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ARTICLE INFO ABSTRACT

Keywords: Additively manufactured Aluminum-Copper alloys are attracting interest because of their high tensile strength.
Addit‘ivAe manufacturing Nevertheless, the presence of Cu strongly affects the corrosion performances. In this work, the corrosion behavior
Aluminium of an innovative laser powder bed fusion-processed 2139 alloy was investigated, and its corrosion performances
éﬁrcrl;sion were compared to the well-consolidated AlSi10Mg alloy, as well as the parent wrought alloy. Electrochemical,
Heat treatments Kelvin probe microscopy and intergranular corrosion tests were performed. The unique corrosion morphology at
AFM melt pool boundaries are presented and discussed alongside with the effect of surface finishing and heat

treatments.

1. Introduction

Additive manufacturing (AM) technologies are quickly becoming an
established industrial reality, as confirmed by the exponentially growing
number of papers published on this subject [1,2]. Laser powder bed
fusion (LPBF or PBF-LB) is an AM technique that deploys a
layer-by-layer approach to selectively melt a powder layer, using a laser
as a heat source. This process results in very high cooling rates, thus
providing unique out-of-equilibrium microstructures and typical defects
(e.g., lack of fusion porosities) [3]. Furthermore, microstructural
modification via specifically tailored post-processing heat treatments is
possible [4]. All these peculiarities are the reason why a strong need for
ad hoc standardization in this field is necessary nowadays. In this
framework, a crescendo of papers and committees of different stan-
dardization bodies for the qualification of AM-processed alloys is
evident in recent years [5,6].

Aluminum alloys are very popular materials to be processed via LPBF
due to the intricate designs and superior mechanical properties that can
be achieved [7,8]. Moreover, AM technologies are economically prom-
ising in industries characterized by small production volumes and high
costs components. Such as the industrial fields where Al alloys are

largely deployed, for example the automotive [9], marine [10] and
military [11] sectors. This wide variety of applications results in very
different operative environments, thus corrosion types. For this reason,
ad hoc qualifications are of great industrial interests in each field. In fact,
LPBF-processed Al alloys greatly differ from conventionally processed
ones due to the possible insurgence of non-equilibrium phases [12],
compositional/microstructural variations between the center and the
edge of the melt pool [13], anisotropy [14], possible cellular structures
[15] and uneven element distributions [16]. Defects, porosity and re-
sidual stress can also influence the corrosion behavior [17].

In LPBF, AlSi10Mg is by far the most studied alloy due to its near-
eutectic composition and high castability (effect of Si), allowing to
achieve very low porosity values. Notwithstanding this, an increasing
number of works in the literature is focusing on other LPBF-processed Al
alloys, such as AlSi12Mg [18], AlSi7Mg (A357) [19] and 2024 [20].

Several works dealing with the corrosion behavior assessment of the
LPBF-processed AlSi10Mg available in the literature consider a wide
range of process parameters, building strategies, surface finishing, heat
treatments, test solutions and methodologies [21-23]. Therefore, most
results are usually hardly comparable. Nevertheless, it is generally
accepted that the corrosion resistance of AM-processed parts is usually
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better than in the corresponding cast alloys. This can be observed, for
instance, in works from Leon et al. [24] and Fathi et al. [25], where the
mass loss and potentiodynamic curves in a NaCl solutions were assessed,
respectively.

In general, materials characterized by a good weldability are well
suited for LPBF processing. As mentioned before, Al-Si systems are very
processable, due to their high castability. However, these alloys provide
lower mechanical performance with respect to precipitation hardened
alloys [26]. Among this category, the 2XXX series alloys are character-
ized by a good weldability, thus being promising for AM applications.
This is the main reason why LPBF-processed Al-Cu systems are receiving
an increasing interest in recent years [27,28]. However, the achieve-
ment of the aforementioned high mechanical properties is related to the
nucleation of small precipitates, conventionally achieved by generating
a dislocation network via deformation of the material after heat treat-
ment. Unfortunately, this is in direct contrast with the near-net shape
approach of the LPBF technology. Among the Al-Cu systems, the alloy
2139 is a precipitation-strengthened Al-Cu-Mg-Ag alloy. This material
can achieve its peak strength via plate-like Al,Cu precipitates, that do
not require a high dislocation density to form, hence deformation. The
precipitation of such strengthening phase is the result of a homogeneous
nucleation from nanometric Mg- and Ag-rich co-clusters during the early
stages of the aging treatment [29]. In recent years, the AM-processed
alloy 2139 is receiving a certain interest in the literature [30-32].

Overall, copper is usually considered as a deleterious alloying
element in Al alloys, concerning the corrosion resistance in solutions
rich in chlorides [33,34]. For instance, Banu et al. [35] reported that
lower pitting potentials are achieved at increasing Cu contents in alka-
line, neutral and acid solutions. Roman et al. [33] stated that Cu addi-
tions result in a decrease in corrosion resistance, due to the increasing
number of cathodic sites. Moreover, these authors also reported that
large amounts of AlyCu might result in an increased susceptibility to
intergranular corrosion.

Apart for the existing literature dealing with the effect of Cu in the
conventionally processed material, the evaluation of the corrosion
behavior of this alloy processed via LPBF is still a gap in the current
literature. Therefore, the corrosion behavior assessment of the alloy
2139 produced via LPBF was performed in this work. Both the as-built
and heat-treated conditions were considered. Moreover, this material
was comparatively analyzed with the well-established LPBF-processed
AlSi10Mg alloy and the conventionally hot-worked alloy AA 2139 T351
with similar chemical composition. Electrochemical impedance spec-
troscopy, potentiodynamic polarization and susceptivity to intergran-
ular corrosion tests were conducted. Additionally, a scanning Kelvin
probe force atomic microscope (SKPFM) analysis was also performed to
analyze the galvanic effect of the second phases.

2. Experimental
2.1. Specimens fabrication

Cylindrical specimens (15 mm diameter, 5 mm tall) were manufac-
tured using an EOS M290 LPBF machine to process EOS aluminium

Al2139AM (alloy 2139) and AlSi10Mg powders, both supplied by EOS
GmbH. The powders were characterized by a particle size range of
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20-63 pm and 27-76 um for the 2139 and AlSi10Mg alloys, respectively.
The nominal compositions of the additively manufactured alloy powders
alongside with the wrought AA 2139 T351 alloy are shown in Table 1.

The fabrication step deployed a heating system that kept the base-
plate temperature as high as 165 °C (AlSi10Mg) and 175 °C (2139)
throughout the whole process. The cylindrical specimens were built
following two different orientations: Z (base perpendicular to the
building platform) and XY (base parallel to the building platform).

The additively-manufactured samples were studied in the as-built
(AB) and heat-treated (HT) conditions. The alloy 2139 underwent a
T4 heat treatment, whilst the alloy AlSi10Mg underwent a T6 heat
treatment. The temperatures and cooling means adopted are summa-
rized in Table 2.

2.2. Metallographic investigations

The microstructure of the LPBF-processed specimens in the AB and
HT conditions was evaluated on metallographic cross-sections, parallel
to the building direction (Z). By doing so, assessing possible differences
induced by the different laser tracks/layers was possible. The micro-
structure of the wrought AA 2139 was evaluated in the cross sections
parallel to the rolling direction. In order to obtain the samples for mi-
crographic analyses, some cylindrical specimens were mechanically
ground with SiC papers up to a 4000 grit, then polished with a 1 um
diamond suspension. The microstructures were highlighted via chemical
etching, using a Keller reagent. Microstructural investigations were
performed using a Keyence VHX-7100 digital-optical microscope (OM)
and a Gemini Sigma 300 field emission scanning electron microscope
(FESEM), equipped with an Oxford x-act probe for energy-dispersive X-
ray spectroscopy (EDS).

2.3. Corrosion behavior assessment

2.3.1. Electrochemical tests

The cylindrical specimens were considered for electrochemical
testing. For this specific experimental campaign, the effect of surface
finishing was considered alongside the influence of the heat treatment.
The specimens that did not underwent polishing operations were
labelled as not polished (NP), whilst the other were mechanically pol-
ished (MP).

Electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PD) tests were performed with a Ivium CompactStat and a
Metrohm Autolab potentiostats, a 1 L glass cell (according to ASTM
G5-82), two graphite electrodes and a saturated calomel reference
electrode (SCE) placed in a Luggin probe. The cylindrical samples were

Table 2
Heat treatment parameters.

Heat treatment Solubilization temperature Aging temperature

T4 (2139)
T6 (AlSi10Mg)

25°C
160 °C

490 °C, then water quenching
530 °C, then water quenching

The T4 heat treatment was selected for mechanical properties improvement. In
fact, this post-processing route resulted in an increase from 115 to 157 Vickers
hardness in the alloy 2139.

Table 1

Chemical composition (wt%) of the investigated alloys.
Element (wt%) Al Cu Mg Ag Mn Zn Si Fe Cr \Y% Other
2139} bal. 4.5 +5.5 > 0.8 0.15+ 0.6 0.2 + 0.6 < 0.25 < 0.1 < 0.15 < 0.05 < 0.05 <4
AlSilOMg2 bal. < 0.01 0.36 < 0.01 0.01 10.3 0.14 - <0.15
AA 2139 T351° bal. 4.56 0.41 0.40 0.24 - - 0.09 -

! As provided by the supplier

2 Measured by means of inductively coupled plasma atomic emission spectrometry

3 as reported by Balbo et al. [36]
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fitted inside a PTFE sample holder that exposed to the test solution a
surface of 0.785 cm?. The MP specimens were mechanically ground with
SiC papers up to a 4000 grit, polished with a 1 pm diamond paste,
degreased in acetone and then passivated in a dryer for at least 48 h at
room temperature.

EIS and PD tests were performed at room temperature (23 + 2 °C) in
an aerated solution containing 1 g/L sodium chloride and 41.18 g/L
sodium sulphate.

The EIS tests included a first phase of stabilization for 3600 s and
monitoring of the open circuit potential (OCP). Then, the spectrum was
detected with a sinusoidal polarization of 10 mV of amplitude in a fre-
quency range between 0.01 and 40,000 Hz, collecting 5 frequency
values for each decade. After the EIS tests, the OCPs were re-stabilized
and monitored for 300 s, then the PD tests started. These were per-
formed with a potential scanning speed of 10 mV/minute, starting from
— 10 mV with respect to the OCP, up to an anodic density of current
equal to 1 mA/cm?.

At least two specimens were tested for each condition.

2.3.2. Volta potential measurements

The as-built (AB) and T4 LPBF 2139 alloy samples were investigated
using a scanning Kelvin probe force microscope (Nanoscope III multi-
mode atomic force microscope) to investigate the distribution of the
surface potential. These samples were characterized after polishing (up
to 1 um surface finish). Topographic and surface potential maps were
obtained employing n™-silicon tips coated with Ptlrs. Maps with variable
sizes ranging from 100 ym x 100-50 pym x 50 um were recorded with a
scan frequency of 0.1 Hz. The surface potential maps (Volta potential)
were measured in lift mode with a scan height of 100 nm.

2.3.3. Susceptibility to intergranular corrosion test

Susceptibility to selective corrosion tests were performed in accor-
dance to the EN ISO 11846 standard (Method B). Prior to the tests, the
specimens were mechanically ground with SiC papers up to a 2400 grit.
The initial specimen sizes (diameter and height) were measured with a
Vernier caliper. The samples were then degreased with acetone,
immersed for 3.5 min in a sodium hydroxide solution (8% in weight at
55 4+ 2 °C), rinsed in water, immersed for 2 min in concentrated nitric
acid, rinsed in distilled water and dried. The specimens were

20 um
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subsequently immersed in the test solution, containing 30 g/L sodium
chloride and 10 mL/L concentrated hydrochloric acid, at room tem-
perature for 24 h. During the tests, the temperature of the test solution
was held within a range of 21-25 °C. After immersion, the samples were
rinsed in distilled water and dried. Corrosion products were removed
with a non-metallic brush, while rinsed in distilled water. The samples
were then immersed in an ultrasonic bath of acetone, and subsequently
allowed to dry. The mass loss during the test was obtained as the dif-
ference between the initial mass of the specimen and that measured after
the immersion period. Each weighing has been repeated three times. At
the end of the test, a metallographic section perpendicular to the
exposed surface was investigated to assess the presence and depth of the
attacks.

3. Results and discussion
3.1. Analysis of the microstructure

The LPBF-processed alloy 2139 specimens in the AB condition were
characterized by the typical melt pool microstructure (Fig. 1a), given by
the interaction of multiple laser tracks during the manufacturing pro-
cess. Microstructural coarsening was evident in correspondence of the
border of the melt pool with respect to its center (Fig. 1b, c). The AB
condition was characterized by a matrix of a-Al cells, decorated by a
discontinuous layer of Al,Cu (Fig. 1d) (~ 11.5% in volume). This is
confirmed by the EDS maps (Fig. 1e) and the XRD patterns (Fig. 2). This
particular arrangement of the second phase is related to the very high
cooling rate achieved during the LPBF process, as confirmed by similar
findings from Elambasseril et al. [32], who also encountered a similar
structure in the atomized alloy 2139 powders. The morphology of the
precipitates changed after the T4 heat treatment, resulting in the for-
mation of bulky particles (Fig. 1f) (= 8.5% in volume). These were still
AlyCu, as established by the EDS maps (Fig. 1g) and XRD tests (Fig. 2).
The melt pool macrostructure disappeared completely after the heat
treatment.

The benchmark LPBF-processed AlSi10Mg alloy was characterized
by the presence of the typical melt pool microstructure as well (Fig. 3a,b,
c) with the typical Si-rich network surrounding the a-Al matrix (Fig. 3d,
e), as assessed in several works in the literature [37,38]. However,

e Albmatrix

10 um

Fig. 1. Low-magnification FESEM micrograph of the alloy 2139 as-built specimens (a) with highlighted melt pool central (b) and border (c) regions. Second phase
morphology in the as-built material (d) and relative main element distribution EDS maps (e). SEM micrograph of the alloy 2139 after the T4 heat treatment (f) and

relative main element distribution maps (g).



S. Lorenzi et al.

Corrosion Science 227 (2024) 111698

o Al

_ ¢ AlLCu

= g _

° a = e
3 | ® S - A—
S - A(’\Ti S L4 ° § |
:F g § & a8 P g
- | ~— ~ —_ o~ N 1
% f’ &:/ ﬂ ,’ | I ] |‘| §§, % 2‘3 |t ?
2 1 1\ W\,f . oo ¢ Ao .
E el | ey \Wm‘*.wﬂwm“’w' e g X

20 ()

E

Al matrix

\

Si particles

Fig. 3. Low-magnification FESEM micrograph of the alloy LPBF AlSi10Mg as-built specimens (a) with highlighted melt pool central (b) and border (c) regions.
Second phase morphology in the as-built material (d) and relative main element distribution EDS maps (e). SEM micrograph of the alloy AlSi10Mg after the T6 heat

treatment (f) and relative main element distribution maps (g).

coarsening of the network and subsequent precipitation of Si-rich par-
ticles occurred due to the high platform temperature adopted during the
process [39]. After the T6 heat treatment, the coalescence of the Si
particles was observed in conjunction with the complete disruption of
the Si-rich network and the melt pool macrostructure (Fig. 3f,g).

The wrought AA 2139 alloy showed a microstructure with elongated
grains along the rolling direction (Fig. 4a), as already assessed in several
literature studies [36,40]. The presence of coarse, copper-rich second
phases is also evident, as showed by higher magnification micrographs
and related EDS maps (Fig. 4b).

3.2. Corrosion behavior assessment

In a previous paper [41], the authors found for the AlSi10Mg a linear
relationship between breakdown potential and chloride concentration
followed the mechanism proposed by McCafferty [42]. A practical active
behavior increasing with chloride activity was observed. The electro-
chemical tests in this work were carried out in the lowest chloride
concentration tested in [41] in order to compare the two LPBF-processed
Al alloys, having the typical melt pool microstructure. The results ob-
tained for the LPBF 2139 were compared also with their commercial hot
rolled counterpart AA 2139 T351.
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Fig. 4. Low-magnification OM micrograph of the wrought AA 2139 T351 specimens (a) and FESEM micrograph highlighting second phases morphology (b) and

main element distribution EDS maps.

3.2.1. As-built specimens

The OCP values obtained at the beginning of the electrochemical
investigation of the specimens are reported in Table 3. The LPBF 2139
alloy exhibited a higher OCP than LPBF AlSi10Mg, due to the higher
nobility of Cu [43]. Furthermore, surface finishing did not seem to affect
the OCP, obtaining similar values for NP and MP specimens of each
alloy.

Local alkalinization destabilizes the aluminium passive film, result-
ing in ITS breakage even at very low chloride concentrations. The oxy-
gen reduction process takes place preferentially on the noblest
intermetallic precipitates with lower overvoltage for oxygen electro-
chemical reaction (OER) [44]. This leads to the preferential corrosion of
the Al-matrix adjacent to the precipitates, as demonstrated in numerous
works on Al-Cu alloys. According to Birbilis and Buchheit [45], Al,Cu
corrosion potential in 0.01 M solution is — 0.592 V vs SCE is similar to
the values obtained for the LPBF 2139 alloy. Conversely, Si corrosion
potential is — 0.450 V vs SCE. In the case of the LPBF-processed
AlSi10Mg alloy, the silicon is partially solubilized in the aluminum
matrix, with very small precipitates dispersed evenly within the melt
pool surrounding the crystals of a-Al matrix, whilst segregating into
idiomorphic crystals at the melt pool border. These precipitates do not
influence the OCP potential, probably due to the high over potential for
OER.

Considering NP specimens, the LPBF 2139 alloy provided Bode di-
agrams characterized by two separate and well-defined phase constants,
as shown in Fig. 5a. These results are in good agreement with other
studies on traditional Al-Cu alloys. For instance, Moreto et al. [46]
assessed the electrochemical behavior of an AA2024 alloy in
chloride-rich environments. Conversely, the AlSi10Mg alloy evidenced
the presence of a very small secondary peak at low frequencies in the NP
condition (Fig. 5b). Following the mechanical polishing, the oxide film

Table 3
Open circuit potentials of the tested specimens.

Alloy Surface condition Condition OCP vs SCE (mV)
LPBF 2139 NP AB -584 + 14
T4 -477 £ 8
MP AB -591 +£15
T4 -473 +£5
LPBF AlSi10Mg NP AB -669 + 4
T6 -598 + 10
MP AB - 670 = 22
T6 - 627 + 30
Wrought AA 2139 MP T351 -513+15

The OCP values showed an initial passive behavior for both 2139 and AlSi10Mg
alloys. At this step, the cathodic process is the oxygen reduction according to the
reaction:

1
EOZ +H,0 +2e¢”—20H" (€3]

generated during the production process was removed and replaced by
the oxide formed under controlled conditions. This layer is known to be
more protective than the one produced during LPBF processing. Hence,
the disappearance of the low-frequency peak was encountered, due to
the suppression of the corrosive processes. The enlargement of the phase
curve in the MP AlSi10Mg specimens was associated with a higher
modulus. In the LPBF 2139 alloy the effect of the microstructure was still
predominant over the surface finishing, obtaining similar spectra in the
NP and MP specimens. On the contrary, MP LPBF AlSi10Mg specimens
exhibited low frequencies modulus values higher by an order of
magnitude with respect to NP samples. Therefore, a highly protective
and stable oxide film with high polarization resistance values was
generated in the MP AlSi10Mg alloy.

In a previous work on the corrosion behavior of the LPBF AlSi10Mg
alloy [47], the presence of two phase constants was attributed to the
concomitance of three separate processes: the cathodic behavior of the
nobler second phases, the active dissolution of the a-Al matrix adjacent
to the cathodic particles and the presence of the passive film on the a-Al
matrix distant from the cathodic particles. According to this work, the
EIS spectra obtained were approximated with an equivalent circuit
following the Voigt model [48], as shown in Fig. 5, in which the diffusive
contribute reported in [47] has been removed, since the EIS spectra were
recorded only after 1 h immersion, there was therefore no time for the
localized attack to deeply propagate. This equivalent circuit is composed
of resistors (R) and constant-phase elements (CPE). According to this
model, the results obtained can be represented through three elements
placed in series: a resistance of the bulk electrolyte (R1), a parallel
CPE2-R2 (with low frequency response) representing corrosive pro-
cesses and a second parallel CPE3-R3 (with high frequency response)
representing the presence of the oxide film (Fig. 6). Therefore, the
modulus evaluated at low frequency is indicative of the polarization
resistance.

In the case of LPBF AlSi10Mg alloy, the cathodic second phases were
idiomorphic silicon crystals, characterized by a mild cathodic action due
to the high overvoltage of the oxygen reduction process [49,50].
Copper-rich precipitates in 2139 alloy turned out to be more efficient
cathodes. This phenomenon led to a very fast trigger of the corrosion
phenomena in the adjacent matrix, as demonstrated by the lower
impedance modulus values at low frequencies (Table 4).

These assumptions were confirmed by the potentiodynamic polari-
zation curves (Fig. 7) that showed for both the LPBF-processed alloys a
fully active behavior in the NP specimens. Additionally, no significant
variations were inducted by the mechanical polishing in the LPBF 2139
alloy (Fig. 7a). In fact, the cathodic activation effect operated by the
precipitates overcame the improvement of the passive film. Conversely,
the removal of the LPBF-generated passive film and its relative substi-
tution with a better-performing one resulted in an improved behavior
towards localized corrosion initiation in the LPBF AlSi10Mg specimens,
that exhibited pronounced passive traits (Fig. 7b). The breakdown po-
tentials are reported in Table 5; the values of the breakdown potential of
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Table 4
Fitting parameters and low frequencies modulus of the tested specimens.
Alloy Surface Condition R/ Ra/ CPE, / ny R3/ CPE3 / n3 1Z]0.01 1z /
condition Q-cm? kQ-cm? uF-cm 2 kQ-cm? uF-cm ™2 kQ-cm?
LPBF 2139 NP AB 14+1 29+18 291 + 42 0.86 5+1 36 + 21 0.95 22+7
+0.10 +0.05
T4 18+1 9+2 392 + 10 0.90 5+1 24+1 0.92 15+1
+0.01 +0.01
MP AB 18+1 28+8 323 + 55 0.97 5+1 20+1 0.92 2949
+0.03 +0.01
T4 8+2 47 + 8 83+5 0.90 10+1 11+1 0.95 57+7
+0.09 +0.03
LPBF AlSil0Mg NP AB 21+2 17 +9 136 + 95 0.73 7+4 16 +7 0.86 23+ 14
+0.09 + 0.04
T6 13+1 65+ 7 183 + 49 0.89 28 + 16 15+7 0.92 66 + 28
+0.11 +0.01
MP AB 13+5 710 +£ 94 11+2 0.93 266 + 14 7+2 0.91 839 +£78
+0.01 +0.01
T6 8+2 546 + 26 7+1 0.95 235 + 103 7+2 0.91 + 772 £ 67
+0.05 0.01
Wrought AA MP T 351 8+1 28+1 277 + 4 0.92 7+1 12+1 0.89 28+1
2139 4+ 0.01 +0.01

the AISi10Mg MP specimens are quite scattered owing to the emerging
porosity, but significatively higher than the break down potential of the

LPBF 2139 MP.

The cathodic effect of the second phases in alloy LPBF 2139 was also
confirmed by the corrosion current densities obtained by extrapolating
the Tafel plots from the potentiodynamic polarization curves. Tafel lines
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Table 5
Corrosion current densities and breakdown potentials of the tested specimens.
Alloy Surface Condition icorr Epa vs SCE
condtion (uA-cm™2) (mV)®
2139 NP AB 6.311 -584 + 14
+2.813
T4 7.319 -477 £ 8
+2.314
MP AB 0.431 -591 + 15
+ 0.041
T4 0.270 -473 +£5
+ 0.010
AlSi10Mg NP AB 0.789 - 669 + 4
+ 0.481
T6 0.463 -598 +10
+0.162
MP AB 0.062 + 225 + 92
+ 0.008
T6 0.062 -128 + 152
+ 0.005
Wrought AA MP T351 0.423 -513+15
2139 + 0.074

# For active specimens the OCP was considered as breakdown potential.

were extrapolated from an overpotential 100 mV higher than the OCP,
as reported in Table 5. The alloy LPBF 2139 specimens provided a
corrosion current density about an order of magnitude greater than alloy
AlSi10Mg if the same surface condition is considered. In addition, it is
evident that the surface finishing had a significant effect on the corro-
sion current densities developed, with NP specimens showing higher
corrosion rates than MP counterparts, confirming the poor protection
offered by the oxide film formed during processing. These results are in
agreement with the results obtained from the EIS tests, as the corrosion
current density decreases with increasing impedance modulus at low
frequencies.

Table 6

The susceptibility to intergranular corrosion tests allowed to further
assess the detrimental effect of Cu in the alloy LPBF 2139, testified by
the significantly higher corrosion rate encountered in the AB specimens
(Table 6). In fact, the alloy LPBF 2139 provided a corrosion rate an order
of magnitude higher than the LPBF AlSi10Mg alloy.

The investigation of the selective attack paths in the cross-sections of
the specimens that underwent this test (Fig. 8, Table 6) highlighted a
predisposition to this corrosion mechanism in the specimens of both
alloys. In fact, the melt pool boundaries provided a preferential path to
the advancement of intergranular attacks, which macroscopically
assumed an inter-melt pool morphology (Fig. 8a, d). In particular, the
alloy LPBF 2139 specimens showed several attacks on the entire surface,
following evident preferential paths located at the border of the melt
pools (Fig. 8b), where coarsening of the Al,Cu structure occurs (Fig. 1b,
). The selective attack proceeded by clear preferential dissolution of the
Al matrix, due to the galvanic effect of Cu. This behavior is confirmed by
Fig. 8c, where the residual Al,Cu network was still present in the
corrosion crack. Furthermore, an EDS map of a corroded area (Fig. 9)
confirmed the dissolution of the Al matrix, due to the corrosion product
being significantly rich in Cu and O. The detrimental effect of Cu in alloy
LPBF 2139 was further testified by the significantly higher corrosion
rate. Moreover, the attack undermined abundant parts of the material
(grain dropping), resulting in a mass loss of the specimens far greater
than the dissolved metal. This phenomenon was particularly noticeable
due to the test solution showing significant metal deposits at the end of
the test.

The preferential corrosion of the melt pool boundary has been
extensively studied for alloy LPBF AlSi10Mg [50,51]. SKPFM measure-
ments have shown that the differences in terms of potential between the
a-Al matrix and the silicon precipitates at the edge of the melt pool are
higher than at the center of it [52]. This was attributed to the silicon
supersaturation of the matrix at the center of the melt pool due to the
higher local cooling rate. The clear presence of a residual Si-rich

Outcome of the susceptibility to intergranular corrosion tests on the 2139 and AlSi10Mg alloys, evaluated in compliance with ISO 11846.

Alloy Condition Exposed surface (cm?) Mass loss (mg) Veorr (mg-dm2.day™) Average depth (um) Maximum depth (um) Attack linear density
(mm™)
2139 AB 5.65 + 0.21 240 + 50 4220 + 789 248 + 88 641 4.4
T4 5.65 £+ 0.21 20+9.5 357 £165 157 + 49 182 0.8
AlSi10Mg AB 5.50 +0.01 29 +14.4 525 + 261 539 + 271 899 0.5
T6 5.57 +0.12 12+2.1 209 + 35 ! ! !
Wrought AA 2139 T 351 5.40 + 0.03 140 £ 5.3 2590 + 110 278 + 882 5032 11.1%

1Not reported due to the different corrosion mechanism highlighted
2Attack depths evaluated along the rolling direction
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Fig. 8. Morphology of the selective attack at the edge of the specimens (a,d), relative propagation (b,e) and inset of the corroded area (c) in the 2139 and AlSi10Mg

alloys, respectively.

Fig. 9. EDS maps of the corrosion products generated during the susceptibility to intergranular corrosion tests in the AB alloy LPBF 2139.

network inside the crack was observed (Fig. 8e). LPBF AlSi10Mg spec-
imens provided a higher intergranular corrosion resistance than alloy
LPBF 2139, with linear attack densities and mass losses one order of
magnitude lower (Table 6). This confirmed the results of the electro-
chemical tests, where a higher corrosion resistance was encountered.
However, longer attack depths were documented in LPBF AlSi10Mg
alloy, suggesting that this type of corrosion is still not negligible.

To confirm the cathodic effect of the Cu-rich phases identified in the
LPBF-processed alloy 2139, a SKPFM was deployed to evaluate the
differences in terms of Volta potential between the Al,Cu network and
the surrounding Al matrix, as illustrated in Fig. 7. Schmutz and Frankel
[53] reported that the Volta potential measured with the Kelvin probe
atomic force microscope vary linearly with open circuit potential
measured previously in solution. The results obtained confirm the trend
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of OCP and EIS.

By comparing the FESEM (Fig. 10a) and SKPFM (Fig. 10b) views, a
clear correlation between the Al,Cu network and the areas characterized
by a high Volta potential is manifest. Volta potential line scans were
performed to estimate the potential difference between the Cu-rich
network and the surrounding matrix (Fig. 7c). This analysis provided
higher differences (+ 140-180 mV) in the correspondence of the edge of
the melt pool with respect the center of the melt pool (+ 100-107 mV).
These values are comparable with those reported by Wang et al. [54] on
an Al-Cu-Mg-Ag alloy, and they are lower than the values reported for a
heat treated AA 2024 alloy by Schmutz and Frankel [53] and Leblanc
and Frankel [55], that are, respectively, + 280 mV and + 200 mV. The
difference between the Volta potential of the Al matrix and Al,Cu in the
LPBF 2139 alloy is higher than the differences observed between the
Volta potential of Al matrix and Si in the AlSi10Mg alloy [41] that result
+ 50 mV for the center of the melt pool and 103 mV in the edge of the
melt pool. This difference can justify the deeper intergranular attacks
observed.

3.2.2. Heat-treated specimens

The microstructural modification induced by the post-processing
heat treatments resulted in an increase in terms of OCP in both alloys
with respect to the AB specimens. As reported in Table 3, this effect was
much more evident for alloy LPBF 2139 than for LPBF AlSi10Mg. The
values of OCP of the heat treated LPBF 2139 are like the values obtained
for the traditionally hot-rolled alloy AA 2139 T351. The OCPs agree with
the values reported by Balbo et al. [36] on the wrought alloy AA 2139
T351 in a similar neutral low chlorides concentration solution.

The EIS spectra of both the LPBF alloys heat treated showed a similar
behavior with respect to the corresponding AB (Fig. 11a, b). Even after
the heat treatment, the MP specimens showed values of Ry slightly
higher than the NP for the LPBF 2139 T4, whereas the differences be-
tween the MP and NP specimens of the LPBF AlSi10Mg T6 are more
significant. For this alloy, the time constant at low frequencies was
recognizable and the impedance modulus at the lower frequency is
about one order of magnitude lower than the correspondent value of the
MP specimens (Fig. 11b). It can be hypothesized that the passive film on
the alloy is further oxidized during the high temperature annealing in
air, increasing in thickness but becoming more porous and, therefore,
less protective [47]. Conversely, no differences were observed between
the EIS spectra of the MP LPBF AlSi10Mg specimens as a function of the
heat treatment (Fig. 10d). Fig. 10c compares the EIS spectra of the LPBF
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2139 alloy, AB and HT, with its wrought and heat treated counterpart,
AA 2139 T351. The specimens have a similar behavior, as confirmed by
the fitting reported in Table 4. However, the low frequency modulus
values of the LPBF 2139 T4 specimens are slightly higher than in the AB
ones and the rolled AA 2139 T351, as reported in Table 4. This seems to
indicate that the T4 heat treatment mildly improves the corrosion
resistance of the LPBF 2139 alloy, resulting in higher polarization
resistances.

The PD polarization curves (Fig. 12) did not evidence significant
variations in the corrosion behavior of the HT specimens of both alloys
with respect to the AB condition. The PD polarization curves of the AB
and HT specimens with NP surfaces showed active behavior and
corrosion current density one order of magnitude higher than their
polished counterparts, confirming the lower corrosion resistance of the
aluminum passive film formed during LPBF with respect to the air
formed one, regardless of the alloy. Nevertheless, whilst the MP T4 2139
alloy maintained a fully active behavior, the MP T6 LPBF AlSi10Mg alloy
showed a passive trait characterized by higher anodic currents and
lower breakdown potentials, if compared to the corresponding AB
specimens (Table 5). This is in accordance with the slightly lower low
frequencies modulus values obtained during the EIS tests. An active
behavior is shown by the alloy AA 2139 T351, with corrosion current
densities comparable to the MP LPBF 2139 AB and slightly higher than
the MP LPBF 2139 T4.

The LPBF AlSi10Mg specimens were barely affected by the micro-
structural changes induced by the heat treatment, resulting in corrosion
current density values comparable between AB and T6 specimens.
Moreover, the heat-treated 2139 alloy kept providing higher corrosion
current densities than AlSi10Mg, confirming the comparatively superior
cathodic effect of the copper-rich second phases.

The post-processing heat treatments provided a significant variation
in terms of susceptibility to intergranular corrosion and relative
morphology of the attack (Table 6). The LPBF 2139 HT specimens were
still characterized by selective attacks. However, these no longer fol-
lowed a clear preferential path (Fig. 13a) as in the AB specimens. This
can be correlated to the second phases redistribution occurred during
the T4 heat treatment (Fig. 1). In fact, the selective attacks appeared less
elongated and no Cu-rich network was encountered, due to its disrup-
tion in the T4 state. Nevertheless, some dispersed Al,Cu particles were
still observed in correspondence of the edge of the corrosion products
(Fig. 13b, ¢), in a similar fashion to the Aly;Cu network in the AB spec-
imens. These observations are confirmed by the EDS maps of the

c)
1170 mV

S

border &5

Fig. 10. FESEM micrograph (a) and relative Volta potential map obtained by means of SKPFM (b) in a LPBF-processed alloy 2139 specimen. Volta potential line scan

crossing a Cu-rich area and the matrix (c).
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Fig. 12. Potentiodynamic polarization curves of the 2139 (LPBF and hot rolled) (a) and LPBF AlSi10Mg (b) MP specimens.

corrosion products (Fig. 14). In fact, the alloy LPBF 2139 HT did not
provide a significant amount of Al in correspondence of these areas,
while relevant quantities of Cu and O were found. Thus, confirming the
preferential dissolution of the a-Al matrix. These morphological differ-
ences resulted in a more homogeneous selective corrosion advancement,
leading to weight losses an order of magnitude lower than the as-built
specimens. No relevant melt pool or grain dropping was observed.

10

The rolled AA 2139 T351 alloy showed an intense intergranular
attack depending on the grain orientation (maximum in the rolling di-
rection) (Fig. 15a). In this case, the attacks average depth is comparable
to the AB LPBF 2139 (Table 6), whereas the mass losses are lower,
because the corrosion growth along the direction transversal to the
rolling direction is significatively lower. With the traditionally worked
AA 2139 alloy, the selective attack propagates along the distribution of
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Fig. 13. Morphology of the selective attack at the edge of the T4 alloy 2139 specimen (a), relative propagation (b) and inset highlighting the presence of Al,Cu (c).
Morphology of the selective attack at the edge of the T6 AlSi10Mg specimen (d) and relative propagation (e).
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Fig. 14. EDS maps of the corrosion products generated during the susceptibility to intergranular corrosion tests in the T4 alloy 2139.

copper-rich coarse precipitates (Fig. 15b, c).

The T6 heat treatment resulted in a clear variation in the morphol-
ogies of the attacks in the AISi10Mg specimens as well (Fig. 13d). These
appeared more similar to the typical morphologies of localized attacks
with the occluded cell structure. The relative propagations seemed to be
less affected by the presence of the second phase with respect to the T4
2139 alloy (Fig. 13e). Nevertheless, the cathodic effect of the coarse Si-

11

rich particles is still evident, with the preferential dissolution of the a-Al
matrix. Even for the AlSil1OMg alloy, the heat treatment induced a
reduction in terms of weight loss with respect to AB specimens, although
the results were still of the same order of magnitude.

SKPFM analyses were also performed on the T4 2139 alloy speci-
mens, as reported in Fig. 16. The highest Volta potential was found in
correspondence of the largest AloCu particles. These were characterized
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Fig. 15. MO (a) and FESEM (b) low magnification images of the selective attack morphology of the T351 alloy 2139 specimen and inset highlighting the presence of
Cu-rich precipitates (c).
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Fig. 16. FESEM micrograph (a) and relative Volta potential map obtained by means of SKPFM (b) in a heat-treated LPBF-processed alloy 2139 specimen. Volta
potential line scans crossing a large Cu-rich particle (I) and a smaller Cu-enriched zone (II), respectively (c).
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by a potential difference with the surrounding matrix as high as 360 mV
(Fig. 16¢, I). This value is significantly higher than the ones measured in
the AB condition (Fig. 10). Conversely, the areas characterized by a lack
of bulky particles (Fig. 16c, II) provided comparable potential differ-
ences (160 mV) with respect to the edge of the melt pool in AB
condition.

These data suggest a more intense cathodic effect given by the larger
particles, that might promote local corrosion phenomena. Nevertheless,
these particles appeared quite sparsely distributed. Therefore, it is
possible that a continuously distributed and frequent network of a lower
Volta potential difference (AB condition) might induce anyway more
conspicuous corrosion phenomena.

3.2.3. Corrosion mechanism

The obtained results underlined the effect of microstructure and
precipitates on the selective corrosion of the considered Al-Cu alloy. For
the LPBF-processed alloy in AB conditions, a selective corrosion of the
edge of the melt pool was observed. The metallographic analysis high-
lighted a different size distribution of the precipitates between the
center and the edge of the melt pool, resulting in higher differences
between the Volta potentials of Al matrix and precipitates. These dif-
ferences are responsible of the observed selective attack. The possible
mechanism for the AB LPBF 2139 alloy is shown in Fig. 17a,b.

The cathodic effect of copper precipitates is higher than silicon ones
observed in LPBF AlSiOMg [41], due to the lower overpotential for OER.
This leads to a strong alkalinization near the precipitates, destabilizing
the passive film. When the aluminum passive film is destroyed, the
galvanic effect becomes less important because the main cathodic pro-
cess becomes hydrogen evolution. The corrosion attacks proceed along
the preferential path of the edge of the melt pool, and the attacks are
filled of corrosion products that surround the copper-rich precipitates.
The heat treatments induce the coalescence of the very fine micro-
structures produced by the LPBF process, giving a-Al grains with mac-
roprecipitates of Al,Cu. The melt pool macrostructure is destroyed. The
galvanic effect of the second phase is enhanced, but their more homo-
geneous distribution changes the morphology of the attack from a deep
penetrating selective dissolution of the edge of the melt pool in a more
uniform attack with corrosion rate one orde of magnitude lower than the
untreated specimens (Fig. 17¢,d).

4. Conclusions

In this work, the corrosion behavior of an LPBF-processed alloy 2139
was assessed via electrochemical impedance spectroscopy, potentiody-
namic and susceptibility to intergranular corrosion tests. The corrosion
properties highlighted by this material were correlated to its micro-
structural/phase composition via FESEM imaging, XRD evaluations and
SKPFM maps. The results were compared with similar tests carried out
on a commercial hot rolled and heat treated AA 2139 alloy. In addition,
a well-established in the LPBF industry benchmark AlSi10Mg alloy was
also investigated and comparatively analyzed. The main results ob-
tained can be summarized as follows:

e The LPBF 2139 alloy was characterized by a semi-continuous
network of AlyCu precipitates, surrounding the a-Al cells. After the
T4 heat treatment, this network disappeared in favor of larger Al,Cu
precipitates, thus eliminating the typical melt pool microstructure.

Both LPBF alloy 2139 and AlSi10Mg provided an active behavior in
the as-printed surface condition. Mechanical polishing resulted in a
transition from an active to a passive behavior for the AlSi10Mg alloy
only. This was correlated to the higher efficiency of the Cu-rich
particles in LPBF alloy 2139, as demonstrated via SKPFM mapping.
A very similar behavior was observed for the hot rolled AA 2139
T351. Therefore, the corrosion phenomena are predominantly gov-
erned by the microstructure/phases in alloy 2139. Conversely, the
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passive layer quality is the main factor determining the behavior of
AlSi10Mg.

e LPBF alloys provided an inter-melt pool corrosion morphology dur-
ing the susceptibility to intergranular corrosion tests. The weight
losses associated with alloy 2139 were an order of magnitude higher
than AlSi10Mg alloy.

e In the heat-treated condition, LPBF alloy 2139 kept providing an
active behavior during potentiodynamic tests, unlike AISi10Mg.
Nevertheless, the relative mass losses recorded during the suscepti-
bility to intergranular corrosion tests were significantly decreased.
Additionally, the inter-melt pool attack morphology disappeared,
due to the significant microstructural changes induced by the heat
treatment. The mass loss and corrosion rate of the HT LPBF 2139
alloy are significatively lower than the correspondent wrought HT
AA 2139. This means that the T4 heat treatment has a positive effect
on both hardness and selective corrosion.
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