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Abstract: An aluminum matrix composite with dispersed carbon nanotubes (CNTs) was produced
via flake powder metallurgy using a micro-rolling process and vacuum hot pressing (VHP), followed
by conventional rolling using a macro-rolling process. The microstructure and mechanical properties
of the produced composites were studied. In addition, a new quantitative model was introduced to
study the dislocation density based on the microstructural parameters. The results revealed that the
distribution characteristics of the CNTs in the Al matrix and the Al-CNT interfaces were the two main
governing parameters of dislocation density. Moreover, the dependence of dislocation density on the
geometry of the grains and crystallographic texture was shown in this model. The microstructural
evolution revealed that a lamellar grain structure had been achieved, with a high capacity for the
storage of dislocation. A uniform distribution of CNTs with high bonding quality was also seen in
the final microstructure.

Keywords: powder metallurgy; rolling; Al matrix composite; CNT; Dislocation density

1. Introduction

To date, it has been a long-standing goal of materials scientists to fabricate aluminum
matrix composites (AMCs) combining high strength and high ductility, but the properties
of strength and ductility are mutually exclusive in most materials [1–3]. AMCs usually
exhibit high strength, but their ductility and work hardening are limited, since dislocation
activities are suppressed by the tiny grains. The strengthening and the loss of ductility
in carbon nanotube (CNT)/Al composites are mainly caused by the grain refinement of
the Al matrix resulting from the dispersion of CNTs and low dislocation storage capacity,
respectively [4–8].

As an effective way of improving material properties, especially mechanical strength
and ductility, severe plastic deformation techniques have been proposed [6,9–12]. Pow-
der metallurgy (PM) by means of low-speed ball milling (LSBM) has been reported as
a beneficial approach for preparing CNT/Al with CNT dispersion with a high level of
uniformity by means of changing the spherical ductile metal powders into flake-shaped
building blocks (the flake PM approach) [5,6,13–15]. During the cold-welding stage, the
flaky powders are cold-welded into a lamellar structure, and the CNTs are introduced
into the ductile powders. From a technical point of view, this powder processing can be
referred to as micro-rolling, for the reasons given in our previous papers [13,16]. There is
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an increasing trend of utilizing the combined processes of ball milling powders followed by
secondary plastic deformation [17–20], resulting in improved dispersion, a high level of the
CNTs alignment, small degree of structural damage, and strong interfacial bonding. Chen
et al. [19,21] studied the effect of performing post-sintering processing via hot extrusion on
the strength of the bonding between Al powder particles and the dispersion uniformity of
the CNTs in the Al matrix. The simultaneous improvement of Al–Al grains and CNT–Al
interfacial bonding by hot extrusion made it possible to avoid the traditional trade-off
between strength and ductility. Therefore, a smart and practical technique for achieving
PM via a micro-/macro-rolling (MMR) process was performed here in order to perform
a quantitative investigation of the dislocation density capability of CNT reinforcing Al
bulk composite with an ultrafine-grained (UFGed) microstructure. In fact, PM technology,
especially flake PM, is regarded as being a high-efficiency method of mass production, and
is able to disperse reinforcement additives homogeneously in the Al matrix and balance the
strength and ductility of the composites. In addition, by considering a number of innovative
flake PM technologies, such as macro-/micro-rolling [13,16], shift ball milling speed [5,14],
etc. [4,17,20,21], other advantages of FPM such as the development of approaches that are
feasible and cost-effective, are attainable.

Dislocations, as the first and most important structural component, are the result
of unprecedented differences in the mechanical properties of metal matrix composites
(MMCs), especially AMCs. These differences can be attributed to: (1) differences in the
dislocation storage capabilities of the microstructural components; and (2) additional strain
hardening capacity. Hence, there is an urgent need to obtain an in-depth understanding of
the evolution of dislocation density during the fabrication process. Such an understanding
could be effective in developing the knowledge needed to overcome the trade-off between
strength and ductility and to tailor high-performance AMCs. At the nano and meso
levels, the plastic deformation of metals occurs as a result of the formation, movement,
and storage of dislocations [22,23]. When a material undergoes plastic deformation, the
structure can change at the meso, micro and nano levels, especially when subjected to
extremely large plastic deformations [5,13,15,24]. The stored dislocations are distributed
into fairly regular microstructures with characteristics that depend on the process and
material parameters. As a matter of fact, all of these changes are possible as a result of
the formation and evolution of structural defects, especially dislocations. Therefore, it is
vital to quantitatively determine the dislocation density distributions and evolutions as
functions of induced strains. Relevant research [22,25,26] has been performed, focusing on
the numerous constituents undergoing strain during macro processing, and so far, only a
few studies have been performed focusing on the evolution of dislocation density during
powder processing [5,27–29].

Along this line of research, the present study uses a CNT/Al composite as a case
study to quantify the dislocation density resulting from the accumulation of intense strain
imposed during the MMR process. As a matter of fact, we aim at obtaining a precise
understanding of the correlation between dislocation density and microstructure and
mechanical properties. From this point of view, the quantitative exploration of dislocation
density during a combination of powder-processing and powder-bulk-processing is the
first aim of this paper. In addition, the correlation between microstructural components
and dislocation density will then be discussed in light of the experimental results.

2. Materials and Methods

The as-atomized Al powders with an average diameter of ∼17 µm (d90 = 17 µm), in
addition to 1 and 1.5 wt% of CNT (~1–2 µm in length and ~15 nm outer diameter, aspect
ratio ~130) reinforcement was used as the raw materials. An ultrasonic shaker with ethanol
as a solvent was used to ensure the breaking of CNTs clusters. The Al powder was then
added to the solvent and dried in vacuum atmosphere at 70 ◦C. The powder mixture was
then ball milled for 9 h at 120 rpm (low speed ball milling: LSBM) and for 1 h at 360 rpm
(high speed ball milling (HSBM)) to achieve a final flake shape of the primary powder, and
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then, was pressed into cylindrical billets suing a graphite mold using a vacuum pressing
machine. The as-pressed billets were hot extruded at 500 ◦C into bars with an extrusion ratio
of 25:1. The produced samples were then rolled at 150 ◦C to 20, 45, and 90% reduction in
thickness. Figure 1 reveals a schematic illustration of the processes used for the fabrication
of the final composite; however, more details of the process can be fined elsewhere [6,13].

Figure 1. A schematic illustration of CNTs/Al composite production through dual-speed ball milling
and conventional rolling.

In order to characterize the morphologies of grains and reinforcements, a high-
resolution transmission electron microscope (HR-TEM, FEI Talos F200×, Thermo Fisher
Scientific, Waltham, Massachusetts) at a working voltage of 200 kV was applied. EBSD (elec-
tron backscattered diffraction) analyses were carried out at a step size of 0.1 mm by means
of a JEOL JSM-7001F SEM (Tokyo, Japan) with a field emission gun operating at 15 kV using
a program TSL OIM Data Collection ver. 6, where the step size in 0.1 µm depending on the
size of structure and scanned area. To characterize the initial microstructures, samples were
polished via standard metallographic techniques. Mechanical properties of the produced
composites were examined using tensile and hardness tests. The tensile test specimens
were cut from the rolled composites according to the ASTM E8M standard, along the rolling
direction (RD) at a constant strain rate 0.5 mm/min using Instron 5848 tester. Vickers hard-
ness (HV) test was performed on the produced composites on the rolling direction—normal
direction (RD-ND) plane, under 50 g load for 10 s.

3. Results and Discussion
3.1. Microstructure and Mechanical Properties

The inverse pole figure (IPF) maps of the Al/CNT composites in the presence of the
1 wt% of CNT as a function of the thickness reduction during macro-rolling is shown
in Figure 2 Microstructure of the 20% rolled sample (Figure 2a) reveals a homogeneous
grain distribution in which grains are mostly equiaxed. The effect of increase in the strain
amount is obvious after 45% thickness reduction, where the grains elongated along the RD
(Figure 2b). Further rolling of the composite to 90% reduction in thickness also results in an

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


J. Compos. Sci. 2022, 6, 199 4 of 16

elongated microstructure as revealed in Figure 2c. Generally, formation of the elongated
microstructure during rolling has been widely reported in different materials [30–32].
Formation of elongated grains can increase the volume fraction of the grain boundaries
(GBs) and also leads to the more uniform distribution of the reinforcement particles in the
composite structure [31,33]. In addition, it has been shown that in elongated microstructure
not only the density of dislocations increases due the enhancement of strain during rolling
but also the dislocation-dislocation and dislocation-grain boundary interactions increase
significantly due to the lamellar structure of the grains [6,13]. These phenomena can
strongly affect the hardening behavior and consequently the mechanical properties of the
produced composites.

Figure 2. IPF maps of the Al/1 wt% CNT composites after (a) 20%, (b) 45%, and (c) 90% of thickness
reduction, (d) HAGBs (high angle grain boundary-s) fraction (fHAGB), LAGB (low angle grain
boundary) and HAGB average misorientation angle (θLAGB, θHAGB) and HAGB spacing in normal
direction (dND

HAGB) in rolled Al/1 wt% CNT composites.

Color variation within the elongated grains implies that minor misorientation has
accumulated within the grains. As the strain increased, the misorientations angle of these
boundaries also increase, which are more likely to result in the formation of new smaller
grains with high angle boundaries. For comparison purposes, Figure 2d is depicted with
parameters such as the average GB misorientation angle, the fraction of HAGBs and HAGB
spacing in normal direction (dND

HAB). Indeed, the dND
HAGB values are considered as the average

grain size values of the Al/CNT composite as given in Figure 2d. As the thickness reduction
increases, the average grain size, namely dND

HAGB decreases, indicating the grain refining of
the Al grains. With the decrease in grain size the ratio of the HAGBs increases and grain
boundaries do impede dislocation motion and increase the strength. Precisely, this behavior
is rationalized by limited dislocation ability and dislocation-dislocation interactions within
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refined grain interiors, whereas free dislocations path is restricted mostly by a large surface
area of HAGB resulting in enhancing the strength and ductility simultaneously. Obviously,
there is a significant difference in the distributions of the misorientation angles and HAGB
fraction between samples processed by the different thickness reductions. Both the average
misorientation angle and HAGB fraction increases as accumulated strain increases, whereas
the HAGB spacing decreases. The former can be attributed to increase dislocation density
and developing non-equilibrium GBs such as geometrically necessary boundaries (GNBs)
and incidental dislocation boundaries (IDBs), while latter can be related to both triple
junction motion during recovery and continuous recrystallization (CDRX) [34,35].

Variation in hardness of the produced composites with 1 and 1.5 wt.% of CNT is
plotted in Figure 3 as a function of the thickness reduction. It can be seen that the hardness
of both the composites increased sharply with increase in thickness reduction. Additionally,
the hardness of the composite with 1.5 wt.% of the CNT was higher at different amount of
the strain.

Figure 3. Hardness variation as a function of the CNT percentage and of the thickness reduction.

Microstructure of rolled composites revealed the formation of new grain boundaries
with higher misorientation and also a complex network of grain boundaries with misori-
entation less than 15◦ (see Figure 2). It is well-know that with increase in grain boundary
portion in the microstructure, grain boundary strengthening takes place as a result of
atomic mismatch, and therefore, the hardness of the composite increases. Additionally,
increment of dislocation density during rolling leads to increase in hardness.

In addition, it has been revealed that, CNTs are mostly located at grain boundaries
and also distributed in the grain interiors in the composites which can lock the grain
boundaries and hindering of dislocations movements [29,36]. Increase in CNTs amount in
the composite can intensify this phenomenon, and consequently, higher hardness of the
composite. Moreover, an increase in CNTs amount led to decrease in distance between
the particles, and therefore higher amount of energy is needed for dislocation movements
(which means higher hardness).

Pole figures of the composites at different stages of deformation are presented in Fig-
ure 4. First thing to be considered is that the intensity of the texture is low in all of the sam-
ples. In addition, it can be seen that texture components such as {100} <110> and {001} <100>
intensify with increase in strain amount. It is well known that, <110> is the major direction
of shear texture in FCC materials and formation of components along this direction has
been widely reported during rolling of Al [37–39]. Formation of shear bands during rolling
of Al was proposed as the main reason of shear texture components such as {100} <110>.
However, high temperature of rolling (150 ◦C) leads to the formation of reduced number of
shear bands, and therefore, the intensity of the shear texture increases in a low rate [37].
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Additionally, development of {001} <100> texture component during recrystallization of
high stacking fault energy (SFE) materials such as aluminum have been reported [40]. It is
now accepted that the origins of the cube grains on recrystallization after high-temperature
deformation are the cube-oriented elements of the deformed structure [35].

Figure 4. {100} and {110} pole figures of the Al/1 wt% CNT composites after (a) 20%, (b) 45%, and
(c) 90% of thickness reduction.

In the following, tensile properties of the Al/1 wt% CNT composite is only studied,
to clarify the evolution of dislocation density as imposed strain caused by rolling process
increases. Figure 5 depicts the engineering tensile stress–strain curves and strain hardening
rate curves of CNT/Al composites, and the data were listed in Table 1 as insert in Figure 1.
Obviously, as thickness reduction increases, tensile properties and the strain hardening
capability enhances. The yield strength (σYS), tensile strength (σUTS), uniform elongation
(εu) and total elongation (εt) of the composite were 240 MPa, 356 MPa, 4.5 and 13.41 at
20% of thickness reduction, whereas after 90% of thickness reduction thses values increases
to 302 MPa, 468 MPa, 5.87, and 15.7, respectively. In other words, as induced strain
increases by applying further thickness reduction the σYS, σUTS, εu, and εt increase about
25%, 32%, 30%, and 17%, respectively. These results are also superior to the published
mechanical data with 2.3 to 10 vol% of ceramic particles [3,41–47]. The Al/CNT composite
fabricated by micro/macro rolling process has more pronounced mechanical properties
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when compared with other MMCs fabricated by the combination of various PM routes
with different consolidation techniques. The UTS values of Al/1 wt.% CNT composite after
90% of thickness reduction were about 2.6 time of the UTS of Al/15 vol.% B4C composites
fabricated by wet attrition milling and hot extrusion [47], and about 2.15 time of the
UTS value of bimodal sized Al/10 vol.% Al2O3 composites fabricated by spark plasma
sintering [3,41]. Irrespective of the architecture design tailored by MMR process, it can be
reported that the MMR process not only improve the strain hardening thanks to providing
more space in elongated Al grains anchored by CNTs to store more dislocations, but also
increases both uniform and total elongation (about 2 times with [3], and 0.2 times with [4]).

Figure 5. Mechanical properties of Al/1 wt% CNT: (a) engineering stress- strain curves; (b) the
corresponding strain hardening rate vs. true strain.

Table 1. Texture parameter, total imposed strain, and dislocation density.

Thickness Reduction, %
POhkl

εMMR ρMMR ×10+14, m−2
111 002 220

20 1.39 1.03 1.12 1.56 1.46

45 1.43 1.09 1.19 2.12 5.32

90 2.32 1.17 1.65 3.89 8.79

The strain hardening rate has a close correlation to dislocation density, as it increases
as dislocation density increases during inducing severe plastic deformation process. As
shown in Figure 5b, the composite processed to 90% thickness reduction represents a
larger strain hardening rate than the one processed to 45% and 20% thickness reduction,
respectively. This is due to evolution of dislocation density both in grain interior and
grain boundary affected zone (GBAZ) regions [7,15,48,49]. As a matter of fact, a high
density of GNDs near the Al/CNT interface can be induced due to the significant strain
incompatibility [5,7,50,51]. The strengthening mechanism of coarse grain and fine grain
composite materials mainly contained the GB strengthening (mostly caused by HAGBs and
LAGBs), dislocation strengthening (mostly resulted from individual dislocations inside
the Al grain interior), Orowan strengthening (mostly caused by the interaction between
mobile dislocations and CNTs), load transfer strengthening (mostly is can be estimated
by the shear lag model [7,15], and CNT strengthening (mostly due to accommodating of
GNDs by the near-interface strain gradients during deformation, which provide back stress
upon mobile dislocation, resulting in higher flow stress [3,29,44]). The experimental results
demonstrated that, by applying cumulated strain caused by cold rolling, the strength of
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Al/CNT composites (both σYS and σUTS) was significantly increased. This more likely
attributed to grain refinement, the geometrically necessary dislocations (GNDs) caused
by thermal mismatch between the matrix and reinforcement, Orowan strengthening and
load transfer mechanism. In what follows, a model based on the correlation between
imposed strain and dislocation density is proposed to address the strength contribution
from involved mechanisms is evaluated quantitatively.

3.2. Deformation Model

Generally, the flow stress of ultrafine-grained pure metals consists of friction stress
(σ0 ∼1.6 MPa [52]), grain boundary strengthening (σGB), dislocation strengthening (σdis),
dispersion strengthening (Orowan mechanism, σOw), and load transfer (σL).

Due to a large aspect ratio of CNTs (about 150 in our case) load transfer becomes the
dominant strengthening mechanism, whereas the Orowan strengthening mechanism plays
only a secondary or even minor role in strength contribution [6,53]. Considering shear-lag
theory [54], σL can be calculated as follows [6,27]:

σL=
VSσm

2
cos2 θ (1)

where V and S are volume fraction and aspect ratio of CNTs, σm is matrix strength
(∼178 MPa [6]), and θ is the angle between CNTs and extrusion direction of samples
and typically is ≤ 45◦.

Assuming the aspect ratio of CNT undergoes no change during the rolling process
and using the values given for the involved parameters in load transfer strengthening, σL
value for Al/1 wt% CNT is independent of imposed strain, estimated to be ∼56 MPa over
all imposed thickness reduction values.

The Orowan strengthening mechanism can be resulted from CNTs, and the following
equation can be used [55]:

σOw= M
0.4µAlb
π
√

1− ϑAl
(

ln
(

dR
b

)
λR

) (2)

where µAl, ϑAl, and dR are the shear modulus (25.4 GPa) and Poisson’s ratio (0.33) of Al
and the equivalent diameter of intragranular reinforcement, respectively. λR is the mean
distance between the reinforcements, where

λR= dR (

√
π

4V
− 1) (3)

dR as an equivalent diameter for rod-shaped CNTs should be used to calculated by
the following equation as express:

dR= D. 3

√
3S
2

(4)

where D and S are the diameter and aspect ratio of CNTs.
To estimate the dislocation strengthening, it is indispensable to calculate dislocation

density which basically depends on the imposed strain. In the line of our previous pa-
per [13], the overall amount of strain induced to the produced composite can be considered
as the sum of the strain during the flake powder metallurgy (micro-rolling, εmicro) and the
strain applied during rolling process (macro-rolling, εmacro). Therefore, the total amount of
strain (εt) can be defined as follows:

εt= εmicro+εmacro (5)
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A detailed achieving εmicro and εmacro under micro/macro rolling was published previ-
ously [13]. For this reason, only equations representing εmicro and εmacro and the total strain
are introduced. Generally, five different stages are introduced during powder evolution in
ball milling [56]. In the first stage, the repetitive collisions and plastic deformation leads to a
particle flattering and the spherical-shape particles changes to flake-shape particles. During
milling the required time to deform the particles form a spherical-shape to a flattened flake-
shape particles is proportional to the time between different ball collisions. In addition, it
is well-known that the hardness of the powders during milling is can strongly affect the
applied strain to the powders. It was revealed by Maurice et al. [57] that the hardness of
powder during milling (HV

p ) can be calculated by:

HV
p= HV

0 +3Kεn (6)

where HV
0 is the hardness of the initial powder, K is the strength coefficient, and n is the

work-hardening exponent of the powder.
Considering all of the factors affecting the induced strain during micro rolling process,

the total strain imposed to powder during this process is as follow:

εmicro = − ln{1− ϑBRB

h

(
ρB

HV
v

)1/2
} × 1

45π
(

t
(

HV
p

)1/2

ρ1/2
B h ϑB

) × fAl (7)

where ϑB, RB, ρB are the balls speed (m/s), RB is the ball radius, the balls density, and
HV

v is the vital Vickers hardness. h = 2dp [58] where dp is the mean diameter of the as-
received powder. fAl and t are the volume fraction of aluminum particles and the time of
the milling, respectively.

The amount of the strain imposed to the samples during the macro-rolling process can
be calculated using following equation:

εmacro=
h0 − hf

h0
= {1−

(√
R
)−1
} (8)

where h0 and hf are the original thickness and final thickness of the specimens, respec-
tively. R is the ratio of the original transverse length to the final short transverse length.

Eventually, the total amount of strain imposed to the samples during the micro-macro-
rolling (MMR) can be calculated using:

εt= − ln{1− ϑBRB

h

(
ρB

HV
v

)1/2
} × 1

45π
(

t
(

HV
p

)1/2

ρ1/2
B h ϑB

) × fAl +1−
(√

R
)−1

(9)

In order to calculate the dislocation density in this model the main focus will be on
the strengthening resulted from the evolution of dislocation during plastic deformation.
Then, the effect of the plastic strain imposed during MMR process on the shape, size and
crystallography texture parameters of the matrix will be considered based on their effect
on dislocation density. The total density of dislocation is considered as the sum of the
dislocations generate during the micro-rolling and macro-rolling.

ρMMR= ρmicro−rolling+ρmacro−rolling (10)

In order to calculate the density of dislocations formed during the micro-rolling
process the generation of the dislocations in grain boundaries and grain interior should
be considered. Most of the dislocations stored in grain interior and LAGBs. Based on
previous results [59–62], the LAGBs with misorientation angle below 3◦ acted as dislocation
strengthening and the rest of the GBs were regarded as GB strengthening. Therefore, to
probe the contribution of dislocation strengthening, it is necessary to pay attention to
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both individual dislocations in the GIs, and the dislocations arranged in LAGBs with
miorientation angle less than the critical angle (θc = 3◦). Density of dislocations during the
deformation inside the GI (ρGI) in the UFGs of the composite, is governed by following
parameters: (1) dislocation-dislocation pinning, (2) dislocations annihilation due to the
dynamic recovery, and (3) term -keρSSD, which is related to the dynamic recovery of
additional dislocations at GBs due to decrease in grain size [63,64]. Density of dislocations
for a given strain during the deformation, can be calculated using following equations
which was in line the previous papers [7,13,15].

dρGI
dεmicro−rolling

=
dρ+GI

dεmicro−rolling
+

dρ−GI

dεmicro−rolling
(11)

The ρGI is the density of dislocations of the GI which can be expressed:

ρGI=
Mεmicro

bwAl/cos θ
(12)

where wAl is the width of the lamellar Al UFGs, θ is the average angle between the slip
direction and the tensile direction, which is assumed to be almost 45◦ as illustrated in
Figure 6.

Figure 6. Illustration of the dislocations behavior.

Dislocation density is significantly affected by the decrease in grain size and the change
in the aspect ratio. Therefore, the effective grain size is defined for the HAGBs spacing in
normal direction (dND

HAGB). Therefore, Equation (12) can be re-written as follow:

ρGI=
M× εmicro × cos θ× Smicro−rolling

bdND
HAGB

(13)

In Equation (13), the Smicro−rolling is aspect ratio of the lamellar Al grains after micro-
rolling process. As mentioned previously, during micro-rolling process the imposed plastic
deformation resulted in the flattening of powder particles and the kinetic energy of balls is
transferred to the powder particles. Additionally, texture evolution is not occurred as the
imposed deformation is continuously changing the stress direction and deformation mode
for each particle. However, the plastic deformation imposed during the macro-rolling
process, can lead to the formation of the crystallographic texture. Moreover, mostly in the
FCC materials, crystallographic texture affects the density and distribution of dislocations
which depends on the grains with respect to the stress axis [65].

Therefore, the influences crystallographic texture parameter on the density of disloca-
tions during the macro-rolling process should be considered. To this end, the percentage of
(hkl)RD oriented grains along rolling direction, POhkl, are calculated as follow:

POhkl=
Ihkl

∑ Ihkl
× 100 (14)

In the Equation (14), ∑ Ihkl is the sum of the Bragg reflections intensity of each (hkl).
Usually, {001} <110> texture forms as the rolling led to shear deformation in the Al. Hence,
it seems that the rolling direction is consistent with the direction of <110> which is the major
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direction of shear texture in FCC materials. Moreover, in this work, (hkl) represents three
most intensive Brag reflection crystal faces (111), (200) and (220), respectively. During plastic
deformation in macro-rolling process the density of the dislocations can be expressed by:

ρmacro−rolling=
Mεmacro−rolling

bλ
(15)

where M is the Taylor factor (∼3.06) and λ is the average glide distance of the dislocations.
Since the distance between the center and edge of the lamellar UFGs is the minimum

distance for gliding of the dislocations, it is hence logical to assume that the short transverse
length of matrix grain is equal to the average glide distance of the dislocations. Therefore,
it can be expressed by Equation (16).

λ=
wAl
cos θ

(16)

Consequently, the dislocation density is given as follow:

ρmacro−rolling=

{
1 –
(√

R
)−1

}
×M× cos θ

b×wAl
× POhkl (17)

By and large, the overall density of dislocation resulted from plastic deformation
imposed during MMR process can be calculated through:

ρMMR= ρ0+
3 fθ<3◦ θθ<3◦

bdND
HAGB

+
M× εmicro × cos θ× Smicro−rolling

bdND
HAGB

+{

{
1 –
(√

R
)−1

}
×M× cos θ

b×wAl
× POhkl} (18)

All parameters used in the proposed model are listed in our previous papers [5,7,13,15].
The total imposed strain and dislocation density calculated by the proposed equations are
given in Table 1.

Different orientations in the grains leads to the formation of domains inside the grains
and are significantly affected by the strain applied by micro-rolling process. The average
of misorientation inside an Al/CNT particle could be between the misorientation of a
low angle grain boundary (LAGB) to a high angle grain boundary (HAGB). During the
milling process, formation of new dislocations led to increase in the LAGBs in the primary
stages, and then, by increase in milling time the LAGBs decreases due to the rearrangement
of dislocations as a result of dynamic recovery [29,37,66]. It worth mentioning that, the
extension of the LAGBs in the Al alloys remains almost the same at strain larger than
1–2 [67]. There are many HAGBs inside grains that did not continue to form a circle as a
new grain, but banded the interior of the grain to form regions of different orientations.
Therefore, the density of the LAGBs and HAGBs increases at the same time by increasing
the milling time. The former is arisen from the large changes in orientation inside the
lamellar grains and latter is originated from the gradual increasing of the misorientation in
subgrain boundaries as a result of the dislocations density enhancement.

In addition, since MMR process typically provide an elongated UFG microstructure
in longitudinal direction [5,6,13–15], therefore, the geometry effect should to be take into
account in the calculation. To this end, influences of geometry of deformation on the density
of HAGBs is studied by Razavi et al. [68] and a technique is proposed to calculate this effect.
This technique can be similarly used to show the effect of the geometry on the density of
the LAGBs. Therefore, HKL software is used to measure the average aspect ratio of the
grains both with LAGBs (Equation (20)) and HAGBs (Equation (21)).

GHAGB=
1 + SHAGB

2
√

SHAGB
(19)
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GLAGB=
1 + SLAGB

2
√

SLAGB
(20)

where SLAGB and SHAGB are the average aspect ratio of the subgrains and grains with
LAGBs and HAGBs, respectively. The calculated value of SLAGB and SHAGB based on EBSD
images are given in Table 2.

Table 2. The average aspect ratio of LAGBs and HAGBs, and theirs corresponding shape effect (G).

Thickness Reduction, % SLAGB SHAGB GLAGB GHAGB fθ<3◦ θθ<3◦ f3◦<θ<15◦

20 ∼ 1.21 ∼ 1.63 ∼1.001 ∼1.01 1.3 2.2 31.4

45 ∼ 1.43 ∼ 1.96 ∼1.016 ∼1.02 1.89 2.7 19.41

90 ∼ 1.89 ∼ 2.41 ∼1.051 ∼1.04 2.21 2.9 7.99

It is well known that the microstructures severely deformed of the metallic mate-
rials usually exhibit elongated grains, high density of dislocations and a high fraction
of LAGBs [11,12]. The ascending trend of dislocation density as a function of imposed
strain can be logical, whereas the descending trend of LAGBs should be justified. Since
in the current study, the LAGBs with misorientation angle below 3◦ acted as dislocation
strengthening and the rest of the GBs were regarded as GB strengthening. Therefore, it is
logical to express that the portion of LAGBs excluded from the total fraction of LAGBs and
considered as individual dislocations. In addition, one can be stated that high-stacking
energy materials (herein Al) have high rate of recovery which in turn transforms LAGBs
into HAGBs. It is known that most of the dislocations stored in grain interior and LAGBs.
What’s more, the elongated grains with higher aspect ratios in Al/CNT composite evidence
higher dislocation storage capabilities than the equiaxed ones and thus benefit the tensile
properties in according to the results [7,9].

Hence, the role of contribution of GBs and dislocation in strengthening by taking
into account the GB character in the increment of the density of dislocations during MMR
process, can be expressed using following equation:

σGB= σLAB+σHAB= GLABKHP
√

f3◦<θ<15◦ /d+GHAGBKHP
√

fθ>15◦ /d (21)

σdis = Mbα µAl

√
ρ0 +

3 fθ<3◦ θθ<3◦

bdND
HAGB

(22)

where d, α and µAl (∼25.4 GPa [56]) are the GB spacing in normal direction, a constant
(∼0.24) and the shear modulus of Al, respectively. f3◦<θ<15◦ and fθ>15◦ represent the
fractions of LAGBs and HAGBs with 3◦ < θ < 15◦ and θ > 15◦, respectively. KLAB

HP
can be generally estimated from a coarse grain aluminum where the LAGBs dominated
the GB strengthening. The KHAB

HP represent the efficiency of HAGBs in UFG materials.
KHP is equal to 40 MPa

√
µm [6,53].Considering all of the parameters, the contribution of

all strengthening mechanisms involved in flow stress of Al/1 wt% CNT are calculated and
given in Table 3.

Table 3. The contribution of different strengthening mechanisms.

Thickness Reduction, % σdis, MPa σGB, MPa σL, MPa σOW, MPa σflow, Experimental, MPa

20 ∼ 37 ∼ 187 ∼56 ∼72 356

45 ∼ 59 ∼ 217 ∼56 ∼73 407

90 ∼ 74 ∼ 258 ∼56 ∼75 468

Table 3 shows the contribution of strengthening mechanisms to UTS of Al/1 wt% CNT
composite produced by MMR process. The contribution of dislocation in each thickness
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reduction was the minimum value, whereas the GB strengthening has the maximum value
in all of the thickness reduction. It is interestening to note Lload transfer strengthening was
almost constant in all process situation. It was in contrast to results reported by Kamikowa
et al. {Kamikawa, 2019 #4112} that the dislocation strengthening depicts larger than grain
boundary strengthening due to the high density of dislocations stored in LAGBs with
misorientation angle below 3◦. In our case, the primary strengthening mechanisms of Al/1
wt% CNT composite in order of preference were GBs strengthening, Orowan strengthening,
load transfer effect strengthening and dislocation strengthening. In fact, GB strengthening
is influential on the enhancement of flow stress due to the refinement of the average grain
size of the composite. In addition to the load transfer, enhanced dislocation density and
Orowan looping which are supposed to be present concurrently, the significance of the
Hall-Petch effect was extended to account for the combination of LAGBs, and HAGBs. The
enhanced tensile properties of Al/CNT composites should mainly originate from the finer
grains and higher dislocation density, while the higher fraction of HAGBs generally also
act as an effective strengthening obstacle according to previous study. Also, the finer grains
as a consequence of larger extent of thickness reduction and higher dislocation density as a
result of elongated Al grains could also result in the loss of uniform elongation according
to previous study [6,7]. The dislocation density is known as the most critical factor in
strain hardening capability of the metallic materials. In this line, the increased dislocation
density will decrease the activation volume of the composites, leading to increased strain
rate sensitivity [5,7,8,13]. In addition, the strain rate sensitivity of Al/CNT composites is
increased with the increasing imposed plastic deformation [7], which might also be related
to the increased dislocation density with plastic strain. In a word, the improved tensile
properties and increased strain hardening in the Al/CNT composites fabricated by MMR
process could originate from both of the two mechanisms, namely an increase in dislocation
density or retardation of dislocation motion can cause strain hardening.

The calculation and experimental results substantiate that the GBs strengthening
increases with the decrease of grain size as a function of thickness reduction and acts as a
dominant role in mechanical properties. It can be explained by the fact that the LAGB are
substantially less effective barriers when compared to HAGB. Therefore, it is concluded
that a high strain hardening capability leads to extended uniform deformation. That is why
the total elongation produced by MMR process was higher than that fabricated by other
PM routes. The study suggested that the dislocation density and HAGBs fraction played
an important role in overcoming strength-ductility, and producing the advanced aluminum
matrix composites and is worthy of further investigation.

In this study, a feasible and efficient powder metallurgy route via the combination of
dual speed ball milling (as micro rolling) and conventional rolling (as macro-rolling) was
designed to fabricate Al/CNT composites, in which CNTs were firstly de-agglomerated
using ultrasonic and uniformly coated onto surface of spherical Al powder duel speed
ball milling. The subsequent macro rolling effectivelly increase dislocation density in the
matrix, the composite is strengthened which becomes one of the main mechanisms for
the flow stress improvement. It is attributed to the “prismatic punching” of dislocations
at the interface, making a effectve zone so called GB affected zone (GBAZ) {Sadeghi,
2022 #4119;Sadeghi, 2022 #4241;Sadeghi, 2022 #4300;Sadeghi, 2021 #3344;Sadeghi, 2021
#3405;Sadeghi, 2021 #3412;Sadeghi, 2021 #3634} which stimulating the work hardening
of the matrix. CNTs introduction also induced severe grain refinement and mismatch
dislocations, and they also played important role in strengthening. Compared to other
material, the extra strengthening of Al/CNT composites thanks to aligned CNTs in RD,
required higher stress to nucleate more mobile dislocations to maintain the plastic flow
during tensile tests. These results imply that the MMR process can be an applicable, efficient
and trustable approach for other CNT-reinforced MMCs to fabricate high-strength and
tough materials.
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4. Conclusions

In summary, CNT/Al composites were fabricated by a powder metallurgy route via
the combination of micro/macro rolling process. The MMR process was demonstrated
to be very effective in the imposed strain during the fabrication process and providing
better combination in enhancing synergy of the strength-ductulity. The deformation resis-
tance, namely flow stress, of the Al/CNT composite was effectively enhanced owing to
the addition of CNTs. This was mainly associated with the mechanisms of GB strength-
ening (i.e., significant GB involving the Zener pinning effect of CNTs), and composite
strengthening including load transfer, thermal mismatch, and Orowan looping. Both CNT
reinforcement and grain refinement effects could significantly increase the strength of the
composites; the contribution of GB to strengthening was relatively four magnitudes times
larger than dislocation’s contribution to strengthening. The strengthening effect of HAGBs
was almost two times of LAGBs, resulting in enhancing total contribution of GBs in flow
stress. This improvement in GB strengthening is due to the enhancemet of HAGBs as
imposed strain increases.
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