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(57) Abregeé/Abstract:

The Invention relates to a gel-spun fiber comprising an ultra-high molecular weight polyethylene (UHMWPE), wherein the
UHMWRPE has an intrinsic viscosity (IV) of at least 4 dL/g and comprises at least 0.3 short chain branches per thousand total
carbon atoms (SCB/1000TC), characterized in that the fiber further comprises between 0.1 and 10 parts by weight of carbon black
based on 100 parts by weight of the amount of the polyethylene forming the fiber. The invention further relates to a yarn comprising
at least 5 such gel-spun fibers as well as to articles comprising said fibers or yarns.
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(57) Abstract: The invention relates to a gel-spun fiber comprising an ultra-high molecular weight polyethylene (UHMWPE), wherein
the UHMWPE has an intrinsic viscosity (IV) of at least 4 dL/g and comprises at least 0.3 short chain branches per thousand total carbon
atoms (SCB/1000TC), characterized in that the fiber turther comprises between 0.1 and 10 parts by weight of carbon black based on
100 parts by weight of the amount of the polyethylene forming the fiber. The mvention further relates to a yarn comprising at least 5
such gel-spun fibers as well as to articles comprising said fibers or yarns.
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UHMWPE FIBER, YARN AND ARTICLES THEREOF

This invention relates to a creep-optimized gel-spun fiber comprising
an ultra-high molecular weight polyethylene having short chain branches, a yarn
comprising at least 5 creep-optimized fibers and various products such as ropes, nets,
medical devices, fabrics, laminates, composite articles and ballistic-resistant articles
containing said fibers or yarns.

During the last decades, many research projects focused on
improving the creep properties of synthetic yarns, since such yarns are extremely
suitable for a wide range of applications where lightweight and strength are driving
factors. One example of synthetic yarns is UHMWPE yarns, which meet successfully
the weight and strength requirements of various applications. The almost unmatched
strength of UHMWPE yarns combined with ultraviolet resistance, chemical resistance,
cut and abrasion resistance and other favorable properties are the reasons that these
yarns found an almost immediate utilization in rope mooring, composite reinforcement,
medical devices, cargo nets and the like.

UHMWPE fibers and yarns have however one drawback that acts as
an impediment for their optimal utilization in long-term applications, this drawback
being related to their creep behavior. It was observed that the ultimate failure mode of
a system using UHMWPE fibers and in particular of those systems placed under a
long-term load, is rupture or failure due to creep. Such systems and particularly those
iIntended for long-term or ultralong-term use must therefore be over-designed to last for
a large number of years, e.g. more than 10 years and in some cases more than even
30 years. A decade of developments in the field of low creep UHMWPE yarns aimed at
reducing creep rate (CR) and lately at increasing the creep lifetime (CLT) of the
UHMWPE fibers and yarns.

For example, WO 2009/043598 and WO 2009/043597 disclose
UHMWPE fibers having a good combination of creep rate and tensile strength (TS),
e.g. a creep rate of at most 5 x 107 s as measured at 70°C under a load of 600 MPa,
and a tensile strength of at least 4 GPa.

More recently examples of fibers with good creep behavior and
processes for producing thereof are known from W02012/139934 and
W02014/187948; disclosing fibers comprising UHMWPE comprising ethyl and butyl
side chains and having a creep lifetime as high as 500 hours as measured at 70°C

under a load of 600 MPa and tensile strengths as high as 4.1 GPa.
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Also CN102433600 describes improving the creep resistance of
UHMWPE yarns. Through the addition of 0.5 to 4.8 wt% carbon black nanoparticles
during the spinning process the creep was reduced from 4.5 to between 3.1-3.9,
measured at 80°C under a load of 500 MPa and determined after 10* seconds.

Although the yarns known from the prior art have acceptable creep
lifetime and/or creep rate, there remains a need to further optimize the creep properties
of yarns employed in systems intended for long-term or ultralong-term use, i.e. the
creep properties of yarns intended for more than 10 or even 20 years of use. Such
ultralong-term uses may be simulated by accelerated aging of yarns, whereby a
treatment for 672 hours at 100°C corresponds to about 20 years at room temperature.

An aim of the present invention may therefore be to provide a high
strength UHMWPE fiber or yarn having lower creep rate or an extended creep lifetime
In ultralong-term use compared to the yarns known from the prior art. A further aim of
the present invention may be to provide an UHMWPE fiber or yarn with improved creep
behavior while maintaining good tensile properties, e.g. tensile strength, tensile
modulus and/or elongation at break, after prolonged exposure to high temperatures. A
yet further aim of the present invention may be to provide an high strength UHMWPE
fiber or yarn having an extended survivability after thermal aging when compared to the
survivability of the existing UHMWPE fibers. Herein prolonged exposure to high
temperature or thermal aging may be but is not limited to an oven aging for 672 hours
at 100°C.

The invention provides a gel-spun fiber comprising an ultra-high
molecular weight polyethylene (UHMWPE), wherein the UHMWPE has an intrinsic
viscosity (IV) of at least 4 dL/g and comprises at least 0.3 short chain branches per
thousand total carbon atoms (SCB/1000TC), wherein the fiber further comprises
between 0.1 and 10 parts by weight carbon black based on 100 parts by weight of the
amount of the polyethylene forming the fiber.

It was observed that by the presence of carbon black in the short
chain branched UHMWPE fibers the creep properties of the inventive yarns could be
improved, especially its survivability under a long-term load after thermal aging may be
optimized. In particular it was observed that yarns of the inventive UHMWPE fibers
after thermal aging had an increased creep lifetime as compared to yarns without the
carbon black and that surprisingly the creep lifetime and creep rate of the yarns could
be substantially further improved by exposure of the fibers or yarns to an elevated

temperature for a prolonged period of time. Such synergistic effect of carbon black In
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combination with a short chain branched UHMWPE is especially surprising since it is
substantially different from the known UV stabilizing effect of carbon black and appears
to occur only in the presence of short chain branches in the UHMWPE. It was also
observed that due to its optimized creep properties and its behavior under exposure to
increased temperature the inventive UHMWPE fibers and yarns are useful in a variety
of applications and in particular in those applications where a permanent load under
harsh conditions is applied on said fibers or yarns. The inventors also observed that the
design of systems or devices intended for long-term and ultralong-term applications
and comprising the inventive UHMWPE fibers, may be less complicated and laborious.

By fiber is herein understood an elongated body, e.g. a body having a
length and transverse dimensions, wherein the length of the body is much greater than
its transverse dimensions. The term fiber as used herein may also include various
embodiments, e.g. a filament, a tape, a strip and a ribbon. The fiber may have regular
or irregular cross-sections. The fiber may also have a continuous or a discontinuous
length. Preferably, the fiber has a continuous length, such fiber being known in the art
as a filament. Discontinuous fibers are also known in the art as staple fibers which may
be employed in felts or spun yarn. Within the context of the invention, a yarn is
understood to be an elongated body comprising a plurality of fibers. The invention
hence also relates to a yarn containing the fibers of the invention, the yarn having a
titer of between 5 dtex and 10000 dtex, more preferably between 10 dtex and 5000
dtex, most preferably between 20 dtex and 3000 dtex.

The carbon black is present in the fiber in an amount of at least 0.1,
preferably at least 0.2, more preferably at least 0.3, even more preferably at least 0.4
and most preferably at least 0.5 parts by weight based on 100 parts by weight of the
amount of the polyethylene forming the fiber. Preferably, said carbon black amount is
at most 10, more preferably at most 8, even more preferably at most 6, yet even more
preferably at most 5, most preferably at most 3 parts by weight based on 100 parts by
weight of the amount of the polyethylene forming the fiber. In a preferred embodiment,
the amount of carbon black is between 0.3 and 5 parts by weight, more preferably 0.5
and 3 parts by weight based on 100 parts by weight of the amount of the polyethylene
forming the fiber.

By carbon black is herein understood a composition comprising at
least 90 wt% of carbon, more preferably at least 95 wt%, most preferably at least 98
wt%. Such compositions are commercially available and are usually produced by the

combustion in an oxygen-reduced atmosphere of petroleum products, e.g. gaseous or
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liguid hydrocarbons. The composition is usually in a form of particles, most often in the
form of colloidal particles. The remaining wt% of the composition may be constituted by
various elements like oxygen, sulfur, nitrogen or chlorine but especially metals, e.qg.
antimony, arsenic, barium, cadmium, chromium, lead, mercury, nickel, selenium, zinc
and the like. The carbon black is preferably selected from the group consisting of
acetylene black, channel black, furnace black, lamp black and thermal black, or any
combination thereof, preferably the carbon black is a furnace black.

The carbon black has preferably an average primary particle size as
measured by ASTM D3849-07(2011) of at least 5 nm, more preferably at least 10 nm,
most preferably at least 12 nm whereas the average primary particle size is preferably
at most 200 nm, most preferably at most 100 nm, most preferably at most 50 nm.
Especially preferred is carbon black with an average primary particle size of between
10 and 200 nm, preferably between 12 and 100 nm and most preferably between 14
and 50 nm. The inventors observed that carbon blacks with the specified sizes or within
the preferred ranges enable a robust spinning process and hence provide fibers and
yarns with good tensile properties.

The carbon-black has preferably a BET-surface as measured by
ASTM D6556-10 at between 10 and 500 m?/qg, preferably between 20 and 400 m?/g
and most preferably between 40 and 200 m#/g. It was observed that carbon blacks with
BET-surfaces in these ranges are easily dispersible within the polyethylene matrix.

The present invention also relates to a gel-spinning process for
manufacturing the fibers of the invention, said process comprising at least the steps of
(a) preparing a mixture comprising a UHMWPE, a carbon black and a suitable solvent
for UHMWPE; (b) extruding said solution through a spinneret to obtain a gel fiber
containing said UHMWPE, said carbon black and said solvent for the UHMWPE; and
(c) removing the solvent from the gel fiber to obtain a solid fiber. In a preferred
embodiment, step (a) comprises steps (a1) of providing a mixture containing a
polyethylene (PE) and carbon black; and step (a2) preparing a solution comprising the
UHMWPE, the mixture of step (a1) and a suitable solvent for both the PE and second
UHMWPE, wherein the PE has a lower molecular weight than the UHMWPE.
Preferably the amount of carbon black in the mixture of step (a1) is between 10 wt%
and 95 wt% based on the total weight of the mixture, more preferably said amount is
between 25 wt% and 80 wt%, most preferably between 35 wt% and 65 wt%.
Preferably, the amount of carbon black in the solution of step (a) or (a2) is at least 0.1

wt% with respect to the total weight of the solution, more preferably at least 0.2 wt%,
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most preferably at least 0.3 wt%. Preferably, the PE in the mixture of step (a1) is a PE
having a molecular weight of at most 50% of the molecular weight of the UHMWPE
used in step (a) or (a2), more preferably at most 40%, most preferably at most 30%.
Preferably said PE is a low molecular weight polyethylene, more preferably a low
density polyethylene (LDPE). The gel-spinning process may also optionally contain a
drawing step wherein the gel fiber and/or the solid fiber are drawn with a certain draw
ratio. Gel spinning processes are known in the art and are disclosed for example in WO
2005/066401; WO 2008/131925; WO 2009/043597; WO 2009/124762, and in
"Advanced Fibre Spinning Technology”, Ed. T. Nakajima, Woodhead Publ. Ltd (1994),
ISBN 185573 182 7, these publications and the references cited therein being included
herein by reference.

By UHMWPE in the context of the present invention is understood a
ultra-high molecular weight polyethylene having an intrinsic viscosity (IV) as measured
on solution in decalin at 135°C, of at least 4 dL/g. Preferably the |V is between 4 and
40 dL/g, more preferably between 6 and 30 dL/g and most preferably between 8 and
25 dL/g to provide fibers, yarns and objects with optimal mechanical properties.

The UHMWPE of the present invention further comprises short chain
branches (SCB) which originate from a co-monomer present in the UHMWPE wherein
the co-monomer is preferably selected from the group consisting of alpha-olefins with
at least 3 carbon atoms, cyclic olefins having 5 to 20 carbon atoms and linear,
branched or cyclic dienes having 4 to 20 carbon atoms. An alpha-olefin refers to an
olefin with terminal unsaturation having 3 or more carbon atoms, preferably from 3 to
20 carbon atoms. Preferred alpha-olefins include linear mono-olefins such as
propylene, butene-1, pentene-1, hexene-1, heptene-1, octene-1 and decene-1;
branched mono-olefins such as 3-methyl butene-1, 3-methyl pentene-1 and 4-methyl
pentene-1; vinyl cyclohexane, and the like. Alpha-olefins may be used alone, orin a
combination of two or more.

In a preferred embodiment, the alpha-olefin has between 3 and 12
carbon atoms. Even more preferably the alpha-olefin is selected from the group
consisting of propene, butene-1, hexene-1, octene-1. Most preferably propene, butene-
1, hexene-1 are present as co-monomer in the UHMWPE. The applicant found that
these alpha-olefins may readily copolymerize and may show optimized strongest effect
on creep lifetime properties according to the invention.

The UHMWPE comprises at least 0.3 short chain branches per
thousand total carbon atoms (SCB/1000TC), more preferably at least 0.4 SCB/1000TC
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and most preferably at least 0.5 SCB/1000TC. The co-monomer content of the
UHMWPE is not particularly limited but for production stability reasons may be such to
result in less than 50 SCB/1000TC, preferably less than 25 SCB/1000TC. By short
chain branches in the present application are understood branches that may originate
from a co-polymerized co-monomer but also other way like for example short chain
branches introduced by the catalyst via irregular ethylene incorporation. Further details
about the measurement of the SCB are given with the Methods. Increasing levels of
short chain branches may further improve CLT properties of the yarns comprising the
UHMWPE whereas the manufacturing of the gel-spun filaments may be negatively
affected by too high levels of SCB.

In a preferred embodiment, the UHMWPE of the inventive fiber
comprises SCB being C1-Cao-hydrocarbyl groups, preferably the C1-Cao-hydrocarbyl
group Is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl, hexyl,
octyl and cyclohexyl, isomers thereof and mixtures thereof as short chain branches. In
the context of the present invention short chain branches are distinguished from long
chain branches (LCB) that are herein defined as a branches containing more than 20
carbon atoms but are often of substantially higher lengths reaching the dimensions of
polymer chains themselves and resulting in a branched polymer architecture. Polymers
having substantially no LCB are commonly referred to as linear polymers. Preferably,
the UHMWPE is a linear polyethylene with less than 1 long chain branch (LCB) per
1000 total carbon atoms, and preferably less than 1 LCB per 5000 total carbon atoms.

The invention also relates to a yarn containing the fibers of the
iInvention wherein such yarn is an assembly comprising at least 5, preferably at least 10
and most preferably at least 20 fibers according to the invention. Preferably the yarn
according to the invention has a number n of gel-spun fibers, wherein the number n is
5, preferably 10, more preferably 20, wherein the yarn has a tenacity (Ten) of at least
20 cN/dtex and when subjected to a load of 600 MPa at a temperature of 70°C said
yarn has a creep rate (CR) of at most 1 x 10° s, and a creep lifetime (CLT) of at least
50 hours.

In a further preferred embodiment the inventive yarn has a tenacity of
at least 25 cN/dtex, preferably at least 28 cN/dtex, more preferably at least 32 cN/dtex
and most preferably at least 35 cN/dtex. There is no reason for an upper limit of the
tenacity of the inventive yarn, whereby UHMWPE yarns having tenacities of up to
about 60 cN/dtex may be currently manufactured. Generally such high-strength gel-

spun yarns also have a high tensile modulus, e.g. a tensile modulus of at least 500
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cN/dtex, preferably at least 750 cN/dtex, more preferably 1000 cN/dtex and most
preferably at least 1250 cN/dtex. Tensile strength, also simply referred to as strength,
tenacity and modulus of fibers can be determined by known methods, as those based
on ASTM D885M.

The inventors identified that the fibers according to the invention
comprising carbon black and the UHMWPE with SCB, and especially yarns of said
fibers subjected to a prolonged temperature treatment, show lower creep rates than
comparable fibers known hitherto. Therefore a preferred embodiment of the invention
concerns a yarn according to the invention having a CR (600 MPa, 70°C) of at most 7 x
1077 s71, preferably at most 5 x 107 s, more preferably at most 2 x 107 s™' and most
preferably at most 1 x 107 s™'. Such yarns are substantially more suitable for
applications where the yarn is subjected to a prolonged tensile force and especially in
warm climate.

The inventors also identified that the fibers according to the invention
comprising carbon black and the UHMWPE with SCB, and especially yarns of said
fibers subjected to a prolonged temperature treatment, show increased creep lifetime
than comparable yarns known hitherto. Therefore a preferred embodiment of the
iInvention concerns a yarn according to the invention wherein the yarn has a CLT (600
MPa, 70°C) of at least 70 hours, preferably at least 100 hours, more preferably at least
150 hours and most preferably at least 200 hours.

In a further aspect, the invention relates to a yarn comprising the
iInventive fibers, characterized in that said yarn has a creep lifetime retention of at least
80% after exposure to 100°C for at least 672 hours. The specific conditions are
detailed hereinafter in the METHODS section. Preferably said yarn has a CLT retention
of at least 90%, more preferably of at least 100%. It was surprisingly found that for the
yarns of the invention the CLT thereof shows an increase after said yarn is treated or
exposed to elevated temperatures for a prolonged period of time. Therefore, although
the term CLT retention usually implies that the CLT of a yarn after temperature
exposure Is lower than the initial CLT of said yarn, i.e. the CLT before temperature
exposure, in accordance with the present invention it is not excluded that the CLT after
sald temperature exposure is higher than said initial CLT. Therefor the invention also
relates to a yarn that after exposure for 672 hours to 100°C (AE), has a creep lifetime
after exposure (CLT-AE) of at least equal to the CLT of the yarn before exposure,
wherein the CLT and CLT-AE are measured at 600 MPa and 70°C, preferably the CLT-

AE is at least 10% higher, more preferably at least 25% higher, even more preferably
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at least 50% higher and most preferably 100% higher than the CLT of the yarn before
exposure.

The fibers and yarns according to the invention may further contain
small amounts, generally less than 5 wt%, preferably less than 3 wt% of customary
additives, such as anti-oxidants, thermal stabilizers, colorants, flow promoters, etc. The
UHMWPE can be a single polymer grade, but also a mixture of two or more different
polyethylene grades, e.g. differing in |V or molar mass distribution, and/or type and
number of co-monomers or side groups.

The invention also relates to a method of increasing the creep lifetime of a yarn
comprising fibers, comprising the steps of:

. providing a high strength UHMWPE fiber comprising between 0.1 and 10 parts by
weight carbon black based on 100 parts by weight of the amount of the
polyethylene forming the fiber, wherein the UHMWPE has an intrinsic viscosity
(V) of at least 4 dL/g and comprises at least 0.3 SCB/1000C of carbon black; and

. exposing said fiber to a temperature of at least 50°C for at least 24 hours in a
forced air circulation oven.

In a preferred embodiment the exposure temperature is at least 60°C,
more preferably at least 70°C, even more preferably at least 80°C and most preferably
90°C. In another embodiment the exposure time is at least 48 hours, more preferably at
least 168 hours and most preferably at least 336 hours, whereby the temperatures and
times of the last two embodiments might be used in any combination. It was observed
that higher temperatures and longer times provide a further improvement of the creep
properties of the obtained treated fibers, whereby the exposure temperature should
preferably not exceed 140°C, more preferably not exceed 135°C.

Preferred embodiments of the fiber used in the method of the
iInvention are those presented hereinabove in relation to the fiber and yarns of the
iInvention.

The fibers and yarns of the invention containing the carbon black and
the UHMWPE comprising SCB can be used in any application where such fibers are
normally applied. In particular the fibers can be used in architectural textiles, ropes,
fishing lines and fishing nets, and cargo nets, straps, and restraints in shipping and
aviation, gloves and other protective apparel, and biomedical applications like sutures
and cables. Thus in one respect the invention relates to a rope, a crane rope, a
mooring rope, a cordage or reinforcing elements comprising the fibers or the yarn of

the invention.
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In a further aspect the invention relates to multi — layered composite
articles for ballistic applications, said articles containing the fibers and/or the yarn of the
iInvention, preferably the multi-layered composite articles are selected from body
armors, helmets, hard and flexible shield panels and panels for vehicle armouring.

In a yet further aspect the invention relates to a product containing
the fibers or yarns according to the invention, wherein said product is chosen from the
group consisting of fishing lines and fishing nets, ground nets, cargo nets and curtains,
Kite lines, dental floss, tennis racquet strings, canvas, woven and nonwoven cloths,
webbings, battery separators, medical devices, capacitors, pressure vessels, hoses,
umbilical cables, automotive equipment, power transmission belts, building
construction materials, cut and stab resistant and incision resistant articles, protective
gloves, composite sports equipment, skis, helmets, kayaks, canoes, bicycles and boat
hulls and spars, speaker cones, high performance electrical insulation, radomes, sails,
and geotextiles.

Hereinafter the figures are explained:

Figure 1 shows a setup used for the determination of the creep
lifetime of the UHMWPE fibers of the invention.

Figure 2 shows a plot of the creep rate [1/s] on a logarithmic scale vs.
the elongation in percentage [%] characteristic to an investigated yarn. Further details
are provided in the respective methods below. The plot is purely illustrative with no
iIntention to explicitly represent the properties of a yarn of the prior art or according to
the invention.

The invention will be further explained by the following examples and
comparative experiment, however first the methods used in determining the various

parameters used hereinabove are presented.

METHODS

o |V: the Intrinsic Viscosity for UHMWPE is determined according to ASTM D1601-
99(2004) at 135°C In decalin, with a dissolution time of 16 hours, with BHT
(Butylated Hydroxy Toluene) as anti-oxidant in an amount of 2 g/l solution. 1V is
obtained by extrapolating the viscosity as measured at different concentrations to

zero concentration.

o dtex: fibers titer (dtex) was measured by weighing 100 meters of fiber. The dtex of

the fiber was calculated by dividing the weight in milligrams by 10.
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o Tensile properties: tensile strength (or strength) and tensile modulus (or modulus)

and elongation at break are defined and determined on multifilament yarns as
specified in ASTM D885M, using a nominal gauge length of the fibre of 500 mm, a
crosshead speed of 50 %/min and Instron 2714 clamps, of type “Fibre Grip
D5618C". On the basis of the measured stress-strain curve the modulus is
determined as the gradient between 0.3 and 1 % strain. For calculation of the
modulus and strength, the tensile forces measured are divided by the titre and
reported as tenacity in cN/dtex or N/tex; values in GPa are calculated assuming a

density of 0.97 g/cm?®.
e Short chain branches per 1000 total carbon (SCB/1000TC):

was determined by NMR techniques and IR methods calibrated thereon. As an

example the amount of methyl, ethyl or butyl short side chains are identical to the
amounts of methyl side groups per thousand carbon atoms contained by the
UHMWPE as determined by proton 'H liquid-NMR, hereafter for simplicity NMR,
as follows:

- 3 -5mg of UHMWPE were added to a 800 mg 1,1°,2,2'-tetracholoroethane-
d2 (TCE) solution containing 0.04 mg 2,6-di-tert-butyl-paracresol (DBPC) per
gram TCE. The purity of TCE was > 99.5 % and of DBPC > 99 %.

-  The UHMWPE solution was placed in a standard 5 mm NMR tube which was
then heated in an oven at a temperature between 140° — 150°C while
aqitating until the UHMWPE was dissolved.

- The NMR spectrum was recorded at 130°C with a high field (= 400 MHz)
NMR spectrometer using an 5 mm inverse probehead and set up as follows:
a sample spinrate of between 10 — 15 Hz, the observed nucleus — 'H, the
lock nucleus — “H, a pulse angle of 90°, a relaxation delay of 30 sec, the
number of scans was set to 1000, a sweep width of 20 ppm, a digital
resolution for the NMR spectrum of lower than 0.5, a total number of points In
the acquired spectrum of 64k and a line broadening of 0.3 Hz.

- The recorded signal intensity (arbitrary units) vs. the chemical shift (ppm),
hereafter spectrum 1, was calibrated by setting the peak corresponding to
TCE at 5.91 ppm.

- After calibration, the two peaks (doublet) of about equal intensity used to
determine the amount of methyl side groups are the highest in the ppm

range between 0.8 and 0.9 ppm. The first peak should be positioned at about
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0.85 ppm and the second at about 0.86 ppm.

- The deconvolution of the peaks was performed using a standard ACD
software produced by ACD/Labs;

- The accurate determination of the areas A1 methyiside groups , hereafter A1 of the
deconvoluted peaks used to determine the amount of methyl side groups, i.e.
A1 = Afist peak + Alsecond peak Was computed with the same software.

- The amounts of methyl side groups per thousand carbon atoms, was

computed as follows:

lOOOxﬂ

3.
Al+ A2+ A3

- wherein A2 is the area of the three peaks of the methyl end groups which are

methyl side groups = 2 x

the second highest in the ppm range between 0.8 and 0.9 and are located
after the second peak of the methyl side groups towards increasing the ppm
range and wherein A3 is the area of the peak given by the CH2 groups of the
main UHMWPE chain, being the highest peak in the entire spectrum and

located in the ppm range of between 1.2 and 1.4.

e The carbon black content was determined by thermal analysis (TGA) of fiber

samples (in duplicate) starting at 30°C for 10 minutes, heating to 800°C with a
heating rate of 20°C/min under nitrogen, switching at 800°C to oxygen and heating
to 925°C with heating rate of 20°C/min under oxygen. The concentration of carbon
black in the fiber in parts by weight is calculated by dividing the mass loss of the
combustion under oxygen at around 800°C by the mass loss of the sample up to

the switch to oxygen.
e Average primary particle size was determined according to ASTM D33849
o BET-surface was determined according to ASTM D6556-10.

o Creep rate (CR) and creep lifetime (CLT) were determined in accordance with the

methodology described in the paper “Predicting the Creep Lifetime of HMPE
Mooring Rope Applications” by M. P. Vlasblom and R.L.M. Bosman — Proceedings
of the MTS/IEEE OCEANS 2006 Boston Conference and Exhibition, held in
Boston, Massachusetts on September 15-21, 20006, Session Ropes and tension
Members (Wed 1:15 PM — 3:00 PM). More in particular the creep lifetime may be
determined with a device as schematically represented in Figure 1, on untwined
yarn samples, i.e. yarn with substantially parallel flaments, of about 1500 mm

length. The yarn samples were slip-free clamped between two clamps (101) and
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(102) by winding each of the yarn’'s ends several times around the axes of the
clamps and then knotting the free ends of the yarn to the yarn's body. The final
length of the yarn between the clamps (200) was about 180 mm. The clamped
yarn sample was placed in a temperature-controlled chamber (500) at a
temperature of 70°C by attaching one of the clamps to the ceiling of the chamber
(501) and the other clamp to a specific counterweight (300) to result in a load of
000 MPa on the yarn. The load is achieved by adjusting the weight of the attached
counterweight (300) while considering the titer of the yarns. The position of the
clamp (101) and that of clamp (102) can be read on the scale (600) with the help
of the indicators (1011) and (1021). The Iinitial position of the counterweight is the
position wherein the length of the yarn (200) equals the distance between (101)
and (102) as measured on (600). The elongation of the yarn in time was followed
on the scale (600) by reading the position of the indicator (1021). The time needed
for said indicator to advance 1 mm was recorded for each elongation of 1 mm until

the yarn broke.

The elongation of the yarn ¢, [in mm] at a certain time ¢ is herein understood the

difference between the length of the yarn between the clamps at that time ¢, i.e.

L(z‘), and the initial length (200) of the yarn L, between the clamps. Therefore:
&, (r)[in mm] = L(t)—LO

The elongation of the yarn [in percentages] is:

e.(t)in %|= L(t)L_ Lo s 100
0

The creep rate [in s'] is defined as the change in yarn’s length per time step and

was determined according to Formula (1) as:

é‘f _ gi _gf—l > 1 (1)
t.—t . 100

wherein ¢, and ¢, are the elongations [in %] at moment ; and at the previous
moment i —1; and ¢, and ¢,_, are the time (in seconds) needed for the yarn to

reach the elongations ¢, and ¢, ,, respectively. The creep rate [1/s] was then

plotted on a logarithmic scale vs. the elongation in percentage [%] to yield a plot
(100) as for example shown in Figure 2. The minimum (1) of the plot in Figure 2
was then determined and the linear portion (2) thereof after said minimum (1) was

fitted with a straight line (3) which contained also the minimum (1) of the plot. The
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elongation (4) where the plot (100) begins to deviate from the straight line was
used to determine the time at which that elongation occurred. This time was
considered as the creep lifetime for the yarn under investigation. Said elongation
(4) was considered as the elongation during the creep lifetime.

Creep properties of Comparative Examples C have been measured at a load of

300 MPa. Such lower load was required to obtain measurable creep lifetime.

EXPERIMENTAL
PREPARATION OF UHMWPE
UHMWPE a)
A batch of ethyl branched UHMWPE was made according to the preparation described
in W0O2012139934 under Grade a). The polymerization conditions of W0O2012139934

were accurately followed, whereby only 2.5 ml (0.5 mol/L) of TEOS was used. The

UHMWPE produced according to this process had an |V of 21 dL/g and a level of
ethylene branches of 0.6 SCB/1000C.

PREPARATION OF UHMWPE FIBERS

UHMWPE fibers were produced according to the process described
in W0O2012139934 with and without additives. The additives, if present, were solved or
suspended together with the UHMWPE in the decalin before feeding to the extruder.

HEAT TREATMENT OF UHMWPE YARNS

Each yarn was also subjected to a temperature exposure followed by

creep evaluation. Said exposure consisted in subjecting the fibers during 672 hours (4
weeks) to a temperature of 100°C in a forced air circulation oven according to ISO
2578.

Example 1:

From the prepared UHMWPE a) yarn 1 comprising 120 filaments was
spun with the addition of about 1.0 wt% of carbon black powder (Printex®F alpha,
average primary particle size 20 nm, BET-Surface area 105 m?/g as supplied by Orion,
Germany) based on UHMWPE. A portion of the yarn was exposed during 672 hour to
100°C. The physical properties of Example 1A and 1B respectively are reported in
Table 1. Creep properties (at 70°C under a load of 600 MPa) of the obtained yarns

have been measured and are reported in Table 2.
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These experiment reproduce two yarns (Ex 1 and CE A) of
WO02014/187948, with and without the HALS stabilizer respectively, by spinning

UHMWPE a) without and without the addition of 0.6 wt% based on UHMWPE of
Tinuvin® 765 (Bis(1,2,2,6,6-pentamethyl-4-piperidyl)sebacate) supplied by BASF as

stabilizer. The properties of the obtained yarns A1 and B2 as well as the heat exposed

yarns A2 and B2 are reported in table 1 and 2 below.

Comparative Experiment C:

This experiment reproduces the yarns exemplified in WO2013139784 and has

been produced from a UHMWPE with an |V of 19 dL/g and 0.05 methyl chain

branches/1000C with the addition of about 1.3wt% carbon black. The properties of the

obtained yarns C1 as well as the heat exposed yarn C2 are reported in table 1 and 2

below. The creep properties have been evaluated at 70°C under a load of 300 MPa, In

view of the expected lower creep performance.

Table 1
Yarn sample Exposure Additive TS E-mod Elongation
100°C [wt%] type [cN/dtex] | [cN/dtex] | [%]
Example 1A Oh | 0.85 Carbon black 38.8 1204 | 3.6
Example 1B 672 h | 0.85 Carbon black 36.4 1106 | 3.5
Comp. Exp. A1 0 h - - 33.6 920 | 4.17
Comp. Exp. A2 672 h - - 22.1 862 | 2.96
Comp. Exp. B1 Oh | 0.5 Tinuvin® 765 34.5 926 | 4.3
Comp. Exp. B2 672h | 0.5 Tinuvin® 765 34.8 931 | 4.2
Comp. Exp. C1 Oh | 1.1 Carbon black 41.1 1431 | 4.0
Comp. Exp. C2 672h | 1.1 Carbon black 36.6 1407 | 2.9
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Table 2

Yarn sample Exposure Creep conditions CR Elongation CLT
100°C s~ [%] [hours]

Example 1A Oh | 70°C/600 MPa 9.0 x 10°® 14 204
Example 1B 672h | 70°C /600 MPa 3.9x10° 10 448
Comp. Exp. A1 Oh | 70°C/600 MPa 4.2 x 107 24 102
Comp. Exp. A2 672h | 70°C /600 MPa 1.1 x 10 3 1
Comp. Exp. B1 Oh | 70°C /600 MPa 3.9 x 107 24 99
Comp. Exp. B2 672h | 70°C /600 MPa 3.3 x 107 13 73
Comp. Exp. C1 Oh | 70°C/300 MPa 3.5x 107 36 164
Comp. Exp. C2 672h | 70°C /300 MPa 2.0 x 107 16 153
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CLAIMS

1. A gel-spun fiber comprising an ultra-high molecular weight polyethylene
(UHMWPE), wherein the UHMWRPE has an intrinsic viscosity (IV) of at least 4
dL/g and comprises at least 0.3 short chain branches per thousand total
carbon atoms, characterized in that the fiber further comprises between 0.1
and 10 parts by weight of carbon black based on 100 parts by weight of the
amount of the polyethylene forming the fiber.

2. The gel-spun fiber of claim 1 wherein the short chain branches (SCB) originate
from a co-monomer in the UHMWPE wherein the co-monomer is selected
from the group consisting of alpha-olefins with at least 3 carbon atoms, cyclic
olefins having 5 to 20 carbon atoms and linear, branched or cyclic dienes
having 4 to 20 carbon atoms.

3. The gel-spun fiber of claim 1 wherein the SCB are C4-Czo-hydrocarbyl groups,
preferably the C1-Czo-hydrocarbyl group is selected from the group consisting
of methyl, ethyl, propyl, butyl, pentyl, hexyl, octyl and cyclohexyl, isomers
thereof and mixtures thereof.

4. The gel-spun fiber of any of the preceding claims wherein the UHMWPE has
an |V between 4 and 40 dL/g, preferably between 6 and 30 dL/g and most
preferably between 8 and 25 dL/g.

5. The gel-spun fiber of any of the preceding claims wherein the carbon black is
selected from the group consisting of acetylene black, channel black, furnace
black, lamp black and thermal black, or any combination thereof, preferably
the carbon black is a furnace black.

0. The gel-spun fiber of any of the preceding claims wherein the carbon black
has an average primary particle size measured by ASTM D3849-07(2011)
between 10 and 200 nm, preferably between 12 and 100 nm and most
preferably between 14 and 50 nm.

/. The gel spun fiber of any of the preceding claims wherein the carbon-black
has a BET-surface as measured by ASTM D6556-10 between 10 and 500
m?/g, preferably between 20 and 400 m%/g and most preferably between 40
and 200 m4/g.

3. A yarn comprising a number n of gel-spun fibers of any of the preceding
claims, wherein the number n is 5, preferably 10, more preferably 20, wherein

the yarn has a tenacity (Ten) of at least 20 cN/dtex, and, when subjected to a



CA 03033281 2015-02-07

WO 2018/060127 PCT/EP2017/074199
_17 -

load of 600 MPa at a temperature of 70°C said yarn has a creep rate (CR) of
at most 1 x 10° s, and a creep lifetime (CLT) of at least 50 hours.

9. The yarn according to claim 7 wherein the yarn has a tenacity of at least 25
cN/dtex, preferably at least 28 cN/dtex, more preferably at least 32 cN/dtex
and most preferably at least 35 cN/dtex.

10. The yarn according to claim 8 or 9 wherein the CR (600 MPa, 70°C) is at most
7 x 107 s, preferably at most 5 x 107 s, more preferably at most 2 x 10" s,
and most preferably at most 1 x 10 s™.

11. The yarn according to any of the claims 8 to 10 wherein the yarn has a CLT
(600 MPa, 70°C) of at least 70 hours, preferably at least 100 hours, more
preferably at least 150 hours and most preferably at least 200 hours.

12. The yarn according to any of the claims 8 to 11 wherein the yarn, after
exposure for 672 hours to 100°C (AE) according to ISO 2578, has a creep
lifetime after exposure (CLT-AE) at least equal to the CLT of the yarn before
exposure, wherein the CLT and CLT-AE are measured at 600 MPa and 70°C,
preferably the CLT-AE is at least 10% higher, more preferably at least 25%
higher, even more preferably at least 50% higher and most preferably 100%
higher than the CLT of the yarn before exposure.

13. A rope, a crane rope, a mooring rope, a cordage or reinforcing elements
comprising the fibers according to claims 1 — 7 and/or the yarn according to
any one of claims 8 — 12.

14. Multi — layered composite articles for ballistic applications said articles
containing the fibers according to claims 1 — 7 and/or the yarn according to
any one of claims 8 — 12, preferably the multi-layered composite articles are
selected from body armors, helmets, hard and flexible shield panels and
panels for vehicle armouring.

15. Product containing the fibers according to claims 1 — 7 and/or the yarn
according to any one of claims 8 — 12, wherein said product is chosen from
the group consisting of fishing lines and fishing nets, ground nets, cargo nets
and curtains, Kite lines, dental floss, tennis racquet strings, canvas, woven and
nonwoven cloths, webbings, battery separators, medical devices, capacitors,
pressure vessels, hoses, umbilical cables, automotive equipment, power
transmission belts, building construction materials, cut and stab resistant and

Incision resistant articles, protective gloves, composite sports equipment, skis,
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helmets, kayaks, canoes, bicycles and boat hulls and spars, speaker cones,

high performance electrical insulation, radomes, sails, and geotextiles.
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