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In the present investigation, high-energy milling was carried out to synthesize ultrafine Al–Cu alloy
powder from elemental Al and Cu powder. Elemental Al and Cu powders were milled in a high-energy
planetary mill at a speed of 300 rpm and at 10:1 ball to powder weight ratio. Milling was carried out for
50 h in wet condition to prevent undue oxidation and agglomeration. Powder particles were characterized
by X-ray diffraction (XRD), particle size analyzer, scanning electron microscope (SEM), and transmission
electron microscope (TEM). It is found from XRD that nanostructured Al–Cu alloy prepared by high-energy
anostructured materials
echanical alloying

owder metallurgy
-ray diffraction
canning electron microscope
ransmission electron microscope

milling resulted in a grain size of around 6.0 nm and lattice strain of about 1.43%. It is also found that the
average particle size is around 4.0 �m after 50 h of milling. TEM shows that particles are irregular in shape
and their size is around 200–300 nm. To study the dispersion stability, alloy powders were dispersed in
de-ionized water and then zeta potential were measured at different pHs. The zeta potential value of
the Al–Cu dispersion increases numerically from 49.00 (pH 4.96) to −90.60 (pH 9.50) when oleic acid is
added. It is evident from different zeta potential values that stability is improved by the addition of oleic

acid into the dispersion.

. Introduction

Nanofluids have attracted attention as a new generation of heat
ransfer fluids with superior potential for enhancing the heat trans-
er performance of conventional fluids. These fluids are obtained
y a stable colloidal suspension of low volume fraction of ultrafine
olid particles in nanometric dimension dispersed in conventional
eat transfer fluid such as water, ethylene glycol or propylene gly-
ol in order to enhance or improve its rheological, optical, and
hermal properties. The concept of nanofluid was first coined by
hoi [1] at Argonne National Laboratory for heat transfer appli-
ations [2]. It was found by several researchers that the thermal
onductivity of these fluids can be significantly increased when
ompared to the same fluids without nanoparticles. Since ther-
al conductivity of solids is orders of magnitude greater than that

f liquids, dispersion of solid particles in a given fluid is bound to
ncrease its thermal conductivity. The dispersion of a low volume
<1%) fraction of solid nanoparticles in traditional base fluid drasti-

ally increases the thermal conductivity than that of base fluid [3,4].
he much larger surface areas of nanoparticles relative to those of
icro/macro-sized particles should not only improve heat transfer

apabilities, but also increase the stability of the suspensions. Lee et
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al. [5] demonstrated a maximum increase in the thermal conductiv-
ity of approximately 20% when CuO nanoparticles were suspended
in ethylene glycol. Eastman et al. [6] were able to increase the ther-
mal conductivity of ethylene glycol up to 40% by suspending copper
nanoparticles (average diameter less than 10 nm). In the same year,
Choi et al. [7] reported 160% increase of a synthetic poly oil thermal
conductivity when metallic multi-wall nanotubes were suspended.
Das et al. [8] observed that the thermal conductivity for nanofluid
increases with increasing temperature.

The enhancement of thermal conductivity of nanofluid over con-
ventional base fluid like de-ionized water, ethylene glycol, etc. has
several applications starting from closely packed integrated circuits
at small scale industry to nuclear reactor at large scale. However,
dispersion of milli- and micrometer-sized particles is prone to
sedimentation, clogging and erosion of pipes and channels. The
nanofluid is stable, introduce very little pressure drop and it can
pass through nanochannels [9]. The stability of suspension is one of
the crucial factors required for improving the thermal conductivity
of the fluid and its applications as an efficient coolant [10].

There are two techniques for production of nanofluids: (i) the
one-step direct evaporation method [11–14] represents the direct
formation of the nanoparticles in the base fluid and (ii) the two-step
method [3,4] represents the formation of nanoparticles and subse-

quent dispersion of the nanoparticles in the base fluid. In either of
the case, the production of a uniformly dispersed nanofluid is essen-
tial for obtaining stable and superior properties of nanofluids [15,7].
Several techniques have been developed to synthesize nanoparti-
cles such as co-precipitation [16–18], sonochemical technique [19],
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Table 1
The specifications for the milling systems.

Mill type Fritsch planetary mill
Milling time 50 h
Wet milling Media toluene
Milling speed 300 rpm

Grinding media
Type Steel

Ball size 9.30 mm (dia.)
Ball weight/jar 350 g
Ball to powder ratio by weight 10

Jar dimensions
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Length 95 mm
Diameter 75 mm
Jar speed 300 rpm

ol–gel [20] and hydrothermal [21], etc. A two-step approach has
een adopted here to prepare ultrafine dispersion of Al–Cu powder
articles. Al–Cu system is chosen in order to take the advantages
f both thermal conductivity and dispersion stability. Al has lower
ensity than Cu, i.e. Al ultrafine particles will suspend at higher
ltitude in base fluid than Cu. So dispersion stability will be good
n case of Al but Cu has higher thermal conductivity than Al. Here,
he ultrafine particles were prepared by high-energy milling (HEM)
22,23] with the help of a Fritsch pulverisette-5 planetary ball mill.
igh-energy ball induces high-energy impact on the charged pow-
er by collision between balls and powder causing severe plastic
eformation, repeated fracturing and cold welding of charged pow-
er leading to the formation of nanoparticles [24–26]. The prepared
ltrafine particles were then dispersed into de-ionized water using
ltrasonic probe and magnetic stirrer to prepare desired suspen-
ion.

Although many experimental studies on nanofluid systems have
een performed, the preparation methods for stable nanofluid were
ot systematically studied yet. In earlier study, stability of carbon
lack- and silver-based nanofluid was studied by Kim and col-

eagues [27]. Chang and Chang [28] studied the suspension stability
f Al2O3 nanofluid with different pHs. Kim et al. [29] studied the
ffect of sonication on zeta potential value of CuO particles. In the
resent study, the primary objectives are to synthesize ultrafine
l–Cu alloy powder particles and preparation of stable dispersion
f ultrafine particles in base fluid to develop heat transfer fluids.

. Experimental

Milling was carried out in Pulverisette-5 planetary ball mill with steel vials and
teel balls. Starting materials used for milling were elemental Al and Cu powder with
9% purity. The ball to powder weight ratio (BPR) was 10:1. Milling was conducted
t 300 rpm in wet medium (about 50 ml of toluene) to prevent undue oxidation and
gglomeration of powder. Powder particles were milled for 50 h in two vials—each
ontaining 35 g powder and 350 g steel balls. Steel balls of diameter 10 mm were
sed for milling. Powder samples were picked up from the vials after selected inter-
al of milling time to see the change in shape and size reduction of powder samples.

owders were characterized by X-ray diffraction (XRD), particle size analyzer, scan-
ing electron microscopy (SEM) and transmission electron microscopy (TEM). The
pecifications of milling system are provided in Table 1.

A very small amount of milled powders (approximately 0.04 g) were dispersed
n de-ionized water (150 ml) by ultrasonication and subsequently magnetic stirring
or about 30 min each to prepare the desired suspension. The pH was controlled

Table 2
The methods of producing suspensions.

Two-step method of producing Test conditions

Al–Cu suspensions
Magnetic stirrer Revolution speed: 150

Revolution time: 30 m

Ultrasonic disruptor Sonication time: 30 mi
Frequency: 20 kHz
Maximum sonicating p
Fig. 1. The XRD patterns of Al–Cu powder particles at different intervals of milling
time.

using acetic acid and ammonium hydroxide. The prepared dispersions were ana-
lyzed by nano-zeta meter to determine the particle size and to study the stability of
suspensions at a particular pH value with and without surfactant by measuring zeta
potential. The sequence of steps for preparation of dispersion is given in Table 2.

3. Results and discussion

3.1. Characterization of Al–Cu ultrafine particles

3.1.1. X-ray diffraction (XRD) analysis
To study the different phase evolutions during milling, XRD of

powder milled for different time period was conducted. The XRD
pattern of mixture of Al and Cu powder particles at different inter-
vals of milling time is shown in Fig. 1. The XRD pattern of as received
powder shows the individual peak of Cu and Al. The final milling
product is a single-phase nanocrystalline material which is clear
from the graph. It is evident from the figure that after 10 h of milling,
Al–Cu alloy has started to form. The figure shows that the Bragg
peaks for milled product (after 50 h of milling) are broad, suggest-
ing accumulation of lattice strain and reduction in crystallite size.
It is also observed that intensity of the individual peaks decreases
due to the decrease of crystallinity of powder during milling.

3.1.2. Crystallite size and lattice strain measurement
The crystallite size can be investigated by analyzing the X-ray

diffraction patterns. For this purpose, as received and milled pow-
ders were analyzed using X-ray diffraction (XRD) methods with
CuK� radiation. The XRD peak broadening was used to measure

the crystallite size and lattice strain. The Philips X’pert High Score
software has been used here to calculate the crystallite size and
lattice strain.

The decrease of the grain size and lattice strain to character-
ize the activation process has been determined from the X-ray

Al–Cu–water

0 rpm Weight of powder: 0.04 g
in Base fluid: DI-water

n Viscosity of DI-water: 0.87 mm2/s

ower: 350 W Surfactant: oleic acid
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Fig. 3. Variation of average Al–Cu particle size with milling time.

ig. 2. Particle size distribution of Al–Cu powder at different intervals of milling
ime.

iffraction patterns. Although the accumulation of lattice strain is a
easure of defect formation, determining the defect structure was

ound to be more difficult. The crystallite size and the lattice strain
f the mixture of Al and Cu powder measured from the XRD peak
roadening is shown as a function of milling time in Table 3. It can be
een that the crystallite size decreases and internal strain increases
ith milling time. After 10 h of milling, crystal size is around 21 nm
hich reduces to 6 nm after 50 h of milling, whereas lattice strain

s increased from 0.435 to 1.434%.

.1.3. Particle size analysis
During mechanical alloying process, powder morphology and

ize change continuously. The particle size of mixture of Al and
u powder was measured by Malvern particle size analyzer. Dur-

ng the early stage of milling, the powder particles of Al and Cu
50 at.%) were mixed together and then mechanically alloyed such
hat individual particles of Al and Cu could form nanocrystalline

aterial. At a later stage, after about 10 h of milling, the solid state
eaction starts and considerable amounts of the product (Al–Cu) are
ormed. Fig. 2 shows the particle size distribution of powder at dif-
erent intervals of milling time. The average particle size of powder
articles is shown in Fig. 3. It is evident from the figure that average
article size has been reduced from initial size 21–3 �m after 50 h
f milling. There was no evidence of welding, as particle size did not
ncrease during the initial stages of milling. It should be mentioned
hat the size spectra corresponding to individually milled product
f Al and Cu did not show any evidence of growth in particle size.

Particle size of the final milled powder (50 h) has also been mea-
ured by nanoparticle size analyzer. Particle size of the final milled
owder (50 h) measured by nanoparticle size analyzer has been
hown in Fig. 4. The figure shows that particle size distribution is a

i-modal kind of distribution which indicates that in one mode of
ize distribution particles are observed up to around 1500 nm and in
nother mode of distribution size ranges from 3000 to 7000 nm. The
article size distribution shows wide size distribution of particles.

able 3
ariation of crystallite size and lattice strain with milling time for Al–Cu alloy.

Milling time Crystallite size (nm) Lattice strain (%)

10 h 21 0.435
25 h 11 0.815
35 h 9 1.028
50 h 6 1.434
Fig. 4. Particle size distribution of Al–Cu powder–de-ionized water-based suspen-
sion.

3.1.4. Scanning electron microscopy (SEM) study
The morphology and size of initial powders and also milled pow-

ders after different intervals of milling time were investigated with
the help of scanning electron microscopy (SEM). The marker is set
at 10 �m. Fig. 5 shows the SEM micrographs of mixture of Al and Cu
powder milled for different milling times. The micrographs show
that powders of reacting materials are bulky with random shape
and size at the initial stage of milling. The size of initial powders
is around 28 �m. As the milling progresses the powders become
more homogeneous. As regards particle size, it is also evident
from the SEM images that it decreases gradually with increasing
milling time. However, no evidence of particle coarsening could be
obtained through SEM. The qualitative chemical analysis of Al–Cu
powder milled for 50 h was carried out using energy dispersive X-
ray analysis. The elemental analysis of Al–Cu alloy measured by EDS
is shown in Table 4. Milling was carried out in open atmosphere,
some oxide has been formed. As steel jars and steel balls were used,

some carbon contamination is there. Carbon mainly comes from
carbon tape as powder was dispersed into carbon tape. Since stain-
less steel contains very few percents of carbon. Although EDS shows
the presence of C and O2, but XRD cannot detects the same, as their
amount is very low.
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Fig. 5. SEM micrographs of Al–Cu milled powd

Table 4
Elemental analysis of 50 h milled Al–Cu alloy.

Elements Weight %

C 18.69

3

i
T
t
b
c
p
d

O 8.95
Al 17.50
Cu 54.87

.1.5. Transmission electron microscopy (TEM) study
The internal structure and the true particle size of the mechan-

cally alloyed powders were investigated by TEM. The sample for
EM was prepared by adding a pinch of milled alloy powder par-

icles in the beaker containing acetone and kept in an ultrasonic
ath for about 15 min to get uniform dispersion of powder parti-
les in the liquid. After that 2 drops of fluid containing dispersed
articles were added in carbon coated Cu-grid and then dried. The
esired sample was fixed in the sample holder of TEM for analyzing

Fig. 6. Bright field TEM micrograph and c
er: (a) 0 h, (b) 10 h, (c) 25 h and (d) 50 h.

the internal structure of mechanically alloyed powder. Fig. 6 shows
the bright field TEM micrograph and corresponding SAD pattern of
50 h milled powders. It is evident from the figure that the particle
size is around 200–400 nm and contains large number of crystal-
lites (size around 15–20 nm) with difference in contrast due to the
variation of orientation. The SAD pattern for Al–Cu alloy is slightly
diffused hallow which indicates that powder particles are partial
amorphous in nature.

3.2. Dispersion stability of Al–Cu ultrafine particles in basefluid
The stability of the dispersion was determined by measuring
zeta potential values of alloy powder dispersed in de-ionized water.
However, for measurement of zeta potential, dilute fraction of alloy
suspension was selected here. The values of zeta potential � can be

orresponding SAD pattern: Al–Cu.
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mechanical alloying process by 50 h of planetary ball milling.
In case of mixture of Al and Cu powder, the alloy formation starts

after 10 h of milling. The crystallite size decreases and internal
strain increases with milling time up to about 50 h.
ig. 7. The evolution of zeta potentials of the de-ionized water-Al–Cu alloy powder
uspension as a function of pH without surfactant.

alculated by the Helmholtz–Smoluchowski equation.

= �∪
ε

here ∪ is the electrophoretic mobility, and �, ε are the viscosity
nd the dielectric constant of the liquid in the boundary respec-
ively.

The zeta potential is zero at pH 9.70, which is isoelectric point
s shown in Fig. 7. Therefore the force of electrostatic repulsion
etween particles is not sufficient to overcome the attraction force
etween the particles and hence the dispersion is least stable. As
H increases or decreases by adding reacting reagent ammonium
ydroxide (NH4OH) or acetic acid respectively, then the particles
end to acquire more charge, so the electrostatic repulsion force
etween the particles becomes sufficient to prevent attraction and
ollision between particles caused by Brownian motion. Greater
lectrostatic force can also lead to more free particles by increas-
ng particle–particle distance so that the distance exceeds the
ydrogen bonding range between particles and further reduces the
robability of particle coagulation and settling and hence improv-

ng the dispersion stability of Al–Cu alloy.
At pH 10.30 and 4.96, the zeta potential becomes higher; the

lectrostatic repulsion force between the particles is stronger, and
he coagulated particles can redisperse through mechanical force.
herefore the dispersion stability of Al–Cu alloy is best at pH
.96 and 10.30 corresponding to zeta potential values of 49 and
27.70 mV. If pH value is more than 10.30 or less than 4.96, then the
eta potential of particle surface and electrostatic repulsion force
ecreases due to compression of electrical double layer. Therefore,
he suspension exhibits a poorer dispersion.

For Al–Cu alloy powder with the presence of surfactant, the zeta
otential is zero at pH 3.80 which is the isoelectric point as shown in
ig. 8. At pH 9.50, the zeta potential is maximum; the electrostatic
epulsion force between particles is stronger, and the coagulated
articles can redisperse through mechanical force. Therefore the
ispersion stability of Al–Cu is best at pH 9.50 corresponding to zeta
otential value of −90.60 mV. If pH value is more than 9.50, then the
eta potential of particle surface and electrostatic repulsion force
ecreases due to compression of electrical double layer. Therefore,
he suspension exhibits a poorer dispersion.
.2.1. Mechanism of dispersion stability
The stability of the ultrafine particles in base fluid during the

reparation of suspension is very crucial. Except for the use of ultra-
onic equipment, some other techniques such as control of pH or
ddition of surface active agents are also used to attain stability
Fig. 8. The evolution of zeta potentials of the de-ionized water-Al–Cu alloy powder
suspension as a function of pH with surfactant.

of the suspension of the nanofluids against sedimentation. These
methods change the surface properties of the suspended particles
and thus suppress the tendency to form particle clusters. It should
be noted that the selection of surfactants should depend mainly on
the properties of the solutions and particles.

Oleic acid CH3(CH2)7CH CH(CH2)7COOH is a monounsaturated
omega-9 fatty acid which is diphilic in nature, i.e. it contains a
polar (hydrophilic) and nonpolar (hydrophobic) part. According to
dissolving rule (like dissolves like), when oleic acid is added to de-
ionized water, the hydrophobic part of oleic acids is attracted to
each other and hydrophilic part of oleic acid is concentrated out
wards, i.e. hydrophilic part forms polar bond with water molecule.
As a result, the oleic acid increases the surface tension of water
which prevents the agglomeration of Al–Cu alloy particles when
added to de-ionized water. The formation of miscelle of oleic acid
in de-ionized water is shown in Fig. 9.

4. Summary and conclusions

The following conclusions can be drawn from the present inves-
tigation.

It is possible to prepare ultrafine Al–Cu particles through
Fig. 9. Schematic diagram represents the formation of miscelle of oleic acid in de-
ionized water: hydrophilic (a) and hydrophobic (b) part.
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It is found that particle size is around 200–300 nm and crystallite
ize is around 6 nm and lattice strain is 1.434%.

The dispersion stability of Al–Cu ultrafine particles in base fluid
s best at pH value of 4.96, 10.30 corresponding to the zeta poten-
ial values of 49.00, −27.7 mV without the presence of surfactant
espectively.

In the presence of surfactant, the dispersion stability of Al–Cu
ltrafine particles in base fluid is best at pH value of 9.50 corre-
ponding to the zeta potential value of −90.60 mV.
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