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Abstract

A simulation model is developed for pulsed laser remelting that captures the homogenization of
surface chemical composition and height variations that occur due to silicon (Si) precipitates in a
hypereutectic aluminum-silicon (Al-Si) casting alloy. The model simulates remelting pulse-by-pulse with
two sequential and repeated steps - it first predicts surface homogenization by areal averaging within a
laser spot and then generates and adds a surface feature, due to thermocapillary flow, whose size depends
on the concentration of Si within the homogenized spot. Compositional data of remelted lines was
collected with energy-dispersive x-ray spectroscopy and used to verify the homogenization step of the
simulation model. It was found that Si precipitates get redistributed by the laser with the peak in Si
concentration occurring in the direction opposite that of beam travel. Height data from remelted lines
were measured using white light interferometry to verify the accuracy of the remelting model in
simulating surface topographical modifications. It was found that variations of approximately +/- 1 pm
are induced in the Al-Si alloy during pulsed laser remelting due to the Si proeutectic precipitates. This is
attributed to differences in laser absorption of Si and Al. Because the Si precipitates absorb more energy
from the laser, they experience higher temperatures and temperature gradients, which cause larger
thermocapillary flow. The results provide insights into approaches to model surface compositional
homogenization that occurs during laser remelting and provides an understanding of surface

microstructural and topographical features often seen in laser polished of Al-Si casting alloys.
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1. Introduction

Due to the ability of lasers to induce localized melting and ablation in a controlled manner, they have
found numerous applications in manufacturing and material processing. One category of laser processing
is laser surface treatment where the laser beam irradiates and melts a thin surface layer of a metallic alloy.
In this melted layer, fluid flow is induced due to surface tension, temperature gradients within the melt
pool, and buoyancy from density differences [1]. These flow effects cause mixing of the constituents
within the melt pool and form the basis for laser surface alloying [2] and laser cladding [3]. Many
numerical models have been developed to simulate the fluid dynamics and heat transfer within a melt
pool during laser remelting [4-6]. For example, it has been demonstrated that a particle will recirculate
numerous times before solidification within a melt pool created with a laser beam diameter of 0.5 mm and
scanning velocities of 25 and 50 mm/s [4]. Other work simulating laser welding has shown that the
induced velocities in the melt pool due to recirculation motion in a 0.2 mm beam can range from 5.5-6.9
m/min [5]. In work modeling stationary laser melting, non-dimensional surface velocities were found to
range between 0 and 0.2 of the surface tension reference velocity for the lowest temperature coefficient of
surface tension case. Those values correspond to velocities of 0 to ~10 m/s for melt diameters of ~0.5 mm
in radius. The recirculating streamlines that occur within the melt pool are also presented [6]. The rapid
freezing event that occurs during laser remelting has been shown to refine the microstructure on
aluminum-silicon (Al-Si) alloys by creating finer silicon (Si) grains [7—14]. The process has also been
shown to improve and reduce the corrosion resistance of Al-Si alloys to various solvents [8,11,12,14].
The Vickers microhardness in Al-Si alloys has also been observed to increase following laser remelting

[7—14] in addition to changes in mechanical properties [12].

Flows on the surface due to surface tension and temperature gradients have also been used to reduce
surface roughness features and have led to a subfield of laser remelting termed laser polishing [15-21].

The surface topography (e.g., roughness) resulting from laser remelting has been modeled by various
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approaches [15,22,23]. Starting with the Navier-Stokes equations for fluid flow, a description of capillary
surface waves was derived, which showed that the spatial frequencies of a surface are reduced
proportional to a critical frequency related to the melt duration [21,24]. That critical frequency was
applied to a surface smoothing model that uses a Gaussian filter to predict the surface after capillary
regime polishing [22]: i.e., where thermocapillary flow is negligible. Capillary regime polishing occurs
for shorter melt durations and shallower melt pools. As the melt duration and melt pool depth become
large, thermocapillary or Marangoni flow from temperature gradients across the melt pool can become
large enough to cause a surface feature from net fluid motion from the middle of the melt pool towards
the perimeter. Through numerical heat transfer and fluid flow simulations, a numerical-empirical
relationship was derived that relates the normalized melting temperature of the material to the normalized
average displacement during laser remelting [25]. This simulation of the displacement of material was

applied to predict the surface features generated as a result of thermocapillary regime polishing [23].

Smoothing from laser polishing has been applied to a variety of engineering materials [26]. However,
aluminum (Al) alloys have received less attention relative to ferrous or titanium alloys, and with most of
the published work focusing on Al-Si alloys. One study was unable to laser polish forged AlICu4MgPb
but was able to polish Al casting alloy AlSi10Mg(Fe) from an initial average surface roughness, R,= 1.37
um to an Ra of ~0.47 um using a laser beam 292 pum in diameter [27]. However, the resultant surface
displayed large bumps and the study only considered roughness with wavelengths between 2.5-800 pum.
In other studies, on laser polishing of a ground AlSiI9MnMg surface achieved a reduction in values of R,
from ~2.2 pm to ~0.2 pm [28]. Inhomogeneities were found on the remelted surfaces that were attributed
to porosity. Laser polishing has also been applied to selective laser melted AlSil0Mg, where the R, was
reduced from 8.7 um to 0.66 um [29], where appearance of bumps over the region of measurement was
reported. All of the relevant studies on laser polishing of Al-Si alloys have reported either bumps or
inhomogeneities on the resulting surface. One potential reason for these resultant features is the high

percentage of Si in the Al alloys being studied. Si is a common element in Al alloys, as it imbues castings
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with better fluidity and mold filling ability [30]. However, Si, which has only a 1.65 wt.% solubility in Al
at 577°C when cooling in equilibrium, precipitates out of liquid Al during cooling and forms proeutectic
Si particles and/or a eutectic Al-Si mixture [31]. As Al and Si have different light absorption properties
[32,33], a variance in thermal conditions during laser remelting would be expected and may be the cause

for the features left on surfaces during laser remelting of Al alloys.

Both the capillary regime polishing and thermocapillary regime polishing (i.e., remelting) smoothing
models developed at the University of Wisconsin-Madison rely on the assumption of a perfectly
homogeneous melting condition [22,23]. However, many materials, such as AIl-Si alloys, have a
heterogeneous chemical composition that can be reasonably assumed to experience non-homogenous
melting conditions. The work presented here includes two new additions to the laser remelting models
that enable it to predict the compositional distribution and surface topography resulting from pulsed laser
remelting of Al-Si alloys (e.g., A384). The model presented accounts for: (1) the compositional
redistribution in melt pools, and (2) the variation in laser absorption of the different constituents (e.g., Al-
matrix versus Si precipitates). This model enables more accurate prediction of surface topography
resulting from pulsed laser remelting of a compositionally heterogeneous surface. The goal of this study
was to understand the effect of the initial surface chemical composition on the process and resultant
surface chemical distribution following laser remelting. In general, previous studies on laser remelting of
Al-Si alloys have been performed on a macro-scale with a continuous laser beam of diameters between
0.5 — 4.0 mm and melt depths measured in hundreds of micrometers. Conversely, this work examines
pulsed laser remelting with a beam diameter less than 100 pm, melt depths of approximately 5 pm, and
studies the effect of individual grains on the remelting process. The results and ensuing discussions
provide insights into why surface features remain after laser remelting of some alloys and how laser

remelting can achieve chemical homogenization at the surface.
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2. Materials and Experimental Methods

2.1 Materials

This work studies the effect of pulsed laser remelting on Al alloy A384 that was manufactured using
gravity die casting. A384 contains a high weight percentage of Si (10.5 — 12.0%) that precipitates out
during solidification into proeutectic grains (approximately 10-30 pm diameter) and a smaller eutectic
phase (approximately 1-2 um width and 10-60 pm length in cross-section) within the Al-alloy matrix
matrix [31,34]. The other alloying elements are shown in Table 1. This alloy was chosen to study the
effect of a highly inhomogeneous chemical composition on pulsed laser remelting. Si and Al have
significantly different absorption coefficients for 1070-nm-wavelength light (9% absorption for Al [32]
versus 69% absorption for Si [33]), which is the wavelength emitted by the fiber laser used in this study.
The result is a difference in the thermal history experienced by different regions on the surface of the
sample. The difference in absorption of 1070-nm-wavelength light for Si and Al is used to estimate the

amount of thermocapillary flow that occurs in the remelting model (presented in §3.2).

Table 1: Composition percentage (wt%) of aluminum alloy A384 [34]

Si Cu Fe Zn | Others (Mn, Ni, Sn, Mg, etc.) Al

10.5-12.0 | 3.0-4.5 | <13 | <1.0 <1.95 Balance

2.2 Pulsed Laser Remelting

The pulsed laser remelting experiments were performed using a 200 W, 1070 nm, fiber laser (SPI
Lasers, SP-200C-W-S6-A-B) with a Gaussian-shaped beam. This is a continuous wave fiber laser that is
pulsed by turning the pumping diodes on and off, hence the pulse power is the same as the peak power
during a pulse. The laser was pulsed using an external control card (LasX Foresight), and the power was
controlled using the laser manufacturer’s control software. The pulsed laser beam was scanned over the

sample surface to create lines of overlapped remelted spots using a 30-um-diameter and 100-um-diameter
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beam (the former creating a 25-um-diameter melt pool and the latter creating a 55-um-diameter melt
pool) to verify the ability of the remelting model to predict compositional homogenization and surface
height variations. The laser parameters were chosen such that the 30-um-diameter beam and 100-um-
diameter beam conditions would have a similar pulse fluence and spot overlap (Table 2). In addition, a 1
mm x 1 mm area was remelted with the 30-um-diameter beam to study the ability of the model to
accurately simulate the results of areal remelting. The remelting was performed in a vacuum chamber at a

base pressure of 0.07 Torr to mitigate oxidation of the molten surface.

Table 2: Laser remelting parameters used in this study

30-pm-dia. Condition 100-pm-dia. Condition
Beam Diameter (um) 30 100
Melt Diameter (um) 25 55
Pulse Power (W) 20 150
Pulse Fluence (J/mm?) 1.88 1.27
Pulse Duration (us) 66.7 66.7
Pulse Frequency (kHz) 3 3
Pulse Duty Cycle (%) 20 20
Scan Velocity (mm/s) 15 45
Horizontal Spot Spacing ‘step over’ (um) 5 15
Vertical Spot Spacing ‘scan direction’ (um) 5 15
Spot Overlap (%) 83 85

2.3 Surface Analysis

To study the effect of A384’s heterogeneous chemical composition on laser remelting outcomes (e.g.,
surface height changes), samples were mechanically polished to a mirror-like finish using progressive
grinding and polishing steps (Buehler MetaServ 250 Grinder-Polisher), with the final polishing step using
0.05 um colloidal silica. Following this, the surface was cleaned using methanol and delicate task wipes.
A focus variation optical microscope (Alicona InfiniteFocus G4) was used to image the Si grains before
(with 20x objective) laser remelting and the resulting surface (with 100x objective) after laser remelting.
Surface height data was collected using a white light interferometer (Zygo NewView 6300, 50x
objective). Energy dispersive x-ray spectroscopy (LEO 1530 FESEM/EDS) with an accelerating voltage

of 15 keV was performed to measure the elemental distribution of Al and Si within the remelted regions.
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Image processing was used (MATLAB 2016b, ImageJ 1.51n [35,36]) to overlay the Si grains captured
before remelting onto the surface following laser processing. When converting the optical image to a
binary black-and-white image, a grayscale threshold value of 170 was used on the 8-bit grayscale image

to distinguish the Si and Al-rich phases.

3. Modeling the Remelting Process

During the remelting process, fluid flow occurs due to temperature gradients within the melt pool.
This fluid flow is often referred to as thermocapillary or Marangoni flow and is caused by variations in
surface tension as a function of temperature [4,25]. Previous simulation work presented a model for
pulsed laser polishing that predicts the induced feature slope of a surface feature created due to
thermocapillary flow and generates a unit cell which is applied across the surface to estimate the surface
characteristics after laser polishing [23]. This work incorporates a similar approach, but rather than
generate a unit cell that is replicated across the surface, each spot is simulated in sequence and added to
the mean plane within the current area being irradiated. The model being presented also incorporates an
additional step which predicts surface homogenization to allow for the estimation of differences in flow
that arise due to an initially heterogeneous surface chemical composition. Previous work also
incorporated a Gaussian filter to estimate smoothing due to capillary forces from surface asperities [22].

As this work starts with a polished surface, a Gaussian filter is not applied.

3.1 Modeling Surface Homogenization

The chemical homogenization of the surface during laser remelting is modeled through a pulse-by-
pulse procedure (Figure 1a). A grayscale image of the initial chemical composition is read in by the
model as the initial chemical composition to simulate. The area is processed using image thresholding to
separate sections that are Al and Si. Areas that are black (an intensity of 0) are assumed to be 100% Si,
and areas that are white (an intensity of 1) are assumed to be an Al-rich matrix. Individual pulses are
sequentially simulated. When a simulated spot (e.g., melt pool) overlaps a region containing both Si and

the Al-rich matrix (Figure 1b), the intensity within the region is averaged (Figure 1c). For example, if a
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pulse overlaps a Si grain and contains 30% Si (30% of an intensity of 0) and 70% Al-rich matrix (70% of
an intensity of 1), the resultant spot would be a mixture of 70% Al-rich matrix and 30% Si (100% of an
intensity of 0.70). Hence, this model assumes that each melt pool results in a homogeneous distribution of
the elements in the melt pool. As each spot overlaps, the next simulated spot would contain a portion of

the previous remelted region as well as a new area that has not yet been affected.

(a) (b) (©) (d)
100% Si Simulate laser pulse. % Si after pulse is Resultant homogenization
Scan Assume 100% average of that within after single line
Direction /' (% Si homogenization within spot area
« Third Pulse StEp'c’:f g
«— Second Pulse simulate
< « First Pulse new line

Move laser pulse and
repeat homogenization I

After finishing line, move beam
over and repeat for new line

Figure 1: Schematic illustration of the concept underlying simulation of surface homogenization. (a) The model
simulates individual laser pulses. It assumes black areas to be 100% Si and white areas to be 100% Al-rich
matrix, (b) When a pulse contains both Si and Al, (¢) it averages the intensities into a gray-scale value, (d) After
the first pulse containing Si is homogenized, subsequent pulses incorporate part of the previous homogenized area
into a new homogenized area. This spreads the initial chemical composition. After an entire line is completed, a
new line starts.

This pulse-by-pulse modeling of surface homogenization causes the composition on the surface to be
distributed into an area much greater in size than the initial surface feature. Once an entire line has been
simulated, the beam moves over the step-over distance and the next line is simulated (Figure 1d). Through

this simulation, both individual remelted lines as well as remelted areas can be modeled.

3.2 Modeling Surface Height Variation

A temperature gradient exists within the melt pool during pulsed laser remelting. For materials that
have a negative surface tension temperature gradient (i.e., less surface tension with higher temperatures),
a net flow occurs from the inside to the outside of the melt pool (Figure 2a). This is because a Gaussian
laser intensity distribution will result in higher temperatures at the center of the melt pool, which will also

cool from the outside towards the center. This causes a depression towards the center of the laser spot and
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an uplifting of material towards the perimeter. After the remelting model calculates the homogenization

within a laser spot, it generates a surface feature meant to simulate the feature that thermocapillary flow

creates (Figure 2c).

Low Si concentration

Simulates net material
motion to outside Generated feature

High Si concentration

is volume neutral

k

S~ \

IFS,uter IS
proportional to Si

Melt pool diameter (remains constant) 5 concentration

!

Height of
base
material

(2) (b)

el o B e ]

Position (pm)

0"s

P o 10 \;\\

’ff'();? 15 “x Piree - N\3
by 205 20 o8
5 -1.5 -1 -0. 0 02

Surface Height (um)
©)

Figure 2: Two-dimensional schematic of model’s representation of thermocapillary flow during a single laser
pulse (i.e., remelting and resolidification event) with (a) low Si concentration and (b) high Si concentration. (c)

3D schematic illustration of simulated feature generated with thermocapillary flow.

Based on experimental observations, areas with higher Si content experience more thermocapillary

flow. This is, at least partially, due to the higher absorption of 1070-nm-wavelength laser light by Si as

compared to Al. To model this phenomenon, the melt pool’s induced feature slope is made linearly

proportional to the percentage of Si within the simulated spot as well as the ratio of Si to Al absorption

(Figure 2b and Eq. 1)
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IFSspot,outer = IFSAl—matrix,outer [%Al + 511070 nm. (1 - %Al)] [1]

@A1,1070 nm

where, IFS,,01, ouer 18 the introduced feature slope on the outer portion of the generated feature. The values
used were 0y, 1070 nm = 0.09 [32], disi, 1070 nm = 0.69 [33], and IFS Al matix.outer = 0.21. The IFS Al matrix outer Value
was estimated through experimental measurements on the line remelted using the 30-um-diameter beam.
The IFS At maxrix.outer = 0.21 1s similar to those reported for Ti-6S1-4V and S7 tool steel [23]. This simulation
uses a triangular approximation of a thermocapillary feature to model the primary physics of the process
and is not trying to replicate with high precision the thermocapillary features observed experimentally and
in numerical models [37]. After generating a new surface feature, it is added to the surface by taking a
mean-plane of the area within the spot prior to adding the new feature. Adding using a mean plane is
required to conserve the mass of the simulated surface. Additional details on the generation of a

thermocapillary feature and its addition to the surface is outlined in SUPPLEMENTAL MATERIAL.

3.3 Model Assumptions

The assumptions of the current implementation of the remelting model are:

1. Only melting (i.e., no ablation) occurs during the process.

2. The melt pool diameter does not depend on the Si concentration.

3. The size of the induced feature slope is linearly proportional to the Si concentration and the ratio
of absorption of 1070-nm-wavelength light for Si and Al.

4. The size of the induced feature slope on the outer portion of the melt pool is the same when using
a 30-pm-diameter beam (25-um-diameter melt pool) and 100-pm-diameter beam (55-pm-
diameter melt pool).

5. The melt duration is long enough for both conditions that significant thermocapillary flow occurs
and material accumulates near the melt pool perimeter, as observed in previous experiments and
finite element simulations [25,37].

6. A triangular representation of a thermocapillary feature is a reasonable approximation.

7. Perfect homogenization occurs within a melt pool during a single laser pulse.
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8. Areal averaging (rather than volumetric) reasonably represents the homogenization.
9. The other elements found within the material have no effect on the process.
10. When simulating a spot, the compositional homogenization occurs before the height estimation

rather than simultaneously.

Many of these assumptions are not intrinsically necessary in the design of the simulation model, and
future versions of the model can loosen these assumptions. The simulation as presented is designed to
help assess its ability to capture the primary physics occurring during remelting: i.e., test the hypothesis

that heterogeneous chemistry can account for some of the surface roughness that is observed.

4. Model Verification

To verify that the model accurately captures the physics of the remelting process, individual lines
with two different beam diameters were scanned over the base material and compared with simulated
results. Through image processing, proeutectic Si grains that the remelted lines scanned over were
extracted and overlaid onto the remelted regions. The proeutectic and eutectic Si phases discussed in §2.1
can be observed in Figure 3. These extracted Si grains were then used in the simulation model. In Figure

3b and 3d it can be seen that dark spots occur to the left of where the Si grains were originally located.
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Figure 3: Optical (reflected light) images of 30-um-diameter beam (25-pm-diameter melt pool) (a) before and (b)
after line remelting and the 100-pm-diameter beam (55-um-diameter melt pool) (c¢) before and (d) after line
remelting.

When simulating individual remelted lines, only the proeutectic Si grains that were remelted were
considered (Figure 4c). This was done by isolating the Si grain with image processing prior to using the
model. When simulating an entire remelted area (presented in §5), the eutectic Si grains were also

considered in the model to yield more comprehensive results (input similar to that in Figure 4b).
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Figure 4: Process of going from (a) optical image to (b) binary image and (c) isolating proeutectic Si grain of
interest for 30-um-diameter beam simulation.

IEYEE Binary Image

4.1 Compositional Homogenization

The ability of the model to accurately capture the compositional homogenization that occurs during
the remelting process was verified by energy dispersive x-ray spectroscopy (EDS) surface mapping
(Figures 5a and 5b). With respect to the laser scanning direction, the area directly before a Si grain shows

an increase in intensity of Si. This area correlates to the darker areas seen in the reflected light images of
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Figures 3b and 3d. The simulated regions (Figures 5b and 5d) accurately capture the presence of an area

of higher Si concentration immediately before the Si grain for both beam diameters (Figures 5a and 5c).
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Figure S: Energy dispersive x-ray spectroscopy maps of Si concentration after pulsed laser remelting with a single
line scan: (a) 30-pm-diameter beam real surface, (b) 30-um-diameter beam simulated surface, (¢) 100-pm-diameter
beam real surface, and (d) 100-pm-diameter simulated surface.

From plots extracted from the EDS surface maps of Figure 5 a peak in the Si concentration for both

the experimental (Figures 6a and 6¢) and simulated results (Figures 6b and 6d) is observed to be

immediately before the region containing the Si grain. The simulation again shows good agreement with
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the relative intensity, rise in concentration, and decay in compositional concentration for both the 30-um-
diameter beam and 100-um-diameter beam cases. As the 100-um-diameter beam simulation is averaging
the composition across the entire melt pool, a lower peak in Si concentration is observed compared to the
30 pum beam. This lower peak is also observed in the experimental results comparing the 30-pm-diameter
beam and 100-pm-diameter beam cases. After the Si concentration peaks, a decay in Si content back to
the baseline level is observed. Because a single grain is being simulated for both beam diameters, the
baseline composition that the line will decay back to will be 0% Si. As A384 contains between 10.5% and
12.0% Si and homogenization of Si is observed during laser remelting, a simulation baseline between

these concentrations would be closer to those observed experimentally.
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Figure 6: Composition plots from energy dispersive x-ray spectroscopy maps for: (a) 30-pm-diameter-beam
experimental surface, (b) 30-pm-diameter-beam simulated surface, (c) 100-um-diameter-beam experimental surface,
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and (d) 100-um-diameter-simulated surface.

4.2 Surface Height Profile

Height maps of the remelted lines were collected using a white-light interferometer and compared to
the results predicted with the remelting simulation (Figures 7 and 8). In both experimental cases, a
protuberance and then corresponding depression in the surface can be seen near the Si grain (Figures 7a
and 7c). That is believed to be due to thermocapillary flow differences occurring due to the Si grains
absorbing significantly more energy than the Al-rich matrix. That protuberance and depression is
accurately captured in the simulation for both remelting conditions, suggesting that the primary physics

governing this phenomenon has been accurately captured (Figures 7b and 7d).
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The corresponding heights in the middle of the remelted lines have been extracted and plotted with

(c)
Figure 7: Surface maps of (a) 30-pm-diameter beam (25-pum-diameter melt pool) experimental surface, (b) 30-um-
diameter beam simulated surface, (¢) 100-um-diameter beam (55-pm-diameter melt pool) experimental surface,
and (d) 100-um-diameter-simulated surface.

the location of the Si precipitates outlined (Figure 8).
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Figure 8: Height plots of (a) 30-um-diameter-beam experimental surface, (b) 30-um-diameter-beam simulated
surface, (¢) 100-um-diameter-beam experimental surface, and (d) 100-um-diameter-simulated surface.

The experimental and simulated height plots from the middle of the remelted regions show the
magnitudes of the protuberances and depressions. Both experimental conditions experienced
protuberances of approximately 0.5-1.0 pm in height, and depressions of magnitude 0.5-1.0 um (Figures
8a and 8c). The 30-um-diameter beam simulation predicts protuberance and depressions of ~1.0 pm,
while the 100-pm-diameter beam predicts protuberances and depressions of approximately 0.5 pm
(Figures 8b and 8d). The simulated plots have a very consistent appearance while the experimental plot
has a more stochastic nature. This may be due to the simulation only considering a single proeutectic Si
grain when the remelted region inevitably contains eutectic Si precipitates. Additionally, the simulations

predict that the depression occurs slightly before the location of the grain, while the experiments show

this occurs after the grain.

5. Prediction of Laser Area Remelting

To demonstrate how the model captures the remelting of an area, a subsection of a 1 mm x 1 mm

region that was remelted with the 30-um-diameter beam is compared to a simulated area scan (Figure 9).
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Figure 9: (a) Optical image of experimental surface and (b) composition map following homogenization
model from 30-pm-diameter-beam processing.

Within the experimental remelted region shown in Figure 9a there are dark regions that correlate to
the locations of the large Si grains within the surface. This is similar to what was seen in the remelted
lines, and it can be inferred from these results that these regions will also contain a higher percentage of
Si. Qualitatively, the reflected light image of the surface matches well to the simulated composition map
(Figure 9b). In a height map of the remelted region, these dark regions correlate with elevated features

(Figure 10).
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(a) (b)
Figure 10: Surface height maps after pulsed laser remelting using 30-pm-diameter-beam processing:
(a) experimentally measured surface and (b) simulated surface. The differences in scale should be
noted.

The remelting was done on a mechanically polished surface, hence there were no roughness features
of the magnitude seen in Figure 10 prior to pulsed laser remelting. The features in Figure 10 were created
by the remelting process. The proximity of the proeutectic Si grains to height protuberances and
depressions on the surface indicates that those Si grains are a contributor to the features observed on the
remelted surfaces. The simulation of pulsed laser remelting in the region also displays similar
protuberances and depressions that were generated due to the higher concentrations of Si in those regions
causing larger thermocapillary features. To better highlight the generated features, a filter was applied to
the experimental and simulated surfaces of Figure 10 to show the underlying waviness (shown in Figure
11). The roughness-waviness cutoff frequency used was 33.3 mm™, which was the frequency of the laser
beam’s diameter. This value was chosen to remove features present in the individual melt pools, while

leaving out generated features larger than the beam itself.

-1 -0.5 0 0.5 1 -0.2 -0.1 0 0.1 0.2
Surface Height (um) Surface Height (um)
(a) (b)

Figure 11: Waviness after pulsed laser remelting using 30-pm-diameter-beam processing: (a)
experimentally measured surface and (b) waviness of simulated surface using cutoff frequencies of 33.3
mm’'. The differences in scale should be noted.
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As in the case of remelted lines, protuberances and depressions occur near the large Si precipitates but
with protuberances occurring in the direction opposite of both the scan and step-over directions. The
simulation shifts the protuberance and depression further away from the grains than that observed
experimentally, but the relative magnitude of the surface features to each other within the experimental or
simulated region is similar. The filtered surface helps demonstrate this: the locations with the largest
protuberances & depressions are the same in both, even though their magnitude is different (Figure 11).
This demonstrates the model’s ability to capture the primary physics occurring during pulsed laser
remelting of heterogeneous surfaces. One reason for the difference in magnitude and location of the
protuberances & depressions may be due to assumption that the generated thermocapillary feature is
uniform across a single melt event. Another reason for the difference may be due to treating the
composition as averaging over an area rather than a volume, or the assumption that the flow difference is
proportional to the ratio of laser absorptivity for Si and Al. However, even with those differences the
roughness metrics of the unfiltered experimental surface and unfiltered simulated surface show good

agreement (Table 3).

Table 3: Measured and Predicted Surface Roughness Metrics for Remelted Area (experimental values are an
average of 6 measurements)

Experimental Observation Simulation
Average Roughness (S,) 251 nm £ 38 nm 253 nm
Maximum Roughness (S,) 2.69 ym = 0.40 um 2.36 um

6. Conclusions

A model has been proposed that simulates pulsed laser remelting in a spot-by-spot (line scan) fashion.
This model was verified through comparisons of experimentally measured surface composition and height
(topography) profiles created with two different laser beam (melt pool) diameters (30 um and 100 um) on
an Al casting alloy (A384) which has a heterogeneous starting chemical composition. The predicted
distributions of Si and surface topographic features were consistent with those measured experimentally.

The model was then expanded and shown to work for the prediction of area remelting. There was good
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qualitative agreement between the model and experimental observations suggesting that the primary

process physics were captured.

It was found that proeutectic and eutectic Si precipitates were redistributed during laser remelting by
spreading out in the direction of beam travel. However, perfect homogenization of Si during remelting of
lines and areas did not occur, nor was predicted. By assuming, for modeling purposes, perfect mixing
during each individual melt event, the primary process by which Si is redistributed during laser remelting
was accurately simulated. The prediction of larger area redistribution (i.e., when remelted lines overlap
each other) was also demonstrated. This indicates that laser path planning and the use of a model such as

the one presented may help achieve the maximum possible homogenization.

The model predicted the topographical features generated during laser remelting by using the ratio of
laser absorptivity (for 1070-nm-wavelength light) for Si and Al and the law of mixtures to estimate the
amount of Si within a given area. The variation in thermocapillary flow during individual melt events
were predicted and used to qualitatively account for the height variations that occur and their relation to
composition variation in the starting surface. Large Si precipitates present in the surface induced material
displacement in the direction opposite of the laser beam travel direction. This caused a protuberance and
corresponding depression in the surface height relative to the base surface. The protuberance occurred at a
location in front of the original location of the Si precipitate and the depression is located approximately
where the Si precipitate was. This demonstrates that starting surface composition heterogeneity can cause

surface topography changes during laser remelting.
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