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Abstract. Magnesium powder in micron scale and various volume fractions of SiC particles with an
average diameter of 50 nm were co-milled by a high energy planetary ball mill for up to 25 h to
produce Mg-SiC nanocomposite powders. The milled Mg-SiC nanocomposite powders were
characterized by scanning electron microscopy (SEM) and laser particle size analysis (PSA) to
study morphological evolutions. Furthermore, XRD, TEM, EDAX and SEM analyses were
performed to investigate the microstructure of the magnesium matrix and distribution of SiC-
reinforcement. It was shown that with addition of and increase in SiC nanoparticle content, finer
particles with narrower size distribution are obtained after mechanical milling. The morphology of
these particles also became more equiaxed at shorter milling times. The microstructural observation
revealed that the milling process ensured uniform distribution of SiC nanoparticles in the
magnesium matrix even with a high volume fraction, up to 10 vol%.

Introduction

Magnesium is the lightest engineering metal with a density of 1.74 g/cm?. Further advantages are its
high dimensional stability and superior damping characteristics why it is widely used in the
automobile and aviation industries [1, 2]. Nevertheless, magnesium has some limitations such as
low strength and poor ductility [3]. This is due to its hexagonal closed packed (hcp) structure which
provides a limited number of independent slip systems. A way to improve the mechanical properties
is to reinforce the magnesium matrix with stronger and stiffer particles like ceramics to create a
metal matrix composite (MMC) [4]. Thus, the characteristic properties of metals and ceramics are
combined and lead to superior specific properties of the MMCs such as strength, elastic modulus
and creep resistance at a low density [5—7]. However, the reinforcement with micron sized ceramic
particles usually deteriorates the ductility [8]. Recently, it has been demonstrated that the addition
of nanosized reinforcements such as ceramic oxides, SiC or carbon nanotubes can lead to a
simultaneous increase in strength and ductility of magnesium [9—11]. Nanosized reinforcements can
withstand deformation without fracturing which overall results in a significant increase in strength
and ductility of the composite [6, 12—15]. However, the function of nanoparticles in a metallic
matrix is related to their distribution in the matrix, which can strongly affect the mechanical
properties of the composite. Nevertheless, fabrication of nanocomposites is difficult because the
uniform dispersion of nanoparticles throughout the metal matrix is still a challenging task. One of
the common procedures to fabricate nanocomposites is mechanical milling. This method results in
an acceptable distribution of the reinforcing particles without the typical segregation of casted
composites [12]. In addition, milling is one of the most effective methods for mechanically reducing
grain size and producing nanocrystalline powders.

In the present study, high-energy mechanical milling was used to incorporate 1 vol%, 3 vol% and
10 vol% SiC nanoparticles homogeneously in a pure magnesium matrix. The effect of the
nanoparticle reinforcement on the morphology and microstructure of milled nanocomposite
powders was investigated, as a function of the volume fraction of the reinforcement.
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Experimental Procedure

Magnesium powder with an average particle size of -325 mesh and two SiC powders, one with an
average particle size of 50 nm (SiC,) and the other with an average particle size of 1 pm (SiC,)
were used. All powders have a purity of 99.8 % and were supplied by Alfa Aesar (Ward Hill, MA,
USA). Fig. 1 shows the morphology of the as-received magnesium and SiC nanoparticles.

F1g 1 - Morphology of as-recelved powders a) SEM micrograph of magnesium and b) TEM
micrograph of SiC nanoparticles.

The magnesium powder was mixed with 1 vol%, 3 vol% or 10 vol% of SiC nanoparticles by high-
energy mechanical milling. Another powder mixture with 10 vol% SiC microparticles was prepared
for comparison. An overview of the powder mixtures and their naming is given in Table 1. To
minimize the cold welding effect, 2 wt% stearic acid was added to the mixtures as milling process
control agent (PCA) [16]. All powder mixtures were blended for 20 min on a rolling bank. The
high-energy mechanical milling was performed in a planetary ball mill (Pulverisette 5, Fritsch,
Germany) using zirconia balls in a hard PE vessel for different milling times up to 25 h. The ball-to-
powder weight ratio (BPR) was 10:1 and a rotational speed of 250 rpm was used. All the handling,
mixing, and milling steps were performed under a high purity argon atmosphere in a glove box.

Table 1 — Mechanically milled powder mixtures of magnesium with volume fractions of 0 vol%,
1 vol%, 3 vol% and 10 vol% SiC particles and corresponding naming.

MM M1Sn M3Sn M10Sn M10Spu
Mg [vol%] 100 99 97 90 90
SiC, [vol%] - 1 3 10 -
SiC, [vol%] - - - - 10

After 25 h of mechanical milling, the milled powders were analyzed by SEM (CamScan Series 2,
Obducat, Sweden) in order to study their morphology. Additionally, milled powder particles were
embedded in epoxy resin. The microstructure and the distribution of the SiC nanoparticles was
investigated on ground and polished sections by high resolution SEM (S-2700, Hitachi Ltd., Japan).
Further, transmission electron microscopy (TEM; Tecnai G* 20 S-TWIN, FEI, USA) was used to
investigate the microstructure and distribution of the SiC particles. For this purpose, a lamella was
cut out from a powder agglomeration and was thinned to about 100 nm using the focused ion beam
technique.

A high performance laser particle size analyzer (LA-950, Horiba, Japan) with a measuring range
from 10 nm to 3 mm was used to characterize the particle size and size distribution of the powders
after milling. The particles were dispersed in absolute ethanol and ultrasound was applied for 2 min
in order to eliminate particle agglomerates. Measurements were made to determine the D50 (median
particle size), D90 (the particle size where 90 % of the particles are below that size) and D10 (the
particle size where 10 % of the particles are below that size) values of the particles size distribution.
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X-ray diffraction patterns were recorded with the X Pert Pro from PANalytical (Netherlands) to
obtain information about the number and nature of the phases. The width of the diffraction peaks
was utilized to determine grain (crystallite) size and the amount of microstrain of the magnesium
matrix in the mechanically milled nanocomposite powders.

Results and Discussion

The morphology of Mg—10% SiC nanocomposite powders, M10Sn, at different milling times is
shown in Fig. 2. At the early stages, the magnesium particles are deformed to a flattened shape with
an increase in average size (Fig.2a, b). Micro-welding between the particles and the onset of
fracture were observed at prolonged milling times (Fig. 2c). Due to the welding of the flattened
magnesium particles a particle growth started. The powder particles start to break when a sufficient
level of defects was generated (Fig. 2d). The fractured particles repeatedly weld together and break
again. A steady state condition and formation of equiaxed particles are attained when a balance
between welding and fracturing is reached. For a milling time of 25 h, a change in the morphology
is found where the particles acquire a more regular and equiaxed shape (Fig. 2e, f). Further, the
average size of the particles decreased and a more uniform distribution was reached. The
development of the M10Sn powder represents all stages described previously [12, 14, 17] such as
flattening, welding, fracture and steady state.

Fig. 2 — Morphology of Mg-10% SiC composite powder after mechanical milling for a) 1 h, b) 3 h,
c)5h,d)15h,e)20handf) 25 h.
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Fig. 3 — Morphology of the milled powders a) MM, b) M1Sn, ¢) M3Sn and d) M10Sn after 25 h
mechanical milling, showing the decrease in particle size with increasing SiC content.

Besides milling time, the volume fraction of the reinforcing particles shows a significant influence
on the powder particle morphology during mechanical milling. Fig. 3 shows the morphology of the
MM, M1Sn, M3Sn and M10Sn milled powders after 25 h of milling. By increasing the SiC content,
the particle sizes become finer and more equiaxed after the same milling time. It appears that SiC
nanoparticles promote the fracture of the magnesium matrix during mechanical milling. In case of
nanoparticles, the high surface to volume ratio increases the local deformation and the rate of work
hardening while the fracture toughness decreases. Consequently, the fracture process is enhanced in
the presence of nanoparticles which in fact results in the formation of finer particles with a narrow
size distribution. Fig. 4 shows the morphology of the M10Sn milled powder in comparison to
MI10Sp after 25 h of milling. The more equiaxed and finer particles after the same milling time
confirms the prominent effect of the SiC nanoparticles to accelerate the mechanical milling process.

wﬁ = 1 ) g
Fig. 4 — Morphology of milled powders a) M10Sn and b) M10Spu after 25 hours of mechanical
milling.
Fig. 5 illustrates the particle size distributions of the MM, M1Sn, M3Sn, M10Sn and M10Sp milled

powders after 25 h of mechanical milling. All the milled powders exhibit a symmetric log-normal
size distribution. The symmetrical gaussian bell-shape indicates also the equilibrium between
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fracture and welding, typical of the final stage of mechanical milling [18]. Furthermore, the results
show a reduction in particle size with increasing volume fractions of SiC nanoparticles, which is in
consistency with the SEM observations of the powder morphologies.
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Fig. 5 — Particle size distribution of the milled powders MM, M1Sn, M3Sn and M10Sn.

XRD patterns of the MM, M1Sn, M3Sn and M10Sn powders are shown in Fig. 6a. Besides Mg and
SiC, no other phases were detected. Fig. 6b shows a magnified view of the (002) reflex of
magnesium. With increasing SiC content, peak broadening is observed while the maximum
intensity decreases. As peak broadening represents finer grain sizes and lattice distortion [19], the
increase in peak width of magnesium indicates the formation of 1) fine crystallite sizes and ii) high
density of defects in the magnesium powder with increasing volume fraction of the SiC
nanoparticles.
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Fig. 6 — XRD patterns of milled powders MM, M1Sn, M3Sn and M10Sn: a) whole pattern,
b) magnified view of the (002) Mg peak.

In order to illustrate the distribution of the SiC nanoparticles in the magnesium nanocomposite
powders, cross-sections of M10Sn and M10Sp milled powders are shown in Fig. 7 where the
magnesium matrix appears in light grey and the SiC particles appear as white dots. Although it is
known that with higher volume fraction of reinforcement particle a uniform distribution of the
nanoparticles is increasingly difficult in comparison to macroparticles, the used mechanical milling
setup results in a homogeneous distribution of even 10 vol% of SiC nanoparticles in the magnesium
matrix [20]. The EDS elemental mapping regarding Mg and Si elements in Fig. 8 highlights the
uniform distribution of SiC nanoparticles as seen by SEM.
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Fig. 7 — Backscattered electron image of a) M10Sn and b) M10Spu shows a homogeneous
distribution of SiC particles (white) in the magnesium matrix (light grey).

Fig. 8 — Elemental mapping of M10Sn nanocomposite powder: a) SEM micrograph, b) magnesium
and c) silicon.

Brightfield TEM micrographs of M10Sn milled powder are shown in Fig. 9. The micrographs not
only show the uniform distribution of the SiC nanoparticles, but they furthermore attest to the
development of a nanocrystalline magnesium matrix during the mechanical milling process. The
TEM results are thus in good agreement with the XRD peak broadening. Figure 9b shows a
magnified view of one SiC particle together with the surrounding magnesium matrix. No evidence
of the presence of an interfacial product between the SiC nanoparticle and the magnesium matrix
was found, indicating the formation of well-bonded interfaces. A strong interfacial bonding between
the SiC nanoparticles and the nanocrystalline magnesium matrix is promising in terms of superior
mechanical properties of the magnesium nanocomposites.

ig. 9 — Brightfield TEM micrographs of M10Sn nanocomposite powder: a) survey, showing the
distribution of SiC particles within the nanocrystalline Mg matrix: the compositions of the marked
grains were verified by EDS (results not shown); the inset shows the accompanying SAD pattern; b)

magnified view of SiC particle in Mg matrix showing a well-bonded interface.
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Summarising Conclusions

Magnesium powder and SiC nanoparticles were co-milled to produce Mg-SiC nanocomposite
powders. The morphology as well as the microstructure of the milled powders were studied. With
higher milling time the particle size of the Mg-SiC powder decreases. In the same duration of
milling process, the higher contents of SiC result in finer particle sizes with more equiaxed
morphology. The particle size distribution was in good agreement with the SEM pictures. SEM and
TEM analyses verified a homogeneous distribution of SiC nanoparticles in the magnesium matrix,
even with a high volume fraction of 10 vol% SiC.
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