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Abstract—
High-performance aluminum (Al) alloys, including the 6xxx and

7xxx series, are considered promising materials for energy, aerospace,
automotive, and defense applications. In this work, the laser powder
bed fusion (L-PBF) technique was employed to fabricate Al6061. An
optimized processing window for L-PBF was established to fabricate
Al6061 with relative densities exceeding 99%, using a laser power
range of 200–250 W, a scanning speed of 1000 mm/s, and a hatch
spacing of 140 µm. This process resulted in complete melting within
the energy density range of 44–50 J/mm3. Additionally, thermal
expansion and average linear coefficient of thermal expansion (CTE)
analyses revealed that parts produced at energy densities below
44.64–50 J/mm3 exhibited lower CTE, likely due to void formation
in the lack of fusion mode. Similarly, higher energy densities (69.44
and 104.16 J/mm3) also caused a decrease in CTE, attributed to phase
transformations and keyhole formation.

Keywords-component—additive manufacturing; laser powder
bed fusion (L-PBF); Al6061; melting regimes; coefficient of
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I. INTRODUCTION
High-performance aluminum (Al) alloys, including the 6xxx

and 7xxx series, are known for their high strength, low density,
and enhanced corrosion resistance, making them promising
materials for energy, aerospace, automotive, and defense ap-
plications [1], [2].

Laser Powder Bed Fusion (L-PBF) is a widely used metal
additive manufacturing (AM) process that fabricates parts by
selectively melting predefined layers of metal powders [3].
It offers distinct advantages, such as the formation of non-
equilibrium solidification microstructures due to the rapid
heating, melting, cooling, and solidification cycles in L-
PBF [4], [5]. The high cooling rates associated with this pro-
cess promote increased solute solid solubility, finer grain sizes,

This work was partially supported by funding from the Natural Science and
Engineering Research Council of Canada (NSERC) Discovery Grant (RGPIN-
2023-04004).

and reduced element segregation compared to conventional
processing methods [6]. As a result, L-PBF enables tailoring
the microstructure and mechanical properties of Al alloys.

However, L-PBF of Al alloys, such as Al6061, results
in defects such as solidification cracking and porosity [7].
These issues arise from physical properties, including low
laser beam absorptivity, tenacious oxide films, low boiling
point elements, high thermal conductivity, high coefficient of
thermal expansion, relatively wide solidification temperature
ranges, and significant solidification shrinkage [8]. Therefore,
L-PBF process parameters, including laser power, scanning
speed, hatch spacing and layer thickness must be optimized
to fully melt the Al alloy powder [9]. One of the commonly
used metrics to optimize these process parameters is the laser
energy density (Ev, J/mm3), calculated as [10]:

Ev =
P

v · t · h
(1)

where P is the laser power (W), v is the scan speed (mm/s), t
is the layer thickness (mm), and h is the hatch spacing (mm).
Maamoun et al. [11] observed that defect size and distribution
in L-PBF-fabricated Al6061 vary with processing conditions,
leading to solidification cracking within the microstructure.
An optimized energy density of 52.6 J/mm3 was identified,
resulting in the smallest microcracks.

Variations in process parameters can lead to different melt-
ing modes and defect formations in laser-based metal AM.
The energy density plays a crucial role in determining these
outcomes. An optimized laser energy density ensures com-
plete powder melting, facilitating sufficient melt pool overlap
and reducing defect formation [12]. Insufficient energy input
results in lack of fusion defects, characterized by irregular
pores and unmelted powder particles due to inadequate thermal
input for bonding with the previously deposited layer [13].
Conversely, excessive energy input at high power and low



scanning speeds, induces the keyhole mode. This leads to
an increased melt pool depth-to-width ratio, promoting the
formation of vapor cavities and causing microsegregation of
alloying elements, contributing to defect generation [14].

Attempts have been made to fabricate Al6061 using L-PBF
through approaches such as optimizing process parameters
and introducing alloying elements to minimize solidification
cracking. Uddin et al. [15] successfully produced crack-free
Al6061 samples using the L-PBF process by preheating the
platform to 500 °C and applying process parameters of 400
W and 1400 mm/s. The success was attributed to the high-
temperature preheating, which eliminated melt-pool banding
and facilitated the nucleation of large non-coherent precipitates
in the columnar grain boundaries. Chen et al. [16] demon-
strated that incorporating yttria-stabilized zirconia (YSZ) into
Al6061 eliminated cracking during the L-PBF process. This
was attributed to the substantial reduction in grain size and
the formation of fine equiaxed grains along the melt pool
boundaries, which prevented crack propagation along the grain
boundaries. Additionally, Mehta et al. [17] studied the impact
of adding 1 wt% Zr to Al6061 and found that it not only
reduced crack formation but also minimized internal porosity
due to significant grain refinement, thus enhancing the mate-
rial’s resistance to hot cracking.

However, the literature lacks information on the influence
of L-PBF process parameters on the CTE of Al6061, which
is critical as changes in thermal expansion can affect crack
formation [18]. The CTE is a key thermophysical property,
particularly in L-PBF, where high cooling rates and rapid
thermal cycles can cause thermal heterogeneity [19], [20].
This leads to residual stresses, which, if not controlled, can
contribute to defects like cracking during fabrication [20].
Therefore, understanding the impact of L-PBF parameters on
the CTE of Al6061 is essential for optimizing part quality
and minimizing defects. The columnar grain structure typically
observed in L-PBF-fabricated samples could result in a higher
CTE compared to conventionally manufactured Al alloys with
an equiaxed microstructure [21]. Additionally, variations in
energy density are expected to influence defect formation and
phase transformations, further affecting the CTE.

This study aims at investigating the effect of process param-
eters including laser power, scanning speed and hatch spacing
on the density, microstructure, and thermal properties of L-
PBF-fabricated Al6061, focusing on identifying the melting
modes for different energy densities.

II. MATERIALS AND METHODS

A. Powder Feedstock

In this study, gas-atomized Al6061 powder, supplied by
Valimet Inc. (Stockton, CA, USA), was used as the feedstock
material. The powder size distribution (PSD) was measured
using Malvern Morphologi G3 (Malvern Panalytical, UK)
automated particle size analyzer. Powder morphology was
analyzed using a field-emission scanning electron microscope
(FE SEM, Zeiss Sigma FESEM, Germany).

B. L-PBF Process Parameters
Samples were fabricated using an EOS M290 L-PBF (EOS

GmbH, Krailling, Germany) machine with a 400 W Yb-fiber
laser and a 100 µm laser spot size. The build plate was
preheated to 180 °C, and each layer was rotated by 67°, with a
constant thickness of 0.04 mm. A design of experiment (DOE)
based on the L9 orthogonal array of the Taguchi method was
used to study three factors—laser power (P), scanning speed
(V), and hatch spacing (h)—each at three levels, as shown in
Table I. The levels were determined from open literature [16],
[17], [22]–[24], resulting in 9 experimental runs and laser
energy densities ranging from 25.51 to 104.06 J/mm3.

TABLE. I
L-PBF PROCESS PARAMETERS USED IN THIS STUDY

Laser Power (W) Scanning Speed (mm/s) Hatch Spacing (mm) Energy Density (J/mm3)
150 600 0.14 44.64
150 1000 0.12 31.25
150 1400 0.1 26.78
200 600 0.12 69.44
200 1000 0.1 50.00
200 1400 0.14 25.51
250 600 0.1 104.16
250 1000 0.14 44.64∗
250 1400 0.12 37.20

∗Indicates higher laser power for the same energy density.

C. Microstructure Characterization
The as-built samples were sectioned perpendicular to the

build direction. The specimens were first ground using
600- and 1200-grit SiC paper and then polished sequen-
tially with diamond suspensions of 9 µm, 6 µm, 3 µm,
and 1 µm. Microstructural analysis was performed using
a field-emission scanning electron microscope (FE SEM,
Zeiss Sigma, Germany) equipped with electron-backscattered
diffraction (EBSD). For EBSD, the sample surfaces were
mirror-polished using ion beam polishing with a plasma fo-
cused ion beam (PFIB, Helios Hydra, Thermo Fisher, USA).
A 500 µm diameter area was polished with a 30 kV, 60
nA Xe beam using spin milling. Three EBSD maps, each
with a 400 × 300 µm2 area and a step size of 0.75 µm,
were acquired at 15 kV, using a 60 µm aperture and high
current mode. Post-processing was conducted using Channel
5 software. Additionally, X-ray diffraction (XRD, Ultima IV,
Rigaku, Japan) was performed to identify the phases and
intermetallics present in the samples. The polished samples
were exposed to Cu-Kα radiation (λ = 1.54056 Å) using
scanning speeds of 2◦/min.

D. Density
Density measurements were conducted on all samples to

evaluate their porosity using the Archimedes principle, in
accordance with ASTM B962-23 [25]. The measured densities
were compared to the reference value of 2.7 g/cm3 for bulk
Al6061 and presented as relative densities [26]. Each sample’s
density was calculated using Equation (2):

ρ = ρw ×
(

W1

W1 −W2

)
where W1 is the weight of the dry sample, W2 is the weight
of the sample when immersed, and ρw is the density of water.



Figure. 1. Morphology of (a) virgin, (b) powder size distribution of Al6061 powder [27].

E. CTE Analysis

CTE samples were fabricated following the ASTM E831-
14 standard size [28] and a NETZSCH DIL 402 dilatometer
(NETZSCH-Gerätebau GmbH, Germany) was used to measure
the apparent CTE for each sample. The tests were conducted
between 25°C and 450°C with a heating rate of 0.1 °C/s, fol-
lowed by cooling to room temperature. The apparent CTE, α,
expressed in (10−6 ◦C−1), and the apparent thermal expansion,
ϵT , were calculated using equation 2 [29]:

α =

(
∆L

L0 ×∆T

)
=

( ϵT
∆T

)
, where ϵT =

(
∆L

L0

)
(2)

Where, ∆L is the change in length in (µm), ∆T is the
temperature difference over which ∆L is measured in (°C),
L0 is the initial length in (m).

III. RESULTS AND DISCUSSION

A. Powder Characterization

The morphology of the Al6061 powders is shown in Fig-
ure 1a. The virgin powder consists of nearly regular spherical
particles. Particle size distribution ranged from 9 to 40 µm.
The powder diameter at three cumulative volumes of particles
of 10%, 50%, and 90% are D10 = 14.57 µm, D50 = 25.43 µm,
D90 = 38.43 µm, as shown in Figure 1b. The nominal PSD
values provided by the supplier are D10 = 24–30 µm, D50 =
40–47 µm, and D90 = 60–68 µm.

B. Crystallographic Characterization

Figure 2 presents the XRD patterns of the Al6061 alloy
fabricated via L-PBF at different energy densities of 25.51
J/mm3, 50 J/mm3, and 104.16 J/mm3. The XRD results
primarily show peaks associated with the α-Al (FCC) phase.
The spectrum also reveals a strong grain orientation along the
(200) direction, indicating a noticeable texture formation in
this direction. In L-PBF, the repeated melting and solidification
cycles generate a steep thermal gradient, predominantly along
the build direction. In cubic metals, grain growth is typically
favored along the ⟨100⟩ crystallographic direction due to its
lower packing efficiency. Consequently, most grains align with
the ⟨100⟩ direction [17]. As the energy density increased
to 104.16 J/mm3, additional phases, including Mg2Si and
AlMg4Si3, appeared in the XRD patterns. This is likely due to

the higher temperatures associated with the increased energy
density, which provided the necessary thermal energy for the
precipitation of these phases [17].

Figure. 2. X-ray diffraction (XRD) patterns of As-built Al6061 samples
fabricated at energy densities of 25.51 J/mm3, 50 J/mm3, and 104.16
J/mm3 [27].

C. Microstructure Characterization

The XY cross-sectional micrographs of the L-PBF samples
fabricated at different energy densities are shown in Figure 3.
Based on the defect morphology, the processing parameter
map can be categorized into lack of fusion, stable, and keyhole
modes. At lower energy densities (red box), which correspond
to relatively lower laser power and higher scanning speed, lack
of fusion pores with visible unmelted powder around them
were observed. These defects likely resulted from insufficient
energy applied to fully melt the powder, leading to poor bond-
ing between powder layers [30]. In contrast, keyhole pores
appeared in samples fabricated at higher power and lower
speed, corresponding to higher energy densities (blue box).
These pores formed due to excessive laser penetration into the
deposited layers, creating an overly deep melt pool [13]. These
defects were reduced by using an energy density range of
44–50 J/mm3 (yellow box). The stable melting mode indicates
that a proper energy input is crucial for fully melting the
material, resulting in a dense part.

The melting mode was evaluated using Thermo-Calc’s
Additive Manufacturing Module (2024b) with the TCAl9
database. A steady-state simulation using a calibrated Gaussian



Figure. 3. (a) SEM micrographs of the as-built Al6061 samples [27], and (b) predicted melt-pool dimensions under different combinations of process
parameters.

heat source predicted melt pool depths for each set of process
parameters [31], shown in Figure 3b. At low energy densities
(25.51–44.64 J/mm3), the simulated melt pools were shallow,
characteristic of the lack of fusion regime that can lead
to incomplete bonding and porosity. Increasing the energy
density (69.44 and 104.16 J/mm3) produced deeper melt pools
prone to keyhole porosity [14]. Within the optimized window
(44.64–50 J/mm3), melt-pool dimensions promote complete
fusion, characteristic of a stable melting mode that correlates
with the highest relative density (99%) and minimal internal
defects. These predictions are consistent with the melting
modes observed in the SEM images (Figure 3a).

The grain growth and crystallographic orientation of the
Al6061 samples fabricated at energy densities of 31.25 J/mm3,
44.64 J/mm3, and 104.16 J/mm3 were investigated through
EBSD characterization, which indicates texture randomization
for all three samples. The band contrast (BC) images in
Figure 4b reveal the presence of cracks and porosities in
all three samples. The samples fabricated at 31.25 J/mm3 and
104.6 J/mm3 exhibited a higher number of defects, which is
consistent with the SEM observations shown in Figure 3. The
grain size distribution for the sample fabricated at 31.25 J/mm3

ranged from 0.5 µm to 121.5 µm, with an average size of 61
µm. For the sample at 44.64 J/mm3, the grain size ranged
from 0.5 µm to 129.5 µm, with an average of 65 µm. Finally,
for the sample at 104.6 J/mm3, the grain size ranged from 0.5
µm to 103.5 µm, with an average size of 52 µm.

D. Part Density

Figure 5 shows the relative density as a function of laser
energy density. Similarly, as observed in Figure 3, samples
with both low and high energy densities, corresponding to lack
of fusion and keyhole modes, exhibited poor relative densities
due to significant internal defects. At low energy densities,
unmelted powder particles were present, while at very high
energy densities, microsegregation and vaporization of low-
melting-point elements occurred, leading to a reduction in part

Figure. 4. (a) Band contrast (BC), and (b) EBSD maps of as-built Al6061
at energy densities of (1) 31.25 J/mm3, (2) 44.64 J/mm3, and (3) 104.16
J/mm3 [27].

density [32]. Among the evaluated parameters, the optimal
value was 44.64 J/mm3, with a relative density of 99%.

E. Coefficient of Thermal Expansion

Figures 6a and b show the thermal expansion and average
linear CTE for Al6061 parts produced at different laser energy
densities. The L-PBF parts exhibited higher average CTE
compared to the conventionally manufactured Al alloys, with
values of 30 × 10−6 °C−1 compared to 24 × 10−6 °C−1.
This is consistent with literature suggesting that the columnar
microstructure results in higher CTE values [33], [34]. It was
observed that parts produced at laser energy densities below
44.64–50 J/mm3 exhibited lower thermal expansion. This is
likely due to void formation in the lack of fusion mode at
lower energy densities [35]. Increasing the laser energy density
to 69.44 and 104.16 J/mm3 also caused a decrease in CTE,
which can be attributed to phase transformations and keyhole
formation at energy densities above the optimized range [29].



Figure. 5. Relative density of L-PBF parts as a function of (a) laser energy density, and (b) under different combinations of laser power and scanning speed.

Figure. 6. (a) Apparent linear thermal expansion, and (b) apparent linear coefficient of thermal expansion of Al6061 parts manufactured at different laser
energy densities.

The decrease in CTE at 104.16 J/mm3 is particularly notable
and may be attributed to the formation of additional phases,
such as Mg2Si and AlMg4Si3, as observed in the XRD
data shown in Figure 2. These phase transformations can
affect the material’s thermal expansion behavior by altering its
microstructure [36]. The lowest CTE was observed at 104.16
J/mm³; however, this will still be considered a defective sample
because it falls within the keyhole melting regime [37]. This
energy density also corresponds to a finer grain structure, and
this observation aligns with the findings of Su et al. [37], which
indicate that in L-PBF of Al–Si alloys, CTE decreases with
decreasing grain size.

IV. CONCLUSION

This study explored the effects of L-PBF process parameters
on Al6061. Achieving crack-free fabrication of Al6061 has
been challenging; therefore, optimizing process parameters is
essential to produce high-quality parts. Our findings indicate
that controlling the energy density is crucial for optimizing
the microstructure and properties. The reduction of defects in
Al6061 using L-PBF was demonstrated by optimizing energy
density. This was achieved by fine-tuning laser power, scan-
ning speed, and hatch spacing to identify an optimal energy
density range of 44–50 J/mm3 which significantly reduced
defects and improved part density. Additionally, the CTE
results show that porosity, including keyhole and lack of fusion
porosity, as well as phase transformations at higher energy

densities, lower the CTE. In conclusion, this work demon-
strates that adjusting processing conditions—specifically laser
power, scanning speed, and hatch spacing—can effectively
eliminate defects in L-PBF-fabricated parts. The high CTE of
Al6061 plays a significant role in the melting and solidification
process. A lower energy density can lead to increased heat
dissipation and a faster solidification rate, which, combined
with the material’s higher reflectivity and CTE, makes it
more difficult to fully melt the powder layer, potentially
resulting in solidification cracking [38]. Understanding the role
of CTE in determining the melting modes and solidification
regimes is critical to further optimizing processing parameters
to reduce defects. Future work will focus on further fine-tuning
these processing parameters to optimize L-PBF fabrication of
Al6061. We aim to explore these refined parameters for their
potential in industrial applications, ensuring the successful
processing of Al6061 for various practical uses.
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