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Abstract: The effect of aging on the resistance to pitting corrosion of ultrafine-grained 7475 aluminium
(Al) alloy processed by hydrostatic extrusion (HE) is studied. Differences in the microstructure were
investigated using secondary electron (SEM) and transmission electron microscopy (TEM). Corrosion
tests were performed in 0.1 M NaCl, and characterization of corroded surface was performed. The
results of this work show that the pitting susceptibility of ultra-fine grained 7475Al is related to the
distribution of MgZn, precipitates. After HE, the formation of An ultrafine-grained microstructure at
the grain boundaries of ultrafine grains is observed, while subsequent aging results in the formation of
MgZn, precipitates in the grain interior. Grain refinement increases susceptibility to localized attack,
while the subsequent aging improves the overall corrosion resistance and limits the propagation of
corrosion attack.

Keywords: 7475 aluminium alloy; pitting corrosion; SPD; grain refinement

1. Introduction

Severe plastic deformation (SPD) techniques by the creation of nano- and ultrafine-
grained, nonporous, metallic materials are methods of grain-size refinement leading to
improvement of their mechanical properties [1,2] The most common SPD methods are
equal-channel angular pressing (ECAP) [3] and high-pressure torsion (HPT) [4]. Other
methods, such as calibre rolling [5] or hydrostatic extrusion (HE) [6] are also efficient in
terms of microstructure refinement and enhancement of mechanical properties. The main
advantage of HE is the ability to produce nano- and ultrafine-grained bulk products of brit-
tle or hard-to-deform materials [7], such as age hardenable 7000 series Al alloys. Their high
mechanical strength is a result of precipitation hardening occurring during aging [8], and
their maximum strength can be obtained by artificial aging to peak strength (T6 temper) [9].
The 7475 Al alloy owes its attractiveness to high strength, fracture toughness, and fatigue-
crack-propagation resistance in air and destructive environments. Nevertheless, due to
its chemical composition (Al-Zn-Mg-Cu), 7475 is prone to corrosion [10]. Therefore, new
possibilities concerning improvement of its corrosion resistance by optimal selection of SPD
parameters and post-processing variables are still being investigated. The effect of grain
refinement resulting from SPD processing on the corrosion resistance for different Al alloys
is still unclear. Generally, grain-size reduction results in a significant increase in volume
fraction of the intracrystalline regions, such as grain boundaries and triple junctions [11,12],
which are more chemically active than grain interiors [13-16]. This leads to the accelerated
formation of passive films [17]. However, under conditions where the material undergoes
active dissolution, a higher share of intercrystalline regions may enhance the corrosion rate
of Al alloys [18,19]. SPD methods also lead to fragmentation and a more uniform distri-
bution of intermetallic particles in Al alloys with heterogeneous microstructures [20-22].
The galvanic coupling of intermetallic particles with the surrounding matrix leads to the
initiation of pitting [23,24]. The fragmentation of intermetallic particles is often related
to the improvement of corrosion resistance of Al alloys due to the formation of a more
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continuous passive film and reduction in micro-galvanic currents [25-28]. However, it has
also been reported that the multiplication of pit initiation sites led to decreased resistance
to pitting corrosion of ECAP-processed Al alloys [29-31]. The other microstructural fea-
tures influencing corrosion behaviour of Al alloys are related to the different processing
conditions, whereby various factors may change the corrosion susceptibility of Al alloys in
a significant way. As shown by Nickel et al. [32], corrosion attack can be affected by strain
localization accumulated during single-step ECAP processing. Similar observations were
made by Ly et al. [33] for the 6061 Al alloy after seven ECAP passes. A statistical analysis
of the pitting susceptibility of the ultrafine-grained 1050 Al alloy according to the number
of ECAP passes was performed by Quartiermeister et al. [34]. The authors stated that
pitting-corrosion resistance was improved after eight ECAP passes. Aging heat treatment
has a crucial impact on the corrosion susceptibility of 7000 series Al alloys. Al-Zn-Mg-Cu
alloy usually obtains the highest strength after peak-aged T6 heat treatment. However,
this heat treatment leads to severe intergranular corrosion (IGC) due to stable n-MgZn,
precipitates formed continuously along grain boundaries [35,36]. SPD processing alters
the precipitation mechanism in age-hardenable alloys [37-40]. For cryo-rolled Al-4Zn-2Mg
alloy, a significant improvement in resistance to IGC was reported [41].

The necessity of increased strength and corrosion resistance of Al alloy leads to the
search for ever-new solutions to control the microstructure of alloys by selection of optimal
post-processing techniques. It was revealed that further enhancement of mechanical
strength can be obtained by combining grain refinement with subsequent aging. However,
the effect of aging on resistance to localized attack of ultrafine-grained 7000 series Al alloys
is not yet defined. Therefore, the present study reveals the effect of aging on the corrosion
resistance of ultrafine-grained 7475 Al alloy. The influence of various microstructural
factors on pitting susceptibility of 7475 Al alloy is investigated in terms of various post-
processing routes. Three variously processed materials were examined: (1) coarse-grained,
precipitation-strengthened, (2) ultrafine-grained directly after HE, and (3) ultrafine-grained,
precipitation-strengthened (aged after HE).

2. Materials and Methods
2.1. Materials

The material used in this study was commercially available 7475 Al alloy (Al-Zn-Mg-
Cu) with the chemical composition given in Table 1.

Table 1. Chemical composition of 7475 Al alloy (wt.%) [42].

Alloy

Zn

Mg Cu Zr Fe Si Ti Mn

7475

6.00

249 1.66 0.12 0.12 0.094 0.015 0.01

The material was delivered in the form of extruded rods. First, the material was
annealed to homogenize the microstructure. The billets cut from these rods were subjected
to HE in a multi-step process. The hydrostatic extrusion process was carried out at the
Institute of High Pressure Physics, Polish Academy of Sciences, Warsaw, Poland.

In this study, three types of samples were investigated, namely:

A.  CG_Té6—coarse-grained, precipitation-strengthened: coarse-grained sample after
solution annealing at 470 °C for 2 h, water quenching, and peak aging;

B.  HE—ultrafine-grained, naturally aged: ultrafine-grained sample after solution an-
nealing at 470 °C for 2 h, water quenching, and hydrostatic extrusion in three
consecutive passes from the initial diameter of 20 mm to the final diameter of 3 mm,
which corresponds to a total true strain of about 4;

C.  HT—ultrafine-grained, artificially aged: the same sample as described in point B,
additionally aged at 100 °C for 54 h, which corresponds to the peak aging [37,43].



Materials 2022, 15, 360

30f10

The microhardness of the materials after proposed post-processing was found to be
HVy, =180 for the CG_T6 alloy, HV(, = 180 for the HE material, and HV(, = 198 for the
HT alloy [42]. The microhardness values indicate that the post-processing method of the
alloy was properly chosen, and during additional annealing precipitation, strengthening
took place.

The microscopic observations and electrochemical measurements were performed on
cross-sections of the rods, perpendicular to the HE direction.

2.2. Microstructural Observations

A transmission electron microscope (TEM, JOEL, JEM-1200EX, Tokyo, Japan) operating
at 120 kV was utilized to observe the refined microstructures of the alloys. To approach this,
the thin films were prepared using a Gatan Model 656 Dimple Grinder and Gatan Model
691 Precision Ion Polishing System (PIPS, Ametek GmbH, Unterschleissheim, Germany).

The microstructural observations of CG-T6 sample and post-corrosion morphology
were performed using a field emission scanning electron microscope (FE-SEM, Hitachi
SU-70, Hitachi, Tokyo, Japan). An energy-dispersive spectrometer (EDS) was used to
perform chemical analyses of intermetallic phases.

2.3. Electrochemical Testing

Electrochemical measurements were performed in a naturally aerated quiescent 0.1 M
NaCl solution using Autolab PGSTAT302N potentiostat/galvanostat (Metrohm, Herisau,
Switzerland). A standard three-electrode setup with a platinum sheet as a counter electrode
(CE), a silver chloride electrode (Ag| AgCl|Cl™) as a reference electrode (RE), and a sample
as a working electrode (WE) was used. An open-circuit potential (Eocp) was recorded
during 45 h of immersion in the solution. Potentiodynamic polarization was carried out
after 30 min of immersion, started at 0.25 V below Epcp with a 1 mV/s scan rate, and
stopped when the potential reached a value of 0 V/Ref. Tafel extrapolation was used to
obtain the characteristic parameters of the polarization curve (£10 mV around Ecoyr). Prior
to microscopic observations and electrochemical testing, the samples were ground to 2500#
SiC papers and then polished with a diamond suspension from 3 to 1 um with water-free
lubricant. Finally, samples were ultrasonically cleaned in ethanol. Each measurement was
repeated at least 3 times to ensure the reproducibility of the results.

3. Results
3.1. Microstructure Characterization
3.1.1. Grain Size and Strengthening Precipitates

The microstructure of the CG_T6 sample consisted of equiaxed grains with an average
diameter of about 40 pm (Figure 1a). As is usual in the 7000 Al series, N-MgZn, precipitates
were located at grain boundaries, surrounded by the precipitation-free zone (PFZ) [35].
Additionally, fine n’-MgZn; precipitates were homogeneously distributed in grain interiors
(insert in Figure 1b) [37,43].

HE resulted in a significant grain refinement, with high inhomogeneity in grain size
(Figure 1c). Regions with well-developed grains with a diameter of about 70 nm and
the areas with a less advanced stage of grain refinement (larger grain of about 1 um in
diameter with a relatively high density of dislocations inside) were observed. After natural
aging, the precipitates of n-MgZn, were observed at grain boundaries and triple points of
well-developed grains (shown in the inset in Figure 1c) [37]. The grain interiors were free
of precipitates. After artificial aging (Figure 1d), small precipitates in the grain interiors
and extensive precipitation at grain boundaries were noticeable. At grain boundaries, the
1n-MgZn; phase was precipitated, whilst in the grain interiors, n"-MgZn, was created [37].
The precipitates formed at the grain boundaries were noticeably larger than those observed
in the grain interiors.
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Figure 1. Microstructure of the 7475 Al alloy: (a) SEM microstructure of the CG_T6 sample, (b) TEM
microstructure of the CG_T6 sample, (c) TEM microstructure of the HE sample, (d) TEM microstruc-
ture of the HT sample.

3.1.2. Intermetallic Particles

As shown in Figure 2, two types of coarse intermetallic particles were found: bright Al-
Cu-Fe particles (Figure 2b) and dark Mg5Si particles (Figure 2c). Their chemical composition
is given in Table 2. In the coarse-grained sample (Figure 2a), Al-Cu-Fe particles had an
average diameter of 1.4 um and exhibited a great diversity in size, as quantified by the
coefficient of variation, Cy (the ratio of the standard deviation to the mean value), which
was 0.6. The exemplary image of intermetallic particles of Mg,Si is shown in Figure 2c.

Intermetallic particles were distributed uniformly in all samples, as illustrated in
Figure 2a,d. Our previous studies revealed that after HE, the average size of Al-Cu-
Fe particles decreased to 1.2 um, and their size distribution became narrower (the Cy
parameter was reduced to 0.3) [43]. Intermetallic particles are not affected by aging [44].

3.2. Corrosion Resistance
3.2.1. Corrosion under Open-Circuit Conditions

The changes of Egcp recorded during 45 h immersion in naturally aerated 0.1 M NaCl
are shown in Figure 3. For the CG_T6 sample, Eocp increased during the initial 5 h, and
the oscillations of Eocp were noticeable. After 5 h, the potential had gradually decreased
and finally achieved a value of about —0.75 V/Ref. For the sample after HE, Eocp was
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stable over the entire time of the immersion and was oscillating around —0.67 V/Ref. The
oscillations were about £0.05 V/Ref, higher than those observed for the CG_T6 sample.
These observations are in contradiction to data obtained for pure Al [25,45], where the
fluctuations of Epocp were attenuated for the fine-grained Al and related to the grain-size-
reduction-induced transition from pitting to uniform corrosion. The subsequent aging
shifted the Eocp of the HT sample to more noble values; however, during the entire
immersion, a stable decrease in Epcp was indicated.

500 um

Figure 2. SEM images of intermetallic particles in the 7475 Al alloy: (a) SEM image of the CG_T6
sample, (b) BSE image of the Al-Cu-Fe particle, (c) BSE image of the Mg,Si particle, (d) SEM image of
the HE sample.

Table 2. EDS analysis of the chemical composition of secondary phases present in the 7475 Al alloy
(points 14 in Figure 3).

% at. Mg-K Al-K Si-K Fe-L Cu-L Zn-L
Pt_1 04+01 66.4+0.2 25+0.1 222 +0.1 85+0.1 -
Pt_2 - 61.0£0.2 - 150+02 240402 -
Pt_3 60.24+0.3 21+01 37.8+0.3 - - -
Pt_4 28+0.1 925+04 - 02+01 07+01 3.8+0.1

3.2.2. Potentiodynamic Polarization

The potentiodynamic polarization curves, recorded after 0.5 h stabilization at Epocp
for CG_T6, HE, and HT samples, are plotted in Figure 4. The cathodic ranges of potentio-
dynamic curves recorded for CG_T6 and HE alloys were overlapped at the same current
values, indicating that cathodic reactions were similar. A slight shift of the cathodic part of
the curve towards higher current values was observed for the HT 7475 Al alloy. The shape
of the anodic curves was similar for all the samples: a rapid increase in current density
indicates that 7475 Al alloy was prone to localized attack and pitting occurred immediately
after E.o;r was reached. Table 3 shows the corrosion potential (E.r) and pitting potentials
(Epir) for all of the samples. Ey;; is marked with arrows in Figure 4. Neither of the alloys
showed the typical passivation behaviour; however, even a slight difference between Eo;,
and E,;; can give a specific information about pitting susceptibility. In the case of the tested
materials, the differences were small, with the highest value of 6 mV calculated for the HT
7475 Al alloy, suggesting that in all polarization tests, the alloys pitted as soon as they were
placed into solution, showing a very short passive region and hence a very narrow safety
margin. Nevertheless, the greater the difference between free and pitting potentials, the
higher the resistance to pitting corrosion [46—48]. These findings indicate that additional
aging limits the pitting tendency of the HT 7475 Al alloy.
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Figure 3. Epocp vs. time recorded during 45 h immersion of CG_T6, HE and HT 7475 Al alloy in
0.1 M NaCl.
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Figure 4. Potentiodynamic polarization curves of the 7475 Al alloy in an aerated 0.1 M NaCl.

Table 3. Average electrochemical parameters: corrosion potential (Ecorr), pitting potential (Epl-t), and
corrosion current density (ico;r) Obtained from potentiodynamic curves.

Ecorr Epit . 2
Sample vs. AglAgClICl-,V  vs. AglAgClICl-, V icorr, HA/em
CG_Té 0,629 + 0.02 0,626 £ 0.2 1.0 £02
HE 0.672 £ 0.01 0,669 + 0.1 3.4 £02

HT —0.610 £ 0.01 —0.604 £ 0.1 1.4+0.1
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3.3. Post-Corrosion Morphology

The morphology of the corrosion attack after potentiodynamic polarization is shown
in Figure 5. Dissolution of the matrix adjacent to the Al-Cu-Fe particles and IGC was
observed on the surface of the CG_T6 sample. Due to the presence of copper, the Al-Cu-Fe
intermetallic particles are cathodic, leading to galvanic coupling with the anodic matrix.
The corrosion attack propagated around 110 pm in depth of the material, and this was
typical IGC along the grain boundaries (Figure 5d). Similar peripherical corrosion around
Al-Cu-Fe particles occurred on the surface of the HE sample (Figure 5b). Additionally,
a dissolution of the matrix in random areas, where no large Cu- and Fe-rich particles
were observed, also occurred. The corrosion depth was similar to that of the CG_T6
sample (Figure 5e), but the morphology of the corrosion attack was different. The corrosion
propagation paths appeared as thin, straight lines arranged in bands, and they were formed
along the direction of HE. A corrosion attack around the intermetallic particles was also
observed on the surface of the HT sample (Figure 5¢c). Compared to the other samples, the
main difference was that a large area of the matrix also dissolved, which indicates that the
corrosion attack spread more in the latter. Cross-sectional observations show that in-depth
corrosion propagation was shallower than for HE and CG_T6 samples (Figure 5f). The
corrosion attack also propagated along the extrusion direction, but it appeared that the
dissolution of the material spread more in the latter than in depth.

{(E_T6 b)'- AI-CG-F%

articles |
; A

T N\ B 5 '7- i, <
~ #5-0 Tdnad %
. Sl W e
matrix. | 7’

! ”'/dissoluﬁon ,

Figure 5. Post-corrosion morphology on the surface (a-c) and on the cross sections (d—f) of CG_T6,
HE, and HT 7475 Al alloys after potentiodynamic polarization in aerated 0.1M NaCl.

4. Discussion

In this work, the pitting susceptibility of three 7475 Al alloys was investigated. In
the first alloy with coarse grains (CG_T6), precipitation of n-MgZn, at grain boundaries
surrounded by PFZs, and and n-MgZn, was mainly observed in the grain interiors. The
second alloy was processed via HE, characterized by UFG microstructure and the presence
of n-MgZn,, while the third alloy, marked as HT, was additionally aged with both n-MgZn,
and n’-MgZn, precipitates. Al-Cu-Fe and Mg;,5i particles existed in all tested materials.
Regardless of the grain size, the corrosion attack observed on all the samples occurred at
the interface between Cu- and Fe-rich particles and a matrix, leading to the dissolution
of the matrix. The presence of a stable MgZn; phase (1) along the grain boundaries and
PFZ resulted in a localized attack propagating along grain boundaries [36,49-51]. For
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the deformed material (HE), microstructure refinement changed the distribution of the
strengthening precipitates. In the 7475 Al alloy after HE, only nanoscale MgZn, precipitates
at the grain boundaries were present, but their density was relatively small compared to
the reference CG_T6 alloy. The most negative Epocp recorded for the HE sample might be
related to a higher concentration of Mg and Zn in the matrix, which tends to lower Epcp of
Al alloys [52]. The subsequent aging leads to the formation of an intragranular metastable
1’ phase, the presence of which shifts Eocp towards more positive values than for the HE
and CG_T6 samples and lowers the corrosion current. Eocp of the refined material without
subsequent aging was stable upon long exposure, while for the HT sample, it gradually
decreased during immersion, similarly to the CG_T6 sample.

Pitting Susceptibility

The obvious differences in the post-corrosion observations revealed that corrosion of
the alloys was strongly related to the utilized post-processing method. For the reference
CG_T6 material, the corrosion attack propagated towards the depth of the material and
along grain boundaries. In the HE 7475 Al and HT 7475 Al alloys, the corrosion attack
propagated along the extrusion direction and was arranged in bundles of thin strings
perpendicular to the surface. Generally, the typical microstructure of the extruded materials
is composed of the elongated grains towards the extrusion direction, which resembles
a fibrous grain structure [53]. The subsequent aging limited the corrosion propagation
towards the bulk material, which may be related to the continuity of grain boundaries
along the extrusion direction that might be disrupted due to coarsening of the stable n
phase and thus stopping further dissolution along the grains. Therefore, material dissolved
more in the latter condition.

5. Conclusions
Based on the results of this work, the following conclusions can be drawn:

e  The HE7475 Al alloy developed an ultrafine-grained structure with inhomogeneous
grain size, coarse intermetallic particles, and MgZn, strengthening precipitates at
grain boundaries.

e  Subsequent aging resulted in coarsening of stable intergranular MgZn, precipitates
and formation of metastable MgZny, in grain interiors. The lower number of strength-
ening particles shifted Eocp to less noble values as a higher amount of Mg and Zn was
dissolved in the matrix. The aging improved the corrosion resistance as the Eocp was
shifted to more noble values and the i, was lower.

e  The resulting HE microstructural changes significantly altered the morphology of the
corrosion attack. The IGC was no longer observed for ultrafine-grained materials. The
subsequent aging limited the propagation of the corrosion attack towards the depth of
the bulk material.

e  The subsequent aging seems to have had an impact on the pitting susceptibility of the
ultrafine-grained 7475 Al alloy.
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