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Abstract: Demanding requirements in automotive and aerospace applications promote the growing
need to obtain materials and advanced technology capable of combining low weight with high me-
chanical properties. Aluminum matrix nanocomposites could be great candidates to respond to such
needs. In this sense, this investigation aims to study the mechanical properties of nanocomposites of
aluminum matrices reinforced with carbon nanotubes (CNTs). The nanocomposites were produced
by powder metallurgy with 1.00 vol.% of reinforcement and ultrasonication as the dispersion method.
Tensile, Vickers microhardness and nanoindentation tests were carried out in different sections. Mi-
crostructural characterizations were conducted in scanning electron microscopy (SEM) and electron
backscattered diffraction (EBSD) to understand and relate to the mechanical properties. An increase
in the yield strength of 185% was observed for the nanocomposites, which can be attributed to the
load transfer mechanism. However, the CNTs observed at the grain boundaries promote a decrease
in the ductility of the nanocomposites. The mechanical behavior of the nanocomposites was further
investigated by EBSD observation. The results revealed that the nanocomposites have a less extensive
area of plastic deformation than the Al matrix, which is consistent with the tensile results. The
presence of reinforcement affects the lattice rotation during the tensile test and the active slip systems,
thus affecting their deformation behavior.

Keywords: metal matrix nanocomposites; carbon nanotubes; aluminum; tensile test; hardness;
mechanical properties

1. Introduction

The automotive and aerospace industries increasingly demand lightweight materials
with high strength and stiffness to achieve the established requirements to reduce vehicle
weight, increase fuel efficiency and lower emissions. Aluminum matrix nanocomposites
could be an attractive option to meet the requirements demanded by these industries [1,2].

Carbon nanotubes, mainly due to their mechanical properties, could be the ideal
reinforcement material for these nanocomposites. In this sense, aluminum nanocomposites
reinforced by carbon nanotubes (Al/CNT) may have the advantage of being potential
candidates for lightweight components with high mechanical strength even when only a
small amount of CNTs are added [3–11]. However, some challenges in producing these
nanocomposites must be overcome to obtain properties close to potential ones. Due to
the formation of CNT agglomerates and damage to its structure during the processing
of the nanocomposite, the reinforcement potential is compromised, resulting in lower
mechanical properties than expected. Previous work has shown that the effectiveness of
the reinforcement effect increases with a better reinforcement dispersion, with better results
observed in nanocomposites with 1.00 vol.% CNTs dispersed by ultrasonication [12–14].
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The mechanical properties of nanocomposites must therefore be investigated to assess
the dispersion of CNTs, production conditions, the effect of the CNTs fraction and the inter-
facial bonding of Al/CNTs to evaluate the effect of reinforcement on the final component.
For instance, an increase in CNT fraction can promote an increase in the elastic modulus
of the composite from 70 GPa to about 110 GPa for CNT addition from 1 to 5 vol.% [3].
However, in the case of poor dispersion of the CNTs, an increase in the fraction can also
decrease the elastic modulus due to the formation of large CNT clusters. Due to CNT
agglomeration and a reduced load transfer, the stiffness increase rate decreases as CNT
content increases [3–8].

In this context, some published works investigate the mechanical properties of Al/CNTs
nanocomposites produced by different processes and with different fractions of CNTs [3–11].

Fan et al. [5] investigated the conditions of the dispersion method in the mechan-
ical properties of the Al/CNTs nanocomposites produced by powder metallurgy. The
nanocomposites were produced with 3.00 vol.% of CNTs using high-energy ball milling.
The nanocomposites revealed higher tensile strength and Young modulus than the Al
matrix did. These results were attributed to the uniform CNTs distribution obtained for 2 h
of ball-milling samples.

Shahrdami et al. [6] produced Al/CNTs with different CNTs fractions by ball milling
and hot pressing. The yield strength of the nanocomposites increases until 1 wt.% CNTs
than the Al matrix, and then it was observed a decrease. The decrease observed for higher
amounts of CNTs than 1 wt.% can be explained due to the formation of CNTs clusters.

Zhang et al. [7] studied the mechanical properties of Al/CNTs nanocomposites pro-
duced by friction stir welding. The authors observed an enhancement of yield and tensile
strength of ≈105 and ≈52%, respectively, while the elongation went from ≈39.5 to ≈24.0%
when added 3.20 vol.% CNTs. The authors also observed the fracture surface, seeing the
presence of dimples in both Al and the nanocomposite, showing that both had a typical
ductile fracture.

Xie et al. [11] observed the same type of fracture surface for the nanocomposites of
Al/CNTs produced by powder metallurgy with two different types of CNTs. The CNTs
used presented higher and lower aspect ratios. The authors observed a maximum increase
in tensile and yield strength of ≈50% and ≈48%, respectively, for concentrations of 0.5 wt.%
lower aspect ratio CNTs than aluminum matrix samples.

Chen et al. [8] developed a new approach to improve the interfacial bonding of
Al and CNT to enhance the mechanical properties of the nanocomposites. The authors
produced the nanocomposites with CNTs with Cu nanoparticles. The nanocomposites
were produced by spark plasma sintering. The tensile test results revealed an increase of
105.2% for tensile strength and 54.2% for the elongation than the Al matrix. The presence of
the Cu nanoparticles improves the interfacial bonding between the Al and CNTs, playing a
crucial role in the load transfer mechanism.

In previous works, an intense microstructural characterization was carried out to
determine the best dispersion method and processing conditions in the powder metallurgy
of Al/CNTs [12–15]. However, a detailed study was not conducted to evaluate the mechan-
ical properties of nanocomposites produced under the best conditions. The mechanical
characterization at different scales allows knowing to what extent the process can influ-
ence the final properties of the component. The main objective of this work consists of a
depth mechanical characterization of Al/CNT nanocomposites produced by the powder
metallurgy route and a relationship with a microstructural characterization to establish a
deformation behavior for the nanocomposites.

2. Materials and Methods

Al and nanocomposite samples were produced through a powder metallurgy route
where the aluminum powder was dispersed/mixed to 1.00 vol.% of multi-walled carbon
nanotubes. Both the aluminum powders from Goodfellow Cambridge Ltd. (Huntingdon, UK)
and the carbon nanotubes from Fibermax Nanocomposites Ltd. (London, UK) were fully
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characterized with advanced techniques, such as SEM, TEM, HRTEM and RAMAN in
previous works [12–19]. In these works, morphology and microstructure were studied to
know the powders to a great extent and to evaluate the damage of the CNT during the
nanocomposite production. The characterization of the aluminum powders was performed
using SEM images and EBSD analysis using a Thermo Fisher Scientific QUANTA 400 FEG
SEM (Thermo Fisher Scientific, Hillsboro, OR, USA) with an EBSD detector TSL-EDAX
EBSD Unit (EDAX Inc. (Ametek), Mahwah, NJ, USA). The metallic particle analysis was
also performed using dynamic light scattering (DLS) in a Laser Coulter LS230 (Beckman
Coulter, Inc., Brea, CA, USA). The morphology of CNTs was observed by SEM and by
high-resolution TEM (HRTEM, JEOL Ltd., Tokyo, Japan). The carbon nanotubes were
characterized using the same SEM equipment as mentioned before, especially with a JEOL
high-resolution electron microscope (JEOL Ltd., Tokyo, Japan).

Since the strengthening effect and, consequently, the mechanical properties of the
nanocomposite are directly associated with the dispersion of the reinforcement in the
matrix, the dispersion/mixture technique was ultrasonication. This was based on previous
works [12–15] being the most efficient method compared with others. The dispersion and
mixture of the Al and CNTs (1.00 vol.%) were performed in a single step using ultrasonica-
tion and isopropanol for 15 min using 20–400 rpm. These mixtures were then cold-pressed
with 300 MPa using a metallic mould with the geometry of the tensile test specimen. The
tensile test specimen geometry is described elsewhere [14]. The compact was sintered at
640 ◦C for 90 min under a high vacuum to avoid oxidation.

The tensile test was performed with a velocity of 0.2 mm/s, using Shimadzu EZ Test
equipment (Shimadzu Corporation, Kyoto, Japan), and four samples of each, nanocom-
posite and aluminium matrix, were tested. It is important to mention that to enable the
comparison between them, both Al and Al/CNTs powders were ultrasonicated, cold-
pressed and sintered under the same conditions. Nanoindentation tests using Micro
Materials–NanoTest equipment with a Berkovich diamond indenter (NanoTest, Micro
Materials Limited, Wrexham, UK) were conducted to investigate the hardness and reduced
Young’s modulus. The depth-sensing indentation test was performed in load control mode
up to a maximum load of 20 mN. Indentation matrixes formed by rows and columns
were defined.

Further microstructural analysis and microhardness tests were performed on the
fractured tensile specimen. The fracture surface was analyzed using the digital microscope
Leica DVM6 and Leica LAS X software (Leica Microsystems, Wetzlar, Germany) and by
SEM. After tensile testing, this characterization was conducted in Al and nanocomposite
for comparison behavior.

For the microstructural characterization, since the electron backscattered technique
(EBSD) is a very powerful characterization technique for investigation deformation be-
haviors, the top view of fractured tensile samples was analyzed by high-resolution SEM
(Thermo Fisher Scientific QUANTA 400 FEG SEM, Thermo Fisher Scientific, Hillsboro,
OR, USA), coupled to an EBSD detector TSL-EDAX EBSD Unit (EDAX Inc. (Ametek), Mah-
wah, NJ, USA). However, to avoid dubious results and indexing errors, the obtained data
were submitted to a routine clean-up where the grain tolerance angle was determined to be
15◦ and the need of 2 points minimum to define a grain. This cleaned data was used by the
software of EBSD analysis TSL OIM Analysis 5.2 (EDAX Inc. (Ametek), Mahwah, NJ, USA)
to perform the characterization through different EBSD results as described in previous
works [16–19]. These EBSD maps also allowed the average grain size measurements using
the grain maps combined by the Image J software (version 1.51, Wayne Rasban, National
Institutes of Health, Bethesda MD, USA) to perform the measurement of 180–190 grains
per sample. Along with that, as a complement, the ATEX software version 3.28 (University
of Lorraine, Metz, France) [20] was also used especially to elaborate average geometrically
necessary dislocations (GNDs) density maps and measures.

The tensile specimens were evaluated through EBSD into two different areas: one
closer to the fracture surface (2.00 mm to this surface) and another further away (10.00 mm
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from the fracture), where the deformation is expected to be less significant. The areas of the
fractured tensile specimen characterized by EBSD were schematized in Figure 1.
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Figure 1. (a) Image of the fracture tensile specimen and (b) schematic illustration of the sections
observed using SEM and EBSD techniques.

The mechanical characterization performed through the tensile test was also stud-
ied to comprehend the deformation evolution within this zone and the CNTs’ influence.
Vickers microhardness tests were performed using a Duramin-1 durometer (Duramin-1;
Struers A/S, Ballerup, Denmark) with a 98 mN. To investigate this evolution in detail,
60 indentations were performed and organized in 5 profiles from the fracture surface into
the less deformed area. The indentations have 1.00 mm between them, both horizontally
and vertically, as shown in Figure 2.
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tensile specimen.

3. Results and Discussion
3.1. Aluminum Powders and CNTs’ Characterization

Figure 3 shows the characterization of the aluminum powders. SEM and EBSD were
performed to investigate the morphology and microstructure of the as-receive powders.
The secondary electron mode in SEM allows the observation of the shape of the powders
(Figure 3a). The powders can be classified as close to spherical in shape, with some
more elongated. This can be confirmed in the graph in Figure 3e where the length of the
particles is close to their width. The EBSD analysis revealed that several grains form each
particle (Figure 3b). Due to the production technique, some misorientation can be observed,
confirmed by the Kernel average misorientation (KAM) map that can be associated to some
plastic deformation. The analysis using DLS revealed that the aluminum powders show a
median particle size (D50) of 32.20 µm; the size distribution can be observed in Figure 3d.
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SEM and HRTEM analysis were used to characterize the as-received CNTs. Figure 4
exhibited the images of the CNTs. The HRTEM image of Figure 4b demonstrates the CNT
structure, revealing multi-walled CNTs with a bamboo-like structure. The detail shows the
presence of 17 walls.

During the dispersion process, the CNTs undergo exfoliation, losing some outer layers,
as presented in Figure 5a. The CNTs exhibited an average of 17 ± 6 layers as received
with an outer diameter of 18.7 ± 6.5 nm [17]. However, after ultrasonication, the number
of walls decreased. Aluminum powders do not suffer significant changes in morphology
during the dispersion process, as shown in Figure 5b.

3.2. Mechanical Properties of the Nanocomposites and Aluminum Matrix

Tensile tests initially evaluated the mechanical properties of the Al/CNT nanocom-
posites. The Al matrix was also evaluated and produced under the same conditions for
comparison purposes and to evaluate the effects of the presence of the reinforcement in the
matrix. Figure 6 shows tensile curves for the nanocomposites and aluminum matrix tensile
specimens performed at room temperature. For each condition, four samples were tested.
The aluminum matrix samples showed lower yield strength, with a maximum attained



Appl. Sci. 2023, 13, 54 6 of 18

66 MPa. These samples showed higher strains being the highest value of 29%. The presence
of CNTs improved the yield strength of the matrix, reaching a maximum of 188 MPa for
the nanocomposites. However, this increase in the yield strength comes with a detriment
of strain, with a maximum of 5% strain.
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Fan et al. [5] observed similar results for the Al/CNT composites produced by high-
energy ball milling. The authors referred to an increase of 66% in tensile strength and
a decrease from 15.8 to 8.8% in elongation for Al/CNT with 3.00 vol.% of CNT. On the
other hand, Chen et al. [8] showed that a copper particle could contribute to increasing the
ductility of Al/CNT. These nanocomposites produced by spark plasma sintering (SPS) and
hot rolling exhibited an increase of 54% in tensile strength but decreased from 9.6 to 6.8%
in elongation. The production of the Al/CNT with Cu particles improves the elongation
(14.8%) and tensile strength (54.2%) since these particles repair defects in the surface of the
CNTs and inhibit the formation of Al4C3.
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Figure 6. Tensile curves of tensile specimens of aluminum matrix and the nanocomposites produced
under the same conditions.

The high spread in results especially observed in the nanocomposite tensile curves
can be associated with the impossibility of obtaining a totally uniform dispersion of carbon
nanotubes into the matrix, as well as the existence of pores. These features result in
some microstructure heterogeneities (local grain size and crystallographic misorientation,
for example) that consequently influence the mechanical behavior of the samples [8,21].
This different mechanical behavior observed between the nanocomposites and the Al
matrix can be explained with a detailed mechanical characterization associated with a
microstructural characterization of the mechanically tested samples. The samples that
showed a higher yield strength value (curves 1 for both samples) were chosen for the
detailed microstructural characterization.

Nanoindentation experiments were performed to evaluate hardness and reduce
Young’s modulus (Er) distribution maps to evaluate the effect of CNTs on the Al ma-
trix. Figure 7 shows the hardness and Er maps for Al/CNT nanocomposites. Based on
these maps, it is possible to observe significant differences closest to the CNTs’ clusters.
Nanocomposites are characterized by high hardness values and corresponding high values
of Er, which corresponds to the presence of CNTs. This hardness variation may help explain
what is observed in the tensile curves. The detail in the OM image shows an SEM image,
where clusters of CNTs are visible [22].

This observation of reinforcement at the grain boundaries in the form of clusters that
promotes an increase in hardness in some areas of the matrix at the nanometric scale could
be one of the reasons for the significant decrease in the elongation observed in the tensile
curves for the nanocomposites than the Al matrix.

The fracture surface after tensile testing was observed in detail to understand better
the mechanical behavior of the samples. Figure 8 shows the fracture surface of the Al
matrix and Al/CNT samples observed by digital optical microscopy.
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or ductile.

This can be explained due to the microstructure of the nanocomposites that present
CNTs clusters, well-dispersed CNTs and pores. The surface fracture observation results are
according to the behavior perceived in the tensile curve. CNTs clusters are observed, which
confirms that these are present at the grain boundaries that can significantly decrease the
ductility of the nanocomposites. However, there was also the presence of CNTs on the
fracture surface, agglomerated in the pores and embedded in the matrix. Additionally,
some CNTs seem elongated in the tensile test direction, which can have acted as a bridge,
hindering the crack propagation, as seen in other works [23–30]. This means that the matrix
can transfer the load to the CNTs, during the tensile test, which prevents crack propagation.
As the cracks expand into the CNTs, they act as a bridge between two points in the matrix,
restraining crack growth. However, these CNTs that act as a bridge will fracture. These
protruding CNTs on the surfaces of some grains can be related to the increase in yield
strength to the reinforcement mechanism associated with the load transfer from the matrix
to the reinforcement during the tensile test. Park et al. [26] observed the load transfer
mechanism that resulted in a 60% increase in the yield stress of Al/CNTs nanocomposites.
The authors observed elongated and fractured CNTs on the fracture surface analyzed by
SEM. Although the authors have identified different strengthening mechanisms acting
simultaneously, they consider that load transfer was the dominant mechanism.

Figure 10 shows the Vickers microhardness maps of the fractured tensile samples of
the Al matrix and the nanocomposites. Significant differences can be observed between
samples in the evolution of hardness. For the Al matrix, the highest hardness value is
observed near the fracture surface, while the nanocomposite is observed in the zone furthest
from the fracture. A detailed microstructure analysis was performed in the two areas (closer
to the fracture surface and further away from the fracture surface) to better understand the
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hardness variations. This characterization involved the observation of the crystallographic
orientation, the average misorientation of the grains and the determination of the estimated
density of dislocations.
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Figure 10. Hardness distribution maps (HV 0.01) of (a) Al and (b) Al/CNT of fractured tensile
test specimens.

A detailed analysis close to the fracture surface can be seen in Figure 11. Vickers
hardness maps and average geometrically necessary dislocations (GNDs) density can be
seen for the Al matrix and the nanocomposites. The Al matrix revealed a higher hardness
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in this region. However, the difference in hardness cannot be influenced by the grain
size of the samples, since they show a similar grain size: 7.2 and 8.3, respectively. On
the contrary, with the observation of these results, the aluminum matrix reveals a higher
density of dislocations near the fracture surface than the nanocomposites. These results
agree with the hardness map, which reveals a higher hardness value for the matrix than
the nanocomposites for the same characterized area and the results observed in the tensile
curves. The Al matrix showed a greater ductility than the nanocomposites and, therefore,
a greater elongation, resulting in a greater deformed area and, consequently, a greater
plastic deformation.
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Figure 11. Hardness distribution maps (HV 0.01) of (a) Al and (d) Al/CNT of fractured tensile test
specimens close to the fracture and average geometrically necessary dislocations (GNDs) density
maps of (b,c) Al and (e,f) Al/CNT samples.

Figure 12 shows the Kernel average misorientation (KAM) and the tensile Taylor
factor maps for Al and Al/CNT samples for the region of 2.0 mm from the fracture surface
of tensile specimens. The KAM maps are one of the most powerful tools to study the
deformation shown in a microstructure and are often used for this purpose [26–34]. These
maps show, in both samples, that the highest deformation (represented by red associated
with higher misorientation values) is presented around the pores and CNTs agglomerates
(in the nanocomposite case) of the samples. This result is because these areas are brittle
points of the samples, being zones without any material, having lower strength and being
easier to deform during tensile testing.
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Figure 12. (a,b) 2nd neighbor kernel average misorientation (KAM) maps, (c,d) tensile Taylor factor
maps and (e,f) Taylor factor distribution of (a,c,e) Al and (b,d,f) Al/CNT tensile test specimen 2.0 mm
from the fracture surface.

As mentioned previously, the cracks are also more prone to initiate in these areas
due to their vulnerability. Based on these images, it is possible to conclude that the Al
samples reveal higher misorientation close to the surface fracture than the nanocomposites.
This agrees with the hardness, dislocation density, and tensile curve results. The Taylor
maps show grains with a higher factor than the nanocomposites, revealing their different
behavior to deformation. Another point in common between the two samples is that it
is nitid that some of the grains are significantly more deformed than the others, which is
represented by green within the grains. One of the possible causes of these effects is the
different crystallographic orientations of these grains, being that softer grains, orientated
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to directions favorable to the dislocation formation and propagation, will be the first to
deform when a load is applied. Whether these grains are surrounded by other grains in a
favorable crystallographic orientation (softer grains) or not (harder grains), the deformation
can be easier or more difficult. When harder ones surround a soft grain, it is more difficult
for the deformation to continue, and more load is needed for the process to occur [35].
In addition, what should be mentioned is that the analysis of Figure 12 allows us to
verify some differences in the grain size, being visible smaller grains around the larger
ones. The presence of these small grains could be formed during the sintering, where
some recrystallization of the aluminum occurs [14] but also with the presence of CNTs
agglomerates, in the case of nanocomposites, where the grain growth is hindered. Either
way, the presence of these smaller grains can affect the mechanical properties since materials
with smaller grains show a more fragile deformation behavior. In comparison, samples
with larger grains have higher elongation but lower tensile strength. In that sense, bimodal
microstructure, as in this case, can be a good compromise as it presents a behavior between
soft and brittle [36].

Analyzing the area at 10 mm from the fracture, Vickers hardness maps, GND dis-
tribution maps and tensile Taylor maps can be seen in Figure 13. With the observation
of these results, the increase in hardness for the nanocomposites in this region cannot be
attributed to the increase in dislocation density or to the grain size of the samples (7.0 for
Al matrix and 6.4 for nanocomposites). In fact, the dislocation density is similar for the
two samples. The hardness in this region can be explained by the presence of CNTs or
even other microstructural changes. In the Taylor factor maps, it is visible that significant
differences can be observed, which is an indication of the different tensile behavior of these
materials. In Al, it is possible to observe more grains with a lower Taylor factor than in the
nanocomposites, which indicates that it will be more difficult for them to deform.

IPF maps with low-angle boundaries marked in red and inverse pole figures for the
regions at 2 mm and 10 mm from the fracture surface were shown in Figure 14. Comparing
the two zones from the aluminum sample, the fraction of low-angle boundaries is very
similar, with a higher density of these boundaries on certain grains than others. Besides that,
neither zone has a texture, as can be seen by the IPF map not having a predominant color
and by the low intensity of the inverse pole figures. However, there are slight differences
between the crystallographic orientation of the two regions. The aluminum in the region
at 2.0 mm from the fracture surface showed a strong crystallographic orientation in the
directions <111> and <101> parallel to the normal direction (ND). In contrast, 10.0 mm
from the fracture, the strong crystallographic orientations were observed at <101> parallel
to the rolling direction (RD).

Regarding nanocomposites, a higher density of low-angle boundaries can be observed
in the region at 2 mm from the fracture than in the region of 10 mm. The crystallographic
orientation differs from the observed zone being strongest for <101> in the RD direction for
the region 2 mm away from the surface fracture.

The differences between the nanocomposite and the Al matrix are significant in the
strongest crystallographic orientation for each region and the density of low-angle bound-
aries. While the Al matrix presents a higher density of low-angle grain boundaries in a
larger area of the tensile specimen, the nanocomposites only present the deformation in a
more localized zone. These results are in line with what has already been mentioned.

CNTs affect the plastic deformation of the nanocomposites since they negatively affect
them when they are in clusters at the grain boundaries. At the same time, their presence in
the matrix affects the lattice rotation and, thus, the number of slip planes activated. This
significantly decreases elongation, but the nanocomposites exhibit a higher yield strength
due to the load transfer mechanism.
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Figure 13. Hardness distribution maps (HV 0.01) of (a) Al and (d) Al/CNT of fractured tensile test
specimens and average geometrically necessary dislocations (GNDs) density and Taylor factor maps
of (b,c) Al and (e,f) Al/CNT samples.

Another region without deformation was also observed for both samples. Figure 15
shows the results of the IPF maps, IPFs, GND density and KAM maps for the Al matrix
and the nanocomposites. Based on these results, it can be observed that this region presents
less plastic deformation than the one subjected to the tensile test, as expected.

In this region, no significant differences are observed in the crystallographic orienta-
tion of the samples. Regarding GNDs density, the nanocomposites reveal a slight increase,
especially close to the clusters of CNTs, according to the results observed by the nanoin-
dentations. These microstructural variations are responsible for the deformation behavior
between the Al matrix and the Al/CNTs nanocomposites. Therefore, it would be impor-
tant for these nanocomposites to decrease the fraction of CNTs at the grain boundaries to
increase the ductility, thus maintaining the charge transfer.



Appl. Sci. 2023, 13, 54 15 of 18Appl. Sci. 2023, 12, x FOR PEER REVIEW 14 of 18 
 

 
Figure 14. Inverse pole figure (IPF) maps, with high-angle (black) and low-angle (red) boundaries 
and the correspondent IPFs of Al and Al/CNT samples at 2.0 mm and 10.0 mm from the fracture 
surface. 

Regarding nanocomposites, a higher density of low-angle boundaries can be ob-
served in the region at 2 mm from the fracture than in the region of 10 mm. The crystallo-
graphic orientation differs from the observed zone being strongest for <101> in the RD 
direction for the region 2 mm away from the surface fracture. 

The differences between the nanocomposite and the Al matrix are significant in the 
strongest crystallographic orientation for each region and the density of low-angle bound-
aries. While the Al matrix presents a higher density of low-angle grain boundaries in a 
larger area of the tensile specimen, the nanocomposites only present the deformation in a 
more localized zone. These results are in line with what has already been mentioned. 

CNTs affect the plastic deformation of the nanocomposites since they negatively af-
fect them when they are in clusters at the grain boundaries. At the same time, their pres-
ence in the matrix affects the lattice rotation and, thus, the number of slip planes activated. 
This significantly decreases elongation, but the nanocomposites exhibit a higher yield 
strength due to the load transfer mechanism.  

Another region without deformation was also observed for both samples. Figure 15 
shows the results of the IPF maps, IPFs, GND density and KAM maps for the Al matrix 
and the nanocomposites. Based on these results, it can be observed that this region pre-
sents less plastic deformation than the one subjected to the tensile test, as expected.  

Figure 14. Inverse pole figure (IPF) maps, with high-angle (black) and low-angle (red) boundaries and
the correspondent IPFs of Al and Al/CNT samples at 2.0 mm and 10.0 mm from the fracture surface.

Appl. Sci. 2023, 12, x FOR PEER REVIEW 15 of 18 
 

  

 

(a) (b)  

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 15. (a,b) IPF maps, with high-angle (black) and low-angle (red) boundaries, (c,d) IPFs, (e,f) 
GNDs density and (g,h) Al and Al/CNT samples at the head of the tensile samples. 

Figure 15. Cont.



Appl. Sci. 2023, 13, 54 16 of 18

Appl. Sci. 2023, 12, x FOR PEER REVIEW 15 of 18 
 

  

 

(a) (b)  

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 15. (a,b) IPF maps, with high-angle (black) and low-angle (red) boundaries, (c,d) IPFs, (e,f) 
GNDs density and (g,h) Al and Al/CNT samples at the head of the tensile samples. 

Figure 15. (a,b) IPF maps, with high-angle (black) and low-angle (red) boundaries, (c,d) IPFs,
(e,f) GNDs density and (g,h) Al and Al/CNT samples at the head of the tensile samples.

4. Conclusions

In this investigation, Al/CNT nanocomposites were produced by powder metallurgy
route with 1.00 vol.% of the CNTs. The CNTs were dispersed by ultrasonication with the Al
powder in isopropanol for 15 min. The tensile test results revealed an increase in the yield
strength of 185% for nanocomposites than the Al matrix. However, a decrease in ductility
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is observed, which can be explained by the presence of some CNTs clusters at the grain
boundaries of the matrix.

The nanoindentation test exhibits the nanocomposite’s high hardness values and
corresponding high values of reduced Young´s modulus, which corresponds to the presence
of CNTs.

The increase in the yield strength of the nanocomposites can be attributed to the
load transfer mechanism due to the CNTs elongated observed in the fracture surface of
the tensile samples, which can have acted as a bridge, hindering the crack propagation.
However, CNTs clusters are observed, which confirms that these are present at the grain
boundaries that can significantly decrease the ductility of the nanocomposites.

Microstructural characterization and Vickers hardness evolution of the tensile spec-
imen at different regions explain the different behavior of the nanocomposite samples.
The Al samples revealed higher hardness values close to the surface fracture than the
nanocomposites. The presence of a higher dislocation density can justify this behavior.
In addition, different crystalline orientations and Taylor factors are observed for the sam-
ples, corroborating the results observed in the tensile tests. In the non-tested regions, the
nanocomposites exhibit a higher density of dislocations and a higher hardness value that
can be attributed to CNTs in the matrix.
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