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ABSTRACT: A solid-state mechanochemical pulveriza-
tion process, that is, pan milling, was used to prepare a
polypropylene (PP)/carbon nanotube (CNT) composite
powder. The composite powder was then melt-mixed with a
twin-roll masticator to obtain a PP/CNT composite. The
morphology of the PP/CNT powder and the PP/CNT com-
posite was investigated. The crystallization and mechanical
properties of the latter were also studied. After 20 milling
cycles (ca. 60 min), the average diameter of PP/3 wt % CNT
composite powder particles was a few micrometers. The
length of the CNTs was reduced from a few micrometers to
0.4–0.5 �m. The CNTs became straighter and more uniform

in length. The effects of incorporating the CNTs into PP were
as follows: (1) the crystallization rate and temperature of PP
increased, (2) a strong b-plane orientation of PP was in-
duced, and (3) the Young’s modulus and yield strength of
PP increased. Interfacial adhesion between PP and the CNTs
was improved by the mechanical action of the solid-state
pulverization process used, which favored the dispersion of
the CNTs into PP. © 2004 Wiley Periodicals, Inc. J Appl Polym Sci
93: 378–386, 2004
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INTRODUCTION

Because carbon nanotubes (CNTs) can be produced on
a large scale, CNT/polymer composites have attracted
much attention.1–6 CNTs are ideal reinforcing fibers
for polymers because they have high aspect ratios,
high mechanical strength, and high electrical and ther-
mal conductivity.7,8 Also, in comparison with conven-
tional carbon or glass fibers, CNT-filled polymer com-
posites are easier to mold, and articles thereof have
much better surface appearance, even if they are
highly loaded with CNTs. They retain most of the
properties of the polymer matrix (elasticity, strength,
and modulus) and have the additional functionality of
exceptionally high electrical and thermal conductivity.
CNT/polymer composites open up opportunities for
new multifunctional materials with broad applica-
tions. However, the preparation of such materials

faces challenges, such as ensuring the uniform disper-
sion of CNTs in polymer matrices without agglomer-
ates and entanglements and adequate interfacial ad-
hesion between the CNTs and polymers. One way of
solving these problems is to modify the surface prop-
erties of CNTs by chemical modification and function-
alization, surfactant treatment, and polymer wrap-
ping.9–17 This usually involves complicated organic
treatment processes.

Mechanochemistry, including mechanoactivation,
mechanoinitiation, and mechanosynthesis, is an alter-
native. It deals with stress-induced chemical reactions
and structural changes of materials. Mechanochemical
processes, such as high-energy ball milling, vibromill-
ing, pan milling, and jet milling, can be used to pre-
pare ultrafine metal, inorganic oxide, and polymer
powders on a large scale and to activate their surfac-
es.18–21 In this work, a solid-state mechanochemical
process, that is, pan milling, was used to prepare
CNT/polymer composite powders. The powders
were melt-mixed with a twin-roll masticator to obtain
composite materials. The pan-milling equipment was
designed in our laboratory for solid-state mechano-
chemical reactions of polymers.22 A theoretical analy-
sis has demonstrated that this equipment has strong
pulverizing and mixing effects on polymeric materials
because of an ingenious design inspired by a tradi-
tional Chinese stone mill. Acting as three-dimensional
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scissors, our pan mill has the ability to generate a
strong squeezing force in the normal direction and a
strong shearing force in both the radial and tangential
directions. As such, both particle size reduction and
chain scission of polymers may occur during the pan-
milling process. Commodity polymers such as
polypropylene (PP) and engineering polymers such as
polyamide 6 can be effectively pulverized at room
temperature with our pan mill.21 Vinyl monomers
such as maleic anhydride and hydroxymethyl acryl-
amide have been grafted onto PP in the solid state
with success.23 In this work, that mill pan was used to
prepare the CNT/PP composite powder, which could
have different applications. For example, it could be
directly molded into conductive or antistatic articles. It
could also be thermally sprayed to form a nanocom-
posite coating. It could be used as a master batch that
could subsequently be diluted in other polymers or as
an additive to modify the mechanical, thermal, and
electrical properties of polymer materials. The
CNT/PP composite powder was then melt-mixed to
obtain the corresponding composite material. The
morphology and crystal structure of the composite
powder and the crystallization behavior and mechan-
ical properties of the composite material were studied.

EXPERIMENTAL

Materials

Multiwalled carbon nanotubes (MWCNTs) were pro-
vided by the Chengdu Institute of Organic Chemistry
of the Chinese Academy of Sciences (Chengdu,
China). MWCNTs were synthesized through the dis-
sociation of methane at a high temperature of 700°C
with a NiO/La2O3 catalyst. The outer and inner diam-

eters of the MWCNTs were 20–30 and 5–10 nm, re-
spectively. They were washed with concentrated hy-
drochloride acid for the removal of the catalyst and its
carrier and then purified with concentrated HNO3 for
the removal of amorphous carbon particles. PP was
supplied by Beijing Yanshan Petro-Chemical Group
(Beijing, China). It was in the form of pellets 3–4 mm
in diameter. Its melt-flow index and density were 0.3
g/10 min and 0.9013 g/cm3, respectively. Xylene was
purchased from the Chemical Reagent Factory
(Chengdu, China).

Preparation of the PP/CNT composite powder

The PP/CNT composite powder was prepared in a
pan mill. It was designed in our laboratory and de-
scribed in a previous article.22 Figure 1 is a schematic
drawing of its design. For a typical milling process,
200 g of PP and 1–6 g of CNTs were fed into the pan
mill through a hopper located in the middle of the pan
mill. The rotation speed of the pan mill was fixed at 30
rpm. Milled particles were discharged from the brim
of the pan. They were collected for the next milling
cycle. The process was conducted at room tempera-
ture, and the heat generated by milling was removed
with cooling water.

Preparation of the PP/CNT composite

The pan-milled PP/CNT composite powder was melt-
mixed for 15 min with a twin-roll masticator at 160°C.
The composite material lump thus obtained was then
molded into sheets (117 mm � 118 mm � 4 mm and
100 mm � 100 mm � 1.2 mm). As a control experi-
ment, the PP and CNTs without pan milling were also
melt-mixed for 15 min in the twin-roll masticator and
then molded into sheets of the aforementioned dimen-
sions.

Figure 1 Schematic diagram of the structure of the inlaid
mill pan in the designed pan-milling equipment.

Figure 2 Transmission electron microscopy image of raw
MWCNTs.
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Characterization

Fourier transform infrared (FTIR) spectra of the com-
posites were recorded on a Nicolet 560 FTIR spectrom-
eter (USA). They were collected from 4000 to 400 cm�1

at a resolution of 4 cm�1 over 20 scans. The particle
size and morphology were characterized with scan-
ning electron microscopy (SEM; X-650, Hitachi, Ja-
pan). A surface area and porosity analyzer (2010,
ASAP, USA) was used to measure the Brunauer–Em-
mett–Teller (BET) specific surface area of the PP/CNT
composite powder (with N2 as an analysis adsorptive

and a 77.35 K analysis bath). The tensile properties
were measured according to ASTM D 638 with a ma-
terial tester (4302, Instron, UK) at a crosshead speed of
100 mm/min. The phase morphology was character-
ized with SEM (X-650, Hitachi). Specimens were cryo-
genically fractured in liquid nitrogen. The fractured
surfaces were gold-sputtered before observation. The
composite powder and molded sheets were character-
ized by wide-angle X-ray diffraction (XRD) with a
Philips X’Pert X-ray diffractometer (The Netherlands)
fitted with a goniometer detection device (40-kV an-

Figure 3 SEM images of PP/CNT composite powders after comilling: (a) 5, (b) 10, (c) 15, and (d,e) 20 times.
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ode and 35-mA filament current). Nickel-filtered Cu
K� radiation with a wavelength of 0.1542 nm was
directed at the samples in the transverse direction. The
scanning speed of the goniometer was 0.133°/s with a
step size of 0.02°. It diffracted X-rays in the 2� range of
5–45°. The recorded XRD profiles, including the crys-
talline peak and amorphous halo, were fitted with
Philips Analytical X-Ray Profit 1.0 software. The back-
ground profile and the aforementioned fitting param-
eter were first set, and then the fitting was started.
After the fitting was optimized, the parameters, in-
cluding the Bragg 2� value of the peak, the intensity of
the peak, the full width at half-maximum, and the
area, were given. The crystallinity (XL) was obtained
from the ratio of the area of the crystalline peak to the
total area under the diffraction curve.24 A Netzsch
DSC 204 differential scanning calorimeter (Germany)
was used to determine the melting temperature, crys-
tallization temperature, and enthalpy of fusion of the
specimens, which were analyzed by XRD. The sam-
ples (5–10 mg) were heated to 220°C at a rate of
10°C/min to remove any thermal history before they
were cooled down to 30°C at the same rate. The flow
rate of nitrogen was 50 mL/min. XL was measured
from the area of the heating endotherm or cooling
exotherm. The enthalpy of fusion for 100% crystalline
PP was taken to be 138 J/g.25,26 The temperature cor-
responding to the peak of the crystallization exotherm
was taken as the crystallization temperature.

RESULTS AND DISCUSSION

PP/CNT composite powder

Figure 2 shows the morphology of the raw CNTs.
Their diameter and length were 20–40 nm and 1–10
�m, respectively. Figure 3 shows the morphology of
PP/3% CNT composite powder obtained after 5, 10,
15, and 20 milling cycles. The composite powder de-
creased in size with more milling cycles, and the par-
ticles became more uniform. After 20 milling cycles
(ca. 60 min), the average particle size was reduced to a
few micrometers. Accordingly, the BET surface area
increased to 4.29 m2/g. After the milling of the PP and
CNTs, the latter were incorporated in the form. There-
fore, it was not possible to measure the size of the
CNTs in the composite powder. To do so, the PP in the
composite powder was removed by Soxhlet extraction
with xylene as the solvent. Figure 4 shows the mor-
phology of the CNTs obtained from the composite
powder after 120 h of Soxhlet extraction. After milling,
the length of the CNTs was much reduced (from a few
micrometers to 0.4–0.5 �m), and their diameter ap-
parently increased greatly. Moreover, the CNTs be-
came straighter and more uniform in size. The diam-
eter increase was probably related to the existence of a
PP layer surrounding the CNTs, which was not re-

moved after 120 h of Soxhlet extraction. This implies
that that the PP layer was strongly bound to the CNT
walls. The design of the pan mill used in this work
was unique. It was like three-dimensional scissors
capable of generating strong shearing, squeezing, and
friction when two pans were under rotation. As such,
during pan milling, the CNTs were cut off, preferably
at mechanically weak locations such as curvatures and
side-wall defects. Short CNTs may be interesting.
Chen et al.27 cut CNTs in concentrated HNO3 and
H2SO4 under high-intensity ultrasound. Mechanical
processes such as ball milling were used to make
tailored CNTs.28,29 The results of this work show that
pan milling can also be an efficient process for cutting
CNTs. Mechanical cutting reduces the aspect ratio of
CNTs and, therefore, their entanglements. Moreover,
it reduces the number of defects and curvatures. We
expected the reinforcing performance of short CNTs
with fewer defects, curvatures, and entanglements to
be higher than that of long CNTs with more defects,
curvatures, and entanglements. A model study
showed that the reinforcing efficiency of short nano-
tubes with an aspect ratio of about 30 was similar to
that of long ones.30 The FTIR spectra of the CNTs
used, the PP/CNT composite powder, and the CNTs
obtained from the PP/CNT composite powder after
120 h of Soxhlet extraction in xylene are shown in
Figure 5. The spectrum of the CNTs obtained from the
composite powder after extraction had some of the
characteristic peaks of PP at 2922, 2853, 1458, and 1377
cm�1. This further suggests that after pan milling,
some PP chains were strongly bound to the walls of
the CNTs. Under the strong shearing, squeezing, and
frictional actions of the pan mill, macroradicals were
likely formed on PP chains, which could then chemi-
cally interact with the surfaces of the CNTs, which
could also be modified during pan milling. Mechani-
cally induced chemical reactions with polymers in a
pan mill are now well known. For example, maleic

Figure 4 SEM image of shortened CNTs by pan milling
(PP/3% CNT composite powder after 120 h of Soxhlet ex-
traction with boiling xylene).
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anhydride and hydroxymethyl acrylamide have been
grafted onto polymers with success.23

Effects of pan milling on the crystal structure of PP

Figure 6 shows the XRD diagrams of raw PP, the PP
powder obtained after the pan milling of the raw PP,
a PP/CNT composite powder, and raw CNT. PP can
have three crystal structures: �, �, and �. The charac-
teristic diffraction peaks of � (monoclinic) crystal
planes (110, 040, 130, 111, and 041) appeared for all the
PP samples, and this suggested that the pan-milling
process did not change the crystal form. The XL values
of the raw PP, PP powder, PP/1% CNT composite
powder, and PP/3% CNT composite powder were

56.8, 39.4, 36.6, and 37.6%, respectively. Moreover, the
diffraction peak became wider, and this indicated that
the crystal size decreased. Some d-spacing of the crys-
tal plane shifted, and this suggested that crystallites
were deformed during pan milling. Figure 7 shows
the differential scanning calorimetry (DSC) heating
thermograms of the raw PP, PP powder, and PP/CNT
composite powders. The XL values of PP calculated
from the enthalpy of fusion were 47.3, 39.5, 38.4, and
41.5% for the raw PP, PP powder, PP/1% CNT com-
posite powder, and PP/3% CNT composite powder,
respectively. After the pan milling, the XL values of PP
decreased, and this was in agreement with the results
obtained from XRD. The melting peak temperature of
the PP powder was approximately 144.2°C. Upon the

Figure 5 FTIR spectra of (a) CNTs, (b) PP/3% CNT composite powder, and (c) PP/3% CNT composite powder after 120 h
of Soxhlet extraction with boiling xylene.

Figure 6 XRD profiles of PP resin, CNT, and PP/CNT composite powders.
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addition of 1 or 3% CNT, it increased to approximately
148.5 or 147.1°C, respectively. This could be attributed
to the fact that the presence of CNTs reduced the
mobility and melting entropy of PP.

Effects of CNTs on the crystalline behavior of PP

It is interesting to investigate the effect of CNTs with
a high aspect ratio on the crystalline behavior of PP.31

PP is a semicrystalline polymer. Its main, stable crystal
form is the � (monoclinic) form. The orientation of
crystallites under stress or in the presence of some

fillers with a high aspect ratio, such as magnesium
hydroxide or talc, can occur.32,33 It is believed that the
orientation of crystallites can improve the mechanical
properties. PP consists predominantly of orientations
in the 110, 040, 130, 111, and 041 directions. The 110
and 040 planes are the most important and reveal
information about the directions in which the a and b
axes are oriented. The relationship between the orien-
tation of PP in the a and b axes can be obtained from
the ratio of the diffraction intensity of the 110 plane to
that of the 040 plane. If the ratio is less than 1.3, the b
axis lies predominantly to the surface under analysis.

Figure 8 XRD patterns of PP and PP/CNT composite sheets after thermal compression.

Figure 7 DSC heating thermograms of PP, pan-milled PP/CNT composite powders, and PP/CNT composites without
milling treatment.
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If the ratio is greater than 1.5, then the a axis is
parallel to the surface. If the ratio lies between these
two values, then the mixture of crystallites is isotro-
pic.34 Figure 8 shows the XRD patterns of PP and
PP/CNT composite sheets. Table I summarizes the
ratios of the intensity of the 110 plane to the inten-
sity of the 040 plane (I110/I040) and the XL values for
the samples. The analysis provided information
about the orientation of the continuous PP phase.
The I110/I040 ratio was 1.76 for the original PP, in-
dicating that the a axis was parallel to the surface
under analysis. The I110/I040 ratio was 0.94 for the
molded PP sheets under 10 MPa, indicating that the
b axis was parallel to the surface. When the content
of CNTs was 1 or 3% in the PP matrix, the I110/I040
ratio was 0.621 or 0.613, respectively. The decrease
in the I110/I040 ratio with an increasing amount of
CNTs suggests a strong b-plane orientation. For the
unmilled PP/3% CNT composite, the I110/I040 ratio
was 0.694, which was higher than that of the milled

counterpart. This suggested that the pan milling
favored the b-plane orientation. Therefore, the pres-
ence of the CNTs in the PP matrix highly promoted
the orientation in the b axis. This should be attrib-
uted to the one-dimensional structure of the CNTs
and their high aspect ratio.

Figure 9 shows the DSC cooling thermograms of
the PP and PP/CNT composite powder. As the con-
centration of CNTs increased, the crystallization
temperature and rate of PP increased. The crystalli-
zation temperature (defined as the peak tempera-
ture) of the PP resin was 101.7°C. In the presence of
1 or 3% CNT, it increased to 109.1 or 111.0°C, re-
spectively. This suggested that the CNTs acted as
nucleating agents for PP. The effect of pan milling
on the crystallization behavior was also examined
for the PP/3% CNT composite materials obtained
from the melt mixing of the corresponding compos-
ite powder. The crystallization temperature of the
unmilled PP/3% CNT composite material was
108.5°C. In contrast, that of the milled counterpart
was 111.0°C. This indicated that there were likely
more nucleating sites in the milled PP/3% CNT
composite material. The reason is that the number of
CNTs after pan milling increased and better disper-
sion was attained. The XL values calculated from
the enthalpy of fusion were 51.5, 52.2, 55.0, 54.1, and
55.9% for the raw PP, PP powder, PP/1% CNT
composite powder, PP/3% CNT composite powder,
and PP/3% CNT composite without milling, respec-
tively. Apparently, the presence of the CNTs increased the
XL values slightly. This is in agreement with the XRD
results.

TABLE I
I110/I040 and XL Calculated from XRD Profiles

I110/I040 XL (%)

PP4220 resin 1.763 56.8
Compression-molded PP (milled 5

times)
0.943 60.8

Compression-molded PP/1% CNT
(milled 20 times)

0.621 64.8

Compression-molded PP/3% CNT
(milled 20 times)

0.613 59.1

Compression-molded PP/3% CNT
(unmilled)

0.694 59.5

Figure 9 DSC cooling thermograms of PP and PP/CNT composite powders.
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State of the dispersion of the CNTs in PP

Figure 10 shows SEM photographs of cryogenically
fractured surfaces in liquid nitrogen for the PP/3%
CNT composites. The white-dot regions represent the
ends of CNTs that were stretched out off the polymer
matrix. For the milled PP/3% CNT composite, the
CNTs were uniformly dispersed in PP. This suggested
that secondary aggregates and entanglements of the
CNTs were broken during the pan milling or during
the subsequent melt-mixing process. For the unmilled

PP/3% CNT composite, the CNTs were not as well
dispersed as those in the milled counterpart. In addi-
tion, the CNTs appeared to be longer in the unmilled
composite than in the milled one.

Mechanical properties of the PP/CNT composites

Table II lists the tensile properties of the PP and PP/
CNT composites. After pan milling, the elongation at
break of PP decreased markedly. However, when the
CNTs were incorporated, the elongation at break in-
creased. It was as high as 791% for the PP/3% CNT
composite. This property increase should be attrib-
uted to the changes in the crystal structure and orien-
tation of PP induced by the incorporation of the CNTs.
As expected, the presence of the CNTs improved the
Young’s modulus and yield strength of PP. In com-
parison with the unmilled PP/3% CNT composite, the
milled one had improved mechanical properties. As
mentioned previously, a better dispersion of the
CNTs, a reduced number of defects, curvatures, and
entanglements of the CNTs, and enhanced adhesion
between the PP and CNTs all favored improvements
in the properties.

CONCLUSIONS

A PP/CNT composite powder was prepared
through a solid-state mechanochemical pulverizing
process with a laboratory-made pan mill. It was
then melt-mixed with a twin-roll masticator to ob-
tain the composite. The process had the following
three functions: first, it improved the cohesion be-
tween the polymer and CNTs by mechanochemical
effects; second, it cut the CNTs and reduced the
number of defects and entanglements of long CNTs;
and third, it improved the dispersion of the CNTs in
PP. SEM showed that after 20 milling cycles, the
average particle size of a PP/3% CNT composite
powder was as small as a few micrometers. Its cor-
responding surface area measured by BET increased
to 4.29 m2/g. During pan milling, the original CNTs,
a few micrometers long, were cut to 0.4 – 0.5 �m and
became straighter and more uniform. The addition of
the CNTs increased the crystallization rate and crystalliza-

Figure 10 SEM photographs of surfaces, cryogenically frac-
tured in liquid nitrogen, of PP/3% CNT composites (a) with
and (b) without mechanochemical milling.

TABLE II
Mechanical Properties of PP and PP/CNT Composites

Tensile strength
(MPa)

Yield strength
(MPa)

Young’s modulus
(MPa)

Strain at break
(%)

PP 33 21 837 716
PP, milled 5 times 27 27 995 151
PP/CNT (1%), milled 20 times 33 25 1140 764
PP/CNT (3%), milled 20 times 33 27 926 791
PP/CNT (3%), unmilled 28 24 911 716
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tion temperature of PP and reduced its XL value. It induced
a strong b-plane orientation. The Young’s modulus and
yield strength of PP also increased.
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