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In the present investigation the effect of laser surface melting on wear and
corrosion resistance of Al-11wt.% Si alloy has been investigated. Laser
surface melting has been carried out using a 2 kW continuous wage CO
laser at an applied power of 2.3kW and scan speed ranging from 6 to
12 mm/min. Following the laser surface melting, a detailed investigation
ofthe melted zone in terms of microstructure, composition and phases were
undertaken. Mechanical properties of the melted zone were evaluated so
far as the microhardness and wear resistance were concerned. The corro-
sion behaviour of the as-received and the laser surface melted surface was
evaluated in 1(M) HSOy, 1(M) HNO3 and 3.56 wt.% NacCl solutions. The
microstructure of the melt zone consists of grain refined Al and Al-Si eutec-
tic colonies which results in an improved microhardness from 87 VHN as
compared to 55 VHN of the as-received Al-Si alloy. The wear resistance of
the melt surface was improved significantly as compared to the as-received
Al-Si alloy. A detailed corrosion study in various environments showed
that corrosion resistance was marginally less in the 3.56 wt.% NaCl and
1 M H»S0Oy solutions, but was better inghil M HNO;3 solution.
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INTRODUCTION

Aluminium alloys with silicon as a major alloying element have a wide range
of applications in the automotive and aerospace industries and provide most
of all shaped castings manufactured [1]. The mechanical properties can be
improved by small additions of sodium or strontium [2]. However, the amount
ofthe modifier is critical since over-modification results in reduced mechanical
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properties. Furthermore, losses from the melt and the formation of undesirable
intermetallic compounds, cause additional problems. Microstructural refine-
ment may also be achieved by laser surface melting by the modification of the
microstructure and/or composition in near-surface region of the component
by melting using a high power laser beam as a source of heat [3, 4]. Among
the notable advantages, laser assisted surface modification enables delivery
of a controlled quantum of energy (1-30 JAnor power (16-10" W/cn?)
with a precise temporal and spatial distribution either in short pulses (b0
1012 s) or as a continuous wave (CW) [3-6]. The large temperature gradi-
ent across the boundary between the melted surface and underlying substrate
results in rapid self-quenching and re-solidification with quench rates as high
as 10 K/s and accompanied by re-solidification velocities up to 30 m/s [7].
In addition, the short processing time, flexibility in operation, economy in
time/ energy/material consumption, shallow heat affected zone and precision
are important advantages of laser assisted surface modification over conven-
tional processes. Laser surface melting has been successfully employed to
improve wear and corrosion resistance properties of commercial metals and
alloys [6-8]. Noordhuis and Hosson [9] showed that laser surface melting
improved the surface microhardness of Al-12% Si alloy from 60 to 125 VHN.
Furthermore, shot peening followed by laser surface melting increased the sur-
face microhardness further and changed the residual stress from tensile which
is developed by laser surface melting to compressive. \igaalg[10] under-
took a detailed study of the effect of laser surface melting using al&s@r to
determine the microstructure and microhardness of a series of Al-Si alloys. The
morphology of Si particles was changed from lath-like into coralline-like with
significant refinement of the microstructures and an extension of the solid sol-
ubility of Siin Al and an improved microhardness. In an another study, Wong
and Liang [11] showed that laser surface melting improved the corrosion resis-
tance of Al-Si alloys in 10% HSO4 and 10% HNQ solution. Allenet al. [12]
studied the solidification behaviour of laser surface melted Al-26 wt.% Si
alloys. It was observed that columnar or epitaxial regrowth develops under
the condition of low interfacial undercooling. The nucleation kinetics analy-
sis indicates that the nucleation of primary silicon restricts the domain of the
coupled eutectic zone for silicon compositions greater than 20 wt.%. Watkins
et al. [13] presented a detailed review of laser surface melting of Al and its
alloys in enhancing surface properties. Laser surface remelting of the hyper-
eutectic Al-20 and 30 mass% Si cast alloys with a continuous wavg&3er
was found to improve the wear resistance of these alloys. The microstructure
of the laser-remelted layer consisted in fine primary Si particles, the primary
a-Al matrix phase and a fine-Al-Si eutectic phase. The hardness of the laser
remelted layer increased gradually with a decrease in the primary Si particle
size, which reached 140 HV at aboytB in the Al-30 mass% Si layer [14]

In the present study, an attempt has been made to improve the wear resis-
tance of Al-Si alloys by melting the surface with a high power laser beam.
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The detailed investigation includes characterization of microstructure, com-
position and phases of the melted zone and an evaluation of mechanical and
electrochemical properties.

EXPERIMENTAL

Laser surface melting was carried out using a 10 kW continuous wave (CW)
CO, laser with a beam diameter of 2 mm and Ar as shrouding gas (at a flow
rate of 6 I/min) to avoid oxidation. The specimens were mounted on a water
chilled copper block placed on a CNC controlled stage. The applied power
was maintained at 2.3 kW in the present study. The scan speed was varied from
6 to 12 mm/min. After laser surface melting the microstructure (both the sur-
face and cross section) of the melted zone was characterised by optical (OM)
and scanning electron microscopy (SEM). The phases formed on laser surface
melting were analysed by X-ray diffractometer (XRD). The microhardness of
the top surface and the cross-section of the laser surface melted layer were mea-
sured using a Vickers microhardness tester with a 25 g applied load. The wear
behaviour of surface alloyed mild steel was compared to that of the as-received
one by a Friction and Wear monitor unit (model no: TR-208-M1) based on a
pin on disc wear testing method with the specimen as disc and diamond pyra-
mid indenter (120) as pin. During wear testing, the pin was slides over the
disk at 15 rpm and an applied load of 1 kg. During the test the cumulative depth
of wear was measured as a function of time using Winducom 2003 software.
The corrosion resistance of the specimens before and after laser surface melt-
ing was studied in 1 (M) BSOy, 1(M) HNO3 and 3.5% NacCl solution. The
corrosion behaviour of the laser surface melted specimen was also compared
to that of the non treated specimen by calculating the corrosion rate derived
from the potentiodynamic polarisation study (in a 3.56 wt.% NaCl solution in
air) [15]. A standard calomel electrode was used as a reference electrode and
platinum mesh was used as the counter electrode. Polarisation was carried out
from —700 to —100 mV(SCE) at a scan rate of 0.5 mV/s to construct the Tafel
plots (logarithmic variation of current as a function of voltage) and to derive
the anodic and cathodic Tafel constants [15]. The corrosion cutkgp} (vas
determined from the intersection of these two linear plots [15].

RESULTSAND DISCUSSIONS

Adetailed analysis of the microstructure, composition and phases were under-
taken for laser surface melted and as-received Al-Si alloys. In addition, the
mechanical properties such as microhardness, wear resistance and corrosion
resistance were evaluated. In this section, we shall discuss the characteristics
and properties of the melted layer in detail.
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FIGURE 1
Scanning Electron Micrograph of the as-received Al-Si alloy used in the present study.

Characterisation of the Melted Zone

Figure 1 shows the scanning electron micrograph of the top surface of the
‘As-received Al-11wt.% Si alloy’ used in the present study. The microstruc-
ture consists of primary coarse grained aluminium and the presence of eutectic
Al-Si. The silicon morphology was typically lath like and an example of
divorced eutectic [16].

Figures 2(a—c) show the scanning electron micrographs of the cross section
of the laser surface melted Al-11 wt.% Si alloy treated at a power of 2.3 kW
and a scan speed of (a) 6 mm/s, (b) 9mm/s and (c) 12 mm/s. Figure 2 shows
that laser surface melting causes the formation of a very thin melted zone
with a uniform thickness. The thickness could be varied from 100 tqu®00
depending on the various combinations of applied power and scan speed. It
could also be observed that the melted zone is continuous, homogeneous and
defect free. There was no defect between the melted zone and the substrate.
A detailed surface roughness measurement was made and its variation with
the laser parameters showed that the surface roughness was varied from 5 to
10m under the present set of laser parameters. Asignificant refinement of the
microstructure was also observed after laser surface melting. The microstruc-
ture consists of uniformly dispersed, highly refined silicon in an aluminium
matrix. The degree of refinement was found to vary with the laser parameters.
A close comparison between Figures 2(a) to 2(c) shows that the melted thick-
ness decreases with an increase in scan speed. The decreased depth of melting
at a higher scan speed is attributed to less energy being absorbed when the
interaction time is short and simultaneously at a higher scan speed. Figure 3
shows the variation of the depth of melting of laser surface melted Al-11% Si
alloy with a scan speed (with an applied power of 2.3 kW). In Figure 3 it can
be seen that the thickness of melting varies from 300 to 800 mm and decreases
with an increase in scan speed.
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FIGURE 2
Scanning electron micrographs of the cross section of laser surface melted Al-11 wt.% Si alloy

with an applied power of 2.3 kW and scan speed of (a) 6 mm/s, (b) 9 mm/s and (c) 12 mm/s.
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FIGURE 3
Variation of depth of melting with scan speed for laser surface melted Al-11 wt.% Si alloy (lased

with a power 2.3 kW).

A detailed analysis of the microstructure of the cross section of the laser
surface melted Al-Si alloy was carried out to study the effect of laser parameters
on the interface of the melt zone. Figures 4(a—c) show the scanning electron
micrographs of the interface between the melt zone and the substrate of laser
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FIGURE 4

Scanning electron microstructures of the interface between the melt zone and substrate of laser sur-
face melted Al-11 wt.% Si alloy lased at an applied power of 2.3 kW and scan speed of (a) 6 mm/s,
(b) 9mm/s and (c) 12 mm/s.

surface melted Al-11 wt.% Si alloy at an applied power of 2.3kW and scan
speed of (a) 6 mm/s, (b) 9mm/s and (c) 12 mm/s. Figure 4 shows that the
microstructures are predominantly dendritic at the interface. However, there is
no solidification defect at the interface, despite rapid quenching. The direction
of growth was mainly in the direction of the heat flow. A detailed comparison

of secondary arm spacing shows that there is a marginal decrease in secondary
arm spacing with increase in scan speed, which is attributed to a higher cooling
rate at a lower interaction time. However, the growth direction did not change
much while changing the scan speed.

Figures 5(a—c) show the scanning electron microstructures of the top surface
of laser surface melted Al-11 wt.% Si alloy at a power of 2.3 kW and scan speed
of (a) 6mm/s, (b) 9mm/s and (c) 12mm/s. In Figure 5 the microstructures
consist of very fine dendrites of Al and the presence of Al-Si eutectics in the
interdendritic region. The secondary arm spacing of the dendrites were found
to decrease marginally with an increase in scan speed. On the other hand, at a
very high scan speed (12 mm/min), the microstructure changes from dendritic
to cellular. There was a very high degree of refinement when applying the high
scan speed. The morphology of eutectic silicon also changes from needle/lath
like to very fine globular. Figure 6 shows the higher magnification view of the
melt zone of the laser surface melted Al-11% Si alloy at a power of 2.3 kW
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FIGURE 5

Scanning electron microstructures of the interface between the melt zone and substrate of laser
surface melted Al-11wt.% Si alloy lased at an applied power of 2.3kW and scan speed of (a)
6 mm/s, (b) 9mm/s and (c) 12 mm/s.

FIGURE 6
Scanning electron micrograph of the top surface of laser surface melted Al-11 wt.% Si alloy lased
at an applied power of 2.3 kW and scan speed of 6 mm/s.

and scan speed of 6 mm/s. Figure 6 shows that eutectic phases are mostly
present in the interdendritic region and morphologies of eutectic silicon are
both globular and rosette like in nature. In this regard, it is relevant to note
that the change in morphology of eutectic silicon from the lath-like form into

a coralline-like form was reported by Wang et al. [10] during laser surface
melting of Al-Si.
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FIGURE 7
X-ray diffraction profiles of the top surface of as-cast and laser surface melted Al-11 wt.% Si alloy
lased with a power of 2.3 kW and scan speed of 12 mm/min.

Figure 7 shows the x-ray diffraction profiles of as-received and laser surface
melted Al-11 wt.% Si allg t a power of 2.3 kW and a scan speed of 6 mm/min.
On obtaining the x-ray at a diffraction profiles, it is necessary that oxida-
tion was fully avoided under lasing conditions. A close comparison of the
X-ray diffraction profiles between as-received and the laser surface melted
Al-11 wt.% Si shows that there is marginal broadening of the Al peak after
laser surface melting, which is attributed to grain refinement and the introduc-
tion of micro-strain due to the difference in thermal properties between Si and
Al. The calculated lattice strain using Scherrer’s formula was approximately
0.427% and did not vary significantly with scan speed.

Properties of the Melted Zone

A detailed evaluation of the microhardness at the surface and along the cross
section of laser surface melted Al-11 wt.% Si alloy as a function of scan speed
was undertaken. Figure 8 shows the variation in microhardness of the melted
zone with the depth from the surface of laser surface melted Al-11 wt.% Si
alloy at a power of 2.3 kW and a scan speed of 6 mm/min (plot 1), 9 mm/min
(plot 2) and 12 mm/min (plot 3), respectively. In Figure 8 itis evident that the
microhardness of the melted zone is significantly larger, 85 VHN as compared
to 55 VHN of the as-received substrate. Furthermore, the microhardness varied
marginally with a change in scan speed, which is possibly due to a change in
grain size and volume fraction of the eutectic. However, a detailed correlation
in this regard has not been made. Almost uniform microhardness with depth
demonstrates the presence of almost uniform grains with depth. Hence, it
may be concluded that laser surface melting could lead to the formation of
a hard surface with almost uniform hardness throughout. The mechanism of
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FIGURE 8
Variation of microhardness with depth from the surface of laser surface melted Al-11wt.% Si
alloy lased with a power of 2.3 kW and scan speed of (a) 6 mm/s, (b) 9 mm/s and (c) 12 mm/s,
respectively.
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FIGURE 9
Variation of wear loss (in terms of depth of wear) as a function of time for as received and laser
surface melted Al-11 wt.% Si alloy lased with a power of 2.3 kW and scan speed of 6 mm/s.

hardening was mainly grain refinement and presence of fine silicon distributed
throughout the microstructure.

Figure 9 shows the variation of wear loss (in terms of depth of wear or
vertical displacement) as a function of time for as received and laser surface
melted Al-11wt.% Si alloy lased with a power of 2.3 kW and scan speed of
6 mm/s. Figure 9 shows that the rate of wear is significantly reduced due to
laser surface melting. The improved wear resistance of the laser surface melted
Al-Si alloy is attributed to grain refinement and hence, increased hardness.

Table 1 summarises the calculated values of corrosion rate derived from
the potentiodynamic polarisation studies of the as-received and laser surface
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Sample history Environment Corr rate mm/yr

As received Al-11 wt.% Si 1M HSOy 2.154*1071

Laser surface melted Al-11 wt.% Si 8.149*10

As received Al-11 wt.% Si IM HN@ 1.33*10

Laser surface melted Al-11 wt.% Si 2.55910

As received Al-11 wt.% Si 3.5% NaCl 5.738*10

Laser surface melted Al-11 wt.% Si 1.57%1b
TABLE 1

Summary of Corrosion Behaviour of As-received vis-a-vis Laser Surface Melted Al-
11 wt.% Si Alloy

melted Al-11 wt.% Si alloy in a different environment. A detailed analysis of
the corrosion data in Table 1 reveals that laser surface melting shows different
corrosion behaviour in different environments. In a 3.5wt.% NacCl solution
the corrosion resistance property is very poor with almost one order of magni-
tude increase in the corrosion rate. On the other hand; 8 environment

too there is increase in corrosion rate to almost two times as compared to
the as-received Al-11 wt.% Si alloy. However, a significant improvement in
corrosion resistance (in terms of an order of magnitude reduction in corrosion
rate) when laser surface melted material is put into a Bi@ntaining envi-
ronment. In this regard, it is relevant to mention that Wong and Liang [11]
reported the enhancement of corrosion resistance both in L®®4and 10%
HNOs solution due to the presence of silicon in solid solution. Furthermore,
they also reported that in presence of chloride ions significantly damaged
the ALOj3 film and caused the formation of NaA}(J11]. However, in the
present study a detailed investigation of the different corrosion behaviours
between a laser surface melted specimen and the as-received alloy has not
been undertaken.

SUMMARY AND CONCLUSIONS
From the present study the following conclusions may be drawn:

1 Laser surface melting of Al-11 wt.% Si alloy has been carried out with
a 2.3 kW power and scan speed ranging from 6-12 mm/s.

2 Laser surface melting leads to the formation of a refined microstructure
with dendritic or cellular morphology.

3 The microstructure of the melted zone consists of grain refined Al and
Al-Si eutectic colonies.
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4 The microhardness of the melted zone was significantly improved to
85 VHN as compared to that of 55 VHN of the as-received Al-Si alloy.

5 The wear resistance of the melt surface was improved significantly as
compared to as-received Al-Si alloy.

6 A detailed corrosion study in 1M 450, 1M HNO3 and 3.56 wt.%
NaCl solution shows that corrosion resistance was significantly
improved in 1M HNQ solution. However, in 1M HSO and 3.56 wt.%
NacCl solution, corrosion property is deteriorated.
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