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Abstract

The ability of fluoropolymer based polymer processing aids (PPA) to eliminate surface melt fracture (sharkskin) during extrusion of
polyethylene is studied in relation to blend morphology (PPA droplet size) and processing conditions (shear rate). Under a constant throughpu
the die entrance pressure, the PPA coating thickness and the degree of fracture are simultaneously monitored. The thickness of the fluoropolyn
coating on the die surface is measured in situ through frustrated total internal reflection. A substantial enhancement in the coating rate an
the magnitude of the steady state coating thickness as well as the faster elimination of sharkskin upon increase of PPA droplet size have be
determined. These results are consistent with a recently developed model of the coating process.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and because it is the first instability to occur, there has been
a sustained effort to understand and alleviate it. Sharkskin is

During the processing of polymers, flow instabilities often characterized by a quasi-periodic roughness on the surface
occur when certain critical conditions, such as viscosity and of the extrudate. Stick-slip occurs when pressure and flow
material throughput, are exceeded. These instabilities mayrate oscillate causing the extrudate to have rough and smooth
limit equipment output, prevent new products from entering regions. During gross melt fracture, the extrudate distortions
the market or force processors to accept materials with com-have a large amplitude chaotic appearance. Not all polymers
promised quality. A major processing operation affected by show these three characteristic instabilities; a wide range of
flow instabilities is polymer extrusion, used in the manufac- behavior has been reported. For summaries in this area, the
ture of wires, sheets, tubes, films and other profiles. reader is referred to recent reviejts2].

For certain polymers, the following extrudate distortions Sharkskin has been observed in polymers of high molecu-
can be observed as a function of increasing throughput: sur-lar mass and sufficiently narrow molecular mass distribution;
face melt fracture (also known as sharkskin), stick-slip and it is readily observed in polyethylene (PE), such as high den-
gross melt fracture. Because sharkskin occurs at extrusionsity PE and linear low-density PE as well as fluoropolymers,
rates corresponding to typical polymer processing operationsethylene—propylene-diene monomer (EPDM) and polybuta-

diene and polydimethylsiloxane. This instability is generally
o L _ _ undesirable because it causes a decrease in clarity and dimen-
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interface. This is an industrially important example of
Nomenclature polymer—polymer slippage, a subject that has been discussed
theoretically [20,21] and realized experimentally with

ﬁ, ggzztgzi several different polymer paifd8,22,23] Because in the
. . process of coating the die exit, the fluoropolymer also
c concentration (mass/volume) of PPA in :
coats the full length of the die, use of a fluoropolymer
PPA/PE blend . o .
. . PPA induces a reduction in pressure for a given throughput
d average coating thickness [16]
;, diiﬂ?éh The crucial step in the action of the PPAs is the coating
P of the wall. Rosembaum et aJ24] have discussed the
Po pressure of pure PE . : ! i
. experimental observation that the time for complete coating
Oin mass in-flux . .
0 mass out-flux of the surface of. the die depends on shear rate, diameter
out . . and L/D of the die. The fluoropolymer coating has been
R die radius : . S
s PPA particle radius observed to form streaks on the die wall in the direction
; time of the flow [18,25-27] Recently, it was shown that the
, : . . appearance of the streaks roughly coincides with slippage
t non-dimensional time

of the PE and elimination of sharksKih8,25]. Kharchenko

et al. [25] developed an optical technique to carry out in
situ measurement of the fluoropolymer coating thickness.
They observed fluoropolymer deposition in streaks roughly

Vs slip velocity at PPA/PE interface

Greek letters
yee  true shear rate of PE

Vppa  true shear rate of PPA 200 nm thick and several microns wide, depending on the
72 apparent shear rate of PE processing conditions. They also showed that the fluo-
. ropolymer first coats the wall in the upstream contraction

¥8pa  apparent shear rate of PPA . tract
) mass density of PPA area of the die, followed by the downstream migration

under stress. A semi-quantitative model to estimate the
dependence of coating thickness on various parameters was
developed.
[4-8]. For the purposes of the present work, we limitthe dis-  Great potential for optimizing the use of PPAs exists
cussion to a few relevant points. First, it has been establishedbecause the vast majority of the fluoropolymer does not coat
through several different methods that sharkskin originates atthe wall; rather it is wasted by exiting in the bulk of the
the exit of the dig9—12] In particular, the material near the PE. Optimization of the coating process is highly desirable
die exit undergoes strong extensional stre4$8% which because it would allow PPAs to be used economically
rapidly accelerate and stretch the surface of the extrudatein more situations (as they have numerous secondary
[14,15] These stresses cause the polymerto fracture, a notiorbenefits such as reduced die-swell, die drool and gel
advanced by CogswdB], although the form of the fracture  build-up), and because it would allow end-users to utilize
is not well understood. A related observation is that when less PPA and reduce material costs. Thus, understanding
the surface energy of the wall is reduced so that the polymerthe coating process is important, so that the parameters
slips against the wall, the sharkskin is postponed to higherleading to improvements in coating efficiency can be
throughputs. For example, this occurs when a steel wall is exploited.
replaced with the:-brasg6,15]. Coating the die with a fluo- There is no clear evidence how the coating process
ropolymer such as polytetrafluoroethylene (PTFE) also leadsmay depend on the size of the particulates comprising
to the elimination of sharkskif16—19] When slip occursat  the minor (PPA) phase. There is an indication in the
the wall, the stresses on the polymer as it exits the die areliterature that the PPA droplets smaller than @2 would
greatly reduced which leads to the elimination of the insta- benefit the coating proceg46], but there is also con-
bility [18,19] trary evidenceg[28]. In this work, by applying an in situ
Industrially, the most prevalent technique to modify the optical reflectivity metrology and systematically tuning
die surface for the extrusion of polyethylene (PE) involves the PPA/PE morphology we were able to quantitatively
incorporating a polymer processing aid (PPA) typically verify the role of the PPA domain size on the coating
a fluoropolymer additive in low concentration (<0.1% by kinetics.
mass)16,17] Because the fluoropolymer is processable and  In an effort to test a model of the coating process and to
immiscible in PE, it becomes distributed in the PE matrix in understand the factors that increase the coating efficiency, we
the form of discrete droplets. During the course of extrusion, quantify the effects of shear rate and fluoropolymer droplet
these molten droplets come in contact with the die surface, size on the sharkskin elimination. We extrude blends with
where they adhere, and slowly flow towards the die exit. different PPA droplet sizes at several shear rates and measure
Once at the exit wall, the fluoropolymer layer eliminates the resulting coating thickness, the pressure reductions and
sharkskin by allowing the PE to slip at the PE/fluoropolymer the time for sharkskin elimination.
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I velocity, S the radius of the PPA particlepg the true shear
= g ! rate of the PE at the PPA interface aRds the die radius.
3 §| c»: This model makes the assumption that the droplets that coat
i B ; 2 the wall have natural streamlines whose maximum separa-
H::I54 : g §I tion from the corner is less than one droplet radius. Those
R = ‘5: droplets that do not contact the corner are subject to hydro-
: ;_’ él dynamic forces that will move them further away from the
&+ 2 2 [ wall [29,30] For the out-flux from the die by the fluoropoly-
T ®,\ mer which coated the wall, they find
at I#:ng -+ - Qout = 7d* Rpyppa )
HEH

wherep is the mass density of the PPA adids the average
coating thickness. Under steady state conditions when the two
fluxes are equal, we make the approximatigseS/2 <« V).

This is justified because Migler et al. found tivgt: 10 mm/s
under similar conditiong18], while ypgS/2 ~ 0.3 mmnys

if one uses typical values gipg = 1155 and S=5um.

The thickness of the fluoropolymer layer is then given

by

1

d= (ZC_VSS> 2 o~ (2pcA’S)% A3)
PYPPA

where we have used the further approximafigrc Aypg ~

e A’yppa [25] andA andA’ are constants valid over the shear

rates of interest. In this case andA’ are numerical con-

Fig. 1. Schematic of a PPA/PE flow in a circular die (from Kharchenko et Stants reflecting the rough linearity of slippage data over

Extruder
Barrel

=
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al.[25]). a restricted range of shear rates, as observgd8h We
note that this same relation holds for a thin rectangular
die.

2. Deposition model The above model predicts the steady state coating thick-

ness, but also of great interest is the time it takes for a coating

Related models describing the process whereby fluo- to develop from a die that is initially filled with the host PE. In
ropolymer droplets coat the die wall have been presenteda typical experiment, the extruder/capillary rheometer is first
by Oriani and Chapmaf28] and by Kharchenko et g25]. filled with the host polymer (PE), and the blend containing
Both consider that the only droplets able to coat the wall the PPA is subsequently introduced. Under these conditions,
are those whose natural streamlines take them sufficientlythere is a finite time until sharkskin is relieved. The kinetics
close (within one droplet radius to the wall). In the model by of the coating process is rather complex; we consider three
Kharchenko etal., droplets contact the entrance corner, flattenstages in the process. In the first stage after the PPA blend
outinto streaks as previously observed, and flow downstreamis added to the extruder, the blend (containing the PPA as
due to the shear stress at the interface with the host polymerthe minor Component) first extrudes through the center of
(seeFig. 1). Upon reaching the die exit, the fluoropolymer the die. It is far from the walls and there is no coating. As
layer is gradually dragged out of the die where adhesive fail- time progresses, the volume occupied by the blend increases,
ure between the fluoropolymer and polyethylene causes mosteventually filling most of the volume but leaving a small strip
of the fluoropolymer to accumulate on external die surfaces, near the walls of pure PE. When the strip of pure material is
while asmall amount of fluoropolymer remains onthe surface of the same thickness as a typical PPA droplet, we anticipate
of the extrudat¢28]. In steady state, the in-fluxfrom droplets  that the larger droplets will be the first ones to be able to
coating the surface corner equals the out-flux from the fluo- coat the wall. This is the second stage of the coating kinetics
ropolymer coating. Kharchenko et al. provide the expression and Eq.(1) now becomes applicable. When the coating on
for the flux of fluoropolymer depositing at the die entrance the wall is sufficiently small that there is little slippage of

as the PE, then only the first term in parentheses of @yis
oS relevant
Oin = 27RSc (VPZE + vs> ) )
Oin = TRS“cypE (4)

wherec is the concentration (kg/fof the polymer process-  as an approximation of the coating rate into the entrance
ing aid in the PPA/PE blend/s the PPA/PE interface slippage  corner of the die in Stage 2. Note th# dependence



D. Bigio et al. / J. Non-Newtonian Fluid Mech. 131 (2005) 22-31 25

of the deposition rate. In order for the sharkskin to be 3. Experimental

eliminated, the PPA must flow along the wall and be

present at the exit lip. The third stage occurs as the coat-3.1. Apparatus

ing builds up in the entrance corner causing the polyethy-

lene to slip such that the second term in Eg#) dom- We utilize the same apparatus as described by Kharchenko

inates the first. This slippage greatly increases the PEet al.[25] to measure the coating thickness. Because shark-

velocity near the wall, which then allows more PPA to skin melt fracture originates in the die exit region, we set out

approach the wall per unit time. A real world complica- to measure the growth of the PPA coating about 2 mm from

tion to this picture is that the final coating is not uni- the exit of the die. Briefly, the apparatus consists of a circu-

form as mentioned previously, but rather has streaks in thelar sapphire die mounted on a capillary rheometer that has

direction of flow. A natural consequence of the model is a square end at its the exit to simplify the acquisition of the

that the disappearance of sharkskin does not occur uni-optical signal. The frustrated total internal reflectance (Frus-

formly along the extrudate but occurs in streaks, reflect- TIR) technique enables measurement of the thickness of the

ing a streak-like nature of the coating process. Rather, it PPA coating on the die. The experiments were conducted at

is autocatalytic, where the initial deposition in a partic- 180°C using the die with a length=38.2 mm and a radius

ular spot enhances further deposition in the same placeR=0.8 mm.

because of the increased flux due to slip. This has been

observed experimentally by Kharchenko et al.Fig. 7 3.2. Materials

(L2, L3) [25]. Therefore, PPAs coat the die in a streaky

fashion. Thus, the coating thickness predictions reflect The carrier matrix used in this experiment was a linear

averages. low-density polyethylene (LLDPE LL1001.09 produced by
The duration of the second stage should be proportional Exxon-Mobil Company, with densityp = 918 kg/n¥, molec-

to (Qin2) ! because that parameter controls the time for suf- ular mas$/4,, = 80 kg/mol, meltindex of 1 dg/min at 19C).

ficient coating to build up in order to cause slippage and enter The polymer processing additive, manufactured by DuPont

into Stage 3. We can make an estimate of the time of StageDow Elastomers, is a fluoroelastomer co-polymer of vinyli-

3 by considering the time it takes to fully coat the die to a dene fluoride and hexafluoropropylene in a 60/40 mass ratio

thickness ofl. The total coating volume i8 = 27dRI, where with a specific gravity of 1.82. Supplied as pellets, the fluoroe-

listhe die length. The time required to coat the whole surface lastomer contains 0.7% barium sulfate as a dusting agent to

in Stage 3 is then prevent massing (pellets sticking together). Oscillatory rhe-
ological measurements of these materials shows that at the
; 14 dl dl ®) processing shear rates used in the present study the viscosities

of the two polymers are approximately eq{25].

All experiments were conducted with a final blend of
where we now assume that the slippage term (second term in0.1% by mass of the fluoropolymer. In order to obtain blends
parentheses) in E¢l) dominates the first. at this concentration with distinct droplet sizes, we employed

The complexity of the coating process is such that an exactthe following procedure. Masterbatches containing 1 and
expression for the time to coat is not possible, but we can use5% by mass of the fluoroelastomer in LLDPE were prepared
the above discussion to make several testable predictions irby compounding on a 28 mm, three lobe, fully intermeshing
regard to the coating rate and final thickness as a functiontwin-screw extruder, operating at a screw speed of 31 rad/s
of shear rate and droplet size. First, £§) indicates that and a melt temperature of 20Q. Altering the fluoroelas-
the steady state thickness increases with the square root ofomer content of the blends provides a simple method of
droplet size. Second, E(B) also predicts the final thickness generating different size distributions of the PPA droplets
should be independent of shear rate if the change in viscos-in the continuous LLDPE phase as the more concentrated
ity ratio of the two polymers is sufficiently small over the blend is subject to more coalescence during processing
investigated shear rate range. Third, the time to achieve zeroand results in a larger droplet size. These two PPA/LLDPE
sharkskin scales &2 in Stage 2 and~' in Stage 3. Since  blends were further diluted to 0.1% PPA concentration
the time for sharkskin elimination is one of the key metrics using a Haake twin-screw extruder as described below.
for the efficacy of a given PPA, this is quite relevant because The 1% blend (containing the smallest fluoroelastomer
it predicts that sharkskin should be eliminated much faster droplets (2.3um, as described below) was subjected to
for larger droplets. Fourth, there is an inverse dependence onthe most intense melt mixing conditions (a screw speed of
shear rate for the time scales of each stage (e.qg. i(Bxtpr
Stage 3). The model thus predicts that for the same dropletf . . . S
size, ty is the invariant; the amount of material needed to Certain equipment, |nstr_uments or m_aterlals are |_dent|f|ed in thl_s'paper
be extruded in order to eliminate sharkskin will be the same in order tg adequately speC|f)_/ the expenme_ntal deta}ls. Such identification

) ) o ~ does not imply recommendation by the National Institute of Standards and
as the shear rate is varied. We return to these predictions inftechnology nor does itimply the materials are necessarily the best available
Sectionb. for the purpose.

"~ Qing  ScVs  ScAype
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2.3 um 3.4 um 5.6 um

Fig. 2. Hot stage optical microscope images. Note the observed increase in size from left to right and the decrease in the number of particlesiffbtn left t
Faded rings represent out of focus particles. Notation defined from a weighted average.

7.23rad/s and’=180°C) and the 5% blend that produced dim dark spots. These spots are particles that are out of focus
larger PPA droplets (3.4m), was extruded under ‘gentler’ and are not included in the domain size calculation.
conditions (1.36 rad/s arifl=190°C). Finally, to obtain the To analyze the drop size, first the hot stage pictures were
0.1% PPA/PE blend with the largest PPA droplets (618, converted into density slice images using commercially avail-
virgin fluoropolymer pellets were carefully dispersed able softwareKig. 3). Then the diameter of each highlighted

in the PE matrix under the conditions of a very weak particle was calculated. The results of the analysis are shown

mixing flow (e.g., at a screw speed of 0.31rad/s diwd in Table 1 Also in this table are the calculated standard devi-

220°C). ation, variance and the weighted diameter of each sample,
which is used as the naming convention for the samples. The

3.3. Image processing weighted diameter is an appropriate characterization of the

droplet size distribution, because the development of a flu-

Each 0.1% blend was analyzed to determine the domainoropolymer coating on an extrusion die is a mass transfer
size distribution of the fluoropolymer. The sample pellets phenomenon. As a result, a measure of the mass average
were placed between two glass slides on a hot stage sefor the fluoropolymer mass within the size distribution of
to 200°C using an optical microscope with a 20M®bjec- droplets may be expected to be more useful than a measure
tive lens. Typical pictures of the three samples are shown in based on how many particles of a particular size exist. In other
Fig. 2 The fluoropolymer appears as circular droplets in the words, although few large fluoropolymer droplets may exist
polyethylene matrix. It can be observed that the diameter of in a given blend, just one of these large droplets may bring
the fluoropolymer droplets increases from the left picture to more mass to the die surface than dozens of smaller droplets.
the right while, the number of particles decreases. There areThe normalized distribution of the recorded domain sizes is
certain parts of each picture where there are visible rings or shown inFig. 4.

e ] 10 pm &
e
® & e @
L [ ] ® -
&
2. % ¥ o»
@ ° :
@
@ = o @ 100 pm
-« " >
@ @ °

3.4 pm

Fig. 3. Imaging density slice of the 3wm sample. On the left is the original picture from the hot stage optical microscope and on the right is the density slice
of the particles chosen.
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Table 1

Data calculated from domain size outputs of imaging

Initial concentration Final concentration Number average Standard deviation Variance Weight-average
(by mass %) (by mass %) diameter (Lm) diameter £0*/£0°%)
1 0.1 2.0 0.4 0.2 2.3

5 0.1 2.9 0.7 0.5 34

Bulk 0.1 4.7 1.1 1.3 5.6

Sample size for each measurement is approximately 120 particles.
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Fig. 4. Normalized distribution of the domain sizes for pre-extruded sam- Fig. 5. Effect of the PPA domain size on the evolution of the normalized
ples. entrance pressure 8- =215s! as a function of extruded blend volume.

3.4. Procedure to be +5%? based on the pressure variation recorded dur-
ing extrusion of several loads of pure LLDPE. The plots of
First, pure LLDPE was extruded through the capillary pressure versus blend volume are normalized using the pres-
rheometerto establish the entrance pressure drop and baselinsure readings for the pure PE. For all three droplet sizes,
optical reflectance readings. This control run also permitted the extrusion pressure begins dropping even while the extru-
observation of the extrudate surface appearance to ensurelate is completely melt fractured. This finding suggests that
that fully developed sharkskin was present, thus confirm- the fluoroelastomer coats regions of the die upstream of the
ing the absence of PPA. Next, the PPA/LLDPE blend under exit before slowly co-extruding with the polyethylene to coat
test was introduced while monitoring pressure near the die the die exit and eliminate melt fracture. In addition, the data
entrance, PPA coating thickness and extrudate appearancen Fig. 5 shows that the rate of pressure reduction depends
Several loadings of 0.1% blenetR0 g each) were typically  strongly on the fluoroelastomer droplet size entering the die,
required to achieve steady state values in the entrance pressuch that small droplets reduce the extrusion pressure more
sure and coating thickness. Experiments were conducted at alowly than larger droplets. For example, the blend containing
temperature of 180C and apparent shear rates of 215, 155.5 the smallest PPA domain size (2.81) was the least efficient
and 112.5s51. The He-Ne laser intensities were collected in in reduction of the pressure, requiring greater than 49 cm
one spot on the die (2 mm upstream of the exit) between theof extrusion volume before a reduction in pressure is first
loadings and these were used for the thickness measurementsbserved and 160 chto reach a steady state pressure. In con-
At the conclusion of a test, the die was burned out at’€50  trast, the mid-size blend (3p4m) reached steady state after
to remove any PPA residue before the next experiment. We 100 cn¥, whereas the blend with the biggest PPA domain size
also scraped and wiped clean the barrel. (5.6.m) required only about 60 chrof extrusion volume to
reach steady state. Taken together, these results imply that the
deposition rate at the die entrance decreases with decreasing

4. Results fluoroelastomer droplet size. For all three blends the steady
state pressure values occurred at a similar reduction of about
4.1. Effect of droplet size 25+ 5%. Also, we observed that sharkskin was eliminated at

pressures slightly higher than the steady state ones, consistent
Fig. 5summarizes the reduction of the entrance pressurewith the earlier observations.
as a function of blend volume extruded for the three droplet

. D 1 -
sizes, at an apparent shear ratgdj of 215s*. The stan- 2 Unless otherwise notee; represents uncertainties of the measured val-
dard uncertainty in the pressure measurement was estimatedes and refers to one standard deviation of the value.
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Fig. 6. Effectofthe PPA domain size onthe coating kinetiq’zggu: 21551 Fig. 7. Effect of the PPA domain size on the rate of sharkskin elimination
arrows mark a 0% melt fracture. atydz=215s1.

) lens, and error associated with this procedure is estimated to
Fig. 6 shows the results of Frus-TIR measurements of the be £5%. The results ifFigs. 5-7 when combined, clearly

PPA coating thickness as a function of blend volume extruded g,y that the growth of the fluoroelastomer layer on the die
and fluoroelastomer droplet size. In agreement with the pres-g (o ce directly correlates with the rate of melt fracture elimi-

sure measurements, the blend with the smallest droplet siz&, 5ion on the extrudate. Thus, the blend with the smallest PPA
(2.3p.m) develops a fluoroelastomer die coating at the slow- gyt size exhibits a significantly reduced rate of melt frac-

est rate. The coating first becomes optically detectable aty ;o elimination, compared to the blends containing larger
40 cn? of extrusion volume, and reaches a final thickness PPA droplets.

of 150+ 33 nm. Both the mid-size blend (3#4n) and the

blend with the largest droplets (5.6n) deposit a detectable

coating after 20 crhof extrusion volume, but the midsize

T e e e, Theefcto e shear et on te die coatng process s
: ; . . ; 0

a greater steady state thickness reached a3 nm. The investigated by running experiments using the 0.1% PPA/PE

i . . blend containing the largest PPA droplets (br6) at several
large droplet blend displays pronounced fluctuations in the apparent shear rates: 215, 155.5 and 112.5 normalize

She data with respect to the total PPA input to the die as well
as the pressure at the die entrarkig, 8plots a reduced pres-
sure P/Pg) as a function of blend volume passed through the

. die. For the three apparent shear rates, the pressure reduction

Fig. 6also shows the blend volume that passed through starts at an approximately constant blend volume of 20cm

f[he die at the point when melt fracture wa_s_completely elim- At steady state, the normalized pressure drop scales inversely
inated. As expected, based on the deposition rates discussed

previously, a larger volume of the fluoroelastomer blend must
be extruded to eliminate fracture as the fluoropolymer droplet
size decreases. As a result, fluoropolymer blends containing
small droplet sizes are markedly less effective in eliminating
melt fracture than those containing larger droplets. The coat-
ing thickness at the point that fracture is eliminated, however,
remains nearly constant regardless of droplet size, at about
150-180 nm. Thus, the improvement in PPA effectiveness as
a result of increasing droplet size appears to be due solely to
higher deposition rates on internal die surfaces, rather than to
other phenomena not associated with slip at the polymer—die
interface (e.g., slip between the fluoropolymer droplets and
the polyethylene matrix).

Fig. 7 summarizes the reduction in the amount of shark-
skin covering the surface of the extrudate as a function of
blend volume passed through the die. The percent fracturerig. g. Role of the apparent shear rate on the pressure drop during the extru-
is determined by visual inspection using a R.8bjective sion of the 5.um PPA/PE blend.

4.2. Effect of shear rate

time variation in coating thickness, possibly because the flu-
oropolymer layer at the die exit forms from a larger number
of small droplets contacting the die surface.

—o— 215 1

—v— 15557
—0— 112557
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0.8
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20 40 60 80 100 120 140
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Fig. 9. Role of the apparent shear rate on the coating kinetics during the Fig. 11. Dependence of the steady state coating thickness on the PPA domain
extrusion of the 5.am blend. size. Experimental results are compared to model predictions (solid line)
from Kharchenko et a[25].

with the shear rate such that the 112:5 sun achieves a . .
normalized pressure of 0.65, compared with 0.75 at an appar—5° Discussion
ent shear rate of 215$. These results are consistent with
those of previous workers, where the shear stress differential
between polymer flowing through a die with and without a
PPA coating is a function of the shear r§té].

We now compare the predictions made in SecH#amith
our data, starting with the effect of shear rate on the coat-
ing process. Frorfig. 9, we see that the steady state coating
The effect of the shear rate on the coating thickness is th'Ckn?SS !smdependentofapparentshear rateyvhenthemput
drop size is constant, as predicted by &). We find from

s_hown inFig. 9. At the point when sha_rksk|r_1 melt fracture . Fig. 10that for the same droplet size, the extruded blend
disappeared, the fluoroelastomer coating thickness at the die

: volume required for the elimination of sharkskin is indepen-
exit ranged from 150 to 200nm. Regardiess of shear rate'dent of shear rate (over the range investigated here). This

the steady state coating thickness reached about 260 nm. Th?esult is consistent with the expectation of Secttowhere

highest shear rate caused increasing fluctuations over time "}he model also predicts that the blends would start elimi-

the final coating thickness measurements, but the shear rate _. . :
. . ) o ... hating sharkskin at approximately the same blend volume
independence of the coating thickness is in agreement with

the predictions from Eq(3) (Fig. 10. One assumption in this model is that the droplet
Aps follows from Fig 1(1. the shear rate had no effect on size does not change during the processing as the shear rate
the PPA effectiveness.in eliminating sharkskin melt fracture isincreased. Preliminary data on droplet size of the extrudates

when the data are presented as a function of extruded blenudoes show that the droplet size distribution of the extrudate

. S matches that of the resin that is fed into the capillary die.
volume. Using the blend containing the largest PPA droplets, " ; . .
. . . . However, itis possible thatin actual processing a screw-based
the quantity of blend required to reach 0% sharkskin remained . .
extruder would create regions of high shear and would break
constant for all three shear rates.

up the droplets. This would lead to an increase in the extruded
blend volume needed to eliminate sharkskin as the shear rate

o 5 o1 | increases.
—o— 15551 In terms of PPA droplet size, we can also compare our data
—— 112551 | to the predictions of Sectiod FromFig. 5 we see that the

final die pressure is independent of droplet size, suggesting
that the amount of slippage induced by the fluoropolymer
is a function of shear stress and not coating thickness. We
see fromFig. 6 that the steady state coating thickness is
a function of droplet size. E((3) predicts a square root
dependence of coating thickne$sg. 11 shows a plot of
coating thickness versus droplet size; the solid curve is a
fit of Eq. (3) whereA’ is the fitting parameter and we find

60 80 100 120 140 A’=0.028 mm. Thus, the model clearly predicts the major
trends in the data. Most importantly, as anticipated from the
discussion on coating kinetics, we do observe the strong effect
Fig. 10. Role of the apparent shear rate on the rate of sharkskin elimination Of PPA droplet size on the blend volume required to elimi-
during the extrusion of the 56m blend. nate melt fractureRig. 7). In Fig. 12, the time to 0% melt

Percent Melt Fracture

Blend Volume (cm®)
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