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a b s t r a c t

The Zinc level in many 6000 Al alloys (Al-Mg-Si-type) was set to a maximum of 0.03wt% as common
industrial practice. Concentrations above 0.03wt% can modify the alkaline etching mechanism causing
the surface to go from a desired smooth look associated with a grain boundary attack (GBA), into an
undesired speckled appearance due to preferential grain etching (PGE), visible after anodizing. This
significantly limits the ambition of reducing the carbon footprint of Aluminum by increasing the amount
of recycled material in the production process. Because Cu has been reported to counteract this negative
effect of Zn, the present study is dedicated to contribute to the understanding of this interaction and is
focused on Zn and Cu in peak aged AlMgSi alloys. The chemical composition of the various precipitates
formed in two Al6063 alloys was studied by means of TEM and EDX, whereby Zn was found in the Q
phase (AlMgSiCu) grain boundary precipitates. Two alloys, with different content of Cu and Zn were
studied. The Zn/Cu ratio in the bulk was similar for both alloys, but the level of Zn in the Cu containing Q
particles in the grain boundaries was different. The increased Zn concentration in Q phase precipitates is
believed to decrease the potential of the precipitates with respect to the surrounding matrix. Thus, the
Cu/Zn ratio in these alloys is extremely important as it defines the potential differences that in turn cause
either GBA or PGE.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The 6000 Aluminum alloy series (AlMgSi alloys) have generally
a good corrosion performance and good mechanical properties.
They are extrudable, well formable and can be precipitation hard-
ened by a suitable heat treatment [1]. During this hardening pro-
cess, they form metastable nano-precipitates of the MgSi type.
Generally, the precipitation sequence of these hardening particles
is thought to be supersaturated solid solution (SSSS)/ atomic
clusters / Guinier-Preston (GP) zones/ b00 (Mg5Si6) [2] / b0, U1,
U2/ b (Mg2Si) [3e5]. Alloying elements can disturb the structural
ordering, the amount and the length of these precipitates and
change the properties of these alloys [6]. If Cu is present in the alloy,
Q0 and Q precipitates can form and replace the b0 and b phases,
.

respectively [7e12]. Cu additions increase the hardness by refining
the MgSi precipitates [13,14]. Though, Cu also increases the inter-
granular corrosion (IGC) sensitivity because of Cu segregation at the
grain boundaries and the formation of local cathodes [15,16].

One effect of recycling is that certain elements accumulate in the
alloys. One such element is Znwhich has a relatively high solubility
in aluminum and is difficult to remove during scrap melting and
recycling. Saito et al. did not identify any Zn containing precipitates
in Al-Mg-Si alloys up to concentrations of 0.11wt% Zn. Only at 1wt%
Zn in a Cu-free Al-Mg-Si alloy, they show that Zn forms a contin-
uous thin film at the grain boundaries [17]. However, already more
than 0.03wt% Zn in Al6060 is generally depreciated due to an un-
desired surface appearance after alkaline pretreatment [18]. Con-
trary to the smooth matte finish of grain boundary etching at low
Zn levels in 6000 alloys, a spangling surface finish is obtained after
alkaline etching Zn enriched 6000 alloys. The reason for this
appearance is preferential grain etching (PGE) in alkaline solutions
that is still visible after anodizing. Grains oriented in the 〈111〉//ND
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direction (i.e. parallel to the normal direction) are etched the fast-
est, 〈110〉//ND oriented grains less and 〈100〉//ND oriented grain the
least. Koroleva et al. motivate this behavior for pure aluminumwith
different inter-atomic distances in the various grains [19]. Several
groups have investigated the PGE effect. The general conclusion is
that a thin Zn enriched layer is formed on the Aluminum surface
during the alkaline etching process which influences the etching
behavior. Though, the nature of this layer is not well defined
[20e24]. To avoid this phenomenon the zinc level in many 6000 Al
alloys was set to a maximum of 0.03wt% as common industrial
practice.

This, however, significantly limits the ambition of reducing the
carbon footprint of Aluminum by increasing the amount of recycled
material in the production process. To maintain the desired
composition of aluminum alloys made from scrap - staying within
the permitted alloying element levels -, high purity aluminum is
added to the recycling process. Needless to mention that the
enrichment of alloying elements like Zn is thus an issue for the
recycling progress; understanding and solving this effect of Zn on
6000 Al series alloys would allow more scrap to be used as raw
material and an eco-friendlier production of aluminum.

Several somehow contradicting observations point out that PGE
and its causes are not fully understood yet. Firstly, this phenome-
non does not appear in the 7xxx Al series, which has a much higher
amount of Zn (up to several percent), but where hardening pre-
cipitates of the MgZn2 type are formed instead of the Mg2Si pre-
cipitates in the 6000 series. Secondly, several authors point towards
an effect of Zn dissolved in the etching bath which forms a thin
layer on the surface of the aluminum alloy [23,24]. Thirdly, various
authors also show that the zinc level in 6000 Al alloys is not the
only reason for PGE. The Zn content in the etching bath as well as
effects of thermal and mechanical treatment can play a similar role
[21,23,25e28]. Fourthly, PGE can be avoided in Zn rich 6000 type
alloys if the Cu content of the alloys is at a similar level (approxi-
mately 1:1) [29,30]. The maximum Zn level above which PGE oc-
curs, is thus not a constant value, but varies from alloy to alloy.
However, there is no common sense yet on what exactly is
happening at the Al surface while preferential grain etching is
taking place in alkaline solutions and what is the exact effect of Zn
on the etching mechanism or even on the structure of the 6000
alloys.

Therefore, themain objective of this studywas to investigate the
effect of chemical composition differences of two 6063 Al alloys
with respect to their different mechanisms of alkaline etching. The
authors focused on the interaction between Zn and Cu at approx-
imately the same Zn/Cu ratios. Variation of this ratio might cause a
different etching mechanism as described elsewhere [29,30].
2. Experimental

Two 6063 alloys were investigated with the chemical compo-
sitions as given in Table 1.

The Zn content of 6063 alloy (0.03wt%) corresponds to the
upper industrial limit whereas the Zn content of 6063Z alloy
(0.13wt%) is well above this level. The amount of Cu in the 6063Z
sample is adapted to keep approximatively the same Cu/Zn ratio
(roughly two third) as in the 6063 sample. The billets were heat
Table 1
Chemical compositions of the two investigated alloys in wt%.

Sample name Si Mg Fe Mn Cr Cu Zn Al

6063 0.54 0.50 0.26 0.05 0.01 0.02 0.03 to 100 wt%
6063Z 0.37 0.50 0.26 0.08 0.01 0.08 0.13 to 100 wt%
treated at 580 �C for 4 h to homogenize the microstructure before
extrusion, assure the uniform distribution of alloying elements in
the matrix and dissolve the Mg2Si particles that formed during
casting [27]. Afterwards, the alloys were reheated to 480 �C and
extruded at the speed of 27.5m/min in an industrial press. Subse-
quently, the profiles were cooled by forced air and artificially aged
to T5 (185 �C for 5 h).

The samples were degreased in acetone, followed by alkaline
etching in 50 g/L NaOH for 13min at 60 �C, rinsing with milliQ
water, acid desmutting with 10 vol% HNO3 at room temperature for
1min and rinsing again with milliQ water and finally with ethanol.
The solutions were prepared using milliQ water.

SEM imaging was performed on a FEI Quanta 200 3D scanning
electron microscope. The TEM investigations were conducted using
a ChemiSTEM FEI Titan 80e200 field emission gun scanning
transmission electron microscope, equipped with 4 EDX detectors
and operating at 200 kV. The thin foils were prepared by twin-jet
electropolishing (Struers Tenupol 5) in a chemical solution of 75%
methanol and 25% nitric acid at �15 �C and 12 V.

3. Results

Fig. 1 shows that 6063 and 6063Z alloys have different visual
aspects after the same alkaline etching procedure. A smooth sur-
face finish is obtained for alloy 6063 whereas a spangling surface
finish is obtained for alloy 6063Z.

SEM imaging of etched surfaces, shown in Fig. 2, reveals that
these different visual aspects correspond to different surface
topography. 6063 surface show typical grain boundary attack
(marked with arrows in Fig. 2a). The most prominent feature of
6063Z surface is the preferential attack of the interior of the grains
(marked with arrows in Fig. 2b).

The TEM bright-field images in Fig. 3a and b shows the forma-
tion of needle-like nanometer sized b’’ precipitates in 6063 and
6063Z samples in peak aged conditions, respectively. The
morphology, size and density of those precipitates are very similar
in both alloys, suggesting that Zn addition has no significant in-
fluence on b’’ precipitation. In addition to the precipitation hard-
ening phase b’’, both alloys also contain coarse slightly spheroidal
particles (Fig. 3c) inside the grain and elongated grain boundary
precipitates (Fig. 3d).

The electron diffraction pattern indexation shown in Fig. 4a
permits to identify the coarse precipitates as the a�Al(Fe,Mn)Si
phase. a phase has a body-centered structure with a lattice
parameter a¼ 1.26 nm. This phase already exists before aging and is
considered as a stable phase in the Al-Fe-Mn-Si quaternary system.
Its composition can vary, but is most commonly mentioned as
Al12(Fe,Mn)3Si [31]. The electron diffraction pattern indexation
shown in Fig. 4b identifies the grain boundary precipitates as Q
phase (Cu2Mg8Si6Al5). The crystallographic structure of Q phase
belongs to the hexagonal system with lattice parameters
a¼ 1.04 nm and c¼ 0.402 nm [31].

Fig. 5a shows the high angle annular dark field (HAADF) STEM
image of a 6063Z region containing b’’ precipitates. Fig. 5bef give
the corresponding elemental EDX maps. EDX analysis reveals that
the b’’ precipitates containMg and Si and no enrichment of Cu or Zn
is detected.

Fig. 6 shows the EDX linescan across an a�Al(Fe,Mn)Si particle
along the green line. The composition profiles confirm that the a
particle contains Al, Si, Fe and Mn with a high Fe/Mn ratio. A small
amount of Cu is also detected but, on the other hand, a�Al(Fe,Mn)Si
is Mg and Zn free.

Grain boundary Q precipitates are observed in both 6063 and
6063Z peak aged alloys. Fig. 7 shows an EDX mapping of a grain
boundary region in 6063Z alloy. The elemental EDX maps reveal



Fig. 2. Surface secondary electron images of 6063 (a) and 6063Z (b) alloys after alkaline etching.

Fig. 1. Visual aspect of (a) 6063 and (b) 6063Z alloys after alkaline etching.

A. Lutz et al. / Journal of Alloys and Compounds 794 (2019) 435e442 437
that those grain boundary precipitates are identified as Q phase
according to the Q phase determination by electron diffraction.
Fig. 7 (e) proves the presence of Zn in these grain boundary Q
precipitates. Although a Zn enrichment is observed in the pre-
cipitates, there is no continuous film of Cu nor of Zn detected at the
grain boundary.

A similar grain boundary region was also studied in 6063 sam-
ple, leading to the same conclusion. Fig. 8 compares the EDX
spectrum of a grain boundary Q phase precipitate in 6063 and in
6063Z, respectively. It clearly indicates that the Zn/Cu ratio is much
higher in 6063Z than in 6063 grain boundary Q phase precipitates.

4. Discussion

The alkaline etching behavior of the two variants of 6063
aluminum alloy is clearly different. The 6063 alloy with a lower Zn
content (0.03wt%) is preferentially attacked at grain boundaries,
whereas the 6063Z alloy with a higher Zn content (0.13wt%) shows
a preferential attack of certain grains.

The two alloys were processed in the same way and are peak
aged in the same conditions (5 h at 185 �C). For this reason, it can be
assumed that their different etching behaviors are related to their
different chemical compositions. These chemical compositions are
summarized in Table 1.
Although the elemental composition of the two investigated

alloys is not the same for all other elements than Zn and Cu, the
differences can be neglected for the effects investigated in this
paper. Several authors showed that the Mg/Si ratio can be varied in
a broad range, still leading to the same precipitation sequence
[32,33]. Indeed, the comparison of Fig. 3a and b does not indicate
any significant difference in morphology, size and density for
nanometer sized b’’ precipitates between 6063 and 6063Z alloys,
having different Mg/Si ratio. Mn was only found in coarse a�
Al(Fe,Mn)Si precipitates existing in both alloys. According to Hatch
[31], the Fe/Mn atomic ratio can vary over a very wide range in
these precipitates.

To understand the influence of Zn and Cu on the two alloys and
their alkaline etching behavior TEM EDX analysis was carried out
on thin foils of 6063 and 6063Z samples. The results reveal, that at
these concentrations and after peak aging, Cu practically only forms
Q-phase precipitates at the grain boundaries. These grain bound-
aries precipitates are present in both alloys after peak aging. To our
knowledge, it is the first time that Zn was found concentrated in
precipitates in 6000 alloys and especially in the Q phase grain
boundary precipitates.

Concerning the effect of Zn and Cu in such alloys, it is well



Fig. 4. Electron diffraction pattern of coarse particle (a) and grain boundary precipitate (b) in 6063Z sample peak aged at 185 �C for 5 h.

Fig. 3. Bright-field TEM image of b’’ precipitates in 6063 (a), b’’ precipitates in 6063Z (b), spheroidal precipitate in 6063Z (c) and grain boundary precipitates in 6063Z (d).
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Fig. 5. STEM-HAADF image (a) and EDX elemental mappings (b to f) from 6063Z sample peak aged at 185 �C for 5 h.

Fig. 6. STEM-HAADF image (a) and EDX linescan across a coarse particle in 6063Z sample without Al profile (b). The Al concentration is 66 at% across the particle (not shown).
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documented in the literature that Cu addition in Al-Mg-Si alloys
increases the susceptibility to intergranular corrosion (IGC) in
acidic solutions [15,16,34e37]. For these alloys, IGC is attributed to
microgalvanic coupling between cathodic grain boundary pre-
cipitates, identified as Q phase, or cathodic continuous copper-rich
film along grain boundaries and the surrounding anodic matrix.
Saito et al. [17] investigated Al-Mg-Si alloys containing various
amounts of Zn (up to 1wt%), but did not find any precipitates
formed with Zn. However, because in their work a Cu free alloy was
used, Q-phase precipitates could not have formed and Zn could in
their absence obviously not have an influence on them. The authors
of that paper still correlated the IGC susceptibility of the 1wt% Zn



Fig. 7. STEM-HAADF image (a) and EDX elemental mappings (b to e) of a grain boundary region in 6063Z sample.

Fig. 8. EDX spectrum of a grain boundary particle in 6063 sample (a) and in 6063Z sample (b).
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containing alloy with Zn segregation along grain boundaries. But at
lower Zn levels like in the two investigated alloys of the present
study (0.01 and 0.1wt% vs. 0.03 vs 0.13wt% in our alloys), no effects
were reported. The IGC behavior in Al-Mg-Si alloys with additional
Cu and Znwas studied by Yamaguchi and Tohma [38]. According to
their macroscopic investigation, Zn addition was effective to sup-
press the intergranular corrosion of Al-Mg-Si-Cu alloys but their
result was not correlated to any microstructural analysis. Stoknes
suggested that the reduction of IGC susceptibility by Zn addition
arises from a reduction of potential differences by making grain
boundaries less cathodic [39]. She also proposed that if grain
boundaries are enriched with metals being more active than
aluminum, such as zinc, grain boundaries will act anodically. This
could explain the correlation between IGC susceptibility and Zn
segregation along grain boundaries observed by Saito et al. [17] in
Cu free Al-Mg-Si alloys.

On the EDX maps shown in Fig. 7, no continuous Cu or Zn-rich
film was detected at grain boundaries unlike what was described
by Saito et al. for an alloy with higher Zn content [17]. The main
difference found between the two studied alloys is that the Zn/Cu
ratio in Q phase grain boundary precipitates is much higher in
6063Z alloy than in 6063 alloy. Considering that the electro-
chemical potential of an alloy and/or a phase depends on its
composition [39e41], this might explain the effect of Cu and Zn on
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the alkaline etching behavior of Cu containing 6xxx alloys. Gener-
ally, the local electrochemical potential in solution dictates
whether the grain boundaries or the grains oriented in a certain
direction are attacked preferentially. Because Cu increases the po-
tential differences between the grain boundaries and the sur-
rounding matrix by forming Q phase grain boundary precipitates,
Cu boosts the grain boundary etching effect. In acidic solutions, it
has been shown that an increased Cu content leads to a higher IGC
susceptibility because of nobler grain boundary precipitates. Zn has
a lower electrochemical potential than Cu and therefore reduces
the potential of the Q phase grain boundary precipitates. Cote et al.
[29], related this phenomenon with the Zn/Cu ratio, observing that
if the Zn/Cu ratio is below or equal to 1 the potential of the Q phase
grain boundary precipitates is cathodic enough for GBA to take
place. On the other hand, if the Zn/Cu ratio is above 1, the low
electrochemical potential difference of the Q phase grain boundary
precipitates and the precipitation free zone and/or the grains is
insignificant with respect to the potential difference between the
different grain orientations leading to PGE. In our study we kept
this Zn/Cu ratio similar in both alloys to study if it is really the ratio
that is dominating or if also the absolute concentrations of the alloy
elements are in play. It turned out that the ratio of the alloy ele-
ments in the bulk of the alloy itself is not the deciding factor, but the
level of the Zn going into the Cu containing Q particles in the grain
boundaries. It is thus more a microscopic than a macroscopic effect.
Essentially what is important is that the Cu is needed to form the Q
particles, and the higher the level of Zn (studied here to the level of
0.13wt%), the more of it goes into those Q phases, lowering the
driving forced for GBA. Unfortunately for the alloys investigated,
attempts to measure these potential differences in air as well as in
solution were so far unsuccessful. However, we are convinced that
our hypothesis holds merit as it is additionally supported by in-
dependent observations that were even the basis for two patents
stating that it is possible to prevent PGE in Al-Mg-Si-Cu-Zn alloys
having a zinc content greater than 0.03wt% if the copper content is
increased [29,30]. In these patents only surface observations after
alkaline etching were reported and no microstructural in-
vestigations. The present study on the other hand confirms the
observations by detailed microstructure analyses, indicating that
there is a systematic correlation between alkaline etching behavior
and the Zn/Cu ratio in the Q grain boundary precipitates.

5. Conclusions

The microstructure and the alkaline etching behavior of two
6063 aluminum alloys in peak aged conditions were studied lead-
ing to the following conclusions:

1. Zn was found to accumulate in Q phase grain boundary
precipitates.

2. At the microstructure level, the main difference between the
investigated alloys was that the Zn/Cu ratio in Q phase grain
boundary precipitates is much higher in the Zn rich 6063 alloy
than in the Zn lean 6063 alloy, although the Zn/Cu ratio of their
bulk composition is similar.

3. The 6063 alloywith a lower Zn content is preferentially attacked
at grain boundaries, presumably because of a potential differ-
ence between the grain boundary (and its precipitates) and the
grains. The 6063Z alloy with a higher Zn content shows a
preferential attack of certain grains (PGE) because of a negligible
potential difference between grain boundary and grains
compared to the potential difference between differently ori-
ented grains.

4. The present study gives an explanationwhy the alkaline etching
behavior of Zn and Cu containing 6000 alloys can bemodified by
tuning the composition of the alloy, which in turn influences the
composition of grain boundary precipitates.
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