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SiC particulate reinforced A356 Al metal matrix composites were laser treated using pulsed
Nd-YAG laser beam. The processing was carried out in air atmosphere at varying pulse
energy (5 to 20 J) and scan rates (30 to 150 mm/sec). The samples were cut perpendicular
to the track and they were characterized using optical microscopy, scanning electron
microscopy and X-ray diffraction. Microstructure of laser treated region consists of regular
succession of coarse and fine microstructure signifying the presence of low velocity bands.
Transition from cellular/columnar dendritic to equiaxed dendritic structure has been
observed. Microstructure of samples laser treated with specific energy greater than

13 kJ/cm? show presence of Al,C; platelets. © 2004 Kluwer Academic Publishers

1. Introduction

Laser surface treatment has emerged as an important
and attractive route for materials processing. It provides
aunique way of modifying the surface properties of ma-
terials. Advantages of laser surface treatments include
high hardness, good wear resistance and corrosion re-
sistance properties, fine and novel solidification struc-
tures [1, 2]. Laser surface treatment processing has the
inherent ability to produce a high solidification veloc-
ity (0.01-1 m/s) and a high temperature gradient (up to
10 k/m). It is regarded as a situation between welding
and splat cooling [1]. Itis commonly accepted that a fine
cellular/dendritic structure with extended solid solubil-
ity will be observed following laser treatments [3]. In
the case of particle reinforced metal matrix composites,
the presence of ceramic particles will affect the result-
ing solidification structures. It may alter the movement
of the solidifying interface. It may help in the formation
of heterogeneous nuclei or partially dissolve and alter
the composition of the matrix locally [4]. The purpose
of this investigation is to study the formation of var-
ious types of solidification structures during low spe-
cific energy (4.1 to 33 kJ/cm?) laser surface treatment
of A356Al-SiCp composites using a pulsed Nd-YAG
laser.

2. Experimental procedure

The A356 Al-SiCp composite material used in this in-
vestigation was fabricated by casting route. Cast com-
posite billet was hot extruded into 13 mm diameter
rod. Samples for laser treatment were made by cutting
the rod into 5 mm thick pieces. Composites contained
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10 vol% of 40 micron (average size) SiC particles. The
matrix of the composite had approximately 7% Si and
0.7% Mg as the major alloying elements. Laser surface
treatment was carried out on the surface perpendicular
to the extruded direction. To keep reflectivity constant
and uniform the sample surface was polished using 180
grit paper and then ultrasonically cleaned. Line tracks
were made using a Nd-YAG laser beam (1.06 wm wave-
length), at various scan rates and pulse energies. Scan
rates and pulse energies ranged from 30 to 150 mm/min
and 5 to 20 J respectively. Laser treatment under vari-
ous conditions were compared based on specific energy
and it is defined as Power/(Scan rate * Beam width) [3]
or laser fluence [S]. Specific energy per unit time pro-
vides laser intensity. Similarly pulse width and scan
rate decide the interaction time between the energy
source and the material. The spectrum of conditions
(scan rate and pulse energy) produced specific energies
in the range from 4.17 to 33.33 kJ/cm?. The pulse width
and pulsing rate were kept constant at 10 milliseconds
and 10 Hz respectively. The processing was carried out
under open atmospheric conditions. Samples were cut
perpendicular to the laser track, metallographically pol-
ished and examined using optical and scanning electron
microscopy, EDX and XRD. Vickers Micro Hardness
values in the laser treated region were measured using
a 200 gram load.

3. Results and discussions

The variations in the melt width and melt depth with
the pulse energy and scan rates are shown in Figs 1 and
2 respectively. Increase in the pulse energy increases
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Figure 1 Variation of melt width with pulse energy.
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Figure 2 Variation of melt depth with pulse energy.
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Figure 3 SEM micrograph of a laser treated region.

the melt depth and also surface rippling. An increase in
the scan speed results in less interaction time between
the laser beam and the material and hence results in the
formation of a melt pool of smaller width and smaller
depth. It reduces the fluid flow in the material and thus
alters the shape of the molten metal pool. Fig. 3 shows
an optical micrograph of a typical region after laser
melting and re-solidification. The boundary between
the re-solidified and the un-melted base material can be
clearly seen. Fig. 4 is a micrograph of the laser treated
region in a sample treated with a specific energy of 4.17
kJ/cm?. It shows the formation of alternate regions of
fine and coarse microstructures. This is a typical banded
structure. The banded structure is characterized by pe-
riodicity (either in the scale or in the nature of the
structure) along the growth direction. A microstructure
consisting of alternate fine and coarse regions is also
known as low velocity bands. Oscillations in the local
growth rate is responsible for the formation of these
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low velocity bands [6]. Banded structures have been
observed and reported in a variety of alloys including
Al-Cu [7], Ag-Cu [8], Al-Fe [9] under rapid solidi-
fication conditions. However, until now such banded
sequences have not been reported in hypo-eutectic Al-
Si alloys. The spacing of one band is defined to be the
sum of the lengths of one fine and one coarse band [6].
In the present studies the band spacing is around 35
to 40 um. The structure is columnar up to a distance
of about 100 um from melt/un-melted interface and
thereafter it is completely equiaxed. Even after transi-
tion (from columnar to equiaxed), the banded structure
(alternate regions of coarse and fine structures) exists
in the equiaxed dendritic region.

Microstructure at the interface between melted and
unmelted region is cellular (width 1 to 1.5 um for
4.17 kJ/cm?) (Fig. 5). There is a transition from cel-
lular to equiaxed dendrites along the direction towards
the top surface. This observation can be explained us-
ing G/V ratio where G is the thermal gradient in the
liquid near the growing interface, and V is the velocity
of the solidifying interface [10]. At low specific energy,
the amount of superheat in the melt is less. Low super-
heat coupled with the high conductivity of the material
(which leads to more uniform temperature), reduces the
thermal gradient in the liquid near the melt/unmelted in-
terface. Additionally, initial convection in the melt pool
will eliminate whatever thermal gradient present in the
melt. Because of the epitaxial nucleation and growth,
the interface velocity increases rapidly. This leads in
low G/V ratio at the beginning of the solidification and
results in cellular structure. After some amount of so-
lidification, the heat from the remaining liquid will be
rapidly taken away by the surrounding high conduct-
ing material giving a high V value and the structure
changes from cellular to equiaxed dendritic. The tran-
sition from the cells to dendrites have been modelled
and it occurs when the interface velocity increases as
growth increases [10].

The structure at the center of the re-solidified region
is equiaxed dendritic (Fig. 6). Explanation based on G/V
value is already given in the earlier paragraph. Further
there is some possibility of nonmetallic particles like
oxides present in the melt acting as heterogeneous nu-
cleation sites. During their growth, the interface growth
direction and bulk heat transfer directions become par-
allel to each other [11]. This gives rise to equiaxed
dendritic structure at the center of the track. Another
possible reason for the formation of equiaxed dendritic
structure is the thermo-elastic strains in the material
due to successive laser pulses. The laser pulse falling
on the material suddenly increases the temperature of
small region of the material and causes melting. This
produces a small amount of thermo-elastic strains to
produce ultrasonic waves [12]. This ultrasonic waves
pass through the material and they break the dendrite
tips. These tips will be moved on to the center and they
acts as nuclei. They give rise to randomly oriented den-
drites. Possibility of the fragmentation of the growing
crystals and these additional features acting as the nu-
cleating site for equiaxed crystals has been reported
earlier [11].



Figure 4 Micrograph showing banded microstructure.

In all samples gas pores are seen (Fig. 6). This could
be due to hydrogen entrapment since processing was
done under open atmospheric conditions. During so-
lidification of the re-melted region the silicon comes
out in the form of plates in the inter-dendritic or inter-
celluar region.

Microstructure shows needle like particles up to a
distance of 100 wm from the top surface. These nee-
dle like particles were identified to be aluminium car-

bide. Size and density of aluminium carbide needles
vary with distance from the top surface. In general
needles were thicker and shorter at the top surface.
Thinner and longer needles wee observed at a distance
slightly away from the top surface and along the depth
direction.

During laser treatment, the reinforced SiC particles
were partially dissolved and aluminium carbide nee-
dles (Fig. 7) were formed according to the following
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Figure 5 Micrograph showing cellular structure at the treated/untreated
interface.
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Figure 6 Micrograph showing equiaxed dendrites and pores at the center
of the treated region.
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Figure 7 Micrograph showing the Al4C3 in the treated region.

reaction [13-15]
3SiC + 4Al1 — Al4Cs + 3Si

The formation of carbides is reported by many au-
thors during high specific energy treatment [1, 16, 17].
The dissolution of SiC is increases with the increase in
the specific energy and results in the formation of Al4C;
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needles of larger size (approximately 40 wm length at
33.33 kJ/cm? and 5 um length at 16 kJ/cm? respec-
tively) and more in number (Fig. 7). This is because at
high specific energy conditions, due to larger amount of
heat, dissolution of SiC is more and it increases activity
of the carbon in the melt and also it increases the time
required for re-solidification. This favours the nucle-
ation and growth of aluminium carbide particles. The
Al4C;5 particles are straight and show a random orienta-
tion within the re-solidified region. Formation of Al;C;
of random orientation is also reported by Ocelik et al.
[18], in SiC/Al metal matrix composite produced by
laser melt injection. Concomitantly when SiC gets dis-
solved, melt gets enriched with Si and it is confirmed
by EDX analysis. A high heat input destroys SiC par-
ticulates completely and forms large (both in size and
quantity) amounts of Al4Cs platelets in the fusion zone.
The larger size and high volume fraction of Al4C; are
deleterious to the MMC because they degrade the en-
gineering properties of the material. With decreased
specific energy, the size and amount of Al4C;3 decreases
and it exists along with physically altered (partially dis-
solved) SiC particles in the Al alloy matrix.

In the present studies, specimens treated with spe-
cific energy less than 13 kJ/cm? SiC particles are par-
tially dissolved but the extent is very low to produce
aluminium carbides. The high silicon content in the
base alloy reduces the tendency for carbide formation
[14]. Partial dissolution of SiC was confirmed by the
increased concentration of Si in the re-solidified re-
gion (approx. 0.5% in the case of 4.17% kJ/cm? spe-
cific energy treatment). This is again observed in EDX
analysis. By controlling the laser specific energy it is
possible to control the dissolution of SiC particles and
there by the size and amount of the Al4C; particles in
the fusion zone. It is reported [16] that optimum level
of properties will be attained by having both SiC and
AlyC; acting as reinforcement phases in a microstruc-
turally modified matrix material. Role of Al4Cs phase
as a reinforcement has been discussed by Bestera et al.
[19].

4. Hardness measurements

Vickers Micro-Hardness measurements were done in
the melted and re-solidified region. There is consider-
able increase in the hardness due to laser treatment and
this can be explained as follows. Firstly a refinement in
structure occurs, causing an increase in hardness. Sec-
ondly the presence of aluminium carbide particles up
to a certain distance from the top surface contributes to
increase in hardness. In the region free from aluminium
carbide particles enhanced hardness comes due to the
refinement of microstructure.

5. Conclusions
1. Low velocity bands consisting of regular succes-
sion of coarse and fine structures has been observed.
2. At the melt/un-melted interface the structure
was cellular/columnar dendritic. Transition from cellu-
lar/columnar dendrite to equiaxed dendrite takes place



at some distance (depending on specific energy) from
the melt/un-melted interface.

3. Samples treated with energy more than 13 kJ/cm?

show the presence of Al4Cj; particles.
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