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In this work, 2 vol% carbon nanotubes (CNTs) reinforced aluminum (Al) matrix composites of superior
microstructural homogeneity are successfully synthesized using Bc equal-channel angular extrusion
(ECAP) route. The key step in arriving at high level of homogeneous distribution of CNTs within Al was
preparation of the powder using simultaneous attrition milling and ultra-sonication processes. Micro-
structure as revealed by electron microscopy and absence of Vickers hardness gradients across the
material demonstrate that the material reached the homogeneous state in terms of CNT distribution,
porosity distribution, and grain structure after eight ECAP passes. To facilitate comparison of micro-
structure and hardness, samples of Al were processed under the same ECAP conditions. Significantly, the
composite containing only 2 vol% exhibits 20% increase in hardness relative to the Al samples.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanotube (CNT) reinforced metallic matrix composites
are being increasingly explored to enhance various properties of
the matrix materials such as strength [1–4], conductivity [5], cor-
rosion resistance [6,7], and magnetic properties [8–10]. Critical to
the realization of such materials with improved properties is the
development of fabrication techniques providing a homogeneous
dispersion of nanotubes in the metallic matrix. As a result of
fabrication, these materials are usually nanostructured in terms of
not only CNTs distribution but also in terms of grain size dis-
tribution, which provides another strengthening mechanism ori-
ginating from large content of grain boundary area defects and
dislocation substructures [11–14]. To date, a number of nano-ma-
terials have been synthesized to exit in the form of atomic clusters
or nano-particles [15–17], nano-crystallines [18–20], nano-rods
[21–23], nano-tubes [24,25], and nano-layers [26–28]. These nano-
materials are used as a constituent in creating nano-composites.
By definition, nano-composites consist of two or more compo-
nents, where one or more of the constituents have less than
100 nm in a length scale. Structurally, particles and reinforcing
fibers or layers are enhancing the strength in the matrix of the
ahedi).
composite. Most generally, nano-composites can be classified
based on the matrix material as: the polymer matrix nano-com-
posites [29,30], nano-composites with ceramic matrix [31,32], and
metal matrix nano-composites [3,33]. This study is focused on the
metal matrix nano-composite (MMNC). MMNCs have wide appli-
cations in the automotive and aerospace industries due to the
lightweight, high strength, and stiffness. Applications include:
automotive like disk brakes [34–37], cutting tools such as tungsten
carbide cutting tools [38,39], and aerospace like monofilament
silicon carbide fibers in a titanium matrix for jet's landing gear
[40–42].

CNT as one of the carbon allotropy has unique properties
arising from their symmetric crystal structure. Mechanical prop-
erties of CNTs are far beyond the mechanical properties of any
matrix material rising an exciting opportunity of using them as a
reinforcing material within a given matrix material. Single-walled
CNTs possess theoretical Young's modulus of approximately 5 TPa.
The average Young's modulus of multi-walled CNTs is reported to
be around 1.8 TPa and its flexural strength is 14.2 GPa [43,44]. Not
only mechanical properties but also light weight, high length to
diameter ratio, excellent electrical and thermal properties make
CNTs be well-suited to be used as reinforcements in a number of
materials.

Compared to the other reinforcements like SiC, B4C, and Al2O3,
CNTs have not been widely used in the metal-reinforced nano-
composites mainly due to difficulties in achieving dispersion of the
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CNTs in the metallic matrix. Additionally, interfacial chemical re-
action of CNTs with a metal within the composite is usually weak
even at high temperature and pressure, which typically reduces
the efficiency of the CNTs reinforcements in nano-composites
[24,25,45,46]. To overcome this issue, researchers have explored
several advanced methods to enhance dispersion of CNTs within a
metal matrix. For example, Noguchi et al. [47] utilized a nano-scale
dispersion method in Al-CNT composites by setting up an elasto-
mer precursor, Cha et al. [48] took an action into a molecular level
in the copper matrix composites by means of a salt containing Cu
ions, and Hu et al. [49] suggested an in-situ reduction approach in
Au-CNT composites.

Enhanced mechanical and functional properties have been
achieved using CNTs reinforced metallic matrix composites syn-
thesized with variable content of CNTs. For example, substantial
improvements in fracture toughness, wear resistance, and hard-
ness were obtained with 10–15 vol% CNTs in Cu-CNT composites
fabricated by hot pressing sintering [50]. A 70% increase in micro-
hardness was reported in Al6061-CNT composites made by plasma
spray forming when 10 wt% CNTs was added to Al matrix [51]
while a 65% decrease in coefficient of thermal expansion (CTE) was
found when 15 vol% CNTs were added to the nano-Al matrix [52].
An addition of 4 vol% CNTs [53] was observed to yield more grain
refinement than non-reinforced copper via high pressure torsion
(HPT) process as well as a 1 vol% CNTs to the copper matrix to
achieve full density after 8 passes of equal channel angular
pressing (ECAP) [54]. It has also been observed that at higher CNT
(more than 5 vol%) [55], loading properties such as yield and
tensile strengths tend to degrade. This is due to the inability of
most of the processes to homogeneously distribute CNTs or to
obtain dense components at high CNT content as well as improper
bonding could lead to inefficient load transfer to the CNTs. Optimal
content of CNTs in metal matrix composites enhancing the me-
chanical properties was reviewed in [55–57] and it was found to be
the most effective when the content is 2 vol%.

Conventional deformation processes such as rolling and ex-
trusion have been utilized extensively in the consolidation of the
powders [33,58]. It was found that improving the consolidation
and homogeneity requires very high strains (44), especially for
composites containing fine particles. The processes of severe
plastic deformation (SPD) have attracted much attention due to
their ability to impart large plastic strains and thus substantially
improve the homogeneity of particle distribution. While SPD
processes such as equal channel angular pressing (ECAP) [54,59],
accumulative roll bonding (ARB) [60–62], and high-pressure tor-
sion (HPT) [53,63,64] have been extensively utilized for improving
the consolidation process and distribution of the particles, several
other innovative methods such as torsion extrusion (TE) [65],
forward extrusion follows by equal channel angular pressing
(ECAP-FE) [66], ECAP with back pressure [67,68], and high pres-
sure double torsion (HPDT) [69,70] have even been more effective.
In particular, HPDT was found to enhance distribution of SiC in a
Cu matrix [69] as well as to improve crystallographic texture
homogeneity [71]. Among these bulk SPD processes enhancing
particle distribution and ensure consolidation, ECAP is the most
attractive one due to its simplicity and ability to impair the most
homogeneous strain distribution of all.

In general, ECAP process has two channels with the same cross-
sectional area. Samples are usually circular or square according to
the dimensions of the channels. After applying the appropriate
lubricants, the sample is placed in the inlet channel and extruded
through the outlet channel using a punch under pressure. The
deformation mode in the ECAP process is a simple shear.

In this paper, Al-CNT composites are fabricated using multi-
pass ECAP processing method. The content of CNTs was 2 vol%,
which was added into pure Al matrix. To disperse the CNTs in the
matrix, we utilized a combination of attrition milling and ultra-
sonic waves. The material was characterized in terms of micro-
structure and mechanical properties. To this end, we performed
density measurements using Archimedes method, grain structure
characterization using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) characterization, and
Vickers hardness tests. The microstructural examinations show
that ECAP can synthesize the composites with high degree of
microstructural homogeneity. We find that CNTs are effective in
improving grain boundary properties by linking the grains via the
grain boundaries. This is due to their large aspect ratio. The
hardness tests reveal the significant role of CNTs on enhancing the
mechanical properties. To facilitate the comparison of enhance-
ment in terms of hardness, Al samples are also processed in the
same way. Smaller grain size was obtained in the Al matrix after
the addition of CNTs into the composite. We rationalize that this is
due to increased dislocation activity over shorter mean free path
than in pure Al without CNTs leading to enhanced grain frag-
mentation and potentially reduced amount of grain growth hin-
dered by CNT links.
2. Materials and experimental procedures

In this work, the Al- 2 vol% CNT composite samples were suc-
cessfully fabricated using ECAP. Fig. 1 shows steps involved in the
process of making Al-CNT composites. Microstructure and me-
chanical properties of the material are studied and critically
compared with the Al samples in the same condition.

2.1. Starting materials

Commercially pure aluminum powders with average particle
size of 30 mm and multi-walled carbon nanotubes (CNTs) with a
diameter of 10–30 nm and a length of 5–15 mm are used as the
starting materials. CNTs are produced with catalytic chemical va-
por deposition (CCVD) method which revealed 95% purity and
density of 1 g cm�3. To investigate the chemical composition of Al
powders as well as CNTs, the spectroscopy method is utilized. The
results are shown in Table 1. In order to remove catalytic im-
purities from the CNT powders, which mainly consist of nickel and
cobalt, an acidic treatment was performed. The acidic treatment
consists of treating the CNTs in a solution of nitric acid of 68%
purity for 12 h which is following by washing the CNTs with dis-
tilled water for several times to reach pH equals to 7. The SEM
images of CNTs after acidic treatment and initial morphology of Al
powders are shown in Fig. 2a and b, respectively. The large dia-
meter to length aspect ratio of CNTs ensures a high magnitude of
surface energy between the branches of CNTs [72]. As a result,
there are many agglomerations in the starting material. In order to
reduce these undesirable agglomerations, we have explored sev-
eral methods including treating the CNTs in an acetone solution
and/or imposing the ultrasonic waves as described in the next
section. We selected acetone because it evaporates quickly, which
essential for shortening the time involved in attrition is milling.
The short time for attrition milling is important for not existing the
flow properties of the material. Additionally, acetone introduces
no contamination in the mixture after evaporation.

2.2. Mixing starting materials

To assure initial dispersion of CNT particles within the Al ma-
trix, several procedures were explored. The procedures consist of
attrition milling process and ultrasonication (see Fig. 1). In the
attrition milling, the ball to powder ratio (BPR) was approximately
15 and the milling speed was 500 rpm. The milling and ultrasonic
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Fig. 1. Schematic showing the steps involved in the process of making Al-CNT composites.

Table 1
Chemical composition of Al and CNT powders.

Aluminum powders

Element Al Fe Si Cu
Content (% wt) 99.6 0.24 0.11 0.05
Carbon nano tube powders
Element C O Co Mo
Content (% wt) 96.13 3.58 0.09 0.2
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time periods were varied to reach the semi-solid paste of the
mixture. A vacuum pump was attached to the attrition mill
chamber and used to accelerate the evaporation of the acetone
from the vessel. Finally, the mixture was heated at low tempera-
ture (50 °C) to evaporate acetone from it.

Specifically, we investigated 4 procedures for obtaining desir-
able dispersion of the CNT particles:

) We started by attrition milling the acid treated CNTs and Al
powders in 400 mL acetone for 2 h. Fig. 3 shows the outcome
mixed material where the CNTs can be observed to agglomera-
tions in the mixture.

) In our next trial, we extended the milling time to 4 h. The SEM
images in Fig. 4 show improvements in terms of reduced
amount of CNT agglomerations on the surface of Al powders,
which is due to a large amount of strain imposed onto the
ductile matrix during the milling process [73]. However, the
main issue is that Al powers became severely plastically
deformed with flakes, which would limit subsequent proces-
sing. It became evidently that the attrition milling by itself
cannot produce the desired CNT dispersion and the paste for
further processing [45].

) In our next attempt, we introduced ultrasonic waves. Here, the
CNTs underwent ultrasonic waves for 30 min in 400 mL acetone
solution. The resultant CNTs solution was then poured into the
attrition mill chamber and mixed with Al powders. The mixture
was milled while being exposed to ultrasonic waves for 1 h.
Subsequently, the mixed powder was milled without under-
going ultrasonic waves until reaching a semi-solid paste (ap-
proximately for additional 30 min). Fig. 5 shows that the
dispersion has improvements compared to the earlier proce-
dures. However, agglomerated CNTs on the Al powders surfaces
can still be found.

) The final procedure consisted of ultrasonic wave treatment
during the entire attrition milling process. The SEM micro-
graphs shown in Fig. 6 are subset of many that we observed. Our
conclusions are based on the evaluation of many images. Fig. 6
shows the distribution of the CNTs after mixing process, which



Fig. 2. SEM micrographs of starting (a) CNTs after acidic treatment and (b) Al powder.
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is not the final step in creating the material. This procedure was
found to work well for preparing the starting materials before
the ECAP consolidation. The severe plastic deformation method,
ECAP, consolidates the sample while further improving the
distribution by imparting large plastic strains.
2.3. Processing of Al and synthesis of Al-CNT composites using ECAP

The prepared mixture was consolidated using the equal chan-
nel angular pressing (ECAP) process of severe plastic deformation
(SPD). The ECAP die had 20 mm channel diameter with the geo-
metrical angles of ϕ¼120° and ψ¼20° where ϕ is channel angle
and ψ is outer corner angle. Because the route BC (see Fig. 1) is
known to impart better strain homogeneity then other ECAP routs
and is more effective on the grain refinement [74–77], this route
was selected for the present study. The punch speed was
0.8 mm s�1. The effective strain after each pass with the above
summarized die geometrical is estimated to be 0.67 using

( )ε ̅ = φcot2
3 2

[78–80]. Schematic showing the locations of micro-

structural characterization on the sample cross-sectional areas is
shown in Fig. 7.
Fig. 3. SEM images showing mixed material after attrition milling for 2 h at (a) 16k and (
surface.
2.4. Microstructural characterization

The distribution of the CNTs in the Al matrix before and after
ECAP process as well as the grain shape and size and the porosity
were evaluated in a PHILIPS XL30 scanning electron microscopy
(SEM). For SEM, the samples were mechanically prepared using
grinding and polishing procedures. A series of SiC papers ranging
from 120 to 4000 grit were used to grind the samples. After
grinding, the samples were polished on a cloth using steps of 3–
1 mm diamond paste. The investigated surfaces were perpendi-
cular to the exit channel axis as depicted in Fig. 7.

Transmission electron microscopy (TEM) characterization was
performed in FEI/ PHILIPS EM208S operated at 100 kV. Using TEM,
we determined the grain size and further studied CNTs distribu-
tion. The samples were prepared by a conventional mechanical
method which is using 120–4000 grit SiC papers followed by ion
milling.

Density was measured by Archimedes method. Following the
ASTM C20.00, the samples were kept suspended in distilled water
at 100 °C in for 2 h. To obtain the density of each sample, three
mass values are required per protocol: the mass in the dry state
(md), the mass in water when the sample is suspended (mSu), and
the mass of the sample when it is saturated with water (mSa). The
density can then be calculated using: ρ= −

m
m m

d

Sa Su
.

b) 4k magnifications. The agglomerations of CNTs can be observed on the Al powder



Fig. 4. SEM micrographs showing the mixed material after 4 h of attrition milling at (a) 4k and (b) 1.5k magnifications. CNTs appear to be within the Al particles and flakes.
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2.5. Hardness testing

To evaluate the mechanical properties of СNT composite
samples, Vickers hardness tests were carried out on the samples
processed using ECAP at a different number of passes. The Vickers
hardness test was also performed to evaluate the homogeneity of
the structure in terms of mechanical properties. The force and
loading rate were 100 g and 2 g s�1, respectively while the dwell
time was 15 s

2.6. Finite element simulations of ECAP

To better understand the distribution of strain in the ECAPed
samples, we performed a 3D finite element analysis using ABA-
QUS/Explicit of the ECAP process [81]. The geometrical dimensions
and mechanical properties of the specimens were the same as
those used in the experiments. The mechanical properties of the
raw material were based on the compression tests carried out on
the AA1050 samples. The height to diameter ratio of the samples
was 1.5 and tests were performed at constant crosshead speed of
0.2 mm s�1. The following flow stress–strain relationship fitted
well the data: s¼106ɛ0.345 (MPa). This relationship was used in
the FEA program for estimating the strain fields over the sample
Fig. 5. SEM micrographs showing dispersion of CNTs within Al powder after 30 min of u
of attrition milling at (a) 4k and (b) 500 magnifications. Agglomerations can be observe
after one ECAP pass. To this end, 8-node linear brick elements
(C3D8) and 4-node 3D bilinear rigid quadrilateral elements (R3D4)
were used to mesh the billet and the rigid parts, respectively [81].
Similar simulation setup was used in an earlier study [82]. The
predicted strain fields were cross-correlated with the hardness
values as will be discussed later in the paper.
3. Results and discussion

3.1. Pore distribution

Material samples synthesized using powder metallurgy typi-
cally contain pores in the microstructure, which is a significant
issue [65,67,69,74,83,84]. In this study, the pore structures of Al
and Al-CNT composite samples were investigated in the material
as a function of ECAP passes and the geometric location in the
sample (Figs. 8 and 9). As it can be seen, in both instances the
pores increase from the surface to the center. The reason for this
can be attributed to the strain level, which varied due to the
friction between the ECAP channel wall and the sample. The
presence of the friction causes non uniform strain distribution
unlike the theoretical equation is predicting. As will be shown in
ltrasonic treatment, 60 min of attrition milling under ultrasonic waves, and 30 min
d.



Fig. 6. SEM micrographs showing improved dispersion of CNTs in Al matrix after
simultaneous ultrasonic wave and attrition milling action for 120 min at (a) 4k,
(b) 16k, and (c) 32k magnifications.

Fig. 7. Designations of investigated locations on the ECAPed sample.
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the FEA simulation results, moving towards the center of the
sample, the effect friction diminishes. As a result, more pores can
be expected at the center location. The composite samples exhibit
more pores than the pure Al samples. The densification of the
composite system is suppressed by the presence of an excluded
volume around the hard powder particles. The soft particles (the
Al powder in this study) must undergo additional deformation in
order to fill this volume. Geometrically, the imparted load cannot
be totally transmitted to the CNTs that supports a portion of the
load. Agglomerates of pores were found in many places after the
early passes, with subsequent pore collapse and homogenization
with the increasing number of ECAP passes. This is due to a
combined effect of (i) hydrostatic pressure inside the entry
channel and (ii) shear deformation between the entry and exit
channels. With the matrix plastically deforming the residual por-
osities is reducing (filling the excess volumes around the CNTs)
and the density eventually reaches near to the theoretical density.
In addition, the clusters of CNTs are being broken and thus less
agglomerated particles remain in the microstructure, which can
pin the grain boundary motion contributing to the overall
strengthening of the composite [54,85,86].

Achieving the fully dense microstructure is challenging. One
would likely need perform many more ECAP passes while in-
troducing a modification of having back pressure at the exiting
channel [67] and even consider conducting the consolidation
process at a higher temperature.

To quantify the effect of the number of passes on the pore
evolution, density measurements were performed. Fig. 10 shows
the relative density (RD) graph based on the number of passes for
both Al and Al-CNT samples. The RD for composite sample is less
than the Al sample at the same number of passes which is con-
sistent with the microstructural observations in Figs. 8 and 9. By
increasing the number of passes, the RD increase which is due to
higher values of strain imposed to the sample. This can be justified
with consolidation mechanisms under large deformations. These
mechanisms include changing the shape of the powders due to the
plastic deformation following by breaking the surface ridges of the
powder surface and penetrating into the pores spaces which
eventually results in changing the shape of the pores due to the
plastic deformation [87]. The effect is larger in the Al-CNT com-
posites. The reason that the density of the Al-CNT samples is lower
than the theoretical one can be due to the incoherency of CNT
particles with the Al matrix which is associated with the pores
around the CNT particles. These factors reduce ability of the ma-
terial to flow plastically [88].



Fig. 8. SEM micrographs showing pore evolutions as a function of location in Al and Al-CNT samples after 4 passes of ECAP.
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3.2. CNTs and grain structure as revealed in SEM and TEM

To observe the CNTs in Al matrix, after the fourth and eighth
pass in the ECAP process the samples were treated for 30 s in
Fig. 9. SEM micrographs showing pores evolution as a function of number o
Nitric acid solution (68%), the treatment which corroded the pri-
mary particle boundaries (PPBs) but not the grain boundaries in-
side powder particles. The CNTs were revealed using this treat-
ment since Nitric acid has no effect on them. The treatment was
f passes (equivalent of different strain levels) in Al and Al-CNT samples.



Fig. 10. Evolution of density as a function of number of passes in Al and Al-CNT
composite samples.

Fig. 12. Bright field TEM image of pure Al sample after 8 pass of the ECAP.
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more effective with the increasing amount of strain present in the
material [84]. The results can be seen in Fig. 11. The CNTs seem to
create a network bridging the particles and grain boundaries. This
is indeed believed to be one the most important factor in enhan-
cing mechanical properties using CNTs. For example, the effect of
CNT on fracture has been studied in [12,86,89,90]. The CNTs net-
work over grain boundaries was found to be the main toughening
mechanism suppressing crack nucleation and growth. As the de-
formation continues, the matrix plasticity exhausts and cracks
start propagating in the matrix which the cracks finally confront
the CNTs. As a consequence, the CNTs fracture starts.

Fig. 12 shows the bright field image of the sample after eighth
pass of the ECAP process. As the selected area diffraction (SAD)
shows, there is a presence of large grain size relative to the elec-
tron beam diameter which indicates a uniform grain size dis-
tribution [75]. Fig. 12 also shows that grains are equiaxed. This
demonstrates the suitability of the Bc route to achieve a very high
strains resulting in substantial grain refinement [91]. Occurrence
of sub-grains in the structure with high angle inside the original
grain demonstrates that primarily the grain refinement in the
structure follows the theory of dislocation cell walls leading to the
creation of new grain boundaries out of the dislocation cell walls
[92]. These grains oriented close to the original parent grains and
they can always be found as a group like the one at the bottom of
Fig. 12. A fine grain size of about 1 mm was achieved. Further grain
Fig. 11. (a) SEM micrograph showing corroded grain boundaries by application of the nit
particle boundary and CNT links in Al-CNT composite after 4 passes of ECAP.
refinement in pure Al is known to be hindered by occurrence of
grain growth [93,94]. However, the issue of grain growth can be
relaxed by creating a composite of Al and CNTs, as done in the
present work. CNTs are believed to create pile ups of large dis-
location density that facilitate more grain refinement than in pure
Al.

TEM micrographs of the composite samples are shown in
Fig. 13a and b. The CNTs seem to be embedded in the grain
boundaries and grain boundaries junctions of the Al matrix in
Fig. 13a. At the early passes of ECAP, there are many agglomerates
at the high energy sites of the composites which are mostly PPBs
(see Fig. 13a). The particle clusters are deformed together with the
matrix. They are elongated in the direction of the shear zone in
ECAP after the first pass [67,68]. As the route BC rotating the
sample after each pass 90° around the sample axis, this orientation
of the particles are randomized in the microstructure after a cer-
tain amount of passes (see Fig. 13b). Therefore, a final micro-
structure is very often characterized by the presence of “particle-
rich bands” which still degrades the formability of the composites
[63,69]. In the case of ECAP, however, there is no deformation of
the dense particle clusters, as their aspect ratio distribution does
not change even after very high strains. The particles are de-
bonded from the surface of dense particle clusters and move into
the particle-free matrix (cluster erosion). Thus, no particle-rich
bands appear in the microstructure after 8 passes of ECAP and a
very homogeneous particle distribution is observed as shown in
Fig. 13b. Such behavior can be explained by the presence of very
high hydrostatic stresses. As was shown in [95,96], these high
ric acid solution over the composite after 4 passes of ECAP, (b) TEM image showing



Fig. 13. (a) TEM image showing agglomerates of CNTs within the Al matrix after 2 pass of ECAP. CNTs appear to fill the high energy spots i.e. grain boundaries (GBs) and GBs
junctions. (b) TEM image showing the distribution of CNTs on the Al matrix surface after 8 pass of ECAP. Arrows are pointing to CNTs.

Fig. 14. Vickers hardness from edge to the center for samples of pure Al and Al-CNT
composite after 4 pass of ECAP.
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hydrostatic stresses in the entry channel suppress any plastic flow
in highly concentrated particle clusters, even at very high levels of
plastic strain. In other words, each dense CNT particle cluster be-
haves like a single hard particle that is “eroded” by the matrix
during ECAP. However, we observed regions of agglomerates
which are resulting from the locations close the ECAP die wall that
have more friction and induce higher values of strain.

3.3. Hardness of Al and Al-CNT composites processed by ECAP

Three strengthening mechanisms have been reported to govern
enhanced mechanical properties of Al-CNT composites: load
transfer, generation of dislocations by thermal mismatch, and
stored dislocations resulting from severe plastic deformation [11–
14,16]. The strengthening via load transfer mechanism is due to
volume fraction and aspect ratio of particles in a metal matrix
composite. The thermal mismatch mechanism is significant at
high temperatures processing which increases the initial disloca-
tion density. Increase in stored dislocations is generated by the
plastic deformation during making the material by ECAP. As ECAP
was performed at room temperature, the thermal mismatch me-
chanism is not expected to be significant. Finally, due to the
comparably good stability of CNTs in the solid-state Al matrix at
the present consolidating process, the solution strengthening and
the resultant precipitation strengthening can be neglected in Al-
CNT composites. Therefore the dominant mechanisms for
strengthening are stored dislocations and large content of grain
boundaries resulting from grain refinement.

During plastic deformation, initially existing dislocations gen-
erate new dislocation by mutual interference, thus increasing the
dislocation density. This phenomenon leads to an increase in the
strength, namely due to strain-hardening, which is directly pro-
portional to density of dislocations [97]. It was mentioned pre-
viously that the CNTs have high hardness and elastic modulus and
do not deform plasticity. Therefore the stored dislocations are in
the Al matrix. The dispersed CNTs inhibit propagation of disloca-
tions [11,98], thus improving the strength of the composite, which
can be explained using the Orowan looping system and reduced
mean-free-part of dislocations. The decreases in grain size and
inter-particle spacing due to grain refinement increases content of
grain boundaries which is again a strain hardening mechanism for
the composite. Grain refinement also decreases dislocation mean
free paths leading to more strengthening. In addition, Al is a high
stacking fault energy (SFE) material which after a certain amount
of straining the hardening will be saturated and further straining
does not increase the strength due to dynamic recrystallization
(DRX) which is occurring by the nucleation and growth mechan-
isms of grains with high angle grain boundaries (HAGBs) [99–101].
Introducing CNTs postpones the recrystallization and promises
higher strength to be obtained.

Vickers hardness distributions of pure Al and Al-CNT samples
from edge to the center of the samples produced by ECAP after
fourth pass are shown in Fig. 14. As it can be seen, at the edge of
the samples in both samples the hardness value is maximum
while moving to the center showing a decreasing trend in hard-
ness value. This can be explained by the presence of pores in the
microstructure and the strain gradient in the ECAPed sample from
the die wall to the center.

Moving from the center toward the edge of the samples the
pores in the samples will be diminished and this causes in the
observed hardness distribution trend. As hardness is well con-
sidered to be the resistance of the material's surface against pe-
netration, the presence of pores on the surface reduced the surface
plasticity and eventually decreased the hardness.

The hardness distribution can also be explained by the trend in
the plastic strain accumulated in the material. The hardness and
strain values have direct relationship [71,82,83,88,102–104]. To
verify the strain trend, the finite element analysis results were
shown in Fig. 15: perpendicular and parallel to the axis of the exit
channel. As indicated in the figure, the strain is the lowest in the
vicinity of the die away from the bottom wall. The strain reaches



Fig. 15. Predicted equivalent plastic strain contours perpendicular and parallel to
the axis of the exit channel after one ECAP pass.

Fig. 17. Average Vickers hardness values of pure Al and Al-CNT composite samples
produced by ECAP after 1, 2, 4, and 8 passes.
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its maximum in the vicinity of the walls at the top. The reason for
such strain distribution is existence of the dead zone at the bottom
of the die where two channels are intersecting. In this area, the
material would not move and the rest of the materials will flow on
top of this area which results in increasing the outer corner angle
(ψ) [105]. Increasing in ψ will lead to less strain as can be inferred
from the following equation ( )ε ̅ = φcot2

3 2
or its extended version

( ) ( )
ε ̅ =

+ + Ψ +φ φΨ Ψ2cot csc

3
2 2 2 2 [79], where ϕ is channel angle and ψ is

outer corner angle.
The pure Al and Al-CNT composite samples hardness distribu-

tion after eight pass of ECAP is shown in Fig. 16. The hardness
values of the material after receiving large amount of strain (eight
passes) is showing more homogeneity than the one obtained in
Fig. 14 after 4 pass. The homogenization of hardness after large
amount of strain can be explained by saturation in strain hard-
ening and structural changes. Additionally, recovery mechanism
will be activated earlier in high strain regions, which helps bal-
ancing completion between refinement and recovery leading to
more uniform structure after suffering high strain levels [68,106].
The dynamic recovery operations by dislocation climb and cross
slip. Since dislocation climb mechanism is a diffusional process
which require high temperatures, this mechanism is not expected
to dominate because the consolidation process in this work was
performed at room temperature. The cross slip mechanism occurs
by the screw dislocations and is highly dependent on the SFE value
of a material. The greater the amount of the SFE the easier is the
cross slip [107]. Al is a high SFE material meaning that the cross
Fig. 16. Vickers hardness from edge to the center of pure Al and Al-CNT composite
samples after 8 pass of ECAP.
slip mechanism should be dominant.
The average amount of the hardness values for Al and Al-CNT

composite samples in different passes is shown in Fig. 17. As
shown in the diagram, the hardness values of composite samples
are greater than those of pure Al. The reason is due to the presence
of hard reinforcements, CNTs, influencing dislocation glide and
grain refinement as explained above [25]. It should be noted that
the amount of reinforcing material added is low (i.e. 2 vol%) but
due to the enormous number of nanometer-scale CNTs reducing
the slip distances as well as the particle distances the effect on
hardness in substantial. As a result, the rate of work hardening is
higher than in pure Al, which enhances the hardness values in the
composite samples.

Porosity present in the samples reduces with strain. Fig. 17
shows an increase in hardness value as the number of ECAP passes
increases. It is understood that after the first pass in the ECAP, a
significant increase in the hardness of Al and Al-CNT composite
samples occurred while by increasing the number of passes, the
rate of increase has dropped in both samples. This may be due to
the fact that after the initial passes (like 1 or 2), the major dis-
placements that are imposed to the matrix (the strain by plastic
deformation) are utilized for shrinking the pores size which leads
to a fast increase in density (consolidation) after early passes of
SPD process while with the progress of the ECAP process, the grain
refinement mechanisms and microstructural development take
into place to be significant but less effect than the porosity col-
lapse on the hardness values. This leads to lower increasing rate of
hardness value after a certain number of passes [108].

3.4. Compression test of Al and Al-CNT composites processed by ECAP

Fig. 18 shows results of the compression tests performed on the
consolidated powder samples. To facilitate further comparison, we
show the flow stress of the pure bulk Al manufactured using
8 ECAP passes [109]. Evidently, the ingot material shows more
work hardening and a higher ultimate stress than the consolidated
pure Al from powder. This can be attributed to the fact that the
consolidated samples contain a certain level of porosity that
weakens the matrix. Most of the plastic deformation imposed on
the sample collapse the porosities, and as a result, a lesser amount
of plastic strain goes into the powder samples than in the bulk
material samples for a given number of passes. Therefore, the bulk
material is expected to have a finer grain structure resulting in a
higher flow stress.



Fig. 18. Engineering stress-strain curves of pure Al, Al-CNT composite, and pure
ingot Al [109] samples produced by ECAP after 8 passes.
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In Fig. 18, an increase in the strength and elastic modulus of the
composite samples can be observed. This is due to the CNT re-
inforcement content and the underlining strengthening mechan-
isms. Introducing the CNT interfaces between the CNTs and the
matrix produces more dislocations in the composite sample, as
CNTs act as obstacles to the motion of mobile dislocations. The
created pile-ups lead to an increase in the work hardening, which
results in the overall increase in the strength of the composites.
Moreover, the CNT-reinforced composites have finer grain size that
pure Al processed using the same number of ECAP passes [110–
112]. The hardening mechanisms overcome the effect of the larger
content of porosities in the CNT-reinforced composite than in the
pure Al samples.
4. Conclusion

Metal-matrix composites consisted of 2 vol% CNTs and Al were
successfully synthesized using Bc route of equal-channel angular
extrusion (ECAP) to a high level of microstructural homogeneity.
To facilitate comparison of microstructure and hardness, samples
of Al were processed under the same ECAP conditions. The com-
posite material was found to exhibits 20% increase in hardness
relative to the Al samples. The results demonstrate that as small
volume of CNTs as 2% can have significant effects on hardness
when a high degree of homogeneity in their distribution is
achieved. The key step in arriving at high level of homogeneous
distribution of CNTs within Al was preparation of the powder
using simultaneous attrition milling and ultra-sonication pro-
cesses. Microstructural examinations by SEM and TEM showed
that the material reached the high degree of homogeneous state in
terms of CNT distribution, porosity distribution, and grain struc-
ture after eight ECAP passes. Additionally, Vickers hardness mea-
surements demonstrated absence of hardness gradients across the
material confirming the high degree of microstructural homo-
geneity. Good dispersion of CNTs in the matrix is essential for
hardness since CNTs act as obstacles to glide of mobile disloca-
tions, which ultimately lead to more grain refinement. These two
mechanisms are responsible for higher hardness values of the
composite than pure Al.
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