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The present study reports an atomic level quasi in-situ TEM observation of the redistribution of alloying element
Cu in the corrosion process of a B,C-reinforced Al-Mg-Si-Cu composite. Cu atoms were found to combine with
Mg and form a thin layer at the interfaces between the aluminum matrix and nano-reinforcements (i.e. Mg(Al)B,
and Al;BC). Dealloying of the Cu/Mg-rich layer was revealed. The following decomposition of Mg(Al)B, resulted
in narrow corrosion trenches forming around Mg(Al)B, and then the localized pitting of the matrix. In addition,
the liberated Cu ions were then redeposited and formed noble Cu nano-particles upon cathodic Mg(Al)B, and

1. Introduction

B,4C particles-reinforced aluminum matrix composite (AMC) re-
ceives considerable engineering interest these years owing to its neu-
tron absorption capability [1-4]. The composite is used to fabricate the
storage and transportation containers for spent nuclear fuels in nuclear
industry worldwide. In the solution environment where the fuel is
stored, the corrosion resistance of the composite should be seriously
evaluated.

As usual, galvanic corrosion is one of the most important con-
siderations when a conducting or semiconducting secondary phase is
electrically contacted with the alloy matrix. Therefore, most of the in-
vestigations on the corrosion of AMCs were trying to identify the gal-
vanic coupling between the strengthening phases and the matrix
[5-11]. Due to the noble corrosion potential of B,C particles, they can
generate galvanic coupling with the aluminum matrix and serve as
cathodic sites. The corrosion rate of B4C/Al composite is enhanced with
increasing B4C contents [11,12]. The galvanic corrosion is also present
between the matrix and other strengthening phases. In order to enhance
the mechanical properties, some nano-sized strengthening particles are
co-introduced into B4,C/Al composite [13,14]. It was demonstrated that
the in-situ formed Mg(Al)B, reinforcement in the aluminum matrix
acted as cathode and deteriorated the corrosion resistance of the
composite [15].

Besides the externally introduced reinforcements, element alloying
with the aim of forming a high density of precipitates by ageing is a
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very general approach to strengthen the AMCs. There have been a large
number of studies on the correlations between heat treatment and
corrosion susceptibility of commercially available Al alloys [16]. In-
stead of forming homogenously distributed precipitations in the metal
matrix, alloying elements are also inclined to segregate at interfaces,
e.g. grain boundaries and interphase boundaries. When the AMCs are
quenched from high temperatures, the supersaturated vacancies may
leave in the grain interior. In the following heat treatment, the vacancy-
solute atom complexes tend to be absorbed by the interfaces, leading to
the solute segregation at these places [17,18]. Compared with the
electrochemical roles played by the secondary phases, the behavior of
the solute element segregation was much less studied and consequently
far from known. A typical example is the alloying element Cu in B4C-
reinforced Al-Mg-Si (6xxx series) composite.

In 6xxx series alloys, Cu is commonly present and beneficial to
improve the peak hardness and the thermal stability of the alloys by
forming Cu-containing precipitates (Q-series) [19-21]. In terms of the
corrosion resistance, Cu addition could reduce the metastable pitting
events compared to the Cu-free alloys in the same ageing condition due
to the replacement of Mg,Si phase by Q precipitates [22]. Nevertheless,
the Cu addition was demonstrated to increase the intergranular corro-
sion (IGC) susceptibility of the underaged alloys. The IGC is closely
related to the continuous Cu layer and precipitate-free zone at the GBs
[23,24]. In B4C/Al composite, the B4C particles are very reactive with
the molten alloy matrix. The reaction products in B,C/Al-Mg-Si system,
i.e. Al3BC and Mg(AD)B,, are beneficial to the mechanical properties of
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Fig. 1. (a) Bright-field TEM image of the Mg(Al)B, dispersoids in the alloy matrix. (b) Bright-field TEM image and corresponding SAED pattern of a Mg(AD)B,
crystalline along its [0001] zone-axis. (c) EDS elemental mapping of the Mg(AI)B in (b). A thin Cu-rich layer is seen around the particle. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

the composite. Owning to the consumption of element Mg, alloying Cu
did not form Q-phase but segregated surrounding the Al;BC and Mg(Al)
B, compounds [25]. Apparently, the effect that Cu played in the cor-
rosion process of the composite could not be interpreted by the
knowledge obtained from Cu-containing 6xxx Al alloys.

To understand this issue, proper characterization techniques and
methodology are needed. Firstly, in the past decades, the development
of aberration correctors made TEM possess sub-Angstrom resolution
and a feasible technique to conduct atomic-scale characterization. In
particular, the high-angle annular-dark-field (HAADF) scanning trans-
mission electron microscopy (STEM) mode provides a more applicable
choice to direct image heavy solute atoms in alloy matrix (for example,
Cu in Al matrix), since the contrast intensity in such mode is propor-
tional to Z'7 1 (Z is the atomic number) [26]. Secondly, a metho-
dology named quasi in-situ TEM investigation which can trace the
structural/chemical evolution in the corrosion process by viewing the
same location before and after repeated exposure of the TEM specimen
in corrosive environment should be promising for this investigation
[27-30].

In this work, the very beginning corrosion stage of a B4,C/Al-Mg-Si-
Cu composite associated with the segregated Cu at interphase bound-
aries were studied using quasi in-situ TEM observations under the
aberration-corrected TEM platform. The result should be beneficial to
interpret the electrochemical/chemical roles of alloying Cu in the
composite. Moreover, since solute segregation is popular in aluminum
based alloys and composites, the experiments carried out in this work
provide a route to investigate the corrosion problems on a real atomic-
scale, which can also be applied to relevant studies.

2. Material and methods

The B4C/Al composite was fabricated by powder metallurgy tech-
nique using alloy powders with nominal composition of Al-1.0Mg-
0.65Si-0.5Cu (wt.%) as the matrix and B,4C particles (21 wt.%) with an
average diameter of ~7 um as the reinforcements. The as-mixed alloy
and B4C powders were cold pressed in a cylindrical die under a pressure
of 50 MPa and then hot pressed at 620 °C under a pressure of 30 MPa for
2h, producing the composite billets. The hot-pressing temperature (~
620 °C) was chosen to be a little higher than the melting point (600 °C)
of the alloy matrix to produce a certain quantity of interfacial reaction
products. The billets were hot forged at 450 °C. The forged samples
were solution treated at 530 °C for 2.5 h, water quenched and then aged
at 175°C for 6 h.

Low magnification TEM characterizations, including bright field
(BF) imaging, selective-area electron diffraction (SAED), high-angle
annular dark-field (HAADF) imaging and energy dispersive spectro-
scopy (EDS) analysis, were performed using FEI Tecnai G F30 micro-
scope. The atomic-scale TEM observations and high-magnification EDS
analysis were conducted by an FEI Titan Themis cubed G*> TEM
equipped with a SuperX-EDS detector. The convergent semi-angle was
set as 21.4mrad, and the inner collection angle was 70 mrad. TEM
specimens were prepared by regular method, i.e. mechanical polishing
and ion-milling using Gatan PIPS 695.

Quasi in-situ TEM observations were carried out following the pro-
cedures: after the first-round TEM observation, the TEM specimen was
taken out and then immersed into 3.5 % NaCl solution which is com-
monly used as the electrolyte to study pitting corrosion. The experi-
ments were conducted at room temperature for various periods. After
that, the corroded specimen was cleaned by distilled water, dried, and
then moved to TEM for the second-round investigation. Before each
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Fig. 2. (a) and (b) High resolution HAADF images of the Mg(Al)B, (labeled as MAB in the figure) nano-rod viewed along the [1210] and [0001] directions, re-
spectively. The interfacial layer is marked by arrows. (c) and (d) EDS elemental maps of the interfacial layer and line profiles along the blank arrows in Mg and Cu
maps, suggesting the enrichment of Mg and Cu in the interfacial layer.

Fig. 3. (a) HAADF image of a coarse-size Mg
(AD)B, nano-rod viewed along the [0001] zone-
axis. (b) HAADF images of the Mg(Al)B, nano-
rod but experienced 60 min immersion in 3.5 %
NaCl. The pronounced bright contrast of the
Cu-rich layer became weak after corrosion and
dark strips appeared inside the Mg(Al)B, along
its edges (arrowed).
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Fig. 4. High magnification study of the degradation of the Mg(Al)B,/Al interface. (a) and (b) HAADF images of a corner part of the Mg(Al)B, shown in Fig. 3 before
and after 60 min immersion in NaCl solution, respectively. Decomposition of the interfacial layer and the Mg(Al)B, along its edge can be clearly seen at the highly
magnified view. (c) and (d) are the elemental maps and the corresponding line profiles along the red and blue arrows, showing the selective dissolution of Mg and a
small amount of Cu remnant at the interface. (e) and (f) are the zoom-in images of the interface in (a) and (b). The interfacial layer became disordered because of
dealloying in 3.5 % NaCl (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

round of observation, the specimen was plasma-cleaned to reduce the
carbon contamination. In order to get a reliable comparison, the TEM
investigations were performed when the interested secondary phases
were tilted to a certain crystalline zone axis before and after the cor-
rosion. At a higher magnification, finding back an exact location in the
second round observation is challenging. Therefore, the locations with a
special feature (for example, a corner) were particularly checked and
compared to overcome the difficulty. To study the corrosion behaviors
of the material suffered variant immersion periods, we conducted quasi
in-situ experiments on newly prepared TEM specimens instead of
studying the same area experienced progressive immersion times, since
the local environment and corrosion product could be changed when
the sample was taken out from solution, cleaned and dried. Moreover, 2
~ 3 specimens suffered the same immersion period were characterized
to make sure the observation was repeatable.

3. Results

The chemical reactions between B4C particles and the alloy matrix
have been identified in our previous work [25]. A large number of Mg
(AD)B, dispersoids, as one kind of the reaction products could be com-
monly seen in the alloy matrix. The BF TEM images in Figs. 1(a) and (b)
show the two vertical projections of the nanocrystals along the [1120]
and [0001] zone-axis, respectively. The Mg(Al)B, nanocrystal usually
possessed a rod shape in TEM images, with several tens of nanometers
in diameter and several micrometers in length. They were called as Mg
(ADB, nano-rods for convenience herein. To better understand the
corrosion morphologies associated with the Mg(Al)B, dispersoids in the
following, the 3D configuration of the nanocrystals should be figured

out. Combining the two vertical shapes shown here and in other ob-
servations, it was known that these nano-rods were actually prisms and
the prismatic surfaces were <1010> planes. An ideal configuration
should be a hexagonal prism with six exposed <1010> facets. When the
compound grew and coarsened (> 100 nm in diameter), more <1010>
surfaces would be formed and result in a polyhedral prism shape. EDS
quantitative analysis performed on several tens of the compounds
suggested that they were composed of Mg, Al (Mg,:Al,; = 1:1) and B.

Instead of forming strengthening precipitates, alloying element Cu
in the composite was found to segregate at the Mg(Al)B,/Al interfaces.
The EDS elemental mapping performed on the Mg(Al)B, nano-rod in
Fig. 1(b) is given in Fig. 1(c). The Cu enrichment is clear seen at the
periphery of the nano-rod.

The high-resolution HAADF images further revealed the details of
the Cu-rich layer at the interface. To get high quality micrographs, the
Mg(Al)B, nanocrystals located at the very thin areas in a TEM foil were
chosen to observe. Figs. 2(a) and (b) are the side view and top view of
the Mg(ADB,/Al-matrix interface, respectively. HAADF image mode
provides the 'Z contrast' which is in proportion to the total atomic
numbers along an atomic column. The bright layer adjacent to Mg(Al)
B, (denoted by blue arrows) should contain heavy element, i.e. Cu in
the present sample. The Cu-rich layer was nearly 1 nm in thickness.
Since no definite crystalline orientation relationship (OR) existed be-
tween Mg(ADB, and the aluminum matrix, the latter did not show any
crystalline lattice. It is noted that the atoms in the Cu-rich layer seem to
be regularly arranged and form a crystalline-like structure (one or two
unit cells) in both the projections in Figs. 2(a) and (b). Unfortunately,
the limited size made the precipitates very difficult to be identified. It
could only be sure that the heavy atoms occupied both the positions of
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Fig. 5. Quasi in-situ TEM characterization of the Mg(AI)B,/Al interface degradation along the [1210] ygcans2 direction. (a) and (b) are HAADF images of a Mg(Al)B,
nano-rod before and after 60 min immersion in 3.5 % NaCl solution, respectively. The dark strips along the interfaces in (b) are denoted by white arrows. The
interface marked by red circles are observed at a higher magnification and shown in (c) and (d). The dark area enclosed by the dot line is heavily attacked. Inside the
pit, the Cu-rich interfacial layer was almost removed. (e) and (f) show a section of interface near that in (c) and (d). The regular lattice of the interfacial layer in (e)
was destructed after the immersion and only a faint contrast remained (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.).

Mg(Al) and B columns in the very inner atomic plane adjacent to the Mg
(AD)B,. The interfacial layer was also analyzed by the high-resolution
EDS mapping displayed in Fig.2(c). In addition to Cu, this layer con-
tained a certain amount of element Mg, as indicated by the line profile
(Fig. 2(d)) across the interface in Fig. 2(c). The signal of Mg almost
dropped at the same point as Cu did. The result suggested that this layer
was a Cu/Mg-rich compound. The atomic ratio of Cu, : Mg, was
roughly calculated to be 1:2. However, the exact values of the elements
contained in this atomic-scale layer were not easy to acquire. A similar
metallic 2-dimonsional compound (2DC) was also found on the TiB,
surfaces which served as grain refiner in Al-Ti alloys [31].

To trace the compositional and structural evolutions associated with
the Mg(Al)B, dispersoids at the very beginning of corrosion process,
quasi in-situ TEM observations were performed. Fig. 3(a) shows a
HAADF image of a Mg(AD)B, nano-rod viewed along its [0001] direc-
tion. As mentioned before, the coarsened Mg(Al)B, crystal possessed a
complex configuration and more than 20 <1010> prismatic facets were
contained in the present case. The Cu/Mg-rich layer surrounding it
showed brighter contrast compared with the neighbor Al matrix. After
immersion in 3.5 % NaCl for 60 min, the same area in Fig. 3(a) was
found and characterized (Fig. 3(b)) under the same conditions as before

(including the specimen tilting angles and imaging conditions). Direct
comparison of the micrographs in Figs. 3(a) and (b), the differences in
between could be observed as follows: (i) The contrast of the interfacial
Cu-rich layer was weakened after the immersion test. (ii) A thin dark
strip appeared inside the Mg(Al)B, along its edges (the Mg(AD)B,/Al
interfaces) as marked by white arrows in Fig.3 (b). The contrast changes
in the HAADF image represented the dissolution or decomposition of
the local areas.

More details were able to be revealed by quasi in-situ examination on
the Mg(Al)B,/Al interfaces at a high magnification. The corner of the
Mg(ADB, prism denoted by 'A' in Figs. 3(a) and (b) is shown in
Figs. 4(a) and (b). The thin strip along the interface with different
contrast was clearly seen in the Mg(Al)B, after the immersion. In ad-
dition, when the atom columns in the strip were clearly imaged at an
optimal defocus value, the other areas became blurred, which suggested
the thickness change in the dark strip. In comparison, we could see that
the whole area of the Mg(AD)B, in Fig. 4(a) is quite uniform at the same
defocus condition. Therefore, it is clearly pointed out that the de-
gradation of Mg(Al)B, took place from the edge. On the other hand, the
contrast change of the interfacial layer was more evident at the highly
magnified view. In Fig. 4(b), it is seen that the Cu-rich layer in the lower
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Top view

Fig. 6. (a) HAADF image showing several Mg(Al)B, nano-rods embedded in the aluminum matrix. (b) The same area in (a) but after immersion in NaCl solution for
90 min. The nano-rods are outlined by narrow corrosion trenches along their edges. (c) Bright-field (BF) TEM image of the degraded Mg(Al)B, nano-rods. The
trenching areas become more electron-beam transparency due to the thickness reduction. (d) EDS elemental mapping of the Mg(Al)B, nano-rod denoted by an arrow
in (c). (e) A high magnification image of the corrosion trench at the interphase boundary. The width of the trench is in the range of 20 ~ 30 nm. (f) Schematic
illustration of a sloped Mg(Al)B, nano-rod (hexagonal prism) embedded in a TEM foil (above) and the projection of the Mg(Al)B,/Al interfaces exposed on the foil
surfaces (below). The projection was exactly the same as the morphology of corrosion trenches at the periphery of the Mg(Al)B, in (d).

part of the corner becomes much weak while the layer in the upper part
is almost vanished. Fig. 4(c) shows the Mg and Cu maps of the corner
area. The Cu contained in the interfacial layer was indeed very dilute.
In addition, according to the line profile (Fig. 4(d)) across the inter-
phase boundary along the arrow direction in Fig. 4(c), the content of
Mg at the point where Cu concentrated was decreased to the same level
as that in the matrix. The observations tended to suggest that the de-
struction of the interfacial layer was due to the selective dissolution of
element Mg. The Cu remnant was also to some extent released from the
layer.

The atomic-scale morphology of the Mg(Al)B,/Al interface was
examined through the zoom-in images in Figs. 4(e) and (f). They were
taken from the same area near the corner shown in Figs. 4(a) and (b).
The destruction of the interfacial layer could be seen by the disordered
interphase boundary in Fig. 4(f) in comparison with that in Fig. 4(e).

The hidden information due to the 2D projection nature of TEM
images potentially leads to some misunderstanding of the degradation
process. We therefore carried out quasi in-situ observations along the
vertical direction of the Mg(Al)B, nano-rod. Fig. 5(a) shows a coarse-
size Mg(Al)B, nano-rod viewed along the [1210] zone axis. The multiple
prismatic facets could be identified according to the contrast variation
paralleled to the c-axis. The same area suffered 60 min immersion in
NaCl solution was examined (Fig. 5(b)). As denoted by arrows, several
dark strips paralleled to the [0001] direction appeared inside the Mg
(ADB,. High resolution HAADF images of the pristine interface and the
same area after corrosion are displayed in Figs. 5(c) and (d). The de-
gradation characteristics resembled that in Fig. 4. Specifically, the loss
of the interfacial Cu-rich layer and the decomposition of Mg(ADB,
along the interface were observed. Judging from the contrast and

imaging defocus, the dark area enclosed by dot line in Fig. 5(d) should
be the heavily corroded area. Inside the pit, the Cu-rich layer almost all
dissolved, whilst some residual bright contrast could also be seen along
the interface outside the pit. The interface area near the pit was also
compared at a higher magnification as shown in Figs. 5(e) and (f). The
pristine interfacial layer showed visible crystalline lattice as we pre-
sented in Fig. 2. After 60 min immersion, no regular lattice but only
some faint contrast could be seen at the interface. The result agreed
well with that in Fig. 4 and further suggested the Mg(Al)B, decom-
position promoted the dealloying of the interfacial layer going deeper.

Figs. 6(a) and (b) display the micrographs of several Mg(A)B, nano-
rods in the aluminum matrix before and after 90 min immersion in NaCl
solution. Extended immersion in NaCl solution yielded evident trench
formed along the Mg(Al)B,/Al interface, as shown as the black strip
induced by thickness change around the Mg(Al)B, nano-rods in the
HAADF image in Fig. 6(b). The area was also characterized by BF TEM
and EDS analysis. Due to the thinning of the local areas, the corrosion
trench was more electron-beam transparency in the BF condition
(Fig. 6(c)). The elemental maps of the Mg(Al)B, nano-rod marked by an
arrow in Fig. 6(c) are shown in Fig. 6(d). The signal intensities of Mg
and Al became lower in the corroded areas and the O signal appeared,
conforming the decomposition of Mg(Al)B,. Moreover, the Cu signal
could no longer be detected at the interfacial area. Instead, it appeared
at some locations on the Mg(Al)B, nano-rod. The Cu redistribution will
be discussed later. A high magnification image of the corrosion trench
at the phase boundary is shown in Fig. 6(e). The area was taken from
the inset image. The steep dark contrast indicated a narrow (20 ~
30 nm in width) and deep trench formed at the interface. The whole Cu-
rich layer was completely removed.
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Fig. 7. HAADF images of the pitting corrosion associated with the Mg(Al)B, nano-rods in the sample suffered 90 min ~ 100 min immersion in 3.5 % NaCl.

One may notice that the corrosion strips also developed 'inside' the
Mg(ADB, nano-rods. In fact, these strips were along the Mg(Al)B,/Al
interfaces projected onto the image plane. It would be understandable
by the help of the schematic illustration in Fig. 6(f). According to the
EDS maps in Fig. 6(d), the Al signal in the upper part of the Mg(Al)B,
nano-rod was higher than that in the lower part. This variation was
resulted from the overlapped Al matrix. In other words, the nano-rod
gently sloped at a small angle from the TEM foil surface. Considering
that a sloped hexagonal prism (embedded in the Al matrix) was po-
lished on both upper and lower sides, leaving the part in between the
two horizontal planes i.e. the top and bottom surfaces of a TEM foil, we
could get the projection of the Mg(AD)B,/Al interfaces onto the foil
plane as the pattern shown in Fig. 6(g) (image below). The contour was
exactly the same as the morphology of corrosion trenches associated
with the Mg(Al)B, nano-rod in Fig. 6(d). It means that the degradation
only occurred along the Mg(Al)B,/Al interfaces initially, while the
larger area of the Mg(Al)B, surface exposed to electrolyte has not been
attacked.

Conceivably, the formation of corrosion trenches would expose the
fresh metal matrix to the aggressive environment. As a consequence,
the corrosion propagated towards the aluminum matrix. It was con-
firmed by more experimental findings in the samples experienced
90 min ~ 100 min immersion in NaCl solution. Fig. 7 gives several ex-
amples showing the expanded corrosion pits in the vicinity of Mg(ADB,
dispersoids. From Fig. 7(a) through Fig. 7(d), the pits with different
scales are exhibited. Nevertheless, the Mg(Al)B, dispersoids inside the
pits were not severely dissolved and almost maintained their original
shapes.

With prolonged immersion period to 120 min, the corrosion was
severely spread in the aluminum matrix. Inside the attacked areas, the
Mg(ADB, could be frequently found as well. Fig. 8 shows the Mg(Al)B,
nanocrystals left inside the corrosion pit. EDS mapping indicated that
these nanocrystals were enclosed by the outside oxide layer, while the
inner part was composed of Mg, Al and B. Taking a close inspection on
the edge of a Mg(Al)B, nano-rod, we could find that an amorphous shell
with a thickness of 5nm covering it and the interior remained the
crystalline feature since the atomic columns were recognized. EDS
analysis indicated that the shell was composed of Mg, Al and O. The
finding indicated that the Mg(Al)B, nano-rod underwent dissolution at
the beginning but became chemically stable by forming the magnesium
(aluminum) oxide shell.

In addition to the Mg(Al)B, compound, Al3BC particle was also
produced via the reaction between B,4C and aluminum. Fig. 9(a) is a BF
TEM image showing the Al3BC particle located at the periphery of a B4C
particle. This compound has an hcp structure with a = 0.35nm,
¢ = 1.15nm (see the electron diffraction pattern inset). HAADF image
in Fig. 9(b) and EDS mapping in Fig. 9(c) prove a Cu-rich layer at the
boundary between Al3BC particle and the aluminum matrix. The Mg
map indicated that the element was also contained in the compound
(Mg./Al,c ~ 10 %) and in the interfacial layer. The highly magnified
HAADF imaging in Fig. 9(d) indicates the thickness of the layer being
about 1nm. A regular arrangement of the segregated atoms was in-
distinctly visible. It was not clear whether the layer had a well crys-
tallized structure as the one at the Mg(Al)B,/Al interface based on the
image of the layer in Fig. 9(d).

Quasi in-situ observation was carried out on an Al3BC particle, as



Y.T. Zhou, et al.

Corrosion Science 174 (2020) 108808

o Laddn R L el
1 20 30 a0 50 60
Energy (e

Fig. 8. (a) HAADF image of the severely attacked aluminum matrix after 120 min immersion in NaCl. Inside the corrosion area, two Mg(Al)B, nano-rods are seen. (b)
EDS elemental mapping showing an oxygen-rich shell over the surface of the Mg(Al)B, nano-rod. (c) High resolution HAADF image of the edge of a Mg(Al)B, nano-
rod. The crystalline Mg(Al)B, nano-rod is covered by an amorphous thin film with about 5 nm in thickness. (d) EDS analysis on the amorphous layer suggesting it is

composed of Mg, Al and O.

shown in Fig. 10. Figs. 10(a) and (b) are the same area before and after
90 min immersion in NaCl solution, respectively. The Al3;BC/Al inter-
face arrowed in Fig. 10(a) was investigated by high resolution HAADF
STEM, as displayed in Fig. 10(c). After the immersion, the destructed
interfacial layer (Fig. 10(d)) exhibited weaker contrast. The EDS map-
ping revealed that the Cu signal in the layer was still present although
not as strong as that in Fig. 9(b), but the Mg was almost absent. It is
worth noting that even when we prolonged the immersion time to
120 min which was enough for the heavy corrosion of the alloy matrix
near Mg(Al)B, dispersoids, we did not observe complete dissolution of
Cu at the Al3BC/Al boundaries and the following trench formation, as
that taking place at the Mg(Al)B,/Al boundaries.

The above results unambiguously demonstrated that the interfacial
layer adjacent to the Mg(A)B, or Al3BC compound in the composite
was preferentially dissolved at the very initial stage of corrosion.
Meanwhile, it was also noticed the redistribution of Cu on the Mg(Al)B,
nano-rod in Fig. 6(d). In the following, the redistributed Cu particles
were characterized.

Fig. 11(a) is a HAADF image showing the Mg(Al)B, nano-rods were
decorated by a mass of nano-sized (20 ~ 50 nm) bright particles. The
chemical composition of the area framed in Fig. 11(a) was character-
ized by EDS elemental mapping (Fig. 11(b)). The high O signals were
mainly detected from the corrosion trench, while the Cu was only from
the nano-particles, suggesting they were metallic Cu particles. The
pronounced Cu signal from the nano-particles could also be seen from
the EDS spectrums collected from the point 1 and point 2 labeled in the
Cu map.

It was also observed that the B4C reinforcements were covered by
Cu nano-particles. Fig. 12(a) shows a B4C particle in the specimen
suffered 90 min immersion in NaCl solution. The Cu nanoparticles

dispersed upon B,4C could be clearly seen in the zoom-in image inset.
The elemental maps of the area suggested these particles contained Cu
but no oxygen (Fig. 12(b)). High resolution TEM image on a single
nanoparticle and the Fast Fourier transformation (FFT) pattern derived
from the micrograph are shown in Fig. 12(c). The FFT pattern can be
indexed by the diffraction of metallic Cu. The nanoparticle was made
up of randomly oriented fine clusters, as seen in the HRTEM image and
the diffraction rings in the FFT pattern. The characteristics indicated
that the nano-particles formed via redeposition of Cu ions.

4. Discussion

Interfacial segregation of solute atoms is prevalent in ceramic par-
ticles-reinforced AMCs. Strangwood et al. [17] reported the solute
segregations, such as Mg, Cu, and Zn, at SiC/Al interfaces in 2xxx and
7xxx Al based AMCs. Ma et al. [32] found the interfacial enrichment of
Cu in the AMC reinforced by in-situ AIN. In a similar case, the grain
refiner, i.e. in-situ formed TiB, particle which is often used in aluminum
alloys, was also found to be enclosed by a Zr-rich atomic layer in an Al-
Zr alloy [33]. To date, seldom attention has been paid to their elec-
trochemical and/or chemical effects on the corrosion behavior of ma-
terials.

The present work focused on the distribution of alloying element Cu
in a B4C/Al composite and its corrosion response when the composite
was immersed in NaCl solution. The element Cu in addition to Mg were
found at the periphery of Mg(Al)B, and Al3BC compounds which were
in-situ formed by the chemical reactions between B,C and the alloy
matrix during fabrication. High resolution TEM characterization in-
dicated that the enriched elements formed a crystalline-like compound
at the Mg(ADB,/Al interface. The quasi in-situ TEM observations
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Fig. 9. Characterization of the Cu enrichment at the Al3;BC/Al interface. (a) Bright-field TEM image of an Al;BC nano-particle located at the periphery of a B4C
particle. Inset is the corresponding SAED pattern of the Al3BC. (b) High resolution HAADF image of the Al;BC/matrix interface showing the bright contrast at the
interphase boundary. (c) Elemental maps showing the enrichment of Cu and Mg in the interfacial layer. (d) A high magnification image of the interfacial layer which

shows some lattice pattern.

indicated that the Cu/Mg-rich layers at the interphase boundaries un-
derwent dealloying before the occurrence of stable pitting in the com-
posite.

We proposed that the present case was very similar to the behavior
of S-Al,CuMg phase in NaCl [34,35], although the galvanic relationship
between the Cu/Mg-rich layer and the aluminum matrix in the present
composite was not clear owing to that the exact composition and
structure of the layer were unknown. Nevertheless, Mg is an electro-
chemically active element and easily dissolves preferentially even in the
cathodic Q-phase in a 6xxx Al alloys. Following the Mg dissolution, it
was demonstrated that Cu clusters may become detached from the Cu-
rich remnant. Due to the positive OCP of Cu in a chloride solution in
comparison to its equilibrium potential (Ec,), oxidation of Cu and
generation of Cu ions are possible. Analogous non-Faradaic liberation
of Cu was also reported in Q-AlMgSiCu phase and magnesium alloys
[30,36].

As for the different corrosion propagation associated with Mg(Al)B,
and Al3;BC compounds in the present case, we discussed the situations
separately in the following.

The equilibrium potential of Mg(Al)B, in NaCl is still unknown,
therefore it is not easy to theoretically predict its galvanic effect on the
aluminum matrix. Pohlman [37] measured the galvanic currents be-
tween extracted boron fibers from both 2024 and 6061 AMCs and
aluminum alloy. He demonstrated the interfacial reaction products,
aluminum boride, but not the fiber itself, could give rise to the galvanic
coupling with Al alloys. Although the composition of the boride was not
characterized in his work, it was expected that Mg/Al containing bor-
ides were produced in 6061 AMC, since the binding energies for Al/B
and Mg/B are similar [38]. Based on the data, the Mg(Al)B, compound
should serve as cathodic sites in the Mg(Al)B,/Al system. Furthermore,
the observations in Fig. 7 indeed supported the galvanic corrosion of
the aluminum matrix associated with Mg(Al)B, dispersoids.
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Mg 7. 1 —

‘

Fig. 10. Dealloying of the interfacial layer adjacent to Al3BC particle in 3.5 % NaCl. (a) and (b) Low magnification HAADF images of the Al;BC nano-particle before
and after 90 min immersion, respectively. (c) and (d) are high resolution images of the arrowed interface in (a) before and after the immersion. The destruction of the
interfacial layer is similar to that observed at the Mg(Al)B,/Al interface. (e) The elemental maps of the framed area in (b). The depletion of Mg and the Cu remnant in
the interfacial layer can be seen from the maps. The location of the interphase boundary in the Mg map is marked by the dash line.

Fig. 11. (a) HAADF image showing the Mg(Al)B, nano-rods around which the corrosion trenches has formed (90 min immersion in 3.5 % NaCl). The Mg(Al)B, nano-
rods are decorated by a mass of nano-sized Cu particles. (b) Element maps of the framed area in (a). O is enriched in the interfacial trenches. Only Cu signal is
detected from the nano-particles upon the Mg(Al)B,. The corresponding EDS spectrums taken from the point 1 and point 2 in Cu map are also given.
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Fig. 12. (a) HAADF image showing the deposited Cu nano-particles upon a B4C particle (90 min immersion in 3.5 % NaCl). The zoom-in image of the framed area is
shown inset. (b) Cu and O maps of the same area in the inset in (a). (c) HRTEM image and the corresponding FFT pattern of a single Cu particle, indicating the particle

consists of a number of fine clusters with random orientations.
(a) (b)

Electrolyte

Al

Cu-Mg layer

Fig. 13. A schematic illustration of the corro-
sion process associated with the Mg(Al)B, dis-
persoids. (a) The pristine composite immersed
in NaCl solution. (b) Dealloying of the inter-
facial layer occurred, releasing Mg and Cu ions
into solution. (c) Decomposition of the Mg(Al)
B, and corrosion trench formed along the in-
terphase boundary. The Cu/Mg-rich layer
completely dissolved. Meanwhile, Cu nano-
particles were deposited upon the cathodic
phase. (d) Corrosion propagated to the Al-ma-
trix and stable pitting appeared.

Mg2+, C u2+

&

(c) (d)

Cu*+2¢— Cu
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/

Al trench Al
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A contradictory phenomenon in our experiments was that the de-
composition of Mg(Al)B, compound in prior to the pitting of aluminum.
It can be rationalized that the Mg(Al)B, underwent chemical decom-
position in the aqueous solution. The process is illustrated in the
schematic diagram in Fig. 13. At first, the Mg(Al)B, surface exposed to
air was covered by a thin oxide layer [39] and inhibited the contact
with the solution. When the interfacial Cu/Mg compound was selec-
tively dissolved as mentioned above, the fresh Mg(Al)B, and metallic
Al-matrix were exposed (Fig. 13(b)). Then the exposed Mg(AD)B, re-
acted with water and generated magnesium (aluminum) hydroxide and
free boron [40] (Fig. 13(c)). The present of oxygen signals in the de-
composed area of the Mg(Al)B, (Fig. 6) and the oxygen-rich shell over
the nano-rod (Fig. 8) confirmed the reaction. The decomposition further
promoted the dealloying of Cu/Mg compound going deeper and also
the liberation of Cu remnant. As the process continued, a remarkable
trench would form around the Mg(Al)B, nano-rod (Fig. 13(c)). Never-
theless, the decomposition of the Mg(Al)B, would not progress towards
the inner part by the protection of surface hydroxide shell (Fig. 8). At
the same time, the trench formation led to the fresh Al-matrix un-
covered. Accelerated by the cathodic Mg(Al)B, nano-rods, the metal

matrix was attacked and stable pitting initiated (Fig. 13(d)).

For the case of Al3BC, it was comparatively stable in the solution. In
the present and our previous work [15], we did not find the pitting
event directly associated with the Al;BC compound. However, deal-
loying of the Cu/Mg-rich layer adjacent to the Al;BC particle was ex-
pected to occur as well. It could be supported by the structure change
and the weakened EDS signals as displayed in Fig. 10. We proposed the
process followed the aforementioned mechanisms, as shown in
Fig. 13(b). However, dealloying of the interfacial layer developed in a
slower rate than that of the layer adjacent to Mg(Al)B, whose cathodic
effect played a important role. Although the Cu remnant in the deal-
loyed layer could in turn serve as cathode, its effect is negligible in
comparison with the Mg(Al)B,. Therefore, almost no serious attack of
the aluminum matrix could be found in our experiments.

Following the liberation of the Cu clusters or Cu ions, redeposition
occurred upon the cathodic phases, consuming the electrons provided
by the dissolution of Mg (Fig. 13(c)). The behavior was akin to those
reports for other Cu-containing precipitates and alloy matrices
[30,34-36]. The noble potential of Cu compared to Al rendered the
nano-particles serve as potent sites for cathodic reactions. Moreover,
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B4C is actually a low-efficiency catalyst for cathodic reaction when they
are coupled with Al [12]. The noble Cu depositions upon B,C particles
could enhance the local cathodic danamics.

In the past decade, quasi in-situ TEM method has been developed
and applied in corrosion research. The experiments were conducted in
open circuit [27,28,41,42] or polarization conditions [43], then the
specimens were characterized by TEM imaging and EDS/EELS (electron
energy loss spectroscopy) mapping [29,44,45] by which the structural
and chemical information before and after corrosion could be obtained.
The quasi in-situ observations in this work revealed the structural evo-
lution of the material at a real atomic resolution. The technology allows
us to unravel the complexity of the corrosion process related to the Mg
(AD)B, and Al3BC dispersoids in a B4C-reinforced Al-Mg-Si-Cu compo-
site. Solute atoms segregation at interfaces, such as stacking faults,
grain boundaries, interphase boundaries, etc., is significant in alloys and
receives considerable attentions during the years [46-49]. Due to the
resolution limitation of the conventionally used characterization ap-
proaches in corrosion research, the effects of the segregated atoms are
still unknown yet. We believe the TEM experiments in the work provide
a feasible approach to study the issue.

5. Conclusions

In the present work, we investigated the initial stage of pitting
corrosion on a B4C/Al-Mg-Si-Cu composite. The distribution and be-
havior of the alloying element Cu were revealed by quasi in-situ TEM at
an atomic level. Main conclusions are listed as follows:

1. Alloying element Cu preferred to segregate adjacent to the in-situ
produced reinforcements Mg(AD)B, and Al;BC in the B,C/Al-Mg-Si-Cu
composite. Cu and Mg combined and formed a crystalline-like com-
pound as the interfacial layers.

2. Exposed to NaCl solution, selective dissolution of the Cu/Mg-rich
layer at the interphase boundaries was revealed by quasi in-situ TEM
experiments. Decomposition of the Mg(Al)B, along the edges promoted
the dealloying process of the interfacial layer and further resulted in the
narrow trench formed around Mg(Al)B, nano-rods. The following pit-
ting corrosion in the aluminum matrix was found to initiate at the
periphery of Mg(AD)B, nano-rods. On the contrary, dealloying of the
Cu/Mg-rich layer at the Al3BC/Al interface did not hurt the corrosion
resistance of the composite.

3. Liberated Cu clusters and/or ions were then redeposited upon Mg
(AD)B, nano-rods and B,4C particles. HRTEM observation revealed that
the single Cu nano-particle consisted of randomly oriented clusters. The
Cu deposit could enhance the local cathodic reactions and increase the
corrosion rate of the composite.
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