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In this study, we report a liquid-solid reaction method combined with preferential particle orientation for
fabricating a heterostructured AlsBC/6061 composite with ultrahigh Young’s modulus (105 GPa), high ten-
sile strength (495 MPa) and reasonable ductility (6.2%). The preferential orientation of Al;BC nanoplatelets
contributes to the ultrahigh stiffness, and heterogeneous grain structure of the Al matrix facilitates the
development of hetero-deformation induced stress and extra strain hardening, giving rise to high strength
and good ductility. These results shed new sights into the untapped potential in improving the mechani-
cal properties of metal matrix composites.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Lightweight aluminum alloys with high strength, ductility and
high stiffness are increasingly attractive for applications in auto-
motive, aerospace and biomedical in an effort to improve energy
efficiency and reduce emission [1,2]. Unfortunately, such a prop-
erty profile is hard to be obtained in aluminum and its alloys, as
these properties are often mutually exclusive. In particular, the low
Young’s modulus (stiffness) of Al (70 GPa) is especially hard to im-
prove. Typically, aluminum matrix composites (AMCs) reinforced
by high-modulus ceramic particles (e.g. carbides, borides, and ni-
trides) are conceived to simultaneously elevate their strength and
stiffness, but this inevitably leads to low ductility [3-5]. This phe-
nomenon stems from the incompatibility in plastic deformation
between the reinforcing particles (hard) and the aluminum matrix
(soft), as well as the interfaces where geometrically necessary dis-
locations (GNDs) and strain gradients are generated. For instance, a
6061 Al matrix composite with a high volume fraction (~25 wt%) of
Al3BC particles exhibits an ultimate tensile strength of ~485 MPa,
but comes with severe stress concentration at the particle/Al inter-
faces and dramatic loss of ductility (less than 2%)[6]. On the other
hand, the improvement of stiffness in AMCs was always limited by
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random orientation of particles and volume fraction limitation due
to severe agglomeration [7-11].

In recent years, heterostructured materials have attracted ex-
tensive attentions for their superior mechanical properties with
diverse microstructures spanning the nanometer to micrometer
range [12-15], primarily attributable to the hetero-deformation in-
duced (HDI) strengthening due to the accumulation of geomet-
rically necessary dislocations (GNDs) [16-18]. For instance, soft
micro-grained Ti lamellae embedded in hard ultrafine-grained Ti
lamella matrix allows for remarkably high strain-hardening rate
and consequent high ductility [15]. Inspired by this concept, our
previous work has firstly demonstrated that a heterostructured Al-
(TiC+TiB,) composite containing the bimodal grain structure in the
matrix was substantiated to have superior combination of strength
and ductility, compared to traditional particles reinforced AMCs
with homogenous structure [19]. However, it remains a challenge
to further enhance its stiffness largely due to the randomly dis-
tributed particles.

Herein, we report a heterostructured Al3BC,/6061 composite
with ultrahigh stiffness (comparable to that of titanium alloys
[20]), high ultimate tensile strength and good ductility, a combi-
nation superior to that of nearly all reported AMCs [21-27]. Our
novel strategy primarily relies on the combination of the hetero-
geneous structured Al matrix and the preferential distribution of
anisotropic nanoplatelets, in such a way to attain a superior prop-
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Fig. 1. Microstructures of Al3BC/6061 composites (RD-ND plane) showing the distribution and orientation of Al3BC: (a) EXT, morphology of Al;BC shown in inset of a; (b)
HR80; (c) HR90; (d) HR95; (e) An HRTEM image of Al3BC; (f) A typical lattice fringe image of Al-Al;BC interface. Insets are the fourier-filtered HRTEM image of the marked
red and yellow rectangles are in (f) showing the lattice fringes of Al matrix and AI3BC; Inset of (e) shows the corresponding fast Fourier transformation (FFT) of (f) indicating
the crystal orientation relationship of Al3BC and «-Al. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

erty profile. Furthermore, the underpinning mechanisms will be
critically appraised by HDI stress measurements and stiffness anal-
ysis.

Commercial Al powders (99.7%, mean particle size ~50 pm),
boride plasmid powders (99.5%, mean particle size ~2 pm), com-
mercial pure Si powders (99.7%) and commercial pure Mg pow-
ders (99.7%) were used to fabricate Al3BCp/6061 nanocomposite by
a liquid-solid reaction method combined with subsequent hot ex-
trusion process with a ratio of approx. 30 at 500 °C, as reported in
our previous work [6]. Furthermore, the extruded composites (re-
ferred as EXT sample) were subjected to hot rolling with a reduc-
tion of about 80%, 90% and 95% to orient the distribution of Al3BC
nanoplatelets, which is referred to as particle orienting treatment.
The above samples are referred to as HR80, HR90 and HR95, re-
spectively. Prior to each rolling pass, the sample was preheated at
500 °C for 30 min in the furnace.

The tensile specimens were machined from the processed
sheets with a gauge size of 10 x 2.5 x 1 mm?> oriented along
the rolling direction (RD). Then the tensile samples were tested at
room temperature with a universal tensile testing machine (LFM-
20, W +B) at an initial strain rate of 3 x 103 s~! (quasi-static).
The tensile tests were repeated three times for each specimen.
The microstructures were characterized on the RD-ND plane of the
sheets using a field emission scanning electron microscope (FESEM,
Quanta 250F). A Titan G2 transmission electron microscope (TEM)
with a spherical aberration image corrector operated at 300 kV
was used to characterize the phase interface. High-angle annu-
lar dark-field (HAADF) scanning transmission electron microscopy
(STEM) operated at 300 kV was employed to examine the inter-
face structure. TEM foils were prepared with mechanical polishing
to the thickness of approx. 25 pm and then thinned by ion beam
using Gatan 691 precision ion polishing system.

Fig. 1a shows the microstructure of the EXT sample and
AlsBC particle exhibits the hexagonal platelet morphology (inset
of Fig. 1a). The mean size of the platelet is about 245 nm in
length and 75 nm in height with an aspect ratio of ~3.3, accord-

Table 1

Tensile properties and stiffness of the Al;BC/6061 composites.
Samples  YS/MPa  UTS/MPa  UE/% El/% E/GPa
EXT 328+4 447+4 45+0.5 4.8+05 72.9+2.4
HR80 356+4 463+3 49+03 54403  80.9+2.6
HR90 35843 495+4 53+03 6.2+0.3  105.0+2.8
HR95 51745 577+6 1.5+0.1 1.7+0.1 108.6+1.6

ing to our previous investigation [6]. In the EXT sample, particle-
rich zones and particle-free zones are discernable, due to serious
agglomeration of Al3BC particles. While for the HR80, HR90 and
HR95 samples, the particle clusters are dispersed and Al3BC parti-
cles tend to be uniformly distributed after the thermo-mechanical
treatment (Fig. 1b-d). The hexagonal particles are susceptible to be
alignment in the direction of the least resistance during deforma-
tion, and show a distinct preferred orientation, i.e. {0001}43pc//RD.
The interface structure of Al3BC particles and the matrix were
further investigated by HRTEM characterization and lattice fringe
images of a single AlsBC and Al matrix are shown in Fig. le
and f. The Al;BC particles orient to the [1010] direction, and the
«-Al matrix orients to the [122] direction as shown in the in-
set of Fig. le, respectively. From the lattice fringe image (see
Fig. 1f), the interface is semi-coherently bonded and the (0001)
plane of Al3BC is parallel to the (011) plane of «-Al The ro-
bust atomic bonding between Al3;BC and the matrix will play an
utmost role in the inherent strength enhancement. In addition,
the Al matrix shows a heterogeneous grained structure consti-
tuted by two domains of elongated coarse grains and exquiaxed
fine-scale grains, which evolve with the deformation process
(see Fig. S1).

The yield strength (YS) and ultimate tensile strength (UTS) of
the EXT sample are measured to be ~328 MPa and ~447 MPa, with
a corresponding uniform elongation (UE) of ~4.5% (Table 1). From
tensile engineering stress-strain curves of the composites with dif-
ferent strains (Fig. 2a), one may see that the YS, UTS and UE for
the HR80 and HR90 samples increase simultaneously with increas-
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Fig. 2. Tensile properties of the Al3BC/6061 composites: (a) engineering tensile stress-strain curves; (b) strain hardening rate curves.

ing deformation strain. It is also noticed that the elastic modulus
(E) determined from the tensile tests increases from 72.9 GPa for
the EXT sample to 105 GPa for the HR90 sample. To our knowl-
edge, such a superior combination of strength-ductility-stiffness in
the Al-based composite has not been reported before [18]. With a
further increase of the rolling reduction to 95%, both YS and UTS of
the HR95 sample increase substantially to 517 MPa and 577 MPa,
pointing to a ~57.6% and 29.1% increment compared to the as-
received one. The E of the HR95 composite reaches a maximum
value of 108.6 GPa, 35.7 GPa higher than that of the EXT sample.
However, the UE of the HR95 sample drops drastically to 1.7%.

It is known that the onset of localized deformation, e.g. neck-
ing instability, occurs due to the low work hardening behavior of a
material, according to Hart criterion [28,29] described as:

Z—g <(1-m)o

where o is the true stress, ¢ is the true strain and m is the strain
rate sensitivity. For ultra-fine grained and nanostructured metals,
m is not sufficiently high (<0.05) at room temperature and is thus
neglected [30,31]. The work-hardening rate (®= do/de) curve of
the EXT sample decreases rapidly with increasing strain (Fig. 2b).
In contrast, both the HR80 and HR90 samples display a slower ®
decrease. ® values of the HR80 and HR90 samples are larger than
that of the EXT sample, suggesting a better ®-retention and an im-
proved strain hardening. Besides, ® value of HR90 is higher than
that of HR80, pointing to the enhanced ductility. However, the ®
value of HR95 sample decreases faster than the EXT sample and is
much lower than that of EXT when the true strain is larger than
a critical value of 1.15% as indicated by the green arrow in Fig. 2b.
Hence, the reduced strain hardening rate leads to the low ductility
of HR95 sample.

In order to quantify the HDI effect from the heterostructure,
the HDI stress was measured according to the loading-unloading-
reloading tensile curves, see Fig. S2(a and b). Each curve exhibits a
hysteresis loop. For the AlsBC/6061 nanocomposites, the calculated
HDI stress contributes over 50% (~230 MPa) to the flow strength
as seen in Fig. S2(c and d). Strain hardening primarily derives from
the dislocation accumulation ability of the softer grains. Upon ten-
sile straining, large strain gradients near the interfaces between
small and large grains (Fig. S1) are produced during deformation,
which enables a significant HDI stress to strengthen the material
and high HDI work hardening for good ductility [13]. By contrast,
the dislocation accumulation ability is reduced due to the uniform
ultrafine grains in the HR95 sample (Fig. S1d), as manifested by
the typical monotonic drop in ® (Fig. 2b). It is reasonable to be-
lieve that the increased HDI stress caused by the pilling up of
geometrically necessary dislocations (GNDs) for the heterostruc-

tured HR80 and HR90 samples is the main reason for the enhanced
strain hardening ability. However, it is noticed that both the vol-
ume fraction and the grains sizes of the elongated coarse grains
(ECG) in these two sample are reduced (Fig. S1g and h), in which
more dislocations can be stored in theory. Actually, the HDI hard-
ening in heterostructured materials is mainly influenced related to
the strain gradient in the interface affected zones (IAZs) [32]. There
is a critical IAZ width in heterogeneous lamella structures materi-
als that is not affected by the layer thick until adjacent IAZs start to
overlap [32,33]. Therefore, it indicates that the IAZ width will not
be influenced by the reduced width and volume fraction of ECG
domains. However, the strain gradient in the IAZ increases with
increasing tensile strain, which indicates the enhanced GNDs den-
sity both in the HR80 and HR90 samples leads to the higher work
hardening rate.

To further account for the contribution of Al3BC particles to the
high stiffness, Al3BC particle’s orientation evolution with respect
to RD and its relationship with the E were investigated. Herein,
the 6 angle of {0001} planes of an Al3BC platelet with respect to
RD was used to describe the particle’s orientation and at least one
hundred particles were counted to determine the average orien-
tation angle 6. The statistics in Fig. 3a shows the average angle
decreases gradually from 62° to 9 ©, indicating that most particles
with {0001} orientation are parallel to RD. Furthermore, variation
of the composites’ E with the platelets’ orientation shows that the
E increases linearly with a decrease of 8 value (Fig. 3b). In addition,
the composites’ E value was measured with changing the angle o,
a parameter between the tensile direction and the preferred ori-
entation (RD) (see Fig. 3c inset). As expected, the E value of HR95
decreases from 108.6 GPa to 83.3 GPa and 72.1 GPa with an in-
crease of o from 0° to 45° and 90°. While for the HR80 sample,
the E values slightly change without pronounced anisotropy.

Our work has demonstrated that the Young’s modulus of met-
als can be considerably elevated by in-situ formation of stiff
nanoplatelets and then mechanically orientating them to the load-
ing direction. Several research groups have developed high modu-
lus composites through in-situ formation of high modulus phases
[34,35], by manipulating the particle size, distribution and the in-
terface structure [36-38]. For instance, Ji et al. have utilized stiff
TiB, nano particles (E ~565 GPa) to enhance E of Al-Si-Mg alloy
up to ~94 GPa [21]. Here by orienting of anisotropic nanoplatelets,
the E of the Al3BC/Al composites (HR95 sample) reaches an ultra-
high value of ~108.6 GPa, much higher than that of the 6061Al
(~70 GPa) and even comparable to that of Ti-6Al-4V (105-116 GPa)
[20]. It was revealed that the Halpin-Tsai model can be used to
predict the Young’s modulus of composites sophistically by con-
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sidering the aspect ratio of reinforcement particles [39], i.e.

E:EM(llJr_zi@/Ij (1)
0=(en 1)/ (6 %) @

where Ep and Ey; are the Young’s modulus of the particles and the
matrix, respectively. Vp is the volume fraction of particle, £ is the
aspect ratio of the particulate reinforcement. As such, using the pa-
rameters for Al3BC (Ex = 326 GPa, E; = 294 GPa [40], Vp = 24.1%,
and & = 3.3), the E of HR95 is estimated to be approximately in
the range of 110-115 GPa, which is in good agreement with the
experimentally determined value for the HR95 sample. This analy-
sis supports the efficiency and effectiveness in improving the stiff-

ness in our novel method. The main issue we can expect is how to
further control the orientation of anisotropic particles.

Plotting E vs. ductility and E vs. strength for the Al3BC/Al
nanocomposites in the present study and other reported AMCs
[22-27], one may find that both modulus-ductility and modulus-
strength synergy of Al3BC/Al are distinct from most reported AMCs.
The highest E value of Al3BC/Al nanocomposite is ~55% higher than
that of the current aluminum alloys [7]. Imperatively, the ductility
of the HR90 sample is almost twice as high as that of reported Al-
SiC AMCs at the same E level (Fig. 4a). The remarkable stiffness im-
provement for the HR90 sample is achieved without the sacrifice
of ductility. In addition, the E seemingly elevates with the increase
of strength for most AMCs, see Fig. 4b. The strength-modulus syn-
ergy in the HR90 and HR95 samples is also obviously better than
the reported data of the conventional AMCs.
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In summary, we successfully achieved a superior stiffness-
strength-ductility property profile in an intentionally designed
Al3BC/6061 matrix composite. The orienting of anisotropic Al3BC
nanoplatelets gives rise to high stiffness and the heterogeneous
grain structure of aluminum matrix brings about additional HDI
hardening with deformation leading to high strain hardening rate.
Generally, the liquid-solid reaction method combined with tradi-
tional extrusion or rolling processes can be readily scaled for in-
dustrial production. We are now focused on extending the con-
cepts demonstrated here to other lightweight metal combinations
(Table 1).
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