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ABSTRACT
Trimodal grain structure was effective to balance the strength-ductility trade-off in ultrafine-grained
metals, but the relationship between microstructures and mechanical performance is unclear. Here
the dimension of coarse grain (CG) domains was elaborately tuned in the trimodal CNT/2024Al com-
posites, and an excellent strength-ductility combination (Tensile strength: 716± 5MPa, Elongation:
9.1± 0.3%) was achieved by optimizing the CG bands (∼ 4.4 µm in width). We found that the size of
CGbands hardly affected strain hardening rate, but causeddifferent crack-bluntingbehaviors, which
was responsible for the superior strength-ductility synergy. This work highlights the importance of
CG domains design in heterostructured materials.

Trimodal grain structured CNT/2024Al composites with different coarse-grained (CG) bands

IMPACT STATEMENT
The dimensions of coarse-grained domains were elaborately tuned in heterostructured materials,
and an excellent strength-ductility combination was achieved by blunting cracks.
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1. Introduction

Ultrafine-grained (UFG) metals always exhibit very high
strength but low tensile ductility at room temperatures
(strength-ductility trade-off), which is considered to lie
in the poor strain hardening ability, caused by the dislo-
cation annihilation at grain boundaries [1,2]. This can be
effectively alleviated by heterogeneous structure design,
which contains heterogeneous domains that have dra-
matic heterogeneity in strength from one to another, i.e.
soft and hard zones [3,4]. During the plastic deformation
process, the structural heterogeneities between the soft
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and hard zones induce non-homogeneous plastic defor-
mation and steep strain gradients, and produce a large
number of geometrically necessary dislocations (GNDs)
[5] and interface-affected zones (IAZ) in the soft ones,
thereby producing hetero-deformation-induced (HDI)
strengthening from mutual constraint between the hard
and soft zones and enhancing strain hardening [6,7].Het-
erogeneous grain structures were demonstrated effective
in reconciling the conflict between strength and tough-
ness [8,9].

However, not all the heterogeneous microstructure
designs can take effect because there are the optimal
microstructural features, such as appropriate interface
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Figure 1. Typical microstructures of trimodal CNT/2024Al composites (sample with 20% FG and made of 33 μm pure Al powders): (a)
IPF map showing the trimodal grain structures, (b) dark-field TEM image of Modal 1 UFG and 2 FG domains, (c) the statistical grain size
distribution, (d) bright-field TEM image showing CNTs located in grain boundaries, (e) EDXmaps of themarked orange dashed line region
in (d), (f ) HRTEM image of the marked black box in (d) showing the interfacial structure.

spacing, volume fraction, dimensions, grain size, and dis-
tributions of the hard and soft domains [2]. Also, it is
really a tough work to tune these factors [10–12], for
the heterogeneous structures currently were passively
achieved by severe plastic deformation followed by par-
tial recrystallization, i.e. rolling with annealing at ele-
vated temperatures [3,13–15]. Moreover, previous stud-
ies mainly focused on the optimization of strain harden-
ing [16], and less attention were paid on the crack initi-
ation and propagation, which proved to greatly promote
the strength-ductility combinationwhen elaborately con-
trolled [17]. Especially, in metal matrix composites, pre-
fracture always occurs due to the deformation incon-
gruity between plastic metal matrix and rigid reinforce-
ments, and crack controlling is the prerequisite to sustain
persistent strain hardening.

Recently, we developed an active bottom-up prepa-
ration approach e.g. hierarchical powder assembly &
alloying, to build trimodal grain structured metals by
incorporating carbon nanotubes (CNT) to stabilize grain
size of different domains consisting of UFG, fine grains
(FG) and CG [18,19]. In this study, the size of coarse
grain (CG) domains (the width of CG bands) was
elaborately tuned as 2, 4 and 8 μm by ball milling

different sizes of the starting pure Al powders, and
the behaviors of strain hardening and crack initiation
of the trimodal grain structured CNT/2024Al compos-
ites (trimodal CNT/2024Al for short hereafter) were
investigated. The optimized CG width endows trimodal
CNT/2024Al a tensile strength of 716MPa, while main-
taining an elongation over 9%, doubled as the conven-
tional homogeneous counterparts. This work reveals the
importance of coarse domains design to the strength-
ductility synergy in heterostructured materials. Details
for the preparation procedures and material characteri-
zations are provided in Supplementary Materials.

Figure 1(a,b) is the inverse pole figure (IPF) and
dark-field transmission electron microscope (TEM)
image showing typical microstructures of the trimodal
CNT/2024Al composites. Modal 1 contains UFG with
grain size less than 500 nm and an average size of
198 nm, Modal 2 mainly consists of FG with grain size
of 0.5–2 μm with a mean size of 796 nm, while Modal
3 contains CG with grain size bigger than 2 μm, as
shown in Figure 1(c). Figure 1(d) shows that CNTs
are mainly distributed at grain boundaries to stabilize
grains of different size by Zener pinning [18,20]. High-
resolution TEM (HRTEM) image (Figure 1(f)) combined



464 Z. TAN ET AL.

Figure 2. IPF maps of trimodal CNT/2024Al composites with different CG bands showing the CG structures in the longitudinal direction
(a–c) and the transverse direction (d–f): (a, d) narrow CG, (b, e) medium CG, (c, f ) wide CG. (g–l) The corresponding size distributions of
the length and width of the different CG bands.

with energy dispersive spectroscopy (EDS) maps (Figure
1(e)), reveals the presence of CNTs and the well-bonded
CNT-Al interface. Figure 2 shows the morphologies of
the trimodal CNT/2024Al composites with different CG
bands by electron backscattered diffraction (EBSD) and
IPF. The CG bands were tuned by mixing the start-
ing pure Al powders of different sizes. The CG bands
are designated as narrow CG, medium CG and wide
CG, respectively, which made from pure Al powders of

4, 10 and 33 μm in mean size, accordingly. It can be
observed that, each CG band consists of several micron-
sized grains, and the grain size decreases as the size of CG
bands decreases, especially in the longitudinal direction.
The length and width of the CG bands are summarized
in 2(g–i) and (j–l), respectively. With the size of start-
ing powders increasing from 4 to 33 μm, the width of
CG bands increases from 2.1 to 8.4 μm, and the dis-
tance in between CG bands greatly increases while the
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Figure 3. (a) Engineering stress-strain curves, (b) a comparison of the mechanical properties of the current trimodal CNT/2024Al with
previous references, (c) strain hardening rate vs. true strain curves of trimodal CNT/2024Al composites with different CG bands, (d) FWHM
as a function of the diffraction angle (2θ ) before deformation and at 3% strain.

length rapidly decreases. The optical microscopies of the
different composites are also shown in Fig. S2 in Supple-
mentary.

Figure 3(a) shows the tensile properties of the tri-
modal CNT/2024Al, and the relevant values are listed
in Table 1. A large variation of strength and ductility is
clearly present. The trimodal CNT/2024Al with narrow
CG possesses the highest yield strength (YS) of 588MPa,
but the lowest elongation (El) of 3.4%, which is compa-
rable to the homogeneous structured CNT/2024Al com-
posites [18]. For the CNT/2024Al with medium CG,
although the YS decreases by ∼20MPa, the El dou-
bly increases to 9.1%, with the ultimate tensile strength
(UTS) increased to 716MPa,much higher than the coun-
terpart with narrow CG (∼678MPa). However, for the
trimodal CNT/2024Al with wide CG, the El decreases to
6.4%. Figure 3(b) shows a comparison of the mechani-
cal properties of the present trimodal CNT/2024Al with
previous studies in references [21–32]. These trimodal
CNT/2024Al composites with wide and medium CG
bands exhibit better strength and ductility combinations
than others, and the corresponding results protrude from

the Yield Strength-Elongation banana curve. Figure 3(c)
shows the strain hardening rate vs. true strain curves
after Lüders deformation (� = dσ /dε, where σ and ε

are true stress and true strain, respectively). The strain
hardening rates of the trimodal CNT/2024Al with dif-
ferent CG bands are very similar during plastic defor-
mation, indicating that the size of CG bands is not an
affecting factor on the strain hardening, probably due to
their little variation of heterogeneous interfaces. Figure
3(d) shows the full width at half-maximum (FWHM)
values as a function of a diffraction angle (2θ) before
deformation and at 3% strain. The broadening of XRD
diffraction peaks is generally related to the crystallite size
and micro-strain, which are closely related to GNDs and
statistically stored dislocation (SSDs) produced by defor-
mation, respectively [33]. FWHM values of the trimodal
CNT/2024Al with different CG bands are much similar
at various 2θ diffraction angles before deformation. After
3% tensile strain, all the FWHM values increase greatly,
indicating the increasing dislocation densities, as shown
in Table 2, which were calculated by the Williamson-
Hall method [5]. However, there are no clear variations
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Table 1. Tensile properties of trimodal CNT/2024Al composites
with different grain structures.

CG size YS (MPa) UTS (MPa) El (%)

Narrow CG 588± 4 678± 5 3.4± 0.5
Medium CG 569± 6 716± 5 9.1± 0.3
Wide CG 556± 2 705± 3 6.4± 0.3

Table 2. Dislocation density of the trimodal CNT/2024Al with dif-
ferent CG size before and after deformation.

CG size
Dislocation density
before deformation

Dislocation density
after deformation

Narrow CG 4.04× 1015 1.50× 1016

Medium CG 5.51× 1015 1.77× 1016

Wide CG 7.91× 1015 1.71× 1016

of the FWHM values at the same deformation, which
means a similar rate of dislocationmultiplications among
all the trimodal CNT/2024Al composites. Strain harden-
ing of Al matrix is mainly dominated by dislocation slip,
considering the high stacking fault energy and lowproba-
bility of stacking faults and twins [34,35]. Therefore, there
is little difference in strain hardening rates here.

Figure 4 shows the IPF and GNDs maps of the tri-
modal CNT/2024Al with different CG bands at 3% ten-
sile strain. The narrow CG bands mainly consist of
equiaxed and elongated coarse grains, discontinuous
along the extrusion direction with sizes of ∼3 μm. As a
comparison, the wide CG bands are mainly made of con-
tinuous elongated coarse grains with a width 7–10 μm.
And the medium CG bands show the combined features
of both the narrow and wide CG bands. Heterogeneous
interfaces of CG-UFG and CG-FG domains show higher
dislocations density in CG bands, and KAM maps fur-
ther indicate that these dislocations are GNDs, as shown
in Figure 4(d–f). GNDs are fully filled in the equiaxed
coarse grains with a size smaller than ∼3 μm in Figure
4(d,e). In Figure 4(e,f), the distribution of IAZ is clearly
shown in the elongated coarse grains.We further counted
the width distributions of IAZ in the CG bands accord-
ing to Figure 4(f). Along the white arrow from the point
f′ to f′′, the misorientation variation of each point is
indicated in Figure 4(h), which increases sharply with
distance away from CG-FG heterogenous interface, and
then reach a peak value of ∼2.5°. The IAZ width can
be acquired by the distance from the heterogenous inter-
face, where themisorientation variation clearly increases.
The results show that the IAZ width is ∼1.3 μm in this
study, which ismuch smaller than that in the Cu-Cu10Zn
laminates (5–6 μm [5]). The IAZ widths in the trimodal
CNT/2024Al with different CG bands are very similar,
and the results are summarized in Fig. S3 in Supplemen-
tary. The width of CG bands is also confirmed by TEM

observation in Figure 4(i), which is larger than the dou-
bled IAZ. The CG bands can be divided into two parts,
the IAZ areas filled with high density dislocations and
the CG core with lower density dislocations. As a spe-
cial example, it’s totally filled by IAZ in the smaller FG
domains (Figure 4(g)).

Figure 5(a–f) shows the in-situ tensile tests com-
bined with EBSD to probe the effect of the CG bands
on the crack propagation. Micro-cracks are usually ini-
tiated in the UFG and FG zones due to serious stress
concentration, but they may be blunted by the CG bands
through emitting dislocations at the crack tips [36]. Sur-
prisingly, here we found that the blunting effect of the
CG bands on cracks is closely related to the size of the
CG bands. As shown in Figure 5(a–f), cracks in the tri-
modal CNT/2024Al with narrow andmediumCG bands
are smaller, while it’smuch larger in the onewith thewide
CG bands. Cracks directly pass through the CG bands
in the composites with the narrow and wide CG bands,
while the one with the medium bands can effectively
blunt the cracks. Figure 5(g–i) shows the 3D distribution
of the cracks in the fractured trimodal CNT/2024Al with
different CG bands. The densities and volume fractions
of cracks in the composites with the medium and wide
CG bands are much more than that of the narrow one,
and the highest in the medium one, as summarized in
Figure 5(j). Further, the size of cracks in the composite
with the medium CG bands is much smaller, and espe-
cially much more below 15 μm3, as shown in Figure 5(k),
with just a few of themwith sizes of 20–30 μm3. As a com-
parison, many cracks with sizes of 30–50 μm3 are present
in the composites with the narrow and wide CG bands.
This finding indicates that much more smaller cracks
are effectively blunted by the medium CG bands during
plastic deformation, proving higher ability to resist crack
propagation. It’s also helpful to avoid the smaller cracks
growth by controlling appropriate spacing between the
two neighboring CG bands, as shown in Figure 4(d–f).

The design of CG domains can be considered mainly
from the fracture mechanics. The CG bands hinder the
crack propagation by forming the plastic zone at crack
tips [36], as illustrated in Figure 5(l). According to the
elastic-plastic theory, the increased toughness due to the
formation of the plastic zone under the plane strain state
is [37]:

Kp =
√
4
√
2πRσy,

where R is the size of the plastic zone, σy is the YS of
the materials. It should be noted that the increase of Kp
is finite, and the maximum value (Kp,max) is the fracture
toughness of the CG (KCG

IC ). The width of the CG bands
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Figure 4. (a–c) IPF and (d-f ) GNDs maps of the trimodal CNT/Al-Cu-Mg composites with different CG bands at 3% tensile strain: (a, d)
narrow CG, (b, e) medium CG, (c, f ) wide CG. TEM images of 20% FG trimodal CNT/2024Al composites with wide CG at 3% tensile strain
showing the dislocation pile-ups in the (g) FG and (i) CG. (h) the IAZ width is the distance from the starting point f′ to the point f′′where
the orientation does not change significantly.

is defined as d. As d increases, the toughness of the plas-
tic zone increases, and the ability to blunt cracks is also
stronger. When d equals to R, the toughness of the plas-
tic zone is the largest, and the ability to blunt cracks is
also the best, detailed illustrations are shown in Fig. S4.
Therefore, the optimal dop can be expressed as follows:

dop = 1
4
√
2π

(
Kp,max

σy

)2
.

The crack propagation may also be affected by mul-
tiple adjacent CG bands considering many CG bands
included in trimodal structures. Thus, Kp,max should be
the total toughness of trimodal composites, which can be

expressed as follows:

Kp,max = VUFGKUFG
IC + VFGKFG

IC

+ VCGKCG
IC ≈ VCGKCG

IC ,

where VUFG, VFG and VCG are the volume fractions of
the UFG, FG and CG, respectively, while KUFG

IC and KFG
IC

are the fracture toughness of the UFG and FG.Kp,max can
be regarded as approximately equal to VCGKCG

IC , noting
the toughness of the UFG and FG very small. In het-
erostructured materials, σy generally may be higher than
that calculated by the rule-of-mixtures as [7]:

σy ≥ VUFGσUFG
y + VFGσ FG

y + VCGσCG
y ,
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Figure 5. (a–c) SEM images and (d-f ) IPF of cracks in trimodal CNT/2024Al composites at 3% tensile strain: (a, d) narrowCG, (b, e)medium
CG, (c, f ) wide CG. 3D distributions of cracks in trimodal CNT/2024Al composites after fracture: (g) narrow CG, (h) medium CG, (i) wide
CG; (j) volume fraction and (k) size distribution of cracks in trimodal CNT/2024Al composites after fracture. (l) A schematic illustration of
trimodal grain structure model with different CG sizes.

where σUFG
y , σ FG

y and σCG
y are the YS of the UFG, FG and

CG, respectively. Then, one can be concluded as:

dop ≤ 1
4
√
2π

(
VCGKCG

IC
VUFGσUFG

y + VFGσ FG
y + VCGσCG

y

)2

.

The optimized CG size is the width of the CG bands, and
directly related with the volume fraction and the corre-
spondingmechanical property of CG and other domains.
Substitute σUFG

y of 589MPa, σ FG
y of 532MPa, σCG

y of
330MPa, KCG

IC of 24MPa
√
m [38] and the correspond-

ing VUFG, VFG and VCG into the above equations, the
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optimal d is ∼4.69 μm. This value is very approaching
to the width of the medium CG bands (∼4.4 μm), which
proves the validity and accuracy of this model.

The product of the ultimate tensile strength multi-
plying the tensile elongation was sometimes used as an
index to evaluate the comprehensive mechanical proper-
ties [20]. The highest index of the trimodal CNT/2024Al
with the medium CG bands reaches 6.52GPa%, which
exceeds the index of the counterpart with the narrow
CG bands by 183%. Thus, the size of CG domains also
plays an important role in strength-ductility synergy in
the hetero-structured materials. It’s reasonable for the
presence of the optimal CG size on the crack propaga-
tion considering from two respects. Firstly, the CG bands
should be ductile and tough enough to effectively blunt
cracks by burdening more strains and emitting more dis-
locations. The width of the narrow CG bands is only
2.1 μm, even much smaller than the doubled IAZ width
(∼2.6 μm), so the narrow CG bands are completely cov-
ered by IAZ (as shown in Figure 4(d)) and fail to the crack
blunting [26]. In contrast, the width of the medium CG
bands is ∼4.4 μm, larger than the doubled IAZ width,
indicating enough room for dislocations emission dur-
ing the plastic deformation (as shown in Figure 4(e)).
Therefore, cracks in the trimodal composites with the
medium CG bands can be effectively blunted, leading to
better ductility. Secondly, the appropriate average spac-
ing between two neighboring CG bands is essential to
avoid smaller cracks propagating into bigger ones, which
may hardly be obstructed by ductile CG domains. For
the wide CG bands, the spacing between two neighbor-
ing CG bands is much larger, which means that the size
of cracks have more chance to become larger. The stress
intensity factor at the crack tips can be expressed as [37]:

K = σ
√

πa
π/2

,

where σ is the applied stress, and a is the half length
of cracks. As the crack length increases, the stress inten-
sity factor increases accordingly. Therefore, even if there
is more space in wide CG bands to emit dislocations, it’s
difficult to blunt the large cracks, and thus the wide CG
bands also lead to the lower El.

In summary, different coarse domains were actively
tuned to prepare the trimodal grain structured CNT/
2024Al composites by powder assembly and alloy-
ing. An excellent strength-ductility combination (UTS:
716± 5MPa, El:9.1± 0.3%)was achieved in the trimodal
structures by incorporating the medium CG bands (with
the mean width of ∼4.4 μm). Such a strength-ductility
synergy is mainly attributed to the effect of the optimal
CG bands on the crack blunting, which accommodate
cracks with much smaller size and higher density than

those narrow (∼2 μm) and wide (∼8 μm) counterparts.
The width of the optimal CG bands must be larger than
that of the doubled IAZ width to sustain sufficient plastic
deformability, and also smaller enough to keep appropri-
ate spacing between the two neighboring CG bands to
prevent crack growing into large ones. This work high-
lights the importance of the coarse domains design to the
strength-ductility synergy in heterostructuredmaterials.
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