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Abstract The solid-state interfacial state of aluminum pow-
ders was investigated upon inert gas, ball number and size,
milling time, speed, and processing control agent (PCA) under
high energy planetary mechanical alloying in sub-micron
scale. The study observed significant variations in morpholo-
gy of the milled powders at different milling parameters due to
the fracturing and cold welding mechanisms. The uses of
different ball numbers and sizes, and with higher rotating
speed have resulted in further agglomeration. However, the
adding of methanol as the PCA has provided the effective
fracture mechanisms, by modifying the surface properties of
the deforming particles to overcome the cold welding, hence
reducing the particle sizes and changing the morphological
shape to granular structures. The milling parameters have been
proposed to also include 100 stainless steel balls with 10mm in
diameter, 200 rpm rotational speed, performed under the argon
gas for 30 h to effectively produce finer particles and homo-
geneity in the particle distribution for future sintering process.
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1 Introduction

1.1 Mechanical alloying

The objectives of milling process are to reduce the particle
sizes (breaking down the material) mixing, blending, and
particle shaping. The application of milling (ball milling) for
fabrication of engineering materials via mechanical alloying
(MA) process has been established over the years. Benjamin
[1] has defined the MA process as a method for producing
composite metal powders with a controlled fine micro-
structure. It occurs by repeated fracturing and re-welding
of a mixture of powder particles in a highly energetic ball
mill. As originally carried out, the process requires at least
one fairly ductile metal (e.g., aluminum) to act as a host
or binder. The major processes involve in MA for pro-
ducing quality powders of alloys and compounds with
well-controlled microstructure and morphology include
repeated welding, fracture, and re-welding of the reactant
mixed powders.

It is critical to establish a balance between fracturing and
cold welding in order to obtain a successful mechanical
alloying process. Two techniques were proposed to reduce
cold welding and promote fracturing [2]. The first technique is
to modify the surface properties of the deforming particles by
adding a suitable processing control agent (PCA), which is
also known as wet milling, that impedes the clean metal
contact necessary for cold welding. The second technique is
to modify the deformation mode of the powder particles so
that they are able to deform to the large compressive strains
necessary for flattening and cold welding. In addition, cooling
the mill chamber was identified as an approach to accelerate
the fracture and establishment of steady-state processing due
to the effect of milling temperature [2]. It should be
emphasized that milling the powders of certain metal
which will be cold welded easily with an organic agent
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(PCA) may lead to an undesired reaction between the
PCA and the milled powders [3].

It was found that the powder particles are repeatedly cold
welded by the multiple actions of colliding balls [4]. When-
ever two grinding balls collide, a small amount of powder is
trapped in between them. Typically, around 1,000 particles
with an aggregate weight of about 0.2 mg are trapped during
each collision. During this process, the powder morphology
could be modified. For the soft powders like aluminum, the
flattened layers overlap and form cold welds. This leads to
formation of characteristically layered composite microstruc-
ture of powder particles consisting of various combinations of
the starting ingredients [5]. The work-hardened elements or
composite powder particles may fracture at the same time.
These competing events of cold welding (with plastic defor-
mation and agglomeration) and fracturing (i.e., size reduction)
continue repeatedly throughout the milling period. Eventually,
a refined and homogenized microstructure is obtained, and the
composition of the powder particles is the same as the pro-
portion of the starting constituent powders. Along with the
cold welding event described above, some powders may also
coat the grinding medium and/or the inner surface walls of the

container. A thin layer of the coating is beneficial in
preventing wear-and-tear of the grinding medium and also in
preventing contamination of the milled powder with the
debris.

1.2 Planetary ball milling

In the planetary ball mill, the milling media contains consid-
erably high energy, as the milling stock and balls come off the
inner wall of the vial (milling bowl) and the effective centrif-
ugal force can reach up to 20 times of gravitational accelera-
tion. The centrifugal forces caused by the rotation of the
supporting disk and autonomous turning of the vial act on
the milling charge (balls and powders). Since the turning
directions of the supporting disk and the vial are opposite,
the centrifugal forces alternately are synchronized and in
opposite direction. Therefore, the milling media and the
charged powders alternatively roll on the inner wall of the
vial, and are subsequently lifted and thrown off across the
bowl at high speed. One advantage of this type of mill is the
ease of handling the vials (45 to 500 mL in volume) inside the
glove box.

Fig. 1 a Clamping of milling jar;
b Retsch PM400; c 500 mL jar
single station
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The field of nano-composites has recently attracted
considerable attention as researchers strive to enhance
composite properties and extend their utility by using
nanoscale reinforcements instead of more conventional
particulate-filled composites [6]. While smaller reinforce-
ments have a better reinforcing effect than larger ones,
applying the ball milling technique for composite fabrica-
tions provides the following merits:

& Since ball milling is processed at room temperature, the
disadvantages of the liquid metallurgy method for produc-
ing undesirable materials can be avoided.

& Moreover, the ball milling process can produce homoge-
neous nano-composite powders in comparison to the con-
ventional coarse particulate-filled composites.

Consolidation of milled powders is an important step for
reliable and reproducible determination of the physical/
mechanical properties of the fabricated materials and is re-
quired for most industrial applications [7]. However, the com-
paction process of the ball-milled powders into bulk, full
density compaction while retaining nanoscale grain size is a
major challenge [8]. Many sintering techniques, e.g., hot
pressing [9] and hot extrusion [10], sintering forging [11],
and HIP-ing [12], have been employed to consolidate the
mechanically alloyed powder.

The MA process is significantly affected by several factors
that play very important roles in the fabrication of homoge-
neous materials. It is well known that the quality characteris-
tics of the milled powders of the final product, such as the
particle size distribution, morphology, and the degree of dis-
order, depend on the milling conditions and, as such, the more
complete control and monitoring of the milling conditions, the
better end product is obtained. Thus, the aim of this paper is to
determine the effect of different ball milling parameters and
operating conditions (milling time, ball size, PCA, and speed)
in aluminummatrix in order to optimize the process in achiev-
ing the particle size reduction with less contamination.

2 Experimental materials and methods

Current powder metallurgy techniques have been employed
with some success in producing metal matrix composites
(MMCs), which typically consist of (i) mixing and blending,
(ii) consolidation, and (iii) secondary processing. Until recent-
ly, the challenges that remain were many, including particle
agglomeration, inhomogeneous dispersion of particulates, as
well as weak interface between particulates and matrix. In
mechanical milling, work materials are placed together with
some milling balls in a vial and are then moved upon the

Start

Mechanical milling

Role of other parameters

Ball size Ball no.
Rotational 

speed

10mm 15mm 20mm 100 31

200rpm 250rpm

Analysis

Role of PCA

Stearic acid 3.3ml 

methanol

7.5hr 15hr 30hr 40hr

1wt% 2wt% 3wt%

Milling at 7.5hr 

with 200rpm at various 

milling times 

at 200rpm

Analysis

Role of inert gas

With argon 

gas
Without 

argon gas

Analysis

Milling times at 200rpm

1hr 3hr0.5hr

End

Optimized 

process

No?

Yes?

30hr 40hr

Role of milling time

with 2wt% 

stearic acid 

at 200rpm

Analysis

5hr 10hr 15hr 20hr7.5hr

Fig. 2 Methodological framework of the mechanical milling
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motion to bring them in colliding positions. The amount of
energy produced by the impact during milling is expected to
be the source of crack propagation and fracture leading to the
breakage of the work materials into smaller sizes.

Another consideration that should also be taken into ac-
count is the ratio of the amount of milling balls and work
materials which is also known as B/P ratio (ball to powder
ratio). This ratio is to ensure that the maximum amount of
work material is in the collision with the maximum amount of
milling balls. It has been emphasized that the most practicable
B/P ratio is 10:1 (ten unit mass of ball against one unit mass of
work materials).

2.1 Experimental materials

In this study, aluminum powder used was from Khorasan
powder metallurgy, Iran, with a purity of >99 %. The particle
size was 31.97 μm in diameter (90 %) and was in flake shape.
A 40-g aluminum was ball-milled using a 500-mL stainless
steel mixing jar (with 110 mm in inner diameter and height) of

planetary ball mill of Retsch 400M with an effective sun
wheel diameter of 300 mm and speed ratio of 1:−2.5, as
shown in Fig. 1. During the process, the aluminum powder
was milled at various milling times with 1 min pause followed
by the change in turning direction after every 15 min. The jars
were agitated with two different ball numbers of 31 and 100
up to 40 h, thus giving a ball to powder weight ratio (B/P) 10:1
to reach a fine powder particle size regarding to powder
morphology.

Milling parameters have been varied accordingly in order
to attain the optimum milling conditions for aluminum matrix
as shown in Fig. 2. Initially, the aluminum was milled at three
different milling times of 0.5, 1, and 3 h at 200 rpm. Mixing
was carefully controlled under inert gas in order to avoid
impurities. Impurities in sample will influence the physical,
interface reaction, and mechanical properties of milled alumi-
num. In addition, similar millings were also performed

Table 1 Summary of milling parameters

Al Ball no. Ball size
(mm)

Stearic
acid (wt%)

Methanol
(mL)

Speed
(rpm)

Ratio
(B/P)

0.5 h 100 10 – – 200 10

1 h 100 10 – – 200 10

3 h 100 10 – – 200 10

5 h 100 10 2 – 200 10

7.5 h 100 10 – – 200 10

7.5 h 100 10 1 – 200 10

7.5 h 100 10 2 – 200 10

7.5 h 100 10 3 – 200 10

7.5 h 100 10 – 3.3 200 10

10 h 100 10 2 – 200 10

15 h 100 10 2 – 200 10

15 h 100 10 2 – 250 10

15 h 31 15, 20 2 – 200 10

15 h 31 15, 20 2 – 250 10

15 h 100 10 – 3.3 200 10

20 h 100 10 2 – 200 10

30 h 100 10 2 – 200 10

30 h 100 10 2 – 250 10

30 h 31 15, 20 2 – 200 10

30 h 31 15, 20 2 – 250 10

30 h 100 10 – 3.3 200 10

40 h 100 10 2 – 200 10

40 h 100 10 2 – 250 10

40 h 31 15, 20 2 – 200 10

40 h 31 15, 20 2 – 250 10

40 h 100 10 – 3.3 200 10

Fig. 3 a SEM and b FESEM micrographs of the pure (unmilled) alumi-
num powder
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without the argon gas to verify the effect of the inert gas on the
quality of the particles.

Then, the effect of process control agent (PCA) was inves-
tigated with 1–3 wt% stearic acid [CH3(CH2)16COOH] added
during 7.5 h of milling to minimize the cold welding of the
aluminum particles. In addition, the PCAwas used to prevent
powders from sticking to the balls and the jar wall. The
investigation was continued with the milling of aluminum
powder at seven various milling times from 5 to 40 h (5,
7.5, 10, 15, 20, 30, and 40 h) with 2 wt% stearic acid. The
rotational speed remained at 200 rpm throughout this
investigation.

For further study on the mechanical milling parameters,
stainless steel ball size was changed from 10mm (100 balls) to
15 and 20 mm (different balls, DB), but keeping the same B/P
ratio of 10:1. Subsequently, the rotating speed has also been

changed from 200 to 250 rpm (different speeds, DS), and
finally, both ball size and rotational speed were changed
(DB-DS) with inclusion of 2 wt% stearic acid of PCA. The
milling was then carried out to 40 h (7.5, 15, 30, and 40 h)
with 200 rpm speed, 100 balls (10 mm in diameter), but with
3.3 mL methanol in order to examine the effect of different
PCAs on the morphology, particle size, and contamination of
the aluminummatrix. The milling parameters are summarized
accordingly in Table 1.

2.2 Experimental analysis

The particle size and distributions of powders were deter-
mined using a particle analyzer of CILAS 1190 instrument
with a measurement range from 0.04 to 2,500 μm to examine
the effect of various milling parameters. An energy dispersive

Fig. 4 EDX analysis of pure
aluminum

Fig. 5 Particle analyzer graph
(CILAS 11900) of pure aluminum
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X-ray (EDX) analysis using a field emission scanning
electron microscope (FESEM) model LEO supra 55
with up to 40 nA probe current was also used to
observe the powder morphology and contamination of
the powder.

On the other hand, an X-ray diffraction (XRD) char-
acterization of the powders was performed with a
Bruker type using CuKα radiation at 4.8 kW to define
the essential quality and crystallography of the existing
elements in aluminum. Thermal and oxidation stability
of materials and phase transformation during mechanical
milling process were also studied with thermo gravimet-
ric analyzer (TA instruments SDTQ600) to specify any
possible change in melting point of the powder after
each setup of milling parameters.

3 Results and discussion

3.1 Powder morphology characterization

The raw material characterizations involved the determi-
nation of size, particle distribution, and morphology of
aluminum powder were characterized by scanning elec-
tron microscope (SEM), EDX, laser particle measure-
ment, XRD analysis, and differential scanning calorim-
eter (DSC). The aluminum powder morphologies in low
and high magnification are shown in Fig. 3, while
Fig. 4 exhibits the purity of aluminum powder with
the EDX analysis. It was found that aluminum powder
comprised of an average particle size of 31.97 μm as
shown by the particle analyzer graph in Fig. 5. Due to a

Fig. 6 X-ray diffraction (XRD) pattern of pure (unmilled) and milled aluminum powder

Fig. 7 DSC graph of pure
(unmilled) and 15–30 h milled
aluminum powder
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wide range of particle size, milling was required to attain a
homogenous particle size distribution.

In addition, Fig. 6 illustrates the XRD analysis of the milled
aluminum powders for 7.5, 15, 30, and 40 h that were carried
out throughout this study. Five peaks were observed at 2θ=
38.5°, 44.9°, 55.0°, 78.0°, and 82.5°. The observed lattice
peaks of aluminum were very close to the reference value of
0.40 nm, suggesting the good quality and distribution of
crystallites in the samples. In addition, the results provided
indication of the amount of aluminum purity in the samples. In

comparison to the pattern of starting (unmilled) powders, the
milled counterparts showed a broadened intensity which indi-
cated that the powder size was effectively reduced after
milling.

DSC analysis has further proved the existent of pure alu-
minum powder (9.171 mg) using Pt pan at 10 °C/min temper-
ature rate for 2 h and 40 min as shown in Fig. 7. The melting
points of unmilled as well as 7.5–40 h milled aluminum were
almost the same (~660 °C), which suggested that the milling
process did not cause a major effect on the output of the DSC

Fig. 8 SEM micrographs and
EDX analysis for a 0.5 h; b 1 h;
and c 3 h milled aluminum with
argon
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analysis and could be useful for controlling milling tempera-
ture to avoid any phase changing or carbide formation during
powder preparation.

3.2 Effect of the milling parameters in mechanical alloying
of aluminum matrix

In this work, the milling parameters were varied to attain an
optimized aluminum matrix particles size and ameliorative
aluminum particle morphology. Reaching to smaller particle
size with fine distribution is one of the challenges in milling of
aluminum. On the other hand, a shift in particle morphology
from flake to spherical with minimum particle size was
achieved through this study. By having a spherical shape with
smallest possible particle size would be advantageous in the
preparation of metal matrix composites and sintering
processes.

3.2.1 Role of inert gas in MA

The aluminum particles were milled for 0.5, 1, and 3 h with
100 balls (10 mm in diameter) at 200 rpm rotating speed,
without PCA. Argon gas was applied to aluminum powder
during the milling process. The SEM micrographs shown in
Fig. 8 indicated a shifting of the morphology of particles from
flake to spherical shape and an increase in particle size,
through welding and agglomeration with a rough surface up
to ~1.5 mm after 1 h milling. The exception was observed
after 3 h of milling which the particle size was reduced due to
higher impact force and temperature increase inside the jar
that induced particles toward higher density and lower poros-
ity form as well as closer to spherical shape. Although spher-
ical shape is more suitable for diffusion during sintering and
compaction process but it is not without limitation. In beside,
smaller particle sizes which act as matrix in combination with
reinforcements for producing nano-composites are advisable.

The level of contamination was also monitored by EDX
analysis as shown in Fig. 8, which indicated a low contami-
nation level for all of those milling condition (0.5–3 h mill-
ing). In addition, Fig. 9 highlights the changes in aluminum
particle size for 0.5–3 h of milling time without argon gas. It
was noticed that without the argon gas, the aluminum particles
were found melted and trapped to the jar wall after 30 min of
milling. Thus, for further experimental work on the optimiza-
tion of milling parameters, argon gas was applied in all the
milling processes.

3.2.2 Role of milling time in MA

In this study, 2 wt% of stearic acid (as a PCA)was added to the
aluminum matrix powder with the milling performed at
200 rpm rotational speed with 100 balls (10 mm in diameter).
Subsequently, the milling times were increased from 5 up to

40 h (5, 7.5, 10, 15, 20, 30, and 40 h, accordingly) to examine
the effect of milling time on aluminum powder shape, size,
and contamination level.

Figure 10 shows series of SEM micrographs of 5–40 h
milled aluminum powders together with those of the unmilled
pure aluminum for an immediate comparison. In addition,
Fig. 11 highlights the results of average particle sizes obtained
using the laser particle analyzer of pure and milled aluminum
at different milling times. It was found that the aluminum
matrix produced different plots when the milling times were
changed. The main particle size was increased from 31.97 to
89.93 μm after 5 h of milling due to welding mechanism, and
agglomerate of the aluminum powder was found higher than
fracturing. It was then decreased until 69.81 μm (15 h of
milling) as a result of the ball impact and friction, and again
was increased continuously up to 216.175 μm for 40 h of
milling.

The latter was attributed to rapid increase in temperature
during the milling process, in which after a certain tempera-
ture, the PCA was unable to control the cold welding from
occurring. At this stage, warm welding has occurred instead,
depending on the powder melting point. Even at this stage, the
impact energy was insufficient enough to break down the
particle (sometimes the temperature and pressure could reach
to 500 °C and 500 KPa, respectively). Generally, the particle
size and shape were very important factors in the preparation
of aluminum matrix, although contamination (O, Fe, and C)
and phase change were investigated by EDX as well.

3.2.3 Role of PCA in MA

At the 7.5 h of milling with 100 balls (10 mm in diameter) and
200 rpm speed, 1–3 % of the stearic acid was added.
Figures 12 and 13 show the results from the morphology
analysis; it was shown that the aluminum particles started to
weld together and formed large particles with a rough surface.
It has been observed that some particles have approached
490.16 μm in size (which then impact energy of the balls
contributed to the flakes shape) and a particle size of ~90 μm

Fig. 9 Laser particle analysis for pure (unmilled) and 0.5–3 h milled
aluminum without argon and PCA
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when milling was continued under the stearic acid. In fact,
without adding any amount of PCA, a more spherical shape or
a conversion from the flake shape of original powder to
spherical could be obtained, which has better feature for
sintering process rather than a flake shape, but reaching to
smaller particle size becomes challenging. The option would
be either (i) to prepare the aluminum in both bigger particle

size and closer to spherical shape, or (ii) to prepare fine
particles but flake in shape, as metal matrix in composite with
higher diffusion rate in powder consolidation applications.

It has been observed that without the PCA, the particle size
of aluminum powder has increased substantially from
31.97 μm of unmilled powder to 490.16 μm after 7.5 h of
milling time. As shown in Figs. 12 and 13, the PCA (stearic

Fig. 10 SEM micrographs for a
raw (unmilled); b 5 h; c 7.5 h; d
10 h; e 15 h; f 20 h; g 30 h; and h
40 h milled aluminum powder

Int J Adv Manuf Technol (2015) 76:1319–1332 1327



acid) was added to overcome fracture mechanism to cold
welding. After subsequently adding up to 3 wt% of PCA,
the particle size has reached to 71.89 μm and morphology
was changed from flake to more equiaxed shape with lower
yield. It was anticipated that in order to effectively control the
effects of agglomeration and inhomogeneous particle size was
through the changing of the PCA to methanol. The alternative
PCA could provide a mechanism to prevent the cold welding
of the particles and hence, the agglomeration to occur, resulted
in the alteration of the morphologies.

As the milling was carried out with the new PCA (i.e.,
3.3 mL methanol), it was evidently shown in Figs. 14 and 15
that the sizes of aluminum powder have reduced to 8.93 μm
after 30 h of milling from 31.97 μm for pure aluminum. It was

believed that the methanol has a more effective technique to
create the breaking mechanism compare to the cold welding.
However, the particles started to agglomerate, causing an
increase in the size from 8.93 to 11.85 μm as the milling time
was increased to 40 h. This could be attributed to the low
melting temperature of aluminum, in which the heat inside the
milling jar intensified and agglomeration occurred causing the
particle size to increase accordingly as the milling progressed.

3.2.4 Role of ball size, ball number, and rotation speed in MA

In this section, the size of milling ball was increased to 15 and
20 mm, but the quantity was reduced to provide the same B/P
ratio of 10:1. By using the total number of 31 balls with 15 and

Fig. 11 Laser particle analysis of pure (unmilled) and milled aluminum
in different milling times

Fig. 12 SEM micrographs of
7.5 h milled aluminum with a
0 wt%; b 1 wt%; c 2 wt%; and d
3 wt% of stearic acid

Fig. 13 Laser particle analysis of 7.5 h milled aluminum in 0–3 wt% of
stearic acid
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20 mm ball size and 250 rpm rotational speed, the ball impact
energy has been accrued and, at the same time, the tempera-
ture inside the jar has also been increased as well.

Figure 16 provides the results of SEM micrograph for six
different conditions. The sequence of (a) to (c) indicated the
change in the particle size and arrangement of the milled
aluminum at 15 h milling time with different ball numbers
and sizes, as well as rotating speed. As a result, after 15 h of
milling, particle size and distribution have dramatically
changed as different ball numbers and sizes were used. As
the ball size was increased, the colliding impact per ball has
intensified, but the overall milling rate may well reduce due to
the increased weight and inertia. This has caused higher

occurrence of welding and agglomeration of the aluminum
powder than the fracturing mechanisms as the impact energy
increased.

The particle morphologies were further altered when the
rotating speed was increased to 250 rpm. Higher colliding
speed has promoted the aluminum particles to weld together
and form larger particles, contributing to the flakes shape. In
addition, the average particle sizes were obtained using the
particle analyzer, in which the changes for the first three
conditions (i.e., milled at 15 h) were clearly summarized in
Fig. 17. It has been observed that the average size was in-
creased from 31.97 to 85.81 μm when the ball number and
size were changed, and then further increased considerably to
221.35 μm with higher rotation. The changes in the particular
milling parameters have considerably increased the collision
intensity between the milling balls and aluminum powders,
hence the welding formation, contributing to the higher
particle sizes.

This trend has continued for those aluminum particles
milled at 30 h. The sequences of Fig. 16d–f have indicated
that with the changes in milling parameters (i.e., milling balls
and rotating speed), the morphologies of the aluminum parti-
cles have changed to agglomerated particle in which the
average particle size has reached up to 259.89 μm, as sum-
marized in Fig. 18. However, when the milling time was
further increased to 40 h, then only the average particle size
has slightly decreased from 216.17 to 199.24 μm, as shown in
Fig. 19; this was due to double break and fracture of half
melted particle, which attributed to very high impact energy.

Fig. 14 SEM micrographs of a
7.5 h; b 15 h; c 30 h; and d 40 h
milled aluminum with methanol

Fig. 15 Laser particle analysis for 7.5–40 h milled aluminum with
methanol
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Fig. 16 SEM micrograph for a
15-h milled aluminum; b 15-h
milled aluminum, DB; c 15-h
milled aluminum, DB-DS; d 30-h
milled aluminum; e 30-h milled
aluminum, DB; f 30-h milled
aluminum, DB-DS. [DB, different
ball number and size: 31 (10–15
and 20 mm) balls; DS, different
rotation speed (250 rpm)]

Fig. 17 Laser particle analysis of 15-h milled aluminum in different ball
size (10, 15, 20 mm), ball no. (31), and rotation speed (250 rpm) in
comparison with the pure (unmilled) aluminum

Fig. 18 Laser particle analysis of 30-h milled aluminum in different ball
size (10, 15 and 20 mm), ball no. (31) and rotation speed (250 rpm) in
comparison with the pure (unmilled) aluminum
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In this stage, the contamination level (Fe and O) was highwith
EDX scans of the specimens and powder morphology was
inhomogeneous with the mixing of flake and agglomerated
particles.

It was anticipated that with the average powder sizes ob-
tained for the aluminum of above 250 μm can be so large, that
it could prevent any possibility of sintering to occur in the
upcoming process. As indicated successfully in the previous
section, one possible way to control this effect (i.e., agglom-
erated and inhomogeneous particle distribution) is either
through the changing of a PCA to methanol or by decreasing
the impact energy from the ball collision onto the particles.
The methanol has provided an effective mechanism to break
the particle and prevented the agglomeration to occur, as well
as altering the morphologies from flake-like shape to granular
structures. With the reduced size and homogeneity of the
particle distribution, it enables the powder to be used effec-
tively during the sintering process of the aluminummatrix as a
metal matrix to further produce optimized compacting bulk
carbon nano-composites.

3.3 Experimental validation of the optimal milling parameters

Subsequently, the optimal milling parameters have been val-
idated, where the coupling effects of different milling

conditions on the morphology and structural evolution of
mechanically alloyed aluminum powder were examined.
The milling has included 100 stainless steel balls (10 mm in
diameter), 200 rpm rotating speed with direction reversal, and
1 min pause time after each 15 min running time, with the
process performed under the argon gas for 15 and 30 h, and
3.3 mL methanol was added as the PCA. Figure 20 shows the
SEM micrographs of the milled aluminum powder after 15
and 30 h of milling. As the results of implementing those
conditions, a shifting of the morphology of particles from
flake to the spherical shape, with the formation of finer particle
size, was observed. The adding of methanol as the PCA has
helped in reducing the welding of the matrix particles that
leads to the decrease in the particle size. The particular type of
PCA provided the effective fracture mechanisms, which has
modified the surface properties of the deforming particles to
overcome the cold welding phenomenon.

In addition, further analysis on the average particle sizes
have been carried out using the laser particle analyzer for 15
and 30 h of milling, as shown in Fig. 21. It was apparent that
the latter condition has produced finer particle size, with the
different of more than 15 % in the average size. With the
methanol has successful prevented the agglomeration from
occurring, a longer milling time would provide longer and
repeated fracturing, effectively breaking the particles into

Fig. 19 Laser particle analysis of 40-h milled aluminum in different ball
size (10, 15, and 20 mm), ball no. (31), and rotation speed (250 rpm) in
comparison with the pure (unmilled) aluminum

Fig. 20 SEM micrographs of a
15-h milled aluminum matrix; b
30-h milled aluminum matrix
with optimal milling conditions

Fig. 21 Average particle sizes obtained using a laser particle analyzer for
15-h- and 30-h milled aluminum matrix, accordingly
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smaller size and changing the morphology from the flake to
spherical shapes. This phenomenon was clearly contradictory
than those mentioned earlier in Section 3.2.2, in which the
longer milling times have caused larger size in the aluminum
matrix. By having a spherical shape with smallest possible
particle size, it would certainly be advantageous in the prep-
aration of metal matrix composites through sintering process
and subsequently could lead to better compaction quality.

4 Conclusion

The planetary mechanical alloying process of the aluminum
powders has been observed, as the solid-state interfacial reac-
tion of the particles was investigated upon inert gas, media
ball number and size, milling time, speed, and PCA. The
morphologies of the milled powder were found to significant-
ly vary with different milling parameters, in which the forma-
tion of nanostructure and fine aluminum matrix particle size
were observed in the study. In order to effectively prepare the
aluminum powders as metal matrix for future sintering pro-
cess and to produce further compacting carbon nano-compos-
ite, the milling parameters have been proposed to include 100
stainless steel ball (10 mm in diameter), 200 rpm rotation
speed with direction reversal, and 1 min pause time after each
15 min running time, with the process performed under the
argon gas for 30 h of milling. The use of methanol as the PCA
has further reduced the particles size to 8.93 μm and
underwent some changes in shape from flake-like structures
to granular (disk) structures. However, the uses of different
ball numbers and sizes, and with higher rotation speed have
resulted in further agglomeration and poor homogeneity in
particle distribution, thus preventing any possibility for the
sintering of nano-composites.
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