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Abstract

Solidification is one of the most widely used manufacturing processes for metallic components. In the context of
surface treatments, localized melting and resolidification represent an important application that deserves special attention.
Among these, the Laser Surface Remelting (LSR) process is notable for creating a thin molten layer on the alloy surface. This
occurs through the application of a continuous high-energy-density laser beam. Once the laser is removed, rapid solidification
of the molten region is achieved by heat extraction into the remaining cold part of the material (the substrate), which has
a much larger mass. Currently, there is great interest in new aluminum (Al) and magnesium (Mg) alloys for lightweight
components such as pistons, manifolds, reducers, oil pans, and chassis, as well as in their laser treatments. Although LSR
of Al-Cu alloys is well understood, there is a gap in studies on AISi10Mg and Al-Mg alloys, which have high application
potential. This short review addresses LSR applied to these less-explored alloys. Methods for determining cooling rates and
their correlation with the resulting laser-modified microstructures will be presented. This study investigates the influence
of laser surface remelting on the microstructure and mechanical properties of Al-Sil0MgNi and Al-Mg-Sc alloys. The
aim is to understand how alloy composition and laser parameters affect solidification features and their correlation with
nanohardness and wear behavior. The results indicate that increasing Ni content (from 1Ni to 3Ni) in Al-Sil0Mg alloys
refines the microstructure and develops a third phase (Al,Ni), which increases the hardness. In Al-Mg-Sc alloys, higher Mg
levels and slower scanning speeds promote cellular coarsening and affect hardness distribution across the laser melt pool.
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1 Introduction

Aluminum (Al) boasts excellent properties such as
machinability, ductility, weldability, and ease of recycling.
However, Al alloys can be unsuitable for certain applications
due to insufficient resistance to corrosion, erosion, fatigue,
and wear. Surface modification, without degrading the core,
is considered a viable solution [1,2].

Laser-based surface engineering is a promising
alternative for surface modification. This non-contact
technique demonstrates potential for innovations in materials.
Research interest has grown significantly since 2010 [3.4]
allowing for the development of new microstructures due
to rapid solidification [5].

Laser surface modifications are categorized into five
main types: (i) laser surface remelting (LSR); (ii) laser surface
alloying; (iii) laser surface composite; (iv) laser cladding;
and (v) laser shock peening. All categories, apart from laser
shock peening, involve the melting of the substrate, with or
without the addition of material. These processes require

shielding gas to prevent oxidation and crack stabilizers
(except for LSR). Moreover, the choice of process depends
on the desired properties [6,7]. Laser applications are
industrially competitive due to their cleanliness, high speed,
and automation. Kannatey-Asibu [8] describes the principles
of laser processing, including types such as Nd:YAG, CO,,
diode, and free-clectron lasers.

LSR occurs without the addition of elements, with
the surface being subjected only to laser radiation. It is an
emerging process characterized by rapid melting and cooling,
offering versatility in rapid solidification, controlled by
power and scanning speed. Both parameters influence both
heating and cooling [9,10]. The intensity (I) is given by the
relationship between the power (P) and the laser beam radius
(w): I=P/(m*w?) [8].

LSR generates a thin remelted region. This region
is self-cooled by the substrate, which results in rapid
solidification and microstructural changes [8], with cooling
rates ranging from 10* to 108 K/s [11].
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1.1 Aim of this short review

Analyses of studies on LSR in Al alloys have revealed
gaps in the development of microstructures and process
control. This short review presents recent research conducted
by the M2PS group (http://www.m2ps.ufscar.br) at UFSCar,
Brazil on laser surface remelting (LSR) of Al-Si10Mg and
Al-Mg-Sc alloys, materials with growing industrial relevance
but still underexplored in terms of rapid solidification
behavior and laser remelting treatments. This study aims to
estimate the cooling rate in Al-Si10MgNi alloys (with 0 to
3 wt.% Ni) to correlate dendritic spacing within the molten
pool with cooling conditions, and to assess the effects of
microstructural refinement on nanohardness and wear, as
well as the influence of Ni addition on these properties.
Additionally, for the Al-(3, 5, 10)wt.%Mg-0.1wt.%Sc alloys,
the objective is to investigate the evolution of cellular spacing
and band formation in the molten pool as a function of Mg
content and laser processing parameters (scanning speed
and power), along with the evaluation of microhardness
evolution under these varying conditions. The work aims to
support advances in surface engineering of Al alloys used
in critical lightweight applications.

2 Benefits of LSR and impacts on the
microstructure of Al alloys

In addition to its use as a post-processing technique for
additive manufacturing [12-14], LSR enhances microstructure
and disintegrates surface precipitates, thereby increasing
corrosion resistance. LSR reduces inter-particle spacing,
refines grains, and distributes them homogeneously, which
in turn increases hardness. It also decreases porosity and
spalling, resulting in higher microhardness, surface uniformity,
and wear resistance.

Additionally, LSR promotes beneficial residual
surface compressive stress that improves fatigue resistance.
These factors collectively extend the service life of laser-
treated parts.

The characteristics of the remelted layer are influenced
by the initial alloy composition, prior microstructure, and
applied laser energy [15,16].

LSR is a promising technique for grain refinement and
achieving microstructural uniformity with fine dendrites or
cells in the surface layers of metallic alloys [17-19]. With the
increasing use of aluminum alloys in automotive components
like pistons, crankcases, and chassis—where lightness is
essential to reduce weight and fuel consumption—there’s a
growing need for surface treatments, such as LSR, capable
of modifying microstructural characteristics.

The interaction between the laser beam and the
metallic surface depends on variables such as power density
and residence time, which control the thermal regime and the
resulting effects [20]. However, measuring critical parameters
like temperature fields and solidification velocities remains
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a challenge due to the small scale and rapid evolution of
the process [21].

Studies demonstrate the benefits of LSR in Al-Si
alloys. Tomida et al. [22] reported, in Al-20wt.%Si and
Al-30wt.%Si alloys, a reduction of primary Si particles
from 30 pm to 3 pm after CO, laser treatment, resulting
in increased hardness and wear resistance—especially for
the alloy with higher Si content. Osoério et al. [23] observed
microstructural refinement in Al-9wt.%Si alloy, with a reduction
of secondary dendritic arm spacing to 2.5 pm (compared
to 15 um in the as-cast metal) and a consequent increase in
hardness, although with a loss of corrosion resistance due
to the increased grain boundary density.

High cooling rates are a characteristic feature of LSR.
Roscher et al. [24] estimated 6x10° K/s in laser-processed Al
alloys, while Ramakrishnan et al. [10] consider any process
with rates above 10? K/s as rapid solidification. These regimes
promote grain refinement, increased solute solubility, and
the formation of metastable phases, ultimately leading to
higher microhardness.

Studies on laser remelting of Al alloys, particularly
with Al-Cu alloys, reveal diverse morphologies: nanometric
eutectics, degenerate eutectic structures, dendritic/cellular,
banded structures, and supersaturated solid solutions.
Gill et al. [25] noted that solidification velocities above 0.5 m/s
replace the eutectic structure with bands of supersaturated
a-Aland a-Al Cu. Zimmerman et al. [26] indicate that high
scanning speeds in Al-10wt.%Cu alloy form metastable
phases and eutectic cells. Liu and Kang [27] reported that
Al-Mg alloy is sensitive to the cooling rate, with an increase
in eutectic fraction and a reduction in grain size as the cooling
rate increases. Zhang et al. [28] observed that A356 alloy,
treated by LSR, shows a significant increase in hardness
and wear resistance due to microstructural refinement and
solid solution strengthening.

New methodologies can be applied to analyze the
properties, formed phases, and surface microstructures
after LSR modification of Al alloys. In the case of the
present review, the flowchart in Figure 1 shows a proposed
combined or correlative analysis, taking into consideration
different aspects of the same surface. Figure | illustrates
the experimental approach adopted to analyze laser surface
treatments. The procedure begins with the production of
laser tracks by systematically varying the laser power (P)
and scanning speed (V). These tracks are then evaluated for
their geometric characteristics, followed by microstructural
and morphological analysis using optical microscopy and
SEM. Elemental composition is assessed through EDS.
Subsequently, ImageJ software is used to quantify worn
volume, and mechanical performance is evaluated via hardness
and wear tests. Finally, a correlative analysis integrates all
the results to establish relationships between processing
parameters, microstructure, and mechanical behavior.
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Figure 1. Experimental flowchart resulting in correlative and comprehensive analysis of surface aspects obtained by LSR.

3 Case study 1: cooling rate, microstructures,
nanohardness, and wear in AISi10MgNi(x) alloys

LSR treatments were applied to AISi10Mg, AlSi10MgNil,
AlSi10MgNi2, AISi10MgNi3 (wt.%) alloys using a 300 W
CO, laser. Two conditions were tested: 300 W with 5 mm/s
(400 J/mm?) and 300 W with 20 mm/s (100 J/mm?). The
samples were surface-prepared by sanding and steel shot
blasting to increase laser absorptivity [29]. The power of
300 W was selected as they represent the maximum output
achievable by the equipment. Lower power levels were
insufficient to remelt the alloy, and the same limitation was
observed for scanning speeds above 20 mm/s. Microstructural
analyses included Optical Microscopy (OM), Scanning
Electron Microscopy with Energy Dispersive X-ray
Spectroscopy (SEM/EDS), and X-ray Diffractometry (XRD)
to identify phases. Microstructural spacings were measured
by the intercept method, and the theoretical cooling rate
was calculated using the Ashby and Easterling equation:
27k (T T )

o [30], where A is the laser beam absorptivity

(0.18 as stated by Liu et al. [31]), v (m/s) is the laser beam
scanning speed, Q (W) is the laser power, k (W/mK) is
the thermal conductivity of the liquid determined via the
CALPHAD method, T, is the ambient temperature, and T
is the liquidus temperature.

The micro-adhesive wear test utilized an AISI 52100
steel ball (25.4 mm) at 250 rpm, with a load of 0.5 N for
10 minutes. The worn volume (V) was calculated based on
the cap diameter (d) and the sphere radius (R): V:a; [32].
Several load tests were conducted using the wear testing
instrument to compare the wear volumes of laser-treated
and as-cast samples. The results indicated sensitivity to the
applied load, with the as-cast samples consistently exhibiting
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significantly higher wear volumes. Based on these findings,
aload of 0.5 N was selected for subsequent analyses.

High-speed nanoindentation tests were performed
with a Hysitron TI980, using a Berkovich tip, trapezoidal
loading (0.1 s load-hold-unload), and a peak load of 300uN.

Figure 2 illustrates the typical regions of laser-
treated samples, both in cross-section (base, center, top)
and longitudinal-section (surface).

On the surface of the laser-treated regions, cells
also grew, characterizing a cellular/dendritic region. With
increasing solidification velocity, the morphology of the
solid/liquid (S/L) interface evolves in a sequence of planar,
cellular, dendritic, high-velocity solidification cellular, and
then back to planar [11,33]. Therefore, cells can form at both
low and high velocities. At the top of the laser-treated region,
apredominance of sectioned cells oriented in the transverse
sections can be observed. In other words, the cells at the
top changed their growth orientation relative to the base
and began to grow in the same direction as the laser beam,
as documented in other literature investigations [25,34-36].
Very fine cells are formed with a narrow range of 1.0 pm
to 2.0 um spacing.

Higher energy densities in the LSR result in larger
dendritic spacings due to prolonged solidification times
and microstructural coarsening. As shown in Figure 3, the
microstructural spacing decreases from the base to the top
of the melt pool. Higher Ni content ahead of the solid/liquid
interface increases instability and refines spacing, while
reduced diffusivity limits dendrite coarsening.

Given that thermal conductivity and liquidus
temperature, T, varied minimally with the addition of Ni,
the calculated cooling rates were similar for the studied
alloys. For example, T was approximately 1.3x10* K/s for
samples processed at 400 J/mm? and 5.0x10* K/s for those
at 100 J/mm?.
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SEM images (Figure 4) revealed that, under both
conditions, Silicon forms an irregular eutectic with fine
and organized fibers, a result of rapid solidification [37,38].
AI3Ni, in turn, forms larger and more branched structures,

with a tendency towards plates [39-42]. Both phases appear
to grow independently. Figure 4c exemplifies the phase

segmentation to determine the experimental phase fraction
along the melt pools.
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Figure 3. Secondary dendritic spacing for the base, center, and surface laser-treated regions in the Al1Si10MgNi(x) alloys.

Figure 4. SEM images of laser remelted (LSR) AlSi10MgNi2 alloy samples processed at (a) 100 J/mm?, (b) 400 J/mm? and (c¢) segmentations of
the phases present using Avizo 3D for the AISi10MgNi2 alloy processed at 400 J/mm?. Corresponding colors: yellow - o-Al; red - Si; gray - AI,Ni.
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EDS analysis (Figure 5) of the AlISi10MgNi3 alloy The XRD patterns obtained for the alloys (Figure 6)
showed that Magnesium is uniformly distributed, while Nickel confirmed the presence of a-Al, Si, Mg2Si, and A13Ni phases.
and Silicon are concentrated at the boundaries of the dendritic A decrease in the intensity of the peaks corresponding to
arms. This segregation is linked to their lower redistribution Si is also observed as the solidification speed, v, increases,
coefficients (k ) compared to Magnesium, which is less dense ~ with v corresponding to 100 J/mm?*> 400 J/mm?®. This likely
and distributes better within the remaining liquid [43-45]. occurred due to the high solidification rate, which results

Spum Spm

Figure 5. Typical SEM-EDS mapping of a laser remelted (LSR) AlSi10MgNi3 alloy sample processed at 400 J/mm?, including the elements

Al, Si, Mg, and Ni.
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Figure 6. Comparison between the X-ray diffractograms of laser remelted (LSR) samples processed at 400 J/mm? and 100 J/mm? for the:
(a) AISi10Mg; (b) AlISi10MgNil; (c) AISi10MgNi2; and (d) AISi10MgNi3 alloys.
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in the delayed precipitation of Si atoms, retaining them in
the Al-rich matrix in a solid solution [46].

Experimental phase fractions were determined by
SEM/BSE and Avizo 3D (Figure 7), while theoretical fractions
were calculated via Thermo-Calc®. The experimental,
equilibrium, and Scheil fractions were plotted together.
Neither the equilibrium rule nor the Scheil model perfectly
represents the experimental data, but the trends are similar:
the ALNi fraction increases and the a-Al fraction decreases
with increasing Nickel content, for both energy conditions
(100 and 400 J/mm?). The extremely rapid solidification makes
the Scheil model unrealistic. Surprisingly, the complete solute
redistribution expected at equilibrium seems to approximate
the solidification dynamics, suggesting that the partition
coefficient (k ) approaches 1.0, indicating solute trapping under
such extreme conditions. It is not our intention to suggest that
solidification occurred under equilibrium conditions. However,
assuming such a condition and extending it to a regime of
complete solute trapping unexpectedly brought the model
predictions into close agreement with the experimental data.

The experimentally higher AI,Ni fraction compared to
equilibrium predictions may be linked to segregation during

100

solidification, resulting in different chemical compositions
in distinct regions of the solidified part [47].

In Al-Si-Mg-Ni alloys, a Scheil simulation can
predict a smaller total intermetallic fraction than equilibrium
(see Figure 7) when strong solute segregation during
solidification causes Ni-rich phases (e.g., Al,Ni-type) to
precipitate earlier and more extensively in the primary stage.
This early precipitation depletes Ni from the remaining
liquid, so the terminal eutectic (normally a major source
of intermetallics) forms in a smaller fraction and with a
lower Ni share.

The effect becomes more pronounced during rapid
solidification, as solid-state diffusion is even more limited and
solidification occurs over a shorter time, leaving less opportunity
for Ni to repartition into the liquid. Under these conditions,
the early tie-up of Ni in primary intermetallics reduces the
eutectic fraction further, making Scheil’s underestimation of
total intermetallics more relevant to the actual microstructure.

A nanoindentation grid was applied to a test area
measuring a total of 20 um by 20 um to encompass groups of
all microstructural phases. The identified clusters were related
to the a-Al, Al+Si, and Al+Si+AI3Ni constituents forming the
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Figure 7. Phase fractions from experimental data and CALPHAD calculations in laser remelted (LSR) AlSi10MgNi(x) samples at the base (B),
center (C), and top (T) of the laser-treated regions at 100 J/mm? and 400 J/mm?>.
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Figure 8. Comparison of average hardness for laser remelted (LSR) AlSil0MgNi(x) samples processed at (a) 100 J/mm? and (b) 400 J/mm?.

These results refer to the top regions of the laser-treated areas.
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microstructure. Figures 8a and 8b illustrate the average hardness
values of these phases after remelting with 100 J/mm? and
400 J/mm?. The ONi alloy comprises Al-rich and Si phases.
With increasing Ni content (from 1Ni to 3Ni), a third phase
(AI3Ni) develops, increasing the hardness. The hardness of the
Al+Si+AlI3Ni group increases with Ni due to the larger fraction
of AI3Ni. For Al+Si, the increase may be associated with the
modification of Si particle size. The average hardness values
of Al+Si are lower at 400 J/mm? due to slower solidification
and formation of a coarser microstructure. However, the
Al+Si+AI3Ni group exhibits relatively consistent hardness,
regardless of Ni content or energy density. The energy density
employed discernibly impacts the micromechanical properties
of the microstructure in the laser-treated region.

The wear data of the samples do not show significant
differences in terms of Ni content, spacing (1), or energy density,
with similar wear volumes for all tested conditions and alloys,
as can be seen in Figure 9. This is attributed to the extreme
refinement of the cells formed on the surface of the laser-treated
samples, as shown in Figure 2. Compared to the laser-treated
samples, which showed wear volumes around 0.025 mm?, the
as-cast samples exhibited values of approximately 0.035 mm?,
a significantly higher amount and lower wear resistance.

4 Case study 2: micromorphologies
and microhardness evolution in
Al-(x%Mg)-0.1%Sc alloys

The LSR process was applied to substrates of Al(-3,
-5, -10)% Mg-0.1% Sc (wt.%) alloys obtained by upward

0.06
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A AISi10MgNi3
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Figure 9. Evolution of worn volume in relation to the microstructural
spacing of the A1Si10MgNi(x) samples treated by LSR.
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directional solidification (DS). LSR, by imposing more
severe solidification conditions than DS, results in distinct
microstructures and properties. The samples for LSR, plates
measuring 25 mm x 21 mm x 4 mm, were prepared from
the transversal cutting of DS ingots.

For the LSR, an IPG YLR-500-MM-AC-Y 14 laser
was used, with a wavelength of 1070 nm and an estimated
beam diameter of ~100 um at the focus. Prior to the process,
the sample surfaces were shot-blasted with steel grit (80 um,
4.5 kgf/cm?) to improve laser absorption, and cleaned in an
ultrasonic bath with ethyl alcohol. The LSR was performed
under an argon shielding gas flow, forming isolated tracks
with 2 mm separation.

With a laser power (Q) of 250 W and scanning speeds
(v) of 25, 50, and 100 mm/s, three tracks were obtained
on each substrate, with corresponding energy densities of
100 (T1), 50 (T2), and 25 (T3) J/mm?, respectively.

The tracks were characterized by optical microscopy
(OM), scanning electron microscopy (SEM), and Vickers
microhardness. For microstructural revelation, a solution
composed of HNO,, HCI, H,O, and HF was applied. An
Olympus BX41M-LED optical microscope was used for
observation and determination of the cellular spacing (A.)
at the base of the tracks using the intercept method. An FEI
INSPECT S50 SEM was also utilized for microstructural
analyses.

Vickers microhardness measurements were performed
on the LSR-treated samples in both the transverse section
(base region) and on the surface/top of the track. For each
track, between 5 and 10 Vickers microhardness measurements
were taken on both the top region of the track and its
transverse section. A Shimadzu HMV-G20ST durometer
was used, following the E92-17 standard. The applied
loads were 0.20 kgf for 15s on the surface of the substrates
and melt pools, and 0.01 kgf for 15s on the base of the
transverse section of the remelted pools. Figure 10 shows
the optical micrographs of the remelted regions, evidencing
very refined microstructures in tracks T1, T2, and T3 of the
studied AI-Mg-Sc alloys.

With increasing Mg content, an increase in the width
(w) and depth (d) of the tracks was observed. For Al-3Mg-
0.1Sc, w was between 226-230 um and d between 78-80 um.
In Al-5Mg-0.1Sc, w ranged from 253-270 um and d from
87-96 um. For Al-10Mg-0.1Sc, w reached 291-313 pm and
d 121-125 pm.

A notable aspect in the Al-10Mg-0.1Sc alloy is the
presence of a more prominent interface (blue arrows in
Figure 10A), likely a product of interfacial remelting of the
substrate. This influences the growth of cells at the base of
the melt pool. Consequently, the resulting melt pool tends to
penetrate slightly into areas of the substrate where the liquid
reaches equilibrium with the lower melting point eutectic
microconstituent, as opposed to regions where equilibrium
exists between the a-Al (Mg) phase and the molten alloy.
There appears to be an effect related to the formation of
these pockets at the treated/untreated boundary, with larger
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Figure 10. Optical micrographs of the three tracks produced by LSR (Laser Surface Remelting) with the AI-3Mg-0.1Sc (a, b, ¢), Al-5Mg-0.1S¢
(d, e, 1), and Al-10Mg-0.1Sc (g, h, i) alloys, previously solidified at (A) 5 K/s and (B) 2 K/s. Track 1 (T1 — 100 J/mm?): Left (a, d, g); Track 2
(T2 — 50 J/mm?): Center (b, e, h); Track 3 (T3 — 25 J/mm?): Right (c, f, i) [48.49].

Tecnol Metal Mater Min., Sdo Paulo, 2025;22:¢3262 8/14




Laser surface remelting of Al-Mg and Al-Si-Mg alloys: microstructure and properties

pocket formation observed for higher Mg contents and lower
energy densities.

The alloy composition affects the solid-liquid
(S/L) interface formation, resulting in a very thin layer of
altered eutectic products with cellular growth (Figure 10B),
similar to Al-Cu alloys [50,51]. The microstructure
obtained by the LSR on a substrate solidified at 2 K/s
was microstructurally and dimensionally like that in
the substrate at 5 K/s, with a predominance of cells and
possible localized compositional fluctuations (bands) in
the tracks (indicated by red arrows).

Detailed microstructural analyses of band formation in
laser processing were conducted in previous studies [26,52].
These studies revealed that these compositional fluctuations
consist of a sequence of light and dark bands that develop
approximately parallel to the solid/liquid (S/L) interface.
The dark bands have a dendritic or eutectic structure, while
the light bands show no microsegregation; and are likely
the result of a planar front growth morphology. Higher
solidification velocities appear to trigger the growth of
biphasic bands in conjunction with cellular growth under
this condition. There was no defined or discernible transition
between these structures.

During chemical etching, Mg was selectively
removed from the interfacial and banded regions formed
after LSR. This Mg removal can be observed in Figure 11,
which presents SEM/BSE images of the LSR tracks on the
Al-5Mg-0.1Sc alloy substrate.

With decreasing laser energy density, the occurrence
of banding is accentuated, meaning it is less prominent in
T1 and more pronounced in T3 (arrows). Another notable
aspect of the process is the interference with phase solubility
due to rapid solidification. Intermetallic Al-Fe phases (Al Fe)
are visible only in the substrate (highlighted circles), whereas
in the tracks, there is no evidence of Fe-containing phases,
which can be detrimental to mechanical properties.

Another microstructural aspect measured in the
optical images was the cellular spacing (A.). Table 1 presents
the measurements of the cellular, intercellular, and banded
fractions, and the corresponding A . at the base of the tracks

100 pm

obtained by LSR of the Al-Mg-Sc alloys on substrates
solidified at 2 K/s and 5 K/s. A directly proportional
relationship was established between the A . and the energy
density. On average, A ranged from 0.97 um to 1.24 um in
the tracks. Compared to the A . of the substrates, the A.. in
the tracks decreased between 16 times (in the case of T1,
5 K/s substrate, Al-3Mg-0.1Sc) and 52 times (T3, 2 K/s
substrate, Al-10Mg-0.1Sc). The average intercellular fraction
fluctuated between 0.24-0.27; the cellular fraction between
0.43-0.57; and the banded fraction between 0.16-0.44,
suggesting an inversely proportional relationship between
the cellular and banded fractions, with the intercellular
fraction remaining constant.

Figure 12a demonstrates that the hardness at the top
of the LSR tracks in Al-3Mg-0.1Sc and Al-5Mg-0.1Sc alloys
increases with decreasing energy density.

For the microhardness at the base of the tracks
(Figure 12b), concerning the cellular spacing (1) for a
2 K/s substrate, the Al-3Mg-0.1Sc and Al-5Mg-0.1Sc alloys
show an increase in microhardness with decreasing A,
which has not been observed in Al-10Mg-0.1Sc. Smaller A,
values were measured for Al-3Mg-0.1Sc, with an increase
in hardness.

To provide an idea of the microhardness improvement,
the as-cast condition of the Al-5Mg-0.1Sc alloy yielded an
average value of 75 HV, which is lower than that obtained in
the remelted region of the same alloy, as shown in Figure 12(a).
According to the trend indicated in Figure 12b, a decrease
in A to critical values close to 0.75 pm would contribute to
increase the microhardness to the average levels obtained
in the substrate.

Even though a lower energy density results in a
smaller cellular fraction, there is a significant correlation
between microhardness and A for the Al-3Mg-0.1Sc¢ and
Al-5Mg-0.1Sc alloys. The LSR can increase microhardness,
surpassing the DS substrates. With optimized conditions,
Al-10Mg-0.1Sc could reach or even exceed the substrate
hardness due to favorable morphological transformations and
refinement of the microstructures, that promote increased
hardness, such as cellular refinement.

100 pm

100 um

Figure 11. SEM/BSE images of the tracks 1, 2, and 3 (100, 50, and 25 J/mm?, respectively) obtained by LSR of the Al-5%Mg-0.1%Sc alloy.
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Table 1. Cellular, intercellular, and banded fractions, and cellular spacings related to the tracks obtained by LSR at a laser power of 250 W on

the 2 K/s and 5 K/s solidified substrates of the studied Al-Mg-Sc alloys

Cooling rate of  Cell spacing from  Condition — Cell spacing at the
Substrate/Alloy original substrate the substrate Energy density  base of the treated Ce!l Interce!lular Band'ed
surface (K/s) surface (um) (J/mm?) region (pm) fraction  fraction fraction
Al-3Mg-0.1S¢ 2 K/s 22.3 Track 1 - 100 1.10 0.51 0.25 0.25
Track 2 — 50 1.05 0.44 0.25 0.31
Track 3 - 25 0.75 0.35 0.22 0.44
Average 0.97 0.43 0.24 0.33
5K/s 19.1 Track 1 - 100 1.20 0.56 0.24 0.20
Track 2 — 50 1.02 0.58 0.30 0.12
Track 3 - 25 0.88 0.56 0.28 0.16
Average 1.03 0.57 0.27 0.16
Al-5Mg-0.1Sc 2K/s 29.6 Track 1 - 100 1.40 0.61 0.29 0.10
Track 2 — 50 1.27 0.48 0.23 0.31
Track 3 - 25 1.05 0.50 0.22 0.28
Average 1.24 0.53 0.25 0.23
5K/s 19.8 Track 1 - 100 1.20 0.65 0.32 0.03
Track 2 — 50 1.11 0.52 0.29 0.18
Track 3 - 25 0.97 0.36 0.20 0.44
Average 1.09 0.51 0.27 0.22
Al-10Mg-0.1Sc 2 K/s 46.5 Track 1 - 100 1.27 0.57 0.25 0.18
Track 2 — 50 0.99 0.49 0.24 0.27
Track 3 - 25 0.90 0.57 0.26 0.17
Average 1.05 0.55 0.25 0.21
5K/s 354 Track 1 - 100 1.56 0.42 0.24 0.34
Track 2 — 50 1.14 0.41 0.24 0.35
Track 3 — 25 0.74 0.49 0.25 0.27
Average 1.15 0.44 0.24 0.32
100

Il Al-3Mg-0,1Sc
90 I Al-5Mg-0,1Sc
I Al-10Mg-0,1Sc

Vickers Microhardness
(9]
o
|

100 50 25
Energy density (J/mm"2)

(2)

I Al-3Mg-0,1Sc
70 - Al-5Mg-0,1Sc
I Al-10Mg-0,1Sc

60

Vickers Microhardness

Coarse (1.1-1.4 microns)  Fine (0.75-1.0 microns)

Cell spacing (um)

(b)

Figure 12. Vickers microhardness variations as a function of (a) energy density and (b) cellular spacing in the base of the laser-treated regions

of the Al-(3, 5, and 10)%Mg-0.1%Sc alloys.

5 Conclusions, challenges and emerging opportunities

LSR produced highly refined cellular/dendritic
microstructures (spacing from 1 to 2 um) in the AISi10Mg-Ni
alloys, with Ni addition increasing AI,Ni fraction and
hardness, while higher cooling rates further refined phases.
Wear resistance improved compared to as-cast alloys, with

Tecnol Metal Mater Min., Sdo Paulo, 2025;22:€3262

all LSR-treated samples showing similar performance
regardless of Ni content or energy density, owing to the
uniformly fine surface layer.

LSR drastically refined cellular spacing (up to
52x smaller than substrates) in the AI-Mg-Sc alloys, with Mg
content controlling melt pool dimensions and lower energy
densities favoring band formation and melt pool/substrate
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interfacial remelting. Microhardness increased with reduced
cell size, particularly in A1-3Mg-0.1Sc and Al-5SMg-0.1Sc,
surpassing as-cast values, while AI-10Mg-0.1Sc showed less

¢) Conducting LSR tests with energy densities below
25 J/mm? to explore the possibility of achieving even
more refined modified microstructures.

direct correlation but still benefited from refined morphologies.
At least three major research from these results and
development directions can be identified for LSR (Laser

Surface Remelting) in Al alloys: Acknowledgements

a) Evaluating different morphologies of the formed
intermetallics throughout the treated zone using both 2D
image analysis and 3D X-ray microtomography, with
the potential to determine volumetric morphological
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understanding of solidification and surface properties
in laser-treated parts.
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