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Abstract

The corrosion behavior of an additively manufactured Mg-17Zn alloy was investigated in
both the transverse and longitudinal directions relative to the build direction, in the as-
built condition and after annealing at 350 °C for 24 h under high vacuum. Microstructural
characterization using XRD and SEM revealed the presence of magnesium oxide (MgO) and
the absence of intermetallic second-phase particles. Optical microscopy (OM) images and
Electron Backscatter Diffraction (EBSD) maps showed a highly complex grain morphology
with anomalous, anisotropic shapes and a heterogeneous grain size distribution. The
microstructure includes grains with a pronounced columnar morphology aligned along
the build direction and is therefore characterized by a strong crystallographic texture.
Electrochemical techniques, including PDP and EIS, along with gravimetric H, collection,
concluded that the transverse plane exhibited greater corrosion resistance compared to
the longitudinal plane. Additionally, an increase in cathodic kinetics was observed when
comparing as-built with heat-treated samples.

Keywords: additive manufacturing; Mg alloys; heat treatment; corrosion resistance; hydrogen
evolution

1. Introduction

Magnesium (Mg), with a density of approximately 1.74 g/cm3, emerges as a promis-
ing material in the transportation industry due to its lightweight nature and excellent
strength-to-weight ratio. This not only addresses engineering challenges but also provides
significant advantages in terms of energy efficiency and the reduction of CO, emissions,
the primary contributor to the greenhouse effect [1]. Moreover, exploring the versatile
properties of magnesium extends its applicability to energy production and storage through
electrochemical devices, such as advanced battery technologies. Mg-ion batteries have the
potential to provide cost-effective solutions and readily available supply chain compared to
traditional Li-ion batteries [2]. Furthermore, the possibilities offered by magnesium extend
beyond these fields, reaching even into the realm of biomedicine, owing to its biocompatible
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nature and suitable mechanical properties that have garnered interest for applications in
temporary implants [3].

Despite its appealing characteristics, it is well known that Mg alloys are highly suscep-
tible to corrosion in aqueous environments. This arises from their low corrosion potential,
ranging from approximately —1.3 to —1.6 V vs. Ag/AgCl [4], which results in anodic
behavior against most structural metals. Furthermore, during anodic polarization, Mg
alloys display a phenomenon known as anomalous hydrogen evolution (AHE), wherein
the rates of the hydrogen evolution reaction (HER) increase with anodic polarization. This
contradicts the expectations of conventional electrochemical kinetics and contributes to
increased corrosion rates [5]. However, the mechanisms underlying AHE under anodic
polarization remain unclear.

Moreover, Mg and its alloys typically exhibit low ductility, making it unsuitable for
shaping and functioning as structural components. This limited ductility is attributed to
the inherent challenges arising from the hexagonal-close-packed crystal structure (hcp),
which offers fewer slip systems ascribed to a strong plastic anisotropy and an intrinsic
brittleness in comparison to other metallic structures such as face-centered cubic (fcc) [6,7].
Consequently, most Mg alloy products are manufactured using casting methods, including
pressure die casting. Applications of wrought magnesium alloys have been limited mainly
due to challenges in formability and processability at room temperature [8].

To overcome the issues mentioned above related to the fabrication of low-ductility
materials such as magnesium, additive manufacturing (AM) is considered as a promising
alternative for producing tailored Mg components. In this respect, AM unveils a spec-
trum of distinctive advantages—design freedom, minimal waste generation, and energy
efficiency—compared to traditional manufacturing methods [8,9]. A commonly employed
technique in this technology is Laser Powder Bed Fusion (LPBF). This technique involves
the deposition of a layer of metallic powder that is subsequently selectively melted by a
high-power laser, then recoated with metallic powder and melted again, repeating the
process layer by layer. This allows the construction of a three-dimensional piece according
to the design previously created in a 3D computer model [10]. Within this context, it is
relevant to note that the LPBF technique exhibits interesting characteristics, including an
exceptionally high cooling rate, around 10° K/s [11]. This rapid solidification influences
the microstructure of the material. As the cooling rate increases, grain refinement occurs,
leading to a finer microstructure. Furthermore, rapid solidification affects the formation,
size, and distribution of secondary phases. Generally, these phases are more electrochemi-
cally noble than the Mg matrix, forming local cathodic sites that promote micro-galvanic
corrosion [12]. Consequently, variations in the amount and distribution of these phases
directly influence the electrochemical behavior and corrosion resistance of the alloy [13,14].
In addition, higher cooling rates can enhance the solubility of alloying elements in the
solid solution. Understanding and controlling these solidification parameters is essen-
tial for optimizing the corrosion performance of Mg alloys in practical applications [15].
Conversely, additive manufacturing processes inherently introduce residual stresses into
fabricated components. The material experiences repeated and rapid local cycles of heating
and cooling due to both the concentrated heat input and the swift movement of the heat
source. This generates an exceptionally high temperature gradient, resulting in thermal
stress [16]. While post-processing heat treatments are commonly applied to relieve these
residual stresses [17], their influence goes beyond stress relief. In fact, from a corrosion
perspective, the most significant impact of thermal treatments lies in their ability to modify
the microstructure, specifically, grain size and the distribution of secondary phases [18,19].
Therefore, a comprehensive understanding of how heat treatments change the microstruc-
ture is essential to evaluating the corrosion resistance of LPBF-produced alloys.
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In contrast to other structural metals such as titanium and aluminum alloys or stainless
steels [20,21], a limited number of studies have been conducted using LPBF technology to
investigate the microstructural properties of Mg alloys and their effect on the corrosion
behavior. This may be attributed to the highly reactive nature of Mg powders under
atmospheric conditions, which complicates handling due to safety concerns and requires
careful control of oxidation during processing. Additionally, the narrow temperature range
between the melting point (650 °C) and boiling point (1090 °C) of magnesium further
complicates the processing. Moreover, optimized process parameters for these alloys are
still lacking [9,22].

Among Mg alloys processed via additive manufacturing, WE43 has received consider-
able attention in the literature. For instance, Esmaily et al. [23] examined the microstructure
and corrosion resistance of LPBF-processed WE43 and found that it exhibits a distinct
microstructure, characterized by fine RE-rich oxides. This was associated with different
corrosion behavior relative to the cast alloy, attributed to the significant redistribution of Zr
and Y. In line with these observations, Zumdick et al. [24] compared WE43 processed by
additive manufacturing and powder extrusion. The AM sample showed flake-like phases,
likely from powder oxide shells, while the extruded one had smaller, spherical phases. The
lower elongation in the AM sample was linked to phase morphology and higher porosity.

Similarly, other Mg alloys, such as those containing zinc, are also of interest due to
their excellent mechanical properties and corrosion resistance. Shuai et al. [11] investigated
the corrosion resistance of ZK60 Mg alloy for biodegradable implant applications obtained
by selective laser melting (SLM). The enhanced corrosion resistance of the laser-melted
ZK60 alloy was attributed to its refined grain, homogenized microstructure, and extended
solid solution achieved through rapid solidification. In another study, Wei et al. [25] pro-
cessed AZ91D alloy using SLM, showing that optimal laser energy inputs (83-167 J/mm?)
are critical to avoid defects such as balling or evaporation. The resulting microstructure
consisted of fine equiaxed «-Mg and (3-Mg;7Alj; phases. Compared to die-cast AZ91D, the
SLM samples exhibited superior microhardness and tensile strength due to grain refinement
and solid solution strengthening.

Nevertheless, despite such studies, a comprehensive understanding of the binary
Mg-Zn system remains essential as a basis for the further development of more complex
Mg-Zn-X alloys, which could potentially be used in the biomedical field, as zinc is a non-
toxic element [26]. Among these, Mg-Zn-Ca alloys are a promising group for biomedical
applications due to the non-toxic nature of zinc and its beneficial effects on biocompatibility
and corrosion behavior [27]. In this context, Wei et al. [28] examined different Mg-xZn
(x=1,2,4,6,8,10, 12 wt.%) binary alloys using LPBE. They explored the influence of Zn
content on the cracking/densification behaviors, microstructure characteristics, and me-
chanical properties. It was found that the increase in the concentration of Zn notably
hindered the densification response of the LPBF-processed alloys. In contrast, at a relatively
low Zn content of 1 wt.%, the LPBF process allowed the production of nearly fully dense
alloys. However, corrosion resistance of the different Mg-Zn alloys was not investigated in
that study.

This paper investigates the influence of microstructure along the longitudinal and
transverse planes on the corrosion resistance and anomalous hydrogen evolution behavior
of a Mg-1Zn alloy fabricated by laser powder bed fusion (LPBF) in 0.1 M NaCl solution.
Samples were analyzed both in the as-built condition and after annealing at 350 °C for
24 h under high vacuum, in order to induce significant microstructural modifications
and evaluate their effect on electrochemical performance. Surface analysis, electrochem-
ical techniques, and gravimetric hydrogen collection measurements were conducted on
both orientations. Moreover, this study contributes to a broader understanding of the cor-
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rosion behavior of Mg-1Zn alloys by providing a basis for comparison with conventionally
processed materials, as reported in recent literature.

2. Materials and Methods
2.1. Starting Materials

The Mg-1Zn alloy was produced by the laser powder bed fusion (LPBF) method
from gas atomized Mg-1Zn powder delivered by Nitroparis (Nules, Spain). The chemi-
cal composition (in wt.%) of the Mg-1Zn powder can be found in Table 1. The particle
size distribution of the powder was determined using a Malvern Panalytical Mastersizer
3000 laser diffraction particle size analyzer (Worcestershire, UK). The particle morphology
was examined in more detail using scanning electron microscopy (SEM). As shown in
Figure 1a, the powder is predominantly composed of spherical particles, although some
exhibit surface irregularities and the presence of satellite particles. Figure 1b shows the
particle size distribution curve, including the D10, D50, and D90 values corresponding to
the respective percentiles.

Table 1. Chemical composition (wt.%) of the Mg-1Zn alloy powder used for LPBE.

Alloy Zn Al Cu Fe Mn Ni Si Mg
Mg-1Zn 1.10 0.002 0.001 0.001 0.04 0.002 0.001 Bal.
(a) (b) 7 100
D10: 10.51 pm L oo
6+ D50: 33.15 um
D90: 92.05 pm -80
g 4 60 §
g 50
E 24 [ 30 §
f20
14
10
15.0kV 14.9mm x500 SE(M) 0 T T T T
0.1 1 10 100 1000

Particle Size (um)
Figure 1. (a) SEM image and (b) particle size distribution of Mg-1Zn powder.

2.2. Processing

A Renishaw AM 250 machine, equipped with a Reduced Build Volume (RBV) device,
was employed to produce cylinders with a 7 mm diameter and 10 mm height under an
argon atmosphere. Figure 2a illustrates a diagram exemplifying the operation process of
the additive manufacturing machine. On the right side of Figure 2a, the laser orientation in
each layer is depicted, varying at an angle of 67° for each layer. This approach ensures the
maximum number of possible orientations before the same orientation is repeated [29,30].

Different conditions were explored for the preparation of the specimens by adjusting
the laser power and scanning speed, while maintaining a fixed layer thickness of 50 um and
a hatch distance of 35 pm. Surface analysis after sample manufacturing, performed using
Image] software (version 1.53k) on several randomly selected optical micrographs (Olym-
pus BX41M-LED, Olympus Corporation, Tokyo, Japan) at 50 x and 100x magnifications,
revealed that the specimens produced at 100 W and a scan velocity of 325 mm/s exhibited
the highest density. Under these conditions, the top part (Mg-1Zn Transverse) achieved
a density of 97 + 1%, while the lateral part (Mg-1Zn Longitudinal) exhibited a density of
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96 £ 2%. Figure 2b provides a schematic representation of the printed specimens, showing
the transverse and longitudinal planes, along with the build direction, while Figure 2c
presents a representative optical micrograph of both sections of the as-built Mg-1Zn sample.

(a)

Laser beam

Recoater blade

C

Powder
delivery
direction

".E Build
* | direction

(b) (c)

Transverse Longltudlnal

200 ym

Figure 2. (a) Schematic of the additive manufacturing machine operation, depicting layer-wise laser
orientation, (b) representation of printed cylinders displaying the transverse and longitudinal planes,
along with build direction (BD), and (c) representative optical micrograph of both sections of the
as-built Mg-1Zn sample.

To evaluate the effect of heat treatment (HT) on the corrosion behavior of the LPBF
produced samples, the cylinders were divided into two sets: one was annealed at 350
°C for 24 h in a resistance furnace under high vacuum (HT Mg-1Zn), while the other
was left untreated (as-built Mg-1Zn). The annealing treatment at 350 °C is intended
to relieve internal stresses generated during the additive manufacturing process and to
promote partial microstructural homogenization and recrystallization. At this temperature,
recrystallized grains can replace previously deformed regions, potentially eliminating
deformation twins and leading to a more uniform and refined grain structure. These
microstructural changes can significantly influence the corrosion behavior of the Mg-
1Zn alloy, typically enhancing its corrosion resistance by reducing residual stress and
minimizing solute segregation [31].

2.3. Microstructural Characterization

Samples for the microstructural characterization were prepared using a standard
metallographic procedure. The specimens were cold-mounted in epoxy resin to prevent
the heating associated with hot compression mounting using Bakelite, as it could affect
the microstructure of the as-built Mg-1Zn sample. Subsequently, the specimens were
ground using a series of SiC papers, and finally polished with diamond paste toa 1 pm
finish. Ethanol was used as lubricant in all steps. The resulting surface was etched
with an acetic—picral reagent (4.2 g picric acid, 5 mL acetic acid, 10 mL H,O, and 70 mL
ethanol) to reveal the grain structure [32]. The microstructure of the printed specimens,
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both in the as-built condition and after annealing at 350 °C for 24 h under high vacuum,
was examined using optical microscopy (OM) and a Hitachi S5-4800 scanning electron
microscope (SEM) equipped with an energy-dispersive X-ray spectroscopy (EDX) system
from Oxford Instruments.

Electron backscatter diffraction (EBSD) crystal orientation maps were obtained by
scanning the surfaces of samples that underwent an additional preparation step, consisting
of a final polishing with a 0.06 um water-free colloidal silica suspension (Etosil E). To pre-
vent the formation of the native oxide films developed by Mg surfaces during preparation,
a light etching was performed before the EBSD examination with a mixture of 7 mL acetic
acid, 3 mL nitric acid, 30 mL ethanol, and 10 mL deionized water [33]. EBSD measurements
were conducted using a JSM-6500F field emission scanning electron microscope (FEG-SEM)
from JEOL Ltd. (Tokyo, Japan), equipped with a fully automated EBSD system from Oxford
Instruments (HKL) (Oxfordshire, UK). EBSD mapping was carried out on an area of about
700 pm x 550 um with a step size of 2 pm at an accelerating voltage of 15 kV. In the EBSD
maps presented in this work, high-angle grain boundaries (HAGBs) were defined by a
misorientation greater than 15°, while low-angle grain boundaries (LAGBs) were identified
by a misorientation angle between 2° and 15°.

X-ray diffraction (XRD) measurements were conducted using a Bruker D8 Discover
equipped with a cobalt anode (Ko A = 1.78897 A), a focusing Goebel mirror, and an Eiger2R
250K detector (Dectris USA Inc., Philadelphia, PA, USA). The detector was operated in
continuous mode with 33.8 mm openings for both equatorial and axial directions, in both
1D and 2D modes. The configuration used in 1D mode included a 1 mm divergence slit,
a 2.5° axial Soller slit, and a 78 mm x 25 mm panoramic axial Soller slit (2.5°) before the
detector. In 2D mode, a single pinhole collimator of 1 mm circular spot size was used. The
power settings of the generator were 40 kV and 30 mA, and the goniometer radius was
fixed at 330.6 mm. The sample was mounted on an xyz stage and positioned using an
optical laser-video camera system. Scans ranging from 10 to 110° were collected in coupled
20/0 mode with an angular step size of 0.015° at a fixed count-time interval of 0.4 s. Raw
1D XRD data were integrated from the 2D detector and merged into a data set using the
Bruker DIFFRAC.EVA software (V4.2). The crystalline phases present in the merged XRD
pattern were identified using search-match software and the JCPDS standard database
from the International Centre for Diffraction Data (ICDD).

Finally, electron probe microanalysis (EPMA) was performed to detect small variations
in solute element distribution. A JXA-IHP200F Field Emission Electron Probe Microana-
lyzer (FE-EPMA) from JEOL Ltd. (Tokyo, Japan), equipped with a wavelength dispersive
spectrometer (WDS), was used to map areas of 500 um x 500 um with a step size of 0.4 um.
The setup was operated at a voltage of 20 kV, a current of 100 nA, and an acquisition time
of 20 ms.

2.4. Electrochemical Measurements

To assess the electrochemical activity of the specimens under study, all samples were
cold-mounted in epoxy resin, exposing only one face to the electrolyte. Prior to mounting,
a copper wire was attached to the back part of the metal to achieve the electrical connection.
All samples were successively ground using SiC papers down to a 2000 grit finish using
ethanol in all cases before testing. The electrolyte employed was a 0.1 M NaCl solution
with an initial pH of approximately 6. All solutions were prepared using laboratory-
grade reagents and high-purity water with a resistivity of 18.2 MQcm (Millipore™ system,
MilliporeSigma, Burlington, MA, USA). All measurements were carried out at least in
triplicate to ensure reproducibility.
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A three-electrode configuration was utilized, where the Mg alloy functioned as the
working electrode, a graphite rod served as the counter electrode, and a silver-silver
chloride (SSC) electrode acted as the reference electrode. The electrochemical measurements
were conducted using a Gamry Instruments Interface 1010E potentiostat/galvanostat
(Gamry, Warminster, PA, USA) under the control of the Gamry Framework.

Anodic and cathodic kinetics were studied by means of potentiodynamic polarization
(PDP) in separate experiments. All tests started at the open circuit potential (OCP), scanning
upwards to 0.5 V vs. OCP and downwards to —0.7 V vs. the OCP, respectively, at a scan
rate of 1 mV s~ 1. Specimens were allowed to stabilize at the OCP for 10 min prior to testing.

Electrochemical impedance spectroscopy (EIS) measurements were conducted in
potentiostatic mode at the OCP for a total immersion time of 24 h and at a constant temper-
ature of 25° C. EIS experiments involved employing a sinusoidal AC signal amplitude of
£10 mV (rms) working over a frequency range from 100 kHz to 0.01 Hz, collecting 7 points
per decade at room temperature. The EIS spectra were fitted using ZView® software V4.1b
(Scribner Associates, Southern Pines, NC, USA).

2.5. Electrochemical Measurements

Simultaneously with the EIS measurements, Hy gas collection experiments were
conducted using the gravimetric method, initially proposed by Curioni [34] and further
developed by Fajardo and Frankel [35]. This method has proven and excellent sensitivity,
particularly during dynamic polarization, allowing for highly accurate determination of
HE rates. For a more comprehensive understanding of the operational principles behind
the gravimetric method for H, collection, additional details can be found in [34].

3. Results and Discussion
3.1. Microstructural Characterization

The Mg-1Zn alloy produced by LPBF exhibited a highly complex microstructure in
the as-built condition, characterized by grains with irregular and anisotropic shapes, as
well as the presence of grains with a pronounced columnar morphology aligned along the
build direction, as shown in the optical micrographs in Figure 3a,b for the longitudinal and
transverse sections, respectively. These figures show significant concavity in numerous
grains, as well as some small grains completely enclosed by larger grains. The most
notable feature of this microstructure is the presence of a multimodal grain size distribution.
However, due to the anisotropic and complex morphology of the grains, conventional
morphological descriptors based on idealized grain shapes are inadequate for determining
an effective grain size or the collective anisotropy of grain boundary spacing.

The heterogeneous microstructure observed in the as-built alloy has been attributed
to the abrupt temperature changes occurring in the melt pool during laser fusion and the
subsequent rapid cooling. This rapid thermal cycling, inherent to the LPBF process, also
results in the accumulation of internal stresses. In order to modify this microstructure
and/or release residual stresses, post-build heat treatments are often applied to alloys to
improve the properties. Since no specific heat treatment standards have been reported for
LPBF Mg alloys to optimize their corrosion behavior, a homogenization treatment was
selected, consisting of annealing at 350 °C for 24 h under high vacuum. This choice was
based on the Mg-Zn phase diagram and the recrystallization temperature of magnesium-
based alloys. Due to the high reactivity of Mg, the treatment was conducted under high
vacuum and followed by furnace cooling to prevent oxidation. Only slight changes in
the microstructure were observed after the heat treatment, as shown in the micrographs
in Figure 3c,d for the longitudinal and transverse sections, respectively. A slight grain
refinement was observed as a result of partial recrystallization within some columnar grains,
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indicating that the material tends to recrystallize during annealing. Additionally, pores
characteristic of the LPBF processing [36] were found in all the planes and samples studied.

Second-phase particles may provide favorable sites for recrystallization but can also
have a significant adverse effect on corrosion properties. Therefore, the presence of both
MgO and intermetallic second-phase particles in the microstructure was further inves-
tigated using SEM on non-etched samples. Samples taken from both longitudinal and
transverse sections revealed bright particles within the matrix, as shown in the micrographs
in Figure 4a,b. EDS analysis of these bright particles (see Figure 4c) suggests that they
are composed of magnesium oxide. The spectrum shows 61.39 at.% Mg and 38.61 at.% O,
which deviates from the 1:1 atomic ratio expected for stoichiometric MgO. This discrepancy
may be attributed to the small particle size (<10 pm) and the interaction volume extending
into the underlying Mg matrix, which increases the detected Mg signal. Moreover, no
evidence of intermetallic second phases was observed, confirming that Zn remained in
solid solution within the Mg matrix.

Longitudinal Transverse

As-built

Heat treated

Figure 3. Micrographs of (a) longitudinal and (b) transverse sections of Mg-1Zn alloy in the as-built
condition, and (c) longitudinal and (d) transverse sections after heat treatment.

Segregation is another important microstructural defect that arises during the LPBF
manufacturing process and can negatively affect the corrosion behavior of the material.
Figure 5 shows the Zn concentration maps in weight percentage obtained via EPMA after
being mathematically processed by the method developed by Toda-Caraballo et al. to
convert intensity to composition while minimizing noise [26]. In this figure, a heteroge-
neous distribution of Zn can be observed throughout the whole as-built sample, which
in the longitudinal section tends to concentrate predominantly at the peripheries of the
melt pools, as observed at higher magnifications in Figure 5(a). Figure 5 also shows that Zn
distribution becomes more uniform across the transverse section of the sample after the
homogenization treatment at 350 °C. However, annealing led to the development of larger
and more Zn-enriched regions in specific areas of the longitudinal section, compared to
those observed in the as-built condition. These features likely act as more electrochemically
active cathodic sites, thereby increasing cathodic kinetics and potentially reducing corrosion
resistance, as will be shown below.
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Longitudinal Transverse

CENIM 20.0kV 14.9mm x1.00k SE(M)

CENIM 20.0kV 15.5mm x1.00k SE(M)

Element (at.%)
Spectrum Mg o
1 6139 3861

10 pm

Figure 4. Scanning electron microscopy (SEM) images of (a) longitudinal and (b) transverse sections
of the Mg-1Zn alloy. (c) Energy-dispersive X-ray spectroscopy (EDS) analysis of a bright particle
observed in the microstructure.

As-built Heat treated

200 pum

Figure 5. Electron probe microanalysis (EPMA) images of the Mg-1Zn alloy in transverse and
longitudinal sections, both in the as-built condition and after heat treatment. The scale bar represents
wt.% of Zn. (a) Magnified view of the transverse as-built section.

Figure 6 shows the XRD patterns recorded for both the longitudinal and transverse
planes in the as-built and heat-treated Mg-1Zn samples. The diffraction peaks shown in
these patterns correspond exclusively to the a-Mg matrix and the MgO particles. Since
up to 1.6 wt.% Zn may remain soluble in the Mg matrix at room temperature [37], no
second intermetallic phases are expected in the microstructure. On the other hand, the
relative intensity of some Mg diffraction peaks deviated from the ideal intensity for Mg
reported on JCPDS card No. 35-0821. Although preferred orientation is generally the most
common cause of XRD peak intensity mismatch, texture effects may also arise from the
presence of coarse grains in the microstructure. To identify the presence of abnormally
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(a)

Intensity / a.u.

large grains contributing to diffraction, it was used a new approach consisting of recording
a series of 2D X-ray patterns with a lab diffractometer in several randomly selected areas
of the sample. The 2D diffraction pattern acquired with an area detector included the
Debye rings corresponding to the 1D diffraction peaks shown in Figure 6. Figure 7 shows
the Debye rings’ intensity associated with the longitudinal Mg-1Zn alloy in the as-built
and HT conditions. The presence of a multimodal grain size distribution with coarse
grains was concluded based on the observation that the recorded rings also included some
diffraction spots, as previously shown in Figure 3a [38]. Although intensity depletion in
some azimuths of the Debye rings would indicate the presence of a strong texture, the
presence of spots in these rings indicates that the coarse diffraction grains represent a
large fraction of the total area covered by the diameter of the incident beam, leading to a
poor and skewed orientation distribution. On the other hand, notable differences in the
intensity distribution along the Debye ring were found in four randomly selected areas of
the as-built sample in the longitudinal section, as shown in Figure 7. The large crystallite
size compared to the sampling volume does not enable an unambiguous characterization
of the texture present in the material. In the case of the longitudinal HT specimens, Figure 7
shows the presence of a significantly lower amount of diffraction spots on the Debye
rings together with a rather homogeneous intensity along. This could be attributed to
the recrystallization process occurring during the treatment at 350 °C, which resulted in a
more homogeneous and finer-grained microstructure. The rapid heating and cooling cycles
inherent to the additive manufacturing process generate residual stresses that can promote
recrystallization [39].

(b)

¢ .
+ a-Mg . ¢ a-Mg
h e MgO e MgO
S
“5' * . *
L3 3 - Longitudinal HT . ° o RedK]
*
Longitudinal h e . Pl ettt %‘
C
]
c
Transverse A\)\JL PR | h 1\,\ Transverse HT ) \
T ) T T ¥ T 2 T Y T X T T T T T T
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
20 / degrees 20 / degrees

Figure 6. X-ray diffraction (XRD) patterns for samples (a) in the as-built state and (b) after heat
treatment (HT).

EBSD orientation maps depicted in Figure 8 confirm the highly complex and
anisotropic grain morphology together with the grain refinement after the treatment at
350 °C, as observed in the optical micrographs of Figure 3. The columnar crystals present
in the longitudinal section are mainly caused by the directional grain growth under thermal
gradients during laser fusion and the subsequent extremely large cooling rates during the
manufacturing process. Pole figure studies conducted via EBSD offer additional insights
into the crystallographic texture of the samples, as shown in Figure 9. Since the texture
in alloys processed by LPBF is primarily determined by the solidification mechanism,
the presence of columnar grains aligned with the build direction and exhibiting strong
<0001> crystallographic orientation is expected in Mg alloys. However, the presence of a
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multimodal grain size distribution with very coarse grains did not allow a sufficient volume
to be scanned to unequivocally guarantee the presence of this texture in the as-built sample
with our EBSD measurements. On the other hand, EBSD-Inverse pole figure (IPF), misori-
entation, and pole figure (PF) maps used to characterize the texture in Figure 8 revealed the
presence of prismatic planes {11-20} and {10-10} in both sections of the heat-treated samples,
and a reduction in the grain size, suggesting a more random texture. This observation is
supported by the 2D diffraction patters of Figure 7 with a rather homogeneous intensity
along the diffraction rings for this sample.

e e
g | ] ]
U

Figure 7. Debye ring intensity of Mg-1Zn in the as-built and heat-treated longitudinal section.

Heat treated

As-built Heat treated

0001 2110

200 pm

Figure 8. EBSD orientation maps and corresponding inverse pole figures (IPF) of transverse and
longitudinal sections of the Mg-1Zn alloy, both in the as-built condition and after heat treatment.
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Figure 9. Pole figure of transverse and longitudinal sections of the Mg-1Zn alloy, both as-built and
after heat treatment. The color scale represents crystal orientation density in multiples of a uniform
distribution (m.u.d.). Red areas indicate high orientation density, while blue areas correspond to
low density.

3.2. Potentiodynamic Polarization (PDP) Measurements

Figure 10 depicts the PDP measurements of the as-built and HT Mg-1Zn alloy speci-
mens in 0.1 M NaCl solution in both the transverse and longitudinal planes. The analysis
of cathodic kinetics of the as-built Mg-1Zn alloy revealed no significant differences be-
tween both sections in the proximity of the Ecorr, where ohmic potential effects are minimal
(Figure 10a). However, variations were observed in the anodic kinetics, with the longi-
tudinal plane demonstrating higher dissolution rates compared to the transverse plane.
Conversely, the HT Mg-1Zn specimen exhibited slightly higher anodic and cathodic kinetics
in the longitudinal plane compared to the transverse section (Figure 10b), suggesting that
the heat treatment affected the electrochemical performance of the as-built alloy.

The differences in both anodic and cathodic kinetics observed may be attributed
to the anisotropy in grain boundaries and morphology, and/or Zn distribution across
the analyzed sections, associated with the manufacturing process. These microstructural
variations are well-known to influence corrosion kinetics significantly. Previous studies
by Ralston et al. [40], have explored the complex relationship between grain size and
corrosion kinetics, highlighting that while grain refinement may enhance mechanical
properties, it does not always translate to improved corrosion resistance. Therefore, the
differences observed between the transverse and longitudinal planes are likely due to
their different microstructures. However, separating the specific effects of grain size,
precipitation, and other microstructural factors on overall corrosion behavior remains a
significant challenge. This difficulty stems from the strong interdependence among these
variables. For instance, thermomechanical treatments or alloying strategies intended to
refine grain size often concurrently influence precipitation behavior and phase distribution.
Consequently, isolating the contribution of each individual factor becomes complex, as
modifications to one tend to induce simultaneous or even synergistic changes in others [41].
This intricate interplay highlights the need for carefully controlled experimental approaches
aimed at disentangling their respective roles in corrosion mechanisms, which is not trivial.
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In this context, future work will focus on systematically investigating these parameters in
isolation, with the goal of clarifying their specific influence on the corrosion response.
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Figure 10. Potentiodynamic polarization curves for the longitudinal and transverse sections of the
Mg-1Zn alloy in (a) as-built and (b) heat-treated conditions, in 0.1 M NaCl solution. Experiments
were performed from the OCP, scanning upwards to 0.5 V vs. the OCP (anodic) and downwards to
—0.7 V vs the OCP (cathodic) at a scan rate of 1 mV s~ L. Comparison of the cathodic and anodic
curves presented in (c,d) before and after heat treatment. Only the regions near the Ecor are shown,
facilitating the observation of differences in kinetics.

Figure 10c,d compare the cathodic and anodic curves before and after heat treatment,
focusing on the regions near the E. to facilitate the observation of differences in kinet-
ics. The results indicate slight increased cathodic kinetics and decreased anodic kinetics
compared to the as-built sample, in both planes examined. The observed enhancement
of cathodic kinetics following annealing can be attributed to several microstructural fac-
tors. Primarily, the reduction in structural defects, such as dislocation density and grain
boundary area, can facilitate more efficient electron transfer during the HER, which is the
dominant cathodic process in magnesium and its alloys [5]. Furthermore, previous studies
have shown the impact on corrosion kinetics of grain size and crystallographic orientation
associated with the microstructural recrystallization induced by heat treatment [42,43].
Finally, the possibility of Zn segregation toward grain boundaries during annealing could
contribute to the formation of localized cathodic sites that could enhance the rates of the
cathodic reaction [40,44]. In brief, Zn-enriched grain boundaries exhibit a more noble
(cathodic) behavior compared to the surrounding matrix. This electrochemical contrast
promotes the formation of micro-galvanic couples between the Zn-rich grain boundaries
and the Zn-depleted matrix; as a result, a continuous network of cathodic sites can form
along the grain boundaries, creating a cathodic network that surrounds each grain and
enhances the cathodic reaction, particularly HER [45]. This has been observed in Mg-Zn
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systems by Zheng et al. [46] and Shi et al. [47] after thermomechanical processing. To
explore this hypothesis in more detail, EPMA analysis will be discussed below.

Regarding the anodic behavior, the decrease in anodic kinetics after the heat treatment
is likely associated with the reduction of high-energy defect sites, which act as preferen-
tial locations for localized dissolution [40]. Thus, the observed electrochemical behavior
reflects the complex interplay between microstructural evolution and surface chemistry,
underscoring the critical role of post-processing treatments in tuning the corrosion resis-
tance of additively manufactured Mg-Zn alloys. Future work will focus on isolating these
individual factors to better clarify their specific contributions to corrosion mechanisms.

EPMA elemental mapping revealed a heterogeneous distribution of Zn throughout
the entire as-built sample, whereas in the longitudinal section, Zn predominantly tended
to concentrate at the peripheries of the melt pools, as shown at higher magnifications in
Figure 5(a). Figure 5 also shows that Zn distribution becomes more uniform across the
transverse section of the HT Mg-1Zn sample. However, localized Zn segregation persisted
with a concomitant redistribution in specific areas of the longitudinal section after heat
treatment. The initial Zn arrangement in the as-built Mg-1Zn microstructure may have
introduced structural variations that remained even after prolonged annealing. These
variations could have influenced the corrosion kinetics, potentially leading to the formation
of new cathodic areas that enhanced the cathodic activity, as illustrated in Figure 10c,d.

3.3. Gravimetric HE Collection Measurements

Figure 11a shows the weight of accumulated H, under OCP conditions during 24 h of
immersion for the longitudinal and transverse sections of the as-built and the HT Mg-1Zn
alloys in 0.1 M NaCl solution. Mean values of replicated experiments are shown, with
error bars representing the standard deviation. No significant differences were observed
within the first 3—4 h of testing, except for the curve corresponding to the as-built Mg-1Zn
transverse plane, which exhibited a lower amount of H; collected than the other specimens.
However, different behaviors became evident after that initial period until the end of the test.
Remarkable differences were observed for the longitudinal and transverse planes of the as-
built Mg-1Zn sample, with higher values in the longitudinal section. This indicates higher
corrosion kinetics in the longitudinal section compared to the transverse section, confirming
the observations in Figure 10a. Note that at the OCP, charge conservation implies that
the rates of the cathodic reaction must be equal to those of the anodic reaction (i.e., Mg
corrosion). For the HT Mg-1Zn specimens, although differences between the longitudinal
and transverse planes were also exhibited, they were significantly lower than those before
heat treatment, which is also consistent with the PDP curves. Furthermore, it should
be noted that the as-built Mg-1Zn longitudinal plane exhibited rather large deviations
from the mean values. Considering the excellent sensitivity of the gravimetric method
for Hy gas collection, this behavior was likely due to differences in the microstructure
of the tested areas. As previously mentioned, all experiments were replicated several
times to ensure reproducibility. Consequently, the remarkably large grain sizes revealed
in Figures 3 and 8 may have resulted in variations in the electrochemical response among
experiments, depending on the area examined (i.e., different grains with distinct size
and/or crystallographic orientation).

Figure 11b shows the instantaneous corrosion current density associated with the
longitudinal and transverse sections for the as-built and HT Mg-1Zn alloys in 0.1 M NaCl
solution, obtained from the evolution of the collected H; shown in Figure 11a. The cur-
rent density values were determined from the variation in the slope between consecutive
discrete measurements. It can be observed that, although the longitudinal plane after the
heat treatment exhibited the highest instantaneous corrosion current densities, these values
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were within the upper experimental variation shown by the as-built longitudinal section,
indicating that both longitudinal planes exhibited the highest corrosion kinetics. After an
initial peak with current density values in the range of 2-2.5 mA /cm? at approximately
1.5 h, the corrosion kinetics for both planes decreased, then slowly increased again, ulti-
mately reaching approximately 1.5 and 2 mA /cm? after 24 h for the as-built and the HT
Mg-1Zn specimens, respectively. In the case of the transverse section after heat treatment,
lower corrosion current densities were observed, stabilizing around 1 mA /cm? after about
6 h of testing. Finally, the as-built Mg-1Zn transverse section exhibited the lowest instan-
taneous corrosion rate, with values stabilizing at approximately 0.6 mA/cm? after the
same duration.
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Figure 11. (a) H, weight collected over a 24 h period at the OCP for all studied planes, and
(b) instantaneous corrosion current density of the studied sections over the same 24 h period.

Several hypotheses can explain these differences in the measurement obtained at 24 h
at OCP. One hypothesis is based on the surface appearance of both samples after 24 h at OCP,
as shown in Figure 12. The longitudinal section exhibited more corrosion products than
the transverse section, as indicated by the presence of darker regions. Both sets of images
were acquired at the same magnification, allowing a direct visual comparison. Although
the difference is slight, it may suggest a higher accumulation of corrosion products in the
longitudinal section. Previous studies have shown that oxides may act as catalysts for
hydrogen evolution [48-50]. Consequently, it is possible that the higher accumulation of
corrosion products was responsible for the greater amount of H, accumulation during
the test. Additionally, a similar trend was observed for the HT Mg-1Zn specimen in both
sections, as evidenced in Figure 13.

Transverse

24h OCP

Longitudinal

24h OCP

Figure 12. Surface appearance of the transverse and longitudinal sections of the as-built Mg-1Zn
specimen in 0.1 M NaCl solution after 24 h of immersion at OCP.
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Figure 13. Surface appearance of the transverse and longitudinal sections of the HT Mg-1Zn specimen
in 0.1 M NaCl solution after 24 h of immersion at OCP.

3.4. Electrochemical Impedance Spectroscopy (ELIS) Measurements

Further insights into the corrosion resistance of the transversal and longitudinal
sections of the Mg-1Zn alloy, both in its as-built condition and after heat treatment, were
obtained by examining the EIS spectra recorded during the H; collection measurements in
a 0.1 M NaCl solution at various immersion times in Figure 11. The corresponding Nyquist
plots are shown in Figure 14. First, the experimental data consistency was confirmed using
Kramers-Kronig (K-K) transforms:

® x7'(x) — wZ"(x)

! !/ 2
Z(w):Z(oo)—i-E/O i (1)
7'(w) = Z/(0) + % /0 "/ x)fz(f)w_z Z(W) g @)
7 (w) = 2w % de (3)

T Jo x? — w?
where Z'(x) and Z"(x) represent the real and imaginary components of impedance, respec-
tively, as they vary with angular frequency (x) within the range of 0 < x < c0; Z'(w) and
Z"(w) denote the real and imaginary parts of impedance at the specific angular frequency w.
The Kramers-Kronig (K-K) transforms enable the calculation of the imaginary impedance
component from the measured real component and allow for comparison with the mea-
sured imaginary component (and vice versa). This comparison assesses the reliability of
the experimental results.

Figures 15 and 16 show the comparison between experimental and the KK-transformed
data for the transverse and longitudinal planes of the as-built and HT Mg-1Zn specimens
after being immersed in 0.1 M NaCl solution for 1 and 24 h, respectively. A good correlation
between the experimental and transformed data was observed, even at low frequencies.
Additionally, minimal residual errors confirmed the consistency and accuracy of the EIS
experimental data.

Figure 14 shows that in the Nyquist plots of the transverse and longitudinal sections of
the Mg-1Zn sample, both in the as-built condition and after heat treatment, two capacitive
arcs can be observed. These arcs are characterized by a negative imaginary component
(Z") and an increasing real component (Z') as the frequency decreases. Additionally, an
inductive arc at the lowest frequency range was observed. Similar behavior has been
documented in a myriad of studies on the corrosion of Mg alloys [51-54]. The exact
cause of these inductive arcs is not well understood; however, it is often suggested that
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this phenomenon arises from the formation of intermediate species during the corrosion
process and/or from actively corroding anodes, such as localized pits [55].
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Figure 14. Nyquist plots at different immersion times for the as-built Mg-1Zn (a) transverse and
(c) longitudinal planes, and the HT Mg-1Zn (b) transversal and (d) longitudinal planes.
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Figure 15. Comparison of the experimental and KK-transformed EIS data after 1 h of immersion in

0.1 M NaCl solution for the as-built Mg-1Zn (a) transverse and (c) longitudinal planes, and the HT
Mg-1Zn (b) transversal and (d) longitudinal planes.

In the Nyquist plots depicted in Figure 14, the transverse as-built Mg-1Zn section
showed a continuous increase in the resistive component of the real impedance from 1 h
to 24 h. Conversely, in the other planes and samples studied, an increase was observed
up to 10 h, followed by stabilization at 24 h or a slight reduction (notably observed in
the longitudinal as-built Mg-1Zn). Specifically, the transverse section exhibited higher
resistance compared to the longitudinal section in both samples before and after heat
treatment, consistent with previous findings depicted in Figure 11, where the transverse
section collected less Hj than the longitudinal section, indicating slower corrosion kinetics.
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Figure 16. Comparison of the experimental and KK-transformed EIS data after 24 h of immersion in
0.1 M NaCl solution for the as-built Mg-1Zn (a) transverse and (c) longitudinal planes, and the HT
Mg-1Zn (b) transversal and (d) longitudinal planes.

Comparing the effect of heat treatment, the transverse section showed a notable
decrease in corrosion resistance compared to its as-built counterpart, while the longitudinal
section exhibited a similar behavior. This is consistent with the observations presented
above and suggests that the heat treatment process likely influenced the microstructural
properties, leading to changes in the corrosion behavior of the alloy.

The equivalent electrical circuit (EEC) used to fit the experimental EIS data in Figure 14 is
shown in Figure 17. This circuit, which has been used in a myriad of previous studies [56-58],
has the minimum number of elements necessary to accurately reflect the experimental re-
sults and achieve a reasonable error when fitting the impedance data obtained. A detailed
explanation of the physical significance of each electrical element in the EECs in Figure 17 is
beyond the scope of this paper due to the ongoing discussion in the scientific community [59].
Nevertheless, Rs represents the electrolyte resistance between the working electrode (the Mg
alloy) and the reference electrode. The first arc of the Nyquist diagram can be attributed
to the capacitance (C;) and resistance (R) of the oxide film [60]. The second arc could be
associated with the double layer capacitance (C;) and charge transfer resistance (Ry) [61], while
the low-frequency arc (inductive loop), modeled by a series combination of an inductance
loop (L) and a resistor (R3), can be attributed to the adsorption and desorption of intermediate
species [51].

Rs
AN

Figure 17. Electrical equivalent circuit (EEC) used to model the EIS spectra presented in Figure 14
for the longitudinal and transverse sections of the as-built and HT Mg-1Zn specimens immersed in
0.1 M NaCl solution.
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Tables 2 and 3 show the fitting results for the transverse and longitudinal sections,
comparing the as-built and heat-treated states, respectively. Mean values from replicated
experiments with their relative errors are presented. Although C; values obtained for both
the transverse and longitudinal sections of the as-built and HT Mg-1Zn samples are slightly
higher than those typically expected for an oxide film, this may be due to overlapping with
the second time constant, which could result from the formation of a thin and/or poorly
protective oxide layer [62]. Meanwhile, the values of C; for all sections and samples studied
are characteristic of an electric double layer, which aligns with the expected behavior of the
second arc associated with double layer capacitance and charge transfer resistance.

Table 2. Fitting results of EIS experimental data for the transverse as-built and HT Mg-1Zn alloy
after different immersion times in 0.1 M NaCl solution. The mean values and their corresponding
standard deviations for each element in the EEC shown in Figure 17 are presented.

As-Built Heat-Treated
1h 5h 10h 24 h 1h 5h 10h 24 h

R (Qem?) 293409  30+03 31404 31404 302419  304+12  308+10 316404
G (uF cm2) 14+1 73+ 10 54+8 3246 108 +1 66+ 3 43+2 25+1
R; (Q cm?) 7+1 34+11 38+ 16 35+ 10 18+1 2142 20 +3 1742
C (WFem™2)  73£10 120 £ 73 87 + 20 59 +12 150 + 14 94+6 81+8 82+ 10
Ry (Q cm?) 54+9 43+18 64 + 25 93 + 21 31+1 55+ 11 68 + 14 67 + 12
L (H cm?) 149428 23844439 2538+£238 4581 +1349 1696312 2362679 2132+335 2094 + 511
Rs (Q cm?) 57 +2 97 +21 161 +29 189 + 55 98+ 6 125424  1394+18  125+17

Table 3. Fitting results of EIS experimental data for the longitudinal as-built and HT Mg-1Zn alloy

after different immersion times in 0.1 M NaCl solution. The mean values and their corresponding

standard deviations for each element in the EEC shown in Figure 17 are presented.

As-Built Heat-Treated
1h 5h 15h 24 h 1h 5h 14 h 24 h

Ry Q cmz) 24 +2 24 +1 255 4+ 0.6 25.0+ 0.8 220+ 0.4 228 +0.3 232+ 0.8 i23654
C (p.ch’2) 18+5 86 +9 66 £ 8 47 + 6 100 4+ 30 86 +4 66 + 4 49+ 8
Ry (Qcm2) 55+05 27 +5 30t6 23 +8 10+ 2 21+ 6 23+6 18+3
Cy (uF cm_z) 126 £ 11 150 £+ 56 130 £+ 41 112 £ 15 146 + 22 163 4+ 23 157 + 26 152 + 39
Ry (Qcmz) 35+5 3245 43 +10 48 +7 27 +£5 28+ 6 377 35+8
L H cmz) 145 + 69 1331 + 326 2026 4 544 2110 4 696 581 + 109 1535 + 313 2281+ 322 1415 + 268
R3 Q cmz) 61 +6 50 4 44 124 £+ 26 150 4 58 87 £+ 26 91 +43 118 £ 45 104 £+ 26

Furthermore, the polarization resistance (Rp) can be estimated under DC current
conditions (i.e., as the frequency approaches zero). In this condition, the impedance of
capacitors tends towards infinity and that of inductors towards zero. Applying this to the
EEC in Figure 17, the equivalent resistance can be determined as follows:

1 1 1

— = —+ — 4
Ry Ri+Rj Rj @

Figure 18 shows the mean Rp values with their relative errors for the as-built and HT
Mg-1Zn alloy in both transverse and longitudinal planes in 0.1 M NaCl solution at 1, 5, 15,
and 24 h, calculated from the resistances shown in Tables 2 and 3 using Equation (4).
Figure 18 shows that in the as-built Mg-1Zn transverse plane, a constant increase in
polarization resistance was observed throughout the entire duration of the experiment.

For the as-built Mg-1Zn longitudinal plane, a slight decrease in polarization resistance
was observed from 1 to 5 h. However, this observation should be interpreted with caution,
as the value at 5 h exhibited a large relative error and may not accurately reflect the true
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behavior. Finally, Rp increased after 15 h of immersion and remained relatively stable until
the end of the test.
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Figure 18. Polarization resistance (Rp) values for the Mg-1Zn in transverse and longitudinal sections,
in both as-built and heat-treated conditions. Mean values from replicated experiments are presented.
Error bars are standard deviation.

The transverse and longitudinal HT Mg-1Zn sections exhibited a similar behavior,
with an increase in the polarization resistance until 15 h, followed by a decrease at 24 h. In
decreasing order of polarization resistance at 24 h, the samples rank as follows: transverse
as-built, transverse HT, longitudinal as-built, and longitudinal HT, which is in perfect
agreement with the results presented in Figure 11.

In summary, EIS measurements indicate differences in corrosion behavior between the
transverse and longitudinal sections in the as-built condition, with the transverse section
exhibiting greater resistance. Following heat treatment, a decrease in corrosion resistance is
observed compared to the as-built counterparts. These results are consistent with findings
from Hj collection and PDP measurements.

4. Conclusions

The corrosion behavior of an additively manufactured Mg-17Zn alloy was investigated
under both as-built and heat-treated conditions, with a specific focus on the transverse
and longitudinal planes of cylindrical samples. The study employed microstructural
characterization, gravimetric Hj collection, and electrochemical techniques. The principal
conclusions drawn from this investigation are:

e A Mg-1Zn alloy was successfully fabricated by laser powder bed fusion (LPBF),
achieving density values of 97 & 1% and 96 £ 2% for the transverse and longitudinal
sections, respectively.

e  The as-built Mg-1Zn specimen showed irregular and anisotropic grain shapes with
columnar morphology along the build direction. Only minor changes were observed
after heat treatment, involving a slightly refinement of grain size.
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e  No presence of intermetallic secondary phases was observed through XRD and SEM
in any plane studied, but the presence of Mg oxide was detected.

e  Regarding the alloy in the as-built state, the PDP curve showed that the longitudinal
plane exhibited higher anodic kinetics than the transverse plane. This is consistent
with the measurements obtained by EIS and Hj collection, demonstrating that the
transverse plane presented greater corrosion resistance than the longitudinal plane.

e  Following heat treatment, both the transverse and longitudinal sections demonstrated
an increase in cathodic kinetics and a decrease in anodic kinetics. Consequently, the
corrosion resistance decreased in both sections after heat treatment.

e  The samples are ranked in increasing order of polarization resistance after 24 h of
immersion as follows: longitudinal heat-treated, transverse heat-treated, longitudinal
as-built, and transverse as-built.

e  The grain size and/or orientation are determining factors in the differences observed
in corrosion resistance between the studied planes.
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