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Effect of High Energy Ball Milling on Displacement Reaction and Sintering 
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High-energy ball milling and low temperature sintering were successfully employed to fabricate a metal matrix
composite of Al reinforced with Al2O3 particulate. Nano- and/or submicro-sized SiO2 particles embedded
in an Al-Mg matrix particle can be obtained by high-energy ball milling. No new phases were found in
the high-energy ball milled Al-0.4 wt.%Mg-14 wt.%SiO2 powder. Milling of the Al-Mg-SiO2 powder increased
the sintering rate and decreased the sintering temperature. The hardness of the sintered Al-Mg-SiO2 composite
using the ball-milled powder was about twice that of a sintered composite using a mixed powder due to
the fine and homogeneous distribution of Al2O3 particles formed by the displacement reaction between Al
and SiO2 during sintering.
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1. INTRODUCTION

 

Traditionally, aluminum matrix composites (AMCs) rein-

forced with particulates have been produced by such pro-

cessing techniques as stir casting, powder metallurgy, squeeze

casting, preform infiltration and spray forming [1-5]. During

such processes, the reinforcing second-phase particulates

(including borides, carbides, oxides, and nitrides) are com-

bined with the matrix material (either in molten or powder

form) by ex situ methods. Accordingly, the scale of the rein-

forcing phase is limited by the starting powder size, which is

typically of the order of micrometers to tens of micrometers.

In addition, the interfacial reaction and poor wettability

between the reinforcements and the matrix due to surface

contamination of the reinforcements are intractable [6,7].

Alternatively, in situ synthesis (i.e. displacement reaction)

techniques can improve the above-mentioned shortcomings

of ex situ methods by forming the particulates via a

displacement reaction, which avoids contamination and

yields satisfactory bonding strength and wettability with the

matrix.

Furthermore, it is well known that the properties of metal

matrix composites (MMCs) are controlled by the size and

volume fraction of the reinforcements [6,8,9]. High mechan-

ical properties and high wear resistance can be obtained

when fine and thermodynamically stable ceramic particles

are dispersed homogenously in the matrix [6-10]. In recent

years, the mechanical alloying technique has been exten-

sively used to fabricate MMCs reinforced with ceramic par-

ticulates formed by a displacement reaction. In combination

with subsequent sintering, bulk composites reinforced with

fine and thermodynamically stable ceramic particulates can

be fabricated [11-13]. In this study, based on the chemical

composition of A356 alloy, we selected a Al-0.4 wt.% Mg-

14 wt.% SiO2 powder mixture and investigated the effect of

high-energy ball milling on the displacement reaction

between Al and SiO2 during sintering and mechanical

property on sintering and hardness. 

2. EXPERIMENTAL PROCEDURE 

The materials used in the experiments were 99.5 % pure

Al powder (average particle size 70 μm), Mg powder

(average particle size 300 μm), and SiO2 powder (average

particle size 40 μm). The nominal composition of the pow-

der mixture was Al-0.4 wt.%Mg-14 wt.%SiO2. To produce*Corresponding author: kdwoo@chonbuk.ac.kr
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this powder, 7 g of a mixture of Al, Mg elemental powders,

and SiO2 powder was placed in a hardened steel vial together

with 18 stainless steel balls 8.0 mm in diameter each. The

ball to powder weight ratio was 4:1. The vial was then sealed

in a glove box filled with high purity argon. The ball milling

was performed using a SPEX8000 Mixer/Mill machine.

After milling, the as-milled powders were analyzed using

X-ray diffractometry (XRD) and differential thermal analy-

sis (DTA) to identify the phase transformation during

milling. The XRD analysis of the powders was performed in

a Philips X-pert system diffractometer with Cu Kα radiation

and a copper single crystal monochromator. A thermal anal-

ysis was performed to observe the effect of the milling time on

the displacement reaction temperature of Al-0.4 wt.%Mg-

14 wt.%SiO2 powder by using a MTG 9600 DTA instrument

under flowing argon. The heating rate used for the thermal

analysis was 10
o

C/min. The microstructure of the powder

particles was examined using optical microscopy and JEOL

JSM 5900 scanning electron microscopy. Both the as-mixed

and the 8-h milled powders were uniaxially pressed at

30 MPa to form green compact discs 13 mm in diameter

each. Then, the green compacts were sintered under different

conditions in a tube furnace under flowing argon to fabricate

the bulk sample based on the DTA analysis. The microstruc-

ture and elements distribution of the sintered products were

examined with an SEM equipped with energy dispersive

X-ray spectroscopy (EDX). Additionally, JEM-2010 transmission

electron microscopy (TEM) was used to observe the particle

size and distribution after milling.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the powders milled at

different times. For the as-mixed powder, the diffraction peaks

corresponded to the Al and SiO2 phases. The Mg phase could

not be detected by XRD due to its trace quantity (Fig. 1(a)).

After 1 h of milling, the XRD pattern (Fig. 1(b)) shows that

the positions of the Al and SiO2 peaks remained the same as

those of pure Al and SiO2 peaks, indicating that no signifi-

cant reaction occurred during this initial period of milling;

however, the intensity of the SiO2 diffraction peaks decreased

significantly. After 4 h of milling, the intensity of the Al peaks

decreased, and the positions of the Al peaks remained

unchanged, as shown in Fig. 1(c). This indicated that the

amount of Mg diffusing into the Al phase is insignificant.

After 4 and 8 h of milling, the Al peaks became obviously

broadened. The widening of the XRD peaks was due to

residual strain by the solid solution of Mg in the Al, as well

as to a decrease of grain size. 

Neglecting the contribution of the strain, the average grain

size of the Al phase was estimated using the half height

width of the Al {111} peak and Scherrer’s equation [14].

The result showed that the average grain size of the Al phase

decreased from 35 to 24 nm as the milling time was

increased from 1 to 4 h. However, as the milling time was

increased from 4 to 8 h, the average grain size changed

slightly, from 24 to 20 nm.

Figures 2(a)-(d) shows the SEM micrographs of the pow-

der particles in the powder mixture after 0, 1, 4, and 8 h of

milling, respectively. For the as-mixed powder (0-h of

milling), the original phases existed in separate powder par-

ticles. The aluminum particles appear as rods or spheres, and

the brittle SiO2 particles were angular. After 1 h of milling,

the aluminum particles suffered deformation and fracture.

The size of most of powder particles decreased significantly.

Simultaneously, however, the soft Al particles in the initial

starting mixture were affected by the cold working and the

impact and shear forces generated by the milling media, and

they tended to agglomerate to form larger powder particles;

therefore, a few of the powder particles increased in size.

Fig. 1. XRD patterns of the milled powder for different times: (a) 0 h, (b) 1 h, (c) 4 h, and (d) 8 h.
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With further ball milling, the brittle SiO2 particles were dis-

integrated continuously, and the size of the powder particles

milled for 4 and 8 h exhibited a bi-modal distribution (Figs.

2(c) and (d)). The fine powder particles had sizes in the sub-

micrometer or nanometer range, while the large powder par-

ticles had sizes in the range of 20-50 mm. Previous literature

[15] has illustrated that diffusion couples will be generated

during high-energy ball milling of the ductile-brittle system.

A schematic diagram of the formation of diffusion couples is

shown in Fig. 3 [15]. For the as-milled powder in this study,

with the aid of SEM, it can be clearly seen that Al/SiO2 dif-

fusion couples were generated for the as-milled powders.

The representative SEM micrographs of the 8-h milled pow-

ders are shown in Fig. 4. A great number of diffusion cou-

ples, consisting of SiO2 particles embedded in a matrix of Al

phase, were generated during ball milling. 

Figure 5 shows (a) a bright field image (BFI) and (b) a cor-

responding selected area diffraction pattern (SADP) of the 4-

h milled powders. It is clear that various amounts of brittle

particles embedded in the Al alloy matrix for the 4-h milled

powders. The SADP shows a ring-spot pattern that is charac-

teristic of the simultaneous diffraction of crystal SiO2 (fcc)

and Al (fcc). This suggests that Al/SiO2 diffusion couples

formed during the ball milling. With the aid of image analy-

sis software (Image Pro Plus), the sizes of particles embed-

ded in the matrix were measured. After 4 h of milling, the

Fig. 2. SEM micrographs of the milled powders for different times: (a) 0 h, (b) 1 h, (c) 4 h, and (d) 8 h.

Fig. 3. Schematic diagram showing the formation of diffusion couples
after high-energy ball milling [15]. 

Fig. 4. SEM micrograph of the cross section of the 8-h milled powder
particles.
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mean particle diameter of SiO2 was about 53 nm. The mean
particle diameter decreased with increased milling time.
Thus, with an increase in milling time, the sizes of the diffu-
sion couples decreased, and the volume fractions of the dif-
fusion couples increased.

Figures 6(a)-(e) shows the DTA traces of the Al-Mg/SiO2

powders milled for 0, 1, 4, 6, and 8 h, respectively. The DTA
trace of the as-mixed powder showed only one endothermic
peak due to the melting of aluminum. No other reactions took
place during the process of heating the as-mixed powder. The
DTA trace of the 1 h-milled powder exhibited one sharp
endothermic peak followed by a small exothermic peak,
which indicated that another reaction occurred besides the
melting of aluminum. With a further increase of milling time
for the 4 and 6 h milled powders, the DTA traces were simi-
lar to the trace of the 1 h milled powder. The main difference

between the traces was that the exothermic peak became
intensive with an increasing ball milling time. For the 8 h
milled powder, the DTA trace exhibited one large exother-
mic peak in the temperature range of 530 ~ 680 oC, as well
as one sharp endothermic peak superimposed on the exother-
mic peak. A comparison of the endothermic peak temperatures
of the traces shows that the endothermic peak temperatures
shifted to low temperatures with an increasing milling time.
This can be interpreted as a dependence of the melting point
on particle sizes and on the interface structure. Due to the
particle size decrease and the embedding of SiO2 particles
into Al particles, the melting point of Al particles decreased
with an increasing ball milling time. Á. Revesz et al. investi-
gated the effect of milling time on the melting temperature of
Al powder and reached similar conclusions as our study
[16]. In addition, the exothermic peak became more inten-
sive with an increasing milling time. This was the result of
more SiO2 particles embedded in the Al matrix. The longer
the milling time, the more diffusion couples of Al/SiO2 were
formed. The more diffusion couples were formed, the more
heat was released during the displacement reaction. 

To identify the reaction corresponding to the exothermic
peaks shown on the DTA traces, the as-milled powders were
heated in a DTA instrument to different temperatures with
argon protection, and then cooled to room temperature, before
being subsequently analyzed using XRD. 

Figure 7 shows the XRD pattern of the powders milled for 4 h
heated to 680 oC. From this pattern, the SiO2 peaks disap-
peared, while Al2O3 and Si peaks appeared, which suggested
that the exothermic peak was caused by the displacement
reaction between Al and SiO2. The reaction is given by the
following equation. 

4Al(s, l)+3SiO2(s)→2Al2O3(s)+3Si(s)+Q (1)

Fig. 5. TEM micrographs of the 4-h milled powder: (a) BFI and (b)
SADP.

Fig. 6. DTA traces of the milled powders for different times: (a) 0 h,
(b) 1 h, (c) 4 h, (d) 6 h, and (e) 8 h. The endothermic peak is caused by
the melting of Al, and the exothermic peak is caused by the
displacement reaction between Al and SiO2.

Fig. 7. XRD pattern of the 4-h milled powders heated to 680 using
DTA equipment. Si and Al2O3 

phases were formed by the displacement
reaction during heating.
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In Eq. 1, the subscripts “s” and “l” stand for the solid and

liquid forms of the substances. For the 1-, 4-, and 6-h milled

powders, the exothermic peak followed the endothermic

peak, and therefore, the exothermic reaction was liquid-solid

reaction. However, for the 8-h milled powder, the exother-

mic reaction occurred in a large temperature range, and, at

the initial stage, it was solid-solid reaction. 

Based on the results of the DTA analysis, the preforms of

the as-mixed and the as-milled powders were sintered under

different conditions. Figure 8(a) shows the as-mixed powder

preform sintered at 650
o

C for 2 h, it was found that the as-

mixed powder could be fully sintered, and the starting pow-

der phases were integrated by metallurgy. However, particles

of SiO2 were still present and segregated on the grain bound-

aries, which would deteriorate the properties of the sintered

production. No reaction occurred between SiO2 and Al.

Some voids were caused by the detachment of SiO2 particles

during polishing. For the 4-h milled powders, SEM micro-

graph of sintering at 610
o

C for 0.5 h is shown in Fig. 8(b). It

was found that Al2O3 particles and rod-shape Si particles

were formed in situ by the displacement reaction between Al

and SiO2. For the 8-h milled powders, an SEM micrograph

of sintering at 650
o

C for 2 h is shown in Fig. 8(c). The SEM

analysis also confirmed that the solid displacement reaction

occurred during sintering and that fine Al2O3 particles, of

less than 1 mm, were formed in situ and were dispersed

homogeneously in the matrix. In accordance with Hanabe et

al. [4], good wetting occurred between Al and SiO2 because

the change in the specific interfacial Gibbs free energy was a

negative value. This negative value contributed to the

spreading of liquid Al on SiO2 particles particle. It is possible

to infiltrate the metal into SiO2 and form microcomposite

Al2O3 reinforcements in situ. In addition, the displacement

reaction was accompanied by an approximately 35 % volumetric

contraction. After formation of a critical thickness of Al2O3

film on the SiO2 particle, extensive cracking of this layer

occurs. Such cracking permits the liquid Al to penetrate the

SiO2 further and to continue the reaction. [17]. By milling

the SiO2 and Al alloy powder, the size of SiO2 particles of

SiO2 particle decreased to nano-size, and many cracks in the

SiO2 occurred. Therefore, it would be easy to penetrate a

SiO2 particle with Al atoms, even when using a lower

sintering temperature.

Table 1 presents the hardness of different preforms sin-

tered at 650
o

C for 2 h. It can be seen that the hardness of the

as-milled powders preform after the sintering treatment was

twice that of the as-mixed powder preform. In addition, for

the as-milled powders, the hardness of the sintered preform

increased with an increasing milling time.

4. CONCLUSIONS

During the ball milling of Al-Mg/SiO2 powder, soft Al

particles underwent serious deformation and cold welding in

the initial stage of milling, while the brittle SiO2 particles

were refined greatly with further milling. For 4- and 8-h

milled powders, nano and/or submicro sized SiO2 particle

embedded in an Al-Mg composite particle resulted in the

formation of diffusion couples. No new phases were formed

during the high-energy ball milling. For the as-milled pow-

der, an exothermic reaction consistent with the displacement

reaction between Al and SiO2 can be activated at a low tem-

perature. The sintering rate was increased and the sintering

temperature was decreased with an increase of the milling

time of Al-Mg-SiO2 powder. The hardness of the sintered

compacts of the as milled powders was as about twice that of

Fig. 8. SEM micrographs of sintered specimens: (a) the as-mixed powder sintered at 650
o

C for 2 h, (b) 4-h milled powder sintered at 610
o

C for
0.5 h and (c) 8-h milled powder sintered at 650

o

C for 2 h.

Table 1. Hardness of different composites fabricated by sintering at 650
o

C for 2 h

Specimen as-mixed powder 1 h-milled powder 4 h-milled powder 8 h-milled powder

Hardness (HRB) 32.5 64.7 72.2 80.5
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the sintered compact of the as-mixed powder due to the fine

reinforcement particles and the homogeneous distribution of

the Al2O3 particles formed by the displacement reaction.
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