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Abstract The effects of poly(ethylene glycol) (PEG)/montmorillonite (MMT)
hybrids on the phase morphology, rheological behaviors and mechanical properties
of polypropylene (PP) were investigated. The analysis of transmission electron
microscopy (TEM) and wide-angle X-ray diffraction (WAXD) indicated that the
PEG modified montmorillonite was intercalated and well dispersed into PP matrix.
It was found that the addition of the PEG/MMT hybrids in PP matrix lead to a
significant reduction of melt viscosity and enhancement in izod-notched impact
strength and elongation at break, except that the tensile strength was without much
obvious change. A quantitative analysis indicated that MMT was intercalated
by PEG, which was responsible for the melt viscosity reduction of PP matrix.
Differential scanning calorimetry (DSC) analysis indicated that the addition of
PEG/MMT hybrids induced the formation of f-crystal of PP. Polarized light
micrographs (PLM) analysis indicated that the dispersed MMT, which acted as a
nucleating agent, lowered the spherulite dimension and increased the spherulite
number, resulting in high izod-notched impact strength and elongation at break.

Keywords Polypropylene - Montmorillonite - Rheological behaviors -
Mechanical properties

Introduction

Polypropylene (PP), one of the most important thermoplastic, is widely used in

industry due to its well balanced properties and low price. However, its
correspondingly poor impact strength restricts its application in automobile and
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package fields as substitute for high performance engineering plastic [1, 2]. In order
to overcome its disadvantages, a great deal of work has been done in the past several
decades. The introduction of montmorillonite (MMT) is an effective way to
improve the properties of PP [3-8]. However, it is very difficult to obtain PP/MMT
nanocomposites because MMT is incompatible with PP which does not include any
polar groups in its backbone [9]. Kawasumi et al. [10] first succeeded in preparing
PP/MMT nanocomposites in presence of a maleic anhydride modified polypropyl-
ene oligomer compatibilizer.

It is well known that the excellent properties of polymer/clay nanocomposites
derive from the improvement of interfacial properties and unique phase morphol-
ogy. There are two ideal types of nanostructures in PP/MMT nanocomposites,
intercalation and exfoliation. When a few polymer molecules are inserted into the
MMT gallery, the intercalated structure is formed due to the increase of the
interlayer spacing. Exfoliated structure is formed when the silicate layers are
individually dispersed in PP matrix. Real morphologies of PP/MMT nanocompos-
ites often fall in between the two idealized microstructures [11, 12]. Although all
these structures often coexist in the PP/MMT nanocomposites, it is believed that the
remarkable mechanical, flammability and barrier properties of these materials
derive from the large amount of the exfoliated nanometer silicate layers [13-20].

Recently, the relationships between the melt rheological behaviors and structures
of polymer/layered silicate nanocomposites have been intensively studied [21,
22]. Many unusual rheological phenomena of polymer nanocomposites have
been reported [23-25].0ur previous investigation indicated that poly(ethylene
glycol)(PEG)/organophilic montmorillonite (OMMT) hybrids and polypropylene in
ultrahigh molecular weight polyethylene (UHMWPE) matrixes could lead to a
significant reduction of melt viscosity and improve mechanical properties of
UHMWPE [26]. According to the studies of Aranda and Ruiz-Hitzky [27] and
Greeland [28], polymers which contain the groups capable of associative interac-
tions, such as hydrogen bonding, lead to intercalation. The strong hydrogen bonding
between the oxygen groups of PEG and hydroxyl groups from OMMT drives the
intercalation. The intercalated PEG chains improve the interaction of OMMT and
UHMWPE, producing the intercalated and exfoliated OMMT in the matrix [29].

In this paper, PP/MMT nanocomposites were prepared through melt blending,
and the effects of PEG/MMT hybrids on the rheological behaviors and mechanical
properties of PP were investigated, aiming at relating the rheological behaviors and
mechanical properties of the PP/MMT nanocomposites with phase morphologies.
The possible mechanisms of enhancement in mechanical properties and reduction of
melt viscosity have been proposed.

Experimental
Materials

Poly(ethylene glycol) (PEG) was supplied by Liaoyang Aoke Chemical Co.
(Liaoning, China) with a molecular weight of 6000. Polypropylene (PP) (F401)
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was supplied from Langang Chemical Industry Factory (Lanzhou, China).
Na'-montmorillonite (Nat-MMT) with a cation-exchange capacity (CEC) of
90 mmol/100 g and Organophilic montmorillonite (OMMT) named DK-1 was
supplied by Zhejiang Fenghong Clay Chemicals Co. (Zhejiang, China) with a BET
surface area of 150 m*/g. DK-1 is a natural montmorillonite modified with
hexadecyltrimethylammonium chloride.

Sample preparation

PEG was first dissolved in ethanol to form a uniform solution. The Na*-MMT
powder was subsequently added to the uniform solution. The mixture was then
heated to 60 °C for 6 h under vigorous stirring and formed a homogeneous
suspension. The PEG/Na™-MMT (PM) hybrids were dried in a 60 °C oven for
several days and then pulverized into 70-p-sized particles in a high shear mixer.
PEG/OMMT (POM) hybrids were prepared in the same way. The PEG/Nat-MMT
and PEG/OMMT with weight ratio 1:1, 2:1 were designated as PM11, PM21 and
POM11, POM21, respectively. The addition of PM or POM hybrids were 1-7 parts
per hundred parts of PP (phr) by weight, then extruded by a general three-section
twin-screw extruder (D = 20 mm, L/D = 40). Screw speed was set at 200 rpm and
the temperatures were 175, 190, and 190 °C for each section of the barrel and
185 °C for the die. An injection-molding machine (K-TEC400, Klarke international
Co., Ltd.) was used to prepare the specimens for the mechanical tests.

Rheological experiments

The rheological measurements were carried out on a Gottfert Rheograph 2002
(Gottfert Co., Germany). The capillary diameter and its length-to-diameter ratio
were 1 mm and 30, respectively. The die had an entrance angle of 180 °C. Entrance
pressure losses were assumed to be negligible for such a long capillary die, and
therefore no Bagley correction was applied. The flow properties of these specimens
were measured at 190 °C.

Mechanical properties

Tensile tests were carried out according to GB/T 1040-92 standard on CMT 4104
machine (Sans Material Testing Technical Co., Shenzhen, China). Elongation at
break was measured at a cross-head speed of 50 mm/min. Izod-notched impact
strength was measured with ZQK-20 (Dahua Material Testing Technical Co.,
China) according to GB/T1043-93 standard.

Wide-angle X-ray diffraction
Wide-angle X-ray diffraction (WAXD) spectra were recorded with a DX-1000 CSC
diffractometer (China).The X-ray beam was nickel-filtered Cu Ka (4 = 0.1542 nm)

radiation operated at 40 kV and 35 mA. Nat-MMT, OMMT, PM11land POMI11
were studied as powders. Samples of PP/PM11 and PP/POM11 composites were
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from the injection molded. The scanning range was varied from 20 = 2° to 10° with
a rate of 1.8°/min.

Transmission electron microscopy

Transmission electron microscopy (TEM) observations were carried out with an
H-7100 (Tokyo, Japan) instrument with an accelerating voltage of 100 kV. The
ultrathin sections of the samples form injection molded with a thickness of 100 nm
were microtomed at 20 °C by a Reichert Ultracut cryoultramicrotome without
staining.

Thermal analysis

Crystallization studies were performed on a DSC1 (Mettler Toledo Co., Switzer-
land) differential scanning calorimeter under constant nitrogen flow. Sample weight
was maintained at low level (4-5 mg) for all measurements. All samples were first
heated to 200 °C, held at 200 °C for 5 min, and then cooled with a rate 10 °C/min
to 50 °C, and held at 50 °C for 5 min. They were then scanned from 50 to 200 °C at
a rate of 10 °C/min.

Polarizing light microscopy

Polarized light micrographs (PLM) were taken on a Leitz Laborlux 12POL (Leitz
Co., Germany) at 200x magnification. Samples were prepared through cutting small
pieces from prepared films. Samples weighing 25 mg were melted on glass slides
with cover slips to form thin films with 25 pm thick.

Results and discussion
Rheological behaviors

The effects of PM and POM hybrids on the rheological properties of PP were
investigated, as shown in Figs. 1 and 2 and Table 1. All composites exhibit the non-
Newtonian and shear thinning behaviors.

Figure 1 shows the influence of different additives on the rheological properties
of PP. When Na"™-MMT or OMMT powder is directly added into PP matrix, the
melt viscosity of the composites reduces a little. However, the addition of PM and
POM hybrids reduces the apparent viscosity of PP significantly at shear rates less
than 576 s~'. The more PM or POM hybrids are added, the more viscosity
reduction of PP is occurred. When 7 phr POM21 is added, the apparent viscosity of
PP/POM21 composites decreases to 49% at the shear rate of 115.2 s™'.

Figure 2 shows the rheologocal behaviors of different PP/PM and PP/POM
composites with the same hybrids content. The comparison of the flow behaviors of
PP/PM11 (100/5), PP/POM11 (100/5), PP/PM21 (100/5), and PP/POM21 (100/5)
indicates that the weight ratio of PEG/Na*-MMT (or PEG/OMMT) has a significant
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Rheological behaviors
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Fig. 1 Plot of the logarithm of the apparent viscosity versus the logarithm of the apparent shear rate for
PP and PP/MMT composites

influence on the viscosity reduction of PP. The PP/PM21 and PP/POM2I
composites show more viscosity reduction than PP/PM11 and PP/POM11 compos-
ites. In other words, the more PEG was added into Na™-MMT or OMMT, the more
viscosity reduction of PP occurred. Table 1 shows the relative apparent viscosity of
PP/PM and PP/POM composites at different apparent shear rates. With 5 phr
POM21 in the PP, the apparent melt viscosity is much lower than that of pure PP
and the other PP/MMT composites at shear rates less than 576 s~

Gai has reported that the interfacial adhesion strength between PEG and PP is
only 7.1 mJ/m? and PEG molecules still covered on OMMT layers, instead of being
replaced by PP or UHMWPE molecules in the extrusion of the UHMWPE/PP/PM
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Fig. 2 Plot of the logarithm of the apparent viscosity versus the logarithm of the apparent shear rate for
PP, PP/PM, and PP/POM composites

Table 1 The relative apparent viscosity of PP/PM and PP/POM nanocomposites at different apparent
shear rates

Samples 57.6 5" 1152 57! 230.4 57! 576 s
PP/PM11(100/5) 84.2% 83.5% 85.8% 91.3%
PP/POM11(100/5) 70.9% 77.8% 79.9% 89.8%
PP/PM21(100/5) 53.1% 60.9% 74.8% 85.1%
PP/POM21(100/5) 48.9% 51.6% 56.6% 77.7%

The apparent viscosity of PP is defined as 1

system [26]. It is indicates that PP is incompatible with PEG which has very low
viscosity and good lubricating property. The intercalated silicate layers may be used
as a lubricant carrier in the composites. In other words, the short PEG chains on the
surface of MMT can act as an internal lubricant to induce interphase slippage of
the composites. The quantitative relationship between PEG and MMT effect on
rheological behaviors and phase morphologies of the PP/MMT nanocomposites
needs to be studied further.

Mechanical properties

Tables 2 and 3 summarize the mechanical properties of PP, PP/PM, and PP/POM
composites. The mechanical properties such as elongation at break and izod-
notched impact strength are improved. The mechanical properties of PP/POM
composites are better than those of PP/PM composites, especially the izod-notched
impact strength. The mechanical properties of PP/POM11 composites with 5 phr
POMI11 are much better than those of other composites. When 5 phr of POM11 is
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Table 2 The mechanical properties of PP and PP/MMT composites

Sample Tensile Elongation Izod-notched impact
strength (MPa) at break (%) strength (kJ/Inz)
PP 31.62 74.46 3.93
PP/Na™-MMT(100/0.5) 31.93 64.23 4.14
PP/Na™-MMT(100/1.5) 31.61 93.00 4.56
PP/Na™-MMT(100/2.5) 31.20 81.15 4.72
PP/Na™-MMT(100/3.5) 31.54 66.32 5.25
PP/PM11 (100/1) 30.85 94.20 5.90
PP/PM11 (100/3) 30.52 111.46 6.35
PP/PM11 (100/5) 30.60 81.29 7.05
PP/PM11 (100/7) 30.23 120.79 7.15
PP/PM21 (100/1) 30.63 108.59 6.56
PP/PM21 (100/3) 31.01 91.53 6.62
PP/PM21 (100/5) 30.76 115.69 6.90
PP/PM21 (100/7) 30.80 117.23 7.40

Table 3 The mechanical properties of PP and PPPOMMT composites

Sample Tensile Elongation Izod-notched impact
strength (MPa) at break (%) strength (kJ/mz)
PP 31.62 74.46 3.93
PP/OMMT(100/0.5) 32.23 85.82 5.38
PP/OMMT(100/1.5) 31.80 111.84 6.29
PP/OMMT(100/2.5) 31.96 106.73 7.11
PP/OMMT(100/3.5) 32.02 105.51 7.21
PP/POM11 (100/1) 31.51 165.03 6.28
PP/POM11 (100/3) 31.04 207.30 9.67
PP/POM11 (100/5) 30.52 181.13 11.80
PP/POM11 (100/7) 29.90 165.04 12.03
PP/POM21 (100/1) 31.38 143.79 5.91
PP/POM21 (100/3) 31.20 213.40 7.92
PP/POM21 (100/5) 30.70 220.66 9.95
PP/POM21 (100/7) 30.12 163.53 10.69

added, the izod-notched impact strength and elongation at break of PP increase by
200 and 143%, respectively. Additionally, compared with pure PP, the tensile
strength of all samples has no obvious change with increasing the content of
different additives. It is notable that the mechanical properties of PP/PM composites
can compare favorably with PP#OMMT composites.
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The dispersion of MMT platelets in the composites

Figure 3 shows the respective X-ray diffraction curves for the various MMT and
their Composites. The interlayer spacing of the (001) plane (dy;) for the Nat-MMT
sample estimated by Bragg’s formula n/ = 2dsin20 is 1.55 nm (20 = 5.71°). The
identification of the (001) diffraction peaks is summarized for all investigated
samples in Table 4.

Asitis shown in Fig. 3A and Table 4, compared with that of the virgin clay power,
the (001) diffraction peak for PM11 powder is found to shift, in a comparatively short
range, from 20 = 5.71° (dpg; = 1.55 nm) to 5.00° (dyg; = 1.77 nm). It indicates that
PEG has intercalated into the silicate layers. However, the interlayer spacing of
silicate layers in PP/PM11 is almost unchanged compared with PM11. It is apparent
that in PP/PM11 composites, no PP molecular chains diffused into the interlayer
of PM11.

Figure 3B and Table 4 show the interlayer spacing of OMMT is 2.44 nm
(20 = 3.62°). The dyo; peak of POMI11 increases to 3.18 nm (20 = 2.78°). This
result implies that PEG has intercalated into the silicate layers. The interlayer
spacing of silicate layers in PP/POM11 is larger than POM11. These results indicate
that PP molecular chains have intercalated into the interlayer of POMI11. The
interlayer spacing of OMMT in PP/OMMT increase to 4.28 nm (20 = 2.06°). It is
apparent that in PP/OMMT composites, PP molecular chains diffused into the
gallery of the clay.

To further confirm the microstructure, TEM of PP/PM11 and PP/POM11
composites were taken. Bright field is the image of polymer, in which dark entities
are the cross-section of intercalated silicate layers. As can be seen in Fig. 4a—d, no
matter Na™-MMT and PM11, some aggregate of MMT platelets could be found at
the image of TEM. It suggested that there existed neither intercalation nor
exfoliation structure in the composite. However, the silicate layers of OMMT and
POM11 were intercalated in the matrix (Fig. 4e—h). The POM11 hybrids were well
dispersed in PP matrix (Fig. 4h). The melt intercalation is controlled by the mass

~
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Relatively Intensity
Relatively Intensity

Degree (20) Degree (20)
Fig. 3 Wide-angle X-ray diffraction patterns. A (a) Nat-MMT, (b) PM11, (c) PP/PM11(100/1),

(d) PP/PM11(100/3), (¢) PP/PM11(100/5), (f/ PP/Na*™-MMT(100/1.5); B (a) OMMT, (b) POMI1,
(¢) PP/POM11(100/1), (d) PP/POM11(100/3), (¢) PP/POM11(100/5), (f) PPJOMMT (100/1.5)
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Table 4 (001) Diffraction

peaks and corresponding Sample Fleak position d-spacing

d-spacing of various MMT ©) (nm)

and their composites Na*-MMT 571 155
PM11 5.00 1.77
PP/PM11 (100/1) 5.18 1.71
PP/PM11 (100/3) 5.00 1.77
PP/PM11 (100/5) 4.82 1.83
PP/Na™-MMT (100/1.5) 6.01 1.47
OMMT 3.62 2.44
POM11 278 3.18
PP/POM11 (100/1) 2.54 3.48
PP/POM11 (100/3) 2.54 3.48
PP/POM11 (100/5) 2.42 3.64
PP/OMMT (100/1.5) 2.06 4.28

transport of polymer chain into the primary particles of clay, and tactoids near the
edge may be accessible to the polymer chain. Thus it can be inferred that silicate
layers at the end of the silicate stacks may be relatively easy to be exfoliated. All the
observations from Fig. 4 are well consistent with WAXD results.

The viscosity reduction of PP/POM11 nanocomposites is higher than that of
PP/PM11 composites. We have confirmed that the increment of d-spacing for
POM11 and PM11 are 0.74 and 0.22 nm, respectively. This indicates that more PEG
intercalated into the clay layers of POMI11 compared with PM11. Adequate
intercalation of PEG molecules into the clay layers or coating the layers surface
expedites the exfoliation of clay layers in the matrix, followed by the slippage of the
clay layers coated with PEG among the matrix and the reduction of the viscosity of
the PP matrix. We could also conclude that better dispersion of POM11 compared
with PM11 in PP matrix (Fig. 4), which was good for reduction of melt viscosity.

Crystal structure and crystallinity

Clay can help to improve the heterocrystallization of polymer/clay nanocomposites,
which can induce the formation of f-crystal [30]. Dragaun et al. [31] and Samueles
[32] had found that the melting point of f-crystal was from 140 to 153 °C. Figure 5
shows the melting behaviors of PP/PM and PP/POM composites. As it is shown in
Fig. 5A, the melting peak of the ff-crystal is not observed in the DSC curves of pure
PP. However, the melting peak of the f-crystal appears near 145 °C in the PP/PM11
composites. The situation is also discovered in Fig. 5B. The melting peak of
p-crystal also appeared near 145 °C in the PP/POM11 composites. These results
indicate that the addition of PM or POM hybrids can induce the formation of the
p-crystal.

Figure 6 shows the typical spherulitic texture of PP and its composites. The
spherulite size gradually decreases with increasing the PM11 and POM11 content.
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100 nm

100inm

Fig. 4 Transmission electron micrographs of (a) and (b) PP/Na™-MMT (100/2.5), (¢) and (d) PP/PM11
(100/5), (e) and (f) PPPOMMT (100/2.5), (g) and (h) PP/POM11 (100/5)
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Fig. 5 DSC curves of A (a) PP, (b) PP/PM11 (100/1), (c) PP/PM11 (100/3), (d) PP/PMI11 (100/5);
B (a) PP, (b) PP/POM11 (100/1), (¢) PP/POM11 (100/3), (d) PP/POMI11 (100/5)

ey

Fig. 6 Polarization light micrographs of (a) PP, (b) PP/PM11(100/1), (c) PP/PMI11(100/3),
(d) PP/PM11(100/5), (e) PP/POM11(100/1), (f) PP/PM11(100/3), (g) PP/POM11(100/5).(x200)
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The dispersed clay particles can act as a nucleating agent, which is proved by the
fact that the increase in the number density of nuclei causing the smaller spherulites.

Conclusions

The effects of PM and POM hybrids on the rheological behaviors and mechanical
properties of PP were investigated. The melt viscosity of the composites changed
slightly when Na™-MMT or OMMT powder was directly added into PP. However,
the addition of PM and POM hybrids reduced the apparent viscosity of PP. The
addition of a small amount of POM21 could reduce the melt viscosity of PP matrix
significantly. The mechanical properties of PP/POMI11 composites with 5 phr
POMI11 were much better than those of other composites.

The WAXD analysis and TEM observation clarified the formation of exfoliated
and intercalated structure in the PP/MMT nanocomposites. Unlike PP, PEG could
intercalate into the silicate layers of Nat-MMT and OMMT. However, PP
molecular chains could intercalate into the interlayer of POM11 other than PM11.
The POM hybrids were well dispersed in PP matrix. The effect of POMI11 on
viscosity reduction of PP was better than that of PMI11 due to their different
dispersion and nanostructure. DSC analysis indicated that the addition of PM and
POM hybrids could induce the f-crystal of PP to form. PLM observation indicated
that the dispersed MMT, which acted as a nucleating agent, lowered the spherulite
dimension and increased the spherulite number.
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