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The microstructures in B,C-6061Al composite hot-pressed at different temperatures (560 °C, 620 °C) are char-
acterized, and the corrosion behavior of the materials is studied using electrochemical tests and quasi in-situ
TEM observations. The composite fabricated at 620 °C is composed of more matrix-reinforcement reaction
products (Al3BC at the interfaces and MgB, in the alloy matrix). Corrosion occurred slightly in boric acid but
severely in Cl ™ -containing solution. The B4C/Al interface in both samples is preferentially attacked and the

MgB, dispersions in the high-temperature-pressed composite remarkably promoted the pitting. Dealloying of
Mg.Si precipitate does not obviously deteriorate the corrosion resistance of the composite.

1. Introduction

Owing to the light weight, high stiffness, as well as the superior
thermal conductivity, B4C particulate-reinforced aluminum matrix
composite (AMC) has received considerable attentions in the past
decades [1-3]. In the nuclear industry, this composite has been in-
creasingly used as an ideal neutron absorber material in these years
because of the high abundance of B° isotope in B4C and the good
formability for extrusion and rolling [4-10].

For wet storage method, the spent nuclear fuels are enclosed by B4C-
Al composite plates and positioned in a pool filled with boric acid so-
lution (2500-ppm boron). To minimize the service risk, the stability and
corrosion mechanisms of the materials should be fully concerned. In the
previous investigations, electrochemical analyses have been system-
atically carried out [11-21]. The composites showed good corrosion
resistance in dilute H3BO3 solution but susceptible to pitting in Cl™ -
containing environment [16].

Generally, the corrosion rate of B4C-Al composites is enhanced with
increasing reinforcement contents. Galvanic coupling between re-
inforcement and matrix is of primary concern in most AMCs.
Electrochemical tests indicated that B4C particles could serve as
cathodic sites in B4C-Al system although it induced a rather low gal-
vanic current [19]. Besides the galvanic effect, the discontinuity of
oxide film at the B4C/Al interfaces could decrease the corrosion
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resistance of the material as well [15]. Preferential corrosion in the
vicinity of B4C particles were ascribed to the above reasons [14,16,17].

Secondary phases in AMCs are another cause for the onset of loca-
lized corrosion. Li et al. have observed that the localized corrosion in a
B4C-6061Al composite occurred near the Si-rich precipitates [14]. Be-
sides the commonly seen intermetallic precipitates in Al alloys, the
products generated by the matrix-reinforcement reactions (MRR) are
worth noting. For instance, Al4C3 as a reaction product is usually found
in SiC-Al composites. Exposed to moisture, this compound is prone to
hydrolyze, leading to the pitting and crevice corrosion of the composite
[22]. Another example is the interface corrosion in boron fibers re-
inforced AMC. Pohlman et al. [23] demonstrated that the aluminum
boride intermetallic which was the interfacial reaction products gen-
erated galvanic corrosion with the aluminum matrix and induced the
corrosion attack of the composite. In the presently studied B,C-Al
system, B4C particles are very reactive with liquid aluminum and some
other alloying element, such as Mg, Ti, Zr etc. [24-26]. Considering the
benefits to improve the mechanical property, a certain amount of in-
terfacial reaction layers is actually preferred in the composite [27,28].
Therefore, the electrochemical effects of the reaction products should
be paid more attentions. To our knowledge, however, the reaction
products in the materials and how they exactly work in the corrosion
process are far from known.

The insufficient understanding is largely attributed to the difficulty
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Fig. 1. Microstructures in B4C-6061Al composite. (a) and (b) Optical micrographs of the samples HP560 and HP620, respectively. (c) and (d) SEM images of the
samples HP560 and HP620, respectively. As arrowed in (d), nano-scale secondary phases are seen in the aluminum matrix in the sample HP620.

in establishing direct connections between the nanoscale micro-
structures and their corrosion behavior. The previous studies were
mostly performed using electrochemical tests combined with scanning
electron microscope (SEM) or optical microscope characterizations.
Obviously, the characterization techniques could not fully disclose the
B4C/Al interfacial characteristics and the secondary phases in the
composite. Besides, the observed corrosion sites were severely attacked,
which made it hard to precisely trace the corrosion origin. Considering
the length scale, transmission electron microscopy (TEM) seems sui-
table for the investigation. In recent years, quasi in-situ TEM experi-
mental methods were developed for the corrosion research at nano-
scale [29-31]. The present authors have also applied such technique to
unravel the microstructural factors and compositional evolutions cor-
related with the pitting corrosion in several engineering alloys [32-35].

In this work, corrosion tests combined with quasi in-situ TEM in-
vestigations were performed to study the corrosion onset on B,4C-
6061Al neutron absorber material, trying to clarify the microstructural
factors and their electrochemical roles to the degradation of the com-
posite. This research is believed to provide fundamental knowledge for
the materials design and fabrication.

2. Materials and experimental methods
2.1. Sample preparation

B4C-6061Al composites were fabricated by powder metallurgy (PM)
technique. 6061Al alloy with a nominal composition of Al-1.0Mg-
0.65Si (wt.%) and 21 wt.% B,C particles with diameter of about 7 ym
were used to fabricate the composite. The purity of B,C particles was
96.5 pct. Through XRD analysis, the main impurities in B4C were free B,
C and B203.

The as-mixed Al and B4C powders were cold-pressed in a cylindrical
die under a pressure of 50 MPa and then hot-pressed under a pressure of
30MPa for 2h, producing the composite billets. The hot-pressing
temperature was set as 560 °C and 620 °C to control the chemical re-
action between B,C and aluminum matrix (The samples were named
after HP560 and HP620, respectively, in the following for short). The
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billets were hot-forged at 480 °C and then hot-rolled at 450 °C into
sheets with 2 mm in thickness.

2.2. Microstructural characterization

The microstructures were characterized by Hitachi SU-70 scanning
electron microscope (SEM) and an FEI Tecnai G2 F30 transmission
electron microscope, equipped with a high-angle-angular-dark-field
(HAADF) detector and X-ray energy-dispersive spectrometer (EDS)
systems. In the experiments, HAADF-STEM imaging was mainly used
since the contrast in this mode is sensitive to the local compositions and
the specimen thickness [36].

TEM samples were sliced from the B,C-6061Al plates by a linear
precision saw. The specimen discs with a diameter of 3mm were
ground using silicon carbide papers, dimpled to 1 um finish, and finally
thinned by ion-milling system Gatan PIPS 695.

2.3. Electrochemical testing

The composite samples used for electrochemical tests and immer-
sion tests were cut into 1 cm X 1 cm slices, then ground using various
grit silicon carbide papers and polished with diamond paste to 5um
finish. In the electrochemical tests, a traditional three-electrode system
was used: the B4C-6061Al composite as the working electrode, a pla-
tinum foil as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode. The tested solutions, H3BO3 solution at
2500-ppm boron (pH = 4.9) and the same H3BO3 solution with addition
of NaCl (600-ppm Cl), were not deaerated and maintained at room
temperature. AUTOLAB PGSTAT302N electrochemical workstation
was used in potentiodynamic polarization measurements. The experi-
mental parameters were the following: 120 s delay at open circuit (oc)
prior to the polarization tests, potentiodynamic scan started at 250 mV
below Voc. The potential scan rate used was 0.33 mV/s.

Quasi in-situ TEM observations were carried out following the
procedures: after the first-round TEM observations, the TEM specimen
was taken out and then immersed into solution at room temperature for
various periods. To increase the corrosion rate, H3BO3; (2500-ppm
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Fig. 2. TEM characterizations of the sample HP560. (a) Bright-field (BF) TEM
image of a B4C/Al interface. Interfacial reaction product was not observed at
the interface. (b) A HAADF image showing the Mg,Si precipitates in the alloy
matrix. Electron diffraction pattern and the EDS profile of Mg,Si precipitate are
also given.

boron) + NaCl (600-ppm chloride) solution was chosen for the quasi
in-situ TEM experiments. After immersion, the corroded specimens
were cleaned by distilled water, dried, and then moved to TEM for the
second-round investigations.

3. Results
3.1. Microstructures in B,C-6061Al composites

Optical micrographs of the as-rolled composites HP560 and HP620
are respectively shown in Fig. 1(a) and (b) in which the microstructures
of the two composites are directly compared. The dark particles are B,C
reinforcements which were uniformly distributed. The samples were
then characterized by high-magnification SEM. The images in Fig. 1(c)
and (d) give more details. No macro-crevice was observed at the B,C/Al
interfaces. In addition, a high density of tiny phases (some of them were
marked by arrows) appeared in aluminum matrix in the sample HP620,
whereas the matrix in the sample HP560 was relatively ‘clean’.

To identify the secondary phases in the samples, TEM character-
izations were carried out. Fig. 2(a) is a bright-field TEM (BF-TEM)
image of a B,C/Al interface in the sample HP560. The sharp interphase
boundary indicates it is free of interfacial reaction. In the alloy matrix,
Mg and Si containing precipitates were frequently seen. Fig. 2(b) is a
HAADF micrograph of the precipitates in the matrix. The corresponding
SAED pattern and the EDS profile are shown on the right side. The
SAED pattern can be well indexed as an fcc lattice (lattice constant
a = 0.45nm) along the [100] zone axis. Combining the diffraction
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Fig. 3. TEM characterizations of the B4C/Al interface in the sample HP620. (a)
BF-TEM image showing the reaction product Al3BC at the interface. (b) and (c)
are the electron diffraction pattern and EDS profile of the Al3BC compound.

information and chemical compositions suggested that the precipitates
are B-Mg,Si which is a typical precipitate in 6xxx series alloys.

Compared to the sample HP560, the microstructures were re-
markably changed in the composite HP620. As displayed in the BF-TEM
image in Fig. 3(a), discrete nanoparticles appeared at the B4C/Al in-
terface, suggesting the MRR at the interface. The thickness of the re-
action product layer was measured to be “300 nm. Electron diffraction
(Fig. 3(b)) and EDS analysis (Fig. 3(c)) performed on these nano-
particles suggested they were Al3BC phase (a = 0.349nm,
¢ = 1.154 nm, space group P63/mmc).

As illustrated in the SEM image in Fig. 1(d), the reaction products
were present in the aluminum matrix as well. The TEM image of the
dispersive phase is shown in Fig. 4(a). As marked by white arrows,
several nano-rods located either at grain boundaries or in the grains.
Fig. 4(b) gives the electron diffraction pattern. The EDS profile in
Fig. 4(c) were obtained from a nano-rod located at the very edge of the
peroration in TEM foil in order to avoid the signal from aluminum
matrix. It indicates the compound mainly composed of Mg, Al and B.
The diffraction and composition information confirmed these nano-rods
being Mg(Al)B, compound (it is named after MgB, for short) which has
the same crystalline structure as MgB, or AlB,. Their sizes ranged from
several ten nanometers to several micrometers. Besides Al3BC and MgB,
compounds, we did not find other reaction products in our massive
TEM observations. Moreover, Mg,Si precipitates were also rarely found
in this specimen.

Alloying elements Mg and Si in 6xxx Al alloys are usually present in
the form of Mg-Si phases or Al-Mg-Si-Cu phases depending on the Cu
content in alloys. When the B4C-Al composite was heated to above
600 °C, liquid aluminum appeared and facilitated the MRR occurring
[37]. First reaction took place at the interfaces between B,C and alu-
minum, yielding Al3BC and free boron. Then the latter easily diffused
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Fig. 4. Nano-scale reaction products in the sample HP620. (a) BF-TEM image
showing the nano-rods dispersed in the alloy matrix. (b) Electron diffraction
pattern and (c) EDS profile of the nano-rod, suggesting that the nano-rod is Mg
(ADB,, or MgB, for short.

into the matrix through liquid phase network and combined alloying
magnesium, producing dispersive MgB, nano-rods in the final compo-
site. The combination of the two elements was attributed to the large
electronegativity difference between them and resulted in the con-
sumption of Mg,Si precipitates. The MRR route can be written as fol-
lows: 3Al + B,C — Al3BC + 3B, and 2B + Mg — MgB,

Our TEM characterization also indicated that a very small amount of
MgB, nano-rods existed in the sample HP560, but Al3BC were hardly
seen. The MgB, dispersions in this sample were produced via the re-
action between alloying Mg and the impurity boron or B,O3 in raw B,C
powders.

3.2. Corrosion susceptibility and initiations in the composites

To evaluate the corrosion resistance of the composites, potentio-
dynamic polarization tests on the above two samples were performed in
H3BO3 electrolyte (2500-ppm boron). At least three specimens per
condition were measured to ensure the accuracy of tests. The typical
polarization curves are displayed in Fig. 5. For the two measured
composites, the curve shapes are almost the same. Steep rises in the
current were observed at the corrosion potential, suggesting pitting
corrosion occurring on both specimens. Nevertheless, we could still find
the difference in between. The anodic current density for the sample
HP620 is one order of magnitude higher than that for HP560. Besides, a
negative shift of nearly 100 mV of the corrosion potential E -, for the
HP620 is observed. The tests suggest that the corrosion susceptibility of
the composite HP620 is remarkably higher.

Potentiodynamic polarization tests were also performed in the
H3BOj3 solution with addition of 600-ppm Cl ™. In the presence of C1™,
both the samples underwent severe corrosion attack. From the anodic
branches of the polarization curves, it is observed that the anodic
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Fig. 5. Potentiodynamic polarization curves of the samples HP560 (red) and
HP620 (blue) measured in H3BOj3 solution. Black and green ones are the po-
larization curves of the HP560 and HP620 measured in H3BOs3 solution with
addition of 600-ppm Cl~. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

current density sharply increases to near 10 mA/cm? The compara-
tively higher current density for the sample HP620 also suggests the
higher corrosion rate.

The different corrosion behavior of the composites was investigated
by immersion tests in electrolytes as well. First tests were carried out in
boric acid (2500-ppm boron). Fig. 6(a) and (b) are SEM images of the
sample HP560 and HP620, respectively, experiencing immersion for
120 h. Corrosion product sedimentation fully covered both the sample
surfaces. EDS analysis indicated that the sedimentation were mainly
composed of Al and O. The corrosion product on the sample HP620 was
much thicker, implying the higher corrosion rate. To reveal the corro-
sion initiations, the samples were characterized after removing the
corrosion products. Fig. 6(c) shows the corrosion morphology on the
sample HP560. Corrosion mostly happened at the B,C/Al interfaces, as
labeled by arrows. In comparison with the HP560, the HP620 corroded
more severely. The corrosion pits were found not only at the B,C/Al
interfaces but also in the aluminum matrix. Obviously, the B,C/Al in-
terfaces in both samples showed high corrosion sensitivity, whereas the
precipitate dispersions in the aluminum matrix also contributed to the
high corrosion rate of the sample HP620.

In the presence of Cl™ in the solution, the materials corroded quite
fast. The corrosion pits on the surfaces of samples HP560 and HP620
suffered only 24 h immersion were clearly visible under optical mi-
croscope. The Fig. 7(a) and (b) show the micrographs in which the
pitting sites are marked by arrows. In comparison, the pits on the
sample HP620 possess larger sizes. The corrosion sites on the samples
HP560 and HP620 were further examined by SEM, as shown in Fig. 7(c)
and (d), respectively. Similar to the corrosion morphology in the H;BO3
solution, corrosion trenches were often observed surrounding the B4C
reinforcements on the two samples, but deeper. Small pits were pre-
valent on the alloy matrix in the sample HP620 (Fig. 7(d)), but only a
very small portion of the pits appeared on the HP560 (Fig. 7(c)).

To get a deep insight into the electrochemical roles played by the
B,4C reinforcement and the nanoscale phases, we then carried out the
quasi in-situ TEM observations. The experiments were operated in Cl ™ -
containing H3BOj3 solution.

Fig. 8(a) and (b) show the interface area in the specimen HP560
before and after immersion in electrolyte. In the latter image, a pit
appears at the B4C/Al interface. The pitting initiated at the corner of a
notch on the B,C surface. Taking a look at the site before corrosion
(Fig. 8(a)), we did not find any evident crevice or secondary phase
nearby.
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Mg,Si is the main precipitate in the sample HP560. One may take
interest in their electrochemical effect on the present composite since
their effect on the corrosion of 6xxx series alloys has been widely stu-
died [38-42]. Fig. 9(a) displays a HAADF image of the Mg,Si particles
in the aluminum matrix. Suffered as short as 1 h immersion, the Mg»Si
precipitates showed darker contrast than before (Fig. 9(b)), indicating
the composition changes.

Then we performed EDS analysis under STEM mode on an in-
dividual Mg,Si precipitate. Fig. 10(a) and (c) show HAADF images of
the precipitate before and after immersion. The EDS profiles shown in
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Fig. 6. Characterization of the materials suffered immer-
sion in H3BOj3 solution for 120 h. (a) and (b) SEM images
of the samples HP560 and HP620, respectively. The sur-
faces are covered by corrosion product sedimentation. (c)
and (d) SEM images of the corroded surfaces of the sam-
ples HP560 and HP620, respectively, after removing the
corrosion products. The corrosion sites are marked by ar-
TOwWs.

Fig. 10(b) and (d) were obtained from the line-scanning along the lines
in Fig. 10(a) and (c), respectively. Being distinct with the pristine Mg,Si
precipitate, the later one composed of Si and O. This result is in
agreement with Kairy et al.’s quasi in-situ TEM work [31].

After dealloying, the remnant compound became stable. Fig. 11(a)
shows a HAADF image of a typical area including a B4C particle and a
Mg,Si particle with large size (in the lower right corner). After exposure
in solution for 3h (Fig. 11(b)), pitting was found to take place at the
B,4C/Al interfaces. However, the Si-rich remnant did not promote fur-
ther corrosion of the aluminum matrix. It is generally accepted that the

Fig. 7. The corrosion morphologies of the materials after
soaking in 600-ppm Cl™ -containing H3BO3 solution for
24h. (a) and (b) Optical micrographs of the specimen
HP560 and HP620, respectively. The corrosion pits are
clearly visible under microscope, as arrowed. The pits on
the specimen HP620 are larger and deeper. (c) SEM image
of a corrosion site on the HP560. Trenching around the
B,4C particles indicates the corrosion initiation there. (d)
SEM image of the corroded sample HP620. Besides at the
B,4C/Al interfaces, massive corrosion pits are observed on
the alloy matrix. Some larger ones are marked by arrows.

10, pm
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Fig. 8. Quasi in-situ TEM observation of the pitting initiation in the specimen HP560. (a) HAADF image of the B4C/Al interface. (b) The same place as that in (a) but
experienced 2 h immersion in Cl™ -containing H3BO3 solution. The pit formed at the corner of a notch on the B,C surface (arrowed).

Fig. 9. Quasi in-situ TEM observation of the corrosion response of Mg,Si precipitates in the sample HP560. (a) HAADF image of the Mg,Si particles in the alloy
matrix. (b) Immersed in Cl™-containing H3BOj3 solution for 1h, the Mg,Si particles displayed in (a) show dark contrast, indicating the composition changes.

corrosion potential of Mg,Si is lower than Al, leading to the dealloying
of the precipitates. Then the Si-rich remnant may turn into a cathode
and facilitate pitting occurrence [38,39]. Nevertheless, we failed to
confirm the phenomenon by prolonging immersion time of the foils in
solution since the corrosion developed very fast once the pitting oc-
curred at the B4C/Al interfaces and damage the thin areas in a TEM foil.

As a comparison, quasi in-situ TEM observations were carried out on
the composite HP620 as well. Pitting at the B,C/Al interface could also
be found. As shown in Fig. 12(a) and (b), a pit is seen between the two
neighboring B4C particles. The lower B4C particle possesses a sharp
corner and the dissolution of aluminum matrix seems to initiate at the
corner which was totally exposed in the dissolved pit. The high-mag-
nification bright-field micrographs of the areas framed in Fig. 12(b) are
displayed in Fig. 12(c)-(e). As marked by white arrows, Al;BC particles
remain on the B4C surfaces. The electron diffraction performed on the
Al3BC in Fig. 12(e) is shown in Fig. 12(f). The perfect crystalline
characteristic indicates that the compound was unattacked during the
corrosion process.

In this sample, we found that the MRR product MgB, dispersions in
aluminum matrix were an important factor promoting localized cor-
rosion. Fig. 13(a) shows a HAADF image of the alloy matrix where the
MgB, nano-rods are located. The same place after 2h immersion in
solution is given in Fig. 13(b) in which two small corrosion pits are
found at the periphery of the MgB, rod, as arrowed. Fig. 14 shows more
evidence that the localized corrosion was induced by an individual
MgB, nano-rod (Fig. 14(a) and (b)) and a bundle of MgB, rods
(Fig. 14(c) and (d)).

Extending the immersion time to 3h, we could find the corroded
areas expanded and formed narrow trenches, as shown in Fig. 15(a).
Inside the two largest dissolved areas, MgB, nano-rods as marked by
arrows are featured. In other severely dissolved trenches, embedded
MgB, nano-rods could be easily found as well (see more examples in
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Fig. 15(b) and (c)). The corrosion trenching is identical with that in the
SEM observation in Fig. 7(d).

The compositional and structural characteristics of the MgB, nano-
rod which gave rise to pitting were further studied. Fig. 16(a) shows a
HAADF image and corresponding EDS elemental maps of the MgB,
nano-rod located in the center of a corrosion trench. The nano-rod is
still composed of Mg, Al and B. Moreover, the surfaces of the rod are
rich in oxygen and decorated with several copper particles. The bright-
field imaging (Fig. 16(b)) and diffraction (Fig. 16(c)) on the nano-rod
indicated the compound retained its crystalline structure. Obviously,
galvanic cell was formed between the MgB, compound and the nearby
aluminum matrix. MgB, rods served as the cathode in the corrosion
process and promoted the dissolution of aluminum continuously taking
place.

4. Discussion

Deduced from the sharply increasing anodic current in polarization
curves, pitting has occurred on the B4,C/Al composite in H3BO3 solution
and in Cl™ -containing H3BOs3 solution. According to the corrosion
morphologies shown above, a high density of pitting nucleation was
found. The presence of Cl~ remarkably increased the corrosion rate and
some of pits have developed to a large scale in 24 h, which could be
clearly visible under optical microscope. The severe pitting was also
confirmed by the anodic current densities in the polarization curves,
which is about one order of magnitude higher than that measured in
pure boric acid. The slow corrosion rate in H3BO3 solution should be
partly ascribed to the corrosion product depositions, as shown in
Fig. 6(a) and (b). As corrosion progressed, the main corrosion product
aluminum hydroxide [14] on the specimen surface acted as a barrier
and prevented the contact between metal and electrolyte. In con-
sequence, the propagation of the formed pits was retarded. By contrast,
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Fig. 10. EDS analysis on a Mg,Si precipitate.
(&D} Al (a) HAADF image of a Mg,Si particle in the

000 - sample HP560. (b) The result of the EDS line
profile along the red line in (a). (c) HAADF
image of the same Mg,Si particle shown in (a)
but suffered 1 h immersion in solution. (d) EDS
line profile of the Mg,Si remnant showing the
depletion of Mg and enrichment of Si and O.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article.)
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the CI~ contamination in H3BOj3 solution has a remarkably harmful
effect, which is in agreement with the previous report [16]. In the en-
vironment containing Cl ~, soluble aluminum oxychlorides are expected
to generate [43]. Once the pitting initiated, fresh metal matrix would
expose to the corrosive electrolyte and stable pits would easily form and
propagate, as shown in Fig. 7.

In terms of the microstructures in the composites, the electro-
chemical effects of the different phases are discussed as follows.

B4C reinforcement is highly concerned in the composite. B4C is a
semiconductor possessing a noble electrode potential with respect to
the aluminum matrix [19,21]. When the semiconducting ceramic par-
ticles are introduced into metal matrix, galvanic corrosion will theo-
retically take place due to the difference in electrode potentials. As
suggested by Ding et al. [19], however, the galvanic current in the B4C-
Al system is rather low probably due to the high over-potential for
cathodic reactions on B4C electrode. Therefore, the galvanic coupling
between B4C and aluminum matrix can partly explain the preferential
dissolution at the B4C/Al interface but not the sole reason, especially in

the Cl™ -containing solution. Instead, we proposed that the debonding
(or nonepitaxial bonding) at the interfaces should be considered for the
sites being vulnerable to be attacked. The pitting onset at the B,C/Al
boundaries, like the ones in Figs. 8, 11 and 12, were mostly found at the
periphery of the sharp corners of B,C particles. Although we did not
observe evident crevices by TEM, it is very likely to form nano-void at
these sites where the loading stress tends concentrated during me-
chanical processing. Therefore, the possible nano-voids or the dis-
continuity of the protective oxide film at the places would result in the
high susceptibility of localized corrosion.

Being distinct with the ‘clean’ B4C/Al interface in the sample
HP560, the MRR at the B4C/Al interface in the HP620 generate a
semiconductor Al3BC layer. It obviously increases the complexity of the
galvanic system. Firstly, as shown in Fig. 12, the Al;BC compound in
the corrosion pit does not show any degradation, indicating its higher
corrosion potential than the aluminum. It possibly acts as a new
cathode whose effect depends on its electrode potential and the
cathodic reaction kinetics on its surfaces. Secondly, the junction

Fig. 11. (a) HAADF image of an area containing B4C particles and a Mg,Si precipitate with large size. (b) The same area after 3 h exposure in solution. Two pits
formed at periphery of the B4C particle, but the Mg,Si remains stable after dealloying.
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barriers at the Al3BC/Al and B4C/Al3BC interfaces should have sig-
nificant influence on the corrosion current flow running through the
electrodes. To the authors' knowledge, however, the physical para-
meters of Al3BC compound are unavailable; thus the prediction of its
influence on the galvanic couples between B4C and Al is not easy. On
the other hand, the interfacial reaction product is beneficial to the
bonding state of the B,C/Al interface. The stress concentration induced
nano-void at the interface can be reduced, which makes the interface
more resistant to pitting attack. From this point of view, the presence of
Al3BC is possibly salutary to the composite. According to the corrosion
morphology observed in this work, it seems that Al3BC does not show
obvious deterioration to the corrosion resistance.

In contrast, the experimental results unambiguously demonstrate
that another MRR product, i.e. MgB, nano-rods, increase the corrosion
susceptibility of the B4C-6061Al composite. The cathodic role of MgB,
is similar to that of AlB, as reported by Pohlman [23]. MgB, nano-rods
are conductive [44] and can effectively facilitate the anodic dissolution
of the surrounding Al matrix via galvanic coupling.

On the other hand, if we carefully examine the MgB, nano-rods
inside the corrosion pits in Figs. 14 and 16(b), it will be found that some
of the surface areas of the rods underwent dissolution as well. Ac-
cording to the previous research [45], acid solution can catalyze the
decomposition of pure MgB, and generate magnesium hydroxide and
boron oxide. Therefore, the partial dissolution and surface oxidation of
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Fig. 12. Quasi in-situ TEM observation of the
pitting at the B4C/Al interface in the sample
HP620. (a) and (b) HAADF images of the B,C/
Al interfaces before and after immersion in
Cl ™ -containing H3BO3; solution (2h), respec-
tively. A large pit formed between the neigh-
boring B4C particles. (c¢), (d) and (e) High-
magnification BF-TEM images of the areas
corresponding to the frames in (b). As arrowed,
Al3BC particles are observed. (f) SAED pattern
of the Al3BC particle in (e) showing it did not
undergoes corrosion.

MgB, in the composite can be interpreted as: when a pit formed, the pH
in the anodic region became lower [20] and the acidification resulted in
its decomposition.

In addition, on the MgB, nano-rods inside pits, several nanoparticles
with bright contrast in HAADF images (e.g. Figs. 15 and 16) were ob-
served. The EDS mapping in Fig. 16(a) suggests that they are copper
particles. Copper redeposition was frequently observed in corroded Cu-
containing aluminum alloys [31,46,47]. The cupric ions (Cu®™) re-
leased from the dissolved alloy are preferentially reduced and deposite
on the cathodic sites [47]. At the same time, the copper deposits could
act as new cathodes and promote the efficiency of pitting corrosion. The
deposition of copper can also be seen at the surfaces of B,C particles,
especially at the exposed surfaces in corrosion pits (see Fig. 11). In turn,
this phenomenon confirms that MgB, and B4C both are cathodic sites.

Mg,Si is a common precipitate in Al-Mg-Si alloys. As usual, Mg,Si is
anodic to the alloy base and the element Mg tends to selectively dis-
solve when it is exposed to electrolyte. The electrochemical role of the
Mg,Si remnant is under debate [38,39,48,49]. Some authors demon-
strated that the Si-rich remnant after dealloying of Mg could transform
to cathode, leading to the anodic dissolution and corrosion of the alloy
base [38,39]. In our quasi in-situ TEM experiments, we did not find the
evidence of pitting occurrence at its adjacent periphery, probably due
to the short immersion time when corrosion pits started to form at the
B,C/Al interfaces. However, it also should be noted that the remnant

Fig. 13. Quasi in-situ TEM observation indicating the lo-
calized corrosion happened at the periphery of MgB,
nano-rods. (a) HAADF image of the MgB, nano-rods in the
Al matrix in the sample HP620 (b) HAADF image of the
area after 2h immersion in 600-ppm Cl™ -containing
H3BO; solution. The dark contrast as marked by arrows
indicates the corrosion nucleation.
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Fig. 14. HAADF images showing more examples of the corrosion initiation at the periphery of MgB, nano-rods.

was rich in oxygen (Fig. 10(d)), which was in agreement with Mizuno
et al.’s result [49]. Silicon oxide is electrochemically passive and can
remarkably suppress the cathodic reactions. Therefore, galvanic effect
of the Mg,Si remnant in the present material should not be very
harmful to the corrosion resistance.

5. Conclusions

In the present work, the microstructures and the corrosion behavior
of the B4,C-6061Al composites hot-pressed at 560 °C and 620 °C were
investigated. Quasi in-situ TEM experiments were carried out to reveal
the correlations between corrosion onset and the reinforcement/sec-
ondary phases in the samples. The following conclusions can be drawn:

1 In the sample hot-pressed at 560 °C, chemical reaction between the
B,4C reinforcement and the alloy matrix is not obvious and Mg5Si is
the main precipitate. When the pressing temperature was increased

to 620 °C, B4C readily reacted with the metal matrix and generated
Al3BC at the interfaces as well as MgB, dispersion in the matrix.

2 Potentiodynamic polarization measurements on the samples in-
dicated that the sample HP620 is more susceptible to corrosion at-
tack in H3BOj3 solution and in Cl™-containing H3BO; solution.
Immersion tests proved that B,C/Al interfaces in the samples HP560
and HP620 are the preferential sites for corrosion occurred.
However, the secondary phases in the alloy matrix in HP620 have
great influence on the corrosion susceptibility of the material.

3 Quasi in-situ TEM observations confirmed the pitting initiation at
the B4C/Al interface. The existence of Al;BC at the interfaces does
not obviously increase the corrosion sensitivity. The pits at the
periphery of the sharp corners of B,4C particles, which were fre-
quently observed in experiments, imply the discontinuity of surface
oxide film or the nano-void at the place possibly being an important
reason for the high pitting sensitivity in Cl™ -containing solutions.

4 Selective dissolution of Mg was observed in Mg,Si precipitate when

1055 pm

Fig. 15. HAADF images of severely corroded areas. The corrosion trenches expand along grain boundaries. In the crevices, several MgB, nano-rods can be found (as

arrowed).
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the sample HP560 was exposed to solution. We did not find the
evidence that further localized corrosion could be induced by the
dealloyed Mg,Si when severe pitting occurred at the B4,C/Al inter-
faces. By contrast, the MRR product MgB, nano-rods dispersed in
the sample HP620 serve as cathodic sites and are detrimental to the
corrosion resistance of the material.

Data availability
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be shared at this time, as the data form part of another ongoing study.
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