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Abstract: In this research, copper nanocomposites reinforced with carbon nanotubes (CNTs) were pro-
duced by ultrasonication and conventional sintering, followed by cold rolling. These nanocomposites
may be good candidates due to their excellent properties for components in the electrical, electronics,
or aerospace industries with highly demanding requirements. The main objectives of this work were
to produce and characterize the Cu/CNT nanocomposites, identify the strengthening mechanisms,
and study the deformation behavior of the nanocomposites during cold rolling. The nanocomposites
exhibited an improvement in hardness and tensile strength of 17 and 67%, respectively, attesting
to the strengthening effect of the reinforced material. The yield strength of the nanocomposites
was determined considering different mechanisms: (1) load transfer, (2) grain refinement or texture,
(3) dislocation, and (4) Orowan strengthening mechanisms. The microstructural and calculated
results show that the mechanism that contributes the most to the increase in the properties of the
nanocomposite is the load transfer. The nanocomposites show a different texture evolution of the Cu
matrix during cold rolling. This can be due to differences in the active slip planes between the matrix
and the nanocomposite, which affects the lattice rotation.

Keywords: deformation behavior; cold rolling; metal matrix nanocomposites; carbon nanotubes;
texture evolution

1. Introduction

In recent years, developing new materials with unique properties has been the goal
of several studies to meet the requirements imposed by various industries. Carbon nan-
otubes (CNTs) have been defined as an optimal reinforcement for nanomaterials due to
their properties (good ductility and strength, high elastic modulus, electrical and ther-
mal conductivities), resulting in an advantageous material with increased fatigue and
fracture resistances. Implementing these advanced lightweight metal matrix nanocompos-
ites (MMNCs) can yield several advantages, such as reduced fuel combustion and CO2
emissions [1–3].

The copper’s outstanding electrical and thermal properties make this material ex-
tremely valuable for microelectronic devices. Nonetheless, its applicability is limited due to
poor mechanical characteristics, such as hardness and wear resistance [4]. The use of CNTs
as a reinforcement material for copper matrices can be a practical approach to improve their
properties, such as compression and tensile strength [5], hardness [6,7], and also electrical
and thermal conductivities [8]. However, the beneficial effect of adding CNTs to a copper
matrix depends on their homogeneity, a function of the dispersion process and the selected
manufacturing route [9].

In the literature, it is possible to identify several production routes for MMNCs.
Still, powder metallurgy is an efficient, simple, accessible, and widely used technique
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for manufacturing these nanocomposites [10–12]. The powder metallurgy process can
be subdivided into four key steps, starting with the powder mixing and dispersion with
the metal powder and reinforcement, followed by the pressing and the sintering of the
samples [13]. In recent years, there has been an increase in published papers on Cu/CNT
nanocomposites [4–8,14–18]. However, producing these nanocomposites by this process is
still less reported than the Al/CNT and Ni/CNT nanocomposites, even though identifying
strengthening mechanisms has been a topic of these works.

Identifying and understanding the strengthening mechanisms is crucial for optimizing
and implementing MMNCs. For Cu/CNT nanocomposites, although the load transfer
mechanism is the most reported, grain refinement or texture, Orowan, and dislocation
strengthening mechanisms are also observed to contribute to the increased yield strength
of the nanocomposites. For instance, Yoon et al. [14] reported on the grain refinement
strengthening in Cu/CNT nanocomposites processed by high-pressure torsion. The grain
size was evaluated by electron backscatter diffraction (EBSD), and the presence of CNTs
promotes a reduction from approximately 517 nm (Cu matrix) to 180 nm (nanocomposite)
in the average grain size. This can be explained due to the presence of CNTs at grain
boundaries that act as inhibitors of grain boundary movement. Moreover, the CNTs signifi-
cantly affected the dislocation motion, promoting a dislocation density increase during the
deformation of the nanocomposites. The results of tensile tests and analyses of the fracture
surface showed an improvement in the mechanical properties of the nanocomposites and
the presence of individual CNTs embedded in the matrix. Chen et al. [7] investigated the
mechanical properties of Cu/CNT nanocomposites produced by electrodeposition. The
authors observed an improvement in the tensile strength and ductility of the nanocompos-
ites. The strengthening mechanisms identified were the load transfer and the dislocation
hardening due to the increased dislocation density observed for the nanocomposites. Fu
et al. [17] applied mathematical calculations to investigate the strengthening mechanisms
of Cu/CNT nanocomposites produced by SPS. The results showed that load transfer was
the mechanism that most contributed to strengthening the nanocomposite, followed by
increased dislocation density and grain refinement. Duong et al. [18] produced nanocom-
posites of Cu reinforced with CNT by high-energy ball milling followed by conventional
sintering and cold rolling—the nanocomposites showed an improvement in mechanical
properties compared to the Cu matrix. The strengthening mechanisms identified were load
transfer, grain refinement, and dislocation strengthening.

Therefore, it is well-known and widely studied that the combination of some intrinsic
characteristics of the material, such as its crystallographic orientation and stacking fault
energy, affects its deformation behavior. However, the influence of CNTs on the mode
and extent of these processes still needs to be explored and understood for implement-
ing nanocomposites reinforced with CNTs. In this sense, this work aims to detail the
mode of production and behavior during the deformation processes of nanocomposite
Cu/CNTs, such as the interaction of the CNT with dislocations, which can be extremely
useful to improve its behavior in service. For this reason, this work aims to present the
conventional powder metallurgy route of Cu/CNT nanocomposites and discuss the effect
of CNT reinforcement in the copper matrix after sintering. It also seeks to explain the
deformation behavior of nanocomposites during cold rolling up to different strain values.
Since the ultrasonication process proved effective in dispersing and mixing the CNTs and
metallic powders, the samples were processed using this method as it has the advantage of
promoting good dispersion with less damage to the structure of the CNTs.

2. Materials and Methods

The copper powders were provided by Goodfellow (Goodfellow Cambridge Ltd.,
Huntingdon, UK), and the multiwalled carbon nanotubes, used as reinforcing material,
are from Fibermax (Fibermax Ltd., London, UK). The outer and inner diameters and the
structure of the CNTs can be seen in detail in a previous work [19]. The as-received copper
powder and ultrasonicated mixtures were characterized by optical microscopy (OM) and
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scanning electron microscopy (SEM) electron backscattered diffraction (EBSD). Raman
spectroscopy (Jobin Yvon T64000; HORIBA Scientific, Kyoto, Japan) experiments were
conducted with a laser wavelength of 514 nm.

Image analysis was performed using the software Image J (version 1.51, Wayne Ras-
band, National Institutes of Health, Bethesda, MD, EUA) for particle size, length, and wide
measurements. These measurements were obtained from OM images using a DM 4000 M
optical microscope equipped with a Leica DFC 420 camera (Leica Microsystems, Wetzlar,
Germany). An SEM (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) was used. Furthermore, dynamic light scattering (DLS) with
a Laser Coulter LS230 (Beckman Coulter, Inc., Brea, CA, EUA) complementarily analyzed
the as-received copper powder.

Several amounts of CNTs (from 1.0 to 2.5% vol.) were added to the Cu matrix to deter-
mine the effect of the reinforcement’s volume fraction in the nanocomposites’ production.
The dispersion and mixing were performed in one step by ultrasonication for 15 min in
isopropanol. This procedure has already been adopted for other matrices such as Al and
Ni to produce nanocomposites reinforced with CNTs [19–21]. These mixtures were then
cold pressed to 900 MPa and sintered under vacuum for 120 min at 950 ◦C.

The cold rolling of the sintered samples was performed at a low speed (10 rpm) until
strains from 0.11 to 1.61 were achieved in a maximum of 4 more minor passes. OM, SEM,
and EBSD conducted the microstructural characterization of the nanocomposites.

EBSD has proven to be an extraordinarily advanced technique to characterize nanocom-
posites and deformed samples, ideal for the present work [20]. The raw EBSD data must
be cleaned using TSL OIM Analysis 5.2 (EDAX Inc. (Ametek), Mahwah, NJ, USA) to
avoid false results. In this sense, a grain tolerance angle of 15◦ and a minimum 2 points
grain size were established before performing the different maps. The overall EBSD map
inverse pole figures (IPFs), Kernel average misorientation (KAM), and grain boundary
maps were elaborated as described, with conditions similar to those of previous work [20].
Furthermore, to analyze the density of the geometrically necessary dislocations (GNDs) of
the samples, crucial in the deformation studies, the ATEX software (University of Lorraine,
Metz, France) was used [22].

The mechanical properties of the nanocomposites were evaluated by hardness and
tensile tests. Vickers microhardness tests were performed using a load of 98 mN for a
normalized time of 15 s on a Duramin-1 durometer (Duramin-1; Struers A/S, Ballerup,
Denmark). The average microhardness value and respective standard deviation were cal-
culated from 12–20 indentations performed in each sample. The tensile test was performed
with a velocity of 0.2 mm/s, using Shimadzu EZ Test equipment (Shimadzu Corporation,
Kyoto, Japan), and three samples of each, nanocomposite and copper matrix, were tested.

3. Results and Discussion
3.1. Powders Characterization

The powders’ morphology, shape, and particle size have an essential role in the success
of the production by powder metallurgy. Figure 1 shows the scanning electron microscopy
(SEM) images using the secondary electron mode of the as-received Cu powders. These
powders exhibited a dendritic shape. Dynamic light scattering (DLS) analysis of particle
size distribution revealed a D50 value of 29.45 µm. The length and width are very different,
meaning the particles are elongated.

The microstructure of the powders was analyzed in more detail by EBSD. Figure 2
shows a Cu particle’s inverse pole figure (IPF), Kernel average misorientation (KAM), and
grain boundary maps. The IPF reveals that the particle comprises grains with different
crystallographic orientations. Some misorientation is detected, mainly at the surface of the
particle. The high-angle misorientation regions, associated with a high density of low-angle
grain boundaries, can be attributed to plastic deformation during production.
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Figure 2. Cu powder particle as-received: (a) Inverse pole figure (IPF) map, (b) Kernel average
misorientation (KAM) map overlapped with image quality (IQ) map, and (c) IQ map with delineated
high- and low-angle boundaries as well as twins.
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The dispersing/mixing process can change the powders’ shape and size, affecting the
pressing and sintering steps of nanocomposite production. The evaluation of the effect
of ultrasonication on the size and dimension of Cu powders was carried out. The impact
of introducing CNTs on these parameters was also studied during this process step. The
OM images of the received and dispersed powders and the roundness and particle size
distributions for the Cu powders and Cu/CNTs can be seen in Figure 3. Based on these
results, it is clear that CNTs do not significantly affect the shape and size of copper powders.
Roundness values show only a slight decrease for the value of 1, i.e., a form faintly closer to
sphericity. There are also no significant differences in size, and all samples have the same
particle size distribution. Similar results were observed for Ni powders processed to the
same dispersion and mixing process [20].
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Figure 3. (a,b) OM images of as-received and dispersed Cu powders and (c) roundness distribution of
the particles, and (d) particle size distribution, for as-received and dispersed Cu (US: Ultrasonication)
and Cu/CNTs powders.

Furthermore, the ultrasonication process does not cause significant damage to the
structure of the CNTs that would impair their strengthening effect. Figure 4 shows the SEM,
TEM, and HRTEM images exhibiting the structure of the CNTs after the ultrasonication
process. The size distribution of the outer diameters is also presented in this figure which
shows a decrease that may be associated with the exfoliation of the CNTs. Moreover, the
process only significantly affects the shape of the powders to avoid influencing the next
steps of the powder metallurgy process, mainly during densification in the sintering step.
Regarding structural damage, the ultrasonication process causes less damage than the
ball milling process, which is one of the most reported in the literature. In the Raman
results in Figure 4, the influence of these processes on the structure of the initial CNTs
is observed. The decrease in the intensity ratio of the D band (ID) and G band (IG) may
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be associated with the exfoliation that occurred on the CNTs due to the ultrasonication
treatment already observed in previous work [21]. The increase observed for this ratio for
ball milling may be due to the growth of defects in the structure of CNTs. Similar results
were also obtained by Ya et al. [4], who observed few defects promoted in the structure of
the CNTs using sonication. However, defects increase with the cold rolling process due to
plastic deformation, as Duong et al. have shown [18].
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3.2. Strengthening Mechanisms

The nanocomposites were produced with different volume fractions of CNTs. Figure 5
shows the volume fraction’s influence on the hardness of the nanocomposites. There is an
increase in hardness for 1.0% vol. of CNTs, and a decrease in hardness is observed for higher
fractions of CNTs. The rise of CNT content above 1.0% vol. leads to larger clusters, increas-
ing the heterogeneous distribution of CNTs and thus softening the nanocomposites. These
results are similar to those already observed for Ni/CNT and Al/CNT nanocomposites
produced by the same route [9,20–24].

The effectiveness of the dispersion process in these nanocomposites can be seen in the
results presented in Figure 6. Figure 6a shows the evolution of the percentage of CNT pores
and agglomerates with the volume fraction of the reinforcement. Approximately 0.5% pores
can be observed for the Cu sample, but with the addition of 1.0% vol. CNTs or more, the



Appl. Sci. 2023, 13, 3378 7 of 17

pore fraction increases, which is associated with agglomerates of CNTs. CNTs are present
in the Cu matrix as agglomerates, mainly in the grain boundaries. Still, some can also be
observed individually in the matrix, as previously reported [20,21]. In the SEM image of
Figure 6b, a nanocomposite’s microstructure and a CNT cluster’s detail can be observed.
Measurements of CNT pores and clusters for the nanocomposite samples showed that their
percentage increases with an increase in the reinforcement volume fraction. Increasing the
reinforcement fraction makes it challenging to obtain a homogeneous dispersion of CNTs,
as a more significant amount of pores and clusters of CNTs appear in the microstructure.
This behavior can be explained by the processing conditions, especially dispersion, which
limits the fraction of CNTs successfully dispersed in metal matrices.
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Since the increase in hardness was not significant with the addition of CNTs (a 17%
increase over the hardness of the copper matrix), tensile tests were performed to further in-
vestigate the effect of CNT strengthening on the nanocomposites. Figure 7 and Table 1 show
the tensile test results and the relative density of the sintered samples. The relative density
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is somewhat lower for the nanocomposites than for the Cu matrix, which agrees with what
was already mentioned. However, the cold rolling process mainly aims to increase these
values for the nanocomposites. As for the tensile test results, a more significant increase
in tensile strength is observed when CNTs are added to the matrix (67% increase over the
Cu matrix value). Based on these results, it can be indicated that the process proved to be
effective in the production of Cu/CNT nanocomposites since, for instance, Duong et al. [18]
report a 44% increase in the mechanical strength of Cu/CNT nanocomposites produced by
ball milling as a dispersion process followed by the sintering and cold rolling processes.
The improvement in the mechanical properties of the nanocomposites with 1.0% vol. can
be attributed to different strengthening mechanisms that can act simultaneously.
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Table 1. Tensile strength, elongation, and relative density of the Cu matrix and Cu/CNT nanocom-
posite as-sintered samples.

Sample Ultimate Tensile Strength (MPa) Elongation (%) Relative Density (%)

Cu matrix 92 ± 2 13 ± 3 97.6
Cu/CNT nanocomposites 154 ± 4 6 ± 2 95.8

Different characterizations were performed to determine the strengthening mecha-
nisms acting simultaneously on these nanocomposites. The load transfer mechanism was
observed with the increase in the mechanical properties of the nanocomposites but con-
firmed by the characterization of the fracture surface of the nanocomposites by SEM (shown
in Figure 8). Elongated and fractured CNTs were detectable on this surface. This led to
the conclusion that one of the factors responsible for the difference in hardness and tensile
strength between the copper matrix and the nanocomposite is the load transfer mechanism.
The increase in tensile strength observed for the nanocomposites can be attributed to a
uniform CNT distribution and effective load transfer between the matrix and CNTs due
to a strong matrix/CNT interface. Duong et al. [18] observed similar results in Cu/CNT
nanocomposites produced by powder metallurgy and cold rolling. The fracture surfaces
shown in the CNTs prove the good interface bonding between the strengthening material
and the matrix that enhances the load transfer mechanism.

However, other mechanisms may play a role in reinforcing Cu/CNT nanocomposites.
In this regard, in addition to the load transfer mechanism, Orowan, dislocation, and grain
boundary or texture strengthening mechanisms were considered in this work.

The effect of CNTs in grain refinement due to grain growth inhibition during nanocom-
posite sintering was investigated using EBSD maps. Figure 9 shows the unique color grain
maps and grain size distributions of the as-sintered Cu and Cu/CNT samples. These results
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show that the samples have a similar average grain size, indicating that adding CNTs does
not significantly influence the grain size.
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Figure 8. SEM image of the Cu/CNT fracture surface of the nanocomposites produced by ultrasoni-
cation, where the arrows point to elongated and fractured CNTs.
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Figure 9. Unique color grain maps of (a) Cu matrix and (b) Cu/CNT nanocomposites, and (c) grain
size distribution of Cu matrix and Cu/CNT nanocomposite sintered samples.

The pole figures (PFs), inverse pole figures (IPFs), and IPF maps shown in Figure 10
allowed the evaluation of the crystallographic orientation of the grains. Neither sample
shows a preferential orientation but a strong crystallographic orientation in the ND and TD
directions. However, some slight differences in crystallographic orientation are detected
for the nanocomposites. Unlike what was observed for Al and Ni matrices, where the
crystallographic orientation of the matrix changes significantly, CNTs do not considerably
affect the orientation of the Cu matrix [20,24]. In this context, it is evident that the CNTs do
not influence the grain size or texture of the Cu matrix during the sintering process.

Another mechanism that can contribute to strengthening the Cu matrix is the dis-
location or Orowan strengthening that occurs in the presence of reinforcement material.
Figure 11 shows the image quality (IQ) maps with the high- and low-angle boundaries
(HAGB and LAGB, respectively) and the estimated geometrically necessary dislocation
(GND) density maps for the Cu and Cu/CNT samples. Based on these results, it is clear
that the addition of CNTs does not significantly increase the copper matrix’s dislocation
density (1.8 × 1014 m−2 and 1.9 × 1014 m−2 are the estimated dislocation densities for
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Cu and Cu/CNT samples, respectively). There is only an increase in the dislocation den-
sity near the CNT clusters, as seen at higher magnification. However, it is possible to
observe dislocations of cells related to CNTs embedded inside the grains. This increase in
dislocation density can be attributed to the mismatch of strains at the MWCNT/matrix
interfaces due to the difference in thermal expansion coefficients between MWCNTs, and
the Cu matrix will block the movement of dislocations. Other authors [7,17,18] have also
reported dislocation strengthening as one of the most common mechanisms acting on
these nanocomposites.
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and Cu/CNT nanocomposites, respectively.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 11 of 19 
 

 
 

(c) (d) 

Figure 10. (a,c) IPF maps and (b,d) [001], [010] and [100] IPFs and 001, 011 and 111PFs of Cu 

and Cu/CNT nanocomposites, respectively. 

Another mechanism that can contribute to strengthening the Cu matrix is the dislo-

cation or Orowan strengthening that occurs in the presence of reinforcement material. 

Figure 11 shows the image quality (IQ) maps with the high- and low-angle boundaries 

(HAGB and LAGB, respectively) and the estimated geometrically necessary dislocation 

(GND) density maps for the Cu and Cu/CNT samples. Based on these results, it is clear 

that the addition of CNTs does not significantly increase the copper matrix’s dislocation 

density (1.8 × 1014 m−  and 1.9 × 1014 m−  are the estimated dislocation densities for Cu and 

Cu/CNT samples, respectively). There is only an increase in the dislocation density near 

the CNT clusters, as seen at higher magnification. However, it is possible to observe dis-

locations of cells related to CNTs embedded inside the grains. This increase in dislocation 

density can be attributed to the mismatch of strains at the MWCNT/matrix interfaces due 

to the difference in thermal expansion coefficients between MWCNTs, and the Cu matrix 

will block the movement of dislocations. Other authors [7,17,18] have also reported dislo-

cation strengthening as one of the most common mechanisms acting on these nanocom-

posites. 

 
 

 
(a) (b) (c) 

  
Figure 11. Cont.



Appl. Sci. 2023, 13, 3378 11 of 17Appl. Sci. 2023, 13, x FOR PEER REVIEW 12 of 19 
 

 
 

 
(d) (e) (f) 

Figure 11. (a–c) Cu and (d–f) Cu/CNT (1.0% vol.) samples were analyzed using (a,b,d,e) IQ maps 

with high- (black) and low-angle (red) boundaries and (c,f) GND estimated density maps of the area 

marked in (a) and (d). 

The contribution of the different strengthening mechanisms related to yield strength 

was quantitatively calculated to fully understand the microstructure’s effects on the me-

chanical properties of the nanocomposites. Based on the available literature and the ob-

tained microstructures, the reinforced yield strength should be derived from the sum of 

the yield strength of the matrix and the strengthening mechanisms [18]. The improvement 

in the yield strength of the nanocomposites could be attributed to the following mecha-

nisms: (i) load shear strengthening (σLT) [18,25,26], (ii) grain refinement strengthening 

(σgb) [18,25,27], (iii) Orowan strengthening (σOr) [17,18,25,28], and (iv) dislocation 

strengthening (σDis) [17,18,25,28]. The yield strength (σys) can be determined by Equation 

(1): 

𝜎𝑦𝑠 = 𝜎0 + ∆𝜎𝑔𝑏 + ∆𝜎𝐿𝑇 + ∆𝜎𝐷𝑖𝑠 + ∆𝜎𝑂𝑟 (1) 

The strength increase by a load transfer from the CNTs and Cu matrix was calculated 

by the shear-lag theory developed by Kelly and Tyson [26]  Kelly and  yson’s  odified 

shear-lag model [26] is the most typically used to characterize the load transfer mecha-

nism. Based on this model, the load transfer (σLT) can be obtained by Equation (2): 

∆𝜎𝐿𝑇 = 𝜎𝑀 ⌊
𝑉𝐶𝑁𝑇(𝑆𝑒𝑓𝑓 + 2)

2
+ (1 + 𝑉𝐶𝑁𝑇)⌋ (2) 

where VCNT is the volume fraction of the CNTs, σm is the matrix yield strength, and Seff is 

the effective aspect ratio of the CNTs (the value of 1.32 was used in this work). Based on 

the results obtained by the microstructural characterization, it was found that σLT can be 

57.2 MPa. For the grain refinement strengthening (σgb), using the Hall–Petch equation 

[28], it was calculated to be 8.1 MPa. Regarding the Orowan strengthening (σOr), the 

value was estimated using the equation reported by Nardone et al. [28]. The (σDis) con-

tribution was achieved as 2 MPa. This mechanism results in the thermal mismatch be-

tween the CNTs and the Cu matrix. The different contribution of these strengthening 

mechanisms is present in Figure 12. Based on the estimated values, the load transfer mech-

anism contributes more to improving the mechanical properties of the nanocomposites. 

These results are consistent with the results obtained in the microstructural characteriza-

tion, where it was observed that in this work, the increase in dislocation density and grain 

size differences were not significant between the matrix and the nanocomposite. 

Figure 11. (a–c) Cu and (d–f) Cu/CNT (1.0% vol.) samples were analyzed using (a,b,d,e) IQ maps
with high- (black) and low-angle (red) boundaries and (c,f) GND estimated density maps of the area
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The contribution of the different strengthening mechanisms related to yield strength
was quantitatively calculated to fully understand the microstructure’s effects on the me-
chanical properties of the nanocomposites. Based on the available literature and the ob-
tained microstructures, the reinforced yield strength should be derived from the sum of
the yield strength of the matrix and the strengthening mechanisms [18]. The improvement
in the yield strength of the nanocomposites could be attributed to the following mecha-
nisms: (i) load shear strengthening (∆σLT) [18,25,26], (ii) grain refinement strengthening
(∆σgb) [18,25,27], (iii) Orowan strengthening (∆σOr) [17,18,25,28], and (iv) dislocation strength-
ening (∆σDis) [17,18,25,28]. The yield strength (σys) can be determined by Equation (1):

σys = σ0 + ∆σgb + ∆σLT + ∆σDis + ∆σOr (1)

The strength increase by a load transfer from the CNTs and Cu matrix was calculated
by the shear-lag theory developed by Kelly and Tyson [26]. Kelly and Tyson’s modified
shear-lag model [26] is the most typically used to characterize the load transfer mechanism.
Based on this model, the load transfer (∆σLT) can be obtained by Equation (2):

∆σLT = σM

VCNT

(
Se f f + 2

)
2

+ (1 + VCNT)

 (2)

where VCNT is the volume fraction of the CNTs, σm is the matrix yield strength, and Seff is
the effective aspect ratio of the CNTs (the value of 1.32 was used in this work). Based on
the results obtained by the microstructural characterization, it was found that ∆σLT can be
57.2 MPa. For the grain refinement strengthening (∆σgb), using the Hall–Petch equation [28],
it was calculated to be 8.1 MPa. Regarding the Orowan strengthening (∆σOr), the value was
estimated using the equation reported by Nardone et al. [28]. The (∆σDis) contribution was
achieved as 2 MPa. This mechanism results in the thermal mismatch between the CNTs
and the Cu matrix. The different contribution of these strengthening mechanisms is present
in Figure 12. Based on the estimated values, the load transfer mechanism contributes more
to improving the mechanical properties of the nanocomposites. These results are consistent
with the results obtained in the microstructural characterization, where it was observed
that in this work, the increase in dislocation density and grain size differences were not
significant between the matrix and the nanocomposite.

3.3. Deformation Behavior during Cold Rolling

The behavior during cold rolling of the nanocomposites was also investigated. Figure 13
reveals the hardness evolution with increasing deformation of Cu and Cu/CNT samples
and the IQ maps with the grain boundaries of sintered and cold-rolled samples up to strains
of 0.11, 0.69, and 1.61.
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As expected, the increased hardness is observed with the increasing of the strain.
However, the matrix exhibits higher hardness for high strain values. This means that
the strengthening effect of the CNTs no longer plays a role in these strain values. These
results can be explained due to (i) the damage in the CNTs during the increase in the
strain and/or (ii) the different behavior of the nanocomposites during the cold rolling.
Regarding structural damage during the cold rolling, Doung et al. [18] observed an increase
in the ID and IG intensity ratio, which means a growth in the defect in the CNTs during
plastic deformation.

The grain boundary character and dislocation density were investigated to evaluate
the differences between the Cu matrix and the nanocomposites. The IQ maps with the
HAGB and LAGB boundaries show no significant differences between the samples. The
high density of the LAGB can be associated with regions with a high density of dislocations.
Figure 14 shows the evolution of the estimated GND density and the GND maps for the
Cu and Cu/CNT as-sintered and cold-rolled samples.

These results show that with increasing strain, there is an apparent increase in the dis-
location density until stabilization is reached. The Cu and Cu/CNT samples show similar
values of this density. For this reason, the discrepancies observed in hardness cannot be
associated with the movement and multiplication of dislocations during deformation. The
texture evolution of Cu and Cu/CNTs was investigated during the cold rolling. Figure 15
shows the results of the orientation distribution function (ODF) and their development
during the deformation of Cu and Cu/CNTs. The ODFs of sintered samples were added
for comparison and are present as ε = 0.00.

In the as-sintered samples, no texture was observed, although slight differences exist
between the inherent crystallographic orientations. The Cu sample deformed with ε = 0.11
showing a random orientation without any prominent component, while the Cu/CNTs
revealed the Goss, Brass, A2, Ab, and B components. For samples cold rolled at a strain
of 0.69, the main components are Copper, Goss, and Taylor for the Cu sample, while for
Cu/CNTs, the Goss component shows the highest intensity, followed by Copper. However,
the matrix texture at a 1.61 strain has Goss and A2 as the main components. Note that
Goss is one of the characteristic components of cold rolling in face-centered cubic (FCC)
structures. On the other hand, the nanocomposite and the components Copper, Goss, and
Brass also show shear components.

Based on these results, the matrix and the nanocomposite show a different texture
evolution. In nanocomposites, CNTs in the matrix can affect the lattice rotation during
deformation, making the active slip systems different from the Cu matrix and affecting
texture evolution. Thus, the evolution of hardness during deformation is also affected by
this change.

However, the texture evolution needs to fully explain the difference in behavior
between the nanocomposites and the matrix. Since the average hardness values shown in
Figure 13a were obtained randomly on all the sample surfaces, it does not fully reflect the
possible heterogeneities in the deformed sample. For that reason, hardness profiles were
obtained along the cross-section (normal to the rolling direction) of the samples rolled at
1.61 strain to understand the difference in results between the samples. Figure 16 shows
the results for Cu and Cu/CNT samples.

The hardness distribution, from the surface to the center, differs for the nanocomposite
and the matrix at a strain of 1.61. A non-uniform distribution of deformation across the
sample was observed for the nanocomposites. The presence of the CNTs and even the
slight difference in texture evolution originate different stress states, which will cause
heterogeneities and differences in the deformation of the samples.

Previous work [29] on the deformation behavior of Ni and Ni/CNTs has shown that
the CNTs influence the hardness and texture evolution of nanocomposites. The Ni/CNT
nanocomposites softened at minor strains (0.11 and 0.22), which was attributed to the
Bauschinger effect. For larger strains, different textures were observed for Ni and Ni/CNTs,
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which was explained by the initial crystallographic orientations and the presence of CNTs
in the nanocomposites.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 19 
 

 
(a) 

 ε ≈ 0.00 ε ≈ 0.11 ε ≈ 0.69 ε ≈ 1.61 

C
u

  

 
(b) 

C
u

/C
N

T
s 

 

 
 (c) 

 

 

Figure 14. (a) Estimated GND density and (b,c) GND maps of the Cu and Cu/CNT samples, as-

sintered and cold rolled to strains up to 0.11, 0.69, and 1.61, respectively. A higher magnification 

detailed is present for the higher strains.  

Figure 14. (a) Estimated GND density and (b,c) GND maps of the Cu and Cu/CNT samples, as-
sintered and cold rolled to strains up to 0.11, 0.69, and 1.61, respectively. A higher magnification
detailed is present for the higher strains.



Appl. Sci. 2023, 13, 3378 15 of 17Appl. Sci. 2023, 13, x FOR PEER REVIEW 16 of 19 
 

 

Figure 15. ODFs of Cu and Cu/CNT samples, as-sintered and after cold rolling to strains of 0.11, 

0.69 and 1.61, respectively. In these ODFs, the main possible texture components are marked. 

In the as-sintered samples, no texture was observed, although slight differences exist 

between the inherent crystallographic orientations   he    sa ple defor ed with ε = 0.11 

showing a random orientation without any prominent component, while the Cu/CNTs 

revealed the Goss, Brass, A2, Ab, and B components. For samples cold rolled at a strain of 

0.69, the main components are Copper, Goss, and Taylor for the Cu sample, while for 

Cu/CNTs, the Goss component shows the highest intensity, followed by Copper. How-

ever, the matrix texture at a 1.61 strain has Goss and A2 as the main components. Note 

that Goss is one of the characteristic components of cold rolling in face-centered cubic 

(FCC) structures. On the other hand, the nanocomposite and the components Copper, 

Goss, and Brass also show shear components. 

Based on these results, the matrix and the nanocomposite show a different texture 

evolution. In nanocomposites, CNTs in the matrix can affect the lattice rotation during 

deformation, making the active slip systems different from the Cu matrix and affecting 

texture evolution. Thus, the evolution of hardness during deformation is also affected by 

this change. 

However, the texture evolution needs to fully explain the difference in behavior be-

tween the nanocomposites and the matrix. Since the average hardness values shown in 

Figure 13a were obtained randomly on all the sample surfaces, it does not fully reflect the 

possible heterogeneities in the deformed sample. For that reason, hardness profiles were 

obtained along the cross-section (normal to the rolling direction) of the samples rolled at 

1.61 strain to understand the difference in results between the samples. Figure 16 shows 

the results for Cu and Cu/CNT samples. 

Figure 15. ODFs of Cu and Cu/CNT samples, as-sintered and after cold rolling to strains of 0.11, 0.69
and 1.61, respectively. In these ODFs, the main possible texture components are marked.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 17 of 19 
 

 

Figure 16. Hardness profiles of Cu and Cu/CNT samples after cold rolling to a strain of 1.61. 

The hardness distribution, from the surface to the center, differs for the nanocompo-

site and the matrix at a strain of 1.61. A non-uniform distribution of deformation across 

the sample was observed for the nanocomposites. The presence of the CNTs and even the 

slight difference in texture evolution originate different stress states, which will cause het-

erogeneities and differences in the deformation of the samples. 

Previous work [29] on the deformation behavior of Ni and Ni/CNTs has shown that 

the CNTs influence the hardness and texture evolution of nanocomposites. The Ni/CNT 

nanocomposites softened at minor strains (0.11 and 0.22), which was attributed to the 

Bauschinger effect. For larger strains, different textures were observed for Ni and 

Ni/CNTs, which was explained by the initial crystallographic orientations and the pres-

ence of CNTs in the nanocomposites. 

4. Conclusions 

Cu/CNT nanocomposites were produced by conventional powder metallurgy using 

ultrasonication as a mixing and dispersion method. Different volume fractions of CNTs 

were investigated. The best dispersion was obtained for 1.0% vol. of CNTs. The nanocom-

posites were characterized by CNT agglomerates mainly at grain boundaries. 

The increase of 17% in hardness and 67% in tensile strength attested to the strength-

ening effect of the CNTs in the Cu matrix. This improvement is a consequence of several 

mechanisms: (1) load transfer, (2) grain refinement or texture, (3) dislocation, and (4) Or-

owan strengthening mechanisms. The results show that the load transfer was the strength-

ening mechanism that played the leading role in these nanocomposites. Elongated and 

fractured CNTs were observed on the fracture surface of nanocomposites. The introduc-

tion of CNTs did not significantly affect the Cu matrix’s dislocation density, grain size, or 

texture. 

The deformation behavior of the nanocomposites was observed during cold rolling 

under different strains. As expected, the Cu matrix and the nanocomposite show in-

creased hardness values with deformation. At higher strains (greater than 0.36), the nano-

composites have a lower hardness than the Cu matrix. This can be explained due to the 

damage that can occur during the plastic deformation and the different texture evolution 

of the nanocomposites. The dislocation density analysis does not show differences 

Figure 16. Hardness profiles of Cu and Cu/CNT samples after cold rolling to a strain of 1.61.



Appl. Sci. 2023, 13, 3378 16 of 17

4. Conclusions

Cu/CNT nanocomposites were produced by conventional powder metallurgy us-
ing ultrasonication as a mixing and dispersion method. Different volume fractions of
CNTs were investigated. The best dispersion was obtained for 1.0% vol. of CNTs. The
nanocomposites were characterized by CNT agglomerates mainly at grain boundaries.

The increase of 17% in hardness and 67% in tensile strength attested to the strengthen-
ing effect of the CNTs in the Cu matrix. This improvement is a consequence of several mech-
anisms: (1) load transfer, (2) grain refinement or texture, (3) dislocation, and (4) Orowan
strengthening mechanisms. The results show that the load transfer was the strengthening
mechanism that played the leading role in these nanocomposites. Elongated and fractured
CNTs were observed on the fracture surface of nanocomposites. The introduction of CNTs
did not significantly affect the Cu matrix’s dislocation density, grain size, or texture.

The deformation behavior of the nanocomposites was observed during cold rolling
under different strains. As expected, the Cu matrix and the nanocomposite show increased
hardness values with deformation. At higher strains (greater than 0.36), the nanocomposites
have a lower hardness than the Cu matrix. This can be explained due to the damage
that can occur during the plastic deformation and the different texture evolution of the
nanocomposites. The dislocation density analysis does not show differences between
the Cu and Cu/CNT samples. The texture evolution shows various components for the
nanocomposites and the Cu matrix. This can be due to differences in the active slip planes
between the matrix and the nanocomposite, which affects the lattice rotation.
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