
Aluminium (Al), which second-largest subterra-
nean reserve in the world, can exhibit different 

physical and mechanical properties as a result of va-
rious alloying and different heat treatment processes 
[1]. Because of the low density, simplicity in shaping, 
high corrosion resistance, and adaptable physical and 
mechanical properties of Al alloys, application fields 
are increasing day by day. These fields are in various 
fields such as the manufacturing industry, agricultu-
re, energy, construction, and especially transporta-
tion [2]. The density value of Al is about 2.7 g.cm-3, 
and it is about one-third of the density of steel (7.83 
g.cm-3) and copper (8.93 g.cm-3), so it is favourable
for weight reducing for vehicles such as airplanes or
many others. As a result of the weight reduction due
to its low density, it also contributes to the reduction
of carbon emission in the aviation field so they have a 
significant place in the aerospace industries [3,4].

Today, there are numerous Al alloys developed for 
industrial applications [5]. High mechanical properti-
es can be attained in such a vast number of Al alloys, 
particularly for alloys that can be heat treated following 
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the age hardening procedure. 2XXX (Al-Cu), 6XXX 
(Al-Mg-Si), and 7XXX (Al-Zn-Mg) series Al alloys are 
favourable among these Al alloys for obtaining high 
mechanical properties after the aging process [6,7]. As 
a result of secondary aging heat treatment (T4: natural 
aging or T6: artificial aging) processes to be applied to 
these alloys, the strength of these Al alloys can be inc-
reased with a precipitation hardening mechanism [8,9]. 
This principle was discovered independently in 1938 by 
Guinier and Preston. It is based on the homogeneous 
dissolution of elements such as Cu, Mg, and Si in the al-
loy during solid solution and forming a precipitate with 
quenching [10]. Among these Al alloys, the 6XXX seri-
es, which is frequently used in the aerospace industry, 
stands out due to its relatively high specific strength 
as well as good formability, weldability, and corrosion 
resistance. Despite the mentioned benefits, the corrosi-
on resistance of 6XXX alloys may decrease due to the 
alloying elements which increased impurity (percent 
decrease in the amount of Al). Therefore, studies on 
the development of 6XXX series Al alloy based on the 
investigation of heat treatment parameters have gained 
momentum [11]. 6XXX series alloys comprise Mg and 
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A l6013 base metals were joined successfully with ER4047 filler metal by using the GTAW 
method under different welding currents. Post-weld T6 heat treatment effects on corro-

sion properties were investigated in terms of open circuit potential (OCP), potentiodynamic 
polarization (PDS), and electrochemical impedance spectroscopy (EIS) tests. It was deter-
mined that corrosion resistance of the post-weld samples increased with increasing welding 
current, while T6 heat treatment only effective on 110A and 140A welding current samples 
(3.61 to 2.08, 2.95 to 2.40, and 1.38 to 2.15 µA·cm-2 for 110A, 140A, and 170A welding cur-
rent before and after T6 heat treatment). The characteristics of the oxide films on the surfaces 
are revealed with EIS analysis. While the passive film originating from Al is generated on the 
surfaces, the two-constant equivalent circuit model found that as it also contains pittings on 
the surface. It was determined that the pitting resistance of the T6 heat treated 110A sample 
increased (3075 to 4562 Ω). Post-corrosion SEM surface morphologies showed that low weld-
ing currents lead to more destruction as increased exposure to corrosion.
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gives a smooth weld seam [2,15]. The shielding gas sent to 
the welding area through the hood. Thus, possible welding 
faults are prevented by protecting the area. The shielding 
gas has a great influence on the stability of the arc and the 
quality of the weld [17].

There are various studies on the corrosion susceptibi-
lity of 6XXX series Al alloys. In the study conducted by Abo 
Zeid [18], the highest corrosion resistance was determined 
in the Al6013-T6 alloy. It was also stated that the Mg2Si par-
ticles precipitated in the 6XXX series increased the corrosi-
on resistance, especially the pitting corrosion. On the other 
hand, Lei et al. [13] have researched that T6 heat treatment 
parameters and the effect of different continuous heating at 
20, 30, 40, 60, and 80 oC.min-1 on the microstructure, mec-
hanical and corrosion properties of Al6013 alloy after 30 mi-
nutes of solution at 570 oC. However, with increasing final 
heat treatment temperature changes (140, 190, 220, and 240 
oC) at a constant aging rate of 60 oC.min-1, it was determi-
ned that the intergranular corrosion depth decreased with 
increasing final heat treatment temperature. By this way, it 
has been predicted that the T6 heat treatment of the Al6013 
alloy can inhibit corrosion, especially by reducing the in-
tergranular corrosion mechanism with continuous heating. 
Furthermore, observation of intergranular corrosion at the 
cross-section of alloy has been proven together with the cor-
rosion current density (Icorr) values and it has been revealed 
that maximum corrosion protection is obtained with conti-
nuous heating at 60 oC.min-1.

Al6013 alloy is a relatively new alloy specially designed 
for the aerospace industry, which was developed to increa-
se the low yield and tensile stresses of the Al6061 alloy and 
to have similar mass properties [19]. However, compared to 
Al6061 alloy, its weldability remains low due to the insuffi-
cient Al proportion. According to the previous studies, the 
effect of welding current and post-weld T6 heat treatment 
was not investigated in terms of Al6013 alloy joined with 
the GTAW process. As a research hypothesis, corrosion sus-
ceptibilities can resemble those achieved with high welding 
current when T6 heat treatment is applied to an Al6013 al-
loy joint with low welding current strength. To put forward 
this hypothesis, Al6013 plates were joined by GTAW using 
ER4047 (AlSi12) alloy as filler metal, and after being cha-
racterized, corrosive properties were investigated in detail.

MATERIAL AND METHODS

Materials and GTAW Process

The extruded Al6013 alloy was supplied with the dimen-
sions of 200×60×5 mm from Simitçioğlu Metal. AlSi12 
(ER4047) alloy with a diameter of 3 mm was used as 
the filler metal (Blueweld GTAW AlSi12, Vega Makina). 
ER4047 alloy chosen for its advantages such as good flu-

Si that will form magnesium silicide (Mg2Si) in their mic-
rostructure so precipitation hardening was favourable with 
heat treatment. The amount and size of Mg2Si particles can 
vary depending on the temperature and time during the 
heat treatment [10]. When the T6 heat treatment is appli-
ed to the alloys in this group, the strength of the alloys can 
be increased remarkably. In addition to these two elements, 
6XXX series may contain small amounts of Copper (Cu), 
Manganese (Mn), and other elements [12]. By adding Man-
ganese (Mn) and Chromium (Cr) to many of the 6XXX se-
ries aluminium alloys, an increase in elastic limits and grain 
size control can be achieved. As a result, the relatively new 
alloy Al6013 has a higher Cu content than other 6XXX se-
ries, which improves its strength as a result of its secondary 
hardening mechanism [8]. Due to its high Cu concentrati-
on it tends to form precipitation-free zones (PFZ) at grain 
boundaries during precipitation hardening, which makes 
highly susceptible to intergranular corrosion the Al6013 al-
loy [13]. Al6013-T6 alloy has been popular in the aerospace, 
particularly because of its enhanced weldability and high 
resistance to corrosion [7].

Al6013-T6 alloy has good corrosion resistance during 
contact with different corrosive environments (air, water, 
oils, etc.) and against many other chemicals like all Al and 
its alloys [14]. Due to the high affinity of Al for oxygen, the 
thin and dense oxide layer (Al2O3) formed on the surface 
as a result of contact with the atmosphere provides resis-
tance against corrosive effects. This feature of aluminium 
provides higher corrosion resistance as well as expanded 
its application area. The ability of aluminium to resist cor-
rosion is directly related to its purity. In other words, other 
elements such as Mg, Si, Cu, etc., may be responsible for di-
minished corrosion resistance [15]. Therefore, it is necessary 
to investigate the corrosion behaviour of Al and its alloys in 
all processes.

In various applications, the use of welding, which 
creates joins of the same and/or different metals, becomes 
necessary [2,16]. Especially in industries such as aviation, 
it is important to joints multiple small and complex parts. 
Among various welding methods Gas Tungsten Arc Wel-
ding (GTAW) was mostly used because of applicable of 
wide range of applications. In GTAW method, a tungsten 
electrode carried by a suitable torch creates an arc with the 
base metal. High amount of heat was released as a result of 
this arc followed by base metal and filler metal melting [15]. 
The advantages of GTAW welding can be listed as follows; i) 
it can be applied with both manual and automatic welding 
systems, ii) it can be used by melting the base metal or mel-
ting an additional filler metal, iii) suitable for welding thin 
materials, iv) high penetration and non-porous joining can 
be made, v) the deformation of the workpiece is less since 
the heat input is concentrated on the weld zone, and vi) it 
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idity, low melting point, enhanced corrosion resistance, 
and prevention of welding distortion after process. The 
chemical compositions of the Al6013 and ER4047 used 
along with the study were presented in Table 1. For the 
welding process, the parts to be welded were chamfered 
at 45 degrees and a pool was formed for the weld seam. 
Thus, two single v-grooves (Fig. 1a) were welded [5], and 
the effect of T6 heat treatment on welded plates was in-
vestigated. Zenweld Ultimate AC/DC 315 welding mac-
hine was used in GTAW processes, and welding currents 
were preferred as 110A, 140A, and 170A (A: Amperes), 
respectively. These currents were determined from de-
tailed literature research for evaluating low, medium, and 
high welding current on welding process [2,20]. In addi-
tion, according to previous [1,17,20,21] and preliminary 
studies, other parameters were fixed as welding speed: 
160 to 180 mm.min-1, wire speed: 6 mm.min-1, voltage: 20 
V, and gas flow: 12 L.min-1. During the GTAW of plates, 
99.999% high-purity Ar gas was used as shielding gas for 
a protective atmosphere. The plates after the GTAW pro-
cess, which were welded in 3 different currents, were cut 
into two with an abrasive cutter (Micracut 202, Metkon). 
Solutionizing was carried out at 575 oC for 1 h followed by 
quenched in ice water, T6 heat treatment was applied in 
a furnace (MT1120, Magmatherm) at 191 oC for 4 h [22]. 
After T6 heat treatment, the weld joints were cut into dif-
ferent sizes for further tests and analyses. To better clari-
fication of the post-weld and T6 heat treatment processes 
in the joints, 110A, 140A, and 170A represents post weld 
joints while HT-110A, HT-140A, and HT-170A represents 
T6 heat treated joints after GTAW, respectively.

Microstructure Analysis

Before electrochemical corrosion tests of the weld zones 
(WZ: a combination of base metal, heat affected zone: 
HAZ, and weld seam), were characterized with macro 
photos. HAZs and weld seams were also characterized 
by optical microscopy (OM) images. NaOH etching was 
used for OM micrographs of welded joints. The before 
and after corrosion tests WZs were characterized by 
scanning electron microscopy (SEM) images and attac-
hed energy dispersive X-ray (EDX) analyses to detect 
both elemental analyses and the damages in the WZs 
after electrochemical corrosion tests. For precipitation 
formation at WZ was determined using X-ray diffraction 
(XRD, PANalytical Empyrean). XRD analyses were per-
formed with a Cu-Kα radiation source at a wavelength of 
1.5406 (angle range from 30 to 80 2θ) and a step rate of 
0.05.

Electrochemical Corrosion Tests

The evaluation of the corrosion susceptibilities of WZ 
was carried out using Gamry PCI14/750 device following 
ASTM G59 standards [23]. Electrochemical corrosion 
tests were performed using the three-electrode method, 
Ag/AgCl and platinum were used as reference electrodes 
and counter electrode, respectively, while WZ was used 
as working electrodes. 3.5 by wt.% NaCl was used as the 
electrolyte and the WZ which was in contact with the 
electrolyte was fixed at 2 cm2 and masked by cold moul-
ding. The potential (Eocp) changes were recorded in the 
electrolyte for 3600 s for the samples to reach the equilib-
rium state (open circuit potential: OCP). Then, the samp-
les that reached the equilibrium state were polarized to 

~0.15V vs. Eocp starting from -0.3 V vs. Eocp cathodic over-
potential using 1 mV.s-1 scanning rate with potentiodyna-
mic scanning (PDS) method. Electrochemical impedance 
spectroscopy (EIS) measurements [24], especially for the 
oxide film forming ability of the WZ and the corrosion 
mechanism, are used with AC amplitude of 10 mV over 
OCP in the frequency range from 100 kHz to 0.01 Hz af-
ter PDS tests. Fittings of EIS data were calculated with 
EC-Lab (Demo version) software through the 
Randomize+Simplex method under 10000 iterations for 
Randomize and 5000 iterations for Simplex until a mini-
mum chi-square ( 2χ ) value was obtained. All tests were 
repeated 3 times and their reproducibility was revealed. 
Afterward, the samples were ultrasonically cleaned and 
stored in a desiccator until post-corrosion SEM surface 
morphology observations.

RESULTS AND DISCUSSION

After the GTAW process, macro images taken from the 
cross sections of the weld joints with 110A, 140A, and 
170A, respectively, are presented in Fig. 1. In macro exa-
minations, especially in the weld seam, an increased po-
rosity was determined with increasing welding current 
(110 to 170A). The first reason for the observation of po-
rosity in the welding process can be the increase in the 
amount of supersaturated hydrogen in Al as a result of 
increased welding current [15]. On the other hand, sin-
ce the obtained macro images were taken after etching 
in NaOH of the WZs, it is thought that these porosities 
may have been formed as a result of further etching of the 
weld seam. Moreover, it is predicted that the increased 
amount of welding current causes grain growth in the 
weld seam, so its sensitivity to NaOH etching solution 
may have increased [5]. Another finding is that in GTAW 
performed with 110A current, the visible area between 
base metal and weld seam disappears with increased wel-
ding current (Fig. 1a to 1c). It is thought that this may be 
due to the high Al content in the Al6013 alloy and the 
high thermal transfer coefficient (239 W.m−1.K−1) of Al 

Table 1. Compositions of Al6013 and ER4047 alloys

Material
Composition (wt.%)

Si Ti Zn Cu Fe Mn Cr Mg Al
Al6013 0.20 0.15 0.25 4.30 0.30 0.60 0.10 1.50 Balance
ER4047 12.00 0.05 0.10 0.05 0.50 0.15 - 0.05 Balance
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[25]. As a result of the increased welding current and the 
high thermal transfer coefficient, the heat transfers from 
the weld seam to the base metal and increases a homo-
geneous HAZ formation. It has been observed that this 
HAZ becomes more visible with increasing welding cur-
rent (Fig. 1c). On the other hand, after the GTAW process 
in all different currents, pitting formation was observed 
especially in the middle of the v-groove (Fig. 1b). This is 
attributed to heat transfer from ER4047 to Al6013, which 
causes a partial cooling of the weld seam from the torch 
until it reaches the v-groove joint [21].

In Fig. 2, OM images of weld seams and HAZs after 
NaOH etching under different welding currents are presen-
ted. As the first striking finding, it is seen that with increa-
sed welding current grain size was increased especially in 
170A. Moreover, as mentioned in Fig. 1, it is observed that 
the width of the HAZ increases with increasing current. It 
can be deduced that the increased welding current increases 
the width of the HAZ, but it causes an increase in the grain 
size of the weld seam, which may lead to a decrease in both 
the strength of the weld seam and more prone to corrosion.

EDX analysis results of WZs are presented in Fig. 3. The 
excess of Si element in the EDX analysis of the base metal is 
due to the wt.% 12 Si ratio of Al6013 (Table 1). On the other 
hand, even though the Cu amount seems low in the EDX 
analysis with #2, due to the wt.% 92.87 Al ratio of ER4047, 
it has a count of about 1K and is higher than base metal. 
The porosities of both base metal and weld seam were ob-
served along with the SEM images and their elemental con-
tents were confirmed by EDX analyses were taken. Another 
finding from EDX is that possible presence of elements that 
will form precipitation particles such as Al2Cu and Mg2Si in 
base metal and weld seams.

In Fig. 4, XRD analysis performed for determine pos-
sible precipitate phases that may occur in the microstruc-
ture of WZ before and after T6 heat treatment. As can be 
seen in Fig. 4a, characteristic Al peaks, which constitute the 
majority of both base metal and weld seam, were found at 
approximately 38, 44, 65, and 78 2Θ angles. With the T6 
heat treatment, the Al peaks sharpened and the crystallinity 
of the microstructure increased. On the other hand, after 
T6 heat treatment, Al2Cu precipitation phases were encoun-
tered at approximately 30, 37.5, and 51.3 2Θ angles, while 
Mg2Si precipitation phases were encountered at 65.8, 72.4, 
and 79.1 2Θ angles (Fig. 4b). It is also predicted that these 
phases can be formed after welding with slow cooling and 
a long time in atmospheric conditions. Undoubtedly, this 
microstructural change will greatly affect corrosive pro-
perties. As a matter of fact, while the mechanical strength 
will increase with precipitation formation, the corrosive sus-
ceptibilities of the WZ may increase with possible galvanic 
couple formation.

Figure 1. Macroscopic cross-section image of base metal, HAZ, and 
weld seams (a) 110A, (b) 140A, and (c) 170A

Figure 2. Optical microscopy of weld seams and HAZs, (a) 110A, (b) 
140A, and (c) 170A

Figure 3. EDX analyses of weld zone which was welded with 170A

Figure 4. XRD results of 140A weld joints’ WZ, (a) before and (b) after 
T6 heat treatment
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The OCP test result of post-weld and T6 heat treated 
WZ is given in Fig. 5. As can be seen from Fig. 5a, while in 
the 110A and 170A joins became a steady state in a short 
time, this situation took about 600 s with the 140A. The 
size and distribution of the porosities in the weld seams and 
HAZs as a result of various welding currents are assumed 
to be the cause of this alteration. On the other hand, Fig. 5b, 
which shows the OCP change in the WZ after T6 heat tre-
atment, a noble behaviour was observed in all samples up to 
about 900 s, while it became stable with increased immersi-
on time. Particularly, the size, distribution and shape of the 
pores on the side of the weld seam are an important factor in 
the change of the open circuit potential (Eocp) values before 
and after T6 heat treatment. The porosities formed on the 
surface may cause potential fluctuations along the surface 
as they form regions where the electrolyte remains stagnant 
during the increasing immersion time [26]. As a general opi-
nion, it has been observed that the time for all samples to 
reach the steady state is 1200 s, and it can be said that the 
corrosion samples have a stable potential behaviour along 
their surfaces which indicates stable oxide film formation.

Fig. 6a and 6b represents PDS curves of post-weld and 
T6 heat treated WZ in 3.5% NaCl electrolyte after OCP are 
presented, respectively. In addition to PDS curves, the im-
portant corrosion parameters calculated by the Tafel extra-
polarization method are presented in Table 2. Similar to the 
Eocp values, the corrosion potential (Ecorr) values in the PDS 
curves were observed in approximately the same potential 
range in all samples (-695 to -173 mV for post-weld and -752 
to -755 mV for T6 heat treated). It can be deduced from the 
PDS curves corrosion current density (Icorr) of 170A (1.38 
µA·cm-2) was lower than the 110A and 140A samples (3.61 
and 2.95 µA.cm-2, respectively). As a matter of fact, since 
the Icorr value represents the amount of current passed per 
unit surface area in electrochemical tests, the decrease of 
this current means higher corrosion resistance or lower sus-
ceptibility of the sample [2,13]. On the other hand, the Icorr-

values of the HT-170A were increased (2.15 µA.cm-2) after 
T6 heat treated WZ, while there was a decrease of HT-110A 
and HT-140A (2.08 and 2.40 µA.cm-2, respectively). In other 
words, a decrease in Icorr values, i.e. increased corrosion re-
sistance, was observed with the increasing welding current. 

However, after T6 heat treatment, the corrosion behaviour 
of all samples showed similar behaviour. An increase in 
corrosion resistance occurred in the HT-110A sample. It is 
thought that this behaviour may have occurred as a result 
of the formation of porosity at the weld seams. This can 
be explained by porosity-precipitation relationship. Indeed, 
this situation can be explained as follows; decrease in Icorr 
of HT-110A was grain size and precipitation effect on grain 
boundaries [8,18]. As Çomaklı [27] mentioned, grain boun-
daries act as a physical corrosion barrier for coatings but un-
coated samples used in present research behave differently 
due to the precipitations located in grain boundaries after 
T6 heat treatment. Furthermore, protective efficiency P (%) 
of the coating was described also with an equation: P (%) = [1 

– (Icorr/I
0

corr)] × 100 where Icorr and I0
corr represent coating and

substrate, respectively. But in this study, these parameters
are specified as T6 heat treated and post-weld, respectively.
In this way, 110A, 140A, and 170A P values were calculated
as, 42.38%, 18.64%, and -55.79% respectively. So, it means
that for 110A and 140A samples, T6 heat treatment was ef-
fective for corrosion protection while for 170A samples not.
Moreover, calculated Icorr values are inversely proportional
to the polarization resistance (Rp: Ω·cm-2) values, and dec-
reasing Icorr values indicate an increasing Rp value (Table 2).
On the other hand, decreasing Icorr values change in direct
proportion to the corrosion rate (corr. rate: µmpy) calcula-
ted by considering the homogeneous corrosion mechanism
on the surface. In short, the increased corrosion resistance
as a result of the decreasing Icorr value also decreases the corr. 
rate value and shows the homogeneous corrosion rate in
µmpy unit that will degrade as a result of corrosion from the 
surface homogenously [28].

Figure 5. OCP immersion results of (a) post-weld and (b) T6 heat 
treated WZs

Figure 6. PDS curves of (a) post-weld and (b) T6 heat treated WZs

Table 2. Important corrosion parameters calculated from PDS curves 
according to Tafel extrapolation method 

Samples Ecorr
(mV)

Icorr
(µA·cm-2)

βa               
(V/decade)

βc   
(V/decade) Rp

corr.rate 
(µmpy)

110A -704 3.61 0.04 0.61 4312 41.31
140A -695 2.95 0.05 0.66 3078 25.97
170A -713 1.38 0.03 0.40 8403 10.54

HT-110A -753 2.08 0.05 0.36 9165 13.20
HT-140A -752 2.40 0.05 0.30 7754 24.54
HT-170A -755 2.15 0.05 0.29 8613 18.26
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In Fig. 7, the EIS analysis results of the post-weld and T6 
heat treated WZs are presented. Nyquist curves obtained 
from EIS analyses are evaluated as a measure of the stability 
of the oxide film on the samples in the electrolyte. From this 
point of view, the results of Nyquist curves are in parallel 
with the Icorr values obtained by the Tafel extrapolarization 
method from the PDS curves given in Fig. 6 and given in 
Table 2. In post-weld joints, the highest Zreal (Ω.cm2) vs Zi-
mag (Ω.cm2) radius and thus the most stable oxide film cha-
racteristic and corrosion resistance were obtained with the 
170A (Fig. 7a) [29]. Again, similar to the PDS curves, it was 
determined that HT-110A was more resistant to corrosion. 
However, unlike the PDS curves, it is observed that there is 
a greater increase in the Nyquist radii of the HT-110A, espe-
cially as the oxide film stability (Fig. 7c). As seen in Figs. 7a 
and 7c, it is thought that a flattening semi-circle curve in the 
Nyquist diagrams may have resulted from a possible capa-
citance behaviour [30]. Furthermore, due to various reasons 
such as surface homogeneity, roughness, porosity, and com-
position difference of the working electrode (WZs), the ideal 
capacitance behaviour can act as a constant phase element 
(CPE) [30]. On the other hand, it is seen in the bode diag-
rams given in Figs. 7b and 7d that both Freq (Hz) vs Zmod 
(Ω.cm2) and Freq (Hz) vs Zph (°) values diverge in the positi-
ve direction after T6 heat treatment. In order to determine 
the mechanism that triggers the oxide film formation and 
interactions between electrolyte, Nyquist curves should be 
investigated in terms of electrochemical circuit model.

In Fig. 8, the data fitting through the EC-Lab demo 
software using the data in the Nyquist diagrams presented 
in Figs. 7a and 7c, and the recommended equivalent circu-
it diagram are presented. The simulated fitting values are 
presented in Table 3. All results were well-fitted with the 
proposed two-constant equivalent circuit model [27]. Elect-
rical components in the equivalent circuit are, RE: resistance 
of the electrolyte, QP: constant phase element (CPE) of the 

passive film, RP: resistance of the passive film, QPit: constant 
phase element of pittings, and RPit: polarization resistance of 
associated with pits represent pits [24]. The Nyquist curves 
have presence of an element showing capacitive behaviour 
in the corrosion mechanism. However, this circuit element, 
which should show capacitive behaviour due to different 
reasons such as reactivity of surface, microstructural hete-
rogeneity, roughness, and porosity on the weld seams, can 
act as a constant phase element (Q) [30]. The impedance of 
CPE is given by ZCPE = Q-1(jω)-n, where Q is the magnitude 
of the CPE, j2 = -1, ω is the angular frequency, and n (betwe-
en 0 to 1) is the exponential term [30]. It’s well known that 
for almost all Al and alloys protective and sticky oxide films 
occur on the surface with various environments [31]. So QP 

and RP were the first important parameters for the corro-
sion protection of WZ. Lower QP indicates greater corrosi-
on resistance and less ion absorption from the electrolyte 
by the passive film during immersion. The fact that the RP 
increased as welding current increased (0.45, 14.59, and 928 
for 110A, 140A, and 170A, respectively) indicates that the 
resistance of the passive oxide coating was enhanced. Ad-
ditionally, as Sicupira et al. [30] pointed out, the diameter of 
the slope represents the charge transfer resistance, or, more 
specifically, the resistance of the passive film, and it is an 
indication that the corrosion resistance increased with a lar-
ger diameter of the slope. Here, it is thought that it may be 
due to the increase in the resistance of the oxide film due to 
the increase in the amount of Al diffused from base metal 
to weld seam with the increased welding current. Suppor-
ting this, the capacitance values of passive films, which is 
known as QP, are also decreased with increased welding 
current (32.53, 19.96, and 15.23 F×s(a1-1)×10-6 for 110A, 140A, 
and 170A, respectively). These values, which are valid for 
the passive film, coincide with the Tafel extrapolarization 
values obtained from the PDS curves for the samples after 
T6 heat treatment, and the corrosion resistance of the 110 
increased after T6 heat treatment (RP: 2684, 26.44, and 41.18 
Ω and QP: 19.56, 57.12, and 22.51 F×s(a1-1)×10-6 for HT-110A, 
HT-140A, and HT-170A, respectively). As can be seen in the 
cross-sectional macro image (Fig. 1), similar results were 
observed for the RPit and QPit values in the equivalent circuit 
[32], which occur due to the pittings seen especially in the 
weld seam. RPit values were calculated at 3075, 4751, 4808, 
4562, 1923, and 3837 Ω for 110A, 140A, 170A, HT-110A, HT-
140A, and HT-170A, respectively. On the other hand, QPit 
values were calculated at 29.23, 13.18, 6.36, 11.00, 43.57, and 
27.01 F×s(a1-1)×10-6 for 110A, 140A, 170A, HT-110A, HT-140A, 
and HT-170A, respectively. Here, more observable pittings 
on the 170A and HT-170A samples did not cause the RPit 
and QPit  trends to change. It is predicted that the grain size/
structure, the size/number of the pittings, and the amo-
unt, size, and composition of precipitations (such as Al2Cu, 
Mg2Si, etc.) may have occurred as a result of the different 
welding currents.

Figure 7. Non-destructive EIS results of (a) and (c) Nyquist diagram 
with (b) and (d) Bode-plots of WZs
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SEM images of corrosion defects occurring in HAZ 
after electrochemical corrosion tests of 110A, 140A, 170A, 
HT-110A, HT-140A, and HT-170A, respectively, are given in 
Fig. 9. It is thought that pitting corrosion occurs as a result 
of the cathode behaviour of the Al-Cu-Mg-Si precipitated 
particles at the grain boundary and acts as a cathode com-
pared to the grain boundaries. In other terms, a galvanic 
couple occurs between precipitated particles and grain bo-
undaries. In other words, pitting corrosion started with the 
presence of these precipitated particles at the grain boun-
daries. On the other hand, intergranular corrosion started 
on the surface and with the pitting corrosion continued a 
mixed corrosion mechanism [22]. Presumably, while interg-
ranular corrosion will increase the pitting width, the pitting 
corrosion will also lead to deep corrosion with increasing 
immersion time [9]. In the post-corrosion SEM pictures of 
the samples that were post-weld, especially with the higher 
welding current, micropores that are inner walls of the pit-
tings were not visible because of the rise in diffusion phe-
nomena in the grains in the HAZ. A similar situation was 
observed in the post-corrosion SEM images of the HAZ of 
the T6 heat treated samples. So, as Braun [22] mentioned 
corrosion mechanism was independent of heat treatment 
for 6XXX Al alloys. With the exception of HT-170A, a rela-
tive decrease in the size of the pittings on the HAZ surface 
was seen after the T6 heat treatment. These pore sizes are 
compatible and supportive with the values specified in Fig. 
8 and Table 3 and the equivalent circuit model. In T6 heat 
treated WZs, it was found that grain boundaries had a gre-
ater impact on corrosion as welding current increased. In 
other words, it was determined that the size of the pitting 
corrosion increased. The most important result that can be 
obtained from the post-weld SEM surface morphologies is 

that the increased welding current is quite effective in pre-
venting pitting corrosion, which is a very dangerous type of 
corrosion [7,18]. Both PDS and EIS curves show that the cor-
rosion resistance of the HT-110A increased. As shown in Fig. 
9d, the pitting area has decreased, but it is anticipated that 
longer exposure time will increase the damage of pitting 
corrosion due to poor grain growth grain which caused by 
low welding current. This shows that it is very important to 
perform OM or SEM morphology examinations on surfaces 
after electrochemical corrosion measurements for detailed 
corrosion examination.

CONCLUSION

In this study, Al6013 base metal was successfully joined 
with different welding currents by the GTAW method 
using ER4047 filler metal. To examine the effect of post-
weld aging on different welds current, T6 heat treatment 
was carried out. The findings of the study can be summa-
rized as follows;

• It was observed that the base metal and weld
seam were tightly joined with all welding currents, and po-
rosities were encountered on the weld seam with the incre-
asing welding current. Furthermore, it has been predicted 
that the HAZ will expand with increasing welding current. 
Elemental compositions of both Al6013 and ER4047 were 
proved with EDX analyses. Al2Cu and Mg2Si precipitates 
were encountered in XRD results. 

• The effects of both welding current and T6 heat
treatment on the WZs are investigated with PDS tests. It 
was revealed that the corrosion resistance increased as the 
welding current increased (3.61, 2.95, and 1.38 µA·cm-2 for 
110A, 140A, and 170A, respectively). However, with the T6 
heat treatment, the corrosion resistance of 110A increased, 
surprisingly (3.61 to 2.08 µA·cm-2). This phenomenon is 
thought to be the result of increased Al diffusion from base 
metal to weld seam.

• Passive film characterization on WZs have been
revealed with EIS tests according to both the Nyquist and 
Bode diagrams, as well as the proposed equivalent circuit 

Figure 8. Fitting results of Nyquist diagrams with proposed equivalent 
circuit model on the surface of WZs

Table 3. Fitting parameters of the equivalent circuits with two time 
constants for Al6013 GTAW welded with ER4047 filler in 3.5% NaCl at 
room temperature presented in Fig. 8

Samples RE
(Ω)

QP 
(F×s(a1-1)×10-6) a1

RP    
(Ω)

QPit 
(F×s(a1-1)×10-6) a3

RPit     
(Ω)

110A 1.414 32.53 0.89 0.45 29.23 0.76 3075
140A 2.115 19.96 0.88 14.59 13.18 0.82 4751
170A 2.470 15.23 0.74 928 6.36 0.98 5808

HT-110A 2.470 19.56 0.18 2684 11.00 0.93 4562
HT-140A 1.405 57.12 0.92 26.44 43.57 0.52 1923
HT-170A 2.045 22.51 0.90 41.18 27.01 0.88 3837 Figure 9. Post-corrosion SEM surface morphology investigation of 

WZs, (a, d) 110A, HT-110A, (b, e) 140A, HT-140A, and (c, f) 170A, HT-
170A, respectively
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model. A two-constant equivalent circuit consisting of re-
sistors and constant phase elements is recommended for 
all samples. Accordingly, it agrees with the proposed model 
that both a passive film is formed on the surface due to the 
Al and pitting occurs as a result of the different welding cur-
rents.

• Moreover, SEM surface morphology after corro-
sion tests confirmed that, pitting size and shape changes 
with various processes on weld seams, especially. It has 
been revealed that precipitates (such as Al2Cu and Mg2Si 
for Al alloys) that may occur in the microstructure during 
or after welding are very important in terms of corrosion 
susceptibilities. As a suggestion, it has been revealed that 
electrochemical methods do not give accurate results alone 
in corrosion measurements, moreover, surface morphology 
examinations such as OM or SEM can provide a more reli-
able result.
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