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Abstract: Friction stir processing (FSP) was used to incorporate SiC particles into the matrix of A356 Al alloy to form composite
material. Constant tool rotation speed of 1800 r/min and travel speed of 127 mm/min were used in this study. The base metal (BM)
shows the hypoeutectic Al-Si dendrite structure. The microstructure of the stir zone (SZ) is very different from that of the BM. The
eutectic Si and SiC particles are dispersed homogeneously in primary Al solid solution. The thermo-mechanically affected zone
(TMAZ), where the original microstructure is greatly deformed, is characterized by dispersed eutectic Si and SiC particles aligned
along the rotational direction of the tool. The hardness of the SZ shows higher value than that of the BM because some defects are
remarkably reduced and the eutectic Si and SiC particles are dispersed over the SZ.
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1 Introduction

Cast A356 is one of the most widely used
commercial Al-Si-Mg alloys in the aircraft and
automotive industries due to its good castability [1] and
the fact that it can be strengthened by artificial aging
[2—4]. However, the mechanical properties of A356 are
significantly affected by microstructural features such as
secondary dendrite arm spacing (SDAS) [5,6],
microporosity [7,8], intermetallics [9], eutectic silicon
particles [10,11], and heat treatments [2,12]. The as-cast
microstructure of A356 is usually characterized by a
coarse dendritic structure, nonuniformly distributed Si
particles and porosity [5—8,13—16]. These micro-
structural features limit the mechanical properties of cast
alloys, in particular, in terms of toughness and fatigue
resistance.

Metal matrix composites (MMC), where hard
ceramic particles are distributed in a relatively ductile
matrix, have widespread applications in aerospace,
automobiles and other engineering industries because of
their excellent physical, mechanical and tribological
properties [17]. The electrolytic co-deposition of ceramic

particles for fabrication of MMC coatings is attracting a
lot of interest, as these coatings can be used in a large
range of industrial applications, especially where high
abrasive and protective properties are required [18].

LIM et al [19] found that the addition of SiC
particles into the matrix of A356 Al alloy leads to an
increase of wear resistance. GARCIA-CORDOVILLA et
al [20] noticed that the wear resistance of AA6061/SiC,
composites increases with an increase in the volume
fraction and size of the reinforcements. It was proved
that the hard ceramic particles increase the hardness and
wear resistance of these composites.

Recently, much attention has been paid to friction
stir processing (FSP) as a solid-state surface modification
technique [21-23]. A rotating tool with a specially
designed pin and shoulder is inserted into a substrate and
rotates to produce a highly plastically deformed zone
(stir zone). It is well known that the stir zone consists of
fine and equiaxed grains produced by dynamic
recrystallization [23]. FSP has also been used to fabricate
surface composites. MISHRA et al [24] fabricated
AV/SiC, surface composites by FSP, and showed that the
added SiC particles were well distributed in the Al matrix,
and a good bonding with the Al matrix was obtained.
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Since the processing of surface composites during FSP is
carried out at temperatures below the melting point of
substrate, the problems in conventional techniques
related to liquid phase processing at high temperatures
can be avoided.

In this study, the composite of SiC reinforced A356
alloy is produced by FSP. The mechanical properties of
the composite are evaluated and the microstructural
changes are observed.

2 Experimental

The material used in this study was a piece of A356
Al alloy with dimensions of 140 mmx70 mmx4 mm.
A356 Al alloy is a typical commercial hypoeutectic
Al-Si alloy containing 7% Si, 0.25% Mg and a very
small amount of the other additives. This material is
commonly used for aircraft pump parts, automotive
transmission cases, aircraft fitting and control parts, and
water-cooled cylinder blocks. The FSW tool is made of
hardened H-13 tool steel, which has a columnar shape
with a shoulder and terminates in a threaded pin. The
pitch distance was 1 mm. The tool rotation rate was set
to be 1800 r/min, and its advancing speed was 127
mm/min.

To insert the particles, a groove with a depth of 1
mm and width of 2 mm was machined in cast A356
workpieces. A schematic illustration of the FSW setup
is shown in Fig. 1. In order to prevent the sputtering
of powders and their ejection from groove during
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Fig. 1 Schematic illustration of FSP process of A356 with SiC
particles

processing, the groove’s gap was initially closed by
aluminum tape. First, the back side was friction stir
processed and then the front side was processed after the
strip of aluminum tape was put in place. All FSW
experiments were carried out at room temperature with a
double pass (back side and front side).

The as-processed workpieces were cut in a direction
transverse to the FSP direction, mechanically polished,
and etched with Keller’s reagent (1 mL hydrofluoric acid,
1.5 mL hydrochloric acid, and 2.5 mL nitric acid in 95
mL distilled water). Microstructural observations were
carried out at the cross sections perpendicular to the
FSW direction by optical microscopy (OM) and scanning
electron microscopy (SEM).

The Vickers hardness profile of the stir zone (SZ)
was measured at the cross section and perpendicular to
the processing direction using a Vickers indenter with a
0.98 N load for 10 s.

3 Results and discussion

Figure 2 shows the optical macro and
microstructures near the SZ without SiC particles. The
SZ appears as an ellipse and has an onion ring pattern
that was formed by friction heat from the rotation of the
tool and the forward movement extruding metal around
the retreating side of the tool [25]. The flash is only
released on the retreating side, where the direction of the
tool rotation moves in the opposite direction to the travel
direction (anti-parallel). Transition regions are formed
between the SZ and unaffected BM. The dendrite
microstructure of the BM is composed of a primary a
phase (white region) and an Al-Si eutectic structure
(black region) (Fig. 2(b)). The primary o phase occupies
a much larger volume fraction than the Al-Si eutectic
structure because the A356 alloy includes less Si
contents than Al—Si eutectic point compositions with
12% Si in the Al matrix. The microstructure of the SZ is
very different from that of the BM (Fig. 2(c)). The
dendrite structure disappears and finer Si particles are
dispersed over the whole SZ. There are no pores and the
regularly distributed Si particles can be seen in the Al
matrix. The SZ has a very homogeneous microstructure
compared to that of the BM. The thermo-mechanical
affected zones (TMAZ) are formed besides the SZ,
which are divided into the retreating side (Fig. 2(d)) and
the advancing side (Fig. 2(e)), and each zone displays
different microstructures. The sharp transition between
the BM and the SZ can be observed on the retreating side.
A wider range of this deformed structure is observed on
the advancing side, which has a more diffuse transient
region.

The optical macro and microstructures of the
SZ with SiC particles are shown in Fig. 3. In spite of the
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Fig. 2 Macro cross-sectional image (a) and optical microstructures of FSPed A356 without SiC particles of BM (b), SZ (c), TMAZ
(RS) (d) and TMAZ (AS) (e) zones marked in Fig. 2(a)

TMAZ (AS) (d) zones marked in Fig. 3(a)
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groove which was placed in the workpieces, any cracks
or defects are not observed in the SZ after FSP. The SZ
shape is nearly the same as the SZ without SiC particles,
but some black lines are observed in the SZ, which do
not exist in the SZ without SiC particles (Fig. 3(c)). It is
suggested that the black lines are related with the
distribution of SiC particles. In the TMAZ, SiC particles
are distributed along bands in the matrix (Figs. 3(b) and
(d)). The high stresses and heat produced by the stirring
tool are responsible for the material’s plastic deformation
in this region, so that the agglomerated particles are
stretched in the shear stress directions.

Figures 4 (a)—(c) show the SEM microstructures of
the etched BM and SZ without SiC particles and SZ with
SiC particles. In the BM, the plate-like and spherical Si
particles are distributed partially in a primary a phase
and form a eutectic structure. However, the Si particles
are homogeneously dispersed in the SZ and the plate-like
particles are no longer present. This may be due to the

plate-like Si particles being broken into slightly finer
particles by the tool stirring. Also, the SZ with SiC
particles is shown to be almost the same shape as the SZ
without SiC particles, but more particles are observed in
this region compared to the SZ without SiC particles.
However, eutectic Si particles and SiC particles have
almost the same shape and chemical composition. So Si
and SiC particles could not be distinguished by the
etched microstructure. The un-etched microstructures of
each regions are shown in Figs. 4(d)—(f). No particles are
observed in the BM and SZ without SiC particles, but
many SiC particles are observed in the SZ with SiC
particles. SiC particles are homogenously distributed in
the SZ and the sizes of these particles are found to be
1—4 um. It seems that varying SiC particle size is related
to the tool stirring where heavy deformations in the SZ
cause the breaking of SiC particles.

The hardness profiles measured along the centerline
of the cross section of the SZs with and without SiC

s b =
Fig. 4 SEM microstructures of FSPed A356 with (a, b, ¢) and without etching (d, e, f): (a, d) BM without SiC particles; (b, €) SZ
without SiC particles; (c, f) SZ with SiC particles
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particles are indicated in Fig. 5. The BM has a very wide
range of hardness, from about HV 50 to 65. The BM has
a hypoeutectic Al-Si microstructure. The Al solid
solution, which is softer than the Si solid solution,
occupies a large volume fraction. When the hardness
indenter is located nearer the primary phase than near the
eutectic Al-Si, the hardness is about HV 50, but as it
moves toward the eutectic Al-Si, the hardness of the BM
rises to over HV 60. The hardness of the BM depends on
the point measured by the hardness indenter. However,
the hardness of the SZ shows more uniform values than
that of the BM due to the finer and more uniformly
dispersed Si particles. The hardness of the SZ without
SiC particles, which ranges from HV 60 to 65, is also
uniformly distributed and shows less wvariation. In
comparison, the SZ with SiC particles shows higher
hardness values over a wider range from HV 60 to 85.
This phenomenon may be due to suppression of GBS
caused by the presence of SiC particles and grain size
reduction.
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Fig. 5 Distribution of Vickers hardness of FSPed A356 with

and without SiC particles

4 Conclusions

1) The composite material of A356 with SiC
particles was produced successfully by FSP.

2) In the SZ, the homogeneous distribution of SiC
particles as well as the spherodization of Si needles and
their spreading through the matrix are the dominant
reasons for improvement of properties in the SZ.

3) The mechanical properties of the SZ with SiC
particles, compared to the BM and SZ without SiC, were
improved by the dispersed Si, SiC particles and the
homogeneous microstructure.
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