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ABSTRACT

Selective laser melting (SLM), due to its track-by-track and layer by layer localized additive manufacturing
process nature, has significant requirements for the optimization of laser scanning strategy and parameter. In this
work, rare earth element Sc- and Zr- modified Al-Mg alloy was processed by SLM using an “island” scanning
strategy with different island sizes. The influence of island size on surface quality, microstructural feature, re-
sidual stress, tensile property and corrosion resistance of SLM-processed Al-Mg-Sc-Zr alloy was systematically
investigated. Experimental results indicated that the surface smoothness was enhanced as the island size
decreased, but the influence of island size on microstructural development and tensile properties was not
distinct. Considerably high tensile properties above 500 MPa combined with elongations of 10%-12% were
generally obtained for Al-Mg-Sc-Zr specimens processed under different island sizes. Minimum residual stress
was generated at a moderate island size of 2.4 mm and the residual stress increased both at a small and a large
island size. A similar tendency was also observed for the corrosion resistance of SLM processed Al-Mg-Sc-Zr
specimens, where a superior corrosion resistance (ico;r = 6.82 107% A cm~?) was generated at the middle island
size. The different temperature gradient and thermal behaviors under different island sizes contribute to the
variation of surface conditions and residual stresses. The change in corrosion behaviors under different island
sizes was related to the different molten pool configurations. These findings provided the knowledge of the
relationship between laser scanning strategy and properties of SLM processed Al-Mg-Sc-Zr alloy, which further
facilitated process optimization and engineering applications of laser additive manufacturing of high-
performance Al-Mg-Sc-Zr alloy.

1. Introduction

freedom, short processing cycle and low material wastage [4]. Until
now, plenty of metal materials can be processed by SLM, such as fer-

Additive manufacturing (AM) is a rapid prototyping technology with
great application potentials, which has gained worldwide interest in
recent years. Selective laser melting (SLM), also called laser powder bed
fusion (LPBF), is one of the developed AM technologies [1-3]. SLM
fabricates complex metal components by selectively fusing successive
powder layers using a high energy laser beam controlled by a computer.
The advantages offered by SLM are various, including high design

roalloys, titanium alloys, aluminum alloys, nickel-base superalloys, etc.
Among various alloys, SLM processed aluminum alloy is one of the most
investigated projects due to its great potential in aerospace applications.
State of the art in SLM processed aluminum alloys are mainly focused on
4xxx Al-Si alloys [5-7], including A1Si10Mg, AlSi12 and AlSi7Mg. These
alloys have near-eutectic compositions and short solidification ranges,
which facilitate the SLM processability and decrease the tendency of
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cracks. Although these Al-Si alloys exhibit excellent SLM pro-
cessibilities, the limited mechanical properties of these alloys are not
suitable for structural components applications in aerospace [8].

A newly developed SLM processable high-performance aluminum
alloy is Sc- and Zr- modified 5xxx Al-Mg alloy, which has attracted wide
attention owing to its excellent combination of light weight and high
strength [9,10]. Since the Al-Mg-Sc-Zr alloy is the latest high perfor-
mance aluminum alloy applied in SLM, researches focused on it is still in
its infancy. Spierings et al. [11] investigated the microstructures of SLM
processed Al-Mg-Sc-Zr alloy and found fine grains along molten pool
boundaries interspersed with coarser grained regions in the center of the
molten pool were generated. Further analyses indicated that the
bimodal grain structures related to the temperature gradients and pre-
cipitation behaviors during the SLM process. The influence of platform
temperature on the microstructure and mechanical properties of SLM
processed Al-Mg-Sc-Zr alloy was studied by Shi et al. [12], who revealed
a higher as-fabricated strength was obtained at a higher platform tem-
perature of 200 °C. As a heat treatable aluminum alloy, the mechanical
properties of Al-Mg-Sc-Zr alloy can be significantly enhanced after heat
treatment due to the precipitation of coherent Als(Sc,Zr) particles [13].
Li et al. [14] researched the influence of heat treatment on the micro-
structures and mechanical properties of Al-3.02Mg-0.2Sc-0.1Zr alloy
processed by SLM, and revealed the ductility and strength trade-off can
be controlled by adjusting aging parameters. Although several studies
were carried out in recent years to investigate the Al-Mg-Sc-Zr alloy
processed by SLM, many aspects of process optimizations are still un-
clear and need to be further researched.

Generally, the process optimizations of the SLM process mainly
consist of two aspects, namely laser parameters and laser scan strategies.
As for the laser parameters, Spierings et al. [15] and Zhang et al. [16]
investigated the influence of laser scanning speeds on the densification
behaviors, microstructures and mechanical properties of SLM processed
Al-Mg-Sc-Zr alloy, revealing the precipitation behaviors, dislocation
densities and properties were significantly affected by laser scan speeds.
A large number of previous studies have shown that the laser scanning
strategy also has a considerable influence on the SLM process [1,17-19].
Island scanning strategy (also called chess board scanning strategy), as
one of the most commonly used laser scanning strategies, is applied to
decrease thermal residual stresses by dividing each layer into several
smaller islands and shortening single scanning tracks [20]. So far, a
number of studies were performed to investigate the relationship be-
tween the island scanning strategy and the properties of SLM fabricated
components. Thijs et al. [1] investigated the influence of island scanning
strategy on the microstructures and textures of SLM processed AlSi10Mg
alloy. Chen et al. [21] studied the effects of overlap rate between island
borders on residual stresses for SLM processed Ti6Al4V alloy, and
indicated the residual stress was reduced as overlap rate increased
within a certain degree. However, studies focused on the influence of
island scanning strategy on SLM processed Al-Mg-Sc-Zr alloy are absent.
The appropriate parameters of the island scanning strategy for SLM
processed Al-Mg-Sc-Zr alloy and its influences on the microstructures,
residual stresses and mechanical properties are unclear. In addition,
different island sizes indicate different lengths of scanning vectors dur-
ing the SLM process. Island size, as one of the most important parameters
of island scanning strategy, can significantly affect the thermal behav-
iors inside molten pools and resultantly residual stresses and perfor-
mances [20]. Thus it is of great significance to study the influence of
island size on microstructure, residual stress, properties of SLM pro-
cessed Al-Mg-Sc-Zr alloy, which can facilitate its process optimizations
and further engineering applications.

In this study, different island sizes varied from 1.2 mm to 7.2 mm
were applied to fabricate Al-Mg-Sc-Zr specimens. The influence of is-
land size on densification behavior, microstructure, residual stress,
tensile property, and corrosion resistance were systematically investi-
gated. The mechanisms of different properties under various island sizes
were analyzed and discussed. The optimal island size for SLM processed
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Al-Mg-Sc-Zr alloy was further summarized and suggested in this
research.

2. Experiment methods
2.1. Materials and specimen preparation

Gas-atomized Al-4.2Mg-0.4Sc-0.2Zr alloy powder with a particle size
distribution of 15-46 pm was applied in this study. Morphologies of the
starting Al-Mg-Sc-Zr powder are shown in Fig. la and particle size
distribution of the initial powder is provided in Fig. 1b. The chemical
compositions of the initial powder are further listed in Table 1. Al-Mg-
Sc-Zr specimens were processed using an SLM-150 machine. A 500 W
fiber laser having a wavelength of 1.06 pm was utilized. The SLM pro-
cess was conducted under an argon atmosphere with oxygen content less
than 50 ppm to prevent oxidation. Substrate preheating function was not
added in this experiment. Based on previous processing optimization
[16], alaser power of 400 W, a scan speed of 600 mm/s, a hatch distance
of 60 pm and a layer thickness of 30 pm were applied in this study. An
island scanning strategy with a 37° rotation between two successive
layers was utilized and a schematic of the island scanning strategy is
depicted in Fig. 1c. In order to investigate the influence of island size
d on SLM processed Al-Mg-Sc-Zr specimens, different island sizes of 1.2
mm, 2.4 mm, 3.6 mm, 4.8 mm, 6.0 mm and 7.2 mm were used in this
study. Cubic specimens with a dimension of 10 mm x 10 mm x 10 mm
and tensile specimens were fabricated by SLM. The Al-Mg-Sc-Zr tensile
specimens processed by SLM with various island sizes are shown in
Fig. 1d. After the SLM process, a post heat treatment of 325 °C/4h was
applied for these specimens in a furnace under argon atmosphere.

2.2. Characterization of microstructures and mechanical properties

After the SLM process, the specimens were cut from the substrate and
cleaned using distilled water and alcohol. Surface morphologies (also
called surface finish) of the Al-Mg-Sc-Zr specimens were observed using
a scanning electron microscopy (SEM, JSM-7600F, JOEL, Japan). Then
the cubic specimens were ground using sandpapers from 60 to 3000
meshes and polished using silica suspension. The Archimedes method
was used to obtain specific relative density values, and the image
method is used to analyze the difference in the pore shape and size of the
sample under different parameters using a PMG3 optical microscope
(Olympus Corporation, Japan). Before microstructure observations, the
specimens were etched by a solution consisting of HCI (0.15 mL), HF
(0.1 mL), HNOs3 (0.25 mL) and distilled water (9.5 mL) for 30s. Micro-
structures of the Al-Mg-Sc-Zr specimens were characterized using an
optical microscope and a scanning electron microscopy. The residual
stress analyses were conducted using a Bruker D8 Advance X-ray
diffraction (XRD) with a Cu Ka radiation at 30 mA and 40 kV. Diffraction
angles (260) ranged from 20° to 90° with a scan speed of 4° per minute.
Tensile tests were carried out at room temperature on a CMT5205
testing machine (MTS industrial systems, China) with a fixed strain rate
of 2 mm/min. Tensile fractures were further observed by SEM. The
scanning time under different island sizes was measured during the SLM
process.

2.3. Electrochemical measurements

Before electrochemical tests, the tested surfaces (Building plane, XY-
plane) of the Al-Mg-Sc-Zr specimens were grinded and polished. The
exposed surface area of the specimens was approximately 1 cm?. A 3.5
wt% NaCl solution was prepared for the electrochemical measurements
using deionized water and analytical grade reagents to simulate the
environment containing chloride ions. The electrochemical measure-
ments were performed in 3.5 wt% NacCl solution on an electrochemical
workstation (CHI660e, ChenHua, China) at room temperature. A con-
ventional three-electrode cell system consisted of a working electrode
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Fig. 1. (a) Morphology of the starting Al-Mg-Sc-Zr powder and (b) particle size distribution of the initial Al-Mg-Sc-Zr powder; (c) Schematic of the island scanning
strategy with a 37° rotation angle between two neighboring layers, where d represents island size; (d) SLM produced Al-Mg-Sc-Zr tensile specimens with different
island sizes.

Table 1

Chemical compositions of initial Al-Mg-Sc-Zr powder.
Element Al Mg Sc Zr Cr Cu Fe Mn Ti
Contents (wt.%) Balance 4.2 0.4 0.2 0.01 0.005 0.1 0.18 0.001
a b c d

500 ym

Fig. 2. Optical micrographs showing densification levels of SLM produced Al-Mg-Sc-Zr specimens using various island sizes: (a) 1.2 mm, (b) 2.4 mm, (c) 4.8 mm, (d)
7.2 mm; SEM micrographs revealing typical surface morphologies of SLM processed Al-Mg-Sc-Zr specimens with different island sizes: (e) 1.2 mm, (f) 2.4 mm, (g)
4.8 mm, (h) 7.2 mm.
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(Al-Mg-Sc-Zr specimens), a counter electrode (platinum foil) and a
reference electrode (saturated calomel electrode, SCE) was applied in
this study. Before electrochemical impedance spectroscopy (EIS) tests
and potentiodynamic polarization measurements, the tested surfaces of
the Al-Mg-Sc-Zr specimens were immersed in the 3.5 wt% NaCl solution
for sufficient time to reach a stable open circuit potential (OCP) value.
The EIS measurements were conducted under a stabilized OCP value and
the frequency was varied from 1072 to 10° Hz combined with an
amplitude of 10 mV. The potentiodynamic polarization tests were
measured from —0.4V to —1.7 V with a scanning speed of 2 mV/s. All
electrochemical tests were repeated three times for data reproducibility.

3. Results
3.1. Densification behavior and surface morphology

Fig. 2a-d shows the cross-section optical images of the Al-Mg-Sc-Zr
specimens processed by SLM with various island sizes. It can be found
that the densification behavior, e.g. the residual porosity was slightly
influenced by the applied island size. At a relatively small island size d of
1.2 mm, several micropores with an average size of 10 pm were
generated and the relative density of the specimen was 99.1% (Fig. 2a).
At a larger d of 2.4 mm, fewer micropores with a higher relative density
of 99.6% were obtained (Fig. 2b). While as the island size further
increased to 4.8 mm and 7.2 mm, the number of micropores increased
and thereby the relative density of the SLM specimens reduced to 99.4%
and 99.1%, respectively (Fig. 2c and d). For the Al-Mg-Sc-Zr specimens
processed by SLM with various island sizes (1.2 mm-7.2 mm), no severe
defects such as unmolten pores and cracks can be found. Despite the
island size has an influence on residual porosity, the relative density for
all the Al-Mg-Sc-Zr specimens was above 99%, indicating all specimens
reached a high densification level under different island sizes. Fig. 2e
and f provide the surface morphologies of the Al-Mg-Sc-Zr specimens
processed by SLM with different island sizes. The surface of the Al-Mg-
Sc-Zr specimen processed at an island size d of 1.2 mm was relatively
smooth, showing no obvious pores or cracks were generated. Continuous
scan tracks and island boundaries can also be identified on the surface
(Fig. 2e). As the island size d increased, the surfaces gradually became
irregular and several small-sized metallic balls were formed (Fig. 2f-h).
At a relatively large island size d of 7.2 mm, the surface became quite
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irregular and large metallic balls with a mean size of 400 pm were
observed, indicating the liquid solidification became significantly
disorderly at a large island size d of 7.2 mm (Fig. 2h).

3.2. Microstructure development

Fig. 3 depicts the molten pool boundary features on the cross section
of the Al-Mg-Sc-Zr specimens processed by SLM with different island
sizes. It can be found that the molten pool configurations were consid-
erably affected by the island size. At a moderate island sizes d of 2.4 mm
and 4.8 mm (Fig. 3b and c), the molten pool configurations exhibited
relatively regular layerwise characteristics with an average molten pool
depth of ~50 pm, indicating the SLM processes were stable under d =
2.4mm and d = 4.8 mm. At arelatively small island size d of 1.2 mm, the
molten pool became irregular and the depth of molten pool increased,
indicating larger molten pools and more heat accumulation were
generated at d = 1.2 mm compared to d = 2.4 mm and d = 4.8 mm. On
increasing d to 7.2 mm, however, even more irregular molten pool
features combined with deeper molten pool depth (~100 pm) were
observed (Fig. 3d), suggesting a severe heat accumulation at the large
island size d = 7.2 mm. Even key-hole can be found at d = 7.2 mm as
shown in Fig. 3d [22]. Comparing the molten pool configurations of the
Al-Mg-Sc-Zr specimens with different island sizes, it can be concluded
that stable SLM processes were generated at d = 2.4 mm and d = 4.8
mm. At a small island size d = 1.2 mm or a large island size d = 7.2 mm,
heat accumulation was generated especially for d = 7.2 mm, where the
molten pool can penetrate several previous layers.

Fig. 4 shows backscattered SEM micrographs of the Al-Mg-Sc-Zr
specimens processed by SLM with different island sizes. Typical fan-shell
solidification microstructures were obtained for all specimens, which
consisted of two different zones in a single molten pool: large columnar
grains formed in the center of the molten pool and fine equiaxed grains
generated along molten pool boundaries. The formation of equiaxed
grains along the boundary of the molten pool was due to the presence of
nucleating agents such as Al3(Sc,Zr) particles to refine the grains, while
the formation of columnar grains in the middle of the molten pool was
due to the thermal behavior during solidification [11,16]. It can be seen
that bright contrast precipitations formed and agglomerated in the fine
equiaxed regions and along columnar grain boundaries (Fig. 4). In
general, the laser additive manufacturing processed Al-Mg-Sc-Zr alloy

Keyhole

Fig. 3. Optical micrographs of etched vertical section of SLM produced Al-Mg-Sc-Zr specimens with different island sizes: (a) d = 1.2 mm, (b) d = 2.4 mm, (c) d =
4.8 mm, (d) d = 7.2 mm, showing molten pool configurations were different under various island sizes.
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10 ym

Fig. 4. Backscatter SEM micrographs showing the cross section of SLM processed Al-Mg-Sc-Zr specimens with various island sizes after heat treated at 325 °C for 4 h:
(@) d=1.2mm, (b) d = 2.4 mm, (c) d = 4.8 mm, (d) d = 7.2 mm. Typical fanshell solidification structure consisting of elongated grains and equiaxed grains were
visible for all specimens. Al3(Sc,Zr) precipitations (white points) preferred locating in the fine grained area along the molten pool boundaries.

mainly includes two precipitates, Al3(Sc,Zr) and Al-Mg oxide. In back-
scattered SEM detection, the element with higher atomic number tends
to show a brighter contrast, thus these bright contract precipitations
should be Al3(Sc,Zr) particles, which were formed during the SLM pro-
cess and the aging process. Comparing the grain size distribution among
different specimens, it can be found that the fine-grain area of the
specimens with d = 2.4 mm and d = 4.8 mm was larger than that of d =
1.2 mm and d = 7.2 mm, which may be related to the different molten
pool configurations as shown in Fig. 3.

3.3. Residual stress analysis

Typical XRD spectra of the AI-Mg-Sc-Zr specimens processed by SLM
with different island sizes are shown in Fig. 5a. Diffraction peaks cor-
responding to face-centered cubic (fcc) a-Al (JCPDS Card No. 04-0787)
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can be identified for all specimens. Based on the XRD results, one
method suitable to characterize and quantify the microstrains and re-
sidual stress of the Al-Mg-Sc-Zr specimens was the Williamson-Hall
method [23-25]. If the peak broadening was only induced by varia-
tions of interplanar crystal spacing (caused by lattice distortions, dis-
locations or solid solution), the effective average microstrain, e (a
parameter that represents the standard deviation of the microstrain
distribution) could be calculated by the integral breadth of the hkl
reflection [26,27]:

Oe it = 4e tan Onax it (@)

where Omaxnki is the position of a-Al diffraction peaks. If the peak
broadening was solely induced by a reduction of the size of coherently
diffracting domains, the integral breadth of the reflection with Laue
indices, hkl can be given by Ref. [26,27]:
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Fig. 5. (a) XRD results of SLM produced Al-Mg-Sc-Zr specimens with various island sizes. (b) Williamson-Hall plots for SLM produced Al-Mg-Sc-Zr specimens with
different island sizes based on XRD results. The solid lines are the linear fits based on a least squares method and the slope ¢ represents the residual stress level.
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i
D cos gmax.hkl

(2)

5D,hkl =

where D is the average size of the coherently diffracting domains. A is the
wavelength applied in XRD measurements. Based on Williamson-Hall’s
theory, both contributions to the overall peak broadening increased
linearly. Thus total physical broadening consistd of size and strain can
be provided as [26,27]:

Opit ©OS Omax w1 4e SIN Omax it

2 ™D 2 @)
where &py is the integral breadth. In this study, D represents the grain
size of the Al-Mg-Sc-Zr specimens processed by SLM using different is-
land sizes. Previous research indicated that the influence of D on peak
broadening was negligible if the grain size exceeds 100 nm [28]. For the
SLM produced Al-Mg-Sc-Zr specimens, the grain size was generally
above 2 ym as shown in Fig. 4, indicating 1/D can be ignored. Plotting
(Bnki cOSOmax,hik1/A) VS. (4sinfmaxnii/A) can yield a straight line with a
slope ¢, which represented the value of average microstrain e. While the
average microstrain can reflect the residual stress level to a certain
extent of the SLM processed part. The calculated results based on the
XRD measurements is shown in Fig. 5b and the solid lines are the linear
fits according to the least squares method. It can be seen clearly that the
Al-Mg-Sc-Zr specimen produced using an island size d of 2.4 mm
exhibited a minimum slope (¢ = 0.029), suggesting minimum residual
stress was obtained at this situation. As the island size d increased to 4.8
mm and 7.2 mm, the slopes were increased to 0.207 and 0.281,
respectively. Thus the residual stress of the SLM processed Al-Mg-Sc-Zr
specimens was increased as the island size d increased. However, at a
relatively small island size d of 1.2 mm, the slope was also increased (¢ =
0.131) compared to d = 2.4 mm, indicating the residual stress was also
increased at a relatively small island size.

3.4. Mechanical properties

Room temperature tensile tests were conducted on the Al-Mg-Sc-Zr
specimens processed by SLM using different island sizes and the results
are shown in Fig. 6.

Fig. 6a shows the stress-strain curves for the SLM produced Al-Mg-
Sc-Zr specimens with various island sizes and the elastic stage of the
curves is further provided inset Fig. 6a. Mechanical performance tests
for specimens with different island sizes were repeated at least three
times for data reproducibility. In order not to make the curves too
confusing, we provide one of them for comparison. It seems that the
influence of island size on the mechanical properties was limited. The
ultimate tensile strength for all specimens with different island sizes
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exceeded 480 MPa and elongations mainly ranged between 10%~11%.
Detail results of the ultimate tensile strength (cyrs), yield strength (c¢.2)
and elastic modulus (E) of the Al-Mg-Sc-Zr specimens processed by SLM
using different island sizes are further depicted in Fig. 6b. For ultimate
tensile strength, there was no obvious tendency can be concluded and
the maximum oyrs (502.6 MPa) was obtained at d = 7.2 mm. Yield
strength of 463.2 Mpa was generated at d = 4.8 mm and the 6¢  of other
specimens was around 440 MPa. The elastic modulus E of all Al-Mg-Sc-
Zr specimens processed by SLM using different island sizes were varied
between 60-65 GPa. Based on the above analyzes, the influence of the
island size on tensile properties was not significant and it seems like
superior mechanical properties were obtained at d = 4.8 mm, where a
higher elongation of 11.7% and a higher yield strength of 463.2 MPa
were generated.

In order to further analyze the fracture mechanism, fracture mor-
phologies of the Al-Mg-Sc-Zr specimens processed by SLM using
different island sizes are presented in Fig. 7. Relatively rough fracture
surfaces were obtained for all specimens, where non-uniform dimples
with no cleavage planes can be identified. There were no apparent dif-
ferences in fracture morphologies that can be identified for the Al-Mg-
Sc-Zr specimens processed using various island sizes, which were
consistent with the results of the tensile tests.

3.5. Corrosion properties

Fig. 8 shows a series of potentiodynamic polarization curves of the
Al-Mg-Sc-Zr specimens processed by SLM using different island sizes in
3.5 wt% NaCl solution at room temperature. Corrosion potentials (Ecorr)
around —1500 mV combined with passive regions extended from —1400
mV to —700 mV were obtained for the specimens, indicating typical
passive behaviors were generated. In addition, it can be seen that the
corrosion current density rapidly increased in the anodic branch of the
polarization curves for all Al-Mg-Sc-Zr specimens, indicating pitting
corrosion was generated. Pitting corrosion generally related to the
breakdown of the passive films formed on the surface, which was
attacked by chloride [29]. As an essential electrochemical parameter,
pitting potential (Epi) can be used to evaluate the pitting initiation
susceptibility for aluminum alloy. As marked in Fig. 8 and provided in
Table 2, the Ep;; values of the AlI-Mg-Sc-Zr specimens processed by SLM
using different island sizes were ranked in following orders: 4.8 mm >
2.4 mm > 1.2 mm > 7.2 mm, where a maximum E;; (—573 & 12 mV)
was obtained at d = 4.8 mm. In general, a higher Ep; indicates a better
pitting resistance. Thus the specimen with an island size d of 4.8 mm
exhibited the highest pitting resistance compared to other specimens. As
the island size decreased, the pitting resistance was gradually decreased
and the pitting corrosion was more severe at a relatively large island

600 100
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500 e - - - ] g
< o
N N 7 - 60 -
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Fig. 6. (a) Stress strain curves for SLM produced Al-Mg-Sc-Zr specimens with various island sizes after heat treated at 325 °C for 4 h. The inset shows the elastic stage
curves during tensile tests. (b) True ultimate tensile strength Ry, yield strength Ry 2 and elastic modulus E for SLM produced Al-Mg-Sc-Zr specimens with different

island sizes.



H. Zhang et al.

Materials Science & Engineering A 788 (2020) 139593

Fig. 7. Fracture surfaces of SLM produced Al-Mg-Sc-Zr specimens with various island sizes after heat treated at 325 °C for 4 h: (a) d = 1.2 mm, (b) d = 2.4 mm, (c) d

= 4.8 mm, (d) d = 7.2 mm.
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Fig. 8. Potentiodynamic curves for SLM produced Al-Mg-Sc-Zr specimens with
different island sizes in 3.5 wt% NacCl solution at room temperature.

Table 2
Electrochemical measurements of the polarization curves for SLM produced
Al-Mg-Sc-Zr specimens with various island sizes.

Island sizes (d) Epix (mV vs SCE) Ieore (A cm™2)

1.2 mm —644 + 10 (5.12 £ 0.17) x 10°°
2.4 mm —616 + 15 (9.37 £ 0.22) x 107>
4.8 mm —573 + 12 (6.82 +0.13) x 107°
7.2 mm —674+8 (3.20 £ 0.15) x 1074

size. Corrosion current density (icorr), Which can be calculated from
polarization curves using the Tafel slope extrapolation method, is
another important parameter to evaluate the corrosion rate and corro-
sion resistance. As provided in Tabel 2, the minimum i, of (6.28 +
0.13) x 10" A cm ™2 was obtained for the specimen processed with an
island size d of 4.8 mm, which was consistent with the Ey;; results. Thus it
can be concluded that the Al-Mg-Sc-Zr specimen processed by SLM

using a moderate island size d of 4.8 mm possessed a superior corrosion
resistance. An elevated or decreased island size led to a reduction of
pitting resistance and corrosion resistance.

EIS measurements were applied to investigate the surface condition
of the Al-Mg-Sc-Zr specimens processed by SLM using different island
sizes and the results are provided in Fig. 9. As shown in the Nyquist plot
(Fig. 9a), two typical capacitive loops were observed for all specimens.
In order to further identify the loop radius of different specimens, the
inset of Fig. 9a shows the partial magnification of the Nyquist plot. It can
be seen that the AlI-Mg-Sc-Zr specimen processed with an island size d of
4.8 mm exhibited the largest radius compared to other specimens and,
the specimen with an island size d of 7.2 mm exhibited the smallest
radius, indicating a superior corrosion resistance was obtained for the
specimen with an island size of 4.8 mm. In the phase angle Bode plot
(Fig. 9b), two peaks consisted of one peak (phase angles close ~75°) at
the middle frequency and another peak (phase angles around 20-35°) at
the low frequency were obtained for all specimens, which were consis-
tent with the two time constants obtained in the Nyquist plot. Therefore,
an equivalent circuit model with two time constants was applied to fit
the EIS results (Fig. 9d). In the equivalent circuit, Rs represented the
solution resistance, Ry and CPE; represented the film resistance and film
capacitance, respectively. R.; and CPE; referred to the charge transfer
resistance and foible layer capacitance, respectively. Here, a constant
phase element (CPE;) was conducted to analyze the capacitive behavior
on the passive film and the impedance of CPE can be described by
Ref. [30]:

ZCPE:ﬁ(_ISnSI) 4

where o represents the angular frequency, Q represents the CPE con-
stant, j2 = —1 represents the imaginary number and n represents the CPE
exponent. Furthermore, the overall impedance of the electrode system
can be defined by Ref. [31]:

1
1/R, + Q(jw) ™"

The fitting results of the EIS tests are summarized in Table 3. The
value of Rfranked in the following order: 1.2 mm < 7.2 mm < 2.4 mm <
4.8 mm. The Al-Mg-Sc-Zr specimen processed using an island size d of

Z=R+ )
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Fig. 9. EIS measurements of SLM produced Al-Mg-Sc-Zr specimens with different island sizes tested in 3.5wt% NacCl solution at room temperature: (a) Nyquist plot;
(b) phase angle Bode plot and (c) impedance Bode plot; (d) equivalent circuit model.

Table 3
Equivalent circuit parameters for SLM produced Al-Mg-Sc-Zr specimens with
different island sizes in 3.5 wt% NaCl solution.

Island 72 x107*

R¢ (kQ CPE; x ny CPE; x ny
sizes Chi- cm?) 1076 (F 1074 (F
squared cm?) cm™?)
values
1.2 mm 5.86 + 515+ 10.16 + 0.87 64.94 + 0.40
0.13 0.16 0.28 + 0.03 1.67 + 0.04
2.4 mm 5.28 + 11.91 16.67 + 0.91 4.07 £ 0.78
0.21 + 0.21 0.37 +0.04 0.78 +0.02
4.8 mm 4.26 + 20.11 10.02 + 0.88 1.35 + 0.87
0.15 +0.32 0.26 + 0.02 0.56 +0.01
7.2 mm 2.51 + 8.86 + 19.58 + 0.89 3.61 + 0.69
0.17 0.19 0.44 +0.03 0.39 +0.03

4.8 mm exhibited the highest R¢ value of 20.11 + 0.32 kQ cm? compared
to other specimens, suggesting the specimen with an island size of 4.8
mm possessed a superior corrosion resistance. As the island size
d decreased to 1.2 mm and 2.4 mm or increased to 7.2 mm, the corrosion
resistance decreased, which was a good agreement with the measure-
ments in polarization tests. In addition, SEM micrographs of the corro-
sion morphologies on the XY-plane (electrochemical tested plane) of the
Al-Mg-Sc-Zr specimens with different island sizes after potentiodynamic
tests are shown in Fig. 10. Typical morphologies corresponding to
pitting corrosions were observed for all specimens. Massive and deep
pits were generated for specimens with an island size of 1.2 mm and 7.2
mm (Fig. 10a and d), indicating an inferior corrosion resistance for these
specimens. At an island size d of 2.4 mm, the amount and the size of the
pits were decreased, indicating the corrosion resistance was enhanced to
some extent (Fig. 10b). The smallest corrosion area was obtained at an
island size d of 4.8 mm and the size of the pits was much smaller at this
situation (Fig. 10c).

4. Discussion
4.1. The influence of island size on scanning time

The average time required to scan a 10 mm x 10 mm area under the
same laser scan speed of 600 mm/s with different island sizes is provided
in Fig. 11, which shows the effect of the island size on scanning time. The
shortest scanning time of 3.1 s was recorded for the largest island size
d of 7.2 mm. As the island size decreased, the scanning time was grad-
ually increased and the longest scanning time of 4.6 s was obtained for
the smallest island size d of 1.2 mm, which was 48% longer than that of
the island size d of 7.2 mm. The different scanning times under different
island sizes can be explained by the increment of the laser beam “jump”
time as the island size decreased. Meanwhile, more overlap regions at
island borders were generated at a smaller island size, leading to the
increment of total laser scanning length. Thus the island size signifi-
cantly affected the laser scanning time and higher processing efficiency
was obtained at a larger island size.

4.2. The influence of island size on densification behavior

As we discussed above, the surface morphologies of the Al-Mg-Sc-Zr
specimens deteriorated as island size increased (Fig. 2e-h). Generally,
due to the track-by-track manufacturing characteristic of the SLM pro-
cess, the previous track has a preheating effect on the next track, making
the surrounding powder heat up before laser scanning. Thus the tem-
perature gradient was decreased as the preheating effect increased [20,
21]. When the island size is small, the laser scanning vector inside an
island is relatively short and the interval time between adjacent scan-
ning tracks is significantly reduced. Thus an enhanced preheating effect
is generated, leading to a decreased temperature gradient and attendant
elevated melt stability. This is the reason for the enhanced surface
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Fig. 10. SEM micrographs of corrosion morphologies on the surfaces of SLM produced Al-Mg-Sc-Zr specimens with different island sizes after potentiodynamic tests:

(@d=1.2mm, (b)d =24 mm, (c)d=4.8mm, (d) d=7.2 mm.

Average time per layer (s)

24 48
Island size (mm)

Fig. 11. Average times required to scan a 10 mm x 10 mm area under the same
laser scan speed of 600 mm/s with different island sizes, showing a smaller
island size leads to longer processing time.

qualities as the island size reduced. Based on the process optimizations
of previous work [16], all specimens with different island sizes reached a
relative high densification level. Only a few micropores can be observed
as shown in Fig. 2a-d, and the island size has a slight effect on the
porosity. The slightly higher porosity under a small island size of 1.2 mm
can be attributed to the increment of overlap regions between adjacent
islands. In order to avoid the formation of un-melted powder at the is-
land borders, an overlap region with a width of 60 ym was applied be-
tween islands. These overlap regions were scanned twice by the laser
beam, leading to excessive energy input. Low melting point elements
including Al and Mg are easy to evaporate at the overlap region and form
micropores inside the specimen. Thus the porosity was increased at a
relatively small island size. At a relatively large island size, due to the

reduced preheating effect, a large temperature gradient is generated
within the molten pool, leading to a more significant Marangoni con-
vection and an increased melt instability. Thus defects including mi-
cropores are easy to form at a relatively large island size. It is interesting
to found that the molten pool size is considerably influenced by the is-
land size, where the depth of the molten pool increased at a relatively
small island size of 1.2 mm and a relatively large island size of 7.2 mm
(Fig. 3). Based on previous works [20], it is believed that heat accu-
mulation and thermal distribution can be influenced by the island size.
Parry [32] and Haider Ali [33] have proved that a high average tem-
perature within the molten pool is generated when a small island size is
applied, which leads to the increment of melt depth. Besides, as we
discussed above, the scanning time and total laser scanning length
increased as the island size reduced, resulting in server heat accumu-
lation inside the specimen, which is also one of the reasons for the large
molten depth. As for a relatively large island size, due to the increase of
the scanning time of a single area, the thermal influence time of duration
of the previous and subsequent melt tracks increases, resulting in an
increase in the heat accumulation effect. Besides, the temperature
gradient plays a key role in the formation of the molten pool. The
temperature gradient within the molten pool affects the surface tension
gradient and Marangoni convection [34]. Thus a drastic Marangoni flow
was generated at a large island size due to the enhanced temperature
gradient, leading to a key-hole model molten pool with a large molten
depth (Fig. 3d) [22].

4.3. The influence of island size on microstructure and tensile properties

Generally, for Sc and Zr modified Al-Mg alloy processed by SLM,
grain size distribution and Als(Sc,Zr) precipitation are the most impor-
tant microstructural factors [35,36]. It seems that the microstructures of
the Al-Mg-Sc-Zr specimens processed by SLM using various island sizes
show no significant differences in grain size distributions and pre-
cipitations inside a single molten pool (Fig. 4). Equiaxed and fine grains
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along molten pool boundaries combined with coarser and elongated
grains in the center of the molten pool were generated for all
Al-Mg-Sc-Zr specimens. The formation mechanism of the microstructure
has discussed in previous works, which relates to oxide particles and
temperature gradients. It is well known that tensile properties are
influenced by many factors, including densification behaviors, grain size
distribution, defects, precipitations, etc. [11,16]. Since the microstruc-
tures including grain size distribution and precipitation for all
Al-Mg-Sc-Zr specimens are very similar and all specimens reach a high
densification level above 99%, the influence of island size on the tensile
properties is limited. High ultimate tensile strengths of 500 MPa com-
bined with elongation above 10% were obtained for all specimens. This
conclusion is consistent with previous work [20], which indicates there
is no significant influence of island size on the mechanical properties of
SLM processed IN718 alloy.

4.4. The influence of island size on residual stress

Generally, complex stresses are generated in the SLM process due to a
tendency of the cool-down phase of the subsequent layer to shrink, while
such a deformation is restricted by the previous adjacent layer. Thus
tensile stress in the subsequent layer and compressive stress in the
previous layer are formed. These residual stresses can significantly affect
the performance and service life of the components processed by the
SLM process. Island laser scanning strategy has approved to be one of the
significant methods to reduce residual stress and, the residual stress was
decreased as island size reduced [33,37,38]. This work presents a similar
result when the island size is above 2.4 mm, where the residual stress is
increased as the island size increased (Fig. 5). Generally, a long scanning
track combined with a weakened pre-heating effect is generated when a
large island size is applied, inducing a high temperature gradient and
correspondingly high residual stress. Besides, the overlap regions at is-
land borders usually act as stress release areas due to the laser
re-scanning and preheating effect from the previous island [21]. As the
island size reduced, the overlap regions (i.e. the stress release areas) at
the borders of the island increased, leading to the decrease of the re-
sidual stress of the SLM processed Al-Mg-Sc-Zr specimens. However, as
the island size decreased to 1.2 mm, a high level of residual stress was
generated inside the specimen, indicating the residual stress is increased
at a relatively small island size. Similar results were also suggested by Lu
[20], who found cracks were formed at an island size of 2 mm. At a
relatively small island size, the total laser scanning length is increased
due to the massive overlap regions, leading to the scanning time of a
single layer is significantly increased compared to that at a large island
size (i.e. 4.6s for an island size d of 1.2 mm and 3.1 for an island size d of
7.2 mm, Fig. 11). Excessive laser energy is inputted at a relatively small
island size, resulting in a high level of residual heat effect, which can
also be proved from the increased molten pool depth (Fig. 3). Thus
increased residual stress is generated at a relatively small island size and,
the residual stresses under different island sizes rank as follows: 2.4 mm
< 1.2 mm < 4.8 mm < 7.2 mm. As analyzed above, the island size
considerably affects the residual stress of the Al-Mg-Sc-Zr specimens
processed by SLM. From a perspective of the residual stress, the optimal
island size is 2.4 mm.

4.5. The influence of island size on corrosion behaviors

Based on the electrochemical measurements, the Al-Mg-Sc-Zr spec-
imen processed by SLM using an island size of 4.8 mm exhibits a superior
corrosion resistance combined with the minimum i¢o of (6.82 4 0.13)
x 107% A cm™2. An increased or decreased island size leads to inferior
corrosion resistance. For SLM fabricated aluminum alloy, the molten
pool boundaries are generally acted as weakened areas with inferior
corrosion resistance. There are two reasons for the decrease in corrosion
resistance at the molten pool boundary. One is the refinement of grains
at the boundary of the molten pool lead to the high grain boundary
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density. Thus the reaction activity along the molten pool is strong and
corrosion is easy to occur. The other is that the Al3(Sc,Zr) precipitates at
the boundary of the molten pool are dense, and these precipitates can
easily act as microelectrodes to accelerate the corrosion process
[39-41]. Since there are no significant differences in the grain size
distribution and primary precipitation for the Al-Mg-Sc-Zr specimens
processed using different island sizes, the molten boundary configura-
tion (molten boundary density) plays a key role to affect the corrosion
resistance of the Al-Mg-Sc-Zr specimens. Therefore, in order to further
reveal the corrosion mechanism of the Al-Mg-Sc-Zr specimens processed
by SLM using different island sizes, SEM images of the molten pool
configurations on the XY-planes (corrosion tested plane) of the speci-
mens are provided in Fig. 12. It is obvious that the island size signifi-
cantly influences the molten pool configurations. Schematic
representations of the molten pool configurations on the XY-planes of
the Al-Mg-Sc-Zr specimens processed using different island sizes are
illustrated in Fig. 13. At a relatively small island size of 1.2 mm, a regular
molten pool configuration combined with massive island borders can be
identified (Figs. 12a and 13a), leading to a high molten pool boundary
density. As the island size increased to 2.4 mm, the number of island
borders reduced, resulting in the molten pool boundary density
decreased (Figs. 12b and 13b). At a further large island size of 4.8 mm,
the influence of the island border is negligible while a few ellipsoidal
molten pools were observed (Figs. 12c¢ and 13c). These ellipsoidal
molten pools were the bottom of the above layer, leading to the molten
pool density increased. An extremely disordered molten pool configu-
ration with numerous ellipsoidal molten pools was generated when a
relatively large island size of 7.2 mm was applied (Figs. 12d and 13d),
which was caused by the high temperature gradient and resultant high
molten depth. As such, a high molten pool boundary density was ob-
tained at an island size of 7.2 mm. Thus the molten pool boundary
density was increased at a small island size due to the massive island
borders and, also increased at a large island size owing to the enhanced
disorder with numerous ellipsoidal molten pools. Therefore, inferior
corrosion resistances were obtained at a relatively small or large island
size and, superior corrosion resistance was generated for the
Al-Mg-Sc-Zr specimen with an island size of 4.8 mm.

In conclusion, the island size has significant effects on the surface
morphologies, molten pool configurations, residual stresses and corro-
sion resistances of SLM processed Al-Mg-Sc-Zr alloy. While the influence
of island size on densification behavior, grain size distribution, and
tensile properties is limited. Based on the above analyzes, a moderate
island size between 3 and 5 mm is suggested for SLM processed Al-Mg-
Sc-Zr alloy.

5. Conclusion

In this research, the influence of island size on SLM processed Al-Mg-
Sc-Zr alloy was systemically studied. The surface morphologies, micro-
structures, tensile properties, residual stresses and corrosion resistances
of the Al-Mg-Sc-Zr specimens processed by SLM using different island
sizes were characterized and analyzed. The main conclusions are sum-
marized as follows:

(1) All specimens reached a high densification level above 99%
under different island sizes and, there was a slight influence of
island size on porosity. As the island size decreased from 7.2 mm
to 1.2 mm, the surface quality was gradually enhanced due to the
reduced scanning length. A relatively smooth surface was ob-
tained at an island size of 1.2 mm due to the enhanced pre-
heating effect from previous tracks. The influence of island size
on the grain size distribution and precipitation was not
significant.

The residual stresses of the Al-Mg-Sc-Zr specimens processed by
SLM using different island sizes ranked in the following order:
2.4 mm < 1.2 mm < 4.8 mm < 7.2 mm. The minimum residual
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Fig. 12. SEM images on the corrosion tested planes (building planes) of SLM produced Al-Mg-Sc-Zr specimens with different island sizes: (a) d = 1.2 mm, (b) d = 2.4
mm, (c¢) d = 4.8 mm, (d) d = 7.2 mm, showing molten pool configurations on building planes are different under various island sizes.
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Fig. 13. Schematic representation of molten pool configurations on building planes of SLM produced Al-Mg-Sc-Zr specimens with various island sizes: (a) d = 1.2
mm, (b) d = 2.4 mm, (¢) d = 4.8 mm, (d) d = 7.2 mm.
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