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The 6061 Al-Mg—Si alloy is used in nuclear fuel plates of nuclear research reactors which are fed with
fuel in plate shapes. The production of these plates is based on the picture frame technique (PFT). The
picture frame technique (PFT) is a manufacturing process for the fabrication of nuclear fuel plates where
the nuclear fuel is encapsulated by Al alloy plates and thermomechanically processed to generate a set
with reduced thickness. The effects of PFT on the corrosion resistance of the 6061 aluminum alloy were
evaluated in this study by immersion and electrochemical tests in 0.005 mol L~! NaCl solution. The
results showed that the PFT fabrication process increases the corrosion resistance of the 6061 alloy in
relation to the conventional 6061-T6, due phase dissolution and lower content of B” phase. Also,
corrosion propagation gradually changes, with an increasing number of processing steps, from inter-
granular to intragranular corrosion attack.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The 6xx series aluminum alloys contain Si and Mg in their
composition which favor magnesium silicide (Mg2Si) precipitation.
Despite the low mechanical resistance of this series of alloy
compared with the 2xx and 7xx series, this class of alloy presents
good weldability, formability and corrosion resistance [1]. One of
the alloys from the 6xx series, the 6061 alloy, finds large application
in the fabrication of fuel plates for research nuclear reactors.

In the beginning of research nuclear reactors operation, pure
aluminum was used in the fabrication of nuclear fuel plates. Stud-
ieds showed that even after being irradiated for more than
50 years at low temperature, the pure aluminum clad was found in
good condition [2]. However, the 6061 Al-Si—Mg was introduced
as nuclear clad application in the 50s [2] with the aim of to increase
the corrosion resistance of the nuclear fuel plate at high tempera-
ture. Moreover, this alloy presents good radiation tolerance, even at
low temperatures, and compatibility with the primary coolant used
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in nuclear reactors [3]. Other properties, such as low neutron ab-
sorption cross-section, good corrosion resistance and mechanical
properties are cited as important for this type of application [4—6].
Usually, the 6061 aluminum alloy temper for the fabrication of
nuclear fuel plates is either commercial extruded T6 temper or O
temper. The 6061-T6 alloy presents good mechanical properties
and corrosion resistance [1,7], which are important properties for
application as structural nuclear case alloy, Fig. 1. The
manufacturing process of 6061-T6 alloy comprises a step of solu-
tion heat treatment followed by an artificial aging step, where the
alloy is heated at 175 °C for 10 h—20 h [8].

The precipitation sequence in the 6061 alloy was described by
Edwards et al. [9]. Initially, from a supersaturated solid solution,
clusters of Mg and Si precipitate individually. Subsequently, the Mg
clusters dissolve and co-clusters of Mg and Si are formed. Guinier-
Preston zones (GP zones) are thermodynamically more stable than
the clusters, and, consequently, this transformation is easily pro-
moted. These are the firsts steps in the precipitation sequence
[10—14]. According to Andersen et al. [11,13,14], the B” (Mg5Si6)
phase is the main phase responsible for the mechanical resistance
of the 6061 alloy (peak-aged state). This phase has a needle-shaped
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Fig. 1. Schematic diagram of the nuclear fuel plates case structure.

morphology and is aligned parallel to the (100)Al axis. ' (Mg9Si5)
phases is formed in the sequence (over-aged state) as rod-shaped
phases [11,13,14]. Other phases such as Q' (Al4MgsSi;Cuy), can be
also observed in this state [9—14]. Finally, in the equilibrium state,
the B (Mg2Si) with plates or cubes of 10—20 pm morphology and
face centered cubic (FCC) structure is observed [9,12].

The microstructure of Al alloys is influenced by the thermo-
mechanical process to which they are subjected to Ref. [15—18]. The
picture frame technique (PFT) is a manufacturing process for the
fabrication of nuclear fuel plates. In this process, the nuclear fuel is
encapsulated by 6061 plates to generate a set of 9 mm thick plates,
which are further reduced to a thickness of 1.52 mm. Fig. 2 illus-
trates, in a schematic diagram, the fabrication stages of the nuclear
plate fuels.

In the fabrication process of the nuclear fuel plates, specifically
cladding and frame plates, the 6061 alloy is used in the O temper
condition (1) due to its ductility. The plates are initially heated at
440 °C for 15 min for the thickness reduction of the as-received
plates. The reduction in thickness occurs by 2—3 passes of hot
rolling (2). In the sequence, their surfaces are treated according to a
sequence of steps(3). The surface treatment steps include
degreasing in acetone, pickling in NaOH (6—10 wt%) at 60 °C for
1 min, rinsing in flowing water for 1 min, immersion in HNO3
(30—50 vol%) for 1 min, rinsing in flowing water for 1 min, rinsing
in deionized water, and drying under a hot airflow. Subsequently,
the frame part is heated again (4) to allow the core fuel positioning
by friction (5). Later, the cladding plates are positioned and fixed,
and the edges are welded by TIG (tungsten inert gas) process in an
argon controlled atmosphere (6). In the sequence, the nuclear fuel
“sandwich” is heated to 440 °C for 60 min and, then, passes through
the multi-pass hot rolling stage, whose parameters (temperature
and number of passes) depend on the fuel composition, are carried
out (7). For example, the production of the U3Si2—Al element re-
quires between 7 and 9 hot rolling passes until an accumulated
reduction in thickness of 81.9% is reached. In this case, the expected
reduction in thickness for the first 2 passes is about 25% (per pass),
whereas for the other passes a reduction of 15% is projected. Be-
tween the passes, the set is heated at 440 °C for 15 min. After hot
rolling, the plates are heated to 440 °C for 60 min to check roll
welding efficiency (8) and, then, the cold rolling stage is done (9). In
the cold rolling stage, a reduction of 10% in thickness is required
and, therefore, 1 to 2 passes are obligatory. At this stage, the
accumulated reduction is about 83.5%. The core length of the fuel

plate is then estimated to ensure that it has the minimum size
required for application in nuclear reactors. Finally, the plates are
flattened (10) for finishing, using a roll system in 1 pass and the
edges are cut off to obtain the fuel plate with optimal dimensions.
The plate surface is again treated according to stage (3). Finally, a
nuclear fuel case composed of 18 nuclear fuel plates produced by
the PFT process is set for operation in the reactor, as schematically
shown in Fig. 1.

As described, the PFT process comprises cycles of heating and
deformations which influence the alloy microstructure, promoting
changes to the T6 and O temper conditions of the as-received alloy.
Also, the corrosion behavior of the alloy is affected by the
manufacturing process.

The effects of aging process on the corrosion behavior of the
6061 Al-alloy was reported by EI-Menshawy et al. [19]. The authors
evaluated the effects of heat treatment on the corrosion charac-
teristics on the underaged, peak aged and overaged 6061 alloy
using potentiodynamic polarization in neutral NaCl solution and
immersion testing in acidified NaCl solution. The authors reported a
significant dependence of corrosion morphology and electro-
chemical response on aging conditions. Moreover, since the
corrosion mechanisms in the 6XXX Al-alloys involve trenching and
de-alloying of micrometric and nano-sized particles, these particles
are affected by mechanical and heating processes [20—24]. Micro-
metric particles are formed during casting, however, diffusion
processes during aging have been related to compositional changes
in the intermetallic particles and, thus, it must affect the alloy
corrosion resistance [25]. Also, the morphology of nano-sized
particles and their distribution are dependent on aging process.

The corrosion behavior of the 6061 alloy under PFT thermo-
mechanical treatment conditions is of great importance for the
definition of parameters to be used for fabrication of nuclear
reactor components. Studies that investigate the effects of the PFT
process on the corrosion behavior of the alloy are scarce, especially
in solutions of low aggressiveness [26—28]. In this work, the effects
of PFT on the corrosion behavior of the 6061 alloy was investigated
in neutral 0.005 mol L-1 NaCl solution and correlated with the
microstructural features of the plates in the O and T6 temper
conditions of the as-received plates.

2. 2. Experimental
2.1. Materials

The composition of the 6061 alloy used in this study (Al 89.9 wt
%, Cr 0.10 wt%, Cu 0.22%, Fe 0.20 wt%, Mg 0.90 wt%, Mn 0.05 wt%, Si
0.13 wt% and Zn 0.02 wt%) was evaluated, before and after the PFT
process. Samples of the 6061 subjected to different stages of the
nuclear fuel plate manufacturing process by picture frame tech-
nique (PFT) were used. Table 1 shows a summary of the thermo-
mechanical history of each of the condition studied.

2.2. Microstructural characterization

The surfaces of the 6061 samples were prepared by mechanical
grinding with SiC paper (#500, #800, #1200, #2500, #4000) with
alcohol as a lubricant to minimize the effect of water on the
corrosion process of Mg enriched particles. After grinding, the
samples were polished with diamond suspensions of 3 um and
1 um. The microstructure of the plates was observed by optical
microscopy after etching the sample in 10% NaOH solution at 60 °C
for 30 s, followed by immersion in 30% HNO3; and immersion in a
100 mL solution containing 4 g of KMnO. and 1 g of NaOH. Scanning
electron microscopy (SEM) images were acquired using a Jeol JSM-
6701F equipped with an energy dispersive X-ray detector (EDX).
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Fig. 2. Schematic diagram showing the stages for producing the nuclear fuel plates by the picture frame technique (PFT).

Table 1

Summary of the thermomechanical condition to which the 6061 alloy was exposed to at the different stages of the nuclear fuel plates manufacturing process by the picture
frame technique (PFT).

Description
T6 (1) Solution heat treatment followed by (2) artificial aging — commercial process.
(o] (1) Annealing - commercial process.
Clad (2) Thermal treatment (of O alloy) at 440 °C for 15 min followed by (3) Hot rolling (2—3 passes).
Inspection (4) Heat treatment of the “fuel sandwich” (the clad) at 440 °C for 15 min followed by (5) hot rolling (7—9 passes) and (6) another thermal treatment at
(Insp.) 440 °C for 60 min.
PFT (7) Cold rolling (after “Inspection” stage) in 1 or 2 passes.

The electron microscope was operated using an incident beam of conducted using a Titan microscope equipped with EDX detectors.
15 kV. The particles fraction distribution was calculated using an
image analyser software in an area of 227 pm x 184 pum. Trans-
mission electron microscopy (TEM) analysis was carried out with
samples mechanically polished and electropolished at 20 V in a
solution of nitric acid (30 vol%) in methanol. TEM samples were
prepared using TenuPol electropolishing equipment. Scanning
transmission electron microscopy (HAADF-STEM) analysis was

2.3. Differential Scanning Calorimetry (DSC)

DSC data were obtained in nitrogen (99.999 wt%) atmosphere
using an 822 Mettler Toledo equipment. Samples were ground with
silicon carbide paper. The weights of the samples used in this test
were in the range of 20 mg—30 mg. The heating rate used in the
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Fig. 3. Optical micrographs showing the grain morphology of the 6061 alloy. (a) T6 commercial temper; (b) O commercial temper; (c) Cladding (Clad) stage; (d) inspection (Insp);

stage; (e) picture frame technique (PFT) final stage.
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Fig. 4. Relationship between the PFT stages and the micromentric particles distribution.

DSC measurements was 10 "C/min and the scanning temperature
range was from 25 °C to 550 °C.

2.4. Microhardness test

Microhardness measurements were recorded from the sample
surface using a load of 200 gf for a dwell time of 10 s. A Buehler
macrohardness machine was employed for this purpose. 30
random measurements were recorded at the surface of each sam-
ple, and their mean values were estimated.

2.5. Immersion test

The samples were also exposed to ASTM G110 intergranular
corrosion test solution. For intergranular corrosion test, the sur-
faces of the samples were prepared according to the standard
practice by (1) immersion for 1 min in the etching solution
composed of 945 mL of deionized water, 50 mL of nitric acid (70%)
and 5 mL of hydrofluoric acid; (2) rinsing in deionized water; (3)
immersion for 1 min in concentrated nitric acid (70%); (4) rinsing in
deionized water; and (5) drying under a hot air stream. After sur-
face preparation, the specimens were immersed for 6 h in a solu-
tion comprised of 57 g NaCl and 10 mL H,0; in 1 L deionized water
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Fig. 6. DSC thermograms obtained at 10 "C/min from the 6061 alloy in different picture frame technique (PFT) stages. (a) T6 commercial temper; (b) O commercial temper; (c)
cladding (Clad) stage; (d) inspection (Insp) stage; (e) picture frame technique (PFT) final stage.

at room temperature (22 + 2 °C). The volume of the test solution to
the area exposed to the test solution was 5 mL cm 2. The exposed
surfaces were observed by Scanning electro microscopy (SEM).

2.6. Electrochemical characterization

Potentiodynamic polarization and open circuit potential (OCP)
measurements were obtained using an Autolab PGSTAT potentio-
stat controlled by NOVA 2.1 software. All measurements were
performed at (22 + 2) °C in naturally aerated 0.005 mol L' NaCl
solution using a three-electrode set-up. An Ag/AgClicy(sar) €lectrode
was used as the reference electrode, a platinum wire as counter
electrode, and the Al alloy as the working electrode. The area of the
working electrode exposed to the test solution was 0.09 cm?. Po-
larization curves were obtained at a scan rate of 1 mV/s, from OCP
to 1.3 V vs. Ag/AgCIKCl(sat). Impedance electrochemical spectros-
copy (EIS) measurements were obtained after 24 h of immersion in
the test solution composed of at OCP with a signal amplitude of

20 mV. The frequency range scanned was from 10% Hz to 102 Hz.

3. Results and discussion
3.1. Microstructural characterization

Fig. 3 shows the changes in the microstructural features of the
6061 Al—-Mg—Si alloy with the thermomechanical process. In the T6
temper, Fig. 3(a), the grains are smaller compared to the other
tested conditions. The O temper corresponds to the industrial
temper related to the lowest strength. In this temper, the alloy is
annealed to increase ductility that is suitable for severe forming
applications. As observed in Fig. 3(b), the grain shape is larger than
in the T6 condition due to heating. The PFT stages modify the grain
morphology of the 6061 alloy. In the Clad sample, Fig. 3(c), the
grains are larger than for the T6 and O samples. As previously re-
ported, to obtain the cladding of the nuclear fuel sandwich, the
alloy in the O or T6 condition is heated at 440 °C for 15 min and hot
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Fig. 7. HAADF-STEM images and EDS analyses of the nano-sized particles present in
6061 alloy. (a) Fe—Si—Cr—Cu enriched particles; (b) Si enriched particles.
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rolled in 2 or 3 passes. The Inspection sample, Fig. 3(d), showed the
largest grains. It is important to highlight the thermomechanical
process that this kind of sample was exposed to. The sandwich was
heated at 440 °C for 15 min, hot rolled in 7 or 9 passes and again
heated at 440 °C for 60 min which resulted in grain growth. Finally,
the PFT sample, Fig. 3(e), which represents the final thermo-
mechanical condition of the nuclear fuel plate, presents smaller
grains than the inspection sample, due to 1 or 2 cold rolling passes
after the inspection stage.

The effects of the fabrication process on the distribution of the
micrometric particles were also evaluated, Fig. 4. From the obser-
vation of surfaces of the samples, Fig. 4(a-e), the extruded alloy, T6
temper, showed the highest amounts of micrometric phases per
area among the conditions tested. Moreover, for all the conditions,
the particles are evenly distributed over the surface. In addition, the
PFT process did not change the distribution of the particles in
relation to the as-received condition (O temper) as seen in Fig. 4(f).
The error bars corresponding to the O and PFT samples are
overlapped.

In terms of mechanical properties, the PFT stages reduced the
hardness of the 6061 alloy in relation to the T6 temper, Fig. 5.
However, in relation to the O temper, the PFT process increased the

alloy hardness and, therefore, the strength of the alloy in the last
stage of the process (PFT sample), due to cold rolling. In the Clad
condition, the plate presented the lowest hardness. The phase
responsible for the optimal strength of the AlI-Mg—Si alloys is the
B” phase [11,29]. This phase presents a needle-like morphology
coherent along its length with the matrix, which is aligned parallel
to <100>4 and it usually precipitates at temperatures in the range
of 125 °C—200 °C [9,11,30—37]. Since dislocations are preferential
sites for phase precipitation, there is a deformation field associated
with the formation of GP zones, which is progressively relieved as
the zones are transformed into semi-coherent ’ or incoherent f
precipitates, and, consequently, the strength is reduced [32,35]. The
meta stable Q' phase, which has a composition close to AlsMgg_
SizCuy, is reported to increase the hardness of the 6061 alloy
[19,38]. This phase is found in Cu containing 6XXX series alloy. It
has a lath-shaped hexagonal structure aligned parallel to the
<100>4; and is a precursor of the Q (Al4MggSi;Cu;) phase [11,38].
In order to correlate microhardness with phase dissolution/
precipitation, DSC curves were obtained, Fig. 6. The typical T6
temper involves solution heat treatment, quenching and aging at
temperatures within 175 °C—180 °C for 10—20 h [11]. The DSC
thermograms for the T6 condition showed a dissolution peak be-
tween 300 °C and 350 °C. The exothermic peaks in the DSC ther-
mograms are related to the elements in solid solution which, during
heating, might form precipitates according to the alloy precipita-
tion sequence. The precipitation sequence proposed for the
Al—Mg—Si—Cu alloys [39] is shown in equation (1) below.

SSS — clusters — GPzones » 8 +Q — f+Q (1

According to the literature [11,37], for Al-Mg—Si alloys, a peak
between 60 °C and 80 °C is associated with clusters of Si and Mg
that correspond to aggregates of disordered solute atoms. Accord-
ing to Buha et al. [11], these clusters have higher contents of Mg in
relation to Si. Nonetheless, these precipitates are unstable and
dissolve when the alloy is exposed to heating between 190 °C and
235 °C[11]. The absence of this peak for the T6 temper, shows that
the formation of clusters had finished and the slight decrease in the
base line is probably due to dissolution of small clusters without
enough energy to nucleate as GP zones. At the range of 150 °C and
250 °C, the GP zones are formed [11,36]. This phase differs from the
clusters of Si and Mg in terms of number of solute atoms and size,
with less Mg in their aggregates compared to the clusters [11]. The
absence of this peak confirms the GP zones as precursors for the
phase (and its completely phase precipitation) [11,36]. The T6
temper is a peak aging condition and, according to the literature
[38], the precipitation of B” is completed in Cu-containing
aluminum alloys in this condition, though incomplete for Q’
phase. Thus, the broadened peak observed in the range of 250 °C
and 350 °C is related to the Q phase [38]. Between 350 °C and
450 °C, B’ precipitates are formed [32,36], although the Q phase
formation is also reported for Cu containing alloys [38]. Since B” is
favored in T6 temper, and this phase is a precursor to [, the heating
input favors coarsening of §” which makes it to partially lose its
coherence with the matrix leading to B’ formation. This phase is
formed at temperatures in the range of 260 °C and 320 °C [32,36].
Finally, starting from 450 °C, a slight peak associated with the
equilibrium phase B (Mg,Si) is observed [32,36,38]. The O temper
sample showed a different thermogram, which indicates a change
in reaction kinetics. In the annealed condition, the 6061 alloy is
ductile, Fig. 5, due the recristalization process, once high temper-
atures are used in this process, below the eutectic line [39].
Therefore, the strengthening phases (B and Q') are dissolved and
hardness is reduced. The slight peak around 200 °C and 300 °C
indicates the presence of the hardening phases. Moreover, the
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Fig. 8. (a) EDS maps of the 6061 alloy showing the chemical composition of the micrometric particles.
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Fig. 9. Potential vs. time curves for the 6061 alloy in different stages of the picture frame technique during 24 h of immersion in 0.005 mol L~! NaCl solution.

higher peak starting at 350 °C and 450 °C related to T6 temper is
probably due to precipitation of Q and fB’/B phases and non-
dissolved precipitates coarsened during this treatment. The non-
dissolved stable phase B, also coarsened, is responsible for the
highest peak at 450 °C—550 °C.

The PFT process also promotes changes in precipitation reaction
kinetics. The Clad corresponds to the stage in which the samples are
heated to 440 °C for 15 min followed by 2 or 3 passes of hot rolling.
This condition presented an exothermic peak around
200 °C—250 °C indicating that B” and Q' phases precipitation are

not favored in this stage of fuel production. Thus, more elements
are in solid solution for this condition. Moreover, the lowest
hardness values support these results indicating the dissolution of
strengthening phases during this stage. The increment of the peak
related to Q, f’ and P also indicate coarsening of non-dissolved
precipitates. This result is supported by the reduction in micro-
hardess and decreased mechanical resistance [9,33,40]. When
these phases are present in the structure, heating after homoge-
nization promotes either their coarsening or transformation (such
as from B’ to B) [33]. The maximum hardness is reached when the
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alloy is homogenized before aging, T6 condition. Thus, the lower
hardness related to the conditions of the PFT stages must be due to
the presence of Q, B’ or stable B phases [33].

For the inspection condition, the peak related to §” and Q
phases and the higher microhardness than the Clad condition
indicate that precipitation of these phases is favored during this
stage. Microhardness of the inspection sample was higher than that
of the Clad condition, even after heating at 440 °C for 60 min and
showing the largest grain size, Fig. 3(d). The hardening during hot
rolling, by the increases dislocations density, seemingly favored the
precipitation of hardening phases [35,37,41,42]. The absence of
peaks related to Q, B’ and B phases explains the increased hardness
in relation to the Clad sample. Lastly, in the final PFT stage, a large
amount of elements seemingly is still in solid solution. Hardness of
the final PFT sample increased in relation to the samples of other
PFT stages, and this is related to the cold rolling process that favors
increase in dislocation density and precipitation of the hardening
phases, as presented in Fig. 4.

TEM analysis, Fig. 7, show typical nano-sized particles in the
6061 alloy. The particles were enriched in Cr, Fe, Cu and Si. The
presence of Cr, Fe and Si in the constituent particles is due to their
low solubility and low diffusion rate in Al matrix. Cr is known as a
grain refiner and it is also added to improve the corrosion resis-
tance of Al alloys [43,44]. Fe is known as an impurity element
[39,45—48]. The addition of Cu can also improve the mechanical
properties of the alloy by precipitation of strengthening phases, but
it usually reduces the corrosion resistance of 6XXX Al-alloys
[39,49]. Si is added to AI-Mg—Si alloys to increase their mechani-
cal strength. Depending on the heat treatment used, different
amounts and sizes of Mg—Si particles will be present in Si-
containing Al-alloys. Particles with micrometric sizes are also pre-
sent in 6061 alloy. Fig. 8 shows EDX maps indicating the chemical
composition of micrometric particles present in the alloy.

The 6061 micrometric particles are, usually, Fe—Si or Mg—Si
enriched. These particles are also known as intermetallics (pri-
mary impurities) in the microstructure of the Al-Si—Mg matrix.
They are formed in the interdendritic regions during solidification

or in the solid state during solution treatment, homogenization, or
recrystallization. Despite the fact that these impurities have been
reported as deleterious for mechanical properties (as sites for crack
initiation and decohesion failure), depending on their chemical
composition, they can show resistance to corrosion and oxidation
due to their adherent surface oxides [40,50].

3.2. Corrosion characterization

Open circuit potential (OCP) measurements were recorded for
all the conditions tested as a function of time of immersion in
0.005 mol L~! NaCl solution for 24 h, and the results are presented
in Fig. 9. Similar shapes were obtained for all conditions. Initially, a
sharp increase in OCP was observed. This initial sharp increase in
potential has been related to the oxide film growth naturally
formed over the aluminum surface in contact with the electrolyte
[51-53]. Once pitting potential is reached, oxide film breakdown
occurs. Secondly, OCP oscillations at potentials above —0.57 V are
observed indicating localized attack (pitting). The events leading to
potential transients during free corrosion of Al alloys were dis-
cussed by Isaac et al. [53]. According to authors, the noise produced
during Al alloys exposure to chloride solutions arises due to active
sites where pit growth processes are occurring. Moreover, pits
tunneling can be changed by many circumstances which explain
the differences seen in the curves oscillations for each sample
condition. Finally, OCP values decreased with time, which is related
to constant surface activation.

The differences in OCP values for the various conditions tested
after 24 h of exposure to the electrolyte indicate that the thermo-
mechanical treatments involved in the fabrication of nuclear plates
by PFT affect the electrochemical behavior of the exposed surfaces.
This is also evident from the differences in the microstructures
according to the thermomechanical treatments. Eckermann et al.
[20] found nobler and more stable OCP values associated with
naturally aged alloy (with a small number of MgSi precipitates) in
relation to heat-treated one. The nobler OCP values associated with
the PFT stage and O temper samples compared to the T6 one may be
attributed to phase dissolution and lower content of precipitates
related to those conditions [19,54]. The literature also reports po-
tential ennoblement due to precipitate coarsening [54].

Fig. 10 shows the anodic polarization curves for the various 6061
samples after 30 min of immersion in 0.005 mol L~! NaCl solution.
In general, the PFT process increased the corrosion resistance of the
6061 alloy in relation to the as-received, T6 and O conditions. The
corrosion pathways in the different 6061 samples after anodic
polarization are shown in Fig. 11. The 6061-T6 alloy, Fig. 11(a),
showed susceptibility to intergranular corrosion. For the other
conditions, pitting and filiform-like corrosion were the main types
of attack, Fig. 11(b—e). Corrosion propagation seems to change from
intergranular corrosion mechanism to an intragranular corrosion
type. In general, the corrosion mechanism in 6XXX alloys is asso-
ciated with (1) Fe-enriched particles which are cathodic to the
matrix and the (2) Mg—Si particles which have an ambiguous
behavior [20,22,23].

Fig. 12(a) shows the surface of the 6061-T6 alloy after anodic
polarization. Corrosion occurs at areas surrounding Fe-enriched
micrometric particle, Fig. 12(b), which is cathodic to the matrix.
Microgalvanic cells are established between this kind of particle
and the surrounding matrix, during the OCP measurement period,
leading to localized attack, known as trenching. Mg—Si particles
being anodic to the matrix, are totally and/or partially consumed.
The selective dissolution of Mg, a highly active element, leads to a
remaining Si-enriched particle at the exposed surface and, conse-
quently, polarity reversal, with the matrix becoming anodic to the
Si-enriched particle resulting in cavities at the surface, that is, to



M.X. Milagre et al. / Journal of Nuclear Materials 539 (2020) 152320 9

Fig. 11. SEM images of the anodic sites after 30 min of exposure to 0.6 mol L~ NaCl solution at OCP followed by anodic polarization; (a) T6 temper; (b) O temper; (c) cladding (Clad)

stage; (d) inspection (Insp.) stage, and (e) picture frame technique (PFT) final stage.

trenching.

According to Guillaumin et al. [23], intergranular attack in 6XXX
alloys starts at the pit walls and corrosion spreads from the pit
through grain boundary pathways. According to these authors, pits
nucleated on and/or around Mg—Si particles. Also, they proposed
that intergranular corrosion occurred due to preferential dissolu-
tion of precipitate free zones (PFZ) along grain boundaries, since for
the 6056 alloy studied in their work, the particles at grain bound-
aries are Si—Cu enriched (being a high Cu-content alloy), whereas
the regions surrounding these precipitates are depleted in these
elements. In this study, the grain boundary particles comprised
MgSi particles, that are anodic to the matrix of the 6061-T6 alloy.
Mg—Si particles are predominant in the alloy of this study because
6061 is a lean alloy with lower Cu-content compared with the 6056
alloy. Therefore, the particles at the grain boundaries will dissolve
preferentially, resulting in intergranular corrosion. This attack is
favored when cathodic Fe-enriched particles are close to the grain
boundary particles, as shown in Fig. 12. Howerver, due to the PFT
process, precipitation of the anodic phases is favored inside the
grains.

The corrosion mechanism of the 6061 alloy was also evaluated
by electrochemical impedance spectroscopy (EIS) after 24 h of
immersion in 0.005 mol L™, Fig. 13. All the curves presented similar
shapes suggesting similar mechanisms for all the samples with
differences only in the magnitudes of impedance. The results
indicated two time constants. In the Nyquist diagrams, all the
samples presented a flattened capacitive arc at high to medium
frequencies which were related to the interaction between the thin
oxide film at the surface and charge transfer processes coupled to
charging of the double layer. At low frequencies, the EIS results
suggest the presence of diffusion controlled corrosion processes.
Despite the contribution of these processes at low frequencies,
there is also contribution of other factors, since the slope of |Z] vs.
frequency plot related to diffusion controlled processes is around
0.5 and the phase angle value is about 45° [55]. For the 6061
samples tested, the slope of |Z| vs. frequency plot is in the range
between 0 and 0.5. The EIS results also showed impedances in the
same range, tenths of kQ.cm?, for all tested conditions. Conse-
quently, significant differences between the varios conditions
tested were not clearly identified by EIS tests.



10 M.X. Milagre et al. / Journal of Nuclear Materials 539 (2020) 152320

Selective
dissolution

Full scale counts: 6333

Intergranular
attack

12000
10000

8000
Al
6000 — Fe ’ag
4000

2000 -Si O o

(b)

0 ! T
0 2

4 6 8 10
keV

Fig. 12. (a) SEM image of the exposed surface of 6061-T6 after polarization showing the corrosion features associated with the micrometric particles; (b) EDX analysis of the Fe—Si

enriched micrometric particle.
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Fig. 13. EIS diagrams obtained for 6061 alloy in different picture frame technique (PFT) stages immersed in 0.005 mol L~ NaCl solution for 24 h.

In order to confirm the differences in the intergranular corrosion
susceptibility of the 6061 alloy for the different stages of the PFT
process, the samples were exposed to the ASTM G110 standard
practice solution for 6 h. Surface features of the tested samples after
immersion are shown in Fig. 14. The results are in accordance with
Fig. 11. The T6 temper exhibited the highest susceptibility to
intergranular corrosion among the tested ones, Fig. 14(a). Intra-
granular attack was observed for the other conditions due to pre-
cipitation of anodic phases inside the grains, Fig. 14(b—e). Despite
the intergranular corrosion observed for the O temper (Fig. 11(b)),
and Clad stage (Fig. 11(c)), intragranular attack was the main
mechanism of corrosion propagation in the PFT conditions. Cross-
section images also confirmed the transition from intergranular
to intragranular attack for the PFT 6061 samples, Fig. 15. The fea-
tures observed after intergranular corrosion test provided useful

information on the type of corrosion mechanism related to the
microstructure resulting from the different types of thermo-
mechanical treatments to which the various types of samples were
exposed.

4. Conclusions

In summary, according to open circuit potential (OCP) mea-
surements and polarization curves the thermomechanical pro-
cesses involved in the picture frame technique (PFT) results in
increased corrosion resistance of the 6061 alloy in relation to as-
received T6 temper condition. Electrochemical impedance spec-
troscopy (EIS) results suggested similar electrochemical mecha-
nisms of corrosion for all tested conditions. Corrosion propagation
in the 6061-T6 alloy was mainly through grain boundaries
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Fig. 14. SEM images of 6061 in different picture frame techniques (PFT) stages exposed to a solution composed of 57 g of NaCl and 10 mL of H,0, in deionized H,0 to complete 1 L
(ASTM G110) for 6 h. (a) T6 commercial temper; (b) O commercial temper; (c) cladding (Clad) stage; (d) inspection (Insp) stage; (e) picture frame technique (PFT) final stage.

Fig. 15. Cross section SEM images of 6061 in different picture frame techniques (PFT) stages exposed to a solution composed of 57 g of NaCl and 10 mL of H,0, in deionized H,0 to
complete 1 L (ASTM G110) for 6 h. (a) T6 commercial temper; (b) O commercial temper; (c) cladding (Clad) stage; (d) inspection (Insp) stage; (e) picture frame technique (PFT) final
stage.
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(intergranular). The corroded surfaces and cross-section observa-
tions after exposure to test solutions showed that the mechanism of
corrosion propagation varied from intergranular, in the case of T6
temper, to intragranular type, for the samples corresponding to PFT
stages.

Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study.
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