
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00397-022-01376-7

ORIGINAL CONTRIBUTION

Experimental separation of the onset of slip and sharkskin melt 
instabilities during the extrusion of silica‑filled, styrene–butadiene 
rubber compounds

Alex Gansen1 · Martin Řehoř2 · Clemens Sill3 · Patrycja Polińska3 · Stephan Westermann3,4 · Jean Dheur3 · 
Jack S. Hale2 · Jörg Baller1

Received: 29 October 2021 / Revised: 25 October 2022 / Accepted: 26 October 2022 
© The Author(s) 2022

Abstract
The flow curves of polymers often reveal the onset of melt instabilities such as sharkskin, stick–slip, or gross melt fracture, 
in order of increasing shear rates. The focus of this work lies in the application of the Göttfert sharkskin option to the inves-
tigation of flow curves of styrene-butadiene rubber (SBR) compounds. The sharkskin option consists of highly sensitive 
pressure transducers located inside a slit die of a capillary rheometer. This tool allows the detection of in-situ pressure fluc-
tuation characteristics of different melt instabilities. It is shown that the change of slope of the transition region in the flow 
curves is only linked to slip. Dynamic Mechanical Analysis (DMA) measurements furthermore show that the shear rate at 
which the change of slope can be observed shows the same temperature dependency as the viscous and elastic properties 
of the compounds.
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Introduction

Ninety percent of the yearly global plastic production totalling 
350 million tons is based on the following plastics, by order of 
weight produced: polyethylene (PE), polypropylene (PP), pol-
yvinylchloride (PVC), polystyrene (PS), polyurethane (PU), 
and polyethylenterephtalate (PET) (Theconversation 2021). 
Therefore, the flow properties and melt instabilities of these 
polymers are of great interest. Natural and synthetic rubbers 
form a significant part of the remaining 10% in a ratio of 46% 

to 54% (Myrubbercouncil 2021) (Naue 2013). The analysis 
and understanding of melt instabilities are therefore of great 
interest to companies that make heavy use of rubber-based 
compounds in their products, such as the tire industry.

During industrial extrusion processes, melt instabilities 
represent a critical factor limiting maximum throughput, 
because they alter the properties of the extrudate. These melt 
instabilities typically appear with increasing shear rates and 
can roughly be classified as sharkskin, stick–slip, and gross 
melt fracture.

Sharkskin is a surface instability, as the height of the 
instability itself is small compared to the height of the extru-
date. It appears as a highly regular periodic pattern across 
the entire surface of the extrudate, with an amplitude of a 
few tens of microns.

The stick–slip instability is characterized by alter-
nating smooth and rough regions of the extrudate. It is 
accompanied by substantial pressure fluctuations rang-
ing, e.g., for polyethylene samples extruded at 500  s−1 at 
a temperature of 180 °C from 2 to 11 bars measured by a 
pressure transducer in the barrel of a capillary rheometer 
(Filipe et al. 2008).

The last instability is referred to as gross melt fracture. 
In this case, the instability can exceed the height of the 
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extrudate which leads to a distortion of the whole extrudate. 
This is clearly undesirable in the majority of manufacturing 
situations.

The occurrence of different instabilities is dependent on 
the molecular weight, polydispersity, branching, etc. (Filipe 
et al. 2008). Not all melt instabilities occur for a specific pol-
ymer. Some polymers might only show sharkskin, whereas 
others only show stick–slip. But typically, sharkskin occurs 
at lower shear rates than stick–slip.

For general review articles about melt instabilities, 
we refer the reader to Agassant et al. (2006) and Vergnes 
(2015). The focus of this work is on the occurrence of 
melt instabilities for SBR compounds, as they show differ-
ent behavior during the extrusion process compared with 
the aforementioned plastics. Often, thermoplastics like 
linear polyethylene (Merten et al. 2002) or polyethylene 
with short-chain branching ( (Palza et al. 2010a, b), (Naue 
2013)) show a smooth extrudate at low shear rates (in 
this case below 50  s−1). Unfilled SBR, on the other hand, 
shows instabilities even at very low shear rates. For exam-
ple, below 5  s−1 a very pronounced sharkskin instability 
(Viloria et al. 2017) can be observed.

Vergnes and Mongruel ( (Vergnes 2015), (Viloria 
et al. 2017), (Mongruel & Cartault 2006)) have exten-
sively studied the extrusion of unfilled SBR as well as 
of SBR compounds. To characterize melt instabilities, 
flow curves (wall shear stress or pressure vs shear rate) 
are mostly obtained by measurements with capillary 
rheometers. The flow curves can often be divided into 
three main regions. For a linear polyethylene, a typical 
flow curve displaying the different melt instabilities is 
shown in Fig. 1

A regular region (branch I) at low shear rates, where 
the wall shear stress increases steadily with the shear rate. 
Next, a region where the slope significantly decreases 
with respect to branch I might be observable. For samples 
showing stick–slip, pressure fluctuations of about 10% 
can be observed. If no stick–slip occurs, a plateau region 
still forms but without pressure oscillations. After the pla-
teau, it might happen that the wall shear stress increases 
again significantly with the shear rate. This region is then 
referred to as branch II. For plastics, the change in the 
slope of the flow curve is typically associated with the 
onset of sharkskin (Hill et al. 1990), (Wang 1999), (Denn 
2001). According to Viloria (Viloria et al. 2017), for SBR 
and SBR compounds, slip is, however, identified as the 
main reason for the change of slope in the flow curves.

In this paper, we further investigate the relation 
between melt instabilities and slip and especially their 
correlation with the different regions of the flow curve 
for SBR and SBR compounds. We use the sharkskin 

option developed by Wilhelm et al. (Filipe et al. 2008), 
(Naue et al. 2015), (Naue 2013) and commercialized by 
Göttfert GmbH to investigate if melt instabilities or slip 
are responsible for the change of slope in the flow curves 

Fig. 1  Flow curve displaying different forms of extrusion instabilities 
for linear polyethylene

Fig. 2  Göttfert sharkskin option with three piezoelectric pressure 
transducers located alongside the die
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of SBR compounds. It is furthermore investigated how 
fillers and temperature influence these instabilities and 
the onset of slip.

Materials and methods

Sample preparation and experimental methods

The samples under investigations are SBR polymers 
containing 27% of styrene and functionalized end chains 
designed to promote interaction with silica fillers. The 
molecular weight is medium with 310,000  g   mol−1 
(measured with GPC relative to standard polystyrene). 
The silica employed is Zeosil Premium 200 MP manu-
factured by Solvay SA. The employed compounds have 
silica contents of 0, 30, 70, and 112 phr (parts per hun-
dred rubber).

The measurements with the sharkskin option were car-
ried out with the capillary rheometer Reograph 50 from 
Göttfert GmbH with a slit die of a length of L = 30 mm, 
a width of W = 5 mm, and a height of H = 0.5 mm. For 
this slit die, three piezo transducers with a sampling rate 
of 20 kHz are located along the die. They are positioned 
at distances of 3, 15, and 27 mm from the die entry. 
A sketch of the capillary rheometer with the sharkskin 
option is shown in Fig. 2. It turned out that the absolute 
pressure data of sensor P1 did not deliver reasonable 
results. Therefore, only data from sensors P2 and P3 is 
discussed in this study.

For a selected shear rate, a constant pressure in the bar-
rel needs to be reached first before a measurement with the 
sharkskin option is carried out. The operating time of the 
sharkskin option depends on the type of instability. As the 
sharkskin defect is typically characterized by a more or 
less periodic surface pattern with a frequency in the order 

(a)
(b)

(c)

Fig. 3  Flow curves from a capillary rheometer for SBR compounds with 0 phr, 30 phr, 70 phr, and 112 phr silica at T = 80 °C and L/D ratios of 
a L/D = 5/1, b L/D = 10/1, and c L/D = 20/1
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of 10 Hz, a relatively short operation time can be suf-
ficient. The measurement time also depends on the shear 
rate. For lower shear rates, longer measurement times are 
required (up to 20 min). Using an optical analysis method 
described by Gansen et al. (2020), it was possible to con-
firm that 20 s is sufficient in our case.

For the stick–slip instability, which manifests itself through 
pressure oscillations of about 10% of the mean pressure, the 
characteristic frequency of the instability is far lower; in the 
order of 0.1 Hz. Therefore, measurement times of more than 
120 s might be required. The time to extrude the sample is 
limited by the barrel size of the capillary rheometer as it may 
run out of material at high-volume flow rates. The piezoelec-
tric pressure transducers then record the pressure oscillations 
over time. Applying the Fourier transform to the recorded 
pressure time series allows an identification of a specific insta-
bility with a corresponding frequency.

Flow curves

Before using the sharkskin option, which will be operated 
at specific shear rates, flow curves of the compounds are 
recorded to find the shear rates of interest.

The capillary rheometer Göttfert Rheograph 25 is used 
to obtain the flow curves of various SBR compounds for 
apparent shear rates from 2  s−1 to 300  s−1. Measurements 
are carried out at 80 °C, 100 °C, and 120 °C using capillar-
ies with different length-to-diameter ratios L/D = 5/1, 10/1, 
20/1, and for unfilled SBR and SBR compounds with 30 phr, 
70 phr, and 112 phr of silica.

As already discussed, the change of slope of the flow 
curve, or the possible onset and length of the plateau 
region depends on a variety of factors, including the 
molecular weight, filler content, shear rates, and tem-
perature. The goal of the investigations is to understand 

(a) (b)

(c)

Fig. 4  Flow curves from a capillary rheometer for SBR compounds with 0 phr, 30 phr, 70 phr, and 112 phr silica at T = 100 °C and L/D ratios of 
a L/D = 5/1, b L/D = 10/1, and c L/D = 20/1
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the dependency of the flow curves on the filler content, 
temperature, and die lengths. The aim is to find a config-
uration where a flow curve displays branch I, the change 
of slope, and branch II. From the flow curves, four shear 
rates are then selected for analysis. The first shear rate 

should be located in the branch I region, the second and 
the third at the beginning and end of the region with 
reduced slope, and finally, the last one, which should be 
located in the branch II region. To ensure reliable results, 
at least two sets of measurements are performed for each 
temperature, capillary, and compound.

Figures 3–5 show the flow curves for the compounds at 
three different temperatures. The dotted lines correspond 
to the change of slope of the unfilled SBR which acts as a 
reference. From Figs. 3–5, several conclusions can be drawn. 
Firstly, the change of slope (dotted lines) strongly depends 
on the temperature, as for increasing temperatures, the onset 
of slip is delayed to higher shear rates. Although the change 
of slope (dotted lines) is largely independent of the capil-
lary length, a longer capillary leads to a more pronounced 
separation of branch I, the region with reduced slope, and 

(a) (b)

(c)

Fig. 5  Flow curves from a capillary rheometer for SBR compounds with 0 phr, 30 phr, 70 phr, and 112 phr silica at T = 120 °C and L/D ratios of 
a L/D = 5/1, b L/D = 10/1, and c L/D = 20/1

Table 1  Shear rates �̇�
p
 associated with the change of slope of the flow 

curves (nearly independent of the silica content) and shift factors aT 
used to construct the DMA master curves (Fig.  13) and the master 
curves of the flow curves (Fig. 14). For more information, see text

Temperature 
(°C)
�̇�
p
  (s−1)

log aT from DMA master curves log aT from γ̇
p

0 phr 30 phr 70phr

80 10 0.53 0.31 0.50 0.4

100 25 0 0 0 0
120  ~ 80  − 0.44  − 0.24  − 0.41  − 0.5
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branch II as can be seen in Fig. 3a–c where the plateau 
region becomes more pronounced at T = 80 °C.

For T = 80 °C and the various capillary lengths (Fig. 3), 
the slope changes at a shear rate �̇�

app
 = 10  s−1. For T = 100 °C 

(Fig. 4), the change of slope occurs at a shear rate �̇�
app

 = 
25  s−1 and for T = 120 °C at a shear rate of γ˙app = 70  s−1. 
It can be seen that only for T = 80 °C and especially for 
L/D = 10/1 and L/D = 20/1 (Fig. 3b–c), a plateau-like region 
with a reduced slope is formed. For the highly filled com-
pounds, the slope changes at slightly higher shear rates com-
pared to the unfilled system. This can be seen especially at 
T = 120 °C where for L/D = 10/1 (Fig. 5b); the unfilled SBR 
shows a slope change at γ̇

app
 = 70  s−1, whereas for the 70 phr 

the slope starts to vary at γ̇
app

 = 80  s−1 and for the 112 phr 
compound at γ̇

app
 = 90  s−1.

Furthermore, as already confirmed by Vergnes 
(2015), a second branch, after the plateau, occurs only 

for filled systems with at least 50 phr of filler content. 
This becomes clear for the measurements carried out 
at T = 80 °C (Fig. 3) for the 70 phr and 112 phr sam-
ples. For these samples, it seems that the second branch 
becomes more pronounced with the increasing capil-
lary length for a constant diameter (Fig. 3a vs Fig. 3c). 
As the slope change shifts to higher shear rates with 
increasing temperature, a second branch, after a pla-
teau, is actually not or only barely displayed in the flow 
curves at T = 120  °C. Table 1 summarizes the shear 
rates associated with the change of slope in the f low 
curves.

To summarize, the change of slope is primarily dependent 
on temperature. Furthermore, the compounds under investiga-
tion do not show pressure oscillations in the plateau region, 
a characteristic of stick–slip (Palza et al. 2010a, b). This is 
a common finding for polymers with long-chain branching.

(a) (b)

(c) (d)

1 mm

Fig. 6  Unfilled SBR extruded at a shear rate of �̇�
app

 = 33 s.−1.a Image (total length of 1 cm). b Pressure vs time over 10 s. c Zoom in for relative 
pressure vs time over 1 s (normalized and shifted vertically). d Relative FFT spectrum (normalized and shifted vertically)
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(e) (f)

(g)
(h)

1 mm

1 mm

(a)
(b)

(c) (d)

1 mm

1 mm

Fig. 7  Images of SBR and compounds filled with silica and corresponding FFT spectra extruded at �̇�
app

 = 10  s−1. a, b SBR + 0 phr Si c. d SBR + 30 phr Si. e, f 
SBR + 70 phr Si. g, h SBR + 112 phr Si
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(e) (f)

(g) (h)
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(b) 

 
 (c)  
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Results and discussion

Sharkskin option results

The sharkskin option employed for the presented measure-
ments contains three piezoelectrical pressure transducers 
located along the slit die (Fig. 2). Only the signals from two 
of the three sensors (P2, P3) will be analyzed in the follow-
ing (please cf. to section “Materials and Methods”).

For each pressure transducer, a Fourier transform is 
applied to the pressure vs time signal. To illustrate this in 
the ideal case, unfilled SBR is extruded at T = 100 °C show-
ing the sharkskin instability (Fig. 6a). The corresponding 
pressure signal for the two pressure transducers located 
inside the die is represented in Fig. 6b. The measurement 
time with the sharkskin option is fixed at 20 s. To better 
visualize the pressure oscillations over time, sometimes only 
a small fraction of the actual measurement is actually dis-
played. P2 is located in the middle of the die, followed by 
P3 close to the die exit. The two pressure signals seem to 
be largely constant over time. Normalizing each pressure 
signal by the mean pressure of the corresponding transducer, 
shifting them slightly vertically with respect to each other, 
and only representing a single second of the measurement 
leads to Fig. 6c. The two transducers clearly show periodic 
pressure fluctuations, approximately 3  s−1. Therefore, a char-
acteristic peak around 3 Hz is expected after applying the 
Fourier transform to the pressure signal. This is confirmed 
in Fig. 6d, where a characteristic peak appears at the same 
frequency for each pressure transducer after applying and 
normalizing the FFT (fast Fourier transformation). Using 
the optical analysis method (Gansen et al. 2020), we could 
confirm the result from the sharkskin option.

In Figs. 7–10, for each of the shear rates (10  s−1, 33  s−1, 
60  s−1, 200  s−1), the FFT results from the sharkskin option 
of the SBR compounds are presented including a picture 
of the extrudate. The displayed extrudates all have a length 
of 1 cm. We do not show the pressure data for reasons of 
brevity. The results of the unfilled SBR clearly display an 
instability and act as a reference for the SBR compounds. 
For the evaluation of the characteristic frequency, the most 
pronounced peak (if there is more than one) has been con-
sidered. Each measurement with the sharkskin option was 
carried out at least twice to ensure reliable results. In a 
recent paper of Georgantopolus et al. (2021). the authors 
showed that the die geometry has an impact on the melt 
instability.

In a round hole capillary with L/D = 15 and D = 2 mm, 
their SBR showed the stick–slip instability at the shear rate 
range of 30  s−1 ≤ γ̇

app
≤ 60  s−1 whereas for a slit die with 

a length of L = 30 mm, a width of W = 5 mm, and a height 
of H = 0.5 mm; the instability is observed at 40  s−1 ≤ γ̇

app
≤ 

300  s−1. This means that the different shear rates linked to 
the different regions that have been selected from the flow 
curves might be slightly different for the shark skin option 
with the rectangular die. However, as pure SBR acts as the 
reference material the impact of the shear rate and silica 
content can clearly be seen by comparing them and it still 
matches the expectations from the flow curve.

For low shear rates, no instability was expected (branch I) 
whereas, for the plateau region and branch II, an instability 
was expected for pure SBR. Furthermore, the onset of the 
instability, typically associated with the plateau region is 
barely affected by changing the die geometry from the round 
hole to rectangular.

A shear rate of �̇�
app

 = 10   s−1 corresponds to branch 
I for T = 100 °C (Fig. 4), but the unfilled SBR shows 
already the emergence of first ripples at the surface 
(Fig. 7a) although they are not yet pronounced enough 
to be measured by the sharkskin option as no character-
istic peak appears in Fig. 7b. The surface of the other 
compounds is significantly rougher but does not show 
a periodic pattern. Therefore, the FFT of the pressure 
signal shows some oscillations around 1 − 2 Hz for the 
30 and 70-phr compound. This signal is measured for the 
30 phr compound in each of the two pressure transduc-
ers. The resulting signal is not as narrow and strong as in 
Fig. 6d for the unfilled SBR. Maybe the shreds appearing 
at the bottom and top sides of the extrudate (Fig. 7e) lead 
to this as there are about 10 shreds on a length of 1 cm. 
The shear rate of �̇�

app
 = 10  s−1 corresponds for the used 

slit die to an extrusion speed of 0.83 mm/s. At this speed, 
it takes about t = 10/0.83 ≈ 12 s to produce 10 mm of the 
extrudate. Ten shreds in 12 s correspond to a frequency 
of about 0.83 Hz which is in a reasonable agreement with 
the FFT results. The 112 phr (Fig. 7g) compound shows 
a significantly different surface and no clear peak in the 
FFT (Fig. 7h) can be identified. Furthermore, no shreds 
are visible on the sides.

At a shear rate of �̇�
app

 = 33  s−1, at the beginning of 
the plateau region for T = 100 °C (Fig. 4), a pronounced 
periodic pattern appears for the unfilled SBR (Fig. 8a) 
leading to a characteristic frequency of roughly 3 Hz 
which can be identified on the two pressure transduc-
ers. It should, however, be noted that the sharkskin 
also appeared at shear rates before the plateau region. 
Additional measurement that we did already showed the 
emergence of sharkskin at shear rates of �̇�

app
 < 5   s−1, 

in agreement with observations from Viloria (Viloria 

Fig. 8  Images of SBR and compounds filled with silica and corre-
sponding FFT spectra extruded at �̇�

app
 = 33  s−1.a, b SBR + 0 phr Si. c, 

d SBR + 30 phr Si. e, f SBR + 70 phr Si. g, h SBR + 112 phr Si

◂
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(a)
(b)

(c)

(d)

(e)
(f)
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et al. 2017). There does not appear to be a direct relation 
between the melt instability and the change of slope for 
the rubbers under investigation. This is contrary to the 
publication of Palza et al. (Palza et al. 2010a, b) which 
used the sharkskin option to investigate an ethylene/1-
octene copolymer from Dow with a short-chain branch-
ing of 7 mol% referred to as PE-7 SCB in the corre-
sponding paper. According to their results, “… PE-7 SCB 
developed the sharkskin instability as a surface distortion 
appears in the extrudate. Therefore, the slope change in 
the flow curve for this sample is due to the beginning of 
the sharkskin instability associated with the presence of 
short chain branching.”

With the corresponding die dimension, γ̇
app

 = 33  s−1 
corresponds to 2.75 mm/s. At this speed, it takes about 
t = 10 mm/2.75 mm/s ≈ 3.6 s to produce 10 mm of the 
extrudate. Roughly, 20 shreds in 3.6 s correspond to a 
frequency of about 5.5 Hz which is in a reasonable agree-
ment with the main FFT peak at 3 Hz. As explained in 
Palza et al. (2009), (Gansen et al. 2020) a similar dif-
ference between the characteristic frequencies from an 
optical comparison and pressure data is obtained. Palza 
et al. (Palza et al. 2009) investigated a polyethylene sam-
ple at an apparent shear rate of 315  s−1. The character-
istic frequency from the pressure data is 22 Hz whereas 
the characteristic frequency, deduced from an optical 
microscope picture of the extrudate, is 60 Hz. The order 
of magnitude of both characteristic frequencies is the 
same. The difference might occur due to the change from 
laminar to plug flow, errors in the extrudate velocity, or 
contraction of the extrudate.

A higher amplitude of the relative FFT for the shark-
skin instability would be expected in the third pres-
sure sensor closer to the die exit, as it is often referred 
to as the die exit effect. The origin of this peak is not 
entirely clear, as it does not appear in the other graphs 
(Fig. 8c–h). The following filled samples (30 phr, 70 phr, 
112 phr of silica, Fig. 8d, f, and h) all show a peak or a 
higher amplitude between 1.5 Hz − 3 Hz. No instability 
can be identified in the corresponding pictures (Fig. 8c, 
e, and g). Furthermore, it seems that oscillations in the 
FFT shift to higher frequencies with increasing silica 
content. This is as expected, as for the unfilled SBR a 
clear periodic instability exists; therefore, a rather nar-
row response at a characteristic frequency of the FFT 
signal is expected. For the other filled samples, the mate-
rial becomes stiffer due to the increasing silica content, 
and the surface becomes rougher without displaying any 

periodic pattern. Figure 8c, for example, shows a more 
pronounced irregular surface roughness compared to 
Fig. 8g, where more, but less pronounced features appear 
on the surface which results in an FFT signal broadened 
to higher frequencies (Fig. 8d vs Fig. 8h).

A shear rate of �̇�
app

 = 60  s−1 corresponds to the end of pla-
teau region for T = 100 °C (Fig. 4). For unfilled SBR (Fig. 9) 
at this shear rate, the sharkskin instability becomes even 
more pronounced (Fig. 9a) compared to the �̇�

app
 = 33  s−1 

displayed in Fig. 8a. The characteristic peak at �̇�
app

 = 60  s−1 
in the FFT spectrum slightly shifts to 3.5 Hz (Fig. 9b) com-
pared to 3 Hz for �̇�

app
 = 33  s−1 (Fig. 8b) and is also more 

pronounced. Similarly for the unfilled SBR extruded at �̇�
app

 
= 33  s−1 where a second, less pronounced peak appeared 
at 6 Hz, ( Fig. 8b), a second peak appears at 7.5 Hz at a 
shear rate of �̇�

app
 = 60  s−1 (Fig. 9b). For the filled com-

pounds (Fig. 9c–h), the FFT spectrum does not reveal a 
major or minor characteristic peak but shows again a broader 
response in the FFT from 0 Hz up to 6 Hz similar to the �̇�

app
 

= 33  s−1 case.
A shear rate of �̇�

app
 = 200  s−1 corresponds to branch II 

in the flow chart at T = 100 °C (Fig. 4). The unfilled SBR 
sample displays now a volume instability, a wavy pat-
tern expanding from one to the other side of the extrudate 
(Fig. 9a). Two characteristic peaks appear in the correspond-
ing FFT spectrum (Fig. 10b).

The first peak is located at 4 Hz for a shear rate �̇�
app

 = 
200  s−1. The characteristic frequency slightly increases as 
it was located before at 3 Hz and 3.5 Hz for the �̇�

app
 =33  s−1 

and �̇�
app

 = 60  s−1 shear rates. An additional peak appears at 
14 Hz. A similar, less pronounced peak also occurs for the 
unfilled rubber at shear rates �̇�

app
 = 33  s−1 and �̇�

app
 = 60  s−1 

respectively (Fig. 8b, 9b). This second frequency seems to 
have its origin inside the barrel as it is most pronounced 
in the FFT of the pressure transducer P1, closest to the die 
entry (Fig. 8b, 9b). Only at a shear rate of �̇�

app
 = 200  s−1, 

the unfilled SBR shows a strong signal in the third pres-
sure transducer P3, closest to the die exit (Fig. 10b). For all 
the other compounds (Fig. 10c, h), no characteristic peaks 
appear at all.

Local pressure inside the die

The FFT used in the previous sections is applied to the pres-
sure data. Figure 11a and d contain the pressure data for 
the unfilled SBR and Fig. 12a–d the pressure data for the 
70 phr compound. As mentioned before, the piezoelectrical 
pressure sensors P2 and P3 are located at 15 mm and 27 mm 
from the die entry respectively. Therefore, it is expected that 
the pressure is highest at P2 and lowest at P3. This is con-
firmed by Fig. 11a–d.

Fig. 9  Images of SBR and compounds filled with silica and corre-
sponding FFT spectra extruded at �̇�

app
 = 60  s−1 a, b SBR + 0 phr Si. c, 

d SBR + 30 phr Si. e, f SBR + 70 phr Si. g, h SBR + 112 phr Si

◂
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Master curves

Figures 3, 4, and 5 show that the apparent shear rates �̇�
p
 

at which the change of slope appears are independent of 
the silica loadings but shifts with temperature. Crié et al. 
(Crié et al. 2015) showed that a master curve can be con-
structed from the individual flow curves of carbon-filled 
SBR compounds. Mongruel and Cartault (Mongruel & 
Cartault 2006) determined a so-called concentration shift 
factor which allows the construction of a master curve 
representation for the elastic moduli of silica and carbon 
black-filled SBR compounds. The focus of this section 
is now to investigate if the shift of �̇�

p
 with temperature is 

related to the temperature dependency of the viscoelastic 

properties of the compounds or if the temperature shift 
is independent from it.

Therefore, the shear moduli G′ and G″ of the compounds 
have been determined as a function of frequency and tem-
perature by recording isothermal frequency sweeps at 17 
different temperatures with Dynamic Mechanical Analysis 
(DMA). For the 112 phr compound, the DMA measure-
ments did not give reliable data, therefore the analysis of this 
compound has been omitted in the following discussion. To 
construct the master curves from the isothermal frequency 
sweeps, we have exploited the temperature-frequency equiv-
alence principle which allows superposing the storage and 
loss shear moduli by horizontal shifts log  aT along the angu-
lar frequency axis:

As reference temperature, T0 = 100 °C was chosen. Ver-
tical shifts of the data were neglectable. The left side of 

�(T
0
) = �(T) ⋅ a

T

Fig. 10  Images of SBR and compounds filled with silica and corre-
sponding FFT spectra extruded at �̇�

app
 = 200  s−1 a, b SBR + 0 phr Si. 

c, d SBR + 30 phr Si. e, f SBR + 70phr Si. g, h SBR + 112phr Si

◂

(a) (b)

(c) (d)

Fig. 11  Pressure data recorded with the sharkskin option for unfilled SBR at shear rates a �̇�
app

 = 10  s−1, b �̇�
app

 = 33  s−1, c �̇�
app

 = 60  s−1, and d �̇�
app

 
= 200 s.−1
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(a) (b)

(c) (d)

Fig. 12  Pressure data recorded with the sharkskin option for the SBR + 70 phr silica compound at shear rates a �̇�
app

 = 10  s−1, b �̇�
app

 = 33  s−1, c 
�̇�
app

 = 60  s−1, and d �̇�
app

 = 200 s.−1
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Fig. 13  Left: master curves for the elastic moduli G′ and G″ of three compounds. Right: corresponding horizontal shift factors aT and shift fac-
tors aT from flow curves, see text
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Fig. 13 shows the master curves for the shear moduli G′ and 
G″ of the three compounds. The right side shows the cor-
responding horizontal shift factors aT. Table 1 contains the 
values of the shift factors at the three distinct temperatures 
80 °C, 100 °C (reference temperature), and 120 °C. These 
values have been determined from Vogel Fulcher Tamman 
(VFT) fits to the aT data:

with R universal gas constant, E activation energy, and TVFT 
VFT temperature. Table 2 shows the VFT parameters deter-
mined from the fits. It should be stressed that an analysis of 
the activation energies and the VFT temperatures is not in 
the scope of this study. The fits are only used to obtain the 
values of the shift factors given in Table 1.

From Fig. 13, it follows that in the temperature range 
between 80 °C and 120 °C where the flow curves have been 
recorded, the aT parameters are almost independent of the 
filler content. The temperature-frequency superposition or 
temperature–time-superposition (TTS) is standard procedure 
in rotational rheology. We will not apply a similar superpo-
sition principle for the shear rates, to create a master curve 
(Fig. 14) from the flow curves shown in Figs. 3, 4, and 5:

loga
T
=

E

R

(

1

T − T
VFT

−
1

T
0
− T

VFT

)

The obtained shift factors aT are shown in Fig. 13 right 
(stars) and Table 1. Figure 13 right suggests that the shift 
factors obtained from the flow curves and the ones obtained 
from the DMA measurements show the same temperature 
dependency, independent of the filler content for the com-
pounds 0 phr, 30 phr, and 70 phr and for the (relatively 
small) temperature range between 80 °C and 120 °C.

Conclusions

The flow curves show that for a given temperature, a longer 
capillary leads to a more pronounced separation of the 
branch I, the plateau region, and branch II. This effect dimin-
ishes with increasing temperature. This is reasonable if the 
plateau is linked to the onset of slip, as at a lower tempera-
ture, rubber compounds will slip easier, leading to a more 
pronounced plateau region. By pronounced, we mean the 
change in slope from the branch I to the plateau is greater.

The change of slope of the flow curve is largely independ-
ent of the filler content. One hundred twelve phr corresponds 
to 38 wt% (weight percent), but mainly the properties of 
the polymer define the onset of the plateau, as all the sam-
ples lead to a plateau starting at a similar shear rate as the 
unfilled SBR. Only higher-filled compounds above 30 phr 
show a second branch after the plateau in accordance with 
Crié et al. (2015).

The onset of the plateau is strongly temperature depend-
ent and with increasing temperatures, it is shifted to higher 

�̇�
p
(T

0
) = �̇�

p
(T) ⋅ a

T
Table 2  Parameters of the VFT 
fits of the aT curves

Compound TVFT (K) E/R (K)

0 176 2147
30 221 712
70 154 2532

Fig. 14  Master flow curves for 
the different compounds
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shear rates. Is there a link between the sharkskin instability 
and the change of slope in the flow curve (transition branch 
I-plateau) or is slip the dominant factor? Using the sharkskin 
option and measuring at specific shear rates inside branch 
I, plateau, and branch II, a melt instability could only be 
detected for unfilled SBR. However, as mentioned above, all 
the compounds show the changes in the flow curve, leading 
us to the conclusion that slip, not sharkskin as in PE (Palza 
et al. 2010a, b), is responsible for the onset of the plateau 
region in SBR.

Furthermore, it could be shown that the shear rate at 
which a change of slope occurs in the flow curves shows the 
same temperature dependency as the viscoelastic properties 
of the compounds. In the temperature and silica concen-
tration range studied, it is almost independent of the filler 
content.
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