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A B S T R A C T   

The uniform distribution of carbon nanotubes (CNTs) can lead to severe grain refinement to ultrafine-grained 
(UFG) regime of Al matrix, resulting in low strain hardening ability, thereby low ductility in CNT/Al compos-
ites. To evade this dilemma, CNT/Al–Mg composites with bimodal microstructures were prepared by a powder 
assembly process in this study. The effects of weight/volume fraction of coarse grains on microstructure evo-
lution, plastic deformation behavior and micro-strain distribution were investigated. The elongation improved 
from 4.2% of the uniform microstructure to 5.2% for the bimodal CNT/Al–Mg composites with 25 wt% (CG25) 
coarse grains. The compression stress relaxation test revealed the enhanced effective stress and activation of 
multiple dislocation-mediated mechanisms during plastic deformation in the CG25 sample, which lead to sus-
tainably higher strain hardening ability. The uniform micro-strain distribution was revealed in the CG25 sample 
by Kernel average misorientation analysis, attributed to the constrained deformation of soft coarse-grain phase 
by hard CNT-enriched UFG Al–Mg phase.   

1. Introduction 

In the field of metal matrix composites (MMCs), carbon nanotubes 
(CNTs) reinforced aluminum matrix (CNT/Al) composite has been a hot 
research topic owing to its exceptional mechanical performance and 
potential application in lightweight design [1,2]. The introduction of 
high-performance CNTs could not only enhance stiffness and strength, 
but also reduce weight [3]. However, the CNT/Al composites generally 
suffered from the problem of unsatisfied ductility, which originated 
from significant grain refinement down to nano/submicron scale with 
CNTs addition, weakening strain hardening ability and leading to early 
strain localization in the Al matrix [4–6]. Thus, how to improve strain 
hardening ability and retard strain localization was the key to obtain 
CNT/Al composite with improved ductility and balanced mechanical 
performance. 

Actually, low strain hardening ability and strain localization were 
universal problems in metals with nanograins or ultrafine grains (NG/ 
UFGs) [7]. To solve the problems, the idea of heterogeneous structure 
design was proposed [8]. Many novel designs, including bimodal [9], 

gradient [10], heterogeneous lamella [11] and harmonic structures 
[12], have been developed to improve ductility/strain hardening ability 
of NG/UFG metals. Among all these designs, the bimodal design was the 
most investigated one owing to its simple structure and high effective-
ness since its early invention by Wang in 2002 [9]. Inspired by these 
pioneer works, Lavenia and co-workers tried to improve the ductility of 
nanostructured MMCs (NMMCs) through the bimodal design of the 
metal matrix, and proposed the idea of “trimodal” MMCs, which con-
sisted of nano-sized reinforcements, ultrafine grains and coarse grains 
matrix [13]. Typically, improved ductility and toughness have been 
achieved through designing such a trimodal structure in B4C/Al com-
posites. Further investigation revealed that the blunting effect of B4C/Al 
and UFG/CG heterogeneous interfaces on crack propagation was key for 
toughness improvement [14]. Similarly, Esawi and co-works applied 
bimodal design in CNT/Al composite and achieved increased tensile 
strength and ductility, attributed to the coordinated roles of hard 
CNT/Al region and soft Al matrix region in strengthening and tough-
ening respectively [15]. Very recently, Ma and co-works [16] studied 
heterogeneous CNT/Al–Cu–Mg composites, consisting of CNT-free CG 
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bands and CNT-rich UFG zones, and the reason of considerably 
enhanced elongation was found to be the greatly suppressed strain 
localization and the effectively blunted micro-cracks, due to the pres-
ence of CG bands. 

Actually, no matter how the topology of heterogeneous structures 
differs, the underlying intrinsic toughening mechanism was generally 
the same, which was the geometrically necessary dislocations (GNDs) 
that were required to accommodate the strain gradient between het-
erogeneous phases. GNDs not only promoted intragranular dislocation 
accumulation, but also provided long-range internal stress (back stress) 
hardening to improve strain hardening ability [8,10,11]. However, in 
the bimodal CNT/Al composites or other NMMCs, research emphasis 
was still put on revealing the effect of bimodal structure design on the 
crack nucleation and propagation [14,17], which has been studied in 
traditional MMCs [18] and was irrelevant with the intrinsic toughening 
mechanism of bimodal structure for promoting dislocation accumula-
tion and improving strain hardening. In such situation, it is in lack of 
theoretical guidance for optimizing bimodal structure design and 
enhancing strain hardening ability of CNT/Al composites. Thus, further 
studies on revealing the effect of bimodal structure design on dislocation 
motion and plastic deformation behavior are of great importance. 

In the present study, CNT/Al–Mg composites with uniform and 
bimodal grain structures, were prepared by the powder assembly pro-
cess. The optical microscope, TEM observation and tensile test have 
been conducted to characterize the microstructure and mechanical 
properties of the bimodal CNT/Al–Mg composites. Compression stress 
relaxation test has been applied to reveal the dislocation motion and 
plastic deformation behavior. Electron backscattered diffraction has 
been applied to characterize the microstructure evolution and micro- 
strain distribution. The influence of volume fraction of coarse grains 
on mechanical performance and deformation behavior was also dis-
cussed, which could provide insights for optimizing the bimodal struc-
ture design in high-performance NMMCs. 

2. Materials and experiments 

2.1. Raw materials and composite fabrication 

Al–Mg alloy powders (5083Al, about 4 wt% Mg, 0.5 wt% Mn and 0.1 
wt% Cr for the main alloying elements) with an average particle size of 

10 μm were used as the matrix material. Multi-walled CNTs (99.9% in 
purity fabricated via catalytic vapor deposition from Cnano Tech. Co., 
Ltd., China) of ~30 nm in diameter and 10 μm in length were used as the 
reinforcement. The CNT content of CNT/Al–Mg composite was chosen 
as 1.5 wt% with the consideration of achieving both uniform CNTs 
dispersion and evident strengthening effect. To achieve the bimodal 
design and tailor the microstructure, a powder assembly processing 
route was developed and applied to fabricate CNT/Al–Mg composites. 
The corresponding schematic diagram was shown in Fig. 1. 

The fabrication process mainly consists of five steps. Step 1 and 2 are 
the preparation of CNT/Al–Mg composite powders (with CNT content of 
1.5 wt%, 2 wt% and 3 wt%) by shift-speed ball milling, including low- 
speed ball milling and high-speed ball milling [19]. Step 3 is the me-
chanical blending of as-prepared CNT/Al–Mg composite powders and 
raw Al–Mg alloy powders. In this way, bimodal structure design was 
achieved by introducing the coarse grains phases (raw Al–Mg alloy 
powders) into NG/UFGs phases (severely deformed CNT/Al–Mg com-
posite powders). To keep the total CNT content as 1.5 wt% and achieve 
bimodal structure design with different coarse grain fraction, the 2 wt% 
CNT/Al–Mg composite powders and raw Al–Mg alloy powders were 
mixed with a weight ratio of 3:1 (denoted as CG25, CG stands for 
coarse-grain), while the 3 wt% CNT/Al–Mg composite powders and raw 
Al–Mg alloy powders were mixed with the ratio of 1:1 (denoted as 
CG50). Step 4 and 5 aim to the densification of as-mixed composite 
powders through compaction, sintering and extrusion. The powder 
compact was sintered at 510 ◦C for 2 h and then extruded at 450 ◦C with 
an extrusion ratio of 25:1. For comparative study, the 1.5 wt% 
CNT/Al–Mg composites with uniform microstructure (denoted as CG0) 
and Al–Mg alloy without CNTs were also prepared by the same process. 

2.2. Material characterizations and mechanical tests 

Raman spectrum (Senterra R200-L, Bruker) was applied to identify 
the structures of CNTs. Optical microscope (ZEISS Smartproof 5), 
scanning electron microscopy (SEM, Tescan Mira3) equipped with 
electron backscattered diffraction (EBSD) and transmission electron 
microscopy (TEM, JOEL 2100F) were applied to reveal the microstruc-
tures of CNT/Al–Mg composites. The samples for optical microscope 
were mechanically polished by Struers Tegramin-25 and then etched by 
Kohler reagent for 10 s. The samples for EBSD characterization were 

Fig. 1. Schematic diagram of fabricating bimodal CNT/Al–Mg composites by powder assembly.  
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prepared by mechanical polishing and followed by ion polishing. The 
TEM samples were thin foil discs with 3 mm diameter and were prepared 
by ion-milling. The X-ray diffraction (XRD) analysis was carried out 
using a Rigaku D/Max-2500 X-ray diffractometer with Cu Kα (λ =
0.15406 nm) radiation. The crystallite sizes and lattice strains of CNT/ 
Al–Mg powders were determined from the full width at half maximum 
(FWHM) of diffraction peaks by Williamson and Hall method [20]. To 
evaluate the material’s mechanical property, dog-bone shaped speci-
mens were machined from extruded rods with a gauge length of 20 mm 
and a diameter of 4 mm for tensile test at the strain rate of 5 × 10− 4 s− 1, 
using a universal testing machine (Zwick-100). Cylindrical pillars of 2 
mm in diameter and 4 mm in height with the long axis parallel to 
extrusion direction were wire-cut from the extruded bar. Stress relaxa-
tion compression test was conducted on the as-prepared pillars using 
Instron 3344 universal testing machine at the strain rate of 5 × 10− 4 s− 1. 
One complete progressive relaxation test consists of 10 cycles of 
compression stress relaxation tests, which were conducted at every 0.5% 
engineering strain for 90s within the strain range of 0–5%. At least three 
specimens were tested under each condition to get the statistics for all 
mechanical tests. 

3. Results and discussion 

3.1. Microstructure of CNT/Al–Mg powders 

Fig. 2a–c shows CNT distributions on the surface of CNT/Al–Mg 
powders with different CNT content after low-speed ball milling. It can 
be seen that the CNTs are uniformly dispersed, and the number of CNT 
on the surface gradually increases with increasing CNT content. 
Fig. 2d–f shows the morphology of CNT/Al–Mg powders after high- 
speed ball milling, all the powders are cold welded into particles, but 
the particle size is different. With the increase of CNT content, the 
particle size gradually decreases from 52 μm of particles with 1.5 wt% 
CNT to 32 μm of particles with 3 wt% CNT. Therefore, it can be 
considered that the increase of CNT content can reduce the particle size 
of CNT/Al–Mg powders. M. Yazdan Mehr et al. [21] also found the same 
phenomenon during the ball milling of Ni3Al-xB-1wt% CNT (0.0 < x <
1.5 at%), which was believed to be related to the lattice distortion and 
increased energy adsorption induced by CNT introduction to the matrix. 

To further verify this statement, Table 1 shows the lattice strains and 
crystallite sizes of CNT/Al–Mg composite powders with different CNT 
content. It’s found that the lattice strain does increase with increasing 
CNT content, further confirming this explanation. Moreover, increasing 
CNT content not only decreases particle size but also decreases grain size 
of powders, which should be attributed to the pinning effect of CNT on 
the grain boundary [22]. 

3.2. Microstructure of CNT/Al–Mg composites 

As shown in Fig. 3a, the dark image contrast indicates the polished 
surface of the CG0 sample is uniformly etched and the grain sizes are 
similar. In comparison, for CG25 sample in Fig. 3b, distinct and uni-
formly distributed bright and dark zones are observed. The dark zones 
correspond to the fine grain zones due to faster etching rate with more 
grain boundaries, while the bright zones correspond to the coarse grain 
zones due to slower etching rate with fewer grain boundaries. For CG50 
sample in Fig. 3c, the area fraction of bright zone is larger than that of 
CG25 sample, which is attributed to its larger weight fraction (50 wt%) 
of raw Al–Mg alloy powders. In Fig. 3d, e and f, from the view parallel to 
extrusion direction, typical extrusion structure can be observed with 
elongated grains aligned along the extrusion direction. In addition, 
bimodal grain structure with distinct bright and dark zones can also be 
observed. It’s easily understood that the coarse and fine grains originate 
from the mixed raw Al–Mg alloy powders and the milled composite 
powders, respectively. The elongated coarse grains were formed by the 
extrusion of the raw Al–Mg alloy powders. However, the milled CNT/ 
Al–Mg composite powders underwent severe deformation during ball 
milling, leading to significant grain refinement to form the fine grains. 
These fine grains would be retained under the confinement of CNTs 

Fig. 2. SEM images showing the CNT distributions after low-speed ball milling and powder morphology after high-speed ball milling of CNT/Al–Mg powders with 
different CNT content: (a, d) 1.5 wt%, (b, e) 2 wt% and (c, f) 3 wt%. 

Table 1 
Crystallite size and lattice strains of CNT/Al–Mg composite powders with 
different CNT content.  

Powders 1.5 wt% 2 wt% 3 wt% 

Grain size (nm) 77.6 65.4 60.1 
Lattice strain 0.12 0.13 0.14  
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Fig. 3. Optical images showing the microstructure of etched CNT/Al–Mg composites in (a–c) the transverse direction and (d–f) the vertical direction: (a, d) CG0, (b, 
e) CG25 and (c, f) CG50. 

Fig. 4. EBSD images showing the grain structure of (a) CG0, (b) CG25 and (c) CG50 CNT/Al–Mg composites.  
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during the consolidation process. Consequently, the CNTs-enriched fine- 
grain zones were formed in the bimodal composites. Thus, bimodal grain 
structure with uniformly distributed fine and coarse grain zones were 
successfully achieved through the addition of raw Al–Mg alloy powders 
during the powder assembly process. Seen from the above, all three 
samples are uniform and well densified on the macroscale. For further 
analyzing grain size distribution and better revealing bimodal structure 
features, EBSD tests have been conducted and the results were shown in 
Fig. 4. 

As shown in Fig. 4a, the grains of CG0 sample are generally uniform 
and slightly elongated along extrusion direction without evident 
extrusion texture. While, for the CG25 and CG50 samples, significantly 
elongated coarse grains with long axis length over tens of microns can be 
observed. A few of elongated coarse grains gather together, forming a 
long coarse-grain band embedded in the fine-grain zone, which is the 
typical bimodal grain structure and consistent with the results in Fig. 3. 
The analysis in Fig. 3 shows that the coarse grains are from the raw 
Al–Mg alloy powders, while the fine grains are from the ball-milled 
CNT/Al–Mg powders. Because the raw Al–Mg alloy powders have 
lower strength and better deformability than the ball-milled CNT/Al–Mg 
powders, the coarse grains were significantly elongated during the 
extrusion process. The grain size distributions of all three samples were 
statistically counted and the results were shown in Fig. 5. 

As shown in Fig. 5a–c, most grains in CG0/25/50 samples are UFGs 
and the average grain sizes are 0.72, 0.68 and 0.63 μm, respectively. 
Despite the existence of coarse grains, the average grain sizes of CG25 
and CG50 samples are even smaller than that of CG0 sample, which 
should be caused by two reasons. Firstly, coarse grains are high in vol-
ume fraction but low in number, which makes it less significant for 
counting average grain size. Secondly, for CG25 and CG50 samples, the 
local CNT content in UFG regions is higher than that of CG0 samples (2 
wt% and 3 wt% over 1.5 wt%), which lead to the inhibited grain growth 
and increased fraction of UFG, as shown in Fig. 5b and c. Compared with 
the count fraction, the area fraction is a more effective indicator for 
bimodal grain structure, as shown in Fig. 5d–f. In Fig. 5d, typical 
unimodal distribution is identified in CG0 sample, while bimodal dis-
tributions are identified in Fig. 5e and f. In the meantime, CG50 sample 

shows a higher area fraction of coarse grains than that of CG25 sample, 
which is consistent with the doubled weight fraction of added raw 
Al–Mg alloy powder for CG50 sample. 

Fig. 6a–c show the TEM images of representative microstructures of 
CG0, CG25 and CG50 CNT/Al–Mg composites, respectively. The grain 
structures of different samples show the same trend with the above re-
sults. The CNTs are uniformly dispersed in the UFG zones, and no CNTs 
are observed in the coarse-grained regions. Fig. 6d further shows the 
spatial distribution of CNTs. It can be seen that the CNTs are mainly 
distributed at the grain boundaries in UFG regions, which can effectively 
hider grain growth due to the Zener pinning effect [23]. Therefore, the 
UFG zones can be retained during consolidation, while the coarse grain 
without CNTs would grow significantly. The hollow-structured CNTs 
can be observed clearly in Fig. 6e, and the CNT/Al interfaces are well 
bonded. To further analyze the structures of CNTs statistically, the 
Raman spectra results were shown in Fig. 6f. Well-shaped D and G peaks 
of CNTs were detected around 1360 and 1580 cm− 1 in all three samples. 
In the meantime, the intensity ratios of D peak to G peak, which 
semi-quantitatively represents the quality of CNTs [24], are similar for 
CG0/25/50 samples (0.97, 0.98 and 0.98, respectively), which is just 
slightly higher than the value of raw CNTs (0.94). All these facts indicate 
that the graphite structures of CNTs are well preserved after processing. 
Seen from the above, bimodal structure design featured with elongated 
coarse-grain band embedded in CNT/Al–Mg (UFG) regions was suc-
cessfully achieved, and the local/total CNT content and coarse grain 
fraction can be well tailored. 

3.3. Mechanical property of CNT/Al–Mg composites 

The mechanical properties of CNT/Al–Mg composites and Al–Mg 
alloy were shown in Fig. 7a. Compared with the Al–Mg alloy sample, 
CG0/25/50 composites show moderate enhanced Young’s modulus (E), 
significantly improved yield strength (YS) and ultimate tensile strength 
(UTS), indicating good stiffening/strengthening effect of CNTs. 
Considering that CNTs are mainly located at grain boundaries in this 
study, the strengthening of CNTs mainly comes from grain refinement 
[21], load transfer [25] and thermal mismatch [26]. In the meantime, 

Fig. 5. Count fraction and area fraction of grains with different sizes in (a, d) CG0, (b, e) CG25 and (c, f) CG50 CNT/Al–Mg composites.  
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the elongations of CG0/25/50 composites inevitably decrease from 8.9 
± 0.1% to 4.2 ± 0.2%, 5.2 ± 0.2 and 5.1 ± 0.1%, respectively. The 
bimodal structure design generally leads to a decrease of YS/UTS, but an 
increase of elongation. Although both CG25 and CG50 are of bimodal 
structure design, their mechanical property and plastic deformation 
behavior are different. Compared with CG50 sample, CG25 sample 
demonstrates better strain hardening ability and, consequently, higher 
UTS without sacrificing elongation. For better demonstration, the strain 
hardening rate (Θ = dσ/dε, where σ and ε are true stress and true strain, 
respectively) curves after 0.01 true strain of Al–Mg alloy and 
CG0/25/50 composites were plotted in Fig. 7b. As can be seen, the CG25 
sample shows a sustainably higher strain hardening rate than CG0 and 
CG50 samples, which achieves the goal of bimodal structure design. 
However, the effect of bimodal grain structure design is closely depen-
dent on the volume fraction of coarse grains, which is consistent with the 
results of bimodal structure design in metal and alloys [27], e.g., CG50 
sample doesn’t improve the strain hardening rate. 

3.4. Plastic deformation behavior of CNT/Al–Mg composites 

The dislocation motion is the essence of the strain hardening and 
plastic deformation behavior [28]. Progressive stress relaxation exper-
iments are effective to probe the plasticity behavior of materials due to 
its sensitivity to dislocation dynamics [29], which could help further 
reveal the difference of plastic deformation between Al–Mg alloy and 
CG0/25/50 composites. Fig. 8 shows the progressive stress relaxation 
cycles of Al–Mg alloy and CG0/25/50 composites. At the initial stage of 
plastic deformation with stress level under ~75 MPa, all the samples are 
still in the elastic regime, and no detectable stress decay is observed. 
However, with increasing stress level and plastic strain, appreciable 
stress relaxation occurs, and the decay magnitude for each relaxation 
cycle increases with higher stress levels. Such gradual stress drop is 
generally thought to be due to the interaction of relaxed dislocation and 
localized barriers [30], such as dislocation forests and solute atoms, 
when the total strain of the sample is constant. The applied stress, σ, has 
two components [31,32]: 

Fig. 6. (a–c) Typical TEM images of CG0, CG25 and CG50 CNT/Al–Mg composites, (d) the enlarged view of the box area in (a), (e) tube structures of CNTs in the UFG 
zones, (f) Raman spectra of CG0, CG25 and CG50 CNT/Al–Mg composites. 

Fig. 7. (a) Engineering tensile stress-strain curves and (b) strain hardening rate curves after 0.01 true strain of Al–Mg alloy and CG0/25/50 CNT/Al–Mg composites.  
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σ= σ∗ + σu (1)  

where σ∗ is the effective stress needed to overcome the short-range 
barriers, and σu is the long-range internal stress that impedes disloca-
tion motion. The relation between the applied stress and the relaxation 
time Δt can be expressed by an empirical equation [31]: 

σ − σu = K(a + Δt)1/(1− m∗)
= σ∗ (2)  

where K, a and m* are constants. Therefore, σu and σ∗ for each relaxation 
cycle can be obtained by fitting the corresponding stress relaxation 
curve with Eq. (2). The resulting σ∗ and σu for each stress relaxation 
cycle of Al–Mg alloy and CG0/25/50 composites are demonstrated in 
Fig. 9a and b. Comparing Al–Mg alloy and CG0 composite, CNTs addi-
tion results in a significant increase of long-range internal stress from 
255 MPa to 295 MPa at the strain of 5%, which should originate from the 
enhanced long-range interaction of dislocation with both grain bound-
ary and CNTs. While, for CG25 and CG50 samples, the long-range in-
ternal stresses were 229 MPa and 240 MPa, respectively, which were 
similarly lower than the value of CG0 sample despite with the same 
weight of CNTs. The reason for this drop should be the introduction of 
coarse grains and decreased fraction of grain boundary. In Fig. 9b, the 
CG0/25/50 composites show much higher effective stress compared 
with that of Al–Mg alloy at the strain of 5%, indicating significantly 
enhanced intragranular dislocation interaction. For CNT/Al composites, 
dislocation interaction could be promoted by the introduction of CNTs, 
which can produce a lot of GNDs around it to impede dislocation gliding 
[33]. The same phenomenon was also found in graphene reinforced Al 
matrix composites [34]. For CG25 and CG50 composites, the heteroge-
neous microstructure of bimodal design could also enhance dislocation 

interaction and increase effective stress. On the one hand, the intro-
duction of coarse grains can improve dislocation storage ability. On the 
other hand, the heterogeneous structures would produce a sufficient 
amount of GNDs during the deformation, which not only increases the 
intragranular dislocation density, helps to increase the effective stress, 
but also effectively prevents the gliding of mobile dislocation to improve 
dislocation interaction [35]. However, compared with CG0 composite, 
only CG25 composite shows even higher and sustainably increasing 
effective stress, which is the major reason why CG25 sample shows 
much higher UTS than that of CG50 composite. Such trend is in accor-
dance with the high strain hardening rate observed in Fig. 7b, since 
enhanced dislocation interaction normally leads to stronger strain 
hardening ability. In other words, bimodal structure design only works 
and achieves the goal of enhancing strain hardening ability in CG25 
composite. 

To explore the reason, the apparent activation volumes for plastic 
deformation of all samples were calculated, which is an effective indi-
cator for revealing the deformation mechanism. According to theory, a 
single relaxation event is thermally activated and can also be expressed 
by logarithmic variation of stress (Δσ) as a function of relaxation time 
(Δt) [36]: 

Δσ= − (
̅̅̅
3

√
kt
/

V∗)ln(1+Δt /Cr) (3)  

where k is the Boltzmann constant and T is the absolute temperature, V* 
is the apparent activation volume of plastic deformation, and Cr is the 
time constant. 

As shown in Fig. 9c, the apparent activation volume of all samples 
decreases with increasing strain, which is attributed to the increased 

Fig. 8. Progressive stress relaxation curves of (a) Al–Mg, (b) CG0, (c) CG25 and (d) CG50 samples. The loading rate was 5 × 10− 4 s− 1. The insets show the stress 
decay segments with 0.5% and 5% strain. 
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dislocation density and harder dislocation motion [37]. For CG0/25/50 
composites, the apparent activation volumes are generally lower than 
the values of the Al–Mg alloy sample, which should be caused by the 
stronger short-range dislocation interaction due to the addition of CNTs. 
Previous studies have also shown that the activation volumes decreased 
with the increasing CNTs [20]. For Al–Mg alloy and CG0 composite, the 
apparent activation volumes are higher than 100 b3 until the strain of 
5%, and falls in the same range of forest dislocation cutting mechanism 
(100–1000 b3) [38], indicating that their plastic deformation is medi-
ated by dislocation entanglement and forest dislocation cutting 
throughout the whole deformation process. While, for the CG25 com-
posite, its apparent activation volume becomes lower than 100 b3 until 
the strain of 3.5% and ends up as 80 b3 at the strain of 5%, corresponding 
to the grain boundary and interface mediated deformation mechanism 
[36,39]. This means that the CG25 composite fully goes through dislo-
cation entanglement and forest dislocation cutting at the early defor-
mation stage, which could promote intragranular dislocation 
accumulation and improve strain hardening, and at the later deforma-
tion stage, dislocation-grain boundary/interface interactions are acti-
vated to further promote dislocation interaction, when the dislocation 
accumulation is almost saturated. However, for CG50 composite, its 
apparent activation volume quickly goes down under 100 b3 at the strain 
of 1.5%, which means that the ability to accumulate dislocation and 
strain hardening is soon exhausted at the early deformation stage. Thus, 
the sustainable ability to accumulate dislocation and activation of 
multiple deformation mechanisms are the key for CG25 composite to 
improve effective stress and strain hardening ability. 

3.5. Grain structure and strain distribution of CNT/Al–Mg composite 
after tensile test 

EBSD characterization has been conducted on the tensile-tested 
CG0/25/50 CNT/Al–Mg composites, to find out the reason for 
enhanced dislocation interaction and improved strain hardening in CG 
25 composite. 

As shown in Fig. 10, compared with the EBSD results before tensile 
test, the major difference is the appearance of intragranular misorien-
tation in the tested samples, which is caused by the lattice dislocation 
accommodating for plastic strain during the tensile test. The lattice 
distortion is more significant for the coarse grains in CG25 and CG50 
composites, since the softer coarse grains should deform at a lower 
strength and bear more strain than the hard CNT/Al–Mg phases. To 
directly show the strain distribution in the tested samples, Kernel 
average misorientation (KAM) analysis has been conducted and the re-
sults were shown in Fig. 11. With the denoted color shifting from blue to 
red, the KAM values increasing from 0 to 0.9◦, indicating more 
concentrated local strain [40]. For the CG0 composite, the strain mainly 
concentrates on the grains with a relatively larger size, while some re-
gions do not bear any strain, which is the typical micro-strain distribu-
tion for UFG metals [41]. For the CG25 composite in Fig. 11b, the 
coarse-grain bands are generally green indicating full participation of 
coarse grains in the plastic deformation without evident strain locali-
zation. In the meantime, the rest CNT/Al–Mg regions demonstrate 
similar strain distribution with that of CG0 composite. For the CG50 
composite, the strain mainly concentrates in the coarse-band and the 
rest CNT/Al–Mg regions hardly bear any strain, as denoted by the white 
dashed square. 

For better demonstration, image identification on the area fraction of 

Fig. 9. Evolutions of (a) long-range internal stress, (b) effective stress, (c) plastic deformation apparent activation volume of Al–Mg alloy and CG0/25/50 CNT/ 
Al–Mg composites. 
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blue, green and red zones has been conducted, and the results were 
listed in Table 2. Compared with CG0 composite, the CG25 composite 
shows a decreased fraction of blue and red zones and an increased 
fraction of green zone, which indicates that strain distribution is more 
uniform and an increased fraction of the sample takes part in the plastic 
deformation. Such results indicate that the original purpose of designing 
the bimodal structure to avoid strain localization has been achieved to a 
certain degree. However, for the CG50 composite, the decreased fraction 
of blue and green zones and increased fraction of red zones indicate that 
the strain localization is adversely more severe. 

The KAM analysis in Fig. 11 also shows the obvious GNDs accumu-
lation in the coarse grains, which is the key to the improved mechanical 
properties of heterogeneous materials. According to Zhu’s study [42], 
high density of GNDs would be stored at the heterogeneous interface 
between the coarse-grained region and the UFG region during defor-
mation due to their deformation incompatibility, which forms an 
interface affected zone (IAZ) with a depth of several microns at the 
interface. The representative TEM images of fractured CNT/Al–Mg 
composites in Fig. 12 show the presence of IAZ and its high density of 
dislocations. The distribution of IAZ in CG25 and CG50 composites is 
different, the coarse grains in the CG25 sample are basically covered by 
the IAZ, while the coarse grains in the CG50 sample are only partially 
covered. The IAZ could improve the work hardening ability through 
multiple dislocation-mediated mechanisms. First, the heterogeneous 
interface could act as dislocation sources and sinks to facilitate plastic 
deformation [43]. Second, the GNDs pile-up in the IAZ could act as 
forest dislocation to accumulate dislocations [44]. Third, the GNDs 
pile-up will produce long-range back stress to prohibit further disloca-
tion emission from the dislocation source, improving back stress hard-
ening [45]. As shown in Fig. 12 and demonstrated in Fig. 13, due to the 
low coarse grain fraction, a higher fraction of coarse grains could be 
affected by IAZ in CG25 composites compared with that of CG50 

composites. Therefore, the multiple dislocation mechanisms facilitated 
by IAZ could play a major role in CG25 composite, in accordance with 
the above analysis of activation volume, and enable a higher strain 
hardening ability and better mechanical performance. 

Although both CG25 and CG50 composites are of bimodal structure 
design and the same CNT content, only CG25 composite demonstrates 
improved overall mechanical property, better strain hardening ability 
and moderated strain localization. Such distinct property and plastic 
deformation behavior should arise from their differences in bimodal 
structural features. For CG25 composite, the 25 wt% coarse-grain band 
are surrounded and separated by 75 wt% of the UFG CNT/Al–Mg phases. 
The early plastic deformation of the soft coarse-grain band should be 
strongly constrained by the hard CNT/Al–Mg phases, which would 
result in a complex stress state and promote multiple dislocation slip. As 
a result, the dislocation accumulation ability in coarse grains is gradu-
ally released, resulting in accommodated deformation, sustainable high 
strain hardening ability and more uniform micro-strain distribution. In 
such condition, the hard CNT/Al–Mg and soft coarse-grain phases could 
adequately fulfill the role of strengthening and toughening, respectively. 
However, the effect of bimodal grain structure design is closely depen-
dent on the volume fraction of coarse grains. For example, for CG50 
composite, the weight fraction of coarse grains and CNT/Al–Mg phases 
are equally 50 wt%, and each phase is spatially connected, which makes 
the early plastic deformation of soft coarse-grain phase can hardly be 
constrained by the hard CNT/Al–Mg phase. As a result, the dislocation 
accumulation ability of coarse grains is quickly consumed and the plastic 
strain mainly concentrates on the coarse grains. In this case, the hard 
CNT/Al–Mg and soft coarse-grain phases can hardly fulfill the goal of 
strengthening and toughening. 

Fig. 10. EBSD images showing the grain structure of (a) CG0, (b) CG25 and (c) CG50 CNT/Al–Mg composites after tensile test.  
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4. Conclusions 

CNT/Al–Mg composites with bimodal grain structure have been 
prepared through powder assembly. The effect of weight/volume frac-
tion of coarse grains on microstructure evolution, plastic deformation 
behavior and micro-strain distribution were investigated. Major results 
are as follows:  

1) For the bimodal CNT/Al–Mg composites, the elongated coarse-grain 
bands with average grain size over several microns were observed to 

Fig. 11. KAM maps of (a) CG0, (b) CG25 and (c) CG50 CNT/Al–Mg composites after tensile test.  

Table 2 
Area fraction of micro-zones with different level of strain in CNT/Al–Mg 
composites.  

Sample Blue Zone Green Zone Red zone 

CG0 57% 32% 11% 
CG25 51% 38% 10% 
CG50 55% 31% 14%  

Fig. 12. Typical TEM images of fractured (a) CG25 and (b) CG 50 CNT/Al–Mg composites.  
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be embedded in CNT-enriched UFG Al–Mg regions. With coarse- 
grain fraction increasing from 25% to 50%, more coarse-grain 
band can be observed in CG50 sample. 

2) The mechanical tests revealed that, for both CG25 and CG50 sam-
ples, elongation has improved from 4.2 ± 0.2% to 5.2 ± 0.2% and 
5.1 ± 0.1%, while Young’s modulus maintained around 82 GPa. 
However, compared with CG50 sample, the CG25 sample demon-
strated the same yield strength but higher ultimate tensile strength, 
which should be caused by its sustainably higher strain hardening 
rate after yielding and more uniform micro-strain distribution.  

3) The compression stress relaxation test revealed that the enhanced 
strain hardening ability of CG25 sample originated from the 
enhancement of effective stress and activation of multiple 
dislocation-mediated mechanisms during plastic deformation. The 
uniform micro-strain distribution of CG25 sample was attributed to 
the constrained deformation of the soft coarse-grain phase by hard 
CNT-enriched UFG Al–Mg phase. This effect is closely dependent on 
the volume fraction of coarse grains, and the deformation of the 
coarse-grain phase can hardly be constrained by hard UFG CNT/ 
Al–Mg phase due to its high volume fraction and spatial connectivity 
in the CG50 composite. In such case, the plastic strain mainly 
concentrated in the soft coarse-grain phase, and the hard UFG CNT/ 
Al–Mg was not able to play the role of strengthening. 
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