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a b s t r a c t

Ultra-fine Al–Si hypereutectic alloy with <10 lm primary Si phase was fabricated by direct metal depo-
sition (DMD). The microstructure and microhardness of the hypereutectic alloys manufactured under dif-
ferent scanning speeds and laser powers during DMD were investigated. Compared with the conventional
modified hypereutectic alloy whose primary Si phase is around 40 lm, the primary Si particle obtained
by DMD has a much smaller size of about 5–10 lm. With increased scanning speed and laser power, the
volume fraction and size of the primary Si increase. The unique hypoeutectic microstructure can be found
around the primary Si phase in the hypereutectic alloy. With increased scanning speed, the size of eutec-
tic Si grain decreases and the microhardness of deposition increase. However, the size of eutectic Si
reaches the minimum value at a certain power level, and the microhardness of deposition reaches the
maximum value at 850 W laser powers. The mircohardness of the deposited hypereutectic alloy is
approximately 2.5 times of that of the raw eutectic alloy.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Hypereutectic Al–Si alloys are attractive materials for aeronau-
tical, automobile, and military applications because of their
excellent combined properties, such as low coefficient of thermal
expansion, low density, good corrosion resistance, high wear resis-
tance, and good casting ability [1,2]. Hypereutectic Al–Si alloys
have a higher volume fraction of the primary silicon than conven-
tional hypoeutectic Al–Si alloys. Thus, hypereutectic Al–Si alloys
are candidate materials for high-quality pistons and optical mod-
ules [3]. However, the large size of the coarse primary silicon in
hypereutectic Al–Si alloys obtained by conventional casting tech-
nology can reduce the anti-wear property and ductility of alloys
[4]. Therefore, the primary silicon of hypereutectic alloys must be
refined to improve their mechanical properties and thus increase
their industrial applications.

Various methods have been used to refine primary silicon
phases, such as the addition of modification agent, heat treatment,
ultrasonic vibration treatment and rapid cooling [4–11]. Modifica-
tion can change the morphology and size of both primary and
eutectic silicon at the same time. However, modification is not sta-
ble and green because upon heating, phosphorus modification
agents can be volatile, which causes agent burning loss and

possible environment pollution [4,5]. Moreover, the most common
modification agents are costly rare earths. Furthermore, the modi-
fication effects are also limited for >40 lm-sized primary silicon in
modified alloys, which limit the improvement of the mechanical
properties. During heat treatment, eutectic silicon in hypereutectic
Al–Si alloys disintegrated and spheroidized [6], but the primary sil-
icon almost keep stable, very limited information is available
regarding the effects of heat treatment on the hardness of hypereu-
tectic alloy.

The introduction of ultrasonic vibration into the alloy melt can
refine grains and produce globular non-dendritic grains. During the
vibration process, the amplitude transformer immersed in the melt
needs to endure the severe high temperature of 970 K for a long
time, which results in the discontinuous industry production. In
addition, the limit vibration power cannot refine the melt needed
in industry [7].

The microstructure of hypereutectic Al–Si alloys such as size,
shape, and morphology of primary Si strongly depends on the
cooling rate of solidification [8]. Numerous studies have reported
on the rapid solidification of Al–Si alloys by melt spinning, surface
treatment with high-energy beams, and metal mold casting [9–11].
The melt spinning technology can only be used to fabricate the thin
strip; the morphology of surface layer with short lifetime is
obtained in the surface treatment technology and the primary
silicon in aluminum alloy is not affected in metal mold casting.
Furthermore, all these methods are difficult to use in the industrial
fabrication of certain components. DMD technology features a
rapid cooling rate as well as the abilities to produce net-shaped
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components and synthesize materials. DMD is a new rapid manu-
facture technology, the deposited material has a high cooling rate
of 106 K/s, thus, DMD is suitable for fabricating fine-grained hyper-
eutectic Al–Si alloy [9,12].

During DMD, raw powders are delivered to the substrate
through small pipes and a cladding nozzle with the aid of a deliv-
ery gas. However, Si particles are difficult to deliver because of
their static electricity that often blocks delivering pipes. Silicon
carbide tends to react with molten Al and form silicon at 1670 K,
thereby providing elemental silicon for the formation of hypereu-
tectic alloys [13,14]. In this study, the mixture powder is composed
of Al–11.28 Si alloy powder and the easily flowing silicon carbide
powder instead of Si powder. The microstructure and microhard-
ness of the hypereutectic Al–Si alloy produced by DMD are
reported.

2. Materials and methods

The substrate, which was multipurpose 6061 aluminum alloy
with dimensions of 100 mm � 80 mm � 10 mm, was sandblasted
prior to deposition. Gas-atomized 4047 eutectic Al–Si alloy powder
(100 lm) and silicon carbide powder (70 lm) were used. The alloy
powder comprised 88.51 Al, 11.28 Si, 0.18 Fe, and 0.03 Cu (in
weight percentage).

A DMD 105D machine (developed by the POM Group, Auburn
Hills, MI, USA) with a disk laser beam diameter of 1.0 mm was used
in the experiments. Ten successive layers of a single-wall sample
(50 mm long � 2 mm wide � 3 mm high) were deposited. During
deposition, a laser was scanned back and forth over the previous
layer. A coaxial nozzle was used to deliver powders at a feeding
rate of 4.9 g/min. The process parameters including laser power
and scanning speed are shown in Table 1.

Transverse sections of the samples were cut, metallographically
polished, and etched with Keller’s reagent (containing 95 ml of
H2O, 2.5 ml of HNO3, 1.5 ml of HCl, and 1.0 ml of HF).The samples
were then immersed in Keller’s reagent for 15–20 s, immersed in
HCl for 1–2 s, rinsed with water, and then dried. The microstruc-
ture of the samples was characterized by scanning electron micros-
copy (SEM) on a Philips XL30 FEG SEM system and by energy-
dispersive spectrometry (EDS). Different phases in the deposited
samples were examined by X-ray diffraction (XRD) using a Rigaku
rotating anode X-ray diffractometer with Cu Ka radiation at 40 kV
and 100 mA. All samples were scanned within the standard h–2h
geometry from 17� to 90� with a 0.015� step size and 1 s dwell
time. Microhardness measurements were performed on the
cross-section of samples using a CM-400AT automatic microhard-
ness tester with a 200 g load for a dwell time of 15 s based on ISO
6507 standard [15]. The final hardness value was calculated using
average data from 10 indentations.

3. Results and discussion

3.1. Microstructure

The microstructure of hypereutectic Al–Si alloy obtained by
DMD is shown in Fig. 1. The phases were identified based on mor-
phological, XRD, and EDS analyses. Silicon is mainly distributed in
the plate-like phase with a small portion in the stripe-like phase.

The carbon element was presented in the stripe-like phase. To fur-
ther understand the composition of different-shaped phases, the
energy-dispersive spectrum analysis in hypereutectic-alloy is
shown in Fig. 2. The white needle-like or dot-like eutectic Si and
the gray a-Al form the eutectic master alloy (spot A). The stripe-
like phase is ternary carbide consisting of elemental carbon, alumi-
num, and silicon (spot B). The plate-like phase is mainly silicon
(spot C). The XRD pattern in Fig. 3 shows that the phases present
in the structure are a-Al, Si, and Al4SiC4 ternary carbide, in good
agreement with the EDS elemental distribution spots. Therefore,
the hypereutectic Al–Si alloy is composed of needle-like or dot-like
eutectic Si, stripe-like Al4SiC4 ternary carbide, and plate-like pri-
mary Si.

The size of the primary Si phase is approximately 5–10 lm,
which is much smaller than that of primary Si in the modified
hypereutectic alloy (40 lm) and the primary Si phases (100 lm)
in conventional hypereutectic Al–Si [10]. During DMD, SiC particles
fly through the laser beam, absorb laser energy, and undergo a
temperature increase to 3273 K [16]. This temperature is much
higher than the minimum temperature (940 K) needed for SiC
and aluminum to react. The reaction products strongly depend
on the temperature. From 940 K to 1620 K, the products are Si
and Al4C3. Beyond 1670 K, the reaction product is Al4SiC4 ternary
carbide and Si [17]. Given that Al4C3 is brittle and easily reacts with
water, Al4C3 should be avoided by increasing the temperature of
SiC particles to >1670 K.

The size of ultra-fine primary Si in the alloy depends on the
cooling rate of alloy deposited during DMD. The cooling rate of part
deposited by DMD ranges from 105 K/s to 106 K/s [18], which are
much higher than those of the conventional casting method. The
nucleation drive of liquid Si during DMD is also much higher than
that during conventional casting because of the high under-cooling
rate. Consequently, ultra-fine primary Si in hypereutectic alloy can
be obtained from the high nucleation rate of Si crystal.

The morphologies of primary Si in hypereutectic alloys depos-
ited by DMD at different scanning speeds and laser powers are
shown in Figs. 4 and 5, respectively. Plate- and star-like white
primary Si phases are uniformly distributed in the hypereutectic
alloys. With increased scanning speed, the volume fraction of the
primary Si phase and the ratio of the massive star-like phase to
the star phase decrease. With increased laser power, the change
in morphology of primary Si is opposite to the change in scanning
speed. The morphology of primary Si can be correlated with the
temperature field in the molten pool. To further understand the
morphology of primary Si, the energy density q was used (Eq.
(1)) [19]:

q ¼ P
m � d ð1Þ

where P, v, and d refer to the laser power, scanning speed, and
diameter of the laser beam, respectively. The energy density is pro-
portional to the laser power and inversely proportional to the scan-
ning speed. During DMD, the laser power is mainly used to create a
molten pool on the substrate or previous deposition and heat the
powder passing through the laser beam. At a low energy density,
the temperature of the SiC particles and the liquid pool are low.
At a low temperature, SiC difficultly reacts with aluminum; thus,
the content of Si product in the alloy is low when the energy density
of the laser is low. Compared with aluminum, SiC absorbs much
higher laser power when the temperature is low. Hence, only a
small amount of aluminum around the high-temperature SiC parti-
cles can react with SiC. The ultra-fine Si product is then distributed
around the SiC particles (Fig. 6). SiC particles with a low coefficient
of thermal expansion remain in the bulk, which makes the product
Si surrounds the SiC surface. Molten aluminum has a high viscosity
at a low temperature. Therefore, the Si product cannot be easily

Table 1
Parameters of DMD.

Sample number 1 2 3 4 5 6 7

Laser power (W) 500 700 900 1200 700 700 700
Scanning speed (mm/min) 450 450 450 450 400 500 300
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