrasive reduction removal (MR) extrusion pressure,
Jain et al. Mild steel Response surface Silicon ratio, and change in reduction ratio,
(1999) analysis mieon percentage § number of cycles and
carbide (SiC) . surface -
abrasive roughness percentage abrasive
concentration g concentration [3].
and extrusion
pressure
i) A generalized Mesh size, The results found by
back-propagation number of GA were in favor
neural network Abrasive cycles, MRR and with the optimized
Jain et al. . .. e abrasive results obtained by
(2000) Aluminium ii) Augmented Silicon concentration surface neural network
lagrange multiplier | carbide (SiC) ’ roughness . . ’
i) Geneti and average which validated the
ml) e'n}ei 1€ piston neural network
algorithm velocity approach [4].
A significant influence
Abrasive Temperature of media viscosity was
Silicon of medium on obtained on MR and
Jain et al. Brass and carbide (SiC) t.he m.edlum MR and surface surface .roughness as
. - . viscosity and MR was increased and
(2001) Aluminum Media . roughness
. mesh size and surface roughness
Bingham abrasive was decreased by
Plastic concentration increasing the media
viscosity [5].
Extrusion The wear behavior of
pressure, specific materials was
average grain analyzed by MAAFM
. . Mixed factorial . size, abrasive process and a strong
Sehijpal Ab ’
eetlgia ?};:Sg;gg’ experimental Al ra.151.ve concentration, | MR and surface | magnetization effect
2 0'02 Brass ’ design technique .gmlziu(r)n reduction roughness was observed on MR.
( ) and SEM oxide (Al203) ratio, media SEM was also applied
viscosity and for analyzing the wear
volume flow pattern of different
rate material surfaces [6].
Abrasive
Abrasive MR, reduction | concentration,
Silicon Extrusion in surface extrusion pressure
Gorana SEM and statistical | carbide (SiC) pressure, roughness (Ra | and grain size had a
et.al Mild steel 23 full factorial Media abrasive value), active | major influence on
20'04 experimental Dow Corning concentratio grain density active grain density
( ) technique 3179 dilatant n and grain and cutting and cutting forces,
compound size forces (radial due to which Ra
(Silly putty) and axial) value was reduced

[7].
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Abrasive size . The working gap and
Change in
(mesh surface voltage were
Silicon number), significant  factors
Taguchi design of | carbide (SiC) working ga roughness influencin the
Singh Alloy steel suc sn ! 583p, (ARa) and & :
1 experiments using | ferromagneti magnet . surface quality
eta (ferromagn . , forces (cutting . o
etic) Lo orthogonal ciron (Fe) rotational force and trailed by grain size
(2004) array (OA) and lubricant | speed and DC normal and rotational speed
(SAE-30) voltage . [8]-
) magnetic
applied to the
force)
electromagnet
Abrasive A theoretical model
particle size, was proposed for
power input, simulating MR and
volume surface roughness in
fraction, MAF process. On
work piece comparing the
size, finishing simulation  results
time, flux with  experimental
delr251Fy, Volume of rfesulltsé . lthe
SUS 304 N Abrasive | WOTX DL€ material | Sooaec VANES
Jayswal et stainless Galerkin’s finite lumini material removed and were higher while
al. (2005) steel element method A.ummlum properties, final surface the trend was same
oxide (Al203) rotating pole [9].
RPM, work roughness
piece initial
surface
roughness,
magnetic
abrasive
particle size
and
properties
Work piece A significant
material, influence of radial
abrasive force, axial force,
Abrasive grain, grain  depth  of
Silicon extrusion indentation and
carbide (SiC) pressure, Active grain active grain density
. . mesh number, | density, grain | was observed on
Mild steel Media . . . .
Gorana et and SEM technique abrasive indentation material
al. (2006) Aluminum q (Abrasive & | concentration, depth, axial deformation  scale
silly putty); media and radial [10].
(plain silly velocity w.r.t. force
putty without workpiece
abrasive) and average
initial surface
roughness
value
It was reported that
the active grain
Abrasive fjenSIty vas
. improved with an
. mesh size, . .
Abrasive : increase  in  the
T extrusion ercentage of media
Gorana et Silicon pressure, Surface gbrasiveg
Mild steel Analytical model carbide (SiC) initial roughness (Ra) .
al. (2006) : concentration and
Media workpiece value .
. roughness extrusion pressure
Silly putty X during AFM process,
and abrasive :
. due to which the
concentration

percent reduction of
Ra value was
increased [11].
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Abrasive A good agreement
Magnetic Number of was obtained among
abrasive cycle, the simulation
particles magnetic flux results and
(MAPs) made density, MR, machining | experimental results.
Wani et Brass Finite element up of media flow pressureand | A Slgnlfllcan.t effect of
al. (2007) model developed | ferromagnetic rate, surface magnetic field was
particles (Fe) diameter of roughness found on MR and
and abrasive | abrasive and surface  roughness
grains (SiC, magnetic [12].
Al203 or particle
diamond)
Media The MRAFF was
Magnetorheol fabricated for
ogical finishing the nano
polishing fluid parts and flow of
(MRPF), a media from the
homogeneous Number of fixture was
Stainless- C mixture of evaluated by a finite
Das et.al steel Finite difference abrt;lsiig cycles.and Surface finish | difference method.
(2008) workpiece method particles and magnetllc flux As a result a model
carbonyl iron density was developed for
particles in a predicting the values
base medium of MR and surface
of paraffin roughness [13].
liquid and
grease
Abrasive A significant impact
Silicon of creeping time,
carbide (SiC) temperature,
Media frequency and shear
. . rate was found upon
VICSO_?laSUC the rheological
carriers . .
properties. Their
(Natural relations trends
rubber, Number of were also governed
styrene cycles, Percentage by percentage
Karetal. | Aluminum, butadiene abrasive improvement | ingredients of media.
(2009) En8 - rubber, butyl | concentration in surface The surface
r_u.bber, and roughness (Ra) | roughness was
silicone workpiece increased by
rubber, increasing the
rzth)llfeer::jie abrasive loading
propy [14].
ne monomer
rubber, SiC
abrasive and
naphthenic
oil
Abrasive From AFM tests, it
Boron was reported that
carbide (B4C) the MR and Ra were
. decreased with an
I}I‘q:dla increase in number
. ree Media of cycles. An
Fang et.al 11105:332?13' gzrigpdl;sgr(r)lril?sl silicone. viscosity and rou S}Tiizema) additional
(2009) h rubbers with number of & AMR improvement in Ra
A36 steels. approac different cycles an was observed with
mooney high viscosity media
viscosity than low viscosity
(154,224, media during initial
23.0at 20°C number of cycles
temperature) [15].
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Abrasive The workpiece
Silicon Media flo surface with single
. . W vent for outflow of
carbide (SiC) speed, . .
S S . media had a higher
Siddiqui Multi variable Media number of MR and a ereat
etal. Brass curve-fitting Waxpol cycles, MR and Ra . 8
(2010) technique olishin abrasive improvement in Ra
p AP % concentration when compared with
past, AP- 4 and mesh size the workpiece
grl;ease a.rll having multiple
aseol vents [16].
A significant
Abrasive improvement in
Green SiC finishing proficiency
Media of
MR fluid Magnetic flux magnetorheological
Mild steel made up of density, abrasive honing
(AISI 1020) natural process Roughness and | process was noticed
Sadiq et a castor oil duration, percentage by introducing the
al. (2010) Stainless suspended reciprocation change in magnetic field
steel with frequency roughness around the non-
(SS316L) carbony] iron and rotation magnetic
particles speed workpieces that
treated resulted in maximum
through 41.7% and 43.5%
surfactant improvement in
finishing [17].
It was revealed that
roundness error of
Media axisymmetric parts
M torheol was reduced by
agne’ °rl eo using the R-MRAFF
osieal process, which
polishing fluid . :
(MRP), a Extrusion improved the wear
SEM, atomic force homogen'eous p.re.ssgre, Change in out- resllstz?r.lce and
. . . finishing reliability (OOR =
. micrographs and mixture of SiC of-roundness
Das etal. Stainless . . cycles, mesh 2.04pm). A
central composite abrasive . (AOOR) o :
(2011) steel . . size and significant influence
rotatable design particles and ;
(CCRD) of RSM electrolytic Fe magnet Rate of AOOR of magnet rotational
. rotational speed was found i.e.
powderina .
b di speed OOR was improved
ase medium by increasing the
of paraffin oil ional
dAP3 magnet  rotationa
an speed, while the
grease .
improvement  was
reduced after a
certain limit [18].
The improved
fabricated helical
abrasive flow
machining (HLX-
AFM) was developed
Extrusion that enhanced MR
Abrasive pressure, MR and and ARa by using the
Tacuchi Aluminium media flow percentage helical twist drill bit
Brar et al. Br ox efiments oxide (Alz03) rate, helical improvement | that was fixed
(2012) ass p Media drill bit in surface coaxially. After
design (Ls OA)
Abrasive status and roughness experimental work,
laden media number of (ARa) it was reported that
cycles all process variables

except extrusion
pressure had a major
effect upon the
response variables
[19].
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During ultrasonic
assisted magnetic
abrasive finishing

(UAMAF) process, it

Electromagne was reported that
trotational the major factors
Taguchi speed, voltage affecting the supply
experiments Abrasive supplied to voltage to
Mulik et AISI 52100 design (L1s OA), Si'licon' e!eFtr(.)magne, Norm.al. fo?‘ce e.le.ctr.omagnet and
al. (2012) steel develope_d carbide (SiC) fn:ushlng 8ap, and finishing f¥n¥sh}ng gap were
mathematical and Iron SiC abrasive torque finishing forces and
models and SEM particles (Fe) weight torque. The
micrograph percentage investigational
and pulse on findings were
time matched with the
developed models
for normal force
and finishing torque
[20].
Abrasive Extrusion . . The results
Arithmetic ;
Silicon pressure, mean value of obt.alned from the
carbide (SiC) | abrasive mesh R trained neural
. size, media surface model for finishing
Media viscosity roughnes's (Ra) Al/SiCp-MMC were
Harlal et Al/SiCp Artificial neural Blending of grade, and maximum compared with the
al. (2012) MMCs networks (ANN) abrasives in abrasive peak-valley multivariable
polymer percentage surface regression analysis
carrier with | concentration r oughness results and
processing and number h.elght (Rt), and validated prediction
oil of finishing | 'PrOVeMENt | 4ccuracy was
cycles inRtandRa | o ained [21].
A significant
improvement in MR
and surface
Abrasive Rotational roughness was
. speed, obtained by
Steel grit and magnetic flux | MR and change | investigating
Judal et Aluminium ~ Ale3 density, in surface various process
al. (2013) abraswe.s abrasive finish value parameters using a
(magnetic | 1o rticles size (ARa) novel  vibration-
abrasive and vibration assisted cylindrical-
particles) frequency magnetic abrasive
finishing (VAC-
MAF) methodology
[22].
The effect of various
process  variables
was studied and a
Abrasive mathematical
Silicon relationship was
carbide (SiC) Media flow observed among the
Media speed, surface roughness
Patil et al. 24 Fractional Blendi f number of Surface and process
(2014) Copper factorial design encing o cyc.les, mesh roughness parameters. A.n
abrasive size and improvement in
particles, abrasive machining
modelling concentration capabilities was
clay and obtained with the
varnish oil newly  developed
technology  using
the optimized

parameters [23].
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It was observed that

the surface
Integrated roughness was
artificial fiecreas.ed by
Sangwan Ti-6Al-4V neural network, Depth of cut Surface lclzlct:ierfgmsgpee d ;1};13
etal titanium genetic algorithm - (d), speed (v) roughness (Ra) | depth of cut. The
(2015) alloy (GA) and and feed (f) . '
Taguchi’s L27 0A main parameter
methodology 1nlﬂlfen.c1ng the
minimization of
surface  roughness
was feed [24].
Abrasive On comparing the
Silicon experimental and
carbide (SiC) regression results of
Media ANN, a close
Magnetorheol association was
ogical Hvdraulic observed among the
Artificial neural polishing Zessure actual performance
Kathiresan Stainless network, (MRP) fluid elch)troma ' results and _the
X gnet surface ;
etal steel-304 | Tesressionmodels | wasprepared | " rentand roughness predicted - surface
(2015) and Taguchi'’s L2z by number of roughness value on
0A methodology homogeneous cycles validation [25].
ly mixing of
carbonized
iron particles,
SiC particles
and silicone
oil
It was reported using
Taguchi’'s  method
Abrasive that pressure had a
Aluminium significant
oxide (Al203) percentage
Media Mesh Size, contribution of
Abrasive square CFG 37.60% using the
Vaishya particles, roq Cross- o hybrid AFM setup
et al. Gun metal Taguchi Lo OA hydrocarbon | section area, Surface finish | and number of cycles
(2015) ge], silicon number of (Ra) had 31.16%
based cycles and contribution for
polymer and extrusion surface finish. It was
Non- pressure also concluded that
Newtonian the surface finish
liquid was increased with
polymer an  increase in
number of cycles
from 3 to 7 [26].
The AFM modeling
was presented that
included the MRR
Abrasive and force modeling.
Silicon Volume CFD analysis was
carbide (SiC) fraction, carried out and the
Computational Media abrasive size, MRR, depth of simulation results of
Seifu et al. fluid dynamic Polvborosilo pressure indéntation radial stress, axial
(2016) | Mild steel (CFD) analysis yboro inlet, il oty | stress, MRR and
using ANSYS 15.0 xane with pressure : depth of indentation
software grease outlet and radial stress were found. From
) (carrier) media the result it was
1mp1_"egn§1ted velocity revealed that the
with SiC axial force  was

greater than radial
force for material
removal [27].
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From simulation
results; it was
Abrasive observed that the
Carban nano temperature of
tube (CNT) media was enhanced
articles & by increasing the
palumina Extrusion number of cycles,
Taguchi Lo OA, (AL,03) pressure, which varied the
Ali et al. Aluminium ANSYS 14 software Medi amount of MR media viscosity. As a
(2016) and FLUENT edia CNT particles result the MR was
software Blendlpg of and number initially increased till
alur_nlna of cycles a certain limit and
abrasive a.nd then it was
polyb(_)rosﬂox decreased. However,
ane w1.th CNT by increasing the
particles amount of CNT, the
MR was increased
[28].
Abrasive The experiments
Iron powder were performed
(magnetic using Taguchi’s
particles) method and it was
and alumina £l observed that the
owder ectromagn surface finish can be
P et voltage .
Media machinin ’ improved by the
. Taguchi Lo OA and Sintered & Change in appropriate size of
Ahmadeet | Stainless Minitab 15 i gap, roughness magnetic  particles
al. (2017) | steel (202) magnetic rotational & 29
software abrasive speed (ARa) [29].
(_SMA) a abrasive size
mixture of and time
alumina and
castiron
powder with
polyvinyl
acetate (PVA)
The tool
Rotational performance was
speed evaluated by
magnetic flux Change in zin(ei:i(:;:fts us?r:e
Stainless RSM using central A variable density, surface p : &
Verma et . . . . CCD technique and
steel composite design | magnetic flux abrasive roughness .
al. (2017) . ) magnetic flux
(SS304) and SEM technique | density tool mesh percentage . I
number and (%ARa) density was analyzed
weight to be one of the most
ercerglta o effective parameters
P g during finishing of
S$S304 pipe [30].
Media An optimization
M torh firefly algorithm was
a%ne_ orl €0 used and it was
b oglcaﬂ id observed that the
a r;zlg;epul electromagnet
{ 7o be . voltage was the
particles, Hydraulic maior factor  for
Kathiresan AlSI 20% SiC pressure, MRR and jor
. RSM and SEM . producing the
etal. stainless technique abrasive number of Surface maximum MRR and a
(2017) steel 316L q particles with cycles and roughness (SR) minimum SR. While a
60% paraffin voltage )
il (base moderate
i Ol.d d contribution was
s;g;llll a)nir(:u:lit made by hydraulic
of oleic acid pressure and
as surfactant) number of cycles
[31].
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It was concluded that
viscosity of media
and finishing time
had a major effect on
finishing

performance. As ARa
was decreased,
finishing time was
increased while it

was increased by
increasing viscosity
Media . of media and
Sambhari Central composite Highly f));gsl;il:: impl)\ﬁtr){vf::ent extrusion pressure.
aetal High speed | rotatable design of viscous finishing tir'ne in surface On the other hand
. steel (HSS) | RSM, SEM and XRD polymer . . MR was increased
(2017) : s and viscosity roughness . . :
techniques abrasive gel of media (ARa) with an increase in
(PAG) viscosity of media
and extrusion
pressure while it was
decreased with an
increase in finishing
time. During the
finishing of trim die
surface, the highest
value of MR and ARa
was found 13.28 mg
and 0.63 um
respectively [32].
Abrasive A higher yield stress
Corbonyl was attained with
iron particles MR fluid 1: Percentage the MR fluid having
(CIPs), boron | CIPs (6 pm), change in same size of particles
carbide (B4C) B4C (4 pm) surface (CIPs and B4C) when
Nagdeve Media MR fluid 2: (%ARa) compared with
etal Brass - Blending of | CIPs(6um), | roughnessand anoth.er )
(2018) abrasives B4C (6 um) saturation combinations [33].
with paraffin MR fluid 3: magnetization
oil (carrier) CIPs (6 um), (M) and yield
and AP3 B4C (9 pm) stress
grease
(surfactant)
Finishing A precise coefficient
time, was used for
extrusion studying the wear
pressure, mechanism and
. media characteristics of the
Abrasive viscosity, best finished SBGs
Silicon hardness, and observed that
carbide (SiC) abrasive micro-geometry,
Full factorial Media partl_cles Deviations in surfla_ce f th ﬁmShi
Petareet | Alloy steel design of Blending of (type, size fmd pitch, SBG run quality of the beve
al. (2018) 20MnCr5 experiments and abrasives concentr;.mon) outand surface | 52 a_nc! wear
SEM technique with molding ’ cheml.c_al finish Char.a.CtenStlcs were
clay (silly composition significantly
putty) and and geometry improved by using
silicone oil of the the AFF process [34].
(blending oil) straight bevel
gears (SBG)
material,
fixture and
clamping
method
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The rise in surface

Abrasive temperature in mild
Unbonded steel was predicted
Taguchi L9 (0A) type- Rotational Rise in using a semi
developed ! magnetic speed, temperature empirical
Singh et Aluminum- Buckingham-Tt abrasive abrasive and change in | dimensional model.
al. (2019) 6060 dimensional model particles, weight, surface A maximum value for
and SEM technique ferrous working gap roughness rise in temperature
particles (Fe) and voltage (ARa) was attained as 9°C
and silicon and for Al-6060
carbide (SiC) surface it was low
[35].
Abrasive The results declared
mesh size, that the abrasives
Abrasive Number of concentration,
Silicon cycles and number of passes
carbide (SiC) abrasive and abrasive mesh
) concentration size had a major
Media in media, effect on ARa and
Silicone Other . Percent highest percentage
Taguchi Lz7 polymer- constant 1mproviment improvement of
Baraiya et Aluminium ort'hogonlal. array base.d parameters roxllr;ljﬁz,‘sascjn d 35.71 %, 27.16 %
al. (2020) alloy grade | design, Minitab-17 abra.swe are: extrusion change in and 37.89 % had
) 6061 statistical media: a force, been observed on the
software, blend of abrasive surface inner, side and outer
abrasive Material roughness surface respectively
- . ’ (ARa)
particles with | polymer to gel [36].
silicon-based ratio,
polymerand | temperature,
hydrocarbon media flow
gel volume per
pass and
stroke length
The finishing
characteristics of
Extrusion Al/ SiCP -MMC were
investigated  using
pressure, :
Abrasivesin | mesh number, gige?acmmin and
L27 OA and genetic liquid silicon abrasives MRR and }c)heg resultsg were
Yunus et Al/SiCp- . used as concentration, surface imulated B
al. (2020) MMCs programmln% (GP) media for number of roughness smu atc_a ) hy
approac polishing the cycles, (ARa) comparng - the
work-pieces. workpiece results_ with different
h modeling
material and . .
oil in Media techniques, a higher
degree of 99.97%
accuracy was
obtained [37].
Polishing The results revealed
forces, profile that the method
1) Rapidly Finishing of accuracy and employed for ferrous
solidified curved lifetime testof | as well as non-
aluminium | SEM and Vibration Abrasive recta_ngular abra;ives, flerrp us mater.lals
. . micro surface avin micro
Guo et al. (RSA)-905 asswt.ed magne.tlc Iron pow<_ier features for roughness featurges was
(2020) 2.) 6061- abrasive polishing | and alumina ’ .
T6 (VAMAP) method der ferrous as surface falpproprlate and an
pow well as non- improvement in
aluminum morphology P .
or stavax ferrous and profile and | surface quality was
materials magnetic field observed with well-

distribution
analysis

maintained micro
features form [38].

269



Gagandeep Chawla, Journal of Materials and Engineering Vol. 03, Iss. 3 (2025) 259-284

Grey relational
analysis (GRA),
Genetic algorithm
(GA), and Jaya

Genetic algorithm
(GA), grey relational
analysis (GRA) and
jaya algorithm (JA)
were compared for
analyzing the
optimum solution by
finishing the mild steel
(MS) plate through
MAF process. The
regression  equation
attained through Lo

Algorithm (JA) Abrasives/ Voltage, orthogonal array was
Anianevul techniques were Media Speed of % of used for optimizing
u]et zi]l Mild Steel used. Design of Flexible electromagnet | improvement | the input variables
2 Oé 1) (MS) plate experiments with Magnetic and weight of surface like weight ratio of
the help of Lo abrasive ratio of finish (% ARa) | abrasives (%), speed
orthogonal array. brush abrasives (%) of electromagnet and
SEM analysis was voltage to find their
conducted on MAF influence on the
finished percentage of
workpieces. improvement of
surface finish (% ARa).
Jaya algorithm was
found to be the best
optimization strategy
and to offer the best
overall solution when
compared with other
approaches [39].
A minimum surface
roughness (0.066 pm)
was reported at a
machining time (60
. min.), quantity of
Hybrid a[_)proa_ch Spindle magnetic abrasives (5
was used in which .
. . speed, the mg), spindle speed
the Taguchi Magnetic :
. . quantity of Surface (200  rpm), mesh
Technique (Lis Abrasives .
magnetic roughness number (#270),
Babbar et. orthogonal array) Iron powder . . . o
Brass plate : . abrasives, (SR), Material | during finishing the
al (2022) is employed in and Boron .
: . . : mesh removal rate brass plate with MAF
conjunction with carbide
A number and (MRR) process. A modest
multi-objective powder L .
. machining difference was
grey relational . .
analvsis technidque time. determined  among
y que the experimental
(0.9462) and expected
findings (0.9009) for
grey relational grade
value [40].
During SEM analysis
. Surface of the machined
Abrasives - .
Silicon roughness samples, variations in
carbide (SiC) Machinin improvement | the thickness of the
Taguchi Lis . 5 rate (SRIR)and | white layer were
and Iron time, .
orthogonal array . . white layer noted. The study
. particles abrasive . .
experimental (Fe) article size thickness revealed thatusing the
Celik et. al Ti6Al4V design was used. . P ’ | (WLTRR) (um) of | MAF and UAMAF
Media the number . . .
(2022) alloy Surface texture of Magnetic abrasive | approaches, the white
. SAE 30 of Lo .
specimens by SEM . . finishing (MAF) / | layer thickness could
. lubricant was | revolutions :
technique and EDX ! ultrasonic be reduced by 84%
. used to keep | and magnetic . . .
analysis - ) assisted magnetic | and 89%, respectively.
the SiC and field. : > ;
Fe particles abrasive finishing | Ultrasonic ~ support
(UAMAF) was also found to have
together. . .
experiments an average beneficial
impactof 13.45% [41].
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3. MATERIALS AND METHODS

The design and development of the experimental
MAFM setup was executed in the laboratory. The
MAFM experimental set-up specification is
depicted in Table 1.

Table 1. Specifications of MAFM set-up.

NS(; Specifications | Description Units
Maximum
1. Extrusion 10 MPa
Pressure
Material of
2. Hydraulic EN8 | -
Cylinder
Material of Grey Cast
3. A et At I
Piston Iron
Diameter of
4. Hydraulic 95 mm
Cylinder
5 Dlarpeter of 90 mm
Piston
6. Media Flow 300 om3
Volume per Pass
7. Stroke Length 250 mm
Pressure
8. Gauges 2 Nos. (each 3000 psi)
Hydraulic
o Pump GearPump |
10, Motor Flange type | (2 H.P.and 1440
Motor rpm)
Fixture -
11. Material Aluminium | -
12 Temperature 32°C (Room
' peratu Temperature)
13. | Working Gap 1-2 mm
Core length mm
=175
Radius of mm
14. Core size core = 25
Diameter of
corerod = mm
35
Coil weight
=3.820 ke
Number of
15 Electromagnet | turns=2500 | ------
' coils per coil
Coil material
=23 gauge | = ------
copper wire
. Mild steel
16. | Core material ms) | T
Magnetic flux
17. density (Mp) 0-2 Tesla
1g. | DCpower 0-240 Volt
supply

The MAFM experimental setup, CAD model,
schematic diagram and its flow chart is presented
in Figure 2(a), Figure 2(b), Figure 2(c) and Figure 3
respectively. The workpiece was held by an
aluminium fixture with slots, as seen in Figure 4(a).
This was chosen because it was simple to machine
and the slots could be precisely cut to fit the contour
of the workpiece. The device slightly reduced the
passage cross section to provide smooth medium
passage with minimal vibration. The fixture and
workpiece were removed after the specified
number of cycles counted through a digital counter
meter, and a new workpiece was inserted into the
slots. The finished workpiece was washed through
the acetone (CH3),CO. The materials used for the
workpiece are metal matrix composites (MMCs)
having aluminium-6063 as the base material with
SiC (9, 8, and 7%) and B.4C (1, 2, and 3%). Table 2
displays the proportional ratios of the constituents.
To perform the experiments, three different test
specimens were fabricated as casted rods of
different compositions {Test Specimen-1: Al-
6063/9 wt. % SiC/1 wt. % B4C-MMC, Test
Specimen-2: Al-6063/8 wt. % SiC/2 wt. % Bs4C-
MMC and Test Specimen-3: Al-6063/7 wt. % SiC/3
wt. % B4C-MMC}.

Fig. 2 (a). MAFM experimental set-up.

Upper Media
Cylinder
with Piston

Abrasive

Test
Specimen
along with

Fixture

wit‘h Piston

Fig. 2 (b). CAD Model.

271



Gagandeep Chawla, Journal of Materials and Engineering Vol. 03, Iss. 3 (2025) 259-284

UPPER HYDRAULIC CYLINDER —>|

~—|—— UPPER MEDIA CYLINDER

ORK PIECE FIXTURE

cons

PECE

OWER MEDIA CYLINDER

PRESSURE GAUGE
3PHASE A.C. MOTOR.

LOWER HYDRAULIC CYLINDER

Fig. 2 (c). MAFM experimental set-

Direction Control Valve

.CV. (01
(BLY- 00} Upper Hydraulic

Cylinder

Presswe |,
i Gauge
Pressure Reliel N
Ve [XoT]]
@Rv.on; |01

Electromagnet —|
Coils

Tpper Medium
Cylinder

Workpiece Workpiece

ctromagnef (Core)
Workpiece
Fixture

DC Power

Supply

Lower Medium
Cylinder

Lower Hydraulic
Cylinder

Pressure
Relief Valve
{PRYV.(02); Gauee

Pressure

< Direction Control Valve
D.CV. (02

Pump

J-
T

Fig. 3. Flow chart of MAFM Set-up

Fixture
(Aluminum)

Fig. 4 (a). Aluminium fixture.
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Fig. 4 (b). (i) Test specimens, (ii) Geometry of test
specimen.
]
Mo
e
Finished Surface after MAFM Process

Reservoir

§ | =
Finished Surface after MAFM Process

Fig. 4 (c). Finished test specimens (cross-sectional
view) after MAFM process.

Table 2. Proportional ratios of constituents in
workpiece materials.

Element | Specimen-1 | Specimen-2 Spec;men-
Al-6063 Balance Balance Balance
Fe 0.28 0.16 0.18
Mg 0.76 0.53 0.72
Cu 0.03 0.02 0.04
Si 9.15 8.02 6.82
In 0.0010 0.0012 0.0012
Mn 0.0064 0.0050 0.0068
Pb 0.0025 0.0026 0.0027
B 1.01 1.96 2.86
Cr 0.0016 0.0021 0.0021
Ti 0.0096 0.0090 0.0091
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The inner cavity of the test specimens to the
required size {internal diameter (12.5 mm),
external diameter (20 mm) and length (40 mm)}
was prepared [19, 26, 28, 42-47] by drilling
operation followed by boring operation before
finishing with MAFM process as depicted in Figure
4(b). Figure 4(c) depicts the cross-sectional view of
the finished test specimens. In order to prepare the
media, hydraulic oil, liquid silicon rubber (carrier),
abrasive particles (SiC) and iron (Fe) particles were
uniformly mixed. A dummy workpiece was used as
a conduit for the media to be thoroughly mixed.
Table 3 depicts the abrasive media used during
experimental work. Al/SiC/B4C MMCs were used as
the workpieces in the pilot experimentation that
employed the one-variable-at-a-time (OVAT)
technique. Magnetic flux density (Ms), workpiece
material (Wp), mesh number (M), concentration of
abrasives (C), extrusion pressure (Ep) and number
of cycles (N) were used as input parameters
whereas MRR and ARa were used as output
parameters. Table 4 illustrates the parameters used
and their levels based on pilot experiments and a
thorough literature review.

Table 3. Composition of MRP Fluid (Media).

0,
S. . Value of the % Volum_e
Constituents . concentration
No. constituents . .
in media
1. Hydraulic oil 68 number 10%
) qu;‘l‘l‘izlehr“’“ White colour | 35%, 30%,
" - 0,
(Carrien) (RTV-2615) 25%
Si,licon, 150 mesh size 45%, 50%,
carbide (SiC) . o
3. . 220 mesh size 55%
abrasive 400 b si
particle mesh size
4, Iron (Fe) 300 mesh size 10%
particle

Table 4. Input parameters and their levels.

Level
Symbols - Units
parameters I I 1
Magnetic flux
A density (Mr) 0.15 | 0.3 | 0.45 | Tesla
Workpiece
B material (Wp) 1 2 3 | Type
C Mesh number 150 | 220 | 400 | Nos.
M)
Concentration Wt
D of abrasives (C) 45 50 55 %
Extrusion
E pressure (Ep) 3 5 7 Mpa
F Number of 100 | 150 | 200 | Nos.
cycles (N)

4. DESIGN OF EXPERIMENTS

The design of experiment is an essential phase in
the majority of experimental based research
studies. Establishing the relationship among
input and response parametersis the goal of
experimentation. Taguchi's L7 Orthogonal array
was employed for the experimentation and each
experiment was run three times. The
experiments were conducted utilizing various
input process parameter values provided by the
Taguchi L,; array. Table 5 and 6 provides the
computed MRR and AR, values.

4.1 Material removal rate measurement
(MRR; pg/sec)

For measuring the weight of each sample,
BL-220H, an electronic balance with 10-3 g accuracy
was employed. The material removal value for
every experiment (before and after finishing with
MAFM) is evaluated by following equation:

Initial weight — Final weight

(1)

Time

4.2 Change in surface roughness
measurement (AR,; pm)

The roughness of the workpiece surface was
calculated by E35-B, a digital handysurf machine
for every initial and final sample. The change in
surface roughness value for every experiment
(before and after finishing with MAFM) is
evaluated by following equation:

ARGa = Ra (initial) = Ra (final) (2)

Ra (initia) = Surface roughness
(before finishing with MAFM)
Ra (final) = Surface roughness
(after finishing with MAFM)

5. RESULTS AND DISCUSSIONS
5.1 Main effect and Interaction plots

In the MAFM setup, a magnetic effect is applied
around the test specimen, causing the
polishing fluid to get stiff. An increase in
magnetic effect from 0.15 to 0.45 Tesla causes
more metal removal by the abrasives from the
surface asperities. This is because of the
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development of iron particle chains, which
surround the surface microscopic irregularities
[12-13,17, 22,30,40-41]. As aresult, the mean
value of MRR and AR, is enhanced as depicted
in Figure 5 and 6 respectively.

Main Effects Plot for Mean (MRR)
Data Means

M Wp M [ Ep N

Mean

015 030 045 1 2 3 150 220 400 45 50 55 3 5 7 100 150 200

Fig. 5. Main effects plot for means (MRR).

Main Effects Plot for Mean (ARa)

Data Means
MF Wp M [+ Ep N

Mean
-
.

09

08
.
o7
015 030 045 1 2 3 150 220 400 45 50 55 3 5 7 100 150 200

Fig. 6. Main effects plot for means (ARa).

Moreover, the findings of this investigation showed
that increasing the extrusion pressure value (3 to 7
Mpa) increases both MRR and AR, as demonstrated
in Figure 5 and 6 respectively. This occurs due to
more abrasion with permitted abrasive particles
having increased extrusion pressure since these
particles have a higher impact on the surface [1, 3,
6-7,10-11,18-19, 21, 25-26, 28, 31-32, 34, 37].

Moreover, the value of MRR increases with an
increase in the number of cycles from 100 to 200 as
depicted in Figure 5. This is due to the fact that
more peaks are sheared off and deeply penetrated
during the abrasion process when the large number
of abrasive particles is present. As a result, during
the finishing process, more material is removed
from the workpiece surface. However, because
there are more peaks and valleys in the initial
stages of machining therefore, AR, initially
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improves. As the number of cycles is further
increased, smaller peaks are machined, becoming
somewhat flatter than previously [1, 3-4, 12-19,
21, 23, 25-26, 28, 31, 36-37]. As a result, AR,
decreases as depicted in Figure 6. According to
ANOVA Table 9 and 10, Figure 5 and 6 it has been
observed that mesh number (M), concentration of
abrasives (C) and workpiece material (W) had
little impact on MRR and AR..

Interaction Plot for Mean (MRR)
Data Means

15
6 —m—030
mf S 045

Ep N e

Fig. 7. Interactions plot for means (MRR).

Interaction Plot for Mean (ARa)
Data Means

a | w - .o
- - - o
mi o E g - i ey

s
LIS + = S .
hS \‘\\ L = — . .

» g
as
LR L .
X P pt
M * "\/\. = ey, Lo ey
*
as
15
- s
= | swie Y s
c ,/’l"‘* o w4
s

m
5
b
s (\

+h o
8 o8
+4t

Fig. 8. Interactions plot for means (ARa).

Figure 7 and 8 depict the interaction plots for
MRR and AR. respectively. The optimal
combination of process variables for MRR is M¢;
sz M1 Cz Epg N3 and for ARa is Mf?, sz M1 C1 Ep?,
N1 as observed from Figure 5 and 6.

5.2 Analysis of signal to noise (S/N) ratio

Table 5 and 6 show the experimental data of
MRR, AR, and S/N ratio for magnetic abrasive
flow machining of Al/SiC/B4C workpieces with
Fe-SiC bonded abrasives. The ‘larger the better’
criteria is employed to compute the ‘S/N ratio’
for both MRR and AR.. The main effect plot for
the ‘S/N ratios’ of MRR is depicted in Figure 9.
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[t can be clearly seen from Figure 9 that magnetic
flux density (M¢) is the most important factor,
followed by extrusion pressure (Ep) and number
of cycles (N) influencing the MRR. The best
combination of levels for control parameters
from the analysis that provides a maximum MRR,
was found at magnetic flux density (Mr) = 0.45
Tesla, workpiece material (Wp) = 3, mesh number
(M) = 150, concentration of abrasives (C) = 50,
extrusion pressure (Ep) = 7 Mpa and number of
cycles (N) = 200.

Main Effects Plot for SN ratios
Data Means

MF wp M c Ep N

Mean of SN ratios

05 030 045 1 2 3 150 20 400 45 S 5 3 05

Signal-to-noise: Larger is better

Main Effects Plot for SN ratios

Data Means

MF Wp ) 4 Ep N

Mean of SN ratios

E
2

3 e

05 030 045 1 2 3 150 20 400 45 50 55 3 05 7 00 150 200

Signal-to-noise: Larger is better

Fig. 10. Main effects plot for S/N ratios (ARa).

The main effect plot for the ‘S/N ratios’ of AR, is
depicted in Figure 10. It can be clearly seen from
Figure 10 that magnetic flux density (Mg) is the most
important factor, followed by the extrusion
pressure (Ep) and number of cycles (N) influencing
the AR.. The best combination of levels for control
parameters from the analysis that provides a
maximum AR,, was found at magnetic flux density
(Mf) = 0.45 Tesla, workpiece material (W;) = 2,
mesh number (M) = 220, concentration of abrasives
(C) = 50, extrusion pressure (E,) = 7 Mpa and

Fig. 9. Main effects plot for S/N ratios (MRR).

number of cycles (N) = 100.

Table 5. Lz7 orthogonal arry (Experimental Results for MRR; pg/s).

Factors MRR1 MRR2 MRR3 .
Run No. M W, M C E N (105 g/s) | (1075 g/s) | (106 g/s) Mean (MRR) | S/N Ratio

1 0.15 1 150 | 45 3 100 1.92 1.98 1.78 1.89 5.53
2 0.15 1 150 | 45 5 150 2.52 2.90 3.09 2.84 9.07
3 0.15 1 150 | 45 7 200 4.71 5.13 5.21 5.02 14.01
4 0.15 2 220 | 50 3 100 1.81 2.02 2.69 2.17 6.73
5 0.15 2 220 | 50 5 150 2.65 3.98 3.11 3.25 10.24
6 0.15 2 220 | 50 7 200 3.99 4.97 4.57 4.51 13.08
7 0.15 3 400 | 55 3 100 1.99 243 2.81 241 7.64
8 0.15 3 400 | 55 5 150 2.67 2.89 3.31 2.96 9.43
9 0.15 3 400 | 55 7 200 4.44 4.89 4.73 4.69 13.42
10 0.3 1 220 | 55 3 150 2.81 2.49 2.96 2.75 8.79
11 0.3 1 220 | 55 5 200 5.19 5.63 6.01 5.61 14.98
12 0.3 1 220 | 55 7 100 5.81 6.33 5.92 6.02 15.59
13 0.3 2 400 | 45 3 150 2.79 3.01 3.72 3.17 10.02
14 0.3 2 400 | 45 5 200 5.59 4.50 3.99 4.69 13.42
15 0.3 2 400 | 45 7 100 6.43 7.41 6.58 6.80 16.65
16 0.3 3 150 | 50 3 150 3.89 3.12 3.96 3.66 11.27
17 0.3 3 150 | 50 5 200 6.89 6.61 6.87 6.79 16.64
18 0.3 3 150 | 50 7 100 5.39 5.01 4.99 5.13 14.20
19 0.45 1 400 | 50 3 200 4.86 5.13 4.11 4.70 13.44
20 0.45 1 400 | 50 5 100 8.98 8.01 8.14 8.38 18.46
21 0.45 1 400 | 50 7 150 9.79 8.99 9.52 9.43 19.49
22 0.45 2 150 | 55 3 200 891 9.12 8.87 8.97 19.06
23 0.45 2 150 | 55 5 100 5.77 5.12 5.23 5.37 14.60
24 0.45 2 150 | 55 7 150 8.78 8.31 8.66 8.58 18.67
25 0.45 3 220 | 45 3 200 7.95 8.04 7.45 7.81 17.85
26 0.45 3 220 | 45 5 100 5.12 5.89 5.56 5.52 14.84
27 0.45 3 220 | 45 7 150 7.99 8.89 8.25 8.38 18.46
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Table 6. L27 orthogonal arry (Experimental Results for ARa; pm)

Factors ARal ARa2 ARa3 S/N

Run No. M; W, M C E, N (um) (um) (um) Mean (ARa) R a/ tio
1 0.15 1 150 | 45 3 100 0.49 0.39 0.45 0.44 -7.13
2 0.15 1 150 | 45 5 150 0.81 0.74 0.78 0.78 -2.16
3 0.15 1 150 | 45 7 200 0.73 1.32 091 0.99 -0.09
4 0.15 2 220 | 50 3 100 0.66 1.31 0.59 0.85 -1.41
5 0.15 2 220 | 50 5 150 0.85 0.99 1.05 0.96 -0.35
6 0.15 2 220 | 50 7 200 0.44 0.74 0.63 0.60 -4.44
7 0.15 3 400 | 55 3 100 0.54 0.61 0.59 0.58 -4.73
8 0.15 3 400 | 55 5 150 0.69 0.51 0.48 0.56 -5.04
9 0.15 3 400 | 55 7 200 0.67 1.05 0.96 0.89 -1.01
10 0.3 1 220 | 55 3 150 0.58 0.75 0.66 0.66 -3.61
11 0.3 1 220 | 55 5 200 0.85 1.05 1.19 1.03 0.26
12 0.3 1 220 | 55 7 100 1.10 1.18 1.29 1.19 1.51
13 0.3 2 400 | 45 3 150 0.81 0.95 1.21 0.99 -0.09
14 0.3 2 400 | 45 5 200 1.06 1.21 1.12 1.13 1.06
15 0.3 2 400 | 45 7 100 1.09 1.16 1.24 1.16 1.29
16 0.3 3 150 | 50 3 150 0.84 0.98 1.03 0.95 -0.45
17 0.3 3 150 | 50 5 200 0.83 0.89 1.03 0.92 -0.72
18 0.3 3 150 | 50 7 100 1.31 1.22 1.13 1.22 1.73
19 0.45 1 400 | 50 3 200 0.85 0.99 0.94 0.93 -0.63
20 0.45 1 400 | 50 5 100 1.59 1.42 1.63 1.55 3.81
21 0.45 1 400 | 50 7 150 1.78 1.69 1.71 1.73 4.76
22 0.45 2 150 | 55 3 200 1.03 1.31 1.19 1.18 1.44
23 0.45 2 150 | 55 5 100 1.69 1.61 1.41 1.57 3.92
24 0.45 2 150 | 55 7 150 1.71 1.54 1.66 1.64 4.30
25 0.45 3 220 | 45 3 200 1.38 1.23 1.33 1.31 2.35
26 0.45 3 220 | 45 5 100 1.49 1.32 1.42 1.41 2.98
27 0.45 3 220 | 45 7 150 1.53 1.40 1.69 1.54 3.75

5.3 Analysis of variance

ANOVA is a method of designing experiments
that divides total variance into its underlying
variation causes. The factors are analyzed as
well as the effect of independent variables on the
dependent variables is evaluated using the
ANOVA technique. ANOVA and the statistical
framework for creating the experiments were
first introduced by British biologist Sir Ronald A.
Fisher. It is a mathematical technique for
analyzing experimental data and making
decisions about the elements being investigated.
The Taguchi method has been employed on
MINITAB software to perform the analysis
of variance. Table 7 and 8 list the MRR and AR,
average values (means) respectively at
every level for each of the six variables.

ANOVA Table 9 depicts that for MRR, magnetic

flux density (M) is the highly significant factor,
followed by the extrusion pressure (E;), the
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number of cycles (N) while a little effect of
concentration of abrasives (C), workpiece
material (W) and the mesh number (M) has
been obtained on MRR. The contribution of
every factor is: magnetic flux density (M; =
58.57%), extrusion pressure (E, = 18.52%), the
number of cycles (N = 3.47%), concentration of
abrasives (C = 0.06%), workpiece material (W,
= 0.02%) and the mesh number (M = 0.01%) as
presented in Table 9. ANOVA Table 10 depicts
that for AR,, magnetic flux density (Mg) is the
most important factor, followed by the extrusion
pressure (Ep), the number of cycles (N) while a
minute effect of concentration of abrasives (C),
mesh number (M) and the workpiece material
(W;) has been attained on AR.. The contribution
of every factor is: magnetic flux density (M =
66.35%), extrusion pressure (Ep, = 16.22%), the
number of cycles (N = 1.69%), concentration of
abrasives (C = 0.35%), workpiece material (W,
=0.04%) and the mesh number (M = 0.01%) as
presented in Table 10.
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Table 7. Response Table for Means (MRR).

Level M¢ Wp M C Ep N
1 3.304 5.182 5.361 5.124 4.170 4.854
2 4958 5.279 5.113 5.336 5.046 5.002
3 7.460 5.261 5.248 5.262 6.507 5.866

Delta 4.156 0.097 0.248 0.211 2.337 1.011

Rank 1 6 4 5 2 3

Table 8. Response Table for Means (ARa).

Level Ms Wp M C Ep N
1 0.7389 1.0333 1.0767 1.0833 0.8767 1.1078
2 1.0278 1.1200 1.0611 1.0789 1.1011 1.0900
3 1.4289 1.0422 1.0578 1.0333 1.2178 0.9978
Delta 0.6900 0.0867 0.0189 0.0500 0.3411 0.1100
Rank 1 4 6 5 2 3

Table 9. Analysis of variance (ANOVA) for MRR.

Source D.F. Seq. SS Contribution Adj. SS Adj. MS F-Value P-Value Remarks
Regression 6 107.007 80.66% 107.007 | 17.8345 13.90 0.000
Mt 1 77.709 58.57% 77.709 | 77.7089 60.56 0.000 Highly significant
W, 1 0.028 0.02% 0.028 0.0280 0.02 0.884
1 0.014 0.01% 0.014 0.0139 0.01 0.918
C 1 0.085 0.06% 0.085 0.0854 0.07 0.799
Ep 1 24.570 18.52% 24.570 | 24.5700 19.15 0.000 significant
N 1 4.601 3.47% 4.601 4.6006 3.59 0.073 significant
Error 20 25.665 19.34% 25.665 1.2832
Total 26 132.672 100.00%

Table 10. Analysis of variance (ANOVA) for (ARa).

Source D.F. Seq.SS Contribution | Adj.SS | Adj.MS | F-Value P-Value Remarks
Regression 6 2.73335 84.65% 2.73335 | 0.45556 18.38 0.000
Mt 1 2.14245 66.35% 2.14245 | 2.14245 86.44 0.000 Highly significant
Wp 1 0.00036 0.01% 0.00036 | 0.00036 0.01 0.906
1 0.00124 0.04% 0.00124 | 0.00124 0.05 0.826
C 1 0.01125 0.35% 0.01125 | 0.01125 0.45 0.508
Ep 1 0.52361 16.22% 0.52361 | 0.52361 2112 0.000 significant
N 1 0.05445 1.69% 0.05445 | 0.05445 2.20 0.154 significant
Error 20 0.49573 15.35% 0.49573 | 0.02479
Total 26 3.22907 100.00%

Table 11. Model Summary for MRR.

Model S R-Sq. R-Sq. (adj.) PRESS R-sq. (pred.)
Summary 1.13280 80.66% 74.85% 49.2794 62.86%

Table 12. Model Summary for ARa.

Model S R-Sq. R-Sq. (adj.) PRESS R-sq. (pred.)
Summary 0.157437 84.65% 80.04% 0.890377 72.43%
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By raising the magnetization effect from 0.15 to
0.45 Tesla, more metal is eliminated by the
media from the surface asperities. This causes
an increased value of MRR and AR, improving
the surface finish quality. These results
affirmed the conclusions made by Shan et al.
[47]. In addition, according to the findings of
the current study, increasing the value of the
extrusion pressure causes an increase in both
MRR and AR.. This occurs as more abrasion is
caused with enabled abrasive particles that
have higher extrusion pressure because these
particles impact the surface with greater
impact. These results support the findings that
Jain et al. [48-50] have reported. Also, with an
increase in the number of cycles, the MRR and
AR, were increased initially due to the presence
of more peaks and valleys. However, the value
of MRR and AR, was reduced with further
increase in the number of cycles as there were
lesser peaks to be machined. These results
validate the research results presented by Shan
and Wang [47-48].

5.4 Regression analysis

For quantitative variables, the regression
technique is proved to be quite beneficial. The
prediction of response to repeated levels of the
variables can be done on the basis of the model.
The input and response parameters are
analyzed and a relationship among them is
formulated using Minitab software. In the
present study, the input parameters are the
Magnetic flux density (M), Workpiece material
(W;), Mesh number (M), Concentration of
abrasives (C), Extrusion pressure (Ep;) and
Number of cycles (N). The material removal
rate (MRR) and change in surface roughness
(AR.) are the response parameters. Equations
(3) and (4) provide the linear regression model
developed in this work. Table 11 and 12 shows
the model summary statistics for all responses.

Regression Equation for MRR

Mean (MRR) = - 4.06 +13.85 x Magnetic flux
density (My) + 0.039 x Workpiece material (W)
-0.00022 x Mesh number (M) + 0.0138 x
Concentration of abrasives (C) + 0.584 x
Extrusion pressure (Ep) + 0.01011 x Number of
cycles (N) (3)
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Regression Equation for AR,

Mean = 0.371 + 2.300 x Magnetic flux density (M)
+ 0.0044 x Workpiece material (W) - 0.000064
x Mesh number (M) - 0.00500 x Concentration of
abrasives (C) + 0.0853 x Extrusion pressure (E;)
-0.001100 x Number of cycles (N) (4)
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Fig. 11. Residual plots for mean (MRR).
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In Figures 11 and 12, the residual plot for the
procedure's means is displayed. These plots
depict that the normal probability plot
indicates the normal distribution of data
resembling a straight line, suggesting that the
factors influence the response. When
comparing residuals to fitted values, it can be
seen that the residuals have little scatter and
are represented as a band with a little incline in
the middle, centered about zero. This leads us
to the conclusion that the error variance is
nearly constant. The residues are found to be
dispersed and lack any discernible pattern,
proving that the errors are independent and
the data is not skewed, which supports the
applicability of the model.
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5.5 Confirmation test and optimum levels

The purpose of the confirmatory experiment is
to confirm that the experimental findings are
accurate. When employing partial factorial
designs and orthogonal arrays (0OA),
confirmation is necessary because there are
aliases and confusion with the OA columns. The
MINITAB software offers an ideal value for the
process variable while taking into account the
findings of the experimental data. The optimal
level combination for the specified control
parameters in MRR is the magnetic flux density
(My) = 0.45 Tesla, workpiece material (W,) = 3,
mesh number (M) = 150, concentration of
abrasives (C) = 50, extrusion pressure (Ep) =7

Table 13. Confirmation test result for MRR.

Mpa and number of cycles (N) = 200. The ideal
set of operations for MRR is denoted by the
acronym Mg Wy My Cz2 Epz N3. Moreover, the
optimal level combination for the specified
control parameters in AR, is the magnetic flux
density (M¢) = 0.45 Tesla, workpiece material
(Wp) = 2, mesh number (M) = 220,
concentration of abrasives (C) = 50, extrusion
pressure (Ep) = 7 Mpa and number of cycles (N)
= 100. Also, the ideal set of operations for AR,
is denoted by the acronym M Wp,2 M1 Cq Epz Ni.
A final test was conducted under ideal
circumstances to verify the accuracy of the
model. The test conditions and MRR which are
predicted by the model and determined
experimentally are depicted in Table 13.

Optimum conditions Value of response (MRR)
Process
Parameters Mt Wp M C Ep N Observed | Predicted Percent error (%)
values values
Value 0.45 3 150 50 7 200 8.72 851 241
Table 14. Confirmation test result for AR.
Optimum conditions Value of response (MRR)
Process
Parameters M | W, M C Ep N Observed | Predicted Percent error (%)
values values
Value 0.45 2 200 50 7 100 1.83 1.75 437

[t comes out that MRR can be predicted by the
model with an error of 2.41%. The test
conditions and AR, which are predicted by the
model and determined experimentally are
depicted in Table 13. Additionally, it comes out
that AR, can be predicted by the model with an
error of 4.37%.

6. MICROSTRUCTURE ANALYSIS

Surface morphology of the test specimens
before and after finishing with MAFM was
analyzed by scanning electron microscopy
(SEM) at magnification x400 and the
photographs are depicted in Figures 13, 14, and
15. From the SEM image (Figure 13(a)), it can
be clearly seen that the surface has deep boring
tool marks and multi layers which have been
removed after finishing as the surface is
relatively smoother (Figure 13(b)).
Additionally, it was noted that the surface of the

specimen had some abrasive particles lodged in
it. Moreover, Figure 14(c) displays the results
of the surface test conducted before finishing,
while Figure 14(d) depicts the outcome of the
finished surface.

Dce]‘ Boring
Tool Marks

y |

WD12mm  SS35 x400 50um

!
SEl  15kV

SAl Labs, TIET Patiala G.Mourya 0000 25 Nov 2020

279



Gagandeep Chawla, Journal of Materials and Engineering Vol. 03, Iss. 3 (2025) 259-284

Abragive Multi Layers Scratch
Scratch Removed

Porosity

SEl  15kV WD12mm SS35 x400 50pm
SAl Labs, TIET Patiala G.Mourya 0000

(b)
Fig. 13. SEM micrograph of (a) unfinished and (b)
finished Al-6063 / SiC (9 wt. %) / B4C (1 wt. %)-MMC
(Test Specimen-1).
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Fig. 14. SEM micrograph of (c) unfinished and (d)
finished Al-6063 / SiC (8 wt. %) / B4C (2 wt. %)-MMC
(Test Specimen-2).
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Fig. 15. SEM micrograph of (e) unfinished and (f)
finished Al-6063 / SiC (7wt. %) / B4C (3 wt. %)-MMC
(Test Specimen-3).

The topographic curve in Figure 14(c) shows a
rough surface with a big peak to valley height;
in contrast, the topographic curve in Figure
14(d) shows a smooth surface with a significant
peak to valley height reduction. Figure 15(e)
depicts that large pits, cutting tool marks and
deep grooves were present on the surface
before finishing which have been removed after
finishing with MAFM as the surface is relatively
flatter  (Figure  15(f)). These results
demonstrate that the final surface was
considerably smoother than it was initially,
indicating that the MAFM process is
particularly effective at reducing the surface
roughness of test specimens.

7. CONCLUSION

From this study, the following observations can
be drawn:
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Magnetic flux density and extrusion pressure
were found to be the most significant factors
for MRR and AR, based on the results of an
ANOVA. Both MRR and AR, were increased by
increasing the magnetic flux density and
extrusion pressure.

MRR and AR, were enhanced initially by
increasing the number of cycles. A further
increase in the number of cycles reduced the
value of AR, as there were lesser peaks and
valleys.

According to ANOVA it has been observed
that mesh number (M), concentration of
abrasives (C) and workpiece material (W)
had a little impact on MRR and AR..

The best combination of levels for control
parameters from the analysis that provides a
maximum MRR, was found at magnetic flux
density (M) = 0.45 Tesla, workpiece material
(Wp) = 3, mesh number (M) = 150,
concentration of abrasives (C) = 50, extrusion
pressure (E;) = 7 Mpa and number of cycles
(N) = 200.

The best combination of levels for control
parameters from the analysis that provides a
maximum AR, was found at magnetic flux
density (M) = 0.45 Tesla, workpiece material
(Wp) = 2, mesh number (M) = 220,
concentration of abrasives (C) = 50, extrusion
pressure (E;) = 7 Mpa and number of cycles
(N) =100.

The range of the MRR was found to be
between 1.89 and 9.43 X 107® g/s. The
confirmation experiment determined the
optimal MRR to be 8.72 x 107°g/s, and
predicted value to be 8.51 x 107° g/s. The
difference  among the predicted and
experimental outcomes has a 2.41 percent
error.

AR, had a range of 0.44 to 1.73 m. The
confirmation experiment revealed that the
optimal AR, was 1.83 as compared to the
predicted value of 1.75 m. The difference in
percentage between experimental and
predicted outcomes is 4.37.

Microscopic captured images of final surfaces
demonstrate how effective the MAFM
technique is in finishing the hybrid
Al/SiC/B4C MMC surfaces.
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