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a b s t r a c t

This study observed the effect of neutron irradiation and ageing on the microstructure, hardness, and
corrosion resistance of SAV-1 (AleMgeSi) alloy. The investigated material was irradiated with neutrons
to fluences of 1021e1026 n/m2 in the WWR-K research reactor and kept in dry storage. Long-term irra-
diation led to an increase in hardness of the alloy and a deterioration of pitting corrosion resistance. Post-
irradiation ageing for 1 h at 100e300 �C resulted in a decrease in microhardness of the irradiated SAV-1.
The effect of post-irradiation ageing on pitting corrosion was made clear through the formation of
Guinier-Preston zones and secondary precipitates in the Al matrix. Ageing at 250 �C corresponded to the
development of stable microstructure and the highest corrosion resistance for the irradiated samples.
Mg2Si, Si, and needle-shaped b00 precipitates were formed in SAV-1 alloy that was irradiated with low
fluences. b00 and clusters of rod-shaped B-type precipitates were observed in highly irradiated samples.
The precipitates were similar to those seen in non-irradiated pseudo-binary AleMg2Si alloys with Si
excess.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aluminum-based alloys that contain silicon have found appli-
cations in reactor engineering due to their completive nuclear-
physical properties, including high ductility, thermal conductivity,
and satisfactory resistance to water corrosion. Alloys of the
AleMgeSi system (SAV, PAR) and their close analogues (6061 and
6063 alloys) are used in the structural elements of the core, as well
as in the cooling and control systems of research nuclear reactors
[1,2]. In the WWR-K reactor (Almaty, Kazakhstan), low-alloyed
SAV-1 alloy is used in a hardened and naturally aged state to
fabricate the protective ducts for fuel elements and automatic
control rods (AC-rods) as well as in-vessel channels, shrouds and
pipelines.

Aluminummaterials are exposed to ultra-high neutron fluences
(~1025e1026 n/m2) during long-term operation in the reactor core;
significant changes in their microstructure and properties are
therefore expected. A substantial increase in microhardness and
by Elsevier Korea LLC. This is an
yield strength values was seen in SAV-1 as well as other AleMgeSi
alloys irradiated with neutrons or ions [3e9]. Possible reasons for
alloys hardening under irradiation could include the growth of
silicon content due to the Al (n, g)Si nuclear reaction [1,6] and the
formation of fine-sized Si and Mg2Si precipitates. In addition, re-
dissolution of primary Mg2Si particles and the super-saturation of
aluminum solid solution with Mg and Si components were
considered as contributors for hardening [8].

Post-radiation effects also significantly influenced the proper-
ties of AleMgeSi alloys. The degradation of the structure due to
radiation as well as variation in elemental and phase composition
can negatively affect the resistance of reactor materials to corrosion
[10]. These factors must be taken into account when determining
optimal conditions for long-term post-radiation storage. The effect
of ageing on properties of irradiated materials should also be
evaluated. Ageing in non-irradiated AleMgeSi alloys, for example,
takes place at elevated temperatures and leads to the formation of
multiple intermetallic precipitates [11e17]. Neutron irradiationwill
likely generate numerous inhomogeneities, defects, and internal
stresses that facilitate the formation of metastable phases in the
alloys.
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At present, there are limited numbers of studies on the influence
of ageing on the structure and properties of AleMgeSi alloys irra-
diated with neutrons to high fluences [3,4,9]. It is a complex task to
give a confident prediction as to the behavior and properties of
irradiated AleMgeSi alloys at elevated temperatures. Therefore,
the study focuses on microstructural changes in the SAV-1 alloy
after neutron irradiation, storage, and post-irradiation ageing to
expand knowledge on this subject. Transmission electron micro-
scopy (TEM) and the X-ray energy dispersive spectroscopy (EDS)
analysis were used to characterize the precipitates formed at
different irradiation and post-irradiation conditions. Corrosion
experiments were carried out using irradiated SAV-1 samples aged
at different temperatures to evaluate the performance of the ma-
terial in a severe water environment. The results obtained can be
used to predict the behavior of ducts of spent fuel elements with
unburnt nuclear fuel in case of a possible fault in storage conditions
and an increase in temperature to 100e300 �C.

2. Materials and methods

The samples of SAV-1 alloy that conforms to GOST 4784-2019
standard (wt.%: balance Al, 0.5e0.6 Mg, 1.0e1.2 Si, � 0.3Fe, 0.02 Ti,
0.01Cu, � 0.03 Zn) were prepared from some regions of an AC-rod
assembly irradiated with different fluences of neutrons. The as-
sembly was composed of an AC-rod and a shank rod. The SAV-1
components of the assembly operated for a long time in the
WWR-K reactor core and then kept in dry storage for about 20
years; therefore, it can be said that they were subjected to natural
ageing. Sampling and irradiation conditions are presented in Fig.1a.
Alloy fragments were cut out from the top and bottom ends of the
AC-rod duct (Fig. 1b) and the shank-rod (Fig. 1c) in the hot cell
(Fig. 1d). Noneirradiated samples were used for comparative
analysis and reference.

To study the effect of ageing onmicrostructure and properties of
irradiated SAV-1 alloy, consecutive isochronous annealing was
carried out for 1 h over the temperature range of 100e300 �C.
Annealing of the specimens in a vacuum (< 6.7 � 10�3 Pa) was
performed using a Nabertherm RD 30/200/11 electric furnace. The
Vickers microhardness of the SAV-1 samples was measured before
and after annealing using a PMT-3 microhardness tester (LOMO,
Russian Federation) under applied loads on indenter of 50 g for the
most hardened samples B and 20 g for other less hardened samples.

Structural TEM examinations of irradiated and aged samples
Fig. 1. Schematics of the AC-rod assembly in the reactor channel (a), the AC-rod drawing (b),
B, C, D each refer to a set of samples cut from each point of interest.
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were carried out both before and after annealing using a JEM-2100
transmission electron microscope (JEOL) equipped with an Х-Max
EDS detector (Oxford Instruments) at an accelerating voltage of
200 kV. TEM objects of SAV-1 samples after irradiation (before
annealing) in the shape of 3 mm disks were thinned by a jet elec-
tropolishing in the electrolyte of 20 ml
HClO4 þ 70 ml C2H5OH þ 10 ml C3H8O3. TEM bar-shaped samples
(2.8 � 0.5 � 0.1 mm3) of the SAV-1 after annealing were thinned by
an argon ion beam in an Ion Slicer 09100IS (JEOL) to obtain a ma-
terial thickness of ~0.1 mm.

Bars of 6 mm � 10 mm size and a minimum 1.5e2 mm in
thickness were cut from the shank rod material (samples C and D)
for corrosion studies. For comparison, samples of identical size
were prepared from a non-irradiated SAV-1 alloy. The bars cut from
the duct materials (A and B) were thin (less than 1mm) and did not
satisfy the size limits for the corrosion tests. The experiments on
the corrosion resistance of the SAV-1 were carried out by
immersing alloy samples in the 1% FeCl3 solution for regular time
intervals (2 h) at room temperature. FeCl3 water solution was
selected due to its similarity to the chemical parameters of the
water in the pool-storage of the WWR-K reactor (Feþ3: 0.1e0.8 mg/
l; Clþ: 0.01e0.1 mg/l and Al: 0.01e0.1 mg/l). The samples were
periodically removed from the solution and thenweighed using the
KERN-770 electronic balance to determine any weight loss.

3. Results and discussion

3.1. Microstructure characterization

The initial state of the heat-treatable SAV-1 alloy before irradi-
ation was as follows: heating to 520�С with subsequent quenching
(for hardening) and natural ageing. The initial microstructure of the
SAV-1 alloy was characterized by the segregation of Mg2Si and Si
large particles at the late stages of natural ageing. Data from EDS
analysis collected from a non-irradiated SAV-1 sample after long-
term storage at 20 �C is given in Fig. 2. EDS analysis showed the
presence of globular particles of Si (spectrum 1), Mg2Si (spectrum
2), and nano-precipitates (20e40 nm) enriched with Fe and Si
(spectrum 3). The regions near large particles were depleted with
Mg and Si. Grains of the initial SAV-1 alloy had a network dislo-
cation structure with a density of ~ (2e4) � 1014 m�2.

The microstructure of sample A irradiated to low doses is
visually quite similar to a non-irradiated one (Fig. 3a). EDS analysis
and photos of the AC-rod (c) and the shank (d) in the hot cell before cutting. Samples A,



Fig. 2. STEM electron image of non-irradiated SAV-1 alloy after natural ageing and the EDS data.

Fig. 3. (a) Dark field TEM image of Si precipitates (white area) in the sample A after irradiation and natural ageing. (b) Cluster defects and GP zones in the sample B after irradiation
and natural ageing. Side image shows SAED from the specified area.
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of the specimen showed the presence of Si nano-precipitates at the
grain boundaries and dislocations. An extremely small quantity of
Mg atoms was recorded near the silicon precipitates. The micro-
structure of the highly irradiated samples B contained a dislocation
network and “ageing traces” (Fig. 3b) in shape of thin lined Guinier-
Preston (GP) zones and clusters of 2e10 nm in size. In the
aluminum matrix, GP lines with a length of up to 50 nm were ar-
ranged along the directions [220] and [002]. Many grains were seen
to have numerous cluster defects without GP zones. No additional
fine-sized phases were observed in the sample B after irradiation
and long-term storage.

Microstructures of the SAV-1 set of samples C and D after irra-
diation and storage were characterized by the presence of
numerous defects in the form of perfect dislocation loops with sizes
Fig. 4. Microstructure of the samples C (a) and D (b) after irradiation and
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of 6e40 nm (Fig. 4). EDS scanning along a line crossing several
loops was carried out. The EDS line profile of Si distribution
revealed some small peaks which could be due to the positions of
the loops. Dislocation loops in the SAV-1 alloy of the shank after
irradiation and storage are apparently a result of the evolution of
prismatic loops [14] formed by the collapse of vacancy clusters in
the quenched initial SAV-1.

Artificial ageing of aluminum alloys may dramatically change
their microstructure. For non-irradiated alloys, the sequence of
ageing precipitates has been studied in detail in aged AleMg2Si
quasi-binary alloys with an excess presence of Si or Mg [14,15]. To
reveal secondary precipitates which may present in neutron irra-
diated alloys, the SAV-1 samples were aged at 250 �C for 1 h and
then examined by TEM.
natural ageing. The white graph represents EDS line scanning of Si.
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After ageing at 250 �C, multiple precipitates of Si and plate-
shaped cuboids b-Mg2Si with the lattice parameter a ¼ 0.639 nm
[16] were observed in the microstructure of the weakly irradiated
sample A (Fig. 5 a, b). The angle between (111)Si and (110) Al is five
degrees. The SAED also showed the presence of needle-shaped b00-
like precipitates in the aluminum matrix.

Needle-shaped precipitates were observed close to the mono-
clinic b00-phase with lattice parameters a¼ 1.516 nm, b¼ 0.405 nm,
c ¼ 0.674 nm, a ¼ 105.3� [13] in the microstructure of the highly
irradiated sample B after ageing (Fig. 5 c, d). Reflections in the
microdiffraction pattern correspond to two orientations. For the
b100phase, the orientation relationship is (010)b0 01 || (0001)Al. The
alloy microstructure also included a high-volume fraction of clus-
ters of 3e10 nm in size as well as small rod-shaped precipitates.

The microstructures of the samples C and D after ageing are
shown in Figs. 6 and 7. The b0 0and b-Mg2Si precipitates were
observed in the microstructure of the sample C aged at 250 �C.
Additionally, rod-shaped precipitates with 5e30 nm width were
observed. These rod-shaped precipitates are similar to those seen in
the sample B (Fig. 5c). It follows from the SAED in Fig. 6b that a row
of four reflexes most likely corresponds to the B-type metastable
phase described in Ref. [12] in the AleMg2Si alloy with Si excess
aged at 250 �C. This phase has an orthorhombic lattice with pa-
rameters a ¼ 0.684 nm, b ¼ 0.793 nm, c ¼ 0.405 nm. An angle
between [010]P and [010]M equals 20�, and that is in line with [12]
and confirms our conclusions.

Examination of the microstructure of the weakly irradiated
sample D after ageing showed b0 0needles, Si and Mg2Si precipitates.
Fig. 7 shows the results of the EDS mapping of the aged sample D in
a zone with a high concentration of precipitates. It was observed
that most of the precipitates are silicon. A region depleted in silicon
Fig. 5. Microstructure of the AC-rod duct samples after ageing at 250 �C for 1 h (a, b) Si-p
Precipitates and cluster defects in the aged sample B. Bright field images (a, c) and microd
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was formed locally in the grain due to the movement of silicon into
the particles. From the EDS data it follows that the ageing pre-
cipitates (b0 0 needles) formed in this region of the matrix practically
do not contain Si, but are actually enriched exclusively with Mg. A
similar pattern was observed in the sample A (Fig. 5), where ac-
cumulations of silicon particles alternated with zones containing
needles and rods precipitates.

3.2. Vickers microhardness measurements

Hardening of the SAV-1 alloy samples increased with an in-
crease of fluence of neutrons. Fig. 8a shows the Vickers micro-
hardnessmeasured in irradiated SAV-1 samples before and after 1 h
of annealing in the temperature range of 100e300 �C. Microhard-
ness decreased steadily as the temperature increased for the sam-
ples A and B. The samples C and D had a local maximum of hardness
at 200 �C. Microhardness values for samples A, C, and D aged at
250 �C were practically equal, but the one of the sample B was
much higher. The concentration of ageing defects in the samples of
A, C, and D is not very high and differs insignificantly, whereas the B
sample contains a high density of ageing defects. Therefore, the
maximum hardness is related to the amounts of cluster defects and
b00needles in the sample.

The ageing products grow larger and partially re-dissolve in the
aluminum matrix with an increase in the annealing temperature.
As a result, the hardness of irradiated samples decreases sharply.
The maximum rate of age softening was observed for the temper-
ature range 250e300 �C and was typical for the sample B whereas
the minimum rate was related to the non-irradiated sample. The
rise of ageing time at 200 �C observed in Fig. 8b showed the in-
crease in hardness of irradiated samples after 9 and again after 13 h
articles, cuboid b-Mg2Si, and needle-shaped precipitates in the aged sample A. (c, d)
iffraction patterns (b, d).



Fig. 6. Precipitates in the shank sample C aged at 250 �C for 1 h. (a) Bright-field TEM image; rod-shaped precipitates are indicated by arrows, (b) microdiffraction pattern, (c) dark-
field image in (-31-1) of b00-phase, (d) dark-field image in (0-20) of B-Type phase.

Fig. 7. EDS-mapping of the shank sample D after ageing at 250 �C for 1 h (a) STEM image; EDS results of mapping on Mg (b) and Si (c).
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of exposure. This may be caused by ageing processes running in the
material. However, such hardness increase was local and less than
the total decrease in hardness as compared to irradiated alloys
before annealing.
3.3. Corrosion tests

To study influence of ageing on the resistance to pitting corro-
sion, samples of the SAV-1 alloy both irradiated with neutrons and
non-irradiated were tested in an environment containing chlorine.
Fig. 9 shows the change in weight loss against time for SAV-1
samples subjected to corrosion by being immersed into a
0.1MFeCl3 solution. Corrosion behavior of two samples irradiated to
different fluences (C and D) and a non-irradiated one were
compared. The weight losses of the samples showed a consistent
increase with time of immersion. The lowest weight loss
3402
dependency was seen in a non-irradiated sample. During the first
50e60 h of the immersion test, the weight losses were reasonably
consistent across all irradiated samples. It then follows that the
higher irradiated sample C corroded more strongly than the lower
irradiated sample D and that there was a quantitative difference in
their weight losses.

Samples C were subjected to isochronous 1 h-annealings at
different temperatures ranging from 150 to 250 �C. Comparative
immersion tests on aged samples were conducted. The obtained
dependencies of weight loss on immersion time for samples with
different ageing temperatures are shown in Fig. 10a. It was shown
that ageing samples became more resistant to corrosion. Here the
corrosion rate after ageing at 200 �C became comparable with that
of the more corrosion-resistant sample D (Fig. 9). Conversely,
samples D after annealing at 150e200 �C showed a decrease in
corrosion resistance (Fig. 10b).



Fig. 8. (a) Change in the Vickers microhardness of SAV-1 alloy samples irradiated with neutrons and aged during 1-h annealing at different temperatures. (b) Change in the Vickers
microhardness of the AC-rod duct samples A and B depending on time of ageing at 200 �C.

Fig. 9. Weight loss of the SAV-1 samples irradiated with neutrons against time of
corrosion.

Fig. 10. Weight loss against corrosion time for samples C (a) and D (b) i
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It is known that Mg2Si formed by the natural ageing in
AleMgeSi alloys reduce corrosion resistance. Mg2Si inclusions are
more cathodic than the matrix [18], however, they form a galvanic
pair with aluminum, increasing the corrosion rate. Silicon particles
are also cathodic than the matrix, but their effect on corrosion
resistance is rather small because of the ultra-low density of the
corrosion current [19]. Therefore, when the oxide film on the sur-
face of the SAV-1 alloy is failed, pitting corrosion develops as the
galvanic corrosion through erosion of the matrix around Mg2Si
particles.

The inhomogeneity and thermodynamic instability of the alloy
structure subjected to long-term neutron irradiation have a sig-
nificant effect on the corrosion resistance. The radiation-induced
segregation (RIS) causes changes in the local composition of the
alloy near the components of the structure e strong sinks of point
defects (grain boundaries, dislocations, interphase boundaries etc.)
[20]. As a result, new secondary inclusions were formed at the grain
boundaries and in the matrix under irradiation. These phases were
enriched with Mg and Si (Fig. 11), while the near-boundary regions
could be depleted in alloying components. This increases the
structural heterogeneity of the alloy and deteriorates its corrosion
properties. In this case, the larger irradiation fluence is, the stronger
the RIS effects are, which in turn reduce the corrosion resistance.
rradiated with neutrons and aged for 1 h at different temperatures.



Fig. 11. STEM electron image of secondary inclusions in the boundary region in the
SAV-1 alloy irradiated with neutrons to 1021 n/cm2 and 1 h-annealed at 200 �C.

K.V. Tsay, O.V. Rofman, V.V. Kudryashov et al. Nuclear Engineering and Technology 53 (2021) 3398e3405
Immersion tests on the irradiated SAV-1 samples annealed at
temperatures of 150e200 �C showed that the corrosion resistances
of highly andweakly irradiated alloys had reversed after ageing. The
reason can be associated with the effect of several microstructural
factors. The first factor is the preliminary radiation damage of SAV-1
alloy at temperatures <100 �C, leading to the creation of a thermo-
dynamically nonequilibrium structure with a high level of internal
stresses. The density of radiation defects, structural heterogeneity,
and the level of internal stresses are higher in the alloy irradiated
with a high fluence of neutrons (and the corrosion resistance,
respectively, is lower) compared to the weakly irradiated one. The
second factor is the poor solubility of magnesium silicide in the
aluminummatrix. There are areas of nonequilibrium enrichment in
Mg and Si in a non-irradiated alloy preserved after hardening.
Heating the alloyat temperatures up to200 �C leads to the formation
of needle-likeGP zones in thematrixwhichupon furtherheating (or
with an increase in the heating duration) turn into a needle-shaped
b00 phase and then into rod-like precipitates and finally to the plate-
shaped equilibrium b phase (Mg2Si) [13]. Ageing of the irradiated
alloy samples at 200 �C also leads to the formation of GP zones in the
microstructure. (Fig. 12). As a result of ageing, a partial relaxation of
the internal stresses occurs in the structure of the highly irradiated
alloy accompanied by the formation of a homogeneous network of
GP zones, and the corrosion resistance increased. In the case of the
weakly irradiated alloy, its structure became more inhomogeneous
after ageing, new secondary precipitates of Mg2Si formed in the
matrix and could worsen the corrosion resistance. The ageing tem-
perature of 250 �C in both types of samples (C, D) corresponded to
the most stable microstructure of the alloy considered. Here, the
formation of thermodynamically equilibrium particles of Mg2Si and
Si, and no GP-zones were observed. In this case, the corrosion
resistance increased in both types of samples compared to the state
before annealing.
Fig. 12. The GP zones and secondary particles in the SAV-1 alloy after neutron irradiation an
(b).
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4. Conclusions

Changes inmicrostructure, hardness, and corrosion resistance of
the SAV-1 aluminum alloy after irradiation with high fluences of
neutrons (1021 e1026 n/m2) and storage (natural ageing), as well as
after 1 h-ageing over the temperature range 100e300 �C were
discussed. The following conclusions were made:

(1) The alloy microstructure formed under irradiation gave rise
to radiation hardening that increased with fluence increase.
It can be caused by the appearance of pre-precipitates
(clusters and GP zones) or by structure defects such as
dislocation loops.

(2) Post-irradiation annealing of the irradiated SAV-1 samples
led to a decrease in the hardness of the material, despite the
possible ageing hardening seen in aluminum alloys. The
maximal decrease in hardness corresponded to the temper-
ature range of 250e300 �C.

(3) Ageing the irradiated SAV-1 alloy at 250 �C for 1 h generates
a number of metastable intermetallic precipitates in the Al-
matrix similar to ones in non-irradiated quasi-binary Al-
Mg2Si alloys with Si excess. Mg2Si, Si, and needle-shaped b00

precipitates were observed in weakly (1021 n/m2) irradiated
SAV-1 alloys, and needle-shaped b00and rod-shaped B-type
precipitates with cluster defects were observed in highly
(1026 n/m2) irradiated ones. The accumulation of silicon
precipitates results in the depletion of the adjacent matrix
in silicon and an enrichment in magnesium. This can
change the ratio of Si and Mg atoms in the intermetallic
precipitates, which is characteristic for a non-irradiated
aluminum alloy.

(4) The formation of metastable microstructures in the SAV-1
alloy during irradiation, natural ageing, and post-
irradiation ageing changes its resistance to pitting corro-
sion. The corrosion rate rises as irradiation fluence in-
creases. The primary reason for the worsening of corrosion
resistance is the inhomogeneity and thermodynamic
instability of the structures after exposure to the high ra-
diation dose. Post-radiation annealing leads to improve-
ment of corrosion resistance in cases of higher neutron
fluence and, conversely, to worsening of corrosion resis-
tance for the material with a lower fluence. The results
obtained show the need for a comprehensive account of the
effect of GP-zones and new secondary precipitates on the
corrosion resistance.
d ageing at 200 �C (1 h) for the samples irradiated to 1021n/cm2 (a), and to 1026n/cm2
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