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ABSTRACT: A melt-mixing process based on convergent—divergent flow has been used to prepare PP/MWCNT composites with a self-
built convergent—divergent die (C-D die) composed of different numbers of convergent plates. Dynamic extensional deformation was
generated in the C-D die, which improved the mixing effect and mixing efficiency of the composites during extrusion. The C-D die
acted as a mixer for composites when mounted onto a capillary rheometer. The residence time of PP/MWCNTs melt in the exten-
sional flow field is adjusted by changing the numbers of convergent plates and the velocity of the ram. The intensity of extensional
flow field is controlled by the structure of the convergent plate and the ram velocity. Influences of convergent—divergent flow on PP/
MWCNTs composites were characterized in terms of transmission electron microscopy (TEM), differential scanning calorimetry
(DSC), and thermogravimetric analysis (TGA). TEM results showed that MWCNTs disperse more homogeneously with the increase
of convergent plates. DSC showed that the crystallinity of PP/MWCNTs composites increased and the crystallization temperature
shifted to higher temperature with the increase of the numbers of the convergent plates. TGA showed that the thermal stability of
composites improved remarkably. The decomposition temperature increases from 381 to 408.2°C when the numbers of convergent
plates increased from 2 to 8. In addition, the increase of ram velocity also has the same influences on the dispersion of MWCNTS in

the resin and the properties of PP/MWCNTSs nanocomposites. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42330.
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INTRODUCTION

Polymeric nanocomposites can be prepared by different routes,
including in situ polymerization, solution processing, and melt
mixing.' The latter, melt mixing, is a common method to acquire
materials with specific properties based on the components used.
From an industrial point of view, it is also an economically viable
way to obtain specific materials, rather than synthesizing them.
Melt mixing may use different kinds of equipment. At industrial
scale, twin screw extruders of the co-rotating type became popu-
lar.> Laboratory R&D is generally based on the use of internal
batch mixers and micro-compounders,™ but prototype equip-
ment is also frequently used.””

Most mixers and plastic processing machines mainly operate in
shear flow field. However, it had been theoretically shown that
mixing process dominated by extensional flow has many advan-
tages such as well dispersion, reduced mixing temperature, and
wide adaptability.® Taylor’ introduced the deformation/break-up/
coalescence mechanisms of dispersed droplets during the polymer
mixing. It has been extensively studied by many researchers.

© 2015 Wiley Periodicals, Inc.
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Grace' has shown that the critical capillary number (Ca.;), which
controls the drop break-up process strongly rely on the flow
pattern (shear or extensional flow) involved during melt
blending. The main conclusion obtained by him was that the
extensional flow field has a higher efficiency for dispersive
mixing than shear flow field. Utracki et al.'' designed a mixer
dominated by extensional flow field, which can be used in
industrial mixing process when attached to an extruder. Qu'?
invented a new type of nonscrew plasticizing processing
equipment based on extensional deformation known as vane
extruder. This equipment consists of certain groups of vane
plasticizing and conveying unites and which can generate
dynamic extensional deformation. Jia et al.’® has shown that
better mechanical properties and finer dispersion particles
have been achieved because of the extensional flow field of
vane extruder compared with those of the traditional twin-
screw extruder.

The objective of this article is to illustrate the influences of con-
vergent—divergent flow on the dispersion and thermal properties
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Figure 1. Melt mixers used in this work: a C-D die mounted on a capillary rheometer. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

of PP/MWCNTs nanocomposites. A convergent—divergent geome-
try die has been built and tested to generate periodically changed
extensional deformation. This die consisted of a series of conver-
gent—divergent plates. It acted as a mixer when attached to a capil-
lary rheometer. As the C-D die has mixing chamber of simple
geometry, the cleaning is easy and the material lost is small. PP/
MWCNTs nanocomposites were prepared in this equipment. And
the influences of the numbers of convergent plates and extrusion
velocity on morphology and thermal properties of composites were
discussed.

EXPERIMENTAL

Materials

The based polymer for compound preparation was commercial
PP from Maoming Petrochemical Co. with molecular weight of
approximately 224 kg/mol and MFR of 10 g/min (200°C/2.16 kg).
MWCNTs (purity:>96%), with a diameter between 10 to 15 nm
and lengths ranging from 1 to 10 um, was purchased from
JCNANO Co., Nanjing, China. Although MWCNTs are difficult to
disperse in polymer matrix because of the intrinsic strong inter-
tubes Van der Waals interactions and the nature of hydrophobicity,
the modification of MWCNTs are required. In this article,
MWCNTs were incorporated under agitation into 68 wt % nitric
acid for 3 h, then the modified MWCNTs suspension were filtered
and dried at 90°C for 24 h in vacuum environment. The nitric
acid-modified MWCNTs were obtained.'*

Equipment
The mixing device used in this study is schematically re-
presented in Figure 1. The mixing device is composed of a
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capillary rheometer and five types of die. The materials to be
mixed were heated and melted in the barrel of the capillary
rheometer. Materials were forced out from the die when the
ram moves downward. As shown in Figure 1, four types of
C-D dies were used in the experiments. The convergent and
divergent flows dominated by extensional deformation in the
C-D die are expected to contribute significantly to dispersive
mixing.

Figure 2 shows the schematic diagram of material flow in
transition plate and convergent plates of a C-D die. The gradi-
ent color in Figure 2(b) is to show the expansion and com-
pression of the viscoelastic fluid. As shown in Figure 2(a), the
flow type in a transition plate is steady laminar, materials

I Sfeseflae Divergent flow  Convergenf flow |

Figure 2. Flow field in convergent—divergent die. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. The extensional strain rate in the convergent—divergent die by
numerical analysis.

suffers almost pure shear deformation. The wall shear rate can
be estimated:"

_8-D2-Vy3n+l

R 1
Vw 7 in (1)

(c)
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where D, is the diameter of the barrel, d is the diameter of
small end of the convergent plate, Vj is the velocity of the ram,
and n is the flow rate index.

However, materials in the convergent region were accelerated
because of the narrowing of the gap or slowed down in the
diverging region because of the widening of the gap. This
flow type creates strong extensional flow. The extensional
deformation in the C-D die will change periodically when
materials flow through the convergent plates. Jones and Bind-
ing'® and Kim et al.'” have used planar hyperbolic-shaped
dies to analyze the extensional flow on the properties of poly-
mer blends. As shown in Figure 2(b), the extensional strain
rate & can be estimated for an axi-symmetric geometry along
the z-axis:

é(z)= I (2)

where v, is the average velocity at a given z. The expression of
the volumetric flow rate Q is defined by:

Q=n-R*(z)- v, (3)

(b)

(d)

Figure 4. TEM images of PP/MWCNTs nanocomposites prepared with different dies; (a) 2 convergent plates, (b) 4 convergent plates, (c) 6 convergent

plates, (d) 8 convergent plates.
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Figure 5. TEM images of PP/MWCNTs nanocomposites prepared at different ram velocity; (a) 27.8 mm/s, (b) 83.3 mm/s, (c) 166.7 mm/s, (d) 333.3 mm/s.

Also, the volumetric flow rate Q is determined by the ram
velocity:

Q—T (4)
So, it can be deduced that:
DV d 1
0= 2 () )
R(z) can be calculated by:
ﬂz+é 0<z<l
Rz={ * 2 (©)
D,y o
21 2’

For the self-built convergent—divergent die, the dimensions of
the convergent plate and transition plate used in the experi-
ments show as follows: The big-end diameter of the conver-
gent flow channel D is 22 mm. The small-end diameter of the
convergent flow channel d is 1 mm. The diameter of the barrel
D; is 14 mm. The thickness of the convergent plate L is
4 mm.
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(d)

According to eq. (6), we can calculate the extensional rate at
given ram velocity. Figure 3 shows the change of extensional
rate along direction when the ram velocity is 33.3 mm/s calcu-
lated by MATLAB. As shown in Figure 3, the extensional rate
changes periodically along extrusion direction. Materials in the
die suffers dynamic extensional deformation which can improve
the fillers disperse more homogeneously in the matrix and
enhance the orientation of the PP chains. As most of the poly-
meric materials are thermodynamically immiscible at a molecu-
lar scale, the extensional flow is beneficial to the shape of the
phases and the nature of the interface between them.

Sample Preparation

Characterization

The PP/MWCTs nanocomposites with 1 wt % of MWCNTs
were pre-mixed and then added into the barrel of capillary rhe-
ometer. The temperature of the barrel is set at 200°C. Five dif-
ferent dies (Figure 1) were used to process the materials. The
ram velocity is 27.8mm/s, 83.3mm/s, 166.7mm/s, and
333.3 mm/s, respectively. The materials were preheated in the
barrel for 2 min before extruded. The extrudate was collected
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Figure 6. Melting curves of PP/MWCNTs prepared with different types of
dies. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

when the pressure of the inlet of the die is steady. The extrudate
was fast cooled in liquid nitrogen.

The dispersion of MWCNTs in PP matrix was observed by
transmission electron microscope (TEM, JEOL1011) at 200 kV
accelerating voltage. Ultrathin slices are cryogenically cut using
a Leica and a glass knife at —70°C. The specimens were col-
lected on carbon-coated copper TEM grids.

Nonisothermal crystallization was performed by means of a dif-
ferential scanning calorimeter (DSC) with DSC 204C instru-
ment from NETZECH Co., German. The procedure performed
in scans was the following: samples of about 3-6 mg were
placed in an aluminium pan and were heated from 30 to 200°C
at a scan rate of 10°C/min. Before cooling to room temperature
samples were maintained for 3 min at 200°C to erase the ther-
mal history. Then, samples were cooling down at the same scan
rate from 200°C to room temperature under nitrogen gas to
obtain the melting and crystallization temperature of the PP/
MWTCTs. The crystallinity X, was calculated by the relative ratio
of the enthalpy of crystallization per gram of samples to the
heat of fusion of PP crystal.

TGA was performed to evaluate the thermal stability at high
temperature with a NETZCH TG209 thermal analyzer. The
samples about 3-5 mg were subjected were weighed and heated
from room temperature (25°C) to 600°C at heating rate of
10°C/min under nitrogen atmosphere.

RESULTS AND DISCUSSION

Morphological Analysis

As we know, improvement on the property of PP/MWCNTs is
attributed to MWNCTs dispersed homogeneously in PP matrix,
which leads to fine interactions between PP chains and
MWCNTs. Figure 4 shows the TEM microphotographs of PP/
MWCNTs (1.0 wt %) nanocomposites prepared with different
dies and this group of the experiment is performed under
83.8 mm/s ram velocity. It was shown in Figure 4 that the car-
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bon nanotubes dispersed more homogeneously with the dies
composed of more convergent plates at the same ram velocity.

As we know, the elongational flow is able to break-up, disperse,
and orientate the particles of the dispersed system.'® This does
not occur in shear flow. The longer time the elongational flow
imposed on the melt, the more apparent the effect is. In Figure
4, the whole residence time in flow field (shear flow and exten-
sional flow) is unchanged at the same ram velocity. But the resi-
dence time in extensional flow field increased with the increase
of convergent plates. The MWCNTs have enough time to move
when the residence time is long which improved the dispersion
properties of the MWCNTs in the matrix. As can been seen
from Figure 4, when the C-D die composed of two convergent
plates [Figure 1(b)] the residence time of the materials in exten-
sional flow field is the shortest. Therefore, the MWCNTs do not
have enough time to move and the MWCNTs are aggregating
severely in PP matrix.

For intermediate convergent plate [Figure 4(b,c)], an improving
dispersion and some individual MWCNTs can be found. In
those two photographs, convergent plate has increased and the
residence time of the material in extensional flow field was lon-
ger than in two convergent plate. At the same time, the proba-
bility of the presence of aggregates has reduced. As the number
of the convergent plates increase to 8 [Figure 4(d)] individual
MWCNTs dispersed homogeneously in the matrix can be
observed. As implied previously, this state has a positive effect
on whole properties. From these four microphotographs, it is
optimistically demonstrated that the convergent plate have a sig-
nificant influence on the dispersion of MWCNTs in PP matrix.

Figure 5 is the TEM images of PP/MWCNTs nanocomposites
prepared at different ram velocity. Those four samples are
extruded out under four convergent plates. As can be seen from
Figure 5, the faster the ram velocity is, the more homogeneous
the MWCNTs dispersed in PP matrix. As described in eq. (5),
the extensional rate is related to the ram velocity and the inten-
sity of the extensional rate increases with the increases of the

1 Exo

—&— pure shear flow
—e— 2 convergent plate
—&— 4 convergent plate
—¥— 6 convergent plate
—— 8 convergent plate

Heat Flow (mw/mg)
&

21F

60 80 100 120 140 160

Temperauture (°C)
Figure 7. Nonisothermal crystallization exotherms of PP/MWCNTs pre-
pared with different types of die. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table I. Various Parameters of PP/MWCNTs Composites Determined from Nonisothermal Crystallization Exotherms Prepared with Different Types of

Dies

Convergent Crystallization Crystallization onset Tonset — Te AH, Melt peak Crystallinity
plate peak TP (°C) temperature Tgneet (°C) (C) (Jla) TP (°C) X (%)

0 111.2 125.7 14.5 92.5 166.3 4425

2 116.3 127.4 111 94.1 167.3 4523

4 118.6 128.5 9.9 98.12 168.7 46.95

6 120.8 129.6 8.8 101.4 168.2 48.49

8 122.4 130.2 7.8 102.9 168.6 49.23

ram velocity. We know that extensional flow is beneficial to the
dispersion efficiency of fillers. When a high intensity of exten-
sional flow field imposed on the melt, the MWCNTs will suffer
from a higher extensional force and the dispersed MWCNTs
droplets will become smaller and dispersed homogeneously.

Crystallization Properties

Influence of the Numbers of the Convergent Plates on
Crystallization Properties. Figures 6 and 7 show the melting
curve and the crystallization curve of PP/MWCNTs composites
with 1.0 wt % MWCNTs prepared with different dies, respec-
tively. Those experiments are performed under 83.8 mm/s ram
velocity. The melt peak temperature (T,P), the heat of fusion
(AH), and crystallization onset temperature (7T,,s) are sum-
marized in Table I. The percentage of crystallinity (x.) is calcu-
lated with equation:

= 100% (7)
‘ (1_¢p)AHO
where ¢, is the weight fraction of filler in the composites, AH
is the enthalpy measured of the analyzed sample (J/g), which is
equal to the area below the melt peak of the melt curves, and A
HP is a reference value that represents the heat of fusion for a
100% crystalline polymer. For PP, AH is 209 J/g."

It can be seen from Figure 6 that the melting peaks temperature
of PP/MWCNTs nanocomposites prepared with C-D dies

12 -
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Figure 8. Melting curves of PP/MWCNTs prepared with different ram
velocity. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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increased compared with that of prepared by pure shear flow.
Also, we can see that the melting peaks of PP/MWCNTs nano-
composites prepared with C-D dies are wider than that of pre-
pared by pure shear flow. This is because that some MWCNTs
restricting molecular mobility of the polymer chains, so nano-
tube acts as obstacles to crystallization in some matrices.”® As a
result, the size of the crystals will differ from each other in the
whole matrix, which makes the width of melting process wider.

It can be seen from Figure 7 that the crystallization onset tem-
perature and the crystallization peak of PP/MWCNTs nanocom-
posites move to high temperature with the increase of the
number of convergent plates. Table I confirms that the conver-
gent—divergent flow in the C-D die leads to an increase in the
crystallization temperature and crystallinity compares to pure
shear flow. The relative shift of the T.,F and the crystallinity are
gradual increased with the increase of the convergent plates. On
one hand, the residence time is longer when the number of the
convergent plates increased, which will make MWCNTs dis-
persed more homogeneously in PP matrix; MWCNTs will act as
nucleating agents for PP and enhance the crystallization rate
and promotes the formation of inter-crystalline links>'; on the
other hand, the direction of the elongational stress and materi-
als flow are almost same in the elongation flow, this will be
helpful for the orientation of the polymer chain and increase
the local order of matrix. As described by Green,” extensional

06 ||
0.6 1 €X0
-0.9
-1.2

-15

| —®— Ram velocity-27.8mm/s
—&— Ram velocity-83.3mm/s
[ —&— Ram velocity-166.7mm/s
-2.1 | —¥— Ram velocity-333.3mm/s

-1.8

Heat Flow (mW/mg)

24 L 1 " 1 " 1 L 1
60 80 100 120 140

Temperature (°C)
Figure 9. Nonisothermal crystallization exotherms of PP/MWCNTs pre-
pared with different ram velocity. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Table II. Various Parameters of PP/MWCNTs Composites Determined from Nonisothermal Crystallization Exotherms Prepared with Different Ram

Velocity
Ram velocity Crystallization peak Crystallization onset Tonset — 1" AH, TP Crystallinity
(mm/s) temperature T.° (°C) temperature Tonset (°C) (C) (Jlg) (C) X. (%)
27.8 112.4 126.9 14.5 97.42 167.5 46.61
83.3 114.2 127.5 13.3 98.21 168.5 46.99
166.7 115.3 128.2 12.9 101.2 167.6 48.42
333.3 117.9 128.7 10.8 103.9 168.9 49.71

deformation generated by the convergent—divergent flow in the
C-D die is able to stretch the molecule increasing the local
order and promoting the lamellae formation which causes a
decrease of chain entropy, and, in turn, an increase of crystalli-
zation Kkinetics.

Influence of the Ram Velocity on Crystallization Properties.
The extrusion velocity was directed influenced by the ram veloc-
ity. The shear/extensional rate in the die will increase with the
increase of ram velocity when the structure of the die is con-
stant. Figures 8 and 9 show the cooling and heating curves of
PP/MWCNTs nanocomposites with 1.0 wt % MWCNTs pre-
pared at different ram velocity respectively (convergent plate
is 4). The corresponding thermal parameters are included in
Table II.

As can be seen from Figures 8 and 9, the melting peak and
crystallization peak shift to high temperature with the increase
of the ram velocity. The width of the crystallization process is
narrower which implying the growth of the crystals is acceler-
ated, and thus, the overall crystallization rate rises. As seen
from Table II, the crystallization peak changed from 112.4 to
117.9°C and the crystallinity increased from 46.61% to 49.71%
when ram velocity increases from 27.8 to 333.3 mm/s. Equation
(5) shows the extensional strain rate & is positive to the ram
velocity. That’s to say, the extensional strain rate was deter-
mined by the ram velocity in the same die. The extensional rate

O VS S S

75 |-

Mass (%0)

—&— 2 Convergent plates
—&— 4 Convergent plates
25 | —&— 6 Convergent plates
—¥— 8 Convergent plates

250 300 350 400 450 500 550
Temperature (°C)

Figure 10. TGA thermograms curves of PP/MWCNTs prepared with dif-
ferent types of dies. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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increased with the increase of the ram velocity. The increase of
extensional rate improved the dispersion of MWCNTs in PP
matrix and the orientation of the PP chains which in turn
improved the crystallization properties.

Thermal Stability

Influence of the Numbers of the Convergent Plates on
Thermal Stability Properties. A comparative TGA of PP/
MWCNTs prepared by different dies was shown in Figure 10
and the corresponding data was given in Table III. These sam-
ples are extruded out under 166.7 mm/s. As can be seen from
Figure 10 and Table III, the introduction of convergent—diver-
gent flow not only produced retardancy on oxidation tempera-
tures but also on polymer decomposition at high temperatures.
The onset degradation temperature increased from 381 to
408°C when the number of convergent plates increased from 2
to 8. Similar behavior can be noticed for final degradation tem-
perature. Furthermore, as shown in Table III, the final residue
remains increased from 3.11 to 9.89% when the numbers of the
convergent plates increased from 2 to 8, which indicates that PP
is carbonized by MWCNTs more severely.

The increase in the decomposition temperature of the PP/
MWCNTs is due to the barrier effect of the carbon nanotubes,
which form a barrier that obstructs the nitrogen diffusion, thus
retarding the degradation of polypropylene as described by
Gong et al.”> The higher degradation temperature is related to
the better dispersion of MWCNTs. The enhanced thermal stabil-
ity can also be explained if we take into account the role of
MWCNTSs, they can establish some interaction with PP matrix
and form a network’s structure which is responsible for mobility
restriction of PP chain.**The more homogeneous the MWCNTs
dispersed in PP matrix, the denser the network is. When poly-
mer chains are difficult to move, it indicates that the materials
have higher thermal stability. As can been seen from Figure 4,

Table III. Degradation Temperatures of PP/MWCNTs Composites Pre-
pared with Different Types of Dies

Convergent Tonset Tfinal TGA final
plate (°C) (°C) residue (%)
2 381.0 4741 311

4 387.1 477.3 3.91

6 391.2 485.2 7.01

8 408.2 488.6 9.89
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the MWCNTs homogeneously disperse in PP matrix. Thus the
thermal stability is improved.

Influence of the Ram Velocity on Thermal Stability Properties.
Influence of the ram velocity on thermal behaviors of PP/
MWCNTs composites were presented in Figure 11 (convergent
plate is 6). As can be seen from Figure 11, the curves move to
high temperature with the increase of ram velocity. The corre-
sponding data were summarized in Table IV.

The onset degradation temperature is about 385.3°C when the
ram velocity is 27.8 mm/s, but the value increased up to
395.6°C when the ram velocity increased to 333.3 mm/s. The
final degradation temperature and TGA final residue are also
increased with the increase of the ram velocity. As we described
before, the extension strain rate has a close relation with the
extrusion velocity. When the ram velocity increases, the extru-
sion velocity will increase which will increase the compression/
extension stress imposed on the materials. The MWCNTs will
disperse more homogeneously in PP matrix correspondingly.
It is no doubt that the thermal stability of samples will be
improved.

CONCLUSIONS

In this work, a new type of die based on convergent—divergent
flow was designed and tested. Based on this custom-built C-D
die, PP/MWCNTs were prepared by mounted the die onto a
capillary rheometer. TEM microphotographs showed that the

Table IV. Degradation Temperatures of PP/MWCNTs Composites Pre-
pared with Different Ram Velocity

Ram velocity TGA final
(mm/s) Tonset(’C) Tfinal (°C) residue (%)
27.8 385.3 461.2 3.34

83.3 389.4 466.3 4.42
166.7 393.2 467.6 6.36
333.3 395.6 4721 7.44
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dispersion of MWCNTs is more homogeneously with the
increase of the numbers of the convergent plates and the ram
velocity. MWCNTs exhibited a good dispersion with more con-
vergent plates or higher ram velocity. DSC results indicated the
increase of the numbers of the convergent plates and ram veloc-
ity could improve the crystallization properties of PP/MWCNTs
nanocomposites. For example, the crystallization temperature
and crystallinity increased with the increase of convergent plate
or extrusion velocity. TGA showed that convergent plate and
extrusion velocity have an influence on thermal stability of PP/
MWCNTs. The decomposition temperature moves to higher
temperature, which implied the flame retardancy of PP/
MWCNTS is better than before.

In this article, a mixer that based on extensional flow field has
been design. This mixer has a small capacity, consuming small
quantities of materials. Unlikely the traditional internal mixer
or twin screw extruder, those device will consume large quanti-
ties of materials. The cost of the experiment in those device will
be high. It will not suit to the nanocomposites because of the
high price of the nanomaterials. In addition, the mixer that
design in this experiment work on the principle of extensional
flow field. We can have a deeply understanding of benefit of
extensional flow from this technique. This technique not only
provide us a method of self-reinforced materials, but also teach
us mould design in industry area.
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