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Abstract: Centimeter-sized samples of hypereutectic Al–15 mass% Fe alloy were manufactured by
a laser powder bed fusion (L-PBF) process while systematically varying laser power (P) and scan
speed (v). The effects on relative density and melt pool depth of L-PBF-manufactured samples were
investigated. In comparison with other Al alloys, a small laser process window of P = 77–128 W and
v = 0.4–0.8 ms−1 was found for manufacturing macroscopically crack-free samples. A higher v and P
led to the creation of macroscopic cracks propagating parallel to the powder-bed plane. These cracks
preferentially propagated along the melt pool boundaries decorated with brittle θ-Al13Fe4 phase,
resulting in low L-PBF processability of Al–15%Fe alloy. The deposited energy density model (using
P·v−1/2) would be useful for identifying the optimum L-PBF process conditions towards densification
of Al–15%Fe alloy samples, in comparison with the volumetric energy density (using P·v−1), however,
the validity of the model was reduced for this alloy in comparison with other alloys with high thermal
conductivities. This is likely due to inhomogeneous microstructures having numerous coarsened
θ–Al13Fe4 phases localized at melt pool boundaries. These results provide insights into achieving
sufficient L-PBF processability for manufacturing dense Al–Fe binary alloy samples.

Keywords: additive manufacturing; selective laser melting; aluminum alloys; Al–Fe intermetallics;
process parameters

1. Introduction

Aluminum–iron alloys exhibit low density, superior thermal conductivity, and high
recyclability. Al–Fe alloys are candidate materials for heat exchangers in air condition-
ing or refrigeration systems [1]. When added with refractory metal elements, this alloy
system is also used for designing heat-resistant lightweight alloys in high-temperature
applications [2–6]. Al–Fe-based alloys are often designed for the strengthening by Al–Fe
intermetallic phases at ambient and elevated temperatures. A high content of Fe alloy en-
hances the formation of Al–Fe intermetallic phases. However, the formed stable θ-Al13Fe4
phase [7] (in equilibrium with the α-Al (fcc) phase) often exhibits coarsened morphologies
and very brittle properties at ambient temperature [8]. Thus, the θ intermetallic phase
significantly reduces the ductility of Al–Fe alloys, contributing to a low formability and lim-
iting the fabrication of mechanical components with complex geometries by conventional
forming processes.

Recently, metal additive manufacturing (AM) technologies have emerged as a promis-
ing process route to produce complex geometrical parts using various metal/alloy powders.
Laser powder bed fusion (L-PBF) is a representative metal AM technology that employs
a high-energy laser beam to selectively melt and fuse metal/alloy particles in successive
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powder layers using computer-aided design (CAD) data [9]. When applied to Al alloys, the
L-PBF process produces characteristic microstructures [10–12] due to the local melting and
rapid solidification by scanning laser irradiation. The rapid solidification can be employed
for significant refinement of the microstructure containing Al–Fe intermetallic phases [13],
resulting in the improved ductility of Al–Fe alloys without a loss of strength. Based on the
concept of microstructure control in Al–Fe alloys by the L-PBF process, one study attempted
to fabricate centimeter-sized samples using an Al–Fe alloy powder of a hypereutectic com-
position (15 mass% Fe in the Al–Fe binary system) [14]. In this paper, all compositions
are given in mass percent (mass%), unless otherwise noted. The manufactured Al–15%Fe
alloy samples exhibited a remarkably refined microstructure containing a fine θ-Al13Fe4
phase and numerous nano-sized particles of the metastable Al6Fe phase. The refined Al–Fe
intermetallic phases contributed to a high hardness of approximately 200 HV. The refined
microstructure was also found to be stable at an elevated temperature of 300 ◦C. This
high microstructural stability demonstrated the Al–15%Fe alloy parts can sustain sufficient
strength in a hostile environment for long periods of service at elevated temperatures. That
work indicates the feasibility of applying L-PBF process to Al–Fe alloys to manufacture
lightweight mechanical components for use at elevated service temperatures.

In order to additively manufacture geometrically complex mechanical components
(e.g., radial compressor impellers used in vehicle turbochargers [15]) of Al–Fe alloys with
reliable mechanical properties, it is essential to determine the suitable L-PBF processing
conditions for producing defect-free parts. Optimization of the laser process parameters, in
particular the laser power and scan speed, is required for the densification of Al–Fe alloy
samples. In fact, the influence of L-PBF process parameters on porosity and cracking (L-PBF
processability) had been extensively studied in the cases of Al–Si-based alloys [10,16–18]
and age-hardenable wrought-type alloys (the 2xxx, 6xxx, and 7xxx series) [19–29]. In
comparison, similar research for the Al–Fe alloys remains limited [30], although a few
reports considered application of the L-PBF process to the Al–Fe-based alloys [31,32].

The present study aimed to optimize the L-PBF processing conditions for the densifi-
cation of Al–Fe binary alloys.

To this end, the relative density, melt pool morphology, and hardness of L-PBF-built
Al–15%Fe alloy samples under different laser power (P) and scan speed (v) conditions were
systematically examined. Based on the results, the process window of laser parameters
for building the Al–15%Fe alloy samples was identified and compared with that for other
Al alloys.

The optimization of laser parameters for densification was discussed in terms of two
different approaches: the volumetric energy density and the deposited energy density.

2. Materials and Methods
2.1. Materials

Al–15%Fe alloy powder was produced by gas atomization. The scanning electron
microscopy (SEM) image in Figure 1 shows its particle morphology. The particles are
somewhat irregular in shape, and there are often a number of asymmetric particles together
with fine satellite particles. The measured average particle diameter was approximately
31 µm. Table 1 provides the chemical composition of the alloy powder measured using
inductively coupled plasma-atomic emission spectrometry or inert gas fusion-infrared
absorption spectrometry. The powder contains approximately 15%Fe as an alloy element,
as well as trace amounts of Si and O as impurities. Note that the proportions of the major
elements (Fe, Si, and O) in the L-PBF built sample (Fe: 15.2, Si: 0.09, and O: 0.29 wt.%)
were almost the same as those in the initial powder (Fe: 15.1, Si: 0.09, and O: 0.25 wt.%), as
described in our previous article [14].
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PBF process was performed in a high-purity Ar atmosphere. In particular, the oxygen 
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using the Archimedes method [34]. Its relative density was determined against the meas-
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cooling rate of approximately 0.3 °C·s–1 [35]. 

To observe the microstructures, the middle portion of the L-PBF-built sample was 
cut into several pieces to reveal the cross section parallel to the building direction (Z-di-
rection). The cut surface was mechanically polished, and then colloidal silica was used for 
finishing. Microstructure of the polished surface was observed using an optical micro-
scope (OM, NIKON ECLIPSE LV150N) and SEM (JEOL JSM-IT500 and JEOL JSM-7401). 
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The Vickers hardness of the sample surface was measured using a Vickers indenter (FU-
TURE-TECH CORP., Kawasaki, Japan, FM-300e) at ambient temperature under two con-
stant loads of 9.8 and 1.96 N. For each sample, the reported hardness is the average of 
more than seven tests. 

Figure 1. SEM image showing particle morphology of the studied Al–15% Fe alloy powder.

Table 1. Composition of raw Al–15%Fe alloy powder.

Element Si Fe Cu Mn Mg Zr Zn O Al

Content (mass%) 0.09 15.2 0.01 0.02 0.03 0.01 0.04 0.29 Bal.

2.2. Methods

Rectangular alloy samples with dimensions of 15 × 15 × 6 mm were built via the
L-PBF process using a 3D Systems ProX 200 (3D SYSTEMS, Rock Hill, SC, USA) equipped
with a Yb-fiber laser (wavelength: 1070 nm). In the process chamber, a counter-rotating
roller compacted the bedded alloy powder to control the thickness of the powder layer. The
studied Al–15%Fe alloy powder exhibited sufficient flowability for uniform spreading on
the aluminum base plate. In order to determine the best process conditions for fabricating
the rectangular samples when using this alloy powder, a number of samples were fabri-
cated using different laser powers (P) ranging from 50 to 170 W and laser scan speeds (v) of
0.4–1.4 m·s−1. The other process parameters were fixed as follows: bedded powder thick-
ness (t) = 30 µm, hatch distance between adjacent scanning tracks (h) = 100 µm, and beam
spot diameter (2σ) = approximately 100 µm. In addition, a hexagonal grid laser scanning
pattern [33] (grid size: 10 mm) was applied to fabricate all samples. The L-PBF process was
performed in a high-purity Ar atmosphere. In particular, the oxygen concentration inside
the process chamber was monitored and controlled below 550 ppm for all samples.

The density (g·cm−3) of L-PBF-built sample was measured at ambient temperature us-
ing the Archimedes method [34]. Its relative density was determined against the measured
density of Al–15%Fe alloy ingot as a reference. The alloy ingot was prepared by melting
the studied powder by high-frequency induction, followed by solidification at a cooling
rate of approximately 0.3 ◦C·s−1 [35].

To observe the microstructures, the middle portion of the L-PBF-built sample was cut
into several pieces to reveal the cross section parallel to the building direction (Z-direction).
The cut surface was mechanically polished, and then colloidal silica was used for finishing.
Microstructure of the polished surface was observed using an optical microscope (OM,
NIKON ECLIPSE LV150N) and SEM (JEOL JSM-IT500 and JEOL JSM-7401). The depth of
the melt pools was measured using the optical micrographs or SEM images. The Vickers
hardness of the sample surface was measured using a Vickers indenter (FUTURE-TECH
CORP., Kawasaki, Japan, FM-300e) at ambient temperature under two constant loads of 9.8
and 1.96 N. For each sample, the reported hardness is the average of more than seven tests.

3. Results

The applied laser power (P), laser scan speed (v), and representative appearance
of the fabricated Al–15%Fe alloy samples are presented in Figure 2. In Figure 2a, the
circle symbols indicate laser conditions to enable the manufacturing of macroscopically
crack-free centimeter-sized rectangular samples, which was designated as a “crack-free
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sample”. The representative appearance of the crack-free sample is shown in Figure 2b.
Within the limited laser conditions of v = 0.4–0.8 m·s−1 and P = 77–128 W, macroscopically
crack-free Al–15%Fe alloy samples could be successfully constructed. At higher scan
speeds (v ≥ 1.0 m·s−1), macroscopic cracks often propagated parallel to the powder bed
plane (Figure 2c). This trend was also found in the samples built under higher laser power
(P ≥ 130 W), as indicated by the triangular symbols in Figure 2a. A further higher P value
of 170 W facilitated melt flow on the sample surface locally heated by the scanning laser
beam (cross symbols in Figure 2a), which makes it more difficult to form the rectangular
samples (Figure 2e). By comparison, a low P below 50 W could not provide sufficient
energy to melt and fuse the alloy powder particles (“×” symbols in Figure 2a), resulting in
uncondensed samples (Figure 2d). Table 2 lists the P and v values applied in this study.
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Figure 2. (a) The laser powers (P) and laser scan speeds (v) applied in the present study. (b–e)
Representative photographs of (b) crack-free sample under 128 W–0.4 m·s−1, (c) cracked sample
under 110 W–1.4 m·s−1, (d) uncondensed sample under 50 W–1.4 m·s−1, and (e) melt flow sample
under 170 W–0.6 m·s−1.

Table 2. Laser powder and scan speed applied for fabricating Al–15%Fe samples.

Parameter Value

Laser power (P) 50, 77, 80, 89, 102, 110, 115, 128, 140, 170 W

Scan speed (v) 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 1.4 m·s−1

Figure 3 presents low-and high-magnification backscattered electron images of the
cross section (parallel to the building direction) of two samples, one built at 128 W and
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0.4 m·s−1 and another at 77 W and 0.8 m·s−1 (both indicated by closed circles in Figure 2a).
The relative densities of these samples were 96% and 78%, respectively. The sample built
at 128 W and 0.4 m·s−1 contained only a few small pores (Figure 3a), corresponding to
its high relative density. This built sample exhibited a number of melt pools in its mi-
crostructure [10–12,36], corresponding to the locally melted and rapidly solidified regions
after exposure to the laser beam scanning (Figure 3a). Al–Fe intermetallic phases (bright
contrast) with a size of several micrometers were often observed in this samples (Figure 3b),
in particular localized along the melt pool boundaries. Conversely, relatively large cracks
(a few hundred microns in length) were observed in the other sample built under 77 W
and 0.8 m·s−1 (Figure 3c), corresponding to the low relative density of 78%. These cracks
would correspond to the “process-introduced porosity” [37] caused by incomplete melt-
ing of powder particles under insufficient supplied energy (indicated by arrowheads in
Figure 3c). In addition, a number of coarsened Al–Fe intermetallic phases were present in
specific melted regions and adjacent to the pores and their associated cracks. The coarsened
intermetallic phases may be formed during solidification at low cooling rates, a condition
that occurs locally when the heat flow is cut off by adjacent pores and cracks [38]. The same
microstructural features were found in pore-free regions in the sample built under 77 W
and 0.8 m·s−1 (Figure 3d). Figure 4 is a magnified view of the microstructure around the
melt pool boundaries. The SEM images show a number of coarsened Al–Fe intermetallic
phases with a leaf-shaped morphology localized at the melt pool boundaries (Figure 4b).
Detailed electron backscattered diffraction (EBSD) analysis [14] revealed the formation of
θ-Al13Fe4 phase with a monoclinic structure (mS102 [7]). In addition, numerous spherical
Al6Fe metastable phases (orthorhombic structure: oC28 [39]) with diameters below 500 nm
were distributed in the melt pools (Figure 4a). In the locally melted region (melt pool)
by laser irradiation during the L-PBF process, the stable θ-Al13Fe4 phase initially formed
and grew at the interface between the solid and liquid phases (corresponding to melt pool
boundaries) at higher temperature gradient and lower solidification rate [40], followed
by the formation of metastable Al6Fe phases at higher growth rate in solidification (lo-
cated inside melt pools) [41]. The detailed microstructural characterization and phase
determination in the built samples were described in another article [14].
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Figure 4. (a) Low-magnification and (b) high-magnification SEM images showing the microstructure
around melt pool boundaries in an L-PBF-built sample under 128 W–0.4 m·s−1.

Figure 5 presents the relative density of L-PBF-built Al–15%Fe alloy samples (the
“crack-free samples” indicated in Figure 2a) depending on the laser conditions. A trend
can be observed in which the relative density becomes higher at higher laser power (P),
whereas the laser power dependence of relative density appears varied depending on scan
speed (v). At lower scan speed (v = 0.4 and 0.5 m·s−1), relative density was approximately
90% at lower P values of 77 and 89 W and slightly increased to above 95% at higher P values
above 102 W. At high v values above 0.6 m·s−1, the relative density continuously increased
with an increase in P and then reached approximately 95%. The maximum relative density
was 96% in the sample built under P = 128 W and v = 0.4 m·s−1 (for the sample appearance
see Figure 2b). This corresponds to the maximum P and minimum v among all of the
studied laser conditions that successfully produced the crack-free samples.

Figure 6 shows the melt pool depth observed in L-PBF-manufactured Al–15%Fe alloy
samples depending on the laser condition. For all crack-free samples in Figure 2a, the depth
of melt-pools observed on the sample surface was quantified, as shown in Figure 6b,c. The
largest melt pool depth was 139 µm in the sample built under 128 W–0.4 m·s−1 (Figure 6b),
and the lowest value was 78 µm at 77 W–0.4 m·s−1 (Figure 6c). The relatively large variation
in this value suggests an inhomogeneous microstructure for the melt pools. The melt pool
depth increased with increasing laser power (P). It also generally became larger at lower
scan speeds (v), although a more specific trend was not found under the applied conditions.
Note that no keyhole-shaped melt pool (formed when peak temperature in the melt pool
exceeds the boiling temperature of the materials [42]) was observed in any of the crack-free
samples in Figure 2a.
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Figure 6. (a) Change in the melt pool depth of L-PBF-built Al–15%Fe alloy samples depending on
the laser condition. (b,c) Melt pool morphologies observed on the surface of samples built under
(b) 128 W–0.4 m·s−1 and (c) 77 W–0.4 m·s−1.

Figure 7 presents the Vickers hardness of Al–15%Fe alloy samples built under different
laser conditions. The HV1 and HV0.2 values were measured at two different loads: 9.8 N
(Figure 7a) and 1.96 N (Figure 7b). Representative SEM images of the corresponding
in-dents are shown in Figures 7c and 7d, respectively. A load of 9.8 N was used in regions
containing pores (Figure 7c), whereas a lower load of 1.96 N was used on the defect-free
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surface (Figure 7d). The HV1 values tended to be higher at higher P for all constant v
values used in this study, and the exact dependence on P varies with v (Figure 7a). As
pores or defects were often observed on the indent surface (Figure 7c), HV1 could be
influenced by porosities of the built samples. However, a clear correlation between the HV1
value (Figure 7a) and the relative density (Figure 5) was not found. This result suggests
that the pores would not be distributed uniformly in the Al–15%Fe alloy samples built
in this study. The measured HV0.2 values (indented on the defect-free surface) range
from 160 to 250 HV (Figure 7b), and most of them are approximately 210 HV independent
of the laser conditions. The scattered values suggest a heterogeneous microstructure
consisting of multiple fine Al–Fe intermetallic phases in the α-Al matrix (Figure 4). The
locally coarsened microstructure was more pronounced in the built samples with low
densities (Figure 3c). Development of heterogeneous microstructures might contribute to
the inconsistency between the HV1 value and relative density of the L-PBF-manufactured
Al–15%Fe alloy samples.
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4. Discussion
4.1. Process Window of Laser Parameters for Manufacturing Samples

The present work seeks to systematically investigate the effects of two laser parameters
(P and v) on the relative density of Al–15%Fe alloy samples manufactured by the L-
PBF process. The results provided a process window for manufacturing Al–15%Fe alloy
samples (Figure 2a). Centimeter-sized samples were successfully built using P = 77–128 W
and v = 0.4–0.8 m·s−1 (Figure 2b). The relative density increased at higher P values
(Figure 5), whereas cracks (macroscopically propagating parallel to the powder bed plane)
occurred in the built samples when P > 140 W and v > 1.0 m·s−1 (Figure 2a,c). The suitable
ranges of P and v for manufacturing dense Al–15%Fe alloy samples are different from the
optimized parameters reported for other Al alloys [16–18,20,24,27,30]. Figure 8 presents
the laser parameter ranges for manufacturing Al–15%Fe alloy samples with high relative
densities above 95%, together with the process windows for other types of alloys in the
literature [16–18,20,24,27,30]. In general, the optimized P and v should depend on other
process parameters (e.g., laser spot size, hatch distance, and powder layer thickness) and
could not be compared between different L-PBF machines and materials [43]. However,
it is obvious that the window for Al–15%Fe alloy samples is much smaller compared
to not only commonly used Al–Si alloys (AlSi10Mg, A356 and A357) [17–19] but also
high-strength Al alloys [19–22,44]. One of these studies produced Al–2.5%Fe binary alloy
samples under the same conditions (same scan strategy, spot size of approximately 100 µm,
hatch distance of 100 µm, powder layer thickness of 30 µm) [42]. A comparison with the
current data reveals that increasing the Fe content results in a more limited process window
for manufacturing dense samples. This more limited process window could be attributed
to macroscopic cracking when the Al–15%Fe alloy powder is subjected to high laser
powers and scan speeds (Figure 2a,c). Similarly, it is known to be difficult to process heat-
treatable wrought-type Al alloys (Al–Cu, Al–Mg–Si, and Al–Zn–Mg systems) using L-PBF,
because those materials are highly sensitive to cracking during solidification [19–29]. The
solidification cracks often propagate along the building direction (which likely coincides
with the solidification direction) in a process called “hot cracking” [24,45], resulting in
poor processability of high-strength Al alloys. The hot cracking phenomenon has been
discussed in the welding of Al alloys [46], and the obtained insights can be applied to
identify factors that affect the formation of solidification cracks during the L-PBF process,
in terms of the solidification shrinkage and thermal contraction of the semi-solid [47]. It
should be noted that macroscopic cracks propagated parallel to the powder bed plane,
and they could contribute to the poor processability of Al–15%Fe alloy samples produced
using L-PBF (Figure 2). Hot cracking may also occur during solidification of the Al–15%Fe
alloy, whereas the different morphology of macroscopic cracking in these samples indicates
other dominant contributors to the limit process window. Lateral cracks (macroscopically
propagating parallel to the powder bed plane) were observed in some materials that are
difficult to process using L-PBF, such as high-carbon tool steels [37]. These cracks result
in delamination of powder layers in the processed samples. The separation of adjacent
powder layers is due to incomplete melting or insufficient re-melting of the underlying solid
part [37]. Incomplete melting could occur under a low P and a high v. Such delamination
appeared in the uncondensed Al–15%Fe alloy sample, as shown in Figure 2d. Nevertheless,
it was also prominent in samples manufactured using high P (and high v), as shown in
Figure 2c. To understand the anomalous crack propagation macroscopically parallel to the
powder bed plane, careful SEM observations were carried out for the sample built under
128 W and 0.5 m·s−1.
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sities above 95%, together with the process windows for manufacturing other alloy samples reported in the litera-
ture [16–18,20,24,27,30].

Figure 9 summarizes the laser conditions separating the “crack-free samples” from the
“cracked samples” in Figure 2a. SEM observation revealed preferential crack propagation
along the melt pool boundaries in the manufactured sample (Figure 9a). It is notewor-
thy that the relatively coarsened θ-Al13Fe4 phases localized at the melt pool boundaries
(Figure 4) appeared to fracture, resulting in separation in those regions. A previous study
reported on the brittle nature of the θ-Al13Fe4 intermetallic phase with a low fracture tough-
ness of 1.3 MPa·m1/2 [8]. The crack propagation could be responsible for the brittle θ phase
localized along the melt pool boundaries, resulting in macroscopic cracks propagating
parallel to the powder bed plane in the Al–15%Fe alloy samples. The propagated cracks
(and the local uncondensed regions) significantly reduce the efficiency of heat flow towards
the solidified part underneath, resulting in local change in the cooling rate and additional
heat [38]. The resultant slow cooling enhances the formation of locally coarsened Al–Fe
intermetallic phases (Figure 9b). The coarse brittle phase could facilitate further crack initi-
ation and propagation during the L-PBF process. Furthermore, a higher scan speed causes
a higher thermal gradient at the liquid-solid interface during solidification [48]. The effect
of solidification shrinkage and thermal contrast of the constituent phases (contributing
to hot cracking) would become pronounced under high thermal gradients [40]. Thus, a
higher laser scan speed would enhance the formation of microscale solidification cracks
in the L-PBF process, assisting the process to form macroscopic lateral cracks in the built
Al–15%Fe alloy samples, as presented in Figure 2c.
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4.2. Optimization of Laser Parameters for Densification

The relative density is one of the most important factors for samples manufactured by
L-PBF, because a higher relative density implies minimal/zero porosity and lack of fusion
voids. It was found that the relative density became higher in the samples manufactured
under higher laser power using the employed constant scan speeds (Figure 5), suggesting
the suitable laser parameters for manufacturing dense samples of Al–15%Fe alloy. However,
the highest achieved relative density was only approximately 96%, and the sample still
contained local defects (micron-size pores) as represented in Figure 3a. Thus, further
optimization of the processing parameters is required to reduce defects in the L-PBF-
manufactured samples. The detailed optimization strategy is discussed below.

An extensive body of literature exists regarding the effect of L-PBF process parameters
on the relative density of manufactured metal and alloy samples [16–18,20,24,27,30,34,49].
The volumetric energy density (E) [34,50] has been widely used to integrate various L-PBF
processing parameters of P, v, hatch distance between adjacent laser scanning tracks (h),
and powder layer thickness (t):

E =
P

v·h·t (1)

E can function as an applicable design parameter for manufacturing fully dense (defect-free)
samples using various alloy powders via the L-PBF process [51]. The associated physical
model assumes that the applied heat is completely transferred through the thickness of the
bedded powder layer.

In addition, v also affects the energy density irradiated on the bedded powder layer
and causes variation in the effective distance of heat transfer into the powder layer. It
has been demonstrated that the deposited energy density model [52] considering thermal
diffusivity was appropriate for optimizing the laser parameter to manufacture fully dense
samples using powders of Al–2.5%Fe alloy [30] and maraging steel [34]. The deposited
energy density (∆H) is defined by the enthalpy at melting (hs), laser absorptivity (A),
thermal diffusivity (D), and laser spot size (σ) as follows:

∆H
hs

=
AP

πhs
√

Dvσ3
(2)

This model allows approximate calculation of the effective time (τ) of laser beam
irradiation on the bedded powder layer as σ/v. The distance of heat transfer into the
bedded powder layer can vary, and it can be characterized by a heat-transfer length of
(Dτ)1/2 [34]. This model has been used to study the correlation between the transition
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from conduction to keyhole melting modes and the applied laser conditions, for the L-
PBF process [34,42] and the laser welding process [52]. To address the feasibility of the
deposited energy density model for optimizing laser parameters to build dense samples,
both E and ∆H were used to describe the effects of P and v on the relativity density of
Al–15%Fe alloy samples.

The melt pool depth (as shown in Figure 6) is re-plotted as a function of E or ∆H in
Figure 10. In the present study, the values of t, h, and σ were fixed, and the Al–15%Fe alloy
had constant A and D values. According to Equations (1) and (2), the two models only
differ in the power index of the scan speed (v−1 and v−1/2). Therefore, P·v−1 and P·v−1/2

were used to summarize the L-PBF process by removing constant parameters. From the
data, the melt pool depth obviously increases with increasing E (variable parameter: P·v−1

based on the volumetric energy-density model) and P·v−1/2 (based on the deposited
energy density model) (Figure 10a,b). The measured melt pool depth appears to be
linear with both of E and P·v−1/2, whereas somewhat scattered values are found at E
~80–100 Jmm−3. Linear regression analyses of P·v−1/2 and melt pool depth provided
a coefficient of determination of R = 0.696 (Figure 10b), which is similar to that when
using the E value (Figure 10a). This result suggests the heat-transferred length of (Dτ)1/2

in the bedded powder layer and the underlying solidified part (based on the deposited
energy density model) would slightly contribute to the local melting in the Al–15%Fe alloy
samples under scanning laser irradiation. It has been found that the calculated coefficient
of determination (R) for the Al–15%Fe alloy samples was much smaller than those for
Al–2.5%Fe alloy (0.918) [30] and maraging steel (0.934) [34]. The larger deviation from
linearity suggests non-uniform heat transfer inside the present Al–15%Fe alloy samples,
which is supported by the inhomogeneous microstructure observed in them (Figure 4).
Numerous fine Al–Fe intermetallic particles are homogeneously distributed inside the melt
pools (Figure 4a), whereas a number of relatively coarsened θ-Al13Fe4 phases with a leaf-
shaped morphology are localized at the melt pool boundaries (Figure 4b). The θ-Al13Fe4
phase has a much lower thermal conductivity (approximately 10 W·m−1·K−1 [53]) than
the α-Al (fcc) matrix (approximate values ranging from 100 to 200 W·m−1·K−1), whereby a
non-uniformly distributed θ phase would hinder even heat transfer inside the Al–15%Fe
alloy samples. Accordingly, the formation of the primary solidified θ phase could hinder a
fundamental understanding of the heat flow and the associated local melting inside the
Al–15%Fe alloy samples during the L-PBF process.

Figure 11 shows the relative density of the L-PBF-built Al–15%Fe alloy samples as
functions of E and P·v−1/2. The relative density becomes higher at higher E, where a
lower E (50–70 J·mm−3) results in scattered relative densities with a deviation of approx-
imately 10% (Figure 11a). A more obvious trend for the relative density was observed
when using P·v−1/2. The relative density increased continuously with increasing P·v−1/2,
to above 90% at P·v−1/2 = 140 W·m−1/2·s1/2, and then became saturated at approximately
95% (Figure 11b). This result indicates that examining the dependence of relative den-
sity on P·v−1/2 appears effective to determine the threshold laser condition required to
reach a relative density of approximately 95%. Nevertheless, further research on the
relationship between relative density and P·v−1/2 could be required to understand the
densification mechanism associated with the deposited energy density model. Note that
the threshold value of P·v−1/2 = 140 W·s1/2·m−1/2 was located at a melt pool depth of
approximately 100 µm, in comparison with the change in melt pool depth depending
on P·v−1/2 (Figure 10b). Thus, a melt pool depth more than three times the thickness of
the bedded-powder layer (30 µm) would be required to manufacture relatively dense
Al–15%Fe alloy samples.
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The Vickers hardness values (HV0.2 and HV1, which were measured at 1.96 and 9.8 N,
respectively, Figure 7) are also re-plotted as a function of P·v−1/2 in Figure 12. The value of
HV0.2 show some scattering but are mostly located near 210 HV independent of P·v−1/2

(Figure 12a). The constant HV0.2 indicates only a slight effect of the laser parameters on
the microstructure of L-PBF-built Al–15%Fe alloy samples. By comparison, the values of
HV1 increase to approximately 210 HV when P·v−1/2 increases up to 140 W·s1/2·m−1/2

(Figure 12b). The latter value corresponds well to the threshold condition for manufac-
turing the present samples with relative densities above 95% (Figure 11b). Therefore,
the threshold laser parameters for relatively dense samples can be estimated by Vickers
hardness tests, in terms of the deposited energy density model using P·v−1/2. Note that
HV1 appears slightly lower at high P·v−1/2 values above 140 W·s1/2·m−1/2, suggesting the
formation of micron-scale cracks inside the samples. This might correspond to the cracked
samples or melting samples when P > 140 W (shown in Figure 2a).
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From the above results, formation of the primary solidified θ-Al13Fe4 intermetallic
phase is a dominant cause for reduced processability of L-PBF when using the Al–Fe alloy
powder with a hypereutectic composition. The formation mechanism of the coarsened θ

phase during solidification has been described in detail elsewhere [14]. The brittle θ phase
localized at melt pool boundaries facilitates preferential crack propagation along these
boundaries during the L-PBF process, and inhibits uniform heat transfer for local melting
(to form a homogenous morphology of melt pools) inside the Al–15%Fe alloy samples. It
has been reported that fine particles of primary solids would act as nucleation sites for
the solidification of the α-Al phase, resulting in refined grain size of Al alloys built by the
L-PBF process [54,55]. Nevertheless, a high fraction of the primary solidified intermetallic
phase could have a detrimental effect on the L-PBF processability. To achieve sufficient
processability for manufacturing dense Al–Fe binary alloys, it is necessary to control not
only the Fe alloy content (for controlling the fraction of primary solidified θ phase), but
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also the other processing parameters, such as the heating temperature of the base plate (for
controlling the cooling rate during solidification).

5. Conclusions

In the present study, the relative density, melt pool depth, and Vickers hardness of
L-PBF-built Al–15%Fe alloy (with a hypereutectic composition in the Al–Fe binary system)
were systematically investigated with various different processing parameters (laser power
(P) and scan speed (v)). The data were used to discuss optimization of the L-PBF process
condition for the densification of Al–Fe binary alloys. The key results are summarized
as follows:

1. A laser process window of P = 77–128 W and v = 0.4–0.8 m·s−1 was identified that can
ensure the fabrication of macroscopically crack-free Al–15%Fe alloy samples. This
process window is much smaller than those of other Al alloys. When a higher scan
speed (v ≥ 1.0 m·s−1) or a higher laser power (P ≥ 140 W) is used, the samples tend
to include a number of macroscopic cracks propagating parallel to the powder bed
plane. These cracks appear to preferentially propagate along the melt pool boundaries
decorated with the brittle θ-Al13Fe4 phase (primary solidified phase), resulting in a
low L-PBF processability for manufacturing Al–15%Fe alloy samples.

2. The deposited energy density model (parametrized by P·v−1/2) appeared useful for
identifying the optimum L-PBF process conditions towards densification of Al–15%Fe
alloy samples, in comparison with the volumetric energy density (parametrized by
P·v−1). However, the correlation with P·v−1/2 for the Al–15%Fe alloy was modest
compared to the cases of Al–2.5%Fe alloy and maraging steel with high thermal
conductivities. The possible reason was that the L-PBF-built Al–15%Fe alloy samples
contained inhomogeneous microstructures having a number of coarsened θ-Al13Fe4
phases with low thermal conductivity.
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