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HIGHLIGHTS

»  Uniform corrosion film of hydroxide aluminium shows a layered structure.
= At 70°C, the film is composed of different aluminium hydroxide phases.
»  Corrosion of magnesium present in the alloy causes pH increase in deaerated medium.

» Corrosion of iron-rich particles passivate pits.

ABSTRACT:

During operation in material testing reactors (MTR), the AA-6061-T6 alloy used for core components is
covered by aluminium hydroxide. In this work we investigate the effects of parameters on pitting and
uniform corrosion of the aluminium alloy 6061-T6 in the conditions found in MTR for the core
structures: temperature (70-100°C) and pH (5 and 7.5). After corrosion experiments, characterisation

techniques are used to observe the formed hydroxide, its composition and crystallographic structure
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alloy. In addition, corrosion models are used to predict the hydroxide thickness in MTR for a safe and
efficient operation. These models are based on empirical correlations. The data obtained from this

study allows to discuss the application of these models at low temperature (70°C).

KEYWORDS:

Aluminium hydroxide; Corrosion; Microstructure; pH.

1. INTRODUCTION

Due to low activation, good neutron transparency and good mechanical properties, the aluminium alloy
AA-6061-T6 is used in Materials Testing Reactors (MTRSs) for the structures of nuclear core and for
fuel cladding [1-3]. In MTRs, the coolant is typically nitric acid diluted in pure water in order to obtain a
pH between 5 and 6 [4,5]. The maximum temperature reached for the core structures outside of the
fuel elements is typically between 70 and 100°C [6]. In these conditions, the aluminium alloy is
corroded and a film of aluminium hydroxide covers the surface of the alloy. Since the thermal
conduction of this hydroxide is low (~2 W/m/K [7]), the film degrades heat exchanges between the
core structures and the coolant. It could therefore lead to an overheating of the core [3]. As a result, it
is important to quantify growth of the film for safe and efficient operation of MTRs. In this regard, some
empirical models were developed to predict the thickness of the film. They are based on empirical
correlations between hydroxide thicknesses, testing time and corrosion conditions (pH, temperature,
heat flux and flow rate) [1,8,9]. All the madels have the same form:

Xox = Xg +k*tP

Where X, and X, are the oxide thicknesses and t the time (X, is the thickness at t=0). The coefficients
p and k depend on pH, temperature, heat flux and flow rate. Depending on the observations done
during corrosion tests, they are adjusted using data obtained after corrosion tests at high temperature,
above 100°C [1,2,4,5,8,10,11]. At a temperature above 80°C, the main crystalline phase of aluminium
hydroxide is boehmite (y-AIOOH) [7,12]. However, part of the core structures in MTR are at a lower
temperature, below 70°C, where the main hydroxide phase is bayerite (a-Al(OH);). This change of
hydroxide phase at 70/80°C has an effect on the corrosion of aluminium according to Hart [13]. As a
result, new quantitative measurements are required at low temperature (70°C) to complete the data in
order to improve the application ranges of the empirical models. In this work, a parametric study has
been performed on the aluminium alloy AA-6061-T6: different values of temperature and pH are
tested. In order to highlight the impact of the change of the aluminium hydroxide phases at 70/80°C on
aluminium corrosion, two temperatures are tested in this work: 70 and 100°C. Furthermore, the
hydroxide thickness prediction models found in the literature [1,8,14] depend on the pH of the
corrosion solution. As a result, in order to complete the data for these empirical correlations, different
values of pH are tested at 70°C: 5and 7.5
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surrounding the iron-rich inclusions: pits of aluminium hydroxide are observed in the alloy [17]. The
micrometric Mg»Si particles have anodic behaviour: they are preferentially corroded protecting the
aluminium matrix from oxidation [18]. In this work, measurements are done to quantify the uniform
corrosion and the micrometric localised corrosion. For these two types of corrosion, the corrosion
product obtained at low temperature (70°C) is characterised using various techniques in order to
better understand the effect of temperature and pH on 6061-T6 alloy corrosion. Its microstructure is
observed by SEM and TEM. Its crystalline structure is studied using Selected Area Electron Diffraction
(SAED) performed in a TEM, y-Raman, and X-rays diffraction (XRD). Its chemical composition is
studied by Energy Dispersive X-rays spectrometry (EDX). In addition to micrometric precipitates,
nanometric phases are present in the 6061-T6 alloy [21-23], their corrosion behaviour is the subject of

several studies [24,25] and thus is not studied in this work.

2. EXPERIMENTAL METHODS AND SAMPLES

During this study, corrosion tests are performed in autoclave in order to investigate the influence of
various parameters on pitting and uniform corrosion of an Al-Mg-Si aluminium alloy for nuclear
applications. The conditions of these experiments are described in Table 1. Two temperatures are
tested: 70 and 100°C. Two pH are tested: 5 and 7.5. However, pH variations are observed in the
smaller volume of solution tested (0.065L). As a result, a larger volume of solution (2.8L) is used in
order to highlight the impact of pH variations on aluminium corrosion. The 2.8L volume reduces pH
variations by an effect of dilution. This section describes the samples and autoclaves used in this

study. A description of the type of examinations performed on the corroded samples is also given.

Table 1: Conditions (temperature, pH and solutions) of the corrosion tests performed in this study

Studied parameter Temperature | Corrosive solution Volume of
solution
Temperature 70-100°C Initial pH: 6 (nitric acid diluted in pure | 0.065L
water)
pH 70°C Average pH: 5 and 7.5(nitric acid 0.065L and 2.8L
diluted in pure water)

Samples and preparation:

The samples are AA6061-T6 aluminium alloy. This alloy’s main elements are Al (balance), Fe
(0.7%mass), Si (0.4-0.8 %mass), Cu (0.15-0.4%mass) and Mg (0.8-1.2%mass). The samples are
coupon-shaped with dimensions of 10 mm x 20 mm x 1.4 mm. 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

treatment allows to improve the mechanical characteristic [26]. The grain size is 180 pm on average.
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um and 1 uym. All samples are then cleaned with ethanol and dried. For each corrosion test, three
samples are corroded together in the same solution. As a result, the points on the curves presented in
Fig 9.a and b represent the average of measurements performed on three samples (The data joined to
the article is also about the average data measured on three samples: the average thicknesses and
the average mass gains). For each corrosion duration studied, three new samples are used in order to
avoid opening the autoclave during the experiment. Indeed it has been observed in literature that

interruptions during corrosion tests can artificially limit aluminium corrosion [3].

Autoclaves:

In order to perform the corrosion tests, two autoclaves are used. The autoclaves are in 316L steel. The
inside 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).

Solutions:

The solutions used for corrosion are obtained by dilution of concentrated nitric acid with distilled water
in order to obtain an initial pH of 5 and 6. Before and after each corrosion experiment, the pH of the
solution is measured with the pH-meter PH1001 from VWR Company (the evolution of pH during the
test is however not monitored in-situ). Chemical composition of solutions before and after each test is
determined by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES, equipment:
Optima 2000 DV model from Perkin EImer Company). In particular, measurement of aluminium,

silicon, iron and magnesium concentrations are performed.

Examinations after corrosion tests:

After corrasion, samples are cut in half. The first half of each sample is used for surface examinations
(microstructure). The second half is embedded in a conductive resin at ambient temperature and
polished down to a 1um finish with diamond paste in order to examine the cross section of the
samples. This embedded part is used for examinations with Scanning Electron Microscopy (SEM,
iT300 model from JEOL) and Optical Microscopy (OM, GX 51 model from Olympus).

Different measurements are performed on the corroded samples to quantify pitting and uniform
corrosion. The thickness of the film is measured on the samples’ cross-section. For each sample, five
micrographs of the film are taken at different positions with a SEM. The thickness of the film is
measured on these micrographs using the ANALYSIS™ software: 100 measurements are performed
on each micrograph. The average of these 500 measurements is taken as a result.

Pits of aluminium hydroxide are characterized using OM. The depth of pits is measured on the cross
section of the embedded samples when a precipitate responsible of the formation of this pit (the iron-

rich precipitate) is observed in the centre of the pit near the corroded surface of the sample. An
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on Fig. 1). The embedded samples are polished several times on about several millimetres to allow
measurement of about 150 different pits. Then the average depth of these 150 measurements is taken
as a result and is presented in Fig. 9.a.

The crystalline phases of the 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 A) in an
asymmetric configuration. The incident angle of the X-ray beam is 2°: in this configuration, the
analysed depth is about 3 um in Al metal and 5 pm in the hydroxides. The y-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 y-Raman
analyses are performed on the cross-section of the embedded samples with an optical microscope
with a magnification of 50x.

To characterize the hydroxide film 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 of 865
mm). TEM samples of the corroded materials are prepared with conventional Focused lon Beam (FIB:
Auriga 40 model from ZE/SS) methods. A Pt deposit is added to the samples’ surface to protect the
hydroxide layer during the TEM thin film preparation.

3. RESULTS

3.1 CHARACTERISATION OF THE CORROSION PRODUCT AT 70°C
Two families of micrometric precipitates are present in the 6061-T6 alloy: the iron-rich inclusions and

the Mg,Si particles. These two micrometric precipitates cause localised corrosion. Their corrosion
behaviour is presented in this section. The film associated to uniform corrosion is also characterised.
No intergranular corrosion has been observed in the samples studied here (MEB and TEM

observations).

3.1.1 Corrosion behaviour of the micrometric iron-rich intermetallics

Pits of aluminium hydroxide are observed: concave pits of boehmite (y-AIOOH) are present in the
aluminium matrix (Fig. 1, aluminium hydroxide analysed by y-Raman analyses which are described in
the next part). On the top of concave pits of boehmite, a pile of bayerite crystals (a-Al(OH)3, analysed
by u-Raman) is present: the pits are also visible on the surface of the samples. These pits are due to
galvanic coupling between the micrometric iron-rich inclusions and the aluminium matrix [16]. Fig. 1
presents a cross section of a typical pit obtained after corrosion at 70°C, for 30 days in 2.8L of solution
at a constant pH of 5. In the SEM micrograph, two large iron-rich inclusions are present in the concave
pit. The corroded inclusion N°2, in the centre of the pit, causes the formation of the pit. This inclusion
N°2 contains oxygen and iron according to the EDX maps of Al, Fe and O presented in Fig. 1. The

non-corroded inclusion N°1, in contact with the aluminium matrix, causes a local increase of the depth
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inclusion. Selective aluminium dissolution during the corrosion of Fe-containing inclusions had already

been observed in the literature [28].

=1~

: , Bayerite

Boehmite

Iron-rich
inclusions

Figure 1: Micrograph of an aluminium hydroxide pit (SEM, secondary electron mode) and the
corresponding dispersive X-rays spectroscopy of Al, O and Fe obtained after corrosion test at 70°C,
for 30 day and in 2.8L of solution at pH 5.

In addition, y-Raman analysis is performed on an inclusion located in the centre of a pit like the
inclusion N°2 in Fig. 1 in order to investigate its crystalline structure. Fig. 2 presents the pattern
obtained from this analysis. Peaks of this Raman pattern are attributed to magnetite (Fe;O4) [29]. The
peak at 350-360 cm™ is the main peak of boehmite [30] and is due to the boehmite surrounding the
precipitate. The formation of magnetite (Fe;0,4) at a pH of 5 is not in accordance to the iron Pourbaix
diagram: indeed at 25°C, at a pH of 5, the stable form of oxidised iron is the agueous ion Fe® [31]. In
this study, iron is not detected in solution after corrosion tests. Linnenbom indicated that at 60°C, in a
neutral solution without dissolved dioxygen, oxidised iron tended to form magnetite instead of aqueous
ion [32]. In this study, before corrosion tests, the dioxygen present in the atmosphere and in the
solution is removed by injecting helium in autoclaves. The stability of magnetite is thus due to the
absence of dioxygen in the corrosive medium. Park et al. indicated that micrometric iron-rich inclusions
caused the formation of pits in the aluminium matrix [16]. This study shows that after the formation of
pits, the emerging iron-rich inclusions are corroded: there is dissolution of aluminium and formation of

a solid iron oxide.
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Figure 2: y-Raman pattern of an iron-rich inclusion located in the centre of an aluminium hydroxide pit,

obtained after corrosion test at 70°C, for 30 day and in 2.8L of solution at pH 5.

3.1.2 Corrosion behaviour of the micrometric Mg,Si particles
The micrometric Mg,Si particles exhibit an anodic corrosion behaviour: they are preferentially corroded

in the aluminium matrix. Fig. 3 presents a cross section of Mg,Si particles observed in the aluminium
matrix. On this picture, the particle in contact with the hydroxide film is corroded: oxygen is present in
the particle and a selective dissolution of the magnesium is observed in the corroded area of the
particle. These observations are in accordance with the Pourbaix diagram of magnesium [31] which
predicted that, in neutral aqueous medium, the stable form of magnesium is the aqueous ion Mgz+.
This ion does not form complex with hydroxyl group and the solubility of magnesium in solution is very
high: the magnesium is released in solution. During the corrosion of Mg-containing particles in
aluminium alloys, selective dissolution of magnesium is common [19,20,24]. The stable form of silicon
is the solid phase SiO; in neutral aqueous medium in the corresponding Pourbaix diagram [31], the
chemical composition of the corroded Mg,Si particles is in accordance to this Pourbaix diagram: after
the corrosion of the particle, this is composed of a mix of silicon and oxygen. When the Mg,Si are fully
corroded, since the oxidized silicon and magnesium are in a stable form according to their
corresponding Pourbaix diagram [31], it is expected that the fully-corroded Mg»Si do not play a major

role on aluminium alloy corrosion
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Hydroxide

Figure 3: Micrograph of Mg,Si particles (SEM, secondary electron mode) and corresponding
dispersive X-rays spectroscopy of O, Mg and Si obtained after corrosion test at 70°C, for 30 day and

in 2.8L of solution at pH 5.

3.1.3 Aluminium hydroxide film associated to uniform corrosion

A relatively uniform film of aluminium hydroxide covers the surface of the samples. Fig. 4.a present a
cross section of the film observed with a TEM. This film was obtained after a corrosion test at 70°C for
10 days in 2.8L of solution at a constant pH of 5. The film is composed of three layers: an inner, an
intermediate and an outer layer. To characterise the hydroxide at 70°C, microanalyses are performed

on each layer: y-Raman analysis and/or electron diffraction.
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Figure 4: (a) Micrograph of a cross section of the aluminium hydroxide film in bright field imaging

(TEM), (b) p-Raman pattern obtained on the the outer layer, and selected area electron diffraction
patterns obtained from (c) the intermediate layer and (d) the inner layer (TEM); obtained after

corrosion at 70°C, for 10 days in 2.8L of solution at a constant pH value of 5.

The outer layer is composed of micro-sized crystals. The size of these microcrystals is between 0.3
and 3 uym. This layer is porous as gaps are present between the micron-sized crystals. A y-Raman
analysis indicates this layer is fully crystallised bayerite (a-Al(OH):): the measured emission bands
correspond to the ones of this hydroxide [33] as shown in Fig. 4.b.The presence of this hydroxide at
70°C is in accordance with the phase diagram of aluminium hydroxide of Wefers and Misra [12].

The inner layer in contact with the metal is compact as illustrated in Fig. 4.a. The intermediate layer is
composed of needle-shaped nanocrystallites as shown in Fig. 4.a. SAED is performed on these two
layers, the electron diffraction patterns are presented in Fig. 4.b and c. The two layers are composed

of boehmite (y-AIOOH): the d-spacing measured at 3.17A, 2.35A, 1.99A, 1.85A, 1.66A, 1.43A, 1.30A
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layer, the nanocrystallites are not well defined and appear below the ten nanometer scale, in the
intermediate layer, the length of the needle-shaped nanocrystallites is at most 200 nm (Fig. 4.a).
However, the presence of boehmite at 70°C is not in accordance with the phase diagram of aluminium
hydroxide: according to Wefers and Misra [12], only bayerite should be present at 70°C, thus,
boehmite is metastable. In addition, the micrometric precipitates do not change the layered
microstructure and the crystalline composition of the aluminium hydroxide: y-Raman analyses were

performed at several points in aluminium hydroxide pit.

The film of aluminium hydroxide was characterised at 250°C by Wintergerst et al. [3]: the authors
showed that the film was composed of two layers: an inner layer and an outer layer, both were
composed of boehmite. The inner layer grows internalyand the outer layer grows externaly (this layer
grew by aluminium ion precipitation) [3]. This study shows that at 70°C, a thin intermediate layer is
also observed between the two main layers and, the inner layer and the outer layer are not composed
of the same phase of aluminium hydroxide. Bayerite (outer layer) and boehmite (inner layer) have not
the same properties (density, hydration, solubility) [12]. Thus, these two layers could have different
behaviour (dissolution, growth) depending on the parameters of corrosion (pH, temperature). As a

result, a parametric study with different temperatures and pH is performed in this study.

3.2 PARAMETRIC STUDY
The parametric study presented in this section focuses on the impact of temperature and pH on

uniform and pitting corrosion of the aluminium alloy AA-6061-T6.

3.2.1 Influence of the temperature on aluminium corrosion

In order to better understand the impact of the change of aluminium hydroxide phase on aluminium
corrosion, two corrosion tests are performed in autoclave at 70°C and 100°C. For 33 days, aluminium
samples are corroded in aqueous media with an initial pH of 6. The volume of solution is 0.065L. After
corrosion tests, the pH of the solutions is 6.8.

The mass gain of the three samples is on average 146.8 £ 0.4 mg/dm? at 70°C and 48.2 + 0.3 mg/dm?
at 100°C. The total thickness of the hydroxide film is on average 4.9 + 0.2 ym at 70°C and on average
1.5+ 0.2 ym at 100°C. The pits of aluminium hydroxide in the metal are deeper at 70°C than at 100°C:
their average deep is 21.3 + 0.9 um at 70°C and 12.5 £1.2 ym at 100°C. As a result, the samples are
more corroded at 70°C than at 100°C. This observation is similar to the one made by Hart during
corrosion tests performed at 60 and 80°C [13].

X-rays diffraction analyses (XRD) are performed on the corroded samples at 70 and 100°C. The
patterns obtained from these analyses are presented in Fig. 5. The XRD peak positions are compared
to those found in the American Mineralogist Crystal Structure Database (AMCSD) [36] for boehmite (y-
AIOOH, Card No. 0020685 in AMCSD) [35], bayerite (a-Al(OH)s, Card No. 0010649 in AMCSD) [37]
and aluminium (Card No. 0011136 in AMCSD) [38]. The peaks associated with aluminium on the XRD

nattarne ara diia tn tha aliiminitim matriv nf tha eamnlae Tha main hudravida cruetallina nhaca at
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Figure 5: X-ray diffraction patterns obtained on the corroded samples surface at 70 and 100°C, for 33

days of corrosion and in 0.065L of solution at initial pH 6.

During the corrosion process, aluminium is released in solution from the dissolution of the metal
matrix. The aluminium concentration in the solution is measured after the corrosion tests by ICP-AES:
itis about (4.95 0.7)"10’6 mol/L at 70°C and (3.1 0.6)’*10'6 mol/L at 100°C, for a final pH of 6.8.
These measured concentrations can be compared to the calculated solubility of boehmite and
bayerite. Chivot [39] calculated the solubility of these hydroxides in pure water. For his calculation, the
author considered the following species: Al**, AI(OH)**, Al(OH).*, Al(OH): and Al(OH),". Using
Chivot's method, the graphic in Fig. 6 is obtained. For a pH of 7, the calculated solubility of bayerite at

70°C and the calculated solubility of boehmite at 100°C are very close: ~1 0° mol of AlIL.
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Figure 6: Calculated solubility of bayerite at 70°C and boehmite at 100°C according to the pH (Plotted

from Chivot’s calculation [39])

The two measured concentrations and the two calculated hydroxide solubility are very close at 70 and
100°C. As a result, other factors can explain the difference of aluminium corrosion between the two

temperatures such as the different microstructure of the outer layer of the film at 70 and 100°C.
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dioxygen solubility in solution: indeed, when the temperature increases, the dioxygen solubility
decreases [15]. In this study, before corrosion tests, the dioxygen present in the atmosphere and in
the solution is removed by injecting helium in autoclaves (cf. Experimental Methodology): the corrosive
medium is deaerated. Because of this experimental protocol, no or very few dioxygen is present in the
corrosive medium during corrosion tests. Moreover, the effect of dioxygen dissolved in solution on
aluminium corrosion was studied by Hart [13]: for a temperature above 70°C, no effect of dissolved
dioxygen was observed. Thus, the corrosion difference observed between 70 and 100°C cannot be

explained by a difference of dioxygen solubility.

Figure 7: Micrographs (SEM, secondary electron mode) of the outer layer on the surface of the

samples at (a) 70°C and (b) 100°C and (c) of a cross section of the hydroxide film at 100°C, obtained

after corrosion test for 33 days in 0.065L of solution at initial pH 6.

Due to the change of the hydroxide phases at 70/80°C, the sample are more corroded at low
temperature (70°C) than at high temperature (100°C) and the thickness of the hydroxide varies
significantly between the two temperatures. These obhservations reveal the importance to complete the
data used to develop the hydroxide thickness prediction models presented in the introduction: the
empirical correlations between hydroxide thicknesses, testing time and condition of corrosion
(temperature, pH, flow rate and heat flux) used in MTRs cannot be extrapolated at low temperature
(70°C). In order to improve the data used for these models at low temperature, a parametric study is

performed with different values of pH.

3.2.2 Effect of pH on uniform and localised corrosion

PH variations are observed during aqueous corrosion tests with aluminium alloys [15,16]. In this study,
two volumes of solution are used: 0.065L and 2.8L. The large volume (2.8L) minimizes the variations
of pH by a dilution effect. On the contrary, in the small volume (0.065L), since the corrosion of the AA-
6061-T6 causes pH variations, it will be easier to observe the pH variations and to study its influence
on aluminium corrosion. The corrosion tests are performed at 70°C and with an initial pH of 5.

After the corrosion tests, the pH is measured and presented in Fig. 8. In 0.065L, the pH increases from

E4a 7L avn mvtavama mnad A Adianavaian af tha rainta ia o alhaamiad li tha lavaar acaliitiam vralitmas /0 01N
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Figure 8: Evolution of the pH in two volumes of solution 0.065L and 2.8L at 70°C.

The Fig. 9 presents (a) the depth of pits and (b) the thickness of the film associated to uniform
corrosion. The pits are deeper on average in 0.065L than in 2.8L. The depth is constant in time for
long time of immersion (65 and 90 days in 2.8L). The formation of solid iron oxide and aluminium
hydroxide gradually passives pits and stops their growth. The thickness of the inner layer of the film is
constant with time in both volumes. The thickness of the outer layer is higher on average in 0.065L of
solution with an average pH of 7.5 than in 2.8L of solution with a pH of 5 despite a dispersion of the
points in 0.065L. The samples are therefore more corroded at an average pH of 7.5 than at a pH of 5.
This obhservation is similar to the one made by Pawel et al. during corrosion tests at 105-208°C [4].
However, this study shows that at 70°C, the two layers do not have the same behaviour depending on

the pH: the pH has an impact on the outer layer but not on the inner layer.

25 8
(a) g (b) | |
20 + - 64
R = Sy et NS
S45 & 3 3 = »
215 ¢ oigeeee ] T e
= o &7 N o s
210 Z — —— N
8 221 ogo®
51 = |
0 t 1 t t
0 | | | | 0 20 40 60 80 100
0 20 _40 60 80 100 Time (days)
Time (days) --9--28L-Total =-0--2.8L-Inner
--0--28L —=—0.065L —m— 0.065 L - Total —3+—0.065 L - Inner

Figure 9: Evolution of (a) the average depth of pits and (b) the average total thickness of the film and

the average thickness of the inner layer at 70°C in two volumes of solution 0.065L and 2.8L with an

initial pH of 5.

In order to better understand the impact of the pH on the outer layer of the film, the surface of the
samples corroded in the small volume 0.065L is observed using a SEM. The Fig. 10 presents different
micrographs of pits on the surface of the samples for different times and final pH values. An effect of
the final pH is observed on the microstructure of pits, on the hydroxide ring morphology. For 15 and 33

days (Fig. 10.a and c), a ring of hydroxide crystals surrounds the iron-rich inclusion. The ring
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Therefore, the increase of pH causes an expansion of the ring surrounding the iron-rich inclusion until
localised corrosion and uniform corrosion cannot be identified as separate forms of corrosion on the

surface of the samples.

(a) 15 days, Final pH: 7,2
- - ; ,:: 3 ','!!’ -

(b) 21 days, Final pH: 8,1

L

(c) 33 days

P

, Final pH: 6,9

Figure 10: Micrographs (SEM, secondary electron mode) of pits of aluminium hydroxide on the surface
of the samples in 0.065L of solution at 70°C for (a) 15 days, (b) 21 days and (c) 33 days.

4. DISCUSSION: PH VARIATIONS

The pH variations have an important impact on aluminium corrosion: because of these variations, the
samples are more corroded in the small volume of solution. In order to better understand these
variations, in this part, chemical reactions involved in the corrosion of the alloy 6061-T6 are proposed

and their implication on the pH variations is discussed.

4.1.1 Corrosion reactions of the 6061-T6 alloy:
In tests performed without samples at 70°C, for 33 days and in 0.065L of solution, the pH is constant

at 5. The variations are therefore due to the corrosion of the alloy AA-6061-T6 and are not due to the
experimental materials. Before the corrosion tests, in the autoclave, the medium is deaerated,

therefore, only the chemical species linked to water are taken into account in this study.

The iron-rich inclusions are corroded to form magnetite (Fe;0,) according to the examinations
presented in the Section 3.1.1. After the corrosion tests, iron is not detected in the solution. The
stability of magnetite instead of iron aqueous ions is due to the absence of dioxygen in the medium
[32]. The mechanisms of magnetite formation were studied by Schikorr [40] :

Fee + 2 H,0(4 — Fe(OH), + Hyg (Reaction 1)

3 Fe(OH),) — Fe304)+ Hygq + 2 H,O (Reaction 2)

The corrosion of the inclusions does not induce pH variations according to reactions (1) and (2).

Corrosion of the Mg,Si particles leads to a release of ions Mgz+ in solution and to the formation of the
oxide SiO; (cf. section 3.1.2). In the pH domain of this experiment, the reaction of the oxidation of

these particles is:
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Figure 11: Evolution of the concentration of (a) magnesium and (b) aluminium in two volumes of
solution, 0.065L and 2.8L, at 70°C.

According to the examinations performed on the samples (cf. section 3.1.3), the aluminium corrosion
is described by the following reactions:

Al + 2 H,O) — y-AIOOH s + 3/2 Hyq) (Reaction 4)

Al + 3 HoO() — a-Al(OH)3) + 3/2 Hyg (Reaction 5)

The corrosion mechanisms leading to the formation of the inner layer (hoehmite) and the outer layer
(bayerite) have been proposed by Wintergerst et al. [3]. These two reactions (4) and (5) do not induce
pH variations. However, for a pH above 5, dissolution of the aluminium hydroxide occurs following the
reaction [39]:

a-Al(OH)35)+ OH (5q) <> Al(OH)4 (o) (Reaction 6)

The concentration of aluminium measured in the solution is presented in the Fig. 11.b for the two
volumes of solution 0.065L and 2.8L. As the release of magnesium in solution and the dissolution of

the aluminium hydroxide could cause pH variations, more calculations are needed.

4.1.2 Corrosion of the Mg,Si particles and pH variations:
With the reaction (3), the pHgna is calculated using the magnesium concentration [Mg2+] measured in

solution. The quantity of material N(OH"),cduced OF hydroxyl groups produced with the reaction (3) is :

2 n(OH)produced = n(MgZ+) (Equation 7)

With n(IVIgz") the quantity of material of magnesium measured in solution. The concentration [OH]
depends on the pH according: [OH] = 10PHPRE with pKe the ionic product of water. The value of pKe is
12.804 at 70°C [41]. The Equation (8) and (9) are obtained:

[OHTfinal = [OHTinitial + [OH Jproduced (Equation 8)

[OH g = 10PHINEPKE 4 1/ % (\o24) = qgPHinalpKe (Eation 9)

The final pH calculated is:

pHina = pKe + log( % * [Mg®'] + 10°7"82K8) - (Equation 10)

The final pH calculated with Eq. (10) and the pH measured in solution is presented in Fig. 12 in the

two volumes of solution 0.065L and 2.8L and at 70°C. The pH measured and calculated correspond:
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Figure 12: Evolution of the measured pH and the pH calculated with the Eq. (9) in two volumes of
solution, 0.065L and 2.8L, at 70°C.

4.1.3 Dissolution of the aluminium hydroxide and pH variations:
The pH variations modify the stability of the aluminium hydroxide according to reaction (6). The

chemical equilibrium of precipitation/dissolution of aluminium hydroxide is determined by the solubility
of bayerite. This solubility depends on pH and temperature. Fig. 13.a presents the solubility of bayerite
at 70°C calculated by Chivot [39]. The aluminium concentration measured during the corrosion tests in
0.065L and 2.8L are also reported in Fig. 13.a. According to Fig. 13.a, an increase of pH from 5to 8
causes an increase of the solubility and thus, an increase of the concentration of ions Al(lII).
According to Wintergerst et al. [3], the outer layer of the hydroxide film is formed by precipitation of
ions Al(lll) on the surface of the samples. The increase of solubility with the pH has a strong impact on
the precipitation of ions Al(lll) and thus on the outer layer. Fig. 14.b presents the evolution of thickness
of the outer layer as a function of the final pH. Regardless of corrosion time and volume of solution,
this thickness increases linearly with pH. According to the observations of the microstructure of pits on
the surface of the samples in 0.065L in Section 3.2.2, at a pH of 8, the outer layer is formed by ions
Al(Ill) released in solution by uniform corrosion and by localised corrosion: the ions Al(lll) released by
pits precipitate uniformly over the surface of the samples and cause the increase of the thicknesses of
the outer layer. In addition, in 0.065L, a dispersion of the measured thicknesses of the outer layer is

observed (Fig. 9.b), this dispersion corresponds to the pH variations.
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Figure 13: (a) Concentrations of aluminium measured in the two volumes, 0.065L and 2.8L, and
solubility of bayerite calculated by Chivot [39] depending on the pH, and (b) thickness of the outer
layer of the film depending of the final pH in the two volumes, 0.065L and 2.8L at 70°C.

The corrosion of the Mg,Si particles results in a release of magnesium in solution and an increase of
pH. In 2.8L, due to a dilution effect, pH variations are negligible. On the contrary, in 0.065L, the
concentration of magnesium increases a lot and causes an increase of pH. In the absence of
magnesium in the alloy, pH variations should not be observed. When magnesium is released and pH
increases, the solubility of the aluminium hydroxide increases, the film is less stable and the sample
are more corroded. This observation is confirmed by a higher depth of pits in 0.065L of solution at a
pH of 7.5 than in 2.8L of solution at a pH of 5.

4.1.4 Verification of the origin of pH variations:
In order to verify the origin of the increase of pH, supplementary corrosion tests are performed.

Coupons of pure aluminium and pure magnesium are immerged in 0.030L of solution (acid nitric
diluted in pure water) at an initial pH of 5. The mass of the coupons is 0.2g. The coupons are corroded
at 70°C (the tubes in Fig. 14.a and b are placed in incubator). A measure of the pH is regularly
performed. Fig. 14.c presents the evolution of the pH. The coupon of pure aluminium is not dissolved
(Fig. 14.a) and the pH is constant between 5 and 6. The coupon of pure magnesium is partially
dissolved (Fig 14.b, the size of the coupon before the immersion was similar to the one of pure
aluminium in Fig. 14.a) and the pH increases from 5 to 9 for 35 days. As a result, the increases of pH
in the small volume of solution 0.065L is due to the release of magnesium in solution, to the corrosion

of the Mg,Si particles for the 6061 aluminium alloy.

10
(0) ~
p——
8 e ’/’
6 12" /
:5. r —dk
4 e
2 +
—— Aluminium
0 f , ~-®--Magnesium
0 10 20 30 40
Time (days)

Figure 14: Tubes containing the coupons of (a) pure aluminium and of (b) pure magnesium and (c)

evolution of the pH measured in the tubes at 70°C.
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CONCLUSIONS

In this study, corrosion tests are performed with various conditions on the aluminium alloy 6061-T86.
Different parameters are tested: temperature 70 and 100°C) and pH. Each parameter has an

important impact on localised and uniform corrosion.

. Both for localised and uniform corrosions, the samples are more corroded at 70°C than at 100°C.
The hydroxide film shows a layered structure. The inner layer has the same microstructure and
composition at the two temperatures. The outer layer appears to be very porous at 70°C: large gaps
are present between hydroxide microcrystals. These gaps are not observed at 100°C. Due to their
important size at 70°C, the gaps allow the aqueous solution to be directly in contact with the inner
layer. As a result, the outer layer at 70°C is less protective for the aluminium alloy than the one at
100°C. At 70°C, the film is composed of two crystalline phases of aluminium hydroxide which have
different properties (density, hydration and solubility) and the parameters of corrosion have not the
same impact on each hydroxide. As a result, a distinction between the two layers needs to be done in
the empirical correlations used to predict the hydroxide thickness in MTR. However, more corrosion
tests at different temperatures inferior to 70°C are needed to adapt the coefficient of the empirical

correlations.

In addition to the temperature, pH has a strong impact on aluminium corrosion. A pH of 5 limits
aluminium corrosion compared to a pH of 7.5. This corrosion difference is due to the difference of
solubility of aluminium hydroxide between the two pH: the high solubility at pH 7.5 decreases the
stability of the film of aluminium hydroxide and thus, increases the aluminium corrosion. In addition,
PH increase in a small volume of solution is due to the magnesium corrosion in deaerated medium.
This oxidised magnesium comes from the micrometric Mg,Si particles. By releasing magnesium in
solution, the corroded Mg>Si particles increasethe pH of the solution. The stability of aluminium
hydroxides depends on the pH through their solubility. By increasing the pH, corrosion of the Mg,Si

particles increase the solubility of aluminium hydroxides and thus, aluminium corrosion.

Pitting corrosion is due to the iron-rich intermetallic inclusions. After causing the formation of pits, the
emerging iron-rich inclusions are corroded. This corrosion inhibits the pit growth for long time
immersion and the depth of pits is constant with time. Thus the impact of pitting corrosion is less
important than that of uniform corrosion and may not be taken into account in first order models of

aluminium corrosion in MTR conditions when the 6061-T6 alloy is used for structures of nuclear core.
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FIGURE CAPTIONS:

Figure 1: Micrograph of an aluminium hydroxide pit (SEM, secondary electron mode) and the
corresponding dispersive X-rays spectroscopy of Al, O and Fe obtained after corrosion test at 70°C,
for 30 day and in 2.8L of solution at pH 5.

Figure 2: y-Raman pattern of an iron-rich inclusion located in the centre of an aluminium hydroxide pit,

obtained after corrosion test at 70°C, for 30 day and in 2.8L of solution at pH 5.

Figure 3: Micrograph of Mg,Si particles (SEM, secondary electron mode) and corresponding
dispersive X-rays spectroscopy of O, Mg and Si obtained after corrosion test at 70°C, for 30 day and

in 2.8L of solution at pH 5.

Figure 4: (a) Micrograph of a cross section of the aluminium hydroxide film in bright field imaging
(TEM), (b) p-Raman pattern obtained on the the outer layer, and selected area electron diffraction
patterns obtained from (c) the intermediate layer and (d) the inner layer (TEM); obtained after

corrosion at 70°C, for 10 days in 2.8L of solution at a constant pH value of 5.

Figure 5: X-ray diffraction patterns obtained on the corroded samples surface at 70 and 100°C, for 33

days of corrosion and in 0.065L of solution at initial pH 6.

Figure 6: Calculated solubility of bayerite at 70°C and boehmite at 100°C according to the pH (Plotted

from Chivot’s calculation [39])

Figure 7: Micrographs (SEM, secondary electron mode) of the outer layer on the surface of the
samples at (a) 70°C and (b) 100°C and (c) of a cross section of the hydroxide film at 100°C, obtained

after corrosion test for 33 days in 0.065L of solution at initial pH 6.

Figure 8: Evolution of the pH in two volumes of solution 0.065L and 2.8L at 70°C.

Figure 9: Evolution of (a) the average depth of pits and (b) the average total thickness of the film and
the average thickness of the inner layer at 70°C in two volumes of solution 0.065L and 2.8L with an

initial pH of 5

Figure 10: Micrographs (SEM, secondary electron mode) of pits of aluminium hydroxide on the surface
of the samples in 0.065L of solution at 70°C for (a) 15 days, (b) 21 days and (c) 33 days.
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Figure 13: (a) Concentrations of aluminium measured in the two volumes, 0.065L and 2.8L, and
solubility of bayerite calculated by Chivot [39] depending on the pH, and (b) thickness of the outer
layer of the film depending of the final pH in the two volumes, 0.065L and 2.8L at 70°C.

Figure 14: Tubes containing the coupons of (a) pure aluminium and of (b) pure magnesium and (c)

evolution of the pH measured in the tubes at 70°C.
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