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ABSTRACT

A grain structure tailoring strategy was implemented by powder assembly & alloying in carbon nan-
otube reinforced Al-Cu-Mg composites. Tensile tests revealed that composites with trimodal grain
structure had an outstanding combination of strength and ductility, surpassing that of compos-
ites with simpler grain structures (e.g. bimodal and unimodal structure). An in-situ tracking of the
strain distributions and computational simulations were jointly employed to provide insight into the
underlying mechanisms. The results unravel that the trimodal grain structure is more prone to facil-
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itate strain hardening and alleviate strain/stress concentrations, thereby rendering the composites

high yield strength and large tensile ductility.

IMPACT STATEMENT

A novel trimodal grain structure was designed for the first time to achieve an excellent strength-

ductility combination in CNT/AI-Cu-Mg composites.

It was known that carbon nanotubes (CNTs), which pos-
sess excellent mechanical properties as well as appealing
functional attributes, are ideal reinforcements for met-
als [1,2]. Although the incorporation of CNTs into Al
alloys can achieve Al matrix composites with outstand-
ing strengths, a general trend for this strength enhance-
ment is often accompanied by ductility degradation, i.e.
strength-ductility ‘trade-off’ [3-5]. For example, 2024Al
alloy reinforced with 3 vol.% of CNTs demonstrated an
unprecedented yield strength of 780 MPa, overwhelming
many high-strength Al alloys (e.g. ~ 600 MPa for 7075A1
alloy [6]) and nanocrystalline Al, but the ductility of the
composites was very limited (~2%) [4]. This conflict
between strength and ductility has become an ‘Achilles’
heel’ for high-strength CNT/Al alloys, hindering their

extensive engineering applications. Despite the fact that
the ductility reductions in CNT/Al alloy composites are
mainly interpreted from CNTs agglomerations and low
interfacial strengths [7,8], the dominating factor may be
associated with the ultrafine Al grain sizes in these high-
strength composites [9]. There are substantial evidences
suggesting that the strain hardening capacity, thereby
the uniform tensile elongation, of an ultrafine-grained
(UFG) metal/alloy is dramatically reduced as a result of
the extensive dislocation dynamic recovery (or sinking)
at grain boundaries [10]. Therefore, the rejuvenation of
the strain hardening ability is critical to overcoming the
low ductility problem in high-strength CNT/Al alloys.
The strategy of designing heterogeneous grain struc-
ture has emerged as a mighty new tool in improving the
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tensile ductility of high-strength CNT/Al alloys, among
which the bimodal structure has been widely adopted
owning to its simplicity and ease of control. This kind of
heterogonous grain structure is beneficial to introduce an
extra ‘back-stress’ hardening upon deformation, leading
to improvements in dislocation storage and tensile duc-
tility [11-13]. For instance, CNT-Al and CNT/2009Al
composites with bimodal Al grain structures were fabri-
cated via high-energy ball-milling, and the tensile ductil-
ity of the composites was significantly improved [14,15].
Considering the fact that a more hierarchical grain struc-
ture, such as gradient and multimodal structure, enables
metals/alloys to possess more balanced mechanical prop-
erties [16,17], one natural question is whether or not
the strength-ductility combinations of CNT/AI alloys
could be optimized with more complicated grain struc-
tures (e.g. trimodal grain structure)? And if it could,
what is the physics behind the property enhancement?
To this end, we developed a novel powder assembly &
alloying approach to tailor grain structures in CNT/Al
alloy composites. This fabrication strategy relies on the
assembly of metallic powder building blocks (Al, Cu,
Mg ...), with subsequent diffusion-assisted alloying, by
which the CNT/Al alloy composites with designable Al
grain structures (unimodal, bimodal and trimodal) can
be readily fabricated. We here employed high-strength
CNT/AI-Cu-Mg composites as a prototype because of the
wide applications of 2xxx Al alloys. This work aims to
demonstrate that a more complex trimodal grain struc-
ture of the composites leads to better strength-ductility
combinations than the other two grain structures (uni-
modal and bimodal). It’s worth noting the fabrication
strategies and the underlying strengthening/hardening
mechanisms are readily extendable for other alloy sys-
tems (e.g. 7xxx alloy). We will focus on the creation
of other high-strength, heterogeneous metallic materi-
als in our future investigations. We utilized digital image
correlation analysis and crystal plasticity finite element
modeling to interpret the underlying mechanisms, man-
ifesting that trimodal grain structure is superior in pro-
moting strain hardening and alleviating strain concentra-
tions, thereby leading to the enhanced tensile ductility.
This work is instrumental for a better understanding
of the grain structure design in high-strength CNT/Al
composites, and may provide useful benchmarks for the
future development of high-performance metal matrix
composites.

CNT/Al-Cu-Mg composites with trimodal grain stru-
ctures were fabricated by powder assembly & alloying
approach based on the technical route of flake powder
metallurgy [9]. First, the powders with different grain
structures were obtained by ball milling. Pure Al pow-
ders (~30um in diameter), 25wt.% 2024Al powders
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(~30um in diameter), 1.875wt.% multi-walled CNTs
(30-50 nm in diameter, ~ 5 pum in length) and elemental
powders (Cu and Mg) were ball milled together at
135 rpm for 12 h and 270 rpm for 1 h, obtaining the cold-
welded particles, then mixed with another 20 wt.% pure
Al powders. For comparison, composite powders for uni-
modal grain structure were obtained only by ball milling
pure Al powders, CNTs and elemental powders under the
same condition, while for bimodal structure, composites
powders were acquired by mixing the unimodal powders
and another 20 wt.% pure Al powders. Subsequently, the
composite powders were pressed into ® 40 mm columns
under the pressure of 500 MPa, sintered at 570°C for
2h and hot extruded into rods at 450°C with an extru-
sion ratio of 25:1. The alloying process could be fully
completed during the sintering process [9]. The com-
position of all the matrix is designed as Al-4Cu-1.5Mg
and the CNT content is also identical (1.5 wt.%) for com-
posites with different grain structures. The as-extruded
rods were solid solution treated at 495°C for 3 h, and then
artificial aged at 130°C for 20 h after water quenched.

We employed scanning electron microscopy (SEM,
MIRA3, Tescan) equipped with electron backscattered
diffraction (EBSD, NordlysMax3, Oxford) to probe the
grain and fracture morphologies of the composites.
Transmission electron microscopy (TEM, Talos F200X,
Thermal fisher) attached with energy-dispersive X-ray
spectroscopy (EDS), operated at the voltage of 200kV,
was also used to investigate grain and interfacial struc-
tures. Dog-bone shaped specimens with 10 mm gauge
length, 2 mm width, and 1 mm thickness were machined
from the as-extruded rods with the tensile axis paral-
lel to the extrusion direction. Tensile tests and loading-
unloading-reloading tests were conducted in the Instron
3344 universal testing machine with a strain rate of
5x 10~*s~!atroom temperature. Three specimens were
tested for each sample to get the statistics. We also per-
formed an in-situ tensile test under the optical micro-
scope, in combination with the digital image correlation
(DIC) analysis, to enable a direct assessment of strain
distributions in different sets of composite samples. Crys-
tal plasticity finite element models were set based on
the ABAQUS platform for our composites with differ-
ent grain morphologies to pinpoint the role of heteroge-
neous grain structure in tailoring stress/strain distribu-
tions during the tensile testing.

Figure 1la and b display the EBSD and TEM images
of the trimodal CN'T/Al-Cu-Mg composites respectively,
from which a three-level grain structure can be clearly
observed: Level 1 mainly consists of coarse grains (CG,
area percentage of 31%), whose grain size ranges from 2
to 20 um, with a mean size of 7.8 um. Level 2 contains
grains with grain size between 500 nm and 2 um, with
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Figure 1. Typical microstructures of CNT/AI-Cu-Mg composites with the trimodal grain structure. (a) IPF map showing three level grain
structures. (b) Dark-field TEM image showing level 2 and level 3 grain structures. (c) Bright-field TEM image of Level 3. (d) HRTEM image
of the interface-contained region in Level 3, which was indicated by the black box in (c). (e) Al and C EDX maps of the marked blue
region in (c). (f) Grain size distribution of composites with deliberately controlled grain structures. The data were statistically estimated

by integrating TEM and EBSD analyses.

a mean value of 785nm and an area fraction of 26%.
The grains in Level 3 (area percentage: 43%) can only be
recognized by TEM observations, whose grain sizes are
below 500 nm with an average grain size of 207 nm. After
examining the TEM images of grains in Level 3 more
carefully, we found that CNTs were mainly distributed
along the grain boundaries (Figure 1c). This distribu-
tion state of CNTs is beneficial to promote the Zener
pinning of grain boundaries, stabilizing the ultrafine-
grained region [18]. High-resolution TEM (HRTEM)
image (Figure 1d), in collaboration with EDS maps
(Figure le), reveals a well-bonded CNT/Al interface, with
no visible reactions between Al matrix and CNTs. A sum-
mary of the grain size distributions of composites with
different grain structures, i.e. unimodal, bimodal and tri-
modal structures, was shown in Figure 1f. The grain size
distribution in bimodal samples (grain structure: Level
1 + Level 3) was deliberately designed to ensure a similar
CG percentage (33%) with that of trimodal structure.
The representative tensile stress-strain curves of
CNT/Al-Cu-Mg composites with different grain struc-
tures were shown in Figure 2a (see Fig. S1 for statisti-
cal results). As expected, unimodal composites possess

the highest yield strength (YS) of 586 &2 MPa, but the
lowest ductility (3.0 0.3%). The incorporation of CG
in bimodal samples slightly improves the tensile ductil-
ity to 4.1 +0.1%, with a compromise of YS (reduced to
559 44 MPa). This is understandable, as the softer and
more ductile phase provides an extra room for strain
hardening, thereby avoiding easy strain localization in
fine-grained unimodal samples and enhancing ductility.
Remarkably, trimodal composites demonstrate a con-
siderably higher tensile elongation (5.5=+0.4%), 34%
improvement over bimodal samples, and at the same
time, keep a high yield strength of 560 + 3 MPa, compa-
rable to that of the bimodal composites. That is to say,
the trimodal grain structure can facilitate a better yield
strength-tensile ductility combination than that of the
bimodal structure. We note here that Liiders elongation
was clearly observed in all of these samples, and more
interestingly, it showed strong grain structure depen-
dence, i.e. Liiders elongation increases with decreasing
average grain size. The unimodal composites that have
the smallest grain sizes (Figure 1f) showed a Liiders elon-
gation of 2.09 £ 0.19%, significantly higher than that of
the bimodal (1.22 4 0.02%) and trimodal (0.98 4= 0.11%)
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Figure 2. (a) Representative engineering stress-strain curves of CNT/AI-Cu-Mg composites with different grain structures. (b) Strain hard-
ening rate vs. true strain curves after Liiders deformation (the serrated region in tensile stress-strain curves) for composites with different

grain structures. Insets show their corresponding fracture surfaces.

composites. It was generally believed that the Liiders
elongation in alloys is mainly associated with dislocation
de-pinning from solute atoms (e.g. Mg atoms in the Al-
Cu-Mg system that studied here) [19]. On the contrary,
Liiders deformation was also observed in pure metals
with UFG structure and was mainly interpreted from
dislocation sinking at the grain boundaries [20]. In this
regard, although the most significant feature of trimodal
composites is manifested in the enhanced ductility, a
fundamental understanding of the origin of the Liiders
elongation in this work as well as its grain size depen-
dence are worthy topics of further study.

To investigate the underlying mechanisms of the duc-
tility improvement, we compared the strain hardening
behaviors after Liiders deformation of the composites
with different grain structures. Figure 2b shows the
strain hardening rate (® = do/de, where ¢ and ¢ are
true stress and true strain, respectively) vs. true strain
curves of these composites. Notably, the trimodal com-
posite possesses the highest ® for the entire plastic
deformation, followed by composite with the bimodal
and unimodal structures. This observation demonstrates
the validity of grain structure regulation in regaining
strain hardening capacity, and the trimodal grain struc-
ture is more beneficial in promoting dislocation storage.
Apart from the strain hardening differences, insets in
Figure 2b illustrated the representative fracture surfaces,
from which a dramatic difference in fracture attributes
can be observed. Unimodal composites displayed obvi-
ous brittle fracture and large cracks were frequently seen
in the fracture surfaces. On the contrary, composites
with bimodal grain structure revealed typical ductile
fracture morphologies, where well-defined dimples were
present in the primary CG regions, suggestive of the
large plastic deformation undertaken by the CGs. How-
ever, unexpectedly, interfacial delamination between CG

and ultrafine-grained regions (i.e. Level 1 and Level 3)
was generally seen, which phenomenon could be induced
by the sharp transition of mechanical properties and
the associated strong strain gradient at Level 1/Level 3
interfaces. The existence of intense stress and strain con-
centration at soft/hard phase interfaces had also been
demonstrated in the previous studies on bimodal met-
als or composites [21-23]. Surprisingly, we found the
CG/UFG interfaces stay intact in the trimodal compos-
ites, even the total elongation surpassed that of unimodal
or bimodal samples, suggesting that strain incompatibil-
ity between hard/soft regions alleviates after the Level 2
incorporation. Therefore, our strategy of employing tri-
modal grain structure combines two of the most impor-
tant features in enhancing ductility; that is, a significantly
improved strain hardening capacity to retard strain local-
ization, and strong suppression of interfacial fracture
between soft/hard regions. The result is that our tri-
modal composites demonstrate an excellent combination
of strength and ductility.

We employed loading-unloading-reloading (LUR)
tensile tests to probe the origin of high strain hardening
in the trimodal composites (Fig. S2). It was known that
the LUR test is an effective method to evaluate the long-
range internal stress (or back-stress) in metallic materials
with heterogeneous microstructures [24-26], and this
heterogeneous deformation-induced (HDI) stress pro-
vides extra hardening in high-strength metals and leads
to improved tensile ductility. Fig. S2b displays the evo-
lution of HDI stresses as a function strain in different
samples. HDI stresses in trimodal samples are very high
(larger than 360 MPa), remarkably higher than those
in bimodal structures. More importantly, HDI stresses
increase consistently with straining, and the harden-
ing rate is unparalleled for both unimodal and bimodal
samples. These observations indicate that the more
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Figure 3. The evolution of strain distributions in CNTs/Al-Cu-Mg composites with different grain structures during tensile deforma-
tion, as measured by DIC tests. (a)-(c) Composites with unimodal grain structure. (d)-(f) Composites with bimodal grain structure. (g)-(i)

Composites with trimodal grain structure.

hierarchical trimodal grain structure not only renders
strong back-stress to improve yield strength, but also
facilitates the continuous accumulation of geometrically
necessary dislocations (GNDs) for hardening. We pro-
pose that the enhanced HDI strengthening and hard-
ening mechanisms may be originated from extensive
GNDs distributions as a result of the heterogeneous
grain structure. This mechanism had been elaborated
in gradient nanotwinned Cu system [27] and could
be hinted by our post-mortem EBSD characterizations
(Fig. S3).

We further investigated the grain structure depen-
dence of deformation/fracture mechanisms of the com-
posites by tracking the in-situ strain distributions with
DIC analysis (Figure 3). We found that, for unimodal
composites, significant strain localization appeared when
the strain was larger than 0.035 (Figure 3b), and this
strain concentration intensified with applied strain with-
out any strain-delocalization phenomenon (Figure 3c),
which could lead to a low tensile ductility and brittle
fracture. For bimodal composites, however, the dimen-
sions of the strain localization regions were much smaller
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Figure 4. Crystal plasticity finite element modeling of the deformation process of composites with different grain structures. (a), (b) and
(c) are RVE model of composites with unimodal, bimodal and trimodal grain structures, respectively. (d)-(f), (g)-(i) are strain and stress
mapping of composites with various grain structures, at a tensile strain of 3.5%. The maximum strain (or stress) magnitude in each case

was indicated.

and dispersive (Figure 3d-f). In particular, in stark con-
trast to the unimodal samples where strain concentra-
tion moves collectively, we found strain concentration
gradually and discretely appeared in the low strain con-
centration region (left part in Figure 3e), implying an
obvious strain-delocalization behavior. This remarkably
different deformation behavior should be attributed to
the CG-assisted strain hardening in bimodal samples.
The strain localization was further reduced for trimodal
composites (Figure 3g-i). At an applied strain of 4%, very
limited strain localization regions were identified, and
these regions were sparsely distributed without form-
ing large-scale strain localization, which greatly facili-
tates the retarding of the sudden failure at the intrinsic
‘weak-points’ of the composites (e.g. interfaces between
hard/soft regions). Therefore, it’s notable that the incor-
poration of Level 2 grain structure effectively tempers
strain localization, enabling the full display of the strain
hardening capacity of the composites.

The advantage of trimodal grain structure in reliev-
ing strain/stress concentrations can be further demon-
strated by Crystal plasticity finite element modeling. The
representative volume element (RVE) models of the com-
posites with unimodal, bimodal and trimodal structures
were shown in Figure 4a, 4b and 4c, respectively. The
simulated strain distributions of three composites, at an
applied tensile strain of 3.5%, were shown in Figure 4d-4f.
The modeling results show similarities with those exper-
imentally observed ones (Figure 3): Unimodal composite
exhibited the most severe strain localization, followed
by the bimodal and trimodal composite. This general
trend could be more intuitively revealed by the peak
strain values of the deformed samples, which were indi-
cated in Figure 4d-4f. Moreover, stress concentration
can also be alleviated in trimodal composite, as demon-
strated by the smaller peak stress value compared to
that of unimodal or bimodal composites (Figure 4g-4i),
ensuring the robust combination between hard and soft
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regions during deformation. To sum, our in-situ tracking
of the deformation behaviors and computational simu-
lations together suggest that trimodal grain structure is
predominant in mitigating strain/stress concentrations in
our high-strength CNT/Al-Cu-Mg composites, thereby
contributing to the enhanced tensile ductility.

We developed a powder assembly & alloying fab-
rication strategy to fabricate CNT/AI-Cu-Mg compos-
ites with tailored grain structures. Their mechanical
properties show strong grain structure dependence,
where the tensile property of the most heterogonous
grain structure (i.e. trimodal grain structure) achieved a
superior strength-ductility combination. This outstand-
ing mechanical property is mainly interpreted from
the improved strain hardening capacity and compati-
ble deformation between the hard/soft regions in the
complex trimodal grain structure, as manifested by both
experimental and modeling results. Our results offer a
concrete strategy to design and fabricate high-strength
Al matrix composites with excellent strength-ductility
combinations.
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