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Abstract
The pitting corrosion of ZL101A aluminum alloy in the thin electrolyte layer containing Cl− was studied through the salt spray
test. The pitting corrosion behaviorwasmainly characterized by scanning electronmicroscopy, electrochemicalmeasurements
and in-situ scanning Kelvin probe force microscopy. The results indicated that the second phases in ZL101A aluminum alloy
had significant effects on the pitting corrosion behavior. The Al–Si phase acted as an anode phase induced the initiation of
corrosion pits, which leaded to the decrease of polarization resistance (R) and the propagation of corrosion pits along the
depth direction. Act as cathodic phase, Mg–Si–Fe phase and Si-rich/Al-poor phase have an 800 mV and 660 mV lower Volta
potential than the matrix, respectively. The Volta potential difference between Mg–Si–Fe phase and matrix decreased more
significantly than that between Si-rich/Al-poor phase and matrix which remained intact with the duration of corrosion. This
verified the higher electrochemical stability of Si-rich/Al-poor phase than Mg–Si–Fe phase, which should be related to the
presence of Mg and Fe in Mg–Si–Fe phase.
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1 Introduction

Aluminum alloys have been widely developed as advanced
materials for many fields such as building, electrical, auto-
mobile and aircraft manufacturing [1–5]. Moreover, it has
been recognized that the properties of aluminum alloy can
be improved by adding alloying elements such as Mg, Cu,
Zn, Si for further application [1, 4, 6–9]. For example, Al–Si
alloys have more excellent casting characteristics, weldabil-
ity and stamping resistance than pure aluminum due to the
presence of Si [1, 10, 11]. However, Al–Si alloys present
worse corrosion resistance than pure aluminum, which was
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attributed to the enhanced electrochemical inhomogeneity on
matrix caused by the composition segregation [8, 9, 11, 12].
Even worse, the degradation of the areas with uneven com-
position distribution was sensitive to the pitting corrosion,
which can lead to unpredictable damages [11–14].

As a typicalAl–Si alloy,ZL101Aaluminumalloyhas been
widely reported in many important fields by alloying a small
amount of Si and Mg in the cast aluminum to improve the
strength, elongation and corrosion resistance [14–16]. How-
ever, the intermetallic compounds on ZL101A aluminum
alloy generated during manufacturing process can increase
the electrochemical heterogeneity, resulting in an increased
susceptibility to pitting corrosion [14, 17]. At the same time,
it is not clear whether the precipitated phase is used as posi-
tive or negative electrode in the corrosion process of ZL101A
aluminum alloy [18–21]. For example, Al–Mg–Si precipi-
tated phase was the cathode on AA 6065 aluminum alloy
in the initial corrosion process [22]. However, it can be the
anode on AA 2024 aluminum alloy during the dissolution
process [22]. Eckermann et al. studied the exfoliation-like
attack mechanism relationship of Al–Mg–Si alloy and found
that the dissolution preferentially occurred in the low-silicon
region, confirming the electrochemical difference between
the matrix and the heterogeneous phases on aluminum alloy
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[23]. Additionally, aluminum alloys were apt to occur pitting
corrosion in marine service environment due to the existence
of thin electrolyte layer (TEL) containing chloride ions [1,
18–21, 24]. TEL environmentwith high concentration of Cl−
can definitely accelerate the initiation/propagation of cor-
rosion [1, 2, 20, 21, 24, 25]. It has been reported that the
initiation of pitting corrosion is related to the localized stress
concentration, which is attributed to the different thermal
expansion and Young’s modulus between the second phases
present and the matrix [9, 10, 12]. While, the galvanic corro-
sion between the second phases and the matrix also deserves
to be further revealed. Thus, the investigation on the rela-
tionship between the precipitated phases (second phases)
and pitting corrosion behavior for ZL101A aluminum alloy
should be critical to develop the composition optimization
and heat treatment process to meet the material requirements
of industrial devices such as pumps and volutes. Electro-
chemical tests are always considered to estimate the macro
electrochemical properties,which is not enough for theobser-
vation of local corrosion behavior [20, 24–29]. Thus, the
scanning Kelvin probe force microscopy (SKPFM) with a
high resolution of about 1mV in reading the surface potential,
associating the classical scanning Kelvin probe method with
atomic force microscopy (AFM), can be applied to simul-
taneously mapping the topography and the Volta potential
distribution on conductive materials surfaces in the air to
study the in-situ pitting corrosion behavior [20, 26, 27].

Based on the above background, this work focused on
the pitting corrosion behavior of ZL101A aluminum alloy in
the simulatedmarine environment (TEL). The corresponding
corrosion mechanism was proposed based on the effects of
the second phases, which can effectively provide reasonable
composition designation for ZL101A aluminum alloy.

2 Experimental

2.1 Material and Thin Electrolyte Layer Environment

ZL101A aluminum alloy after heat treatment was processed
into specimens with the dimension of 10 mm×10 mm×
4 mm for corrosion test and microstructure observation. The
chemical composition (wt.%) determined by adopting chem-
ical analysis is Si 6.69, Mg 0.34, Fe 0.024, Ti 0.12, Sr 0.028,
Zn 0.035, Al balance, which can be seen in Table 1. The heat
treatment process was carried out in the muffle furnace at
535±5 °C for 12 h, followed by water quenching, placing at
room temperature for 8 h and then aging in themuffle furnace
at 155±5 °C for 12 h. The surface of ZL101A specimen was
ground with SiC paper from 240 to 3000 grades, cleaned in
water, degreased with alcohol and acetone, and then dried
in cold air [11–15]. The distribution of second phases and
the corresponding elemental composition was investigated

Table 1 EDS results of different positions around the corrosion pit after
5 min corrosion period

Element/Position Element content (wt.%)

Position 1 2 3 4

Al 74.96 55.27 16.61 91.72

Si 18.23 36.96 81.16 4.17

O 6.16 6.67 2.23 4.11

Mg 0.65 1.10 0 0.01

by using a Quanta250 scanning electron microscopy (SEM)
equipped with energy dispersive X-ray spectroscopy (EDS).
Backscattered electron (BSE) imageswere obtainedwith pri-
mary electron beam energy of 20 keV to give brightness
contrast between different microstructures.

Based on the GBT2423.17-93 and the related researches
[1–4], a near neutral 3.5 wt.% NaCl solution (pH � 8)
was selected for the salt spray test to make the thin elec-
trolyte layer (TEL) environment. The schematic diagram
of the device can be seen in Fig. 1. The test spray was
injected into the device for 5 min in advance to pro-
duce a stable TEL environment. The ambient temperature
and the relative humidity (RH) were set as the indoor
temperature (24±2 °C) and 100%, respectively. The cor-
rosion periods were made up of 5 min, 30 min, 12 h and
72 h. The morphology of corrosion pit and the composi-
tion of corrosion products were detected by using SEM
and EDS after each corrosion period. Corroded samples
were ultrasonically cleaned in concentrated nitric acid for
5 min, then cleaned with water and alcohol and dried in air
[11–15]. After that, a confocal laser scanning microscopy
(CLSM, KEYENCE VK-X250) was applied for the obser-
vation and the statistics of corrosion pits on the sample
surface.

2.2 Electrochemical Measurement and SKPFMTest

The sample with the dimension of 10 mm×10 mm×
4 mm was coated with epoxy, leaving an exposure area
of 1 cm2 for electrochemical measurements. It should
be mentioned that the double electrode system was used
for potentiodynamic polarization test and electrochemical
impedance spectroscopy (EIS) test in this work, as shown
in Fig. 1b. The double electrode system includes two iden-
tical specimens, one of which is the working electrode
(WE), and the other is designated as the reference electrode
(RE) and counter electrode (CE) simultaneously. Accord-
ing to the previous study [1], the distance of the parallelly
arranged electrodes was set as 1 mm. The potentiodynamic
polarization curve was measured by using a Gamry Inter-
face 1010E workstation, and the polarization curves was
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Fig. 1 a The schematic diagram
of the designed device for
corrosion test and
electrochemical measurement
and b the structure of double
electrode system

scanned from − 1.0 to 1.0 VSCE with the scanning rate
of 0.167 mV/s. EIS tests were carried out at open circuit
potential (OCP) over the frequency range from 100 kHz to
10 MHz, with imposing a sinusoidal perturbation of 20 mV.
The obtained data were fitted by using the ZSimpWin soft-
ware.

For in-situ observing the local Volta potential differences
between the second phase and ZL101A matrix, scanning
Kelvin probe force microscopy (SKPFM) tests were con-
ducted on samples after the salt spray test with different
corrosion periods, which were finished by using an atomic
force microscopy (AFM, Bruker Multimode). Before the
in-situ test, samples were polished by the 0.2-µm-diamond
paste and ultrasonically cleaned in the isopropanol for 5 min,
aiming at reducing the adverse impact of scratches on the
local Volta potential distribution. For the convenience of
observing, the in-situ observation area was marked by three
hardness indentations around the second phases. The surface
Volta potential distribution maps were obtained in the air
condition (25–30% RH) under the employing the dual-scan
mode, including the first pass for obtaining the topography
data and the second pass for obtaining the Volta potential
data. As for the second scanning pass, the cantilever of the
tip was lifted up 50 nm to decrease the influence of topo-
graphic features on the potential mapping [9, 27–30].

3 Results and Discussion

3.1 In-Situ Observation of Pitting Corrosion Process
in TEL

Figure 2 shows the SEM morphologies and element distri-
butions of the second phases in ZL101A aluminum alloy. It
can be found that the second phases are mainly consisted of
Mg–Si–Fe phase and Si-rich/Al-poor phase, which present
different shapes and size. The two second phases can be dis-
tinguished by the existence of Mg and Fe or not in EDS
results.AlthoughFe andMgare low in content, both elements
are involved in the precipitation of theMg–Si–Fe phase, sug-
gesting the high activity of Fe and Mg in ZL101A aluminum
alloy. Both the Si-rich/Al-poor phases and the Mg–Si–Fe
phases present block structure. Mg–Si–Fe phases are more
continuous than Si-rich/Al-poor phase, suggesting a greater
adverse influence of Mg–Si–Fe phases on the uneven ele-
ments distribution on ZL101A aluminum alloy, which may
lead to different corrosion features.

Figure 3 presents the 3Dprofiles of theZL101Aaluminum
alloy with different corrosion periods after removing corro-
sion products. As shown in the color scale bar, red represents
the high horizontal position, and blue represents the low hor-
izontal position, respectively. For 5min in TEL environment,
some distinguishable corrosion initiation sites and generated
corrosion pits can be found in Fig. 3a [31–34]. Those initi-
ation sites are mostly distributed around the high horizontal
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Fig. 2 SEM images and EDS mapping results of a Si-rich/Al-poor phase and bMg-Si-Fe phase and in ZL101A aluminum alloy

Fig. 3 Surface topography of ZL101A after corrosion tests with different periods: a 5 min b 30 min c 12 h d 72 h

positions, which should be related to the second phases [1,
26, 33–35]. The corrosion pits surrounded by the red areas
gradually propagate along the radial direction after 30 min
corrosion period. Combined with the microstructures shown
in Fig. 2, the red areas can be determined as the second
phases, which present a better corrosion resistance compared
with the matrix. After 12 h corrosion period, both the num-
ber of corrosion initiation sites and the size of corrosion pits
increase, indicating the occurrence of localized corrosion

with time in TEL. The consistent result is also found after
72 h corrosion period, as shown in Fig. 3d, indicating the
required discussion about the specific influence of the sec-
ond phases on the pitting corrosion of ZL101A aluminum
alloy.

For further analyzing the growth mechanism of corrosion
pits, the ratio of the pit depth to the pit diameter recorded
as the depth width ratio (k) was calculated. There is a linear
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relationship between the k and the pit volume (V ), which can
be expressed as follows [1, 2, 19]:

k � tV + b (1)

where t and b are constants. The fitted results present low
error values (r2 <0.2). When the slope is negative, i.e., t <0,
k decreases with the increase of V , representing that the cor-
rosion pits propagate along the depth direction. When the
slope is positive, that is, t >0, k increases with the increase
of V , representing that the corrosion pits propagate along
the radial direction (parallel to the sample surface). Figure 4
displays the k-value diagrams of ZL101A aluminum alloy
after different corrosion periods in TEL environment. It can
be found that the slope values of curves are negative and
increase with time, which indicates that the corrosion pits
grow along the depth direction at a high rate during the ini-
tial corrosion process, and then at a slower rate during the
stable corrosion process.

Figure 5 shows the corrosion morphologies of ZL101A
aluminum alloy in TEL environment with different corrosion
periods. It can be seen that the corrosion pits are mainly
distributed around the second phases, which is consistent
with previous studies [20, 21, 24–26, 31–33, 35].As shown in
Fig. 5a and b, corrosion pits expand radially from 5 to 30min,
leaving some second phases around the pits, which should
be related to the galvanic corrosion there [23, 25, 33, 34].
The corrosion pits are mainly on the phase with light color
instead of the surrounding phase with deep color, which can
be interpreted that the corrosionoccurred primarily at the area
with lower potential. With the increase of corrosion period,
the second phases are finally detached from the matrix, as
shown in Fig. 5c and d, which is related to the preferential
corrosion at the edges between the second phases and the
matrix. The above results confirm that the second phases can
be divided into the cathode intermetallic (deep color phase)
and the anode intermetallic (light color phase) compared to
the ZL101A matrix, resulting in different forms of corrosion
pits, which needs further explanation.

Figure 6 shows the in-situ SEM morphology of corrosion
pits and the EDS point scanning results at different positions
of ZL101A aluminum alloy after 5min corrosion period. The
element contents of different positions are listed in Table 1.
It can be seen that the corrosion pit is preferentially formed
at position 1, which is surrounded by the light color phase.
The EDS result of position 2 shows that the light color phase
contains 55.27 wt.% Al and 36.96 wt.% Si, which is corre-
sponded to the Al–Si phase. Because of the certain amount
of Si in Al–Si phase, this phase may be considered as the Si-
rich/Al-poor phase in the microstructure, which causes the
unapparent observation of Al–Si phase in Fig. 2. It should
be pointed out that the Al–Si phase contains some O and
Mg, which are considered as the impurity elements for the

Table 2 EDS results of different positions around the corrosion pit after
30 min corrosion period

Element/Position Element content (wt.%)

Position 1 2 3 4

Al 66.94 62.48 14.29 92.70

Si 28.07 32.25 84.37 1.85

O 4.16 4.58 1.33 5.37

Mg 0.83 0.69 0 0.09

ZL101A aluminum alloy. The EDS result of position 3 shows
that the dark color second phase is the Si-rich/Al-poor phase,
containing 16.16 wt.% Al and 81.16 wt.% Si, which sur-
rounds around the Al–Si phase. For comparison, position
4 represents the EDS results of the ZL101A matrix, whose
content is basically the same with the actual chemical com-
position. It can be concluded from the above result that the
corrosion pits initiated on the light color Al–Si phase, which
is surrounded by the dark color Si-rich/Al-poor phase. There
is no corrosion occurred on the Si-rich/Al-poor phase after
5 min corrosion period in TEL environment, suggesting that
the Si-rich/Al-poor phase presents better corrosion resistance
than the Al–Si phase.

Figure 7 shows the SEM morphology and EDS results of
ZL101Aaluminumalloy after 30min corrosion period. Table
2 lists the EDS statistical results at different positions around
the corrosion pits. It can be seen from that the number of
corrosion pits increases with time in the same magnification
field of view, and the corrosion pits tend to merge together
to form larger ones (area near the point 1), which should
be related to the connection between the Al–Si phase and
the corrosion pits. As shown in Table 2, Mg contents are
almost zero in the Si-rich/Al-poor phase (point 3) and the
matrix (point 4), while the Al–Si phase (point 2) presents
0.69 wt.% Mg, which further proves the existence of Al–Si
phase combined with Fig. 6. Thus, it can be detected that the
self-dissolution occurred preferentially on Al–Si phase dur-
ing the corrosion test in TEL environment; confirming the
lower stability of Al–Si phase than the Si-rich/Al-poor phase
and the matrix. In the center of corrosion pit (point 1), Mg
content presents a relatively high content, which should be
related to the dissolution of Al–Si phase, and the accumula-
tion of corrosion products containingMg.Therefore, it can be
speculated that the higher dissolution activity of Al–Si phase
is closely related to the existence of Mg, which is consistent
with the results shown in Fig. 6 and Table 1.

Figure 8 is the SEM morphology and EDS point scan-
ning results of the corrosion pit on ZL101A aluminum alloy
after 12 h corrosion period in TEL environment. Table 3 lists
the EDS statistical results at different positions around the
corrosion pits. It can be seen that the bottom of corrosion
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Fig. 4 The k-value diagrams of ZL101A aluminum alloy after corrosion tests with different periods in TEL environment: a 5 min b 30 min c 12 h
d 72 h

pit presents some cracks. Some undissolved second phases
are found in the center of the corrosion pit (point 1), which
are detected as the Si-rich/Al-poor phase by EDS results,
containing 7.9 wt.% Al and 87.74 wt.% Si. The corrosion
pits gradually grow together with the dissolution of Al–Si
phase, leaving the Si-rich/Al-poor phase in the center of the
corrosion pit, which confirms that the Si-rich/Al-poor phase
and the Al–Si phase are close and interdependent. It should
be noted that two Si-rich/Al-poor phases are separated by a
gully, which should be filled with the Al–Si phase before the
corrosion based on the former results, suggesting the anode
role ofAl–Si phase during corrosion test. TheSi-rich/Al-poor
phase presents a lighter color after 12h than5min and30min,
which may be related to the gradually increased activity of
the Si-rich/Al-poor phase during corrosion process.

Figure 9 shows the SEM image and EDS point scanning
results of the corrosion pit on ZL101A aluminum alloy after
72 h corrosion period in TEL environment. Table 4 lists the
EDS statistical results at different positions around the cor-
rosion pits. It can be seen that the corrosion pit after 72 h
presents the similar morphology with the 12 h corrosion
period. The remained Al–Si phase at the edge of corrosion

Table 3 EDS results of different positions around the corrosion pit after
12 h corrosion period

Element/Position Element content (wt.%)

Position 1 2 3

Al 7.90 77.15 90.43

Si 87.74 4.40 0.71

O 4.31 18.14 8.55

Mg 0.05 0.30 0.31

pit gradually decreases with time, which confirms the higher
dissolution activity of Al–Si phase than the Si-rich/Al-poor
phase. The Mg content of matrix gradually increases with
time from 12 to 72 h, as listed in Tables 3 and 4, which should
be related to the dissolution of matrix and the accumulation
of Mg element. Thus, the adverse effect of Mg on the sta-
bility of ZL101A aluminum alloy is confirmed. Meanwhile,
the pitting corrosion behavior of ZL101A aluminum alloy
is determined by different second phases. Al–Si phase can
dissolve to accelerate the formation of initiation sites for cor-
rosion pits during corrosion process.While, the effects of the
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Fig. 5 Corrosionmorphology (SEM: backscattered electron pattern) of ZL101A aluminum alloy after different corrosion periods: a 5min, b 30min,
c 12 h, d 72 h

Table 4 EDS results of different positions around the corrosion pit after
72 h corrosion period

Element/Position Element content (wt.%)

Position 1 2 3

Al 3.48 82.79 92.51

Si 94.12 14.55 0.82

O 2.35 2.66 6.10

Mg 0.05 0 0.58

Si-rich/Al-poor phase and Mg–Si–Fe phase on the corrosion
behavior deserve further discussion.

3.2 Electrochemical Tests and Analyses

For further characterizing the long-term corrosion behav-
ior of ZL101A in TEL environment, Fig. 10 displays the
potentiodynamic polarization curveswith different corrosion
periods. Pitting corrosion potential (Epit), corrosion poten-
tial (Ecorr) and corrosion current density (Icorr) obtained by
the fitted of potentiodynamic polarization curves are listed
in Table 5. It can be found that three curves present similar
shape, suggesting a basically same electrochemical mech-

Table 5 Fitted data of the potentiodynamic polarization curves after
different corrosion periods

Corrosion period 12 h 72 h 120 h

Ecorr (VSCE) 0.089 0.112 − 0.185

Icorr (mA/cm2) 2.025E+4 1.611E+4 1.049E+4

Epit (VSCE) 0.752 0.754 0.751

anism [25]. The cathode region is controlled by oxygen
diffusion process, and the anode region is controlled by the
active dissolution process. The anode branches are in an
active dissolution state in TEL environment for all periods,
leading to an inconspicuous passivation range [23, 25–34].
With the extension of corrosion time, Ecorr decrease from
12 to 120 h, which indicates the accumulation of active sub-
stances on sample surface [25–29].Combinedwith the in-situ
EDS results, the active substances should be the corrosion
products containing Mg and Al. The similar evolutions of
Icorr and Epit confirm the severe corrosion condition of the
TEL environment, which causes the hard distinguish of the
corrosion resistance after different corrosion periods.

For characterizing the evolution of corrosion resistance,
Fig. 11 illustrates the EIS results of ZL101A aluminum alloy
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Fig. 6 SEM image of corrosion pits and EDS results at different positions after 5 min corrosion period: a SEM image, b position 1, c position 2,
d position 3, e position 4

after 12 h, 72 h and 120 h in TEL environment. It can be
seen from the Nyquist plots that the impedance spectrum are
basically the same in three periods, including a large capac-
itive reactance arc in the high frequency region representing
the charge transfer process and a small capacitive reactance
arc in the medium- and low-frequency region representing
the protectiveness of the corrosion product film, respectively
[1, 11, 14]. The capacitance arc radius of film is smaller than
that of the double layer capacitance, which indicates that the
double layer plays a leading role during the corrosion process
in TEL environment. The decrease of the c capacitance arc
radius indicates the degradation of ZL101A aluminum alloy
with time inTELenvironment,which can intensify the pitting
corrosion, as shown in Fig. 3. As shown in the EIS Bode dia-
gram in Fig. 11b, the phase angle curves present a wide peak
in the intermediate frequency region (10–1000 Hz), which
is consistent with the two time constants, corresponding to
the two capacitance arcs in Nyquist plots [12–14]. |Z|0.01 as a

quantitative index for evaluating the protectiveness of thefilm
[25] gradually decreases with corrosion time, which shows
the same evolution with k-value, as shown in Fig. 4.

Further, the EIS fitted parameters are finished by using
the R(Q(R(QR))) equivalent circuit (Fig. 11c) and listed in
Table 6. Specifically, Rf and Qf represent the resistance and
capacitance of the corrosion product film, respectively. Rct

and Qct represent the resistance and capacitance of the elec-
tric double layer, respectively. Rs is the solution resistance.
Due to the dispersion effect caused by the accumulation of
corrosion products on the sample surface, the constant phase
angle element (CPE) of impedance can be calculated by the
following formula [14, 35–40]:

ZCPE � [
Q( jw)n

]−1 (2)

where Q is the capacitance of CPE, n is the CPE index
and represents the degree of dispersion effect, correspond-
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Fig. 7 SEM image of corrosion pits and EDS results at different positions after 30 min corrosion period: a SEM image, b position 1, c position 2,
d position 3, e position 4

Table 6 Fitted parameters of the EIS results after corrosion tests with
different periods

12 h 72 h 120 h

Rs/�·cm−2 16.20 13.45 12.95

Rct/�·cm2 2.025E + 4 1.611E + 4 1.049E + 4

Qdl/µF·cm−2 6.149E−4 1.457E−3 6.523E−4

nct 0.85 0.82 0.81

Rf/�·cm−2 5.499E + 3 3.331E + 3 4.937E + 3

Qf/µF·cm−2 7.222E−6 1.211E−5 2.185E−5

nf 0.90 0.78 0.75

ing to nf and nct, w is the angular frequency, j2 � − 1. It
can be found that the polarization resistance R (Rf + Rct)
decreases gradually with time, corresponding to the evolu-

tion of |Z|0.01, which confirms that the corrosion resistance
of ZL101A aluminum alloy decreases gradually with time in
the TEL environment. Comprehensively, the dissolution of
matrix and second phases should be the direct inducement for
the degeneration of ZL101A aluminum alloy in TEL, which
deserves detailed discussion in the following part.

3.3 In-Situ SKPFMObservation and Analyses

In order to in-situ explore the influence of the second phase
on the pitting corrosion behavior of ZL101A aluminum alloy
in TEL environment, SKPFM tests were carried out on the
samples after 5min, 30min, 3.5 h corrosion periods. The sur-
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Fig. 8 SEM image of corrosion pits and EDS results at different positions after 12 h corrosion period: a SEM image, b position 1, c position 2,
d position 3

face potential difference between the tip and sample surface
is defined as follows [3, 20, 28–30, 32]:

Vvolta � ∅tip − ∅sample

e
(3)

where∅tip and∅sample are thework functions of the tip and the
sample, respectively, e is the electron charge, and then Vvolta
is the surface potential difference [3, 12, 20, 21, 28–30, 32].
Higher Vvolta represents higher absolute potential for the sub-
stance. It can be summarized from the 3.2 part that the Al–Si
phase acted as an anode can provide a driving force for the
local galvanic corrosion [1, 2, 11] and promote the initiation
of corrosion pit on itself. While, the effects of Mg–Si–Fe
phase and Si-rich/Al-poor phase on corrosion have not been
clarified. Therefore, the obtained Volta potential distribution
maps and the corresponding line profiles of Mg–Si–Fe phase

are presented in Fig. 12. It can be found that the Mg–Si–Fe
phase is significantly brighter than the matrix in Fig. 12a,
which indicates the higherVolta potential ofMg–Si–Fe phase
thanmatrix initially. The differences between the potential of
Mg–Si–Fephase and the averagepotential ofmatrix are about
700 mV, as shown in Fig. 12e, suggesting the enough energy
for the initial local galvanic corrosion [20, 21]. Therefore,
Mg–Si–Fe phase acted as a cathode phase can promote the
preferential dissolution of the surrounding area ofMg–Si–Fe
phase at the initial corrosion stage. With the extension of
time, the Volta potential difference between the Mg–Si–Fe
phase and the matrix gradually decreases from 5 min to
3.5 h, which are 470 mV in Fig. 12f, 260 mV in Fig. 12g
and 290 mV in Fig. 12h. It should be noticed that the Volta
potential of the Mg–Si–Fe phase presents an unstable line
profiles, corresponding to the gradually blurred Volta poten-
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Fig. 9 SEM image of corrosion pits and EDS results at different positions after 72 h corrosion period: a SEM image, b position 1, c position 2,
d position 3

tial distribution Maps. The decrease of the Volta potential
difference between theMg–Si–Fe phase and thematrix grad-
ually indicates the weakened galvanic corrosion effect there.
The decreased Volta potential stability of Mg–Si–Fe phase
suggests the dissolution of Mg–Si–Fe phase in TEL environ-
ment. Combined with the EDS results, the dissolution should
be related to existence of Mg and Fe elements in the phase,
which confirms that both Mg and Fe are not conducive to the
stability of the second phases in ZL101A aluminum alloy.
It can be further inferred that the dissolution of Mg–Si–Fe
phase can cause the enhanced local corrosion, leading to the
formation of corrosion pits, as shown in Fig. 5.

Figure 13 shows the SKPFM results of the Si-rich/Al-poor
phase after different corrosion periods in TEL environment.

The results show that the Volta potential of Si-rich/Al-poor
phase is about 625mV higher than that of matrix, which con-
firms the cathode role of the Si-rich/Al-poor phase during
corrosion [27, 28, 32, 34]. The variation of the Volta poten-
tial difference between the Si-rich/Al-poor phase and the
matrix changes slightly with time, which are about 500 mV
in Fig. 13f, about 500 mV in Fig. 13g and about 350 mV
in Fig. 13h. The Si-rich/Al-poor phase presents gradually
unstable potential maps with the increases of time, which
indicates that a certain degree of dissolution occurred in TEL
environment. While, the Volta potential difference between
the Si-rich/Al-poor phase and the matrix remains obvious
during four corrosion periods compared with the Mg–Si–Fe
phase, which also verifies the adverse effects of Mg and Fe

123



13868 Arabian Journal for Science and Engineering (2022) 47:13857–13872

-9 -8 -7 -6 -5 -4 -3 -2

-1.0

-0.5

0.0

0.5

1.0
E

 /V
SC

E

log (I/A·cm-2)

 12h
 72h
 120h

Fig. 10 Potentiodynamic polarization curves of the ZL101A in TEL
environment with different periods

on the stability of second phase. This leaded to the preferen-
tial dissolution of the area surrounding the Si-rich/Al-poor
phase and the corrosion gully, corresponding to the results
shown in Figs. 8 and 9. The local galvanic corrosion caused
by the Si-rich/Al-poor phase belongs to the type of small
cathode and large anode [32, 34], which is contributed to the
inconspicuous uniform corrosion instead of the pitting corro-
sion, contrasting to the type of large anode and small cathode

caused by the Al–Si phase. Thus, both the proportion of Al
and Si and the existence of Mg and Fe had effects on the
corrosion resistance of the second phase.

Based on the analyses above, the schematic diagram illus-
trated in Fig. 14 describes the mechanism of the pitting
corrosion process of the ZL101A aluminum alloys in TEL
environment. Firstly, the Al–Si phase with higher proportion
of Al was more prone to corrosion than the Si-rich/Al-poor
phase, contributing to the high activity of Al than Si. The
dissolution of the Al–Si phase was the main reason for the
formationof corrosionpits. Secondly, the sites containingMg
can be divided into two categories, including the active areas
containing Mg on matrix and second phase and the corro-
sion products containingMg.With the progress of corrosion,
those active sites were evolved into corrosion initiation sites
through the dissolution of itself in TEL environment, which
results in the uniform corrosion on sample surface.

4 Conclusion

Three kinds of second phases including Al–Si phase, Si-
rich/Al-poor phase and Mg–Si–Fe phase were found in the
ZL101Aaluminumalloy,whichwere dispersed on thematrix
in forms of blocks and strips. Al–Si phase served as the anode
was contributed to the initiation and development of cor-
rosion pits during the corrosion process, which should be

Fig. 11 Electrochemical impedance results of the ZL101A during the corrosion test in TEL environment with different periods: a Nyquist plots,
b Bode diagrams, c equivalent circuit
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Fig. 12 SKPFM results of the
Mg-Si-Fe phase after corrosion
test with different periods. Volta
potential distribution maps:
a 0 min, b 5 min, c 30 min,
d 3.5 h, Volta potential linear
profiles of Mg-Si-Fe phase:
e 0 min, f 5 min, g 30 min,
h 3.5 h
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Fig. 13 SKPFM results of the
Si-rich/Al-poor phase after
corrosion test with different
periods. Volta potential
distribution maps: a 0 min,
b 5 min, c 30 min, d 3.5 h, Volta
potential linear profiles of
Si-rich/Al-poor phase: e 0 min,
f 5 min, g 30 min, h 3.5 h
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Fig. 14 Schematic diagram of the pitting corrosion of the ZL101A aluminum alloys in the TEL environment

related to the existence of Mg and high proportion of Al in
Al–Si phase.

Both Si-rich/Al-poor phase and Mg–Si–Fe phase were
confirmed as the cathode compared with the matrix through
the in-situ SKPFM tests, and the Volta potential difference
between the two second phases and the matrix can cause
the local galvanic corrosion. Mg–Si–Fe phase presented a
reduced stability with time, which was mainly attributed
to existence of Mg and Fe. The Volta potential difference
between the Si-rich/Al-poor phase and the matrix presents
an unapparent variation, indicating that the Si-rich/Al-poor
phase has a high electrochemical stability.
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