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A B S T R A C T   

Al-Mg-Si alloys are known as structural materials and are primary alloys in the automotive industry to achieve 
weight reduction. Shifting toward sustainability, lower energy consumption, and less CO2 emission necessitates 
recycling. However, the unavoidable accumulation of scrap-related impurities, e.g., Cu and Zn, during the 
recycling process can influence corrosion resistance of recycled alloys. The results show that Al-Mg-Si alloys 
containing 0.05 wt% Cu exhibit low intergranular corrosion resistance. The intergranular corrosion resistance of 
these alloys is notably improved by adding 0.06 wt% Zn. Low concentrations of Cu and Zn are found to strongly 
affect the crystal structure of hardening precipitates.   

1. Introduction 

Al-Mg-Si (6xxx series) extrusions are widely used in marine, archi-
tecture, aerospace, and automotive applications, owing to their good 
formability, high strength-to-weight ratio, excellent recycling potential, 
and good corrosion resistance [1,2]. The demand for Al-Mg-Si alloys in 
the automotive sector is rising, driven by increased production of 
lightweight electrical vehicles. Therefore, intensive studies on the pro-
cessing technology, mechanical and electrical properties, and alloy 
design for the 6xxx-series Al alloys have been performed [3–6]. Despite 
the good corrosion resistance of the Al-Mg-Si alloys, various issues 
linked to localized corrosion attacks can occur as a result of inadequate 
heat treatments or due to the presence of Zn or Cu [7–9]. It has also been 
reported that the misorientation angle and local plastic deformation 
introduced during alloy manufacturing can noticeably influence the 
intergranular corrosion (IGC) resistance [10–12]. The IGC in these alloys 
is associated with a micro-galvanic coupling between anodic and 
cathodic electrochemically active sites at grain boundaries (GBs) in the 
microstructure. 

In Al-Mg-Si alloys with additions of Cu, it is believed that the IGC 
occurs as a result of differences in the electrochemical potential between 

the anodic sites (precipitate-free zones (PFZ) and the Al matrix) and the 
cathodic sites (Cu-rich films and Cu-containing particles such as Q/Q′) 
[11,13–16]. The susceptibility to IGC corrosion is not only related to the 
chemical composition, but also to aging conditions, which play a 
considerable role in determining the IGC resistance in the Al-Mg-Si al-
loys [15,17–19]. For instance, Svenningsen et al. [15] reported that an 
Al-Mg-Si alloy with 0.12 wt% Cu demonstrated increased susceptibility 
to IGC and that IGC in this alloy was affected by the thermal history. The 
alloy subjected to quenching at a higher rate exhibited higher resistance 
to IGC compared to the alloy quenched at a lower rate. The IGC sus-
ceptibility of Cu-containing Al-Mg-Si alloys has been mainly ascribed to 
the presence of Cu-rich films and/or Q/Q′ particles formed along GBs. It 
is usually claimed that IGC can be limited by keeping the Cu level below 
0.1 wt% [15,20,21]–. However, some recent work has shown that IGC 
can be affected even by smaller amounts of Cu (0.05–0.06 wt%) [10,22]. 
The results in Ref. [10] showed the presence of Q/Q′ particles and 
Cu-rich films along some random high angle GBs with PFZs formed 
around such boundaries. Moreover, β particles and PFZs were also 
observed along coincidence site lattice GBs. Closely spaced Q/Q′ and β 
particles were observed along some low angle boundaries with no 
well-developed PFZs [10]. 
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The Mg/Si ratio, concentrations of Zn and Cu, and heat treatments 
noticeably influence the types, frequency and sizes of particles in Al-Mg- 
Si alloys [13,23–25]. The precipitation process from supersaturated 
solid solution (SSSS) in Cu-free Al-Mg-Si alloys is usually described by 
the following sequence [26]:  

SSSS → clusters→ GP-zones→ β′′→ β′, U1, U2, B′→ β+Si                         

A more complex precipitation sequence is reported in Cu-containing 
Al-Mg-Si alloys, where Cu is added to increase the number density of fine 
precipitates and hence strength [27–32]. Furthermore, additions of Cu 
cause significant changes in the compositions of clusters and precipitates 
[13,33–35]. The precipitation sequence in the presence of relatively 
high copper concentrations is described as [27,30,31]:  

SSSS → clusters→ GP-zones→ β′′, L → β′Cu, S, Q′, C → Q + Si                 

In the past several years, the effect of Zn additions on the precipi-
tation and mechanical properties of Al-Mg-Si alloys attracted significant 
attention because Zn in relatively high concentrations can result in 
significant hardening [36–40]. For example, Ding et al. investigated 
age-hardening response in two Al-Mg-Si alloys with either 0.5 wt% or 
3 wt% Zn [38]. The results showed a considerable increase in age 
hardening after adding 3 wt% Zn compared to the effect of 0.5 wt% Zn. 
The observed increase in hardness was linked to the presence of different 
types of precipitates, β-Mg2Si and η-MgZn2, after aging at 200 ◦C for 
24 h. The same observation was made by Guo et al. [39], who reported 
that the addition of 1 wt% Zn enhanced the hardening response in aged 
Al-0.82Mg-0.91Si alloys. Studies of the influence of Zn addition on 
precipitate structures were conducted by Saito et al. [7,41]. Their results 
exhibited that Zn had a weak preference for occupancy of specific atomic 
sites in Al-Mg-Si precipitates. No measurable effect on the precipitate 
structure was detected in the alloys containing up to 0.1 wt% Zn. A 
minor addition of Zn (≤ 0.1 wt%) was found to have negligible influence 
on the IGC resistance [7]. However, strong evidence of IGC was observed 
in an alloy containing 1 wt% Zn. The influence of Zn additions on the 
IGC of two Al-Mg-Si alloys was investigated by Chi et al. [42], who 
demonstrated that the IGC penetration depth was greater in an alloy 
with 0.2 wt% Zn than in an alloy with 0.05 wt% Zn. In general, Zn ad-
ditions were found to result in a higher number density of GB particles 
and wider PFZs, resulting in more susceptibility to IGC. Nevertheless, 
particularly high IGC resistance in an Al-Mg-Si-0.2Cu alloy containing 
0.1 wt% Zn was documented by Yamaguchi et al. [43] after a baking 
heat treatment, while alloys with higher than 0.1 wt% Zn (up to 0.48 wt 
%) showed low IGC resistance. 

The effect of low Zn content (≤ 0.06 wt%) in combination with a low 
concentration of Cu on the microstructure and IGC in Al-Mg-Si alloys 
have not been previously studied. Currently, Cu and Zn are practically 
unavoidable in recycled Al-Mg-Si alloys and, therefore, expected to be 
present in low concentrations in many 6xxx-series alloys with high levels 
of recycled Al content. Therefore, it is essential to evaluate how low 
concentrations of scrap-related Cu and Zn will influence the micro-
structure and IGC resistance of these alloys. This evaluation is the main 
goal of the present study. Results of this study will help to determine 
appropriate proportions of Al scrap and virgin aluminum in final prod-
ucts without sacrificing their corrosion resistance. In addition, the pre-
sent work intends to provide detailed information on the influence of 
0.05 wt% Cu combined with a varying concentration of Zn (≤0.06 wt%) 
on the precipitate structure in aged Al-Mg-Si alloys as their structure in 
the presence of Cu and Zn is still not fully understood. Furthermore, 
possible ways of enhancing the resistance to IGC in Al-Mg-Si alloys 
containing small Cu concentrations are proposed. To characterize grain 
structures, precipitates and IGC, a variety of electron microscopy tech-
niques have been used in this work. These include high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM), 
scanning electron microscopy (SEM) and electron backscatter diffrac-
tion (EBSD). In addition, atom force microscopy (AFM) coupled with 

scanning Kelvin probe force microscopy (SKPFM) is utilized to evaluate 
the surface potential difference between the matrix and GBs containing 
Cu and Zn as films. 

2. Experimental methods 

2.1. Material used 

The chemical compositions of four Al-Mg-Si alloys used in the pre-
sent work are given in Table 1. The main difference between these alloys 
was in the amount of Zn, 0.003, 0.02, 0.04, and 0.06 wt% for samples 
A1, A2, A3 and A4, respectively. The alloy compositions were achieved 
by gradually increasing the concentrations of specific elements in one 
base Al-Mg-Si alloy. At first, Cu was added to the alloy, followed by a 
gradual increase in Zn content to achieve the desired concentrations. To 
verify the actual composition of the alloys, Optical Emission Spec-
trometry (OES) analysis was performed after casting. Despite the vary-
ing composition, all the samples are within the standard range for the 
AA6082 alloy. 

As-cast ingots were homogenized at 575 ◦C for 135 min. Thereafter, 
the ingots were extruded at a ram speed of 5.6 mm/s and at an average 
temperature of 530 ◦C into flat profiles with a thickness of 4 mm. The 
extruded profiles were water quenched, stretched 0.5 % and subjected to 
a two-step aging process to obtain a peak-aged condition. Hydro 
Aluminium designates this condition as temper T6. 

2.2. Microstructure characterization 

The initial microstructural characterization was performed using 
light optical microscopy to observe the microstructure in three orthog-
onal planes. Several 25 × 10 × 4 mm3 specimens were at first me-
chanically ground and then polished using a polishing suspension with a 
diamond size of 1 μm. Thereafter, the specimens were etched using the 
tetrafluoroboric acid, and optical micrographs were obtained using a 
Zeiss Axio Vert.A1 microscope from three orthogonal planes: (i) the 
longitudinal section containing the extrusion direction (ED) and the 
normal direction (ND); (ii) the cross-section containing the transverse 
direction (TD) and the ND, and (iii) the surface containing the ED and 
TD. 

–The EBSD analysis of the as-received microstructure was con-
ducted both in the ED-TD plane and in the ED-ND plane. For examina-
tions of the ED-TD plane, the top surface of the extruded material was 
mechanically polished and then electropolished to obtain good-quality 
EBSD patterns. The thickness of the surface layer removed by polish-
ing was estimated to be 40–50 µm. EBSD data in this plane were 
collected in several regions, covering a total area of 2 mm2 with a step 
size of 1 µm. The ED-ND plane was investigated by EBSD in samples A1 
and A4. After polishing, EBSD data were obtained in these samples 
covering an area of ~1.3 mm2 with a step size of 2 µm. 

Specimens for transmission electron microscopy (TEM) were ground 
to approximately 100 μm thickness and punched into 3 mm discs. The 
discs were then electropolished in a solution of 800 ml ethanol, 100 ml 
2-butoxyethanol and 100 ml perchloric acid (65 %) at approximately 
− 25 ◦C. TEM investigations of GBs were conducted using a Titan 
analytical 80–300ST microscope operated at 300 kV and equipped with 
an energy dispersive spectroscopy (EDS) detector X-Max 80TLE. A 

Table 1 
Chemical composition (wt%) of the four Al-Mg-Si samples used in the present 
study.  

Sample Cu Mg Si Fe Zn Mn Al 

A1  0.048  0.647  0.968  0.219  0.003  0.544 Balance 
A2  0.050  0.628  0.937  0.211  0.022  0.554 Balance 
A3  0.050  0.636  0.942  0.216  0.041  0.562 Balance 
A4  0.050  0.627  0.949  0.208  0.059  0.580 Balance  
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double-corrected JEOL ARM200CF microscope operated at 200 kV was 
employed to obtain high resolution Z-contrast HAADF-STEM images of 
fine precipitates in grain interiors. Since these precipitates were pro-
duced by growth along 〈001〉 directions in the matrix, HAADF-STEM 
images were taken after tilting the foil to a [001] zone axis, which 
enabled viewing the precipitates in their cross-sections. The images were 
taken using a probe size of 0.10 nm and a convergence semi-angle of 
~27 mrad. The inner and outer collection angles of the HAADF detector 
were 51 and 203 mrad, respectively. To reduce scanning noise, fast 
Fourier transform (FFT) filtering was applied for all images using a 
circular band pass mask to remove all periods shorter than approxi-
mately 0.15 nm, which was close to the shortest separation of projected 
atomic columns in precipitates viewed in the cross-section. 

2.3. Hardness measurements 

Vickers hardness was measured in each as-received alloy using a load 
of 500 g and a dwell time of 15 s. Prior to hardness measurements the 
surface was mechanically polished using the same polishing suspension 
as the one applied for sample preparation for optical microscopy. 

2.4. AFM/SKPFM analysis 

To reveal the impact of the minor additions of Cu and Zn on the 
difference in surface potential between GBs and grain interiors, AFM and 
SKPFM surface-sensitive analysis was performed using a Bruker 
Dimension Edge™ instrument with an n-type doped silicon pyramid 
single crystal tip coated with a PtIr5 (SCM-Pit probe) having a height of 
10–15 µm and a tip radius of 20 nm. Prior to AFM and SKPFM, specimens 
were polished using oxide polishing suspensions with a final grain size of 
0.25 µm. The polished surface was then marked by focused ion Xe beam. 
The local surface potential was recorded in the dual-scan mode. At first, 
topography maps were recorded in the tapping mode, after which the tip 
was lifted to 100 nm and the surface potential was recorded by following 
the topography contour registered in the first scan. The topography and 
surface potential images were captured in air at 22 ◦C and at a relative 
humidity of approximately 32 %. The pixel resolution was 512 × 512 
and the scan frequency rate was 0.3 Hz. In addition, zero-bias voltage 
and tip bias were adopted in all the experiments. 

2.5. Intergranular corrosion tests 

The influence of trace level Zn content on the microstructure and IGC 
of the prepared alloys was investigated using 25 × 20 × 4 mm3 speci-
mens, which were alkaline etched at 56 ◦C for 5 min in a solution con-
taining 8 % NaOH and then immersed in nitric acid for 2 min, rinsed in 
distilled water and dried in a cooled air stream. The thickness of the 
removed surface layer due to etching was estimated to be ~15 μm [22, 
44]. IGC tests were performed by exposing the prepared specimens to an 
acidified salt solution containing 10 ml/l of concentrated HCl and 30 g/l 
NaCl at room temperature for 24 h. The IGC test was performed ac-
cording to the BS ISO 11846 (method B) standard [45]. The studied 
extrusions had a recrystallized surface layer and a largely 
non-recrystallized microstructure in the interior layer. In the present 
work, analysis was focused on the recrystallized surface layer as this was 
the layer exposed to the corrosive environment. Lacomit varnish was 
used to protect the specimen sides, so that only the ED-TD surface would 
be exposed to the acidified solution during the IGC test. After the im-
mersion test, the specimens were rinsed in distilled water and then 
air-dried. Analysis of IGC was performed both on the corroded surface 
and in the ED-ND section. The exposed surface and the mechanically 
polished ED-ND section were investigated after the test in an AFEG 250 
analytical environmental SEM. 

3. Results 

3.1. Optical microscopy and SEM/EBSD observations 

The four studied extrusions have 0.4–0.5-mm-thick recrystallized 
layers at the top and bottom surfaces and a largely non-recrystallized 
~3-mm-thick interior layer ( Fig. 1). The grain size in the recrystal-
lized layer of each sample varies as a function of depth; the average size 
of grains close to the top surface is 20-30 μm, while grains with sizes of 
several hundred micrometers and up to the millimeter range are 
observed near the non-recrystallized layer. 

At depths of 40–50 µm investigated using EBSD, the average grain 
sizes are 63 µm in sample A1 and 40 µm in sample A4, see Fig. 2a,b. To 
verify that the difference in the average grain size is not caused by the 
small differences in depths at which the orientation maps were 
collected, additional maps from the ED-ND section were obtained (see 
Fig. 2c,d). These maps indicate that within the first 50 µm below the 
immediate surface there are indeed many more fine grains in sample A4 
than sample A1. Despite the difference in the average grain sizes, frac-
tions of low angle boundaries fLAB, measured at 40–50 µm below the 
surface, are almost identical (9–10 %) in these samples. Crystallographic 
textures in each sample are weak, with slightly increased fractions of the 
Goss {110}〈001〉 and shear {001}〈110〉 components (see Table 2). SEM 
examination (not shown here) reveals the presence of comparatively 
coarse intermetallic particles (IMPs), mostly identified as the Al(MnFe) 
Si phase though some of them also contain Cu. 

The results of hardness measurements are shown in Fig. 3. It is seen 
that the hardness decreases very slightly (from ~112 HV to ~110 HV) as 
the Zn content increases from 0.003 wt% in sample A1 to 0.06 wt% in 
sample A4. 

3.2. Results of TEM and STEM analysis 

Bright-field TEM images show that GBs contain rather coarse parti-
cles (Fig. 4). Regions adjacent to the GBs demonstrate PFZs with a width 
of ~100 nm, while grain interiors contain fine needle- and rod-shaped 
precipitates. No apparent differences in sizes and number densities of 
these precipitates are observed between the different samples. To obtain 
more detailed information about the microstructure in the GB regions, 
thin foils from sample A1 with the lowest Zn content and from sample 
A4 with the highest Zn content were additionally investigated using 
STEM and EDS. 

Fig. 5a,c shows HAADF-STEM images of two GBs in sample A1, 
which are aligned almost parallel to the electron beam. Results of the 
EDS analysis reveal the presence of continuous Cu-rich films along some 
GBs. Such Cu-rich films were observed along seven boundaries out of 
sixteen GBs analyzed in sample A1. The films were observed both along 
GBs free of particles and along GBs with particles, see Fig. 5 and Fig. S1. 
The GB particle in the center of Fig. 5a is identified as the Q/Q′ phase 
containing Mg, Si, and Cu [11,46]. In addition, β particles are also 
observed along some GBs in sample A1 (see Figure S2). 

Similar to sample A1, sample A4 exhibits PFZs along the inspected 
grain boundaries. The majority of investigated boundaries in sample A4 
contain either only Cu-rich films or no observable films at all. However, 
in several cases, continuous GB films enriched in both Cu and Zn are also 
observed in this sample (Fig. 6). The concentration of Cu within such 
films is significantly higher than that of Zn. Interestingly, Zn-depleted 
zones are revealed within ~20 nm on each side of the boundary hav-
ing the Cu/Zn film, i.e. the total width of such zones is ~40 nm (see 
Fig. 6d). The EDS maps in Fig. 6 show that the grain boundaries contain 
two types of precipitates identified as Q/Q′ particles and Zn-containing 
Q/Q′ particles. 

All the atomic resolution HAADF-STEM images shown in this work 
were taken from sample A1 (with 0.05 wt% Cu) and sample A4 (with 
0.05 wt% Cu and 0.06 wt% Zn). Since the precipitates in the studied 
alloys grow along 〈100〉 Al directions, the Al matrix was aligned along a 
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Fig. 1. Optical micrographs showing the microstructure of extruded samples in three orthogonal planes: (a) sample A1; (b) sample A2; (c) sample A3; (d) sample A4.  

Fig. 2. Orientation maps obtained from the subsurface layer of samples A1 (a,c) and A4 (b,d): (a,b) ED-TD plane at 40–50 µm below the immediate surface; (c,d) ED- 
ND section. White and black lines in (a,b) correspond to LABs and HABs, respectively. 

Table 2 
Characteristics of the microstructure and texture in samples A1 and A4 analyzed using EBSD in the recrystallized layer at a depth of 40–50 µm.  

Sample Average grain size (µm) fLAB (%) Fractions of texture components (%) 

G 
{110}〈001〉

Bs  
{110}〈112〉

S  
{123}〈634〉

Cu  
{112}〈111〉

Shear  
{001}〈110〉

A1  63  9  6  1  5  2  7 
A4  40  10  9  1  3  4  10  
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[001] Al zone axis, which enables imaging of precipitate cross-sections. 
The images were FFT-filtered as described in section 2.2, and atomic 
columns were overlaid, thus solving the precipitate atomic structures. 
The overlay was based on the solved crystal structures of different 
metastable phases in the Al-Mg-Si(-Cu) system [25,31,47–51] and the 

construction rules of such precipitates from Ref. [52] combined with 
Z-contrast information. According to the construction rules, every Al 
atom in the overlay is surrounded by 4 atoms found in different planes, 
every Mg is surrounded by 5 atoms, and every Si is surrounded by 3 
atoms (making a triangular site). Cu in the Q/Q′ and C-phase unit cells 
also form a triangular site, while Cu atoms located at the precip-
itate/matrix incoherent interface can be surrounded by 4 atoms. In 
sample A4, the bright columns that do not relate to the known Cu 
configurations are assumed to be partly occupied by Zn. 

Examples of the most common precipitate crystal structures in 
samples A1 and A4 are shown in Figs. 7 and 8, respectively. The shown 
precipitates can be considered representative of each sample as they 
were chosen from a series of images. The HAADF-STEM images in Fig. 7 
acquired from sample A1 demonstrate β″ and fragmented β″ precipitates, 
which are the main hardening precipitates in the AA6082 alloy. Here 
fragmented β″ precipitates (Fig. 7c) are defined as those containing at 
least one unit configuration different from the β″ structural unit. Almost 
all precipitates in sample A1 show some columns with a higher intensity 
than other equivalent columns due to partial occupancy by Cu. Inter-
estingly, 0.05 wt% Cu affects the precipitates noticeably and unex-
pectedly, considering both the concentration and aging condition. Q′/C 
configurations are observed in the β″ precipitate crystal structures, 
leading to an alteration of their structure, as seen in Fig. 7c. Precipitates 
in sample A4 exhibited noticeable differences in their crystal structures 
as more disordered structures were noticed compared to those in sample 
A1, as shown in Fig. 8a,d. Moreover, brighter columns inside the β″ 
structure, namely Si3/Al, Si1, and Si2 sites are observed (Fig. 8c). 

Fig. 3. Vickers hardness data for samples A1, A2, A3, and A4.  

Fig. 4. Bright-field TEM images showing the microstructure in GB regions of the different samples: (a) sample A1; (b) sample A2; (c) sample A3; (d) sample A4. Red 
arrows show some examples of GB particles. 
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3.3. AFM/SKPFM characterization of GB regions 

The segregation of Cu and Zn along the GBs forming Cu/Cu+Zn rich 
films with different work function energies (WFE) and surface potentials 
than those for the matrix can act as sites for nanoscale coupling. To 
measure the electrical surface potential and the difference in the surface 
charge between GBs and their adjacent areas, AFM coupled with SKPFM 
was conducted for sample A4 containing similar concentrations of Cu 
and Zn. Fig. 9a,b display low-magnification images of surface topog-
raphy and surface potentials at a GB alongside large intermetallic par-
ticles (the dark color circles in Fig. 9b). From the topography image in 
Fig. 9a, it can be concluded that the intermetallic particles are not easily 
recognizable, which further confirms an appropriate surface preparation 
and especially the lowest impact of surface topography on the surface 
potential. It is discernible that all large IMPs represent the lowest surface 
potential with different values than the matrix (~30–80 mV) due to 
slight variations in the local distribution of chemical elements including 
the presence of oxide film. To better ascertain the local surface potential 
and/or surface charge at the GB, AFM/SKPFM analysis of the GB region 

was conducted at a high magnification, as presented in Fig. 9c,d. The 
SEM image in Fig. 9e shows the presence of two different grains and the 
GB corresponding to the AFM/SKPFM images, see Fig. 9c,d. It is seen 
that near the GB, the average surface potential drops by ~5 mV 
compared to values in the matrix. The region of the lower surface po-
tential is indicated by vertical lines in Fig. 9g. The width of this region is 
~100 nm, which corresponds to the width of PFZs observed in the TEM 
images, see Fig. 6. 

3.4. Evaluation of intergranular corrosion 

To investigate the effect of Zn on IGC resistance in the presence of 
0.05 wt% Cu, the accelerated corrosion test was performed. The ob-
tained SEM images of the surface subjected to IGC tests are shown in  
Fig. 10. It is evident that sample A1 with the lowest (0.003 wt%) Zn 
content is heavily affected by IGC. In this sample, there is a high fre-
quency of corroded boundaries (seen as dark lines in Fig. 10a,e) and a 
large number of cavities formed by grains fallen out during the IGCs test. 
With increasing Zn content, the frequencies of corroded GBs and cavities 

Fig. 5. HAADF-STEM images (a,c) from GB regions in sample A1 and EDS maps (b,d) showing distributions of different elements in the framed areas in (a,c). The 
arrow in (a) shows a Q/Q′ particle. The arrows in (b,d) indicate increased concentrations of Cu forming Cu-rich films along the GBs. 
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decrease. The lowest frequencies of corroded boundaries and cavities 
are observed in sample A4 with 0.06 wt% Zn. 

Following our previous work [22], the extent of IGC is quantified 
here based on a new parameter defined as the number of corroded 
boundaries observed in the SEM image per unit area (NC). Fig. 11a shows 
that NC decreases from 258 mm− 2 in sample A1 to 142 mm− 2 in sample 
A4. The maximum penetration depth of IGC (ZC) is also sensitive to the 
Zn content, as is seen in SEM images from polished ED-ND sections of the 

specimens subjected to the IGC tests (see Figure S3). Fig. 11b shows that 
the largest ZC = 260 µm is recorded in sample A1 and that ZC decreases 
with increasing Zn content. This observation indicates that Zn addition 
plays a significant role in defining IGC resistance in Al-Mg-Si alloys with 
low levels of Cu. This is in line with the images shown in Fig. 10, which 
demonstrate fewer corroded GBs in sample A4 than in samples A1, A2 
and A3. 

Fig. 6. GB regions in sample A4 analyzed using STEM: (a, c) HAADF-STEM images; (b) elemental maps obtained by EDS for the region shown in (a); (d) distribution 
of elements along the dashed line in (c). Arrows in (a) indicate two Q/Q′ particles, while arrows in (b) indicate a film enriched in Cu and Zn. Note that one of the Q/Q′ 
particles seen in (a, b) contains an increased concentration of both Cu and Zn, while no increased concentration of Zn is seen for the second particle. The horizontal 
red lines in the Zn map in (d) represent average Zn concentrations in the PFZ within approximately 20 nm on each side from the GB. 
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4. Discussion 

The key finding in this study is that improved corrosion resistance 
can be achieved in the AA6082 alloy containing 0.05 wt% Cu by con-
trolling the Zn-content. Furthermore, it is also found that minor addi-
tions of Zn and Cu can significantly affect the crystal structure of 
hardening precipitates produced during aging. Critical insights into the 
different behavior of Cu and Zn segregating along GBs and the tendency 
to alter precipitate crystal structures are obtained in this study. To the 
best of our knowledge, the present work is the first detailed investigation 
of the combined effects of both Cu and Zn present in low concentrations 
in the industrially important AA6082 alloy. Our findings provide evi-
dence of the possibility to improve the resistance to IGC in recycled 6xxx 
Al alloys by balancing levels of Zn and Cu without compromising the 
hardness (see Fig. 3). In the following, we shall discuss the effect of 
varying Zn content on the microstructure and IGC of the peak aged 
AA6082 alloy containing 0.05 wt% Cu. 

4.1. Effect of Zn on the microstructure 

As shown in Figs. 1, 2, and 4, except for the somewhat different 
average grain size near the immediate surface, there are no apparent 
differences in the microstructure of samples A1 to A4 studied by optical 

microscopy, SEM/EBSD, and conventional TEM. Most importantly, all 
the studied samples demonstrate similar frequencies of needle-shaped β″ 
and rod-shaped β′ precipitates. Based on HAADF-STEM, it can be sug-
gested that small additions of Cu and Zn do not alter the precipitation 
sequence typical of Al-Mg-Si alloys, but introduce different sub-unit 
structures into β″ precipitates, e.g., U2, Q/Q′, and β′Cu. 

Additionally, in sample A1, Cu atoms enter the crystal structure of 
the β″ precipitates and preferentially replace or partially occupy the Si3/ 
Al atomic columns [53,54], see Fig. 7a,d. For precipitates with more 
disordered structures, at least two of the following substructures coexist 
within individual precipitates: β″, β′Cu and Q′/C, see Fig. 7c. These 
findings demonstrate how very low Cu content expected to be found in 
recycled alloys can influence the precipitate structures in Al-Mg-Si alloys 
in the peak-aged condition. Sunde et al. [55,56] investigated the influ-
ence of small Cu additions on the crystal structure of Al-Mg-Si pre-
cipitates formed under different aging conditions. These authors 
reported that the majority of the precipitates in 6082-type alloys with 
0.03 and 0.09 wt% Cu in the peak aged condition were pure β″. In the 
0.03 wt% Cu alloy, Cu atoms did not affect the crystal structure of β″, 
showing only slight enrichment of specific atomic columns in the β″ 
structure or residing at the β″/Al interface. However, an alloy with 
0.09 wt% Cu showed the presence of individual β′Cu sub-units in the β″ 
precipitates. Therefore, our findings demonstrate that 0.05 wt% Cu can 

Fig. 7. High-resolution HAADF-STEM images (a, c, d) of several precipitates in sample A1; (b) reconstructed atomic structure of the precipitate shown in (a).  
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noticeably influence the precipitate structure of the main hardening 
precipitates in Al-Mg-Si alloys, introducing different unit structures such 
as β′Cu and Q′/C inside the β″ structure. 

In sample A4 containing 0.06 wt% Zn, changes in the precipitate 
structure and an increase in the frequency of disordered precipitates are 
observed, such as those shown in Fig. 8a,d. The β″ precipitates are still 
the main hardening precipitates, but the frequency of disordered 
structures is significantly greater than in sample A1. No precipitates 
such as η-MgZn2 or their precursors typical of the Al-Mg-Zn system are 
found in sample A4. This suggests that such low concentrations of Zn can 
noticeably modify the precipitate structure of the β″ phase, without 
affecting the precipitation sequences through introducing phases 
observed in Al-Mg-Zn alloys. 

4.2. Susceptibility to intergranular corrosion 

The studied samples show clear differences in the chemical compo-
sitions of GB particles and GB films as a result of different small Zn 
concentrations in the studied samples. Based on our STEM observations, 
the key differences between samples A1 and A4 are schematically 
illustrated in Fig. 12. This figure shows the presence of Cu-rich films and 
two different types of particles along GBs (β and Q/Q′) in sample A1 and 
the presence of Cu/Zn-rich films and two types of particles at the GBs 

(Zn-free Q/Q′ and Zn-containing Q/Q′) in sample A4. The presence of 
Cu-rich films along GBs as well as the Q/Q′ particles is thought to be the 
driving force for IGC in sample A1. Cu, being nobler than Al, Mg, and Si, 
shifts the corrosion potential of the GBs toward a more positive value, 
leading to the dissolution of adjacent area. Moreover, the presence of β 
(Mg2Si) GB particles will additionally promote IGC as these particles will 
act as anodes when exposed to an acidified solution [1,9,57]. The se-
lective dissolution of Mg from β (Mg2Si) particles leaves Si-rich remnants 
[58,59], which will further act as active cathodes supporting the 
cathodic sites until the oxidation of Si occurs [15,58,60,61]. This ex-
plains the relatively low IGC resistance of sample A1, where the Cu-rich 
GB films in addition to the Q/Q′ phases act as cathodes and the area 
adjacent to the GBs, together with β particles, act as anodes, resulting in 
the dissolution of PFZs and GBs [17,62–64]. 

On the other hand, the presence of 0.06 wt% Zn in sample A4 
changes the chemical composition of GBs, where Zn-free Q/Q′ particles 
and Zn-containing Q/Q′ particles, as well as Cu- and Zn-rich films are 
observed along the GBs (Fig. 6). Based on the STEM observations, it is 
suggested that Zn is located at or near particle/matrix interfaces, as well 
as inside the crystal structure, and thus may affect the electrochemical 
potentials of these particles. Any presence of Zn at or near GBs can 
reduce the detrimental effect of Cu by balancing the difference in elec-
trochemical potentials between GBs, GB particles, and PFZs. The results 

Fig. 8. High-resolution HAADF-STEM images (a, c, d) of several precipitates in sample A4; (b) reconstructed atomic structure of the precipitate shown in (a).  
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indicate that this reduction can be achieved when Zn is added in con-
centrations close to those of Cu, thus minimizing the differences in 
electrochemical potentials between PFZs and the matrix, and therefore 
resulting in better IGC resistance of samples A2, A3, and A4 compared to 
that of sample A1. A clear positive effect of the increased Zn concen-
tration on reducing the extent of IGC NC and the maximum penetration 
depth ZC is observed in Fig. 11. 

Therefore, it can be concluded that Zn can offset the negative effect 
of Cu on the IGC resistance of the AA6082 alloy in the peak-aged con-
dition. The effect is evident when Zn is added with concentrations close 
to those of Cu (0.06 wt% Zn and 0.05 wt% Cu). Our results are different 
from those reported by Guo et al. [65], who found that the resistance to 
IGC decreased as the Zn content in Al-Mg-Si-Cu-Zn alloys increased from 
0 to 1 wt%. It is suggested that the presence of 1 wt% Zn in these alloys 
resulted in a higher Zn concentration than necessary to mitigate the 
detrimental effects of 0.2 wt% Cu, leading to different corrosion po-
tentials between PFZs and grain interiors. It should be noted that adding 
only Zn or only Cu to Al-Mg-Si alloys, in general, negatively influences 
the IGC resistance and that the negative effect is often proportional to 
concentrations of Cu and Zn [1,64,66–68]. 

However, in some cases, a higher Cu concentration at GBs can 
negatively influence the IGC resistance due to an unbalanced electro-
chemical effect. The lower surface potential observed in the lower part 
of Fig. 9g can be considered a clear example of the compositional het-
erogeneity at the GB due to unbalanced concentrations of Cu and Zn. 
The low magnitude of the surface potential and/or surface charge dif-
ference between the GB and its adjacent area could originate due to the 
presence of a native oxide film in the aluminum alloy (γ-Al2O3 with a 
considerable band gap energy) [69]. Consequently, this native oxide 

film could considerably affect the total surface potential and/or surface 
charge signal, which causes less tendency to establish a significant 
electrostatic force between metal/oxide and tip-apex in the 
surface-sensitive SKPFM analysis (Figure S4) [70]. 

5. Conclusions 

This study demonstrates an important strategy for improving the IGC 
resistance of peak-aged Al-Mg-Si alloys with 0.05 wt% Cu by adding a 
similar (0.06 wt%) concentration of Zn. The results indicate that the 
underlying mechanisms are minimizing differences in electrochemical 
potentials between grain boundary regions, grain boundary particles, 
precipitate-free zones, and the matrix. Furthermore, this work demon-
strates how minor additions of Zn and/or Cu can influence the crystal 
structure of Al-Mg-Si precipitates after peak-aging. The following con-
clusions are drawn:  

1. Sample A1 containing 0.05 wt% Cu is found to be highly susceptible 
to IGC. The driving force for the IGC is the formation of Cu-rich films 
in addition to the presence of Q/Q′ and β particles along GBs.  

2. The IGC resistance in the Al-Mg-Si alloys with 0.05 wt% Cu can be 
controlled by adding an appropriate amount of Zn. The addition of 
0.06 wt% Zn noticeably suppresses the IGC in the alloys studied in 
this work. The presence of Zn in Q′/Q particles and at GBs, along with 
the Cu-rich films, reduce the driving force for IGC by reducing the 
difference in the electrochemical potential between cathodic sites 
and anodic sites.  

3. The addition of 0.05 wt% Cu and 0.06 wt% Zn to Al-Mg-Si alloys can 
significantly influence the precipitate crystal structures. A high 

Fig. 9. (a, b) low-magnification AFM and SKPFM images where large intermetallic particles are seen as dark features; (c, d) high-magnification AFM and SKPFM 
images of the GB region; (e) SEM/BSE image of a region containing a GB additionally analyzed by AFM/SKPFM in (c, d); (f) topography and (g) surface-potential 
profiles along three dashed lines shown in (c, d). Dashed lines in (g) indicate regions with reduced surface potentials. 
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frequency of the precipitates is found to be disordered. Two different 
Cu-containing sub-units (Q′/C and β′Cu) are detected in the crystal 
structure of β″ precipitates.  

4. Cu enters the precipitates within their established unit structures, e. 
g. Q/Q′ and/or β′Cu unit structures. However, Zn does not show a 
tendency to occupy specific columns in the precipitate structure. 
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E.H. Bartawi et al.                                                                                                                                                                                                                              



Corrosion Science 236 (2024) 112227

12

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

The authors would like to thank Hydro Aluminium, Norway, for 
providing material. The authors also would like to thank Dr. J. Kling 
from DTU Nanolab and Dr. Ruben Bjørge from SINTEF Industry for their 
assistance during STEM experiments. EHB and RA acknowledge funding 
from the Independent Research Fund Denmark (grant number 9041- 
00240A). Also, this project has received funding from the European 
Union’s Horizon 2020 research and innovation programme under grant 
agreement No 823717-ESTEEM3. The HR-STEM work was conducted on 
the NORTEM (Norwegian Research Council project number: 197405) 
infrastructure at the TEM Gemini Centre, Trondheim, Norway. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.corsci.2024.112227. 

References 

[1] J.R. Davis, Corrosion of Aluminum and Aluminum Alloys, ASM international, 
1999. 

[2] J. Hirsch, Recent development in aluminium for automotive applications, Trans. 
Nonferrous Met. Soc. China 24 (2014) 1995–2002. 
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