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Abstract

The characteristic time periodicity τ� and the spatial characteristic wavelength

λ of extrusion flow instabilities of a linear and a branched commercial polyeth-

ylene (PE) are characterized via capillary rheology, optical analysis and mod-

eled. The two investigated polyethylenes have the similar weight average

molecular weight (Mw). The characteristic time periodicity τ� is obtained and

compared using three methods: (i) a highly sensitive pressure slit die, (ii) a

new online optical analysis method based on the construction of a space–time dia-

grams, and (iii) an offline transmission polarization microscopy. In addition, the

spatial characteristic wavelength λ is quantified by offline transmission polariza-

tion microscopy. The characteristic time periodicity τ� of the extrusion flow

instabilities follows a power law behavior as a function of apparent shear rate

to a power of �0.7 for both materials, τ� / _γ�0:7
app: . A qualitative model is used to

predict the spatial characteristic wavelength λ of extrusion flow instabilities as

well. It is found that the characteristic spatial wavelength λ and the character-

istic time periodicity τ� have an Arrhenius temperature-dependent behavior.

KEYWORD S
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1 | INTRODUCTION

Extrusion flow instabilities are a significant industrial
problem, which appears at the die exit of numerous
extrusion processes, for example, film blowing and film
casting, and reduce mechanical and optical properties of
the product.1–7 Extrusion instabilities are in general

categorized as surface and/or volume distortions.5,8–10

Increasing extrusion throughput, usually, the smooth
extrudate appearance has a transition to sharkskin first at
low shear rates, then to stick–slip at medium shear rates,
and last to gross melt fracture (GMF) at high shear rates.
Definitions of the extrusion instabilities based on slit die
geometry are discussed in the literature.8–11 These
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definitions are based on visual observations and on the
characteristic frequency (or time periodicity) of the time
dependent pressure signal obtained by a custom high
pressure sensitive slit die (HPSSD).8,9,11–25

Sharkskin extrudates have a visual appearance
characterized by superficial fractures perpendicular to
the extrusion flow direction. Therefore, sharkskin is
defined8,9 as having small amplitude surface distortions,
compared to the extrudate thickness, with one dominant
characteristic distortion frequency, for example, in the lit-
erature f Char: ≈ 20Hz for a specific linear low density
polyethylene (LLDPE, Mw = 193 kgmol�1, Ð = 9.65) at
T = 140�C,13 and f Char: ≈ 15Hz for a specific styrene–
butadiene rubber (SBR, Mw = 390 kgmol�1, Ð = 1.36) at
T = 120�C.23 Conventional melt pressure transducers,
commonly used in extrusion processing and on capillary
rheometers, are not capable of capturing these high-
frequency pressure fluctuations associated with the
sharkskin instability.

Stick–slip instability is visually characterized by alter-
nating smooth and/or sharkskin regimes in addition to
irregular both surface and volume extrudate distortions.
Stick–slip typically appears with pressure fluctuations of
about Δp=p≈ 25% for p≈ 200 bar mean pressure23 as
determined by conventional melt pressure transducers on
capillary rheometers. The stick–slip instability is typically
characterized by at least three characteristic time period-
icities (or frequencies): (i) one which occurred by the
stick part, usually sharkskin instability, τ�stick with a typi-
cal value of τ�stick = 0.1 s for a specific SBR rubber (Mw =

390 kgmol�1, Ð = 1.36) at T = 120�C,23 (ii) one obtained
by the slip part, usually volume distortion τ�slip with a typ-
ical value of τ�slip = 0.3 s for a specific SBR rubber
(Mw = 390 kgmol�1, Ð = 1.36) at T = 120�C,23 and
(iii) the last one obtained by the pressure fluctuations τ�pressure
(Δp=p≈ 25% for p≈ 200 bar) with a typical value of
τ�pressure = 100 s.23 Based on the recent findings23 for SBR
materials, these characteristic time periodicities are

typically different to each other by τ�slip ≈ 3τ�stick,
and τ�pressure ≈ 500τ�stick.

The last instability, gross melt fracture (GMF) is char-
acterized by significant irregular distortions of the whole
extrudate and therefore can be designated as a volume
instability. No periodic pattern in space or time has been
observed for the GMF.10

While the aforementioned instabilities are the most com-
mon and have been studied in a variety of linear and short-
chain branched polymers such high-density polyethylene
(HDPE), linear low-density polyethylene (LLDPE), there are
also systems that differ in extrusion instability types and/or
their succession with increasing shear rate.16,17,24,25 For
example, extrusion by slit dies for long-chain branched poly-
mers, such as LDPE, are typically displaying smooth surface,
then a transition which is characterized by surface undula-
tions and then GMF without manifesting stick–slip instabil-
ity.17,25 The main difference between the sharkskin and
surface undulation instabilities can be observed in Figure 1,
with the surface undulations of the specific LDPE being
larger, less uniform across the extrudate and do appear as
surface cracks, in contrast to sharkskin.

Sharkskin presents a regular well-developed pattern
in the extrusion direction and for the investigated LLDPE
samples at T = 160�C have a range of characteristics fre-
quencies between f Char ≈ 5 – 50Hz (time periodicities
τ� ≈ 0.2–0.02 s) at a range of apparent shear rates _γapp ¼
20–300 s�1. The undulation instability is usually25

observed for the investigated LDPE samples and is char-
acterized by a semi-regular pattern with characteristic
frequencies at T = 160�C between f Char: ≈ 1:5 – 15Hz
(time periodicities τ� ≈ 0:7 to 0:07 s) at range of apparent
shear rate _γapp: ¼ 20 to 300 s�1 as observed within this
study. It is noted that while linear and short-chain branched
polymers have received a lot of attention, instabilities in
branched polymers have been far less investigated. A spatial
characteristic wavelength λ can be observed in both shark-
skin and surface undulations, see Figure 1. Spatial

FIGURE 1 Scanning electron

microscopy (SEM) of the surface of

extrudates for (a) LLDPE

(Mw = 144 kg Mol�1, Ð = 7.9) and

(b) LDPE (Mw = 126 kg Mol�1, Ð = 7.9)

at _γapp: ¼ 100 s�1 and t = 160�C.
(a) Presents sharkskin for the LLDPE

and (b) presents the undulation

instability for the LDPE samples. The

blue arrows indicate the extrusion

direction. [Color figure can be viewed at

wileyonlinelibrary.com]
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characteristic wavelength λ is defined as the average dis-
tance between two similar consecutive distortions.23

The molecular origin of extrusion flow instabilities
remains a topic of scientific debate.1–7 Computational
fluid dynamic (CFD) numerical simulations by Karapet-
sas and Tsamopoulos,26 Pettas et al.,27 Varchanis et al.28

proposed that the origin of sharkskin instability is based
on the extensional stress that a polymer chain experi-
ences at the die exit in combination with its relaxation
process shortly after leaving the die exit. Specifically, it is
suggested28 that the combination of the extensional thin-
ning and the recoil state of the polymer chains in tran-
sient extensional flow at the die exit region and directly
afterwards are the necessary conditions for the onset of
the sharkskin instability. The rheological behavior of the
extensional thinning and the characteristic time scale for
the recovery of a macromolecular chain from a stretched
to relaxed coil configuration is directly dependent on
molecular properties, such as molecular weight and
molecular architecture (linear, branching). Hence, these
molecular properties can be responsible for the type of
the surface instability. Indeed, by combining laser-
Doppler velocimetry (LDV) with rheological experiments
in both extension and shear, Burghelea et al.29 compared
the distributions of tensile and shear stresses in the extru-
sion flow of LLDPE (Mw = 144 kg mol�1, Ð = 7.9) and
LDPE (Mw = 126 kg mol�1, Ð = 7.9). In contrast with
the LLDPE, due to its long-chain branched structure, the
LDPE was able to sustain higher tensile stresses prior to the
onset of extrusion instability. Hence, the stress imbalance
between the boundary layer and the bulk flow around the
die exit resulted in a non-sharkskin instability for the LDPE
sample. However, the LLDPE sample manifested a propa-
gation of the extensional stress towards to the flow direction
which resulted in a clear sharkskin pattern formation.29

This highlights that the molecular properties determine the
type of the surface instability on the extrudate based on the
recent proposed theoretical concept.28

In addition to molecular properties, the impact of the
processing parameters, such as the extrusion temperature,
on the onset of the extrusion flow instabilities has been
investigated as well. Plethora of studies30–35 investigated the
influence of temperature on the spatial and time characteris-
tics of extrusion instabilities. The Arrhenius6 temperature
dependent behavior of the spatial characteristic wavelength λ
and time periodicity τ� of the flow instabilities for com-
mercial LLDPE (Mw = 112 kgmol�1, Ð = 4.15) sample
has been reported by Wang et al.,30,32 Barone et al.,31 Fur-
thermore, Miller et al.,33,34 studied the influence of tem-
perature on the spatial characteristic height h of
extrusion flow instabilities for LLDPE (Mw = 85 kgmol�1,
Ð = 2.30) and reported an Arrhenius6 temperature-
dependent behavior as well. Georgantopoulos et al.35

studied the influence of temperature on the spatial char-
acteristic wavelength λ of extrusion instabilities for a
commercial SBR (Mw = 263 kgmol�1, Ð = 1.67) where
the Arrhenius temperature dependent behavior of the
wavelength for the SBR was validated as well.35

Within this study, three technics are used to charac-
terize the extrusion flow instabilities of the investigated
commercial PE samples. The characteristic time periodic-
ity τ� is obtained by the three different technics which
have been recently validated for multiple industrial
samples such as, high density, linear low density, and
low-density polyethylene (HDPE, LLDPE, and LDPE),
solution SBR, emulsion SBR, and rubber compounds
samples.8,9,11–25 The three different technics are: (i) a
high-pressure-sensitive-slit die (HPSSD),11–25 (ii) a new
online optical analysis method based on the construction
of space–time diagrams,17,23 and (iii) an offline transmis-
sion polarization microscopy.8,9,23 Secondly, the spatial
characteristic wavelength λ, is quantified from offline
transmission polarization microscopy. The characteristic
time periodicities of the samples are evaluated as an
extrusion “fingerprint” of the polymer molecular proper-
ties. Then, the validity of the power law behavior of the
characteristic time periodicity as a function of shear rate
and a modified23 version of the model proposed by Wang
et al.,30 and Barone et al.,31 for the spatial characteristic
wavelength λ are discussed Moreover, the validity of the
Arrhenius temperature-dependent behavior of the spatial
and time characteristics of extrusion flow instabilities from
the investigated samples is studied as well. Based on these
three technics and the Arrhenius temperature-dependent
behavior of the spatial and time characteristics of the extru-
sion instabilities four main questions with industrial impor-
tance will be answered: (1) which is the practical benefit for
characterizing the extrusion instabilities based on the time
characteristic?, (2) How many distinguishable time periodic-
ities are developed during the extrusion process?, (3) Could
the time characteristics identify the transitions from one
type of extrusion instability to another?, and (4) which is
the influence of extrusion temperature on the time charac-
teristics of extrusion instabilities?

This study is an extension of the previous work23 by
our group where the similar online extrusion characteri-
zation technics are used.

2 | MATERIALS

Two industrial polyethylene samples with different molecu-
lar architectures are used in this study. The first is a LDPE,
which has a molecular architecture consisting of random
long-chain branches on branches. The second, is a linear
LLDPE which has a linear backbone with short-chain
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branches. High-temperature size exclusion chromatography
(SEC) in combination with multiple-angle laser light scat-
tering (MALLS) at T = 140�C is used to molecularly charac-
terize the investigated samples. The molecular weight
distribution (MWD) of the samples is given in Figure 2 and
their molecular and physical properties are listed in
Table 1. Their common use is in the manufacturing of films
through extrusion such as film casting and film blowing.

3 | CHARACTERIZATION
TECHNIQUES

3.1 | Oscillatory shear rheology

Rheological experiments were carried out using a TA Instru-
ments ARES-G2 (New Castle, DE, USA) strain-controlled
rheometer. For the oscillatory frequency sweep experiments
the rheometer was equipped with a plate-plate geometry,
diameter of 13 mm. Small amplitude oscillatory shear

(SAOS) frequency sweep tests were performed within
γ0 ¼ 1% – 3% constant strain amplitude in the linear vis-
coelastic (LVE) regime to obtain the magnitude of the
complex viscosity, storage and loss moduli at T = 140�C,
160�C, and 180�C.

3.2 | Capillary rheology

The samples were tested using a Göttfert Rheotester 2000
capillary rheometer (Buchen, Germany) equipped with a
high sensitive pressure slit die system, Figure 3.11–24 The
extrusion slit die had a length of L = 26 mm and a rect-
angular cross-sectional area of 3 � 0.3 mm2 (W � H).
Consequently, the aspect ratios were W/H = 10 and L/
H = 86.7. Because the aspect ratio of L/H > 60, the pres-
sure exits effect can be neglected.36 Hence, the obtained
apparent steady-state viscosity ηapp: (or apparent shear
stress σapp:) is the correct steady-state viscosity η (or wall
shear stress σwall) without requiring a Bagley correc-
tion.4,36 The slit die comprised a series of three highly
sensitive piezoelectric (Kistler 6182CA) pressure trans-
ducers (Tr) distributed along the slit die. These were
located, at 3mm (Tr1), 13mm (Tr2), and 23mm (Tr3)
from the die entrance, see Figure 3. The diameter of the
piezoelectric pressure transducers is 2.5mm. The
transducer provides time and pressure resolutions after
oversampling37 of Δt≈ 10�3 s and Δp≈ 10�5 bar up to
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FIGURE 2 MWD of LDPE and LLDPE samples obtained by

differential refractive index (DRI) detector. An idealized structure

of the molecular architecture of each sample is presented as well.

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Physical and molecular properties of the investigated

polymers

LDPE LLDPE

ρ (g cm�3) at 25�C 0.919 0.926

ρ (g cm�3) at 190�Ca 0.760 0.760

Τm (�C) 110 125

Mw (kg mol�1) 126 144

Ð (�) 7.9 4.4

aText book value of melt bulk density for polyethylene samples at 190�C.36

FIGURE 3 Schematic representation of the capillary

rheometer and the highly pressure sensitive slit die. Marked

transducers: Tr0—Conventional pressure transducer, Tr1—Tr3—
Kistler (6182CA) highly sensitive piezoelectric pressure transducers.

The ex-situ online optical visualization system (camera) was placed

at a distance of �3.5 cm below the die exit and �3 cm from the

extrudate surface. [Color figure can be viewed at

wileyonlinelibrary.com]
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nominal pressures of 2000 bar. The mechanical time-
dependent pressure signal from the three piezoelectric
transducers was further processed and then Fourier
transformed. More details regarding the experimental
system and time data processing can be found
elsewhere.8,9,22,23

3.3 | Optical analysis of extrudates

Offline optical analysis of the solidified extrudates was
carried out by transmission polarization microscopy at
room temperature. Transmission polarization microscopy
is a contrast-enhancing technique which uses polarizing
filters, allowing the evaluation of the surface structure of
the extrudate. A Zeiss Axiophot (Oberkochen, Germany)
microscope is used in this study. The Zeiss Axiophot is
equipped with two objectives of 2.5 and 10 magnification,
and one ocular magnification of 10 times which resulted
in an overall 25x and 100x magnification.

To monitor optical distortions at the die exit, before
solidification ensues, an online optical system (camera)
was incorporated in the capillary rheometer setup, see
also Figure 3. The online optical monitoring has the
advantages of avoiding extrudate distortions due to han-
dling or thermal relaxation processes and does not
require assumptions regarding the extrudate velocity.
The methodology is explained below.23 The online
optical setup comprised a Canon 60D DSLR camera
(Tokyo, Japan) as an online extrudate optical monitoring
system. The camera was positioned �3.5 cm below the

die exit, perpendicular to the extrudate width (front view,
x1 � x2, see Figure 3). A 100 mm Canon L-series macro
lens combined with a 25 mm extension tube completed
the optical setup, thus allowing appropriate magnifica-
tion while positioned at a distance of �3 cm from the
extrudate. Full high-definition (1280 � 720 pixels) video
recordings at 60 frames-per-second (fps) were acquired
for �5 minutes duration.

The video recordings were then used to construct
space–time diagrams. The construction of a space–time
diagrams has been presented in detail by K�ad�ar17 and
Georgantopoulos et al.23 In Figure 4, a brief description
for the construction and application of the space–time
diagram using the investigated LDPE sample is pre-
sented. From each video frame a line of pixels (px) at a
constant position along x1 (extrusion direction, see
Figure 3) is extracted, Figure 4a, and then added to a
newly created image, see Figure 4b. Thus, one axis cor-
responds to the width of the video frame, Wv, and the
other axis to the experimental time, t. In Figure 4c an
example of space–time diagram using the investigated
LDPE sample is presented. Further image processing
can be applied to correct for lateral drifts of the extru-
date with reference to one of the edges, compare the
bottom and the top versions, Figure 4c. The drift cor-
rected space–time diagram allows for an easier extrac-
tion of grayscale intensity variations for long data sets
and better identification of the characteristic time peri-
odicity τ�. The drift correction is implemented here for
the first time due to intensive vibrations of the sample
during extrusion. Georgantopoulos et al.23 did not use the

FIGURE 4 a–b. Sketch of the basic principle for the construction of space–time diagrams from a video with frame dimensions Wv � Hv

and frame (acquisition) rate of fva. (a) – (b) are adapted from Georgantopoulos et al.,23 Figure 3a and b. (c) Examples of online x2 – t (see

Figure 3 for the coordinate system) extrudate optical space–time diagram, including lateral drift correction. Moreover, an enlarged part of

the space–time diagram indicates surface undulations and their characteristic time periodicity τ�. The presented material is LDPE

investigated at T = 160�C and _γapp: ¼100 s�1, while the blue arrows indicate the extrusion direction. [Color figure can be viewed at

wileyonlinelibrary.com]
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drift correction since the development of extrusion
instabilities appeared in smaller extrusion rates, and
the width of the extrudates were almost twice as in the
present work which allowed a better visualization. The
characteristic time periodicity τ�obtained by the online
optical analysis setup is defined as the time between two
consecutive similar events in the space–time diagram, see
Figure 4c enlarged area.23

In Figure 5, the optical analysis of stick–slip insta-
bility of the investigate LLDPE is presented. Figure 5a
presents an offline image of the stick–slip instability
for comparison. The stick and slip part are indicated in
the image. Figure 5b displays the space–time diagram
of three stick–slip instabilities. Each part, stick and
slip, has its own characteristic time periodicity τ�stick
and τ�slip, respectively. The rapid slippage causes fluctua-
tions on the whole extrudate and for this reason the
space–time diagram demonstrates those three intensive
oscillations, see left-hand-side enlarged indication in
Figure 5b. During the stick part, pronounced sharkskin
instability is manifested without intensive fluctuations
during extrusion. The average characteristic time period-
icity τ� of the stick, τ�stick and slip, τ�slip part are mentioned
on the right- and left-hand-side enlarged items in
Figure 5b, respectively. In Figure 5c, the pressure
oscillations which occurred during the recording of
the video are presented. The pressure buildup repre-
sents the stick part and the rapid pressure drop the slip
part. The pressure profile corresponds well to the
space–time diagram in Figure 5b. It should also be
noted that the slip part is larger in extrudate length
than the stick part (see Figure 5a), however, slip part
is shorter in time than the stick part (see Figure 5b).
Therefore, the space–time diagram is an accurate rep-
resentation of stick–slip dynamics in contrast to offline
image analysis.

4 | MODELING

4.1 | Viscosity model

A Cross model,38 Equation (1), is used to fit the magni-
tude of complex viscosity for each material, where η0 is
the zero-shear viscosity, τ is the longest characteristic
relaxation time of the material and m is the shear-
thinning exponent. The fitted parameters of the model
are listed in Table 2.

η ωð Þ�j j ¼ η0
1þ τωð Þm : ð1Þ

4.2 | Modeling of the spatial and time
characteristics of flow instabilities

The spatial characteristic wavelength λ of the extrusion
instabilities is defined as the average spatial distance
between two consecutive similar distortions, see
Figure 1.23 Wang et al.,30 and Barone et al.31 mathemati-
cally described the wavelength as follows:

λ¼ ⟨V⟩τ�: ð2Þ

FIGURE 5 (a) Offline image of the

stick–slip instability, where the stick

and slip parts are mentioned in the blue

frames. (b) Examples of an x2 –
T space–time visualization diagram for

three stick slip instabilities;

(c) associated mechanical time-

dependent pressure fluctuations from

one of the piezoelectric transducers. The

material is the LLDPE investigated at

T = 160 �C and _γapp: ¼152 s�1. The red

arrows indicate the extrusion direction.

[Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 Fitting parameters for the cross model, Equation (1)

at T = 160�C.

Name η0 (kPa�s) τ (s) m (�) Ea (kJ Mol�1)

LLDPE 21.5 0.25 0.6 31.0

LDPE 40 6 0.6 33.5

6 of 13 GEORGANTOPOULOS ET AL.
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where ⟨V⟩ is the average extrudate velocity and τ�is the
characteristic time periodicity of the extrusion flow insta-
bilities. The average extrudate velocity for capillary dies
(circular cross-section area) is given by

⟨V⟩¼VCapillary
extr: D=D0ð Þ2, ð3Þ

where D=D0ð Þ2 is the swelling factor, D is the diameter of
the die, and D0 is the swelled diameter of the
extrudate.30–32 In addition, the average extrudate velocity
for slit dies (rectangular cross-section area) is given by

⟨V⟩¼V Slit
extr:

W
W 0

H
H 0

� �
, ð4Þ

where W
W 0

H
H 0

� �
is the swelling factor, H is the height and

W the width of the slit die, and H 0 and W 0 are the swelled
dimensions of the extrudate.23 The extrudate velocity of
the capillary and slit dies are given by Equation (5) and
(6), respectively,

VCapillary
extr: ¼ D=8ð Þ _γapp:, ð5Þ

VSlit
extr: ¼ H=6ð Þ _γapp:, ð6Þ

where _γapp: is the apparent shear rate.
Hence, coupling Equation (2), (4), and (6) the analyti-

cal expression for the spatial characteristic wavelength λ
referring to slit die geometry is given by Equation (7).

λSlit ¼H
6

H
H 0

W
W 0

� �
_γapp:τ

�: ð7Þ

Following the simplification proposed by Georganto-
poulos et al.,23 it is assumed that H=H 0ð Þ≈ 1. Hence,
Equation (7) yields to Equation (8).

λSlit ¼H
6

W
W 0

� �
_γapp:τ

�: ð8Þ

Consistent with the recent findings from the present
study and other similar works18,23,39,40 the characteristic
time periodicity τ� of the flow instabilities can be simply
described by a power law function of apparent shear
rate _γapp:

τ� ¼ 1
f Char:

¼ a _γapp:
�b, ð9Þ

where a and b are constants and assumed to be material
dependent.18,23,39,40

The characteristic time periodicity τ� is here obtained
by three different techniques. Firstly, by the Fourier
transformation of the already processed time-dependent
pressure data by the three piezoelectric pressure trans-
ducers obtained by the HPSSD,8,9,11–25 τ�FT pressure. The
τ�FT pressure is obtained by the pressure signal which is
recorded inside the HPSSD; hence, it requires swelling
ratio correction according to Equations (2) and (4). Sec-
ondly, the time periodicity obtained by the online optical
analysis technique which monitors the already swelled
extrudate, τ�online optical and does not need swelling correc-
tion. Lastly, from offline optical analysis the time period-
icity τ�offline optical is calculated from the ratio of the spatial
characteristic wavelength λ, with the extrudate velocity
VSlit

extr: (Equation (6)) and the swelling ratio W=W 0ð Þ.

5 | RESULTS AND DISCUSSION

5.1 | Rheological properties

Capillary rheology experiments were carried out at three
different temperatures T = 140�C, 160�C, and 180�C with
the highly pressure sensitive slit die (H = 0.3 mm,
W = 3 mm, and L = 26 mm) for both samples. The wall
shear stress as a function of apparent shear rate for both
materials investigated at the three temperatures is plotted
in Figure 6. As expected based on their molecular archi-
tecture, the LLDPE flow curves are non-monotonic,
while LDPE are monotonic.10 The wall shear stress is
generally inversely proportional to the temperature for
both materials. However, for the LLDPE sample between
_γapp: ¼ 100 and 700 s�1 an opposite trend is observed. At

100 101 102 103
104

105

LDPE  LLDPE

  140 °C

  160 °C

  180 °C

W
a

ll 
s
h

e
a

r 
s
tr

e
s
s
 [

P
a

]

App. shear rate [s-1]

FIGURE 6 Wall shear stress as a function of the apparent

shear rate obtained by capillary rheology with a slit die

H = 0.3 mm, W = 3 mm and L = 26 mm. Both LDPE and LLDPE

have been investigated at T = 140�C, 160�C, and 180�C. [Color
figure can be viewed at wileyonlinelibrary.com]
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T = 140�C, a stick–slip instability exists between
100< _γapp: <250 s�1 and a negative slope in the wall shear
stress is observed. At T = 160�C, the stick–slip instability
appeared at _γapp: ¼ 130 s�1 until _γapp: ≈ 270 s�1 followed by
gross melt fracture (GMF). At T = 180�C, stick–slip insta-
bility appears at _γapp: ≈ 270 s�1 followed by GMF. The
lower values of the wall shear stress, despite the lower
temperatures, were therefore caused by the intensive slip-
page after the appearance of stick–slip instability, and for
this reason the stress is underestimated.10

In Figure 7, the master curve of the magnitude of
complex viscosity as a function of angular frequency at
T = 160�C as reference temperature is presented. Addi-
tionally, the steady-state viscosity as a function of appar-
ent shear rate at T = 160�C is overlaid in the same plot.
Therefore, the applicability of the Cox–Merz rule41

empirical relationship is verified within the experimental
window. The Cox–Merz rule relates the linear oscillatory
shear with the nonlinear steady-state shear data. Hence,
it states that the shear rate dependency of the steady-state
viscosity η _γð Þ is equal to the magnitude of the complex
viscosity η� ωð Þj j, that is, η _γð Þ¼ η� ωð Þj j, with the magni-
tude values of _γ¼ω.41 The Cox–Merz rule41 applicability
relies on the assumptions of the validity for linear mono-
disperse homopolymer melt. Although Cox–Merz rule
has been verified experimentally for many different mate-
rials such as styrene–butadiene rubbers, polycaprolac-
tones, polyethylene, and polystyrenes.23,35,42

Ansari et al.42 and Ebrahimi et al.43 observed that the
Cox-Merz rule is valid for broad MWD high-density poly-
ethylene (HDPE) with a dispersity index Ð < 15 at
T = 190�C. Figure 7 (a) presents agreement of the Cox–
Merz rule for the LLDPE sample at T = 160�C between
_γapp: ¼ 2 and 130 s�1. Failure of the Cox–Merz rule is
observed at _γapp: >130 s�1 and is caused by the intensive
slippage due to the onset of stick–slip and GMF instabil-
ities, as discussed ahead. For this reason, the steady-state
viscosity has apparent lower values than the magnitude
of the complex viscosity.42,43 For the LDPE, Figure 7b,
the Cox–Merz rule fails in the whole region of measure-
ment. The experimental data are fitted by the Cross
model, Equation (1), and the fitting parameters are listed
in Table 2.

5.2 | Extrudate velocity evaluation

To evaluate the validity of Equation (4) which is com-
monly used in the literature,23,30–32,35,44 experimental
results from the online optical analysis are presented in
Figure 8. In Figure 8, the extrudate velocity VSlit

extr:

obtained by Equation (6) and the average extrudate
velocity ⟨V⟩ obtained by the online optical analysis are
presented. The ⟨V⟩ is calculated from Equation (2) using
τ�online optical. According to Equation (4), the difference
between the two velocities is the swelling ratio W

W 0
H
H 0

� �
.

The term H=H 0ð Þ is assumed to be 1.23 The swelled width
W 0 of the samples is measured from the collected extru-
dates after the extrusion at room temperature. Hence, on
average the swelling ratio at T = 160�C for the LDPE is
W=W 0ð Þ≈ 0:61 and for LLDPE is W=W 0ð Þ≈ 0:65 . Based
on the experimental data (Figure 8), the VSlit

extr: is higher
than ⟨V⟩ by a factor� 0.5 which is similar to the swelling
ratio for both samples. Deviation between the �0.5 factor
and the absolute value of the average swelling factors (for
LDPE W=W 0ð Þ≈ 0:61 and for LLDPE W=W 0ð Þ≈ 0:65 ) is
possibly occurs due to difficulties to precisely measure
the swelled width W 0 and the assumption
of H=H 0ð Þ≈ 1.23

(a)

(b)

FIGURE 7 Master curve of the magnitude of the complex

viscosity as a function of angular frequency at reference

temperature of T = 160 �C for (a) LLDPE and (b) LDPE.

Steady-state viscosity as a function of apparent shear rate obtained

at T = 160 �C as well. the experimental results of the magnitude of

complex viscosity are fitted by cross model (Equation (1)). [Color

figure can be viewed at wileyonlinelibrary.com]
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5.3 | Identifying the main
instability type

In Figures 9 and 10 space–time diagrams of the LLDPE and
LDPE are presented, respectively. Indeed, in Figure 9, a
sharkskin instability at _γapp: ¼ 100 s�1 and T = 160�C and
in Figure 9b stick–slip instability at _γapp: ¼ 159 s�1 and
T = 160�C of the LLDPE sample are presented. In
Figure 9b, two characteristic time periodicities are men-
tioned τ�stick ¼ 0:03 s and τ�slip ¼ 0:1 s, and indeed the ratio
between them is τ�stick=τ

�
slip ≈ 3.23 The ratio of 3 between

τ�stick and τ�slip has also been observed for SBR materials as
well.23

In Figure 10 the space–time diagrams of the LDPE at
_γapp: ¼ 78 s�1 and _γapp: ¼ 130 s�1 are presenting the sur-
face undulation instability and its characteristic time
periodicity. One characteristic time periodicity can be
found in those space–time diagrams at T = 160�C. Using
the online optical visualization analysis the difference in
the time characteristics and in the type of extrusion insta-
bilities can easily be observed, comparing Figures 9 and
10. It is noted here that the in-situ pressure and ex-situ
optical evaluations are in contrast to the observations of
Burghelea et al.29 where the LDPE sample was consid-
ered as a “no sharkskin” reference sample. While the pre-
sent data concurs that the LDPE does not manifest
sharkskin instability, the surface of the extrudate has
undulations which are distinct for polymers with long-
chain branches.16,17,24,25

5.4 | Characteristic time periodicity

The characteristic time periodicity τ� was obtained using
three different techniques: (i) a high-pressure-sensitive-
slit die (HPSSD)11–25 with height H = 0.3mm, width
W = 3mm and length L = 26mm, (ii) a new online opti-
cal analysis method based on the construction of a
space–time diagram,17,23 and (iii) an offline transmission
polarization microscopy.8,9,23,35 It is noted that the melt
flow instabilities might have more than one characteristic
time periodicity e.g. at least three have been previously
identified for the stick–slip instability.16,17,23 This study is
focusing on the dominant characteristic frequencies on
the surface of the extrudate for the stick–slip instability,
that is, τ�stick for the stick part, and τ�slip for the slip part.

FIGURE 9 Space–time diagram of the LLDPE at T = 160�C for

two different apparent shear rates. (a) Sharkskin instability at

_γapp: ¼ 100 s�1 and (b) stick–slip instability at _γapp: ¼ 158 s�1. The

characteristic time periodicity is mentioned in the diagram. The (b) has

two characteristic time periodicities and each one represents the stick

and the slip part of the stick–slip instability. The blue arrows show the

extrusion direction. The time scale between (a) and (b) is not the same,

although they have the similar length for visualization purposes.

[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Space–time diagram of the LDPE at T = 160�C
for two different apparent shear rates, (a) at _γapp: ¼ 78 s�1 and (b) at

_γapp: ¼ 130 s�1. The extrusion instability is characterized as surface

undulation instability and one characteristic time periodicity is

observed. the blue arrows show the extrusion direction. The time

scale between (a) and (b) is not the same, although they have the

similar length for visualization purposes. [Color figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 8 Extrudate velocity V Slit
extr: and average extrudate

velocity ⟨V⟩ as a function of apparent shear rate. The V Slit
extr: is

computed from Equation (6) and ⟨V⟩ is obtained by the online

optical system for both materials. The VSlit
extr: is higher than ⟨V⟩ by a

factor� 0.5 which is similar to the swelling ratio. [Color figure can

be viewed at wileyonlinelibrary.com]
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Consequently, the characteristic time periodicities associ-
ated with the pressure fluctuation during the stick–slip
instability are neglected. The characteristic time periodic-
ities obtained by the HPSSD τ�FT pressure, the online optical
analysis technique τ�online optical and the offline optical
analysis τ�offline optical are compared in Figure 11 for both
materials. The τ�FT pressure and τ�online optical obtained at
T = 160�C, and the master-curve of the τ�offline optical devel-
oped by three temperatures, T = 140�C, 160�C, and
180�C, at reference temperature of T = 160�C is therein
presented. The shift factors aT and bT used to shift the
data of the characteristic time periodicity τ�offline optical are
similar to the shift factors from the master-curve of the
magnitude of complex viscosity for both materials, see
Figure 7. For the LLDPE, Figure 7a, two characteristic

time periodicities are observed after the onset of stick–
slip instability the τ�stick and τ�slip. Moreover, the ratio of
the characteristic time periodicity from stick and slip part
of the stick–slip instability is τ�stick ≈ 2:4 � τ�slip which is sim-
ilar to the ratio previously reported by Georgantopoulos
et al.23 for SBR. The obtained characteristic time periodic-
ities from the three different techniques are fitted by the
power law function, Equation (9), and the overall devia-
tion of each technique from the fitting function is esti-
mated to vary at most by 20%. The power law function
which describes the experimental data for both materials
is τ� ¼ 1:3 _γ�0:7

app: for the LLDPE and τ� ¼ 5:2 _γ�0:7
app: for the

LDPE. The slope of the characteristic time periodicity as
a function of apparent shear rate for both materials
remains the same at �0.7. The prefactor, which has been
assumed to be material dependent, differs between the
two investigated samples by a factor 4 (1.3 for LLDPE
and 5.2 for LDPE). The investigated materials have the
similar weight-averaged molecular weight (see Table 1)
and they are extrudated by the same slit die, hence the
prefactor might be related to molecular properties such
as the molecular architecture and/or MWD rather than
the weight average molecular weight (Mw). Similar findings
have been presented in a previous study by our group23

where two commercial SBR materials, with almost the
same MWD and Mw but slightly different molecular archi-
tectures where extruded by the same die at T = 120�C. The
SBR B was slightly more branched than the SBR A.23 The
characteristic time periodicity followed a power law behav-
ior τ� ¼ 0:5 _γ�0:5

app: for SBR A and τ� ¼ 0:9 _γ�0:5
app: for SBR B.

The slope of the characteristic time periodicity for both
materials remains the same at �0.5 and the prefactor dif-
fers between the investigated SBR samples by a
factor� 1.6 (1.5 for SBR A and 0.9 for SBR B).

The difference in the power law behavior of the charac-
teristic time periodicity between the two set of investigated
materials, PE and SBR, is the exponent, b, being �0.7 for
PE and� 0.5 for SBR. According to this, the rubbery
materials manifest a faster type of surface fracture than
the polyolefin materials under the same apparent shear
rate based on those investigated samples. In addition,
based on the current findings and those in literature23

the pre-factor of the power law behavior of the character-
istic time periodicity, Equation (9), is suggested to be
related to molecular architecture (linear, branched) of
the investigated sample.

5.5 | Characteristic wavelength

The spatial characteristic wavelength λ of the extrusion
flow instabilities is quantified by transmission polariza-
tion microscopy. The master-curves of the spatial

FIGURE 11 The master curve of the characteristic time

periodicity as a function of apparent shear rate for (a) LLDPE and

(b) LDPE at reference temperature of T = 160 �C. all of the
characteristic time periodicities τ�FT pressure, τ

�
online optical, and

τ�offline optical are compared to each other and fitted by the power law

model, Equation (9). [Color figure can be viewed at

wileyonlinelibrary.com]
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characteristic wavelength λ for both investigated
materials at the reference temperature T = 160 �C are
presented in Figure 12. For the developing of the master-

curve the shift factors, aT and bT, obtained by the lin-
ear rheology are successfully applied on the spatial
characteristic wavelength λ as well. The LLDPE sam-
ple in Figure 12 (a) presents two spatial characteristic
wavelengths between _γapp: ¼ 130 s�1 and 275 s�1 which
indicates stick–slip instability. Offline optical analysis of
the LLDPE at stick–slip instability are presented in
Figure 13a. Each part, that is the stick and slip part, is
characterized by its own spatial characteristic wave-
length. It is observed that the wavelength obtained by
the slip part is �2.4 times larger than the wavelength
obtained by the stick part, see Figure 12a. In
Figure 12b, the spatial characteristic wavelength of the
LDPE sample is presented and selected offline images
are displayed in Figure 13b. The swelling ratios for
both materials are W=W 0ð Þ≈ 0:61 and W=W 0ð Þ≈ 0:65
for LDPE and LLDPE at T = 160�C, respectively. In
addition, for the characteristic time periodicity the
power law functions from Figure 9 are used in order to
predict the master-curve of the spatial characteristic
wavelength for both materials by using Equation (8) at
T = 160�C. The agreement between the prediction
of Equation (8) and experimental data are observed
in Figure 12.

6 | CONCLUSIONS

In this work, four main questions have been addressed
regarding extrusion melt flow instabilities for a linear/short-
chain branched LLDPE and a long-chain branched LDPE:

1. Which is the practical benefit for characterizing the
extrusion instabilities based on the time characteristic?

2. How many distinguishable time periodicities are
developed during the extrusion process?

3. Could the time characteristics identify the transi-
tions from one type of extrusion instability to
another?
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FIGURE 12 Master-curves of the spatial characteristic

wavelength as a function of apparent shear rate for (a) LLDPE and

(b) LDPE at reference temperature of T = 160�C. the spatial
characteristic wavelength is obtained by the offline optical analysis.

[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 13 Offline optical analysis of (a) LLDPE and (b) LDPE investigated at T = 160�C. in (a) the stick and slip part are separately

investigated. The blue arrow indicates the flow direction. [Color figure can be viewed at wileyonlinelibrary.com]
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4. Which is the influence of extrusion temperature on
the time characteristics of extrusion instabilities?

The in-situ observations provide information which
can be used in order to determine instability parame-
ters. Hence, based on the obtained results, the follow-
ing conclusions have been drawn for the
characterization and modeling of the time and spatial
characteristics of extrusion flow instabilities for the
investigated PE samples.

1. The characteristic time periodicity obtained by the
three different techniques (highly pressure-sensitive
slit die, space–time visualization and offline optical
analysis) were in quantitative agreement and varied
at most 20% from the fitting power law function
(Equation (9)) for both samples.

2. The characteristic time periodicity as a function of
apparent shear rate is described by Equation (9).
The scaling exponent is �0.7 for both materials and
the pre-factor deviates by a factor 4 between them.
The investigated materials have the similar weight
average molecular weight (see Table 1) and they are
extruded by the same slit die, hence the prefactor
might be related to molecular properties such as the
molecular architecture rather than the weight average
molecular weight (Mw).

3. The dominant spatial characteristic wavelengths of
both materials are predicted by Equation (8), that is
the modified qualitative model13 of Wang et al.30 and
Barone et al.31 The prediction of Equation (8) agrees
with the experimental data.

4. The characteristic time periodicity τ� and the spatial
characteristic wavelength λ of flow instabilities follow
an Arrhenius temperature-dependent behavior for the
investigated samples. The shift factors aT and bT
which are used to shift the data of the characteristic
time periodicity τ� and the spatial characteristic wave-
length λ are similar to the shift factors obtained from
the master-curve of the magnitude of complex viscos-
ity for both materials. The activation energy of the
materials are Ea = 31 kJmol�1 for LLDPE and
Ea = 33.5 kJmol�1 for the LDPE.
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