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COPPER MATRIX COMPOSITES STRENGTHENED WITH CARBON
NANOTUBES OR GRAPHENE PLATELETS PREPARED BY BALL MILLING

AND VACUUM HOT PRESSING

In this study copper matrix composites with two types of additions i.e. graphene platelets in the amount of 12 wt.% or
multiwall carbon nanotubes in the amount of 1+3 wt.% were studied. Two types of graphene platelets were applied: of a fine
thickness of 2+4 nm and coarser of a 10-20 nm plate thickness. The addition of finer graphene platelets to copper causes less
strengthening, but smaller electrical resistivity, while the addition of MWCNTSs causes an increase in hardness in comparison
to graphene platelets and slightly higher resistivity growing with the amount of nanotubes. SEM and TEM studies allowed to
determine that carbon nanotubes and copper grain size are refined during milling which does not change after consolidation.
In the samples with graphene, a more homogeneous distribution of platelets was observed in the case of fine graphene, while
platelet conglomerates in the case of coarser graphene tend to occur after the consolidation process at the copper particle
boundaries.
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KOMPOZYTY NA OSNOWIE MIEDZI WZMACNIANE NANORURKAMI WEGLOWYMI

LUB PLATKAMI GRAFENOWYMI WYTWORZONE POPRZEZ MIELENIE PROSZKOW | PRASOWANIE

NA GORACO W PROZNI

W niniejszej pracy opracowano sposob wytworzenia kompozytéw na osnowie miedzi, wzmacnianych réznymi typami
wegla, tj. wieloSciennymi nanorurkami weglowymi w ilosci 1+3% obj. oraz platkami grafenowymi w iloSci 1+2% wag.
Wytypowano dwa rodzaje plytek grafenowych dost¢pnych komercyjnie pod nazwa: N006 o grubosci 1020 mm oraz ciensze
FL-RGO o grubos$ci 2+4 mm. Dodawanie drobniejszych platkow grafenowych do miedzi powoduje mniejsze umocnienie
i mniejszy opér elektryczny, natomiast dodanie wielo§ciennych nanorurek weglowych (MWCNTSs) powoduje wzrost twardosci
w poréwnaniu do platkéw grafenu i niewiele wi¢ksza oporno$¢ wzrastajaca wraz z iloScia nanorurek. Badania na
skaningowym mikroskopie elektronowym SEM oraz transmisyjnym mikroskopie elektronowym TEM pozwolily ustali¢, ze
mieszanina MWCNTSs oraz proszku miedzi podczas mielenia w mlynie kulowym zmienia si¢, tworzac najpierw duze
konglomeraty, a po 32 godzinach mniejsze ziarna miedzi oraz rozdrobnione nanorurki. Ponadto analiza badan ze
spektroskopii Ramanowskiej ujawnila, ze nanorurki weglowe ulegaja pewnego rodzaju deformacji, zwi¢kszajac tym samym
stopien zdefektowania. W kompozytach z dodatkiem grafenu stwierdzono bardziej jednorodny rozklad ptatkéw w ziarnach
miedzi w przypadku drobnego grafenu, podczas gdy w przypadku grubszych platkéw grafenu tworza si¢ konglomeraty, ktore
po procesie konsolidacji wyst¢puja na granicach czastek proszku miedzi.

Stowa kluczowe: kompozyty metalowe, mikrostruktura, struktura gradientowa, kompozyty odlewane

INTRODUCTION

The new structural forms of carbon like graphene or
nanotubes show a high mechanical strength as well as
high electrical and thermal conductivity. They are
therefore of interest as composite components, particu-
larly polymer or metal based ones [1-15]. Metal-based
composites with carbonaceous nanomaterials can
achieve optimal mechanical and physical properties if
the reinforcements are dispersed uniformly in the
matrix. Ball milling appears to be an effective process

for achieving better dispersion of nanofillers in the
metal matrix [1-15]. In Cu-based nanocomposites, low
volume fractions (1-4 wt.%) of nanofillers are used to
achieve the required high thermal conductivity and
mechanical strength [1-4, 7]. The wear rate and hard-
ness of composites strengthened with CNTs (carbon
nanotubes) increases up to 15% of their volume fraction
and then decreases [5]. The majority of CNT/Cu com-
posites are mainly fabricated by means of the PM
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(powder metallurgy) processing route [1-7, 9, 13-15].
Interfacial amorphous layers, probably originating from
Cu oxide in the Cu powders and amorphous carbon on
the surface of the CNTs, were observed in the CNT-Cu
composite matrix. They act as a thermal barrier and due
to the relatively large thermal resistance of these layers,
MWCNTs are expected to act like elongated pores [6].
The preparation of a copper-carbon composite is possi-
ble by: thermal spraying, powder metallurgy, hot extru-
sion or electrodeposition [1-15]. The additions of CNT
or graphene enhance the stiffness and strength of the
resulting composites markedly. Furthermore, the incor-
poration of flexible CNTs with a very high strain-to-
failure in metals/alloys only leads to a small reduction
or even an increase in their tensile ductility. Due to the
high thermal conductivity of CNT or graphene, the
potential of these nanomaterials serving as thermal
conductors has not yet been fully realized. In order to
fabricate composites containing carbon nanotubes,
powder metallurgy is often used, where the matrix is
aluminum, copper or other metals like Mg, Ti and Ni.
This technique is important because one can easily
achieve good dispersion of CNT in the matrix. It is
expected that a small size of powders with an appropri-
ate dispersion of CNT can prevent oxidation. Mechani-
cal alloying also leads to deformation and welding
CNTs with other mixing powders. High density of the
composite can be received by hot pressing. In this proc-
ess, carbon nanotubes are flattened by temperature and
pressure. The necessary time to achieve good density of
the composite is 1h during hot pressing [1]. Composites
strengthened with carbon nanotubes have applications
in space telescopes, due to their light weight and long
lifetime [1].

The aim of the present paper was to compare the ba-
sic mechanical properties and electrical conductivity of
copper matrix composites strengthened with either
carbon nanotubes or graphene platelets of various
thickness and to correlate their microstructures with the
obtained properties.

EXPERIMENTAL PROCEDURE

As the starting material for the preparation of cop-
per matrix composites, pure copper powders (purity no
less than 99.9%) were used, with additions of multi wall
carbon nanotubes (MWCNT) or graphene platelets of
two different types. Commercially available NO06 gra-
phene platelets with a plate thickness of 10+20 nm pro-
duced by Angstron Materials USA and much finer gra-
phene platelets FLRGO with a plate thickness of
2+4 nm produced by Nanomaterials SA Warsaw were
added. Mixtures of the copper powders and the
strengthening particles with compositions as presented
in Table 1 were prepared under argon atmosphere in
a glove box. Then they were milled for 5 hours using
a planetary ball mill Fritsch Pulverisette 5 at the rota-
tion rate 200 rpm.

TABLE 1. Characteristics of graphene platelets, carbon nano-
tubes and composite compositions

TABELA 1. Charakterystyki platkéw grafenu i nanorurek

weglowych oraz sklad chemiczny badanych kom-

pozytow
Graphene Graphene
N006 FL-RGOMWCNTMWCNT
outside
hick diameter: | outside diameter:
thickness | 3050 nm, 30+50 nm,
. <4 nm . .
dimensions thickness inside inside diameter:
10+20 nm lOIIrlnac))(ﬁo diameter: 5+15 nm,
: 5-15 .
layers . le.ngth.
length: 10+20 um
10-20 um
Mixing 8 hours
. 5 h 5 h
time ours ours 32 hours 5 hours
1% (0.55g) | 1% (0.55g) | 1% (0.14 g)
Addition to and and and 1% (0.55 g)
copper 2% (Ll.1g)| 2% (1.1g)| 3% (042 g) weight
weight weight volume

Zirconia containers and balls were used in order to
prevent contamination and the ratio of ball mass to
powder mass was 10:1. Composite samples of 20 mm
in diameter and 5 mm high were produced using uniax-
ial hot pressing in vacuum of 10 bar. The sintering
temperature was chosen as 510°C, pressure 550 MPa
and the time of keeping samples in these conditions
was 30 min. The structure and composition were stud-
ied using a Philips CM20 or FEI Technai G2 transmis-
sion electron microscope (TEM) and a Quanta 3D FEG
scanning electron microscope (SEM). Thin samples of
graphene powders were observed on holey carbon foil,
while those of the bulk samples were cut by a diamond
saw, followed by dimpling using a Gatan dimpler and
ion beam thinning in a Leica EM RES101 ion beam
thinner. X-ray diffraction was performed using a Philips
PW1710 diffractometer with CoKoa radiation. The
hardness was measured using a Zwick ZHU250 instru-
ment. The electrical resistivity was measured using the
4-point contact method. Micro-Raman spectra were
taken using a Renishaw in a Via Raman microscope
(100x objective) with a 633 nm HeNe excitation laser,
1s exposure time, 50 accumulations, and 100% laser
power (21 mW output power), with spatial resolution
<1 pm.

RESULTS AND DISCUSSION

Characterization of starting material

Microscopy techniques were used to characterize
the starting material. Figure 1 presents the bright field
(BF) TEM and secondary electron (SE) SEM micro-
structure of the MWCNT and copper powders, respec-
tively, both in as-delivered condition. One can see in
the BF image that MWCNTs have an irregular outer
surface and their length is 10+20 pwm. The copper pow-
der particles range in size from 10 to 50 pm and mainly
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have a spherical shape. The high resolution (HREM)
TEM microstructure of MWCNT and its Raman spectra
are presented in Figure 2. The HREM image and corre-
sponding fast Fourier transform (FFT) show that the
walls consist of several parallel planes with interplanar
spacing equal to d = 0.351 nm which is very close to
(002) graphite planes (d = 0.335 nm). The inverse fast
Fourier transform (IFFT) image obtained after the
masking procedure presents (002), parallel planes with
a high density of structural faults. By applying the line
profile of intensities in the perpendicular direction to
the planes, it is possible to estimate the outer and inner
diameter of the tubes. It was measured that the outside
diameter of the tubes is between 30 and 50 nm whereas
the inner between is 5 to 15 nm, which is in good
agreement with that declared by the producer.
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Fig. 1. BF TEM (a) and SE SEM (b) microstructure of MWCNT and
copper powders, respectively, both in as-delivered condition

Rys. 1. BF TEM (a) i SE SEM (b) mikrostruktury nanorurek weglowych
i proszku miedzi w stanie dostarczonym
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The high level of structural defects in the as-
delivered MWCNTs was also confirmed by Raman
spectroscopy investigations. The ratio of intensities of
D bands (I(D)) and G bands (I(G)) equal to 2.07 indi-
cates that MWCNT are highly defected. Simultaneous
broadening of the G peak (47 cm') also suggests
a significant amount of an amorphous carbon.
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Fig. 2. HREM TEM microstructure and Raman spectra of MWCNT in
as-delivered condition

Rys. 2. Mikrostruktura wysokorozdzielcza HREM TEM i spektrum
Ramanowskie nanorurek weglowych w stanie dostarczonym

Figure 3 shows TEM micrographs taken of N006
graphene platelets showing agglomerates in (a) and the
thickness of a platelet at a higher magnification in (b)
showing platelet thickness between 10+20 nm accord-
ing to the specification of Angstron materials. The
selected area diffraction pattern (SADP) in Figure 3c
shows interplanar distances characteristic for graphite.

Fig. 3. BF TEM (a and b) micrographs from N006 graphene platelets and SADP (c¢) showing graphite interplanar distances
Rys. 3. Mikrostruktury TEM (a i b) w jasnym polu (BF) ptatkéw grafenu N0OO6 oraz dyfrakcja elektronowa (SADP) (¢) pokazujaca odleglosci miedzy-

plaszczyznowe grafitu
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Figure 4 shows TEM micrographs of the FLRGO
graphene platelets. They are composed of several layers
of platelets show in the plane perpendicular to the plate-
let. Its thickness scan be not clearly seen, however, it is
close to the specification between 2+4 nm, which was
confirmed by the Raman studies. The diffraction pattern
is different than that in Figure 3 showing only diffused
reflection 002 due to the fine shape of the platelets.

Fig. 4. TEM micrographs from FLRGO graphene platelets in BF image
(a) in DF image (b) taken using diffused 002 graphene reflection
shown in SADP in (¢)

Rys. 4. Mikrostruktury TEM w jasnym polu (BF) (a) i w ciemnym polu
(DF) (b) wykonane z rozmytego refleksu 002 grafenu FLRGO
pokazanego na dyfrakcji elektronowej SADP (c)

Characterization of composites

Figure 5 shows SEM micrographs of hot pressed
composites containing 1% N006 and 1% FLRGO gra-
phene platelets. One can see that the N006 sample
shows copper particles deformed during milling and the
graphene additions are located at the particle bounda-
ries. In the sample with the FLRGO fine graphene addi-
tions, the graphene particles penetrate into the copper
which is not as greatly deformed.

Fig. 5. SEM micrographs of vacuum hot pressed composites containing
1% NOO06 graphene (a) and 1% FLRGO graphene (b)

Rys. 5. Mikrostruktury SEM kompozytéw prasowanych na goraco
w prozni zawierajacych 1% grafenu NOO6 (a) i 1% grafenu
FLRGO (b)

These observations are confirmed by the TEM
micrographs in Figure 6 where one can see large parti-
cles of N0OO6 platelets, while the fine additions of FLRGO
graphene of the size of several nanometers are distribu-
ted as smaller ones, more homogeneously within the
copper grains. The diffraction pattern from graphene in
Figure 6a shown as an insert shows a strongly diffused
spot of basal plane of graphite, while in the sample with
FLRGO graphene, one cannot see so clearly the reflec-
tions from the graphene since the inclusions are very
small and the graphene reflections are absorbed by the
copper. The copper shows single crystal reflections
from the zone axis close to [001] and diffused in rings
from deformed nanograins near the graphene platelets.
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Fig. 6. TEM micrographs from hot pressed composites: a) Cu-1% N006
and b) Cu-1% FLRGO

Rys. 6. Mikrostruktury TEM kompozytéw prasowanych na goraco
w prozni: a) Cu-1% NO06 i b) Cu-1% FLRGO

The milling of the mixture of copper powders and
MWCNT was performed up to 32 hours. Changes in the
copper lattice parameter were not found up to this time
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of milling but only an increase in internal stresses and
refinement of the crystallites were observed in the
X-ray diffraction. SEM studies of the copper powder
particles after different milling times show the mor-
phology of particle changes significantly during the first
8 hours of milling. In this period, an increase in particle
size and elongation of their shape occurs. This is asso-
ciated with the welding process of individual particles
which is predominant in the first stage of milling. When
work hardening of the particles due to collisions
reaches the maximum value, the defragmentation proc-
ess begins to be predominant and a decrease in particle
size is observed. After the longest milling time, ho-
mogenous particles of a size of about 30 um with an
almost spherical shape were fabricated. Observation of
the powder surfaces at higher magnification allowed to
identify homogenously distributed MWCNTs of a size
of about 1 um of length. It indicates that MWCNTs are
also subjected to deformation and fragmentation proc-
esses during milling. The longest time of milling was
chosen for the sintering process of milled powders with
MWCNT in order to compare their mechanical and
electrical properties. Figure 7 presents a set of BF and
DF TEM microstructures and corresponding SADP of
the bulk composites obtained from powders milled for 5
and 32 hours (for simplification, further they will be
called 5 h and 32 h composites, respectively).
Significant differences in the microstructure can be
observed between these two composites. Taking into
account diffraction patterns, one can see that in the case
of the 5 h composite, the individual reflections can be
better distinguished due to single grain orientations than
in the case of the 32 h, where rings of reflections can be
seen due to the fine grain structure. It indicates that the
microstructure after longer milling is more refined and
the grains possess texture. The DF images prove this
statement. In the case of the 5 h composite, elongated

grains of about 100 nm in width and 500 nm in length,
while in the case of the 32 h composite almost equiaxed
grains of an average size of about 131 nm can be ob-
served. Additionally, differences are visible in the size
and distribution of MWCNTs in these two composites.
In the SADP images, in the case of the 5 h composite,
the two diffused reflexes in shape of arcs from CNTs
are present, while in the case of the 32 h composite,
clear rings with individual reflexes can be seen indicat-
ing further refinement of MWCNTSs. The positions in
the SADP of both above diffraction reflexes have
0.34 nm interplanar spacing in real space and it very
well corresponds to the (002) graphite planes. In the DF
images of the 5 h composite, MWCNTSs of about
200 nm length can be seen homogenously distributed
between copper grains, while in the 32 h only rarely
very thin tubes can be recognized. It indicates that pro-
longed milling leads to both strong fragmentation of the
matrix as well as the carbon nanotubes. In terms of the
electrical properties this phenomenon is undesirable, in
contrast it can significantly improve the mechanical
properties. It is therefore necessary to find a compro-
mise between these properties. The microstructure
of the 5h composite was also analyzed by HREM.
Figure 8 presents the HREM image and its Fast Fourier
Transform (FFT) made in the marked area and corre-
sponding Inverse fast Fourier transform (IFFT) com-
puted after the masking procedure. One can see the
interface boundary between the copper grains with
a [110] zone axis and carbon nanotubes without addi-
tional phases (oxides), however, containing some frac-
tion of an amorphous phase. It proves the FFT image
where a diffused ring can be distinguished. It can there-
fore be concluded that fragmentation of the carbon
nanotubes is accompanied by a process of their amor-
phization due to an increase in the density of structural
defects during the milling process.

4200 nm

hours (bottom row)

- iy
1 200 nm 4 200

Fig. 7. Set of BF and DF TEM microstructures and corresponding SADP of bulk composites obtained from powder milled for 5 (upper row) and 32

Rys. 7. Zestaw mikrostruktur TEM w jasnym (BF) i ciemnym (DF) polu oraz odpowiadajace im dyfrakcje elektronowe z wybranych obszarow (SADP)
masywnych kompozytéw uzyskanych po 5 godzinach mielenia (rzad gorny) i 32 godzinach mielenia (rzad dolny)
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Fig. 8. HREM TEM microstructure of 5 h composite and corresponding
FFT and IFFT images

Rys. 8. Mikrostruktura wysokorozdzielcza HREM TEM masywnego
kompozytow uzyskanego po 5 godzinach mielenia oraz odpo-
wiadajace jej obrazy FFT i IFFT

Figure 9 shows the results of hardness measure-
ments and electrical resistivity of composites with
either nanotube or graphene platelet additions. It can be
observed that the lowest electrical resistivity below
2.5 10° Q m is obtained for composites with fine
graphene platelet additions. The resistivity only slightly
increases when the additions increase from 1 to 2 wt.%.
The addition of CNT causes an electrical resistivity
increase above 2.5 10° Q m, and above 4 10 Q m at
a 3 wt.% CNT addition.
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Fig. 9. Graph illustrating changes in hardness and electrical resistivity
with changing amount and kind of either carbon nanotubes or
graphene platelets in hot pressed copper base composites

Rys. 9. Wykres ilustrujacy zmiany twardosci i przewodnosci elektrycznej
ze zmiang ilosci i rodzaju platkow grafenu oraz nanorurek we-
glowych w kompozytach na osnowie miedzi prasowanych na go-
raco

CONCLUSIONS

The addition of coarser graphene platelets in the
amount of 1+2 wt. % causes in hot pressed copper ma-
trix composites an inhomogeneous distribution of de-
formed copper particles in spite of previous ball mill-
ing. Platelet conglomerates do not grow during the
consolidation process. The addition of fine FLRGO
platelets causes a much more homogeneous distribu-
tion within the copper particles and at the particle
boundaries. It causes refinement of the copper grains
near the platelets. A finer platelet addition to the copper

causes less strengthening, but smaller electrical resistiv-
ity. Ball milling of the copper base powder mixture
with additions of MWCNTs in the amount of 1+3 wt.%
causes their refinement up to 32 hours of milling. The
carbon nanotubes are also refined. Fragmentation of the
carbon nanotubes is accompanied by a process of their
amorphization due an increase in the density of struc-
tural defects during the milling process. Hot pressing
does not cause copper grain growth and the composites
made from 32-hour milled powders show a finer grain
size than those prepared from 5-hour milled powders.
The additions of CNTs causes higher hardness of the
composites due to the finer grain size than composites
with graphene, but higher electrical resistivity most
probably due to the finer grain size and amorphization
of the nanotubes due to milling. The best combination
of hardness and electrical conductivity was reached for
the bulk composites previously milled for a maximum
up to 8 hours.
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