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Corrosion properties of an aluminium alloy 7000 series
after a new two step precipitation hardening

Corrosion properties of an aluminium alloy 7000 series were investigated by different
electrochemical methods. The alloy was subjected to the one-step and to a new two-step
precipitation hardening. Polarization measurements in the 3.5 wt. % NaCl solution have shown a
more positive value of the pitting potential (E,;) and a higher corrosion resistance for the two-step
aged alloy. The electrochemical impedance spectroscopy (EIS) has also shown that the two-step
aged alloy has better corrosion properties (higher value of polarization resistance, R,, and lower
value of double-layer capacitance, Cy) comparing to the one-step aged alloy.
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1. INTRODUCTION

Aluminium alloys of 7000 series (Al-Zn-Mg-Cu)
are distinguished with maximum strength of all
aluminium alloys. However, they are prone to
localized corrosion forms and especially to stress
corrosion cracking (SCC). The tendency of these
alloys towards localized forms of corrosion de-
pends on the content of alloying elements as well
as on mechanical, thermal and thermo-mechanical
treatments [1-3]. The precipitation hardening of the
7000 series aluminium alloys has been achieved
by the segregation of GP zones that are trans-
formed through the intermediate n' phase into the
equilibrium phase MgZn, [4-7]. The maximum
strength of the alloys has been obtained in the
presence of a mixture of GP zones and n' precipi-
tates in the structure. In the state of maximum
strength, the 7000 series alloys are prone to SCC
and exfoliation corrosion. In the over-aged state,
these alloys are characterized with a good resistan-
ce towards both types of corrosion. In the partially
over-aged state, the alloys show a slightly lower
resistance to SCC and high resistance to exfo-
liation corrosion [4, 6, 8, 9].

The presence of copper in the 7000 series alu-
minium alloys has a beneficial effect on hardness,
due to an increase in the volume fraction of harde-
ning precipitates. It has been found that copper is

Author's address: ‘Institute for Chemistry, Tec-
hnology and Metallurgy, University of Belgrade,
Njegoseva 12, Belgrade, ?Innovation center, Faculty
of Technology and Metallurgy, University of Belgrade,
Karnegieva 4, Belgrade, *Faculty of Technology and
Metallurgy, University of Belgrade, Karnegijeva 4,
Belgrade, Serbia

Received for Publication: 21. 03. 2014.
Accepted for Publication: 25. 05. 2014.

ZASTITA MATERIJALA 55 (2014) broj 4

incorporated in GP zones, making them more
stable even at higher temperatures [4, 10]. Also,
copper atoms replace zinc atoms in the hardening
precipitate ' (MgZn,), particularly at temperatures
above 150 °C [10], making the precipitate nobler.
All this provide conditions for the increased
resistance of the 7000 series aluminium alloys to
localised forms of corrosion.

In the over-aged state, achieved by standard
two-step aging, the 7000 series aluminium alloys
exhibited high resistance to exfoliation corrosion
and SCC [3-5]. However, the aging time is rela-
tively long, and the hardness of the alloys is signifi-
cantly reduced (15 % compared to the state of ma-
ximum hardness). A new two-step aging process
was proposed, based on the reported results
[11,12]. This aging process can be performed for a
significantly shorter time. Tensile properties of the
tested alloy after the new two-step aging remain
unchanged compared to the alloy in the state of
maximum hardness. The alloy after the new two-
step aging process exhibited high resistance to
SCC [13].

The composition of the solid solution, formed
during aging process, has the greatest influence on
the corrosion behaviour of an aluminium alloy [9].
Electrochemical and corrosion characteristics of
the experimental aluminium alloy of maximum
hardness, as well as in the state after the new two-
step aging, were investigated in this study.

2. EXPERIMENTAL PART

2.1. Material and heat treatment

Chemical composition of the experimental
aluminium alloy is given in Table 1.
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Table 1 - Chemical composition of tested aluminium alloy (wt. %)

Zn Mg Cu Mn

Cr Zr Fe Si Al

7.2 2.15 1.46 0.28

0.16

0.12 0.12 0.05 Rest

Heat treatment of the alloy was performed
according to the following regimes:

a) Homogenization annealing at 460 °C/1h,
guenching in water at room temperature, followed
by precipitation hardening at 120 °C/24h (one-step
aging, indicated in this paper as TA).

b)Homogenization annealing at 460 °C/ih,
guenching in water at room temperature, pre-
cipitation hardening at 100 °C/5h, and then at 160
°C/5h (two-step aging, indicated in this paper as
TB).

Tensile characteristics of the tested aluminium
alloy after applied heat treatment regimes are given
in Table 2.

Table 2 - Tensile characteristics of tested
aluminium alloy
Thermal
State Rpoz (MPa) | Rm(MPa) | As (%)
TA 560 620 10.5
B 570 600 9.5

2.2. Scanning electron microscopy (SEM)

SEM-EDS analysis of aluminium alloy samples
was performed using the scanning electron
microscope JEOL JSM-6610LV coupled with
INCA350 energy-dispersive analytic unit. The
gualitative Electron Probe Micro Analysis (EPMA)
was applied.

2.3. Measurements of electrical resistivity

Measurements were performed on TA and TB
samples in accordance with standard ASTM B193
using a micro ohnmmeter. Measured values of elec-
trical resistivity (p) were recalculated into electrical
conductivity (x=1/p), as well as into IACS % factor,
using the following equation:

IACS = —%.100%
XCu

)

where y is electrical conductivity of the tested alloy,
and yc, is electrical conductivity of bare copper
(58.34 MS m™).

2.4. Corrosion potential measurements

Corrosion potential measurements were per-
formed in the 3.5 wt. % NaCl solution. The working
electrodes (TA and TB samples) were degreased
in ethanol and then placed in the electrochemical
cell with a saturated calomel electrode (SCE) as a
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reference electrode. Changes in the corrosion
potential were monitored at room temperature, in
the presence of atmospheric air, during 60 min.

2.5. Polarization measurements

Cathodic and anodic polarization curves of
aluminium alloy were obtained using the GAMRY
Reference 600 Potentiostat/Galvanostat/ZRA in
deaerated 3.5 wt. % NaCl at room temperature. A
three-electrode cell arrangement was used in the
experiments. The counter electrode was a platinum
mesh with a surface area considerably greater than
that of the working electrode. The reference
electrode was the SCE. A potential sweep rate of
0.5 mV s™ was applied after the stabile open circuit
potential (OCP) was established (up to 30 min).

2.6. Electrochemical impedance spectroscopy
measurements

Electrochemical impedance spectroscopy (EIS)
measurements were performed in the 3.5 wt. %
NaCl during 48 h. The same three-electrode cell
arrangement was used as for polarization
measurements. EIS data were acquired at the
open circuit potential using the GAMRY Reference
600 Potentiostat/Galvanostat/ZRA. Impedance
measurements were carried out over a frequency
range of 100 kHz to 10 mHz using the 10 mV
amplitude of sinusoidal voltage. The impedance
spectra were analyzed by Gamry Elchem Analyst
fitting procedure. In this case "Goodness of Fit" is
the parameter which defines the precision of fitting.

3. RESULTS AND DISCUSSION

Tested aluminium alloy in TA and TB thermal
state is characterized with appropriate microstru-
cture, mechanical properties, electrical conducti-
vity, corrosion resistance and electrochemical pro-
perties. Based on these indicators, the tendency of
the alloy in different thermal state to localized
corrosion was evaluated.

3.1. SEM-EDS analysis

Representative SEM microphotographs of alu-
minium alloy after one-step aging (TA) are shown
in Fig. 1. Intermetallic compounds of Fe, Cu, Mn
(usually with Al) are visible as bright fields in Fig.
la, while intermetallic compounds of Mg, Si (also
usually with Al) are visible as dark fields in Fig. 1b.
Typical chemical composition of the intermetallic
compounds (shown in Fig. 1) is presented in Table
3. Similar results were obtained for the alloy after
two-step aging (TB).
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Table 3 - Typical chemical composition of intermetallic compounds in Fig. 1a and b (at. %)

Element 0] Mg Al Si Cr Mn Fe Cu Zn
Fig. 1a 1.61 0.38 83.5 0.00 0.13 1.32 8.98 2.32 1.72
Fig. 1b 1.90 16.9 65.3 13.7 0.00 0.00 0.00 0.43 1.78

Iron is the most common impurity in aluminium
and its alloys. It has a high solubility in molten alu-
minium. However, the solubility of iron in the solid
state is very low (~0.04 %) and therefore, most of
the iron present in aluminium over this amount
appears as an intermetallic second phase in com-
bination with aluminium and often with other ele-
ments. Silicon, after iron, is the other impurity ele-
ment of high level in commercial aluminium (0.01 to
0.15 %) [10].

b)

Figure 1 - SEM microphotographs of aluminium
alloy after one-step aging (TA).

Taking into account that practically same inter-
metallic compounds are present within the tested
alloy after one-step and after two-step aging it can
be assumed that the composition of the solid
solution (formed during aging process) has the
greatest influence on the corrosion characteristic of
this alloy. Values of corrosion potentials in 3.5 wt.
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% NacCl for some intermetallic compounds can be
found [14].

Microstructures of the alloy after one-step and
after two-step aging are shown in Fig. 2, where
hardening phases can be seen as bright spots.
During one-step aging (TA), clusters of zinc atoms
are formed at first, and after that GP zones that
grow gradually and transform themselves into the
half-coherent n' phase. It can be seen in Fig. 2a
that precipitated hardening phases after one-step
aging are smaller with regard to the hardening
phases after two-step aging (Fig. 2b). It is possible
that most of these phases are not visible in Fig. 2.
The mixture of the n' phase and stabile n phase
was formed during two-step aging (TB). Difference
in size of the strengthening particles can be explai-
ned by reduced time of two-step aging (5h/100 °C
+ 5h/160 °C) compared to the time of standard
one-step aging (120 °C/24h).

b)

Figure 2 - SEM microphotographs of aluminium
alloy: a) after one-step aging (TA), b) after two-step
aging (TB).
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3.2. Electrical resistivity

Electrical conductivity of the aluminium alloy in
TA and TB thermal state is shown in Fig. 3. It can
be seen that the alloy in TB state has greater
conductivity (36.71 IACS %) than the alloy in TA
state (32.56 IACS %). Electrical conductivity of the
alloy immediately after homogenization annealing
(TO state) is 29.65 IACS %.

A supersaturated solid solution with a high con-
centration of vacancies was obtained after quen-
ching. Fields of elastic strains around the vaca-
ncies caused dissipation of electrons which resul-
ted in the lowest conductivity [15]. During the aging
process, clusters of zinc atoms are formed at first.
After that, GP zones are formed that grow gra-
dually and transform themselves into the half-cohe-
rent phase n'. Elastic strains around the GP zones
and the n' phase caused low values of electrical
conductivity. With appearance of the stabile n pha-
se during two-step aging (TB), elastic strains de-
crease and the alloy conductivity increases. With a
prolonged time of aging, the conductivity still
increases (approximately to 42 IACS % after 24 h)
because of coarsening of formed precipitates.
However, mechanical characteristics of the alloy
(hardness) decrease, and resistance to exfoliation
corrosion and SCC is reduced as well [4]. Re-
sistance to SCC and exfoliation corrosion for alu-
minium alloys 7000 series can be evaluated accor-
ding to values of electrical conductivity [16].
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Figure 3 - Electrical conductivity (IACS % factor)
of aluminium alloy after different heat treatment
regimes.

3.3. Electrochemical properties

Corrosion potential of aluminium alloys de-
pends on the content of alloying elements in the
solid solution [9, 16]. As the content of alloying
elements varies during the aging process (TA and
TB), as a consequence of the precipitation of diffe-
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rent phases, the corrosion potential was changed
in a predictable way (Fig. 4). Results presented in
Fig. 4 show that the corrosion potential is higher
after two-step (TB) than after one-step aging (TA),
that reduces thermodynamic driving force for
corrosion processes to occur. This can be related
to the kinetics of the precipitation hardening. The
alloy in TA thermal state has a larger concentration
of zinc (more negative) in the solid solution, which
results in a more negative value of the corrosion
potential (Eco = =795 mV). In the case of TB ther-
mal state (partially over-aged state), the enlar-
gement of the strengthening precipitates occurs at
the expense of impoverishment of the solid solution
in zinc, magnesium and copper. This is in accor-
dance with the measurements of electrical condu-
ctivity. In this case, the solid solution has a more
positive corrosion potential (Eqor = =775 mV) due to
depletion of solid solution in zinc and magnesium.
Precipitates formed after two-step aging are elec-
trically more positive than precipitates after one-
step aging. Atoms of aluminium and copper replace
to some extent atoms of zinc in MgZn, forming
Mg(AlCuZn),. It was shown [17, 18] that the con-
tent of copper in this precipitate is approximately 20
at. %. Electrochemical and corrosion characteris-
tics of different precipitates and intermetallic com-
pounds existing in commercial precipitation-harde-
ned aluminium alloys have been also studied [14,
17-23]. It was shown that electrochemical cha-
racteristics of intermetallic phases significantly af-
fect corrosion current density of the solid solution in
an aluminium alloy 7000 series [14]. It was also
established that Cu content in the intermetallic
compound Mg(AICuzn), greatly influenced corro-
sion behaviour of aluminium alloys 7000 series [17,
18].
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Figure 4 - Time dependence of Eq,, for aluminium
alloy in TA and TB state.

Polarization curves of aluminium alloy after one
- step and two-step (TA) aging are shown in Fig. 5.
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It can be seen that the alloy after two-step aging
(TB) has a more positive value of the pitting
potential (Ey; = =775 mV) with regard to the one-
step aged alloy (Ep: = -800 mV). For the alloy in
TB state anodic and cathodic curves are shifted to
lower current densities and the corrosion current
density is lower than for the alloy in the TA state.
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Figure 5 - Polarization curves of aluminium alloy in
TA and TB state.

In aluminium alloys 7000 series, pitting occurs
due to a local dissolution of the matrix or to
dissolution of intermetallic compounds [24].
Intermetallic compounds containing Cu and Fe are
cathodic with respect to the matrix and promote the
matrix dissolution, while Mg-rich intermetallics
(anodic to the matrix) dissolve preferentially. Alloy’s
behaviour after two-step aging could be explained
by the difference in electrode potentials between
intermetallic compounds and the solid solution as
well as between the precipitates and the solid
solution. It was noticed that two pitting potentials
exist, with the appearance of the second pittin%
potential at current densities higher than 1 mA cm”
[18, 25, 26]. The nature of these pitting potentials is
considered in details [12, 25, 26]. In the 7000
series aluminium alloys with similar copper content
as in the tested alloy, values of corrosion and
pitting potential approaches each other in the
presence of oxygen [18].

Corrosion and electrochemical characteristics
of different aluminium alloys with and without
protective coatings have been investigated by EIS
technique [27-31]. In this work EIS measurements
were performed in NaCl solution in the presence of
atmospheric O,, in order to compare corrosion
behaviour of different thermal states of the tested
alloy. The results of EIS measurements on the
aluminium alloy in TA and TB state are presented
in Nyquist plots in Fig. 6. The alloy in both thermal
states shows one time constant semicircle after
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one hour in 3.5 wt % NaCl. Polarization resistance,
R, (3.86 kQ cm?), of the alloy in TA state is lower
(which corresponds to a higher value of corrosion
rate) with regard to R, (4.33 kQ sz) of TB state.
After 24 h, Warburg diffusion tail has appeared for
the alloy in TA state. A similar diffusion tail has
appeared later after 48 h, in the case of the alloy in
TB state. However, the value of R, is higher for TB
state, which corresponds to a lower value of
corrosion rate.
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Figure 6 - Nyquist plots of tested aluminium alloy in
3.5 wt. % NacCl, at room temperature: a) after one-
step aging (TA), b) after two-step aging (TB).

A layer of dark corrosion products has been
formed at the surface of aluminium alloy in TA and
TB state, probably consisting of aluminium hyd-
roxide AI(OH); [18]. The nature and conditions of
corrosion products formation on aluminium alloys
7000 series have been considered [18, 24]. It was
shown that the AI(OH); layer is about 120 nm thick
and the corrosion products are amorphous [18].
Also, the presence of pits under a layer of corro-
sion products, after the electrochemical tests in
NaCl solution, was revealed [24].

Proposed equivalent electrical circuit (EEC) is
shown in Fig. 7a. Rsis electrolyte resistance, R, is
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polarization resistance, Cq is double-layer capa-
citance, and W represents diffusion processes
(Warburg constant). The impedance data were well
fitted by the proposed EEC, with corresponding
values of the "Goodness of Fit" in the range
0.87-10° — 7.4-10°. The quality of the fitting is
illustrated in Fig. 7b, for TA state after 24 h of expo-
sure to the NacCl solution. Solid line corresponds to
the simulated curve obtained by fitting the elements
of the proposed equivalent circuit.
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Figure 7 - a) Proposed equivalent electrical circuit
and b) experimental data and fitted curve for
aluminium alloy in TA state after 24h exposure in
3.5 wt. % NacCl, at room temperature.

The values of polarization resistance, R, and
double-layer capacitance, Cy of the aluminium al-
loy at room temperature, as a function of exposure
time in the 3.5 wt. % NaCl are given in Table 4.

Table 4 - Polarization resistance, R, and double-
layer capacitance, Cq, of aluminium alloy in
3.5 wt. % NaCl at room temperature, after
one-step aging (TA) and two-step aging
(TB) for different exposure times

t/h 1 24 48
Rp (TA)/ kQ cm2 3.86 | 4.18 2.84
Rp (TB)/ kQ cm2 433 | 456 | 4.06
Cdl (TA) / uF cm-2 125 | 227 | 1182
Cdl (TB) / uF cm-2 79 | 287 28.9
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Significantly higher value of double-layer capa-
citance (Cq) and lower value of polarization resi-
stance (R,) after 48h indicate the lower corrosion
resistance of the alloy after one-step aging.
However, it should be kept in mind that in exploi-
tation of aluminium alloys electrochemical condi-
tions on the tip of a pit or a stress corrosion crack
(pH, concentration of chloride ions, voltage drop,
etc.) are significantly different from electrochemical
conditions at the alloy surface with a free access of
electrolyte.

4. CONCLUSIONS

Corrosion resistance of a high strength alu-
minium alloy 7000 series (Al-Zn-Mg-Cu) was
investigated. The alloy was subjected to the
standard one-step aging process as well as to a
new two-step aging process. It was shown that
same intermetallic compounds are present within
the alloy after one-step and after two-step aging
which indicates great influence of chemical
composition of the solid solution on the corrosion
behaviour of the alloy. Electrical conductivity of the
aluminium alloy after two-step aging is higher than
those of the alloy after one-step aging and after
homogenization annealing. Corrosion potential of
the alloy after two-step aging is more positive,
compared to that of the alloy after one-step aging
because of different distribution of alloying
elements (Zn, Mg, Cu) in the solid solution and in
the precipitated phases. Anodic and cathodic
polarization curves of the alloy after two-step aging
are shifted to the lower current densities and the
corrosion current density (jcorr) is lower than for the
alloy in the TA state, indicating lower electro-
chemical activity. The pitting potential value of the
alloy after two-step aging is more positive than the
value after one-step aging, which means better
resistance to pitting corrosion of the aluminium
alloy in the TB state. Higher resistance to localized
corrosion of the alloy after two-step aging (higher
values of R, and lower values of Cgy) in respect to
the alloy after one-step aging was proved.
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OTPORNOST PREMA KOROZIJI ALUMINIJUMSKE LEGURE SERIJE 7000 POSLE
NOVOG DVOSTEPENOG TERMICKOG TALOZENJA

Otpornost prema koroziji aluminijumske legure serije 7000 ispitivana je primenom razliCitih
elektrohemijskih metoda. Legura je bila podvrgnuta jednostepenom i novom dvostepenom
termickom taloZenju. Polarizaciona merenja u 3,5 mas.% NaCl su pokazala da legura posle
dvostepenog termickog taloZenja ima pozitivniju vrednost potencijala pitinga (Eyy) /i vecu otpornost
prema koroziji. Spektroskopija elektrohemijske impedancije (SEl) je takode pokazala da legura
posle dvostepenog termickog taloZenja ima bolju otpornost prema koroziji (vecu vrednost
polarizacione otpornosti, R, i manju vrednost kapacitivnosti dvojnog sloja, Cq4) u poredenju sa
legurom posle jednostepenog termi¢kog taloZenja.

Kljuéne reci: aluminijumske legure, termicko taloZenje, korozija, elektrohemijske metode
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