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a b s t r a c t

Heterogeneous carbon nanotube (CNT)/AleCueMg composites, consisting of CNT-free coarse grain (CG)
bands and CNT-rich ultrafine grain (UFG) zones, were fabricated to significantly enhance their strength-
ductility. Their mechanical behavior as well as extra-strengthening and elongation increase mechanisms
were investigated in detail, with the help of high-resolution digital image correlation (DIC) and extended
finite element method (XFEM). A narrow CG band and medium CG content were found to be beneficial in
increasing the strength-ductility. Under optimized conditions, a heterogeneous 3 vol% CNT/Al composite
exhibited more than 100% elongation increase with nearly no ultimate tensile strength loss as compared
to the uniform composite. Geometrically necessary dislocations were induced between the CG and UFG
zones, leading to extra-strengthening beyond the rule-of-mixtures. Local strain and micro-crack prop-
agation analyses based on DIC and XFEM indicated that strain localization was greatly suppressed and
micro-cracks were effectively blunted because of the existence of CG bands, leading to considerably
enhanced elongation. Finally, a model was proposed to assist the selection of the heterogeneous
structure parameters for the strength-ductility design of the nanocomposite. The calculated safety zones
for CG parameter selection were in well agreement with the experimental results.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have extremely high strength
(approximately 30 GPa) and elastic modulus (approximately 1 TPa)
[1e3]. Therefore, they are considered as ideal reinforcements for
aluminum alloys. In the past decade, various fabrication methods
for CNT-reinforced aluminum (CNT/Al) composites have been
investigated [4e13], including friction stir processing [6], molecular
level mixing [7], and high-energy ball milling (HEBM) [10e13]. As
expected, CNTs exhibited extraordinary strengthening effects on
the aluminummatrix [5,8], and various strengthening mechanisms
have been suggested [14,15]. One particular mechanism is the
strengthening resulting from CNT-stabilized ultrafine grains (UFGs)
formed during fabrication, e.g., HEBM [15].

Because of the UFGs and pinning effect on dislocations due to
a@imr.ac.cn (Z.Y. Ma).
CNTs, the strengthening of the CNT/Al composites is usually
accompanied by a considerable ductility loss, limiting their engi-
neering application. To overcome this issue, flaky powder metal-
lurgy and interface bonding modification have been adopted to
obtain enhanced ductility [16e18]. Recently, the heterogeneous
structure design with inhomogeneous distribution of re-
inforcements or grain sizes was also demonstrated to be a poten-
tially effective way of improving the strength-ductility of UFG
metals or composites [19e23]. For example, Vajpai et al. [24] and
Ota et al. [25] constructed 3-D gradient harmonic grain structures
in pure Al, pure Ti, Tie6Ale4V, and stainless steel using milling-
sintering routes. It was found that, compared to coarse grain
structure, 3-D gradient harmonic grain structure led to significant
strength and toughness enhancements by avoiding strain locali-
zation during plastic deformation. A similar phenomenon was also
found for composites, e.g., the strength and ductility of the nano-
sized B4C/Al composite with a heterogeneous structure were
found to be simultaneously increased as compared to that of the
uniform composite [22].

Although enhanced strength-ductility was reported in
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heterogeneous composites reinforced with micro-sized particles,
e.g., B4Cp/Al, TiBw/Ti composites, in the past few years [26,27], little
attention has been paid to the toughening of heterogeneous CNT/Al
composites. To the best of our knowledge, only two investigations
for increasing the strength-ductility of CNT/Al composites in this
strategy have been reported [28,29]. Wei et al. [28] achieved
increased strength in CNT/7055Al composites by introducing
7055Al flaky powders. However, the principle of themicrostructure
optimisation was not mentioned. Salama et al. [29] tried to intro-
duce ductile zones without CNTs in brittle CNT/Al composites.
However, the strength-ductility enhancement was not pronounced
due to the interfacial separation of ductile-brittle zones. Therefore,
it is worthwhile to investigate in depth the toughening behavior of
the heterogeneous CNT/Al composites.

In this study, we developed a method for fabricating heteroge-
neous CNT/Al composites with inhomogeneous distribution of
CNTs as well as grains. CNT-free coarse grain (CG) bands were
introduced into the UFG CNT/Al composites by the conventional
powder metallurgy (PM) route. The aim is to (a) develop CNT/Al
composites with much higher strength-ductility through the het-
erogeneous structure design, (b) clarify the toughening mechanism
of the heterogeneous structure, and (c) propose a model for
structure parameter selection of heterogeneous nanocomposites.
Fig. 1. Schematic of the fabrication process of CNT/2009Al composites with a heterogen
2. Experimental

In this study, composites with both heterogeneous and uniform
structures were fabricated through HEBM and PM routes as shown
in Fig. 1. Atomized 2009Al (Al-4 wt.% Cu-1.5wt% Mg) powders with
approximately 10 mm diameters were used as raw materials. CNTs
(~98% purity) fabricated by chemical vapor deposition in Tsinghua
University had an outer diameter of 10e30 nm and a length of
~5 mm. No extra pretreatment was conducted on CNTs.

CNTs were ball milled with 10 mm as-received 2009Al powders
at a rotation rate of 400 rpm andwith a ball-to-powder ratio of 15:1
for 6 h using an attritor. The ball-milled powders were then mixed
with the as-received 2009Al powders with different average sizes
(30, 10, and 2 mm) and volume fractions using a dual-axis mixer at a
rotation rate of 50 rpm for 6 h, thereby obtaining composite pow-
ders for the fabrication of the heterogeneous composites with
different local CNT concentrations and CG structures. For compar-
ison, the as-mixed 2009Al powders as well as the as-milled CNT/
2009Al composite powders were prepared.

The composite powders were cold compacted and then vacuum
hot pressed into billets under a pressure of 50MPa at 833 K. The
billets were extruded into bars at 703 K with an extrusion ratio of
16:1. The extruded bars were solution treated at 770 K for 2 h,
eous and uniform structure. (A colour version of this figure can be viewed online.)
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quenched into water, and naturally aged for 4 days. For conve-
nience, the heterogeneous composites obtained by mixing the as-
milled A vol% CNT/2009Al composite powders and the as-
received B vol% 2009Al alloy powders with large, small, and
ultra-fine sizes were, respectively, abbreviated as A% CNT-(wide,
narrow, or ultra-narrow) B% CG.

Tensile specimens with a gauge diameter of 5mm and a length
of 30mm were machined from the extruded bars with the axis
parallel to the extrusion direction. Tensile tests were carried out at a
strain rate of 10�3 s�1 using an Instron 8862 tester. At least three
specimens were tested for each composite. An optical microscope
(OM; Zeiss Axiovert 200MAT) and a transmission electron micro-
scope (TEM; Tecnai G2 20) were used to examine the grains and
CNT distributions. The powders and fracture surfaces of the tensile
specimens were observed using a field-emission scanning electron
microscope (FESEM, SUPRA 55). The tensile specimens of the het-
erogeneous 3 vol% CNT/2009Al composite (4% CNT-25% narrow CG)
were interrupted after stretching to different plastic strains and
then subjected to SEM or TEM analyses.

An in situ quasi-static micro-tensile stage (Kammrath & Weiss
GmbH, Germany) was set up in an FEI SEM (HELIOS Nanolab-600i).
Deformationwas carried out by uniaxial tensile loading to different
levels at a displacement rate of 2 mm/s, and the specimen geome-
tries were 2mm thick, 2mmwide, and 18mm long. Digital images
were taken under 4000�magnification after each strain incre-
ment. Commercial VIC-2D software was utilized for digital image
correlation (DIC) analysis and the calculation of local strain fields.

An extended finite element method (XFEM) model was built to
show the crack blunting effect of CG bands in the heterogeneous
composites. A preexisting crack was embedded in UFG zones
reinforced by CNTs in both heterogeneous and uniform composites.
Tensile loading to 0.75% strainwas applied on thismodel. The linear
work hardening equation was used to model the plastic properties
of the CG and UFG zones, which follows s ¼ sy þMεp (where sy is
the yield stress, M is the strength coefficient, and εp is the plastic
strain). Young’s modulus, maximum principal stress (smp) for
damage, and all the plastic parameters were determined from
tensile loading tests.

3. Results

3.1. Microstructure of heterogeneous composites

Fig. 2 shows the OM images of the heterogeneous 3 vol% CNT/
2009Al composites with different CG band widths. An inhomoge-
neous structure could be observed. The CG bands and the UFG
zones were observed as bright and dark regions, respectively,
because of the higher susceptibility of the UFGs to chemical etching
Fig. 2. OM images of heterogeneous 3 vol% CNT/2009Al composites consisting of 4% CNT-25
extrusion direction) and (c) wide CG.
as a result of the higher fraction of grains and phase boundaries.
The CG bandswere elongated along the extrusion direction and had
a relatively large aspect ratio. It is believed that the elongated CG
bands and the UFG zones originated from the mixed raw 2009Al
powders and the milled composite powders, respectively. The
milled CNT/2009Al powders underwent severe deformation during
milling, resulting in significant grain refinement to form the UFG.
During hot-pressing, extrusion, and heat treatment, the UFG could
barely be coarsened because of the pinning effect of CNTs. As a
result, the CNT-rich UFG zones were formed in the heterogeneous
composites. For the mixed raw 2009Al powders, during extrusion
with a large extrusion ratio of 16:1, they were deformed along the
extrusion direction to form elongated CG bands. Because the con-
centration of the mixed raw 2009Al powders was relatively high
(>20 vol%), the elongated CG bands would connect with each other
during extrusion, thereby forming the CG bands with very large
aspect ratios in the heterogeneous composites. Furthermore, the
composites fabricated by mixing different-sized Al powders had
three different widths of the CG bands. This means that heteroge-
neous composites with ultra-narrow (Fig. 2(a)), narrow (Fig. 2(b)),
and wide CG bands (Fig. 2(c)) were successfully achieved.

Fig. 3 shows the TEM images of typical heterogeneous 3 vol%
CNT/2009Al composites (4% CNT-25% narrow CG). The grains of the
CG bands were ~4 mm in size, and no CNTs were observed in the CG
bands (Fig. 3(a)), while the UFG zones had amuch smaller grain size
of approximately 100e300 nm, even after the complicated heating
history (Fig. 3(bec)). Fig. 3(c) shows that CNTs in the UFG zones
were uniformly dispersed and approximately aligned parallel to the
extrusion direction. The length of CNTs was approximately 200 nm,
much shorter than that of the as-received CNTs due to the severe
shearing effect during milling. Nevertheless, the integrity of the
tube structurewasmaintainedwell (Fig. 3(d) and (e)). Furthermore,
the CNT-Al interfaces were well bonded. These results agreed well
with those of our previous study [15].

Fig. 4 shows the OM and TEM images of the heterogeneous 3 vol
% CNT/2009Al composites with different CG concentrations. For the
3.75% CNT-20% CG composite and the 4% CNT-25% CG composite,
almost all of the CG bands were straight (Fig. 4(a) and (b)), and all of
CNTs in the UFG zones were singly dispersed (Fig. 4(d) and (e)). As
the CG concentration further increased to 33%, namely, the 4.5%
CNT-33% CG composite, wide and nonstraight CG bands rather than
narrow CG bands were mainly observed (Fig. 4(c)). In addition,
some of CNT clusters appeared in the UFG zones as the local CNT
concentration in the UFG zones increased to 4.5 vol% (Fig. 4(f)). To
ensure a constant CNT concentration in the composites, an increase
in the CG concentration led to an increase in local CNT concentra-
tion in the UFG zones, which increased the risk of CNT clustering.
% CG: (a) ultra-narrow CG band, (b) narrow CG (inset is OM image perpendicular to the



Fig. 3. (a) Typical TEM images of heterogeneous 3 vol% CNT/2009Al composites (4% CNT-25% narrow CG), (b)(c) TEM image showing grains and CNT distribution in UFG zones, and
(d)(e) tube structures of CNTs in the UFG zones (black arrows indicate the extrusion direction, and white arrows denote CNTs).

Fig. 4. OM and TEM images showing CG band distributions and UFG zones in heterogeneous 3 vol% CNT/2009Al composites with narrow CG bands: (a)(d) 3.75% CNT-20% CG, (b)(e)
4% CNT-25% CG, and (c)(f) 4.5% CNT-33% CG (black arrows denote CNTs).

Table 1
Tensile properties of heterogeneous 3 vol% CNT/2009Al composites.

Composites YS (MPa) UTS (MPa) El (%)

3 vol% CNT-0%CG 703± 7 756± 11 2± 0.5
4.5% CNT-33% narrow CG 599± 9 700± 7 3± 0.5
4% CNT-25% narrow CG 610± 8 748± 10 4.5± 0.5
3.75% CNT-20% narrow CG 605± 9 690± 8 3± 0.5
4% CNT-25% wide CG 620± 6 714± 5 3± 0.5
4% CNT-25% ultra-narrow CG 618± 7 715± 8 2.5± 0.5
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3.2. Tensile properties of different-structured composites

Table 1 shows the tensile properties of the heterogeneous 3 vol%
CNT/2009Al composites with different CG band widths and con-
centrations. The uniform composites without CG addition had
much higher yield strength (YS) of 703MPa and ultimate tensile
strength (UTS) of 756MPa but lower elongation (El) of only 2%. By
constructing the heterogeneous structures with 25% CG bands,
although YS was slightly reduced, the elongation increased signif-
icantly. This indicates that the heterogeneous structure was bene-
ficial to increase the ductility. For the 4% CNT-25% CG composites
with different CG band widths, the strengths of the three
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composites were quite similar. However, the composite with nar-
row CG bands had the highest elongation of approximately 4.5%.
This indicates that the CG bands with a narrow width were more
beneficial to improve the ductility.

Compared with the uniform composites without CGs, con-
structing 20% CG bands resulted in decreased strength (YS
~605MPa, UTS ~690MPa) but increased elongation to 3%. By
increasing the CG concentration to 25%, the YS increased only a
little to 610MPa, but the UTS increased to 748MPa and the elon-
gation significantly increased to 4.5%. However, further increasing
the CG concentration to 33% did not increase the strength and
elongation further; on the contrary, both the strength and elon-
gation were reduced. Both the highest strength and elongation
were achieved for 25% CGs. The reduced strength and ductility at
33% CGs could be attributed to the high local CNT concentration of
approximately 4.5 vol% in the UFG zones. This point is discussed
later. These results indicate the optimized design for the hetero-
geneous composites can be achievedwith 4 vol% CNT/2009Al as the
UFG zone material and by adopting narrow CG bands with a width
of ~4 mm. In the following section, the heterogeneous composites
under discussion are 4% CNT-25% narrow CG composite, unless
noted otherwise.

3.3. Tensile properties of optimized heterogeneous composites

Fig. 5(a) shows the tensile stress-strain curves for CG 2009Al,
uniform 4 vol% CNT/2009Al, and heterogeneous composites con-
sisting of UFG zones with 4 vol% CNT and different CG contents. The
uniform 4 vol% CNT/2009Al composite showed high brittleness and
rapid fracture rate after the yield stage. By introducing CG bands
into the uniform 4 vol% CNT/2009Al composite, El was pro-
nouncedly increased. An interesting phenomenon was that, by
adding 25% CGs, the UTS did not reduce but was a little larger than
that of the uniform composite without CGs, indicating a great
toughening effect.

Tensile stress-strain curves of the 3 vol% CNT/2009Al compos-
ites are shown in Fig. 5(b). An obvious fluctuation could be
observed on the tensile curve of the uniform composite. On com-
parison, the tensile curve for the heterogeneous composite was
smoother. More importantly, the heterogeneous structure resulted
in an El increment of more than twice, with nearly no UTS loss,
although the YS was reduced by approximately 13% as compared to
that of the uniform composite. These results indicate that the
heterogeneous structure could enhance the strength-ductility of
the CNT/2009Al composite effectively.

Usually, the area under stress-strain curve can be used to esti-
mate the strength-ductility combination of a material, which can
partially represent the absorbed energy during plastic deformation
and crack propagation [22,30]. To simplify, in some investigations
[31,32], the product of UTS and El (UTS � El) was used to represent
Fig. 5. Engineering stress-strain curves of (a) heterogeneous composites containing differe
strength-ductility of CNT/Al composites fabricated by HEBM [9,12,15,33,34]. (A colour versi
the area. For a more accurate estimation, a modified strength-
ductility product (SDP) of 0.5(YS þ UTS) � El was used to calcu-
late the area under stress-strain curve. The SDPs of the unrein-
forced alloy and the composites are summarized in Table 2. For the
uniform composites, although the incorporation of CNTs increased
the strength, the ductility decreased significantly. As a result, the
uniform 3 vol% CNT/2009Al composite exhibited a much lower SDP
of 14.6MJ/m3 than the unreinforced alloy (43.9MJ/m3).

For the heterogeneous 3 vol% CNT/2009Al composite, the SDP
was approximately twice as that of the uniform composite. The
properties of the CNT/Al composites fabricated by HEBM reported
in the literature [9,12,15,33,34] are shown in Fig. 5(c) for compari-
son. The reported uniform composites exhibited a strength-
ductility trade-off; that is, high strength was accompanied by low
ductility. By contrast, the heterogeneous composites in this study
showed a combination of high strength and good ductility. It was
previously reported that the heterogeneous B4C/Al composite
exhibited a promoted SDP that was 1.29 times of the uniform
composite [22]. By comparison, the heterogeneous CNT/2009Al
composites exhibited a higher increment of SDP and El. This result
is mainly attributed to the appropriate CG parameters (concentra-
tion and width) and highly efficient strengthening in the UFG zones
by CNTs.

4. Discussion

4.1. Tensile behavior and deformation coordination of
heterogeneous composites

A plateau on the tensile curve (also called Lüders strain) is a
common phenomenon after the yield of fine-grained AleMg and
AleCueMg alloys, and this is usually believed to be related to local
deformation, attributed to the Mg solute pinning dislocations. In
this study, the tensile curves of the 3 vol% CNT/2009Al composite
with either a uniform or a heterogeneous structure exhibited this
phenomenon, as shown in Fig. 5(b). However, the fluctuation for
the uniform composite was more intense than that for the het-
erogeneous composite, which could be attributed to the coordi-
nation effect of CG bands.

Fig. 6(a) shows themagnified tensile curve of the heterogeneous
3 vol% CNT/2009Al composite. A sharp abnormal drop could be
observed at point “b” on the curve. From OM observation of the
prestretched specimen at this point, some micro-cracks initiated in
the UFG zones (Fig. 6(b)). The unloading of the stress in the cracked
CNT-rich UFG zones resulted in stress reduction. This could be re-
flected by the fracture morphology of the heterogeneous compos-
ites. As shown in Fig. 6(c), many ridge-shaped zones corresponding
to the CG bands were distributed on the fracture surface. At a high
magnification, small dimples were detected close to the ridge-
shaped zones and the pulled-out CNTs were observed at the
nt CG contents and (b) uniform and heterogeneous 3 vol% CNT/2009Al composites; (c)
on of this figure can be viewed online.)



Table 2
Tensile properties of uniform and heterogeneous CNT/2009Al composites with different CNT concentrations.

CNT YS (MPa) UTS (MPa) El (%) 0.5(YS þ UTS) � El (MJ/m3) Structure

0 305± 2 427± 3 12± 1 43.9 Uniform, CG
3 vol% 703± 7 756± 11 2± 0.5 14.6 Uniform, UFG
4 vol% 718± 9 732± 7 0.3± 0.2 2.2 Uniform, UFG
1.5 vol% 453± 3 608± 6 7± 1 37.1 a Heterogeneous
3 vol% 610± 8 748± 10 4.5± 0.5 30.6 a Heterogeneous

a Heterogeneous: Heterogeneous composites of 4% CNT-X% narrow CG.

Fig. 6. (a) Locally magnified tensile curve; (b) micro-crack initiation corresponding to the tip-drop on tensile curves at point “b”; (c) fractograph (ridge-shaped zones are marked by
yellow color, and the inset is a magnified view of the ridge-shaped zone boundary); and dislocations after (d) 1% plastic strain (point “d”) and (e-1, e-2) 2% plastic strain (point “e”)
for the heterogeneous 3 vol% CNT/2009Al composite. (A colour version of this figure can be viewed online.)
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bottom of the dimples (inset in Fig. 6(c)). The existence of dimples
and the pull-out behavior of CNTs in the UFG zones indicate the
existence of micro-void coalescence. This findingwas in accordance
with the result that the micro-cracks initiated at the UFG zones. It
should be mentioned that no further stress drops on the tensile
curve were observed (Fig. 6(b)), which implies the absence of
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micro-crack propagation or further initiation during work
hardening.

Furthermore, alternation of high and low work hardening rates
appeared after Lüders strain (Fig. 6(a)). At the stage of Lüders strain,
the two zones were considered to continue deform independently.
This could be reflected by the dislocations in the CG bands for the
composite pre-stretched to 1%, as shown in Fig. 6(d). Most of the
dislocations were parallel to each other, and the dislocation line
directions were perpendicular to the maximum shear force direc-
tion. This means that the deformation in the CG bands was mainly
dominated by dislocation slip, and therewas no obvious interaction
between the CG and UFG zones. After the Lüders strain plateau
related with the local yielding, the CNT-rich UFG zones began to
deform as a whole, and thus, a high work hardening rate was
achieved due to the pinning effect of the CNTs.

As the strain increased, high reacting stress was concentrated at
CNTs and grain boundaries in the UFG zones, which restricted the
further dislocation multiplication. As a result, the deformation was
dominant in the CG bands without CNTs and a lower work hard-
ening rate was obtained. Simultaneously, the inconsistent defor-
mation of the CG and UFG zones increased to a critical value, and
extra dislocations could be induced to relax the stress concentra-
tion. As shown in Fig. 6(e-1), large numbers of dislocations were
observed in the CG band side close to the CG-UFG boundaries after
pre-stretching to 2% plastic strain.

A higher magnified image (Fig. 6(e-2)) confirmed that disloca-
tions initiated at the CG-UFG boundaries. These results suggest the
formation of geometrically necessary dislocations (GNDs) due to
the severe plastic deformation incompatibility of the CG and UFG
zones. Once a certain number of GNDs was formed, the reacting
stress concentration at the dislocation source in the CNT-rich UFG
zones would be relaxed. As a result, the dislocation emission and
multiplication in the CNT-rich zones started again. Then a stage
with another high work hardening rate would occur. That is how
the repeated stages of high and low work hardening rates could be
formed. One thing should be noticed that the work hardening rate
of the high work hardening rate stage decreased and that of low
hardening rate stage increased with each cycle. Finally, the work
hardening rates of the two different work hardening rate stages
reached a similar value after several cycles (Fig. 6(a)). In this way,
coordinated deformation of the heterogeneous structure was
realized.

4.2. Extra strengthening of heterogeneous structure

The heterogeneous composite can be considered as an UFG
(CNT/2009Al)-reinforced CG (2009Al) composite. The rule-of-
mixtures was applied to calculate the strength of the heteroge-
neous composite:

sBi�modal ¼sCGVCG þ sUFGVUFG (1)

where VCG and VUFG are the volume fractions of the CG and UFG
zones, respectively; sCG and sUFG are the strengths of the CG and
UFG zones, respectively. For the heterogeneous 1.5 and 3 vol% CNT/
2009Al composites, their VCG values were 0.625 and 0.25, respec-
tively. As shown in Table 2, it is known that the YS of the CG bands
(2009Al) and UFG zones (4 vol% CNT/2009Al) was 305MPa and
718MPa, respectively. Further, the UTS of the CG and UFG zones
(4 vol% CNT/2009Al) were 427 MPa and 732MPa, respectively.

As shown in Fig. 7, the calculated YS and UTS for the heteroge-
neous 3 vol% CNT/2009Al composite based on the rule-of-mixtures
were 615MPa and 655MPa, respectively. The calculated YS and UTS
for the heterogeneous 1.5 vol% CNT/2009Al composite were
459MPa and 541MPa, respectively. It is interesting to note that the
calculated YS is very close to the experimental value. However, the
calculated UTS is much lower than the experimental results for
both the 1.5 and 3 vol% composites with the heterogeneous
structure.

It was reported that gradient structure or laminate material
produces an intrinsic synergetic strengthening effect, with the
strength higher than the sum of the strength of separate layers, as
calculated using the rule-of-mixtures [35e37]. The mechanism for
this strengthening is believed to be related to the stress gradient
and the complex stress state caused by mechanical incompatibility
under uniaxially applied stress. For the heterogeneous CNT/Al
composites, the UFG zones and CG bands could also induce severe
mechanical incompatibility under applied stress, and the intrinsic
synergetic strengthening effect could contribute to the strength-
ening. This could be verified by the formation of GNDs in Fig. 6(e1-
e2).

In the early stage of plastic deformation, the deformation in-
compatibility between the CG and UFG zones was not obvious, and
thus, the rule-of-mixtures could well estimate the YS of heteroge-
neous composites (Fig. 7(a)). As the plastic deformation increased,
the deformation incompatibility significantly increased and large
numbers of GNDs formed at the CG-UFG boundaries. These GNDs
led to strong back stress strengthening in the heterogeneous
composites [36], resulting in the fact that the UTS of heterogeneous
composites was much higher than that predicted by the rule-of-
mixtures (Fig. 7(b)).

4.3. Ductility enhancement of heterogeneous structure

For the uniform-structured composites, the elongations of the 3
and 4 vol% CNT/2009Al composites were, respectively, only 16.7%
and 8.4% of that of the 2009Al alloy. The low elongation of CNT/Al
composites could mainly be attributed to two reasons. First, CNTs
greatly restricted the deformation of the Al matrix, and this was a
common phenomenon for discontinuously reinforced metal matrix
composites [38]. Second, CNT incorporation led to much finer grain
size with a low dislocation storage capacity. A certain number of CG
bands in the heterogeneous composites could effectively reduce
the restriction effect of CNTs and make use of the advantage of the
large dislocation storage capacity.

To reveal the different strain evolutions during tensile defor-
mation, the longitudinal strain distributions of uniform and het-
erogeneous composites with macroscopical strains from 0 to 3.4%
were tracked, as shown in Fig. 8. For the uniform composite, there
was significant strain localization (Fig. 8(aed)), and the strain could
barely be transferred to other regions, which was in accordance
with the low ductility. For the heterogeneous composites, under
small strain, there was also strain localization in either CG bands or
UFG zones, but the dimension of the strain localization zones
became small (Fig. 8(e)). Under larger strain, the local strain dis-
tribution became narrow, and the deformation of the CG bands and
UFG zones was more homogeneous (Fig. 8(feh)). This was in
accordance with the Lüders strain on the tensile curves (Fig. 5(b))
and clearly demonstrated that the strain localizationwas alleviated
by the redistribution of the strain due to CG band incorporation.

According to the void growth model of Rice and Tracey [39], the
growth rate of micro-voids in the matrix can be given by

dR
R

¼0:28dεp exp
�
3sm

2se

�
(2)

where R is the void radius, dR is the increment in the void radius,
dεp is the increment in plastic strain, sm is the hydrostatic stress,
and se is the effective stress.

Eq. (2) indicates that the hydrostatic stress and increment in



Fig. 7. Comparisons between experimental and calculated strengths of heterogeneous composites: (a) YS and (b) UTS. (A colour version of this figure can be viewed online.)

Fig. 8. Longitudinal (parallel to the tensile direction) strain distributions under different strains: (a)e(d) uniform composites with 4 vol% CNT/2009Al, (e)e(h) heterogeneous
composites with 3 vol% CNT/2009Al (white zones are CG bands free of CNTs, while other zones are UFG zones containing 4 vol% CNTs). (A colour version of this figure can be viewed
online.)
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plastic strain have strong influences on the void growth rate. For
the heterogeneous composite, strain localization is suppressed,
which indicates released hydrostatic stress and smaller increment
in local plastic strain in the UFG zones. According to Eq. (2), the void
growth in the heterogeneous structure is greatly reduced, and thus,
premature failure is suppressed.

Micro-crack blunting was another important toughening
mechanism. Generally, the UFG zones stabilized by CNTs had lower
dislocation storage capacity, leading to lower strain hardening. In
addition, the stress concentration was induced at the CNT-Al in-
terfaces and grain boundaries by non-compatibility of deformation
during tension. Once stress increased to a critical value, micro-
cracks initiated and then propagated quickly. This was evidenced
in a prestretched specimen as shown in Fig. 6(b).

In the heterogeneous structure, the CG bands without CNTs
were uniformly distributed in the CNT-rich UFG zones. Although
micro-cracks initiated at some local sites of the UFG zones, these
cracks could be blunted due to the plastic zone formation in the CG
bands. As shown in Fig. 9(a), an XFEM model was built to show the
crack blunting effect of CG bands in the heterogeneous composite.
A preexisting crack was embedded in the UFG zones, and a tensile
strain of 0.75% was applied on this model. Fig. 9(b) and (c) show the
crack development in the heterogeneous and uniform composites,
respectively. It indicates that the stress concentration zone in the
heterogeneous composite was much smaller than that in the uni-
form composite. Furthermore, under the same overall strain, the
crack in the uniform composite propagated to a much longer dis-
tance, while that in the heterogeneous composite was still
restricted outside the CG band. It is obvious that the CG band
resisted the crack development.

As discussed above, the schematic of strength-ductility
enhancement for the heterogeneous composite is shown in
Fig. 10. At stage I, strain localization was greatly suppressed, which
is attributed to the stress redistribution for the heterogeneous
structure. Therefore, the micro-void coalescence and premature
initiation of micro-cracks in the UFG zones were avoided. At stage



Fig. 9. (a) XFEM model for crack development in the heterogeneous material under the same strain. Local stress results of (b) heterogeneous composite, and (c) uniform 4 vol% CNT/
2009Al composite. (A colour version of this figure can be viewed online.)

Fig. 10. Schematic of toughening mechanism in heterogeneous composites (inset in III is a view parallel to the extrusion direction). (A colour version of this figure can be viewed
online.)
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II, although some micro-cracks initiated in some UFG zones, they
were blunted due to the formation of a plastic zone in the CG bands
with the micro-mechanism of dislocation emission from crack tips.
It should be mentioned that no further stress drops were found
after the tip drop at point “b” in Fig. 6(a). This means that the
formed cracks did not propagate, and the micro-crack re-initiation
at higher strain was not significant. It also verified the perfect
blunting effect of the heterogeneous structure. As the strain further
increased, the plastic zones near the crack tips were saturated at
stage III. Then, the micro-cracks began to propagate quickly
through the entire specimen at stage IV. On the other hand, the
process of deformation coordination created a large number of
GNDs, according to the previous discussion. The extra GNDs led to
the extra strengthening. In this way, the strength-ductility of the
heterogeneous composites was effectively enhanced.
4.4. Design of CG band and local CNT concentration

Compared with wide or ultra-narrow CG bands, narrow CG
bands were beneficial in increasing the strength-ductility of the
heterogeneous composites (Table 2). As discussed above, the CNT-
rich UFG zones had a much lower ductility, and micro-cracks
easily formed in these zones. This means that the UFG zone
width among the CG bands could be regarded as micro-crack
length, 2R.

Assuming that a micro-crack forms, propagates to the CG-UFG
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boundaries, and is affected by the “plastic zone” around the crack
tip (inset in Fig. 10, stage III), the embedded circle crack will not
propagate when the stress intensity factor is lower than fracture
toughness, that is,

K¼s0
ffiffiffiffiffiffi
pR

p
p
2

<KIC (3)

where K is the stress intensity factor, KIC is the fracture toughness of
the heterogeneous composite, and s0 is the stress imposed on the
composite. If the interaction between the two zones in the het-
erogeneous composite is neglected, the fracture toughness of the
heterogeneous composite can be expressed as

KIC ¼VCGK
CG
IC þ ð1�VCGÞKUFG

IC zVCGK
CG
IC (4)

where KCG
IC and KUFG

IC are the fracture toughness of CG and UFG zone
materials, respectively. Considering the much lower strength-
ductility of the UFG zone material (namely, the uniform 4 vol%
CNT/2009Al), the fracture toughness of the UFG zone material can
be neglected. Therefore, Eq. (3) can be changed to

K¼ 2s0

pVCG

ffiffiffiffiffiffi
pR

p
<KCG

IC (5)

By substituting the concentration of CG bands VCG ¼ p
2 ðr0Þ2

3
ffiffi
3

p
4 ðr0þRÞ2 in

Eq. (5), we obtain

K¼ 2s0

pVCG

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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s
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where r0 is the average half width of the CG bands. Eq. (6) dem-
onstrates that increased CG content and reduced width of the CG
bands are beneficial to blunt the crack. On the other hand, the
width of the CG bands should be larger than that of the plastic zone
size.
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Eq. (7) can be modified to

VCG >
2p

3
ffiffiffi
3

p �
1þ p2ffiffiffi

2
p
�
sCG
s0

�2�2 (8)
Fig. 11. Comparisons of calculated safety zones and experimental results for heterogeneo
parameter selection). (A colour version of this figure can be viewed online.)
It should be pointed out that extremely fine CG bands are not
good for toughening. As discussed above, GNDs form at the CG
boundaries. The reaction stress field due to the interface GNDs will
restrict the dislocation emission of the micro-crack tip, which will
reduce the blunting effect. According to the finding of Zhu et al.
[40], the GND width, namely, the interface-affected zone in the CG
bands, can be calculated using the equation

dz
�
G
s

�2

b (9)

where d is the GNDwidth in the CG bands,G is the shearmodulus, b
is Burgers Vector, and s is the strength of CG bands. To effectively
blunt the micro-crack, the half width of the CG bands should be

r0 >dz
�
G
s

�2

b (10)

For the 2009Al CG band, G is approximately 27 GPa, b is
0.286 nm, and s is 425MPa. After substituting these values in Eq.
(9), the GND width is determined to be approximately 1.2 mm. This
value is in agreement with the result shown in Fig. 6(e1). For the
heterogeneous composite with ultra-narrow CG bands, its CG
bandwidth is approximately 2 mm (Fig. 2(a)), which means that all
of the CG bands are affected by GNDs. This will increase the diffi-
culty for dislocation emission during plastic zone formation due to
the reacting stress of GNDs, which is harmful to the blunting effect.
For the above two reasons, higher strength-ductility is achieved for
the composites with narrow CG bands (width ~4 mm), rather than
the composites with wide or ultra-narrow CG bands. The calculated
safety zones for CG parameter design based on Eqs. (6), (8) and (10)
were also determined for comparing with the experimental results
of heterogeneous materials [22,41,42], and the results are shown in
Fig. 11. It can be found that the calculated safety zones are in
accordance with the experimental results.

Although introducing the CG bands will lead to increased
strength-ductility according to Eqs. (6) and (8), the local CNT con-
centration in the UFG zones should be carefully controlled. As
shown in Table 2, for the heterogeneous 3 vol% CNT/2009Al com-
posites, the best strength-ductility is achieved at 4 vol% CNT-25%
CG composite. On the one hand, the CG bands can provide higher
dislocation storability and relax the stress concentration in the UFG
zones through the blunting mechanism, thereby effectively
improving the ductility. Thus, as the CG concentration increases
from 0 to 25%, the elongation of the composite also increases. On
the other hand, increasing the CG concentration indicates higher
local CNT concentration in the UFG zones because the nominal CNT
concentration is 3 vol%. The higher local reinforcement concentra-
tion leads to earlymicro-crack initiation for the UFG zonematerials,
which can be analyzed as follows.
us materials in Refs. [22,41,42]. (color regions are the calculated safety zones for CG
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Using the critical strain criterion that fracture occurs when the
accumulated strain ahead of the crack tip reaches a critical value,
the fracture toughness equation for particle reinforced metal ma-
trix composites can be written as [43].

KIC ¼0:77
�
syabDpE
1� n2

�
V�1=6
f (11)

where a and b are constants, n is the Poisson ratio, Vf is the particle
volume fraction, and Dp is the particle size. Eq. (11) suggests that
there is a significant influence of local CNT concentration on the
toughness of the UFG zones. Local CNT concentration increase in-
dicates lower toughness for the UFG zones, and this problem is
even worse as the CNT clusters appear at higher local CNT con-
centration (Fig. 4(g)). Furthermore, many narrow CG bands merge
into wide CG bands at a higher CG concentration of 33% (Fig. 4(c)),
which is also not beneficial to the strength-ductility increase.

5. Conclusions

The work outlined in this paper has shown:

(1) CNT/2009Al composites with a heterogeneous structure
consisting of CNT-free CG bands and CNT-rich UFG zones
were successfully fabricated using HEBM combined with
powder metallurgy. CNTs with good structure integrity were
dispersed in the UFG zones with grain sizes of ~100e300 nm,
while the CG bands were aligned along the extruding di-
rection with grain sizes of ~1e3 mm.

(2) Alternation of high and low work hardening rates was
observed for the tensile curve of the heterogeneous com-
posites, which could be attributed to the deformation coor-
dination of CNT-free CG bands and CNT-rich UFG zones.

(3) The elongation of the heterogeneous 3 vol% CNT/2009Al
composite increased from 2% to 4.5% while the UTS showed
nearly no loss as compared to those of the uniform com-
posite. The back stress strengthening contributed to the extra
strengthening, while the strain localization suppressing and
micro-crack blunting significantly enhanced ductility.

(4) Narrow CG bands rather thanwide or ultra-narrow CG bands
were beneficial to toughening because of the effective micro-
crack blunting effect. With the same nominal CNT concen-
tration, too many or too few CG bands were not beneficial to
the strength-ductility enhancement of the composites,
which is attributed to the lower toughness of the UFG zones
and insufficient blunting effect of the CG bands, respectively.

(5) A model based on crack blunting was proposed for assisting
the heterogeneous structure design, including the width and
minimum content of CG bands. The calculated safety zones
for CG parameter selection were in well agreement with the
experimental results.
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