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METHOD OF EXTRUDING LINEAR LOW-DENSITY POLYETHYLENE (LLDPE)
WITHOUT SURFACE FRACTURES IN THE MELT

FIELD
[0001] Extruding polyethylene and related aspects.
INTRODUCTION

[0002] Patents and patent application publications in or about the field include US2991508,
US3920782, US4267146, US4282177, US4348349, US4360494, US4859398, US5089200,
US5320798, US6017991, US6187397, US6552129, US6474969B1, and US7632086B2.
[0003] Problems of surface melt fracture have been attacked in a wide variety of ways. These
include changing the design of the die, adding a polymer-processing aid to the melt, or
maintaining temperature of the melt below a maximum value (e.g., less than about 200° C.).
Another approach is maintaining the temperature of a die exit region of the die at a temperature
above the bulk melt temperature of the polymer. For example, the temperature of the die exit
region may be maintained at a temperature from 30° to 170° C. above the bulk melt

temperature and a melt of a polymer extruded through the die at a shear rate of less than

1,000 s-1 and a shear stress of about 0.4 MPa.

[0004] US5320798 to Chambon et al. mentions that certain polyethylenes experience surface
melt deformations as independent functions of shear rate and shear stress of a melt of the
polyethylene being extruded through a die of an extruder to make form polyethylene pellets.
The higher the shear rate and/or shear stress becomes, the more pronounced the problems
with extrudate surface. With increasing shear rate of a polymer extruded through the die,

several transitions occur. At low shear rate (e.g., less than 1,000 5'1) the extrudate is smooth.
With increasing shear rate the extrudate surface becomes matt, then deformed, giving a “shark

skin” surface. At high shear rates, typically greater than 1,000 per second, even greater than

2,000 s-1, the “shark skin” region on an HDPE (high-density polyethylene) extrudate
experiences a “slipstick transition” where it converts to a slip or fast-moving wavy extrudate

surface. Chambon et al. believed that LDPE (low-density polyethylene) does undergo a typical

slipstick transition, and if it does, it is greatly above a shear rate of 2,000 s-1. When the shear
stress exceeds about 0.2 MPa, the extrudate surface problems worsen. At a shear stress of
0.5 MPa or higher, surface melt fracture gives an extrudate surface that is wavy and distorted.
[0005] The structure, composition, and rheological (melt flow) properties of low-density
polyethylene (LDPE) are distinct from those of linear low-density polyethylene (LLDPE). As
for structural differences, LDPE has long chain branches, whereas LLDPE is substantially free
of long chain branches. LLDPE has a substantial number of short chain branches, whereas
LDPE has fewer short chain branches. As for composition, LDPE has a relatively broader



molecular weight distribution (greater M,/M value), whereas LLDPE has a narrower
molecular weight distribution (lesser My,/Mp value). These structural and compositional

differences result in the rheological (melt flow) properties of LDPE being significantly different
from those of LLDPE. Thus, surface melt fracture performance of LLDPE is not predictable
from surface melt fracture performance of LDPE.

SUMMARY
[0006] We discovered a problem with surface melt fracture of linear low-density polyethylene
(LLDPE). We found that LLDPE undergoes a slipstick transition and converts to a slip or fast-

moving wavy extrudate surface at shear rates above 2,000 per second (s™1) and shear stress

about 0.2 megapascal (MPa). Surprisingly, however, at shear stress above 0.4 MPa, even

above 0.5 MPa, and at shear rates above 1,100 s-1, the problem did not worsen. In the latter
higher-energy shear-stress regime a smooth surface LLDPE extrudate without surface melt
fracture (SMF) unexpectedly forms.
[0007] An aspect of the present disclosure provides a method of extruding a melt of a linear
low-density polyethylene (LLDPE) so as to form an LLDPE extrudate without surface melt
fracture. The method comprises heating a melt of the LLDPE to a temperature from 190.0 to
260.0 degrees Celsius; extruding through a die the heated melt at a shear rate of from 1,101
to 7,000 per second and at a shear stress of greater than 0.41 megapascal, thereby forming
a linear low-density LLDPE extrudate without the surface melt fracture; and cutting the LLDPE
extrudate into pellets having surfaces without the surface melt fracture;

wherein a die hole of the die has a diameter from 0.5 to 1.4 millimeters (mm); and

wherein the method is characterized by any one of limitations (i) to (iv):

(i) the temperature of the melt of the LLDPE is from 190.0° to 226° C., the shear rate
is from 1,201 to 1,830 s, and the shear stress is from 0.47 to 0.49 MPa;

(i) the temperature of the melt of the LLDPE is from 206° to 214° C., the shear rate is
from 3,601 to 4,500 s, and the shear stress is from 0.47 to 0.55 MPa;

(iii) the temperature of the melt of the LLDPE is from 226° to 234° C., the shear rate is
from 3,201 to 3,500 s™', and the shear stress is from 0.47 to 0.53 MPa; or

(iv) the temperature of the melt of the LLDPE is from 246° to 254° C., the shear rate is
from 2,601 to 3,600 s, and the shear stress is from 0.44 to 0.57 MPa.

BRIEF DESCRIPTION OF THE DRAWING(S)

[0008] Figure (FIG.) 1: black-and-white photograph of a comparative LLDPE extrudate strand

produced at comparative low shear rate values (less than 1,000 s1) and low shear stress
values (less than 0.3 MPa). The strand has a smooth surface consistent with absence of
surface melt fracture.

[0009] FIG. 2: black-and-white photograph of a comparative LLDPE extrudate strand

produced at comparative medium shear rate values (1,000 to 2,500 s‘1) and medium shear
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stress values (0.3 to 0.4 MPa). The strand has a rough, irregular surface resulting from surface
melt fracture.

[0010] FIG. 3: black-and-white photograph of an inventive LLDPE extrudate strand produced
at inventive high shear rate values (2,601 to 7,000 5'1) and high shear stress values (0.41 to
0.6 MPa). The strand has a smooth surface consistent with absence of surface melt fracture.
[0011] FIG. 4: black-and-white photograph of inventive LLDPE extrudate pellets produced at

medium shear rate values (1,000 to 2,500 3‘1) and inventive high shear stress values (0.41 to

0.6 MPa). The pellets have smooth surfaces consistent with absence of surface melt fracture.
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DETAILED DESCRIPTION
[0012] Provided is a method of extruding a melt of a linear low-density polyethylene (LLDPE)
without surface melt fracture. Some aspects of the method are numbered for easy reference.
[0013] Aspect 1. A method of extruding a melt of a linear low-density polyethylene (LLDPE)
so as to form an LLDPE extrudate without surface melt fracture, the method comprising
heating a melt of the linear low-density polyethylene to a temperature from 190.0 to 260.0
degrees Celsius (° C.); and extruding through a die the heated melt at a shear rate of from
1,101 to 7,000 per second (5'1) and at a shear stress of greater than 0.41 megapascal (MPa),
thereby forming a linear low-density polyethylene extrudate without surface melt fracture.
[0014] Aspect 2. The method of aspect 1 wherein the temperature of the melt of the LLDPE
is selected from: 190.0° to 226.0° C.; 206° to 234.0° C.; and 226° to 254° C.
[0015] Aspect 3. The method of aspect 1 or 2 wherein the shear rate is selected from: 1,210
to 1,840 s-1; 1,850 to 2,500 s71; 2,650 to 4,490 s71; and 4,500 to 6,900 s°1.
[0016] Aspect 4. The method of any one of aspects 1 to 3 wherein the shear stress is selected
from: 0.43 t0 0.49, 0.44 to 0.55, 0.56 t0 0.70 MPa; and 0.71 to 1.0 MPa.
[0017] Aspect 5. The method of any one of aspects 1 to 4 characterized by any one of
limitations (i) to (iv): (i) the temperature of the LLDPE melt is from 190.0° to 226° C., the shear
rate is from 1,201 to 1,830 s1, and the shear stress is from 0.47 to 0.49 MPa; (ii) the
temperature of the LLDPE melt is from 206° to 214° C., the shear rate is from 3,601 to 4,500
s1, and the shear stress is from 0.47 to 0.55 MPa; (iii) the temperature of the LLDPE melt is

from 226° to 234° C., the shear rate is from 3,201 to 3,500 s-1, and the shear stress is from
0.47 to 0.53 MPa; (iv) the temperature of the LLDPE melt is from 246° to 254° C., the shear

rate is from 2,601 to 3,600 s, and the shear stress is from 0.44 to 0.57 MPa.

[0018] Aspect 6. The method of any one of aspects 1 to 5 wherein (i) the die is maintained at
atemperature from 140° to 240.0° C.; (ii) the die hole has a diameter from 0.5 to 1.4 millimeters
(mm); or (iii) both (i) and (ii).

[0019] Aspect 7. The method of any one of aspects 1 to 5 wherein the LLDPE is characterized
by any one of limitations (a) to (e): (a) a melt index (lo, 190° C., 2.16 kg) from 0.5 to 1.4 grams

per 10 minutes (g/10 min.), alternatively from 0.9 to 1.1 g/10 min.; (b) a molecular weight
distribution (My,/Mp,) from 2.3 to 4.4, alternatively from 2.3 to 2.7, alternatively from 3.5 to 4.4;

(c) both (a) and (b); (d) long chain branching characterized by less than 0.008 long chain
branches (LCB) per 1,000 carbon atoms; and (e) both (d) and any one of (a) to (c). The My is

weight-average molecular weight and the My, is number average molecular weight and the
ratio My,/My, is also called molecular mass distribution. The melt index is determined by the

melt index described later and the M,y and My, are determined by the GPC method described
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later. The LCB is measured according to the Zimm-Stockmayer approach mentioned in US
9273170 B2, column 45, lines 14 to 44.

[0020] Aspect 8. The method of any one of aspects 1 to 7 further comprising cutting the
LLDPE extrudate into pellets having surfaces without surface melt fracture. The method may
further comprise pelletizing the LLDPE extrudate underwater to make pellets of the LLDPE
without surface melt fracture. The method may further comprise drying the LLDPE pellets to
remove water therefrom. Another advantage is that the LLDPE pellets formed by the method
may have a decreased amount or be free of fines.

[0021] In some aspects the method may be characterized by a relationship between the shear
stress and the shear rate. The relationship may be defined according to mathematical equation
(I): shear stress > 50+(1/(shear rate)) + g  (I); wherein g is 0.35, alternatively 0.40; and

wherein > means greater than, * means multiplication, / means division, and + means addition.

In some aspects g is at most 0.60.

[0022] A surface of an LLDPE extrudate having a surface melt fracture (SMF) may be
described as a rough ridge-like irregular surface. These imperfections develop when a polymer
extrudate passes through a die hole under certain conditions. The extrudate surface
imperfections are discernable with the naked human eye.

[0023] A surface of an LLDPE extrudate having a smooth surface free of surface melt fracture
(SMF) may be described as a LLDPE extrudate that, after having passed through a die hole,

does not show any discernable surface imperfections when viewed with the naked human eye.
[0024] The inventive shear rate range is considered to be medium (1,000 to 2,500 s ) or high

(2,500 to 7,000 s-1) relative to conventional shear rates. The inventive shear stress range (=
0.41 MPa, e.g., from 0.41 to 0.60) is high relative to conventional shear stresses.

[0025] The method may be carried out using any suitable machine for extruding a melt of
LLDPE through a die hole. Examples of suitable machines are extruders and capillary
rheometers. The extruder may be any device useful for extruding polyethylene. The extruder
may further comprise an underwater pelletizer device for pelletizing extruded polyethylene
underwater. The extruder/underwater pelletizer assembly may be a twin-screw extruder
machine available from COPERION Corporation.

[0026] The method is effective for avoiding surface melt fracture of LLDPE extrudates without
changing die design, adding a polymer-processing aid to the LLDPE melt, suppressing melt
temperature, or controlling temperature of the die exit region.

[0027] The presence or absence of surface melt fracture on the LLDPE extrudate may be

determined using the Surface Melt Fracture Test Method described later.
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[0028] “Extrudate” generally means a material that has been extruded through a die. The
extrudate may be in form of a liquid (melt), paste (partially solidified melt), or a solid. The solid
is made by a subsequent step of cooling the melt.

[0029] The LLDPE extrudate is a linear low-density polyethylene material that has been
extruded through a die. The LLDPE extrudate may be in the form of a liquid (melt), paste, or
a solid made by a subsequent step of cooling the extrudate. The LLDPE extrudate, and the
LLDPE melt from which it has been formed, may be free of additives. Alternatively, the LLDPE
extrudate, and the LLDPE melt from which it has been formed, may optionally contain one or
more additives. Examples of such additives are antioxidants, colorants (e.g., carbon black),
fillers (e.g., hydrophobic-surface treated fumed silica), and stabilizers (e.g., hindered amine
stabilizer that protects the LLDPE against effects of ultraviolet light). The additive(s), when
present, independently may be from 0.01 to 5 weight percent (wt%) (e.g., stabilizers and
antioxidants) or from 5 to 75 wit% (fillers and colorants) of the LLDPE extrudate, and the
LLDPE melt from which it has been formed, depending upon the additive. The LLDPE
extrudate may be free of other polyolefin polymers such as LDPE, medium density
polyethylene, high density polyethylene, ethylene/unsaturated carboxylic ester copolymers,
and polypropylenes. The LLDPE extrudate may be free of non-polyolefin polymers such as
polystyrenes, alkyl nitrile rubbers, polyesters, and polyamides.

[0030] General definitions: Alternatively precedes a distinct embodiment. Ambient or room
temperature: 23° C. = 1° C. unless indicated otherwise. Aspects: embodiments of invention.
Include numbered and unnumbered aspects. ASTM: standards organization, ASTM
International, West Conshohocken, Pennsylvania, USA. Comparative examples are used for
comparisons and are not to be deemed prior art. Free of or lacks means a complete absence
of; alternatively, not detectable. IUPAC is International Union of Pure and Applied Chemistry
(IUPAC Secretariat, Research Triangle Park, North Carolina, USA). May confers a permitted
choice, not an imperative. Operative: functionally capable or effective. Optional(ly): is absent
(or excluded), alternatively is present (or included). Ranges: include endpoints, subranges,
and whole and/or fractional values subsumed therein, except a range of integers does not
include fractional values.

[0031] Density: measured according to ASTM D792-13, Standard Test Methods for Density
and Specific Gravity (Relative Density) of Plastics by Displacement, Method B (for testing solid

plastics in liquids other than water, e.g., in liquid 2-propanol). Units of grams per cubic

centimeter (g/cm3).
[0032] Gel permeation chromatography (GPC) Test Method: Weight-Average Molecular

Weight Test Method: determine M,,, number-average molecular weight (M), and M,/Mp,

using chromatograms obtained on a High Temperature Gel Permeation Chromatography
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instrument (HTGPC, Polymer Laboratories). The HTGPC is equipped with transfer lines, a
differential refractive index detector (DRI), and three Polymer Laboratories PLgel 10um Mixed-
B columns, all contained in an oven maintained at 160° C. Method uses a solvent composed
of BHT-treated TCB at nominal flow rate of 1.0 milliliter per minute (mL/min.) and a nominal
injection volume of 300 microliters (uL). Prepare the solvent by dissolving 6 grams of butylated
hydroxytoluene (BHT, antioxidant) in 4 liters (L) of reagent grade 1,2,4-trichlorobenzene
(TCB), and filtering the resulting solution through a 0.1 micrometer (um) Teflon filter to give
the solvent. Degas the solvent with an inline degasser before it enters the HTGPC instrument.
Calibrate the columns with a series of monodispersed polystyrene (PS) standards. Separately,
prepare known concentrations of test polymer dissolved in solvent by heating known amounts
thereof in known volumes of solvent at 160° C. with continuous shaking for 2 hours to give
solutions. (Measure all quantities gravimetrically.) Target solution concentrations, ¢, of test
polymer of from 0.5 to 2.0 milligrams polymer per milliliter solution (mg/mL), with lower
concentrations, ¢, being used for higher molecular weight polymers. Prior to running each
sample, purge the DRI detector. Then increase flow rate in the apparatus to 1.0 mL/min/, and
allow the DRI detector to stabilize for 8 hours before injecting the first sample. Calculate My

and My, using universal calibration relationships with the column calibrations. Calculate MW
at each elution volume with following equation:

log(K, /K.o) N Apg +1

a, +1 a, +1

toghf . = log M .

, where subscript “X” stands for the test
sample, subscript “PS” stands for PS standards, a,, =0.67, K, =0.000175,and a, and K,
are obtained from published literature. For polyethylenes, a,/Ky = 0.695/0.000579. For
polypropylenes a,/Ky = 0.705/0.0002288. At each point in the resulting chromatogram,
calculate concentration, ¢, from a baseline-subtracted DRI signal, IpR|, using the following
equation: ¢= KpR|IpRJ/(dn/dc), wherein Kppgyis a constant determined by calibrating the DRI,

/ indicates division, and dn/dc is the refractive index increment for the polymer. For
polyethylene, dn/dc = 0.109. Calculate mass recovery of polymer from the ratio of the
integrated area of the chromatogram of concentration chromatography over elution volume
and the injection mass which is equal to the pre-determined concentration multiplied by
injection loop volume. Report all molecular weights in grams per mole (g/mol) unless otherwise
noted. Further details regarding methods of determining Mw, Mn, MWD are described in US
2006/0173123 page 24-25, paragraphs [0334] to [0341]. Plot of dW/dLog(MW) on the y-axis
versus Log(MW) on the x-axis to give a GPC chromatogram, wherein Log(MW) and
dW/dLog(MW) are as defined above.
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[0033] Long Chain Branching (LCB) Test Method: LCB is measured according to the Zimm-
Stockmayer approach mentioned in US 9273170 B2, column 45, lines 14 to 44.
[0034] Melt Index (“12”): measured according to ASTM D1238-13, using conditions of 190°

C./2.16 kg, formerly known as “Condition E”. Units of grams per 10 minutes (g/10 min.).
[0035] Surface Melt Fracture Test Method: used an extrusion operation system comprising a
extruder machine and a capillary rheometer instrument to demonstrate surface melt fracture
and determine under which shear stress conditions the surface melt fracture occurred with
LLDPE. The extrusion operation system comprised a feed system for feeding relative amounts
of LLDPE and additive components to an extruder. The extruder melted the LLDPE, mixed
the resulting molten LLDPE and additives together, and conveyed the LLDPE-additives melt-
mixture through a melt pump, a screen changer, past a divert valve system, and then into a
die plate holder. The die plate holder distributed the LLDPE-additives melt-mixture to die holes
of a die. The LLDPE-additives melt-mixture exited the die holes as a strand of molten LLDPE
extrudate. The strand of molten LLDPE extrudate is directed into a water bath where it is
cooled and solidified. The solidified strand is sampled (a length of the solid strand is cut out),
and the sample is characterized for presence or absence of gross surface imperfections, which
are caused by surface melt fracture. This method was used to make the strands shown in
FIG.s 1 to 3. The remaining solidified strand of LLDPE extrudate may be cut using an
underwater pelleting system into pellets. The surface of the strands or pellets may be
characterized as “smooth” or as “rough” or “irregular”. Smooth means no gross surface
imperfections such as ridges are visible to the naked human eye, and thus no surface melt
fracture occurred. The surfaces shown in FIG.s 1, 3 and 4 are smooth. Rough or irregular
means gross surface imperfections such as ridges are visible to the naked human eye, and
thus surface melt fracture has occurred. The surface shown in FIG. 2 is rough or irregular.
[0036] In another aspect the LLDPE-additives melt-mixture extrudate that exits the die is
directly cut using an underwater pelletizer into pellets.
[0037] In another aspect the LLDPE-additives melt-mixture extrudate that exits the die is cut
as a hot melt and flung into a cooling water bath.
[0038] In another aspect the LLDPE-additives melt-mixture extrudate is shaped into a
fabricated product such as film.

EXAMPLES
[0039] The resins used to study surface melt fracture were a Ziegler-Natta (ZN) catalyst-made
linear low-density polyethylene (“LLDPE-ZN”) and a metallocene (MCN)-catalyst-made linear
low-density polyethylene (“LLDPE-MCN”).
[0040] Table 1 lists resin properties and the different shear stress conditions (temperatures
and shear rates) that were used. Collected LLDPE extrudate samples at each of these shear
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stress conditions, and analyzed and evaluated them for the presence of surface irregularity or
occurrence of surface melt fracture. The resins, their melt index and Mw/Mn, and ranges of
the extrusion conditions used in comparative and inventive examples are reported in Table 1.
[0041] Table 1: Resins and extrusion conditions used in comparative or inventive examples.

Resin LLDPE-ZN LLDPE-MCN
Polyethylene 1o (190° C., 2.16 kg) (9/10 min.) 1.0 1.0
Polyethylene My,/Mp, (GPC) 4.0 2.5
Capillary Die Diameter (mm) 1.0 1.0

Melt temperatures Used (° C.) 210, 230, 250 210, 230, 250

Shear rates Used (s-1) 30 to 4,500 30 to 4,500

Shear stresses Used (MPa) 0.25t0 0.54 0.25 10 0.54

Form of Final Product Made Pellets Pellets

[0042] Using the foregoing materials and Surface Melt Fracture Test Method, studies of
surface melt fracture were conducted in two parts: 1. Production of LLDPE strands and 2.
Production of LLDPE pellets.

[0043] Part 1: Production of LLDPE strands. Comparative Examples 1 to 7 (CE1 to CE7) and
Inventive Examples 1 to 6 (IE1 to IE6).

[0044] Comparative Example 1 (CE1): production of a comparative LLDPE extrudate under

conventional low shear rates (less than 1,000 s-1) and low shear stresses (less than 0.3 MPa).
In CE1, a melt of the LLDPE-MCN polymer at a temperature of 210° C. was extruded at a

shear rate of 120 s1, and a shear stress of 0.258 MPa. The comparative LLDPE extrudate
of GE1 is solidified as a strand and its surface is characterized as shown in the black-and-
white photograph of FIG. 1. As can be seen with the naked human eye, the comparative
extrudate has a smooth surface consistent with absence of surface melt fracture. See Table
2 for tabular results.

[0045] Comparative Example 2 (CE2): production of a comparative LLDPE extrudate under

medium shear rates (1,000 to 2,500 s-1) and medium shear stresses (0.3 to 0.4 MPa). In CE2,
a melt of the LLDPE-MCN polymer at a temperature of 210° C. was extruded at a shear rate

was 281 s-1, and the shear stress was 0.364 MPa. The comparative LLDPE extrudate of CE2
is solidified as a strand and its surface is characterized as shown in the black-and-white
photograph of FIG. 2. As can be seen with the naked human eye, the comparative extrudate
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has a rough, irregular surface resulting from surface melt fracture during the extrusion. See
Table 2 for tabular results.

[0046] Comparative Examples 3 to 7 (CE3 to CE7): replicate the procedure of CE2 except
use the LLDPE, melt temperature, medium shear rate values, and medium shear stress values
shown in Table 2.

[0047] Table 2: Comparative Examples 1 to 7: strands made at either low shear rate/low shear
stress (CE1), low shear rate/medium shear stress (CE2 to CEG6), or medium shear

rate/medium shear stress (CE7).

Melt | Shear | Shear
Resin Temp. | Rate Stress Strand Surface; conclusion
°C) | 1) | (MPa)

Ex.
No.

Smooth (FIG. 1); no surface melt
CE1 | LLDPE-MCN 210 120 0.258
fracture.

Gross imperfections (FIG. 2); surface
CE2 | LLDPE-MCN 210 281 0.364
melt fractured.

Gross imperfections similar to FIG. 2;
CE3 | LLDPE-MCN 230 255 0.311
surface melt fractured.

Gross imperfections similar to FIG. 2;
CE4 | LLDPE-MCN 250 555 0.379
surface melt fractured.

Gross imperfections similar to FIG. 2;
CE5 LLDPE-ZN 210 598 0.328
surface melt fractured.

Gross imperfections similar to FIG. 2;
CE6 LLDPE-ZN 230 883 0.342
surface melt fractured.

Gross imperfections similar to FIG. 2;
CE7 LLDPE-ZN 250 1,158 0.345
surface melt fractured.

[0048] The comparative data in Table 2 are discussed later.

[0049] Inventive Example 1 (IE1): production of an inventive LLDPE extrudate under inventive
high shear rate values (2,601 to 7,000 5'1) and high shear stress values (0.41 to 0.6 MPa). In
IE1, a melt of the LLDPE-MCN polymer at a temperature of 210° C. was extruded at a shear
rate was 3,777 s-1, and the shear stress was 0.539 MPa. The inventive LLDPE extrudate of
IE1 is solidified as a strand and its surface is characterized as shown in the black-and-white
photograph of FIG. 3. As can be seen with the naked human eye, the inventive extrudate has
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a smooth surface consistent with absence of surface melt fracture. This result is unexpected
in view of the prior art, as shown by comparison to CE2. See Table 3 for tabular results.
[0050] Inventive Examples 2 to 6 (IE2 to IEB): replicate the procedure of IE1 except use the
LLDPE, melt temperature, high shear rates, and high shear stresses shown in Table 3.
[0051] Table 3: Inventive Examples 1 to 6: strands made at high shear rate/high shear stress.

Melt | Shear | Shear
Resin Temp. | Rate Stress Strand Surface; conclusion
°C) | 1) | (MPa)

Ex.
No.

IE1 LLDPE-MCN 210 3,777 | 0.539 Smooth (FIG. 3); no melt fracture.

Smooth similar to FIG. 3; no surface
I[E2 | LLDPE-MCN 230 3,312 0.522
melt fracture.

Smooth similar to FIG. 3; no surface
IE3 | LLDPE-MCN 250 3,503 0.564
melt fracture.

Smooth similar to FIG. 3; no surface
IE4 LLDPE-ZN 210 4,431 0.478
melt fracture.

Smooth similar to FIG. 3; no surface
IE5 LLDPE-ZN 230 3,483 0.474
melt fracture.

Smooth similar to FIG. 3; no surface
IE6 LLDPE-ZN 250 2,682 0.444
melt fracture.

[0052] Comparing the comparative data in Table 2 with the inventive data in Table 3, a LLDPE

extrudate strand of LLDPE undergoes a slipstick transition and converts to a slip or fast-
moving wavy extrudate surface (surface melt fractured) at shear rates above 200 s-1 when

shear stress is less than 0.4 MPa (Table 2). However, at high shear rates above 2,500 s1
and at high shear stress above 0.4 MPa, instead of the problem worsening further, an inventive
smooth surface polyethylene extrudate strand without surface melt fracture (SMF) is
surprisingly and beneficially formed (Table 3).

[0053] Part 2: Production of LLDPE pellets. Inventive Examples 7 to 9 (IE7 to IE9).

[0054] Inventive Examples 7 to 9 (IE7 to IE9): production of inventive LLDPE extrudates under

inventive medium shear rates (1,000 to 2,500 s'1) and high shear stresses (0.41 to 0.6 MPa).
Replicate the procedure of IE1 except use the LLDPE, melt temperature, high shear rate
values, and high shear stress values and directly cut the molten LLDPE extrudate that exits
the die using an underwater pelletizer into pellets. Characterize the surfaces of the LLDPE
pellets. Results are reported in Table 4.

10



WO 2020/242789

PCT/US2020/033109

[0055] Table 4: Inventive Examples 7 to 9: pellets made at medium shear rate/high shear

stress.
e Melt | Shear | Shear
X.
N Resin Temp. | Rate Stress Pellets Surface; conclusion
0.
°C) | 1) | (MPa)
Smooth (see FIG. 4); no surface melt
IE7 LLDPE-ZN 225 1,827 0.472
fracture.
Smooth similar to FIG. 4; no surface
IES LLDPE-ZN 207 1,730 0.486
melt fracture.
Smooth similar to FIG. 4; no surface
IE9 LLDPE-ZN 192 1,275 0.482
melt fracture.

[0056] Comparing the comparative data in Table 2 with the inventive data in Table 4, an

extrudate of LLDPE undergoes a slipstick transition and converts to a slip or fast-moving wavy

extrudate surface (surface melt fractured) at shear rates above 200 s-1 when shear stress is

less than 0.4 MPa (Table 2). However, at medium shear rates (1,000 to 2,500 5'1) or high

shear rates (2,600 to 5,000 s-1) and high shear stresses greater than 0.4 MPa, instead of the

problem worsening further, an inventive smooth surface polyethylene extrudate pellets without

surface melt fracture (SMF) are beneficially formed (Table 4).
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CLAIMS
1. A method of extruding a melt of a linear low-density polyethylene (LLDPE) so as to
form an LLDPE extrudate without surface melt fracture, the method comprising heating a melt
of the LLDPE to a temperature from 190.0 to 260.0 degrees Celsius (° C.); and extruding

through a die the heated melt at a shear rate of from 1,101 to 7,000 per second (s‘1) and at a
shear stress of greater than 0.41 megapascal (MPa), thereby forming a linear low-density
LLDPE extrudate without surface melt fracture; and cutting the LLDPE extrudate into pellets
having surfaces without the surface melt fracture;

wherein a die hole of the die has a diameter from 0.5 to 1.4 millimeters (mm); and

wherein the method is characterized by any one of limitations (i) to (iv):

(i) the temperature of the melt of the LLDPE is from 190.0° to 226° C., the shear rate
is from 1,201 to 1,830 s-1, and the shear stress is from 0.47 to 0.49 MPa;

(i) the temperature of the melt of the LLDPE is from 206° to 214° C., the shear rate is
from 3,601 to 4,500 s 1, and the shear stress is from 0.47 to 0.55 MPa;

(iii) the temperature of the melt of the LLDPE is from 226° to 234° C., the shear rate is
from 3,201 to 3,500 3'1, and the shear stress is from 0.47 to 0.53 MPa; or

(iv) the temperature of the melt of the LLDPE is from 246° to 254° C., the shear rate is

from 2,601 to 3,600 5'1, and the shear stress is from 0.44 to 0.57 MPa.
2. The method of claim 1 wherein the temperature of the melt of the linear low-density
LLDPE is selected from: 190.0° to 226.0° C.; 206° to 234.0° C.; and 226° to 254° C.

3. The method of claim 1 or 2 wherein the shear rate is selected from: 1,210 to 1,840 s~
11,850 t0 2,500 s1; 2,650 to 4,490 s~1; and 4,500 to 6,900 s°1.

4, The method of any one of claims 1 to 3 wherein the shear stress is selected from: 0.43
to 0.49, 0.44 to 0.55, 0.56 to 0.70 MPa; and 0.71 to 1.0 MPa.

5. The method of any one of claims 1 to 4 wherein the die is maintained at a temperature
from 140° to 240.0° C.

6. The method of any one of claims 1 to 5 wherein the linear low-density LLDPE is

characterized by any one of limitations (a) to (e): (a) a melt index (lo, 190° C., 2.16 kg) from
0.5 to 1.4 grams per 10 minutes (g/10 min.); (b) a molecular weight distribution (M,,/Mp,) from
2.3 to 4.4; (c) both (a) and (b); (d) a long chain branching characterized by less than 0.008
long chain branches per 1,000 carbon atoms; and (e) both (d) and any one of (a) to (c).

7. The method of any one of claims 1 to 6 wherein cutting the LLDPE extrudate into
pellets having surfaces without the surface melt fracture comprises pelletizing the LLDPE
extrudate underwater to make pellets of the LLDPE without the surface melt fracture.
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