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Abstract: Two kinds of alloys with and without the addition of Cu, Al-7%Si-0.3%Mg-0.3%Cr and
Al-7%Si-0.3%Mg-0.3%Cr-1.5%Cu, are studied in this work. The addition of Cu can notably improve
notably the strength of Al alloy but it reduces its corrosion resistance. In this study, the electrochemical
workstation is used to measure the open circuit potential and polarization curve of alloys and
immersion corrosion is carried out. SEM and TEM images are taken before and after immersion
corrosion to observe the pitting and intergranular corrosion of the alloy. Results show that the
addition of Cu accelerates the immersion corrosion rate of Al alloy by 26.8% to 269.2%. This affects
the peak ageing and overageing samples the most. The influence is less evident for underaged
samples. At the same time, the addition of Cu aggravates the aggregation of pitting corrosion in the
primary step of corrosion of Al alloy and the intergranular corrosion around and within the pitting
hole. β′′ -Mg5Si6 precipitates and θ ′′ -Al3Cu precipitates are observed in Al-7%Si-0.3%Mg-0.3%Cr-
1.5%Cu alloy. The Cu atoms occupy Si3/Al site of β′′ and segregate at the edge of β′′ . It is believed
that the deterioration of corrosion performance essentially is attributed to the Si-enriched particles,
Al13Cr4Si4 phase and the Cu-enriched precipitates, β′′ -Mg5Si6 precipitates and θ ′′ -Al3Cu precipitates.

Keywords: Al-Mg-Si cast alloy; precipitate; electrochemical; pitting

1. Introduction

As an ideal alternative choice of steel to enlighten the weight, Al alloys are widely used
in the automotive industry due to their excellent mechanical properties and resistance to
corrosion. Different elements are added as alloy components to improve their performance.
For example, Si and Mg are added to form a precipitation phase to strengthen Al alloy after
heat treatment. Cr is added to counteract the negative effect induced by Fe and to refine the
alloy grains by restraining them to grow [1,2]. As an important alloy element, Cu is also
often added to enrich precipitation phases in Al alloys and thus augment the mechanical
strength [3].

It believed that phases play a significant role in the corrosion of Al alloys. Previous
studies show that the main corrosion for Al-Si-Mg alloy is pitting, which is caused prin-
cipally by the electrochemical potential differences of different phases [4]. As the main
strengthening phase, the Mg-Si phase has a complicated potential compared to Al. When
the concentration of NaCl is lower, it becomes the anode in the system and is corroded
before the matrix. It dissolves into the electrolyte selectively [5]. When the concentration
of NaCl increases, the Mg-Si phase becomes the cathode in the system. The reason is
that at the beginning of corrosion Mg ions are more active and migrate more rapidly into
the electrolyte. The Mg-Si phase decomposes and this causes the enrichment of Si. As Si
has a more positive potential than Al, the Mg-Si phase becomes the cathode. In addition,
previous studies indicate that the ageing treatment has a significant impact on the corrosion
resistance of Al alloys, including 2××× series Al alloys [6], 6××× series Al alloys [7], and
7××× series Al alloys [8].
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It is observed that the addition of Cu has a negative effect on the corrosion resistance
of Al alloy. Al alloys of high Cu content (>2 wt%) are reported to aggravate localized
corrosion, such as pitting corrosion [9,10] and exfoliation corrosion [11,12] on the alloy
surface. With the growing of pitting phenomena, it could encourage the intergranular
corrosion, which spreads rapidly in the interior of the alloy. The process of dealloying of
Cu-enriched intermetallic precipitation is detected in Al alloy within a chloride solution,
which facilitates the corrosion propagation process [13]. The corrosion process is influenced
by the distribution of Cu in the microstructure. The initiation of pitting corrosion usually
occurs near the Cu-enriched precipitates on the surface of the Al matrix [14] because these
particles have a potential difference with the matrix. The galvanic reaction between them
accelerates the localized pitting corrosion.

This study aimes to investigate the effect of Cu addition on an Al-Si-Mg cast alloy. The
corrosion behavior of the alloys under different ageing stages is investigated. Corrosion
experiments are carried out by both the full immersion test and electrochemical measure-
ments at ambient temperature. Scanning electron microscope (SEM) and transmission
electron microscope (TEM) are applied to characterize the surface microstructure before
and after corrosion to acquire a better knowledge of the corrosion mechanism.

2. Experimental Section

Two kinds of cast alloys are investigated for this study, whose chemical components
are shown in Table 1 below. The alloys are obtained through a die casting process. The
alloys are cut into the samples of 10 mm × 10 mm × 2 mm by the wire-electrode cutting
machine. Samples are heated to 540 ◦C, held for 8 h, followed by water quenching and
artificial ageing at 175 ◦C for different durations from 0 to 30 h. The hardness at different
ageing times is measured by aVickers indenter with a force of 5 kg and the dwell time
of 15 s. For each Sample, 5 test points were taken on the flat surface to calculate the
average value as the final hardness and draw the ageing curve. Sample surfaces are
observed by SEM and TEM before corrosion. Samples subjected to SEM observation are
prepared by grinding with silicon carbide abrasive papers with grit sizes of 240, 400, 800,
and 1000, followed by cloth polishing using 3 and 1µm diamond suspension solutions.
They are then etched by HF solution for several seconds. Samples for TEM were ground
and electropolished using a twin-jet electropolisher operated at 20 V and 60–100 mA at
the temperature below −25 ◦C in a solution of 30 vol.% HNO3 and 70 vol.% methanol.
Atomic-resolution high-angle annular dark-field scanning transmission electron microscope
(HAADF-STEM) imaging and energy dispersive X-Ray spectroscopy (EDS) mapping was
carried out on JEM-ARM200F (JEMARM200F, JEOL Ltd., Tokyo, Japan), equipped with a
probe-Cs corrector and a cold field emission gun. The accelerating voltage was 200 kV. The
HAADF-STEM images are acquired with a collection semi-angle of 68–280 mrad.

Table 1. Chemical composition of Al alloy specimens (wt.%).

Element Si Mg Cr Cu Fe Al

Al-Si-Mg-Cr 7 0.3 0.3 0 <0.15 Bal.
Al-Si-Mg-Cr-Cu 7 0.3 0.3 1.5 <0.15 Bal.

An electrochemical workstation is used to measure the sample open circuit potential
and polarization voltage in 3.5 wt.% NaCl solution. All the electrochemical measurements
are used with a three-electrode electrochemical cell, with sample as the working electrode
(WE), a saturated calomel electrode (SCE) as the reference electrode (RE), and a platinum
electrode as the counter electrode (CE). Weight loss is calculated after 10 days, 20 days, and
30 days of immersion in 3.5 wt.% NaCl solution. The microstructures are observed by SEM
after 30 days immersion.
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3. Results and Discussion
3.1. Hardness

Hardness curves of different samples are studied to relate the corrosion resistance
with the ageing time, which affects the amount and the distribution of the precipitation
phase. Figure 1 is the ageing curves of two alloys. The addition of Cu notably improves
the hardness of quenched samples from 55 Hv to 71 Hv and also the peak hardness from
105 Hv to 115 Hv [15]. The ageing time for the sample with Cu where the hardness attains
the peak is around 3 h longer than that of the alloy without Cu. For each sample, underaged,
peak-aged, and overaged samples are chosen to be studied.
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3.2. Open Circuit Potential

In Figure 2a, the results of the open circuit potential (OCP) measurements show that
overaged and underaged samples are less likely to be corroded than that one of peak
age. It is ranked as follows: 12 h ≈ 1 h > 9 h > 2 h > 6 h. However, the range of OCP is
about −0.76~−0.74 V, which means the effect of ageing time on corrosion resistance is not
significant. But in Figure 2b, the OCP is ranked as follows: 1 h > 6 h > 2 h > 16 h > 12 h, the
range −0.84~−0.62 V is much larger, which means the ageing time is more important for
the corrosion resistance Al-7%Si-0.3%Mg-0.3%Cr-1.5%Cu alloy. As the ageing time affect
most importantly the precipitation in the matrix, therefore the particles containing Cu affect
the corrosion resistance. For peak-ageing samples (9 h in (a) and 12 h in (b)), the OCP in
(a) is −0.74 V and in (b) is −0.84 V, which is to say that the addition of Cu increases the
tendency to be corrode for Al alloys.

Figure 2c shows the polarization kinetics curve of the Al-7%Si-0.3%Mg-0.3%Cr alloy
in a 3.5% NaCl solution. In general, the anode polarization branch represents the anode
dissolution in the solution, and the cathodic polarization branch represents the cathodic
hydrogen evolution via the water. The trend of different curves in the figure are consistent,
and the corrosion potentials of all samples are distributed between −1.2 and −1.0 V. There
is no obvious passivation phenomenon formation and passivation film breakdown process
on the anode branch of the curve. The polarization corrosion potential is as follows:
12 h > 1 h > 9 h > 2 h > 6 h. The relative relationship of the potential is basically consistent
with the measurement of the open circuit potential. Figure 2d shows the polarization
kinetics curve of the Al-7%Si-0.3%Mg-0.3%Cr-1.5%Cu alloys in a 3.5% NaCl solution. The
corrosion potentials of samples are distributed between −0.6 V and −0.75 V, and the values
are close to the open circuit potential. Except for the sample aged for one hour, the corrosion
potentials of other samples are very close. The corrosion potential of the sample under
ageing treatment for 1 h is significantly higher than that of others, indicating a weak trend
of corrosion. The trend of the anode branch of all curves is similar to that of the curves
without adding Cu, and there is no obvious passivation and breakdown process.
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According to the chosen Tafel sections of polarization curves, it was very convenient
to calculate the corresponding corrosion current density (Icorr), polarization resistance (Rp)
and corrosion rate (CR). The corrosion current density, Icorr

(
µA·cm−2) could be estimated

by Tafel extrapolation method [16]. The corrosion rate (CRi, mm·y−1) could be calculated
by the Icorr according to ASTM G102-89 (2015) [17]:

CRi = Ki
Icorr

ρ
EW (1)

where, CRi is the corrosion rate calculated by polarization curve, Ki is a constant
(3.27 × 10−3 mm·g·µA−1·cm·y), ρ is the material density, Icorr is the corrosion current
density, and EW is the equivalent weight.

According to ASTM G102-89 (2015), the polarization resistance (Rp, kΩ) could be
calculated by the following equation:

Rp =
βaβc

2.3(βa + βc)Icorr
(2)

where, βa and βc are the slopes of Tafel regions of the logarithmic anodic and cathodic
polarization curves respectively, Icorr is the corrosion current density.

The calculated values of polarization curves are presented in Table 2. Table 2 shows
the corrosion potential and corrosion current density of Al-7%Si-0.3%Mg-0.3%Cr alloy
and Al-7%Si-0.3%Mg-0.3%Cr-1.5%Cu alloy with different ageing time. It can be seen from
Table 2 that the corrosion potentials (Ecorr) of alloys have a similar variation trend. The Ecorr
became more negative with the increasing ageing time of the samples. Then Ecorr changes
towards a positive direction with further increase in the ageing time. The maximum
corrosion potential of Al-7%Si-0.3%Mg-0.3%Cr alloys appears before peak-ageing (6 h),
while the maximum corrosion potential of Al-7%Si-0.3%Mg-0.3%Cr-1.5%Cu alloys appears
at peak-ageing (12 h). Similarly, the corrosion current density (Icorr) also presents the same
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characteristics. Before peak-ageing, the Icorr increases significantly with the increasing
ageing time of the sample, indicating that increased ageing time could effectively increase
the corrosion rate. After peak-ageing, the Icorr decreases with the increasing ageing time
of the sample. The difference in Ecorr and Icorr between the two alloys may be due to the
addition of Cu. It will be further discussed below.

Table 2. Tafel polarization data for Al-7%Si-0.3%Mg-0.3%Cr alloy and Al-7%Si-0.3%Mg-0.3%Cr-
1.5%Cu alloy.

Samples Ageing Time (h) Ecorr (mVSCE) Icorr (µA/cm2) Rp (kΩ) CR (mm·y−1)

Al-7%Si-0.3%Mg-0.3%Cr

1 h −1.0824 4.1637 4.3231 0.04533
2 h −1.1374 5.4485 3.3037 0.05932
6 h −1.2002 8.7132 2.0658 0.09487
9 h −1.0892 4.1056 4.3843 0.04470
12 h −1.0527 3.6887 4.8798 0.04016

Al-7%Si-0.3%Mg-0.3%Cr-
1.5%Cu

1 h −0.6306 9.6664 1.8621 0.10525
2 h −0.7024 10.5875 1.7001 0.11528
6 h −0.7048 11.0477 1.6293 0.12029
12 h −0.7103 14.0117 1.2846 0.15256
16 h −0.7064 13.6173 1.3218 0.14827

According to the corrosion current density and corresponding electrochemical corro-
sion rate calculated by the Tafel extrapolation method, the Al-7%Si-0.3%Mg-0.3%Cr alloy
aged for 6 h has the highest corrosion rate, with the corrosion rate is ranked as follows:
6 h > 2 h > 1 h > 9 h > 12 h. According to the corrosion current density and corresponding
electrochemical corrosion rate calculated by the Tafel extrapolation method, the Al-7%Si-
0.3%Mg-0.3%Cr-1.5%Cu alloy with peak ageing of 12 h has the highest corrosion rate, with
the corrosion rate is ranked as follows: 12 h > 16 h > 6 h > 2 h > 1 h. This indicates that
under the action of an applied electric field, peak-aged alloys exhibit the fastest corrosion
rate, followed by over-aged alloys, and under-aged alloys exhibit a slower corrosion rate.
This result is consistent with the measurement of open circuit potential. Compared with
the sample without Cu addition, the corrosion rate is significantly accelerated.

3.3. Immersion Weight Loss

According to the immersion weight loss after 10 days, 20 days, and 30 days in NaCl
solution, corrosion rates are calculated and shown in Figure 3. For both alloys, the corrosion
rates slow down as the immersion time extends. And samples with peak-ageing time have
the greatest corrosion rate. On comparing the two kinds of alloys, the addition of Cu
increased the corrosion rate by 2~3 times for samples with different ageing conditions.
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3.4. Microstructures before and after Immersion by SEM and EDS

Figures 4 and 5 are SEM images of samples of various ageing time. The two kinds of
alloys are similar in morphology with Si-enriched second phase near the grain boundary.
Some of these Si-enriched phases have been identified as Al13Cr4Si4 phase in our previous
work [2]. The matrix has a dendrite-shaped structure which is more and more obvious as
the ageing time extends. No apparent difference in the microstructures can be observed
with the addition of Cu before immersion corrosion.
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Figures 6 and 7 are SEM images of alloys after 30-days immersion corrosion in 3.5 wt.%
NaCl solution. Compared with SEM images before corrosion, the difference between the
two alloys are much more obvious. In Figure 6, pitting is more uniformly distributed on the
matrix than that in Figure 7, especially for underaged and overaged samples (Figure 6a,e).
Around the pitting, the structure is likely to peel and exfoliate on the surface. The diameters
of the pitting holes of the peak-aged sample (Figure 6c) are greater than those of the others,
which indicates that pitting probably begins near the precipitation phase.

Figure 8 shows the microstructure and EDS mapping of Al-7%Si-0.3%Mg-0.3%Cr alloy
after 30-days immersion, while Figure 9 shows the microstructure and EDS mapping of Al-
7%Si-0.3%Mg-0.3%Cr-1.5%Cu alloy after 30-days immersion. In the higher magnification
images for peak-aged and overaged samples (Figure 6d,f), brighter particles are observed
on the surface, which is believed to be Si-enriched according to EDS results shown in
Figure 8. In Figures 7 and 9, pitting and Si-enriched particles are more obvious. The pitting
is deeper and bigger for peak-aged and overaged samples (Figure 7d,f). Intergranular
corrosion develops near and inside the pitting holes because of the addition of Cu. Plenty
of Si-enriched particles are left due to the dealloying of intermetallic phases. As the pitting
corrosion essentially was attributable to Si-enriched particles. The driving force of the
localized corrosion at the interface between constituent cathodic particles and the matrix of
Al alloys is the galvanic coupling between the particles and the matrix. Segregation of Cu
on the surface of the particles was observed, as marked by arrows in Figure 9c. We detected
similar phenomena in previous studies that the precipitates η-Mg(Zn, Cu)2 form on the
surface of Al18Mg3(Cr, Mn)2 dispersoids during ageing treatment [8]. The morphological
characteristic of a simple cathodic particles/anodic matrix system after corrosion is a hole
attributed to the matrix dissolution around an almost unattacked particle.
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Figure 6. SEM images of the corrosion surfaces of Al-7%Si-0.3%Mg-0.3%Cr alloy aged at 175 ◦C for
(a,b) 1 h, (c,d) 6 h, (e,f) 12 h after immersion for 30-days.

3.5. Microstructural Observation by TEM

Figure 10 shows the TEM images for two alloys with under-ageing, peak-ageing, and
over-ageing conditions. In Figure 10a, precipitation of a small diameter, which is the GP
zone, is distributed intensively in the matrix of underaged Al-7%Si-0.3%Mg-0.3%Cr alloy.
Saturated Si and Mg begin to form the Mg-Si phase and other precipitation, which has a
difference in potential and causes electrochemical corrosion. The peak-aged alloy sample
(Figure 10b) has fewer particles but plenty of needle-shaped precipitation instead. They
grow into stick-shape in overaged conditions (Figure 10c). In Figure 10d,e, the microstruc-
tures of Al-7%Si-0.3%Mg-0.3%Cr-1.5%Cu alloy resemble those of Al-7%Si-0.3%Mg-0.3%Cr
alloy. However the overaged microstructure has thicker needle-shaped precipitation.
Previous studies show that it contains Si, Mg, and Cu [15]. And another plate-shaped
precipitation phase θ′′ (GP II zones)-Al3Cu or θ′-Al2Cu also appears during ageing [15].
The phase has a more positive potential than the Al matrix in NaCl solution, thus the matrix
near this phase tends to be corroded and pit.
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Figure 7. SEM images of the corrosion surfaces of Al-7%Si-0.3%Mg-0.3%Cr-1.5%Cu alloy aged at
175 ◦C for (a,b) 1 h, (c,d) 6 h, (e,f) 12 h after immersion for 30-days.

The HAADF-STEM imaging combined with EDS analysis was performed in order to
further identify the precipitates. Figure 11a shows the typical low-magnification HAADF-
STEM image, it is apparent that the alloy contains dispersive dot-like and needle-like
precipitates. It is well known that the intensity in HAADF-STEM images is approximately
proportional to Z1.7, and Z is the atomic number. There is no doubt that these precipi-
tates contain at least one element heavier than Al because its contrast is much brighter.
Figure 11d–f shows the EDS spectrums from the Al matrix, dot-like and needle-like pre-
cipitates, respectively, inserts are the corresponding contents of elements. The EDS results
from dot-like precipitates show that the atomic percent concentration of the Mg, Si, and
Cu is much higher than that of the matrix. It was determined that the content of Cu in
needle-like precipitates is the highest of all, but its contents of Mg and Si are very low. In
regard to HAADF-STEM images and EDS results, the dot-like precipitates are estimated to
be β′′ -Mg5Si6 precipitates while the needle-like precipitates are estimated to be θ′′ (GP II
zones)-Al3Cu precipitates. The atomic-scale HAADF-STEM is applied to further character-
ize the precipitates. Figure 11b,c shows the enlarged HAADF-STEM images of dot-like and
needle-like precipitates from the Figure 11a, respectively. By observing the precipitates from
the directions of [001]Al , as shown in Figure 11b,c and matching to the atomic models, it can
be confirmed that these precipitates are β′′ and θ′′ , respectively. As shown in Figure 10b,
this precipitate has a monoclinic lattice, a = 1.51 nm, b = 0.405 nm, c = 0.67 nm, β = 105◦,
which is identified as that of β′′ in Cu-free alloys [18,19]. It was determined that Cu atoms
diffuse into β′′ and occupy in a specific position of β′′ unit cell, as shown by dotted red
circle in Figure 11b. Some of Si and Mg, Al in β′′ lattice are replaced by Cu atoms. There
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are atomic columns inside precipitate present high contrast, as enclosed by red ellipses.
It shows that Cu occupies Si3/Al site of β′′ . Meanwhile, many Cu atoms are observed to
segregate at the edge of β′′ . This is consistent with the EDS results that Cu is determined to
be enriched in the β′′ .
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Figure 8. Microstructure and EDS mapping of Al-7%Si-0.3%Mg-0.3%Cr alloy after 30-days immersion,
(a) 8000×, (b) EDS results, and corresponding EDS maps of elements (c) Al, (d) Si, (e) Cr, (f) Mg.

As discussed above, the correlation between Cu and corrosion properties can be
obtained as follows. With the formation of precipitates, there are electrochemical potentials
between the precipitates and the Al matrix. This leads to the gradual decrease of the
corrosion resistance of the alloy with increasing ageing time. It is well known that the
Cu-rich phases such as θ′′ phase act as a cathode that can accelerate the localized corrosion
of Al alloys by promoting fast anodic dissolution of the surrounding Al matrix, resulting in
the deterioration of corrosion resistance of the alloy. In addition, Cu atoms both replaced
some of Si and Mg, Al in (Si3/Al site of) β′′ precipitates and segregates in the edge
of β′′ precipitates, resulting in an increase of electrochemical potentials between the β′′
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precipitates and the Al matrix. In addition, according to our previous work [20], a Cu-
enriched layer forms in the corroded surface of the sample as the corrosion goes on. It
is believed that the deterioration of corrosion performance partly is attributed to the
Cu-enriched precipitates as a result of galvanic coupling between the precipitates and
the matrix.
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As discussed above, the deterioration of corrosion performance of alloy with the
addition of Cu is essentially attributed to the Si-enriched Al13Cr4Si4 particles with segre-
gation of Cu on its surface and the Cu-enriched precipitates, β′′ -Mg5Si6 precipitates and
θ′′ -Al3Cu precipitates.

4. Conclusions

In this work, Al-7%Si-0.3%Mg-0.3%Cr alloy and Al-7%Si-0.3%Mg-0.3%Cr-1.5%Cu
alloy are studied to understand the effect of Cu addition on corrosion resistance. Hardness
curves are traced first to determine suitable parameters for heat treatment. Corrosion
experiments are carried out by electrochemical workstation and by immersion method in
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3.5 wt.% NaCl solution. SEM and TEM images are taken before and after the immersion
experiment to identify the surface microstructures. The conclusions are as follows:

(1) The corrosion resistance of alloy samples during artificial ageing varies with the
ageing time. The two alloys selected in this study have the worst corrosion resistance
at peak ageing time. The main reason is that there is a potential difference between the
precipitated phase and the alloy matrix. At the peak ageing time, the number of precipitated
phases is the largest and most evenly distributed, forming a galvanic pair, thereby speeding
up the corrosion rate.

(2) The addition of Cu can increase the peak hardness of the Al-7%Si-0.3%Mg-0.3%Cr
alloy by 9.5%. However, the addition of Cu reduces significantly the corrosion resistance
of the alloy. The addition of Cu accelerates the immersion corrosion rate for 30 days by
201.5% for the peak ageing samples. The effect of the 12 h peak ageing sample and 16 h
over-aging sample is more significant.

(3) β′′ -Mg5Si6 precipitates and θ′′ -Al3Cu precipitates are observed by HAADF-STEM
in Al-7%Si-0.3%Mg-0.3%Cr-1.5%Cu alloy. The Cu atoms occupy Si3/Al site of β′′ segregates
at the edge of β′′ . It is believed that the deterioration of corrosion performance essentially
is attributed to the Si-enriched Al13Cr4Si4 particles with segregation of Cu on its surface
and the Cu-enriched precipitates, β′′ -Mg5Si6 precipitates and θ′′ -Al3Cu precipitates.
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