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In this study, corrosion inhibition of the additively manufactured AlSi10Mg was investigated
in 3.5% NaCl solution with the addition of 1% and 3% NH,NO,. The potentiodynamic polar-
ization and electrochemical impedance spectroscopy tests were performed in order to reveal
the corrosion behavior of the AlSil0Mg. The corrosion inhibition behavior of the AlSil0Mg
was determined by analyzing the Tafel curves, phase angle/frequency curves and equivalent
circuit results. Moreover, microstructures of the produced sample and corroded surfaces were
investigated with light metal microscopy. It was stated that the corrosion rate value of the
AlSi10Mg is reduced with the presence of NO,™ in 3.5% NaCl solution. On the other hand,
the surface/solution interaction was reduced by adding NH,NO, into 3.5% NaCl solution. It
can be clearly emphasized that using 3% NH NO, is quite effective in improving the corrosion
behavior of AISil0Mg in 3.5% NaCl.
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INTRODUCTION the fine distribution of silicon and grain refinement due to
the rapid cooling of the structure [9, 10]. Moreover, besides
mechanical properties, the LPBF AlSil0Mg's corrosion
properties are also crucial. It has been observed that the
corrosion resistance of aluminium alloys produced by AM
processes is equal to or slightly higher than conventional
casting techniques [11-13]. Chen et al. [14] determined that
the LPBF process improves the corrosion resistance of Al-
12Si alloy in 3.5% NaCl, compared to the as-cast condition.

On the other hand, various have been carried out to
improve the corrosion resistance of the LPBF AlSi10Mg.
Surface treatments, like chemical etching, sand blast-
ing and shot peening are applied to LPBF alloy to obtain

Additive manufacturing (AM) is a promising manufac-
turing process to produce metallic parts with desired prop-
erties. Laser powder bed fusion (LPBF) is one of the AM
methods, and metallic powders are deposited layer-by-layer
with a laser beam [1-3].

AlSi10Mg alloy has often been used in the conventional
casting process. The chemical composition of the alloy is near
eutectic, and AlSi10Mg has lower shrinkage and higher flu-
idity owing to its chemical composition. Besides, AlSi10Mg
is also of interest for additive manufacturing processes, and
AlSi10Mg has been widely used in LPBF process [4-7].

The LPBF AlSil0Mg parts exhibit higher mechanical

properties compared to conventional cast parts. Manfredi
et al. [8] stated that LPBF AlSi10Mg parts have higher yield
strength and hardness values compared to conventional
A360 alloy. It was revealed that the LPBF process provides
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higher corrosion resistance [15-18]. It was also reported
that the usage of corrosion inhibitors can slow down the
corrosion reactions and reduce corrosion damage in the
AlSi10Mg parts [19-22].
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Table 1. The chemical composition of the AISi10Mg powder (wt.%)

Si Fe Mg Cu Ni Mn Zn Pb

Ti

Al

9.8 0.14 0.36 0.02 0.01 0.01 (max) 0.01 (max) 0.01 (max)

0.01

Bal.

Si: Silicium; Fe: Iron; Mg: Magnesium; Cu: Copper; Ni: Nickel; Zn: Zinc; Pb: Lead; Ti: Titanium; Al: Aliminium.

Figure 1. The microstructure of the AlISil0Mg is parallel to the building direction in LPBE.

This study revealed the influence of corrosion inhibi-
tion of ammonium nitrate on LPBF AlSi10Mg. The electro-
chemical tests were performed in 3.5% NaCl solution with
various ammonijum nitrate content. Electrochemical im-
pedance spectroscopy (EIS) and Tafel analyses were carried
out in each test solution. Moreover, the corroded surface of
the samples was investigated.

MATERIALS AND METHODS

AlSil0Mg powders were used in LPBF process. Samples
were produced with EOS M290 system. The average parti-
cle size of the AlSi10Mg powders was determined as 47+0.4
um by Malvern 3000 mastersizer. The chemical composi-
tion of the powder was given in Table 1.

Microstructure characterization of the produced sam-
ples was carried out by light metal microscopy (LMM)
(Zeiss Axio Lab.A), and the corroded surface of the sam-
ples was also observed with LMM analysis. Corrosion in-
hibition of the AlSi10Mg AM alloy was studied in 3.5%
NaCl, 3.5% NaCl + 1% NH,NO,, and 3.5% NaCl + 3%
NH,NO, solutions, respectively. The test solutions were in
open to air condition. The corrosion behavior of the alloy
was investigated by potentiodynamic polarization (PDP)
and electrochemical impedance spectroscopy (EIS) tests.
The corrosion tests were repeated at least three times un-

til all repeated runs exhibited similar polarization curves.
The tests were performed with Ivium Compactstat with a
triple electrode system consisting of a reference electrode
(Ag/AgCl solution), a working electrode (test sample), and
a counter electrode (platinum). Prior to the PDP and EIS
tests, an open circuit potential (OCP) of the samples was
investigated by holding samples in the test solutions for
30 minutes. Corrosion potential (Ecm), corrosion current
density (i), and corrosion rate values were obtained using
Tafel curves following the PDP tests. Moreover, the EIS tests
were performed, the samples' phase angle/frequency curves
were obtained, and the test results were examined with the
fitted equivalent circuit.

RESULTS AND DISCUSSION

Figure 1 shows the microstructure of the AISi10Mg pro-
duced by LPBE The AM microstructure consisted of melt
pools and fish-scale pattern. The melt pools were character-
istic microstructure of the LPBF process, and layer-by-layer
deposition also provided the formation of fish-scale pat-
terns [23]. It can be deduced from the Figure 1 that the
samples were successfully produced by the LPBF process.

The Tafel curves and PDP test results are in Figure 2 and
Table 2, respectively. An active behavior was observed in
solution of 3.5% NaCl and 3.5% NaCl + 1% NH NO,, while
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Table 2. Potentiodynamic polarization test results

Sample o (V) i (A-cm?) Corrosion rate (mm-year™)
3.5% NaCl -0.7309 1.95-10°¢ 0.01753
3.5% NaCl + 1% NH,NO, -0.7085 0.98-10°° 0.01104
3.5% NaCl + 3% NH4N03 -0.6285 0.19-10° 0.00217

T T T T T
-0.3 4 —35% NaCl
e 13.5% NaCl + 1% NH,NO, b
0.4 4 ——3.5% NaCl + 3% NH,NO,
-0.5 4
5-0.6
2 i
[
<
S 0.7 ]
W oo i
0.9 i
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logi (NnA/cm?)

Figure 2. Potentiodynamic polarization curves.

the curve in 3.5% NaCl + 3% NH NO, solution showed a
pseudo passive zone. The usage of NH NO, as an inhibitor
significantly improved the corrosion behavior of the alloy.
The E__andi_ values of the AlSi10Mg in 3.5% NaCl solu-
tion were determined as -0.7309 V and 1.95-10° A.cm?,
respectively. Using NH NO, with 1% and 3% in NaCl solu-
tion increased the E__ to -0.7085 V and -0.6285 V, respec-
tively. In particular, the usage of 3% NH,NO, significantly
increased the E__ and delayed the occurrence of corrosion
on the AlISi10Mg surface.

Moreover, the presence of NH,NO, reduced i  and
dissolution of the surface. Thei_ value of 1.95-10° A-cm
% 1in 3.5% solution decreased to 0.19-10° A-cm™ in 3.5%
NaCl + 3% NH,NO, solution. Accordingly, corrosion rate
values were found as 0.01753 mm-year’, 0.01104 mm--
year' and 0.00217 mm-year' in 3.5% NaCl, 3.5% NaCl
+ 1% NH,NO,, and 3.5% NaCl + 3% NH,NO, solutions,
respectively. The usage of NH NO, not only delayed the
formation of corrosion on AlSil0Mg surface but also de-
creased the dissolution rate of the surface and reduced the
corrosion rate.

The microstructures of the corroded surfaces after the
PDP tests performed in all three solutions are shown in Fig-
ure 3. In the presence of Cl ions, corrosion damage on the
surface of aluminium alloys occurs in the form of pitting.
Although pitting damage was visible on all three surfaces,
the pits formed intensely, and severe surface damages were
observed on the surface of the AlSil0Mg in 3.5% NaCl
solution (Fig. 3a). It was observed that the surface damage
was reduced, and the formation of pit was decreased with
the presence of NH,NO, in the test solution.

Figure 3. Surface microstructure of the samples after PDP
tests (a) in 3.5% NaC, (b) in 3.5% NaCl + 1% NH NO,, and
(c) 3.5% NaCl + 3% NH,NO..
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Table 3. Fitted equiavalent circuit results

Sample R, on (Qecm?)

Rsubslrate

(Q-cm?) n CPE_, .Y, (Q"cm?s)"

3.5% NaCl
3.5% NaCl + 1% NH,NO,
3.5% NaCl + 3% NH,NO,

24.15
24.07
22.28

5.596x10°
6.146x10°
6.461x10°

0.946
0.909
0.901

6.881x10°¢
4.347x10°
3.185x10°¢

In the corrosion of aluminium with CI ions, the oxide
layer initially reacts with the Cl ions and the oxide film
is thinned. Also, aluminium chloride-based products are
formed, and exposure of the bare aluminium surface oc-
curs. In the presence of NO, ions, NO, provides a corro-
sion retarding effect by reducing the free aluminium sur-
face. The corrosion reactions on the AlSil0Mg surface in
the presence of NO, ions can be expressed as follows [24]:

AI3* 4+ 2Cl™ + 2H,0 = Al(OH),Cl; + 2H* 1)
Al = A3* 4+ 3e” (2)
AI3* + 4Cl- = AlCl; (3)
AICl; + 2H,0 = Al(OH),CL + 2H* + 3Cl™ (4)
3NO; + 8Al + 18H,0 = 3NH; + 8Al(OH); + 30H™ (5)

The aluminum passivation was provided with the pres-
ence of in NH,NO, test solution. NO," reduced the anodic
current density, and the corrosion behavior of the AlSi10Mg
was improved. Moreover, the pitting potential (E ) of the
AlSi10Mg was increased with the NO,, and the pitting po-
tential values in 3.5% NaCl, 3.5% NaCl + 1% NH,NO,, and
3.5% NaCl + 3% NH,NO, solutions were determined as
-0.687 V, -0.663 V and -0.418 V, respectively. It can be de-
duced that the 3% NH,NO, was quite effective to improve
corrosion behavior of AlSi10Mg in 3.5% NaClL

The EIS curve and fitted equivalent circuit are given in
Figure 4, and the fitted equivalent circuit results are sum-
marized in Table 3. The maximum peak angles for all test
solutions were detected in the medium frequency range.
These maximum peak angles in the medium frequency
range can be attributed to the protective aluminium oxide
layer. It can be stated that the phenomenon is more appar-
ent for the short time of corrosion exposure.R . R |
and CPE_ | represented the solution resistance, substrate
(AlISil10Mg) resistance, and capacitance of the substrate
(AISi10Mg), respectively. The measured capacitance was
often not ideal, and Q was determined as the constant phase
element. TheR | . was obtained at similar values since the
tests were carried out in the 3.5% NaCl solution. However,
the addition of NH,NO, reduced the solution resistance in
a small manner. It was observed that the changesin R
values were also in small manner. But then it can be stated
that the increasing trend of the R  _ with the increasing
NH,NO; content of the solution can be attributed to im-
proved corrosion resistance of the AISil0Mg surface.

Moreover, Q_,  value was reduced with increasing
NH,NO, content of the solution, and it indicated that
the solution/substrate interaction is decreased with the
presence of the NH,NO,. The obtained results obtained
were consistent with the PDP test results. The presence of

(a)®0 - - -

60
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3.5% NaCl + 1% NH,NO,
3.5% NaCl + 3% NH,NO,

20

T
1000 10000

log f (Hz)

(b) ' ' ' '
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8000 + ———3.5% NaCl + 1% NH,NO, ]
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Figure 4. EIS test results (a) and (b) Bode plots, (c) Fitted
equivalent circuit.

NO; in the solution provides the reduction of aluminium
during the corrosion process, which reduces the solution/
material interaction.
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CONCLUSION

The AlSi10Mg samples were produced successfully by
the LPBF process. Also, the inhibition behavior of the Al-
Sil0Mg AM samples was investigated in 3.5% NaCl solu-
tion with the addition of NH,NO..

The addition of NH NO, improves the E__andi__ val-
ues of the AlSi10Mg, and it was observed that the corrosion
rate value of the AlISi10Mg is reduced with the presence of
NO;, in 3.5% NaCl solution.

Moreover, the presence of NH,NO, increased the resis-
tance of the surface, reduced the surface/solution interac-
tion and the corrosion resistance was improved with reduc-
tion of the aluminium by NO,".
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