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The effect of different processing additives on the extrusion instabilities of high density polyethylene (HDPE) was investigated.The
concentration of each processing additive was fixed at 0.05wt%. Organoclay, boron nitride, and fluoropolymer reduced transient
shear and extensional viscosities of HDPE melt. Drop in extrusion pressure occurred during the extrusion experiment. The initial
loss of glossiness in HDPE was restored with the addition of these additives. However, the fluoropolymer did not succeed in
eliminating the stick-slip fracture. Despite the inclusion of the processing additives, gross-melt fracture in HDPE reappeared at
apparent shear rate of 141 s−1. Both moment and distortion factor methods of analyses were employed and their findings support
the observed visual trends of the extrudate surface. The quantifying tools indicated that combined organoclay and fluoropolymer
reduced the pressure fluctuations and its performance surpassed that of the individual additives.

1. Introduction

The major challenge during extrusion is the onset of melt
instabilities that hinder high productivity [1–4]. Processing
aids are often added to polyolefins during their extrusion to
make the processes economically viable. With the addition of
these additives, the processingwindow is expanded.Themost
common processing additive for polyolefin is fluoropolymer
[5–14]. Stearates [15], silicon-based additives, hyperbranched
polymers [16, 17], and blends of polymers [18, 19] are other
forms of conventional processing aids. Another processing
aid found useful in the elimination of gross-melt fracture is
boron nitride [5, 20–22]. Recently, it was shown that organ-
oclay is also a good candidate as a processing additive [23–
27].There is a good review on the processing additives in [28].

Fluoropolymer is added to polyolefins either as an addi-
tive or as a coat on the die [9, 29–31] to increase the
throughput of polyolefins. As an additive, fluoropolymer is
added in small quantity less than 0.1 wt%. Due to its high
incompatibility with polyolefins, a two-phase blend is formed
during extrusion. As a result, master batch-dilution mode of

preparation is often adopted in the preparation of the blend.
Fluoropolymer thus promotes wall slip due to its strong inter-
action with the die wall [7, 9, 11, 12, 32]. The interaction was
reported to occur due to cohesive failure [11] or adhesive fail-
ure [6, 33, 34].The flow curve ofHDPE shifted to higher shear
rates in the presence of fluoroelastomer [5] in an extrusion
through a capillary rheometer. Fluoropolymer was suggested
to have eliminated both sharkskin and stick-slip instability in
several polyolefins [5, 8, 13, 35, 36]. Furthermore, fluoropoly-
mer reduced the extrusion pressure (shear stress) by coating
the die entrance of the die and thenmigrating as streaks to the
die exit where the sharkskin is eliminated [10]. The coating
time reduced with increasing fluoropolymer concentration.
However, excessive amount of fluoropolymer could lead to
excessive lubrication of the extruder barrel, hence undesired
effects [28]. In addition, fluoropolymer enhances other prop-
erties in polyolefins. For example, the fluoropolymer-induced
slip could lead to a decrease in the shear stress in the bulk
and hence increases the draw ratio and melt strength during
stretching [7]. The addition of fluoropolymer could as well
lead to gel reduction, reduced die build up and elimination of
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draw resonance in film casting [28]. However, fluoropolymer
did not eliminate gross-melt fracture.

As a processing aid, a very small amount of boron nitride
(typically less than 0.5 wt%) is added to polyolefin. It was
reported that such small amount of boron nitride has no
effect on the linear and nonlinear viscoelastic properties
of polyethylenes [20, 37]. However, boron nitride slowed
down the relaxation of metallocene polyethylenes during
“relaxation after cessation of steady shear” (at shear rate of
1 s−1) but disappeared at higher shear rates [20, 28]. Also,
boron nitridewas suggested to eliminate surfacemelt fracture
and postpone gross-melt fracture at high shear rates in
metallocene polyethylenes [20] and HDPE [37]. Similar to
fluoropolymer, it was proposed that boron nitridemigrates to
the surface of the die especially at the die exit hence stick-slip
is eliminated [37]. Boron nitride was reported to eliminate
the gross-melt fracture in polypropylene by making the
discontinuous streamlines in the polymer bulk flow smoother
at the die entry [21]. The authors concluded that it has no
effect on the flow curve of polyethylene in capillary flow [20]
but a small decrease in extrusion pressure may occur [37].
The effectiveness of boron nitride is dependent on its concen-
tration in polyethylenes. Generally, a concentration less than
0.1 wt% was suggested to work better in polyethylenes [20,
37, 38]. Extrusion temperature, induction time, particle size,
and dispersion of boron nitride in the polymer matrix and its
surface energy were important factors in the elimination of
gross-melt fracture by boron nitride [37, 39]. Boron nitride
is also used as a processing aid in other polymer processing
applications such as film blowing [40] andmelt spinning [41].

In the case of organoclay, a very small amount was
suggested for use (less than 0.5 wt%) in polyolefin processing
[42]. The organoclay affected both the linear and nonlinear
rheology of HDPE [42, 43]. However, its effect decreases
as the branch content of the polyethylene increases [43].
Organoclay was recently reported to be effective in the
elimination of surface melt fracture and postponement of
gross-melt fracture to higher shear rates [36, 43].

Fluoropolymer and boron nitride were combined to
enhance and expand the processing window of polyolefins.
The onset of gross-melt fracture and reduction of extrusion
pressure can further be enhanced when the processing aids
were used individually [20, 37, 41, 44]. To the best knowledge
of the authors, only few researchers explored the impact and
performance of different nanoadditives [23].

In this paper, boron nitride, organoclay, fluoropolymer,
and the combination of fluoropolymer and organoclay were
used as processing aids in the extrusion of HDPE. The
concentration of each additive was fixed at 0.05wt%. As
previously shown in our work [42], 0.05wt% of organoclay
performed better than 0.1 wt%. It was shown that agglom-
eration might be more in the latter. For fair comparison of
all the additives, the concentration of each additive was kept
constant at 0.05wt%. A specially designed slit die containing
three highly sensitive pressure transducers was used for
monitoring pressure fluctuations in a slit die. The slit die was
attached to a single screw extruder.The recorded fluctuations
at different flow regimes were analyzed for the identification
of the effectiveness of the individual and mixed additives. To

the best knowledge of the authors, such fluctuations were for
first time quantified using moment and Fourier transform
methods of analyses.

2. Experimental

2.1. Materials. Commercial grade HDPE (relative density
= 0.952, melting point = 132∘C, and melt flow index =
0.05 g/10mins at 190∘C and 2.16 kg load) was used in this
research. Its average weight, molecular weight (𝑀

𝑤

), and
polydispersity index (PDI) were 285 kg/mol and 26.5, respec-
tively. The organoclay used in this research was Cloisite 15A
(C15A) from Southern Clay, USA. According to the supplier,
the d
001

spacing of C15A was 31.5 Angstrom. Boron nitride
contained 0.2% borates. It had mean diameter less than 1 𝜇m
and surface area of 20m2/g andwas supplied by Saint-Gobain
Ceramics,USA.Dynamar, a free-flowing fluoropolymer from
Dyneon, USA, was used to represent a conventional process-
ing additive. It is a copolymer of hexafluoropropylene (HFP),
vinylidene fluoride (VF

2

), and tetrafluoroethylene (TFE). It
has bulk density of 0.7. Antioxidant (0.1 wt%) was added to
all samples to avoid degradation duringmelt blending [43]. It
is a 50/50 weight blend of Irganox 1010 and Irgafos 168 from
Ciba-Geigy Speciality, Switzerland.

2.2. Melt Blending and Morphology Characterization. Bra-
bender 50 EHT mixer supplied with a Plastograph (Braben-
der GmbH & Co., Germany) was used in the preparation of
the nanocomposites. Details of pretreatment of C15A were
given elsewhere [42]. Boron nitride and Dynamar were used
as received from the manufacturers. HDPE was grinded and
physically premixed with each processing additive. Antiox-
idant was added during the physical mixing. Then, master
batches containing organoclay and boron nitride were pre-
pared in the Brabender mixer. A desired final concentration
of a particular blendwas obtained bymixing additional virgin
HDPE with the master batch using the same mixer. The
blending was done at a temperature of 200∘C and a screw
speed of 50 rpm for 10 minutes.

The amount of each processing aid was fixed to 0.05wt%.
To study the synergistic effect between organoclay and
conventional processing additive, a final batch containing
0.05wt% of C15A and 0.05wt% Dynamar was prepared. In
this research, HDPE-C15A, HDPE-BN, and HDPE-C15A-
Fluoro (HDPEmixed with C15A and Dynamar) indicate that
HDPE containing 0.05wt% C15A, 0.05wt% boron nitride,
and 0.05wt%C15A + 0.05wt%Dynamar fluoropolymer were
used, respectively.

The structures of the (nano-) composites were charac-
terized by field emission scanning electron microscopy (FE-
SEM) and X-ray diffractometry (XRD). The XRD analysis
was performed on XRD-6000 Shimadzu diffractometer (Shi-
madzu, Japan) with CuK𝛼 radiation (𝜆 = 0.154 nm) in a
reflection mode, operating at 40 kV and 30mA. Scanning
speed of 1∘/min was used. The scan range was 2–20∘ at room
temperature. Scanning electron micrographs were obtained
with FE-SEMNova Nanosem 230 (FEI, USA). It was possible
to achieve ultra-high resolution on nonconductive nanoma-
terials with NovaNanosem 230.The SEM samples weremade



International Journal of Polymer Science 3

into thin films and etched for 4 hours. The etching solution
is a solution of H

2

SO
4

/H
3

PO
4

/H
2

O (10/4/1) and 0.01 g/mL
KMnO

4

. The etched samples were further covered with gold
to make them conductive.

2.3. Rheological Measurement. The samples for the shear and
extensional experiments were prepared from melt blended
samples using a Carver press at a temperature of 200∘C.
The disc samples with dimensions of 25mm diameter and
2mm thickness were prepared for shear rheology. The final
dimensions of the solid polymer specimens for extensional
tests were approximately 17mm in length and 10.0mm in
width, with thicknesses in the range of 0.70–1.0mm.

ARES rheometer (TA Instruments, USA) was used for all
the rheological measurements. The plates were heated for at
least 20 minutes to equilibrate the temperature. Strain sweep
tests were conducted for all the samples to determine the
linear viscoelastic region and for Fourier transform rheol-
ogy (FT-rheology). A Strain range of 10–400% with shear
amplitude of 1 rad/s was used.The details on the FT-rheology
were given in a previous publication [43]. Frequency sweep
experiments at 200∘Cwere performed in the frequency range
between 0.01 rad/s and 100 rad/s. The applied strain was 10%.
Van Gurp Palmen plots [𝛿(arctan𝐺/𝐺) versus complex
modulus 𝐺∗] were drawn from the frequency sweep data.

It has been shown that that the shear stress response
involves harmonics. The intensities and phases of such har-
monics were used in the characterization of nonlinearity in
the polymer. Most importantly the relative intensity of the
third harmonic (𝐼

3/1

) and relative phase angle of the third
harmonic (Φ

3

) were found to be very useful in such analysis
[2, 42]. They were defined as

𝐼
3/1

=
𝐼 (3𝑤
1

)

𝐼 (𝑤
1

)
,

Φ
3

= 𝜑
3

− 𝜑
1

,

(1)

where 𝐼(3𝑤
1

) and 𝜑
3

are the shear stress intensity of the third
harmonics and phase angle of the third harmonic, respec-
tively. 𝐼(𝑤

1

) and 𝜑
1

are the shear stress intensity and phase
angle of the first harmonic, respectively. Most of the experi-
ments were repeated three times.The maximum deviation in
𝐼
3/1

and 𝐼
2/1

were found to be less than 5% of the mean and
less than ±5∘ around the mean forΦ

3

.
Most of the experiments were repeated three times

with maximum deviation less than 5% from the mean. The
responses of the samples during stress growth at 200∘C were
conducted to study the effect of organoclay on the nonlinear
shearmaterial function ofHDPE.The imposed shear rate was
0.8 s−1. Low shear rate was used due to the limitation of the
parallel plate geometry. The results were reproducible with
maximum deviation of 10% around the mean.

Extensional viscosity fixture (EVF) from TA Instruments
was used for the study of extensional rheology. The samples
were prestretched with a strain rate of 0.4 s−1 to remove sag-
ging. The sample was left in the fixture for 3 minutes to relax
any accumulated stress before the start of the experiment.
A Hencky strain rate of 10 s−1 at a temperature of 145∘C was

used during the extensional experiments. Such a highHencky
strain rate and low temperature were necessary to observe the
effect of the processing additives on the extensional rheology
of HDPE. The results were reproducible with maximum
deviation of 10% around the mean.

2.4. Setup for Melt Flow Instabilities and Extrusion Pres-
sure. Extrusion was carried out in a single screw extruder
19/25D (Brabender GmbH & Co., Germany) equipped with
a specially developed slit die. The slit die had dimensions of
0.8mm height, 20mmwidth, and 160mm length.The slit die
has three highly sensitive piezoelectric transducers located at
30mm, 80mm, and 140mm from the entrance of the die.
The pressure and time resolutions of these transducers are
of the order 10−1mbar and 1ms, respectively. Details about
the setup were shown elsewhere [43]. The temperature of
the three heater bands along the extruder was 180∘C while
the temperature of the die was 170∘C. The measurements
with the three highly sensitive piezoelectric transducers were
done to specifically identify and analyze the time dependent
pressure fluctuations associated with smooth polymer flow
and melt flow instabilities. The time dependent pressure
oscillations were collected by the use of these fast acquisition
piezoelectric transducers combined with an oversampling
technique to increase the noise to signal ratio. So, the 30,000
data points/channel were reduced to 100 data points/s using
an oversampling rate of 300 data points/s.

The pressure fluctuations from piezoelectric transducers
were further analyzed using second-order moment and
Fourier transform analyses as defined in the following equa-
tion and (3), respectively:

𝑚
2

=
1

𝑡
𝑓

− 𝑡
𝑜

∫

𝑡𝑓

𝑡𝑜

(𝑝 (𝑡) − 𝑝)
2

𝑑𝑡, (2)

where 𝑚
2

is the second moment of the pressure, 𝑝 is the
mean value which is the first moment around zero, and 𝑝(𝑡)
is the time dependent pressure fluctuation signal.The second
moment is the variance and its square root is the standard
deviation. In this work, the ratio of the standard deviation
divided by the mean of the pressure fluctuation was used in
the characterization of the melt instability. Consider

𝑝 (𝑡) = 𝑝 +∑

𝑖≥1

𝑙
𝑖

cos (𝑤
𝑖

𝑡 + 𝜙
𝑖

) , (3)

where 𝑝 is the pressure mean value at 𝑤/2𝜋 = 0; 𝑤
𝑖

/2𝜋, 𝜙
𝑖

,
and 𝑙
𝑖

are the characteristic frequencies, phases, and ampli-
tudes of the pressure fluctuation as quantified from the
Fourier analysis of the processed signals, respectively. One
of the most important parameters from the FT analysis in
quantifying melt instabilities is the distortion factor (DF).
This is a measure of the relative pressure fluctuation (RPF)
as defined below:

DF =
∑
𝑖≥1

𝑙
𝑖

𝑙
0

, (4)

where 𝑙
0

is the peak value at 𝑤 = 0 and it is related to the
pressure mean value.
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(a) (b)

(c)

Figure 1: SEM of (a) Pure HPDE, (b) HDPE-C15A, and (c) HDPE-BN.

The pressure drop (Δ𝑃) across the slit die was measured
with the Dynisco pressure transducer placed at the entrance
of the slit die. The acquisition rate was 1 data per 20 s.

The volumetric flow rate (
∙

𝑄) was determined by collect-
ing and measuring the ejected mass as a function of time.
From the data, the wall shear stress (𝜏app) and the apparent
shear rate ( ∙𝛾app) were calculated using

𝜏app = Δ𝑃
ℎ

2𝑙
,

∙

𝛾app= 6

∙

𝑄

𝑏ℎ2
,

(5)

where, ℎ, 𝑙, and 𝑏 are the height, length, and width of the slit
die, respectively.

Further, continuous MiniLab II Haake Rheomex CTW5
was used to study the effect of the additives on extrusion
pressure of HDPE at high shear rates compared to that
obtained in Brabender single screw extruder. The tests were
conducted at 170∘C. The MiniLab consists of 5/14 diameter
conical counter rotating twin screw extruder with backflow
channel.The backflow channel was designed as a slit capillary
(64mm × 10mm × 1.5mm) with two pressure transducers

at the capillary entrance and exit. Samples were fed into the
MiniLab in 3 steps with 2-3mL of the sample fed-in during
each step. As found in this work, the results were reproducible
with a maximum deviation of ±4% around the mean for all
the allowable shear rates.

3. Results and Discussion

3.1.Morphological Characterization. TheSEMof pureHDPE,
HDPE-C15A, and HDPE-BN was as shown in Figure 1.
Figure 1(a) shows HDPE without any additives. Figure 1(b)
shows organoclay as dispersed in theHDPEmatrix. However,
the dispersion of boron nitride is accompanied with its
agglomeration as shown in Figure 1(c). The low distributive
shearing effect of the mixer might has contributed to the
agglomeration despite the residence time of 10 minutes.

3.2. Rheological Characterization. The frequency sweep data
for each sample was presented in the form of van Gurp
Palmen curve as shown in Figure 2. At the crossover region
of the plot, no difference was observed in the phase angle.
However, below the crossover frequency, the HDPE curve
had the least slope. The observed increment in the phase
angle for both HDPE-C15A and HDPE-BN was similar. The
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Figure 2: Van Gurp Palmen plot for HDPE, HDPE-C15A, HDPE-
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Figure 3: Relative intensity of the third harmonic as a function
of strain amplitude at 200∘C for HDPE, HDPE-C15A, HDPE-BN,
HDPE-Fluoro, and HDPE-C15A-Fluoro.

blend of fluoropolymer and HDPE also resulted in increase
in the phase angle of HDPE. The curve of HDPE-C15A-
Fluoro was not different from that of HDPE-Fluoro. So, the
three processing additives gave higher phase angle below the
longest crossover frequency. This implies that all additives
turn HDPE melt to be more viscous or less elastic.

Figures 3 and 4 show the relative intensity and phase
angle of the third harmonic of all the samples, respectively.
The FT-rheology did not show the effect of processing
additives on HDPE. Thus, the impact of processing additives
on the higher harmonics, including the third harmonics, is
negligible. Figure 5 shows the effect of different processing

HDPE
HDPE-C15A
HDPE-BN

HDPE-Fluoro
HDPE-C15A-Fluoro

80

100

120

140

160

0 100 200 300 400 500

Strain amplitude

Φ
3

Figure 4: Relative phase angle of the third harmonic as a function
of strain amplitude at 200∘C for HDPE, HDPE-C15A, HDPE-BN,
HDPE-Fluoro, and HDPE-C15A-Fluoro.

additives on HDPE during transient shear rheology. It can
be seen that all the additives resulted in the reduction of the
transient shear viscosity of HDPE. The highest reduction in
the transient viscosity of HDPE occurred with the addition
of 0.05wt% organoclay. The addition of both organoclay and
fluoropolymer inHDPE resulted in a decrease in the transient
viscosity of HDPE as well (figure not shown).

The same trend was observed in the previous results of
shear rheology (van Gurp Palmen plot), even though, not as
obvious as observed during transient shear test experiment.
Figure 6 shows the extensional test results for HDPE, HDPE-
C15A, HDPE-BN, and HDPE-Fluoro. The trend was similar
to the results discussed during the transient shear growth
stress. All displayed processing additives reduced the exten-
sional stress in HDPE. The highest reduction was observed
with the addition of 0.05wt% organoclay. The extensional
strain in HDPE was reduced as well in the presence of all
processing additives.

3.3. Extrusion of HDPE with/without Processing Additives.
Figure 7 shows the flow curve for the extrusion of HDPE
with/without different additives in the continuous MiniLab.
It is clear that adding the additives resulted in the drop of
the extrusion pressure. The remarkable observation in the
flow curve is the synergistic effect between organoclay and
fluoropolymer. Three different flow regimes were observed
in Brabender single screw extruder: smooth, stick-slip, and
gross-melt fracture regimes. However, towards the end of the
smooth regime the surface of the polymer melts slightly loses
its glossiness as shown in Figure 8(b). Figure 8(a) is a typical
visualized extrudate before the onset of loss of glossiness at
the smooth regime.
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Figure 9 shows the extrudate at the stick-slip and gross-
melt fracture regimes. The stick-slip is characterized by high
pressure fluctuations and high mean pressure. However, a
pressure drop occurred at the onset of gross-melt fracture
before gradual increase in the pressure (figure not shown).

The effect of the different processing aids on HDPE was
studied at three apparent shear rates. The shear rates were
selected from the three regions. This was done because of
material consumption during the experiment. At each shear
rate, the experiment was conducted to last for about 30
minutes to attain stable flow and collect data for Fourier
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Figure 7: Flow curve of HDPE with and without additives at
temperature 170∘C in a MiniLab.
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Shear rate ≈ 68 s−1

(b)

Figure 8: HDPE extrudate at a shear rate of 26 s−1 and (b) at a shear
rate of 68 s−1.

transform analysis. The addition of the processing additives
had effect on the appearance of the HDPE extrudate. It was
visually observed that all the processing additives made the
HDPE extrudate smoother at apparent shear rate of 67 s−1.

At apparent shear rate of 87 s−1 (stick slip regime), all
the processing aids eliminated the stick-slip instabilities in
HDPE except when the fluoropolymer was used alone. It was
observed that the addition of fluoropolymer resulted in a
smooth surface up to 15minutes of extrusion, when the insta-
bility reappeared. At this time, the melt instability was not
stick-slip but gross-melt fracture.The reason for the reappear-
ance of the fracture might be due to the fact that the fluoro-
polymer concentration used in this work was not optimal.
Figure 10(a) shows a typical result for all other processing
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Figure 9: HDPE extrudate at a shear rate of 87 s−1 (stick-slip region)
and (b) at a shear rate of 144 s−1 (gross-melt fracture region).

Shear rate ≈ 87s−1
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Figure 10: Extrudate of HDPE-C15A at apparent shear rate of (a)
87 s−1 (stick-slip region) and (b) 144 s−1 (gross-melt fracture region).

additives. At a given temperature, the onset of sharkskin
depends on the composition and types of additive. For pure
HDPE it was observed at 68 s−1 while the same onset shifted
to a value between 87 and 144 s−1.

At apparent shear rate of 144 s−1, none of the processing
additives eliminated the gross-melt fracture. The extrusion
line was purged with pure HDPE before the commencement
of any extrusion involving additives. At the beginning of the
extrusion when the shear rate was 144 s−1, the extrudates
were smooth but the melt instability set in after a period of
time. The time before the onset of the gross-melt fracture
varied depending on the additives. When the organoclay
and fluoropolymer were combined together, it took about 20
minutes before the onset of the gross-melt fracture. This was
found to be the longest time for all additives covered in this
study. Figure 10(b) shows HDPE-C15A extrudate after about
8 minutes from the beginning of the experiment.

Figures 11 to 13 show the pressure fluctuations along
the die characterized with moment and Fourier transform

analyses. Figure 11 indicates that the pressure fluctuation of
HDPE is the highest at apparent shear rate of 67 s−1. This
result supports the visual images presented earlier in Figure
8(b). At apparent shear rate of 87 s−1, all samples showed
similar values ofmoment andDF except HDPE-Fluoro-C15A
(Figure 11(a)) and HDPE-BN (Figure 11(b)).

As the polymer melt flew down the slit die, all samples
except HDPE-Fluoro relaxed faster than HDPE. As a result,
the fluctuations in HDPE-BN, HDPE-C15A, and HDPE-
Fluoro-C15A were less as shown in Figures 12 and 13. These
results also confirm the visual observations at stick-slip
regime when all the additives remove the stick-slip instability
except fluoropolymer. It is worthy of mentioning that the
observed improvement during the extrusion of HDPE was
due to the effect of the additives and not degradation due
to processing. This was confirmed by conducting further
dynamic frequency sweeps on the extrudates. The elastic and
loss moduli of the samples before and after extrusion were
found to be the same within the allowable error margins,
which were less than 3%. With increasing shear rate from 87
to 144 (see Figures 12 and 13), DF and SD/𝑃 decrease although
gross-melt fracture occurs. Our proposed explanation for this
observation is that the impact of processing aid additives
is observed at higher shear rates where more instabilities
take place. SD/𝑃 and DF represent deviations from a fixed
value and these deviations are reduced at higher shear rates
since the impact of additives on reducing the instabilities is
enhanced.

At apparent shear rate of 141 s−1, the difference between
the moment and DF analyses of all the samples was insignif-
icant. This is in agreement with the observation that none of
the processing additives eliminated the gross-melt fracture
at this apparent shear rate. There is a need for further opti-
mization with respect to the concentration of the processing
aid. The addition of fluoropolymer to HDPE containing
organoclay (HDPE-C15A-Fluoro) further reduced the DF
and SD/𝑃mean of HDPE-C15A as shown in Figures 12 and 13.

4. Conclusions

The effect of different additives on the rheology and insta-
bilities in the extrusion of HDPE was studied. It was found
that organoclay, boron nitride, and fluoropolymer had effect
on the phase angle of HDPE below the crossover frequency
and the elastic modulus was reduced. Despite the effect of
the additives on the phase angle of HDPE, the additives had
no effect on the higher harmonics of HDPE as shown by
FT-rheology. Organoclay, boron nitride, and fluoropolymer
reduced the transient shear viscosity and extensional stress
growth of HDPE. Furthermore, addition of fluoropolymer
to HDPE containing organoclay reduced the transient shear
viscosity and extensional stress growth. The rheological tool
was not strong enough to clearly differentiate the potency
of each additive on HDPE. This is due to the very low
concentration of the processing aids. However, since these
additives have effects on the shear and extensional rheology
of HDPE, it is not surprising that they positively impact
HDPE during its extrusion. Addition of fluoropolymer to
organoclay reduced extrusion pressure.The observed surface
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Figure 11: (a) Ratio of standard deviation and the mean pressure. (b) Distortion factor as a function of apparent shear rate for HDPE, HDPE-
C15A, HDPE-BN, HDPE-Fluoro, and HDPE-C15A-Fluoro at transducer 1 position.
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Figure 12: (a) Ratio of standard deviation and the mean pressure. (b) Distortion factor as a function of apparent shear rate for HDPE, HDPE-
C15A, HDPE-BN, HDPE-Fluoro, and HDPE-C15A-Fluoro at transducer 2 position.
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Figure 13: (a) Ratio of standard deviation and the mean pressure. (b) Distortion factor as a function of apparent shear rate for HDPE, HDPE-
C15A, HDPE-BN, HDPE-Fluoro, and HDPE-C15A-Fluoro at transducer 3 position.

roughness in the HDPE became smooth with the addition
of such additives. The results also showed that the stick-slip
fracture was eliminated by all processing additives except
fluoropolymer. The concentration of fluoropolymer used
in this work was probably not optimal for this polymer.
Furthermore, boron nitride, organoclay, and the combined
organoclay and fluoropolymer did not eliminate the gross-
melt fracture at apparent shear rate of 141 s−1. However, both
moment and distortion factor methods of analyses were able
to quantify the visual trends observed in the extrudates.
These methods of analyses indicated that the combined
organoclay and fluoropolymer showed the best performance
as processing aid and reduced the pressure fluctuation as
compared to the performance of individual additives. The
industry usually uses these additives in ppm level and in
this study we followed the same procedure trying to keep
the same weight percentage rather than the same volume
percentage.The authors suggest that the observed differences
in the performance of the different additives are not likely due
to the differences in volume fractions but rather the type and
shape of these additives. However, further research is needed
to examine the mechanisms in detail.
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