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Abstract

The structure and properties of semi-crystalline polymers can be drastically tailored by extensional flows. In this work, 
polypropylene (PP), Polyvinylidene fluoride (PVDF) and Low Density Polyethylene (LDPE) were melt extruded through 
a sequence of rings designed to apply controlled extensional flows in the polymer melts. The effects of extensional flow 
on the structure and properties of the extruded filaments were then evaluated by mechanical tensile tests, dynamic-
mechanical analysis (DMA) and Differential Scanning Calorimetry (DSC). The DMA and tensile tests revealed a 
significant increase in terms of static and dynamic moduli for the polymers extruded through the extensional flow device. 
PP, PVDF and LDPE had their dynamic moduli enhanced 19%, 40% and 77%, respectively. These results were ascribed 
to the enhancement in crystallinity and orientation degree of the polymer chains induced by the extensional flow. The 
crystallinity was increased around 9% for PP, PVDF and LDPE extruded under extensional conditions.
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1. Introduction

The extensional flow is a type of pressure flow in which 
the speed of material undergoes increases or decreases 
in the flow direction. This type of flow occurs in many 
thermoplastics processing methods, such as extrusion, 
film blowing and fiber spinning[1]. Although it is relatively 
common in the polymer industry, the study of effects of 
extensional flow on properties of polymer materials is not so 
trivial. Several studies have been dedicated to evaluating the 
effects of dispersion enhancement provided by extensional 
flow when applied to nanocomposite processing through 
the construction of laboratory-scale devices[2-5]. A more 
recent approach in this field seeks to evaluate components 
to enhance the extensional flow in twin-extrusion processing, 
which provides gains in dispersive power in the production 
of immiscible blends[6,7], for example. In a previous work 
of our group[8] an extensional flow device was employed 
during single-screw extrusion to enhance the degree 
of dispersion of montmorillonite nanoclay (MMT) and 
multiwalled carbon nanotubes (MWCNT) through the melted 
PVDF. The improvement in terms of dispersive mixing was 
demonstrated by reductions in mean cluster sizes of 44% and 
55%, respectively, for the MWCNT and MMT. However, 
the effect of extensional flow on the structure and properties 
of the polymer matrix was not studied.

It is known that over 50% of industrially applied polymers 
in the world are semi-crystalline. Among these, polyolefins 
are the most representative class, with Polypropylene (PP) 
and Polyethylene (PE) standing out[9]. PP is a thermoplastic 
polymer that has characteristics such as low density, low 
cost, chemical resistance and can be processed by several 
methods[10,11]. LDPE is a semi-semi-crystalline polymer 
that has an opaque appearance, tensile strength, rigidity and 
chemical resistance, flexibility even at a low temperatures[12]. 
Poly (vinylidene fluoride) (PVDF) is a semi-crystalline 
polymer that presents piezoelectric properties that make 
it attractive for applications such as energy conversion 
applications involving microelectric-mechanical devices, 
electromechanical actuators and energy harvesters[13,14].

Due to the commercial importance of semi-crystalline 
polymers, over the decades studies have been dedicated 
to understanding their kinetics and the influence on other 
properties and much progress has been made since the works 
of the pioneers Boon et al.[15,16] and Agar et al.[17]. Processing 
conditions like pressure[18,19], cooling rate[20,21], and flow 
conditions[22,23] may cause impacts on the crystallinity of the 
polymeric material and can cause changes in the kinetics, 
final microstructure or crystallinity content. The application 
of fluxes during or after the crystallization of the melt 
polymer can result in molecular orientation, that is, alignment 
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 of chains which in turn brings significant changes in the 
crystallization process[24]. This phenomenon is known as 
“Flow-Induced Crystallization” (FIC) and can significantly 
reduce the induction time for crystallization[25], increase 
the number of nucleation points for crystals to originate 
and also provide gains in terms of mechanical properties[1].

The crystallinity can be increased by the use of extensional 
flows that can be applied during crystallization of the 
polymer melt and produce molecular orientation, which 
can dramatically affect the crystallization process. In the 
work’s of Chellamuthu et al.[24] and Bischoff White et al.[26], 
an extensional filament stretching rheometer was used with 
a custom-built oven to investigate the effect of uniaxial flow 
on the crystallization of isotactic poly-1-butene and isotactic 
polypropylene, respectively. The authors demonstrated that 
it is possible to increase crystallinity up to 25% with the 
controlled use of stretching rates during crystallization. In the 
work of Chellamuthu et al.[24], this increase in crystallinity 
was associated with the increasing orientation and alignment 
of the polymer chains in extensional flows, which enhances 
the thread-like precursors responsible for the formation of 
the crystals in the shish-kebab morphology. However, shish-
kebab morphology is not always formed in crystallization 
by introducing an extensional rate, as pointed out in the 
study of Bischoff White et al.[26].

Processing methods for thermoplastics typically involves 
the application of heat and stress, thus inducing the plastic 
to assume the desired shape[25]. The flow type used during 
the processing can significantly change the final properties 
of the products[27,28]. In this context, in the current work, 
we studied the impact of increase the extensional flow 
during the extrusion process on the thermal and mechanical 
properties of semi-crystalline polymers. Although the effects 
are known, their quantification is not something so easily 
found in the literature. Three polymers were selected for 
this work: Polypropylene (PP), Polyvinylidene fluoride 
(PVDF) and Low Density Polyethylene (LDPE), three of 

the most common semi-crystalline thermoplastics employed 
in the current industry.

2. Materials and Methods

2.1 Materials

Polypropylene (PP), H301, was acquired from Braskem. 
According to the manufacturer, the density and melt flow index 
(MFI) were 0.905 g/cm3 and 10 g/10 min (at 230 ºC/2.16 kgf), 
respectively. The PVDF, Kynar 1000HD, was purchased 
from Arkema Inc, density and melt flow index (MFI) were 
1.78 g/cm3 and 1.1 g/10 min (at 230 ºC/5.0 kgf), respectively. 
Low Density Polyethylene (LDPE) also acquired from 
Braskem, SPB681, presents a density of 0.922 g/cm3 and 
MFI of 3.8 g/10 min (at 190 ºC/2.16 kgf).

2.2 Processing of semi-crystalline polymers with and 
without extensional Flow

Sample preparation was carried out in a single screw 
mini-extruder (Filmaq3d STD) with a die of 4 mm in 
diameter for filament production. For processing with the 
aid of the extensional flow, a device was used in place of 
the die, which consists of a series of 7 rings alternating their 
internal diameters between 2 and 4 mm. The die acted as 
“eighth ring”, with a diameter equal to 4 mm, a schematic 
of this device is shown in Figure 1. The use of the total 
number of 8 rings is based on the work of Jamali et al.[29], 
where it was proven that this number of rings is sufficient 
to promote the most significant effects of the application 
of extensional flow in the processing of nanocomposites. 
The extruded filaments were collected using a filament 
winder that has a water-cooling system. To determine the 
extensional deformation rate (έ) provided with the use of 
the extensional flow device, we used Equation 1 presented 
in the work of Feigl et al.[30]:

( )H
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εε
π

′ = − 	 (1)

Figure 1. Schematic representation of processing without (a) and with (b) the extensional flow device.
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εH refers to the true strain known as logarithmic or Hencky 
strain and we can determine it by the equation:
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Q is the flow rate which, considering the constant axial 
speed (vz) is given by:
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z r dzπ π= =∫ 	 (3)

The value of vz was considered to be the minimum 
tangential speed for the filament winder which was kept 
constant and was used in this estimate due to the water 
cooling system (approx. 25ºC) forcing the filament to pass 
under the water after leaving the matrix, preventing the 
winding system from contributing with a significant stretch 
rate. Ro and Re correspond, respectively, to the largest and 
smallest internal radius in the extensional flow channel; L is 
the length of the rings. With the values for the constructed 
extensional flow device, we find an extensional strain rate 
of 33.19 s-1. To ensure this elongation rate for all processed 
polymers, temperature adjustment was performed, according 
to Table 1, in order to provide the same flow rate (Q), 
providing the same value of έ, since the other parameters 
are geometry dependent.

The samples were processed by extrusion without the 
extensional flow device and with this device. For each 
polymer, two separate extrusions were performed the 
first in a conventional manner and the second using the 
extensional flow device. Samples processed with the aid of 
extensional flow will present the sulfix “-el”. All materials 
were processed in neat form.

PVDF was dried in an oven (70 ºC) for 24 hours before 
extrusion. The other semi-crystalline polymers did not go 
through this process. Subsequently, about 25 g of material 
was used to formulate each sample. The formulations were 
prepared twice each, aiming to carry out two processes for 
each, the first in a conventional manner and the second using 
the extensional flow device. The processing temperature was 
used as shown in Table 1 and screw rotation was 30 rpm 
for all samples.

2.3 Characterization of Filaments

The filaments were evaluated mechanically at room 
temperature (25ºC) using a universal testing machine 
(Shimadzu Autograph AGS - 10 kN) without an extensometer. 
Ten samples were tested for each one of the six compositions 
shown in Table 1 with a length of 100 mm being that the 

spacing between claws used was 50 mm, a tensile strain 
rate of 5 mm/min and a maximum deformation (ε) value 
of 0.21 mm/mm. The maximum tensile strength (σmáx.) was 
measured by the equipment and Young Moduli (E) for the 
crystalline polymers were determined by the tangent method 
(ASTM D638).

Using the Discovery Hybrid Rheometer (DH-2) equipment 
from TA Instruments, measurements were made with the 
Linear Dynamic Mechanical Analysis (DMA) accessory 
for films and filaments. Filaments with a length of 50 mm 
were used with spacing between the claws of 35 mm. With 
the equipment operating in traction the system was adjusted 
to an axial load of 1 N, dynamic force at 30% of the axial 
load, frequency of 1 Hz, axial displacement 20 µm and a 
temperature of 30ºC. In this analysis, the storage moduli 
(E’) and loss moduli (E”) were measured. The analysis was 
performed for two samples of each composition shown in 
Table 1, with eight measurements collected in each test.

Thermal properties of the samples were evaluated by 
differential scanning calorimetry (DSC). DSC was performed 
using an equipment from Shimadzu, DSC60. Two heating 
cycles were carried from 25 ºC up to 200ºC (PP and LDPE) 
and from 25ºC to 220 ºC (PVDF). The heating and cooling 
rates were 10 ºC/min for PP LDPE and 20 ºC/min for 
PVDF. All measurements were carried out under nitrogen 
(N2) atmosphere using flow rate of 50 ml/min were used. 
The melting temperature (Tm) was determined according 
to the methodology of the standard ASTM D3418-15. 
The crystallinity was estimated from the heat of fusion, and 
using the value for 100% crystallinity of PP (138 J/g[31]), 
PVDF (105 J/g[32]) and LDPE (288 J/g[33]).

3. Results and Discussions

3.1 Mechanical characterization

Figure  2 shows stress strain curves obtained from 
mechanical tensile tests. Table 2 summarizes the Maximum 
tensile strength (σmáx.) and Young Moduli (E). It can be seen 
that there is a significant difference caused by the presence 
of the extensional flow on the mechanical tensile properties. 
When extruded under extensional flow, the stress strain 
curves exhibited an increase in stiffness of the polymers 
reflected in the slope of the curve in the region of elastic 
deformation. Münstedt[34] and Tabatabaei et al.[35] demonstrated 
that extensional rates increase can result in an increase in the 
mechanical properties for semi-semi-crystalline polymers 
in the flow direction, this effect being dependent on process 
parameters such as cooling rate and stretching. This type of 
effect is usually associated as a result of the ability of the 
extensional flow to stretch and align the macromolecules 
in the direction of the flow[36], or it may also be associated 
with the Flow-Induced Crystallization (FIC)[24-26].

In addition to the behavior displayed on the elastic 
moduli, there was also an increase in maximum tensile 
strength (σmáx.) values found for processing with extensional 
flow device. The increases were 18.51, 28.90, and 7.85% for 
PP-el, PVDF-el and LDPE-el, respectively. Such an increase 
can be an interesting effect to be applied in the production 
of filaments with improved mechanical properties.

Table 1. Processing conditions.

Compositions
Presence of 

Extensional Flow 
Device

Temperature (ºC)

PP 200
PP-el x 200
PVDF 270

PVDF-el x 270
LDPE 200

LDPE-el x 200
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Dynamic mechanical analysis is an indispensable 
tool when evaluating the viscoelastic properties of semi-
crystalline polymers[37]. The properties measured by DMA 
for polymers processed with and without extensional flow 
are summarized in Table 3.

Young’s moduli is typically associated with the 
storage moduli (E’), or also called the dynamic moduli, 
this property is commonly associated with the stiffness of 
the evaluated material[38,39]. Based on this and the behavior 
displayed in tensile curves (Figure 2), we can say that the 
semi-crystalline polymers evaluated in this work showed 
greater stiffness when processed using the extensional flow 
device in the extrusion processing, according to the values ​​
presented in Table 3 and Figure 3. The observed increases 
in E’ were 18.9%, 40.4%, 77.5%, respectively, for PP-el, 

PVDF-el, and LDPE-el. Such results corroborate with the 
measures made in mechanical tensile tests that also pointed 
out an increase due to the accentuated extensional flow in 
the extrusion process. Regarding the differences between 
the E value (Table 2) and the E’ (Table 3) values, they are 
possibly related to the lack of use of extensometer in the 
tensile test and to the loss of grip of the filaments during 
this analysis, which must have affected the measurements 
of deformation. The values ​​obtained in this analysis for E’, 
the PP in the study of Das and Satapathy[40] reports a similar 
value around 1.5 GPa also using extrusion processing. For the 
PVDF and LDPE, studies were found that indicate values ​​
around 3 GPa[41,42] and 1 GPa[43,44], respectively.

The loss moduli (E”) or also called dynamic loss 
moduli is usually associated with the viscous response of 

Table 2. Maximum tensile strength (σmáx.) and Young Moduli (E) for the semi-crystalline polymers.
Compositions σmáx. (MPa) Standard deviation E (GPa) Standard deviation

PP 29.99 1.50 0.77 0.017
PP-el 35.54 2.58 1.08 0.043
PVDF 46.30 1.50 1.32 0.014

PVDF-el 59.68 4.94 1.94 0.030
LDPE 9.30 0.40 0.14 0.005

LDPE-el 10.03 0.31 0.17 0.002

Figure 2. Stress (σ) versus strain (ε) curves for: (a) PP; (b) PVDF and (c) LDPE.
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the material and is related to its tendency to dissipate energy 
that has been applied to it[38,39]. Concerning this property, the 
measured values ​​(Table 3) demonstrate that the extensional 
flow contributes to its increase by 18.2%, 37.5% and 77.8% 
for PP-el, PVDF-el and LDPE-el, respectively. The dynamic 
loss moduli are often associated with “internal friction” 
and is a property sensitive to morphological changes and 
structural heterogeneities[39,42]. From this perspective, we can 
interpret that the presence of the extensional flow resulted 
in some morphological change in the way the chains are 
organized, increasing the “internal friction” or, otherwise, 
increase the viscous response of the material associated with 
the values ​​of E”. This modification can be associated with 
the changes in the crystallinity of the polymers that may 
have been provided by the FIC phenomenon.

The complex moduli (E*) also increase for semi-
crystalline polymers processed with the extensional flow. 
The value of E* can be visualized as the hypotenuse of a 
right triangle where its sides are the values of E’ and E”[39] 
thus the increase in the values of these components, due to 

the presence of elongational flow, also reflects an increase 
in the values of E*. The increase in the calculated values 
of E* were 18.9%, 42.6%, and 76.9% for PP-el, PVDF-el, 
and LDPE-el, respectively.

3.2 Differential Scanning Calorimetry – DSC

Figure 4 exhibits DSC curves of first fusion peak to 
semi-crystalline polymers and the main thermal properties are 
summarized in Table 4. For PP, a peak was observed around 
≈166 ºC, which is in line with values already available in 
other studies [10,45,46] for α phase crystals. For PP-el, it is possible 
to notice a very smooth lateral shoulder at a temperature 
around 160 ºC that may be associated with another phase 
induced by extensional flow, but this was not considered 
in our analysis, which may cause a slight variation in the 
measured values of crystallinity. The melting temperature 
(Tm) of PVDF and LDPE were, respectively, ≈170 ºC and 
≈112 ºC which was ascribed to the melting of α phase 
crystals[47] in PVDF and for LDPE the value is in agreement 
with the range of values in other works[48,49]. Therefore, as 
shown in Table 4, no significant difference, at the melting 
temperature, was observed due to the presence of extensional 
flow devise in processing, as shown in Table 4.

Table 4 shows an increase in crystallinity of polymers 
processed with the extensional flow device. The crystallinity 
increases were 9.1%, 8.5% and 9.3% respectively for PP-el, 
PVDF-el and LDPE-el. An increase in crystallinity reflects on 
the stiffness of the polymeric material[50], which can partially 
justifies the effect on the values of E’ (Table 3). It can also 
be related to the increase in the maximum tensile strength 
(σmáx.) for the crystalline polymers (Table 2). It is worthy of 
note that in the second heating cycle performed in the DSC, 
the crystallinities (Table 4) of the samples processed with and 
without the extensional flow device are the same, showing 
differences of less than 1.3%. Another indication that this 
increase in crystallinity is associated with the processing 
history with the extensional flow device.

Table 3. Storage Modulus (E’), Loss Modulus (E”) and Complex Modulus (E*) at 1Hz and 30ºC for the semi-crystalline polymers.
Compositions E’ (GPa) Standard deviation E” (GPa) Standard deviation E* (GPa)

PP 1.59 0.12 0.11 0.01 1.59
PP-el 1.89 0.37 0.13 0.02 1.89
PVDF 3.12 0.41 0.16 0.03 3.12

PVDF-el 4.38 0.76 0.22 0.04 4.45
LDPE 1.02 0.42 0.18 0.07 1.04

LDPE-el 1.81 0.49 0.32 0.09 1.84

Table 4. Melting temperature and crystallinity values.

Compositions Tm 1 (ºC) ΔHm 1 (J/g) Crystallinity1 
(%) Tm 2 (ºC) ΔHm 2 (J/g) Crystallinity2 (%)

PP 166.09 91.87 66.57 163.55 99.88 72.38
PP-el 165.82 104.35 75.62 163.47 101.68 73.68
PVDF 169.6 57.8 55.0 169.8 54.07 51.50

PVDF-el 169.4 66.6 63.5 169.46 53.83 51.27
LDPE 112.02 124.75 43.32 111.37 119.24 41.40

LDPE-el 112.04 151.67 52.66 111.93 119.06 41.34

1 - measured properties for the first heating/cooling cycle; 2 - measured properties for the second heating/cooling cycle.

Figure 3. Storage moduli (E’) measured at 1Hz and 30ºC for the 
crystalline polymers.
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In this work, we demonstrated that it is possible to 
increase the crystallinity around 9%, for the polymers 
evaluated here, with the use of an extensional flow device 
coupled to a conventional extrusion process. This effect is 
probably associated with the FIC phenomenon, in which 
stress enhances the number of nuclei for crystals to grow, 
which in turn increases crystallinity. In addition, the use of 
controlled extension flows can also contribute to an increase 
in the mechanical properties as demonstrated by tensile 
tests and DMA, bringing an increase in Young’s moduli 
(Figure 3) and in the maximum tensile strength (Table 2).

4. Conclusions

In brief, it was possible to produce filaments processed 
by extrusion with and without the extensional flow device. 
The association of the extensional flow in the processing of 
semi-crystalline polymers enhanced its crystallinity degree 
in 9.1%, 8.5% and 9.3%, respectively, for PP-el, PVDF-el, 
and LDPE-el, and this increase is probably related to FIC. 
The effects of the extensional flow both in the crystallinity 
and in the alignment of the chains also brought reflections 
on the mechanical properties. The storage moduli (E’) 
increased by 18.9%, 40.4%, 77.5%, for PP-el, PVDF-el, 
and LDPE-el, respectively. This result was reaffirmed by 
the measurements made in the tensile test since the E’ value 
is often related to the Young’s moduli. The reflexes of this 
increase can be seen by the higher slopes for the samples 

processed with the extensional flow device, indicating an 
increase in crystalline polymer stiffness.

The use of the elongational flow device increased the 
value of E” by 18.2%, 37.5% and 77.8% for PP-el, PVDF-el, 
and LDPE-el, respectively. This effect can be associated with 
the morphological modification generated by the increase 
in the degree crystallinity and/or increased level of chain 
entanglement, that contribute to an increase in the degree of 
“internal friction” associated with the value of E”.
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Figure 4. First Fusion peak for polymers processed with and without the extensional device for: (a) PP; (b) PVDF and (c) LDPE.
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