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29 Abstract
30
31 Swelling of metals under irradiation is largely studied in the nuclear industry for its impact on the safe
32
33 and efficient operation of reactors. However, the case of aluminum alloys remains poorly documented
gé as they are exclusively used in nuclear research reactors which operate at lower temperatures than
36 nuclear power plants. Void swelling in aluminum alloys, which results from the cavities induced by the
37
38 fast neutron flux in reactor, is measurable only at high fluences, for which few measurement points are
zg available. In this study, samples with various quenching rates were used in order to simulate the
41 variations obtainable during the fabrication of large reactor components. A first series of samples were
42
43 irradiated with heavy ions in single beam (Au*") to understand the impact of the quenched microstructure
jé on the voids swelling. A second series of samples were irradiated in a triple beam (W?*, He" and Si") to
46 simulate the aluminum transmutation occurring inside reactors. Samples were investigated at very fine
47
48 scale and characterized to understand the key mechanisms of swelling. Then, quantitative measurements
gg of the swelling were performed in each sample. A high dispersion of the swelling values and a higher
51 value are observed after ion irradiation compared to neutron irradiation for a similar irradiation dose,
52
53 which seems to be related to the very high damage rate created by ion-irradiation. Therefore, it appears
gé relevant to complement the description of swelling in aluminum alloys with a modeling approach.
56 Swelling values from the literature were incorporated into a Brailsford & Bullough swelling model for
57
58 two different damage rates, after estimating the parameters of the model from the literature. This work
59
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62
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aims at a better comprehension of the swelling of aluminum alloys both from a quantitative and

qualitative point of view and draws the basics requirements for future swelling models.

1. Introduction

Swelling of metals under irradiation has been widely studied [1-8] since it is one of the most impactful
and observable type of damage inside nuclear reactors core. Among the most used metals in core
reactors, graphite, beryllium, steels and zirconium alloys have been widely studied. However, in nuclear
research reactors (NRR) which operate at lower temperatures than nuclear power plants and are most
often not pressurized (Tcoolanr<<60°C, P<20 bars), aluminum alloys are widely used because of their low
neutron absorption, and their reduced cost compared to zirconium alloys. Aluminum alloys, because of
their low mechanical properties at high temperatures cannot be used in power reactors [9], but they

exhibit good properties around 100°C which makes them materials of choice for NRRs.

Aluminum alloys from the 6000 series (alloys with magnesium and silicon) have been chosen for their
high strength due to precipitation hardening. In these alloys, precipitates formed during the artificial
ageing improve the mechanical behavior but also lower the swelling under irradiation [10]. This effect
is believed to be directly linked with the metastable precipitates playing the role of undefined bias sinks,

slowing down the void nucleation and growth.

While displaying a relatively good stability of their mechanical properties under neutron flux, the void
swelling behavior of 6000 aluminum alloys under irradiation still remain poorly understood. Knowledge
on irradiation effect on 6000 alloy microstructures is mainly coming from experiment conducted on thin
plates (less than 5 mm thick) for the automotive industry. For NRR, thick plates (roughly 60 mm side
parallelepipeds) with specific thermal treatments are used as widely reported in the literature [11-14],
Microstructure and local properties of 6000 series, depend strongly on the quenching rate of the thermal
treatment [ 15—18]. The low cooling rate of thicker pieces destined for NRRs application has been shown
to produce microstructures differing from the one observed in thin plates [19]. Therefore, irradiation

studies dedicated to thick plates have to be performed

Regarding irradiation mechanism, swelling of aluminum alloys is complex since it swells both from the
formation of voids and from the transmutation of aluminum itself into silicon [20]. Each swelling
contribution is induced by a different part of the neutron energy spectrum. Thermal neutrons (E<0.625
eV) induce transmutation while fast neutrons (E>0.1 MeV) create vacancies. Consequently, the global
swelling is dependent on the thermal to fast neutron ratio. By irradiating different alloys and even
irradiating the same alloy after different thermal treatments, Farrell et al. evidenced a high impact of the
microstructure on the void swelling of aluminum [21,22]. However, this impact is poorly described and

quantified in the literature.
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Using ion irradiations with different fluxes on many different microstructures from a 6061-T6 alloy
presenting various quenching rates representative of what is obtainable in thick plates, we propose to
explore the effect of irradiations on the microstructure then identify the preferential sites for void
formation. Then, irradiated samples will be used to quantify the swelling. In the second part of this work,
taking into account data from the literature and using some conclusions of our study, a swelling model
is implemented [23,24] in order to build the basis of a predictive model for the global swelling at the

end of life of aluminum alloys components.

Results presented in this paper are, for the vast majority, results of a PhD thesis written in 2019 [25].

2. Materials and Method

2.1 Material
The source material is a 64x68x160 cm® forged and machined block of 6061-T6 aluminum alloy with

the composition specified in Table 1. Three 10 cm side cubes have been extracted from this block.

Table 1 : Composition of the studied alloy with reference to the standard NF EN 573 (%wt)

NF EN 573 Casting
Si 0.40-0.8 0.53
Fe <0.7 0.38
Cu 0.15-0.40 0.22
Mn <0.15 0.06
Mg 0.8-1.2 1.08
Cr 0.04-0.35 0.18
Ni <0.05 0.0045
Zn <0.25 0.22
Ti <0.15 0.02
Total non <0.15
specified
Al Balance

Three 10 cm side cubes instrumented with thermocouples have been annealed at 530°C during 12h, then
quenched in a different fluid (water, oil and air) and finally artificially aged at 175°C during 12h. After
the thermal treatment, a numerical simulation has been performed in order to evaluate the cooling rate
at every point of the cube. Simulation evidenced four main quenching rate domains: more than 35°C.s
! for water temper near surface, 20°C.s™! to 30°C.s™! for water temper in the center of the cube, about
10°C.s™! for oil temper and less than 0.1°C.s™! for air temper. Then, samples of the four domains have

been extracted from the cubes [19].
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2.2 Sample preparation
Specimens for irradiation experiments were obtained from foils cut in the heat treated cubes and
mechanically polished to 100 pum using 1200 and 2400 SiC grid paper and further punched to obtain
3 mm discs. Then, discs were mirror polished on one side using successively a 3 pm, 1 pm and 0,25 pm
diamond paste. As a result the irradiated side is easily differentiated from the backside. After irradiation,
chemical mechanical polishing has been used on samples from T and S groups to obtain a homogeneous
removal of the material in order to target the desired depth and therefore the desired damage. The
polishing solution was Escil POM 10 at a pH of 9 to 10. In order to control the removed depth during
the polishing process, microhardness indentation was performed on each sample before polishing. Every

10 minutes, the indentation mark was measured to estimate the loss of thickness.

For TEM observation, electropolishing was performed on the backside only using a 70% methanol-30%
nitric acid solution at —20 °C with a tension of 17V on a Struers Tenupol-3. The disc frontside was
protected from polishing using an Agar Scientific Lacomit varnish. Some TEM cross section samples
were prepared by FIB using a FEI Helios Nanolab which was also used for the preparation of Atom

Probe Tomography (4PT) samples.

TEM observation was performed using a FEI TECNAI-G2- 300 kV LaBg for imaging and a JEOL-
2100F - 200 kV FEG for EDS experiments. APT experiments were performed usinga CAMECA® Leap
4000 HR equipment.

2.3 Irradiation experiments
Samples from each of the four metallurgical states have been irradiated using different conditions as
given in Table 2. For each metallurgical state, 19 bulk TEM samples have been irradiated. All
irradiations were performed under temperature regulation to maintain a temperature of 20°C on the

backside of the sample holder. All irradiations were performed at the JANNuS-Saclay facility [26].

In this manuscript, ion irradiations and neutron irradiations data from the literature will be compared.
Consequently, only dpa values will be taken account in this paper. Vacancies concentrations taken from

SRIM [27,28] have been converted into dpa using the following formula :

d —VCD
pa=V.o

With V the vacancies rate in vacancies.cm™, @ the ion flux ion in ion.cm™ and d the atomic density in
atom.cm™.
Table 2 : Summary of irradiations performed at JANNuS-Saclay [26]. For each condition, 19 samples were

irradiated. Dpa was calculated using SRIM in full damage cascade mode [27,28]. The labels given in
column 1 will be used further to refer to the corresponding irradiation condition.
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Group | Beam Ton . Flux Energy Time Fluence Targeted dpa
(ion/cm%s) | (MeV) (h) (ion/cm?) (observed area)
S Single | Au** 2.10'" 3.5 52h 3.69.10' 100-150
Single | Au*' 2.10'" 3.5 36h 1.96.10'¢ 60-90
He* 6.17.10" 0.5 5h30 9.95.10%
Triple Si* 6.17.10" 2.5 5h30 9.95.10" 20
T wot 2.2.101 13 5h30 3.62.10"°
He" 6.17.10" 0.5 5h30 9.95.10"
Triple Si* 6.17.10" 2.5 5h30 9.95.10" 10
wot 1.1.10" 13 5h30 1.82.10%
T Single | W% 2.2.10" 13 5h30 3.62.10° <20
wo* 2.2.10" 20 5h30 4.4.10" (max) Multi: 9 70 29
M Single | W°* 1.2.10" 20 5h30 2.3.10% (max) Multi: 3 fo 15
W 0.6.10"" 20 5h30 1.2.10"° (max) Multi: 1 t0 6

All damage values in dpa in Table 2 are given for the targeted or observed area. Those values are thus
not the maximum dpa nor the mean dpa inside the sample. Every dpa profile was calculated using the
data from SRIM [27] in a full damage calculation mode. To obtain various and detailed data and perform
automated simulation in a wide range of energies, a modified version [28] of pySRIM, originally
developed by Ostrouchov [29] has been used. The irradiation profiles obtained for groups S (for single
irradiation with Au ions), T (for triple beam irradiation), and M (for single beam irradiation with
W) according to SRIM simulations and corrected with the real fluence measured at the end of each

experiment are given in the appendix C of the supplementary material.

Irradiations from the S group are single beam irradiations using Au** ions at 3.5 MeV. The use of such
heavy ions coupled with the irradiation time creates more than 100 dpa on surface of the sample while
the peak of damage obtained is around 400 dpa. With two different irradiation times, 52h and 36h,
damages on surface are respectively 100-150 dpa and 60-90 dpa. After irradiation, samples are named

S-100 and S -60, respectively referring to the lowest dpa estimation.

Irradiations from the T group are triple beam irradiations. They use W*" ions at high energy (13 MeV),
targeting medium damages while beams of helium and silicon are implanting ions in the same area. This
type of irradiation reproduces more closely in-core conditions than with single beam irradiation.
However, the final fluence values presented here for the helium are equivalent to centuries of irradiation
inside reactors. Therefore, results of the T group will only be qualitative, and no quantification of the
swelling will be given for this condition. T’ conditions are single beam irradiation using the same flux
and fluences than the W?* beam from the T group. This experiment has been designed to decorrelate the
effects of helium and silicon from the damage of tungsten. T group irradiations will be referred as T-®

for the highest flux experiment and T-®/2 for the lowest.

Irradiations from the M group are low dpa irradiations (<29 dpa) with a high energy beam (20 MeV).

During these irradiations, some samples were masked using a thick iron plate while, during the
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irradiation, the plate was removed, allowing to have multiple fluence values for a unique flux during a
single experiment. Irradiations from this group are used for void swelling quantification and APT

experiments only.

3. Results

3.1 Prior irradiation characterization
The microstructure of the samples in the four metallurgical states prior to irradiation has been
characterized in details as previously reported in [19]. Two types of precipitations were observed at the
nanometric and submicronic scale. Another type of particles is observable at the micronic scale.
Nevertheless, its relatively large size does not allow any observation with TEM and therefore is only
observed with SEM or optical microscopy. The main type of particles present in the matrix (nanometric
or submicronic) strongly depends on cooling rate. The nanometric precipitation is known to induce
hardening due to its small size, high density and semi-coherency with the aluminum matrix. The
composition of these particles is often referred as Al-Mg-Si-Cu precipitates. The submicronic particles,
also named dispersoids, are formed during casting and are mostly incoherent with the aluminum matrix.

These dispersoids are mainly the Al-Fe-Mn-Si-Cr o phase.

Nanoprecipitation

Nanoprecipitates precipitate homogeneously in the matrix. They are elongated needles with a length
ranging from 3 to 7 nm with a width not exceeding 3 nm. Some are also spherically-shaped with a mean
diameter of 3 nm. In water tempered specimens, the precipitate volume fraction is 3.5 % for the fastest
cooling rates (> 40°C.s™") and 2.5 % for the lowest (~ 28°C.s™"). In oil tempered specimens, the volume
fraction dropped to 1.7 % for an associated cooling rate of 10°C.s!. Finally, in air tempered specimens,
no nanoprecipitates were observed. This result is consistent with the low cooling rate (< 0.1°C.s™!) which
does not permit nanoprecipitation. APT experiments have been performed on water temper specimens.
Precipitation of AIMgSiCu clusters is observed which is consistent with the precipitates observed in

TEM.

Dispersoids

Dispersoids displayed vary significantly in terms of size and chemical heterogeneity. In water tempered
specimens, dispersoids are mostly squared shapes with an equivalent radius between 30 and 300 nm,
and are identified as a-Alg(Fe,Mn,Cr),Si plates. EDS analysis often revealed a chemical segregation
with iron in the core and chromium in the shell. Some magnesium rich precipitates seem to be growing
on these a-plates. Smaller spherical dispersoids are also identified as coarse Mg,Si particles not
dissolved during annealing. In oil tempered samples, the submicronic particles are more abundant and
often presented a chemical heterogeneity characterized by heterogeneous precipitation on these coarse
dispersoids. This effect was even more emphasized in air tempered samples where in addition to the

dispersoids and square o -plates, a dense population of needle-shaped particles with lengths above 1um

6
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was observed. These long particles seem to have nucleated on the dispersoids. Chemical analysis using

EDS showed those particles to be oxide phases containing aluminum and magnesium.

3.2 Characterization after irradiation

3.2.1 Water temper

Microstructure examinations of water temper in S-60 and S-100 irradiation conditions (single beam) are

given in this section.

Figure 1 : Observed microstructure in a S-100 irradiated water temper sample. Tilting around a
submicronic precipitate: (a): a=0° (b): a=10° (c¢): a=20°

Figure 1 shows a typical microstructure of a water temper sample at different tilt angles in the same area
in S-100 conditions. On Figure 1.a, a grey contrast submicronic particle is observed. The particle is
surrounded by diffraction contrast suggesting lots of residual stress in the grain. On Figure 1.b and c,
the same area is observed but with an angle of 10° and 20°. The dispersoid pictured the same
homogenous contrast. This behavior is typical of an amorphous phase. The localization, size and
morphology of these particles are similar than those of the dispersoids observed before irradiation. The
dispersoids being crystalline before irradiation, the present observation indicates that amorphization
occurs under the beam. This observation was reproduced in all samples in S-100 and S-60 conditions.
Concerning small grains with strong diffraction contrast, they are resulting from the sample preparation:
to preserve the irradiated area, one side of the disc sample has not been electro-polished. They are then

considered as an artefact of the sample preparation.

Figure 2 pictures the microstructure of a water temper sample irradiation in S-60 conditions.
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Figure 2 : Observation of voids inside the aluminum matrix in a water temper sample in S-60 irradiation
conditions. (a): at medium magnification, (b): at low magnification

On Figure 2.a, voids of different shapes are observed. Small and round cavities (red arrow) are observed
as well as bigger and elongated ones (blue arrows). Their mean radii range from 5 nm to 70 nm.
According to a statistical evaluation performed on multiple pictures, the mean radius is estimated to be
about 10 nm for S-100 conditions and 15 nm for S-60 conditions. The mean circularity for both
conditions was 0.97 with a standard deviation of 0.06 which shows that most of the voids are round.
Volume density of voids pictured a mean number of 1.09.10%° voids.m™ for S-60 conditions and a mean
number of 5.31.10%° voids.m™ for S-100 conditions assuming a 100 nm thickness (further density
measurements presented in this article will assume the same hypothesis). Those results are consistent

with an increase of voids density with damage.

Figure 2.b pictures the same area at lower magnification. The elongated voids are aligned (red arrows).
This observation was repeated in all water tempered specimens, both with S-60 and S-100 conditions.
It is consistent with a heterogeneous formation of voids around defects or interfaces (dislocations, grain

boundaries for example)

Figure 3 shows several amorphous dispersoids and micronic particles inside the matrix with different
irradiation conditions (S-100 and S-60, respectively in Figure 3.a and b). In both cases, a population of
round voids (pointed with red arrows) is observed at the interface between the matrix and the particle.
Figure 3.c shows a microscopic particle in S-100 conditions. Due to the particle dimensions, it is not
possible to test whether the particle is crystalline or amorphous. However, voids nucleate at the particle-

matrix interface (red arrows) similarly than for dispersoids.



W J oy U b W DN

Figure 3 : Observation near the interface of dispersoids and intermetallic phases in different conditions:
(a): S-100, (b): S-60, (c): S-100. Red arrows point at voids at the matrix-phase interface. Blue arrows are
pointing voids inside the matrix

Figure 4 shows APT results in a tip-shaped sample at low dpa conditions (15 dpa from M group
irradiation). Due to the highly damaged material, APT could not be performed properly in S-60 and S-
100 conditions because the high density of voids makes the tip blow up under high voltage.

Firstly, clusters of magnesium, copper and silicon are observed. They are seen to be needle shaped which
is typical of hardening precipitates. This observation is consistent with the nanoprecipitation observed
before irradiation. Very small clusters (r~1 nm) are also detected in the analysis. The size of these

clusters is equivalent to that of GP zones which are the precursors of B’* precipitation sequence.

Clusters of zinc (Figure 4.a) coinciding with Al-Mg-Si-Cu clusters (Figure 4.b) are observed. Before
irradiation, zinc is in solid solution and is not measured inside AIMgSiCu clusters. The presence of Zn
in the Al-Mg-Si-Cu clusters is consistent with the aggregation of zinc toward nanoprecipitates under
irradiation. Going further, a k-mean cluster analysis has been performed. The goal of this analysis is to
understand if the presence of Zn with Mg, Si and Cu can be considered as a co-clustering or precipitation.
To achieve this analysis, the same parameters as in MgSiCu clusters were taken. Results of the clustering
analysis, are presented Figure 4.c. The algorithm reveals clustering in the same areas than in Figure 4.b
suggesting these areas are effective Mg, Si, Cu, Zn clusters. This observation shows that zinc migrates
from a homogeneous solid solution distribution in unirradiated material to co-clustering with existing

precipitates under irradiation.
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Figure 4 : APT experiments in single beam water after M-15 irradiation conditions. Display of (a): Zn
atoms, (b) Zn, Mg, Si and Cu atoms, (c): result of Zn, Mg, Si, Cu clustering. All units are in nm

3.2.2 Oil temper

Microstructure examinations of oil tempered specimens in single beam irradiation are given in this
section. It is important to remind that, due to technical issues, oil temper specimens were not irradiated

in the S-100 experiment.

Figure 5 pictures the microstructure of oil temper in S-60 conditions. A population of mostly spherical
voids is observed. Their mean size is ranging from 5 nm to 65 nm. The associated volume density is
3.02.10%° voids.m™. They are inside the matrix and aligned as illustrated by the high magnification view
(Figure 5.b). These alignments are similar to those observed in water temper samples as described in the

previous section.

10
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Figure 5 : Voids seen in oil temper after S-60 irradiation conditions: (a): unaligned and undefined voids
around dispersoids, (b): aligned cavities.

EDS experiments (see supplementary material) on dispersoids after irradiation pictured segregation of
elements similar to the one observed prior irradiation. However, the morphology of some particles

suggests partial dissolution has occurred during irradiation.

3.2.3 Air temper

Figure 6 shows TEM micrographs of the air temper microstructure after S-100 irradiation conditions
recorded at different magnifications. A population of nanoscaled voids appears homogenously
distributed in the whole matrix. Unlike the observations in water and oil temper, voids are present in the

whole matrix and do not exceed 5 nm in diameter.

Figure 6 : General aspect of the air temper microstructure after S-100 irradiation conditions. (a): large
view, (b): closer view

11
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Some specimen from S-100 conditions were specifically polished to perform observation in an area
where the irradiation dose is 10 dpa. Dispersoids observed in Figure 7.a. are not affected by irradiation
(green circled areas). However, as pointed by the red dotted line in Figure 7.a. a very high density of
voids is observed in areas with the same morphology as the elongated coarse oxide particles. This
observation suggests that at low damage values, the coarse oxide particles tend to dissolve. Two different
behaviors of the submicronic particles under irradiation are observed here: - dispersoids (intermetallic),
while being amorphized at higher dose, remain stable for lower irradiation doses; -coarse particles

(oxides) are seen to dissolve in the early stages of irradiation.

Figure 7 : (a): observation of a trace of a submicronic particle at low dpa in air quenched specimen
irradiated with S-100 conditions. Specimen was polished to observe the area irradiated at 10 dpa. The
coarse dispersoid circled in red is dissolving around a phases circled in green, (b): local heavy
concentration of large voids observed in an air tempered, S-100 irradiated specimen

Figure 7.b is picturing a large view of the microstructure in the S-100 irradiation condition for an air
temper specimen. Besides the small voids homogeneously distributed in the matrix, some areas are
locally displaying many large voids. The size and the roughly globular shape of these areas are similar
to the micronic particles observed in the non-irradiated state. This observation was only made for air

temper specimens.

As a summary, in air quenched specimen, three types of voids have been identified: aligned voids,

nanocavities in the matrix and local heavy concentrations of irregular voids.

Table 3 summarizes the mean density measured for specimens in S-100 and S-60 conditions. It is

observed that each type of voids pictures a different order of magnitude in terms of voids density.

12
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Table 3 : density of voids in air temper depending of the irradiation conditions and the type of voids

S-100 S-60
Aligned | Nano Irregular Aligned | Nano | Irregular
No
(voids.m™ | 1.20 190 19.3 1.65 186 15.6
3
)

Figure 8 is a schematized diagram explaining the formation of voids during single beam irradiations in

6000 aluminum alloys as observed in this study. Three main microstructures are pictured before and

after irradiation. They are described not by the quench fluid but by their quench rate, which is compared

with verit, the critical cooling rate according to the literature. veri is known to be equal to 10°C.s" [30,31].

13
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Vauench << Ve

Defect P Irradiation L

vl Vguench = Verir LOW . <
A dpa /

Vyuench =2 Vo

ngh Coarse submicronic particles begin to
d a Irradiation dissolve and cavities are forming in low
p quench rates alloys where Voench = Vorn

Alloys with very low quench rates show an
homogeneous dispersion of nanocavities in the
whole matrix. Locally, very high density of coarse
cavities can be observed

Alloys with a quench rate near v, show locally and
rarely isolated cavities in the matrix near the
interface with dispersoids and dissolved particles

v

q g ;IO C’ _| Whatever the quench rate, cavities are ebserved at
o L{_g} C‘ ‘g " the dispersoid-matrix interface and near defects
0io

Figure 8 : A schematic diagram on the formation of voids in aluminum alloys depending on the initial
microstructure. v.ris is the critical quenching rate according to the literature (10°C.s')

3.3 Triple beam irradiation experiments
Experiments under T-® irradiation conditions were performed in order to simulate, compare and
understand the impact of helium and silicon created by the transmutation of aluminum. However, if the
silicon dose was close to what is observable after ten years inside a research reactor, the helium dose
implanted is close to thousands of years which is not comparable to anything realistic. Therefore, results

presented in this section will only be analyzed in a qualitative way.

3.3.1 Water temper

Figure 9.a presents a TEM picture in water temper after T-® irradiation conditions, revealing a

homogeneous dispersion of nanoscale cavities (size ~ 2nm) inside the whole aluminum matrix of the
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implanted area. To determine whether these cavities were voids or gaz bubbles, an EELS analysis has

been carried out in this area. The EELS spectrum (Figure 9.b) displays an intense peak at 22 eV which

is characteristic of the presence of helium. This is consistent with the formation of helium bubbles during

the triple beam irradiation.
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Figure 9 : (a): area with nanoscale cavities inside watered tempered specimen in T- @ conditions, (b):
EELS analysis in an area containing bubbles

The bubbles had a mean radius of 1.5 nm. The area and circularity of the bubbles was performed after

thresholding pictures using the Phansalkar method [32]. Results presented in Table 4 show a mean area

of 4.2 nm? (associated mean radius 1.15 nm) for T-®/2 conditions and a mean area of 7.0 nm? (associated

mean radius : 1.5 nm) for T-® conditions. This observation implies that doubling the fluence globally

doubles the mean area of the bubbles. For the T-® and T-®/2 conditions, a very high standard deviation

of the areas (higher than the mean value) was observed. Circularity was low but considering the size of

the bubbles and the resolution of the picture, such values are not unexpected.

Table 4: Statistical analysis of bubbles size and circularity in T-® and T-®/2 conditions in water temper

specimens
D/2 ()]
Mean Std. Dev. Mean Std. Dev
Area (nm?) 4.2 3.6 7.0 14.8
Circularity 0.67 0.17 0.55 0.23

Characterization of the nanoprecipitation after T-® irradiation conditions have been performed.

Nanoprecipitation was still observed after T-® irradiation, but some precipitates observable in bright

15
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field along <100> zone axis were no longer observable in dark field in <001> zone axis conditions. This
suggest the presence of a new family of precipitates. This phenomenon has never been observed in S-
100 or S-60 conditions in any temper. However it is consistent with the formation of a new

nanoprecipitates family under irradiation as reported by Flament et al. [33].

3.3.2 Oil temper

TEM observation in the case of oil temper after T-® irradiation were performed on a FIB cross section
sample. This cross section has been cut in an irradiated disc sample in order to observe the sample along
the implantation profile. Figure 10.a shows the FIB section in TEM bright field at low magnification
with the damage and implantation profiles over the picture. The right side of the picture corresponds to
the edge of the surface exposed to ions during irradiations. The rim delimited by red and blue solid lines
is the area where nanograins formed both by the preparation technique and irradiation are located. Figure
10.b pictures a high density of bubbles in the peak implantation area: bubbles have a mean radius of 1.5

nm as in water temper in the same T-® condition.

Figure 10 : Observation in T-® conditions in oil temper inside a FIB sample: (a): damage and implantation
profiles in the specimen, (b): bubbles observed in the peak implantation area

Figure 11 shows a dispersoid in an oil tempered specimen after T-®/2 irradiation conditions. In the
vicinity of the dispersoid (area delimited by the blue dotted line), the density of bubbles seems to be
lower than inside the matrix. Some larger bubbles are observed very close to matrix-dispersoid interface.

However, between interface and blue dotes lines, the number of bubbles seems to decrease.
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Figure 11 : Dispersoid observed in oil temper on a T-® FIB sample.

3.3.3 Air temper

Air temper samples irradiated with T-® and T-®/2 irradiation conditions displayed an intense population

of bubbles as presented Figure 12.

-

Sy 20 nny

r

Figure 12 : Bubbles inside the air temper with T-® irradiation conditions.

Coarse particles (oxides) observed prior irradiation were not observed after irradiation in both T-® and
T- @ /2 conditions. At low dpa (Figure 13) the presence of a dispersoid displaying a high density of

bubbles is observed near traces of coarse particles. This is consistent with the observations made in S-
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100/S-60 conditions. These results suggest that a dissolution of coarse particles occurs in the early stages

of irradiation.

»

Y

Figure 13 : Dissolution of a coarse particle near a dispersoid at low DPA in air temper after T-®
irradiation conditions.

Finally, formation of large voids, as observed in S-60 and S-100 conditions, were not observed in both

T-® and T-®/2 conditions.

Figure 14 represents schematically the same initial state as provided in Figure 8, but adding a
representation of the nanometric scale. The influence of the implantation of silicon and helium during

irradiation is represented and the microstructure modification is pictured at both scales.
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Figure 14 : Schematic representation of the influence of silicon and helium in the formation of voids under
irradiation

The behavior of 6000 aluminum alloys under irradiation is different for various quench rates and
the irradiation conditions. Nanoprecipitation remains stable under irradiation whatever the
quench rate, except when silicon and helium are implanted. With T-® and T-®/2 conditions,

another kind of nanoprecipitation appears. Dispersoids amorphized under ion flux whatever the
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temper and the irradiation conditions. However, coarse particles (oxides) and heterogeneous
precipitates seen in oil and air tempers totally dissolved in the early stages of irradiation. Different
nucleation sites have been identified for voids and bubbles. In all tempers, in single beam
conditions, voids aligned suggesting a nucleation on dislocations or grain boundaries and also
formed at the dispersoid-matrix interfaces. In air temper in single beam conditions, nanometric
voids were observed in the whole matrix and local heavy concentration of irregular voids was
rarely observed. With triple beam conditions, nanometric voids were observed in the entire matrix
for all tempers. The results from this study globally show a strong link between tempering
conditions and behavior under irradiation. In addition, specific irradiation conditions (single
beam or triple beam with helium and silicon implantation) will also strongly impact the response
of the material. In particular helium implantation seems to have a strong impact on the bubble
density, and because of the very high helium concentration implanted in our triple beam study,
the void swelling has been measured after simple beam irradiations. In order to quantify the total

swelling under neutron flux, modeling has been performed as presented in the next paragraph.

4 Modelling

Swelling of aluminum alloys under neutron irradiation has two components: the aluminum
transmutation into silicon and void swelling. Estimation of both is critical to estimate a correct swelling
of the alloy. Aluminum to silicon transmutation is induced by thermal neutrons (E<0.625 ¢V) and void
swelling is induced by fast neutrons (E>0.1 MeV) which cause damage to the material. For the void
swelling study, displacement per atom (dpa) is used to link ion irradiation and neutron irradiation for

comparison purposes.

Therefore, in the rest of the paper, fast neutron doses will be converted into dpa, and the total fluence
will be characterized by the ratio, r, of the thermal to the fast fluence. No explicit mention of the thermal

dose will be expressed.

According to Farrell et al. [34], the conversion of fast neutrons (> 0,1 MeV) to dpa is 1.8 10% n.cm"

=260 dpa. This value will be used in the rest of this paper.

4.1 Quantification of the swelling from silicon
In order to quantify the contribution of silicon onto the swelling, data from the literature has to be
considered. Only Farrell [35] published calculations of the silicon induced swelling. According to the
graph reported in [35], the silicon induced swelling can be described by the following formula:

AV
(—) (%) = 6.10~2*F.
V /si
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With F; the fast neutron flux in n.cm™. However, it is the thermal neutron flux which leads to swelling
due to transmutation. This data point is from the HFIR target holder for which the thermal (E<0,625 eV)
to fast (E>0,1 MeV) neutrons ratio is equal to 2. The formula can therefore be written as:

AV
(—) (%) = 3.10724F,,
V /s

Introducing the r ratio for any reactor:

AV
(—) (%) = 3.10"2*F..r
V /si

Acknowledging the previously written formula linking F; to dpa:

1.8.10%3
—Odpa. T

(ﬂ) (%) = 3.1072*
V) ' 26

The total dpa is the product of the damage rate K in dpa.s™! with time t in s:

AV
(—) (%) = 2.077.1073K.t.r
V /si

To convert the thermal flux (E< 0,625 eV) into conventional neutron flux, as there is no indication of
this conversion ratio in [33], we re-calculated the contribution of precipitated silicon to swelling as a
function of the conventional flux, using the cross section of 234,4 mbarns at E = 0,0254 eV and T =
20°C for neutron capture on 2’Al. A good agreement with the silicon swelling line published in [33] was
obtained for a Feon/Fun ratio between 0.7 and 0.8. The Feon/Fin ratio in the model will therefore be

approximated to 0.7, which gives by dividing by 0.7 the final formula:

AV
(—) (%) = 2.9671.1073K.t.r
V /s

Where r becomes the ratio Feony/Fr (>0,1 MeV).

4.2 Swelling induced by voids
Measurements from S (single beam) and M (multiple beams) groups were performed on TEM pictures
representing what is assumed to be a representative microstructure of the temper after irradiation.
Swelling values are given assuming a 100 nm thickness. Raw data is given in the appendix A (page 35).
For water and oil temper, each row corresponds to a mean value in a TEM sample. For air temper, in
each irradiation condition, the different contributions to swelling are listed: the cavities aligned with
defects, the local concentration of cavities (like observed in Figure 7.b and Figure 13) and the
nanocavities in the whole matrix. The detailed formula for evaluation of the swelling using TEM pictures

is given in the appendix B.
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Table 5: Mean swelling values for different conditions. Air temper values are the sum of the mean swelling
value around defects and the value from nanocavities

Temper Conditions Ny (10* voids.m?)  Std. Dev. A—VV (%) Std. Dev.
S-60 1.09 0.45 0.67 0.48
Water
S-100 5.31 1.56 0.46 0.29
il S-60 2.82 1.35 0.37 0.13
S-60 0.65
Air S-100 0.73
M-9 041

Table 5 presents the summarized and averaged values of swelling from appendix A. Air temper values
are obtained by summing the mean swelling near defects and the nanocavities. Values from local
concentrations of irregular voids are not taken into account because of low number and random

distribution which would distort the values given for a global swelling measurement.

First, it is observed that the standard deviation of the void swelling for S-100 and S-60 in water temper
is extremely high, revealing the measurement difficulties due to the heterogeneous cavities distribution
and to the high magnification necessary to observe the cavities. Moreover, S-60 presents a higher
swelling that S-100, which is not expected. The medium number of cavities is clearly higher for S-100
than for the S-60 conditions (even when considering the standard deviation). This could be explained
by the high energy of the Au ions (3.5 MeV) which seems to lead, at a high damage level, to smaller
and more abundant cavities. Nevertheless, the high value of the S-100 sample could also be explained

by the relatively small probed volume and the rapidly changing damage rate (0.4 dpa.nm™).

Oil temper presents a higher void density and a lower swelling than water temper in the same conditions.
However, standard deviations are overlapping. In air tempered specimens, higher values of swelling are
observed. However, acknowledging they are obtained by summing different positions and origins of
voids, no meaningful standard deviation values can be provided. Nevertheless, it is observed that even
in M-9 conditions, a high swelling (0.41%) is already measured. As written in appendix A, swelling in
air temper is mainly induced by nanocavities which form at low damage levels. The histograms
presented in Figure 15 show the radius distribution of voids in air temper, depending on the source of
the voids. It is observed that while aligned voids present a large distribution from a few nanometers to

more than 60 nm, the radii of nanocavities do not exceed 6 nm.
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Figure 15: Size distribution of void radius depending on the void types for S-60 and S-100 conditions in air
temper.

4.3 Application to the Brailsford&Bullough model
Modeling the void swelling is a complex issue as it depends on various parameters which are usually
not easily determined. Models found in the literature are also quite varied. Dai et al. promoted the critical
bubble model (CBM) [4] which takes into account many parameters. However, current knowledge on
the void swelling of aluminum alloys is not sufficient to feed such a complex model properly. On the
other hand, simpler models like the Brailsford and Bullough model (BBM) [23,24] are enough to
estimate the void swelling of aluminum core components in reactors. The BBM is written with three

equations:

AV
7(%)(0 = SF(n)KAt 1

1 1

o =2{/773-1-Jonl- 962 s

In equation 1, S is an adjusting parameter to make the model comply with experiments. K is the damage
rate in dpa.s™ and At the time variation from to, where to is the time at which the material begins to swell.
F(n) function is described in equations 2 and 3. In equation 2 and 3, EY, is the activation energy for

vacancy motion in eV and Q the activation energy for self-diffusion by the vacancy mechanism in eV.
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T is the irradiation temperature in K. T is the low activation temperature under which the vacancy and
interstitial motion is too low to form voids. T is the high limit temperature above which the

recombination rate is so high that no void can be formed. k is the Boltzmann constant.

In the context of this study, determining a time at which the material begins to swell is not practical
since this value depends on the damage rate. It is therefore more adapted to use @y, the dpa value at

which the material begins to swell. The BBM is therefore written as:

AV
- (%) = SF (Kt = ;)

Among the parameters to be determined, Q and Ef, can be found in the literature. It will be assumed

that EY, =0.65 eV [36] and Q=1.31 eV [37]. Concerning T and T;, data from the literature are limited.
Figure 16, reproduced from Jahnke et al. [8], presents swelling curves after irradiation with 100 keV Al*
ions as a function of temperature, at three different damage values, obtained with different dpa rates.
Comparing blue, green and red curves obtained on pure aluminum shows that increasing the dpa rate
raises the temperature of the swelling peak and therefore impacts Ts and T:. Moreover, the neutron
irradiations (black curve) present a different behavior than ion irradiated samples: the peak temperature
is shifted toward lower temperatures, in relation with the lower damage rate actually obtained with
neutrons. Furthermore, the peak temperature in an AIMgSi alloy is shifted towards lower temperatures
when compared to pure aluminum, both irradiated with ions with the same damage rate. But the
metallurgical state (orange curves) does not seem to have an impact on the peak temperature, but only
on the swelling level. In [8] Jahnke points the variability of Ts and T, however no value for any 6000
aluminum alloy has been determined so far. Therefore, in order to model the swelling of aluminum
alloys, estimations have to be done. Using parabolic curves to extrapolate Jahnke data concerning the

AlIMgSi alloy, it is proposed to estimate T.=-20°C and T=210°C.
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Figure 16: Voids swelling for different alloys with different irradiation conditions vs temperature [8]
@, can be evaluated as the intersection between the swelling from silicon curve and the 6061-T6 global
swelling in the Farrell experiments [35]. This calculation gives ®o= 41,8 dpa. Considering the

uncertainty on the slopes of the fitted lines, the ¢ value for the modeling will be rounded to 40 dpa.

Figure 17 is a plot of all data on 6061-T6 retrieved from Farrell after neutron irradiations [35] and from
experiments after ion irradiations presented in this paper. A high inhomogeneity is observed for our
study using ion irradiation, and a decrease of swelling values with increasing dpa, which prevents the
fitting of our data using the BBM model. According to Figure 17, the swelling values measured after
neutron irradiations also present a high dispersion with three high values, two low values close to the
silicon swelling line and one value at low dpa possibly fitting two different lines. This dispersion can be
related to the different neutron spectra (r ratio) seen by the samples: at a given dpa, the contributions of
the silicon swelling and of the void swelling can vary in a large range. Indeed, the silicon swelling is

dependent on the r ratio, and the void swelling on the fast flux level, i.e. the damage rate.

That is why, two simulations will be performed, using two different damage rates: one fitting the high
swelling values measured after neutron irradiations and the other adapted to the low swelling values.

Figure 18 presents both BBM curves using damage rates of 5.107 and 1.10° dpa.s™.

25



W J oy U b W DN

AT U UG UTOTE DD DD DDA DDAEDNWWWWWWWWWWNNNONMNNONNNNNNRRF R RF R PR e
P WNRFR OOV JdNTDd WNRPOWO-TIAANUTDRWNR,OW®OWJdNUTBRWNFROWW-TJNUEWNRE OWW-TI U & WN R O WO

Swelling (%)

Swelling due to silicon A
2.00 : #
=== Farrell's curve 'FJ
”

A Water temper 7
1.75 1 . .

A Qiltemper {z+
150 A  Airtemper ,,"

' + Farrell : Total ,-r'

+ Farrell : Voids ,-""

1.25 1 -,
+,r
f’,
1.00 1 A ”z ;
A 7 +
0.75 - 3 '
‘ ’f'r +
-

0.50 - s A L4

A *"’ -
0.25 4 + ,,f'fj.' ¥ ’

¥
R A
0.00 . . . . .
0 50 100 150 200 250
DFA

Figure 17: A global overview of swelling values. Crosses are values from Farrell experiments (neutrons).
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Figure 18: Adapted BBM for damage rates of 1.10°% and 5.107 dpa.s~'with S=0,01
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Figure 19: Modelling of the total swelling (silicon + voids) of a 6061-T6 alloy under neutron

during 10 years at 2 different values of the damage flux (a) 5.107 dpa.s’ (~3.5.10"* n.cm™%.s7',
(b) 1.10°° dpa.s™ (~6.9.10"* n.cm™%.s"', E>0.1MeV) with a thermal to fast neutron ratio of 1/3 using a BBM

coefficient $=0.01. Values are plotted for a temperature range of -20°C to 210 °C
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Figure 19 shows the global swelling of a 6061-T6 component inside a reactor. This simulation is
obtained with the BBM model and the swelling from silicon as calculated previously. It is calculated for
a damage flux of 1.10° dpa.s™! equivalent to about 6.9.10'* n.cm™.s! (E > 0,1 MeV) for the fast neutron
flux, which is about the highest expected in a research reactor core and for a damage flux of 5.10” dpa.s~
!equivalent to a fast neutron flux of about 3.5.10" n.cm?.s' (E > 0,1 MeV). The thermal to fast neutrons
ratio chosen is r=1/3. The plot displays the estimated swelling for a temperature range between T, and
T, for a period of time of 10 years. Figure 19.b pictures the swelling at the maximal damage flux of 1.10
6 dpa.s' and Figure 19.a the swelling at half this value. Concerning the temperatures themselves, 90°C
is representative of a high temperature reached in a NRR core. Figure 20 displays the swelling at 90°C
during the same period of time. For a damage flux of 5.107 dpa.s™!, a final swelling of 1.7% is expected.
In the case of a maximal damage flux of 1.10¢ dpa.s, 3.0% is obtained.
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Figure 20: Modelling of the total swelling (silicon + voids) of a 6061-T6 alloy under neutron irradiation
during 10 years at 2 different values of the damage flux: 1.10°° dpa.s' (~6.9.10"* n.cm™.s”!, E>0.1MeV) and
5.107 dpa.s™! (~3.5.10"* n.cm-2.s"") with a thermal to fast neutron ratio of 1/3 using a BBM coefficient
§=0.01 at 90°C
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5 Discussion

Because of the variety of results reported in the present study, in the following discussion, microstructure
observations have to be considered separately from the modeling. Also in order to understand the role
of helium and silicon implantation, results from S and T conditions must be considered and commented

separately.

5.1 Microstructural modifications

5.1.1 Single beam irradiation

Single beam irradiation conditions have revealed the response of the microstructure under irradiation.
First, as presented Figure 1, dispersoids are totally amorphized by irradiation and, depending on their
nature and on the damage level, partially or totally dissolved. This is observed for all temper. In the case
of oil tempered specimens, heterogeneous precipitation, present before irradiation is not observed after.
Similarly, in air temper, where very coarse and heterogeneous particles (oxides) were observed before
irradiation, they were not observed after. At low dpa, these coarse particles are observed to be dissolved
(Figure 7). These results show that heterogeneous precipitates are totally dissolved during irradiation
while a-Al(Mn,Fe)Cr dispersoids are more stable only showing a partial dissolution and an
amorphization. Amorphization of the microstructure and modification in the dispersoids near
environment have been already observed in the same family of materials during ion irradiations [38]. A
lower quenching rate implies a higher heterogeneity in the submicronic precipitation, which induces a

lower stability of the precipitation during irradiation.

At the nanometric scale, precipitates have been observed with APT for the low dpa irradiation (Figure
4) and by TEM at the high dpa ones. The presence of zinc in the nanoprecipitates detected by APT seem
to indicate a migration of the zinc in solid solution toward the nanoprecipitates, which can be an early
stage in the formation of new nanoprecipitates during irradiation. Indeed, Flament et al. showed by
HRTEM observations that partial dissolution of the nanoprecipitates can occur and lead to the formation
of new nanoprecipitates under ion irradiation [33]. While achieving roughly the same damage levels,
these new precipitates are not observed in our study, which could result from the irradiation conditions
and of the TEM resolution. Moreover, irradiation of aluminum alloys under neutron flux confirmed that
the dissolution of nanoprecipitates occurs in reactors [39,40] ; however, 6000 aluminum alloys are
known to keep good mechanical properties even after irradiation [34,41]. It is therefore highly likely

that the dissolution-precipitation phenomena happen during neutron irradiations.

Concerning the void swelling mechanisms, different nucleation sites are observed. Figure 2 pictures
many aligned cavities in the whole matrix. This observation of aligned cavities is assumed to be the
signature of defects such as dislocations, grain boundaries or sub grain boundaries which, by being

interstitial wells, induce the formation of cavities in their nearby environment. This is observed for all
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tempers. Other cavities are also observed in the immediate surroundings of dispersoids for all tempers
(Figure 3). Considering the fact that those particles are dissolving under irradiation, this means they are
a preferred site of void formation. Moreover, in the oil and air temper, another types of cavities is
observed. As seen Figure 5, cavities distant from dispersoids and showing no particular alignment are
present. It is assumed that the dissolution of heterogeneous submicronic particles leads to the formation
of interstitial wells which helped form such cavities. It is particularly clear for the air temper samples,
in which local and extremely dense formation of voids (Figure 7.b) seems to be the results of a fast
dissolution of submicronic particles. Previous studies on those particles [19] proved most of them to be
oxides, which are known to be extremely fragile under irradiation. It is therefore conceivable that such

a heterogeneous precipitation favors the formation of coarse cavities.

Finally, in air temper, a homogeneous distribution of nanoscale voids was observed in the whole matrix
(Figure 6). Air temper is the only temper without nanoprecipitates. Therefore, as nanoprecipitation is
semi-coherent, it plays the role of ambivalent wells, accommodating the microstructure and preventing
the formation of voids. As air temper is devoid of nanoprecipitates, cavities are forming in the whole

matrix.

Flament et al., observed cavities in the nearby environment of dispersoids [38]. Under neutron flux,
studies on reactor elements showed a wide range of swelling measures and a void formation highly
dependent on the alloy and the irradiation conditions [21,42—44]. However, Risbet et al. [45—47] studied
the formation of voids in pure aluminum and model alloys under neutron flux. They demonstrate the
role of defects in the formation of aligned voids, as observed in this study. The behavior of 6000
aluminum alloys under irradiation seems to be specific due to the various precipitation scales. According
to Risbet et al. on 2000 aluminum alloys [45,47] and confirmed by the present study on 6000 alloys, the
void swelling seems specifically localized on the submicronic precipitation and on pre-irradiation
defects at the submicronic scale. Hence, pre-irradiation defects and coarse dispersoids are factors which

promote the formation of voids in the alloys.

5.1.2 Triple beam irradiations

The microstructure modifications after triple beam irradiations are notably different from those observed
after single beam irradiation. Nano-bubbles are observed in the whole matrix for all tempers as seen
Figure 9, Figure 10 and Figure 12. The EELS analysis, Figure 9, reveals helium inside the and a
statistical analysis shows the bubbles size is directly linked to the amount of helium injected. In the
vicinity of the dispersoids present in the matrix, bubbles tend to be rare and coarse (Figure 11). By
comparison, after single beam irradiations, voids are not observed to be homogeneously distributed and
preferential nucleation sites have been evidenced as reported by Farrell [21] who demonstrated that the
helium production under neutron flux leads to an homogeneous dispersion of bubbles in the whole

matrix. This was also observed in this study under ion beam.
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The overall density of nanoprecipitates tends to decrease under irradiation while new ones form. This
observation is likely to be linked to silicon implantation. According to Weeks et al. [48], the formation

of silicon during neutron irradiation leads to the formation of silicon nano-precipitates.

For the study of void swelling, the initial microstructure differences at the submicronic scale is not a key
parameter since after helium implantation bubbles nucleate homogeneously in the matrix. Therefore,
helium implantation tends to homogenize the formation of voids whatever the quenching rate. This
seems to be beneficial for low quench rate where coarse voids are no longer observed in the place of
previously present particles. But for high quench rates, it seems to produce numerous bubbles and

homogeneously dispersed voids in the matrix which were not observed after single beam irradiations.

5.2 Modeling the swelling
5.2.1 Swelling data

The calculation of the swelling inside TEM samples after single beam irradiation revealed extremely
dispersed values. Water and oil temper samples had a very similar behavior in terms of swelling while
the air temper showed higher values. Cavities from air temper seemed mostly consisting homogeneously
distributed whereas water temper presented the most dispersed cavities as seen in Figure 17. These
assessments show the high difficulty of evaluating a phenomenon like swelling in the aluminum alloys
showing heterogeneous and homogenous formation of cavities at various scale. Due to the variety of
nucleation sites for the voids and bubbles, estimating the nucleation the most representative site for
global swelling is not obvious. For that matter, the similar values measured for different irradiation
conditions in the air temper can be attributed to the fact that the major contributors to the swelling in
this temper are the nanovoids present in the entire matrix. As this contribution is homogeneous and
easily measurable, measurements in the air temper can allow us to estimate the swelling for these

conditions.

More, aluminum alloys are seen to be extremely sensitive to the thermal treatment as seen on Figure 16
and the previous section. Therefore, as the exact tempering and composition of the 6061 alloy used in
Farrell [35] is unknown and unlikely to be the same as used in this study it is highly probable that these
different parameters partially explain the difference between the two curves. In addition, the high
dispersion between the measurements in water temper for 100 dpa (Figure 17) pictures the issue of
working with heavy ions as the very high damage rate inside the depth (around 100 dpa every 450 nm,

Figure A.1) implies difficulties on the measurement of a homogeneous swelling inside such specimens.

5.2.2 Model and parameters

The BBM model was chosen in this study to evaluate the swelling in a typical NRR after 10 years of
irradiation. It is obvious that more recent and more physical models like the CBM outperforms the BBM.

However, in the current state of art on the swelling of aluminum alloys, some of the CBM inputs are
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still unknown. First, Ts, T;and @y were chosen from raw literature data. As observed in Figure 16, T;
and T are mainly influenced by the material composition and by the damage rate. Indeed, the reduction
of the swelling peak temperature at low damage rates for pure aluminum is observed. Second,
microstructures resulting from different thermal treatments obviously modify the swelling level but
according to [8] not the temperature range. In this study on 6061-T6 alloy, T, and T; were evaluated
using previous data on an AIMgSi model alloy which has a close chemical composition, and which was
irradiated with Al" ions at a comparable damage level. However, a different temperature range should
be taken for modeling neutron irradiations on 6061, but no data is available. The real values of T, and
T: remain unknown due to the important dispersion of the T6 tempers microstructures before irradiation.
In addition, the chosen value of @y is based on swelling measurements of 6061-T6 alloy after neutron
irradiations, whereas @ is highly dependent on the damage flux. As two different damage rates were
considered in the model, two different values should be adopted for @y, but the poor number of swelling

data under neutron flux did not allow to do it.

5.2.3 Swelling values obtained from the model

Final results presented Figure 19 show an increase of the swelling with the damage level and a swelling
peak around 110°C. For 10 years inside reactors under high fast neutron flux, the range of results (1.7%
to 3%) seems reasonable. The difference between both results lies in the large range of damage fluxes

in a research reactor, depending on the location in the core.

The larger swelling values measured after ion irradiation in our study can be attributed to the higher
damage rates obtained with ions. The difference in terms of damage rates (1.10 dpa.s™! for the highest
neutron fluxes to 1.10"* dpa.s' on average for ions) modifies the swelling kinetics itself. Increasing the
damage rate reduces the probability of recombining interstitials and vacancies and therefore increases
the swelling. Furthermore, in nuclear reactors, transition periods, stops, reboots, thermal fluxes and
neutron flux variations modify and globally lower the swelling compared to ion irradiations performed
in one batch. In addition, the chosen high flux and fluence in our ion irradiations lead to a wide damage
range (150-400 dpa) in a short thickness (1pm) which introduces an uncertainty in the determination of
a swelling associated to a damage level. Finally, it has been demonstrated earlier in this study that the
metallurgical state is conditioning the voids sizes and distribution. Yet the precise metallurgical state of
the components in 6061-T6 alloy assessed by Farrell [21,34,35] is unknown and therefore the
comparison between ion and neutron irradiations is impacted by probable differences in the quenching

rate, added to chemical composition variations.
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6. Conclusion and perspectives

This study demonstrates the impact of the metallurgical state on the swelling of aluminum alloys. 6000
aluminum alloys are widely used in NRRs and show a very wide range of microstructures resulting from
the thermal treatment of the thick plate representative of the NRR component material. While the
annealing and artificial ageing are well mastered in the nuclear industry, the impact of quenching still

remains poorly documented.

It has been shown that the void swelling of 6061 aluminum alloy depends on the quenching rate. The
coarse submicronic particles which precipitate in the alloy mostly at low cooling rates dissolve quickly
under irradiation, causing an early formation of voids. While 10°C.s™! is regarded as the average critical
quenching rate used as a criterion for the mechanical properties of a T6 temper on 6000 alloys, it should
be noted that it was established on thin plates and inherited from the automotive industry in which
irradiation issues are absent. This study shows that for applications using thick components, such as the
nuclear industry, the highest cooling rates have to be targeted in order to avoid the nucleation of coarse
submicronic phases and to increase as much as possible the precipitation of hardening phases which not

only harden the alloy but limit the formation of voids during irradiation.

A Brailsford and Bullough model (BBM) has been used to simulate the swelling of 6061-T6 alloy under
neutron irradiation and adjusted on published values. The lack of knowledge on some parameters
specific to the swelling in 6061-T6 alloy is an important point. In particular, the threshold damage ®o
over which void swelling occurs is derived from neutron irradiations data, but its dependence on the
damage rate should be investigated. In addition, the temperature range corresponding to swelling of
6061-T6 alloy is derived from published ion irradiation data, but data on pure aluminum show that the
temperature of maximal swelling is lower with neutron than with ion irradiations. Swelling data on NRR
components irradiated at different temperatures should allow the determination of T, and T; more
accurately and their dependence on the grading and the damage rate. A global understanding of the
variation of those parameters is of primary interest to achieve a more correct simulation with BBM.
Finally, it has to be reminded that achieving a better BBM modeling is only the first step leading to the

use of more complex irradiation model like the CBM.

The comparison of results after neutron and ion irradiations reveals that the void swelling from ion
irradiations presents a very high dispersion and overestimates the global swelling on most samples. A
part of the dispersion can be explained by the uncertainty in correlating the observed area with a damage
rate. But another part of the dispersion is intrinsic to the alloy which presents a heterogeneous swelling
linked to the local microstructure at the nanoscale. The very high damage rate in ion irradiations explains
the overestimation of the void swelling for most samples. This is why ion irradiations should be made
at a reduced flux even at the cost of a longer irradiation time to achieve high damage levels, in order to

obtain results more representative of a neutron irradiation.
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Ultimately, it is pointed out that core components that are generally thicker than pieces used in the
automotive industry need additional dedicated microstructural and irradiation studies. Acknowledging
that different cooling rates imply different swelling behaviors, it is of primary interest to dispose of a
swelling model allowing to predict the swelling of a thick 6061-T6 specimen presenting different

cooling rates in the thickness.
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Appendix A: Voids swelling values from ion irradiations S and M

A.1: Water temper

AV
Conditions No (10?° voids.m™) — (%)

No voids observed

A.2: Oil temper

AV
Conditions No (10*° voids.m™) — (%)
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A.3: Air temper

Conditions Source

Defects

Heaps

Nanocavities

Defects

Nanocavities

Heaps

No (10?° voids.m™)

1.34

190

2.09

186

A
&Y o

0.18

12.9

0.57

0.24

0.44

No voids observed
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Appendix B: Calculation of the voids swelling using TEM pictures

According to Jahnke [8,49], the voids swelling in an observed area in TEM is given by :

N2

V4

AV
(—) (%) = 100
4 void

With V., the volume of a given void and V, the total volume of the observed area. Assuming a thickness

of 100 nm in this area and voids to be spherical, it can be written that:

(AV) %) = 1004 Y R3
V )voias 03" 5,100

With R, the radius of the void in nm and S, the surface of the picture in nm?,
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Appendix C: Supplementary material
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Figure A.1: Damage profile simulated by SRIM for each group and targeted dpa. Curves are corrected by
the real fluence measured at the end of the irradiation experiments.

Figure A.1 shows the irradiation profiles obtained using SRIM.

Cr Mn Fe
= 100
k]
2 50+
2
R T o
3 4 5 '6 | 7
Enefgie(ke\/‘ I I
= 100 1 t 1 =
5. 1 ' Point 2
2 50 A 1 1
w0
&
E o
3 4 5 1 16 1 7
Energie (keV) 1 1
= 100 i I i
3 I I I — Ppoint 3
L 50 ! !
2 | I
&
£ brieliedinasasmm it

Energie (keV)

Figure A.2: a-type particle observed after irradiation in a S-60 irradiation. EDS points (1,2,3) were
performed and related spectra is given.
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Figure A.2 shows submicronic particles observed in single beam ion irradiated water temper samples.
The two particles are surrounded by a diffuse aspect area. EDS analysis has been carried out in the two
particles (points 1 and 2) and in the diffuse area (point 3). EDS experiments in point 1 revealed a high
chromium and manganese amount with a lack of iron. Point 2 pictured important levels from the three
elements Cr, Mn, Fe, whereas point 3 presented smaller concentrations of the same elements. This is

consistent with a depletion in Fe of the alpha phase dispersoid particles observed before irradiation [50].

SiK = 100 nm

—— 100 nm BF(framel) ———200nm SiKk ———200nm crk ———200nm MnK C—— 200 nm

—— 100 nmBF(framel) _——— 100 nm

Figure A.3: EDS analysis near dispersoids after S-60 irradiation conditions: most of heterogeneously
disturbed species have vanished

Figure A.3 pictures an EDS analysis on dispersoids in the oil temper before (a) and after (b) S-60
irradiation. The silicon particle in contact with the dispersoid has been dissolved during irradiation,
whereas the dispersoid displayed only a partial dissolution and the remaining reduced dispersoid
appeared to be denser. But, as the silicon solubility is low, a high silicon concentration is still observed
around the dispersoid. These results show that the ion irradiation tends to erase the heterogeneous

precipitation where smaller dispersoids present a homogeneous partition of elements.
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