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Electrochemical measurements and microstructural analyses were conducted to investigate the corrosion be-
haviors on different planes of Sc and Zr modified Al-Mg alloy produced by selective laser melting (SLM). Results
indicated that the XY-plane exhibited a superior corrosion resistance with a lower current density (icorr =57.1 HA
cm®) compared to the XZ-plane in 3.5wt.% NaCl solution at room temperature. The microstructural analyses
suggested that the anisotropic corrosion resistances of the SLM produced Al-Mg-Sc-Zr alloy related to the quite

different microstructures on different planes, which included the molten pool boundary density, Als(Sc,Zr)
precipitation distribution, grain size distribution, and crystallographic orientation.

1. Introduction

With the development of aerospace and automotive industries, there
is a strong demand for lightweight and high-performance components
with complex structures. Due to the excellent properties of low density,
high strength to weight ratio and acceptable corrosion resistance, alu-
minum alloys especially high-performance aluminum alloys are sui-
table candidates. For conventional processing methods, aluminum al-
loys are fabricated by casting, forging and plastic deformation, which
are not suitable for processing components with complex geometries.
Selective laser melting (SLM), as one of the developed Additive
Manufacturing (AM) techniques, has been widely used in fabricating
metallic parts in recent years [1-3]. It is able to produce components
with complex structures by selectively melting successive powder layers
using a high intensity laser beam controlled by a computer. SLM pro-
vides plenty of advantages including high geometrical freedom, high
production flexibility and less material waste [4-8].

So far, SLM has been used in fabricating Al alloys, but mainly
concentrate on 4xxx Al-Si alloys, including AlSi12, AlSi10Mg and
AlSi7Mg [9,10]. These Al alloys are casting alloys with a good wed-
ability, thus are suitable for the SLM process. However, the mechanical
properties of these SLM produced Al-Si alloys are limited (normally
below 400 MPa), which are difficult to meet the needs for the aerospace
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industry. Therefore, there is a strong demand to develop high-perfor-
mance Al alloys which could be produced by SLM, such as 2xxx Al-Cu,
6xxx Al-Mg-Si and 7xxx Al-Zn-Mg alloys. However, these alloys exhibit
poor processabilities during the SLM process due to their relatively
large freezing ranges, which lead to hot cracks and low mechanical
properties [11-13]. A good alternative for these high-performance Al
alloys is Sc and Zr modified Al-Mg alloy. Al-Mg alloys are widely ap-
plied in aerospace and ships due to their good corrosion resistance,
admirable weld ability and moderate strength. An addition of a small
quantity of Sc and Zr to Al-Mg alloys can significantly refine grains and
form a high density of nano-sized Al3(Sc,Zr) precipitations, leading to a
prominent enhancement of mechanical properties and thermal stabi-
lities [14,15].

Recent works have reported a good processability of Al-Mg-Sc-Zr
alloy for the SLM process [16-18]. A high strength (~520 MPa) com-
bined with a good ductility (~12%) can be achieved for the SLM
produced Al-Mg-Sc-Zr alloy after heat treatment, showing excellent
compatibility between the SLM process and the Al-Mg-Sc-Zr alloy [19].
Spierings et al. [20] reported the microstructure of the SLM produced
Al-Mg-Sc-Zr alloy, which consisted of fine grained areas distributed
along molten pool boundaries and coarser grained regions formed in-
side the molten pool. Li et al. [21] investigated the influence of heat
treatment on microstructure and mechanical properties, showing the
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strength and ductility trade-off can be controlled by optimizing aging
parameters. Schmidke et al. [22] further studied the mechanical
properties of heat treated Al-Mg-Sc-Zr specimens along 0°, 45° and 90°
directions, and found tensile strengths more than 520 MPa were ob-
tained for all directions, showing low anisotropy in mechanical prop-
erties. The densification behavior, microstructure evolution and me-
chanical properties of the SLM produced Al-Mg-Sc-Zr alloy were fully
studied in recent works, but there is still a lack of works focusing on its
corrosion behavior. While the corrosion resistance of SLM produced Al-
Mg-Sc-Zr components could be a key factor to influence its engineering
applications. In addition, it is interesting to note that SLM produced
parts exhibit different microstructures on different planes due to the
layer-by-layer manufacturing characteristics of the SLM process. Thus
the corrosion resistances on different planes of SLM produced parts
could be different. Dai et al. [23] studied the corrosion behaviors on
different planes of Ti-6Al-4 V alloy processed by SLM, and indicated a
better corrosion resistance for the building plane compared to building
direction plane. This anisotropic corrosion resistance for SLM produced
Ti-6Al-4 V was attributed to the different microstructures on different
planes. Although the isotropic mechanical properties of SLM produced
Al-Mg-Sc-Zr alloy has been confirmed, the corrosion behaviors on dif-
ferent planes are still unclear. A better understanding of the corrosion
behavior of the SLM produced Al-Mg-Sc-Zr alloy will further facilitate
its design and application. Therefore, it is of great significance of
bridging the knowledge gap for the corrosion behaviors of SLM pro-
duced Al-Mg-Sc-Zr alloy on different planes.

The aim of this work is to investigate the corrosion behaviors on
different planes (i.e. the building plane, XY-plane; the building direc-
tion plane, XZ-plane) of the SLM processed Al-Mg-Sc-Zr alloy.
Electrochemical measurements including open circuit potential (OCP),
potentiodynamic polarization and electrochemical impedance spectro-
scopy (EIS) tests were conducted to study the corrosion behaviors of
SLM produced Al-Mg-Sc-Zr alloy. Microstructures were investigated by
electron back scattered diffraction (EBSD) and scanning electron mi-
croscopy (SEM). Passive film compositions were qualitatively analyzed
by X-ray photoelectron spectroscopy (XPS). Finally, the mechanisms for
the corrosion behaviors on different planes of the SLM produced Al-Mg-
Sc-Zr alloy were systematically analyzed and summarized.

2. Experimental
2.1. Materials and solution preparation

Al-Mg-Sc-Zr specimens with a dimension of
10mm X 10mm X 10mm were produced by SLM. Gas-atomized
powder with a chemical composition of Al-4.2Mg-0.4Sc-0.2 Zr was
applied in this study. Morphologies of the initial powder are shown in
Fig. 1a, and the particle size distribution of the initial powder is further
provided in Fig. 1b. Particle size ds, of the starting powder was 27.8 pm
and dgo was 38.9 um. Before the SLM process, the initial powder was
dried in vacuum for 10 h at 150 °C to improve its flowability. The SLM
process was performed using an SLM-150 machine. This equipment has
a 500 W Yb: YAG fiber laser with a spot size of 70 um. A high purity
argon atmosphere with oxygen content less than 50 ppm was main-
tained during the SLM process. Laser power, layer thickness, laser scan
speed and hatch spacing were fixed at 400 W, 30 um, 600 mm/s and
60 um, respectively. Before Al-Mg-Sc-Zr specimens were to be pro-
cessed, an Al substrate was fixed on the platform. A thin layer of Al-Mg-
Sc-Zr powder with a thickness of 30 um was then deposited on the
substrate by powder coating scraper. Then, the laser beam scanned the
powder bed according to the CAD model. Substrate pre-heating was not
applied and the specimen was scanned using an island scanning
strategy with a 37° rotation between two neighboring layers. Different
planes of the SLM produced Al-Mg-Sc-Zr specimen investigated in this
work are shown in Fig. 1c, where XY-plane represents the building
plane and XZ-plane represents the building direction plane. The SLM
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produced Al-Mg-Sc-Zr specimen is shown in Fig. 1d. The relative den-
sity of this specimen was higher than 99.5%, which was tested by Ar-
chimedes method. A post heat-treatment of 325°C for 4h was per-
formed to this specimen in argon atmosphere [24]. Generally, the
properties of rare earth modified aluminum alloys, especially light-
weight and high strength, have important application prospects in the
aerospace field. However, due to its special marine service environ-
ment, shipborne aircraft are required to have good corrosion resistance
while having good mechanical properties. In this paper, NaCl solution
was selected as the corrosion solvent to simulate the marine corrosive
environment. A 3.5wt.% NaCl solution for electrochemical measure-
ments was prepared by deionized water and analytical grade reagents.

2.2. Electrochemical measurements

Before electrochemical measurements, the studied planes of the
SLM produced Al-Mg-Sc-Zr specimen were mechanically abraded up to
5000-grit by SiC paper and then polished with water-based diamond
suspensions. Electrochemical tests were performed in 3.5wt.% NaCl
solution at room temperature using an electrochemical workstation
(CHI660e, ChenHua, China). A conventional three-electrode cell system
was used, which consisted of a platinum foil acted as a counter elec-
trode, a saturated calomel electrode (SCE) acted as a reference elec-
trode and the studied plane of the specimen acted as a working elec-
trode. Open circuit potential, electrochemical impedance spectroscopy
and potentiodynamic polarization tests were performed in this study.
Before EIS and polarization measurements, the tested surfaces were
immersed in the NaCl solution for enough time to obtain a stable OCP
value. The EIS tests were performed under a stabilized potential and the
frequency was ranged from 102 to 10° Hz with an amplitude of 10 mV.
The potentiodynamic polarization curves were tested from -0.4V to
-1.7 V under a scanning rate of 2mV/s. All electrochemical measure-
ments were tested for three times for data reproducibility.

2.3. Characterizations

Before microstructure characterization, the studied surfaces of the
SLM produced Al-Mg-Sc-Zr specimen were ground and polished. Then a
Keller's reagent was applied to etch the surfaces. The microstructures
and corrosion morphologies were performed using an optical micro-
scopy (OM, Olympus Corporation, Japan) and a Scanning electron
microscopy (SEM, Hitachi, Japan). Electron back-scattered diffraction
(EBSD) tests were performed by a NANO SEM 430 machine (FEIL
Hillsboro, Oregon) with a scanning step size of 0.1 um. Chemical
compositions of the passive film were characterized by X-ray photo
electron spectroscopy (XPS) using a 250XI equipment. Before the XPS
test, the tested surface of the sample was polished and ultrasonically
cleaned. Then the sample was immersed in the 3.5 wt.% NaCl solution
and its open-circuit potential was measured. After the open-circuit
potential of the sample reached a stable value for 10 hours, the XPS
analysis was performed to conduct the compositions of the passive film
formed on the surface.

3. Results
3.1. Characterization of microstructure

Fig. 2 shows the microstructure of the SLM produced Al-Mg-Sc-Zr
specimen. Based on the three-dimensional optical metallographic image
shown in Fig. 2a, quite different microstructures were obtained for the
XY- and XZ-planes. Massive molten pool boundaries with arc shapes
were formed on the cross section (XZ-plane) owing to the layer-by-layer
manufacturing process. While sparse molten boundaries with straight-
line shapes were generated on the top surface (XY-plane) due to the
track-by-track building process. Thus the molten pool boundary density
on the XZ-plane was much higher than that of the XY-plane. Fig. 2b
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Fig. 1. (a) SEM image of initial Al-Mg-Sc-Zr powder. (b) Particle size distribution of initial Al-Mg-Sc-Zr powder. (¢) Schematic of the XY- and XZ-planes of SLM
produced Al-Mg-Sc-Zr alloy and the island scanning strategy of laser beam. (d) SLM produced Al-Mg-Sc-Zr specimen with a dimension of 10 mm X 10 mm X 10 mm.

shows a backscatter SEM micrograph of the XZ-plane of the Al-Mg-Sc-Zr
specimen fabricated by SLM. Large and elongated grains with an
average length of 20 um were evident in the center of the molten pool.
Fine and equiaxed grains with mean size below 2 um were formed along
the molten pool boundaries. It is obvious that plenty of precipitations
were generated in oa-Al matrix, where white particles related to
Al5(Sc,Zr) precipitations and dark particles related to Al-Mg oxides
[25]. These precipitations were preferentially generated in the fine
grain area along the molten pool boundaries. Only limited particles
formed along grain boundaries in the coarsen area. Similar micro-
structure characteristic of SLM produced Al-Mg-Sc-Zr specimen was
also observed by Spierings [20] and Shi [26].

l},

= = £

EBSD images of grain boundaries for the XZ- and XY-planes of the
SLM produced Al-Mg-Sc-Zr specimen are presented in Fig. 3a and b,
respectively. In these figures, red lines represent low angle grain
boundaries (LAGBs) (2° < 6 < 15°) and dark lines represent high angle
grain boundaries (HAGBs) (6 =15°). Grain features for the XZ- and XY-
planes of the SLM produced Al-Mg-Sc-Zr specimen were significantly
different. It can be observed that massive and equiaxed grains with
mean size below 2 um combined with columnar grains with mean size
about 10 ~15 um were formed on the XZ-plane (Fig. 3a). While Fig. 3b
revealed that cellular grains with mean size about 3 ~5 um were gen-
erated on the XY-plane. Quantitative data of EBSD measurements on
the XY- and XZ-planes of the SLM produced Al-Mg-Sc-Zr specimen are

Fig. 2. (a) 3D optical metallographic image of SLM produced Al-Mg-Sc-Zr specimen, showing the different microstructures on different planes. (b) Backscatter SEM
micrograph of the XZ plane of SLM produced Al-Mg-Sc-Zr specimen after heat treated at 325°C for 4 h, showing the precipitates were preferred generating along

molten pool boundaries.
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Fig. 3. EBSD results of XY- and XZ-planes of SLM produced Al-Mg-Sc-Zr specimen, showing different grain size distributions. (a) and (b) are grain boundary maps of
XZ- and XY-planes with distinguished grain boundaries (black line represents low angle grain boundary and red line represents high angle grain boundary). (c) and
(d) are the EBSD inverse pole figure (IPF) maps of XZ- and XY-planes of SLM produced Al-Mg-Sc-Zr specimen, respectively.

Table 1

EBSD results of the XY- and XZ-planes of SLM produced Al-Mg-Sc-Zr specimen.
Parameters XY-plane XZ-plane
Number of grains 281 1955
Average grain size (um) 217 0.87
Total length of grain boundary (mm) 1.61 4.34
Grain boundary density (mm™) 15.87 26.72
Fraction of LAGBs (%) 14.4 8.5

summarized in Table 1. The average grain size of the XY-plane was
significantly higher than that of the XZ-plane, which were 2.17 pm and
0.87 um, respectively. Due to the refined grain size, the grain boundary
density of the XZ-plane was 26.72 mm}, much higher than 15.87 mm
of the XY-plane. The grain size distributions on the XZ- and XY-planes of
the Al-Mg-Sc-Zr specimen fabricated by SLM are further provided in
Fig. 4. Most grains on the XZ-plane were around 1 ym while the grain
size on the XY-plane was more uniformly distributed below 5 pm. From
an area fraction point of view, the grain size distribution on the XZ-
plane showed a bimodal pattern, which consisted of fine grains with
size below 2 um and coarse grains with size above 4 um. This bimodal
microstructure was related to the fine grain area formed along molten
pool boundaries and coarse grain region formed in the molten pool
centers as observed in Fig. 3a. As for the XY-plane, the grain size was
evenly distributed and no apparent bimodal distribution can be

identified (Fig. 4d).

The distributions of grain boundary misorientation angles on the
XZ- and XY-planes are shown in Fig. 5. The black column is McKenzie
plot [27], which represents a random or theoretical distribution of grain
misorientation. Compared to the XY-plane, the misorientation angle
distribution on the XZ-plane was more closed to a random distribution.
This is probably related to the large numbers of exquiaxed grains
formed along molten pool boundaries on the XZ-plane. It can also be
identified that the average misorientation angle on the XY-plane was
lower than that of the XZ-plane. The misorientation angles on the XZ-
plane concentrated around 35°-55°, while the misorientation angles on
the XY-plane concentrated around 20°-40°. Besides, as shown in
Table 1, the XY-plane possesses a higher fraction of LAGBs than the XZ-
plane, which were 14.4% and 8.5%, respectively.

Fig. 6 shows pole figures and inverse pole figures for the Al-Mg-Sc-
Zr specimen produced by SLM. A strong < 001 > texture along the
building direction can be observed from the inverse pole figures as
shown in Fig. 6b. This can also be confirmed in the pole figures as
shown in Fig. 6a, where a < 001 > texture concentration along
building direction was detected. The overall texture intensity can be
provided by the texture index [1]:
Texture index =

eulerspace

Where f represents the texture orientation distribution, g represents the
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Fig. 4. Grain size distributions of SLM produced Al-Mg-Sc-Zr specimen on (a) and (c): XZ-plane; (b) and (d): XY-plane.
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Fig. 5. Misorientation angle distribution of (a) XZ-plane and (b) XY-plane of SLM produced Al-Mg-Sc-Zr specimen.

Euler space coordinate system and f(g) represents the orientation dis-
tribution function (ODF). Maximum intensity of the texture index of the
SLM produced Al-Mg-Sc-Zr specimen was 1.97. For isotropic materials,
this intensity of texture index is equal to unity [1]. Thus there are no
apparent anisotropic mechanical properties of SLM produced Al-Mg-Sc-
Zr alloy, which have been proved by Spierings [19] and Schmidtke
[22]. However, the preferred orientation along (001) crystallographic
direction significantly affects the surface condition on the XY- and XZ-
planes of the SLM produced Al-Mg-Sc-Zr specimen. As shown in Fig. 3
(c) and (d), grains on the XZ-plane especially in the coarsen area were
mostly oriented along (001) crystallographic direction whereas grains
on the XY-plane exhibited a tendency of (111) crystallographic direc-
tion. Different crystal planes indicate different surface energies, which
may considerably influence the corrosion behaviors on different planes
of the SLM produced Al-Mg-Sc-Zr specimen.

3.2. Corrosion behaviors

Fig. 7 displays the variation of OCP values as a function of time for
the XZ- and XY-planes of the SLM processed Al-Mg-Sc-Zr specimen
tested in 3.5 wt.% NaCl solution. As time increased, OCP values for both
planes kept shifting negative. OCP curve for the XZ-plane exhibited a
considerate potential fluctuation, which probably related to the pitting
corrosion. After tested for 10 h, stable potentials were obtained for the
XY- and XZ-planes. The stabilized OCP values for the XZ-plane (i.e.
-1126 += 14mV) was lower than that of the XY-plane (i.e.
-875 = 19mV). All data were reproduced three times as summarized
in Table 2. Generally, OCP values represent the integral and overall
electrochemical behavior of the tested surface. A higher OCP value
indicates a better corrosion resistance. Thus, according to the OCP tests,
it is reasonable to consider a better corrosion resistance for the XY-
plane of the SLM processed Al-Mg-Sc-Zr specimen compared to the XZ-
plane.
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Fig. 6. (a) Pole figures (PF) and (b) inverse pole figures (IPF) of SLM produced Al-Mg-Sc-Zr specimen, showing a slight concentration of < 001 > crystallographic
orientation along building direction. (X, Yo and Z, corresponding to the X, Y and Z direction as shown in Fig. 1c).
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Fig. 7. Open circuit potential (OCP) as a function of time for XY- and XZ-planes
of SLM produced Al-Mg-Sc-Zr specimen in 3.5wt.% NaCl solution at room
temperature.

Fig. 8 presents polarization curves of the XZ- and XY-planes of the
SLM produced Al-Mg-Sc-Zr specimen tested in 3.5 wt.% NaCl solution.
Both XY- and XZ-planes exhibited apparent passive behaviors, which
means passive films were formed on the surfaces. The XZ-plane dis-
played a broader potential range (AE,,) of the passive process in com-
parison with that (AE,,) of XY-plane. Based on a least square method,
fitting parameters including corrosion current density(i.,.), cathodic

Table 2
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Fig. 8. Potentiodynamic curves for XY- and XZ-planes of SLM produced Al-Mg-
Sc-Zr specimen in 3.5 wt.% NaCl solution at room temperature.

Tafel slopes (B.), anodic Tafel slope (B,), pitting potential (E;) and
polarization resistance (R;,) for the XY- and XZ-planes are provided in
Table 3. A lower i, indicates a better corrosion resistance and a slower
corrosion rate. As shown in Table 3, the i, for the XY-plane was
57.1pyAcm?, which was much lower than that of the XZ-plane
(208.9 uA cm™). Meanwhile, the XY-plane exhibited a higher value of
R, than the XZ-plane, which were 38.75 x 10 Q* cm? and 23.45 X 10%

Finally stabilized open circuit potential values for XY- and XZ-planes of SLM produced Al-Mg-Sc-Zr specimen after tested in 3.5 wt.% NaCl solution for 10 h. (each

plane were tested for three times for data reproducibility)

Tested planes First repeatability test Second repeatability test Third repeatability test average
XZ-plane -1.140V -1.112V -1.131V -1.127V
XY-plane —0.894V —0.883 V —0.856 V —0.877V
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Table 3

Fitting results of polarization curves for XY- and XZ-planes of SLM produced Al-
Mg-Sc-Zr specimen in 3.5 wt.% NaCl solution. i..,: corrosion current density,
Ba: anodic Tafel slope, f.: cathodic Tafel slope, E,;: pitting potential and Ry
polarization resistance.

Specimens fcomr (WA CmM®) B, (V/dec) -B.(V/dec) Eye (V) R, (Q* em?
XZ-plane 289.5 2.646 4.269 —0.583 24.53 x 10?
190.2 1.353 4.991 —0.591 24.33 x 10?
147.2 0.861 4.695 -0.592  21.49 x 10%
Average value 208.9 1.620 4.652 —0.589 23.45 x 10
Std-Dev 59.5 0.753 0.296 0.004 1.39 x 10?
XY-plane 67.1 0.118 4.759 —0.623 7.46 x 10?
41.2 0.535 5.652 -0.631 51.58 x 10?
63.1 0.987 5.239 —0.635 57.23 x 10?
Average value 57.1 0.547 5.217 —0.630 38.75 x 10*
Std-Dev 11.3 0.355 0.365 0.005 22.25 x 10%

Q* cm?, respectively. Thus it is reasonable to consider a better corro-
sion resistance for the XY-plane of the SLM produced Al-Mg-Sc-Zr
specimen compared to the XZ-plane. However, as a key electrochemical
parameter to evaluate pitting initiation susceptibility, the pitting po-
tential (Ep;) for the XY-plane (i.e. -623 + 6.0 mV) was slightly lower
than that of the XZ-plane (i.e. -587 * 4.5mV). Generally, a higher E;
indicates a better pitting corrosion resistance. As such, a comparison
between the Ep; values of the XY- and XZ-planes suggested that it is
slightly easier for the XY-plane of the SLM produced Al-Mg-Sc-Zr spe-
cimen to initiate pits compared to the XZ-plane. This observation was a
little opposite to the conclusion obtained above, where the XY-plane
possesses a better corrosion resistance than the XZ-plane. In other
words, the XY-plane of the SLM produced Al-Mg-Sc-Zr specimen ex-
hibited a better corrosion resistance in comparison with the XZ-plane in
spite of a slightly lower pitting resistance in 3.5 wt.% NaCl solution.
EIS measurements were conducted to analyze surface conditions on
the XY- and XZ-planes of the SLM produced Al-Mg-Sc-Zr specimen in
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the 3.5wt.% NaCl solution. Fig. 9a-c show Nyquist and Bode plots of
the XY- and XZ-planes of the SLM produced Al-Mg-Sc-Zr specimen. The
characteristics frequencies were also marked out in the Nyquist plot.
Based on the Nyquist plot shown in Fig. 9a, two apparent capacitive
arcs were obtained for both XY- and XZ-planes. The radiuses of the
loops of the XY-plane were significantly larger than the XZ-plane,
suggesting a better corrosion resistance on the XY-plane. From the bode
plots shown in Fig. 9b, two peaks were generated both for the XY- and
XZ-planes, which included one peak (phase angles close 70-80°) at
middle frequencies and another small peak (phase angles close 20-40°)
at low frequencies. Accordingly, as shown in Fig. 9d, an equal circuit
model with two time constants was applied to fitting the EIS data of the
XY- and XZ-planes of the SLM produced Al-Mg-Sc-Zr specimen in
3.5wt.% NaCl solution. In the equivalent circuit, R represents the so-
lution resistance; CPE; is the capacitance of intact anodic film; R¢ ex-
presses the film resistance on the surface; CPE, reflects the capacitance
of interface electric double layer and R, refers to the charge transfer
resistance. Here, in order to evaluate the value of the double layer ca-
pacitance represented by a CPE, the Brug’s formula can be used as
follows [28,29]:

C = [QR" + RyH* V= ()
Where R, is the electrolyte resistance. Table 4 summarized the fitting
results of the EIS data. Chi-squared values (x?) represent the fitting
quality, which ranged from 2.47 x 10 to 8.52 x 10", suggesting a
good agreement between the EIS data and the fitting results. The fitting
result of R¢ for the XY-plane was 43.88 kQ cm?, much higher than that
of the XZ-plane (7.12 kQ cm?). As such, the XY-plane of the SLM pro-
duced Al-Mg-Sc-Zr specimen exhibited a better corrosion resistance
than the XZ-plane, which was in accord with the experiment results of
OCP tests and polarization tests. Besides, the corresponding capacitance
can be obtained based on the CPE value of the film, which can be used
to evaluate the film thickness. The effective capacitance (Ceg)
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Fig. 9. EIS measurements of XY- and XZ- planes of the SLM produced AIMgScZr alloy in 3.5 wt.% NaCl solution at room temperature: (a) Nyquist plots; (b) and (c)

Bode plots; (d) equivalent circuit model.
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Table 4

The fitting parameters of EIS measurements for the XY- and XZ-planes of SLM
produced Al-Mg-Sc-Zr specimen in 3.5 wt.% NaCl solution at room temperature.
Xz: Chi-squared values, Ry film resistance on the surface, CPE;: film capaci-
tance, R charge transfer resistance, and CPE,: double layer capacitance re-
spectively.

Specimens x* x10* R¢ CPE;x10° my R CPE;x10*  n,

Chi- *kQ  (FemZs™) *kQ  (FemZs™)
squared  cm?) cm?)
values
XZ-plane  3.72 7.25 189 0.90 2723 3.69 0.63
2.83 594 2191 0.80 2825 4.76 0.80
2.47 8.16 19.9 0.80 197.3 4.42 0.80
Average  3.01 7.12  20.24 0.83 250.7 4.29 0.75
Std-Dev 0.52 091 1.25 0.05 37.99 0.44 0.08
XY-plane  5.44 39.78 12.94 0.83 161.7 0.86 0.86
8.52 51.24 14.74 0.81 2122 0.59 0.85
6.69 40.62 12.56 0.80 167.2 1.02 0.80
Average  6.88 43.88 13.41 0.81 180.3 0.82 0.84
Std-Dev 1.31 522  0.95 0.02 2262 0.8 0.03
associated with the CPE can be expressed as [30]:
Cep = QR{*™% ®3)

Where a is the CPE parameters and Ry expresses the film resistance on
the surface. The capacitance is also related to film thickness d.¢ ac-
cording to [30]:

€€

Cop =
T e 4)

Where ¢ represents the dielectric constant and ¢, is the permittivity of
vacuum, which is 8.8542 x 10* F/cm. For Al-Mg-Sc-Zr alloy tested in
NaCl solution, the oxide is assumed to be Al,O3; and ¢ = 9.1 [31]. Thus
the values of d.¢ for the XY- and XZ-planes of the Al-Mg-Sc-Zr specimen
can be evaluated, which are 5.9 A for XZ-plane and 6.8 A for XY-plane.
Although this derivation may be cannot accurately obtain the actual
film thickness, it can get a general trend that the oxide film formed on
the XY-plane was thicker than the-XZ plane.

Morphologies on the XY- and XZ-planes of the SLM produced Al-Mg-
Sc-Zr specimen after polarization tests in 3.5 wt.% NaCl solution were
observed and provided in Fig. 10. Fig. 10a and ¢ show the corrosion
morphologies on the XY- and XZ-planes at a low magnification, re-
spectively. As shown in Fig. 10a, after polarization test, the track-by-
track configuration of molten pool boundaries can be identified clearly
on the XY-plane, indicating pits were formed along molten pool
boundaries. A similar feature was also obtained for the XZ-plane
(Fig. 10c), where pits distributed along straight lines. These lines were
vertical to the building direction and related to the molten pool
boundaries formed layer-by-layer. Comparing the corrosion morphol-
ogies on the XY- and XZ-planes, it is obvious that the corroded area on
the XY-plane was larger than that of the XZ-plane. Typical morpholo-
gies of the pits on the XY- and XZ-planes are shown in Fig. 10b and d at
a high magnification, respectively. Pits on both planes showed crys-
tallographic configuration. Besides, pits on the XY-plane were wide and
shallow, while pits on the XZ-plane were deep. The wide corroded area
on the XY-plane indicated it is easy for the XY-plane to initiate pits, but
the limited depth of the pits suggested it is not easy for these pits to
further propagate. This is well consistence with the results of the
electrochemical tests, which showed an inferior pitting resistance but
better corrosion resistance for the XY-plane. In contrast, less but deep
pits on the XZ-plane indicated it is difficult for XZ-plane to initiate pits,
but once the passive film broke down and pits formed, it propagated
quickly and formed deep holes. These deep pits on the XZ-plane are
easier to cause component failure during engineering application
compared to the wide and shallow pits formed on the XY-plane. As
such, pits on the XZ-plane are more harmful than that on the XY-plane.
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3.3. Passive film composition

In order to further reveal the corrosion mechanisms of the SLM
produced Al-Mg-Sc-Zr alloy. Compositions of the passive film formed on
the surface of the SLM produced Al-Mg-Sc-Zr specimen in 3.5wt.%
NaCl solution at room temperature after potentiostatic polarization for
10 h were performed using XPS. Peaks of Al, Mg, C, O are identified in
Fig. 11a. Peaks of Al, Mg and O are further provided in Fig. 11(b)-(c).
The atomic percentage observed by the XPS in the surface of the of the
passive film were 53.6% for C, 2.84% for Mg, 11.69% for Al and
31.86% for O. As shown in Fig. 11b and c, there were no metallic state
of Al and Mg can be identified in the passive film. Al was identified in
two chemical states, as indicated by the peaks at 74.5eV and 75.7 eV,
which related to Al,O3 and Al(OH)s, respectively [32]. The content of
Al,03 was higher than Al(OH);. Similar to Al, Mg 2p ionization was also
separated into two constituent peaks, including metallic Mg (45.3 eV)
and MgO (50.8 V) [33]. O 1s peaks presented in three chemical states
(Fig. 11d). One peak at 531.3 eV related to Al,O3, which was related to
the metallic oxides. The second peak at 532.2 eV represented Al(OH)3,
which was corresponded to the metallic hydroxides in the passive film,
and the third peak at 533.6 eV related to H,O [34]. As such, the con-
stitutions of the passive film formed on the surface of the SLM produced
Al-Mg-Sc-Zr specimen in 3.5wt.% NacCl solution mainly consisted of
metallic oxides and metallic hydroxides of Al and metallic oxides of Mg.
Considering the low intensity of Mg peaks as shown in Fig. 11a and the
limited content of Mg in initial powders, the majority of the passive film
were Al,O; and Al(OH)s3. Reactions for the formation of the passive
films are proposed as follows:

The preferential cathodic and anodic reaction are shown in Egs. (5)
and (6), respectively.

O3+ 2H50 +4e- — 40H- 5)
Al - APR* + 3e- ©)
Then the AI®" reacted with (OH)- to form metallic hydroxides.
AIP* +3(0OH)- — Al(OH); )

As the reaction proceeded, Al(OH); was unstable and could be
quickly dehydrated to Al>Os.

Thus compositions of the passive film formed on the surface of the
SLM produced Al-Mg-Sc-Zr specimen in 3.5 wt.% NaCl solution mainly
consisted of Al,O3 and Al(OH)s.

4. Discussion

In this work, electrochemical tests were conducted in 3.5 wt.% NaCl
solution to investigate the corrosion behaviors on the XY- and XZ-
planes of the SLM produced Al-Mg-Sc-Zr specimen. Results indicated
the XY-plane exhibited a superior corrosion resistance compared to the
XZ-plane. To reveal the reasons for this anisotropic corrosion behavior,
several factors including precipitations, grain size distribution, mis-
orientation angle and crystallographic orientation were discussed in
detail in the following sections.

4.1. The influence of precipitations on corrosion behavior

Precipitation plays an important role in the corrosion behavior of
precipitation strengthened aluminum alloys. Sc and Zr modified Al-Mg
alloy is mainly strengthened by Als(Sc,Zr) precipitations. These pre-
cipitations are slightly cathodic with respect to the surrounding a-Al
matrix, which facilitates the dissolution of the matrix adjacent to the
Al5(Sc,Zr) particle during corrosion tests [35,36]. There are two kinds
of Alz(Sc,Zr) precipitations in Al-Mg-Sc-Zr alloy, which consist of pri-
mary Als(Sc,Zr) formed during solidification process and secondary
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Fig. 10. Surface morphology of SLM produced Al-Mg-Sc-Zr specimen after polarization tests in 3.5 wt.% NaCl solution: (a) optical image and (b) SEM image for XY-
plane, (c) optical image and (d) SEM-image for XZ-plane.
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Fig. 11. High resolution XPS of the passive film formed on the surface of SLM produced Al-Mg-Sc-Zr specimen after immersion test in 3.5wt.% NaCl solution for 10 h:

(a) Survey results, (b) Al-2p, (c) Mg 2p and (d) O 1s.
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Fig. 12. Schematic of different microstructures and corrosion mechanisms on XY- and XZ- planes of SLM produced Al-Mg-Sc-Zr specimen. (a) Schematic diagram of
different molten pool boundary densities on XY- and XZ- planes. (b) Schematic of the grain size distribution of a single molten pool, showing a bimodal micro-
structure on XZ-plane and a cellular grain feature on XY-plane. (c) Schematic of different crystallographic orientations, which consist of a (111) preferred oritentation
on XY-plane and a (001) preferred oritentation on XZ-plane. (d) Schematic represents different precipitation distributions of XY- and XZ- planes, where red point
represent the Al;(Sc,Zr) precipitation. (e) Schematic of different corrosion mechanisms on XY- and XZ- planes.

Al3(Sc,Zr) generated during the post heat treatment process. Generally,
the secondary Als(Sc,Zr) precipitations are uniformly distributed in the
matrix with nano-size about 5~10nm [37]. These secondary pre-
cipitations can not act as electrochemical units and resultantly do little
contributions to the corrosion behaviors due to their nano-size [38].
Thus it is the primary Alz(Sc,Zr) precipitations that influence the cor-
rosion resistance. For SLM produced Al-Mg-Sc-Zr alloy, primary
Al5(Sc,Zr) precipitations are mainly distributed at the fine grain area
along the molten pool boundaries (Fig. 2b), which also has been proved
by Spierings and Shi [19,26]. However, due to the unique layer-by-
layer characteristic of the SLM process, molten pool boundary densities
on the XY- and XZ-planes are significantly different. As shown in Fig. 2a
and illustrated in Fig. 12a, molten pool boundary density on the XZ-
plane is considerately higher than that on the XY-plane, leading to
primary Als(Sc,Zr) precipitations exposed on the XZ-plane are much
higher than that on the XY-plane. These particles can facilitate the
breakdown of the Al(OH)3/Al,0O5 passive film formed on the surface
and accelerate the failure of the surrounding a-Al matrix. As a result,
the different precipitation behaviors on the XY- and XZ-planes may be
one of the key factors to the anisotropic corrosion resistance of the SLM
processed Al-Mg-Sc-Zr alloy.

4.2. The influence of grain size distribution on corrosion behavior

Grain size is another important factor to influence the corrosion
behavior. The relationship between grain size and corrosion resistance
relates to specific material and environment. For aluminum alloy, the
majority of works suggested that the corrosion rate tends to decrease as
grain size decreases [39,40]. The decreased grain size leads to the en-
hancement of the grain boundary density, which makes the surface
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more reactive. Irregular arrangement of atoms and unevenly distributed
elements at grain boundaries are the main reasons accelerating the
reaction [41]. Thus the passive film grows faster when the grain size is
smaller (grain boundary density is higher), leading to a better pitting
resistance. A Hall-Petch kind of correlation between i, and average
grain size d was further provided by Ralston [39]:
corr = @ + bd ™2 ©
Where a and b are constants depending on the material and corrosive
environment. It is found that b is a positive value in a non-passivating
environment but a negative value in a passivating environment [42].
For SLM produced Al-Mg-Sc-Zr alloy, typical passive processes were
observed both on the XY- and XZ-planes in polarization tests (Fig. 8).
The composition of this passive film was further confirmed as AI(OH);
and Al,O3 in the XPS analysis (Fig. 11). Thus b is negative for SLM
produced Al-Mg-Sc-Zr alloy in 3.5 wt.% NaCl solution, and the corro-
sion resistance should be enhanced as the grain size decrease. The
average grain size for the XZ-plane is significantly lower than that of the
XY-plane as shown in Table 1, which are 0.87 ym and 2.17 um, re-
spectively. As such, the pitting resistance of the XZ-plane should be
better than the XY-plane. Besides, recent work revealed that grain size
distribution can also act as a key role in the corrosion behavior espe-
cially for materials with uneven grain size distribution [42]. A de-
creased corrosion resistance was proved for a bimodal microstructure in
a passivating environment. For the XZ-plane of the SLM produced Al-
Mg-Sc-Zr alloy, a typical bimodal microstructure with fine grains along
the molten pool boundaries and coarse grains in the center of the
molten pools was obtained as shown in Fig. 2b and Fig. 3a. While for
the XY-plane, grains are mainly cellular structure with less difference in
grain size. These different grain size distributions on XY- and XZ-planes
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are further illustrated in Fig. 12b and d. The bimodal microstructure is
understood to enhance the strength and ductility, but tends to decrease
the corrosion resistance of the XZ-plane.

4.3. The influence of misorientation on corrosion behavior

Prior studies indicated that grain boundary misorientation can af-
fect the corrosion resistance of Al-Mg alloys. Low angle grain bound-
aries (LAGBs, grain orientation <15°) have been proved to possess a
better corrosion resistance [43]. As shown in Fig. 5, the average mis-
oritentation angle on the XY-plane is lower than that on the XZ-plane.
The fraction of LAGBs on the XY-plane is 14.4%, higher than that on the
XZ-plane, which is 8.5%. In such cases, it is reasonable to consider a
better corrosion resistance for the XY-plane. However, the grain
boundary density on the XZ-plane is much higher than that of the XY-
plane of SLM produced Al-Mg-Sc-Zr specimen as shown in Table 1,
which are 15.87mm™ and 26.72mm™, respectively. Thus the total
length of LAGBs on XZ-plane (i.e. 0.37 mm) is higher than the XY-plane
(i.e. 0.23 mm). As such, grain boundary density (i.e. grain size) plays a
more important role in the corrosion resistance on the different planes
of SLM produced Al-Mg-Sc-Zr alloy than the grain boundary mis-
orientation. The influence of grain boundary misorientation on the
anisotropic corrosion resistance of SLM produced Al-Mg-Sc-Zr alloy is
limited.

4.4. The influence of crystallographic orientation on corrosion behavior

Crystallographic orientation is also an important factor to influence
the electrochemical behavior of metal materials. No general relation-
ship between crystallographic orientation and corrosion behavior were
obtained based on an overview of literatures [44-46]. The results are
highly related to the materials and corrosive environments. For alu-
minum alloy, the pitting susceptibility in chloride solution ranks in this
order: (111)>(110) > (001) [47,48]. This is attributed to the different
surface energies of (111), (110) and (100) crystal planes of aluminum
alloy, where surface energies of (111) and (100) planes are
939 + 30erg/cm? and 1081 * 30erg/cm? respectively [49]. This
conclusion was also supported by Soltis [50] and Yasuda [51], who
indicate more metastable pits will initial on the (111) plane compared
to other crystal planes of aluminum alloy during corrosion. In addition,
pit formation on (111) surface involves the removal of the (100) sub-
surface atoms, while pit formation on (001) surface involves the dis-
solution of the more tightly bound (111) subsurface atoms [47]. This is
another reason for the better pitting resistance on the (001) crystal
plane of aluminum alloys. For SLM produced Al-Mg-Sc-Zr alloy, there is
a (001) preferred orientation along building direction as shown in
Fig. 6. The texture index is low (i.e. 1.97), indicating no apparent
texture was formed in the SLM produced Al-Mg-Sc-Zr alloy. This is
consistent with the isotropic mechanical properties of SLM produced Al-
Mg-Sc-Zr alloy [19,22]. This slight orientation concentration has little
influence on the mechanical properties, but significantly affects the
surface conditions on different planes. As shown in Fig. 3c and d, the
grain orientation on the XY-plane was mainly (001) especially for the
coarsen area in the center of the molten pool. While compared to the
XZ-plane, the grain orientation for the XY-plane exhibited a (111)
tendency. As such, it is easier for the XY-plane to initial pits than XZ-
plane, which leads to the lower value of E; for the XY-plane. This is
also consistent with the observation of the corrosion morphology,
where more pits were formed on the XY-plane.

In conclusion, the anisotropic corrosion behavior of SLM produced
Al-Mg-Sc-Zr alloy is mainly attributed to the precipitation distribution,
grain size distribution and crystallographic orientation. The key influ-
encing factors are schematically shown in Fig. 12, and the mechanisms
for the anisotropic corrosion resistance of SLM produced Al-Mg-Sc-Zr
alloy in 3.5 wt.% NaCl solution are proposed as follows. At a very early
stage of the corrosion process, passive films consist of Al(OH); and
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Al,O3 are formed both on the XY- and XZ-planes. Due to the refined
grain size and the high grain boundary density, the XZ-plane is more
reactive than the XY-plane, which leads to a faster formation of an
oxide film on the XZ-plane. In addition, the (001) crystallographic or-
ientation on the XZ-plane makes the XZ-plane more difficult to initial
pits. While the (001) crystallographic orientation on the XY-plane
promotes the initiation of pits. Thus pits are first formed on the XY-
plane, and that is the reason for the lower value of Ey;; of the XY-plane
as shown in Fig. 8. Once the passive films break down and pits formed,
Al5(Sc,Zr) precipitations play the predominant role in corrosion pro-
cess. These intermetallic particles serve as local cathodes and sig-
nificantly facilitate the dissolution of the surrounding a-Al matrix. The
amount of precipitations exposed on the XZ-plane is much higher than
that on the XY-plane due to the higher molten pool boundary density as
shown in Fig.2. The bimodal microstructure of the XZ-plane also pro-
motes the propagation of pits. As such, the pit propagation on the XZ-
plane is much quickly than the XY-plane. Thus wide and shallow pits
are formed on the XY-plane, while less but deep pits are generated on
the XZ-plane (Fig. 12e). All the pits tend to initial at the molten pool
boundary due to the high grain boundary density and the aggregation
of Al3(Sc,Zr) precipitations (Fig. 2b). For engineering application, deep
pits formed on the XZ-plane are more harmful and are more likely to
cause component failure. Thus it is better to make the XY-plane of SLM
produced Al-Mg-Sc-Zr alloy to be the serving surface during en-
gineering application. Furthermore, it should be pointed out that cor-
rosion behavior is a very complicated process, and it involves many
influencing factors [52]. The internal stress, dislocation density, che-
mical composition and the interface of precipitation may also play
important roles in the corrosion behavior of SLM produced Al-Mg-Sc-Zr
alloy. The detailed relationship between these factors and the corrosion
behavior of SLM produced Al-Mg-Sc-Zr alloy should be investigated
systematically in our future work.

5. Conclusion

In this work, corrosion behaviors on different planes of SLM pro-
duced Al-Mg-Sc-Zr alloy were investigated. The results of this work are
summarized as follows:

® Microstructures of SLM produced Al-Mg-Sc-Zr alloy are different on
XY- and XZ-planes. The molten pool boundary density of the XZ-
plane is much higher than that on the XY-plane due to the layer-by-
layer manufacturing characteristic of the SLM process. Als(Sc,Zr)
precipitations are preferred to generate along molten pool bound-
aries, making the precipitations exposed on the XZ-plane are higher
than the XY-plane. Besides, the average grain size on the XZ-plane is
lower than the XY-plane, which are 0.87 um and 2.17 um, respec-
tively. XZ-plane exhibits a bimodal grain feature consisting of co-
lumnar grains in molten pool center and equiaxed grains along the
molten pool boundary. While for the XY-plane, grains are mainly
cellular structure with less grain size differences. A slightly (001)
preferred crystallographic orientation was detected along building
direction, making grains on XY-plane are mainly oriented along
(111) crystal orientation while for XZ-plane are mainly oriented
along (001) crystal orientation.

® Electrochemical measurements show that the XY-plane possesses
higher OCP value (-0.877V), lower corrosion current density
(57.1 pAcm™) and higher polarization resistance (43.88 kQ cm?)
compared to the XZ-plane. Thus the XY-plane exhibits a better
corrosion resistance than the XZ-plane. While the XZ-plane displays
a better resistance for pitting initiation as a higher Ep;; (-0.589V)
was obtained. Passive behavior was observed for both planes, and
the compositions of the passive film are mainly Al,O5; and AI(OH)s.
After polarization tests, wide and shallow pits were formed on the
XY-plane while less but deep pits were generated on the XZ-plane.

e A mechanism was proposed for the anisotropic corrosion behavior
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of SLM produced Al-Mg-Sc-Zr alloy. At the early stage, passive film
was quickly generated on the XZ-plane due to its refined grain size
and high grain boundary density. The (111) crystallographic or-
ientation on the XY-plane further makes the XY-plane easier to in-
itial pits compared to (001) crystallographic orientation on the XZ-
plane. Once the passive film is broken down, Als(Sc,Zr) precipita-
tions play a dominate role. These intermetallic particles acted as
local cathodes and promoted the propagation of pits. Since the
molten boundary density and the amount of precipitations on the
XZ-plane are much higher than the XY-plane, pits on the-XZ plane
propagated quickly and formed deep pits. While the propagation
rate of pits on the XY-plane is much lower than the XZ-plane, but it
is easier for XY-plane to initial new pits, thus pits on XY plane are
wide and shallow.
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