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A Novel Al–Cu Composite with Ultra-High Strength at
350 °C via Dual-Phase Particle Reinforced
Submicron-Structure

Kewei Xie, Jinfeng Nie,* Chang Liu, Wenhao Cha, Ge Wu,* Xiangfa Liu,* and Sida Liu*

Thermal stability determines a material’s ability to maintain its performance
at desired service temperatures. This is especially important for aluminum
(Al) alloys, which are widely used in the commercial sector. Herein, an
ultra-strong and heat-resistant Al-Cu composite is fabricated with a structure
of nano-AlN and submicron-Al2O3 particles uniformly distributed in the
matrix. At 350 °C, the (8.2AlN+1Al2O3)p/Al-0.9Cu composite achieves a high
strength of 187 MPa along with a 4.6% ductility under tension. The high
strength and good ductility benefit from strong pinning effect on dislocation
motion and grain boundary sliding by uniform dispersion of nano-AlN
particles, in conjunction with the precipitation of Guinier–Preston (GP) zones,
enhancing strain hardening capacity during plastic deformation. This work
can expand the selection of Al–Cu composites for potential applications at
service temperatures as high as ≈350 °C.

1. Introduction

Aluminum (Al) alloys have wide room-temperature applica-
tions in transportation and aerospace industries due to their
low weights, high specific strengths, and outstanding corrosion
resistance.[1–5] Improving the energy efficiency and reducing
greenhouse gas emissions have been among the central topics
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related to the environment and climate
change in recent years, and this creates
higher requirements for the heat resis-
tance and thermal stability of alloys. For
traditional precipitation-hardened Al alloys,
however, a major problem is that the mi-
crostructures are unstable and the precip-
itated phases are highly prone to coarsen-
ing at temperatures above 200 °C.[6–10] This
results in a substantial loss of strength,
and the alloys cannot meet the service re-
quirements. Therefore, the development of
Al matrix composites with high heat re-
sistance and high specific strengths is ur-
gently needed. Researchers have carried
out several studies to improve the high-
temperature mechanical properties of Al al-
loys. These include alloying Al with vari-
ous elements, especially transition and rare-

earth metals, to generate thermally stable microstructures in the
matrix, as well as exploring parallel efforts by using novel alloy
processing methods, such as powder metallurgy, additive man-
ufacturing and rapid solidification, post-casting treatments, and
engineering alloys in a liquid state prior to casting.[11–18]

Herein, we report a “fine grain size with a uniform dispersion
of thermally stable, small, hard particles within the matrix and on
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Figure 1. Mechanical properties of the (8.2AlN+1Al2O3)p/Al-Cu composites at 350 °C. a) Engineering stress–strain curves for the (8.2AlN+1Al2O3)p/Al-
0.9Cu (red), (8.2AlN+1Al2O3)p/Al-1.8Cu (blue), and (8.2AlN+1Al2O3)p/Al-3.6Cu (black) composites. The inset shows the strain hardening rate d𝜎/d𝜖
(with 𝜎 and 𝜖 being the true stress and true strain, respectively) for the composites. b) Ultimate tensile strength plotted against elongation to failure at
350 °C for the (8.2AlN+1Al2O3)p/Al-Cu composites and other Al alloys.[20–27].

the grain boundaries” method to achieve excellent heat-resistant
mechanical properties in Al matrix composites with different
Cu contents. According to our previous study,[19] the addition of
submicron-Al2O3 particles can play an important role in making
the agglomerated nano-AlN particles distributed more uniformly
in the Al matrix, and then the strengthening effect played by the
nano-AlN particles can be effectively guaranteed. In the present
work, utilizing a liquid–solid reaction method and subsequent
hot extrusion process, we achieved a homogeneous distribution
of high-density nano-AlN particles and submicron-Al2O3 parti-
cles. The uniformly dispersed intragranular nano-AlN particles
promote a strengthening effect through dislocation–nanoparticle
interactions, besides, the nano-AlN particles located at the grain
boundaries (GBs) restrict the GBs from sliding and coarsening
during plastic deformation. In addition, a large quantity of nano-
precipitated GP zones interacted with dislocations, thereby pro-
viding an exceptional tensile strength at elevated temperatures.
We demonstrate the “fine grain size with a uniform dispersion
of thermally stable, small, hard particles within the matrix and
on the grain boundaries” strategy by introducing nano-AlN par-
ticles and submicron-Al2O3 particles into a submicron-grain Al
matrix with different Cu contents. Combined with the appropri-
ate T6 heat treatment, a large number of dispersed nanoclusters,
that is, GP zones, were precipitated in the (8.2AlN+1Al2O3)p/Al-
0.9Cu composite matrix. As a result, the (8.2AlN+1Al2O3)p/Al-
0.9Cu composite achieved an outstanding tensile strength at el-
evated temperatures up to 350°C. These results of the present
study can set the stage for developing an efficient design of high-
performance Al alloys for high-temperature structural applica-
tions.

2. Results and Discussion

We studied the (8.2AlN+1Al2O3)p/Al-Cu composites
with different Cu contents: (8.2AlN+1Al2O3)p/Al-0.9Cu,
(8.2AlN+1Al2O3)p/Al-1.8Cu and (8.2AlN+1Al2O3)p/Al-3.6Cu.
Figure 1a shows the measured uniaxial stress–strain curves of
these three (8.2AlN+1Al2O3)p/Al-Cu composites at 350°C. The
(8.2AlN+1Al2O3)p/Al-0.9Cu composite exhibited an ultimate
tensile strength (UTS) of 187 MPa (Table S1, Supporting Infor-
mation), as revealed by the red curve in Figure 1a. Addition of

Cu to 1.8 wt.% led to a slight decrease in the tensile strength,
while the ductility was reduced significantly, decreasing from
about 4.6% for the (8.2AlN+1Al2O3)p/Al-0.9Cu composite to
about 2.9% for the (8.2AlN+1Al2O3)p/Al-1.8Cu composite.
Surprisingly, the addition of Cu to 3.6 wt% resulted in a fur-
ther decrease in the tensile strength, as revealed by the black
curve in Figure 1a. Compared to the (8.2AlN+1Al2O3)p/Al-
1.8Cu and (8.2AlN+1Al2O3)p/Al-3.6Cu composites, the
(8.2AlN+1Al2O3)p/Al-0.9Cu composite exhibited much stronger
hardening rates under the same strain conditions, as shown
in the inset in Figure 1a. A direct comparison of UTS of the
current (8.2AlN+1Al2O3)p/Al-Cu composites with those of other
Al alloys is given in Figure 1b. The (8.2AlN+1Al2O3)p/Al-Cu
composites exhibited exceptional UTS that surpassed those
of the mostly reported Al alloys. We note that the mechanical
properties at 350 °C of the current (8.2AlN+1Al2O3)p/Al-Cu
composites were strongly dependent on the concentration of Cu.
The current (8.2AlN+1Al2O3)p/Al-Cu composites have better
tensile strength than those of (8.2AlN+1Al2O3)p/Al composites,
as reported in our previous work,[19] and a higher Cu content
(>0.9 wt.%) deteriorate the mechanical properties, causing a
significant decrease in ductility.

To reveal the underlying mechanism of the strengthening ef-
fect, we studied the microstructures of the (8.2AlN+1Al2O3)p/Al-
Cu composites in detail using TEM. Figure 2a shows the bright-
field TEM image and corresponding energy-dispersive X-ray
spectroscopy (EDS) maps (a1–a4) of the (8.2AlN+1Al2O3)p/Al-Cu
composites. As shown in Figure 2a, nano-AlN particles (indi-
cated by red arrows) and submicron-Al2O3 particles (highlighted
in light green) were uniformly distributed and dispersed in the
(8.2AlN+1Al2O3)p/Al-0.9Cu matrix. This uniform dispersion of
particles in the 𝛼-Al matrix was also confirmed by TEM analysis
of the (8.2AlN+1Al2O3)p/Al-1.8Cu and (8.2AlN+1Al2O3)p/Al-
3.6Cu composites, as shown in Figure 2b,c, respectively, which
clearly revealed that nano-AlN particles were located in the
𝛼-Al grain interiors and grain boundaries (GBs). The TEM
microstructural characterization results shown in Figure 2a–c
indicated that the average grain size of the 𝛼-Al matrix was 0.74
± 0.02 μm (Figure S1a–c,a1–c1, Supporting Information). More-
over, as shown in Figure 2d, the interfaces between the nano-AlN
particles and the 𝛼-Al matrix were characterized at the atomic
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Figure 2. Microscopic structure. a) Bright-field transmission electron microscopy (TEM) image of the (8.2AlN+1Al2O3)p/Al-0.9Cu composite, and
corresponding energy-dispersive X-ray spectroscopy (EDS) maps (a1, a2, a3, and a4) for individual elements Al, N, O, and Cu, showing uniformly
distributed nano-AlN (indicated by red arrows in a) and submicron-Al2O3 (highlighted in light green, with its boundary indicated by the green dashed
line in a) particles in the 𝛼-Al matrix. b,c) Bright-field TEM images of the (8.2AlN+1Al2O3)p/Al-1.8Cu composite and the (8.2AlN+1Al2O3)p/Al-3.6Cu
composite, respectively, showing the uniform distribution and dispersion of nano-AlN particles at the grain boundaries and within the 𝛼-Al grains. d)
High-resolution TEM (HRTEM) image showing a characteristic interface between a nano-AlN particle and the 𝛼-Al matrix. The inset shows the selected
area electron diffraction (SAED) pattern of the red dashed rectangle region in the main image, showing that the AlN particle had an hcp structure with
a zone axis of [12̄10]. e) HRTEM image showing a characteristic interface between a submicron-Al2O3 particle and the 𝛼-Al matrix. The inset shows
the corresponding SAED pattern of the main image, showing that the Al2O3 particle had an hcp structure with a zone axis of [12̄10]. f) High-angle
annular dark field (HAADF) image of the (8.2AlN+1Al2O3)p/Al-0.9Cu composite (T6-treated), showing the formation of a large quantity of Guinier–
Preston (GP) zones in the 𝛼-Al matrix. g) is the zoomed-in image of orange dashed rectangle region in f), showing the nanocluster has a coherent lattice
structure with the matrix. h, i) HAADF images showing the morphology and distribution of 𝜃’ (Al2Cu) precipitates in the (8.2AlN+1Al2O3)p/Al-1.8Cu
and (8.2AlN+1Al2O3)p/Al-3.6Cu composites after T6 treatment, respectively.
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Figure 3. Plastic deformation mechanism. a–c) TEM images showing the dislocation microstructures in the samples of (8.2AlN+1Al2O3)p/Al-0.9Cu,
(8.2AlN+1Al2O3)p/Al-1.8Cu, and (8.2AlN+1Al2O3)p/Al-3.6Cu composites after plastic deformation at 350 °C, respectively, with the accumulation of
large numbers of dislocations resulting from interactions with the nano-AlN particles. d) HAADF image of the T6-treated (8.2AlN+1Al2O3)p/Al-0.9Cu
composite after plastic deformation at 350 °C, showing the microstructure near the GP zones. e) Strain map of the HAADF image in (d), showing the
relationship between the strain map and the distribution of GP zones after plastic deformation at 350 °C. f) Superimposition of the HAADF image (d)
and strain map (e). g) Zoomed-in image of the black dashed rectangle region in (f). A dislocation was present near the GP zone, as marked by the
symbol “⊥”.

scale by HRTEM, and the inset shows the selected area electron
diffraction (SAED) pattern of the red dashed rectangle region,
which revealed that the AlN particle had an hcp structure probed
from

[
12̄10

]
zone axis. In addition, Figure 2e shows the inter-

faces between submicron-Al2O3 particles and the 𝛼-Al matrix,
and the inset is the corresponding SAED pattern that shows the
Al2O3 particle oriented to the

[
12̄10

]
zone axis with an hcp struc-

ture. Figure S2a–c (Supporting Information) shows the scanning
electron microscopy (SEM) images of the (8.2AlN+1Al2O3)p/Al-
Cu composites. The results shown in Figure S2d,e (Supporting
Information) revealed the nano-AlN and submicron-Al2O3 par-
ticles had an average size of ≈50 nm and ≈457 nm, respectively.

Furthermore, the precipitate microstructures in the 𝛼-Al ma-
trix of the T6-treated (8.2AlN+1Al2O3)p/Al-Cu composites were
characterized using high-angle annular dark field (HAADF)
imaging. It revealed that the (8.2AlN+1Al2O3)p/Al-0.9Cu com-
posite revealed an absence of 𝜃’ (Al2Cu) precipitates in the 𝛼-
Al matrix. Instead, a large density of nanoclusters (GP zones)
formed with a relatively uniform and homogeneous distribu-
tion, as shown in Figure 2f, and their identity was confirmed by

high-magnification HAADF analysis (Figure 2g). However, for
the (8.2AlN+1Al2O3)p/Al-1.8Cu and (8.2AlN+1Al2O3)p/Al-3.6Cu
composites, the generated precipitate microstructures were very
different from those produced in the (8.2AlN+1Al2O3)p/Al-Cu
matrix, where coarser and sparser 𝜃’ (Al2Cu) precipitates were
present in the 𝛼-Al matrix, as shown in Figure 2h,i.

To investigate the deformation mechanisms, the microstruc-
tures of the specimens after plastic deformation at 350 °C were
analyzed by TEM (Figure 3). As shown in Figure 3a–c, large
quantities of dislocations were curved and tangled in the matrix,
suggesting that the nano-AlN particles strongly suppressed
dislocation propagation during plastic deformation. Further-
more, dislocation interactions and multiplication were complex,
resulting in a high dislocation density. Moreover, the nano-AlN
particles located at the GBs contributed to strengthening of the
composites by providing strong resistance to the GB sliding at
elevated temperatures, which can be further demonstrated by the
electron backscatter diffraction (EBSD) statistics on the change
of the 𝛼-Al grain size before and after tension at 350 °C (Figure
S1, Supporting Information). A key question that needs to be
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answered is why the (8.2AlN+1Al2O3)p/Al-0.9Cu composite
achieved a combination of high tensile strength and ductility at
350 °C. As mentioned above, the main difference between the
composites was the precipitates in the matrix (Figure 2f–i). To
explicitly analyze the relationship between the GP zones and the
plastic deformation, we analyzed the evolution of GP zones in the
matrix of the (8.2AlN+1Al2O3)p/Al-0.9Cu composite (T6-treated)
after plastic deformation at 350 °C, as shown in Figure 3d, and
the corresponding GPA strain maps (see Experimental Section)
are shown in Figure 3e–g. The results are shown in Figure 3e
with a color scale showing the strain values from −0.1 to 0.1,
where the positive and negative strains are related to the tension
and compression regions, respectively. Evidently, the strain fields
are highly localized in the GP zones. The GP zones imposed
strains on the surrounding matrix, thus retarding the motion
of dislocations.[28,29] As shown in Figure 3g, dislocations were
present around the GP zones, indicating that the dislocation
was pinned by the GP zone, which gave rise to strong strain
hardening of the matrix (inset of the Figure 1a). Meanwhile, the
low elastic misfit strain around the nanoscale GP zones, due to
the small size of the GP zones and their coherent interfaces with
the matrix, alleviated stress concentrations that would otherwise
occur as the case for the coarse 𝜃’ precipitates. This effectively
suppressed the nucleation of microcracks during deforma-
tion, which contributed to the large elongation. Therefore, the
(8.2AlN+1Al2O3)p/Al-0.9Cu composite had a concurrent high
strength and high ductility at 350 °C.

3. Conclusion

In summary, our heat-resistant Al–Cu composites, fabricated
using a liquid–solid reaction method, contain submicron-
scale matrix grains with a uniform distribution of particles
including nano-AlN and submicron-Al2O3. The UTS of the
(8.2AlN+1Al2O3)p/Al-0.9Cu composite at 350 °C is 187 MPa,
which is much higher than those of the most known Al alloys.
The elevated-temperature deformation mechanism is dominated
by nano-AlN particles suppressing dislocation motion and in-
hibiting GB sliding during deformation, in addition to the GP
zones in the 𝛼-Al matrix promoting strain hardening. The find-
ings of our study can provide guidance for industrial applications
of novel Al–Cu composites with superior mechanical behaviors
at elevated-temperature service conditions.

4. Experimental Section

Fabrication of Materials: The raw materials used in this study
included commercial purity Al powders (average size of ≈30 μm)
with a purity of 99.7% (all compositions quoted in this work
are in wt.% (weight percent) unless otherwise stated), hexago-
nal boron nitride powders (average size of ≈2 μm) with a pu-
rity of 98.5%, hexagonal alpha-Al2O3 particles (average size of
≈0.45 μm) with a purity of 99.9%, and pure Cu powders (average
size of ≈1 μm) with a purity of 99.9%. The powders were mixed
and compacted into cylindrical billets with diameters of 90 mm
and heights of 300 mm by a cold isostatic pressing (CIP) machine
under a pressure of 280 MPa. Next, composites with different Cu
mass fractions were fabricated by liquid–solid reactions in a vac-
uum furnace, and the temperature of the liquid–solid reactions

was 800 °C. Then, the obtained ingots were extruded at 500 °C
with an extrusion ratio of 16:1. Subsequently, the extruded rods
underwent T6 treatment (solution treatment at 520 °C for 2 h
followed by water quenching; aging treatment at 150 °C for 5 h
followed by cooling to room temperature in air) and were used
for microstructural characterization and mechanical testing.

Microstructural Characterization: High-resolution transmis-
sion electron microscopy (HRTEM) by FEI Talos F200X at a
voltage of 200 kV was used to characterize the microstructures
and morphologies of the composites. The transmission electron
microscopy (TEM) samples were first ground to 60 μm thick-
ness by SiC abrasive papers, and punched into 3 mm diameter
discs. Then, the discs were polished by ion beams using a Gatan
695 precision ion polishing system (PIPS) at 5 kV for 5 min.
Strain mapping analysis was performed using the geometrical
phase analysis (GPA) software installed in Digital Micrograph
(Gatan).[30]

Mechanical Testing: The T6-treated Al composites along the
hot extrusion direction were used for tension tests. The diameter
and length of the tensile specimens were 10 and 50 mm, respec-
tively (Figure S3, Supporting Information). Uniaxial tensile tests
were carried out on a WDW–100D testing machine at a loading
rate of 2 mm min−1. The specimens were heated up to 350 °C by
using a resistive electromechanical-system-based heater, and the
temperature was held for at least 30 min before starting the ten-
sile test. Each composition of the specimen was tested repeatedly
at least three times to ensure measurement accuracy.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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