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Abstract
Solidi�cation rates during laser remelting of solid metals occur under solidi�cation conditions that are far
from equilibrium conditions. The microstructural evolution and microsegregation behaviors are affected
by these conditions. This study comprised an experimental characterization of the ultra-�ne
microstructure and microsegregation in laser surface remelted regions of a hypoeutectic Al-Cu alloy. The
laser scan speed, which controls the cooling rate within the remelted region, was observed to have a
signi�cant effect on microstructural features and microsegregation. Dendrite arm spacing was
determined to decrease with increasing scan speed and depended on location within the melt pool. A
transition of the dendrite morphology was also observed in the melt pools. This transition, which is
attributed to the grain orientation change in�uenced by the laser beam movement, was experimentally
characterized. The measured microsegregation pro�les show decreasing microsegregation as cooling
rate increases which is typically of increasing undercooling and non-equilibrium solidi�cation. 

Introduction
Laser surface remelting (LSR) is a unique technique to achieve an ultra-fast solidi�cation condition within
the thin melted region at the sample surface. The cooling rate in the LSR experiment can achieve 103-
108 °C/s [1]. This rapid solidi�cation rate will generate nanoscale microstructural features are not formed
in traditional castings [2]. The LSR technique can also improve the mechanical response in the re�ned
region [3,4].  At such high solidi�cation rates the conditions are far from equilibrium and the
microsegregation behavior is signi�cantly changed [5].

Previous experimental studies demonstrated the microstructure re�nement by LSR in Al-Cu eutectic
alloys [2,3,6–9], and Al-Si-Cu ternary alloys [3,10]. In Al-Cu eutectic alloys, a re�ned Al-Al2Cu interlamellar
spacing as low as 17 nm has been observed in the laser-treated region [2]. Numerical simulation
methods, such as phase �eld, have been able to predict the morphology evolution and microstructural
quantities within the melt pool at high solidi�cation rates [11–14]. However, few LSR studies have
focused on Al-Cu alloys with low Cu concentration [15–17]. A quantitative characterization of the
microstructure in the LSR melt pool in dilute Al-Cu alloys would be helpful to understand the effects of the
laser parameters on the microstructure and provide experimental validation for future simulations of
microstructural evolution during LSR. A transition of the dendrite morphology was previously observed in
the melt pool from the LSR experiments [18]. 

Non-equilibrium partitioning at high solidi�cation rates was observed in the previous experimental study
of the laser-melted alloys [7,19–21]. The high solidi�cation front velocity increases the solute trapping
and therefore decreases the microsegregation.  Limited information exists on solute redistribution during
laser surface remelting [22] and characterization of microsegregation behavior in laser-melted Al-Cu
alloys is missing in the literature.
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In this study, an Al-3wt%Cu binary alloy was surface remelted under different laser conditions. The
investigation was focused on a thorough microstructural characterization and a quantitative
measurement of microsegregation behavior in the melted region. The goal is to provide experimental
characterization of the microstructure and microsegregation far from equilibrium; and to understand the
effects of laser scan speeds on those two quantities. In addition,  experimental characterization was
conducted to better explain the transition of the dendrite morphology in the melt pool.

Material And Experimental Preparation
1. Materials preparation and laser experiment setting

Plates with dimensions of 6" x 6" x 1" (length x width x thickness) of Al-3wt%Cu were cast in sand-molds
and solution treated at 400 oC for 48 hours to ensure compositional uniformity throughout the plates. The
solution treated plates were sectioned into 3" x 1" x 0.16" samples, as illustrated in Figure 1(a), for the
laser surface remelting experiments. The sample size was designed to be attached to the stage during the
laser remelting, and the thin samples were able to dissipate energy quickly to avoid continuing heating of
the sample after the experiment. The sample surface was ground using coarse grid (600 grit) sandpaper
before the experiment to remove any oxidized layer on the surface and increase the absorption rate of
laser energy during the laser scan.

The samples were laser surface remelted using a solid-state disk laser (TRUMPF Laser HLD 4002). The
laser was set at a wavelength of 1030 nm, spot diameter of 0.6 mm, and power of 2000 W.  Laser surface
remelting was conducted at a range of scan speeds, including 3 mm/s, 5 mm/s, 15 mm/s, 30 mm/s and
60 mm/s.  These scans were conducted on a single sample to create different cooling rates in the melted
region. Argon shielding gas was used to minimize oxidation during experiments. A typical sample after
the laser experiment is shown in Figure 1(b).

2. Microstructural and microsegregation characterization

The laser surface remelted samples were sectioned both along and perpendicular to the scanning
direction. Samples were mounted, ground and polished for microstructural characterization using
standard sample preparation methods for Al-Cu alloys. Samples were etched in Krolls Solution to observe
the microstructural features.

The microstructural characterization was conducted using several techniques. The melt pool shape and
size were measured using optical microscopy. Finer microstructural features such as dendrite arm
spacing (DAS) and secondary phases were quantitatively measured using Scanning Electron Microscopy
(SEM). Grain morphology and growth orientation were characterized using Electron Backscatter Scanning
Detector (EBSD)

Quantitative microsegregation was measured using Electron Probe Micro-Analysis (EPMA). A Cameca
SX-100 electron microprobe equipped with wavelength-dispersive spectrometers was used in this study.
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The accelerating voltage and beam current were set to 15 kV and 10 nA, respectively. The voltage and
current were kept relatively low to reduce the beam interaction volume, which improved the measurement
accuracy of copper composition in the re�ned microstructure. Over 400 points were collected across
multiple samples, and the microsegregation pro�le was constructed using the WIRS method [23]. 

Results

1. Microstructural characterization in the melt pool
Figure 2 shows cross sections of the laser melt pools from optical microscopy. The width and depth of
the melt pools varied and were dependent on the laser scan speed. Figure 2(a) shows the melt pool
produced by the laser beam with a scan speed of 5 mm/s. The width and the depth of the melt pool was
measured to be 1000um and 375 um, respectively. The microstructural features within the melt pool are
distinct from the base material and demonstrated that the laser surface remelting altered the
microstructure. Two additional representative micrographs of a higher magni�cation, as shown in the
�gure, were taken from the top and bottom of the melt pool, respectively. These dendritic microstructure
in the melt pool is much �ner compared to the base cast and solution treated plate material. The
morphology of those melt pool dendrites depended on location within the melt pool and columnar
dendrites were observed at the bottom of the melt pool while globular dendrites were observed at the top
of the melt pool. A melt pool produced by the laser with a fast scan speed of 60mm/s is shown in Figure
2(b) with a melt pool width of 626um and a depth of 75 μm. As the laser scan speed increases, both the
width and depth of the melt pool decrease, as well as the dendrite spacing decreases in the melt pool.
Different morphologies of the dendrites are also observed at different locations of the melt pool. Globular
dendrites, with circular morphology, occupied at the top of the melt pool; while elongated columnar
dendrites dominate at the bottom of the melt pool.

The results of SEM characterization, as shown in Figure 3, provided more detailed information on the size
and morphology of dendrites and secondary phases in the melt pools. Elongated columnar dendrites
were observed at the bottom of the melt pool at both scan speeds of 5 mm/s and 60 mm/s, as shown in
Figure 3(a) and (d). At 5 mm/s, the size of the dendrites is much larger. In additional, �ne Al2Cu
secondary phases can be clearly identi�ed among dendrites at 5mm/s. In contrast, at 60 mm/s, only a
few, very �ne secondary phase Al2Cu particles could be observed. This difference can be attributed to the
stronger solute trapping that exists during solidi�cation during the faster laser scan. As the speed
increases, solidi�cation rate dramatically increases in the melt pool, which leads to more Cu solute
entrapment in the primary phase during solidi�cation and less solute available to form secondary
phases. Figure 3(c) and (f) show the microstructural features close to the top of the melt pool. Globular
dendrites, which have a circular morphology, dominate at the top of the melt pool at both scanning
speeds. The size of the globular dendrites was also dependent on the scan speed and larger and more
secondary phase precipitates can be found at 5mm/s compared to the 60 mm/s.
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At both scan speeds, transitions from columnar dendrites to globular dendrites were observed around the
center of the melt pool, which are highlighted in Figure 3(b) and (e). This transition was found in all melt
pools, regardless of scan speeds, which indicates the morphology change is independent of the cooling
rate.

Quantitative SEM analysis was conducted to measure the dendrite spacing at different scan speeds and
different locations of the melt pool, and the results were summarized in Figure 4. Ultra-�ne dendrites have
a size of 1- 4 μm, depending on the laser scan speed. As the speeds increase, the spacing of the
dendrites continuously decreases. However this dependence on scan speed was not linear and at lower
scan speeds, the in�uence on dendrite spacing was pronounced whereas at high scan speeds, the
re�nement is only moderate. Dendrite spacing at different locations, including bottom, center, and top of
the melt pool, are also shown in Figure 4. Spacing was largest for dendrites at the bottom of the melt pool
and smallest at the top. The difference was most signi�cant at low scan speed, which indicate the
solidi�cation conditions within the melt pool are location-dependent and this location dependence is
more pronounced at low scan speeds.

2. EBSD Characterization of Melt Pool
A transition in dendrite morphology from columnar to globular was observed in all melt pools from the
bottom region to the top. The transition mechanism was di�cult to be directly determined from SEM
images, therefore EBSD characterization was used conducted to characterize this transition.
Representative EBSD Inverse Pole Figure (IPF) images of samples from 5 mm/s and 60 mm/s are shown
in Figure 5. The images perpendicular to the laser scanning direction are shown in Figure 5(a-b), and
image parallel to the scanning direction are shown in Figure 5(c). Figure 5(a-b) demonstrate an epitaxial
grain growth from the melt pool boundary and various grain orientations at the center of the melt pool.
The liquid metal at the melt pool boundary appears to initially solidify following the parent grain
orientations in the base plate material. As the grains grow towards to the center of the melt pool, new
grains of different orientations form and dominate. Figure 5(c) reveals the trajectory of grains solidifying
in a melt pool parallel to the laser scan direction. The grain growth closely followed the beam movement,
and the tail of the grain blocked the growth of the grains underneath. The characterization from two
different directions reveals that the grains in the center of the melt pool is not an equiaxed morphology,
instead these grains are the tail of previous grains. The morphology change of dendrite experimentally
observed is not a columnar-to-equiaxed transition. The shift of dendrite morphology is actually due grain
orientation change from bottom of the melt pool to the top. A similar phenomena has also been observed
phase �eld simulation of additive materials produced by the laser powder bed fusion technique [24].

3. Quantitative measurements of microsegregation during
laser remelting
Cu microsegregation behavior during laser remelting was measured by EPMA and sorted using the
weighted interval rank and sort (WIRS) method [23]. The Cu solute pro�le from samples with scan speed
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of 3 mm/s and 5 mm/s are shown in Figure 6(a). The interaction volume of the beam is around 2 μm
under the current settings, so the dendrite spacing should be larger than this value in order to capture the
Cu microsegregation behavior within dendrites. Therefore, only samples with speed of 3 mm/s and 5
mm/s were measured, considering the relatively larger dendrite spacing in these melt pools. Cu pro�les
from 3mm/s and 5mm/s both have a positive slope, which show an increasing of Cu concentration as
solid fraction increases. The microsegregation still exists at these scanning speeds, where the Cu
concentration is lowest at the center of the dendrite and becomes higher closer to the interdendritic
region. The two pro�les are also compared to predictions using the classical Scheil equation. Both
pro�les deviate signi�cantly from Scheil, as illustrated in Figure 6(a). This deviation can be attributed to
the far from equilibrium conditions that exist during the rapid solidi�cation within the melt pool.

A concentration map was also measured by electron micro-probe for both scanning speeds. The scanned
area is 30 × 30 μm, which includes several columnar dendrites and secondary phases, as shown in
Figure 6(b) and (c). The concentration map demonstrates a more direct solute redistribution behavior
within the microstructure. A periodic pattern of the Cu concentration value can be found, which is due to
solute partitioning during dendritic solidi�cation. A schematic representation of the columnar dendrites
was overlayed on the maps for a clearer depiction of solute distribution within the dendrites. At 3mm/s,
high Cu content was observed, which indicates the existence of the secondary phase. As scan speed
increases to 5mm/s, no secondary phase with high Cu concentration was observed in this area. Also, the
difference of Cu concentration in the map across dendrites becomes smaller at the higher scan speed.
These comparisons indicate a reduced microsegregation degree at the higher speed of 5mm/s.

Discussion

1. Effects of the laser scan speeds on the microstructures
within the melt pool
Quantitative measurement of the dendrite spacing shows that the laser scan speed in�uences
microstructural quantities. Previous simulation work [25] using heat transfer and �uid �ow model shown
that the a faster laser scan speeds increased the cooling rate but decreased the thermal gradient in the
melt pool. Cooling rate is the key factor that determines the secondary dendrite arm spacing and grain
size. A power relationship [26, 27] between the cooling rate and the dendrite size for Al-Cu alloys has been
previously observed and is summarized as:

Where the D represents the dendrite spacing (in um) and CR represents the cooling rate (in °C/s). Using
the quantitative measurements of dendrite spacing, the cooling rate in the melt pools under different laser
conditions was inferred using equation (1). The results are summarized in Table 1 and values of cooling
rate vary from 103-105 °C/s. The experimental measured DAS are also comparable to the DAS from
phase �eld prediction of Al-Cu during rapid solidi�cation [25].
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The thermal parameters also vary spatially within the melt pool. Several thermal simulation studies [25,
28, 29] have reported location-dependent solidi�cation conditions within melt pools. Cooling rate has
generally been found to be slowest at the bottom of the melt pool and became fastest at the top. The
dendrites spacing decreases as cooling rate increases, which can explain a smaller spacing at the top of
the melt pool.

In addition, the transition in the morphology of the dendrites was observed in the melt pool. This
transition was caused by the change of grain orientation due to the laser movement. The grain growth
was epitaxial at the bottom of the melt pool, but the grain growth closer to the surface was affected by
the thermal gradient of the laser movement.

 
Table 1

Inferred cooling rate using DAS experimental measurement results
Laser scan speed (mm/s) Inferred cooling rate using eq (1) in °C/s

3 2.6E3

5 5.2E3

15 1.4E4

30 2.9E4

60 5.5E5

2. Effects of solidi�cation speeds on microsegregation during rapid solidi�cation

Microsegregation can be characterized as the amount of solute (Cu) in the solidi�ed material as a
function fraction solid – which indicates the moment in time at which the region solidi�ed. As shown in
Figure 6(a), comparing microsegregation pro�les for scan speeds of 3 mm/s and 5 mm/s, scan speed
(cooling rate) has a signi�cant in�uence on both the initial values and the slopes Both scan speeds
produced rapid solidi�cation, which gives rise to solute trapping [30–33]. Solute trapping decreases the
Cu partitioning and decreases the amount of microsegregation. Rapid solidi�cation will increase the
undercooling at the dendrite tip. As the solidi�cation rate increases, a high undercooling develops at the
dendrite tip and the partition coe�cient deviates from its equilibrium value. A higher undercooling drives
a high initial Cu concentration at the dendrite tip [31], which cause a higher initial Cu value at a scan
speed of 5mm/s compared to 3mm/s. As cooling rate increases, the value of partition coe�cient of Cu
solute will shift closer to 1 [34], which means less microsegregation is observed after solidi�cation.
Therefore, the microsegregation degree of the Cu at 5mm/s is less; and the Cu pro�le of 5mm/s also has
a �atter slope. It is anticipated that this microsegregation information will provide useful information for
simulating and modeling the microsegregation of solutes during solidi�cation conditions that are far
from equilibrium and that can exist in manufacturing processes such as additive manufacturing and high
pressure die casting.
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Conclusion
In this study, an ultra-�ne solidi�cation microstructure was achieved using the LSR technique at scan
speeds ranging from 5mm/s to 60 mm/s. These scan speeds produced solidi�cation rates that were
estimated to vary from 2.6 × 10−3 to 5.5 × 10−5 °C/s. The re�ned dendrites within the melt pool were
experimentally characterized. Dendrite spacing of 1- 4 μm was measured at different laser scan speeds
and a quantitative relationship was developed. The dendrite morphology was characterized in these melt
pools and the morphology transition of the dendrites was not a columnar-to-equiaxed transition but
rather a result of the nature of solidi�cation within the rapidly moving melt pool produced by the laser
melting. EBSD characterization of the sections parallel and perpendicular to the laser scan direction
reveals a transition due to the curved grain growth from bottom towards the top of the melt pool. The
microsegregation behavior of Cu was quantitatively measured in the rapidly solidi�ed melt pool. As
expected, the measured microsegregation results signi�cantly deviated from Scheil conditions and
suggest a high degree of undercooling and a non-equilibrium partition coe�cient during rapid
solidi�cation. The Cu microsegregation pro�le was in�uenced by the laser scan speed, demonstrating a
stronger solute trapping and decreased microsegregation at higher solidi�cation rates.
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Figures

Figure 1

(a) Schematic representation of the dimensions of Al-3Cu samples for laser surface remelting experiment
and the laser beam path during the experiment. (b) Image of a typical sample after laser surface
remelting. Several laser scans with different scanning speeds were conducted on the same sample.
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Figure 2

Optical micrograph of melt pools induced by laser beam with different scanning speed (a) 5mm/s and
(b) 60mm/s. Two additional micrographs at a higher magni�cation from each condition show the
different morphologies of the dendrites at the bottom and top of the melt pool
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Figure 3

SEM characterization of the dendrite morphology within the melt pool. (a-c) The melt pool was from LSR
with a laser scan speed of 5mm/s. While (d-f) shows the LSR melt pool with a laser scan speed of
60mm/s. The views are from the bottom, center and top of the melt pool, respectively.
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Figure 4

Quantitative measurements of dendrite spacing within the melt pool at different laser scan speeds. The
dendrite spacing decreases as scan speed increases. Dendrite spacings measured at different locations
within a melt pool (bottom, center and top of the melt pool, respectively) were also compared.
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Figure 5

EBSD characterization of the cross section of the melt pool along the laser scanning direction (a) melt
pool with scan speeds of 5mm/s and (b) 60mm/s. (c) An EBSD scan performed along the laser scan
direction, demonstrating the microstructure features along the scan path.

Figure 6

(a) Cu solute microsegregation pro�les at laser scan speeds of 3mm/s and 5mm/s compared with
microsegregation predictions assuming Scheil solidi�cation conditions, (b,c) EPMA concentration maps
demonstration the Cu spatial distribution, with low Cu concentration at the center of the dendrite and high
Cu in the interdendritic region.


