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Carbon nanotubes (CNTs) are incorporated into mesocarbon microbead (MCMB)-derived isotropic graph-
ite to improve their mechanical properties. CNTs are homogenously distributed on the MCMB surface by
acid-treatment and mechanical mixing. The composites are prepared by cold isostatic pressing, carbon-
ization, and graphitization. The mechanical properties and isotropy ratios of the CNT/MCMB composites
are determined by four-point bend tests and thermal expansion measurements, respectively. The addi-
tion of CNTs improves the flexural strength by ca. 20%, while keeps a low isotropy ratio. CNTs dispersed
on particle interfaces improve the interfacial strength, this reinforcing mechanism is confirmed by a frac-
ture mode analysis with scanning electron microscope.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon and graphite materials are characterized by excellent
mechanical performance at high temperatures, high electrical
and thermal conductivity, and good corrosion resistance. Modern
advanced technologies make wide use of polycrystalline graphite
in different fields, including graphite electrodes used in electric
arc furnaces, graphite cathodes in aluminum electrolysis cells,
graphite dies used for continuous casting, fine-grain graphite heat-
ers and crucibles used for single crystal silicon growth, and nucle-
ar-grade graphite moderators in high-temperature reactors [1].

Polycrystalline graphite is usually prepared by two methods [2].
The first one makes use of pulverized coke as a filler and pitch as a
binder. The other uses self-sintering carbonaceous mesophase such
as mesocarbon microbeads (MCMBs) for binderless forming [3,4].
The strength of MCMB-derived graphite is determined by several
factors, including pre-oxidation conditions, the degree of graphiti-
zation, as well as particle size distribution.

Pre-oxidation treatment significantly influences the pyrolysis
behavior, and change the plasticity of carbonaceous mesophase.
Many investigations have been carried out to optimize the pre-oxi-
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dation conditions [5] and to investigate the MCMB sintering mech-
anism [6,7].

The graphitization decreases dqo; interlayer spacing and induces
the growth of graphite layers. In another words, turbostratic struc-
ture gradually evolves into graphitic structure. Generally, the car-
bonized artifacts have much higher strength than the graphitized
artifacts. For instance, Wu et al. [ 8] fabricated carbon blocks by using
raw MCMBs with particle sizes of less than 5 pm. The blocks were
carbonization at 900 °C and showed a flexural strength of 111 MPa.

The particle size distribution is another important factor that
influences mechanical properties of MCMB-derived graphite. The
decrease of mean particle size gives rise to higher strength. A
remarkably high flexural strength of 100 MPa is available for
graphite sample prepared from mesophase pitch powder with a
mean particle size of 2.4 um after graphitization at 2773 K [9].
However, green bodies with small particle sizes are very easy to
crack during baking. As a result, it is of great interest to explore
new methods that can increase the strength of MCMB-derived
graphite while do not reduce the particle size.

In this contribution, MCMBs with a D50 value of 25.0 pm are
used as raw material. These MCMBs have been successfully made
into graphite blocks with a diameter of 60 mm [6] in our previous
work. Here we demonstrate a new approach of using carbon nano-
tubes (CNTs) to reinforce the MCMB-derived graphite. Many
researches have been carried out in order to incorporate CNTs into
polymers [10-12], metals [13], and ceramics [14,15] to form
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advanced composites. The reasons we selected CNTs as additives is
the excellent mechanical properties of CNTs [16] and its good
chemical compatibility with graphite. Wu et al. [8] added CNTs
into coal tar pitch to in situ produce CNT/MCMB powders, which
were subsequently used as the starting material to prepare com-
posite materials. However it is not easy to control the particle mor-
phology and structure during the in situ synthesis of CNT/MCMB
powder. Song et al. [17] prepared CNT reinforced MCMB based
composites by one-step self-sintering, but limited information
was reported on the microstructure and reinforcement mecha-
nism. Herein, a similar method was employed to directly disperse
CNTs on the outer surface of MCMBs (as illustrated in Fig. 1). The
composite powders are pressed and sintered in order to produce
a CNT/MCMB isotropic composite, in which CNTs are homogenous-
ly deposited at MCMB interface areas. The mechanism of mechan-
ical strength increasing was also investigated in detail.

2. Materials and methods
2.1. Preparation of CNT/MCMB composite powder

MCMBs produced by China Steel Chemical Corporation, Taiwan,
were lightly pre-oxidized under optimized conditions, which are
not open, and were used as received. The basic information about
the MCMBs can be found in our previous publication [6].

Aligned multi-walled carbon nanotubes (MWCNTs) [18,19]
were grown on a vermiculite-based catalyst by fluidized bed cata-
lytic chemical vapor deposition. CNTs with an outer diameter in
the range of 7-12nm, a length of ca. 10 um, and a purity of
84.0 wt.% were synthesized. High magnification scanning electron
microscopy (SEM) images indicate that the CNTs in the array pos-
sess good alignment (Fig. 2), which facilitates the CNT dispersion.
The CNT arrays were treated in an acid mixture of 98% H,SO4
and 68% HNO3 with a volume ratio of 3:1 at 90 °C for 20 min, in or-
der to remove impurities and to create oxygen-containing func-
tional groups on the CNT surface [20]. After acid treatment, the
purity of CNTs can be increased to 97.5 wt.%. The CNTs were sepa-
rated by centrifugation, and then ultrasonically dispersed in etha-
nol for 15 min. Attributed from its low toxicity, ethanol was chosen
as solvent. Subsequently, 200 g MCMBs were added into the etha-
nol. The suspension was continuously ultrasonic-treated and stir-
red for 60 min and then vacuum dried at 70 °C. The morphology
of CNTs on the MCMB surface was observed by SEM. A series of
composite powders with various CNT weight contents of 0.0,
0.05, 0.1, 0.25, 0.4, 0.6, and 0.75 wt.% were prepared.

2.2. Cold isostatic pressing, carbonization, and graphitization

Cold isostatic pressing (CIP) was employed to form the green
composite body of about 30 mm in diameter and 200 mm in
length. Green bodies were carbonized at 1000 °C in N, flow. The
graphitization was carried out in Ar gas in an intermediate fre-
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quency induction heating furnace. The samples were first heated
at a constant power of 10 kW to 1000 °C and then heated at a rate
of 10 °C/min up to 2800 °C. After holding for 1 h, the furnace cham-
ber was naturally cooled to room temperature.

2.3. Characterization of CNT/MCMB composites

The final bulk density was measured based on Archimedes’
principle. X-ray diffraction (XRD) patterns of the samples were re-
corded using a Rigaku D/max 2500V diffractometer with Cu Ko
radiation. The graphitized samples with various CNT contents were
machined into specimens of 5 x 10 x 50 mm for four-point bend
tests, which were performed in a Shimadzu Servopulser material
testing machine. During the test, the crosshead moved at a speed
of 1 mm/min, the inner and outer spans were 10 mm and
40 mm, respectively. SEM images of fracture surfaces were re-
corded and analyzed. The NETZSCH DIL 402 PC thermal dilatome-
ter was used to measure the coefficient of thermal expansion (CTE)
in the temperature range of 20-500 °C with a heating rate of 5 °C/
min. For the thermal expansion measurements, specimens were
machined along both the axial and radial directions, and the isot-
ropy ratio is calculated as the ratio of the CTE along the two orthog-
onal directions.

3. Results and discussion
3.1. CNT dispersion

The most important factor in the preparation of CNT-reinforced
composites is a good CNT dispersion, which indicates the fact that
individual CNTs have to be distributed uniformly and well sepa-
rated from each other. Fig. 3 is SEM images of the composite pow-
ders, indicating that CNTs can be homogenously dispersed at
relatively low CNT contents, i.e. 0.05, 0.10, 0.25wt.%. For
0.25 wt.% CNT content (Fig. 3 (d)—(f)), the MCMB surface is covered
by a large amount of uniformly distributed CNTs due to physical
adsorption. The length of CNTs is shortened to a few microns,
and their alignment is also lost. For 0.4 wt.% or higher CNT content,
CNT dispersion is no longer homogeneous, the aggregates can be
observed in SEM images (Fig. 3(c)). The ethanol is not as well as tol-
uene or DMF solvent to disperse the CNTs. Besides, rather than the
bulk homogenous distribution in the whole matrix, the CNTs prefer
to be located at the surfaces of graphite particles. Consequently,
the CNT content herein is lower than some other reported polymer
composites or CNT/carbon composites.

3.2. Mechanical and thermal properties of the composites

The flexural strength upon increasing CNT weight content is
presented in Fig. 4(a). The graphite artifact prepared from the
original MCMBs, which were not treated in ethanol, shows a flex-
ural strength of 37.05 MPa. CNTs remarkably increase the strength

MCMB

e CNT
—= CNT-containing interface

\,-—"“

CNT/MCMB
composite

Fig. 1. Schematic of CNT/MCMB composite preparation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)



46 K. Shen et al./Composites: Part A 56 (2014) 44-50

Fig. 2. Characterization of the raw materials. SEM image of (a) MCMB and (b) aligned CNTs. The inserted figure shows a low magnification SEM image of the aligned CNTs. (c)

TEM image of MWCNTSs.

Fig. 3. SEM images of composite powders with various CNT weight contents. (a) 0.05 wt.%, (b) 0.1 wt.%, (c) 0.4 wt.%, and (d-f) 0.25 wt.% CNT content.

of the composite materials. The graphitized CNT/MCMB composite
with addition of 0.25 wt.% CNTs, has a maximum average flexural
strength of 44.38 MPa, corresponding to an increase of about
20%. The flexural strength of 0.4 wt.% CNT/MCMB composite de-
creases, which is attributed to the heterogeneous dispersion of
CNTs. The figure inset in Fig. 4(b) compares the typical stress—
strain curves of the raw MCMB-derived materials and the as-ob-
tained composites. A region of linear elastic behavior was exhibited
for every sample. The flexural modulus can be determined by the
slopes. Song et al. [17,21] shows a modulus increase on CNT/meso-
phase pitch composite and a modulus decrease for CNT/MCMB
composite. Herein, the flexural modulus in Fig. 4(b) changes upon
CNT addition in a similar way as the strength illustrates as Fig 4(a).
The modulus increase slightly below CNT addition of 0.25 wt.% and
decrease as the CNT addition getting more than 0.4 wt.%.

In Fig. 5, each data point with error bar corresponds to an aver-
age density of eight specimens. Raw MCMB gives rise to a density
of 1.796 g/cm>. With the addition of a low amount of CNTs (less
than 0.1 wt.%), the density evidently increases. The maximum den-
sity was determined at a CNT content of 0.1 wt.%. At higher CNT
concentrations (more than 0.4 wt.%), porous CNTs aggregates gen-
erate inside the material, therefore decrease the composite density.
Similar results have been reported by Deng et al. [22]. The aligned
CNTs used in the current study have a mean wall number of 7.0
and a mean outside diameter of 9.4 nm [18]. According to the
calculation by Laurent et al. [23], the density of these CNTs is ca.
2.0 g/cm®. Thus, adding 0.1 wt.% of CNTs contributes very little to
the experimentally observed density increase from 1.796 to

1.831 g/cm®. A possible explanation should be better sintering or
lower porosity caused by appropriate CNT content.

The mean CTE (100-500 °C) and the CTE-based isotropy ratio
are listed in Table 1. Because of the random orientation of spherical
particles, the composites have isotropic microstructure, the isot-
ropy ratio of raw MCMB-derived graphite is as low as 1.02. After
CNT addition, an isotropic ratio of 1.01 is available, in another
words, CNTs do not influence the isotropic microstructure. How-
ever, the CTE value increases slightly owing to the change of
microstructures.

3.3. Microstructure and fracture surface

Fig. 6 compares the XRD profiles of untreated CNTs, 0.25 wt.%
CNT/MCMB composite powders, and the final graphitized compos-
ite. The diffraction pattern of untreated CNTs is characterized by a
broad (002) and a small (10) reflection due to massive defects in
carbon layers. In fact, (10) around 43° is the combination of
(100) and (101). For the composite powders, the XRD profile
mainly originates from MCMBs, since the amount of CNTs is too
small to be detected. The composite specimen in bulk form was
used to collect the XRD profile. After graphitization, the (002)
reflection becomes very sharp and strong, (100) and (101) reflec-
tion separate clearly, and other diffraction peaks such as (004),
(110), and (112) were observed, indicating a high degree of graph-
itization and a polycrystalline structure of graphite. Graphitization
also removed the impurities in the composites.
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The fracture surface of binder-free MCMB-derived graphite is
quite different from that of conventional polycrystalline graphite,
which is composed of filler particles and binder phase. The easy iden-
tification of individual MCMB particles makes it possible to divide

Table 1
CTE and isotropy ratio of MCMB-derived graphites.

Sample CTE (1075/K) Isotropy ratio
Axial Radial
Raw MCMB-derived graphite 6.06 6.17 1.02
0.25 wt.% CNT/MCMB composite 6.28 6.25 1.01
S CNTs
s i
2
k%)
c
3 .
< Composite powder
Graphitized composite
20 40 60 80
20(°)

Fig. 6. XRD patterns of CNTs, 0.25 wt.% CNT/MCMB composite powder, and the
graphitized composite. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

the fracture surface into three classes. Fig. 7(b) shows an intergranu-
lar fracture surface where the sphere morphology can be seen. How-
ever, in some areas where the interfacial strength is higher than the
particle strength, innergranular fracture occurs instead of the inter-
granular mode. The innergranular fracture mode can be divided into
two classes further, the cleavage fracture and the “edge-on” fracture
mode, which are shown in Fig. 7(c) and (d). Fig. 7(c) shows a typical
cleavage fracture surface, where a very smooth (002) plane can be
observed. The cleavage occurs between (002) planes, because of
the weak van der Waals force between graphite layers. In some cases,
the cracks advance through the microbeads and cut the (002) planes
in half, giving rise to “edge-on” cross-sections, as shown in the circles
in Fig. 7(a). The “edge-on” fracture causes the C-C covalent bond dis-
sociation which need much more energy than cleavage between the
(002) planes. Fig. 7(d) provides the detailed morphology of the
“edge-on” fracture surface. The fracture surface of raw MCMB-de-
rived graphite was also examined. By comparison, the “edge-on”
fracture mode is mostly observed in the 0.25 wt.% CNT/MCMB com-
posite. This should be attributed to the interfacial bond strength in-
crease. The detailed CNT reinforcing mechanism is proposed in the
following section.

Since CNTs were introduced by mechanical mixing, they only
distributed on the interface of MCMB particles. A similar micro-
structure was observed in CNT/ceramic composites [24,25]. Fig. 8
shows the CNT-containing surface, and confirms the existence of
CNTs in the graphitized composites. The circle in Fig. 8(a) indicate
a cleavage fracture surface. The homogenously dispersed CNTs
near the cleavage fracture surface are clearly visible in Fig. 8(b).
The partial fusibility of MCMBs at evaluated temperature facilitates
the formation of CNT-containing interface during MCMB sintering.
A high magnification SEM image (Fig. 8(c)) displays that CNTs are
embedded in the interface, in this way, CNTs effectively increase
the interfacial strength of MCMB particles.

Fig. 9 shows typical TEM images of the composite graphitized at
2800 °C. Fig. 9(a) gives some evidences of the CNT and graphite
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Fig. 7. SEM images of fracture surface of (a) 0.25 wt.% CNT/MCMB composite, and representative facture modes: (b) intergranular fracture mode, (c) cleavage fracture mode,
and (d) “edge-on” fracture mode.

Fig. 8. SEM images of the CNT-containing interfaces. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. TEM images of CNTs in the 2800 °C graphitized composite.

20um ™

o [0WE%CNT

Fig. 10. Fracture surfaces of (a) raw MCMB-derived graphite, (b) 0.25 wt.% CNT/MCMB composite, and (c) 0.4 wt.% CNT/MCMB composite. Top: The original SEM images of the
fracture surface. Middle: SEM images indicating the innergranular fracture mode (Cleavage fracture and “edge-on” fracture). Bottom: high contrast microstructure image

showing the variation in the fracture surface type.

matrix interaction. A join is made between the CNT and graphite
matrix. In Fig. 9(b), the CNT walls around the joints seem to be
thick and irregular. Compared with the as-produced CNTs in
Fig. 2(c), the CNT walls become straight because of the removal
of small defects and the growth of graphite layers. However, gross
defects in the CNTs are not removed. This is illustrated by curves
along the graphitized CNTs in Fig. 9(b), and the ‘kinked’ walls
shown in Fig. 9(c).

3.4. Reinforcing mechanism
The reinforcing mechanism is explained in terms of the

strengthening effect of CNT-containing interfaces. This may con-
flict with the mechanism proposed for CNT/ceramic composites

[26]. Wang et al. [27] and Vasiliev et al. [25] have concluded that
the CNT bundles located at Al,05 grain boundaries mechanically
weaken the interface bonding. As a result, the fracture occurs at
the grain boundaries (intergranular fracture). Considering CNT/
MCMB composites, the CNT-containing particle interfaces exhibit
a different mechanical behavior. Firstly, individual CNTs are homo-
geneously distributed at particle interfaces. Secondly, CNTs have
very good chemical compatibility with the graphite matrix. There-
fore, they are able to enhance the interfacial bond strength.
Evidence confirming this hypothesis is given by SEM observa-
tions of the fracture surfaces in Fig. 10. CNTs change the fracture
mode of MCMB, which is mainly determined by the difference in
the interfacial strength relative to the beads themselves. Obvi-
ously, innergranular fracture indicates a firmer bond or higher
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interfacial strength compared to intergranular fracture. Thus, the
interfacial bond situation can be reflect in the proportion of inner-
granular fracture surface.

Although the facture surfaces are rough, different fracture
modes described in Fig. 7 can be easily distinguished due to their
distinct appearance. The innergranular fracture surfaces (corre-
sponding to Fig. 7(c) and (d)) are carefully selected with white lines
in Fig. 10 for raw MCMB-derived graphite, 0.25 wt.% CNT/MCMB
composite, and 0.4 wt.% CNT/MCMB composite, respectively. The
areas of the circled regions (Fig. 10 bottom) are measured as
13.2%, 24.9% and 14.7%, which stand for the fraction of the inner-
granular fracture surface. With addition of CNTs, the innergranular
fracture mode increases remarkably due to higher interfacial
strength, then decreases due to CNT aggregation, showing the
same variation as the flexural strength upon increasing CNT con-
tent. Therefore, it is reasonable to attribute the strengthening ef-
fect to the CNT-containing interface reinforcement.

4. Conclusion

The CNT/MCMB isotropic composites with improved mechan-
ical properties were prepared. CNTs were uniformly dispersed by
an acid treatment and incorporated onto the MCMB surface by
physical adsorption. CNT-containing interfaces were obtained
with the aid of MCMB sintering. The strength and modulus
firstly increase and then decrease upon CNT addition. Compos-
ites with 0.25 wt.% CNTs showed a slight increase in the bulk
density and an increase of ca. 20% in the flexural strength. Be-
sides, the addition of CNTs did not influence the CTE-based isot-
ropy ratio. The fracture mode of MCMB particle can be classified
into three types, including intergranular fracture, cleavage frac-
ture, and “edge-on” fracture mode. The CNT-containing interface
plays an important role in the reinforcing mechanism as the
CNTs increases the interfacial bond strength. This finding was
supported by an increase in the fraction of innergranular fracture
surface, which were observed in the 0.25wt.% CNT/MCMB
composite.
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