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EFFECT OF MILLING TIME ON MORPHOLOGY AND SIZE OF COPPER/CNT

COMPOSITE POWDER

The development of a sintered copper matrix composite with a small addition of carbon nanotubes (CNTs), which
improves its mechanical strength without a decrease in electrical conductivity is of practical importance. Therefore, in the
present paper the parameters of ball milling of a Cu+CNT powder mixture were optimized in order to obtain the highest
refinement of particles of such a composite material. Investigations carried out with the help of scanning electron microscopy
and sieve analysis revealed that the average particle size of the powder decreases with an increase in the volume content of the
carbon nanotubes. The presence of carbon material should limit grain growth during the hot pressing of composite material,
allowing much smaller grain sizes and accompanying high hardness to be obtained of the resulting compacts, as compared
with similarly processed copper powder.
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WPLYW CZASU MIELENIA NA MORFOLOGIE | WIEI,.KOSC CZASTEK KOMPOZYTOWYCH
PROSZKOW MIEDZ/CNT

Opracowanie spiekanych kompozytéw na osnowie miedzi z niewielkim dodatkiem nanorurek weglowych, poprawiajacych
ich wlasnosci wytrzymalo§ciowe bez wyraznego spadku przewodnosci elektrycznej, ma duze znaczenie praktyczne. Dlatego
w ramach niniejszej pracy zostala przeprowadzona optymalizacja parametréw mielenia w mlynku kulowym mieszanki
proszkowej miedZ + nanorurki weglowe w celu uzyskania mozliwie najwi¢kszego stopnia rozdrobnienia czastek takiego
materialu kompozytowego. Badania przeprowadzone metoda skaningowej mikroskopii elektronowej oraz analiza sitowa
wskazaly, Ze Srednia wielko$¢é czastek proszku generalnie spada wraz ze wzrostem zawarto$ci nanorurek weglowych.
Obecno$¢ nanorurek weglowych powinna zapobiegaé¢ rozrostowi ziarna podczas prasowania na goraco takiego materialu
kompozytowego, co pozwoli na uzyskanie znacznie mniejszego ziarna, a w konsekwencji wyzszej twardoSci w porownaniu do

wytwarzanego w ten sam sposéb proszku miedzi.

Stowa kluczowe: mielenie w mlynie kulowym, proszki miedzi, nanorurki weglowe, SEM, analiza sitowa, TEM

INTRODUCTION

Copper plays a key role in electrical and electronic
industries due to its very good electrical conductivity
[1, 2]. However, its mechanical properties may be in-
sufficient for many practical applications. Therefore,
strengthening a copper matrix with carbon nanotubes
(CNTs were proposed as the latter show a very high
ultimate tensile strength, Young's modulus and high
electrical conductivity) [3-7]. Indeed, even the first
experiments indicated that the sinters of copper powder
with a small addition of CNTs exhibits better strength
than that without such an addition, with only a slight
decrease in electrical conductivity [8-10]. The exact
size and shape of the sintered powder might signifi-
cantly contribute to further improvement of the materi-
als produced with such a method. The ball milling
process used for mixing copper elemental powder and
CNT strongly affects not only the average size but also

the shape of the particles used later in the sintering
process [11, 12]. During milling several stages may
occur: flattening of the particles, cold-welding, fractur-
ing or re-welding of fractured particles [13, 14]. There-
fore, the microstructure of the processed powder
strongly depends on the milling parameters like the
total milling time or speed of vial rotation [15, 16]. It is
also worth noting that the mechanical properties of the
sintered Cu+CNT material is governed by the morphol-
ogy of the milled powder. Therefore, it is of great im-
portance to elaborate the milling parameters of such
amixture in a way allowing the highest mechanical
properties to be obtained of the sintered composite.

The morphology and size of Cu+CNT powder mix-
ture particles obtained using various ball milling pa-
rameters like the duration of the process or rotation
speed of the mill, up to now have been investigated
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mainly with the help of light (LM) or scanning electron
microscopy (SEM) methods. Bor et al. [16, 17] showed
that the average grain size of the Cu+CNT powder mix-
ture particles generally increases with the milling
process time, contrary to the same processing of a pure
copper powder. The SEM observations together with
laser particle size analyses carried out by Shukla et al.
[15] allowed them to state that extending the ball mill-
ing process from 5 h up to 20 h resulted in a change in
the morphology of the powders from spherical to
a disk-like one. Additionally, in case of Cut+CNT
mixtures milled for 20 h, the intiation of particle frac-
turing was also observed. However, the effect of longer
processing times on the Cu+CNT powder particle size
is still lacking.

Therefore, the main aim of the present work was to
study the effect of the addition of CNTs on the particle
refinement of the Cu/CNT composite powder during
ball milling carried out for extended processing times.
The task involved sieve analysis in order to determine
the histogram of the particle size as well as SEM
and TEM observations used to characterize their mor-

phology.

EXPERIMENTAL PROCEDURE

Copper powder, with an average grain size of 42 pm
and 99% purity was supplied by the Alfa Aesar com-
pany. Multi-walled carbon nanotubes, obtained by cour-
tesy of the Nanostructured & Amorphous Materials
company, were characterized by an outside diameter in
the range of 30+50 nm. 1 and 3 vol.% carbon nano-
tubes were added to the copper powder in an mBraun
glove box under argon atmosphere.

Pure copper and Cu+CNT (1 and 3 vol.% CNT)
powder mixtures were milled with the help of a Pulver-
isette 5/4 ball mill using zirconia containers and balls,
at a rotation speed of 200 rpm. The weight ratio of the
balls to powder was 10:1. The ball milling process was
carried out for 1, 2, 4, 6, 8, 16 and 32 h for each powder
mixture.

The microstructure observations of the milled
Cu+CNT powder mixtures were carried out by means
of scanning electron microscopy (SEM) in the secon-
dary electrons (SE) mode operating at 10 kV and an
FEI Technai G2 transmission electron microscope
(TEM). The thin foils for TEM were prepared by cut-
ting the milled powder with a Leica microtome, which
were then were placed on nickel grids with an ultra-thin
holey carbon support film. Sieve analysis was per-
formed with an Analysette 3 PRO vibratory sieve
shaker.

RESULTS

The SEM/SE observations of the as-supplied copper
powder revealed that the largest particles were approx.
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100 pm, while the smallest ones were even below
20 pm (Fig. 1a). The provided powder was character-
ized by an irregular-rounded shape of particles with
a highly corrugated surface. The SEM/SE micrographs
of the carbon nanotubes indicated that they are braided
and able to form aggregates with a size up to even 10
micrometres (Fig. 1b). The sieve analysis of the pure
copper powder revealed that it adheres to nearly sym-
metric Gaussian distribution with an average size of
~30 um (Fig. 2). The maximum content of ~35% was
observed for the particle size of 32 um (with a median
of ~345 umz). The contribution of particles with a size
larger than 63 pm was omitted as negligible estimated
at < 0.05 vol.%).

Fig. 1. SEM/SE micrographs of as-supplied copper powder (a) and
CNTs (b)

Rys. 1. Obrazy SEM/SE  mikrostruktury — dostarczonego proszku
miedzi (a) oraz nanorurek (b)
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Fig. 2. Histogram of particle size of as-supplied copper powder obtained

by sieve analysis

Rys. 2. Histogram wielko$ci ziaren dostarczonego proszku miedzi
uzyskany za pomoca analizy sitowej
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Milling time

Cu + 3vol.% CNT

100um

Fig. 3. SEM/SE micrographs of copper powder with addition of CNTs after various milling times
Rys. 3. Obrazy SEM/SE przedstawiajace proszek miedzi z dodatkiem nanorurek weglowych dla réznych czasow mielenia

The SEM/SE micrographs of the Cu and Cu+CNT
(1 and 3 vol.% of CNTs) powder mixtures after various
milling times are presented in Figure 3. The mean size
of the powder particles estimated from their area pre-
sented in 2D SEM micrographs is shown in Figure 4. In
the case of the pure copper powder, milling for 1 h re-
sulted in a sharp increase in the average particle size as

compared to the as-supplied one. Next, milling for one
additional hour caused significant particle refinement,
while a further 2 hours of milling raised it significantly.
Longer milling times of the copper powder caused only
a decrease in their average particle size. The additions
of 1 and 3 vol.% carbon nanotubes initially resulted in
a gradual increase in the particle size, but after 8 hrs it
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tended to decrease, even as finally the latter powder is
characterized by an evidently smaller particle size
(comparable with the copper powder milled without the
CNT addition). The sieve analysis of the Cu and
Cu+CNT (1 and 3 vol% CNTs) powder mixtures after
various milling times is presented in Figure 5. The con-
tribution of copper powder particles (for the mixture
without CNTs) with a size of at least 100 um remains
higher than 60% for 16 hours of processing time. Mill-
ing for 32 h resulted in notable flattening of the parti-
cles (nearly uniform distribution). In case of the Cu
powder with additions of 1 and 3 vol% carbon nano-
tubes, an increase in the fraction of particles with a size
larger than 100 pm was observed after 8 hours of proc-
essing time. Continuing the milling for longer times
resulted in particle refinement as in the case of the pure
copper powder. Simultaneously, particle refinement is
more significant with a rising content of CNTs in the
Cu+CNT powder mixture.
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Detailed microstructure investigations of the pow-
ders after the chosen milling times in which morphol-
ogy changes are significant, i.e. after 4, 8 and 32 hours,
were performed by transmission electron microscopy
(TEM). Figure 6 presents bright field (BF) micrographs
taken at two different magnifications, the corresponding
selected area diffraction pattern (SADP) and dark field
(DF) micrograph of the powder mixture with 3 vol.%
CNTs after 4 hours of milling. As can be seen in the BF
micrographs, a typical band structure appears in the
early stages of milling. The SADP has an annular char-
acter, which already indicates the high refinement of the
copper crystallites. The respective rings correspond to
the respective atomic planes of Cu, Cu,O and graphite.
Thus, it can be seen that after 4 hours of milling the
copper powder oxidizes, although the process was car-
ried out under argon. The clear ring corresponding to
the (002) plane of graphite confirms the presence of
CNT. The microstructure in DF made from (111) Cu
reflection (indicated by the circle on the SADP micro-
graph) indicates that after 4 hours of milling, the size of
the copper crystallites ranges from 100 to 200 nm and
they have an elongated character.
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Fig. 6. TEM/BF micrographs taken at two different magnifications,
corresponding SADP and DF micrograph of Cu+3%CNT powder
mixture after 4 hours of milling

Rys. 6. Obrazy TEM w jasnym polu przy dwoch powiekszeniach,
odpowiadajacy obraz dyfrakcji elektronowej (SADP) oraz obraz
w ciemnym polu DF kompozycji proszkowej Cu+3%CNT po
4 godzinach mielenia

Figure 7 presents a set of TEM micrographs of the
microstructures of the powder mixture containing
3 vol.% CNTs after 8 hours of milling. Furthermore, the
band structure can be seen inside the particle, but not as
pronounced as in the powder milled for 4 hours. The
bands are very thin and there is often a lack of them in
selected areas of the particle. The size of the copper
crystallites estimated from the DF micrograph ranges
from 50 to 100 nm, and they are characterized by much
less directionality than in the case of after 4 hours of
milling.

The electron diffraction also indicates a higher
refinement of the Cu crystallites, the rings are almost
continuous around the entire circumference (no single
reflections), however, the phase composition is iden-
tical to that of the powder after 4 hours of milling.
Figure 8 shows a set of TEM micrographs of the pow-
der mixture containing of 3 vol.% CNTs after 32 hours
of milling. The band structure of the powder particles
has completely disappeared and they have been highly
refined. The size of the copper crystallites determined
on the basis of the DF micrograph is about 50 nm and
they have a regular shape. The electron diffraction rings
are almost continuous around the circumference and
there is no (or barely visible) pronounced ring of planes
(002) graphite which may indicate a high level of struc-
tural defects or amorphisation of the carbon nanotubes.
The strong ring from Cu,O is still visible, which can
testify to an increase in the proportion of this oxide in
the powder composition.
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Fig. 7. Set of TEM micrographs of microstructures of Cu+3%CNT
powder mixture after 8 hours of milling

Rys.7. Zestaw mikrostruktur TEM kompozycji proszkowej Cu+3%CNT
po 8 godzinach mielenia
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Fig. 8. Set of TEM micrographs of microstructures of Cu+3%CNT
powder mixture after 32 hours of milling

Rys. 8 Zestaw mikrostruktur TEM kompozycji proszkowej po 32
godzinach mielenia
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Summarizing the TEM results, we can stated that
with an increase in the milling time, the Cu crystal sizes
gradually decrease, however, it should be noted that
after 8 hours the crystallites are below 100 nm, and
extending the grinding time to 32 hours does not drasti-
cally reduce their size. Moreover, longer milling times
cause a stronger defect of the carbon nanotubes and
a greater oxidation state of the milled copper powders.
Therefore, when selecting the final milling time after
which the powders will be compacted, all the above
factors (particle size, crystallite size, CNT degradation
rate, oxidation state of the powder mixture) should be
taken into consideration in order to provide adequate
properties of the bulk composites.

SUMMARY AND CONCLUSIONS

In the present work, SEM observations together with
sieve analysis were applied in order to investigate the
evolution during milling of the Cu powder mixture con-
taining different additions of CNT. The performed
experiments allowed the authors to show the role of
CNTs in the particle refinement of the copper powder
during extended high energy milling with ceramic balls.

The performed experiments indicated that even
a 1 to 3 vol.% addition of CNTs to the copper powder
strongly affected particular stages of the ball milling
process. Measurements of the average particle size of
the copper powder carried out by means of the SEM
observations and sieve analysis indicate that it goes
through strong rise, decrease, and rise stages to a final
decrease. This corresponds to the cold welding, fractur-
ing, re-welding and re-fracturing of blended powder
particles, as described by Shukla et al. [15]. In the case
of the copper powder with the addition of carbon nano-
tubes the size variations were much smaller and were
limited to a moderate rise, followed by a slow decrease
in the particle size. It could be related to welding stages
and subsequent fracturing of them. The above indicates
that the added CNTs are very rapidly distributed in the
copper matrix acting as fine defects reducing its plastic-
ity. The larger addition of CNTs initially acts in a simi-
lar way as the smaller one, but finally it helps to cause
a higher refinement of milled powder particles.

Therefore, the performed SEM observations and
sieve analysis allowed us to conclude that:

a) the addition of CNTs to copper powder changes the
four stage cold welding/fracturing/re-welding /re-
fracturing process to a two stage cold welding and
fracturing one,

b) milling of the mixture of copper and increased CNT
addition from 1 to 3 vol.% goes along the same path
of the two-stage mode, but eventually helps to ob-
tain a more refined product. Highly refined powder
with larger CNT additions and the presence of rem-
nants of carbon material in the milled composite
particles should block any extensive grain coarsen-
ing during their hot pressing, offering a possibility
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to form a bulk composite characterized by a much
higher mechanical strength as compared to copper
processed in the same way. The TEM observations
of the microstructure showed that in order to select
the proper milling time prior densification of the
powders, several factors like particle size, crystallite
size, CNT degradation rate, and oxidation state of
the powder mixture should be taken into considera-
tion in order to provide adequate properties of the
bulk composites. We found that the powder milled 8
hours best meets the above criteria.
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