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The corrosion of aluminium alloy and release of intermetallic particles
in nuclear reactor emergency core coolant: Implications for clogging
of sump strainers
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a b s t r a c t

Clogging of sump strainers that filter the recirculation water in containment after a loss-of-coolant ac-
cident (LOCA) seriously impedes the continued cooling of nuclear reactor cores. In experiments exam-
ining the corrosion of aluminium alloy 6061, a common material in containment equipment, in borated
solutions simulating the water chemistry of sump water after a LOCA, we found that Fe-bearing inter-
metallic particles, which were initially buried in the Al matrix, were progressively exposed as corrosion
continued. Their cathodic nature vis-�a-vis the Al matrix provoked continuous trenching around them
until they were finally released into the test solution. Such particles released from Al alloy components in
a reactor containment after a LOCA will be transported to the sump entrance with the recirculation flow
and trapped by the debris bed that typically forms on the strainer surface, potentially aggravating
strainer clogging. These Fe-bearing intermetallic particles, many of which had a rod or thin strip-like
geometry, were identified to be mainly the cubic phase ac-Al(Fe,Mn)Si with an average size of about
2.15 mm; 11.5 g of particles with a volume of about 3.2 cm3 would be released with the dissolution of
every 1 kg 6061 aluminium alloy.
© 2019 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

A pipe break in the primary coolant loop of a water-cooled nu-
clear reactor, which may be caused by, for example, corrosion or
fatigue failure [1], could result in a loss-of-coolant accident (LOCA)
[2]. Hot pressurized coolant would be liberated from the break and
ejected onto neighbouring pipes and equipment in the contain-
ment. The emergency core cooling system (ECCS) would be actu-
ated, first injecting water into the primary coolant loop and then
recirculating the water collected in the sump back to the primary
coolant loop and the containment spray system. This ECCS is
designed to provide long-term cooling for the reactor core. To
prevent excessive amounts of debris from entering the reactor core
with the recirculation flow, strainers are installed at the entrance to
the containment sump. However, it has been observed in actual
accidents [3,4] and experimental tests [5e9] that various types of
debris can accumulate on the sump strainers, impeding the

recirculation flow and even causing total blockage. Loss of adequate
cooling water from the ECCS after a LOCA means a high risk of core
damage. As an essential step towards determining mitigating
measures, the materials that could contribute to strainer clogging
after a LOCA must be identified.

The primary debris deposited on a strainer after a LOCA consists
mainly of thematerials damaged and dislodged by the liberated hot
pressurized coolant, such as fibre-glass, equipment coatings, paint
chips, dirt, and concrete fragments. Once formed, this debris bed
serves as an undesired extra strainer with a much finer mesh than
the underlying manufactured strainer. It not only induces a high
pressure-head loss by itself but also accumulates more and more
debris that further impedes recirculation flow. Apart from the
above-mentioned coarse debris that is released mainly physically
during a LOCA, several types of debris are predicted to be formed
chemically and can be important contributors to strainer clogging
[9,10]. Aluminium hydroxide precipitate, for example, which orig-
inates from the corrosion of aluminium alloy components by the
sprays and the sump water, is a well-recognized chemical debris.
When the variation of pH or temperature leads to a solubility lower
than the actual concentration of the dissolved aluminium
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hydroxide, precipitates will be formed; this was confirmed by Bahn
et al. [6], who observed solution cooling to be the trigger for the
increasing head loss across a fibre-glass bed after their experi-
mental loop was shut down. Moreover, for reactors using trisodium
phosphate (TSP) for pH adjustment of sump water, precipitates
based on calcium phosphate may be formed as copious amounts of
calcium ions can be released from calcium silicate, glass fibre
insulation, or concrete within the containment. This is a major
factor leading to the replacement of TSP with sodium tetraborate in
some plants [11,12]. A further source of debris was identified during
an incident that occurred in the Perry-1 boiling water reactor in
1992, when iron oxide particles from the carbon steel of the feed-
water and main steam piping/equipment clogged the debris bed,
resulting in a very high head loss that even deformed several suc-
tion strainers [4]. The contribution of particulate iron oxide to
strainer clogging was also observed experimentally by Rao et al. [7].
Sodium aluminium silicate and zinc phosphate have also been
determined as potential debris materials under certain conditions
[10]. Clogging by finer and finer debris leads to a vicious circle;
decreased porosity facilitates the attachment of more debris to the
debris bed and in turn leads to a further decreased porosity.
Consequently, a denser and denser debris bed and steadily
increasing head loss are expected. A question arises as to whether
there exist other potential debris materials that may significantly
contribute to strainer clogging.

In a project focusing on aluminium corrosion in borated solu-
tions simulating the coolant recirculating after a LOCA, we set up an
experimental system employing rotating cylinder electrodes to
investigate electrochemically the corrosion and corrosion-product
release of a typical aluminium alloy under controlled hydrody-
namic conditions. One important finding was that Fe-bearing
intermetallic particles initially buried in the Al matrix were
cathodic to the matrix and became gradually trenched, loosened
and then released to the test solution as corrosion proceeded,
maintaining their integrity throughout. Since several tons of
aluminium alloy componentsmay exist within reactor containment
in some designs [13], large amounts of such Fe-bearing interme-
tallic particles may be released during the spray and the long-term
recirculation phase that could last for months after a LOCA. The
recirculation flow could then be seriously impaired by the debris
bed consolidating on the sump strainer. The relevance of Fe-bearing
intermetallic particles to strainer clogging was first reported by
Bahn et al. [6]; in this paper we report on a study that adds to the
sparse literature on the subject.

2. Experimental

2.1. Experiment system

The intermetallic particles under investigation were released
from aluminium alloy 6061 as it corroded in test solutions simu-
lating the water chemistry of the sump water formed in reactor
containments where borated water is injected after a LOCA and
where sodium hydroxide is used for pH adjustment. Table 1 lists the
composition of the aluminium alloy 6061. To achieve a well-
controlled hydrodynamic condition that can be characterized and
reproduced accurately, the aluminium alloy was machined into

rotating cylinder electrodes (RCEs) controlled with a modulated
speed rotator (MSR) system mounted above a 1-L glass corrosion
cell (Fig. 1(a)). Each RCE had only its curved surface exposed to the
test solution, while its top and bottom surfaces were sealed in the
rotator shaft with Viton washers (Fig. 1(b)). The exposed RCE sur-
faces were abraded and polished up to 1200 grit and then ultra-
sonically cleaned in acetone for 30 min. RCE surfaces were
characterized with scanning-electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) before and after each
test. The outer diameter and height of each RCE were respectively
15.0 mm and 6.37 mm, forming an exposed area of 300 mm2. The
shaft mounted with an RCE was installed in the 1-L glass cell
containing the test solution along with a platinum counter elec-
trode and a silver/silver-chloride reference electrode, forming a
typical three-electrode arrangement (Fig.1(b)). A hotplatewas used
to control the solution temperature, while a condenser cooled by
tap water was connected to the glass cell lid to minimise water loss
by evaporation. Note that the set-up shown in Fig. 1 was designed
for the whole, larger project studying aluminium corrosion in
simulated post-LOCA sump water; in this work, the dissolved ox-
ygen sensor and the argon-purge tubing shown in this figure were
not used, and test solutions in all experiments were fully exposed to
atmosphere through the condenser.

The ratio of the RCE’s exposed area to the volume of test solution
in the glass cell should reflect the practical ratio of aluminium
exposure area to the volume of sump water in the reactor
containment. This ratio will be plant-specific and several ratios
have been used in previous experimental studies, such as
340 mm2 L�1 by Edwards et al. [11], 574 mm2 L�1 by Andreychek
[14], 590 mm2 L�1 by Dallman et al. [15] and 17,800 mm2 L�1 by
Lane et al. [16]. In this work, we adopted the same ratio as Edwards
et al. [11], i.e. 340mm2 L�1, which is representative of containments
they examined. Since each of our RCEs had an exposed area of
300 mm2, we had 882 mL test solution in the glass cell.

2.2. Test solution preparation

The influence of pH on corrosion and generation of corrosion
products at constant rotation speed (150 rpm) and temperature
(40 �C) were studied in this work. Test solutions at different pH25�C
were prepared using boric acid, sodium hydroxide and deionized

Table 1
Chemical composition (wt%) of the aluminium alloy 6061.

Elements

Si Fe Cu Mn Mg Cr Zn Ti Al

Concentration 0.50 0.09 0.31 0.07 0.83 0.09 0.07 0.02 balance

Fig. 1. Experimental set up: (a) overall layout and (b) close-up of the three-electrode
arrangement. 1: hotplate; 2: 1-L glass cell covered with thermal insulation; 3: Ar-purge
tubing for the bearing (not used in this work); 4: potentiostat connectors; 5: Pt counter
electrode; 6: thermocouple; 7: condenser; 8: Ar-purge tubing for the cell (not used in
this work); 9: dissolved oxygen sensor (not used in this work); 10: rotator shaft
(15 mm); 11: Ag/AgCl reference electrode; 12: rotating cylinder electrode (15 mm); 13:
Luggin capillary; 14: bottom cup of the 1-L glass cell.
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water, as listed in Table 2. All solutions had the same boric acid
concentration, i.e. 16 g L�1 as B(OH)3 or 2800 ppm (mg$kg�1) as B,
while sodium hydroxide solutionwas added in drops to achieve the
requisite pH25�C values 7, 8 and 9.

2.3. Experimental procedure

The immersion duration of each test was 48 h, during which the
evolution of the open-circuit potential of the RCE was monitored
and the release of corrosion products was determined regularly via
the increasing concentration of Al species in solution. Samples of
volume 5mLwere taken from the cell, acidified with nitric acid and
analysed with inductively-coupled plasma atomic-emission spec-
troscopy (ICP-AES). At prescribed intervals, linear polarization
resistance was measured and electrochemical impedance spectra
were taken. The surface of the removed RCE after exposure was
characterized microscopically for comparison with its appearance
before exposure. The electrochemical results have been discussed
elsewhere [17]; this paper concentrates on the implications of the
observed corrosion-release phenomena for the accumulation of
intermetallic particles in post-LOCA coolant.

3. Results and discussions

3.1. Influence of pH

The evolution of cumulative release of Al species to the simu-
lated post-LOCA coolant depends strongly on the alkalinity [17].
The release and release rate with the RCEs rotating at 150 rpm and

the temperature at 40 �C are plotted against pH25�C in Fig. 2 (a) and
(b), respectively (the release rate is the average value over the 48 h
immersion e the cumulative Al concentration was reasonably
linear over that period [17]). The set-up including the MSR system,
which controlled the temperature closely and imposed a repro-
ducible hydrodynamic condition, minimized the possible un-
certainties and confined the variable solely to the solution
alkalinity. As shown in Fig. 2 (b), the release rate increases with
increasing pH25�C, with the increase at higher pHmuch greater than
that at lower pH (note the log10 scale of the Y axis).

The equation:

Release rate (mg$cm�2$h�1) ¼ 2.818 � 100.389 (pH e 14) (1)

fits the release rates very well (Fig. 2(b)). This suggests that the
release rate depends upon the concentration of the OH� ion
(calculated at 25 �C) raised to the power 0.389. As shown in
Fig. 2(b), the prediction using Eq. (1) also correlates well with the
release rates measured by Edwards et al. [11], who employed the

same aluminium alloy, test solutions, and ratio of aluminium
exposure area to the volume of test solution as this work, with the
hydrodynamic conditions being the main difference. Based on the
previous finding that the hydrodynamic condition has a significant
influence on aluminium corrosion rate [12,17], it is reasonable to
assume that the slow rotating speed of 150 rpm adopted in this
work, which was intended to simulate the slow flow of sump water
[12], generated a hydrodynamic condition having a similar effect on
aluminium corrosion to that generated by the slow stirring used by
Edwards et al. [11]. In addition, Fig. 2(b) shows the prediction using
the Al release rate equation proposed in Ref. [16]:

where T is the absolute temperature of the solution, K; coefficients
A to E use the values calculated by Argonne National Laboratory [6]
based on the results of tests using 1100 aluminium alloy [16] and
3300 aluminium alloy [15]. The values are 13.455, 0.472, �4.615,
0.016, and �1.327, respectively. Although Eq. (2) underestimates
the measured aluminium release rates, its prediction exhibits a
similar dependence of the release rate on solution pH; the devia-
tion between this prediction and our measurements in Fig. 2(b)
may originate from the hydrodynamic conditions, the type of
aluminium alloy, the composition of the test solutions, and the ratio
of aluminium exposure area to the volume of solution.

As identified in Ref. [17], the slow step dominating the corrosion
rate of RCEs rotating at 40 rpme150 rpm is the mass transfer
process, and the steady-state between the formation and dissolu-
tion of an Al hydroxide film is established readily at the solution/
film interface; therefore, for RCEs rotating at 150 rpm in this work,
their corrosion rates at different pHs depended mainly on the
driving force due to the difference between the equilibrium Al
concentration at the solution/hydroxide film interface, i.e., the Al
solubility, and the Al concentration of the bulk solution. The Al
solubility in 40 �C test solutions at different initial pHs25�C is shown
in Fig. 2(a), which was predicted based on the chemical equilibrium
model Visual MINTEQ [18]. Apart from adopting well-
acknowledged thermodynamic properties for the dissolution of Al
hydroxide and the hydrolysis of Al3þ ions [18,19]:

Al(OH)3 ¼ Al3þ þ 3OH� (3)

Table 2
Three kinds of test solution.

# [Boric acid]a (g$L�1) pH adjustment agent Temperature (�C) pH25�C

1 16 NaOH 40 7
2 16 NaOH 40 8
3 16 NaOH 40 9

a The symbol [] represents the concentration in terms of B(OH)3.

Fig. 2. a) Experimentally determined influence of pH25�C on aluminium release and
the predicted influence of pH25�C on Al solubility in 40 �C test solutions. Each rotating
cylinder electrode was rotating at 150 rpm, the immersion time was 48 h and the
solution temperature was 40 �C. b) Comparison of the predictions using Eq. (1) and Eq.
(2) [6,16] with the average Al release rates measured in this work and by Edwards et al.
[11].

Release rate ðmg$m�2$min�1Þ ¼ 10AþBðpHÞþCð1000=TÞþDðpHÞ2þEðpHÞðTÞ=1000 (2)
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and

xAl3þ þ yH2O ¼ Alx(OH)y(3x-y)þ þ yHþ (4)

where (x,y)¼ (1,1), (1,2), (1,3), (1,4), (2,2), and (3,4), respectively, we
also introduced the significant aluminate-boric-acid complexing
reactions into this model, which have been experimentally shown
to be responsible for the increased Al solubility in borated solutions
compared to those without boron [19e21]:

Al(OH)4- þ B(OH)3(aq) ¼ Al(OH)3OB(OH)2- þ H2O (5)

and

Al(OH)4- þ 2B(OH)3(aq) ¼ Al(OH)2O2(B(OH)2)2- þ 2H2O (6)

As shown in Fig. 2, the Al solubility increases with the solution
pH over the range of the experiments, consistent with the
increasing Al release rate.

We point out that the neutral to moderately alkaline pH values
in the study mimicked the control of the chemistry of the sump
water after a LOCA, where alkalinity must be maintained to keep
radioactive iodine in solution. The chemistry control also mitigates
corrosion of steel and ferrous alloys. Alkalinity is usually achieved
actively by injecting sodium hydroxide solution or passively by
placing buffers like TSP or sodium tetraborate on the containment
floor. Unfortunately, over time acids such as hydrochloric and nitric
may be generated from the decomposition of cable insulation and
the irradiation of the moist containment atmosphere [22]. Conse-
quently, to ensure long-term alkalinity, a conservative approach is
often taken, where the target pH is made excessively high when
calculating the required amount of buffering agent. The strong
exponential dependence of aluminium release rates on pH as
shown in Fig. 2 (note the log10 scale of the Y axis) suggests that the
increased corrosion of Al-alloy components and the possibility of
strainer clogging by Al corrosion products should always be
considered when the target pH is high.

3.2. Electrode surface morphology

Fig. 3 (a) to (c) show the surfaces of three RCEs after 48 h
corrosion at 40 �C in test solutions at pH25�C 7, 8 and 9, respectively.
Particles with diverse sizes ranging up to about 9 mm, which were

partially buried in the Al matrix, can be observed. Many of these
particles had irregular polygonal geometries, while some of them
resembled rods or thin strips. To clarify the origin of these particles,
a fresh, uncorroded RCE was inspected by SEM, as shown in Fig. 3
(d) and (e), which correspond respectively to the curved and top
surface. Particles of similar appearance to those in Fig. 3 (a) to (c)
were observed, although they were all securely buried in the Al
matrix. It should be noted that to obtain a clear observation, this
RCE was first abraded to 4000 grit, then polished with an 0.3-mm
alumina slurry and finally ultrasonically cleaned in acetone. The
bright particles on the uncorroded RCE (Fig. 3(d) and (e)) aremainly
the well-known Fe-bearing intermetallic phase formed during
casting; the impurity iron, which has a very low solid solubility in
the Al matrix, binds with the excess silicon, the abundant
aluminium, and possibly other elements [23]. Their detailed com-
positions vary significantly according to the alloy type and the
metallurgical processing. Two features of Fig. 3(d) and (e), which
were obtained under the back-scattered electron-imaging mode,
deserve attention. First, all the particles were brighter than the
surrounding Al matrix, indicating the preponderance of atoms with
greater atomic number than that of Al. EDS analyses on individual
particles trapped in the matrix revealed the presence of Al, Fe, Mn,
and Si with traces of Cu (Fig. 4). Second, there was a distinct
banding distribution of the bright particles along the extrusion
direction of the original aluminium alloy rod used to fabricate the
RCEs (Fig. 3(d)), while no such banding was visible in Fig. 3(e)
corresponding to the RCE’s top surface.

In the hot and cold working processes, these intermetallic par-
ticles, which are hard and brittle, are fractured and aligned along
the extrusion direction. This explains the banding distribution seen
in Fig. 3(d), since the axial direction of each RCE was the extrusion
direction. As expected, there is no banding in the orthogonal

Fig. 3. SEM images of electrode surfaces. a), b) and c) are secondary electron images of
exposed surfaces of three electrodes after 48 h corrosion, respectively in test solutions
at pH25�C 7, 8 and 9 and 40 �C. d) and e) are back-scattered electron images of the
curved and top surface respectively of an unexposed electrode.

Fig. 4. EDS spectra of a) aluminium matrix (on corroded electrode) and intermetallic
particles respectively on the surface of b) corroded and c) uncorroded electrode.
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direction in Fig. 3(e). The particles on the corroded RCEs
(Fig. 3(a)e(c)) are similarly distributed and have the same
composition as those on the uncorroded RCE (Fig. 4); they are
clearly the intermetallic phase in the electrode itself and are not
deposited from solution.

To get a better indication of the behaviour of the intermetallic
particles as the alloy corrodes, a fresh RCE (as in Fig. 3 (d)/(e)) was
rotated at 150 rpm in the test solution at pH25�C 9 and 40 �C for
increasing times. The surface was examined and characterized
before exposure and after exposures of 4 h, 8 h and 12 h with SEM
and EDS. Fig. 5 shows the evolution of the surface morphology.
Before immersion (Fig. 5(a)), intermetallic particles in regions A to I
were almost totally buried and their tops were in the same plane as
the surrounding matrix. As corrosion progressed and the Al matrix
receded (Fig. 5(b) e 5(d)) the particles became more and more
exposed, some disappeared (e.g., at positions E, F and G), the tips of
new ones were revealed and a few pits appeared in the matrix.

Fig. 6(a), (b) and (c), SEM images taken at a tilt of 42�, provide a
more detailed view of the emergence of particles in regions B, C,
and D of Fig. 5 as corrosion progressed from 4 h to 8 h and then to
12 h. Both the appearance and the chemical composition of the
particles in these three regions were almost unchanged, indicating
their stable cathodic role compared to the surrounding Al matrix.
Also indicative of the cathodic nature of the intermetallics, from 8 h
to 12 h, trenching around some particles became visible, such as the
ones in regions F and H of Fig. 5(c). Fig. 7, another series of SEM
images taken at a tilt of 42�, shows the further trenching around the
particles near region F from 12 h on. As shown in Fig. 7(b), at 16 h,
continual trenching finally liberated the particles in region F,
leaving two craters like the one in region G of Fig. 5(d). After
another 1-h immersion, as expected, no further growth was
noticeable for these two craters due to the absence of cathodic
particles, as shown in Fig. 7(c); instead, they became shallower
with the general corrosion. This evolution of surface features, as
corrosion progressed and particles emerged and were released, can
be seen elsewhere in Figs. 5e7.

Fig. 5. Secondary electron SEM images of one electrode surface after cumulative im-
mersion time of a) 0 h, b) 4 h, c) 8 h, and d) 12 h in test solution at pH25�C 9. The
rotation speed was 150 rpm and the temperature 40 �C.

Fig. 6. Secondary electron SEM images at a tilt of 42� of regions B, C, and D (Fig. 5) on
electrode surface after immersion times of a) 4 h, b) 8 h, and c) 12 h in a test solution at
pH25�C 9 and 40 �C. The rotation speed was 150 rpm.
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The release of the intermetallic particles to the solution clearly
depends upon the corrosion. At pH 7, when the corrosion rate was
low, particles became more exposed as the test proceeded, but few
were released (compare Fig. 3(a), an RCE after 48 h corrosion, with
Fig. 3(d), before immersion). At pH 8 and 9, with more rapid
corrosion than at pH 7, the uncovering and release of the particles
as the Al matrix receded can be seen in Fig. 3(b), and (c) (note that
Fig. 3(a)e(c) correspond to three RCEs). Craters appear as particles
are released, as indicated by the arrows in Fig. 3(b) for an electrode
exposed at pH 8 for 48 h. Even more craters are formed at the
higher corrosion rate at pH 9 (Fig. 3(c)); some of them are aligned
axially, corresponding to a banded group of particles (see the
dotted line in Fig. 3(c)). Furthermore, it is worth noting that many
new intermetallic particles became exposed following the release
of superposed particles, as revealed by the arrows in Fig. 8,
demonstrating that more and more intermetallic particles will be
released layer by layer with the continuous consumption of the Al
matrix. This behaviour can also be expected from other metallo-
graphic orientations, since Fig. 3(e) shows that the intermetallic
particles were similarly distributed along the radial and axial
directions.

We conclude that, as corrosion increases, increasing numbers of
intermetallics are released to the solution and that, because of their
cathodic nature relative to the Al matrix, these particles retain their
integrity until they are released.

3.3. Phase identification of intermetallic particles

As discussed earlier, EDS analyses indicated that the particles on
the surface of corroded RCEs were intermetallic phases enriched
mainly in Fe, Si and Mnwith some Cu but apparently containing Al.
To minimise the interference from the Al matrix, particles were
picked off the surface of corroded RCEs using adhesive carbon tapes
and in the SEM 16 particles were chosen and analysed with EDS.
Apart from carbon contamination from the tape, the major ele-
ments in terms of average abundance ± standard deviation (at%)

Fig. 7. Secondary electron SEM images at a tilt of 42� of regions A, F, and I (Fig. 5) on
electrode surface after immersion times of a) 12 h, b) 16 h, and c) 17 h in test solution
at pH25�C 9 and 40 �C. The rotation speed was 150 rpm.

Fig. 8. Back-scattered SEM image indicating the exposure of underlying intermetallic
particles following the release of superposed particles. Exposure 48 h at pH25�C 9 and
40 �C, rotation speed 900 rpm.
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were Al (11.54 ± 5.60) and O (9.36 ± 3.70); the O was assumed to be
from oxide films. Other major elements were Fe (3.20 ± 1.53), Si
(1.58 ± 0.76), Cu (0.54 ± 0.29), Mn (0.32 ± 0.17), Cr (0.17 ± 0.10) and
Mg (0.11 ± 0.07). The remaining identified elements Ti, Ni and Zn
were at trace levels less than 0.11 ± 0.07. Indications of sodium in
some of the particles were assumed to be contamination. A gross
average indicates an intermetallic composition of 66 at% Al, 18 at%
Fe, 9.0 at% Si, 3.1 at% Cu, 1.9 at% Mn, 0.96 at% Cr and 0.65 at% Mg.

Previous studies [24] revealed that there are mainly three kinds
of Fe-bearing intermetallic phases that may exist in the 6xxx series
aluminium alloy: hexagonal ah-AlFeSi, cubic ac-Al(Fe,Mn)Si and
monoclinic b-AlFeSi. In this work, the presence of Mn in each
measured particle and the at% ratios of (Fe þ Mn) to Si and Al to Si,
which were fitted to be 2.146 and 7.345 respectively (Fig. 9), ruled
out b-AlFeSi as the dominant phase, which exists typically in terms
of Al4.5FeSi or Al5FeSi. Also, the moderate concentrations of Cu and
Mn precluded ah-AlFeSi (typically Al8Fe2Si), which is thermody-
namically stable only in high purity Al-Si-Fe alloys [25e27].
Although the different sizes and shapes and no doubt the different
intermetallic phases of the analysed particles, along with interfer-
ence from the oxide, create some uncertainty in the average
composition values, the ratios of (Fe þ Mn) to Si and of Al to Si
provide good indications as to the phase identity. They show that
the Fe-bearing intermetallic particles are mainly the cubic ac-
Al(Fe,Mn)Si phase.

X-ray diffraction (XRD) analyses were carried out to confirm the
particle identity. To collect enough intermetallic particles, boiling
phenol was used to dissolve the matrix and isolate the secondary
phases from the 6061 alloy [28]. The solid phases were filtered out
using 0.2 mm pore-size Teflon filter membranes, rinsed using
methanol, and analysed by XRD. Previous work [26,28] found that
this method can isolate most intermetallic phases in the alloy
without influencing their composition and microstructure. Fig. 10
shows one of our diffraction patterns. Two phases were

identified, Mg2Si and ac-Al(Fe,Mn)Si, and there was no sign of b-
AlFeSi or hexagonal ah-AlFeSi. It is worth noting that there exist
several variants of the ac-Al(Fe,Mn)Si phase [29e31]; due to their
similarity in lattice parameters, possible complex combinations and
lack of available diffraction patterns, we made no attempt to
determine the specific variants of the ac-Al(Fe,Mn)Si phase. The
absence of the b-AlFeSi phase is as expected, for its brittleness and
abrasiveness would reduce theworkability of the alloy and result in
surface defects during extrusion. Accordingly, measures such as
extending homogenization and adding transition elements (Mn, Cr,
or Co) are generally adopted by manufacturers to promote trans-
forming the b-AlFeSi phase into the a form [27,32]. TheMg2Si phase
on the surface of an electrode can be identified in SEM images with
EDS analyses. Fig. 11 shows the Mg2Si phase on a flat alloy sample;
the SEM is after a 4 h static immersion in the test solution at pH25�C
9 and 40 �C and the EDS analyses are before and after the immer-
sion (the initial preparation was done using polishing oil followed
by a rinse with anhydrous ethanol). The cavity (marked by the ar-
row in the inset of Fig. 11) and significant decrease of EDS in-
tensities for Mg and Si demonstrate the anodic role of the Mg2Si
compared to the Al matrix, which is consistent with previous re-
ports that Mg2Si develops lower potentials than the Al matrix in
alkaline solutions and dissolves preferentially [33,34]. This ac-
counts for the absence of Mg2Si on the surfaces of corroded elec-
trodes in Fig. 3(a)e(c). Consequently, significant releases of Mg2Si
as particles will not happen.

3.4. Size distribution of intermetallic particles

The size distribution of the released intermetallic particles is a
critical parameter for evaluating their potential contribution to
strainer clogging. To estimate the distribution, we have analysed
with ImageJ software three sets of SEM images: surfaces of
corroded electrodes; adhesive carbon tapes supporting particles
that had been picked off electrodes; and, filter membranes sup-
porting particles extracted chemically from the alloy using boiling
phenol. For the electrode SEMs, only particles that were fully or
almost fully exposed were included in the analysis. The particle size
here is defined as themaximum length of each particle’s projection.
Eight hundred particles in all weremeasured, ensuring a converged
value of themean (see Fig.12 which shows how themean oscillated
until 400e500 had been measured). The statistical result is shown

Fig. 9. At% ratios of (Fe þ Mn) to Si and Al to Si for Fe-bearing intermetallic particles
picked off from corroded electrodes using adhesive carbon tapes. The elemental
contents were obtained using EDS.

Fig. 10. X-ray diffraction pattern of particles extracted from AA 6061 aluminium alloy
using boiling phenol and then filtered out using a Teflon membrane. The inset is an
electron back-scattered SEM image of these particles. Bright particles are ac-Al(Fe,Mn)
Si (marked using red points), while dark particles are Mg2Si (marked using blue
squares).

J. Huang et al. / Nuclear Engineering and Technology 51 (2019) 1345e1354 1351



in Fig. 13. The median particle size was 1 mm and the mean was
2.15 mm with a standard deviation of 1.53 mm. Apart from two
particles having sizes of 13.2 mm and 11.7 mm, all the particles were
smaller than 9 mm. About 57.5% of these particles were bigger than
1.5 mm and 20.4% exceeded 3 mm.

It is considered that during the recirculation phase after a LOCA
the larger particles are captured by the strainer first, then smaller
and smaller ones are captured as the debris bed consolidates and
flow channels shrink. In addition, if gel-like aluminium hydroxide
[6] or calcium phosphate [35] are formed and then deposited on the
debris bed, these particles will be trapped more easily, further
aggravating strainer clogging.

3.5. wt percent of Fe-bearing intermetallic particles

To determine the proportion of Fe-bearing intermetallic parti-
cles in Al alloy 6061, gravimetric analyses of six chemical extrac-
tions with boiling phenol were performed; the results are listed in
Table 3. On average, the weight percent of secondary phases in Al
alloy 6061 was 1.52%. It is instructive to clarify the weight and
volume percent specifically of ac-Al(Fe,Mn)Si phases in the
aluminium alloy. Using the electron microprobe, we determined
the average concentration of Mg in the extracted particles to be
15.5wt %. From the assumption thatMg existed totally asMg2Si, the
weight percent of Mg2Si in the extracted particles was determined
to be about 24.5%, while the ac-Al(Fe,Mn)Si was 75.5%. This means
that the dissolution of every 1 kg of Al 6061 alloy will release about
11.5 g ac-Al(Fe,Mn)Si particles. The density of ac-Al(Fe,Mn)Si par-
ticles is about 3.63 g cm�3 [36], therefore their volume released by
every 1 kg aluminium alloy would be about 3.2 cm3. Note that, for
aluminium alloys containing more intermetallic particles and
generating less chemical precipitate during corrosion, it is unclear
whethermore or less strainer cloggingwould occur. Further studies
including computational fluid dynamic simulations and corrosion
experiments may be needed to resolve the issue.Fig. 12. Dependence of the statistical results on the number of measured particles.

Fig. 13. Size distribution of 800 Fe-bearing intermetallic particles in the 6061 Al alloy.
The size here is defined as the maximum length of each particle’s projection.

Fig. 11. EDS composition of one Mg2Si particle on a flat alloy 6061 sample before and
after 4 h static immersion in test solution at pH25�C 9 and 40 �C. The inset shows the
electron back-scattered SEM image at a tilt of 42� of the flat sample after 4 h static
immersion; the arrow points to a cavity formed due to the dissolution of Mg2Si.
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4. Conclusions

An experimental system, which employed rotating cylinder
electrodes to achieve well-characterized hydrodynamic conditions,
was set up to investigate the corrosion of aluminium alloy 6061 in
test solutions at 40 �C simulating the borated sump water formed
after a LOCA within a reactor containment. It was found that:

1) Increasing solution pH from 7 to 9 significantly increased the
corrosion rate; the higher the pH, the higher the increase.

2) Fe-bearing intermetallic particles in the alloy served as local
cathodes with respect to the Al-matrix, leading to trenching
around them initially and their release eventually with contin-
uous corrosion. Importantly, due to their cathodic role vis-�a-vis
the Al matrix, these particles maintained their integrity until
being released.

3) As another important phase in the alloy, Mg2Si particles served
as anodes compared to the Al-matrix and therefore dissolved
preferentially. Consequently, Mg2Si particles will not contribute
significant debris to strainer clogging.

4) The Fe-bearing intermetallic particles were determined to be
the mainly cubic ac-Al(Fe,Mn)Si phase of mean particle size
2.15 mm with a standard deviation of 1.53 mm; about 57.5% of
them were larger than 1.5 mm.

5) The dissolution of every 1 kg aluminium alloy will release about
11.5 g Fe-bearing intermetallic particles with a total volume of
about 3.2 cm3.

6) During the recirculation phase after a LOCA, large debris frag-
ments are expected to be captured by the strainer first, then
smaller and smaller particles including intermetallics are
captured as the debris bed consolidates and flow channels
shrink, further aggravating strainer clogging. If gel-like
aluminium hydroxide or calcium phosphate are formed and
deposited on the debris bed, these particles will be trapped
more easily.
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