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Abstract

Flows of polymeric liquids undergo instabilities whose origins are quite different from
those of Newtonian flows, due to their elastic character and the complexity of the
fluid/solid boundary condition. One of these instabilities is well known as “shark-
skin” which damages the surface appearance and properties of polymer extrudate
while processing in blowmolding or piping, while it can be suppressed by employing
various methods including coating the die surface and/or adding Polymer Processing
Aid’s (PPA) to the polymer. In this article, the effect of various die materials on the
properties of Polyethylene glycol (PEG) as a new type of PPA for suppressing the
sharkskin phenomenon has been studied.
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1. Introduction

In contrast to Newtonian fluids, polymer melts are viscoelastic. So fluid mechanics of
polymers is nonlinear even in the absence of inertia, varies from one polymer to an-
other [1]. Also the no-slip condition may not be valid for polymer/solid interface. This
may cause so many instabilities to happen while processing the polymers, namely a
melt fracture phenomenon called as “sharkskin” because of its morphology; “a surface
roughness with a typical largest length scale of about 100 pm leading to a matte ap-
pearance and rough texture that is undesirable for many practical applications ...” [2].
This phenomenon was observed more than fifty years back for the first time [3]. More-
over, this is one of the first instabilities that will occur during the extrusion process af-
ter exceeding a certain limit of mean velocity, temperature, shear stress or mass.
Sharkskin effect is not fully understood as yet, though an extensive amount of efforts

had put to recognize the real nature of this surface distortion: an extensive review in
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chapter one of Black [4] likewise the works have been done by Petrie and Denn [5],
Hatzikiriakos and Migler [6] [7], Ramamuthy [8] Graham [2], Kurtz [9] and Moynihan
et al. [10]. They believed that the initiating site for sharkskin is the die exit area. Hill et
al. [11] showed that there is a strong relation between adhesive failure and melt frac-
ture. Recently based on their experimental data and theoretical ideas about the behavior
of polymer chains adsorbed from a melt onto a solid surface, Sajjadi and Wagner [12]-
[14] proposed a theory of what may happen in reality [14]. To suppress sharkskin ef-
fect, many techniques and additives (PPAs) were suggested and used, including but not
limited to use the fluorinated materials as PPA [15], improving the die material [16] or
even to coat the die with various mineral substances, polymers and rubbers [9], ther-
moplastic elastomers [12] and finally, a state-of-art PPA, low molecular weight poly-
mers like Silanols and PEG [12] [14]. The older methods of fluorinated materials are
not environmentally friendly, though they can effectively suppress the sharkskin.

Extrapolation Length

There are so many observations which are supporting the idea that the no-slip condi-
tion is not valid for flow of various complex fluids including polymer melts and poly-
meric suspensions, namely Graham [2] and Brochard and de Gennes [17]. Let us call
the velocity on the wall as V, (Figure 1).

As it was said before, the origin of sharkskin is from the difference between the ve-
locity profiles of extrudate inside and outside the die, as it has a parabolic profile with
the maximum in center and zero at the wall' inside the die, and it will change to a flat
profile with an average velocity far outside the die. Therefore, the acceleration of the
molten polymer will be the cause of adhesion failure and finally the sharkskin as it was
mentioned before. Moreover, exiting the die, the polymer chains will have the opportu-
nity to relax and hence, die swellwill occur as well (Figure 2).

The velocity can be written as Equation (1). As it is shown in Figure 1, the velocity at
the wall in case of the adhesive failure, can be calculated as:

7 =dv/dy (1)
Vig-y =V =7-b (2)

Parameter “b” is called as extrapolation length. For highly viscous entangled long

y

!
b
|

Figure 1. Velocity profile near a slippery solid surface.

'In case of the absence of the wall slip effect, otherwise, V; is the velocity at the wall.
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Figure 2. Die swell of polymer, change in velocity profile.
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Figure 3. Effect of PPA on molten polymer flow regime [6].

chains it can reach as big as 100 um [18] and this is the case of our long chain Linear
Low density Poly Ethylene (LLDPE)macro molecule. It is recognized that the dynamics
of the behavior of the macromolecules at the wall, their adsorption, and disentangle-
ment from each other and from the wall, all play significant roles during shearing and
flow. There is some evidence that wall slip will occur on the bases of adhesive failure
mechanism [19]. The effect of PPA on the flow regime is sketched in Figure 3. The
formation of a new layer of PPA will help to increase the wall slip in the exit land area,
and it will increase the velocity at the wall, causing the molten polymer to slip at the
wall and as result of that the shark skin is suppressed. Therefore, the issue of wall slip is
of a great importance in the characterization of the systems of molten polymers in

presence of PPAs. As we have dedicated our efforts in this article to characterize the in-
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fluence of die material on the properties of the LLDPE with cured PEG, quantative
and/or qualitative measuring of extrapolation length parameter, as well as other im-
portant parameters like pressure and mechanical properties of polymer will be our

main task in the following chapter.

2. Experimental

The low linear density polyethylene that is used is LLDPE 1201 XV from ExxonMobil

Chemical (Houston, Texas) [20]. This product has no polymer processing aids inside,

moreover the overall amount of all additives is low; hence it might be used as the virgin

LLDPE. It has a Melt Flow Index (MFI) Value of 0.7 g/10min, melting point is 123°C

and density is 0.925 g/cm’. Small amount of PPA can suppress the sharkskin, so the

dosage of additive decided to be 500 ppmand 1000 ppm. The ingredients that are used
as Polymer Processing Aids (PPAs) additives are as follows;

1) PPA I: Polyethylene glycol (PEG) with the molecular weight of 20,000 Da, can react
with the acid boric and borate and will result in a viscoelastic material with three
dimensional network (covalent bonds), which can be used as a novel PPA. It is
recommended to heat the PEG and boric acid up to 140°C and mix them afterward
[12].

2) PPA II: Elastomer PPA which is Elastollan™ from Elastogran GmbH (Lemférde,
Germany) [22].

3) PPA III: Viton Free Flow™ Z100 is from DuPont (Rockville, MD) [21].

4) PPA IV: Dynamar™FX 5922 from Dyneon (3 M, St. Paul, MN) [23].

A two heating zone Géttfert extruder machine was equipped with temperature and
pressure sensors at the die exit. There were implemented inside a special specimen
from tool steel, heated up to the same temperature as the heating zone and has the

temperature and pressure plug-ins sensors (Figure 4). We employed a fixed flow rate
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Figure 4. Effect of die material on slip velocity for pure LLDPE.
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Capillary Rheometry with the barrel length of 12 cm and the speed set at 30 to 1100 [1/s].
Mooney Experiment [24] is one of the ways to estimate the slip velocity at the die wall
which has been done with three different die materials and 4 different PPAs on the
LLDPE at the fix condition of 180°C temperature. 6 different die sizes of steel die are re-
ported in Appendix A. Also a Leica-flex from the Leica™ [25] light microscope is used at
6.4x, 16x and 40x zoom to determine the size and the shape of irregularities on the
polymer skin. To determine the particle distribution of PEG PPA, the SEM microscopy
method is employed. The zooms that are used are 30x, 50x, 100x, 150x, 500x, 1000x.

Adding the PPA will result in decreasing the pressure of outgoing extrudate, this
phenomenon can be caused by various parameters. The pressure increases with the in-
crease of rotation speed of machine, but the behaviour after the sharkskin onset can in-
terpret the interaction of melt and die, hence it was decided to study this function
more. Consider that this pressure drop can be a function of at least 5 important ele-
ments: speed of rotation, temperature of melt polymer, die material, type of additive
and additive concentration. Intended to make this complexity easier to understand, ini-
tially the 2 parameters speed of extruder and temperature of heating zones were kept
constant, while rest of parameters were changed. The pressure of 180 bar was selected
to be the starting point for the performing of the rest of the experiments as it was the
highest safe pressure available and speed rotation of 25 rpm was selected to be the speed
correlating the chosen pressure, with different PPAs, various amounts of PPAs and
with 2 types of die materials with the same dimension. (Diameter: 1.4 mm, length: 14.5
mm) The temperature was kept at 180°C for all the experiments. Afterward, the PPA
was added gradually, causing the decrease of pressure. This drop of pressure could be
measured easily, moreover the time that is needed to reach a plateau after adding the
PPA is also observable.

3. Results and Discussions

Initially the onset of sharkskin was measured with the pure LLDPE and two different
die materials; steel and brass. Hardly any difference was observed between the two dif-
ferent die materials, as for both of them onset of sharkskin was round 140 bar and 10
RPM the speed of extruder. Also the same pressure drop of 173 Bars from the initial
180 Bars pressure were recorded during adding of various concentrations of PPA II
with steel and brass die materials. It obviously contradicts the result from other re-
searches e.g. Ramamurthy et al [8] which was showing that changing the die material
will change the sharkskin onset considerably. As an example, brass is supposed to re-
duce the shark skin onset. To our surprise, even in the capillary rheometer no changes
have been made by different materials. The shear rates value for sharkskin onset in pure
LLDPE extrusion with different die materials in capillary rheometer is reported 40 [1/s]
for steel, 44 [1/s] for brass and 42 [1/s] for copper die. This result is to some extend odd
as previous articles claimed verse. This proves that the effect of die materials is of no
great value in the sharkskin phenomenon and it should not take in consideration. The

idea behind was that because of the predicted effect of die material on the “b” value,
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same thing shall be observed in sharkskin, which was not true. Neither the extruder nor
the capillary show any change. The slip velocity at the wall could also play an important
role on the final conclusion of this topic. Mooney Experiment [24] for steel, brass and
copper showed the same wall slip velocities with pure LLDPE at 180°C as it is shown in
Figure 4. The only difference is the slip velocity at 0.3 MPa and the slip velocity for
steel die is rather odd, while the copper also showing falling at very low and very high
shear stresses. But this much of tolerance is negligible as it is even less than 5%. This
solved the puzzle of effect of die material on sharkskin as really it has no effect on this
phenomenon. The result for sure is on the research level and to scale it up to huge in-
dustrial extruders with different additives and conditions, one should be really careful,
as the LLDPE that is used here is without any special additive for sharkskin. The results
from frequency of sharkskin and size of it took the same side. Some pictures from the
ruptured surface were taken by light microscope (Figure 5). The frequency of peaks on
the surface with sharkskin was checked on the same rotation speed and pressure,
whether with using different die materials it will change. Since the mass flow rate was
just the same (pressure and speed of rotation were the same as onset of sharkskin), the
speed of outcome were the same in both dies. The average distance between the peaks
were averagely 310 um for both die materials. It might show the die material will NOT
affect the severity of the sharkskin by size or frequency.

Figure 5 is dedicated to show the effect of adding PEG as a PPA for brass and copper
die. If we compare these results with Figure 4, one can see the same pattern of behavior
as the PEG added portion will show lower wall slip velocity, but the difference is slightly
less comparing to steel die, means that PEG as a PPA interact with brass and copper die

in a way that it will decrease the slip velocity less than the case of steel die. Only thing,

Figure 5. Light microscope image from sharkskin effect appearance of Pure LLDPE with differ-
ent dies: (a) Without shark skin; (b) Shark skin in brass die; (c) Shark skin in steel die.
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at the very beginning and end of the graph, a decreasing deviation from ideal case is
observable for pure LLDPE.

Figure 6 shows that PEG and fluorinated PPA Viton are showing same pattern of
behavior, while E685 which is the elastomer PPA is showing increase of slip velocity on
the die wall. This is for sure has the root in the nature of these different PPAs, but
shows clearly that PEG has the same attitude as fluorinated PPAs. Note that for reduc-
ing the complexity of the graph, the result of Dynamar is not included in this graph, as
it has exactly the same pattern as the other fluorinated PPA, Viton has. Interesting
enough, the sharkskin was suppressed in all the cases. We knew about the sharkskin
suppressing effect of Dynamar and Viton, and the new state of art elastomer additive
was also pretty good in delaying the onset of sharkskin. PEG also shows very good re-
sult at this point. While the pure LLDPE has the sharkskin onset of 40 [1/s], adding
0.1% of PPA III and IV increase this to the higher amount of 56 [1/s]. Adding PEG has
increased this to even higher degree of 65[1/s] and PPA II has the highest amount of 71
[1/s]. But the Figure 7 shows clearly that the approach to suppress the sharkskin should
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Figure 6. Effect of different amount of PPA Ion slip velocity for brass and copper die.
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Figure 7. Effect of adding same amount of different PPAs to pure LLDPE on slip velocity of steel die.

be absolutely different. Different slip velocity at the wall shall make a great difference,
but it is not. The difference is coming from the point that if rethink of mechanism of
sharkskin, there is a layer of PPA which will coat the die inner surface or die wall, and it
depends on where we call it the die wall in rheometer, whether the PEG coating or
Elastogran coating, or real steel die wall, we will see different slip velocities. That is how
different PPAs will suppress the sharkskin with different slip velocity at the wall. What
is the important point here is the fact that PEG is following the same pattern as Viton
and Dynamar and rest is the by-product of this article. Moreover, comparing the SEM
shots from Elastogran with PEG, e.g., compare Figure 8(a) with the Figure 8(b), shows
that PEG mixture with LLDPE is homogenous mixture, while Elastogran make an ob-
viously heterogeneous melt. If the mixture is at least to some extend homogenous, then
there is no question of migrating to make a layer as it is already presenting at the place.
As it is, the black spots are most probably a burning area because of contact for a long
time with die wall. Another interesting aspect is the very smooth surface of PEG
blended LLDPE, which even with great zooms shows no special artifact. PEG doing its
sharkskin suppressing job very well and that is how the common waves causing by

sharkskin are vanished from the canvas.

4. Conclusions

About 50 years back, Bagley et al [3] was one of the pioneers to search for the origin of
a defect on the surface of polyolefins specially LLDPE and HDPE, which was called as
“sharkskin”. Although that are various mechanism suggested as a cause of this phe-
nomena, the real cause of this melt fracture is yet not fully understood, but as a hy-
pothesis, the Kulikov and Wagner [10]-[12] seems to be realistic. As a novel way to
suppress sharkskin, PEG cured with boric acid, can be added in small portions and the
sharkskin vanishes [12]. The PEG migrates to the wall of die and causes the wall slip of

extrudate and hence suppress of sharkskin. Therefore, as the sharkskin is dependent to

24

K
0:52: Scientific Research Publishing



S. P. Sajjadi

1000 PPM PEG + PE x50 ] ] — 400 pm —| 1000 ppm Elastogran/PE  x30

Figure 8. SEM pictures from LLDPE matrix with PEG (PPA I) (a) and Elastogran (PPA II) (b) as additives.

wall slip by nature, in this article, we will try to characterize the properties and decen-
cies of PEG added extrudate of LLDPE to the die material. Study with capillary rheom-
eter made a way to observe the real natural dependency of sharkskin to die material. In
this case, the wall slip velocity of LLDPE in presence of various PPAs and with different
die materials were examined and compared. Moreover, the onset of sharkskin with dif-
ferent die materials was recorded. To our surprise, even the capillary rheometer studies
supported the result of extruder machine about die material. Moreover, the frequency
and size of sharkskin was controlled if it shows any change while changing the die ma-
terial.

All in all, the conclusion out of three different methods of observing the effect of die
material on sharkskin is that it does not play an important role in this phenomenon.
PEG anyway suppressed sharkskin and delayed the sharkskin onset in the capillary
rheometer. Anyway, the pattern of behavior of PEG is different from Elastomeric PPAs

and it is so reminding of Fluoropolymer e.g. Viton.
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Nomenclature

PPA: Polymer Processing Aid;

LLDPE: Low Linear Density Poly Ethylene;

PEG: Poly Ethylene Glycol;

MFI: Melt Flow Index;

74t Apparent Shear Rate Based on the Volumetric Flow Rate;
V. Velocity at the Wall.

Appendix A

Die diameter and die length for steel, brass and copper die

Die material Die diameter [mm)] Die length [mm] L/D 1/D [1/mm] 1/R [1/mm]

0.445 4.44 9.98 2.25 4.49
0.675 6.75 10.00 1.48 2.96
0.853 8.524 9.99 1.17 2.34
Steel
1.167 11.67 10.00 0.86 1.71
1.274 12.75 10.01 0.78 1.57
1.467 14.67 10.00 0.68 1.36
0.8 7.95 9.937 1.25 2.5
0.62 6.1 9.838 1.62 3.22
Brass
1.18 11.9 9.406 0.85 1.69
1.467 14.67 10.00 0.68 1.36
0.62 5.9 9.516 1.61 3.22
Copper 0.8 7.9 9.875 1.25 2.5
1.19 11.85 9.957 0.84 1.68
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