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ABSTRACT: Electrically conducting polypropylene/poly(propylene)-grafted maleic anhydride/layered expanded graphite oxide nano-
composites PP/PP-g-MAH [PPM/layered expanded graphite oxide (LEGO)] have been prepared by masterbatch-melt blending pro-
cess. The effects of the filler and compounding method on the structure and properties of PPM/LEGO nanocomposites were investi-
gated and reported. Scanning electron microscopy revealed excellent dispersion of LEGO in polymer matrix during the compounding
process, as well as deformational features of fracture surfaces. X-ray diffraction and transmission electron microscopy (TEM) exhib-
ited an exfoliated structure of LEGO in polymer. Fourier transform infrared spectra showed possible interfacial interactions between
LEGO and matrix. Tensile tests indicated that LEGO had a reinforcing effect on the tensile behavior of PPM. Differential scanning
calorimetric results showed that the incorporation of LEGO could increase T, and X. of polymer matrix, indicating that the LEGO
acted as a nucleating agent for PPM. The nanocomposites prepared by masterbatch-melt blending showed higher conductivity than
nanocomposites prepared by conventional direct melt blending. The enhancement of electrical conductivity may be due to more
effective dispersion of LEGO sheets in the polymer matrix and strong interfacial interactions between LEGO and matrix, which rein-

forced the formation of conducting multiple networks. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000~000, 2012
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INTRODUCTION

There is great interest in using graphene-based materials as fill-
ers for polymer composites owing to the significant multifunc-
tional property enhancements observed in these systems.'™ In
recent studies, most graphene-based composite filler materials
have been derived from graphite oxide (GO). GO can be pro-
duced by several different methods,” all of which generate a
product that has a larger interlayer spacing than graphite along
with several oxygen-based functional groups decorating the ba-
sal planes and edges of the platelets (e.g., carboxylic acids, epox-
ides, and alcohols)® in addition to the reported existence of
strongly bound “oxidative debris.”” These structural features act
in tandem to facilitate the exfoliation of GO into individual
graphene oxide sheets in water and certain polar organic sol-
vents. Once dispersed in a solvent, treatment with chemical
reductants such as hydrazine or sodium borohydride can afford
single-layer dispersions of reduced graphene oxide with the aid
of electronic or steric stabilization.”® It has also been shown
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that GO can be exfoliated and reduced via thermal shocking”'®
(i.e., rapid heating under inert gas) or microwave treatment'® to
create loosely stacked, “wormlike” structures with a high specific
surface area.

Solvent-exfoliated graphene oxide platelets as well as thermally
layered expanded GO (LEGO) particles have been widely inves-
tigated as fillers for polymer composites." In particular, LEGO
can be dispersed into a polymer matrix via melt mixing opera-
tions which are highly compatible with industrial practice.''™"
In our previous works, expanded graphite (EG) was prepared
by thermal shock and used in PES'® and PAll-based'’ nano-
composites. LEGO has a similar structure to EG, which suggests
that LEGO may also disperse using melt mixing and might
afford property enhancements comparable to EG. However,
there are also some important differences in the reported physi-
cal properties of LEGO and EG, such as different C : O ratios
(i.e., a generally lower C : O ratio for LEGO compared to EG),
which could possibly affect dispersion and the final composite
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properties.' In light of these differences, we sought to investi-
gate the property enhancements afforded by LEGO, using com-
monly used thermoplastics-PP and PP-g-MAH as “model” ma-
trix polymers, using melt mixing to mix LEGO with PP/PP-g-
MAH (PPM) to create well-dispersed PPM/LEGO nanocompo-
sites without the aid of solvents. Nevertheless, since the disper-
sion and size distribution of LEGO in polymers are not as good
as expected, especially those prepared by conventional direct
melt extrusion under limited extrusion times, the aggregations
in these composites may lead to poor interfacial interactions,
and thus, poor mechanical properties. Interestingly, homogene-
ous distribution of fillers within polymer can be achieved by
masterbatch filling technique. Lepoittevin et al.'® examined
polymer/layered silicate nanocomposites prepared by a master-
batch process. They showed that clay could be further exfoliated
by this method and the mechanical properties of the composite
were improved in comparison to those obtained by direct melt
extrusion. Potschke et al.'® studied a well-treated PC/CNT mas-
terbatch-filled PE matrix and found that a lower percolation
threshold was observed as a result of appropriate mixing condi-
tions. Li and Chen®® prepared HDPE composites with different
amounts of EG-based masterbatches using melt blending. They
also found that the mechanical and thermal properties for the
nanocomposites were improved by masterbatch process, and the
results depended greatly on the dispersion of EG and compati-
bility between the masterbatch and the matrix.

This work focuses on PPM/LEGO nanocomposites prepared by
an effective processing method involving masterbatch-melt
blending. Highly filled PPM/LEGO masterbatches were first pre-
pared by melt blending, followed by further melt blending of
this masterbatch with additional PP. Electrical, thermal, and me-
chanical properties of the PPM/LEGO nanocomposites prepared
using this “two-step” method were studied extensively and dis-
cussed. Herein, we present, to our knowledge, the first report
on the morphology and properties of LEGO-filled PPM
nanocomposites.

EXPERIMENTAL

Materials

PP (T30S) was kindly provided by Dushanzi Fule & Chemical
Co., (XingJiang, China). PP-g-MAH with a graft ratio of 0.7—
0.8 wt % and a melt index of 12 g/10 min was supplied by
Nan-Jing Julong Chemical, (NanJing, China). PP-g-MAH was
dried under vacuum at 80°C for one night before use. Natural
graphite powder [NGP, SP-2, (C > 99%, D = 5 pum)] was pur-
chased from Qingdao Tianhe Graphite (QingDao, China).
KMnO, (C.P.), concentrated H,SO, (>96%), H,O, and isopro-
pyl alcohol (IPA) were purchased from KeLong Reagent,
(ChengDu, China) and used as received.

Preparation of GO and LEGO

GO wused in this research was first synthesized from NGP by
graphite oxidation with KMnO, in concentrated H,SO, accord-
ing to modified Hummer’s method with the detailed procedure
provided in Ref. 21. GO flakes were then rapidly exfoliated at
800°C for 30 s in a preheated muffle furnace to cause rapid
exfoliation and reduction of the material. The black, fluffy pow-
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der was collected and kept free to maintain its original mor-
phology before use.

Fabrication of Masterbatches and PPM/LEGO
Nanocomposites

The weight ratio of PP to PP-g-MAH was 1 : 1, constant for all
samples. The nanocomposites contained LEGO at the weight
percent loadings of 0, 1.96, 3.84, 5.66, and 7.41, as prepared by
combination of masterbatch and melt blending processing. In
the first step of processing, all LEGO and PP-g-MAH to be
used were melt-blended with 50 wt % of total PP to be used.
Since LEGO has low bulk density (0.02-0.03 g/mL), some
LEGO powder is easily lost during handling and particularly
during the mixing step. To minimize this problem and to
improve the dispersion of LEGO fillers in the composites, we
applied a coating method reported in our previous works.'®"”
LEGO was first dispersed in IPA by sonication for 3 h at room
temperature, PP and PP-g-MAH powder was then added to this
LEGO solution and sonication was continued for 1 h. Finally,
the solvent was evaporated at 80°C resulting in complete cover-
age of the powder particles with LEGO. Once the compounding
was completed, the PPM/LEGO masterbatches were prepared by
melt blending in a twin-screw extruder (TSE-30 A/500-11-40,
RuiYa Polymer Processing Equipment, NanJing, China. The di-
ameter of the screw was 30 mm and the L/D (length/diameter)
ratio was 36. The extrusion temperatures from hopper to die
were 180, 195, 200, 205, 210, 215, 220, 220, and 210°C. The
screw speed was 100 rpm and the residence time was about 3-5
min.

The PPM/LEGO masterbatches obtained in the first step were
diluted with the remaining 50 wt % of the total PP to be used
in the same TSE using the same conditions as in the first step
to prepare the final PPM/LEGO nanocomposties. After extru-
sion, all samples were chopped into pellets to prepare test speci-
mens of 50 x 10 x 4 mm’ dimensions using an injection
molding machine (TTI-90®35, Donghua Machine, Guangdong,
China). The temperatures of different zones were (from hopper
to die): 200, 210, 220, and 230°C. The mold temperature was
ambient temperature. The screw speed was 120 rpm and the
injection pressure was kept at around 15 MPa.

For comparison, neat PP samples were prepared under identical
extrusion and injection conditions (temperatures, screw speed,
and pressure). For conventional melt blending PPM/LEGO
nanocomposites containing various amounts of LEGO (0, 1.96,
3.84, 5.66, and 7.41 wt %), coating method was also used to
produce a complete coverage of the PPM matrix with LEGO
prior to mixing. Upon completion of coating, dried PPM/
LEGO mixtures were processed via melt blending followed by
injection molding to produce the final nanocomposites using
the same conditions.

Characterization

Microscopy and Structure. The microscopic images of samples
were collected using a scanning electron microscope (SEM)
(JEOL JSM-820). The powder samples and tensile fracture
surfaces of PPM/LEGO with different LEGO contents were
coated with gold before SEM examination. Transmission elec-
tron microscopy (TEM) (Tecnai G? F20 S-TWIN) micrograph
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was performed using an acceleration voltage of 100 kV. Ultra-
thin samples were obtained using a LEICA microtome.

X-Ray Photoelectron Spectra (XPS). XPS of samples was
obtained by using an ESCALAB 250 (Thermo-VG Scientific) an-
alyzer. The Al K, radiation (hv = 1253.6 ¢V) used was mono-
chromatized. Survey scan spectra in the 1200-0 eV binding
energy range were recorded with pass energy of 20.0 eV.

X-Ray Diffraction. The test was performed on the Rigaku D/
max-1200X Diffractometer (40 kV, 200 mA, Cu Ka, A = 0.154
nm) at ambient temperature. Scans were taken from 1.5° to 60°
with a step of 0.02° at 40 kV and 30 mA. The NGP, GO and
LEGO samples were in fine powder form, whereas PP, PP-g-
MAH, and PPM/LEGO composites samples were from injec-
tion-molded standard tensile testing specimens.

Fourier Transform Infrared Spectroscopy. The Fourier trans-
form infrared (FTIR) was observed at room temperature on a
Nicolet 380 spectrometer (Thermo Electron Corporation, USA)
with a resolution of 4 cm™'. The powder specimens were dis-
persed into the KBr powder by mortar, and compressed to form
disks. The nanocomposite samples were from injection-molded
standard tensile testing specimens. They were dried at 80°C
under vacuum for 6 h before analysis.

Thermogravimetric Analysis. The thermal stability of PPM/
LEGO was determined using a Perkin-Elmer TGA7 Thermogra-
vimetric Analyzer. The sample mass analyzed was typically 5-7
mg using an open platinum pan. PPM/LEGO specimens were
heated from 30 to 700°C at a heating rate of 20°C/min, under a
nitrogen atmosphere. The onset of degradation temperature
(T4,0nser)> maximum rate of degradation temperature (T4 max)
and other data were determined from the weight loss curves.

Differential Scanning Calorimetric Analysis. Differential scan-
ning calorimetric (DSC) analysis was carried out on NETZSCH
DSC-200PC under N, atmosphere. Samples were heated from
room temperature to 250°C at a rate of 20°C/min and held at
that temperature for 10 min to eliminate the heat history. The
samples were then cooled to 30°C at a rate of 100°C/min. After
keeping at 30°C for 5 min, samples were heated to 250°C at a
rate of 20°C/min again. The crystallization (7.) and melting
(Tn) temperatures were determined from maxima of the cool-
ing and reheating scans, respectively.

Mechanical Properties. Tensile properties were obtained using
an INSTRON3365 electronic tensile tester with computer con-
trol. The rate of cross-head motion was 20 mm/min at room
temperature. Five specimens of each composition were tested,
and the average values were reported.

Electrical Conductivity. The conductivity (¢) of nanocompo-
sites was measured using electrochemical workstation (Solartron
1255B) at room temperature when ¢ was less than 107> S/cm.
When ¢ of the specimen was greater than 107> S/cm, it was
measured using an SDY-4 four-probe instrument (Guangzhou,
China). The detailed procedures and calculation methods have
been reported in our previous works.'®!”
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RESULTS AND DISCUSSION

Morphology of Fillers

The as-received NGP is composed of thin graphite flakes. As
shown in Figure 1(a), the layered structure of graphite flakes are
regular and the interlayer distance is small [approximately 0.335
nm according to X-ray diffraction (XRD)]. GO consists of par-
allel platelets stacked in a periodic fashion and demonstrates a
flaky surface [Figure 1(b)]. When GO is exposed to thermal
shock, graphite layers exfoliate to form a structure often referred
to as LEGO. LEGO has a fluffy, lightly stacked structure of
wrinkled platelets as shown in Figure 1(c—e). This structure
forms an interconnected network when incorporated into a
polymer matrix such as PPM. XPS measurements indicate that
as-prepared GO has a C : O ratio of 1.4 : 1, while LEGO is
found to have a C : O ratio of 3.2 : 1, indicating the presence
of oxygen-based functional groups on the LEGO platelets,
although in much lower concentration than GO [Figure 1(g).
Upon dispersion of LEGO into PPM, the nanocomposites
become black in color and become completely opaque, as
shown in Figure 1(f).

The diffractograms of NGP, GO, and LEGO are shown in Figure
2. The original NGP shows a (002) diffraction peak at 20 =
26.6°, which is corresponding to the d-spacing of 0.335 nm.
Upon oxidation, the diffractogram of GO consists of peaks
within the 20 range 10-12° and 25-26°. The peaks within these
ranges correspond to the diffraction of (001) and (002) planes
representing the GO and graphite peak, respectively. In the case
of LEGO, the (002) peaks are observed in the same 20 range
when GO was exfoliated at high temperatures to form LEGO.
The shifting in the (002) peaks to lower 20 indicates separation
of graphite layers. In addition, the (001) peak is absent in either
diffractograms, suggesting that graphite platelets have com-
pletely been exfoliated. As LEGO is largely exfoliated (relative to
GO) before mixing into the PPM matrix, it is expected that the
nanocomposites of LEGO would exhibit an exfoliated morphol-
ogy. This expectation will be confirmed by subsequent XRD,
SEM, and TEM characterizations.

XRD Analysis of Nanocomposites

The diffractograms of PP, PP-g-MAH, unfilled PPM, as well as
PPM/LEGO, are shown in Figure 3. The data obtained from
XRD are listed in Table I. PPM shows similar XRD diffracto-
grams to those of PP and PP-g-MAH. The unfilled PP or PPM
provide three prominent characteristic peaks corresponding to
the diffraction (110) (Pk1), (040) (Pk2), and (130) (Pk3) planes
at 20 = 13.74, 16.56, and 18.14° which correspond to the
monoclinic (a) crystalline phase of PP or PPM.**7* It should
be noted that, a f§ peak at 20 around16° is not visible on the
shoulder of Pk2, which is different from Cerezo et al.?’ report.
In Figure 3, the diffractograms of PPM/LEGO showed (&) peaks
within the 20 range of 10-30° and a (002) peak (Pk4) at 20 =
26.32°. The f peak is still not visible for all of PPM/LEGO
nanocomposites. The diffractograms of PPM/LEGO demon-
strate shifts to higher 20 for Pkl and Pk2. These shifts indicate
tighter packing in the crystal unit cell in directions perpendicu-
lar to the chain direction.*
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Figure 1. (a) SEM and digital image (inset) of NGP. (b) SEM image of GO. (c) SEM image of LEGO. (d—e) Higher magnification SEM images of
LEGO. (f) Injection-molded samples showing the loss of optical clarity in PPM/LEGO as a function of loading. (g) XPS spectra of NGP, GO, and
LEGO. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].

Figure 3 shows the changes of the relative intensities of Pkl and
Pk2 in the diffractogram of PPM/LEGO. The variation of the
intensity of Pk2 in comparison to Pkl is determined from XRD
and shown in Table I. The intensity ratio of Pk2/Pkl is consid-
erably higher for PPM/LEGO nanocomposites than for the
unfilled PPM. Zipper et al.*® have reported similar findings.
They found that the high value for Pk2/Pk1 in the presence of
graphite could be attributed to the strong preferential orienta-
tion parallel to the surface of PPM/LEGO. Furthermore, the
high value of Pk2/Pkl suggests high order of crystallinity.
Therefore, it is assumed that there was a higher concentration
of graphite particles serving as nucleating sites present in PPM/
LEGO. The nucleating effect of LEGO in PPM matrix will be
further investigated with the crystallization and melting behav-
ior of PPM/LEGO using DSC, and discussed below.

The d spacings for 3.84 and 7.41 wt % of LEGO in PPM calcu-
lated from the Bragg equation (d = /2 sin 0, where /4 is the
wavelength of incident radiation and 0 is the diffraction angle)
are shown in Table I. The d spacing of the graphite layers
increases when LEGO is incorporated in PPM. This indicates
that graphite layers in the PPM/LEGO are disordered and the
mixing methods used are able to affect the order in the struc-
ture or exfoliate the graphite layers within the PPM matrix. The
crystalline thickness perpendicular to the reflection plane
(L(nwy) can be determined from the Scherrer equation (Lyg =
KilBocos 0, where 0 is the Bragg angle, A is the X-ray wave-
length (nm); f, is the width of the diffraction beam (radians);
K is a shape factor related to the structure of crystalline thick-
ness as well as fiy and L. Note that when f is defined as
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half-height width of diffraction peaks, we have K = 0.9%). In
this case, the graphite peak, L(gpz), is of interest and is used to
determine the crystalline thickness of LEGO in PPM matrix.
The results are summarized in Table I and show that the crystal-
line thickness of LEGO in PPM/LEGO is higher in comparison
to that of homogeneous LEGO, but still in the nanometer scale.
The increase in the L(gpy) suggests that PP-g-MAH intercalation
occurs within the graphite layers.

To confirm the exfoliated morphology of LEGO revealed by
XRD, further investigation of structural characteristics of the
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Figure 2. XRD patterns of NGP, GO, and LEGO. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com].
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Figure 3. XRD patterns of LEGO, neat PP, PP-g-MAH, PPM, and PPM/
LEGO nanocomposites. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com].

nanocomposites are carried out using TEM. PPM/LEGO (3.84
wt %) nanocomposite is selected and the TEM micrograph is
shown in Figure 4. The black lines and white domains are iden-
tified as LEGO sheets and polymer matrix, respectively. It can
be observed that the LEGO sheets are well dispersed in PPM
matrix with the thickness of about 30-50 nm and are parallel to
each other, indicating efficient formation of PPM/LEGO nano-

Table I. XRD Results of Samples

ARTICLE

composites by melt blending. Moreover, many of the platelets
appear to be in contact in the images, suggesting that the LEGO
particles have formed a percolating network at this loading,
consistent with our electrical measurements.

Infrared Spectroscopy of Fillers and Nanocomposites

The interaction of polymer composites can be identified by
FTIR spectra. It is known that, if two polymers are compatible,
a distinct interaction (hydrogen-bonding or dipolar interaction)
can exist between the chains of the two polymers, causing the

== :PPI.PP-;-M !;&Hll S it it infrared spectra of the composite to change (e.g., band shifts
3t - and broadening).”” Consequently, FTIR can identify segmental
=L ] interactions and provide information about the phase behavior
2 B of polymer composites. Figure 5 shows the FTIR spectra of fill-
2 . ST I s . o e s e ers and NGP, GO, LEGO fillers, PP, PP-g-MAH, PPM polymers,
"qé w 7] and PPM/LEGO nanocomposites. As shown in Figure 5, almost

no absorbance peaks are detected for NGP. GO shows sharp
peaks at 3431, 2950-2860, 1714, 1625, and 1045 cm™'. The
broad and strong absorption band centered at around 3431
cm™ ! is attributed to the —OH stretching mode in carboxylic
acid group and also inferred to the presence of hydroxyl
(—OH) group on the GO surface. The results indicate that car-
boxylic acid group is attached to the surface of GO.*® The peaks
at 2950 and 2860 cm ™' are correspond to the stretching vibra-
tion of —CHj;, >CH,, and >CH— groups. The absorbance
peak at 1720 cm™' is assigned to the stretching vibrations of
acid carbonyl (>C=O0) group of the carboxylic acid groups
present on the GO surface. The peak 1625 cm ™' is assigned to
the stretching vibration of C=C bond in aromatic ring of
graphite. The peak at 1045 cm™' is referred to the vibration of
C—O bond in primary alcohol and the C—O stretching mode
of the characteristic of ether linkage (C—O—C) present on the
GO surface.”®*® For LEGO, although the intensity of most ab-
sorbance peaks are decreased, the absorbance peaks at 3510,
2943, 1719, 1651, and 1184 cm ' can still be distinguished to
represent the same functional groups same as on GO surfaces.
We Dbelieve that these surface characteristics are helpful in
improving the interfacial interactions between LEGO and poly-
meric matrices, thus resulting in improvement of mechanical
properties. For PP, characteristic peaks are clearly seen in the
range of 2800-2900 cm ™' and range of 1400-1300 cm ', repre-
senting the asymmetric and symmetric vibrations of —CH,—.

20 angle (o) and ascription

Samples Pkl (110) Pk2(040) Pk3(130) Pk4 G(110)* Pk2/Pkl  d spacing,nm® Loz hme
LEGO = = = 25.72 = 0.330 17.7

PP 14.06 16.96 18.54 - 0.75 - -
PP-g-MAH 14.21 16.91 18.58 = 0.96 = -
PP/PP-g-MAH 13.74 16.56 18.14 - 1.38 - -
PP/PP-g-MAH/LEGO(3.84%) 13.86 16.60 18.14 26.32 2.04 0.333 29.4
PP/PP-g-MAH/LEGO(7.41%) 13.86 16.60 18.12 26.32 2.10 0.338 33.6
Shiftd +0.12 +0.04 = +0.60 = = =

Including 20, intensity ratio of a peaks 040/110 (Pk2/Pk1), and crystalline thickness of LEGO in PP/PP-g-MAH/LEGO composites.
#G' denotes graphite, °Calculated from Bragg equation, Calculated from Scherrer equation, ®+'denotes shifting to higher angle.
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Figure 4. TEM micrograph of PPM/LEGO (3.84 wt %) nanocomposite.

For PP-g-MAH, the intensities of absorbance peaks in the range
2800-2900 c¢m ™' are decreased, but characteristic peaks of
MAH are clearly seen at about 1784 (—C=0), 1518 and 800-
1200 cm ™ ".The absorbance spectrum of PPM is similar to that
of simple stack of PP and PP-g-MAH, indicating the absence of
specific interactions between them. Shifts in absorbance band
and changes in intensity are observed after blending with
LEGO. Especially the absorbance at about 1780 and 800-1200
cm ! for PPM/LEGO (7.41 wt %) nanocomposites decreased,
which provides the possible physical interaction due to the
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Figure 5. FTIR spectra of NGP, GO, LEGO, PP, PP-g-MAH, PPM, and
PPM/LEGO nanocomposites. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com].
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Figure 6. DSC curves of samples. (a) Crystallization curves and (b) melt-
ing curves of neat PP, PP-g-MAH, PPM, and PPM/LEGO nanocomposites
with different LEGO contents. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com].

hydrogen bond between the —COOH and —OH groups of the
LEGO and >C—O group of the PP-g-MAH.

Crystallization and Melting Behaviors of Nanocomposites

The DSC thermograms of PP, PP-g-MAH, and PPM/LEGO are
shown in Figure 6. The characteristic peak due to the mono-
clinic (o) crystalline phase of PPM in both the crystallization
(T.) exotherms and melting (7T;,) endotherms can be observed
in Figure 6, thus confirming the XRD findings. The T and T;,
values for PP, PP-g-MAH, and PPM/LEGO with different LEGO
loadings are listed in Table II. The neat PP shows a T. of
114.1°C and a T,, of 162.8°C. For neat PP-g-MAH, a T, of
113.6°C and a T,, of 162.9°C can be observed. Unfilled PPM
has a T, of 116.3°C and a T, of 163.2°C. In the presence of
LEGO, the T. of PPM shifts to higher temperatures as LEGO
content increases. A similar trend in T, is observed for the
PPM/LEGO composites (only modest increases in T, when
LEGO is equal to or higher than 5.66 wt %). The enhancement
in T, and T,, of PPM/LEGO is attributed to the mixing
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Table II. DSC Results of Samples, Including Crystallization, Melting
Temperatures and Crystallinity of PP/PP-g-MAH/LEGO Nanocomposites

Samples T. (°C) Tm (°C) Xe

B 1141 162.8 0.49
PP-g-MAH 113.6 162.9 0.47
PP/PP-g-MAH 116.3 163.2 0.48
PP/PP-g-MAH/LEGO(1.96%) 119.2 165.2 0.50
PP/PP-g-MAH/LEGO(3.84%) 120.3 166.5 0.51
PP/PP-g-MAH/LEGO(5.66%) 120.6 164.7 0.53
PP/PP-g-MAH/LEGO(7.41%) 124.4 164.2 0.55

method. PPM/LEGO obtained from masterbatch disrupts the
graphite layers, separating them and thus providing more surfa-
ces for nucleation. Increases in T. and T,, have also been
reported for PP-clay’® and PPS-graphite® composites. These
results show that LEGO behaves as a nucleating agent. Intro-
duction of LEGO provides more nucleating sites as a result of
its large surface area.

The crystallinity (X.) of the materials is calculated and shown
in Table II. A marginal increase in the X. of PPM is observed
due to the presence LEGO. Overall, the DSC analysis clearly
shows that incorporating LEGO in PPM results in an increase
in T, T, and X.. These observations show that LEGO is an ef-
ficient nucleating agent for PPM. Presumably, the increase in
the T, T, and X, of the PPM relates to the surface area of the
included LEGO.

Thermal Degradation of PPM/LEGO Nanocomposites

Graphene fillers have been widely reported to improve the ther-
mal stability of polymer composites relative to the host poly-
mer.'” Thermal degradation studies of the composites were
performed using thermogravimetric analysis (TGA) and the
results are presented in Figure 7. For comparison purpose, the
thermal stability of pure PP, PP-g-MAH, and PPM are also
shown. The weight loss curves (TGA curve) of filled and
unfilled PPM show that degradation occurs in one-step from
400 to 550°C. This process is attributed to main chain scission,
predominately with the evolution of carbon and oxygen func-
tional groups, resulting in the observed weight loss. At tempera-
tures beyond 550°C, no residue remains. The TGA curves of all
PPM/LEGO materials studied show that degradation occurred
in a similar manner as with pure PPM. However, the initial
degradation begins at temperatures as low as 365.6°C. This
probably related to the loss of low-molecular weight products
such as acids or intercalants retained in the graphite layers. The
obvious trend observed is that the thermal stability of compo-
sites with different LEGO loadings is better than PP-g-MAH
but somewhat poorer than PP. The high T4 observed for PPM/
LEGO is considered to be related to the tortuous path of degra-
dation products, which is strongly related to the distribution of
graphite particles in the PP-g-MAH matrix and hence depend-
ent on the mixing method. In addition, it is observed that a sta-
ble char is formed from some of the PPM/LEGO materials at
temperatures beyond 600°C, as listed in Table III. The char layer
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containing LEGO is believed to offer protection to the underly-
ing polymer from degradation by acting as a physical barrier
that limits the heat and mass transfer between the gas and con-
densed phases and thereby delaying degradation of PPM. The
increase in char content has been reported by Qu and Xie,*
who claimed positive evidence that LEGO can promote the for-
mation of carbonaceous materials in the condensed phase.

Tensile properties

To investigate the effects of processing methods and LEGO
loading on the mechanical properties of the composites, injec-
tion-molded tensile specimens were tested. A comparison of
mechanical properties is provided in Figure 8. The addition of
LEGO significantly increases the Young’s modulus [YM, see Fig-
ure 8(a)] as well as the yield strength [YS, Figure 8(b)] and
break strength [BS, Figure 8(c)], but reduces the elongation at
break [EB, Figure 8(d)]. Figure 8(a) shows that pure PP and
PP-g-MAH (gPP) have relatively low YM, but YM increases
with increasing LEGO loading within a weight fraction of
7.41%, particularly when the weight fraction is more than
1.96%. The highest YM was 2.23 GPa for the nanocomposite
with 7.41 wt % LEGO. In addition to enhancing the YM, of
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Figure 7. TG (a) and DTG (b) curve of neat PPM and PPM/LEGO nano-
composites with different LEGO contents. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com].
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Table III. Degradation Temperatures and Char Content of PP/PP-g-MAH/LEGO Nanocomposites

Samples Td,onse (°C) Tdmax (°C) T-59 (°C) Tgend (°C) Char (%)
BE 428.3 467.3 380.6 489.5 0
PP-g-MAH 390.7 448.3 288.7 491.7 0
PP/PP-g-MAH 372.4 461.0 341.0 481.2 0
PP/PP-g-MAH/LEGO (1.96%) 391.5 4453 346.8 471.8 2.5
PP/PP-g-MAH/LEGO (3.84%) 377.2 464.5 369.4 478.8 2.1
PP/PP-g-MAH/LEGO (5.66%) 365.6 459.2 360.7 480.1 6.9
PP/PP-g-MAH/LEGO (7.41%) 378.1 458.6 346.9 480.7 8.7
particular interest are the increases in the YS and BS of the mechanism(s) will be discussed below based on SEM
nanocomposites. For a polymer material, as the YS is reached,  observations.

the mechanical behavior deviates from the linear elastic regime
and begins to acquire plastic deformation. Therefore, lower YS
means poorer deformation resistance. As shown in Figure 8(b),
the YS of the composites with 7.41 wt % LEGO increases to
424 MPa from 29.2 MPa for the gPP, about 1.5 times of
increase. The enhancements in YM and YS are attributed to the
good dispersion of LEGO sheets and strong interfacial adhesion
between the LEGO sheets and the matrix, which can transfer
load effectively from the matrix to the LEGO sheets. Higher
loads are carried by LEGO sheets at given macro-scale strains
with an increase in the loading of LEGO sheets. LEGO sheets
have a large number of polar groups on the graphene backbone,
which can form many hydrogen bonds with PP-g-MAH chains,
resulting in strong interfacial adhesion.

The addition of LEGO to PPM matrix also induces an increase
in the BS and toughness (indicated by the area under the tensile
stress—strain curves). The BS increases with increasing LEGO
loading within a mass fraction of 7.41 wt %, in particular, the
sharp increase in BS appears when the weight fraction is more
than 3.84%. The highest BS is 44.8 MPa for the nanocomposite
with 7.41 wt % of LEGO prepared by masterbatch method.
This BS is 2.4 times higher than that for the PPM matrix (18.5
MPa). Compared with pure PP, gPP, and PPM, the toughness
[Figure 8(e)] of the nanocomposite shows a remarkable
enhancement by incorporating LEGO, while the EB [Figure
8(d)] is significantly decreased to 184% from 251% for pure PP,
indicating that the composites are still highly ductile. Such
superior mechanical properties can certainly be attributed to
the strong interfacial adhesion and good compatibility between
the LEGO sheets and PPM matrix, resulting in effective load
transfer from the matrix to LEGO sheets. Further analysis
reveals that PPM has low YM, YS, and BS compared with PPM/
LEGO nanocomposites, demonstrating that LEGO delivered a
significant improvement in mechanical properties of MPP ma-
trix (Figure 8).

For the two types of composites processed using two different
methods, better tensile properties are obtained using the master-
batch methods in comparison to the conventional routes. Thus,
the advantages and uniqueness of using the LEGO as reinforc-
ing nanofillers and using the masterbatch method to make poly-
mer nanocomposites are obvious. The possible toughening
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Morphology and Reinforcement Mechanisms

To reveal the possible reinforcing mechanism(s), the tensile fail-
ure surfaces of PPM/LEGO composites were investigated by
SEM. Figure 9 shows a typical overview on the fracture surfaces
of the composites with different LEGO contents. Obviously,
brittle fracture happens in PPM/LEGO masterbatch filling
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Figure 8. Mechanical properties of the nanocomposites as a function of
LEGO content: (a) YM; (b) YS; (c) BS; (d) EB; (e) Toughness (S, indicat-
ing by the area under the tensile stress-strain curves). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com].
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Figure 9. SEM micrographs of PPM/LEGO nanocomposites with different LEGO contents (wt %). (a) 0, (b) 1.96, (c) 3.84, (d) 5.66, (e) 7.41, and (f)

low magnification of (e).

composites [Figure 9(b—f)] compared to un-filled PPM compo-
sites [Figure 9(a)], confirming the excellent dispersion obtained
by masterbatch two-step method. The brittle nature is the main
reason for the decrease in EB. Figure 9(b—f) shows the efficient
dispersion of fillers within PPM/LEGO. Clearly, most LEGO are
separated into individual layers by shear force from melt-blend-
ing and the masterbatch process improves this separation. Such
even dispersion in the matrix is of great importance in making
LEGO reinforced polymer composites with excellent mechanical
properties. The precoating and masterbatch process are found
to both reduce particle size and cause random scattering of the
LEGO. In summary, our results confirmed the advantage of
masterbatch process in enhancement of both LEGO dispersion
and mechanical properties in the melt extrusion production.
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To reveal the possible interaction between the fillers and the
polymer matrix and interfacial morphology, low magnification
of SEM images of PPM/LEGO masterbatches containing 3.84
and 7.41 wt % were obtained. Close inspection indicates that,
upon failure, most of the LEGO are broken apart and in layered
and deformed appearance on the failure surfaces, as shown in
Figure 10(a,b). This interesting and typical breakage phenom-
enon of LEGO upon tensile stretching indicates a strong interfa-
cial adhesion between the LEGO and the PPM matrix and a
sufficient load transfer from the polymer to the LEGO.

Based on the mechanical tests and morphological observations,
we can draw the conclusion that LEGO has an excellent rein-
forcing effect on the tensile behavior of PPM. This is thought

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38243
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to be due to the H-bonding of polar groups between the PP-g-
MAH and the LEGO. At the same time, the tangled structure
existing in the PP matrix and PP-g-MAH chains may also con-
tribute to the interactions between the polymer and fillers. It is
thus believed that the strong interfacial adhesion observed above
is responsible for the significant improvement of mechanical
properties shown in Figure 8.

Electrical Conductivity

The effects of LEGO content on the electrical conductivity of
PPM/LEGO composites prepared by different processes are
shown in Figure 11. The conductivity of PPM is about 10~'° §/
cm, revealing that PPM is an insulator. A rapid increase in elec-
trical conductivity takes place when the filler content exceeds 2
wt %, indicating that the introduction of LEGO significantly
improves the conductivity of PPM/LEGO with a sharp transi-
tion from an electrical insulator to an electrical semiconductor.
Only 3.84 wt % of LEGO is needed to get high electrical con-
ductivity (107° S/cm) using the masterbatch-melt blending pro-
cess, but higher LEGO content (5.66 wt %) is needed to reach
the same electrical conductivity when using the conventional
process. In other words, lower LEGO content was required to

"
Jum

Figure 10. SEM micrographs of PPM/LEGO masterbatches with different
LEGO contents (wt %). (a) 3.84, (b) 7.41.
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Figure 11. Electrical conductivity versus volume fraction of EG for PPM/
LEGO nanocomposites prepared by two methods: masterbatch-melt
blending (M) and conventional melt blending (®). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com].

reach the percolation threshold"* when using the masterbatch-
melt blending process. The notable improvement of electrical
conductivity of composites results from the formation of con-
ductive network of LEGO within the PPM matrix. As discussed
in “Morphology and reinforcement mechanisms” Section, the
improvement in conductivity can be attributed to the fact that
during masterbatch-melt blending, the polymer molecules can
intercalate the pores and galleries of LEGO more sufficiently.
The ensuing physical absorption of LEGO pores, and the polar
interactions between the MAH groups of PP-g-MAH and the
—OH and —COOH groups on the LEGO sheets lead to the
establishment of a well exfoliated but firmly contacting conduc-
tive LEGO structure. Furthermore, we believe that polymer
chains can well penetrate into the pores of LEGO easily ascribed
to the low viscosity of polymer under processing conditions
used, leading to the destruction of closely packed LEGO mor-
phology. Similar to ultrasonic exfoliation in alcohol bath, we
can consider this process as an effective exfoliation phenom-
enon. Both need energy to rip the tangled LEGO structure. The
more energy is used, the more exfoliated nanosheets are
obtained. The energy is embodied in the processing temperature
and treating time in addition to what is supplied by the mixing
apparatus. In this work, precoating, supersonic treatment, and
masterbatch process (dilution effect) lead to efficient filler exfo-
liation resulting in high efficiency in network formation. More-
over, as the intercalation process proceeds, the graphite sheets
are further delaminated and exfoliated allowing more polymer
molecules to intercalate and enlarge the space between them.

CONCLUSIONS

LEGO-reinforced PPM nanocomposites with excellent proper-
ties have been successfully prepared by masterbatch-melt blend-
ing process. Systematic studies using different tests show that
incorporation of a small amount of LEGO into PPM matrix can
improve the properties of the matrix. Mechanical tests show
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that incorporation of LEGO can significantly improve the
strength of the matrix. Microscopic observations (SEM, TEM,
and XRD) and surface characterization (FTIR) indicate uniform
dispersion and exfoliated morphology of LEGO throughout ma-
trix, as well as a strong interfacial adhesion between LEGO and
the matrix leading to remarkable enhancements in overall me-
chanical properties. The crystallization process of PPM/LEGO
in the nanocomposites is accelerated and the crystallinity
increases when compared with neat PPM. Electrical conductivity
of the nanocomposites increases consistently with increasing fil-
ler weight fraction. In addition, PPM/LEGO nanocomposites
prepared by the masterbatch melt blending process result in
higher conductivity in comparison to those prepared by the
direct melt blending process.

The dispersion of LEGO into PPM via masterbatch melt mixing
results in multifunctional property improvements versus neat
PPM. However, only modest increases in thermal stability were
observed in this study. But, despite this shortcoming, this study
shows that LEGO can be easily dispersed into a suitable poly-
mer matrix via masterbatch melt blending process. Given the
facile synthesis of LEGO, the approach described here may
provide a highly attractive route to graphene-based polymer
composites.
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