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ABSTRACT
The extrudate swell behavior of polypropylene (PP) composite melts filled with
multi-walled carbon nanotubes (MWCNTSs) was studied using with a capillary
rheometer in a temperature range from 190 to 230°C and at various apparent shear
rates varying from 50 to 800s™. It was found that the values of the extrudate swell
ratio of the composites increased nonlinearly with increasing apparent shear rates,
while the values of the extrudate swell ratio decreased almost linearly with increasing
temperature. The values of the melt extrudate swell ratio increased approximately
linearly with increasing shear stress, while decreased approximately nonlinearly with
an increase of the MWCNT weight fraction. In addition, the extrudate swell
mechanisms were discussed with observation of the fracture surface of the extrudate

using scanning electronic microscopy. This study provides a basis for further



development of MWCNTSs reinforced polymer composites with desirable mechanical
and thermal properties.
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Rheological properties reflect the processing and use performances of polymeric
materials. Melt extrusion is one of the major processing ways of polymers. Extrudate
swell is an important parameter for characterizing the melt viscoelasticity of polymers
during extrusion flow, and often required for the design of an extruder and a runner
system of an injection mould tool [1]. Polypropylene (PP) is a type of widely used
semi-crystalline thermoplastics owing to its low cost, good performance and
processing properties. However, their mechanical properties and thermal stability are
not enough to be used as engineering plastics. Therefore, PP is usually modified
through blending with other resins or filling with inorganic fillers. It is meaningful for
studying the extrudate swell behavior of PP composite melts from the perspectives of
polymer processing and rheology. The effects of inorganic fillers, such as calcium
carbonate [2], kaolin [3], Al(OH)3/Mg(OH):2 [4], diatomite [5], hollow glass bead [6],
microencapsulated red phosphorus [7], and organobentonite [8], on the extrudate
swell behavior of PP composite melts have been investigated,.

Carbon nanotube (CNT) is a new type of carbon filler, in the form of a cylinder
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with both ends sealed through crimping a graphene layer as a tube [9, 10]. In addition
to the special seamless nanometer tube structure, CNTs not only possess some
properties of general nanometer materials, but also have excellent mechanical
properties (Young’s modulus up to 1TPa, and tensile strength up to 100GPa) [11] due
to its high specific surface area and length to diameter ratio (length to diameter ratio
can be up to 1000) [12], as well as outstanding electrical and thermal conductive
properties [13]. The properties of polymeric materials can be improved or some new
properties can be acquired when they are filled with CNTs [14-19]. CNTs can be
divided into two categories: single wall carbon nanotubes (SWNTSs) and muti-walled
carbon nanotubes (MWNTSs). Owing to the lower cost of MWNTSs, the applications of
the MWNTSs are more extensive than those of the SWNTSs.

Recently, Liang and his colleagues [20] studied the melt flow behavior of
PP/MWCNTs composites, and found that melt shear flow followed the power law
relationship and the dependence of the melt shear viscosity on temperature obeyed the
Arrhenius equation. However, there have been few studies on the extrudate swell
behavior of polymer/GNPs composites. The objectives for the present study were to
investigate the influence of filler content and processing conditions on the melt

extrudate swell behavior of the PP/MWCNTSs composites.

2 Experimental

2.1 Raw materials

The polypropylene with trademark CJS-700 serving as the matrix material was



supplied by the Guangzhou Petrochemical Works in Guangdong province
(Guangzhou, China), and its density in a solid state and melt flow rate were 910 kg/m?®
and 10 g/10min (230 °C, 2.16 kg), respectively.

The muti-walled nanotube (MWCNT) marked TNIM2 was selected as the filler
to identify the influence of its content on the melt flow behavior of the composite
systems. The MWCNT was supplied by the Chengdu Organic Chemical Co., Ltd. of
the Chinese Academy of Sciences (Chengdu, China), and prepared by means of
chemical vapor deposition method. The main properties include external diameter

about 8-15 nm and length 30-50 pum, carbon content >90% and density 2.1 g/cm®.

2.2 Composite preparation

The PP was mixed with MWNTS in a high speed compounding machine with a
model of GH-10 supplied by the Beijing Plastics Machinery (Beijing, China), and
then the PP/MWCNT blends were melt-blended in a twin-screw extruder (Model
SHJ-26) supplied by the Nanjing Chengmeng Machinery Ltd. Co. (Nanjing, China) at
a screw speed of 100 rev/min and in a temperature range from 190 ~ 210 °C, for
preparation of the PP/MWCNT composite systems. The weight fractions of the
MWCNT were 1, 2, 3, 4 and 5 wt.% and the screw diameter was 26 mm, while the
length to diameter ratio of the screw was 40. The granules of the fabricated

composites were dried at 80 °C for five hours before testing.

2.3 Instrument and methodology



The rheological properties of the PP/MWCNT binary composite melts were
measured using the capillary rheometer (Model Rheologic 5000) supplied by the
Ceast Co. Ltd (Italy). The melt extrudate swell behavior tests were carried out in a
temperature range of 180 ~ 230°C and apparent shear rates varying from 100 to 4000
s’ The diameter and the length to diameter ratio (L/D) of the capillary die were 1 mm
and 40, respectively; the die entry angle was 180°. It is generally believed that the
effect of the entrance pressure losses on extrusion flow behavior of polymer melts is
insignificant when ratio of length to diameter of die is greater than 30 [21]. Thus, the

shear stress at the channel wall (7, ) may be expressed as follows:

APD
_2r= 1
W= )
And the apparent shear rate can be given by
32
r=22% @

Where, AP is the total pressure drop, and Q is the volume flow rate.
The extrudate with a length of 2 cm was taken as specimens when the shear

rate was stable, and the specimen diameter (D, ) was then measured for three times
after the extrudate was placed in a dry environment for one month, and the average

value of the specimen diameter was recorded. Thus, the extrudate swell ratio is given

by:

B=—¢ @3)

3 Results and Discussion

3.1 Dependence of extrudate swell ratio on apparent shear rate



Figure 1 presents the dependence of the melt extrudate swell ratio of the
composites on apparent shear rates at 200 °C. It is found that, when the apparent shear
rate is constant, the value of the melt extrudate swell ratio decreases with increasing
the MWCNT weight fraction; while the values of the melt extrudate swell ratio
increase nonlinearly with increasing apparent shear rates. Figure 2 illustrates the
dependence of the melt extrudate swell ratio of the composite with 1 wt.% MWCNT
on apparent shear rates at different temperatures. Similarly, the values of the melt
extrudate swell ratio increase nonlinearly with increasing apparent shear rates; while
the value of the melt extrudate swell ratio decreases with a rise in temperature. During
die extrusion flow of polymer melts, the residence time of the melts in the channel
decreases with increasing flow rate at a given temperature. The stress relaxation will
not be completed if the residence time is smaller than the relaxation time of molecular
chains polymer melts. For this case, the elastic recovery of deformation produced in
the flow will increase correspondingly, resulting in an increase of the melt extrudate
swell. In general, shear rate increases with an increase of flow rate during die
extrusion of polymer melts. Therefore, the melt extrudate swell ratios of the PP/GNPs
composite increase with increasing shear rates. Moreover, the molecular chains will
be extended and oriented along the flow direction at a higher apparent shear rate level.
For this case, the elastic energy stored in the melt can somewhat be decreased, leading

to a reduction of the increase rate of the melt extrudate swell ratio.

3.2 Dependence of extrudate swell ratio on shear stress
Figure 3 displays the dependence of the melt extrudate swell ratio of the
composite with 3 wt.% of MWCNTSs on shear stress at different temperatures. It can

be observed that the values of the melt extrudate swell ratio of the composite increase



roughly linearly with an increase of the shear stress, and the values of the melt
extrudate swell ratio are close to each other at different temperatures. This is because,
during die extrusion flow of polymer melts, the molecular chains will be extended and
the molecular chains will be oriented along the flow direction under the effect of flow
field, and the elastic strain energy stored will increase in this case. Thus, the shear
deformation increases correspondingly with increasing shear stress when temperature
is constant. As a result, the values of the melt extrudate swell ratio of the composite
increase with increasing shear stress.

Figure 4 shows the dependence of the melt extrudate swell ratio of the composites
on shear stress at 220 °C. Similarly, the values of the melt extrudate swell ratio of the
composites decrease with increasing the MWCNT weight fraction; while the values of
the melt extrudate swell ratio of the composite increase roughly linearly with an
increase of shear stress, and the relationship between them can be described by
following equation:

B=4,+1z, 4)
Where A,and A are the parameters related to polymer melt visoelasticity. The values
of A, and A of the composite melts under experimental conditions can be
determined using a linear regression method. Table 1 lists the values of 4,and 4 of

the PP/MWCNTSs composite melts at 220°C. It can be found that the absolute values

of A, decrease while the values of A increase slightly with a rise in temperature.

Moreover, the value of linear correlation coefficient (R) is higher than 0.96.

Tablel Values of 4,and A of composite systems at 220°C

Materials Ao A R

PP 1.09499 0.00349 0.96512



PP/MWCNTSs (1wt.%) 1.06357 0.00314 0.98669

PP/MWCNTSs (2wt.%) 1.04148 0.00295 0.97766
PP/MWCNTSs (3wt.%) 0.98567 0.00317 0.98752
PP/MWCNTSs (4wt.%) 0.9626 0.00286 0.97553
PP/MWCNTSs (5wt.%) 0.95314 0.00252 0.98087

3.3 Dependence of extrudate swell ratio on temperature

Figure 5 presents the dependence of the melt extrudate swell ratio of the
composites on temperature at an apparent shear rate of 100s? for two different
MWCNT weight fractions of 1 and 3%. It can be found that the values of the melt
extrudate swell ratio decrease almost linearly with a rise in temperature, and the

relationship between them can be expressed by following equation:
B=qg,+aT (5)

Where «a,and « are the parameters related to polymer melt visoelasticity. Among
them, « reflects the sensitivity of the melt extrudate swell to temperature. The
values of «, and « of the composite melts under experimental conditions can also
be determined using the linear regression method. Table 2 lists the values of ¢, and
« of the PPAMWCNTSs composite melts at the apparent shear rate of 100 s, It can be
seen that the absolute value of « increases with increasing MWCNT weight fraction,
implying that the sensitivity of the melt extrudate swell of the composites to
temperature is enhanced with increasing MWCNT weight fraction under the given

experimental conditions. Moreover, the correlation coefficient is greater than 0.99.

Table 2 Values of «, and o of composite systems at shear rate of 100s™



Composites a, a R

1.0wt.%CNTs 1.4406 -0.0011 0.9949

3.0wt.%CNTs 1.5186 -0.0017 0.9939

Figure 6 illustrates dependence of the melt extrudate swell ratio of the composite
with MWCNT weight fraction of 3% on temperature at different apparent shear rates.
Similarly, the values of the melt extrudate swell ratio decrease approximately linearly
with a rise in temperature. The values of «, and « of the PPMWCNTSs composite
melts with the MWCNT weight fraction of 3% at different apparent shear rates are
summarized in Table 3. It can be observed that the absolute values of « increase with
increasing apparent shear rates, meaning that the sensitivity of the melt extrudate
swell of the composites to temperature is enhanced with increasing apparent shear
rates under the given experimental conditions. Moreover, the correlation coefficient is

greater than 0.95.
Table 3 Values of «, and « of composites with 3 wt.% of MWCNTSs at different

shear rates

Apparent shear rates (s?) a, a R
100 1.5186 -0.0017 0.99394
200 1.6299 -0.0020 0.97325
500 1.8292 -0.0026 0.9534
800 1.9862 -0.0032 0.98605

It is generally believed that, with a rise in temperature, the activity ability of

macromolecular chains will be enhanced, and the stress relaxation process in the



extrusion die is shortened. Moreover, the elastic recovery of the deformation of
polymer melt generated in the extrusion flow reduces correspondingly, leading to a
reduction of the melt extrudate swell degree (i.e. the value of the extrudate swell ratio).
In addition, the viscous dissipation of the macromolecular chains energy stored in the
extrusion flow will increase with increasing temperature. As a result, the values of the
melt extrudate swell ratio of the PP/MWCNTSs composites decrease with increasing
temperature under given conditions. Moreover, it can also be observed that the values
of the melt extrudate swell ratio of the composites are roughly close to each other
under different shear stresses. This indicates that the effect of temperature on the melt

extrudate swell ratio is insignificant under action of the shear stress.

3.4 Relationship between melt extrudate swell ratio and MWCNT content

Figure 7 displays the relationship between the melt extrudate swell ratio and the
MWCNT weight fraction of the PP composites under the apparent shear rate of 200 s*
at two different temperatures of 200 and 220°C. It can be observed that the values of
the melt extrudate swell ratio decrease almost linearly with increasing MWCNT
weight fraction. When the MWCNT weight fraction is constant, the values of the melt
extrudate swell ratio reduce with a rise of temperature. It is known that the
relationship between the melt extrudate swell ratio and the MWCNT weight fraction

of the composites can be expressed by following equation:

B= ,Bo + ,B¢f (5)
Where S, and g are the parameters related to polymer melt visoelasticity. Among
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them, £ reflects the sensitivity of the melt extrudate swell to temperature. The
values of g, and g of the composite melts under the experimental conditions can
also be determined using the linear regression method. Table 4 lists the values of g,
and S of the PP/MWCNTs composite melts at the apparent shear rate of 200 s™. It
can be seen that the absolute value of £ increases with increasing MWCNT weight
fraction, meaning that the sensitivity of the melt extrudate swell of the composites to
the MWCNT weight fraction is enhanced with increasing temperature under the given

experimental conditions. Moreover, the correlation coefficient is greater than 0.96.

Table 4 Values of B, and S of composites at apparent shear rate of 200s™

Temperature (°C) By /] R
200 1.30048 -0.02466 0.98156
220 1.27805 -0.03029 0.96592

Figure 8 shows the correlation between the melt extrudate swell ratios and the
MWCNT weight fraction of the PP composites at 220 °C under different apparent
shear rates. Similarly, the values of the melt extrudate swell ratio decrease
approximately linearly with increasing MWCNT weight fraction. The values of the
melt extrudate swell ratio increase with increasing apparent shear rates when the
MWCNT weight fraction is fixed, while decrease almost linearly with increasing

MWCNT weight fraction. The values of g, and g of the PP/MWCNTSs composite

melts at 220 °C under different apparent shear rates are summarized in Table 5.

Table 5 Values of g, and g of composites at 220°C
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Apparent shear rates (s) B, Jij R

50 1.1622  -0.0218 0.9394
100 1.2320  -0.0250 0.9323
200 1.2790  -0.0304 0.9620
500 13331  -0.0262 0.9426
800 1.3886  -0.0319 0.9935

It is generally believed that the activity of macromolecular chains of polymer
composite systems is somewhat limited by the inclusions in the resin matrix. This is
because that the MWCNTs can serve as the entanglement points between the
macromolecular chains, and they will block the movement of the macromolecular
chains, leading to a reduction of the elastic recovery of the shear and elongation
deformation generated in the extrusion flow. Therefore, the elastic recovery of the
elongation and shear deformation of polymer composite melts generated in the die
extrusion flow is blocked by the filler particles in the matrix, resulting in a reduction
of the melt extrudate swell ratio. Furthermore, the content of the resin in the
composite systems decrease with increasing the filler content, and the viscoelastic
properties are weakened correspondingly in this case. Thus, the values of the melt
extrudate swell ratio of the PP/MWCNTs composites decrease with increasing

MWCNT weight fraction.

3.5 Morphology

In general, the rheological behavior of polymer composite melts in the exterusion

flow is dependent, to a great extent, upon the dispersion or distribution of the filler
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particles in the resin matrix. In order to understand the dispersion or distribution of
the MWCNTSs in the PP matrix, the fracture surface of the extrudate of the composites
was observed using scanning electronic microscopy (SEM). Figures 9 (a)-(d) are the
SEM photographs of the extrudate fracture surfaces of the PP/MWCNTSs composite
systems for different MWCNT weight fractions of 1%, 2%, 3%, 4% and 5%. It can be
observed that the dispersion and distribution of the MWCNTSs in the PP matrix are
roughly uniform. The values of the extrudate swell ratio vary relatively small for
different MWCNT weight fractions. That is, there is no obvious fluctuation of the
values of the extrudate swell ratio of the PP/MWCNTs composites under the

experimental conditions (see Figures 7 and 8).

4. Conclusions

The influence of the multi-walled carbon nanotubes (MWCNTS) content on the
melt extrudate swell behavior of polypropylene (PP) composites was significant in a
temperature range of 190 ~ 230°C and at various apparent shear rates of 50 ~ 800s™. It
was found that the values of the extrudate swell ratio of the composites increased
nonlinearly with increasing apparent shear rates, while the values of the extrudate
swell ratio decreased almost linearly with a rise in temperature. The values of the melt
extrudate swell ratio increased approximately linearly with increasing shear stress,
while decreased almost nonlinearly with an increase of the MWCNT weight fraction.
Moreover, the dispersion and distribution of the MWCNTSs in the PP matrix were

roughly uniform from the observation of the cross section of their extrudate fracture
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surfaces using scanning electronic microscopy
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Caption of figures
Fig. 1 Dependence of melt extrudate swell ratio on apparent shear rates at 200°C.
Fig. 2 Dependence of melt extrudate swell ratio on apparent shear rates under
different temperatures (1wt.% MWCNTS).
Fig. 3 Dependence of melt extrudate swell ratio of on shear stress under different
temperatures (3wt.% MWCNTS).
Fig. 4 Dependence of melt extrudate swell ratio on shear stress at 220°C.
Fig5 Dependence of melt extrudate swell ratio on temperature at apparent shear rate
of 100s™.
Figé Dependence of melt extrudate swell ratio on temperature under different

apparent shear rates (1wt.% MWCNTSs).
Fig7 Relationship between melt extrudate swell ratio and MWCNT weight fraction

under different temperatures and apparent shear rate of 200 s,

Fig8.Correlation between melt extrudate swell ratio and MWCNT weight fraction

under different apparent shear rates and temperature of 220 °C.
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