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The 6061 alloy is used in different thermomechanical conditions in research nuclear reactors. Nuclear
fuel plates are manufactured by the picture frame technique (PFT) and the 6061 alloy is used as cladding
for the nuclear fuel “sandwiches”. After the PFT process, these nuclear plates are placed in a case made
of 6061-T6 alloy. In this work, the galvanic effects of coupling the 6061 alloy in the T6 and PFT temper
conditions were investigated in different chloride-containing solutions. The results showed that galvanic
coupling was favored between the PFT and 6061-T6 alloy. A potential difference of about 50 mV was
observed between the temper conditions. This was attributed to differences in S” phase density be-
tween the two conditions (T6 and PFT) which was indicated by microhardness results. The 6061 alloy
in the PFT condition was cathodic in relation to the T6 one. Results from conventional electrochemical
techniques were in agreement with the local measurements. Local electrochemical techniques such as
the SVET, SECM and LEIS were useful in characterizing the electrochemical behavior of the galvanically

coupled alloys.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The 6061 Al-Mg-Si alloy has been used in the structure of fuel
plates for research nuclear reactors due to its good mechanical
properties, corrosion resistance, radiation tolerance and low neu-
tron cross-section [1-5]. This alloy is used in nuclear research re-
actors in different thermomechanical conditions, in the T6 temper
condition and in a specific temper related to nuclear fuel plates
manufacturing, namely the picture frame technique (PFT).

The thermomechanical history of the commercially extruded T6
temper condition comprises solution heat treatment and artificial
aging of the alloy at 175 °C for 10 - 20 h to favor B8” phase precip-
itation, which is responsible for the hardening of this alloy [6,7].
The PFT process, on the other hand, involves steps of heating, hot
working and cold working of the commercial O temper alloy. The
O temper is the annealed temper condition. During the PFT pro-
cess, plates of 6061-0 alloy are heated and hot/cold rolled to pro-
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duce plates with suitable dimensions for the nuclear fuel plates.
Fig. 1 presents a flowchart of the stages in the PFT process. After
this process, the 6061 clad presents a different microstructure in
relation to the 6061-T6 temper condition used in the nuclear fuel
plate case (Fig. 2). Nuclear fuel plates are placed in a case of 6061-
T6 and between the plates, there are gaps where a flux of coolant
(pure water) passes.

The effect of thermomechanical treatments on the corrosion be-
havior of Al alloys has been extensively reported [8-11]. According
to Abo Zeid [9], the B (Mg,Si) phase formation in the 6061 alloy,
after natural and artificial aging, can assume different orientations
and this can affect the corrosion behavior of the alloy. Kairy et al.
[10] showed that depending on the continuity and type of grain
boundary phases, which is dependent on the chemical composition
and aging parameters, the severity of intergranular corrosion (IGC)
associated with the 6XXX series aluminum alloy varies. In another
study, the authors [11] reported that susceptibility to metastable
pitting of the 6XXX Al series is reduced with the refinement of
precipitates.

Galvanic corrosion occurs when dissimilar metals with different
potentials are coupled and exposed to corrosive environments. One
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Fig. 1. Flowchart of the picture frame technique (PFT) process.

Nuclear fuel structure

6061 - PFT 6061 -T6
plate case

Fig. 2. Schematic diagram of the nuclear fuel case structure showing the coupling between the nuclear plates manufactured by the PFT process and the 6061-T6 alloy. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

of the metals acts as the anode, corroding faster, while the other
acts as the cathode, corroding at a slower rate [12,13]. Galvanic
coupling of dissimilar nuclear materials has been reported [14-17].
However, reports on galvanic coupling effects of similar materials
are scarce.

The galvanic effect concept can be extended to similar materi-
als with different microstructural features. Galvanic corrosion as-
sociated with welded materials, due to different microstructural
features observed according to the welding zones, are reported in
the literature [18-21]. In general, this behavior is associated with
grain refinement and phase dissolution and/or phase coarsening
[22,23]. Kermanidis et al. [21] showed that a 6XXX alloy with dif-
ferent temper conditions, when coupled by welding can show dif-
ferent corrosion behavior in the welded zone due to microstruc-
tural modifications. Lim et al. [24] also reported different corro-
sion behavior for the weldment of the 6061-T651 alloy due to its
different microstructural features along the weldment. The authors
showed that a refined microstructure presents higher corrosion re-
sistance than that of the less refined parent material.

Despite the slow corrosion rate of Al in pure water, the mi-
crostructural modification in the 6061 alloy due to the PFT pro-
cess is a suitable condition for corrosion development if the pu-
rity of the coolant is not controlled. In the case of the nuclear fuel
plates and the nuclear fuel case, both materials, the 6061-T6 and

PFT, are in electrical contact favoring the establishment of galvanic
coupling. Also, since the fuel plates are stored in a research nu-
clear pool for years, if the passive oxide layer is damaged in the
environment a corrosion process would be initiated.

The micro-galvanic coupling mechanism has been extensively
reported as the main corrosion mechanism for localized corrosion
in Al alloys [25-30]. This kind of corrosion is related to potential
differences between second phase particles and the matrix, where
the second phase can assume higher (cathodic) or lower (anodic)
potentials in relation to the Al matrix. The 6061 alloy contains Mg-
rich and Fe-rich second phase particles. The Mg-rich particles are
anodic, whereas the Fe-rich ones are cathodic to the matrix. More-
over, nano-sized Mg-Si rich phases at the grain boundaries favor
intergranular corrosion [9,29-31]. According to the literature [32],
anodizing could be used as a surface treatment to prevent corro-
sion in nuclear materials by the growth of Al,03 on the surfaces
of the aluminum alloys. However, if the substrate is exposed and
the purity of the coolant is not well controlled, the aluminum alloy
will corrode.

To the best of the knowledge of the authors, there are no re-
ports in the literature on the macro-galvanic coupling effects be-
tween the AA6061-T6 and AA6061 in the PFT condition. In this
work, the effect of macro-galvanic coupling between the 6061 alloy
in the T6 and PFT temper conditions on their corrosion resistance
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Table 1

Summary of the thermomechanical conditions of the 6061 alloy used in this study.

Sample  Description

T6 Commercial temper condition. (1) Solution heat treatment; (2) artificial aging.
PFT Nuclear fuel plates clad manufacturing process; (1) Solution heat treatment; (2) hot working; (3) Solution heat treatment; (4) Cold working.
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Fig. 3. Open circuit potential curves obtained during 4 h exposure in 0.6 mol L~!
NaCl solution for the 6061 Al-alloy in T6 commercial temper condition, picture
frame technique (PFT) process condition and the coupled T6 | PFT (represented in
the image).

E IV vs. Ag/IAgCI/KCl(sat)

was investigated. The coupled alloys were tested in an aggressive
test solution in order to accelerate the corrosion process. The cou-
pling effects were evaluated using conventional and local electro-
chemical techniques and the results were correlated with the mi-
crostructural features associated with each temper condition.

2. Experimental
2.1. Materials

In this work, samples of the 6061 alloy (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%), with the thermomechanical treatments pre-
sented in Table 1, were galvanically coupled in order to evaluate
the effect of coupling on their corrosion behavior. Table 1 shows a
brief description of each 6061 alloy condition.

2.2. Samples preparation and microstructural characterization

The surface of the samples for exposure to the test solution was
sequentially ground with SiC (#500, #800, #1200, #2500, #4000)
for all the tests. After immersion in naturally aerated test solution
(composed of 0.6 mol L~! NaCl at room temperature (22 =+ 2 °C)),
the exposed surface was examined under an optical microscope
and a scanning electron microscope (SEM) using a Hitachi TM
3000 with an incident beam of 15 keV. Microhardness measure-
ments were carried out utilizing a Buehler microhardness tester
using 200 gf for a dwell time of 10 s, and 30 random measure-
ments were recorded. Energy dispersive X-ray Spectroscopy (EDX)
maps from the surfaces of the samples were obtained using a FEG-
SEM microscope Jeol ]SM-6701F.

2.3. Conventional electrochemical techniques

Open circuit potential (OCP) was obtained using an AUTOLAB
PGSTAT potentiostat controlled by a NOVA 2.1 software. The ex-

periments were carried out using a three-electrode cell configura-
tion. Samples of the 6061 alloy with the two temper conditions
were used as working electrodes. The exposed surface of the sam-
ples corresponded to 0.09 cm? and the parts of the samples not
tested were coated with beeswax. A platinum wire was used as the
counter electrode and an Ag/AgCl/KCl(sat) electrode as the refer-
ence electrode. The experiments were performed at room temper-
ature (22 =+ 2 °C) for 4 h using a solution composed of 0.6 mol L~!
of NaCl. Analyses were carried out both on isolated and coupled
6061-T6 and 6061-PFT samples. The coupled alloys, 6061-T6 and
6061-PFT, were connected by joining their edges to obtain a large
contact surface. Additionally, copper wire was used to maintain
electrical contact with the potentiostat to measure the working
electrode potential. After establishing electrical contact, the sam-
ples were embedded in epoxy resin for electrochemical measure-
ments.

2.4. Agar gel visualization test

The anodic and cathodic behaviors of the alloys were evaluated
using agar gel visualization test. The gel was prepared using a mix-
ture prepared by the addition of 3 g of agar and 7 mL of universal
indicator to 100 mL of a boiling 0.6 mol L~ NaCl solution. Samples
were analysed both in isolation and when coupled.

2.5. Scanning vibrating electrode technique

Scanning vibrating electrode technique (SVET) tests were car-
ried out using an Applicable Electronics Equipment. A vibrating
probe of Pt/Ir wire insulated with paralene C® was used. The mi-
croelectrode was platinized to produce a spherical platinum black
deposit of 20 um diameter at the tip. The frequencies of the elec-
trode vibration were 200 Hz for vibration in the X direction and
70 Hz for vibration in the Y direction with an amplitude of 20 pm.
Scans were carried out over the galvanically coupled system at a
height of 150 um from the sample. The experiments were carried
out in a solution with 0.05 mol L' of NaCl at room temperature
(22 + 2 °C). The 6061-T6 and 6061-PFT alloys were joined as de-
scribed previously.

2.6. Local electrochemical impedance spectroscopy (LEIS)

Local electrochemical impedance spectroscopy (LEIS) experi-
ments were carried out using an Ametek® VS-LEIS system, con-
trolled by the VersaScan® Software. The scanned area was 25 mm?
and the maps were obtained at a frequency of 5 Hz with an am-
plitude of 20 mV and a step size of 200 pm at a height of 300
um from the sample surface. The experiments were performed in
0.005 mol L-! NaCl solution, at room temperature (22 + 2 °C).
An Ag/AgCl electrode was used as a reference and a Pt ring was
used as a counter electrode. Admittance maps of the coupled sam-
ple were acquired after 2 h of exposure to the solution. Coupled
samples of the two temper conditions were joined as previously
described.

2.7. Scanning electrochemical microscopy (SECM)

Scanning electrochemical microscopy (SECM) was performed
using a machine produced by Sensolytics (Bochum, Germany). The
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Fig. 4. (a) Optical micrograph of the exposed isolated 6061-T6 sample; (b) high magnification SEM image of the circled pit region; (c) high magnification SEM image of the

pit region showing the intergranular corrosion propagation.

Fig. 5. (a) Optical micrograph of the exposed isolated 6061 alloy after the picture frame technique (PFT) process; (b) high magnification SEM image of the circled pit region

showing the intragranular corrosion propagation.

measurement was conducted in the competition mode [33-39],
with the molecular oxygen content being monitored from its re-
duction at the tip polarized at —0.70 V Ag/AgCl (according to reac-
tion 1):

0, + 2H,0 + 4e~ — 40H" (1)

At this potential, the reduction of oxygen occurs under dif-
fusion and in this measurement the Pt microelectrode and the
surface compete for the oxygen dissolved in solution [36,38,39].
The positioning of the Pt tip was performed by recording the Z-
approach curves over each coupled sample using the redox com-
petition SECM mode. A change in the profile of the limiting cur-
rent was obtained close to the surface, and the optimal distance

obtained was 20 pum above it with a scan rate of 50 um s~ 1. To
obtain a better measurement resolution, a scan area of 250 x 250
um? was used. An Ag/AgCl electrode was used as a reference, and
a platinum wire was used as a counter electrode. The Pt tip was
10 pm in diameter. The experiments were performed in 0.05 mol
L1 NaCl solution at room temperature (22 + 2 °C) in neutral pH.
The oxygen current maps were obtained above the individual sur-
faces of the coupled samples which were embedded in epoxy resin.

3. Results and discussion

Time evolution of the open circuit potential (OCP) measure-
ments for the 6061 alloy in either T6 temper or picture frame
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Fig. 7. (a - b) Optical micrograph of the exposed surface of the (a) coupled T6 and (b) coupled PFT samples. (c - d) High magnification images of the pit region for the (c)

coupled T6 and (d) PFT samples.

technique (PFT) conditions were monitored during the first 4 h of
immersion in 0.6 mol L~! NaCl solution, Fig. 3. The samples were
analyzed both in isolation and when galvanically coupled. In the
first hour of immersion, the different samples presented similar
OCP values; however, with time, a difference of around 50 mV be-
tween the samples was established. The OCP is dependent on the
chemical composition and temper condition. As the chemical com-
position of the samples is the same, the increased potential of the
PFT condition in relation to T6 temper is related to the microstruc-

tural modification that occurred during the manufacturing process.
The sequence of heating, hot and cold rolling processes are respon-
sible for the modifications in the microstructural features of the
6061 alloy. Consequently, different electrochemical behaviors were
related to the T6 and PFT conditions. The lower potentials observed
for the T6 sample means that it will act as an anode when galvan-
ically coupled to the PFT sample. The OCP curve corresponding to
the coupled samples shows an OCP with intermediate values be-
tween those of the isolated T6 and PFT samples. The fact that the
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(b)

PFT
Temper condition

T6

Fig. 8. (a) EDX maps of the 6061 alloy showing the chemical composition of the micrometric particles; (b) microhardness values for the 6061-T6 and picture frame technique

(PFT) temper samples.

OCP rapidly reached fairly stable values for the coupled condition
suggests faster kinetics of the corrosion process in this condition
than for the T6 and PFT samples in isolation.

The test solution (0.6 mol L-' NaCl solution) is highly aggres-
sive for both temper conditions. Fig. 4(a) and Fig. 5(a) show pits
evenly distributed on the surfaces of both types of tested samples,
the T6 and PFT, respectively. However, the pit morphology differs
for both conditions. Also, corrosion propagation in the T6 condition
was intergranular, as observed by the high magnification images
of the T6 condition presented in Fig. 4(b-c), and intragranular for
the PFT condition, as observed from the high magnification image
presented in Fig. 5(b). Cross-sectional images of the samples after
immersion test provided information about the attack propagation.
The attack was deeper in the T6 condition (Fig. 6a) compared to
the PFT (Fig. 6b), for which a shallow pit was observed. The ex-
posed surface of the coupled samples was examined after immer-
sion, Fig. 7. It is interesting to note that the density of the pits
(inside yellow circles) increased for the T6 sample in the galvani-
cally coupled case, whereas it decreased for the PFT sample. This
is explained by the fact that the PFT sample is cathodic relative to
the T6 and was protected during galvanic coupling.

The corrosion behavior of the 6061 alloy is associated with the
second phases which are Fe-Si and Mg-Si rich phases. Micromet-
ric particles, Fig. 8(a), are formed during casting and are related to
the low solubility of some elements in the Al matrix. The Fe-rich
particles are cathodic to the matrix while the Mg-rich ones are ini-
tially anodic to the matrix. Despite their contribution to the corro-
sion of the 6061 alloy, the micrometric particles are not affected
by the PFT process. On the other hand, the nano-sized 8 (Mg,Si)
phase precipitation is affected by the thermomechanical process.
The main phase responsible for the strengthening of the 6061 al-
loy is the B” phase. Since the T6 temper is a peak-aged condition,
a higher density of the 8" phase is expected, as the microhard-
ness measurements show, Fig. 8(b). The microhardness related to
the PFT condition is about twice lower, which can be explained by
phase dissolution and coarsening. Therefore, the lower values of
OCP for the T6 sample, and as a consequence, the higher suscepti-
bility to corrosion can be associated with its higher amount of 8”
phase compared with the PFT sample.

The effect of galvanic coupling between the T6 and PFT samples
was easily identified by the agar gel visualization test. According to
Fig. 9, when the PFT and T6 alloys were exposed to the gel in iso-
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Fig. 9. Optical macrographs obtained while monitoring the exposed surfaces of the T6 sample, PFT sample and T6/PFT coupled samples in agar gel containing 0.6 mol L-!

of NaCl. The dashed circles show the acidified regions.

lation, both alloys presented well-defined acidified regions, which
were related to pitting corrosion. However, when the alloys were
galvanically coupled, the PFT sample was cathodically protected by
the T6 sample. Acidified regions related to severe pit growth were
only observed on the T6 sample corroborating the anodic behavior
of this sample in the galvanic pair. As discussed above, the cathodic
protection was not complete. Consequently, it did not lead to the
complete elimination of corrosion in the protected alloy, Fig. 7.
The corrosion protection observed was partial, and this can be ex-
plained by the small potential difference (around 50 mV) between
the two temper conditions (Fig. 3) with lower 8” phase density re-
lated to the PFT condition since this phase is dissolved during the
manufacturing process.

SVET maps of each of the coupled alloy tested were obtained
after 2 h of immersion in 0.05 mol L~! NaCl solution, Fig. 10. The
results were consistent with those from the agar test. According
to the results obtained, when the samples are coupled, anodic be-
havior was related to the T6 condition, whereas the PFT condition
presented a cathodic behavior.

The corrosion mechanism was also evaluated using local elec-
trochemical impedance spectroscopy (LEIS) technique after 2 h of
immersion in 0.005 mol L~! NaCl solution, Fig. 11. The results are
in accordance with the previous ones. Galvanic coupling was ob-
served between the T6 and PFT samples and the T6 sample pre-
sented higher electrochemical activity than the PFT sample. This
result points to the importance of controlling the purity of the
coolant to avoid galvanic effects between parts of the nuclear fuel
elements made with the 6061 alloy subjected to different thermo-
mechanical conditions and in contact. Maps are plotted in terms of
admittance (inverse of impedance) since at low frequencies it cor-
relates directly with corrosion rate. The 6061-T6 sample was more
active than the PFT one and it was also more susceptible to pitting
corrosion, as indicated in the maps in Fig. 11.

Scanning electrochemical microscopy (SECM) was also carried
out after 2 h of immersion in 0.05 mol L-! NaCl solution, Fig. 12.
This technique is useful in revealing the nature of the reactions
occurring over the surface. The tip was polarized to the oxygen re-
duction potential (-0.70 V vs Ag/AgCl). The size of the area tested
for the galvanic couple was reduced in the SECM, for both the
T6 and PFT surfaces, in relation to the other local electrochemical
techniques to improve measurement resolution. As observed, from
the SECM maps, the oxygen reduction current measured at the tip
was smaller above the T6 compared with the PFT sample. Since
the tip is polarized to the oxygen reduction potential, the surface
related to higher oxygen currents (blue) corresponds to the anodic
one, because it does not show significant consumption of dissolved
oxygen from the adjacent electrolyte. Therefore, aluminum dissolu-
tion predominates at the T6 sample.

On the other hand, on the exposed surface of the PFT alloy, de-
pletion in oxygen was observed (red). This occurs due to oxygen
consumption by the cathodic reaction (Eq. 1). Consequently, the
PFT sample acted as the cathode of the galvanic system.

Galvanic corrosion is characterized by the electrical contact of
metals with different potentials when they are exposed to an ag-
gressive environment. Thus, accelerated dissolution of the less no-
ble metal, acting as the anode, occurs while the corrosion rate of
the metal acting as the cathode is reduced. Pitting corrosion in the
6XXX aluminum alloys correlates well with the activities of Mg-
Si particles [29,31,40]. Furthermore, as observed in this work, it is
dependent on the thermomechanical processing. The 6061 in the
peak-aged condition, T6, is associated with high strength and, con-
sequently, with a high content of 8” phase. The 6061 alloy in the
PFT condition presented lower strength than the T6 sample, likely
due to the dissolution of the anodic 8” phase and other possible
Mg-Si particles. This process, in turn, improved the corrosion be-
havior of the PFT 6061 alloy.
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Fig. 10. SVET maps of the coupled T6 | PFT samples after 2 h immersion in 0.05 mol L-! NaCl solution.
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Fig. 11. Local admittance maps of the coupled T6 | PFT samples after 2 h immersion in 0.005 mol L~' NaCl solution. The dashed black line indicates the coupling region.

Acquisition frequency: 5 Hz.

Pitting corrosion of peak-aged 6XXX alloys has been associ-
ated with intergranular corrosion propagation [10,11]. The pres-
ence of anodic phases at the grain boundaries and the precipitate
free zones in their vicinities lead to intergranular corrosion in the
6XXX series alloys. As observed by SEM micrographs, Fig. 4(c) and
Fig. 5(b), the grain boundaries are more active for the 6061-T6 than
for the PFT condition, indicating that precipitation of anodic phases
at the grain boundaries is favored in the 6061-T6 sample. Addi-
tionally, when the plates of the T6 and PFT tempers of the 6061
alloy are coupled, galvanic corrosion is promoted due to the po-
tential differences explained by the higher content of 8” phase in

the peak-aged T6 condition, and the MgSi phase dissolution during
the PFT process, Fig. 8(b). The higher content of Mg-Si particles
in the T6 condition decreases its potential in relation to the PFT,
and galvanic coupling is promoted between these alloys. As the 8”
phase is related to pitting corrosion in the 6XXX series alloy, the
higher content of preferential sites for localized corrosion favors
the dissolution of the T6 alloy. Additionally, the fast kinetics of the
dissolution process releases electrons to the cathodic sites. Despite
the presence of cathodic Fe-Si micrometric particles in the T6, the
cathodic surface available is not sufficient to consume the released
electrons which eventually migrate to the PFT, due to the differ-
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Fig. 12. SECM maps of the coupled T6 |/ PFT 6061 alloy obtained after 2 h immersion in 0.05 mol L-! NaCl solution above 20 um from each alloy surface with a scan rate

of 50 um s~'. Selected areas above (a) T6 alloy; (b) PFT alloy.
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Fig. 13. Schematic diagram of the corrosion process associated with the galvanic coupling between the 6061-T6 and 6061-PFT alloys.

ence in potential. At the PFT surface, the lower content of Mg-Si
particles increases the available cathodic surface for oxygen reduc-
tion. Therefore, the PFT surface acts as a cathode and the attack
in this alloy is related to local alkalinization (despite the lower pit
density, as observed in Fig. 7) as a result of the reduction reac-
tion. A schematic diagram proposed for the corrosion mechanism
of the T6 | PFT couple is shown in Fig. 13. The results from local-

ized electrochemical techniques support the mechanism proposed.
The observation from the SVET showed higher corrosion currents
associated with the T6 condition. Moreover, the higher oxygen con-
sumption on the PFT sample also indicates higher reduction activ-
ity over the PFT surface. Finally, the admittance maps obtained at
5 Hz differentiated the kinetics of the electrochemical processes
and higher pitting susceptibility related to the T6 condition com-
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pared to the PFT alloy. The possibility of galvanic coupling between
the 6061 alloy with different thermomechanical treatment, as pre-
sented in this study, even in solution of low chloride content, as
the one used (0.005 mol L1 of NaCl solution), shows the neces-
sity for strict control of the coolant purity in contact with these
alloys.

Conclusions

The picture frame technique (PFT) process conditions used in
the processing of nuclear fuel elements affected the corrosion
properties of the 6061 Al alloy. Reduction in 8” phase content dur-
ing the PFT process decreased the 6061 alloy susceptibility to lo-
calized corrosion and increased its open circuit potential. Galvanic
coupling between parts of the nuclear fuel plates, namely cladding
(6061-PFT) and case (6061-T6), is favored due to the B” phase
content reduction induced by the PFT process. Galvanic coupling
was established by conventional and local electrochemical tech-
niques, in solutions with different chloride ion contents. The re-
sults showed a potential difference of approximately 50 mV. The
material used in nuclear fuel plates cladding (6061-PFT) acted as
the cathode when coupled to the material used for nuclear fuel
case (6061-T6), which acted as the anode. The potential difference
between the PFT and T6 conditions was sufficient to promote par-
tial protection of the alloy in the PFT condition.
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