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Abstract: In this study, an Al–Mn–Zr alloy was designed and its microstructure and corrosion behav-
ior compared after laser welding to that of AA3003. As the results of immersion and electrochemical
tests showed, both alloys had a faster corrosion rate in the fusion zone than in the base metal. Laser
welding caused interdendritic segregation, and spread the intermetallic compounds (IMCs) evenly
throughout in the fusion zone. This increased the micro-galvanic corrosion sites and destabilized
the passive film, thus increasing the corrosion rate of the fusion zone. However, Zr in the Al–Mn
alloy reduced the size and number of IMCs, and minimized the micro-galvanic corrosion effect.
Consequently, Al–Mn–Zr alloy has higher corrosion resistance than AA3003 even after laser welding.

Keywords: laser welding; aluminum alloy; corrosion; zirconium; fusion zone; micro–galvanic;
interdendritic segregation; passive film

1. Introduction

A heat exchanger is a core part that directly affects the efficiency of the air conditioner
and ventilation system. Fin–tube heat exchangers are generally used [1]. As a material for
the fin and tube, AA3003 (Al–Mn alloy) is used due to the advantage of light weight and
good formability as well as high corrosion resistance [2,3]. Brazing was used to join the Al
fin and tube, but more recently welding has been used. The brazing melts the filler metal
and joins the base metals; hence, the use of filler metal is essential. However, the filler metal
can cause heat exchanger failure by causing galvanic corrosion between the filler metal, fin,
and tube [4–6]. Welding, on the other hand, does not necessarily use filler metal, and can
be used as an alternative joining method. In particular, laser welding is attracting attention
as a fast and accurate fully automatic process with a narrow heat–affected zone (HAZ) and
weld seam [7,8]. However, it has been reported that the microstructural changes caused by
laser welding make the fusion zone susceptible to pitting corrosion [9–17]. Therefore, to
improve a lifespan of fins and tubes, it is necessary to study the effects of laser welding on
the microstructure and corrosion behavior of Al–Mn alloys.

In Al–Mn alloys, the Mn element is precipitated as Al6Mn IMCs. However, in most Al
alloys, the Fe element is contained as an impurity and exists as Al3Fe and Al6Fe intermetallic
compounds (IMCs). Al6Fe IMC combines with Al6Mn to form Al6(Fe,Mn), which has
similar corrosion potential to the Al matrix and reduces the micro-galvanic corrosion
between IMCs and the Al matrix [18,19]. However, the remaining Al3Fe and Al6Fe have
higher corrosion potentials than the Al matrix and still act as cathodic sites, accelerating
the micro-galvanic corrosion of Al–Mn alloys. Therefore, in order to increase the corrosion
resistance of Al–Mn alloys, studies on the uniform distribution of IMCs by adding alloying
elements or nanoparticles are being conducted [20]. Zr is known as an alloying element
for refining the grain and IMCs. Zr in Al alloys precipitates as fine Al3Zr, which prevents
the grain growth [21–23]. In addition, the melting temperature of Al3Zr is very high, thus
some Al3Zr remains unmelted in the molten pool during the welding [24]. These fine Al3Zr
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particles can play the same role as nanoparticles. The addition of nanoparticles reduces the
IMC size and spreads the IMC of the welded and base Al alloy [25]. Therefore, the result of
increasing the corrosion resistance of the fusion zone can be expected through the adding
of Zr.

In this study, an Al–Mn alloy containing the Zr was prepared to estimate the effect of
Zr on the corrosion behavior of laser-welded Al–Mn alloy, and the corrosion behavior of
Al–Mn–Zr alloy was compared with that of AA3003. The microstructural change during the
laser welding was observed using optical microscopy (OM), scanning electron microscopy
(SEM), and electron probe microanalysis (EPMA). Then, the corrosion behavior was es-
timated by immersion test, potentiodynamic (PD) test, and electrochemical impedance
spectroscopy (EIS).

2. Materials and Methods
2.1. Materials and Laser Welding Process

The Al alloys used in this research were commercial AA3003 and Al–Mn–Zr alloys
(UniCorAl®, Suwon, Republic of Korea, U3003). U3003 is an Al–Mn alloy with added Zr
which was developed to improve corrosion resistance. The U3003 alloy was prepared using
a 99.9% Al ingot and three master alloys (Al–20Mn, Al–5Fe, and Al–15Zr). An appropriate
amount of material was filled into a graphite crucible at 780–800 ◦C, then the molten metal
was injected into a mold and air cooled. Following the casting, hot and cold rolling were
performed to produce a 1 mm-thick plate. The chemical compositions of the two alloys
were analyzed by inductively coupled plasma–mass spectrometry (ICP–MS, Perkin Elmer
(Waltham, MA, USA), NexION 2000S), as shown in Table 1.

Table 1. Chemical compositions of Al alloys.

Alloys
Composition (wt.%)

Mn Fe Zr Si Cu Mg Al

AA3003 1.126 0.357 - 0.100 0.120 0.017 Bal.
U3003 0.485 0.086 0.164 0.032 - 0.002 Bal.

The laser-welded specimens were plate shaped with a size of 60 mm × 20 mm × 1 mm,
and the center was welded in the longitudinal direction. Figure 1 shows the specimen
preparation procedure.
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Figure 1. Procedure for laser-welded specimen preparation.

Dual-beam laser welding was performed in a butt joint configuration with no filler
metal. Pure nitrogen gas was used as the shielding gas with a flow rate of 10 L/min. The
welding parameters are listed in Table 2.

Table 2. Laser welding parameters.

Power Mode Speed (m/min) Beam Power
(kW)

Beam Size
(µm)

Wavelength
(µm)

Incident Angle
(◦)

Defocusing
(mm)

Continuous 10 Main 3.0
Ring 0.5

Main 210
Ring 540 1070 0 0
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2.2. Surface Analysis

To observe the microstructure of the specimens, the specimens were cut perpendicu-
larly to the welding direction and mounted using epoxy resin. The cross sections of the
specimens were mechanically polished up to 4000 grit using SiC paper, followed by polish-
ing to 1 µm using alumina powder. Before observation, the specimens were etched using a
Keller reagent (5 mL HNO3, 3 mL HCl, 2 mL HF, and 190 mL deionized water) according
to ASTM E407 [26]. The microstructure of the laser welded specimens was characterized
by OM (Witec (Ulm, Germany), Alpha 300S) and SEM (JEOL (Akishima-shi, Japan), JSM
6380). Their chemical compositions were measured by EPMA (JEOL, JXA 8900R) equipped
with SEM.

2.3. Corrosion Testing

To evaluate the corrosion behavior of laser-welded Al–Mn alloys, immersion, poten-
tiodynamic (PD), and EIS testing were performed. The test solution was artificial acid
rain, and the composition is presented in Table 3 [27]. The ion concentration of the test
solution was controlled by H2SO4, HNO3, and NaCl, and the pH was adjusted with 0.1 M
NaOH solution.

Table 3. Chemical composition of artificial acid rain.

pH SO42− (mg/L) NO3− (mg/L) Cl− (mg/L)

4 2.212 1.545 400

For the immersion test specimens, the top weld side was polished to a 1000-grit size
using SiC paper. Then, the specimen was immersed in the solution for 12 weeks. During
the immersion test, the solution was changed every 2 weeks to maintain the chemical
composition. After the immersion test, the corrosion depth was measured using a surface
profiler (KLA Tencor (Milpitas, CA, USA), Alpha Step 500).

The electrochemical tests were conducted on the bare Al–Mn alloy (before laser weld-
ing) and the fusion zone of laser-welded specimens, respectively, using a three-electrode
system and a potentiostat (Bio Logic (Seyssinet-Pariset, France), VSP 300). The working
electrode was the test specimen, the counter electrode was the pure carbon rod, and the
reference electrode was the saturated calomel electrode. Each electrochemical test was per-
formed in triplicate, and before conducting electrochemical tests, the open circuit potential
(OCP) was measured for 30 h. The PD tests were performed with a scan rate of 0.166 mV/s,
following the ASTM G5 standard [28]. The anodic potential was swept from the OCP to
1 VOCP, while the cathodic potential was swept from OCP to −0.6 VOCP. The frequency
range of the EIS tests was from 100 kHz to 10 MHz with alternating current amplitude of
20 mV.

3. Results and Discussion
3.1. Microstructure of Laser-Weld Beads

Figure 2 shows the cross-sectional images of laser-welded AA3003 and U3003.
The red boxes in Figure 2a,c indicate the interface between the base metal (BM) and the

fusion zone (FZ), and enlarged images are shown in Figure 2b,d. In the FZ, the grains grow
epitaxially from the BM/FZ boundary towards the weld center, which is in a perpendicular
direction to the welding direction. Unlike in the BM, the distribution of IMCs in the FZ
exhibits directionality, clearly distinguishing BM and FZ. Since the laser welding enables
rapid melting and cooling, the effect of heat on the BM is reduced [29,30]. Therefore, both
alloys have a very narrow HAZ. Consequently, in this study, the cross sections of the
laser-welded specimens were divided into two regions, BM and FZ.

Figure 3 shows the SEM images of the BM/FZ interface (red boxes in Figure 2), and
the distribution of Fe and Mn at the same location.
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In both alloys, Fe and Mn were concentrated in the IMC, indicated by the white circle
in the BM, whereas they were dispersed over the entire area in the FZ. Consequently, the
laser welding affected the microstructure of FZ, especially the IMC distribution. Figure 3c,d
show the EDS point analysis results of the IMC inside the red circle for each alloy. The IMCs
of both alloys contained similar amounts of Fe and Mn, with a significant presence of Al.
Therefore, the IMC shown in the SEM image is Al6(Fe,Mn), which is a representative IMC
of Al–Mn alloy [31,32]. Since Al6(Fe,Mn) is formed by substituting a Fe atom at the Mn
position of Al6Mn or by substituting a Mn atom at the Fe position of Al6Fe, Al6(Fe,Mn) has a
full composition range from Al6Mn to Al6Fe [33,34]. Al6Mn has a similar potential with the
Al matrix, then increasing the corrosion resistance. However, Al6Fe has a higher corrosion
potential than Al matrix, of about 300 mV, thus Al6Fe acts as a cathode to the Al matrix
and accelerates the corrosion rate of the Al matrix by the micro-galvanic corrosion [19,35].
Therefore, the distribution of IMC affects the corrosion behavior of Al–Mn alloy. Since the
micro-galvanic corrosion rate increases as the number of micro-galvanic sites and the area
ratio of the cathode to the anode increase, the IMC size and distribution should be analyzed.

The microstructures of each region are shown in Figure 4.
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In Figure 4a–c, the IMC in the BM (solid arrows) of AA3003 is a short-rod shape with
an average size of 1.282 µm2 and the IMCs are distributed without regularity. The IMCs
in the FZ of AA3003 appear as very thin bands along the grain growth direction (dotted
arrows). In Figure 4d–f, the IMCs in the BM of U3003 are spherical with an average size of
0.291 µm2 and are distributed irregularly. However, in the FZ, the size of IMCs is smaller
than in BM and distributed along the grain growth direction. This means that during
the laser welding, the alloying elements in the molten pool were accumulated among the
dendrite arm and interdendritic segregation occurred in both alloys [36,37]. Moreover, in
Figure 4c, some equiaxed dendrites appear at the weld center of AA3003, further showing
the interdendritic segregation.

Additionally, if the cooling rate of the laser-welding process is fast, then the dendrite
arm spacing is reduced [38]. Consequently, the interdendritic IMCs in the dendrite arms
are smaller and more evenly spread.
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During the solidification, Zr in Al alloy is precipitated as fine Al3Zr particles, and
this precipitation process hinders the nucleation and growth of IMCs [20,39]. Therefore,
in BM, the IMC size of U3003 is smaller than that of AA3003. Additionally, after laser
welding, since the melting point of Al3Zr is significantly higher (1500 ◦C) than that of Al
(660 ◦C), some Al3Zr particles remain unmelted [24,40]. These fine Al3Zr particles act as a
heterogeneous nucleation site of Al6(Fe,Mn) IMCs. Consequently, a large number of fine
spherical IMCs are formed.

Figure 5 shows the area ratio of IMCs to the Al matrix calculated from the SEM images
of Figure 4.
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In the AA3003, the area ratio of IMCs to Al matrix is 6.21% in BM, and 6.81% in FZ. In
the U3003, the area ratio of IMCs is 1.54% in BM and 1.58% in FZ. Since the rapid cooling
of laser welding refines and spreads the IMC, the area ratio of the IMC in the FZ of both
alloys increases [41]. In FZ of AA3003, the IMCs are band shaped and are spaced close to
each other by the interdendritic segregation; thus, the area of IMC becomes 9.7% wider
than that of BM. However, in the case of U3003, Zr in the Al alloy hindered the growth of
Al6(Fe,Mn) and made the IMC spherical, resulting in an increase of the IMC area by only
2.6%. Since U3003 has a lower content of Fe and Mn elements than AA3003, the amount of
IMC is less in U3003 in both regions. The galvanic corrosion rate is proportional to the area
ratio of the cathode to the anode; thus, the corrosion rate of the Al–Mn alloy is increased as
the IMC area increases [42,43]. Therefore, it can be inferred that the corrosion rate of U3003
is lower than that of AA3003, in both regions.

3.2. Corrosion Testing

To investigate the corrosion behavior of laser-welded specimens, immersion testing
was performed for 12 weeks. The surface and cross-sectional images of specimens after the
immersion test are shown in Figure 6.

In case of AA3003 (Figure 6a,b), the whole region of AA3003 was corroded, and the
maximum corrosion depth of FZ was 61.3 µm, which was more severe than that of BM. In
Figure 6c,d, it can be seen that U3003 was corroded very slightly in BM, and the partial area
of FZ was corroded with a maximum corrosion depth of 18.5 µm. Therefore, the corrosion
rate of AA3003 was faster than that of U3003 in both regions.

Figure 7 shows the polarization curves of each specimen and the results are presented
in Table 4.
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Table 4. Potentiodynamic test results for AA3003 and U3003.

Alloy AA3003-Bare AA3003-Weld U3003-Bare U3003-Weld

Corrosion potential (mVSCE) 623.7 621.7 631.2 631.2
Corrosion current density

(µA/cm2) 0.78 3.15 0.46 0.69

Consistent with the results of the immersion test, the corrosion rate of BM was faster
than that of the FZ in both alloys. However, the corrosion potential difference of BM and FZ
was less than 5 mV. Therefore, the galvanic corrosion by the microstructure difference be-
tween the BM and FZ was not significant. Consequently, the microstructure change caused
by the laser welding affected the micro-galvanic corrosion between the IMC and matrix.
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Figure 8 shows the high-magnification images of the cross sections after immersion
testing. In the BM of AA3003 (Figure 8a), the corrosion of the Al matrix was concentrated
around the IMC.
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This means that the micro-galvanic corrosion occurred between the Al6(Fe,Mn) IMC
and Al matrix. In contrast, in FZ (Figure 8b), corrosion occurred uniformly over the entire
area. Since the IMCs were refined and redistributed in FZ after laser welding, the number
of micro-galvanic sites increased. Therefore, corrosion occurred uniformly over a wide area
without being concentrated, and the micro-galvanic rate of FZ was increased compared
to that of BM. In the case of U3003 (Figure 8c,d), the IMC size was quite small, and micro-
galvanic corrosion next to the IMC did not appear. Since Al6(Fe,Mn) has a composition
between Al6Mn and Al6Fe, the corrosion potential also has a value between that of Al6Mn
and Al6Fe. As the Mn content increased in IMC, the corrosion potential decreased from
that of Al6Fe to that of Al6Mn, which had a corrosion potential similar to that of the Al
matrix [19,35]. The Mn/Fe ratio of AA3003 is 3.15 and that of U3003 is 5.6. Since the Mn
content of IMC increases with the Mn/Fe ratio, the corrosion potential of Al6(Fe,Mn) IMC
is lower in U3003 than in AA3003. Therefore, the micro-galvanic effect was not significant
in U3003.

In the previous section, the area ratio of IMC to the Al matrix of BM and FZ only
slightly increased in U3003. In addition, no significant micro-galvanic corrosion was
observed. Nevertheless, the corrosion depths of BM and FZ were quite different, as shown
in Figure 6. There is another reason for the corrosion acceleration of FZ in addition to
micro-galvanic corrosion between the IMC and Al matrix. In Figure 8c, the result of the
EDS line profile performed at the red dashed arrow is shown in the lower left corner. The
scan direction was inward from the alloy surface. The oxygen content decreases and Al
content increases along the scan direction. Therefore, it can be found that the oxide film was
formed on the specimen surface [44,45]. In Figure 8c, the oxide film becomes thin on the
corroded surface. Moreover, in Figure 8d, the IMCs are appearing in the passive film. The
breakdown of passive film is the main mechanism of pitting corrosion of Al [46]. Therefore,
in this study, the stability of oxide film in each region was investigated through the EIS test.
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To investigate the corrosion mechanism of laser-welded Al–Mn alloys, the EIS tests
were performed on FZ and BM, and the impedance plots were analyzed based on an
appropriate equivalent circuit using ZSimpWin Software version 3.21. Figure 9a shows the
equivalent circuit used to determine the optimized resistance and capacitance values from
the EIS data.
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In the equivalent circuit, Rs is the solution resistance, Cfilm is the capacitance of the
passive film, Rfilm is the electrical resistance of an ionic conduction path through the passive
film, Cdl is the double-layer capacitance and Rct is the resistance associated with the metal
dissolved in the electrolyte [47]. Figure 9b,c show the experimental Nyquist plots (scatter
plots) and calculated Nyquist plots using the equivalent circuit (line plots). The Nyquist
plots in Figure 9 show two time constants, and the measurement plots and the calculation
plots agree well. The semicircle in the low frequency is correlated with charge transfer
resistance, and the high-frequency semicircle indicates the corrosion resistance by the
passive film [48–50]. Since the real axis value at the low-frequency intercept is the sum
of the polarization resistance and solution resistance, the corrosion resistance increases
as the diameter of the semicircle increases [51,52]. The high-frequency semicircle of BM
is bigger than that of FZ in both alloys. Therefore, the corrosion resistance of FZ was
lower than that of BM due to the effect of passive film stability. Additionally, as a result of
analyzing the polarization resistance (Rp), which means the diameter of semicircles, using
an equivalent circuit, in the case of BM, that of AA3003 was 17,748 Ω·cm2 and that of U3003
was 28,692 Ω·cm2. In the case of FZ, the polarization resistance of AA3003 was 2250 Ω·cm2

and that of U3003 was 11,993 Ω·cm2. Therefore, the corrosion resistance of U3003 was
higher than that of AA3003 in FZ as well as BM.

The EIS fitting results are presented in Table 5.
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Table 5. EIS analysis results for AA3003 and U3003.

Alloy Rs
(Ω·cm2)

Cfilm

(F/cm2)
Rfilm

(Ω·cm2)
Cdl

(F/cm2)
Rct

(Ω·cm2)
icorr

(µA/cm2)

AA3003
BM 144.12 7.39 × 10−6 9840 1.7 × 10−3 7908 0.48
FZ 86.2 10.3 × 10−6 404 0.01 × 10−3 1846 3.80

U3003
BM 181.62 6.6 × 10−6 17,622 0.3 × 10−3 11,070 0.30
FZ 117.42 11.2 × 10−6 993 0.6 × 10−3 11,000 0.71

The corrosion rate (icorr) and polarization resistance (Rp) are inversely proportional, as
shown in Equation (1) [53],

icorr = RT/zFRp (1)

where R represents the gas constant (8.314 J/mol·K), T represents temperature, F represents
Faraday’s constant (96,500 C/mol), and z represents the number of equivalents exchanged.
Rp represents the polarization resistance produced by the sum of Rfilm and Rct because
two resistors connected in series [54]. As in the immersion test, the corrosion rate of FZ
was faster than that of BM in both alloys. In the case of AA3003, the corrosion rate of FZ
(3.80 µA/cm2) increased by 7.9 times compared to that of BM (0.48 µA/cm2), and in the
case of U3003, the corrosion rate of the FZ (0.71 µA/cm2) increased by 2.4 times compared
to that of BM (0.30 µA/cm2).

In both alloys, the Rfilm of FZ was lower than that of BM, and the Cfilm was higher.
This means that the thickness of the passive film of FZ became thinner and unstable [55,56].
According to Equations (2) and (3), the thickness of the passive film (dfilm) is proportional
to Rfilm and inversely proportional to Cfilm [48,57].

d f ilm = R f ilm A/ρ (2)

d f ilm = εε0 A/C f ilm (3)

where A represents the surface area, ρ represents the specific resistivity of the passive
layer, ε represents the permittivity of passive film, and ε0 represents the permittivity of
the vacuum (8.85 × 10−12 F/m). After laser welding, the IMCs were evenly distributed
on the surface of the FZ, making the passive film thin and unstable [58–60]. As shown in
Figure 8d, the IMCs appeared in the passive film, which acted as defects. Consequently, the
weakening of the passive film induced an increase of corrosion rate of the FZ of both alloys.

The summary of the corrosion mechanism of laser welded Al–Mn alloys is schemati-
cally shown in Figure 10.
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After laser welding, the IMCs were refined and dispersed in the FZ due to interdendritic
segregation. This dispersion of IMCs increased the area of IMC to the matrix, and destabilized
the passive film. As a result, the corrosion rate of the FZ increased in both alloys. However,
in comparison to AA3003, U3003 exhibited a smaller IMC size and reduced quantity, along
with a lower Mn/Fe ratio. Therefore, U3003 was more resistant to micro-galvanic corrosion
between the IMC and the Al matrix. Consequently, even subsequent to the laser-welding
process, U3003 demonstrated higher corrosion resistance than AA3003.

4. Conclusions

In this study, the corrosion behavior of a laser-welded Al–Mn–Zr alloy for a heat ex-
changer was investigated and compared with that of AA3003. According to the immersion
test and the EIS test, the corrosion rate of AA3003 was faster than that of U3003 in both
FZ and BM. During the laser welding, interdendritic segregation was occurring in the
FZ, and the Al6(Fe,Mn) IMC was refined and spread more evenly. This change in IMC
distribution destabilized the passive film and increased the micro-galvanic corrosion rate.
However, the addition of Zr suppressed the precipitates of IMCs, and the remaining Al3Zr
made the IMC spherical in the FZ. Therefore, the IMC area ratio to the Al matrix did not
change significantly and the effect of micro-galvanic corrosion was negligible in U3003.
Consequently, U3003 had higher corrosion resistance than AA3003 even after laser welding.
Therefore, using U3003 as a material for fins and tubes can improve the corrosion resistance
of laser-welded joints of the fins and tubes in heat exchangers.

Author Contributions: Conceptualization, J.-M.L. and Y.-S.S.; methodology, J.-M.L.; validation,
Y.-S.S.; investigation, J.-M.L.; writing—original draft preparation, J.-M.L.; writing—review and
editing, J.-G.K.; supervision, J.-G.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Sungkyunkwan University and the BK21 FOUR
(Graduate School Innovation) funded by the Ministry of Education (MOE, Korea) and National
Research Foundation of Korea (NRF).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article material.

Acknowledgments: This research was supported by the Sungkyunkwan University and the BK21
FOUR (Graduate School Innovation) funded by the Ministry of Education (MOE, Korea) and National
Research Foundation of Korea (NRF).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sinha, A.; Chattopadhyay, H.; Iyengar, A.K.; Biswas, G. Enhancement of heat transfer in a fin-tube heat exchanger using

rectangular winglet type vortex generators. Int. J. Heat Mass Transf. 2016, 101, 667–681. [CrossRef]
2. Jaradeh, M.M.R.; Carlberg, T. Solidification studies of 3003 aluminium alloys with Cu and Zr additions. J. Mater. Sci. Technol.

2011, 27, 615–627. [CrossRef]
3. Zaffaroni, G.G.B.; Gudla, V.C.; Ambat, R.; Mangelsdorf, A. Microstructural and corrosion issues of embossed and welded

aluminium heat exchanger tubes. In Proceedings of the EUROCORR 2017, European Corrosion Congress, Prague, Czech
Republic, 3–7 September 2017.

4. Gagliardi, A.; Lanzutti, A.; Simonato, M.; Furlanetto, R.; Magnan, M.; Andreatta, F.; Fedrizzi, L. Failure analysis of a plate heat
exchanger used in a blast chiller. Eng. Fail. Anal. 2018, 92, 289–300. [CrossRef]

5. Hagiwara, M.; Baba, Y.; Tanabe, Z.; Miura, T.; Hasegawa, Y.; Iijima, K. Development of corrosion resistant aluminum heat
exchanger, Part 1: Development of new aluminum alloy sheets for sacrificial anode. SAE Trans. 1986, 95, 477–481.

6. Humpston, G.; Sangha, S.; Jacobson, D. New filler metals and process for fluxless brazing of aluminium engineering alloys. Mater.
Sci. Technol. 1995, 11, 1161–1168. [CrossRef]

7. Mathers, G. The Welding of Aluminium and Its Alloys; Elsevier: Cambridge, UK, 2002; pp. 150–155.
8. Zhao, H.; White, D.R.; DebRoy, T. Current issues and problems in laser welding of automotive aluminium alloys. Int. Mater. Rev.

1999, 44, 238–266. [CrossRef]

https://doi.org/10.1016/j.ijheatmasstransfer.2016.05.032
https://doi.org/10.1016/S1005-0302(11)60116-3
https://doi.org/10.1016/j.engfailanal.2018.06.005
https://doi.org/10.1179/mst.1995.11.11.1161
https://doi.org/10.1179/095066099101528298


Materials 2023, 16, 6009 12 of 13

9. Coelho, B.N.; Lima, M.S.F.D.; Carvalho, S.M.D.; Costa, A.R.D. A comparative study of the heat input during laser welding of
aeronautical aluminum alloy AA6013-T4. J. Aerosp. Technol. Manag. 2018, 10, e2918. [CrossRef]

10. Haboudou, A.; Peyre, P.; Vannes, A.; Peix, G. Reduction of porosity content generated during Nd: YAG laser welding of A356 and
AA5083 aluminium alloys. Mater. Sci. Eng. A 2003, 363, 40–52. [CrossRef]

11. Cao, X.; Wallace, W.; Immarigeon, J.-P.; Poon, C. Research and progress in laser welding of wrought aluminum alloys II.
Metallurgical microstructures, defects, and mechanical properties. Mater. Manuf. Process. 2003, 18, 23–49. [CrossRef]

12. Sheikhi, M.; Ghaini, F.M.; Torkamany, M.; Sabbaghzadeh, J. Characterisation of solidification cracking in pulsed Nd: YAG laser
welding of 2024 aluminium alloy. Sci. Technol. Weld. Join. 2009, 14, 161–165. [CrossRef]

13. Watkins, K.G.; McMahon, M.A.; Steen, W.M. Microstructure and corrosion properties of laser surface processed aluminium alloys:
A review. Mater. Sci. Eng. A 1997, 231, 55–61. [CrossRef]

14. Padovani, C.; Fratini, L.; Squillace, A.; Bellucci, F. Electrochemical analysis on friction stir welded and laser welded 6XXX
aluminium alloys T-joints. Corros. Rev. 2007, 25, 475–489. [CrossRef]

15. Miyagi, M.; Kawahito, Y.; Wang, H.; Kawakami, H.; Shoubu, T.; Tsukamoto, M. X-ray phase contrast observation of solidification
and hot crack propagation in laser spot welding of aluminum alloy. Opt. Express 2018, 26, 22626–22636. [CrossRef] [PubMed]

16. Zhang, X.; Liu, B.; Zhou, X.; Wang, J.; Hashimoto, T.; Luo, C.; Sun, Z.; Tang, Z.; Lu, F. Laser welding introduced segregation and
its influence on the corrosion behaviour of Al-Cu-Li alloy. Corros. Sci. 2018, 135, 177–191. [CrossRef]

17. Zhang, D.Q.; Li, J.; Joo, H.G.; Lee, K.Y. Corrosion properties of Nd: YAG laser–GMA hybrid welded AA6061 Al alloy and its
microstructure. Corros. Sci. 2009, 51, 1399–1404. [CrossRef]

18. Anderson, W.; Stumpf, H. Effects of manganese on the electrode or free corrosion potentials of aluminum. Corrosion 1980,
36, 212–213. [CrossRef]

19. Zamin, M. The role of Mn in the corrosion behavior of Al-Mn alloys. Corrosion 1981, 37, 627–632. [CrossRef]
20. Kim, Y.S.; Park, I.J.; An, B.S.; Park, J.G.; Yang, C.W.; Lee, Y.H.; Kim, J.G. Improvement of corrosion penetration resistance for

aluminum heat exchanger by alloying zirconium. Mater. Chem. Phys. 2020, 241, 122275. [CrossRef]
21. Jia, Z.; Hu, G.; Forbord, B.; Solberg, J.K. Effect of homogenization and alloying elements on recrystallization resistance of

Al–Zr–Mn alloys. Mater. Sci. Eng. A 2007, 444, 284–290. [CrossRef]
22. Mikhaylovskaya, A.; Portnoy, V.; Mochugovskiy, A.; Zadorozhnyy, M.Y.; Tabachkova, N.Y.; Golovin, I. Effect of homogenisation

treatment on precipitation, recrystallisation and properties of Al–3% Mg–TM alloys (TM = Mn, Cr, Zr). Mater. Des. 2016,
109, 197–208. [CrossRef]

23. Kutsuna, M.; Kitamura, S.; Shibata, K.; Sakamoto, H.; Tsushima, K. Improvement of the joint performance in laser welding of
aluminium alloys. Weld. World 2006, 50, 22–27. [CrossRef]

24. Dongxia, Y.; Xiaoyan, L.; Dingyong, H.; Hui, H. Effect of minor Er and Zr on microstructure and mechanical properties of
Al–Mg–Mn alloy (5083) welded joints. Mater. Sci. Eng. A 2013, 561, 226–231. [CrossRef]

25. Ramkumar, K.R.; Natarajan, S. Investigations on microstructure and mechanical properties of TiO2 nanoparticles addition in Al
3003 alloy joints by gas tungsten arc welding. Mater. Sci. Eng. A 2018, 727, 51–60. [CrossRef]

26. ASTM E407; Standard Practice for Microetching Metals and Alloys. ASTM International: West Conshohocken, PA, USA, 2016.
27. Hong, M.S.; Park, I.J.; Kim, J.G. Alloying effect of copper concentration on the localized corrosion of aluminum alloy for heat

exchanger tube. Met. Mater. Int. 2017, 23, 708–714. [CrossRef]
28. ASTM G5; Standard Reference Test Method for Making Potentiodynamic Anodic Polarization Measurements. ASTM International:

West Conshohocken, PA, USA, 2021.
29. Cao, X.; Wallace, W.; Poon, C.; Immarigeon, J.-P. Research and progress in laser welding of wrought aluminum alloys I. Laser

welding processes. Mater. Manuf. Process. 2003, 18, 1–22. [CrossRef]
30. Ion, J.C. Laser beam welding of wrought aluminium alloys. Sci. Technol. Weld. Join. 2000, 5, 265–276. [CrossRef]
31. Denholm, W.; Esdaile, J.; Siviour, N.; Wilson, B. The nature of the FeAl3 liquid-(FeMn) Al6 reaction in the Al-Fe-Mn system.

Metall. Trans. A 1987, 18, 393–397. [CrossRef]
32. Yan, F.; Kumar, S.; Mckay, B.; O’Reilly, K. Effect of Mn on Fe containing phase formation in high purity aluminium. Int. J. Cast

Met. Res. 2014, 27, 202–206. [CrossRef]
33. Homonnay, Z.; Vértes, A.; Cziráki, Á.; Oszkó, A.; Menczel, G.; Murgás, L. Mössbauer study of Al6(Fe, Mn) formation in Al-rich

Al−Fe−Mn alloys. J. Radioanal. Nucl. Chem. 1990, 139, 127–134. [CrossRef]
34. Li, Y.; Zhang, W.; Marthinsen, K. Precipitation crystallography of plate-shaped Al6 (Mn, Fe) dispersoids in AA5182 alloy. Acta

Mater. 2012, 60, 5963–5974. [CrossRef]
35. Li, J.; Dang, J. A summary of corrosion properties of Al-rich solid solution and secondary phase particles in Al alloys. Metals 2017,

7, 84. [CrossRef]
36. Pakdil, M.; Çam, G.; Koçak, M.; Erim, S. Microstructural and mechanical characterization of laser beam welded AA6056 Al-alloy.

Mater. Sci. Eng. A 2011, 528, 7350–7356. [CrossRef]
37. Almenara, M.D.; Capace, M.C. Microstructure and mechanical properties of GTAW welded joints of AA6105 aluminum alloy.

Rev. Fac. Ing. 2016, 25, 7–19. [CrossRef]
38. Haghdadi, N.; Phillion, A.B.; Maijer, D.M. Microstructure characterization and thermal analysis of aluminum alloy B206 during

solidification. Metall. Mater. Trans. A 2015, 46, 2073–2081. [CrossRef]

https://doi.org/10.5028/jatm.v10.925
https://doi.org/10.1016/S0921-5093(03)00637-3
https://doi.org/10.1081/AMP-120017587
https://doi.org/10.1179/136217108X386554
https://doi.org/10.1016/S0921-5093(97)00034-8
https://doi.org/10.1515/CORRREV.2007.25.3-4.475
https://doi.org/10.1364/OE.26.022626
https://www.ncbi.nlm.nih.gov/pubmed/30184920
https://doi.org/10.1016/j.corsci.2018.02.044
https://doi.org/10.1016/j.corsci.2009.03.030
https://doi.org/10.5006/0010-9312-36.4.212
https://doi.org/10.5006/1.3577549
https://doi.org/10.1016/j.matchemphys.2019.122275
https://doi.org/10.1016/j.msea.2006.08.097
https://doi.org/10.1016/j.matdes.2016.07.010
https://doi.org/10.1007/BF03266511
https://doi.org/10.1016/j.msea.2012.11.002
https://doi.org/10.1016/j.msea.2018.04.111
https://doi.org/10.1007/s12540-017-6589-9
https://doi.org/10.1081/AMP-120017586
https://doi.org/10.1179/136217100101538308
https://doi.org/10.1007/BF02648799
https://doi.org/10.1179/1743133613Y.0000000098
https://doi.org/10.1007/BF02060460
https://doi.org/10.1016/j.actamat.2012.06.022
https://doi.org/10.3390/met7030084
https://doi.org/10.1016/j.msea.2011.06.010
https://doi.org/10.19053/01211129.v25.n43.2016.5293
https://doi.org/10.1007/s11661-015-2780-0


Materials 2023, 16, 6009 13 of 13

39. Kim, Y.S.; Park, J.G.; An, B.S.; Lee, Y.H.; Yang, C.W.; Kim, J.-G. Investigation of zirconium effect on the corrosion resistance of
aluminum alloy using electrochemical methods and numerical simulation in an acidified synthetic sea salt solution. Materials
2018, 11, 1982. [CrossRef] [PubMed]

40. Aidun, D.; Dean, J. Effect of enhanced convection on the microstructure of Al-Cu-Li welds. Weld. J. 1999, 78, 349–354.
41. Lu, B.; Li, Y.; Wang, H.; Wang, Y.; Yu, W.; Wang, Z.; Xu, G. Effects of cooling rates on the solidification behavior, microstructural

evolution and mechanical properties of Al–Zn–Mg–Cu alloys. J. Mater. Res. Technol. 2023, 22, 2532–2548. [CrossRef]
42. Deshpande, K.B. Numerical modeling of micro-galvanic corrosion. Electrochim. Acta 2011, 56, 1737–1745. [CrossRef]
43. Mansfeld, F.; Kenkel, J. Galvanic corrosion of Al alloys—III. The effect of area ratio. Corros. Sci. 1975, 15, 239–250. [CrossRef]
44. Wei, X.; Zhang, B.; Wu, B.; Wang, Y.; Tian, X.; Yang, L.; Oguzie, E.; Ma, X. Enhanced corrosion resistance by engineering

crystallography on metals. Nat. Commun. 2022, 13, 726. [CrossRef]
45. Terachi, T.; Fujii, K.; Arioka, K. Microstructural characterization of SCC crack tip and oxide film for SUS 316 stainless steel in

simulated PWR primary water at 320 ◦C. J. Nucl. Sci. Technol. 2005, 42, 225–232. [CrossRef]
46. Liu, Y.; Meng, G.; Cheng, Y. Electronic structure and pitting behavior of 3003 aluminum alloy passivated under various conditions.

Electrochim. Acta 2009, 54, 4155–4163. [CrossRef]
47. Yu, M.; Zhao, X.; Xiong, L.; Xue, B.; Kong, X.; Liu, J.; Li, S. Improvement of corrosion protection of coating system via inhibitor

response order. Coatings 2018, 8, 365. [CrossRef]
48. Hirschorn, B.; Orazem, M.E.; Tribollet, B.; Vivier, V.; Frateur, I.; Musiani, M. Determination of effective capacitance and film

thickness from constant-phase-element parameters. Electrochim. Acta 2010, 55, 6218–6227. [CrossRef]
49. Benoit, M.; Bataillon, C.; Gwinner, B.; Miserque, F.; Orazem, M.E.; Sánchez-Sánchez, C.M.; Tribollet, B.; Vivier, V. Comparison of

different methods for measuring the passive film thickness on metals. Electrochim. Acta 2016, 201, 340–347. [CrossRef]
50. Hernández, H.H.; Reynoso, A.M.R.; González, J.C.T.; Morán, C.O.G.; Hernández, J.G.M.; Ruiz, A.M.; Hernández, J.M.; Cruz, R.O.

Electrochemical Impedance Spectroscopy (EIS): A Review Study of Basic Aspects of the Corrosion Mechanism Applied to Steels; IntechOpen:
London, UK, 2020.

51. Wang, L.; Snihirova, D.; Deng, M.; Vaghefinazari, B.; Höche, D.; Lamaka, S.V.; Zheludkevich, M.L. Revealing physical interpre-
tation of time constants in electrochemical impedance spectra of Mg via Tribo-EIS measurements. Electrochim. Acta 2022, 404,
139582. [CrossRef]

52. Choi, W.; Shin, H.C.; Kim, J.M.; Choi, J.Y.; Yoon, W.S. Modeling and applications of electrochemical impedance spectroscopy (EIS)
for lithium-ion batteries. J. Electrochem. Sci. Technol. 2020, 11, 1–13. [CrossRef]

53. Saitou, M. Determination of a dimensionless fluctuation coefficient using electrochemical impedance spectroscopy. Int. J.
Electrochem. Sci. 2019, 14, 8028–8038. [CrossRef]

54. Le, D.; Yoo, Y.; Kim, J.; Cho, S.; Son, Y. Corrosion characteristics of polyaniline-coated 316L stainless steel in sulphuric acid
containing fluoride. Corros. Sci. 2009, 51, 330–338. [CrossRef]

55. Ma, M.; Liu, H.; Chen, L. Effect of cerium on the initiation of pitting corrosion of 444-type heat-resistant ferritic stainless steel.
High Temp. Mater. Process. 2020, 39, 576–587. [CrossRef]

56. Cramer, S.D.; Covino, B.S., Jr.; Moosbrugger, C.; Sanders, B.R.; Anton, G.J.; Hrivnak, N.; Kinson, J.; Polakowski, C.; Muldoon, K.;
Henry, S.D. ASM Handbook; ASM International Materials Park: Geauga County, OH, USA, 2003; pp. 491–492.

57. Mohammadi, F.; Nickchi, T.; Attar, M.; Alfantazi, A. EIS study of potentiostatically formed passive film on 304 stainless steel.
Electrochim. Acta 2011, 56, 8727–8733. [CrossRef]

58. McCafferty, E.; Shafrin, E.G.; McKay, J.A. Microstructural and surface modification of an aluminum alloy by rapid solidification
with a pulsed laser. Surf. Technol. 1981, 14, 219–223. [CrossRef]

59. Fares, C.; Belouchrani, M.; Bellayer, S.; Boukharouba, T.; Britah, A. Influence of intermetallic compounds and metallurgical state
of the 2017A aluminum alloy on the morphology of alumina films developed by anodic oxidation. J. Tribol. Surf. Eng. 2011,
2, 239–251.

60. Cirik, E.; Genel, K. Effect of anodic oxidation on fatigue performance of 7075-T6 alloy. Surf. Coat. Technol. 2008, 202, 5190–5201.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma11101982
https://www.ncbi.nlm.nih.gov/pubmed/30326579
https://doi.org/10.1016/j.jmrt.2022.12.082
https://doi.org/10.1016/j.electacta.2010.09.044
https://doi.org/10.1016/S0010-938X(75)80019-9
https://doi.org/10.1038/s41467-022-28368-8
https://doi.org/10.1080/18811248.2005.9726383
https://doi.org/10.1016/j.electacta.2009.02.058
https://doi.org/10.3390/coatings8100365
https://doi.org/10.1016/j.electacta.2009.10.065
https://doi.org/10.1016/j.electacta.2015.12.173
https://doi.org/10.1016/j.electacta.2021.139582
https://doi.org/10.33961/jecst.2019.00528
https://doi.org/10.20964/2019.08.52
https://doi.org/10.1016/j.corsci.2008.10.028
https://doi.org/10.1515/htmp-2020-0001
https://doi.org/10.1016/j.electacta.2011.07.072
https://doi.org/10.1016/0376-4583(81)90083-2
https://doi.org/10.1016/j.surfcoat.2008.06.049

	Introduction 
	Materials and Methods 
	Materials and Laser Welding Process 
	Surface Analysis 
	Corrosion Testing 

	Results and Discussion 
	Microstructure of Laser-Weld Beads 
	Corrosion Testing 

	Conclusions 
	References

