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ABSTRACT
The relationship between processing parameters, microstructure, and mechanical properties of Al-
8.3Fe-1.3V-1.8Si alloy processed by laser powder bed fusion is seldom studied. Therefore, fully
dense alloys with two parameters were selected to investigate this key issue. The results show
that the alloy with low power and scanning speed (S200) shows fan-shell-shaped melt pools
and laser tracks while another (S350) shows a deeper and wider melt pool. Both alloys obtain a
heterogeneous microstructure without a secondary phase in melt pool (MP) and a nano-sized
phase in melt pool boundary (MPB). The difference between solid-solution strengthening and
Orowan strengthening in MP and MPB contributes to the difference in compressive yield
strength (S200: 380 ± 14 MPa and S350: 705 ± 16 MPa), and heterogeneous nano-hardness
results in different crack behaviours and failure strains. This work indicates that adjusting
processing parameters is an effective method to control microstructure and mechanical
properties of this alloy.
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1. Introduction

Laser powder bed fusion (LPBF, also called Selective
Laser Melting) is one of the most widespread additive
manufacturing technologies that can produce metallic
components by computer-aided designs (CADs) (Attar
et al. 2015; Chen et al. 2021). LPBF technology offers
many advantages compared with conventional

processes in terms of design flexibility, cost savings,
energy savings, the flexibility of processing parameters,
and adaptable cooling rates that can reach up to 4 ×
107 K/s (Didier et al. 2021; Hooper 2018; Zhao et al.
2022). With long-term research, Al-based alloys such as
Al-Cu (Wang et al. 2018), Al–Si (Wang et al. 2021), Al-
Mg (Wang et al. 2019) and Al-Zn (Wang et al. 2017)
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have been successfully fabricated and several key
obstacles during LPBF processing have been overcome.
Moreover, LPBF has also triggered the development of
novel alloys that are specific to the LPBF process for
the fabrication of components with improved perform-
ance and functionalities. For example, elevated-temp-
erature Al alloys like Al-Ni (Deng et al. 2022) or Al-Sc
(Koutny et al. 2018) alloys have been successfully fabri-
cated by LPBF, thereby causing the design and fabrica-
tion of LPBFed high-temperature Al alloys to be a
heated topic with a focus on aeronautical, astronautical,
and automotive components such as impellers, valves,
pistons and missile vines (Michi et al. 2022). In addition,
the researches about tailoring microstructure by proces-
sing parameters to meet the demand of the LPBFed
components with complex structures designed for exhi-
biting balanced attributes (ultralight weight, ultrahigh
bearing capability, extreme heat resistance and high
reliability) have been hot topic in the field of LPBFed
Al alloys (Zhao et al. 2022; Wu et al. 2021).

AA8009 Aluminum alloy, developed by Skinner et al.
in 1986 (Skinner et al. 1986), is regarded as an alumi-
num alloy applied at a temperature of around 673 K
(Zheng et al. 2015). Owing to its attractive properties
at mid-temperature (Goyal et al. 2019; Deng et al.
2020), such as high specific strength, ductility, and frac-
ture toughness (Skinner et al. 1986; Franck and Hawk
1989), AA8009 alloy has considerable applications in
the aerospace and automobile industries to replace Ti
alloys (Wang et al. 2007; Li et al. 2003). Therefore, in
recent decades, AA8009 alloy has been widely pro-
cessed in many different ways, such as mixed solid–
liquid casting (Sahoo, Sivaramakrishnan, and Chakra-
barti 2000), planar flow casting (Yaneva et al. 2004),
spray deposition (Yan et al. 2007), linear friction
welding (Koo and Baeslack 1992), and friction stir pro-
cessing (Nouri, Taghiabadi, and Moazami-Goudarzi
2020) for manufacturing aircraft and aerospace heat
resistant components (Gilman et al. 1988). However,
due to the relatively low cooling rate involved with
these processes, they cannot fulfil the demand of
forming the Al12(Fe, V)3Si phase that can be stable as
sphere-shaped dispersoids and quasistatic body-cen-
tered cubic (BCC) structure up to 773 K (Carreño et al.
1998). Thus, LPBF technology with a high cooling rate
has the potential for fabricating AA8009 components
with exceptional properties, which can result in a
non-equilibrium microstructure and therefore a
remarkable performance (Wang et al. 2021) while the
gradient distribution of the cooling rate around the
melt pool generates different phases which leads to
different mechanical properties and microstructures
around the melt pool.

Early studies suggested that AA8009 alloy fabricated
by LPBF (Sun et al. 2015b) and electric beam melting
(EBM) (Sun et al. 2016) can obtain a higher hardness of
246 HV (Sun et al. 2016) and 153 HV (Sun et al. 2015a),
respectively, which are higher than that of AA8009
alloy fabricated by conventional casting (45 HV)
(Zheng et al. 2015). However, Sun et al. (Sun et al.
2017) found that the LPBF processed samples encoun-
tered regular cracks on the surfaces which could lower
the hardness, mechanical properties, and ductility. It
was demonstrated that aluminum alloy exhibited a
strong sensitivity for crack formation due to its large soli-
dification temperature range, high thermal expansion,
and large solidification shrinkage. Sun et al. (Sun et al.
2017) also showed that by increasing the scanning
speed and hatch distance, the laser pre-heating pro-
cedure could suppress the formation of cracks.
However, no comprehensive work was currently done
on the relationship of the parameters, microstructures,
and mechanical properties of LPBFed AA8009 alloy,
which is essential to control the microstructures and
mechanical properties by adopting different parameters
for designing and fabricating the components with the
multi-performance to meet the demand of complex
application environments (Wang et al. 2022).

In this work, the densification behaviour of LPBF fab-
ricated AA8009 alloy was investigated by altering
different processing parameters. The near-fully dense
LPBFed AA8009 alloy samples fabricated by two
different optimised parameters were selected and exam-
ined to clarify the relationship between processing par-
ameters and microstructures as well as the mechanical
properties of LPBFed AA8009 alloy. The findings in the
current work are expected to provide a new pathway
for developing high-strength and fine-microstructure
AA8009 alloy by LPBF.

2. Experimental details

2.1. Materials & LPBF processing

Al-8.3Fe-1.3V-1.8Si alloy (AA8009) powders were pre-
pared by gas atomisation (nominal composition:
8.28 wt% Fe, 1.34 wt% V, 1.81 wt% Si, and balanced
Al). The powder particle with a size ranging between
15 and 53 µm (D50 = 30.5 µm) (Figure 1(a)), was supplied
by Changsha Advanced Materials Industrial Research
Institute Co., Ltd. The spherical morphology of the raw
AA8009 alloy powder and its corresponding microstruc-
ture is shown in Figure 1(b). Small satellites were noted
around the spherical AA8009 powders and a coarse den-
drite phase composed of Al, Fe, V, and Si atoms was dis-
persed in the Al matrix.
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Cuboid specimens (5 mm× 5 mm× 10 mm) for
density and microstructure characterisation, and cylind-
rical rods (Ø 3 mm× 6 mm) for mechanical tests and
fracture observation were fabricated under a protective
argon atmosphere (> 99.999 wt% purity) using a
DiMetal-100 system (Laseradd Additive Technology
Co., Ltd.) equipped with a 500 W Nd: YAG laser (continu-
ous wave).

Volumatic energy density (Ev) has an impact on the
quality of the samples (Gustmann et al. 2016), which is
given by (Gu, Chang, and Dai 2014):

Ev = P
vs · lhs · lz (1)

where P is the laser power input (W), vs is the laser scan-
ning speed (mm/s), lhs is the hatch spacing (mm) and lz
is the layer thickness (mm). According to the current
work (Yu et al. 2022; Yang et al. 2022; Cacace and
Semeraro 2021; Sing et al. 2021), the parameters were
controlled for the optimisation as follows: the laser
power was varied between 200 and 350 W (i.e. 200 W
230 W 260 W 290W 320W and 350W), and the laser
scanning speed was selected between 200 and
1600 mm/s (i.e. 200 mm/s 250 mm/s 300 mm/s
350 mm/s 400 mm/s 600 mm/s 800 mm/s 1000 mm/s
1200 mm/s 1400 and 1600 mm/s). Due to the powder
size distribution (15 ∼ 53 μm), layer thickness (lz) was
selected as 0.05 mm, respectively. The hatch spacing
(lhs) and hatch style rotation were selected as
0.08 mm and 90°, respectively, which is based on the
current results (Sun et al. 2022; Sing 2022; Bouabbou
and Vaudreuil 2022; Koh et al. 2022) and the need for
the analysis. All samples were fabricated under a
single melt continuous scanning strategy (Prashanth,
Scudino, and Eckert 2017).

2.2. Characterisation

The density of the samples was determined using the
Archimedes method (standard GB/T3299-1996). Phase
analysis was performed by X-ray diffraction (XRD,
Cu-Kα, Rigaku MiniFlex 600 PRO) in a Bragg–Brentano
configuration and electron probe micro analyzer
(EPMA, SHIMADZU, EPMA-8050G). An optical micro-
scope (OM, Keyence VHX-500) was used for observing
the defects in the morphologies of the sample during
parameter optimisation. A field emission scanning
electron microscope (FE-SEM, FEI-Quanta 450-FEG,
United States) was used for microstructure characteris-
ation. FE-SEM device was equipped with an energy-
dispersive X-ray spectroscopy detector (EDS) and an
electron backscatter diffraction device (EBSD, EDAX-
TSL system). For characterisation, the samples were
cut along the building direction, ground with sandpa-
per (P240-P4000), and polished with MasterMet 2
(Buehler GmbH) using a vibromet facility. All
samples were cut along the building direction for
characterisation.

Thin foil specimens were extracted from two specific
areas (the centre of the melt pool and the area that
crossed the bottom of the melt pool boundary) using
a focused ion beam (FIB, FEI, Scios) device with ultra-
high-resolution SEM capability at an accelerating
voltage of 30 kV. A Pt protective layer was deposited
on the surface of the specimens and the final milling
process was conducted at an accelerating voltage of
2 kV to avoid possible damages or thermal recrystalliza-
tion. A transmission electron microscope (TEM, Talos
F200S G2) equipped with an X-ray energy dispersive
spectrometer (EDS, EDAX Apollo X) operated at 300 kV
was used to reveal the local microstructure and nano-
precipitates.

Figure 1. (a) Powder particle size distribution with normal distribution fit of AA8009 alloy (b) SEM micrographs for AA 8009 alloy
powder and corresponding EDS maps for AA 8009 alloy powder.
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2.3. Mechanical properties

Vickers microhardness tests were carried out along the
building direction using a Future-Tech FM-110 micro-
hardness tester with a 0.1 kg load and 10 s dwell time.
Multiple measurements were taken at random locations
for each sample. The mean value of around 20 random
measurements was considered as the representative
hardness for each specific case. Room-temperature com-
pression tests were performed with the loading axis par-
allel to the building direction using a universal material
machine (E44.304, MTS Co, the United States) at a con-
stant crosshead speed of 0.001 mm/s according to the
DIN 50106 standard (Attar et al. 2014). Five specimens
were measured to ensure the reproducibility of the
results. The nano-indenter (Hysitron Ti-950) was used
to investigate the nano-hardness across the melt pool.
Fourteen triangular loading-unloading patterns with
the indentation spacing of 6 μm were applied under
the same condition (a maximum load of 5 mN, a
loading-unloading period of 5 s, and a holding period
of 5 s).

2.4. Governing equations and numerical
modelling description

2.4.1. Thermal governing equations and heat
source model
The 3D heat transfer governing equation is given by
Fourier’s heat transfer equation:

∂

∂x
kx(T)

∂T
∂x

( )
+ ∂

∂y
ky(T)

∂T
∂y

( )
+ ∂

∂z
kz(T)

∂T
∂z

( )
+ Q

= r(T)C(T)
∂T
∂t

(2)

Where kx, ky and kz are the thermal conductivities in x, y
and z directions, Q is the heat generation per unit
volume, p is the material density, C is specific heat
capacity, T is temperature, and t is time. Since anisotro-
pic thermal conductivity was assumed, therefore Eq.
(2) can be simplified as:

k(T)
∂2T
∂x2

+ k(T)
∂2T
∂y2

+ k(T)
∂2T
∂z2

+ Q = r(T)C(T)
∂T
∂t

(3)

Where k(T) is the isotropic thermal conductivity of the
material. Since all three heat transfer modes including
conduction, convection and radiation were considered.
Therefore, the classical thermal equilibrium equation
was given:

k
∂T
∂n

( )
+ h(T − T0)+ 1s(T4 − T40 )− q = 0 (4)

Where k is thermal conductivity, h is convection

coefficient, ε is radiation emissivity, σ is Stephen Boltz-
mann constant, and q is input heat flux.

As the continuum approach was adopted, and
different regions were assigned with different phases
initially, therefore density in the powder and solid
phases were considered to be not uniform and
depend on the percentage porosity of the powder
bed. The porosity-dependent density can be given by
(Waqar et al. 2020):

rp = (1− w)rs (5)

Where ρp is powder phase density, ρs is solid phase
density, and w is the percent porosity of the powder
bed. Similarly, thermal conductivity was also considered
to be phase-dependent therefore, thermal conductivity
in powder and solid phases are related by (Waqar,
Guo, and Sun 2021, 2022):

kp = (1− w)4ks (6)

Where kp is the thermal conductivity of the powder
phase, ks is the thermal conductivity of the solid phase,
and w is the percentage porosity of the powder bed.

The commonly adopted gaussian heat source model
was used. A complete 3D volumetric gaussian heat
source with exponential decay along the layer thickness
was used and can be given by:

Q = 2hP
pR2S

exp − 2((x − vt)2 + y2)
R2

( )
exp

−|z|
S

( )
(7)

Where η is the laser absorptivity of material, P is laser
power, S is the laser penetration depth in the material
which was considered equal to a unit layer thickness,
and R is the laser beam radius corresponding to the
point where laser irradiance diminishes to 1/e2.

2.4.2. Numerical model description and meshing
sequence
To understand the process dynamics and melt pool gen-
eration and dimensions, the process was also computa-
tionally simulated. The thermal simulations were
performed on the commercial software package
ABAQUS. A uni-layer uni-track model was created to
simulate the process with minimum computational
cost. The model consists of a baseplate region with
dimensions of 2 mm× 2 mm and a thickness of
0.5 mm. The powder bed region consists of 1.2 mm×
1.2 mm and a thickness equal to the experimental
layer thickness (i.e. 50 µm). The powder bed region
was fine meshed with heat transfer brick element
DC3D8. The mesh size in the powder region was
40 µm × 40 µm × 25 µm, based on the established
meshing sequences in previous research works. The
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baseplate region was finely meshed close to the powder
bed region and coarse meshed away from the base plate
to reduce the computational cost. User-defined subrou-
tines USDFLD and DFLUX were used to simulate the
phase change from powder to the liquid and sub-
sequently solid phase and moving heat source model-
ling respectively.

To accurately simulate the large baseplate, ambient
boundary condition was applied to the lower surface
of baseplate. All three modes of heat transfer (i.e. con-
duction, convection, and radiation) were considered.
Both the convection and radiation were applied as
boundary conditions on the top surface, since only the
top surface is exposed to the surroundings. All the
adopted numerical values for different constants are
also presented in Table 1.

The melt pool size was measured by adjusting the
scale and applying a limit of melting temperature of
Al-8.3Fe-1.3V-1.8Si alloy (i.e. 933 K) (Srivastava, Ojha,
and Ranganathan 1998). The region with a temperature
beyond the defined limit was considered as the melt
pool size. The simulated melt pool sizes were then com-
pared with experimental results for validation purposes.

3. Results and discussion

3.1. Parameter optimisation and densification

Figure 2(a) shows the relationship between the RD, the
scanning speed (V ), and the laser power (P) of the pro-
cessed samples. Figure 2(b, c) shows a fine surface mor-
phology of the S200 and the S350 samples with few
defects observed. Figure 2(d) presents the morphology
of the sample processed with the laser power of 200
W and the scanning speed of 800 mm/s, which has a
volumetric energy density of 62.50 J/mm3 according to
Eq. (1). Transgranular cracks are observed along the
melt pool boundary during the processing due to the
relatively high cooling rates during the LPBF processing
(103-107 K/s). Similarly, Kou (Kou 2015) considered the
grain boundary critical to crack formation, especially in
rapidly cooled Al–Fe alloys which are susceptible to
cracks (Pauly et al. 2013; Sun et al. 2017).

As shown in Figure 2(e), the sample with the laser
power of 350 W and the scanning speed of 400 mm/s
(volumetric energy density of 250 J/mm3) displays the
large spherical pores caused by the high volumetric
energy density (Sun et al. 2017; Wang et al. 2018),
which are different from the small keyhole formed at
the melt pool boundary. Therefore, according to the
above discussion, a relatively higher Ev (70 - 180 J/
mm3) can lead to a higher temperature of the melt
pool during processing, which would further decrease
the formation of cracks. Meanwhile, with increasing Ev,
more pores were formed, which would deteriorate the
RD (Wang et al. 2018; Zhang et al. 2011). Therefore,
achieving fully dense alloys fabricated by LPBF cannot
rely on predictions exclusively based on the energy
density, as reported by several other research (Attar
et al. 2014; Pauly et al. 2013).

As shown in Figure 2, it is important to mention that
there are two processing windows beneficial for obtain-
ing near-fully dense AA8009 specimens (RD≥ 99%),
which are marked by blue star and black star. The
sample fabricated with the processing parameter of
200W laser power and 300 mm/s scanning speed
(marked by the blue star in Figure 2(a)) has a relative
density of 99.72%, which was labelled as S200 (volu-
metric energy density of 166.67 J/mm3). Whereas the
sample marked by black star fabricated with the laser
power of 350W and the scanning speed of 1200 mm/s
has a relative density of 99.65%, which was termed as
S350 (volumetric energy density of 72.92 J/mm3). There-
fore, these two near-fully dense AA8009 specimens with
different parameters were selected to further investigate
their microstructure and mechanical properties.

3.2. Microstructure

Figure 3 shows the typical XRD patterns of LPBFed
AA8009 samples with two different parameters. The
diffraction peaks of a-Al phase (Ravi 2004) and
undefined Al–Fe-V-Si phase (Zheng et al. 2015) are ident-
ified in the XRD patterns of two LPBFed samples (Figure
3(a)), which shows a similar result compared to the pre-
vious research about the rapid solidification Al–Fe-V-Si
alloys (Zheng et al. 2015; Sun et al. 2015a; Tang et al.
2007). As shown in Figure 3(b), the (111) peak of the α-
Al phase of the S350 sample shifts from 38.60° to that
of the S200 sample (38.23°), suggesting that the increase
in solute concentration in Al-based solid solutions due to
large solute atoms (Fe, V, Si) compared to the solvent Al
atoms. According to the crystallography, the lower inter-
planar spacing of Al in the S350 sample leads to a lower
lattice constant calculated by XRD results (0.404 nm)
compared to the S200 sample (0.407 nm) (Huang,

Table 1. LPBF processing parameters used in simulation (Sun
et al. 2015; Srivastava, Ojha, and Ranganathan 1998; Lienert,
Nagy, and Baeslack 1998).
Processing parameter Value

Melting Point 933 K
Laser absorptivity, A 0.09
Percentage porosity of powder layer, w 50%
Optical penetration depth, S 0.05 mm
Thermal Conductivity, k 95 W/m·k
Thermal convection coefficient, h 10 W/m2·k
Emissivity, ε 0.2
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Ishihara, and Shingu 1997). The decreasing lattice con-
stant of the S350 sample may result from the higher
solid solution of Fe, V, and Si atoms in the Al matrix of
the S350 sample. This phenomenon could be supported
by the lower intensity of the Alx(Fe, V)ySi phase in the
S350 sample than that in the S200 sample (Uesugi and
Higashi 2013; Prasetya, Muhammad Rifai, and Miyamoto
2020).

Figure 4 depicts the morphologies of two samples
viewed along the cross-section of the sample. As
shown in Figure 4(a), the microstructure of S200 displays
typical fan-shell laser melt pools and the laser melting
track, while in Figure 4(b), the morphology of S350

shows a wider and deeper fan-shell shape which is
also observed in Al-Sc and Al-Zr alloys (Michi et al.
2022). In order to further study the formation of these
typical morphologies, a finite element analysis was
carried out by using the ANSYS code, which indicates
that the higher laser power can result in a deeper and
wider melt pool. According to the finite element analy-
sis, the melt pool area of the S200 sample is 134 µm
width × 56 µm depth and the S350 sample have a
155 µm × 74 µm melt pool area, which is consistent
with the experimental results shown in Figure 4(a, b).

As shown in Figure 4(a) and (b), the melt pool (MP)
area and the melt pool boundary (MPB) area of the pro-
cessing parameters display an obvious difference in
microstructure, which leads to the different mor-
phologies of these two samples. Figure 4(a) shows that
the S200 sample has several horizontal melt tracks due
to a shallower melt pool caused by the lower power;
by contrast, in the S350 sample, the fan-shell-shaped
melt pool covers most of the horizontal melt track and
the previous layer of melt pool due to the deeper melt
pool formed by high laser power. According to EPMA
analysis, nano-precipitates containing Fe and V elements
are formed in the MPB area. Such a phenomenon in the
S350 sample is more significant than in the S200 sample.
Meanwhile, the dissolution of Fe, V, and Si at the bottom
area of the melt pool boundary is lower compared to the
centre due to the higher cooling rate in the centre,
resulting in coarser precipitates formed at the bottom
of the melt pool. This scenario was also reported in
Ref. (Tan et al. 2020). To further analyse the microstruc-
ture in the MP area and the MPB area of both samples,

Figure 2. (a) Contour map of the relative density (RD) of the LPBFed AA8009 samples as a function of scanning speed and laser power.
(b-e) The morphologies of the sample were fabricated with (b) S200 parameter (c) S350 Parameter (d) 200 W laser power and 800 mm/
s scanning speed of the green star, (e) 350 W laser power and 400 mm/s scanning speed of the orange star.

Figure 3. XRD patterns and its close-up view (inset) of LPBF pro-
cessed AA8009 samples with two different parameters.

6 S. J. YU ET AL.



thin foil specimens were respectively extracted from the
MP area and the MPB area marked as Position 1 (P1), Pos-
ition 3 (P3), Position 2 (P2), and Position 4 (P4) in Figure 4
(a, b), which would be further characterised by TEM.

To clarify the volume fraction of MP structure and
MPB structure in both samples, the volume fraction of
each structure has been calculated by Image-Pro Plus
software (Version 6.0 Software, Media Cybernetics, Inc.
USA); the S200 sample contains 70 ± 0.2 vol. % MP
area and 30 ± 0.2 vol. % MPB area and S350 sample
includes 81 ± 0.3 vol. % of MP area and 19 ± 0.3 vol. %
MPB area. The corresponding volume fraction is
depicted in the schematic below (Figure 4(c, d)) to
analyse the mechanical mechanism comprehensively.

In order to further analyse the grain morphologies,
inverse pole figure (IPF) with grain boundary map of

the α-Al phase and geometrically necessary dislocations
(GND) for all materials are shown in Figure 5. As dis-
played in Figure 5(a, b), the columnar grains of both
samples are parallel to the building direction caused
by the epitaxial growth of Al crystals and the 90°-rotat-
ing scanning strategy of processing, which was also
observed in LPBFed 316L alloy (Yang et al. 2019) and
LPBFed CoCrMo alloy (Zhou et al. 2015). The IPF
images demonstrate that both samples predominantly
own <111 > fiber texture due to the better stability com-
pared to <100 > fiber texture (Bois-Brochu et al. 2014),
which is consistent with the phenomenon in LPBFed
Al–Li and Al-Cu alloys which has a < 111 > fiber texture.
The EBSD analysis about <111 > fiber texture in LPBFed
AA8009 alloys also matches the XRD results. Compared
to the S350 sample, more fine grains are observed in

Figure 4. SEM micrographs and EPMA elemental mapping results of LPBFed AA8009 alloy: (a) S200 and (b) S350 samples. Insets are
the corresponding finite element analysis graphs showing the thermal distribution during LPBF processing of S200 and S350 samples.
Schematic melt pools for (c) S200 and (d) S350 samples based on the experimental microstructures.
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S200 (Figure 5(a, b)), which may result from the effect of
the low laser power on the grain-growth inhibition as
described in Ref. (Liu et al. 2018). Therefore, the S200
possesses a smaller average columnar grain of 14.3 μm
while the average columnar grain is higher (16.0 μm)
as shown in the dominant microstructural morphology.

As shown in GND distribution maps (Figure 5(c, d)),
the LPBFed AA8009 alloys in the MP area and the MPB
area have different GND values, which is influenced by
the different cooling rate and thermal accumulation
(Figure 4(a, b)). Although the sample with low power
and high scanning speed (the low volumetric energy
density) can obtain the microstructure of the high
cooling rate (Saboori et al. 2020), the higher laser
power (350W) can cause more significant thermal
accumulation to coarsen the precipitates and reduce
the residual stress and dislocation density (Wang et al.
2020; Pauly et al. 2018). Therefore, the S350 sample
has fewer dislocations (1.97 × 1014 m−2 at MP and

1.27 × 1014 m−2 at MPB) than the S200 sample (2.06 ×
1014 m−2 at MP and 1.65 × 1014 m−2 at MPB).

Figure 6 shows the high-angle annular dark field
scanning transmission electron microscopy (HAADF-
STEM) graph and corresponding energy dispersive spec-
troscopy (EDS) maps of FIB-prepared specimens in the
MP area of both samples. The corresponding high-resol-
ution TEM images in Figure 6 show that there are no
obvious precipitates generated in α-Al matrix. It indi-
cates that the Fe, V, and Si atoms in both samples
have been fully dissolved into α-Al matrix of the MP
area with the assistance of a relatively high cooling
rate. According to the EDS analysis, the Al matrix con-
tains 11.44 wt% Fe, 1.38 wt% V, and 1.44 wt% Si in the
S200 sample, and 12.81 wt% Fe, 1.36 wt% V, and
1.41 wt% Si in the S350 sample. Due to lower volumetric
energy density and higher scanning speed during the
processing of S350 than that of S200, the cooling rate
during the processing of S350 should be higher than

Figure 5. (a, b) Inverse pole figure with grain boundary map (inset: corresponding equivalent grain size diameter in IPF maps) and (c,
d) GND density map of LPBF produced AA8009 samples with two different parameters.
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that of S200, which phenomena have been confirmed by
our previous work (Pauly et al. 2018). Therefore, the S350
sample shows a significantly increased solid solution of
Fe atom in the S350 sample compared to that of the
S200 sample.

Figure 7 displays the HAADF-STEM graph, its corre-
sponding selected area electron diffraction (SAED) pat-
terns, and EDS maps of FIB-prepared specimens in
MPB area of S350 and S200 samples (Figure 4). Figure
7(a) shows that a cellular structure composed of nano-
precipitates generates in the upper side of the MPB
area and the cell size of precipitates (∼ 100 nm) are dis-
persed uniformly in the MPB area. According to EDS
maps, there are few V atoms (1.16 wt%) in the nano-pre-
cipitates of cellular structure, which contains 19.02 wt%
Fe, 6.46 wt% Si, and 73.36 wt% Al. The precipitates in the
MPB area of S200 samples have 22.07 wt% Fe, 3.23 wt%
V, 4.19 wt% Si, and 70.59 wt% Al. Based on the analysis
of the chemical composition of precipitates, the
volume fraction of the precipitates in the MPB zone is
38% and the content of Fe, V, and Si atoms supersatu-
rated in the Al matrix is 0.21 wt% Fe, 0.19 wt% V, and
0.15 wt% Si according to the corresponding EDS maps.
By contrast, the S350 sample displays a dendritic mor-
phology in the upper side of the MPB area. The
change in morphology can originate from the difference
in cooling rate (Sunagawa 1999; Xian et al. 2017; Xian
et al. 2017). Similar to the S200, there are also fewer V
atoms (1.07 wt%) in the dendritic structure at the
upper side of the MPB area and a smaller precipitate

with a volume fraction of 40% and the element pro-
portion of (16.08 wt% Fe, 4.99 wt% V, 3.57 wt% Si, and
75.36 wt% Al) are in the MPB area. The element pro-
portion of Fe, V and Si that are supersaturated in the
S350 Al matrix are also higher than the S200 sample,
with 0.61 wt% Fe, 0.94 wt% V, and 0.40 wt% Si. The
higher content of supersaturated atoms is consistent
with the analysis of XRD patterns (Figure 3). In addition,
it was observed that new tetragonal-shaped precipitates
are formed at the MPB area of the S350 sample, and the
ratio between Fe and Si atoms in nano-precipitate are
3:1 (5.42% Si and 16.50% Fe). Such a heterogeneous
microstructure was reported in AlSi10Mg alloy prepared
by LPBF (Liu et al. 2018).

Based on the SAED pattern (Figure 7(a, b)), the lattice
constant of the Al matrix for S200 was calculated to be
0.406 and 0.402 nm for S350. It is well-known that the
lattice of the Al matrix reduces finitely with the increas-
ing content of the solute atoms in Al (Uesugi and Higashi
2013). Therefore, the larger lattice constant of the Al
matrix indicates that there is a low solid solubility of
solute atoms in the Al matrix of S200, which is consistent
with the result of the XRD graph (Figure 3). The S350
sample has a higher proportion of Fe and V in fine pre-
cipitates dispersed in MPB area than S200 sample, which
has a BCC structure identified by SAED pattern. Based on
this analysis, the precipitates may be Al12(Fe, V)3Si phase,
which is usually formed at a high cooling rate (Tan et al.
2003). There are several nano-scale spherical precipitates
in the S200 sample with different element content from

Figure 6. TEM images and corresponding EDS maps at the melt pool area in Figure 4: (a) P1, and (b) P3 (insets: high-resolution graph
of each sample in the melt pool area).
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Al12(Fe, V)3Si phase in the S350 samples. It is worth men-
tioning that this phase might be the post cursor phase of
Al12(Fe, V)3Si such as Al8(Fe, V)2Si and Al3Fe due to the
lower cooling rate compared to 105 K/s (Tan et al.
2003). Furthermore, the structure of this phase also
changed from BCC of Al12(Fe, V)3Si to the hexagonal
close-packed (HCP) structure of the Al8(Fe, V)2Si
(Korchef, Champion, and Njah 2007; Qu et al. 2010).
Qualitative EDS analysis with TEM demonstrates that
the particles are also enriched in Fe, V, and Si as
shown above. Therefore, according to the results given
by STEM patterns and EDS analysis, it stimulates the for-
mation of Al8(Fe, V)2Si under the S200 parameter.
According to the analysis above, the chemical compo-
sitions of P1 to P4 are compared in Table 2.

3.3. Mechanical properties

In order to investigate the micro-mechanical properties
of S200 and S350 samples in detail, the nano-hardness
from MP area to MPB area of alloys is depicted in
Figure 8. The indentations across the MPB area from
one MP area to another MP area. The S200 sample has
2.08 GPa in the MP area and dropped down to
1.29 GPa in the MPB area, which results from the high
cooling rate in the MP area and heat-treatment effect
in the MPB area respectively (Pauly et al. 2018; Wang
et al. 2020). Meanwhile, the nano-hardness significantly
decreases from the centre of the MP area to the MPB
area due to the reduction of the cooling rate along the
building direction (Pauly et al. 2018; Dai et al. 2017).
The same phenomena are also shown in the S350
sample, which has a nano-hardness of 3.56 GPa in the
MP area and 1.99 GPa in the MPB area. The above ana-
lyses indicate that the different area of alloys has
different micro-mechanical properties, which drives us
to consider this difference when discussing the strength-
ening mechanism and fracture mechanism.

The curves between the relationship of compressive
strength and true stress at room temperature and their
corresponding deformed morphologies along the build-
ing direction are shown in Figure 9(a). The ultimate

Figure 7. TEM images and corresponding EDS maps at the MPB area in Figure 4 and its corresponding schematic maps: (a) P2, and (b)
P4 (inset: HR-STEM images and SAED patterns of the precipitates and Al matrix in each sample).

Table 2. The comparison of chemical compositions (wt%) of
each position in the MP and MPB area of S200 and S350
samples is shown in Figure 4.
Element (wt%) Al Fe V Si

P1 85.74 11.44 1.38 1.44
P2-Al Matrix 99.45 0.21 0.19 0.15
P2-Precipitates 70.59 22.07 4.10 3.23
P3 84.42 12.81 1.36 1.41
P4-Al Matrix 98.05 0.61 0.94 0.40
P4-Precipitates 75.36 16.08 4.99 3.57
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compressive strength of 550 ± 12 MPa is observed from
the LPBF S200 specimens, which did not break up to
40% deformation. Compared with the LPBF S200
samples, the LPBF S350 alloy displays a higher ultimate
compressive strength (882 ± 15 MPa) but failed at 34.5
± 3.3%. It indicates that the difference in processing par-
ameters results in a significant effect on the mechanical
properties of LPBF AA8009 alloys, which is a key factor in
tailoring the microstructure of LPBF alloys for the syner-
gistic improvement of strengthening-toughening
properties.

The cross-sectional fracture surfaces show that the
main crack propagation in the fractured S350 sample
propagates across the inner of the melt pool, and the
cracks are initiated at the edge of the MPB area. The
different fracture morphologies indicate the unique
failure mechanism. For the S350 sample, although the
high nano-hardness of the Al matrix means the α-Al
matrix can withstand high stress (Figure 8), the crack
would expand rapidly across the alloy under high
stress. However, the stress during the loading can only
facilitate the crack initiation in the S200 sample with
low nano-hardness, where the position with the lowest
nano-hardness (Figure 8). To clarify the strengthening
mechanism of SLM AA8009 alloy with different par-
ameters, the key strengthening mechanism is con-
sidered and discussed comprehensively.

Generally, there are five independent strengthening
mechanisms at work in metallic materials (Li et al.
2018), i.e. flow stress, grain refinement strengthening,
dislocation strengthening, solid-solution strengthening,
and Orowan strengthening (some calls precipitation
strengthening) (Chen et al. 2022). Therefore, the yield
strength could be simplified as follows:

sYS = s0 + sHP + sdis + sss + sorowan (8)

where σ0 is the flow stress. The σ0 values is a common
value in Al alloys (σ0= 35 MPa), which is found in Ref.
(Shanmugasundaram et al. 2009).

The grain size of α-Al matrix has a significant effect on
the strength, which can be estimated by using the Hall-
Petch equation (Li et al. 2018; Thangaraju et al. 2012).

Figure 8. The nano-hardness of LPBF produced AA8009 alloy
and their corresponding position in (a) S200 sample and (b)
S350 sample.

Figure 9. (a) Compressive stress-strain curves and the corresponding fracture morphologies along the building direction of the
LPBFed AA8009 alloys after the compression test. (b) Comparison of compressive yield strength and hardness of LPBFed AA8009
alloy with other common Al alloys (Kannan et al. 2020; Sivananthan, Ravi, and Samuel 2020; Tang et al. 2021; Manca et al. 2019;
Aboulkhair et al. 2016; de Araujo et al. 2021; Liu et al. 2022; Tang et al. 2021; Lu et al. 2020; Xi et al. 2019).
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The grain refinement strengthening of S200 and S350
samples is defined (σHP) as follows:

sHP = kd−1/2 (9)

where k is the Hall-Petch coefficient (k = 0.04 MPa·m1/2)
(Hansen 2004), d refers to the grain size (dS200 = 14.3
μm and dS350 = 16.0 μm measured in EBSD graphs).
Due to the weak effect of heterogeneous microstructure
on the grain size of MP and MPB, the σHP can be calcu-
lated directly to be 11 and 10 MPa for S200 and S350
samples, respectively.

However, due to the different heterogeneous micro-
structure of S200 and S350 samples shown in Figure 4
(c, d), the effect of this heterogeneous microstructure
on the mechanical properties has to be considered to
ensure an accurate analysis of the strengthening mech-
anism. Therefore, the dislocation strengthening, Orowan
strengthening, and solid solution strengthening of the
melt pool area and the melt pool boundary area
would be calculated separately.

Geometrically necessary dislocations (GND) are the
key factor to estimate the value of dislocation strength-
ening, which refers to the force required to form plastic
deformation. The relationship between dislocation
strengthening and GND (rdis) can be expressed by the
Bailey-Hirsch (or Taylor) relationship as shown (Bailey
and Hirsch 1962):

sdis = MTayloraGbr
1/2
dis (10)

where MTaylor is set as 3.33 for both the S350 and the
S200 samples according to the data from EBSD analysis
(Stoller and Zinkle 2000; Hadadzadeh, Amirkhiz, and
Mohammadi 2019) that correlates the yield stress to
the critical resolved shear stress for polycrystal metals,
α is a material-dependent constant (Al = 0.16) (Hadadza-
deh, Amirkhiz, and Mohammadi 2019). G is the shear
modulus (G = 26.5 GPa) (Hadadzadeh et al. 2019), b is
the value of the Burgers vector (b = 0.286 nm) (Miyajima
et al. 2010), and rdis follows the following equation.

rdis = rMPVMP + rMPBVMPB (11)

where V is the volume fraction of each zone and rdis is
GND of each zone, which are mentioned above (Figure
4). Based on equation 11, rdis of S200 and S350 are
1.94 × 1014/m2 and 1.84 × 1014/m2, respectively,
thereby and σdis of S200 and S350 sample is calculated
as 56 and 54 MPa.

With the assistance of the high cooling rate during
the LPBF process, Fe, Si, and V atoms are diffused into
Al-matrix in both samples. The difference in counts,
sizes, and shear modulus of solute atoms may cause
localised strain fields to impede the movement of

dislocations and atoms through the lattice, which is an
important way to enhance the yield strength of the
material. Due to the contribution of supersaturated
atoms to solid solution strengthening, solid solution
strengthening could be described as (Li et al. 2022):

sSS = MTaylor
3
8
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b
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4
3c

2
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where MTaylor is set as 3.33 and G refers to the shear
modulus, v represents the Poisson’s ratio of Al (0.345),
w = 5b (b: the magnitude of the Burgers vector), 1 is
the lattice misfit strain (4.6 for Fe, 0.87 for Si and 3.11
for V) (Li et al. 2022; Michi et al. 2022). c is the mean con-
centrations of the various solute atoms from the TEM/
EDS results, which is calculated by the following
equation:

c = cMPVMP + cMPBVMPB (13)

According to the proportion of supersaturated atoms
in the MP and the MPB areas of the S200 and the S350
samples (Table 2), the estimated strength increment
caused by solid solution strengthening is 317 MPa for
the S200 sample and 375 MPa for the S350 sample.

Based on the classical strengthening mechanism,
Orowan strengthening is caused by either dislocation
looping of the coarser semi-coherent particles or dislo-
cation shearing in the case of fine coherent particles.
As shown in Figure 6, there is no presence of the sec-
ondary phase in the MP area, indicating that no
Orowan strengthening exists in the MP area. The
strength increment contributed by dislocation
looping in the MPB area could be described as (Li
et al. 2021; Nie et al. 2018):

sorowan = 0.4MGb
pL

ln
rp
2b������

1− v
√ (14)

where L = r

������������
2p
3f

− p

2

( )√
, r is the mean particle radius,

and f refers to the volume fraction of secondary
phases in the melt pool boundary area. The particle
size in the S200 sample is 33 nm observed in Figure 7
(a) and 5 nm for the S350 sample shown in Figure 7
(b) measured by Image-Pro Plus software, which can
contribute to 93 and 243 MPa for each of the
samples at the MPB area according to Eq. (14).

According to the discussion and calculation on the
strength increment, the comparison chart on the
measured and calculated yield strength of S200 and
S350 samples is displayed in Figure 10. The calculated
theoretical yield strength of the S200 sample is
511 MPa, which is 34% higher than the measured
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value, it shows that the measured experimental yield
strength is roughly in accordance with the calculated
value. The difference between calculated theoretical
yield strength and measured value may result from the
accuracy of instrument calibrations and some potentially
interacting between these mechanisms (Cao et al. 2017).
While the calculated value of S350 was 715 MPa, almost
identical to the measured compression yield strength,
indicating the measured result of S350 is also close to
the calculated value.

4. Conclusions

In this work, fully dense Al-8.3Fe-1.3V-1.8Si alloy
(AA8009) was successfully fabricated by LPBF. Two fully
dense samples (S200: laser power of 200 W and scanning
speed of 300 mm/s; and S350: laser power of 350 W and
scanning speed of 1200 mm/s) show a different hetero-
geneous microstructure resulting in a significant differ-
ence of mechanical behaviour, which paves a way to
design LPBFed AA8009 components with suitable mech-
anical properties.

(1) S200 alloy has a combined morphology with a fan-
shaped structure and horizontal structure while
S350 only shows a wider and deeper fan-shaped
morphology. The different alloys have different
volume fractions of melt pool (MP) area and melt
pool boundary (MPB) area, which area have their
unique microstructure.

(2) Both alloys have columnar grains of similar sizes
(average columnar grain of 14.3 μm for S200;
average columnar grain of 16.0 μm for S350), but

they show different values in MP area and the
MPB, where LPBFed S350 sample has fewer dislo-
cations than S200 sample.

(3) There are no secondary particles in the MP area of
both alloys, where only supersaturated Fe, V, and
Si atoms exist in the Al matrix. However, S200
alloy has cellular structure composed of Al8(Fe,
V)2Si phase in the MPB area, and dendritic structure
composed of Al12(Fe, V)3Si exists in the MPB area of
S350. Meanwhile, the supersaturated content of
every atom in S350 samples is higher than those
in S200.

(4) The solid-solution strengthening and Orowan
strengthening is the main strengthening mechanism
for the excellent strength of LPBFed AA8009 alloys,
and the Orowan strengthening is the key factor to
enhance S350 samples with a higher CYS (705 ±
16 MPa) than S200 (380 ± 14 MPa).

(5) Due to the different nano-hardness of their hetero-
geneous microstructure (S350: 3.56 GPa at MP,
1.99 GPa at MPB; S200: 2.08 GPa at MP, 1.29 GPa at
MPB), the two alloys show different failure modes.
The main crack propagation in the fractured S350
sample transports across the inner of the melt pool
with the failure strain of 34.5 ± 3.3%, while the for-
mation of crack initiation between the MP and MPB
area in the S200 sample cannot propagate across
the inner melt pool resulting in its better ductility.
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