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This paper is an attempt to understand the chaistate of Al + TiO, + Gr hybrid ball
milled composite powders, which is anticipated awenlarge application in the near future.
Aluminium with titanium dioxide (TiQ) and graphite (Gr) powders was ball milled in
order to yield the composition like: Al + 0% TiQAl + 5% TiO,, Al + 5% TiO, + 2% Gr,

Al + 5% TiO, + 4% Gr and Al + 5% Ti@+ 6% Gr. From the X-Ray diffraction analysis
of the milled powders, the grain size, lattice spéattice constant, stress, strain, disloca-
tion density and unit cell volume were calculatedmpressibility was performed in a
hardened steel die at pressures between 100 to Bédtdidetermine Al with 5 wt.% TiO
and 2 & 4 wt.% of Gr powder mixtures. For understagdif compaction behavior of alu-
minum based hybrid composites reinforced with ;TEld Gr particles under various
applied pressure conditions, experimental reseaeshbeen made using several powder
compaction equations. Microstructure analysis for-A% TiO, + 6% Gr composite has
been reported.
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Aluminum matrix composites are used for variousliappons in aerospace, auto-
mobile, military and electronic industry due toithew density, high toughness, good
mechanical properties and high corrosion resistgticeMany varieties of reinforce-
ments are used to produce the aluminium matrix omsitgs. Instead of all, the titani-
um-di-oxide (TiQ) also found as a good one, since it has high leasjrhigh modulus,
and wear resistance [2]. Adding of single reinfoneat to the matrix material im-
proves the strength and hardness of the matetialt keads to the machining problem
[3]. Recently aluminum alloy—graphite particulatengposite is being used in various
applications because of its low friction and weaaproved machinability, low thermal
expansion and high damping density [4]. In thiskvooth the hard Ti@and soft gra-
phite powders are used as reinforcements to proithecaluminium hybrid composites
and it is expected to be used for various appboatihe mechanical alloying process
is used to produce the advanced composite matijalsechanical alloying is a wi-
dely used technique in synthesizing nanocrystaltiaerials and also it has been used
to prevent the reinforcement clusters or aggloresran the matrix, especially in the
case of small size reinforcement particles thatipce uniform dispersion in the mat-
rix. The homogeneous dispersion of fine reinforpadicles in a fine grained matrix is
beneficial to the mechanical properties of metalrinaomposites [2]. A number of re-
search works have been performed on processinuiraum matrix composites via
mechanical milling. Meanwhile, mechanical millinffezts the morphology and hard-
ness of powder particles, thus it influences them@ssibility of milled powders [6].
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Materials are characterized by a grain sizeastiqulate size of up to about 100 nm.
These materials exhibit enhanced mechanical, mageétvated temperature, optical,
and excellent catalytic properties [7]. It was mepd that the high-energy ball milling
has been used to improve particle distribution ubghfmut the matrix [8]. The micro-
structure analysis of Al-AD; composite produced by mechanical alloying method
was studied in [9]. In [10] the authors synthesiaagh volume fraction AI-AIO; nano
composite powders by high-energy milling and stddiee characteristics of the milled
powders. X-ray diffraction is a convenient method determining the mean size of
crystallites in crystalline bulk materials. Thesfiscientist, Paul Scherrer, published his
results in a paper that included what became knasvthe Scherrer equation in 1981.
This can be attributed to the fact that “crystallize” is not synonymous with “particle
size”, while X-Ray diffraction is sensitive to tleystallite size inside the particles.

The aim of present work is to prepare aluminiumritybomposite powders that
consist of TiQ and Gr by using ball milling process. An attempiswnade to calculate
the grain size, lattice strain, stress, latticecepdattice constant, dislocation density
and unit cell volume of mechanically milled powderke grain size was calculated by
using Williamson-Hall and Scherrer equations. Métracture analysis was carried out
to reveal the presence of reinforcement particlesid ball milling.

Experimental details. Atomized aluminium (Al) powder size of —325 mestdan
purity of 99.7% supplied by Kemphasol, Mumbai, meias used for the matrix mate-
rial and rutile phase of titanium-di-oxide (TiQand graphite powders supplied by the
Acechemie (India) were used as the reinforcemen¢niaa Natural Graphite is a mi-
neral consisting of graphitic carbon. It varies sidarably in crystallinity. Natural
graphite is an excellent conductor of heat andtrddy. It is stable over a wide range
of temperatures. Graphite is a highly refractorytarial with a high melting point
(365C°C). The required mass of Al, Ti@nd Gr were accurately weighed in an electro-
nic weighing machine. The powders were milled fort2in a ball mill with a speed of
100 r/min. The vial of the ball mill is made uphigh hardened stainless steel material.
Hardened high speed steel balls with a diametdiOaihm were used and the ball-to-
powder ratio was 1:1. X-ray diffraction analysis swearried out using PANalyti-
calX'Pert X-ray diffractometer CuKtarget, { = 1.5418 A) to determine the lattice
space, lattice constant, grain size, lattice stistiress, dislocation density and unit cell
volume of the milled composite powders by the felleg equations [11].

The grain size was calculated using Williamson-ldgllation:

Bcosez[kt—)\jﬂ Z sirp), (1)

wherek is the shape factor (0.94)is the wavelength of the-¥ay usedX = 1.5406 A);
0 is the Bragg diffraction angle arfl is the FWHM in radiant is the effective
crystallite sizeg is the strain value.

The Scherrer Equation is given by

0.94\
= : 2
[3cosb
The strain valueg] can be evaluated by using the following relation:
e=(—2_|-(-L ), ®)
Dsin6 tar
whereD is the grain size.
The dislocation density) has been calculated by using the formula:
15
o0=—, 4
D 4)
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whereg is the strain valua is the lattice parameteb, is the grain size.
The stress was calculated by using the formulae:

S= Ela-a (5)
2| @
The FWHM is calculated by the equation,
B =(26high— 2 low)X (n /18() (6)

The lattice parameter was determined for eacheofiiffracting planes from XRD
patterns.
1 _h?+k*+1?

d? a?
whereE is the Young's modulus of the powdérjs the Poission’s ratio of the pow-
ders;q, is the bulk lattice constant amds lattice constant of the powders. In order to
study the compressibility of the different powdéerus, the density after compaction
at pre-determined pressure was measured and relcdride compressibility of powder
mixtures were carried out using computerized usiaketesting machine of 400 kN
capacity (Venus Instruments, India; Model: UTV-4QPER No.: 2011/[4084]) with
suitable punch and die. The known values of retatiensities and applied pressure
have been used in the Heckel and Balshin compaetio@tion to validate the results.
Standard deviation from the linearity of the meadualues and regression equations
for all samples were determined using Origin-8wafe.

The milled Al + 5% TiQ+ 6% Gr hybrid composite powders were compacted in
400 kN hydraulic press using punch and die. Thepamtion pressure was 500 MPa
and the specimen dimensions were 24 mm diameted2mdm height. The sintering
was done in a muffle furnace at the temperatu®96fC for a period of 3 h. The SEM
analysis of the sintered Al + 5% Ti@® 6% Gr composite was conducted using FEI
Quanta FEG 200-SEM. The microstructure analyseg warried out for the sintered
hybrid composite specimen using an optical micrpscand image analyzing software
(Media Image Technologies Pvt. Ltd. Hyderabad)}talg the grain boundary, bonding
between the matrix and reinforcements.

Results and discussion. XRD analy-

: r al sis of milled powdersThe XRD patterns

10000 | < of Al + 0% TiO,, Al + 5% TiO,, Al + 5%
TiO,+ 2% Gr and Al + 5% Ti@+ 4% Gr
8000 1 composite powders, reported in previous
6000 publication are used to calculate the struc-
4000 | Tig tural parameters [12]. In this study XRD
= pattern of Al + 5% TiQ@+ 6% Gr compo-

2000 | =< site powders is provided in Fig. 1. The

ol qL_J calculation of particle size, stress, unit cell

010 20 30 40 50 60 70 80 20 Vvolume, dislocation density, lattice cons-
Fig. 1. XRD patterns of tant and Iattlcg strain of mechgnlcally
Al + 5% TiO, + 6% Gr composite powders. milled powder_s is very important since t'he
phase constitution and transformation
characteristics appear to be critically dependanthe above said properties. Average
grain size, strain, stress and dislocation derssitycalculated using Eqgs. (1)—(5) for all
the composite powder blends and all the valuesadrglated in Table. The cold wor-
king or plastic deformation of metal powders hasrbshown to produce appreciable
changes in the intensity distribution of diffractédays.
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Structural characteristic of Al + 0% TiO; (1), Al + 5% TiO; (2),
Al +5% TiO,+ 2% Gr (3), Al +5% TiO,+ 4% Gr (4)
and Al + 5% TiO,+ 6% Gr (5) powders

Lattice, A , . |Unit cell
D (Scherre),| &, D (WH), Slt(r)%ss D|dsloc§1t|0n volume
3 s enSlty, 10_29
space| constant M x10° nm dyne/cnf | lines/nf :

A
0.191 | 1.18710* | 6.607
1.857 |5.76210" | 13.306
4.805 | 3.31610' | 13.342
5.483 | 8.25110Y | 9.879
4.253 | 1.50410" | 9.999

1.75 4.043 | 109.63+0.130.336 | 142.733+0.2
3.05 5.919 | 168.07+0.110.672| 178.471+0.1
3.93 5.923 | 149.75+0.1j/0.884 | 188.764+0.1
3.45 4.967 | 136.56+0.080.672| 174.843+0.2
3.46 4.987 | 179.98+0.100.538 | 224.624+0.1

W T W T O +=FF

Fig. 2 shows the effect of reinforcement additiontlee grain size which is calcu-
lated by using Williamson-Hall and Scherrer Equadidt is observed from Fig. 2 that
the increase in grain size has been observed doaddition of 5 weight percentage of
TiO, to the Al matrix. The grain size increases with #uddition of increasing weight
percentage of graphite due to the agglomeratiothefparticles. The powder particle
size is changing with milling time, as a resulttled two opposing factors of cold wel-
ding and fracturing of powder particles. While caldlding increases the particle size,
fracturing reduces the particle size. Hence, urmdertinued milling with increasing
weight percentage of graphite powders the parsicle increases. It is expected that the
addition of hard nature of TiOpowders will decrease the grain size. But here the
increase in the grain size observed in the prestedly could be because of minimum
milling time and energy. However the similar reswltere obtained in [14], the authors
reported for the 2024 aluminum composites reinfdreéh various weight percentages
of TiO, nanopatrticles in the early stage of the millifgg A2024 powders are flattened
by the collisions of ball-powder—ball. After thiBiO, particles are embedded into the
A2024 powders and progressively dispersed in theixnancreased average particle
size of the 12 h milled powder confirms that theO22 powders undergo repeating
plastic deformation, fracturing, and cold weldingpgess [13]. The maximum stress
strain values are obtained for the Al + 5% J#06% Gr composite powders. In [2] it
was reported that when comparing with nano Al-Iég@mposite the grain size of mic-
rocomposite is higher due to the more agglomeraiioniO, with aluminium matrix.
Thus the agglomeration of reinforcement powdergslatal role during mecahnical
milling process.

Compressibility of AI-TiG-Gr mixture powdersThe experimental procedure of
Al-TiO—~Gr mixture powders compaction and the densificatiorves were presented
in previous works [13]. In this study the Al+5%TLHB%Gr powder mixture is compa-
red with other composition of mixtures. The cortiela between Ti@ and Gr amount
and relative density is shown in Fig. 3. It is mbtieat the maximum densification (98.4)
was obtained for the unreinforced aluminium unéiergressure of 500 MPa. However
for the same compaction pressure the densificatiteined for the Al + 5% Tig* 6% Gr
hybrid composites is 93.2%. The similar results evalso reported in [14] for the
Al-SiC composites. The authors of [15] explainedk ithe reason for the decrease in
densification could be that the ceramic reinforcehparticles are harder than the base
soft Al matrix powder and thus during compactionl wot be extruded into the pore
space.
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Fig. 2. Fig. 3.

Fig. 2. Effect of reinforcements on the grain size Al + 5% TiO,; Il — Al + 5% TiO, + 2% Gir;
Il — Al + 5% TiO,+ 6% Gr; IV — Al + 5% TiQ+ 4% Gir;
[ — Scherrer equation) — Williamson-Hall equation.

Fig. 3. Compressibility curves for milled powders— Al; O — Al + 5% TiO;
A — Al + 5% TiQ+ 2% Gr;V — Al + 5% TiO,+ 4% Gr;<| — Al + 5% TiQ,+ 6% Gr.

Experimental results using different compressibjlitequations Al-TiO—~Gr
mixture powders were tested using the densificatiathematical equation developed
by the Heckel and Balshin. The first equation otk#s taking into account processes
occurring during pressing and this equation ardiegige to metallic powders at 100...
700 MPa, where substantial rearrangement of pastiotcurs. Figs. 4, 5 show the re-
lationship between the relative density and apptisgssure and regression equations
for Al + 0% TiO,, Al + 5% TiO,, Al + 5% TiO, + 2% Gr, Al + 5% TiQ+ 4% Gr and
Al + 5% TiO, + 6% Gr samples. From the Balshin densificatiorehowe understand
that the encouragement of Ti@nd Gr amount on the linearity of the model. Ibis
served that the deviation from the linearity of sioation curves of experimental
green compacts according in Heckel model is infteeinby the presence of Ti@nd
Gr reinforcing elements. The similar results webgamed by the authors in [14] who
reported for the aluminium based composites reaefdwith silicon carbide particles
during compaction.
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Fig. 4. Fig. 5.

Fig. 4. Densification curves according to Balshination. (1) = 0.1058+ 1.7145 : R= 0.96385;
(2) =0.113% + 1.6889 : R= 0.9586; (3) = 0.1183+ 1.6723 : R= 0.96536; (4) = 0.1298+
+1.6214 : R=0.99138; (5) = 0.1208+ 1.6547 : R= 0.9787 (designations as in Fig. 3).

Fig. 5. Densification curves according to Heckel ¢ipmay = 0.00714 + 0.9249 : R= 0.9571;
y =0.00573% + 0.9692 : R=0.9237y = 0.0053% + 0.9552 : R= 0.9127y = 0.0.00448 +
+0.9225 : R=0.9001y = 0.00406& + 0.8338 : R= 0.9127 (designations as in Fig. 3).
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Microstructural analysis of sintered composite. The cross section of the sinte-
red sample was prepared to reveal the uniformilbligion of hard particles in alumini-
um matrix. Fig. & shows the scanning electron microscope image ®fsthtered
Al + 5% TiO, + 6% Gr hybrid composite. It showed reasonablyarnif distribution of
reinforcement particles and good interfacial initggiThe uniform distribution of hard
TiO, and Gr reinforcement particles was achieved becafiball milling process with
suitable ball milling parameters. The size of temforcement particles also measured
by SEM instrument and displayed in Fig & nanometers. Fig. 7 shows the cross
sectional microstructure image of Al + 5% Ti® 6% Gr hybrid composite obtained
from optical microscope. Generally, the reinforcetrgarticles were clearly identified
in the cross sectional image [16]. Here Ji&hd Gr reinforcement particles are well
distributed in aluminium matrix and they are segtlack and gray color.

Fig. 6. SEM image of sintered)(Al + 5% TiO, + 6% Gr hybrid compositéy,
magnified view of § shows the size of Tidparticles.

2 e > s

Fig. 7. Optical microscope image of sintered Al + B#d, + 6% Gr hybrid composite:
a—100um scalep — 25um scale.

CONCLUSIONS

Aluminium hybrid composite powders have been sigfodlg synthesized after
20 h of ball milling at the speed of 100 rpm. Theig size of the milled powders was
calculated by using Williamson Hall equation. Fdr+#5% TiO, + 6% Gr hybrid com-
posites the grain size was achieved as 224.624ndnfioa the unreinforced aluminium
the grain size was 142.733 nm. The increase imgiae is due to the cold welding
and agglomeration of both hard and soft reinforagseiith the ductile nature of mat-
rix materials. The lattice constant, lattice spatislocation density, unit cell volume,
stress, and strain for all the milled composite gens were established. Adding the
hard and brittle Ti@ and soft Gr powders in the soft aluminium the coaagibility
decreases, this decreasing is in agreement witbxiperimental compressibility curves
and the calculated (according to Heckel and Balstodel) compressibility curve, for
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all mixtures. It is noted that the maximum densifion (98.4) was obtained for the un-
reinforced aluminium at a pressure of 500 MPa. Hawdor the same compaction
pressure the densification obtained for the Al + 5%, + 6% Gr hybrid composites is
93.2%. Scanning electron microscope analysis eaghet the uniform distribution of
reinforcement (TiQ and Gr) particles in the Al matrix and the sizegevdisplayed in
the SEM images. Optical microscopic analysis resséfs formation of grain boundary
and the interfacial bonding between the reinforaeiiand the matrix.

PE3FOME. BuBuanu xapakTepuCTUKH KoMmmo3utHux moportikis Al + TiO, + Gr. Kommosu-
™ ckany Al + 0% TiO, Al + 5% TiO,, Al + 5% TiO, + 2% Gr, Al + 5% TiQ+ 4% Grra
Al + 5% TiO, + 6% GroTpuMyBaId NUIAXOM KYJBOBOTO MOMENY BiIMOBIAHHUX KOMIIOHEHTIB.
Jlns BU3HAUCHHS PO3MIpIB 3€peH, IapaMeTpiB KPUCTATIYHOI PELIITKY, HANpYXeHHs, nedopma-
i1, TYCTUHH JMCJIOKAIliil Ta 00’ €My elleMeHTapHOI KOMIPKH BUKOPUCTOBYBAJIHM PEHTTCHIBCHKHUI
audpakuiiinui anani3. 3gaTHiCTh 10 KoMnakTyBanHs Al 3 cyminmro nopoukis 5 wt.% TiO, ta
214 wt.% GreusHavany B rapTOBaHUX cTaneBux npec-¢popmax 3a tucky 100... 500MPa. s
PO3YMIiHHS OCOOJIMBOCTEH KOMIIAKTYBAHHS TiOPHIHUX KOMIIO3UTIB Ha OCHOBI Al, 3MilHEHHX
gactuakamu 110, Ta Gr 3a pi3HHX THCKiB, BUKOHYBaIHd €KCIEPUMEHTAIbHI TOCIIIKEHHS 3
BUKOPUCTAHHAM JEKINbKOX MiAxoAiB. HaBeoeHO MIKpOCTPYKTYpHUH aHalli3 KOMIIO3MTa
Al + 5% TiO, + 6% Gr.

PE3IOME. V3y4anu XapakTepUCTHKH KOMIIO3UTHBIX nopomkoB Al + TiO, + Gr. Kowmro-
3uthl coctaa Al + 0% TiO,, Al + 5% TiO,, Al + 5% TiO, + 2% Gr, Al + 5% TiQ + + 4% G
Al + 5% TiO, + 6% GrmosyJanu myTeM MapoBOro MOMOJa COOTBETCTBYIOIIUX KOMITOHEHTOB.
Jnst ompeneneHust pasMepoB 3€peH, MapaMeTpPOB KPUCTAIUIMYECKON PELIeTKH, HAIpsHKESHHS,
nedopmary, IIOTHOCTH AUCIOKAIMN U 00beMa dJIeMEHTapHOHN SYEHKH NCIIONIBb30BAIN PEHTIe-
HOBCKUH au(pakiuuonHblii anamu3. CriocoOHOCTh K KOMIakTUpoBauuio Al co cMeChio mopor-
koB 5 Wt.% TiQ, u 2...4 wt.% Grompenensiiy B 3aKaTHBAEMbIX CTaTbHBIX Mpecc-popmax mpu
napnennu 100...500MPa. [{ns moHUMaHusT OCOOCHHOCTEH KOMITAKTHPOBAHUS THOPHIHBIX KOM-
mo3uToB Ha ocHOBe Al, yrpouHenHbix gactuamu 110, Ta Gr pu pasau9HbBIX JTaBICHUNX, TPO-
BOJIMJIH 3KCIIEPHUMEHTAIBHBIC HCCIIEAOBAHKS C UCIOIb30BAaHUEM HECKOJBKHX MoaxooB. [Ipen-
CTaBJIEH MUKPOCTPYKTYpHBIH anamu3 kommosuta Al + 5% TiO, + 6% Gr.
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