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A B S T R A C T   

The aim of this study was to identify deformation behavior and strengthening mechanisms of a carbon nanotube 
(CNT)-reinforced bimodal-grained Al–Cu–Mg nanocomposite and its base alloy fabricated by two-step ball 
milling, powder metallurgy and extrusion. A superior strength-ductility synergy stemming from the concurrent 
presence of ultrafine grains (UFGs) and coarse grains (CGs) was achieved. Singly-dispersed CNTs in UFGs and 
sound CNT/Al interfacial bond contributed to a significant improvement in the strength of the nanocomposite. 
The predominant strengthening mechanism in the CNT-reinforced nanocomposite was identified to be Orowan 
looping due to severe shearing of CNTs into nano-sized fragments during ball milling, along with load-transfer 
and thermal mismatch-induced dislocation strengthening mechanisms. The predicted yield strength of the 
nanocomposite was in agreement with the experimental value obtained. The findings in this study help pave the 
way for developing high-performance lightweight materials with a superior strength-ductility synergy via 
incorporating CNTs with novel bimodal grain structures.   

1. Introduction 

Ultrafine-grained metal matrix nanocomposites (MMNCs) contain
ing nano-reinforcements exhibit high strengthening effects [1–3]. Car
bon nanotube (CNT) is one of the most promising nano-reinforcement 
candidates in MMNCs owing to its high strength, elastic modulus and 
nanometer size along with its excellent electrical and thermal conduc
tivities [4,5]. As such, CNT-reinforced aluminum matrix nano
composites (AMNCs) have received a great deal of attention [6,7]. The 
strengthening in such nanocomposites is primarily attributed to load 
transfer, dislocation strengthening, and Orowan strengthening [7–9]. 
The main strengthening mechanism in CNT-reinforced nanocomposites 
in the case of high aspect ratio of CNTs is reported to be load transfer 
[10,11]. However, CNTs are normally shortened due to the shearing 
effect during high-energy ball milling (HEBM), thereby decreasing the 
length or aspect ratio of CNTs and increasing the potential significance 
of Orowan strengthening based on their interaction with dislocations 
[12,13]. 

The ultrafine-grained MMNCs often exhibit high strength but low 
ductility stemming from the insufficient ductility in the matrix, which 

impedes their structural applications [14]. To solve the 
strength-ductility trade-off dilemma, tailoring/engineering the micro
structure with a distribution of grain sizes via proper processing tech
niques was proposed as an effective strategy. For example, 
heterogeneous [15–17], gradient [18], or bimodal [19–21] grain dis
tributions have been observed to demonstrate a synergetic increase in 
strength and ductility. One of the most effective methods of fabricating 
such a grain distribution is to introduce coarse grains (CGs) in the 
ultrafine-grains (UFGs) to achieve a balanced mechanical properties 
[17,22,23]. Under these circumstances geometrically necessary dislo
cations (GNDs) would be generated near the boundaries between the 
CGs and UFGs, and gradually enhance the strength of CGs to be close to 
that of UFGs. As a result, the deformation behavior of bimodal-grained 
materials is different from that of pure coarse-grained or 
ultrafine-grained materials. The addition of CNTs into such a 
bimodal-grained matrix is anticipated to further enhance the strength. 
Thus, the underlying strengthening mechanisms in such a 
CNT-reinforced bimodal-grained nanocomposite need to be explored. 

The present study was undertaken with three primary objectives: 
Firstly, fabricate a unique CNT-reinforced bimodal-grained Al–Cu–Mg 
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nanocomposite and base alloy with high strength and ductility; sec
ondly, characterize microstructure-strength relationship; and finally, 
identify and quantify the underlying strengthening mechanisms and 
validate with experimental results. Multiple strengthening mechanisms 
including load transfer, dislocation strengthening and Orowan looping 
are taken into consideration to elucidate the enhanced mechanical 
properties in CNT-reinforced Al–Cu–Mg nanocomposite. 

2. Methods 

2.1. Raw material and fabrication 

Atomized 2009Al (Al-4wt.%Cu-1.5 wt%Mg) powders with a diam
eter of ~10 μm were used as raw materials. The CNTs of ~98% purity 
with an outer diameter of 10–30 nm, provided by Tsinghua University 
were prepared via chemical vapor deposition (CVD). The as-received 
2009Al powders mixed with 4 vol% CNTs were milled in an attritor at 
400 rpm for 6 h with a ball-to-powder mass ratio of 15:1. The ball-milled 
powders were further mixed with 25 vol% as-received 2009Al powders 
using a dual axis mixer at 50 rpm for 6 h, thereby obtaining nano
composite powders with a unique bimodal-grained microstructure 
composed of UFG (75%, with 4 vol% CNT) and CG (25%). Thus, the final 
fraction of CNTs in the nanocomposite powders became 3 vol%. 

The nanocomposite powders were cold compacted and vacuum hot 
pressed into billets under a pressure of 50 MPa at 560 ◦C, followed by 
extrusion at 430 ◦C at a high extrusion ratio (ER) of 16. Thus, the 
nanocomposite was fabricated by combination of HEBM, powder met
allurgy (PM) and extrusion processing. The extruded bars were subse
quently solution treated at 500 ◦C for 2 h, quenched into water and 
naturally aged. An 2009Al base alloy without CNTs was also prepared in 
a similar manner for reference. The bimodal-grained 2009Al alloy and 
CNT/2009Al nanocomposite will be referred to as B-AA and B-CNT/AA 
from here on, where B stands for “bimodal”. 

2.2. Property characterization 

After grinding using emery papers from #400 to #4000 grits, and 
diamond-paste polishing down to 0.5 μm, the metallographic samples 
were etched with Keller’s reagent for 60 s. EBSD samples were electro- 
polished using an electrolyte containing 10 mL HClO4 and 90 mL 

ethanol at 20 V for 30 s at a room temperature. A scanning electron 
microscopy (SEM, JSM-6380LV) and a transmission electron microscopy 
(TEM, Tecnai G2 20) were used to study the microstructural features. 
Phase analysis was carried out on PANalytical X-ray diffractometer with 
Cu Kα radiation (λ = 0.154 nm) at 45 kV and 40 mA with a diffraction 
angle from 20◦ to 90◦ at a scanning rate of 0.05◦ s− 1. Tensile specimen 
with a gauge length of 25 mm (see Fig.S1) were tested at strain rates of 1 
× 10− 6 s− 1 and 1 × 10− 4 s− 1 using a universal United testing system at 
room temperature. At least two samples were tested at each strain rate. 

3. Results 

3.1. Microstructure 

The microstructural features of the extruded B-AA and B-CNT/AA in 
T4 condition are shown in Figs. 1 and 2, respectively. The microstruc
tures consisted of a mixture of UFG (equiaxed) matrix with ~25% CG 
(columnar) bands or lamellae that align in the extrusion direction (ED), 
see supplementary Fig.S2. The reduction in the grain size of both ma
terials was in general attributed to ball milling, and dynamic recrystal
lization (DRX) that occurred during plastic deformation at higher 
working temperatures [5]. The average grain size in UFG zone was 
~100–300 nm and no further refinement could be possible even with the 
addition of CNTs as the UFGs are below lower limit of sub-grain size (~2 
μm) [5]. Significant differences of neighboring grains in the B-AA and 
B-CNT/AA could be seen from the EBSD orientation angles in Figs. 1(a) 
and 2(a), where the low-angle and high-angle grain boundaries (deno
ted as LAGBs and HAGBs) were defined by misorientation angles be
tween adjacent grains of 2–15◦ and >15◦, respectively. During ball 
milling the dislocations are rearranged, leading to the formation of 
HAGBs along with some LAGBs. The distinct CG and UFG regions in the 
B-AA and B-CNT/AA could be seen from the orientation maps in Figs. 1 
(b) and 2(b). The majority of CGs are oriented along <111> which is 
also the extrusion direction due to the large extrusion ratio of 16, while 
UFGs are largely randomly oriented in both materials. The Kernel 
average misorientation (KAM) graphs that reflect the local lattice 
distortion and strain energy within the grains are shown in Figs. 1(c) and 
2(c) for the base alloy and nanocomposite, respectively. The base alloy 
appeared to show somewhat higher local lattice distortions, suggesting a 
higher dislocation density in the nanocomposite compared with its base 

Fig. 1. EBSD results of bimodal-grained 2009Al alloy: (a) grain misorientation angle, (b) orientation map, (c) KAM map, and (d) pole figures perpendicular to the 
extrusion axis. 
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alloy which will be confirmed via XRD. 
As revealed by orientation maps in Figs. 1(b) and 2(b) and pole 

figures in Figs. 1(d) and 2(d), the orientation of grains, especially CGs, is 
more pronounced along the ED or along <111> direction, suggesting 
the presence of <111> fiber texture in the extruded Al matrix and B- 
CNT/AA, with a maximum intensity of ~14.7 and ~15.4 MRD (multiple 
of a random distribution), respectively. Such a <111> fiber texture is 
often observed in the extruded Al alloys [24]. This is due to severe 
plastic deformation (SPD) experienced by the samples mainly during hot 
extrusion. Besides, it would be reasonable to consider a fraction of 
deformed grains along with some sub-grained structures (see supple
mentary Fig.S3). It should be noted that the indexing of EBSD mapping 
was ~75%, indicating that a portion of UFGs might be smaller than the 
spatial resolution limit in EBSD. The unidentified voids were eliminated 
using noise reduction during data analysis. To overcome this, TEM and 
high-resolution TEM (HRTEM) will be utilized to characterize the 
microstructure of the B-CNT/AA nanocomposite and provide more in
formation in the later section. 

3.2. X-ray diffraction 

X-ray diffraction (XRD) investigations were carried out to identify 
the phases present in the B-AA and B-CNT/AA, as illustrated in Fig. 3. 
The diffusion of Cu into Al matrix led to the formation of observed Al2Cu 
peaks in both materials. Meng et al. [25] conducted XRD analysis of a 
CNT/Al–Cu nanocomposite at different stages of fabrication and re
ported that sintering was more responsible for alloying than ball milling 
which also led to the formation of Al2Cu. With the addition of CNTs in 
the alloy, a couple of small Al4C3 peaks were observed in the B-CNT/AA 
which confirms the reaction between Al and CNTs. The formation of 
Al4C3 to a certain extent is an indication of a strong bond between the 
reinforcement and matrix. The other characteristic observation evalu
ated from the XRD patterns is dislocation density (ρ), which could be 
estimated as [26], 

ρ= β2

4.35 b2, (1)  

where b is the Burgers vector of Al (=0.286 nm), β (=βobs− βinst) is the full 
width at half maximum (FWHM) of Al peaks, βobs and βinst are the 
observed and instrumental peak broadening, respectively. The 

instrumental peak broadening is corrected using pure Al powders. The 
dislocation density in this study is taken as an average value at five 
significant peaks (111), (200), (220), (311) and (222) detected from the 
XRD analysis (Fig. 2). The individual values at each peak for both ma
terials are presented in supplementary Table S1. In general, the ρ value 
increased with the peak position for both materials. Then the average 
dislocation density of B-AA and B-CNT/AA was obtained to be 5.5 ×
1013 m− 2 and 6.4 × 1013 m− 2, respectively. A similar magnitude of 
dislocation densities was also obtained in CNT/Al nanocomposites by Xu 
et al. [27]. The high dislocation density was basically attributed to the 
strain accumulation in the samples due to SPD during ball milling [28]. 
However, the somewhat higher dislocation density in the B-CNT/AA 
was further related to the presence of CNTs, which was in agreement 
with the result from the KAM maps (Figs. 1(c) and 2(c)). 

3.3. Tensile properties 

The tensile properties evaluated from the engineering stress-strain 

Fig. 2. EBSD results of bimodal-grained CNT/2009Al nanocomposite: (a) grain misorientation angle, (b) orientation map, (c) KAM map, and (d) pole figures 
perpendicular to the extrusion axis. 

Fig. 3. X-ray diffraction patterns of bimodal-grained 2009Al alloy and CNT/ 
2009Al nanocomposite after T4 heat-treatment, where the values given beside 
each peak are the full width at half maximum (FWHM). 
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curves at strain rates of 1 × 10− 6 s− 1 and 1 × 10− 4 s− 1 are presented in 
Table 1. The results of unimodal 2009Al fabricated by PM are also 
presented for the sake of comparison although the grain size was 
different [29]. A significant increase in the yield strength (YS) by ~85% 
and ultimate tensile strength (UTS) by ~49% was observed in B-AA with 
equivalent ductility, compared with the unimodal microstructure. No 
significant strain-rate dependence of the properties was present. Further 
higher YS and UTS were achieved with the addition of 3 vol% CNTs in 
the B-AA but with lower ductility. The higher strength and loss of 
ductility are attributed to the higher dislocation density [27]. 

The Young’s modulus evaluated from the tensile curves was 76.3 ±
2.7 and 90.7 ± 3.5 GPa for B-AA (Em) and B-CNT/AA (EC), respectively. 
The slightly higher value in B-AA than that of pure Al was because of 
alloying and HEBM. Increase in the Young’s modulus with milling time 
was reported for Al alloys, which was related to homogeneous disper
sion and better bonding between the powders during milling and sec
ondary processing such as compaction and sintering [28]. The further 
increase in EC by ~19% was related to the addition of CNTs and their 
random distribution in the matrix, to be revealed via TEM examinations 
and also reported in Ref. [30]. 

4. Discussion 

Fig. 4 presents typical TEM images showing a remarkable bimodal 
grain distribution and CNT dispersion, and a HRTEM image showing the 
matrix-CNT interface structure in the nanocomposite. The microstruc
ture observed via TEM in Fig. 4(a) consisting of distinctive CGs and UFGs 
in layers is consistent with that via EBSD (Fig. 2) and OM (Fig.S2). 
Second-phase Al2Cu particles can be clearly seen from the TEM images 
as indicated by arrows. As well, CNTs were observed to be randomly 
dispersed in the Al matrix in a uniform manner (Fig. 4(b)). Due to the 
damage caused during HEBM, the length of CNTs (LCNT = ~200 nm 
[23]) appeared to be much smaller than the as-received ones (Fig. 4(b)). 
The critical length of CNTs for effective load transfer strengthening 
could be estimated as Lc = σCNT × d/2τo, where σCNT is the tensile 
strength of CNTs (= ~30 GPa [31]), d is the diameter of CNTs (=10–30 
nm), and τo is the shear stress of matrix (~σym/2, with σym being the YS 
of matrix). Then the estimated Lc is ~543–1628 nm, which is much 
larger than the actual length of CNTs in the present nanocomposite 
(Fig. 4(b)). It is thus anticipated that other mechanisms such as Orowan 
strengthening would play an important role, which will be discussed 
later. Fig. 4(c) shows that the tube structure of the CNTs was well 
retained, the CNT/Al interfaces were well bonded, and no voids were 
detected. The formation of Al4C3 has been discussed in the previous 
investigation [11]. Based on these observations, a schematic is plotted in 
Fig. 4(d) to illustrate the bimodal grain distribution of the material in 
layered fashion. 

The tensile stress-strain curves of B-AA and B-CNT/AA at strain rates 
of 1 × 10− 6 s− 1 and 1 × 10− 4 s− 1 are presented in Fig. 5(a). The obvious 
increase in the strength with appreciable ductility is due to the con
current presence of UFGs and CGs. The UFGs offer more grain 

boundaries which eventually lead to a superior strength based on the 
Hall-Petch relationship. The CGs are able to accommodate more dislo
cations with a higher dislocation storage capacity which results in a high 
ductility. A similar increase in strength and ductility of bimodal-grained 
Al–Mg alloys is reported in Refs. [21,32]. As seen in the inset of Fig. 5(a), 
the B-AA and B-CNT/AA samples fractured at an angle of ~45◦ and ~0◦

to the loading direction which exemplify relatively ductile and brittle 
nature of failure. As the base alloy failed in a ductile manner at an angle 
of ~45◦ which is a plane of the maximum shear stress, with the varying 
height of the fractured surface shown in Fig.S4. 

Fig. 5(b) presents a schematic of deformation behavior of bimodal- 
grained alloy which can typically be distinguished into three stages. 
Stage I is conventional, where both CG and FG materials deform elas
tically. In stage II CGs deform plastically and FGs deform elastically, 
leading to deformation incompatibility. Although CGs can accommo
date more strain due to the higher dislocation storage capacity, FGs 
adjacent to CGs attempt to coordinate as well until the onset of plastic 
deformation in FGs. This results in strain gradients substituted by the 
pile-up of GNDs. Then both CGs and FGs deform plastically in stage III, 
but CGs sustain higher strains again due to their higher dislocation 
accumulation capacity. Eventually, the difference in accommodating 
strains by CGs and FGs leads to strain partitioning. 

The B-CNT/AA exhibits a further higher strength with superior YS 
and UTS of ~621 MPa and ~692 MPa, respectively, along with a 
ductility of ~2.6 at a strain rate of 1 × 10− 4 s− 1. A high strengthening 
efficiency (ηs) of ~430% was achieved as calculated from, 

ηs =
σc − σm

VCNT σm
, (2)  

where σc and σm are the UTS of the composite and matrix, respectively. 
The formation of a proper amount of Al4C3 compound (Fig. 3) due to the 
reaction between Al matrix and CNTs would indicate robust interfacial 
bonding and load-transfer efficiency. Thus, the overall strength of B- 
CNT/AA increased. A close examination reveals that the tensile curves in 
Fig. 5(a) exhibit a unique phenomenon where an unusual elastic-plastic 
behavior appears in the upper elastic region as highlighted in dashed 
ellipses, along with the presence of plateau-like yield-point phenomenon 
which is usually referred to as Lüders deformation. The phenomenon is 
common in UFGed Al–Mg and Al–Cu–Mg alloys [23]. In the case of 
unimodal CNT-nanocomposite, this phenomenon is reported to be due 
to the non-linear behavior of CNTs, whereas in the present 
bimodal-grained Al alloys it has not yet been explored extensively but 
could be related to the coordination effect of CGs and UFGs. 

Similar step-like phenomenon was observed in bimodal-grained 
materials in the plastic regime [19,32], but the physics behind this 
needs to be addressed. Such “two-step yielding” behavior was reported 
to be present in CNT-reinforced nanocomposites and not in their base 
alloys [33,34]. In contrast, both the materials in the present study (i.e., 
B-AA and B-CNT/AA) exhibited such phenomena (Fig. 5(a)), which is 
likely related to the distinct grain distribution (Fig. 4(a)). The peculiar 
behavior of two-step yielding in the present study could be attributed to: 
(i) distinct microstructure of CNT (fibrous) and matrix, (ii) bimodal 
grain distribution of the matrix, (iii) substantial difference in the 
strength of the reinforcement and heterogeneous/bimodal-grained ma
trix, and (iv) processing method. It is also possible that the annihilation 
of statistically stored dislocations could lead to such peculiar behavior 
[35]. 

A summary of tensile properties of commercial unimodal 2xxx Al 
alloys in heat-treated condition in comparison with the present B-AA is 
summarized in Fig. 6(a) [25,29,30,35–39]. It is seen that the present 
bimodal-grained structure possesses significantly higher strength with a 
fairly good ductility. The UTS vs. fracture strain of the present 
B-CNT/AA in comparison with those of CNT-reinforced Al–Cu nano
composites made with different fabrication techniques along with their 
base alloys is summarized in Fig. 6(b) [11,25,29,30,33,35,38–41]. Such 

Table 1 
Tensile properties of bimodal-grained 2009Al and CNT/2009Al nanocomposite.  

Specimen Strain 
rate, s− 1 

YS, 
MPa 

UTS, 
MPa 

Elongation, 
% 

E, GPa 

2009Al [29] 1 × 10− 3 299 ±
7.0 

411 ±
10.0 

12 ± 2.0 72.0 

Bimodal-grained 
2009Al 

1 × 10− 4 553 ±
2.3 

613 ±
6.4 

10.8 ± 0.5 76.3 ±
2.7 

1 × 10− 6 543 ±
2.8 

610 ±
3.0 

11.1 ± 2.6 

Bimodal-grained 
CNT/2009Al 

1 × 10− 4 621 ±
1.9 

692 ±
25.7 

2.6 ± 0.4 90.7 ±
3.5 

1 × 10− 6 585 ±
33.0 

658 ±
16.1 

2.9 ± 0.1  
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superior strengths of the present B-AA and B-CNT/AA are extraordinary 
in the 2xxx Al composites. A similar analysis on the UTS vs. volume 
fraction of CNTs is presented in Fig. 6(c) [11,25,29,30,33,35,38–41]. 
Overall, the strength of the nanocomposites increases with increasing 
CNTs up to ~3 vol%, and then it starts to decrease. The reason behind 
the strength decrease with a higher amount of CNTs is mainly due to the 
agglomeration of CNTs [6,30]. It is evident that the UTS of the present 
B-AA and B-CNT/AA is positioned above that of the unimodal 2xxx Al 
alloys and their unimodal nanocomposites in Fig. 6(c). 

The underlying strengthening mechanisms in CNT/Al nano
composites were explored in Refs. [6,9,10,42,43]. The predominant 
strengthening mechanisms contributed by CNTs in the nanocomposites 
include load-transfer effect (ΔσLT), Orowan strengthening (ΔσOR), and 
dislocation strengthening (ΔσDD) [8,44–48]. It is worth noting that if the 
grain structures in both base alloy and nanocomposite matrix are the 
same, the Hall-Petch equation concerning the grain boundary 
strengthening should not be considered. In the present study, the grain 
structures in both materials can be deemed to be similar due to the 
identical processing route and equivalent average grain sizes. Then the 
YS of the nanocomposite could be predicted as [44,45], 

σyc = σym (1+ fLT)(1+ fOR)(1+ fDD), (3)  

where σym is the YS of matrix alloy, fLT, fOR, and fDD are the improvement 
factors associated with load-transfer, Orowan, and thermal mismatch- 
induced dislocation strengthening, respectively, which are defined as 
the subsequent strength improvement (or increment) divided by σym 
[44,45]. In other words, Eq. (3) can be re-written as, 

σyc = σym

(

1+
ΔσLT

σym

)(

1+
ΔσOR

σym

)(

1+
ΔσDD

σym

)

, (4) 

The load transfer would be a key strengthening mechanism in com
posites with aligned CNTs or fibers especially with high aspect ratios. 
But in the present nanocomposite, the actual length of the CNTs was 
observed to be in nano-meter range (Fig. 4(b)) and much smaller than 
the critical length (Lc = ~543–1628 nm) due to severe shearing effect 
during ball milling, as analyzed above. This would weaken the effect of 
load transfer although a sound bond was observed between Al matrix 
and CNTs (Fig. 4(c)). The improvement factor due to the load transfer is 
given in Ref. [8], 

fLT =
Vp

2
, (5)  

where Vp is the volume fraction of reinforcement particles (i.e., the 
volume fraction of CNTs in this study). The dislocation movement can be 
impeded by hard impenetrable CNTs by forming dislocation loops due to 
the strong C–C bonds and high strength of CNTs. A schematic diagram in 
Fig. 7(a) illustrates the formation of Orowan loops which lead to an 
increase in the strength of nanocomposites. As the dislocations in the Al 
matrix glide over the slip plane, they leave Orowan loops in their wake 
after interacting with and bypassing the CNTs. A higher stress is needed 
to drive more dislocations to bypass CNTs with more Orowan loops left 
around CNTs, thus leading to an increase in the strength of the material. 
Xu et al. [46] detected similar dislocation loops around the CNTs in an 
aluminum matrix via TEM, showing the characteristics of Orowan 
strengthening. In particular, the Orowan looping was directly spotted 
via in-situ TEM observations along with molecular dynamics (MD) sim
ulations, where the dislocations were pinned by CNTs [47]. Chen et al. 
[48] also observed via TEM some dislocation loops containing two 
face-to-face dislocations locating along the same lattice plane in a pure 
copper matrix composites reinforced with CNT-graphene hybrids. An 
atomic-level analysis of strengthening mechanisms in aluminum matrix 

Fig. 4. TEM images showing (a) a bimodal grain distribution of UFG and CG bands and (b) singly dispersed CNTs in UFG zones, (c) HRTEM image showing the 
interface structure between Al matrix and CNTs, and (d) a schematic of bimodal-grained alloy consisting of layered UFG and CG. 

Fig. 5. (a) Typical tensile curves of bimodal-grained 2009Al and CNT/2009Al showing plateau-like regions in the curves at strain rates of 1 × 10− 6 s− 1 and 1 × 10− 4 

s− 1, and (b) a schematic representing the flow curve of bimodal-grained material. 
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composites reinforced by aligned CNTs via MD simulations also un
covered the presence of Orowan looping even for long CNTs due to 
dislocations bowing around CNTs [49]. Furthermore, even though the 
MMNCs are reinforced by graphene (being a single layer of carbon atoms 
arranged in a two-dimensional honeycomb lattice), it has also been 
concluded that the most effective strengthening mechanisms are the 
mismatch of thermal expansion between the matrix and graphene and 
the Orowan looping mechanism [50]. The improvement factor due to 
Orowan looping strengthening is given by Orowan-Ashby equation [51], 

fOR =
0.84MGmb

σymπdeq
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 − ν)

√
(

̅̅̅̅̅
3π

2Vp

√
− π

4

) ln
(

πdeq

8b

)

, (6)  

where M is the Taylor factor (3.06 for FCC [12]), Gm is the shear modulus 
of matrix calculated as Gm = Em/[2 × (1 + ν)], ν is the Poisson’s ratio of 
aluminum matrix alloy (0.33 [52]), deq is the equivalent size of CNTs 
obtained using a spherical model [6]. All the values used in the calcu
lations are listed in Table 2, where the equivalent diameter of CNTs 
could be obtained from the following equation, 

deq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3
2
LCNT d2

CNT
3

√

, (7)  

where LCNT and dCNT are the average length and diameter of CNTs (~15 
nm is used in calculations). Then ΔσOR is obtained to be ~69 MPa, 
suggesting that it is an important strengthening mechanism. Orowan 
strengthening and thermal mismatch were also reported by Yoo et al. 
[13] as the main mechanisms for strengthening their CNT/Al 

nanocomposites. They also reported shortening of CNTs by ball milling 
and suggested that the shorter fragments helped achieve the critical 
inter-particle distance for effective Orowan strengthening. CNTs in the 
nanocomposite cause prismatic punching of dislocations at the interface 
and increase the work hardening of the material. Thus, the third 
strengthening improvement factor from the increased dislocation den
sity can be expressed as, 

fDD =
kGmb

̅̅̅̅̅̅
Δρ

√

σym
, (8)  

where k is a constant (~1.25 [44]) and Δρ is the increased dislocation 
density, stemming from the particle/matrix thermal mismatch-induced 
additional dislocations in the composite relative to base alloy. The 
dislocation density increment of the present nanocomposite with respect 
to its base alloy has been obtained via XRD analysis to be 8.4 × 1012 

m− 2. The ΔσDD is then estimated to be 29.7 MPa. Such a significant 
increment is related to the smaller diameter and aspect ratio of CNTs 
[42]. To further examine the effect of volume fraction of CNTs on the 
dislocation strengthening, the enhanced dislocation density in compos
ite relative to base alloy can be calculated as [44], 

Δρ= 12ΔαΔTVp

bdeq
(
1 − Vp

) , (9)  

Δα= αm − αp; ΔT = Tprocess − Ttest , (9a)  

where αm and αp are the coefficients of thermal expansion of the matrix 
(~2.3 × 10− 5 K− 1 [10]) and reinforcement particles (~2.1 × 10− 5 K− 1 

Fig. 6. (a) Tensile properties of the present bimodal-grained 2009Al alloy in T4 condition in comparison with other commercial 2xxx Al alloys, (b) ultimate tensile 
strength vs. fracture strain of the present material in comparison with various CNT-reinforced 2xxx Al composites, and (c) ultimate tensile strength of CNT-reinforced 
2xxx Al nanocomposites with varying CNT contents along with the present 3 vol%CNT/2009Al nanocomposite. 
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[10]), respectively, and Tprocess and Ttest are the processing and test 
temperatures, respectively. In the present multi-step processing route, 
Tprocess is taken as the last step processing high temperature (i.e., the 
solution temperature of 500 ◦C) at which the reinforcement particles 
and matrix are considered to be in an equilibrium condition without any 
push to each other. Then, Eq. (8) can then be re-written as, 

fDD =
4.33Gm

σym

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
bΔαΔTVp

deq
(
1 − Vp

)

√

. (10) 

It should be noted that the increased dislocations, reflected by the 
presence of residual stresses in composites, are in essence attributed to 

the difference in the coefficients of thermal expansion between the 
matrix and reinforcement. With the combination of aforementioned 
strengthening effects, the predicted YS of the nanocomposite using Eq. 
(3) is evaluated to be 665 MPa, which is in close agreement with the 
experimental YS of ~621 MPa with a deviation of ~7.1%. The reason for 
the lower value of experimental YS could be due to the presence of 
potential porosity and the absence of CNTs in CGs, which are not 
considered in the strengthening calculations. The individual contribu
tion of these strengthening mechanisms with respect to the volume 
fraction of CNTs is presented in Fig. 7(b). All the contribution factors 
calculated using Eqs (5), (6) and (10) increase with increasing volume 
fraction. The strengthening contribution is relatively low from the load 
transfer, and is pretty high from the Orowan strengthening, while the 
contribution of thermal mismatch-inducing dislocation strengthening 
lies in the middle. It should be pointed out that the relatively low load 
transfer contribution is related to the equivalent spherical particle 
consideration. Further modeling by integrating the aspect ratio of CNTs 
(or other reinforcement particles) into the strengthening factors needs to 
be developed. Finally, the overall high strength of the present nano
composite is a result of the coupled effects of these nanocomposite- 
specific strengthening mechanisms along with the bimodal grain dis
tribution generated via the multi-step processing route consisting of 
HEBM, vacuum hot pressing, extrusion, and T4 heat treatment. Thus, 
CNT-reinforced bimodal-grained nanocomposites are promising candi
dates for achieving superior mechanical performance with balanced 
high strength and ductility. 

Fig. 7. (a) A schematic showing the Orowan looping mechanism after dislocations gliding and bypassing the CNTs, and (b) the individual contribution of 
strengthening mechanisms in the nanocomposite as a function of volume fraction. 

Table 2 
Parameters used in the calculation of strengthening mechanisms.  

Parameter Value Units Ref. 

M 3.06 – [12] 
b 0.286 nm – 
k 1.25 – [44] 
dCNT (or dp) 15 nm [23] 
deq 40.7 nm Exp. 
Em 76.3 GPa Exp. 
Gm 28.7 GPa Exp. 
LCNT 200 nm [23] 
VCNT (or Vp) 0.03 – Exp. 
ν 0.33 – [52] 
αm 2.3 × 10− 5 K− 1 [10] 
αp 2.1 × 10− 5 K− 1 [10] 
σCNT 30 GPa [31] 
σym 553 MPa Exp.  
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5. Conclusions 

In this study, a CNT-reinforced bimodal-grained 2009Al nano
composite along with its base alloy was fabricated by two-step high 
energy ball milling, hot pressing, extrusion followed by T4 heat treat
ment. A relationship between the bimodal-grained microstructure and 
mechanical properties in the base alloy was first established and its 
strengthening effect was analyzed. The simultaneous presence of UFGs 
and CGs with a high dislocation density led to an excellent strength- 
ductility harmony in the bimodal-grained alloy. Singly-dispersed CNTs 
were present in the UFG regime of the nanocomposite, whereas the CG 
region aligned along the ED was basically free from CNTs. The bimodal 
grain distribution and size were observed to be equivalent with a similar 
strong fiber texture along <111>//ED in the nanocomposite matrix and 
base alloy. An addition of 3 vol% CNTs led to a high UTS of ~692 MPa, 
compared with that of ~613 MPa in the bimodal-grained base alloy. An 
unusual elastic-plastic behavior appeared in the elastic region along 
with the presence of plateau-like yield-point phenomenon in both base 
alloy and nanocomposite. Predominant Orowan strengthening mecha
nism was identified along with load-transfer and thermal mismatch- 
induced dislocation strengthening mechanisms in the CNT/Al nano
composite. The predicted yield strength of the nanocomposite was in 
close agreement with the experimental value. 
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