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a b s t r a c t

Cu is an important microalloying element in Al-Mg-Si (6xxx series) alloys, but its role in B4C-reinforced
Al-Mg-Si composites is rarely known. In this work, using the state-of-the-art Cs-corrected transmission
electron microscopy (TEM), the Cu-related precipitation in a B4C/6061 Al composite fabricated at
different temperatures is revealed at an atomic level. In the composite hot-pressed at 560 �C, Q phase is
the main Cu-contained precipitates. When the pressing temperature increases to 620 �C, the chemical
reactions between B4C reinforcements and the alloy matrix generate Al3BC and MgB2. Moreover, Cu is
found to segregate at the interfaces between precipitates and the matrix, which is assumed to increase
the nucleation of the reaction products.

© 2017 Published by Elsevier B.V.
1. Introduction

Due to the lightweight, high stiffness, and particularly the spe-
cific capacity for neutron absorption, B4C particles-reinforced
aluminum matrix composite (AMC) is of particular interest in the
nuclear industry in these years [1e5]. They have been widely used
as neutron absorber materials in the transport and storage of spent
nuclear fuels.

In industrial application, Al-Mg-Si (6xxx series) alloys are
commonly used for fabricating B4C-reinforced AMCs [6]. In these
alloys, addition of small amount of Cu, which is calledmicroalloying
[7], has been proved to increase the peak hardness and thermal
stability of the materials [8e10]. Previous research demonstrated
that Cu addition mainly alters the precipitation and the hardening
kinetics [11,12]. Various types of Cu-contained precipitates in Al-
Mg-Si-Cu alloys have been identified by microscopic in-
vestigations [13e16].

In contrast to the increasing knowledge of the microalloying
effect of Cu in Al-Mg-Si alloys, when the alloys serve as the matrix
, xlma@imr.ac.cn (X.L. Ma).
of B4C-reinforced AMCs, the effect, even the distributions of Cu in
B4C-reinforced AMCs is far from known. It should be noted that B4C
particles are very reactive with molten Al [17,18]. The interfacial
reactions between the reinforcements and the matrix may severely
consume the alloying elements and change the precipitation
[19,20]. It is unclear whether the alloying Cu would involve in the
chemical reactions and what the role it would play. The lacking
information may limit our understanding of the microalloying ef-
fect of Cu in B4C reinforced Al-Mg-Si composites.

Detection of microalloying elements in alloys has been a long-
term challenge for conventional analytic instruments due to their
resolution deficiency. Recently developed aberration-corrected
transmission electron microscopy (TEM) provides us a large op-
portunity to directly visualize the elements' distributions [21,22]. In
the present work, such imaging technique was applied to study the
precipitates as well as the Cu redistributions in the neutron
absorber B4C/6061Al composites. The structural information is
believed to be beneficial for the manufacture and further devel-
opment of B4C reinforced AMCs.
2. Experimental procedures

26 wt% B4C reinforced 6061Al composites were fabricated by
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powder metallurgy (PM) technique. High purity aluminum (99.9
pct. purity) and B4C (96.5 pct. purity) powders were used for PM
fabrication. The impurities in B4C powders are free B, C and some
oxides containing Fe, Si and V. Most of these oxide impurities were
removed by acid cleaning. After then, the B4C particles were
cleaned by water and dried at 150 �C for 8 h. The nominal
composition of the Al matrix is Ale1.0Mge0.65Sie0.25Cu (wt.%).
The Al powder was then mechanically mixed with the B4C particles
in a bi-axis rotary mixer with a rotation speed of 50 rpm for 8 h to
guarantee the homogeneity of the component. The as-mixed
powders were cold compacted in a cylindrical die under a pres-
sure of 20 MPa and then hot pressed under 50 MPa in a vacuum
chamber for 2 h at different temperatures in order to control the
chemical reactions between B4C and Al. In this work, two typical
composites hot-pressed at 560 �C and 620 �C were chosen to
investigate, since partial liquid phase appears in the Al matrix
above 600 �C and the interfacial reactions become obvious. To
further increase the density and mechanical properties of the
composites, the hot-pressed billets were forged to discs with
12 mm in thickness at 480 �C. The actual density of the composite
hot-pressed at 560 �C (measured to be 2.646 g/cm3) was very close
to the theoretical density (2.653 g/cm3), i.e. the relative density
reaches 99.8%. This value is higher (~99.9%) for the composite hot-
pressed at 620 �C.

The TEM specimens were taken at different positions of the
composite discs to make sure that the microstructures observed are
prevalent throughout the samples. Thin foil specimens for TEM ob-
servations were prepared by mechanical polishing from 500 mm to
30 mm, then dimpled by diamond paste to 10 mm, and finally thinned
by ion-milling using Gatan PIPS 695 at approximately �100 �C.
Microstructure characterizations and X-ray energy-dispersive spec-
troscopy (EDS) analysis were performed in a FEI Tecnai F30 G2 TEM
and the atomic-resolution HAADF-STEM imaging was carried out in
a FEI Titan G2 60-300 Cs-corrected TEM.
3. Results

Fig. 1a shows a HAADF image of a B4C reinforcement in the
composite hot-pressed at 560 �C. It remains the polygonal
morphology as the as-received B4C particles. The different contrasts
in the B4C particle originate from the inhomogeneous thickness
along the electron beam direction. A high-magnification TEM im-
age of the interface between a B4C particle (left) and the alloy
Fig. 1. Morphology of the B4C reinforcement in the composite hot-pressed at 560 �C. (a) HAA
the as-received state. (b) TEM image of the B4C/matrix interface showing no chemical reac
matrix (right) is displayed in Fig. 1b. The clean and sharp interface
indicates that no chemical reaction occurred at this temperature.

In this composite, Cupresents in the formofprecipitationparticles
with sizes of several tens nanometers, as marked by white arrows in
Fig. 2a. The bright contrast of these precipitates in this image implies
that they contain heavy atoms, since the contrast intensity in the
HAADFmode is in proportion to Z1.7~1.9, where Z is the atomic number
[23]. Fig. 2b shows a typical precipitate particle whose diameter is
measured to be near 100 nm. Most particles in the composite have
smaller sizes. Electron diffraction analysis indicated that the pre-
cipitates were randomly oriented. The chemical composition
analyzed by EDS demonstrated that the precipitates were composed
of Al, Mg, Si and Cu (as shown in Fig. 2c). The chemical composition
and selected area electrondiffraction (SAED) pattern (Fig. 2d) can lead
to the conclusion that these particles are Q phase which is the equi-
librium precipitate in Al-Mg-Si-Cu alloys. The Q phase has a hexag-
onal structure with the lattice parameter of a ¼ 1.04 nm and
c ¼ 0.405 nm. The structures of Q phase and several precursors have
been extensively studied by previous studies [11].

As the pressing temperature increased to 620 �C, the interfacial
reactions between B4C reinforcements and the alloy matrix
occurred. Fig. 3a shows a B4C particle embedded in the composite.
Compared with that in Fig. 1a, the B4C/matrix interface exhibits a
distinct morphology. A continuous layer of reaction products which
consisted of a series of nanoparticles appeared at the interface. An
individual nanoparticle is displayed in the TEM image shown in
Fig. 3b. The SAED pattern inset in the figure indicates the particles
are Al3BC crystals (hexagonal structure, a¼ 0.349 nm, c¼ 1.154 nm).

We then carried out EDS elemental mapping on an Al3BC par-
ticle (Fig. 4a). The mapping reveals that it is composed of Al, B, C,
and a small amount of Si. It is interesting to note that the particle is
enclosed by a thin layer of Cu. An atomic resolution HAADF-STEM
image of the interface area is shown in Fig. 4b, where the Cu-rich
atmosphere around the particle with brighter contrast is clear
seen, in accordancewith the EDS result. The thickness of the layer is
measured to be about 0.7 nm.

Accompanied with Al3BC particles, the B4C/alloy reactions also
resulted in the formation of a high density of nanoscaled pre-
cipitates in the alloy matrix. Meanwhile, the Q phase was rarely
observed. Fig. 5a shows a low-magnification HAADF image of these
lath-shaped precipitates with diameters of several tens of nano-
meters and lengths ranging from 100 nm to several micrometers.
By EDS and diffraction analysis, they are identified to be MgB2
DF image of the B4C particle embedded in Al matrix. It remains the polygonal shape as
tion occurred here.



Fig. 2. Characterization of the Q phase which is the main precipitate in the composite fabricated at low temperature. (a) Low-magnification HAADF image showing the dispersive
precipitates in the alloy matrix. (b) A typical Q phase with diameter of ~100 nm. (c) EDS analysis indicating the particle contains Al, Mg, Si and Cu. (d) Selected area electron
diffraction (SAED) pattern of the particle in (b).

Fig. 3. B4C particle in the composite hot-pressed at 620 �C. (a) Low-magnification HAADF image of the particle. The reaction products continuously distribute along the B4C/matrix
interface (as arrowed). (b) TEM image of the nanoparticles at the interface. The inset SAED pattern can be indexed as the ½1210� zone axis of Al3BC phase.
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crystals (hexagonal structure, a¼ 0.309 nm, c¼ 0.352 nm [24]). The
randomly orientedMgB2 precipitates in Fig. 5a indicate that there is
no specific crystallographic orientation relationship between MgB2
and the matrix. Fig. 5b and c display the TEM images as well as the
corresponding SAED patterns of the crystal viewed along two ver-
tical directions, i.e. ½2110� and [0001]. The 3D information in the
TEM images demonstrates that the MgB2 crystal has prism
morphology and the prismatic surfaces are f0110g planes.

Cu concentration was also observed at MgB2/matrix interfaces
when we performed the EDS elemental mapping on the area
framed in Fig. 6a. As illustrated in Fig. 6b (the left column is EDS
maps of B, Mg and Cu, the right column is the intensity graphs
digitally transformed from the EDS signals to enhance the intensity
contrast), the MgB2 prismatic surfaces are covered by a thin layer
composed of Cu, while no obvious Cu signal is detected on the
{0001} surface. The interfacial Cu enrichment was observed on all
the MgB2 precipitates, no matter what size they possess. Taking a
careful inspection on the distributions of the three compositions,
we could find that Cu-enriched layer also contained a small amount
of magnesium but no boron. The result is reasonable since Cu and
Mg can easily form intermetallic compounds because of the high
affinity between them and CueB binary systems with high Cu
content is unstable [25]. Fig. 6b is high-magnification HAADF image
of the MgB2/matrix interface where a double-atomic layer of Cu



Fig. 4. Characterization of Cu segregation at the Al3BC/matrix interface. (a) HAADF image and the EDS elemental mapping performed on the area marked by a rectangle. (b) High
resolution HAADF image showing the Al3BC particle is surrounded by a thin layer of Cu.

Fig. 5. MgB2 nanorods generated by chemical reactions between B4C and the alloy matrix. (a) Low-magnification HAADF image showing the dispersive MgB2 nanorods in the alloy
matrix. (b) and (c) TEM images and the corresponding SAED patterns of the MgB2 precipitate viewed along its ½2110� zone axis and [0001] zone axis, respectively.

Fig. 6. Solute segregation at the MgB2/matrix interface. (a) HAADF image of a B4C/Al interface where the Al3BC particles are clearly seen. (b) EDS chemical maps of B, Mg and Cu (the
left column) and 2D intensity maps with enhancing contrast (the right column). It is seen that the interface is Cu-enriched but B-depleted, and the content of Mg in this layer is a
little higher than in the matrix. (c) Segregated atoms form a double-atomic layered shell on the surface of MgB2 precipitate.
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atoms can be clear seen, as denoted by yellow arrows. In the layer,
Cu and Mg atoms seem to regularly arrange and form a crystalline
layer.

Meanwhile, several nanoparticles are found to decorate at the
MgB2/matrix interface. These particles with diameters of 1e3 nm
are commonly seen at the interfaces. They are easily confused with
the copper enriched layer. EDS mapping (Fig. 7a) indicates that it is
not a copper compound but enriched of vanadium which is the
impurity element in B4C powder. Fig. 7b shows the atomic structure
of a decorating nanoparticle which keeps an epitaxial relation with
the ð1010Þ plane of the MgB2 crystal. Through the Fast Fourier
Transform (FFT) pattern (as inset), we can identify the particle as
VB2 which has a similar structure with MgB2.

4. Discussion

In the present work, we characterized the precipitates as well as
the distributions of alloying element Cu in B4C-reinforced 6061 Al
composites fabricated below and above the temperature at which
B4C particles reacted with the alloy matrix. In the composites hot-
pressed below that temperature, Cu presented in the form of
nano-sized Q phase. Since no B4C/alloy reaction occurred in the
composite, the precipitation and the role of Cu played should be
analogous to that in Al-Mg-Si-Cu alloys which have been well
documented in several studies [9,10,14]. The discussion will there-
fore focus on the effect of Cu on the interfacial reactions.

The characterization on the composite fabricated above 620 �C
indicates the interfacial reactions gave rise to a tremendous change
of the precipitates. Specifically, the boron-contained reaction
products, such as Al3BC and MgB2 replaced the Q phase. The pro-
cess should be ascribed to the chemical reactions facilitated by the
appearance of molten alloy. The reactions can be written as:

3Al þ B4C / Al3BC þ 3B (1)

2B þ Mg/ MgB2 (2)

Reaction (1) mainly occurred at the interphase boundaries
where the B4C and Al melt directly contact. Al3BC, as a reaction
product in B4C reinforced AMCswere observed bymost researchers
[17,20,26]. Besides Al3BC, free boron was also generated by this
reaction and then diffused into the alloy matrix. The large
Fig. 7. VB2 nanoparticles decorating at the MgB2/matrix interfaces (a) HAADF image
and elemental mappings derived from the EDS signals of Cu and V. (b) High resolution
HAADF image showing the VB2 nanocrystal epitaxially grows on the surface of MgB2.
electronegativity difference between Mg and B made the two ele-
ments easily combine and produce MgB2 (reaction (2)). This reac-
tion consumed the solute Mg and suppressed the formation of Q
phase in alloy matrix as a result. When the alloying Mg was
exhausted, excess boron might react with other elements, for
example, the impurity vanadium.

Instead of forming new precipitates, the solute element Cu
segregated at the interphase boundaries of precipitates Al3BC or
MgB2. Interfacial segregation of solute atoms has been observed in
several aluminum alloys and is receiving increasing interest in
these years. For example, Cu segregation at Q/Al interfaces in a Al-
Mg-Si-Cu alloy was reported in Fiawoo et al.'s recent work [16].
Some other results include Mg segregation at Al3Sc/Al interfaces in
Al-Mg-Sc alloys [27], Si segregation at q’/Al interfaces in Al-Si-Cu
alloys [28], and Mg-Ag co-segregating at U/Al interfaces in Al-Cu-
Mg-Ag alloys [29], etc. Similar solute segregation at heterophase
interface has also been detected in magnesium alloys [30,31].
Although some explanations of the interface segregation have been
proposed, the most commonly accepted one is that the solute
segregation can reduce the interfacial energy [8,28]. The reduction
of interfacial energy would lead to the enhancing nucleation rate
and the coarsening-resistance of the precipitates. In the present
composite, it is believed that the Cu should have the same effect,
which is in agreement with the experimentally observed high
density of nano-sized precipitates (as shown in Figs. 3a and 5a).

The interfacial reaction products, including their species, shapes
and sizes, are believed to significantly influence the loading transfer
between reinforcements and matrix, and consequently the me-
chanical property of the composite [32]. In the future work, it is
worthwhile studying the microalloying effect on the mechanical
properties of AMCs.

5. Conclusion

In the present work, the precipitates in B4C/6061 Al composites
fabricated at different temperatures, especially the distribution of
minor alloying element Cu were investigated. The precipitates in
the composites are highly influenced by the interfacial reactions
between B4C reinforcements and the Al matrix: the fine Al3BC and
MgB2 particles replaced the Q phase which was the main precipi-
tate in the composite without interfacial reactions. Cu segregation
at the Al3BC/matrix andMgB2/matrix interfaces leading to decrease
in interfacial free energy should be responsible for the high
nucleation rate of the precipitates.
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