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Abstract: In nuclear research reactors, aluminium alloys are corroded and aluminium hydroxide
film covers their surface. Defects created by neutron can have a detrimental effect on
this corrosion. In this study, two ion irradiations are performed on 6061-T6 aluminium
alloy. The first irradiation experiment aims at studying the effect of metal matrix
irradiation on aluminium corrosion. The second irradiation experiment aims at studying
the effect of hydroxide irradiation on aluminium corrosion. The displacement per atom
is at most 2.5 dpa in the hydroxide film irradiated with Al ions of 1.2 and 5 MeV and at
most 8 dpa in the aluminium matrix irradiated with Al ions of 1.8 MeV (calculated with
SRIM). The effects of ion irradiation are investigated by TEM and SEM observations.
The crystalline structure of aluminium hydroxide is studied by electron diffraction, p-
Raman and X-rays diffraction. In the aluminium hydroxide film (composed of a mix of
bayerite, a-Al(OH) 3 , and boehmite, y-AIOOH, before irradiation), ion irradiation
causes formation of voids and dehydrates aluminium hydroxide (nanocrystallites of n-
Al 2 O 3 are observed in the irradiated film). In the aluminium matrix, irradiation
increases density of dislocations and amorphizes dispersoids. After ion irradiation,
samples are corroded at 70°C in 2.8L of demineralised water. The two irradiations
increase aluminium corrosion.

The second part of this study is about samples corroded in the Osiris nuclear research
reactor, in water at 42°C, with a pH of 6 and for 18 months. The aluminium hydroxide
film observed on these samples has a layered microstructure composed of a compact
inner layer, a thick intermediate layer and an outer layer of cuboid microcrystals.
Silicon enrichment is observed in the inner layer. The effect of ion and neutron
irradiation on aluminium corrosion is compared in this study and similarities are
observed between ion and neutron irradiations.
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Response to Reviewers:

Nathalie Moncoffre, Dr.

University of Lyon: Universite de Lyon
n.moncoffre@ipnl.in2p3.fr

corrosion specialist

We would like to thank the editor and the reviewers for their time and the quality of their
comment. We have tried to answer as precisely as possible the reviewer’s questions
and improve the paper as suggested:

Reviewer #1:

This study focuses on the effect of irradiation on corrosion of aluminum alloys used in
test reactors. This is an important research topic since the effect of irradiation on
corrosion is still not well understood for structural materials. To investigate this ion
irradiation of the Al matrix followed by corrosion is performed. Irradiation of the Al oxide
in a pre-oxidized material followed by subsequent oxidation is also performed. Finally
data on ion irradiated materials is compared to neutron irradiated specimen. The paper
is relatively well written, although some typos are present and an English speaker
should review the paper prior the re-submission. The conclusions are relatively well
supported by the data and the reviewer would recommend publication of this study.
However, there are a few points, highlighted below, that need revisions before the
paper can be recommended for publication.

1. Large voids are observed in the oxide after ion irradiation. This is atypical in room
temperature irradiation. The reviewer is concerned that the temperature in the oxide
during irradiation maybe actually high than reported. The oxide acts as an insulator
and the heat deposited by heavy-ion electronic stopping would not be easily
transferred to the metal and cooling stage. This is reinforced by the fact that no voids
are observed in the Al matrix, in similar conditions, which is expected. The authors
need to discuss this in more details in a revised version of the manuscript.
Response: The temperature is monitored at 20°C, and maximal variations of 2°C are
observed when switching off the beam: the temperature in the oxide is hence close to
20°C. Voids are observed only at high dpa in metals, but are commonly observed at
low dpa in oxides, even at room temperature. The reference [43] was added in which
authors observe voids in zirconia after ion irradiation at 1 and 10 dpa at room
temperature: the irradiation was done on FIB samples taken in corroded ZrNb. A few
lines were added in the manuscript page 8 in the § 3.1 to explain this point.

2. It is written that ion irradiation dehydrates the oxide layer, but no
mechanisms/evidence are proposed to support this argument. Considering the above
issue of temperature control, would it be possible that a higher temperature of the
oxide under ion irradiation is responsible for the dehydration of the oxide?

Response: Irradiations of ceramic samples (insulators) with an energy deposit of 0,5
W/cm2 without sample cooling lead to temperatures under 80°C (from the Jannus
feedback). In our case, the samples are cooled by a nitrogen circulation at the back of
the sample holder, and the temperature of the alloy is monitored at 20°C by a
thermocouple fixed on a sample. Moreover, the hydroxide film is only 4 ym thick on a 1
mm thick alloy sample : even with a low thermal conductivity of the hydroxide film, the
temperature in the oxide film is very close to room temperature : this is confirmed by
the maximal variations of 2°C indicated by the thermocouple when switching off the
beam. Hence, the dehydration of the oxide cannot result from a local temperature
increase. In addition, the reference [43] was added, showing that ion irradiations on
zirconia formed on corroded ZrNb alloys (FIB samples) can lead to phase
transformations of the oxide at room temperature. A few lines were added in the
manuscript pages 9 and 10 in the §3.1 (lon irradiation of aluminium hydroxide) to
discuss this point.

3. While both ion and neutron irradiation result in an increase in corrosion rate, it is
unclear if the mechanisms are the same. To the reviewer's opinion the mechanisms
are clearly different. The authors should acknowledge that the ion irradiation did not
provide insight on the increase in corrosion rate observed under neutron irradiation.
The oxide layers of ion (followed by corrosion) and neutron irradiated oxides show a
relatively similar structure, but that structure is actually similar to non-irradiated
oxides... There is no evidence that the neutron irradiation induced increase in
corrosion rate follow the same underlying mechanism than the ion irradiation induced
increase in corrosion rate. Since the ion irradiation creates large voids and dehydration
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in the oxide, which are not observed under neutron irradiation, the tow mechanisms
should be clearly labelled as different.

Response: The authors agree with the reviewer that the mechanisms proposed in the
paper apply to ion-irradiation and not directly to neutron- or in-core- irradiation. In order
to make this point clearer, a sentence was added in section 4.2 as well as in the
conclusion of the paper.

Reviewer #2:

The presented study compared the impact of ion and neutron irradiation on the
corrosion of 6061-T6 alloy through microstructure characterization, and proposed a
growth mechanism of aluminium hydroxide during corrosion tests coupled to ion
irradiation. The study is comprehensive, and worthy to be published. However, more
microstructure characterizations are suggested to make the study completed.

1. The authors stated "The objective of this paper is to compare neutron and ion
irradiation effects on aluminium samples" on Page 2, and had a discussion section on
page 16. However, the study presented SEM and TEM characterizations of ion-
irradiated samples, but only SEM/EPMA on neutron irradiated samples. TEM
characterization on neutron irradiated samples should be presented, so that the
comparison will be completed and more sound.

Response: As suggested by the reviewer, TEM studies of neutron irradiated samples
would indeed have been a valuable addition to the paper. However, preparation of
such radioactive samples is a very costly and complex process that was not performed
at the time of the study presented here. This is however a study that is envisioned for
the future. As such, a sentence was added in the conclusion to address this point.

2. Page 6, "Scattering Electron Microscopy (SEM)" should be "Scanning Electron
Microscopy (SEM)".
As suggested, correction was done.

3. Page 6, "length camera" should be "camera length".
As suggested, correction was done.

4. Pages 11-12, section 3.2, Fig. 7. The authors stated in Fig. 7b, region 2, "it is difficult
to discern one grain from another and the grain size cannot be measured". However,
Fig. 7b gives information on the contrary, i.e., grain boundaries are clearly seen and
grain size can be measured. In fact, there are no much different on grain boundary and
grain size between regions 1 and 2, except some grains in region 2 show stronger
diffraction contrast which typically related to grain orientations.

Response: The grains are not necessarily easy to measure in our sample due to the
presence of many dislocations, in particular for the irradiated sample. By observation of
the figures presented in the paper, it can indeed be seen that the grain size for the
unirradiated sample and area 1 of the irradiated sample are similar. Due to the high
number of dislocations in area 2 of the irradiated sample, it seems difficult to identify
properly grains and in particular define an average grain size.

a. How did the authors define the boundary between regions 1 and 27

Response: The boundary was placed using SRIM calculation as the peak of
implantation of the irradiating ions. A sentence was added in section 3.2 and in the key
for Fig. 7 to make this point clearer.

b. The authors stated "voids are not observed in the irradiated matrix". However, did
the authors characterized the sample using through focus (large defocus in both under
and over focus ranges) technique to verify whether nanosized voids in the irradiated
region?

Response: The technique used to verify the presence of nanosized voids is:

1.When the sample is observed to a high magnitude, the focus is done on default
(grains boundary, nanometric precipitate ...) present in the aluminium matrix.

2.Then, defocus is done in both under and over focus ranges, outline of voids become
clear with defocus.

This technique is the one described by the reviewers and was indeed applied in this
study.

In addition, this technique is also used in the irradiated aluminium hydroxide in order to
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characterize the samples and as reported in the manuscript, nanosized voids were
observed in hydroxide, contrary to what was observed in the irradiated aluminium
matrix. Addition details are added in the article.

c. Lower magnification images of both Figs. 7 a and b would be better to show the
microstructure difference between the two samples, as well as different regions in Fig.
7b.

As suggested by the reviewer, lower magnification image of the irradiated aluminium
matrix is presented in Fig. 7.

5. Page 12. The authors verified the dispersoid is crystalline and amorphous in
unirradiated and irradiated regions, respectively, by tilting the sample in TEM. This is
correct in most cases, however, convergence beam electron diffraction (CBED) is
recommended, which provides direct, more accurate evidence, and also easier to do.
Precipitates have the same size than grains of the aluminium matrix. As a result,
electron diffraction pattern show a constellation of spots were circles could be seen
with great difficulties. This fact also come from that the litter diaphragm of the used
TEM does not allow to select only the precipitates, a lot of grain of the aluminium
matrix are taken in the electron diffraction pattern. As a result, the authors choose the
technique described in [35].

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Cover Letter

DE LA RECHERCHE A L'INDUSTRIE

www.cea.fr

Sarah L’Haridon-Quaireau
Corresponding author
sarah.quaireau@Iaposte.net

Saclay, France, 02/09/2020
Dear Editors,

I am pleased to submit an original research article entitled “Impact of ion and neutron
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This manuscript describes a study about the effect of ion and neutron irradiation on the
aqueous corrosion of an aluminium alloy used in nuclear research reactors and the

characterisation of the aluminium hydroxide. The highlights of this study are:
e lon irradiation dehydrates aluminium hydroxide (boehmite and bayerite).

e lon irradiation induces microstructure changes and voids in aluminium hydroxide.
¢ Neutron and ion irradiations increase aluminium alloy corrosion.

e Neutron irradiation causes silicon enrichment of aluminium hydroxide.

We believe that this manuscript is appropriate for publication by Journal of Nuclear Materials
because the results presented in our manuscript allow to better understand the impact of
neutron irradiation on the hydroxide growth at the surface of aluminium alloy.

This manuscript has not been published and is not under consideration for publication
elsewhere. We have no conflicts of interest to disclose.

Thank you for your consideration.

Sarah L’'Haridon-Quaireau

THE

afag
ISO 14001

Qualits Commissariat a I'énergie atomique et aux énergies alternatives Direction de I'Energie Nucleaire
Centre de Saclay — Bat 625P - pc 123 | 91191 Gif-sur-Yvette Cedex Direction deléguée aux Activités Nucléaires de Saclay
T.+33 (0)1 69 08 46 24 | F. +33 (0)1 69 08 90 73 Département des Matériaux pour le Nucléaire
mail :catherine.allenou@cea.fr Service d'Etudes des Matériaux Irradiés

Etablissement public a caractére industriel et commercial | RCS Paris B 775 685 019 LABORATOIRE DE MICROSCOPIE ET D’ETUDES DE L'ENDOMMAGEMENT


mailto:sarah.quaireau@laposte.net

Highlights

HIGHLIGHTS:

e lon irradiation dehydrates aluminium hydroxide (boehmite and bayerite).
e lon irradiation induces microstructure changes and voids in aluminium hydroxide.
e Neutron and ion irradiations increase aluminium alloy corrosion.

¢ Neutron irradiation causes silicon enrichment of aluminium hydroxide.



Response to Reviewers

Reponses to reviewers:

We would like to thank the editor and the reviewers for their time and the quality of their comment.
We have tried to answer as precisely as possible the reviewer’s questions and improve the paper as
suggested:

Reviewer #1:

This study focuses on the effect of irradiation on corrosion of aluminum alloys used in test reactors. This
is an important research topic since the effect of irradiation on corrosion is still not well understood for
structural materials. To investigate this ion irradiation of the Al matrix followed by corrosion is
performed. Irradiation of the Al oxide in a pre-oxidized material followed by subsequent oxidation is
also performed. Finally data on ion irradiated materials is compared to neutron irradiated specimen.
The paper is relatively well written, although some typos are present and an English speaker should
review the paper prior the re-submission. The conclusions are relatively well supported by the data and
the reviewer would recommend publication of this study. However, there are a few points, highlighted
below, that need revisions before the paper can be recommended for publication.

1. Large voids are observed in the oxide after ion irradiation. This is atypical in room temperature
irradiation. The reviewer is concerned that the temperature in the oxide during irradiation maybe
actually high than reported. The oxide acts as an insulator and the heat deposited by heavy-ion
electronic stopping would not be easily transferred to the metal and cooling stage. This is reinforced by
the fact that no voids are observed in the Al matrix, in similar conditions, which is expected. The authors
need to discuss this in more details in a revised version of the manuscript.

Response: The temperature is monitored at 20°C, and maximal variations of 2°C are observed when
switching off the beam: the temperature in the oxide is hence close to 20°C. Voids are observed only
at high dpa in metals, but are commonly observed at low dpa in oxides, even at room temperature.
The reference [43] was added in which authors observe voids in zirconia after ion irradiation at 1 and
10 dpa at room temperature: the irradiation was done on FIB samples taken in corroded ZrNb. A few
lines were added in the manuscript page 8 in the § 3.1 to explain this point.

2. It is written that ion irradiation dehydrates the oxide layer, but no mechanisms/evidence are
proposed to support this argument. Considering the above issue of temperature control, would it be
possible that a higher temperature of the oxide under ion irradiation is responsible for the dehydration
of the oxide?

Response: Irradiations of ceramic samples (insulators) with an energy deposit of 0,5 W/cm2 without
sample cooling lead to temperatures under 80°C (from the Jannus feedback). In our case, the samples
are cooled by a nitrogen circulation at the back of the sample holder, and the temperature of the alloy
is monitored at 20°C by a thermocouple fixed on a sample. Moreover, the hydroxide film is only 4 um
thick on a 1 mm thick alloy sample : even with a low thermal conductivity of the hydroxide film, the
temperature in the oxide film is very close to room temperature : this is confirmed by the maximal
variations of 2°C indicated by the thermocouple when switching off the beam. Hence, the dehydration
of the oxide cannot result from a local temperature increase. In addition, the reference [43] was added,
showing that ion irradiations on zirconia formed on corroded ZrNb alloys (FIB samples) can lead to
phase transformations of the oxide at room temperature. A few lines were added in the manuscript
pages 9 and 10 in the §3.1 (lon irradiation of aluminium hydroxide) to discuss this point.



3. While both ion and neutron irradiation result in an increase in corrosion rate, it is unclear if the
mechanisms are the same. To the reviewer's opinion the mechanisms are clearly different. The authors
should acknowledge that the ion irradiation did not provide insight on the increase in corrosion rate
observed under neutron irradiation. The oxide layers of ion (followed by corrosion) and neutron
irradiated oxides show a relatively similar structure, but that structure is actually similar to non-
irradiated oxides... There is no evidence that the neutron irradiation induced increase in corrosion rate
follow the same underlying mechanism than the ion irradiation induced increase in corrosion rate. Since
the ion irradiation creates large voids and dehydration in the oxide, which are not observed under
neutron irradiation, the tow mechanisms should be clearly labelled as different.

Response: The authors agree with the reviewer that the mechanisms proposed in the paper apply to
ion-irradiation and not directly to neutron- or in-core- irradiation. In order to make this point clearer,
a sentence was added in section 4.2 as well as in the conclusion of the paper.

Reviewer #2:

The presented study compared the impact of ion and neutron irradiation on the corrosion of 6061-T6
alloy through microstructure characterization, and proposed a growth mechanism of aluminium
hydroxide during corrosion tests coupled to ion irradiation. The study is comprehensive, and worthy to
be published. However, more microstructure characterizations are suggested to make the study
completed.

1. The authors stated "The objective of this paper is to compare neutron and ion irradiation effects on
aluminium samples" on Page 2, and had a discussion section on page 16. However, the study presented
SEM and TEM characterizations of ion-irradiated samples, but only SEM/EPMA on neutron irradiated
samples. TEM characterization on neutron irradiated samples should be presented, so that the
comparison will be completed and more sound.

Response: As suggested by the reviewer, TEM studies of neutron irradiated samples would indeed
have been a valuable addition to the paper. However, preparation of such radioactive samples is a very
costly and complex process that was not performed at the time of the study presented here. This is
however a study that is envisioned for the future. As such, a sentence was added in the conclusion to
address this point.

2. Page 6, "Scattering Electron Microscopy (SEM)" should be "Scanning Electron Microscopy (SEM)".

As suggested, correction was done.

3. Page 6, "length camera" should be "camera length".

As suggested, correction was done.

4. Pages 11-12, section 3.2, Fig. 7. The authors stated in Fig. 7b, region 2, "it is difficult to discern one
grain from another and the grain size cannot be measured". However, Fig. 7b gives information on the
contrary, i.e., grain boundaries are clearly seen and grain size can be measured. In fact, there are no



much different on grain boundary and grain size between regions 1 and 2, except some grains in region
2 show stronger diffraction contrast which typically related to grain orientations.

Response: The grains are not necessarily easy to measure in our sample due to the presence of many
dislocations, in particular for the irradiated sample. By observation of the figures presented in the
paper, it can indeed be seen that the grain size for the unirradiated sample and area 1 of the irradiated
sample are similar. Due to the high number of dislocations in area 2 of the irradiated sample, it seems
difficult to identify properly grains and in particular define an average grain size.

a. How did the authors define the boundary between regions 1 and 2?

Response: The boundary was placed using SRIM calculation as the peak of implantation of the
irradiating ions. A sentence was added in section 3.2 and in the key for Fig. 7 to make this point clearer.

b. The authors stated "voids are not observed in the irradiated matrix". However, did the authors
characterized the sample using through focus (large defocus in both under and over focus ranges)
technique to verify whether nanosized voids in the irradiated region?

Response: The technique used to verify the presence of nanosized voids is:

1. When the sample is observed to a high magnitude, the focus is done on default (grains
boundary, nanometric precipitate ...) present in the aluminium matrix.

2. Then, defocus is done in both under and over focus ranges, outline of voids become clear with
defocus.

This technique is the one described by the reviewers and was indeed applied in this study.

In addition, this technique is also used in the irradiated aluminium hydroxide in order to characterize
the samples and as reported in the manuscript, nanosized voids were observed in hydroxide, contrary
to what was observed in the irradiated aluminium matrix. Addition details are added in the article.

c. Lower magnification images of both Figs. 7 a and b would be better to show the microstructure
difference between the two samples, as well as different regions in Fig. 7b.

As suggested by the reviewer, lower magnification image of the irradiated aluminium matrix is
presented in Fig. 7.

5. Page 12. The authors verified the dispersoid is crystalline and amorphous in unirradiated and
irradiated regions, respectively, by tilting the sample in TEM. This is correct in most cases, however,
convergence beam electron diffraction (CBED) is recommended, which provides direct, more accurate
evidence, and also easier to do.

Precipitates have the same size than grains of the aluminium matrix. As a result, electron diffraction
pattern show a constellation of spots were circles could be seen with great difficulties. This fact also
come from that the litter diaphragm of the used TEM does not allow to select only the precipitates, a
lot of grain of the aluminium matrix are taken in the electron diffraction pattern. As a result, the
authors choose the technique described in [35].
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44 HIGHLIGHTS:

e lon irradiation dehydrates aluminium hydroxide (boehmite and bayerite).

47 e lon irradiation induces microstructure changes and voids in aluminium hydroxide.
49 e Neutron and ion irradiations increase aluminium alloy corrosion.

50 e Neutron irradiation causes silicon enrichment of aluminium hydroxide.

53 ABSTRACT: (300 MOTS MAX)

55 In nuclear research reactors, aluminium alloys are corroded and an aluminium

56 hydroxide film covers their surface. Defects created by neutron irradiation can have a
58 detrimental effect on this corrosion. In this study, two ion irradiations are performed on

59 a 6061-T6 aluminium alloy. The first irradiation experiment aims at studying the effect
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of metal matrix irradiation on aluminium corrosion. The second irradiation experiment
aims at studying the effect of hydroxide irradiation on aluminium corrosion. The
displacement per atom is at most 2.5 dpa in the hydroxide film irradiated with Al ions
of 1.2 and 5 MeV and at most 8 dpa in the aluminium matrix irradiated with Al ions of
1.8 MeV (calculated with SRIM). The effects of ion irradiation are investigated by TEM
and SEM observations. The crystalline structure of aluminium hydroxide is studied by
electron diffraction, u-Raman and X-rays diffraction. In the aluminium hydroxide film
(composed of a mix of bayerite, a-Al(OH)3, and boehmite, y-AIOOH, before
irradiation), ion irradiation causes formation of voids and dehydrates the aluminium
hydroxide (nanocrystallites of n-Al2O3 are observed in the irradiated film). In the
aluminium matrix, irradiation increases density of dislocations and amorphizes
dispersoids. After ion irradiation, samples are corroded at 70°C in 2.8L of
demineralised water. The two irradiations increase aluminium corrosion.

The second part of this study is about samples corroded in the Osiris nuclear research
reactor, in water at 42°C, with a pH of 6 and for 18 months. The aluminium hydroxide
film observed on these samples has a layered microstructure composed of a compact
inner layer, a thick intermediate layer and an outer layer of cuboid microcrystals.
Silicon enrichment is observed in the inner layer. The effect of ion and neutron
irradiation on aluminium corrosion is compared in this study and similarities are

observed between ion and neutron irradiations.

KEYWORDS:

Aluminium hydroxide; Corrosion; Microstructure; lon irradiation; Neutron irradiation.

1. INTRODUCTION

Aluminium alloys are used in Materials Testing Reactors (MTRs, nuclear research reactors)
because of low activation, good mechanical properties and good neutron transparency. In

particular, the aluminium alloy AA-6061-T6 is used for core structures and for fuel cladding [1-

3]. In the aqueous coolant of reactor, aluminium alloys are corroded and an aluminium

hydroxide film covers their surface. The thermal conduction of this aluminium hydroxide is
sufficiently low (~2 W/m/K [4]) to degrades the heat exchange between the core components
and the coolant, it could lead to a local overheating of core components. As a result, the study
of aluminium alloys corrosion is important for safe operation of MTRS. In this regard, aluminium
alloy corrosion tests were performed in MTRs in the literature [3,5-12]. In these studies, the
authors characterised the crystalline structure of the aluminium hydroxide by X-Ray Diffraction
(XRD) and measured the thickness of the hydroxide film developed under neutron irradiation.

The objective of this paper is to compare neutron and ion irradiation effects on aluminium

samples.
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The ion irradiation experiments are performed at the JANNuS platform (Joint Accelerators for
Nanoscience and Nuclear Simulation), in CEA Paris-Saclay, in France. Contrary to tests
performed in MTRs, ion irradiation allows to perform corrosion tests in various conditions, and
thus to lead parametric studies, without dealing with the problems of radioactive samples (the
matter is not activated by low energy ion irradiation). In addition, ion irradiation allows to obtain
high irradiation doses in a very short time.

In this study, we perform corrosion tests coupled to ion irradiation in order to irradiate the
aluminium hydroxide film and the aluminium matrix. After ion irradiation, the irradiated film and
the irradiated aluminium matrix are characterized and observed by SEM and TEM. Their
crystalline structure is studied using Selected Area Electron Diffraction (SAED) performed in a
TEM, p-Raman, and X-rays diffraction (XRD). The neutron irradiation is realized in the Osiris
reactor in CEA Saclay, in France (French Atomic Energy Commission). The microstructure of
the film is observed by SEM, its chemical composition is investigated using Electron Probe
Micro-Analysis (EPMA) and its thickness is measured on a cross-section of the samples. These
results are compared to the samples corroded in a corrosion loop with no irradiation in order to
highlight the effect of neutron irradiation on aluminium corrosion. Finally, the samples after ion
irradiation are compared to the neutron-irradiated samples in order to assess the relevance of

using ion irradiation to study aluminium corrosion for nuclear reactor application.

2. EXPERIMENTAL METHODS AND SAMPLES
In order to compare ion and neutron irradiations, three studies are leaded in this paper. These

studies are summarized in Fig. 1.

Step 2: ion irradiation

Impact of ion
irradiation on
aluminium
hydroxide

Step 1: corrosion
7 days,
70°C,
Demineralized water

5and 1.2 MeV,
Max 2.5 dpa in the
aluminium hydroxide,
20°C

Step 3: corrosion
4 days,
70°C,
Demineralized water

Impact of ion

Step 1: ion irradiation

Step 2: corrosion

Figure 1: Purpose, step and conditions of irradiation of the three studies performed in this paper.

Samples and preparation:

irradiation on 1.8 MevV, 4 days
He Max 8 dpa in the Al ays,
aluminium ) 70°C,
matrix matrix, Demineralized water
20°C
Neutron irradiation
Impact of 272 and 383 days,
P 6.7 and 10 dpa in the Al
neutron )
irradiation matrix,
+ Corrosion
42°C, pH 6

The samples are in AA-6061-T6 aluminium alloy. The chemical composition of this alloy is

presented in Table 1. The T6 treatment was obtained by solution annealing at 550°C for 4h
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following by water quenching and tempering at 175°C for 4h. This thermal treatment is
performed to improve the mechanical properties of the material [18]. The samples are coupon-
shaped with dimensions of 10 mm x 10 mm x 1 mm. They have a non-finished surface: the
samples are obtained by milling and they are not polished in order to have a representative

surface such as the one Material Testing Reactors components would have [19].

Table 1: Chemical composition of the 6061-T6 aluminium alloy used.

Element Mg Si Cu Fe Cr Mn Al
Content 1.15 0.61 0.25 0.2 0.2 0.03 Balance
(Wt.%)

lon irradiation experiments:

The conditions of the ion irradiations are described in Table 2.

Table 2: Conditions of the ion irradiations.

Irradiation | Target Al ions Flux Dose Time | Temperature
N° energy
MeV lons/cm?/s ions/cm?2 Hours | °C
1 Aluminium | 5 5.3+1.2*101! | 9.5+2.3*10%% | 5h 20
hydroxide
1.2 5.3+1.2*101 | 7.6+2.3*10%° | 4h 20
2 6061-T6 1.8 6+1.5*1011 7.6+1.9%101% | 4h 20
metal
matrix

The ion irradiation experiments are performed at the JANNuS platform (Joint Accelerators for
Nanoscience and Nuclear Simulation), in CEA Paris-Saclay, in France. The first ion irradiation is
performed on aluminium hydroxide. Prior to irradiation, aluminium alloy samples are corroded in
autoclave at 70°C, for 7 days and in 2.8L of demineralised water (Fig. 1). The temperature of
70°C is chosen because this is relevant of core structures in MTRs. The thickness of the
obtained hydroxide film is about 4 um. After the corrosion test, ion irradiation is performed: the
hydroxide film is irradiated with Al ions under vacuum. The energy of the Al ions used is 5 MeV
and then 1.2 MeV in order to irradiate the hydroxide film on all its thickness. A SRIM calculation
(using the Stopping and Range of lons in Matter software [21] with the mode “full damage
cascade”) indicates the damage is at most 2.5 dpa (displacement per atom) and 1.5 dpa on
average in the aluminium hydroxide film (Fig. 2.a). For the SRIM calculation, the threshold

displacement energies used are 20 eV and 50 eV for the aluminium and oxygen sublattice,
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respectively [22]. After ion irradiation experiment, the irradiated samples are corroded a second
time in autoclave in order to study the impact of ion irradiation on the corrosion kinetics. For this
corrosion experiment, the conditions are: 4 days, 70°C and 2.8 L of demineralised water.

The second ion irradiation is performed on the metal aluminium matrix. Metal samples are
irradiated with Al ions with an energy of 1.8 MeV. A SRIM calculation indicates the damage is at
most 8 dpa in the aluminium matrix (Fig. 2.b, obtained with the mode “full damage cascade”).
For the SRIM calculation, the aluminium threshold displacement energy used is 16 eV [23,24].
After the ion irradiation, the samples are corroded at 70°C, for 4 days and in 2.8L of
demineralised water in order to evaluate the influence of the irradiation on aluminium alloy
corrosion. During the two irradiations, the temperature is monitored using a thermocouple in
contact with a sample, the maximum temperature is 20°C for the two irradiation experiments.
For each irradiation, four samples are irradiated together on one face and for each corrosion

condition, three samples are used.

—
]
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n

Damage (dpa)

Depth in aluminium hydroxide (um)

Damage (dpa)

0 +——— ey

0 1 2 3
Depth in aluminium alloy (pm)

Figure 2: Damage profiles (dpa: displacement per atom) created by (a) Al ions with successive
energies of 5 MeV and then 1.2 MeV irradiating the aluminium hydroxide film and by (b) Al ions
with an energy of 1.8 MeV irradiating the aluminium matrix, profiles calculated by SRIM with the

mode “full damage cascade” [21].

Autoclave:

Coupled to ion irradiations, corrosion tests are performed using an autoclave made of 316L
steel. The inside of the autoclave is covered with polytetrafluoroethylene in order to avoid
contamination of the samples surface by iron from the autoclave. The sample holder is in

zirconium alloy in order to limit galvanic coupling between aluminium alloy samples and the
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sample holder. Before performing the corrosion tests, helium is injected in the autoclave in order
to deoxygenate the corrosive media. The pressure in the autoclave is imposed by the vapour

pressure (i.e. the pressure is 0.5 bar relative at 70°C).

Characterization techniques:

The aluminium hydroxide is characterized using Scannring Electron Microscopy (SEM,
measurements of the film thickness in particular), Transmission Electron Microscopy (TEM,
observation of the microstructure and analyses of its crystal structure by electrons diffraction),
X-rays Diffraction analyses (XRD) and p-Raman spectroscopy. In order to observe a cross
section of the aluminium hydroxide film using a SEM, samples are embedded in a conductive
resin and polished down to a 1 um finish with diamond pastes. The thickness of the film is
measured on a cross-section of the samples. For each sample, five micrographs of the film are
taken at different locations with a SEM (iT300 model from JEOL). The thickness of the film is
measured on these micrographs using the ANALYSIS™ software: 100 measurements are made
on each micrograph. The average of these 500 measurements is taken as a result.

To characterize the samples at the nanoscale, Transmission Electron Microscopy is used (TEM:
TECNAI 3042 model from FEI, with an acceleration voltage of 200 kV and a camera length of
865 mm for diffraction). TEM samples of the corroded materials are prepared with conventional
Focused lon Beam methods (FIB: Auriga 40 model from ZEISS). A Pt deposit is added to the
samples’ surface to protect the hydroxide film during the TEM thin film preparation.

The crystalline phases of the aluminium hydroxide are studied using low-incidence X-ray
diffraction (XRD) and p-Raman spectroscopy. The X-rays diffractometer (CPS120 —Curved
Position Sensitive- detector from INEL) is used with Cu-Ka1 radiation (Ge(111) monochromator,
wavelength: 1.5406 angstrom) in an asymmetric configuration. The incident angle of the X-ray
beam is 2°: in this configuration, the analysed depth is about 4 um in Al metal and 4 um in the
hydroxides. The p-Raman spectrometer (InVia Reflex from Reinshaw) is used with a green
laser (wavelength: 532 nm) and at 5% of the spectrometer power (5% of 100mW, to limit
hydroxide damage during the analyses). The p-Raman analyses are performed on the cross-

section of the embedded samples with an optical microscope with a magnification of 50x.

Corrosion in Materials Testing Reactor:

Samples in 6061-T6 are placed in the centre of the nuclear core of Osiris reactor (reactor
located in CEA Saclay, in France) and they are corroded by the water circulating thought the
core. The corrosion conditions are thus imposed by the nominal operating conditions of the
reactor: temperature is 42°C, pH is 6 and coolant flow rate is 0.9 m /s. Samples are corroded for
272 and 383 days in total (the test is interrupted several times to perform analyses). The
maximum received dose of fast neutrons is 1022 ni/cm? (E > 1 MeV) and the one of thermal
neutrons is 6.5*10%2 ni/cm2 (E = 0.025 eV) [25]. After corrosion in the reactor, the
microstructure of the film is observed by SEM in a shielded cell in the LECI of the CEA Saclay,

its chemical composition is investigated using Electron Probe Micro-Analysis (EPMA) and its
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thickness is measured on the cross-section of the samples observed with an optical

microscope.

3. RESULTS
In this part, the effects of ion and neutron irradiations are described (microstructure, crystalline

structure and evolution of thickness of the aluminium hydroxide film).

3.1 ION IRRADIATION OF ALUMINIUM HYDROXIDE
In this section, the effects of ion irradiation on aluminium hydroxide are studied. Samples are

corroded at 70°C for 7 days and in 2.8L of demineralised water. Fig. 3.a presents a TEM
micrograph of the unirradiated aluminium hydroxide film obtained on the samples surface. The
film is composed of two main layers, an inner and an outer. The inner layer in contact with the
aluminium matrix is compact. According to p-Raman analyses, this layer is composed of
nanometric boehmite (y-AIOOH, the data from [26,27] are used to identify this phase). The
outer layer in contact with the aqueous solution is composed of cuboid microcrystals. These
microcrystals are observed on the samples surface as illustrated in Fig. 4.a. According to p-
Raman analyses, these microcrystals are well-crystallised bayerite (a-Al(OH)z, the data from
[26] are used to identify this phase. The p-Raman analyses performed on the inner and the
outer layers are compared to XRD analyses: the film is composed of a mix of boehmite and
bayerite as seen by both techniques. A thin intermediate layer is present between the two main

layers. This layer is composed of needle-like nanocrystallites as seen in Fig 3.a.
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Figure 3: TEM micrographs of (a) a unirradi.e;ted film of aluminium hydroxide (obtained on
samples corroded at 70°C, in 2.8L of demineralised water and for 7 days), (b) a film irradiated

with Al ions of successive energies 5 MeV then 1.2 MeV.

After corrosion experiment, the aluminium hydroxide film is irradiated with Al ions of energies 5
MeV and 1.2 MeV, the two energies are used in order to irradiate the two main layers of the film.
The damages are at most 2.5 dpa and 1.5 dpa on average (Fig. 2.a). Fig. 3.b presents a TEM
micrograph of the irradiated film. The aluminium hydroxide is between the Pt deposit and the
aluminium matrix. After ion irradiation, the distinction between the two former layers (inner and
outer layers) is difficult to make and the thin intermediate layer cannot be observed as seen in
Fig. 3.b. Voids are present in all the irradiated film. In particular, a line of voids is observed in
the middle of the former inner layer. This line likely corresponds to the peak damage done by
the Al ions in the inner layer. The presence of voids in ion irradiated oxides at room temperature
was already observed [43] : the zirconia film present on ZrNb FIB samples presents some voids
after irradiation at 1 and 10 dpa. In addition, a change of microstructure is observed in the
hydroxide outer layer of our samples. After ion irradiation, cuboid microcrystals are not observed
on the samples surface: as illustrated in Fig. 4.b, the former microcrystal are globular. This
change of microstructure is similar to the observations done by Nabhan [10]: a film of boehmite

(y-AlOOH) was obtained during corrosion tests performed with samples in AlFeNi aluminium
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alloy in 0.065L of solution at pH 5.2 for 11 days and at 140°C. The samples were then irradiated
with Al ions of 1.6 MeV for 36 dpa. Before irradiation, needle-like nanocrystallites (size inferior to
0.5 um) were observed on the samples surface. After ion irradiation, only spheroids were

present on the samples surface (SEM observation).

Figure 4: SEM micrographs of the samples surface: (a) unirradiated (obtained on samples ‘
corroded at 70°C, in 2.8L of demineralised water and for 7 days) and (b) irradiated with Al ions

of successive energies 5 MeV then 1.2 MeV.

Selected Area Electron Diffractions (SAED) are performed on the inner layer and on the outer
layer of the irradiated film. Similar diffraction patterns are observed in all the irradiated film, one
of these patterns is presented in Fig. 5.a. Rings observed in Fig. 5.a indicate the presence of
nanocrystallites. A dark field performed on a part of the ring of 1.40 A is presented in Fig. 5.b:
the nanocrystallites that have diffracted are in white. The electron diffraction pattern on Fig. 5.a
can be attributed to a nanometric n-Al203 phase [28,29]. In the literature [29], this oxide phase
comes from the thermal decomposition of bayerite and pseudo-boehmite at 200-650°C in
vacuum. During irradiation, the thermal flux is low (0.2W/cm?2 for 1.2 MeV Al* and 0,8 W/cm? for
5 MeV Al?*) and the maximal measured temperature of samples is 20°C. Considering the low
oxide thickness (4 pm) on the 1mm thick alloy samples, even with the low thermal conductivity
of the oxide, the temperature in the oxide is close to 20°C : this is confirmed by the 2°C
thermocouple variation when switching off the ion beam. As a result, the presence of n-Al203
cannot be attributed to a high temperature. In addition, analyses are performed on the
aluminium hydroxide exposed to the vacuum but protected from the irradiation: p-Raman
analyses and electron diffraction indicates the aluminium hydroxide is not dehydrated (traces of
n-Alz0s are not observed). As a result, the dehydration is not due to the vacuum but to the ion
irradiation. In addition, when the irradiation starts, the pressure of the vacuum in the accelerator
increases immediately from 133*10-8 Pa to 133*107 Pa: due to the ion beam, the former
aluminium hydroxide is possibly decomposed into n-Al203 by releasing water. Unfortunately, the
presence of n-Al203 could not be confirmed by a p-Raman analysis: after irradiation, the laser
light is strongly diffused by the oxide, which makes impossible to realize an accurate

measurement. This type of problem is common with this aluminium oxide [30]. Also, phase
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transitions in zirconium oxides under ion flux were already observed at room temperature on

FIB samples taken in a corroded ZrNb alloy [43]. Therefore, the identified damages created by

ion irradiation in the aluminium hydroxide are: creation of voids, change of microstructure and

formation of n-Al2Os nanocrystallites.

2.80 A, (220)
2.40 A, (311)
1.97 A, (400)
1.50 A, (333)
1.40 A, (440)
1.19 A, (533)
1.14 A, (444)

0.99 A, (553)

Figure 5: (a) SAED pattern obtained on the film irradiated with Al ions of successive energies 5

MeV then 1.2 MeV (the planes corresponding to the d-spacing come from [28,29]) and (b) Dark

Field micrograph of the nanocrystallites which have diffracted in the red circle in Fig 5.a(TEM).

Irradiated samples are re-corroded at 70°C, for 4 days and in 2.8L of demineralised water in

order to follow the evolution of the damage in an agueous medium. After ion irradiation and re-

corrosion, the aluminium hydroxide film has the same microstructure than the unirradiated film

presented in Fig. 3.a: it is composed of a compact inner layer of boehmite and an outer layer of

cuboid microcrystals (similar to the ones observed in Fig. 4.a). A thin intermediate layer of

needle-like nanocrystallites is present between these two main layers and voids are not

observed (TEM observation). The crystalline structure, analysed by p-Raman, is also the same

for the unirradiated samples and for the irradiated and re-corroded samples: the inner layer is

composed of boehmite (y-AIOOH) and the outer layer, of bayerite (a-Al(OH)s. Traces of n-Al203

are not detected by SAED. As a result, the film is fully rehydrated and the damage due to ion
irradiation is not still present in the aluminium hydroxide film. However, ion irradiation has an
influence on the thickness of the film. Fig. 6.a presents the thickness of the inner and outer
layers and Fig. 6.b is about the mass gain of samples. The points on the curves represent the

average of measurements performed on the three samples. For 11 days (which is the total

corrosion time, 7 days before irradiation and 4 days after), the total average thickness of the film

and the average mass gain are the most important on irradiated samples: ion irradiation
increases aluminium corrosion. In addition, for 11 days, the inner layer composed of boehmite
thicker and the outer layer composed of bayerite is thinner on irradiated samples than on un-
irradiated samples. Thus, ion irradiation facilitates the formation of boehmite (y-AIOOH) to the

detriment of bayerite (a-Al(OH)z). This observation is due to the process of rehydration of the

is
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irradiated aluminium hydroxide: according to Aad [31], at a temperature above 50°C (this is
70°C in this study), alumina obtained from dehydrated aluminium hydroxide is rehydrated in
water to form boehmite. As a result, after irradiation and re-corrosion, the new inner layer
contains, in part, the two former layers. In order to compete this study on the effect of ion
irradiation on aluminium corrosion, the metal aluminium matrix is irradiated and then corroded

as described in the following section.
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Figure 6: (a) Average thickness of the aluminium hydroxide film and (b) average mass gain of
the samples unirradiated and irradiated with Al ions of successive energies 5 MeV then 1.2 MeV

(the term “irradiation” on the graphics indicates when the ion irradiation occurs).

3.2 ION IRRADIATION OF THE ALUMINIUM MATRIX
Uncorroded samples in 6061-T6 aluminium alloy are irradiated with Al ions of an energy 1.8

MeV. Samples are then corroded in order to evaluate the impact of the damage created in the
aluminium matrix on its corrosion behaviour. Fig. 7 presents two micrographs of un-irradiated
matrix (Fig. 7.a) and irradiated matrix (Fig. 7.b). In the unirradiated matrix (Fig. 7.a), the grain
size is between 100 and 200 nm on average, the minimum size is ~50 nm and the maximal is
~300 nm. In the irradiated matrix (Fig. 7.b), two areas are observed. The boundary between
area 1 and area 2 is placed from SRIM calculations (as described in Fig. 2) as the start of the
implantation peak. In area @), where the damage is between 1 dpa and 5 dpa, the grain
boundaries are well defined and the grain size is the same than in the unirradiated matrix
presented in Fig. 7.a. In area @), at the maximum damage zone of 8 dpa, it is difficult to discern

one grain from another and the grain size cannot be measured. This observation is due to a

11
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high dislocation density: the ion irradiation increases the number of dislocations in the material.
This observation has already been described in the literature [10]: samples in AlFeNi aluminium
alloy were irradiated with Al ions at 18 dpa, the number of dislocations increased in the
irradiated zone of the aluminium alloy. In addition, using the defocus technique (large defocus in
both under and over focus ranges) with a high magnitude, voids are not observed in the
irradiated matrix. This observation agrees with the literature for ion irradiations on 6061-T6 alloy
up to 30 dpa [32].
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Figure 7: TEM micrographs of (a) an unirradiated matrix of 6061-T6 aluminium alloy and (b)
irradiated matrix with Al ions of 1.8 MeV. The areas @ and @ correspond respectively to the
area irradiated at 1-5 dpa (displacement per atom) and to the most irradiated area at 8 dpa. The
boundary between area 1 and 2 is the start of the implantation peak (peak calculated with SRIM
in Fig. 2.b).
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Additional TEM observations are performed on the dispersoids present in the 6061-T6
aluminium alloy. The dispersoids size is between 50 and 200 nm. There are two families of
dispersoids depending on their chemical composition: the first one is composed of iron,
manganese and chromium, the second is composed of silicon and magnesium (chemical
analyses performed with an EDX during the TEM observations). These two types of dispersoids
are common in 6061-T6 aluminium alloy: they are Mg2Si and Al(Cr,Mn,Fe)Si [33,34]. Fig. 8
presents a dispersoid observed from two angles in the unirradiated matrix (Fig. 8.a and b) and
two dispersoids observed from different angles in the matrix irradiated at 14 dpa (Fig. 8.c and b,
dispersoids located in the area @ in Fig. 7.b). In the unirradiated matrix, the contrast of the
dispersoid changes with the tilt angle: the dispersoid is transparent with an observation angle of
a=0° (Fig. 8.a) and it is grey/black with a=10° (Fig. 8.b). This contrast variation indicates the
dispersoid is crystalline. In the matrix irradiated at 14 dpa, the contrast of the dispersoids does
not change with the observation angle (Fig. 8.c and d, the dispersoids are observed from
several angles between 0 and 20° and variation of contrast is not observed with any angle). The
absence of variation of contrast indicates the dispersoids are amorphous [35]. lon irradiation
thus causes an amorphisation of the dispersoids for the conditions used in this study. This
observation agrees with the literature for similar ion irradiations [32]: an amorphisation of
dispersoids is observed during ion irradiation performed on 6061-T6 aluminium alloy with W
ions for 10-30 dpa at 20°C. In addition to the dispersoids, other nanometric phases are present
in the 6061-T6 aluminium alloy, the influence of ion irradiation on these phases are the subjects

for several studies [32,36] and are not studied during this work.

(a) v (b)

&
E Y 4
LRI 40 nm j : nm
S e e - A

Figure 8: TEM micrographs: dispersoid observed in the unirradiated matrix from two different tilt
angles: (a) a=0° and (b) a=10°, and two dispersoids observed in the matrix irradiated at 14 dpa

from two different tilt angles: (c¢) a=0° and (d) a=10°.
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After the ion irradiation, the samples are corroded at 70°C, for 4 days and in 2.8L of
demineralised water. A film of aluminium hydroxide is present on the corroded samples.
Microstructure of the film is the same on unirradiated samples and on irradiated samples: the
film is composed of two main layers, an inner and an outer, similar to the ones described in Fig.
3.a and in Section 3.1. The film has also the same crystalline composition on un-irradiated and
irradiated samples (mix of bayerite and boehmite, analyses performed by XRD). Thicknesses of
the inner layer and the outer layer of the film are respectively 1.63 + 0.2 um and 2.65 = 0.2 um
on average on un-irradiated samples, and 1.98 £ 0.2 pm and 3.06 £ 0.2 um on average on
irradiated samples. lon irradiation causes thus an increase of thickness of the aluminium
hydroxide film: the irradiated samples are more corroded than the unirradiated ones. This
increase of aluminium corrosion could be due to the amorphisation of dispersoids and to the
increase of dislocation density. Similar observations have been made in corroded irradiated
AlFeNi aluminium alloy [10]: uncorroded samples were irradiated with Al ions for 18 dpa and
were then corroded at 140°C, for 16 days in 0.065L of solution at pH 5.2. The irradiated
samples were more corroded. In order to compete this study about the effect of irradiation on

aluminium corrosion, samples are corroded in a MTR under neutron irradiation.

3.3 CORROSION OF THE 6061-T6 ALUMINIUM ALLOY IN MATERIALS TESTING REACTOR

Samples in 6061-T6 aluminium alloy have been irradiated and corroded in the Osiris nuclear
reactor of the French Atomic Energy Commission (CEA) in Saclay, in France. After irradiation
experiments in the Osiris reactor, the film obtained on the samples surface is characterised in
hot cells. Fig. 9.a presents an SEM observation of the film. For this observation, a sample is
broken in two pieces and the film is observed on the fractured side of the sample in order to
highlight the layered microstructure of the film. The film is composed of three layers. The inner
layer is brittle (Fig. 9.a and c): numerous cracks are present in all the layer. The thickness of this
layer is ~5 um. The intermediate layer is the thickest of the three, its thickness is ~13 um. This
layer looks micro-porous (Fig. 9.a, b and c¢). The outer layer is composed of cuboid
microcrystals (Fig. 9.a and b). These microcrystals are similar to the ones observed on the
samples surface during unirradiated corrosion tests (Fig. 4.a). The outer layer is not observed
on all the samples surface: desquamations of the hydroxide film are observed (SEM observation

of the film surface).

14
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Figure 9: SEM micrographs of (a) the film obtained on sample corroded for 560 days at pH 6
and at 42°C in the reactor Osiris and zoom on (b) the outer and intermediate layers and on (c)

the intermediate and inner layers.

The chemical composition of the film is analysed by EPMA. For this analysis, a sample is
embedded in a tin-bismuth mixture and then polished down to a 1 um finish with diamond past.
The film is composed on average of 50-55 wt. % of aluminium and 40-45 wt. % of oxygen.
Silicon and magnesium are also observed in the film (Fig. 10). In particular, the film is enriched
in silicon on a depth of 5/6 um near the aluminium matrix. This depth corresponds to the
thickness of the inner layer: this indicates that only the inner layer of the film is enriched with
silicon. Silicon enrichment is not observed for unirradiated samples. This enrichment could be
due to the transmutation of aluminium in silicon due to thermal neutrons following the reactions
(2) and (3) [37,38]:

ny)
2741 + In — 2BAl (2)

2841 > 28Si+ e~ (3)

Silicon enrichment of the film had already been observed during corrosion tests performed in
MTR [10,39]. Magnesium content decreases from 0.9 wt. % in the alloy to 0.1 wt. % from a
depth of 5/6 um in the film. Magnesium is thus present only in the inner layer of the film and the
decreasing profile of magnesium content indicates a release of this chemical element in solution
after a diffusion through the film. This profile agrees with the literature: during corrosion of Mg-
containing aluminium alloy, a magnesium release in solution had already been observed during

unirradiated corrosion tests [3,20,39] and in an agqueous medium at a pH of 6, the stable form of
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the oxidised magnesium is the aqueous ion Mg?* according to the corresponding Pourbaix

diagram [40].
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Figure 10: Chemical evolution of magnesium and silicon by EMPA in the aluminium matrix and
in the aluminium hydroxide film obtained on a sample corroded for 560 days at pH 6 and at
42°C in the Osiris reactor.

In order to follow the thickness of the film during corrosion test in the Osiris reactor, samples are
embedded in an epoxy resin and then polished down to a 1 um finish with diamond past. The
thickness of the film is measured on a cross section of the samples observed with an Optical
Microscope. Table 3 summarizes the results of this examination performed on two samples (the
displacements per atom due to the fast neutrons flux in the aluminium matrix are calculated
based on the formula and the observation of Farrell et al. [6]). In addition, in order to highlight
the effect of neutron irradiation on aluminium corrosion, these results are compared to samples
corroded in a corrosion loop with recirculating water [41]. The loop allowed a renewal of the
aqueous solution: after a passage in front of the sample at very low flow rate, the water was
cleaned by filters and then reinjected in the loop. The film is five time thicker on samples
corroded in the Osiris reactor than in the corrosion loop: neutron irradiation increases aluminium
corrosion. The effect of neutron irradiation on aluminium corrosion is thus very strong. The
observations performed on samples corroded in the Osiris rector (layered microstructure of the
film, silicon enrichment and increase of aluminium corrosion) allows us to compare neutron and

ion irradiations.

Table 3: Thickness of the film measured on samples corroded in the reactor Osiris and in a

corrosion loop [41]

Sample

Corroded | Time | Temperature | pH | Flow | Dose of Displacement | Dose of | Thickness of the
in rate | fast per atom in thermal | film
neutrons | the neutrons
aluminium
matrix
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days | °C m/s | n/cmz Dpa n/cmz pm
(E>1 (E=
MeV) 0.025
eV)
N°1- Osiris 272 | 42 6 0.9 4.65*10%1 | 6.7 3.2*10%2 | 13.5+2.0
Osi reactor
N°2- Osiris 383 | 42 6 0.9 6.8*1021 | 10 4.0*10%2 | 140+1.4
Osi reactor
N°1- Corrosion | 279 50 57 - - - - 2.1£0.3
Loop loop
[41]
N°2- Corrosion | 346 50 57| - - - - 25203
Loop loop
[41]

4. DISCUSSION

Corrosion tests coupled with ion irradiations and corrosion experimentations performed in
nuclear reactor are compared in this section. In addition, the observations performed on the ion

irradiated samples allow us to propose corrosion mechanisms associated to ion irradiation.

4.1 COMPARISON BETWEEN ION IRRADIATION AND NEUTRON IRRADIATION
Some similarities are observed between ion and neutron irradiations. Films formed in nuclear

reactor and obtained after ion irradiation and re-corrosion have similar crystalline structure.
Indeed, at 70°C, the aluminium hydroxide film irradiated with Al ions and then re-corroded is
composed of a mix of boehmite (y-AIOOH) and bayerite (a-Al(OH)3), and the main crystalline
phase is boehmite. For a similar temperature (70/90°C), the film obtained in Materials Testing
Reactors (MTRSs) has the same crystalline structure (i.e. the main crystalline phase in the XRD
patterns is boehmite with traces of bayerite) [5,9,39]. In addition, the film has a similar layered
microstructure after ion irradiation and re-corrosion (cf. Section 3.1), and during corrosion tests
with neutron irradiation (Fig. 9). The two types of irradiation increase aluminium corrosion and
accelerate the aluminium hydroxide growth on the samples surface (cf. Fig. 6 and Section 3.3).
Because of these similarities, ion irradiation can be used during un-activated corrosion tests in
corrosion loops or in autoclave in order to be closer to the conditions found in MTRs. However,
silicon enrichment is observed in the film obtained in nuclear reactor (cf. Fig. 10), this
enrichment is not observed during unirradiated corrosion tests. Silicon ions can be used during

ion irradiation in order to simulate the silicon enrichment in the film.
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Nevertheless, in this study, we can observe some limitations to the use of ion irradiation to
simulate the damage created by the fast neutron flux in reactor. lon irradiation leads to a
dehydration of the aluminium hydroxide. The damage due to this dehydration (nanocrystallites
of n-Al203) may not be observed in aluminium hydroxide irradiated in a nuclear core (SAED
should be performed in the samples corroded in the Osiris reactor to answer to this incertitude).
In addition, to irradiate the aluminium hydroxide film, the corrosion tests are interrupted, the
samples are exposed to air during the break of corrosion tests. Wintergerst observed an effect
of breaks during corrosion test: the hydroxide thickness is less important during corrosion tests
with breaks than without break [3]. It means the thickness measured in this study may be
underestimated because of the interruptions to irradiate the aluminium hydroxide (cf. Section
3.1).

4.2 GROWTH MECHANISMS OF ALUMINIUM HYDROXIDE DURING CORROSION TESTS

COUPLED TO ION IRRADIATION (IRRADIATION OF THE ALUMINIUM HYDROXIDE FILM)
Mechanisms of aluminium corrosion have been studied in the literature without irradiation

[39,42]. Based on these mechanisms and with the observations done in Section 3.1, the
following mechanisms associated with ion irradiation are proposed below and summarized in
Fig. 11. It should be noted that the proposed mechanisms apply to ion irradiation and not to
neutron irradiation or to in-core irradiation in general.

1. Before ion irradiation, due to corrosion tests, aluminium matrix is oxidised at the
interface hydroxide-metal, this oxidation reaction is accompanied by the reduction of
water and dioxygen, and the production of OH hydroxide groups. A part of this oxidised
aluminium reacts with the OH hydroxide groups to form boehmite (y-AIOOH), the inner
layer, at the hydroxide-metal interface (internal growth). The rest of the oxidised
aluminium diffuses through the film and is released as ions Al(lll) in the corrosive
solution. These ions then precipitate on the samples surface to form bayerite (a-
Al(OH)z3), the outer layer (external growth). (Fig. 11.a).

2. During ion irradiation, the former aluminium hydroxide is dehydrated and change of
microstructure is observed (Fig. 11.b).

3. After irradiation, during the re-corrosion of the samples, the irradiated film is a part of
the new inner layer: at 70°C, alumina obtained from dehydrated aluminium hydroxide is
rehydrated by water to form boehmite [31], the crystalline phase of the inner layer. Due
to the non protective quality of this irradiated film, the matrix is oxidised and aluminium
is released in solution. A new outer layer is formed by the precipitation of aluminium
ions in solution on the samples surface (Fig. 11.c). The proposed global reactions are :
2AIO(OH) — Al203 + H20 and
2AI(OH)s — Al20z + 3H20
When the samples are reintroduced in the autoclave containing water for the corrosion
test after irradiation, the Al2Os layer is firstly hydrated to AIO(OH) (formation of

boehmite, the most thermodynamically stable specie) and the corrosion is observed

18



again with the formation of Al(OH)s at the interface AIO(OH)/solution following the

mechanism previously described (Figure 11).

(a) Before irradiation (b) lon irradiation (c) Re-corrosion
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gg In this study, two ion irradiations are performed in order to highlight the effect of ion irradiation
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irradiation, this film is composed of three layers: an compact inner layer of boehmite (y-AIOOH),
microcrystals composed of bayerite (a-Al(OH)z3). After irradiation, voids are present in the film
the samples surface and the thin intermediate layer is not observed. In addition, ion irradiation
film. The irradiated samples are then re-corroded. Damage is not observed in the new

persists: ion irradiation increases aluminium corrosion. This observation is attributed to the
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matrix). This irradiation increases the dislocation density and amorphizes the dispersoids. After
irradiation, the samples are corroded. The ion irradiation increases aluminium corrosion.
Samples are corroded in the Osiris nuclear reactor (located in CEA Saclay in France), at 42 °C,
at a pH of 6 and for 18 months in total. The film has a layered microstructure on the samples
surface composed of a brittle inner layer, a thick intermediate layer and an outer layer of cuboid
microcrystals. Silicon enrichment is observed in the inner layer, this enrichment is possibly due
to the transmutation of aluminium in silicon due to thermal neutron irradiation. Similarities are
observed between ion and neutron irradiations: the film has a similar crystalline structure and a
similar layered microstructure for the two types of irradiation. In addition, ion and neutron
irradiations increase aluminium corrosion and accelerate the aluminium hydroxide growth on the
samples surface. Because of these similarities, ion irradiation can be used for corrosion tests in
corrosion loops or in autoclave in order to perform parametric studies and bring some relevant
information on corrosion in MTRs. However, the corrosion mechanisms proposed in this paper
apply specifically to ion-irradiation. In particular, ion irradiation dehydrates the aluminium
hydroxide. This dehydration is one of the limitation of the use of ion irradiation as well as
damage flux. As a result, in further studies, ion irradiation coupled to corrosion tests in corrosion
loop could be performed in order to increase the application range of the empirical models used
in the literature to estimate the thickness of the film depending on the nominal operating
conditions of MTRs. Finally, conducting fine TEM characterizations on neutron irradiated
samples would be very interesting to observe the particular oxide phases created during

irradiation. These studies could be envisioned in future work on this subject.
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Figure captions:

Fig. 1: Purpose, step and conditions of irradiation of the three studies performed in this paper.

Fig. 2: Damage profiles (dpa: displacement per atom) created by (a) Al ions with successive

energies of 5 MeV and then 1.2 MeV irradiating the aluminium hydroxide film and by (b) Al ions

with an energy of 1.8 MeV irradiating the aluminium matrix, profiles calculated by SRIM with the

mode “full damage cascade” [21].
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Fig. 3: TEM micrographs of (a) a unirradiated film of aluminium hydroxide (obtained on samples
corroded at 70°C, in 2.8L of demineralised water and for 7 days), (b) a film irradiated with Al

ions of successive energies 5 MeV then 1.2 MeV.

Fig. 4: SEM micrographs of the samples surface: (a) unirradiated (obtained on samples
corroded at 70°C, in 2.8L of demineralised water and for 7 days) and (b) irradiated with Al ions

of successive energies 5 MeV then 1.2 MeV.

Fig. 5: (a) SAED pattern obtained on the film irradiated with Al ions of successive energies 5
MeV then 1.2 MeV (the planes corresponding to the d-spacing come from [28,29]) and (b) Dark

Field micrograph of the nanocrystallites which have diffracted in the red circle in Fig 5.a(TEM).

Fig. 6: (a) Average thickness of the aluminium hydroxide film and (b) average mass gain of the
samples unirradiated and irradiated with Al ions of successive energies 5 MeV then 1.2 MeV

(the term “irradiation” on the graphics indicates when the ion irradiation occurs).

Fig. 7: TEM micrographs of (a) an unirradiated matrix of 6061-T6 aluminium alloy and (b)
irradiated matrix with Al ions of 1.8 MeV. The areas 0 and Q correspond respectively to the

area irradiated at 1-5 dpa (displacement per atom) and to the most irradiated area at 8 dpa.

Fig. 8: TEM micrographs: dispersoid observed in the unirradiated matrix from two different tilt
angles: (a) a=0° and (b) a=10°, and two dispersoids observed in the matrix irradiated at 14 dpa

from two different tilt angles: (c¢) a=0° and (d) a=10°.

Fig. 9: SEM micrographs of (a) the film obtained on sample corroded for 560 days at pH 6 and
at 42°C in the reactor Osiris and zoom on (b) the outer and intermediate layers and on (c) the

intermediate and inner layers.
Fig. 10: Chemical evolution of magnesium and silicon by EMPA in the aluminium matrix and in
the aluminium hydroxide film obtained on a sample corroded for 560 days at pH 6 and at 42°C

in the Osiris reactor.

Fig. 11: Schematic of the three steps of the proposed mechanisms of aluminium corrosion

during corrosion tests coupled with ion irradiation.
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HIGHLIGHTS:
e lon irradiation dehydrates aluminium hydroxide (boehmite and bayerite).
e lon irradiation induces microstructure changes and voids in aluminium hydroxide.
e Neutron and ion irradiations increase aluminium alloy corrosion.

¢ Neutron irradiation causes silicon enrichment of aluminium hydroxide.

ABSTRACT: (300 MOTS MAX)



In nuclear research reactors, aluminium alloys are corroded and an aluminium
hydroxide film covers their surface. Defects created by neutron irradiation can have a
detrimental effect on this corrosion. In this study, two ion irradiations are performed on
a 6061-T6 aluminium alloy. The first irradiation experiment aims at studying the effect
of metal matrix irradiation on aluminium corrosion. The second irradiation experiment
aims at studying the effect of hydroxide irradiation on aluminium corrosion. The
displacement per atom is at most 2.5 dpa in the hydroxide film irradiated with Al ions
of 1.2 and 5 MeV and at most 8 dpa in the aluminium matrix irradiated with Al ions of
1.8 MeV (calculated with SRIM). The effects of ion irradiation are investigated by TEM
and SEM observations. The crystalline structure of aluminium hydroxide is studied by
electron diffraction, u-Raman and X-rays diffraction. In the aluminium hydroxide film
(composed of a mix of bayerite, a-Al(OH)s, and boehmite, y-AIOOH, before
irradiation), ion irradiation causes formation of voids and dehydrates the aluminium
hydroxide (nanocrystallites of n-Al2O3 are observed in the irradiated film). In the
aluminium matrix, irradiation increases density of dislocations and amorphizes
dispersoids. After ion irradiation, samples are corroded at 70°C in 2.8L of
demineralised water. The two irradiations increase aluminium corrosion.

The second part of this study is about samples corroded in the Osiris nuclear research
reactor, in water at 42°C, with a pH of 6 and for 18 months. The aluminium hydroxide
film observed on these samples has a layered microstructure composed of a compact
inner layer, a thick intermediate layer and an outer layer of cuboid microcrystals.
Silicon enrichment is observed in the inner layer. The effect of ion and neutron
irradiation on aluminium corrosion is compared in this study and similarities are

observed between ion and neutron irradiations.

KEYWORDS:

Aluminium hydroxide; Corrosion; Microstructure; lon irradiation; Neutron irradiation.

1. INTRODUCTION
Aluminium alloys are used in Materials Testing Reactors (MTRs, nuclear research reactors)

because of low activation, good mechanical properties and good neutron transparency. In
particular, the aluminium alloy AA-6061-T6 is used for core structures and for fuel cladding [1—
3]. In the aqueous coolant of reactor, aluminium alloys are corroded and an aluminium
hydroxide film covers their surface. The thermal conduction of this aluminium hydroxide is
sufficiently low (~2 W/m/K [4]) to degrades the heat exchange between the core components
and the coolant, it could lead to a local overheating of core components. As a result, the study
of aluminium alloys corrosion is important for safe operation of MTRs. In this regard, aluminium
alloy corrosion tests were performed in MTRs in the literature [3,5-12]. In these studies, the

authors characterised the crystalline structure of the aluminium hydroxide by X-Ray Diffraction



(XRD) and measured the thickness of the hydroxide film developed under neutron irradiation.
The objective of this paper is to compare neutron and ion irradiation effects on aluminium
samples.

The ion irradiation experiments are performed at the JANNuS platform (Joint Accelerators for
Nanoscience and Nuclear Simulation), in CEA Paris-Saclay, in France. Contrary to tests
performed in MTRs, ion irradiation allows to perform corrosion tests in various conditions, and
thus to lead parametric studies, without dealing with the problems of radioactive samples (the
matter is not activated by low energy ion irradiation). In addition, ion irradiation allows to obtain
high irradiation doses in a very short time.

In this study, we perform corrosion tests coupled to ion irradiation in order to irradiate the
aluminium hydroxide film and the aluminium matrix. After ion irradiation, the irradiated film and
the irradiated aluminium matrix are characterized and observed by SEM and TEM. Their
crystalline structure is studied using Selected Area Electron Diffraction (SAED) performed in a
TEM, p-Raman, and X-rays diffraction (XRD). The neutron irradiation is realized in the Osiris
reactor in CEA Saclay, in France (French Atomic Energy Commission). The microstructure of
the film is observed by SEM, its chemical composition is investigated using Electron Probe
Micro-Analysis (EPMA) and its thickness is measured on a cross-section of the samples. These
results are compared to the samples corroded in a corrosion loop with no irradiation in order to
highlight the effect of neutron irradiation on aluminium corrosion. Finally, the samples after ion
irradiation are compared to the neutron-irradiated samples in order to assess the relevance of

using ion irradiation to study aluminium corrosion for nuclear reactor application.

2. EXPERIMENTAL METHODS AND SAMPLES
In order to compare ion and neutron irradiations, three studies are leaded in this paper. These

studies are summarized in Fig. 1.
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Figure 1: Purpose, step and conditions of irradiation of the three studies performed in this paper.
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Samples and preparation:

The samples are in AA-6061-T6 aluminium alloy. The chemical composition of this alloy is
presented in Table 1. The T6 treatment was obtained by solution annealing at 550°C for 4h
following by water quenching and tempering at 175°C for 4h. This thermal treatment is
performed to improve the mechanical properties of the material [18]. The samples are coupon-
shaped with dimensions of 10 mm x 10 mm x 1 mm. They have a non-finished surface: the
samples are obtained by milling and they are not polished in order to have a representative

surface such as the one Material Testing Reactors components would have [19].

Table 1: Chemical composition of the 6061-T6 aluminium alloy used.

Element Mg Si Cu Fe Cr Mn Al
Content 1.15 0.61 0.25 0.2 0.2 0.03 Balance
(wt.%)

lon irradiation experiments:

The conditions of the ion irradiations are described in Table 2.

Table 2: Conditions of the ion irradiations.

Irradiation | Target Al ions Flux Dose Time | Temperature
N° energy
MeV lons/cm?/s ions/cm? Hours | °C
1 Aluminium | 5 5.3+1.2*101 | 9.5+2.3*10%5 | 5h 20
hydroxide
1.2 5.3+1.2*10M | 7.6+2.3*10%5 | 4h 20
2 6061-T6 1.8 6+1.5*101 7.6+1.9*10%5 | 4h 20
metal
matrix

The ion irradiation experiments are performed at the JANNuS platform (Joint Accelerators for
Nanoscience and Nuclear Simulation), in CEA Paris-Saclay, in France. The first ion irradiation is
performed on aluminium hydroxide. Prior to irradiation, aluminium alloy samples are corroded in
autoclave at 70°C, for 7 days and in 2.8L of demineralised water (Fig. 1). The temperature of
70°C is chosen because this is relevant of core structures in MTRs. The thickness of the
obtained hydroxide film is about 4 um. After the corrosion test, ion irradiation is performed: the
hydroxide film is irradiated with Al ions under vacuum. The energy of the Al ions used is 5 MeV
and then 1.2 MeV in order to irradiate the hydroxide film on all its thickness. A SRIM calculation

(using the Stopping and Range of lons in Matter software [21] with the mode “full damage



cascade”) indicates the damage is at most 2.5 dpa (displacement per atom) and 1.5 dpa on
average in the aluminium hydroxide film (Fig. 2.a). For the SRIM calculation, the threshold
displacement energies used are 20 eV and 50 eV for the aluminium and oxygen sublattice,
respectively [22]. After ion irradiation experiment, the irradiated samples are corroded a second
time in autoclave in order to study the impact of ion irradiation on the corrosion kinetics. For this
corrosion experiment, the conditions are: 4 days, 70°C and 2.8 L of demineralised water.

The second ion irradiation is performed on the metal aluminium matrix. Metal samples are
irradiated with Al ions with an energy of 1.8 MeV. A SRIM calculation indicates the damage is at
most 8 dpa in the aluminium matrix (Fig. 2.b, obtained with the mode “full damage cascade”).
For the SRIM calculation, the aluminium threshold displacement energy used is 16 eV [23,24].
After the ion irradiation, the samples are corroded at 70°C, for 4 days and in 2.8L of
demineralised water in order to evaluate the influence of the irradiation on aluminium alloy
corrosion. During the two irradiations, the temperature is monitored using a thermocouple in
contact with a sample, the maximum temperature is 20°C for the two irradiation experiments.
For each irradiation, four samples are irradiated together on one face and for each corrosion

condition, three samples are used.
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Figure 2: Damage profiles (dpa: displacement per atom) created by (a) Al ions with successive
energies of 5 MeV and then 1.2 MeV irradiating the aluminium hydroxide film and by (b) Al ions
with an energy of 1.8 MeV irradiating the aluminium matrix, profiles calculated by SRIM with the

mode “full damage cascade” [21].

Autoclave:



Coupled to ion irradiations, corrosion tests are performed using an autoclave made of 316L
steel. The inside of the autoclave is covered with polytetrafluoroethylene in order to avoid
contamination of the samples surface by iron from the autoclave. The sample holder is in
zirconium alloy in order to limit galvanic coupling between aluminium alloy samples and the
sample holder. Before performing the corrosion tests, helium is injected in the autoclave in order
to deoxygenate the corrosive media. The pressure in the autoclave is imposed by the vapour

pressure (i.e. the pressure is 0.5 bar relative at 70°C).

Characterization techniques:

The aluminium hydroxide is characterized using Scannttering Electron Microscopy (SEM,
measurements of the film thickness in particular), Transmission Electron Microscopy (TEM,
observation of the microstructure and analyses of its crystal structure by electrons diffraction),
X-rays Diffraction analyses (XRD) and p-Raman spectroscopy. In order to observe a cross
section of the aluminium hydroxide film using a SEM, samples are embedded in a conductive
resin and polished down to a 1 um finish with diamond pastes. The thickness of the film is
measured on a cross-section of the samples. For each sample, five micrographs of the film are
taken at different locations with a SEM (iT300 model from JEOL). The thickness of the film is
measured on these micrographs using the ANALYSIS™ software: 100 measurements are made
on each micrograph. The average of these 500 measurements is taken as a result.

To characterize the samples at the nanoscale, Transmission Electron Microscopy is used (TEM:
TECNAI 3042 model from FEI, with an acceleration voltage of 200 kV and a length-camera
length of 865 mm for diffraction). TEM samples of the corroded materials are prepared with
conventional Focused lon Beam methods (FIB: Auriga 40 model from ZEISS). A Pt deposit is
added to the samples’ surface to protect the hydroxide film during the TEM thin film preparation.
The crystalline phases of the aluminium hydroxide are studied using low-incidence X-ray
diffraction (XRD) and p-Raman spectroscopy. The X-rays diffractometer (CPS120 —Curved
Position Sensitive- detector from INEL) is used with Cu-Ka1 radiation (Ge(111) monochromator,
wavelength: 1.5406 angstrom) in an asymmetric configuration. The incident angle of the X-ray
beam is 2°: in this configuration, the analysed depth is about 4 um in Al metal and 4 um in the
hydroxides. The p-Raman spectrometer (InVia Reflex from Reinshaw) is used with a green
laser (wavelength: 532 nm) and at 5% of the spectrometer power (5% of 100mW, to limit
hydroxide damage during the analyses). The p-Raman analyses are performed on the cross-

section of the embedded samples with an optical microscope with a magnification of 50x.

Corrosion in Materials Testing Reactor:

Samples in 6061-T6 are placed in the centre of the nuclear core of Osiris reactor (reactor
located in CEA Saclay, in France) and they are corroded by the water circulating thought the
core. The corrosion conditions are thus imposed by the nominal operating conditions of the
reactor: temperature is 42°C, pH is 6 and coolant flow rate is 0.9 m /s. Samples are corroded for

272 and 383 days in total (the test is interrupted several times to perform analyses). The



maximum received dose of fast neutrons is 102 ni/cm? (E > 1 MeV) and the one of thermal
neutrons is 6.5*10%2 niw/cm?2 (E = 0.025 eV) [25]. After corrosion in the reactor, the
microstructure of the film is observed by SEM in a shielded cell in the LECI of the CEA Saclay,
its chemical composition is investigated using Electron Probe Micro-Analysis (EPMA) and its
thickness is measured on the cross-section of the samples observed with an optical

microscope.

3. RESULTS
In this part, the effects of ion and neutron irradiations are described (microstructure, crystalline

structure and evolution of thickness of the aluminium hydroxide film).

3.1 ION IRRADIATION OF ALUMINIUM HYDROXIDE
In this section, the effects of ion irradiation on aluminium hydroxide are studied. Samples are

corroded at 70°C for 7 days and in 2.8L of demineralised water. Fig. 3.a presents a TEM
micrograph of the unirradiated aluminium hydroxide film obtained on the samples surface. The
film is composed of two main layers, an inner and an outer. The inner layer in contact with the
aluminium matrix is compact. According to p-Raman analyses, this layer is composed of
nanometric boehmite (y-AIOOH, the data from [26,27] are used to identify this phase). The
outer layer in contact with the aqueous solution is composed of cuboid microcrystals. These
microcrystals are observed on the samples surface as illustrated in Fig. 4.a. According to pu-
Raman analyses, these microcrystals are well-crystallised bayerite (a-Al(OH)s, the data from
[26] are used to identify this phase. The p-Raman analyses performed on the inner and the
outer layers are compared to XRD analyses: the film is composed of a mix of boehmite and
bayerite as seen by both techniques. A thin intermediate layer is present between the two main

layers. This layer is composed of needle-like nanocrystallites as seen in Fig 3.a.



Inner Iayer.

/K Line of Void

g

L
..ll....

"y
...
.y
L]
.-......
L]
L]
L]
“y

W '

igure 3: TEM micrographs of (a) a unirradigted film of aluminium hydroxide (btained on
samples corroded at 70°C, in 2.8L of demineralised water and for 7 days), (b) a film irradiated

with Al ions of successive energies 5 MeV then 1.2 MeV.

After corrosion experiment, the aluminium hydroxide film is irradiated with Al ions of energies 5
MeV and 1.2 MeV, the two energies are used in order to irradiate the two main layers of the film.
The damages are at most 2.5 dpa and 1.5 dpa on average (Fig. 2.a). Fig. 3.b presents a TEM
micrograph of the irradiated film. The aluminium hydroxide is between the Pt deposit and the
aluminium matrix. After ion irradiation, the distinction between the two former layers (inner and
outer layers) is difficult to make and the thin intermediate layer cannot be observed as seen in
Fig. 3.b. Voids are present in all the irradiated film. In particular, a line of voids is observed in
the middle of the former inner layer. This line likely corresponds to the peak damage done by
the Al ions in the inner layer. The presence of voids in ion irradiated oxides at room temperature

was already observed [43] : the zirconia film present on ZrNb FIB samples presents some voids

after irradiation at 1 and 10 dpa. In addition, a change of microstructure is observed in the
hydroxide outer layer of our samples. After ion irradiation, cuboid microcrystals are not observed
on the samples surface: as illustrated in Fig. 4.b, the former microcrystal are globular. This

change of microstructure is similar to the observations done by Nabhan [10]: a film of boehmite

(y-AlOOH) was obtained during corrosion tests performed with samples in AlFeNi aluminium



alloy in 0.065L of solution at pH 5.2 for 11 days and at 140°C. The samples were then irradiated
with Al ions of 1.6 MeV for 36 dpa. Before irradiation, needle-like nanocrystallites (size inferior to
0.5 um) were observed on the samples surface. After ion irradiation, only spheroids were

present on the samples surface (SEM observation).

Figure 4: SEM micrographs of the samples surface: (a) unirradiated (obtained on samples
corroded at 70°C, in 2.8L of demineralised water and for 7 days) and (b) irradiated with Al ions

of successive energies 5 MeV then 1.2 MeV.

Selected Area Electron Diffractions (SAED) are performed on the inner layer and on the outer
layer of the irradiated film. Similar diffraction patterns are observed in all the irradiated film, one
of these patterns is presented in Fig. 5.a. Rings observed in Fig. 5.a indicate the presence of
nanocrystallites. A dark field performed on a part of the ring of 1.40 A is presented in Fig. 5.b:
the nanocrystallites that have diffracted are in white. The electron diffraction pattern on Fig. 5.a
can be attributed to a nanometric n-Al203 phase [28,29]. In the literature [29], this oxide phase
comes from the thermal decomposition of bayerite and pseudo-boehmite at 200-650°C in
vacuum. During irradiation, the thermal flux is low (0.2W/cm?2 for 1.2 MeV Al* and 0,8 W/cm? for

5 MeV AlI?*) and the maximal measured temperature of samples is 20°C. Considering the low

oxide thickness (4 um) on the 1mm thick alloy samples, even with the low thermal conductivity

of the oxide, the temperature in the oxide is close to 20°C : this is confirmed by the 2°C

thermocouple variation when switching off the ion beam. As a result, the presence of n-Al203

cannot be attributed to a high temperature. In addition, analyses are performed on the
aluminium hydroxide exposed to the vacuum but protected from the irradiation: p-Raman
analyses and electron diffraction indicates the aluminium hydroxide is not dehydrated (traces of
n-Alz0s are not observed). As a result, the dehydration is not due to the vacuum but to the ion
irradiation. In addition, when the irradiation starts, the pressure of the vacuum in the accelerator
increases immediately from 133*10-8 Pa to 133*107 Pa: due to the ion beam, the former
aluminium hydroxide is possibly decomposed into n-Al203 by releasing water. Unfortunately, the
presence of n-Al203 could not be confirmed by a p-Raman analysis: after irradiation, the laser
light is strongly diffused by the oxide, which makes impossible to realize an accurate

measurement. This type of problem is common with this aluminium oxide [30]. Also, phase



transitions in zirconium oxides under ion flux were already observed at room temperature on

FIB samples taken in a corroded ZrNb alloy [43]. Therefore, the identified damages created by

ion irradiation in the aluminium hydroxide are: creation of voids, change of microstructure and
formation of n-Al2Os nanocrystallites.

2.80 A, (220)
2.40 A, (311)
1.97 A, (400)
1.50 A, (333)
1.40 A, (440)
1.19 A, (533)

1.14 A, (444)

0.99 A, (553)

Figure 5: (a) SAED pattern obtained on the film irradiated with Al ions of successive energies 5
MeV then 1.2 MeV (the planes corresponding to the d-spacing come from [28,29]) and (b) Dark

Field micrograph of the nanocrystallites which have diffracted in the red circle in Fig 5.a(TEM).

Irradiated samples are re-corroded at 70°C, for 4 days and in 2.8L of demineralised water in
order to follow the evolution of the damage in an agueous medium. After ion irradiation and re-
corrosion, the aluminium hydroxide film has the same microstructure than the unirradiated film
presented in Fig. 3.a: it is composed of a compact inner layer of boehmite and an outer layer of
cuboid microcrystals (similar to the ones observed in Fig. 4.a). A thin intermediate layer of
needle-like nanocrystallites is present between these two main layers and voids are not

observed (TEM observation). The crystalline structure, analysed by p-Raman, is also the same

for the unirradiated samples and for the irradiated and re-corroded samples: the inner layer is
composed of boehmite (y-AIOOH) and the outer layer, of bayerite (a-Al(OH)s-the-erystalline
strueture-is-analysed-by-p-Raman). Traces of n-Al2O3 are not detected by SAED. As a result,
the film is fully rehydrated and the damage due to ion irradiation is not still present in the
aluminium hydroxide film. However, ion irradiation has an influence on the thickness of the film.
Fig. 6.a presents the thickness of the inner and outer layers and Fig. 6.b is about the mass gain
of samples. The points on the curves represent the average of measurements performed on the
three samples. For 11 days (which is the total corrosion time, 7 days before irradiation and 4
days after), the total average thickness of the film and the average mass gain are the most
important on irradiated samples: ion irradiation increases aluminium corrosion. In addition, for
11 days, the inner layer composed of boehmite is thicker and the outer layer composed of
bayerite is thinner on irradiated samples than on un-irradiated samples. Thus, ion irradiation
facilitates the formation of boehmite (y-AIOOH) to the detriment of bayerite (a-Al(OH)z). This
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observation is due to the process of rehydration of the irradiated aluminium hydroxide:
according to Aad [31], at a temperature above 50°C (this is 70°C in this study), alumina
obtained from dehydrated aluminium hydroxide is rehydrated in water to form boehmite. As a
result, after irradiation and re-corrosion, the new inner layer contains, in part, the two former
layers. In order to compete this study on the effect of ion irradiation on aluminium corrosion, the

metal aluminium matrix is irradiated and then corroded as described in the following section.
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Figure 6: (a) Average thickness of the aluminium hydroxide film and (b) average mass gain of
the samples unirradiated and irradiated with Al ions of successive energies 5 MeV then 1.2 MeV

(the term “irradiation” on the graphics indicates when the ion irradiation occurs).

3.2 ION IRRADIATION OF THE ALUMINIUM MATRIX
Uncorroded samples in 6061-T6 aluminium alloy are irradiated with Al ions of an energy 1.8

MeV. Samples are then corroded in order to evaluate the impact of the damage created in the
aluminium matrix on its corrosion behaviour. Fig. 7 presents two micrographs of un-irradiated
matrix (Fig. 7.a) and irradiated matrix (Fig. 7.b). In the unirradiated matrix (Fig. 7.a), the grain
size is between 100 and 200 nm on average, the minimum size is ~50 nm and the maximal is

~300 nm. In the irradiated matrix (Fig. 7.b), two areas are observed. The boundary between

area 1 and area 2 is placed from SRIM calculations (as described in Fig. 2) as the start of the

implantation peak. -depending-on-the-grain-size—In area @), where the damage is between 1

dpa and 5 dpa, the grain boundaries are well defined and the grain size is the same than in the

unirradiated matrix presented in Fig. 7.a. In area @, at the maximum damage zone of 8 dpa, it

is difficult to discern one grain from another and the grain size cannot be measured. This
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observation is due to a high dislocation density: the ion irradiation increases the number of
dislocations in the material. This observation has already been described in the literature [10]:
samples in AlFeNi aluminium alloy were irradiated with Al ions at 18 dpa, the number of
dislocations increased in the irradiated zone of the aluminium alloy. In addition, using the

defocus technique (large defocus in both under and over focus ranges) with a high magnitude,

voids are not observed in the irradiated matrix. This observation agrees with the literature for
similar ion irradiations on 6061-T6 alloy up to at-16-30 dpa [£6:32].

|Surface Depth in the alloy

» - . 2D

Figure 7: TEM micrographs of (a) an unirradiated matrix of 6061-T6 aluminium alloy and (b)

irradiated matrix with Al ions of 1.8 MeV. The areas @ and @ correspond respectively to the

$
.

area irradiated at 1-5 dpa (displacement per atom) and to the most irradiated area at 8 dpa. The

boundary between area 1 and 2 is the start of the implantation peak (peak calculated with SRIM

in Fig. 2.b).
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Additional TEM observations are performed on the dispersoids present in the 6061-T6
aluminium alloy. The dispersoids size is between 50 and 200 nm. There are two families of
dispersoids depending on their chemical composition: the first one is composed of iron,
manganese and chromium, the second is composed of silicon and magnesium (chemical
analyses performed with an EDX during the TEM observations). These two types of dispersoids
are common in 6061-T6 aluminium alloy: they are Mg2Si and Al(Cr,Mn,Fe)Si [33,34]. Fig. 8
presents a dispersoid observed from two angles in the unirradiated matrix (Fig. 8.a and b) and
two dispersoids observed from different angles in the matrix irradiated at 14 dpa (Fig. 8.c and b,
dispersoids located in the area @ in Fig. 7.b). In the unirradiated matrix, the contrast of the
dispersoid changes with the tilt angle: the dispersoid is transparent with an observation angle of
a=0° (Fig. 8.a) and it is grey/black with a=10° (Fig. 8.b). This contrast variation indicates the
dispersoid is crystalline. In the matrix irradiated at 14 dpa, the contrast of the dispersoids does
not change with the observation angle (Fig. 8.c and d, the dispersoids are observed from
several angles between 0 and 20° and variation of contrast is not observed with any angle). The
absence of variation of contrast indicates the dispersoids are amorphous [35]. lon irradiation
thus causes an amorphisation of the dispersoids for the conditions used in this study. This
observation agrees with the literature for similar ion irradiations [32]: an amorphisation of
dispersoids is observed during ion irradiation performed on 6061-T6 aluminium alloy with W
ions for 10-30 dpa at 20°C. In addition to the dispersoids, other nanometric phases are present
in the 6061-T6 aluminium alloy, the influence of ion irradiation on these phases are the subjects
for several studies [32,36] and are not studied during this work.

(a) . (b)

nm
U —
-

Figure 8: TEM micrographs: dispersoid observed in the unirradiated matrix from two different tilt
angles: (a) a=0° and (b) a=10°, and two dispersoids observed in the matrix irradiated at 14 dpa

from two different tilt angles: (c¢) a=0° and (d) a=10°.
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After the ion irradiation, the samples are corroded at 70°C, for 4 days and in 2.8L of
demineralised water. A film of aluminium hydroxide is present on the corroded samples.
Microstructure of the film is the same on unirradiated samples and on irradiated samples: the
film is composed of two main layers, an inner and an outer, similar to the ones described in Fig.
3.a and in Section 3.1. The film has also the same crystalline composition on un-irradiated and
irradiated samples (mix of bayerite and boehmite, analyses performed by XRD). Thicknesses of
the inner layer and the outer layer of the film are respectively 1.63 + 0.2 um and 2.65 = 0.2 um
on average on un-irradiated samples, and 1.98 £ 0.2 pm and 3.06 £ 0.2 um on average on
irradiated samples. lon irradiation causes thus an increase of thickness of the aluminium
hydroxide film: the irradiated samples are more corroded than the unirradiated ones. This
increase of aluminium corrosion could be due to the amorphisation of dispersoids and to the
increase of dislocation density. Similar observations have been made in corroded irradiated
AlFeNi aluminium alloy [10]: uncorroded samples were irradiated with Al ions for 18 dpa and
were then corroded at 140°C, for 16 days in 0.065L of solution at pH 5.2. The irradiated
samples were more corroded. In order to compete this study about the effect of irradiation on

aluminium corrosion, samples are corroded in a MTR under neutron irradiation.

3.3 CORROSION OF THE 6061-T6 ALUMINIUM ALLOY IN MATERIALS TESTING REACTOR
Samples in 6061-T6 aluminium alloy have been irradiated and corroded in the Osiris nuclear

reactor of the French Atomic Energy Commission (CEA) in Saclay, in France. After irradiation
experiments in the Osiris reactor, the film obtained on the samples surface is characterised in
hot cells. Fig. 9.a presents an SEM observation of the film. For this observation, a sample is
broken in two pieces and the film is observed on the fractured side of the sample in order to
highlight the layered microstructure of the film. The film is composed of three layers. The inner
layer is brittle (Fig. 9.a and c): numerous cracks are present in all the layer. The thickness of this
layer is ~5 um. The intermediate layer is the thickest of the three, its thickness is ~13 um. This
layer looks micro-porous (Fig. 9.a, b and c¢). The outer layer is composed of cuboid
microcrystals (Fig. 9.a and b). These microcrystals are similar to the ones observed on the
samples surface during unirradiated corrosion tests (Fig. 4.a). The outer layer is not observed
on all the samples surface: desquamations of the hydroxide film are observed (SEM observation

of the film surface).
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Figure 9: SEM micrographs of (a) the film obtained on sample corroded for 560 days at pH 6
and at 42°C in the reactor Osiris and zoom on (b) the outer and intermediate layers and on (c)
the intermediate and inner layers.

The chemical composition of the film is analysed by EPMA. For this analysis, a sample is
embedded in a tin-bismuth mixture and then polished down to a 1 um finish with diamond past.
The film is composed on average of 50-55 wt. % of aluminium and 40-45 wt. % of oxygen.
Silicon and magnesium are also observed in the film (Fig. 10). In particular, the film is enriched
in silicon on a depth of 5/6 um near the aluminium matrix. This depth corresponds to the
thickness of the inner layer: this indicates that only the inner layer of the film is enriched with
silicon. Silicon enrichment is not observed for unirradiated samples. This enrichment could be
due to the transmutation of aluminium in silicon due to thermal neutrons following the reactions
(2) and (3) [37,38]:

ny)
2741 + In — 2BAl (2)

2841 > 28Si+ e~ (3)

Silicon enrichment of the film had already been observed during corrosion tests performed in
MTR [10,39]. Magnesium content decreases from 0.9 wt. % in the alloy to 0.1 wt. % from a
depth of 5/6 um in the film. Magnesium is thus present only in the inner layer of the film and the
decreasing profile of magnesium content indicates a release of this chemical element in solution
after a diffusion through the film. This profile agrees with the literature: during corrosion of Mg-
containing aluminium alloy, a magnesium release in solution had already been observed during

unirradiated corrosion tests [3,20,39] and in an agqueous medium at a pH of 6, the stable form of
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the oxidised magnesium is the agueous ion Mg?* according to the corresponding Pourbaix
diagram [40].
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Figure 10: Chemical evolution of magnesium and silicon by EMPA in the aluminium matrix and
in the aluminium hydroxide film obtained on a sample corroded for 560 days at pH 6 and at
42°C in the Osiris reactor.

In order to follow the thickness of the film during corrosion test in the Osiris reactor, samples are
embedded in an epoxy resin and then polished down to a 1 um finish with diamond past. The
thickness of the film is measured on a cross section of the samples observed with an Optical
Microscope. Table 3 summarizes the results of this examination performed on two samples (the
displacements per atom due to the fast neutrons flux in the aluminium matrix are calculated
based on the formula and the observation of Farrell et al. [6]). In addition, in order to highlight
the effect of neutron irradiation on aluminium corrosion, these results are compared to samples
corroded in a corrosion loop with recirculating water [41]. The loop allowed a renewal of the
aqueous solution: after a passage in front of the sample at very low flow rate, the water was
cleaned by filters and then reinjected in the loop. The film is five time thicker on samples
corroded in the Osiris reactor than in the corrosion loop: neutron irradiation increases aluminium
corrosion. The effect of neutron irradiation on aluminium corrosion is thus very strong. The
observations performed on samples corroded in the Osiris rector (layered microstructure of the
film, silicon enrichment and increase of aluminium corrosion) allows us to compare neutron and
ion irradiations.

Table 3: Thickness of the film measured on samples corroded in the reactor Osiris and in a

corrosion loop [41]

Sample

Corroded | Time | Temperature | pH | Flow | Dose of Displacement | Dose of | Thickness of the
in rate | fast per atom in thermal | film
neutrons | the neutrons
aluminium
matrix
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days | °C m/s | n/cmz Dpa n/cmz pm
(E>1 (E=
MeV) 0.025
eV)
N°1- Osiris 272 | 42 6 0.9 4.65*10%1 | 6.7 3.2*10%2 | 13.5+2.0
Osi reactor
N°2- Osiris 383 | 42 6 0.9 6.8*1021 | 10 4.0*10%2 | 140+1.4
Osi reactor
N°1- Corrosion | 279 50 57 - - - - 2.1£0.3
Loop loop
[41]
N°2- Corrosion | 346 50 57| - - - - 25203
Loop loop
[41]

4. DISCUSSION

Corrosion tests coupled with ion irradiations and corrosion experimentations performed in
nuclear reactor are compared in this section. In addition, the observations performed on the ion

irradiated samples allow us to propose corrosion mechanisms associated to ion irradiation.

4.1 COMPARISON BETWEEN ION IRRADIATION AND NEUTRON IRRADIATION
Some similarities are observed between ion and neutron irradiations. Films formed in nuclear

reactor and obtained after ion irradiation and re-corrosion have similar crystalline structure.
Indeed, at 70°C, the aluminium hydroxide film irradiated with Al ions and then re-corroded is
composed of a mix of boehmite (y-AIOOH) and bayerite (a-Al(OH)3), and the main crystalline
phase is boehmite. For a similar temperature (70/90°C), the film obtained in Materials Testing
Reactors (MTRSs) has the same crystalline structure (i.e. the main crystalline phase in the XRD
patterns is boehmite with traces of bayerite) [5,9,39]. In addition, the film has a similar layered
microstructure after ion irradiation and re-corrosion (cf. Section 3.1), and during corrosion tests
with neutron irradiation (Fig. 9). The two types of irradiation increase aluminium corrosion and
accelerate the aluminium hydroxide growth on the samples surface (cf. Fig. 6 and Section 3.3).
Because of these similarities, ion irradiation can be used during un-activated corrosion tests in
corrosion loops or in autoclave in order to be closer to the conditions found in MTRs. However,
silicon enrichment is observed in the film obtained in nuclear reactor (cf. Fig. 10), this
enrichment is not observed during unirradiated corrosion tests. Silicon ions can be used during

ion irradiation in order to simulate the silicon enrichment in the film.
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Nevertheless, in this study, we can observe some limitations to the use of ion irradiation to
simulate the damage created by the fast neutron flux in reactor. lon irradiation leads to a
dehydration of the aluminium hydroxide. The damage due to this dehydration (nanocrystallites
of n-Al203) may not be observed in aluminium hydroxide irradiated in a nuclear core (SAED
should be performed in the samples corroded in the Osiris reactor to answer to this incertitude).
In addition, to irradiate the aluminium hydroxide film, the corrosion tests are interrupted, the
samples are exposed to air during the break of corrosion tests. Wintergerst observed an effect
of breaks during corrosion test: the hydroxide thickness is less important during corrosion tests
with breaks than without break [3]. It means the thickness measured in this study may be
underestimated because of the interruptions to irradiate the aluminium hydroxide (cf. Section
3.1).

4.2 GROWTH MECHANISMS OF ALUMINIUM HYDROXIDE DURING CORROSION TESTS
COUPLED TO ION IRRADIATION (IRRADIATION OF THE ALUMINIUM HYDROXIDE FILM)
Mechanisms of aluminium corrosion have been studied in the literature without irradiation

[39,42]. Based on these mechanisms and with the observations done in Section 3.1, the
following mechanisms associated with ion irradiation eanr-beare proposed_below and

summarized in {Fig. 11}. It should be noted that the proposed mechanisms apply to ion

irradiation and not to neutron irradiation or to in-core irradiation in general. =

1. Before ion irradiation, due to corrosion tests, aluminium matrix is oxidised at the
interface hydroxide-metal, this oxidation reaction is accompanied by the reduction of
water and dioxygen, and the production of OH hydroxide groups. A part of this oxidised
aluminium reacts with the OH hydroxide groups to form boehmite (y-AIOOH), the inner
layer, at the hydroxide-metal interface (internal growth). The rest of the oxidised
aluminium diffuses through the film and is released as ions Al(lll) in the corrosive
solution. These ions then precipitate on the samples surface to form bayerite (a-
Al(OH)zs), the outer layer (external growth). (Fig. 11.a).

2. During ion irradiation, the former aluminium hydroxide is dehydrated and change of
microstructure is observed (Fig. 11.b).

3. After irradiation, during the re-corrosion of the samples, the irradiated film is a part of
the new inner layer: at 70°C, alumina obtained from dehydrated aluminium hydroxide is
rehydrated by water to form boehmite [31], the crystalline phase of the inner layer. Due
to the non protective quality of this irradiated film, the matrix is oxidised and aluminium
is released in solution. A new outer layer is formed by the precipitation of aluminium

ions in solution on the samples surface (Fig. 11.c).
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mechanism previously described (Figure 11).

‘ again with the formation of Al(OH)s at the interface AIO(OH)/solution following the

(a) Before irradiation (b) lon irradiation (c) Re-corrosion

C‘AI(III)‘)

OH~

v
H20 ’
APR*

Legend :

Solution * lons beam
O Outer layer (a-Al(OH)5) * Water diffusion
|:| Inner layer (y-AIOOH) U Oxidation/reduction reaction
- Al matrix U Precipitation of Al(lll) ions
B Irradiated film (n-Al,05) 4 AN diffusion

Figure 11: Schematic of the three steps of the proposed mechanisms of aluminium corrosion

during corrosion tests coupled with ion irradiation.

5. CONCLUSIONS
In this study, two ion irradiations are performed in order to highlight the effect of ion irradiation

on aluminium corrosion. lon irradiation is performed on an aluminium hydroxide film Before
irradiation, this film is composed of three layers: an compact inner layer of boehmite (y-AIOOH),
a thin intermediate layer of needle-like nanocristallites and an outer layer of parallelepiped
microcrystals composed of bayerite (a-Al(OH)z3). After irradiation, voids are present in the film
and a change of microstructure is observed: former cuboid microcrystals become spheroids on
the samples surface and the thin intermediate layer is not observed. In addition, ion irradiation
causes dehydration of the aluminium hydroxide: nanocrystallites of n-Al.Os are present in all the
film. The irradiated samples are then re-corroded. Damage is not observed in the new
aluminium hydroxide film and this film is fully rehydrated. However, an effect of ion irradiation
persists: ion irradiation increases aluminium corrosion. This observation is attributed to the
damages observed in the irradiated film which possibly decrease the passivation properties of
the film.

A second ion irradiation is performed on aluminium matrix, on uncorroded samples in 6061-T6

aluminium alloy (Al ions with an energy of 1.8 MeV in order to create at most 14 dpa in the
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matrix). This irradiation increases the dislocation density and amorphizes the dispersoids. After
irradiation, the samples are corroded. The ion irradiation increases aluminium corrosion.
Samples are corroded in the Osiris nuclear reactor (located in CEA Saclay in France), at 42 °C,
at a pH of 6 and for 18 months in total. The film has a layered microstructure on the samples
surface composed of a brittle inner layer, a thick intermediate layer and an outer layer of cuboid
microcrystals. Silicon enrichment is observed in the inner layer, this enrichment is possibly due
to the transmutation of aluminium in silicon due to thermal neutron irradiation. Similarities are
observed between ion and neutron irradiations: the film has a similar crystalline structure and a
similar layered microstructure for the two types of irradiation. In addition, ion and neutron
irradiations increase aluminium corrosion and accelerate the aluminium hydroxide growth on the
samples surface. Because of these similarities, ion irradiation can be used for corrosion tests in
corrosion loops or in autoclave in order to perform parametric studies and stilremain
relevantbring some relevant information on corrosion -te-the-cenditionsfound-in MTRs.

However, the corrosion mechanisms proposed in this paper apply specifically to ion-irradiation.

In particular, -However-ion irradiation dehydrates the aluminium hydroxide. This dehydration is
one of the limitation of the use of ion irradiation as well ais damage flux. As a result, in further
studies, ion irradiation coupled to corrosion tests in corrosion loop could be performed in order
to increase the application range of the empirical models used in the literature to estimate the
thickness of the film depending on the nominal operating conditions of MTRs. Finally,
conducting fine TEM characterizations on neutron irradiated samples would be very interesting

to observe the particular oxide phases created during irradiation. These studies could be

envisioned in future work on this subject.
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Figure captions:

Fig. 1: Purpose, step and conditions of irradiation of the three studies performed in this paper.

Fig. 2: Damage profiles (dpa: displacement per atom) created by (a) Al ions with successive

energies of 5 MeV and then 1.2 MeV irradiating the aluminium hydroxide film and by (b) Al ions

with an energy of 1.8 MeV irradiating the aluminium matrix, profiles calculated by SRIM with the

mode “full damage cascade” [21].
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Fig. 3: TEM micrographs of (a) a unirradiated film of aluminium hydroxide (obtained on samples
corroded at 70°C, in 2.8L of demineralised water and for 7 days), (b) a film irradiated with Al

ions of successive energies 5 MeV then 1.2 MeV.

Fig. 4: SEM micrographs of the samples surface: (a) unirradiated (obtained on samples
corroded at 70°C, in 2.8L of demineralised water and for 7 days) and (b) irradiated with Al ions

of successive energies 5 MeV then 1.2 MeV.

Fig. 5: (a) SAED pattern obtained on the film irradiated with Al ions of successive energies 5
MeV then 1.2 MeV (the planes corresponding to the d-spacing come from [28,29]) and (b) Dark

Field micrograph of the nanocrystallites which have diffracted in the red circle in Fig 5.a(TEM).

Fig. 6: (a) Average thickness of the aluminium hydroxide film and (b) average mass gain of the
samples unirradiated and irradiated with Al ions of successive energies 5 MeV then 1.2 MeV

(the term “irradiation” on the graphics indicates when the ion irradiation occurs).

Fig. 7: TEM micrographs of (a) an unirradiated matrix of 6061-T6 aluminium alloy and (b)
irradiated matrix with Al ions of 1.8 MeV. The areas 0 and Q correspond respectively to the

area irradiated at 1-5 dpa (displacement per atom) and to the most irradiated area at 8 dpa.

Fig. 8: TEM micrographs: dispersoid observed in the unirradiated matrix from two different tilt
angles: (a) a=0° and (b) a=10°, and two dispersoids observed in the matrix irradiated at 14 dpa

from two different tilt angles: (c¢) a=0° and (d) a=10°.

Fig. 9: SEM micrographs of (a) the film obtained on sample corroded for 560 days at pH 6 and
at 42°C in the reactor Osiris and zoom on (b) the outer and intermediate layers and on (c) the

intermediate and inner layers.
Fig. 10: Chemical evolution of magnesium and silicon by EMPA in the aluminium matrix and in
the aluminium hydroxide film obtained on a sample corroded for 560 days at pH 6 and at 42°C

in the Osiris reactor.

Fig. 11: Schematic of the three steps of the proposed mechanisms of aluminium corrosion

during corrosion tests coupled with ion irradiation.
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Figure 11

(a) Before irradiation
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(c) Re-corrosion
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