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a b s t r a c t

CNTs/Cu composite powders were fabricated using an electrodeposition process, and consolidated by hot
pressing followed by cold rolling. The electrodeposition is a promising method to obtain homogeneously
dispersed CNTs/Cu powders in terms of effective control of CNTs content and particle size of powders
during the process. The effects of Cu ions concentration in electrolyte on the dispersion and content of
CNTs in powders, particle size, and properties of composites were studied. The electrodeposited CNTs/Cu
powders show large amount of embedded CNTs that are strongly bonded with the Cu matrix, and a CNTs
network architecture formed in the Cu grains. The particle size 52.72 mm of powders is obtained at Cu
ions concentration of 10 g/L in electrolyte. The tensile strength and electrical conductivity of consolidated
CNTs/Cu composites are about 418 MPa and more than 90 ± 0.16% IACS, respectively. The CNTs network is
beneficial to load transfer efficiency and bridge linking for improving strength, but also provides electron
transport pathways for high electrical conductivity.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have been intensively studied as a
promising reinforcement into nanocomposites due to the exhibi-
tion of superior mechanical properties, good electrical conductivity
and extremely high thermal conductivity simultaneously [1e4].
Progress has been made in CNTs/polymer [5,6] and CNTs/ceramic
[7,8] composites which showa remarkable strengthening effect due
to the strong interfacial strength and distinct structural features.
However, there are still difficulties in fabricating CNTs/metal
composites with improved properties because of the agglomera-
tion of CNTs and the poor interfacial bonding between CNTs and
metal matrix.

Copper reinforced with ceramic or through alloying shows
enhanced mechanical properties, but often shows significant
decrease in electrical and thermal properties [9,10]. The use of CNTs
as reinforcements in Cu matrix has been proved to greatly improve
the mechanical properties of copper matrix composites. Multi-
walled CNTs/Cu composites have yield strength of up to 692MPa by
spark plasma sintering of CNTs/Cu powders, for which the

fabrication process involves preparing Cu coated CNTs by electro-
less deposition and mixing Cu coated CNTs with Cu nanopowders
[11]. Researchers have employed molecular-level mixing to prepare
CNTs or graphene (Gr)/Cu [12,13], CNTs/Co [14] Gr/Al2O3 composite
powders [15], the mixing of reinforcements and matrix ions at a
molecular-level make CNTs or Gr homogeneously implant within
the matrix. In addition, among many methods, high energy ball
milling is applied most widely to uniformly disperse CNTs in Cu
powders [16e19]. Although properties improvement has been
achieved in the CNTs/Cu composites, a suitable and facile synthesis
technique should be explored to obtain CNTs/Cu composite pow-
ders for preparing reinforced Cu-matrix composites which have a
potential for use in electrical contact materials and electronic
packages.

Recently, electrodeposition, a simple, scalable and economical
electrochemical process, has been attracted to prepare CNTs/Cu
composites with strong CNTs/metal interface and homogeneous
dispersion of CNTs in the matrix. CNTs/Cu films fabricated by
electrodeposition show that the CNTs have an outstanding rein-
forcement effect on the copper matrix. The strength and hardness
of composites is enhanced by about 2 times and 36% compared to
those of pure Cu, respectively [20,21], and electrical conductivity is
similar to pure Cu [21]. To control distribution and orientation* Corresponding author.
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alignment of CNTs in the matrix, aligned singlewalled CNTs/Cu
composites fabricated by two-stage electrodeposition exhibit a
100-times higher ampacity while thermal conductivity comparable
to pure Cu and coefficient of thermal expansion close to Si [22e24].
Sandwich-type laminated CNTs/Cu nanocomposites have been
designed by electrodeposition and show effective load transfer
capacity from the CNTs film to the copper matrix [25,26]. The
introduction of Cu cladding on a CNTs fiber through electrodepo-
sition can effectively improve its electrical conductivity for light-
weight interconnects application [27,28]. For future
miniaturization of electronic systems, electrodeposition is a simple
and effective method for fabricating CNTs/Cu nanocomposites for
through-silicon-via interconnects [29].

To the best of our knowledge, electrodeposition for fabricating
CNTs/Cu composite powders is rarely researched. In this study,
electrodeposition was utilized to synthesize CNTs/Cu composite
powders in which CNTs were not located on the surface but
embedded in spherical Cu powders due to a stable CNTs suspension
added into electrolyte and Cu preferential nucleation and growth
on the surfaces of homogeneously dispersed CNTs. If the CNTs are
embedded in the Cu matrix powders, we can expect that the
dispersion status of CNTs and great interfacial bonding can be
guaranteed even after sintering at elevated temperature. Finally,
the CNTs/Cu powders were consolidated by combined use of hot
pressing and cold rolling, and the composites exhibited the
improvement of strength and high electrical conductivity.

2. Experimental and methods

2.1. Fabrication of CNTs/Cu composite powders

Multiwalled CNTs (20e30 nm outer diameter, 0.5e2 mm long,
>95% purity) were provided by Chengdu Organic Chemicals Co.
Ltd., Chinese Academy of Sciences, and were acid treated in a
concentrated HNO3 and H2SO4 solution (3:1 vol ratio) at 80 �C for
4 h for achieving functionalization to increase CNTs hydrophilicity
in aqueous solution. Then, the functionalized CNTs aqueous solu-
tion was dispersed by intermittent ultrasonic treatment (UH-
1200A, Autoscience), employing aromatic modified poly-
ethyleneglycol ether (Chengdu Organic Chemicals Co. Ltd.) as a
dispersant. The CNTs suspension was centrifuged (SC-04, Zonkia)
for 30 min at 2000 rpm, and the upper liquid was taken out, finally
a stable CNTs suspension (6.8 g/L) was obtained for electrolysis.

The stable CNTs suspension was introduced into an electrolyte
of H2SO4 (150 g/L) and CuSO4 (Cu2þ ions concentration 2.5, 5, 10, 15,
20 g/L, respectively). The acid copper sulfate electrolyte containing
CNTs of 324 mg/L was sonicated for 30 min to produce a homo-
geneous suspension. Electrodeposition was carried out at galva-
nostatic mode (DPS-305CF, Hongsheng) with a cathode current
density 200mA/cm2 for 4 h at room temperature (Fig.1). A stainless
steel and a pure copper plate were employed as cathode and anode,
respectively, and an ultrasonic field (50 KHz, 30 W, AS-10200BD,
Autoscience) was applied during deposition process. All chem-
icals were of analytical grade and used without further purification.
The CNTs/Cu composite powders were mainly obtained by manual
scraping from the cathode, a few powders were located at the cell
bottom due to ultrasonication. Then both powders were mixed
together, filtered and thoroughly rinsed with deionized water and
acetone, followed by drying in vacuum oven at 50 �C for 5 h.

2.2. Fabrication of CNTs/Cu composites

As-deposited CNTs/Cu powders were consolidated by hot
pressing in a graphite mold of 30 mm in inner diameter. The
powders of 14 g were consolidated at 700 �C for 60 min under

vacuum of 6.67 � 10�3 Pa with an applied pressure of 60 MPa. To
further improve dispersion of CNTs and interfacial bonding be-
tween the CNTs and copper matrix, the sintered compacts were
subjected to cold rolling up to 65% thickness reduction.

2.3. Characterization and performance measurement

The dispersity of CNTs andmicrostructure of CNTs/Cu composite
powders were observed using field emission scanning electron
microscopy (FE-SEM, NOVA NANOSEM 450), transmission electron
microscopy (TEM, JEM-2100). Fourier transform-infrared spectrum
(FT-IR, Nicolet iS10) was recorded to evaluate the formation of
functional groups on CNTs surfaces. The volume fraction of CNTs in
powders was determined by analyzing carbon content using a C/S
analyzer (CS 2000). The particle size of powders was examined
using a laser particle size analyzer (Winner 2008). FE-SEM was
carried out to reveal fracture surface of composites and the distri-
bution of CNTs after dissolving copper matrix in an ammonium
persulfate solution. The bulk density of composites was measured
by Archimedes' method. The tensile property of composites was
conducted on a tension machine (AG-X 100kN) with a crosshead
speed of 0.5 mm/min at room temperature. Dog-bone shaped
samples of gage length 15 mm and width 2.5 mm were used for
tensile test. The electrical conductivity of composites without any
annealing was measured using an eddy current conductivity meter
(Sigma 2008) at room temperature, at least 5 measurements were
conducted on each sample for the mean value.

3. Results and discussion

3.1. Dispersion status of CNTs in composite powders

Fig. 2a shows FE-SEM image of pristine CNTs which aremutually
attracted each other and form agglomeration due to strong van der
Waals interactions [12,25]. However, uniform dispersion of CNTs in
solution is achieved in Fig. 2b after functionalization, ultrasonic
homogenization and centrifugation, and a stable CNTs suspension
is obtained, shown in the inset. Fig. 2c compares FT-IR spectra for
pristine and acid treated CNTs. Clearly, more functional groups
appear after acid treatment, such as hydroxyl (OeH), carboxyl (C¼O
and eOH), and CeO bond. These functional groups have several
advantages, first to enhance the wetting ability of CNTs in aqueous
solution so as to increase CNTs content in electrolyte and deposited
powders, second to form a stable suspension within the electrolyte
by electrostatic repulsive force, and third to attract Cu ions to the
functional groups on CNTs surface [12].

Fig. 3 shows FE-SEM morphologies of CNTs/Cu composite
powders electrodeposited at various Cu ions concentration. It can
be seen that CNTs are not located on the surface but embedded in
CNTs/Cu composite powders consisting of large amount of aggre-
gated spherical particles with a diameter ranging from several
hundred nanometers to a few micrometers. At low Cu ions con-
centration of 2.5 g/L (Fig. 3a), more small spherical Cu particles
containing implanted CNTs are observed. However, the high
magnification image (Fig. 3d) of the box area in Fig. 3a shows that
CNTs agglomeration (blue oval) is formed due to more CNTs
incorporation into powders during electrodeposition. The homo-
geneous dispersion of CNTs in powders is improvedwith increasing
Cu ions concentration to 10 g/L or higher, shown in Fig. 3b and c and
their magnification images in Fig. 3e and f. In addition, the size of
CNTs/Cu powders becomes larger with increasing Cu ions concen-
tration. During electrodeposition process, Cu crystals nucleation
and growth are effected by cathodic overpotential, the lower Cu
ions concentration in electrolyte results in the higher cathodic
overpotential. Thus, a low Cu ions concentration promotes the
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