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In this experimental investigation, the mechanical and machinability behav-
iour of aluminium matrix reinforced with hybrid nanocomposites are stud-
ied, considering their widespread application specifically in structural sup-
port systems. Aluminium alloy, copper (metal), Alumina (ceramic), and
Graphite (an allotropic form of carbon) are chosen for the development of
composites, and they justify the term hybrid. They are mixed in the propor-
tion of A16061—70%, Al,0,—12% , Cu—9% , Gr—9% by weight percentage
and process by mechanical alloying method, resulting with an average parti-
cle size of 70 nm. The SEM and XRD analysis confirm that the materials en-
ter into the nanoregime. Plate- and rod-like shapes are prepare with these
composite materials by stir casting process at 500°C with rotational speed of
300 rpm. The maximum ultimate strength of 156 MPa and hardness of 431.4
MPa (44 HV) are achieved in the hybrid nanocomposites. The wire cut process
assisted by electrical discharge machining is used to assess the machinability
aspects of the material. The Taguchi methods of multi-objective optimization
are successfully done. Analysis of variance is done to arrive at the correlation
coefficient. Minor investigation is also done in order to understand the wear
resistance of the material developed. The wear rate of 0.54-107!° m?/kg is ob-
served at normal loading condition.
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Y mamomy eKcHnepHMMeHTaJbHOMY JOCJiI:KeHHI BUBUEHO IIOBEIiHKY IIpU MeXa-
HO-00pO0O0IIi aaoMiHieBOI MaTPHIli, 3MillHeHOI riOPUAHNMY HAHOKOMIIO3UTAMU,
3 ypaxXyBaHHAM iX IITMPOKOTO 3aCTOCYBAHHA, 30KPeMa, B CHCTEMaX OIMOPHUX
KOHCTPYKILi#i. AsfoMiHieBU cIIaB, Mighb (MeTas), OKuC aJoMiHio (Kepamika)
i rpadit (amorpomHa hopma ByrJIeIio) 6yau o0paHi 4yist po3poOKM KOMIIO3UTIB,
BOHU BUIIPABIOBYIOTH TepMiH «ribpumnwmii». 1li marepianu 6ysno 3mimano B
npomopiii AI6061 — 70%, Al,O; — 12%, Cu — 9%, Gr — 9% 3a macor Ta
00p0o0JIeHO MeTOJOM MEXaHIUHOTO JIeI'yBAHHS, B Pe3yJAbTATi YOro cepenHiii po-
3Mmip yacTok ckaas 70 uM. MeTomaMu CKaHYOUOI eJIeKTPOHHOI MiKPOCKOIIiI Ta
pPeHTreHiBCchLKOI mu(dppaKTOMeTpil miATBEpPIKEeHO, IO MaTepiajy MepeurnLIiu B
HaHocTaH. Ily1acTHU Ta CTPUIKHI, CX0Ki 3a OopMOI0, OyJIM BUTOTOBJIEH] 3 IIUX
KOMOO3UIIIHHNX MaTepiajiB MeTOAOM JIUTTA 3 IEePEMilllyBaHHAM IIPU TeMIIe-
patypi 500°C ta mBuakocTti obepranus 300 06/xB. B riopugHrux HaHOKOMIIO-
3uTax OyJO MOCATHYTO MAaKCHUMAaJbHUX 3HAUeHb I'paHNYHOI MimHOCTL y 156
MIIa Ta TBepmocti y 431,4 MIla (44 HV). [Ins ominKu 06po0JIIOBAHOCTI MaTe-
piany 0yJI0 BUKOPHCTAHO MIPOIlEC PisdaHHS APOTY ILJISIXOM eJeKTpoeposiiiHoi
00poOku. [na GaraToxkpurepianbHOi onmTmMisaliil 0yJ0 BUKOPHUCTAHO METOZ,
Taryui. [ua omep:xkaHHA KoedilieHTy Kopesdarnii smilicHeHO aucrepciiiHui
aHayis. HeBeauke mociig:KeHHS O0yJI0 TaKOK IIPOBEAEHO, 11100 3pO3yMiTH 0CO-
6JIMBOCTI 3HOCOCTIHKOCTI POo3pOOJIIOBAHOTO MaTepiaay. 3a HOPMAJIbLHUX YMOB
HaBaHTAKeHHA CIIOoCTepiransaca IBUAKicTs 3HomryBarHEa y 0,54-1071° M2 /kr.

KuarouoBi cjaoBa: HAHOIIOPOIIKM, KepaMika, MeTaJ X i CIJIaBu, MeXaHiuHi BU-
npoOyBaHHsA, MeXaHiuHa 00poOKa, 3HOIITYBAHHS.

B nanHOM 9KCcIepuMeHTaJIbLHOM HMCCJIEJOBAHUY N3YUEHO IIOBeIeHe IIPU MeXa-
HOO0OpPaboTKe aIIOMUHNEBO MaTPHUIIbI, YCUJICHHON Mr'MOPUIAHBIMY HAHOKOMIIO-
3UTaMU, C YIETOM UX IMIUPOKOTO MPUMEHEeHU A, B YaCTHOCTH, B CCTEMAaXxX OIOP-
HBIX KOHCTPYKIUI. AJIIOMUHUEBLIN CIJIaB, MeIb (MeTaJlyl), OKNUCh aJJIOMUHUSA
(kepamuka) u rpadur (ammorpornHas GopMa yriaeponaa) OLLIM BBIOPAHBI IJIA
paspaboTKM KOMIIO3UTOB, OHM OIIPABALIBAIOT TEPMUH «THOPUIHBIN». OTH Ma-
TepuaJsibl ObLIN cMelansl B mpomopriuu Al6061 — 70%, Al,O0; — 12%, Cu —
9%, Gr — 9% 1o Macce 1 00pabOTAHBEI METOAOM MEXAaHHMUYEeCKOro JIeTMpOoBa-
HUs, B pe3yJabTaTe 4ero CpeJHu pasmep uyacTui cocraBua 70 um. MeTogamMu
CKAHUPYIOIIel 3JIEeKTPOHHO MUKPOCKOIUM 1 PEHTTeHOBCKOU AM(MPaKTOMeT-
PUM IOATBEPIKIEHO, UTO MaTePUAJILI IIePelllin B HaHococTosgHue. [lnacTuHb! 1
CTEPKHU, ITOX0KHUe 10 (hopMe, ObLIM U3TOTOBJIEHBI U3 9TUX KOMIIO3UIIMOHHBIX
MaTepHaoOB METOAOM JINThs C IepeMelmuBanueM npu Temmaeparype 500°C u
cropoctu Bparienua 300 06/MuH. B ru6puaHBIX HAHOKOMIIO3UTAX OBLIU J[O-
CTUTHYTHI MaKCUMaJbHbIe 3HAUEHUS IMpeaesbHOM mpouHocTu B 156 MIla u
TBéprocTu B 431,4 MIla (44 HV). [lsa onenku o6pabaTsiBaeMOCTH MaTepuaja
OBIJIO MCIIOJIBL30BAHO IIPOIIECC PE3KU HPOBOJIOKU MYTEM SJIEKTPOIPO3UOHHOU
o0paboTKu. [[1s1 MHOTOKPUTEPUAJIHLHON ONTUMMU3ANUN ObLI MCIOJH30BAH Me-
Tox Taryum. g moaydeHUa KO9PPUITHEHTa KOPPEJIAINN OCYIIeCTBICH JTUC-
mepcuoHHbIll aHanu3. He6oJsbilloe mcciemoBaHWe OBLIO TaKiKe IIPOBeneHO,
YTOOBI TOHATH 0COOEHHOCTHY M3HOCOCTONKOCTY pa3dpabaThiBa€MOro MaTepuaa.
IIpu HOpMaJBHBIX YCJOBUSAX HArpysKH HaAOJII0OJaach CKOPOCTH HM3HOCA B
0,54-101° m%/xr.

Karouessie ciaoBa: HaHOIIOPOIIIKMX, KepaMnKa, MeTaJIJIbl 1 CIIJIaBbl, MEXaHHN4e-
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CKUe UCHBITaHUs, MeXaHnuecKas o00paboTka, U3HOC.

(Received November 15, 2018; in final version, January 28, 2019)

1.INTRODUCTION

In recent years, the development of hybrid metal matrix composites
attracts the researchers, for their various applications. Development
of these materials is aimed to enhance the performances of the prod-
ucts. With alumina, silicon carbide, graphite etc. as reinforcements
into matrix materials provides novel materials with unique character-
istics [1]. Owing to the superior properties like specific strength, spe-
cific stiffness, thermal resistance and low coefficient of thermal ex-
pansion, these materials are used in different engineering applications
[2—4]. Powder metallurgy process was used to develop B,C reinforced
in different aluminium matrix and studied its mechanical properties.
Comparisons were made on aluminium metal matrix composites at 5%
of nano-Al,O; by equal channel angular pressing and extrusion pro-
cess.

Wear behaviour of AlI7075 as a base matrix with the addition of
Al,O; and graphite was investigated and the mechanical properties
such as hardness, flexural strength and compression strength were in-
creased by increasing the weight percentage of ceramic phase [5]. Bet-
ter mechanical properties were achieved when aluminium was rein-
forced with ceramic particles compared to the unreinforced aluminium
alloys [6—8]. It is identified that SiC can increase wear resistance [9—
11]. Wear resistance is higher and surface roughness is lower for hy-
brid metal matrix composites when compared to metal matrix compo-
sites [12]. Increased tensile strength, compressive strength and hard-
ness were obtained by increasing the weight fraction of FA up to 15%
in Al (6061) based composites in the work done [11]. Aluminium-—
Silicon alloys were used in brake rotors in Lotus Elise, the Chrysler
Prowler and the General Motors EV-1 also in railway application.
Though these products are manufactured by sand casting technique
there were problems due to settling of silicon carbide particles. To
avoid this issue several researchers developed the hybrid composites
including graphite particles in aluminium matrix, because it shows
improved strength, wear behaviour and also low density due to the
presence of graphite particles [12].

Even though most of the researchers concentrate on wear, surface
roughness etc., work related to enhancing the properties like tensile
strength and hardness along with machining on the nanocomposites in
WEDEM are scanty [13, 14]. In this investigation, deals with manu-
facturing of powder hybrid nanocomposites into a solid hybrid nano-
composites and testing on mechanical properties and its machinability
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of the samples were studied [15]. This investigation deals with manu-
facturing of powder hybrid nanocomposites into a solid hybrid nano-
composite structures and testing them for their mechanical properties
and machinability aspects, in line with [16] and [17]. Nano composites
comprise of Al-12Si—ZrC with 0, 5, 10, 15% wt. was mixed by ball
milling process the cylindrical component was prepared and tribologi-
cal study was conducted. Vikas Pare et al. [18] inspire the researchers
to develop metal matrix composites with enhanced mechanical proper-
ties, to optimize their machinability and to develop an algorithm for
the aspiring researchers. The combination of Al/SiC/Gr hybrid compo-
sites was reviewed with different proportions and by different casting
techniques.

2. EXPERIMENTAL METHOD

To prepare a solid material made of hybrid composites, A16061 was se-
lected as the base metal. The reinforcement materials were of hybrid
nanocomposites at the proportion by weight of 12% Al,0;, 9% Cu and
9% of Gr. The remaining 70% of the composition is dominated by the
base material A16061. Before the stir casting technique to be adopted,
the mechanical alloying technique (Ball milling) was used to reduce the
size of microsized Alumina, Copper and Graphite particles, through
the planetary motion, in to the nanoregime. To attain this tungsten
carbide coated balls were used based on the powder to ball ratio of 10:1.
Individually all the alloying elements were milled for 12 hours and all
the particles put together for 8 hours. The rotational speed was select-
ed as 350 rpm. The hybrid mixture had reached the regime after sever-
al hours of milling. The hybrid powders, a mixture of aluminium, cop-
per, alumina and graphite particles were characterized by Quanta-200
Scanning Electron Microscope which ascertained that the particles are
under the nanoregime. The composite of hybrid nature with the con-
stituents (reinforcement by nanoparticles) Al,O,, Cu, and Gr were pre-
heated at 500°C in graphite crucible, for an easy flow of reinforcement
into aluminium matrix. Lighter graphite particles have a property
neutralized buoyancy effect on the alumina particles. The hybrid com-
posite material was finally produced by stir casting process. In this
liquid metallurgy technique, base metal ingots of weight 700 g were
melted in a furnace at a temperature of 1000°C, the preheated mixture
was mixed by stirring with molten aluminium and poured it in a die.
Plate and rod like structures were cast using this stir casting method.
Mechanical characterizations like hardness and tensile strength
were determined subsequently. The tensile testing machine of Instron
(5900 series) make with a force capacity of 600 kN was used to measure
the ultimate tensile strength. Test components were prepared as per
ASTM Standards for tensile testing (specimen length = 200 mm, diam-
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eter = 20 mm, gauge length = 60 mm, and diameter of the gauge length
zone = 12.5 mm). The hardness of the specimen was estimated using
Welson Wolpert Vickers hardness testing machine with a measuring
range of 200 um at a resolution of 0.01 um.

Wear analysis was done using the pin on disk apparatus made by In-
novative instruments of POD_ME Blue/RAL 7305 model. The ASTME
standard G99 was adopted for the analysis. The composite material
thus developed was machined in to pins of circular cross section with
the standard size prescribed by G99 of ASTM standards, 70 mm in
length and 7 mm in diameter so as to fit in the apparatus. EN31 high
carbon steel was chosen as disc material, it was machined to the diame-
ter of about 60 mm and thickness of about 10 mm.

Machinability analysis was done on the plate like structure with a
dimension of 100x100x10 mm? using wire-cut technique based on the
electrical discharge machining (EDM). SODICK EX 21(4530D) was the
EDM machine used for this experimentation pertaining to machinabil-
ity. The input parameters chosen for machining were pulse duration,
pulse on, pulse off and servo feed. The performance measures were the
material removal rate (MRR), Surface roughness and kerf width.
Taguchi’s L27 Orthogonal array was chosen for the experimental de-
sign. The experiments were conducted and multi-response objective on
the parameters were studied and optimized using the mathematical
concept ANOVA with the aid of Minitab software.

3. RESULTS AND DISCUSSIONS
3.1. Scanning Electron Microscopy

The SEM analysis was made after milling for 8 h. The morphologies of
the observed particles lie in the range between 72 nm and 113 nm. Af-
ter 12 h of milling, it ranges between 76 nm and 113 nm at 25000x
magnification. The nanoparticles appear to be randomly scattered.
Since there was a time delay in obtaining the SEM results it is under-
stood that the particles got agglomerated.

The hard ceramic materials got disintegrated and easily reached the
nanoregime, while the ductile reinforcement copper and the lubricate
substance graphite were relatively reluctant to breakdown to enter in
to the regime of 107 scale due to the demand for the excessive energy
required for plastic deformation. From the SEM images for two differ-
ent time periods, it is observed that by increasing the milling time, the
composite powder containing coarse alumina, gets heavily agglomerat-
ed into large particles due to increase in the average size of particles as
a result of welding of flattened particles. The images were clear with
the reduction in the quantity of Graphite. Figures 1, a and b show the
homogeneous distribution of particles in the sample taken.
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The composite powders with coarse reinforcement were more prone
to adhere into a larger one, which suggests an excessive cold welding.
By subsequent milling for up to 12 hours causes the reduction in parti-
cle size where finer particles become dominant. It is noticed that rein-
forcement particles are well dispersed inside the matrix after long
hours of milling. José Manuel Mendoza-Duarte et al. [15] clarifies the
similar morphological changes occurred to the reinforcements except
for alumina after 8 h of milling whereas the 4 h milling does not show
any noticeable difference.

3.2. X-Ray Diffraction Techniques (XRD)

The samples from each material were taken for XRD study to estimate
the crystallite size of the powder, phase constituents, lattice strain.
The crystallite size and lattice strain was calculated using the formula
[10]:

Bcos0O = +¢esin 6,

where A is the wavelength of CuKa radiation in nm, d is the crystallite
size in nm, 0 is the Bragg angle, ¢ is the lattice strain and B is the full

width at half maximum of the intensity distribution in X-ray diffrac-
tion. The XRD tests were conducted individually to all the elements to
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Fig. 1. SEM images after 8 (a) and 12 (b) hours of milling.
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ascertain their entry into the nanoregime. The XRD pattern for Al,Os,
Cu, and graphite were shown in the Fig. 2, a—c.

From the output results obtained through the X-ray diffraction
studies were used with the help of the data base provided by Interna-

Experiental patterm: (lixd+5-0001487.nja)
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Fig. 2. XRD patterns of Al,O4 (a), Cu (b) and graphite (c) powders after reduc-
ing them into nanoscale.
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TABLE 1. Crystalline size and strain of the constituent elements in the hy-
brid.

Sample No. | Materials Crystalline size (m) | Strain
1 Al,04 3.3088-10°® 6.52-10*
2 Cu 3.2104-107® 3.87-10*
3 Gr 2.9039-107® 7.42.10™

tional Council for Powder Diffraction Studies (ICPDS) and supported
by material report analyser software, the peak values of all the con-
stituent elements were compared with the values available in the data
base and confirmed the presence of all the constituent elements. With
the same results morphology and the lattice crystal structure of the
constituent elements at the nanoscale were studied. Substituting the
values for the parameters in the Scherrer equation the particle size
reaching the nanoregime has been confirmed in Table 1.

The phase (Al,O;) is identified with the patterns with high peak val-
ues of 20 = (35, 44, 53, 58) at the planes (104), (113), (024), and (116)
respectively, which appears similar to the work carried out by Fernan-
do Sanchez de la Torre. The 20 value for copper at 44.95° gives the
maximum peak value in plane (111) similarly graphite gains the max-
imum value at 20 = 26.52° with the plane (002). Similar studies [15]
reveal the diffraction of graphite with peak of 20 = 25° the same peak
was obtained in the graphite powder. The crystalline size and strain of
the constituent elements in the hybrid are shown in Table 1.

3.3. Mechanical Properties

The tensile strength of aluminium and hybrid metal matrix composites
was shown in Table 2, in which high tensile strength is achieved by the
hybrid metal matrix composites. The presence of copper and graphite
enhanced the hardness and tensile strength of the hybrid composites.
These properties elevate the wear resistance and lubricating tendency
of the hybrids developed. The ability of these materials to get ma-

TABLE 2. Comparative results of the mechanical properties.

Mechanical Property Aluminium standard| Hybrid composite
value developed
Vickers hardness, (MPa) 294-323 431.4
Yield strength (kN/mm?) 52 67

Ultimate tensile strength (MPa) 110-124 156
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chined had to be analysed. An appropriate machining was selected and
estimated the developed materials ability to undergo better material
removal and the quality of surface finish.

The ultimate strength of the aluminium from standards is found to
be 124 MPa. This value is compared with the ultimate strength of the
developed composite material. The graph developed through the data
acquisition system of the UTM machine gives the stress vs strain
curve, the ultimate strength of the composite material obtained is 156
MPa, which is higher than the strength of aluminium. Figure 3 depicts
the tensile test result of the developed composite. The hardness values
kept increasing with the increase in the base metal. It is obvious that
with the increase in reinforcements, known for their higher hardness,
the hardness of the composite should increase. The result shows the
adverse effect of the hybrid inclusion. The reason for the unexpected
change in hardness is that the constituent elements should find a bond-
ing among themselves. Thus a better mechanical property has been
achieved in the new hybrid metal matrix composite.

3.4. Wear Analysis

A pilot study was also done on the developed composite materials to in-
vestigate its wear resistance using the pin on disc apparatus, after ana-
lysing it for the machinability aspects. The load and time details of the
pin on disc are shown in Table 3. The coefficient of friction and wear
rate were calculated as per the standards [19] and [22]. The track diam-
eter was maintained at 35 mm, 45 mm and 55 mm respectively for the
chosen load and time combinations. Table 3 shows the summarized ob-
servations taken through the data acquisition system for the loads of

Stress
KM/ram 2
0.162

0144
0.126
0.108
0.090
0.072
0.054
0.036

0.018

¥0=0.000 2000 4.000 6.000 8.000 10000 12000 14000 16000 18000
#0=0.000 —> Strain %

Fig. 3. Stress vs strain curve.
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TABLE 3. Experimental observations.

Time (min) Load (N) Coefficient of friction Friction force (N)

3 40 0.329 13.167
6 30 0.424 9.859
9 20 0.410 4.516

40 kg, 30 kg and 20 kg applied for time durations of 3 min, 6 min and 9
min respectively. The coefficient of friction and frictional forces were
directly taken from it in real time. The mass of the pin was calculated
before and after the test.

The wear rate of the material = (differences in mass of the pin 1)
before and after the test)/(density x load x sliding velocity).

The wear rate analysis has clearly been given in Table 4.
It is estimated to be 0.54-107'° m?/kg. The wear rate kept increasing
gradually with the increase in the applied load. There is an appreciable
resistance to wear at lower loads; the presence of nanoreinforcements
resists the wear along with the combination of lubricating substance in
graphite and the ductile copper under heterogeneous state. Figure 4, a
shows that there is a lower wear rate at low loads, as the applied load
increases there is a steep resistance to wear. The increase in sliding dis-
tances does not support the wear phenomenon. The rate of wear shows
only a meagre change with the increase in the sliding distances, as
shown in Fig. 4, b. It is understood from the characteristic curves that
there is not so much resistance to wear initially over the surface of the
workpiece, but due to ageing when the particles settle down in the bulk
material, they offer resistances [20] and [21]. This particular behav-
iour of the composite material restricts the machinists to minimize the
depth of cut in conventional machining [22] and [23]. The investiga-
tion on the wear resisting capability can be done comprehensively on
the developed material. More the material offers resistance to wear

TABLE 4. Wear rate analysis.

Mass of the pin, ‘1. Wear

Track Di:fr?ec‘i v Load, |Speed, Tinge, Bef AI; g d?;}c(;;ncge; ratgl,o
No- mm | N | TPm | min thigset the tggt m |5

m°/kg

01 10 20 300 3 5.371 5.367 28.6 0.268

02 15 30 300 6 5.367 5.216 84.6 0.339

03 20 40 300 9 5.216 5.168 169.64  0.540
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Fig. 4. Wear rate vs. load (a) and sliding distance (b).

more it would be for its machinability using conventional techniques.
Such situations prompt the investigators to adopt the unconventional
techniques [24] and [25].

4. MACHINABILITY ANALYSIS

The raw material with the composition discussed earlier in the previ-
ous heading was stir cast in to a plate of dimension 100x100x10 mm?
and machined in wire cut electrical discharge machining. The parame-
ters T.,, T, wire feed, voltage were chosen as inputs during the ma-
chining and further to optimize the input process parameters. A lay
out containing the input parameters at three different levels are as
shown in Table 5, were chosen so as to accommodate 27 experiments. A
time dependent loss in weight of the material up on machining (MRR),
the waviness of the surface (R,) and gap created by the spark produced
while machining called kerf width were selected as the measure of re-
sults to proceed with the technique of optimization. The experiments
were conducted and the observed results were shown in the Table 6 of
the orthogonal array L,; [20], [21], [26], and [27]. Material removal
rate was calculated using the formula

TABLE 5. Input parameters and their levels with ranges.

Input parameters | Level 1 Level 2 Level 3
Pulse on (ps) 1 3 5
Pulse off (us) 6 8 10

Wire feed (m/min) 6 8 10

Voltage (V) 50 55 60
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MRR = mean cutting speed x thickness of the material inmm x  (2)
x width of cut (mm) = Vetb mm?®/min.

The MRR gives the flexibility to represent it in terms of kg/min, the
weight of the material was measured before and after the machining,

TABLE 6. Experimental observations.

"Now | Tou | Tor| feed |Voltagegoivchive| wideh | o | MER
Units | us  us m/min \Y min mm pm kg/min
1 1 6 6 50 9.03 0.321 3.46 0.0459
2 1 6 8 55 8.98 0.319 3.49 0.0456
3 1 6 10 60 8.97 0.323 3.51 0.0461
4 1 8 8 50 8.95 0.322 3.48 0.0455
5 1 8 10 55 8.90 0.325 3.49 0.0459
6 1 8 6 60 9.07 0.321 3.43 0.0457
7 1 10 10 50 8.85 0.319 3.48 0.0453
8 1 10 6 55 9.11 0.316 3.35 0.0449
9 1 10 8 60 9.05 0.319 3.44 0.0450
10 3 6 6 50 9.19 0.321 3.34 0.0444
11 3 6 8 55 9.10 0.319 3.32 0.0441
12 3 6 10 60 8.99 0.323 3.30 0.0446
13 3 8 8 50 9.02 0.323 3.33 0.0443
14 3 8 10 55 8.97 0.331 3.28 0.0449
15 3 8 6 60 9.15 0.324 3.39 0.0450
16 3 10 10 50 8.99 0.326 3.31 0.0446
17 3 10 6 55 9.12 0.323 3.33 0.0448
18 3 10 8 60 9.05 0.318 3.30 0.0441
19 5 6 6 50 9.01 0.323 3.34 0.0439
20 5 6 8 55 8.83 0.326 3.38 0.0441
21 5 6 10 60 8.77 0.325 3.32 0.0444
22 5 8 8 50 8.85 0.320 3.37 0.0440
23 5 8 10 55 8.78 0.318 3.35 0.0443
24 5 8 6 60 8.99 0.321 3.46 0.0444
25 5 10 10 50 8.79 0.326 3.38 0.0443
26 5 10 6 55 8.98 0.323 3.49 0.0439
27 5 10 8 60 8.93 0.320 3.47 0.0441
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the difference in their weight divided by the machining time also gives
the MRR in terms of weight, whereas the formula given above is the
MRR in terms of volume loss. The other two parameters namely kerf
width and Surface roughness have been tested using the sophisticated
measuring devices a video measuring device and a surface roughness
tester of INSPEX make respectively.

3.4.1. Kerf Width Analysis

Kerf width is one the most important performance measures in
WEDM. Kerf width is the gauging factor that weighs the amount of
the material that is wasted during machining. Closeness of the ma-
chined part, in terms of dimensions, to the designed value has been de-
termined by the kerf width analysis. The gap between the two parallel
and opposite surfaces of the work piece usually lies in between 0.025
and 0.075 mm. This gap is being constantly held by a computer inter-
faced positioning system.

Figure 5 summarises the role of control process variables in maxim-
izing the process responses (minimizing a signal-to-noise (SN) ratios).
It is evident from the Figure that the points A3, B2, C3 and D4 are the
significant control parameters to keep the expected loss function of
‘smaller the better’ intact and the optimal value derived from the re-
gression equation is 0.382 mm.

Regression equation for kerf width was arrived using the mini tab
software which is given in the following equation.

Main Effects Plot for SN ratios
Data Means

Ton Toff WIREFEED VOLTAGE
9.900

9.875
9.850

9.825

N

Mean of SN ratios

9.800

9.775

9.750
1 3 5 6 8 10 6 8 10 50 55 60

Signal-to-noise: Smaller is better

Fig. 5. Kerf width.
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TABLE 7. ANOVA for kerf width.

R. VENKATESH, Vaddi Seshagiri RAO, and Sathish RENGARAJAN

Degrees | Adjusted Adjusted F.
Source | of free- Sum of |Mean Squa- Value P-Value |Significance
dom (DF)|Squares (SS)| re (MS)
Regression 4 0.000066 0.000016 1.53 0.228
T.. 1 0.000035 0.000035 3.23 0.086
T ot 1 0.000002 0.000002 0.14 0.710>F Significant
Wire feed 1 0.000029 0.000029 2.66 0.117
Voltage 1 0.000000 0.000000 0.01 0.911>F Significant
Error 22 0.000236  0.000011
Total 26 0.00302

Kerf width = 0.31539 + 0.000694T,, — 0.000147T,,, +

3)

+0.000631 wire feed + 0.000018 voltage.

From the analysis of variance as shown in Table 7, it is observed that
the T, and voltage are the significant values in attaining the optimum
kerf width. The normal probability plot as given in Fig. 6 shows that all
the experimental values are much closer to the trend line, no abnormal
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&

~
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2 0000
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Fig. 6. Residual plots for kerf width.
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deviation is found in any of the experiments other than the last one.
The correlation between the experiment and the model lies at 82.75% .

3.4.2. Surface Roughness Analysis

The surface roughness is an important factor that is considered while
machining. With the raise in the current and pulse on duration, Sur-
face roughness also tends to increase at every level. This is due to the
effect of spark that leads to larger crater and thus a rough surface is
obtained. It is observed that surface roughness increased with peak
current at constant voltage. At higher value of current the surface
degradation initially increases with voltage. With further increase in
voltage, the surface roughness reduces. Surface roughness values are
important in precision equipment where the mating points should not
have any gap in between to provide a satisfactory performance in the
long run. The plot of SN ratios as shown in Fig. 7 pertaining to surface
roughness to determine the significant parameters that play a crucial
role in ascertaining the loss function ‘smaller the better’. Higher
smoothness is the expectation of any machining. In this case the values
at A3, B2, C2 and D3 are the significant contributions to attain an op-
timum surface roughness. The regression equation is given below:

Surface roughness R, =3.355-0.01556T,, + 0.00626 T, — 4)
—0.00437 wire feed + 0.00128 voltage.

Main Effects Plot for SN ratios
Data Means

Ton Toff WIREFEED VOLTAGE
-104
-105

- \ / .

-107

Mean of SN ratios

-108

-109
1 3 5 6 8 10 6 8 10 50 55 60

Signal-to-noise: Smaller is better

Fig. 7. Surface roughness.



496 R. VENKATESH, Vaddi Seshagiri RAO, and Sathish RENGARAJAN

TABLE 8. ANOVA for surface roughness.

Source DF Adj SS AdjMS F-Value P-Value Significance
Regression 4  0.022875 0.00571 1.05 0.405
T.. 1 0.017422 0.017422 3.19 0.088

T ot 1 0.002759 0.002759 0.51 0.485

1

1

Wire feed 0.001373 0.001373 0.25 0.621  Significant
Voltage 0.000725 0.000725 0.13 0.719  Significant
Error 22 0.120043 0.005457
Total 26 0.142919

The optimal value of the R, model has been arrived at 3.3923 um.

Table 8 for the analysis of variations pertaining to surface rough-
ness clearly indicates that the wire feed and the voltage play a signifi-
cant role to keep the surface roughness under considerably low level.
The Normal probability plot as presented in the Fig. 8 states that the
error is linear and under the predicted levels. The initial experiments
slightly goes away from the mean on the positive side where as the final
few experiments falls short of the mean on the other way around. The
correlation of the model R*is 70.78%.

Normal Probability Plot Versus Fits
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4 ] 010
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Fig. 8. Residual plots for R,.
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3.4.3. Analysis on the Material Removal Rate

The material removal rate (MRR) of the work piece is the amount of the
material removed per minute. MRR and cutting speed capabilities of
WEDM have increased enormously over the years. They are influenced
by the age and type of machine along with the properties and charac-
teristics of the work piece being cut. The machine settings set by the
operator and programmer also affect the MRR and cutting speed.

From the Fig. 9, it is understood that A1, B2, C3 and D2 are the pro-
cess parameters that are significant in getting the optimum value of
material removal. The design value of MRR is estimated to be 0.049
kg/min. The regression equation of MRR is given as

MRR = 0.04524 — 0.000347T,, — 0.000056 T, +
+0.000052 wire feed + 0.000010 voltage. (5)

From the Table 9, it has been observed that the input parameter
voltage alone is considered as the significant contributing factor to in-
crease the MRR. The normal probability plot which is shown in Fig. 10
gives a linear relation between the experimental values and the model
for MRR and there isn’t any deviation from the mean line. The reason
for an increased MRR is the voltage. More the potential difference is
maintained, the amount of material removed under unit time is also
more.

The R? value obtained says that 72.95% of the values are correlated.
The loss function of the MRR is always ‘higher the better’. From the

Main Effects Plot for SN ratios
Data Means

Ton Toff WIREFEED VOLTAGE
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Signal-to-noise: Larger is better

Fig. 9. Material removal rate.
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TABLE 9. ANOVA for MRR.

Source | DF | AdjSS | AdjMS |F-Value|P-Value| Significance
Regression 4  0.000009 0.000002 14.83 0.00

T, 1 0.000009 0.000009 56.27 0.00
T e 1 0.000000 0.000000 1.44 0.242
Wire feed 1 0.000000 0.000000 1.28 0.270
Voltage 1 0.000000 0.000000 0.30 0.587 Significant
Error 22 0.000003 0.000000
Total 26 0.000013
Normal Probability Plot Versus Fits
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Fig. 10. Residual plots for MRR.

regression equation of MRR, the optimal is estimated as 0.0493
kg/min.

5. CONCLUSION

A unique hybrid combination of two metals, a ceramic and an allotropic
form of carbon, was developed with a combination of 70% Al-
12% Al,05—9% Cu—9% Gr at nanoscale. Homogeneous distribution of
reinforcements in the composite powder with smaller particle size was
achieved by mechanical alloying method. The particles show an aver-
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age size of 72.55 nm. The stir cast composite posses the tensile
strength and hardness as 156 N/mm? and 44 HV respectively. Machin-
ability analysis was done to optimize using Taguchi method. Increase
of Pulse on time generates more spark energy as the length of time of
electricity supply increases. MRR, kerf width and surface roughness,
all these responses increase with pulse on time. Pulse on time found
most significant parameter in all response. Surface roughness also in-
creases with increase of pulse on time because the increases of pulse on
time produce crater with broader and deeper characteristic. Pulse off
time has opposite effect to pulse on time. MRR decrease with increase
of pulse off time, while surface roughness reduces. During off time
removed material flushed away. More the off time better the flushing.
Wire feed, current and wire material has the least effect when com-
pared to the pulse on time and pulse off time. The wear resistance of
the material under normal load was observed as 0.54-107'° m?/kg.
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