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Mechanothermal (MT) method is one of the methods used for large-scale production of carbon nanotubes/nanofibers. The
different peculiar morphologies of carbon allotropes are introduced with an extraordinary structure for the first time by MT
method. In this paper, the influence of milling time and annealing temperature on the crystallinity and morphology of the
synthesized nanopowders was investigated. Surprisingly, in this investigation, we report the synthesis of springlike multiwalled
carbon nanofibers (S-MWCNFs) by a two-step annealing of milled graphite in an Ar atmosphere. On the other hand, the MT
method could be used for the preparation of suitable structures with applications in nanocomposite materials, which is an
important task in the era of nanotechnology.

1. Introduction

Carbon nanotubes have attracted considerable interest since
their discovery by Iijima in 1991 [1]. Carbon nanotubes
have aroused great interest recently because of their unique
physical properties, which span a wide range from structural
to electronic. For example, nanotubes have a low weight and
high elastic modulus, and thus they are predicted to be the
strongest fibers and widely touted as attractive candidates for
use as fillers in composite materials due to their extremely
high Young’s modulus, stiffness, and flexibility [2–6]. These
latter applications will require vast quantities of nanotubes
at competitive prices to be economically feasible. Moreover,
reinforcing applications may not require ultrahigh purity
nanotubes. On the other hand, functionalization of nan-
otubes to facilitate interfacial bonding within composites
will naturally introduce defects into the tube walls; lessening
morphologies are needed for specified applications of CNTs.
For instance, usually it is needed to prepare knotted CNTs
to improve in rich interfacial adhesion, which can lead to
nanotube aggregation within the matrix composites. So,
there are many methods of producing these nanomaterials,

including electric arc discharge [1, 7], laser evaporation [8],
chemical vapor deposition (CVD), catalytic CVD [9–19],
hydrothermal treatment [20], and mechanothermal process
in which graphite powders were first mechanically ground
at room temperature and then annealed at 1400◦C [21], but
little is known about the possibilities of mechanothermal
processing aimed to the synthesis of carbon nanostruc-
tures in different conditions. Although significant research
progress has been made to synthesize carbon nanomaterials,
but developing an easy approach to large-scale production of
carbon nanotubes has still been limited to date. On the other
hand, most of the synthesizing methods are complicated and
uncontrollable. More recently, we have suggested that using
washable supported catalysts is accompanied by valuable
advantages and with an extraordinary structure [22–28].
Herein, we use an efficient method for the controlled synthe-
sis of multiwall carbon nanotubes/nanofibers by mechanical
activation-assisted annealed process. springlike MWCNFs
and MWCNTs were fabricated with advantages of mass
production, low cost, and high yield without adding any
presynthesized Fe/Co/Ni nanocatalysts. Finally, we report a
simple and convenient synthesis method of CNFs/CNTs with
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Figure 1: The X-ray diffraction spectra of mechanically alloyed
graphite powders at different milling times: 0 h, 10 h, 60 h and 160 h.

outstanding morphology structure. This method needs no
complicated process, relatively low cost and economically.

2. Experimental Procedures

Elemental graphite flakes (99.9% < 100 μm) with a purity of
99.8% were mechanically ground in a purified argon atmo-
sphere. Four grams with ten steel balls of diameter 15 mm
were used in the mechanical activation (MA) process. The
ball-to-powder weight ratio was kept at 20 : 1. Mechanical
activation was carried out at ambient temperature and at
a rotational speed (cup speed) of 700 rpm in a planetary
ball mill. The mechanical activation (MA) process was
interrupted at regular intervals with a small amount of the
MAed powder taken out from the vial to study changes in the
microstructures at selected milling duration. On the other
hand, mechanical activation was carried out in a planetary
ball mill that was directly connected to a closed glove box.
In order to avoid oxidization, loading and unloading of
powders were operated in a glove box under high pure
argon atmosphere.The final gas pressure in the vial was
kept to be 0.1 MPa. The Fe/Cr contents of the final sample
introduced from the milling media and the starting materials
were measured by the inductively coupled plasma (ICP)
method. Meanwhile, we removed Fe/Cr contamination by
treatment with a 30 mL aqueous solution containing 2 mL of
hydrochloric acid (36.5 wt.%), 5 mL of H2O2 (30 wt.%), and
20 mL of distilled water (HCl : H2O2 : H2O = 2 : 5 : 20 V/V) at
room temperature for 12 h. After full amorphization, one-
step and two-step annealing were applied on MAed graphite
to investigate the grain growth during the heat treatment.
The crystal phase was determined with powder X-ray diffrac-
tion. For these experiments, a Siemens diffractometer (30 kV

and 25 mA) with the Kα1, radiation of copper (λ = 1.5406 ̂Å),
was used. The structural and compositional information of
the product materials was obtained with scanning electron
microscopy (SEM, Philips XL30), energy dispersive X-ray
spectroscopy (SEM/EDX, XL30), field emission transmission
electron microscopy, and selected area electron diffrac-
tion (FETEM/SAED, Philips CM200 transmission electron
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Figure 2: Mechanically milled powder by a mechanical activation
via planetary mill: (a) transmission electron microscope (TEM) and
(b) selected area electron diffraction pattern (SAED).
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Figure 3: The grain size of graphite as function of mechanical
activation times.

microscope operated at 200 kV). Specific surface areas (SSAs)
of carbon/carbon nanotubes were also measured by the
Brunauer-Emmett-Teller (BET) method. The BET surface
areas, SBET, of the samples were determined from N2 ad-
sorption-desorption isotherms obtained at 77 K using an
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Figure 4: MAed graphite powders for 150 h in argon gas atmo-
sphere.

ASAP 2010 surface area analyzer. The Brunauer-Emmett-
Teller (BET) method is the most widely used procedure for
the determination of the surface areas of solid materials and
involves the use of the BET equation:

1
W[(P0/P)− 1]

= 1
WmC

+
C − 1
WmC

(

P

P0

)

, (1)

in whichW is the weight of gas adsorbed at a relative pressure
of P/P0, and Wm is the weight of adsorbate constituting
one monolayer of surface coverage. The term C, the BET C
constant, is related to the energy of adsorption in the first
adsorbed layer, and consequently, its value is an indication
of the magnitude of the adsorbent-adsorbate interactions.
When the range of P/P0 is 0.05–0.35, a line will be obtained.
Through the slope and intercept, the adsorbate monolayer
saturation amount (Vm) can be obtained. The BET surface
area equation is

SBET = VmN0
σ

22400W
, (2)

where N0 is Avogadro’s number and σ is the cross-sectional
area of a single molecule. Raman spectra were taken at room
temperature under ambient condition using an Almega
Raman spectrometer with an Ar+ at an excitation wavelength
of 514.5 nm. The crystalline size, D, was estimated by
Williamson-Hall [29]:

β cos θ = 2ε sin θ + 0.9
λ

D
, (3)

where λ is the wavelength of the X-ray, β the full width at
half maximum (FWHM), θ the Bragg angle, and ε the micro-
strain.

3. Results and Discussion

XRD patterns of graphite powder mechanically mixed in
argon atmosphere for several activation times are shown in
Figure 1. Further milling (after 150 h MA) caused no change
in XRD patterns except the broadening of the peaks. So, this
broadening can be attributed to the decrease of grain size and

increasing of strain in the lattice. In general, we can conclude
that this method is a very successful method for amorphous
of graphite powders by mechanical activation (MA).

The constitution of this starting powder corresponds
to the elemental graphite powder and so, the diffraction
intensities drastically decreased after mechanical activation
(MA). The diffraction peaks corresponding to the graphite
(particularly the peak at about 2θ = 26.6◦) almost disap-
peared at an activating time of 10 h. The crystallite size of the
graphite after mechanical activation for 5 h is approximately
D = 30.1 nm, where that before MA is approximately
D = 31.1 (Table 1). An additional MA process in the argon
atmosphere (Figure 1) in which, diffraction intensities corre-
sponding to the graphite decrease gradually with increasing
activating time at the diffraction peaks at around 2θ =
26.6◦ cannot be eliminated after an activating time of 100 h,
suggesting that the formation of an amorphous-like phase
or very fine particles has been strongly enhanced in the
argon atmosphere after an activating time of 150 h. Figure 2
shows the transmission electron micrograph (Figure 2(a))
and selected area electron diffraction pattern (Figure 2(b))
of graphite nanostructures synthesizing according to the
method described previously. It is readily observed that the
nanostructures are in a high ultrafine dispersion and the
average crystalline size is 10 nm. The electron diffraction
(ED) pattern of the MAed graphite (Figure 2(b)) exhibits
two very weak diffuse rings, indicating highly disordered
wall in milled graphite. On the other hand, the electron
diffraction pattern reveals that the carbon nanostructures
have an amorphous structure. At the same time, this result
is consistent with the X-ray diffraction (XRD) pattern.
We believe that the very small size and the amorphous
structure are due to the high-energy ball milling of the
graphite powders activated by planetary mill. Also, Jiang and
Chen [30] recently developed a thermodynamic quantitative
model to describe the phase transitions of nanocarbon as
functions of its size and temperature through systematically
considering the effects of surface stresses and surface ener-
gies. The fine nanosize amorphous structure of pure carbon
nanostructures is thermodynamically unstable, owing to the
high amount of free energy. Therefore, crystallization at a
temperature regime might be expected.

The milled powders had an average crystallite size
of about 5–10 nm as determined by the Williamson-Hall
method as shown in Table 1 and Figure 3. Crystallite size
values determined in this way may be low when the con-
centration of defects in the sample is higher compared to
that in the reference large-particulate powder. The BET areas
are strongly different for all samples and between 5.5 and
211.2 m2/g as presented in Table 1. In the steady state, the
BET surface area of the MAed powders was determined at
about 211.2 m2/g for several samples (C200, C210, C220, etc.).

D is the average crystallite size, determined by the
Williamson-Hall; SA is the specific surface area, determined
by the BET-method.

Measuring the surface area of carbon nanostructures
via nitrogen adsorption by Brunauer-Emmet-Teller (BET)
method revealed a specific surface area of 211.2 m2/g which
seems relevant for surface area dependent applications such
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Figure 5: SEM images of MAed graphite powders for 150 h after one-step and two-step annealing with different morphologies: (a) high
yield springlike MWCNFs (two-step), (b) individual MWCNFs with ultrahigh aspect ratio (two-step), (c) springlike MWCNFs encapsulated
with carbon nanotubes (two-step), (d) S-MWCNF with an ultrahigh crystallinity structure (two-step), (e) high yield springlike MWCNTs
(one-step), and (f) aligned arrays of MWCNTs (one-step).

as diffusion process. Assuming that all particles have spher-
ical and theoretical density and form dBET = 6/S · ρ,
where S is the surface area and ρ is the particle density
(2.1 g/cm3 for graphite), a BET particle diameter, dBET, of
about 20 nm is found for these nanoparticles. At the same
time, these results are consistent with the HRTEM image

observations. Therefore, the obtained results of specific area
(SA), crystallite size (D) for milled graphite indicate that
graphite particles are highly chemically active.

According to TEM micrographs of the powders mechan-
ically milled for 150 h in argon gas atmosphere shown in
Figure 4, MAed powders are an ultrafine spherical particle
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Figure 6: (a) Schematic diagram of annealing patterns to synthesize
MWCNTs/S-MWCNFs by mechanothermal method and (b) S-
MWCNTs with ultrahigh flexible and toughness.

powder with approximately 100 ± 20 nanometers in size.
Because of highly chemically active carbon atoms, these are
strongly agglomerated.

Interestingly, Figures 5(a)–5(f) show the SEM different
images of MAed graphite powders (the sample of C150) after
one-step and two-step annealing. On the other hand, the
heating program is indicated in Figure 6(a). A two-step
annealing procedure was applied; that is, the samples were
first heated to 1300◦C at rate of 5◦C/min and held there
for 120 min, and they were then further heated to 1380◦C
at a rate of 5◦C/min and held there for 120 h under Ar
atmosphere. Furthermore, the usage of a two-step annealing
condition and a suitable mechanical activation are the two
crucial keys in ensuring the formation of S-MWCNFs under
the mechanothermal method. However, until now the role of
annealing for the formation of S-MWCNFs is not clear. SEM
observations in a wide field show that the powders prepared
with the heat-treated (C150) contain much more nan-
otubes/nanofibers with peculiar structure namely. springlike
multiwall carbon nanofibers (S-MWCNFs). The nanotubes

Table 1: Characteristic of different samples used to investigate
during milling.

Milling
time (h)

Sample
(Id)

S. A.
(m2/g)

Crystallite size = D
(nm)

0 C0 5.5 31.1

5 C5 21.2 30.1

10 C10 25.8 29.8

30 C30 35.1 27.4

50 C50 45.6 25.4

60 C60 50.1 24.6

80 C80 62.5 22.1

90 C90 70.2 20.1

100 C100 78.9 18.5

120 C120 115.2 13.9

130 C130 145.2 11.2

140 C140 175.5 8.5

150 C150 200.5 5.2

160 C160 205.5 4.9

170 C170 207.4 4.8

180 C180 209.1 4.7

190 C190 209.5 4.8

200 C200 211.2 4.8

210 C210 211.2 4.8

220 C220 211.2 4.8

are knotted and stretchy in appearance and are mainly S-
MWCNFs (for two-step annealing in Figure 5(a)) which will
be demonstrated later. In the SEM observation of C150, a few
multiwall carbon nanotubes (MWCNTs) were sporadically
observed (for one-step annealing in Figure 5(e)). However,
for the samples C70, C90, and C100, no CNTs or CNFs
were found in all observations after suitable annealing. A
detailed study of the growth mechanism of the S-MWCNFs is
underway. The interesting structure and physical properties
(high aspect ratio ca. 1000 and low density) of the S-
MWCNFs make it an obvious choice as obvious applications.
In this way, Figure 6(b) shows that an individual MWCNF
with a suitable aspect ratio was bent like a spring but still was
not broken, indicating that the fiber is very flexible and tough
for reinforcement in nanocomposite materials. Finally, in
this investigation, an effective method was developed for the
formation of ultracrystallinity S-MWCNTs and MWCNTs.
As a matter of fact, the MT method guarantees production
of CNT/CNF for different applications.

Meanwhile, TEM images of mechanically activated
graphite powders after a one-step and two-step annealing
are shown in Figures 7(a)–7(d). In Figures 5(a) and 5(b),
many S-MWCNFs can be observed, which is consistent with
the SEM observation. By TEM observation, we have found
that most of nanofibers in the annealed powders are S-
MWCNTs (for two-step annealing). Also, we confirmed that
synthesized MWCNTs have fibrous structures with ultrahigh
uniform grade (Figures 7(c) and 7(d)).
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Figure 7: TEM images of MAed graphite powders for 150 h after one-step and two-step annealing with different morphologies: (a) springlike
MWCNFs encapsulated with carbon nanotubes (two-step), (b) individual MWCNFs (two-step), (c) MWCNTs with an ultrahigh crystallinity
structure (one-step), and (d) individual MWCNTs with narrow channels (one-step).

The selected area electron diffraction (SAED) pattern
(Figure 8(a)) exhibits a pair of weak rings but strong spots for
(002), together with a ring for (100) and a pair of weak arcs
for (004) diffractions. The appearance of (002) diffractions as
a pair of spots indicates some orientation of the (002) planes
in the carbon tubes [31]. The yield of the prepared MWCNTs
estimated by TEM observations is about 95% relative to
the samples on copper grids, and the much less contents of
the obtained product are nanoparticles. Thus, the high yield
efficiency of this approach for the synthesis of MWCNT can
be concluded, with an ultrahigh crystallinity and an excellent
yield rather than previous works. In further investigation,
the MWCNTs were analyzed by HRTEM in detail, and
all nanostructures showed uniform lattice fringes, meaning
that no amorphous product was formed. Figure 8(b) is the
HRTEM image of a single CNT, which clearly indicates that
the CNT structurally is a uniform structure with ultrahigh
crystallinity. The interplanar spacing values are calculated
from Bragg’s diffraction equation using the diffraction ring
diameter and the camera length of the transmission electron
microscope. The calculated results indicate the interlayer

spacing in the walls, about 0.34 nm, corresponds to the
002 distance of graphitic carbon. The EDS spectrum of the
carbon nanotube shows that these are fully elemental carbon
except the elements of Ni, P, and Cu, which come from the
supported grid for TEM measurement (Figure 8(c)).

The most important feature of this specific structure is
related to the formation of springlike MWCNF structure.
It is difficult to distinguish individual walls and graphite
sheets in TEM images and even HRTEM images. XRD
was performed on the annealed powder. XRD investigation
(Figure 9) provided a possible model for the structure of such
springlike structure. According to the XRD pattern of the
sample, it is obvious that the peak of (100) is as broadening
as common peak of graphite in recrystallised carbon powder,
that is, (002). This indicates that the nanotubes walls
are not constructed from graphite sheets. This is not the
ideal hexagonal graphite as it is also oriented in c-axis
parallel to the diamond anvil cell axis and suggests polytype
modifications of graphite in the springlike structure. This
hypothesis provides a strong reason for the formation of
such outstanding structure making the springlike carbon
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Figure 8: Images of MAed graphite powders for 150 h after anneal-
ing at 1350◦C for 2 h: (a) the SAED pattern of the obtained MWC-
NTs, (b) HRTEM, and (c) energy dispersive spectroscopy (EDS) of
the purified carbon nanotubes.
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Figure 9: XRD Pattern of the springlike MWCNFs.

0
0 300 600 900 1200 1500 1800 2100 2400

100

200

300

400

500

600

700

800

900

1000

In
te

n
si

ty

Raman shift (cm−1)

Figure 10: Raman spectra of the obtained MWCNTs.

nanofibers; however, the mechanism of such structure under
specified mechanothermal condition is still unclear which is
under investigation.

The Raman spectrum shows the D- and G-bands at 1350
and 1670 cm−1, respectively. As shown before [31], the D-
band is representative for the disordered carbon structures
and defects, while the G-band shows the graphitization and
the crystalline properties of the nanofibers/nanotubes. The
graphite-related tangential G-band [32] at 1670 cm−1 was
derived from Raman-allowed optical mode, which is related
to vibration in all sp2 carbon materials. The disorder-
induced D-band [33] around 1350 cm−1 from the Raman
spectra of sp2-bonded carbon materials is strongly dispersive
as a function of laser excitation energy (Elaser). Generally, the
ratio between the intensity of the G-band and D-band
(IG/ID) can be used to show the structural defect and dis-
ordered carbon materials in a few micrometers scale. The
IG/ID ratio obtained (see Figure 10) was relatively high
compared with that of about 2.5. The IG/ID high ratio
indicates the high purity of the present specimen.

4. Conclusion

In summary, we have successfully developed a controlled
and specific method for synthesizing springlike MWCNFs
and MWCNTs via a mechanothermal (MT) process. The
versatility of this simple approach can be extended beyond
nanotechnological purposes to many applications such as
reinforcement in nanocomposite materials with desired
properties and a suitable aspect ratio for improving mechan-
ical properties. The purity and good quality of CNFs/CNTs
obtained by mechanothermal method make suitable synthe-
sis a promising method for the production of multiwall car-
bon nanotubes or other graphitic nanocarbons with different
morphologies.
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