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Abstract

Melt-flow-induced crystallization of polyethylendelnds having tailored ultrabroad molar
mass distribution affords extended-chain ultrahigblar mass (UHMWPE) nanophases
resembling nanofibers which effectively reinforée tpolyethylene matrix. Unparalleled by
state-of-the-art high density polyethylene (HDPHE)e resulting melt-processable “all-
polyethylene” single component composites exhibiidtaneously improved wear resistance,
toughness, stiffness and strength. Key intermesliate trimodal blends prepared by melt
compounding HDPE with bimodal UHMWPE/HDPE wax reacblends (RB) readily

tailored by ethylene polymerization on supportea-site catalysts. Whereas HDPE wax,
varied up to 54 wt.-%, serves as processing ai@idmg melt viscosity, UHMWPE varied up

to 63 wt.-% accounts for improved blend propertiesiMWPE platelet-like nanophase
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separate during ethylene polymerization and readilgit during injection molding of

RB/HDPE blends producing extended-chain fiber-lldMWPE nanostructures of 100 nm
diameter as shish which nucleate HDPE and HDPE amgstallization to form shish-kebab-
like structures. At 32 wt.-% UHMWPE content shistbkb-like reinforcing phases account
for massive polyethylene self-reinforcement asestfid by improved Young's modulus
(+ 420%), tensile strength (+ 740%) and notchedl lrapact strength (+ 650%) without
impairing HDPE injection molding. All-PE compositeghibit high wear resistance entering
ranges typical for polyamide and monomodal UHMWPEiclw is not processable by

injection molding under identical conditions.

Introduction

Hydrocarbon polymers like polyethylene and polyptepe are well known as versatile
commodity plastics appearing in daily life applioas ranging from packaging, thermal and
electrical insulation and textiles to light-weigbgineering in automotive and construction
industries: Among polyolefins ultrahigh molar mass polyethgefUHMWPE) with
molecular weight exceeding one million g mas well known for exhibiting extraordinary
toughness, high strength and outstanding wear taesi&® Hence, high performance
UHMWAPE is used to fabricate ultra-strong fiberslldtyproof body armor and highly wear
resistant components of artificial hips and joffsHowever, increasing polyethylene chain
length accounts for massive chain entanglementnaganied by drastic viscosity build-up
precluding melt processing of UHMWPE by injectiomlding, blow molding or extrusion
typical for HDPE commodities.Hence manufacturing of high performance UHMWPE is
either achieved by gel spinning producing ultraisty micron-sized extended-chain
UHMWRPE fibers, UHMWPE powder sintering, special dinf processes like ram extrusion

or multi-step processing such as lamination of UHNEVfabrics or hot compaction of
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stretched UHMWPE tapes. Aiming at improving HDPEf@enance it is highly attractive to
reinforce HDPE with extended-chain UHMWPE nanofibr produce all-PE composites via
flow-induced oriented crystallization without drasily impairing HDPE injection molding.
However, UHMWPE nanofibers are not available andiliaequire special handling and
safety procedures. Particularly dispersion of n&wlasp-separated UHMWPE is essential to
increase UHMWPE content without encountering massantanglement paralleled by
intolerably high melt viscosity. The basic concepsingle-component polymer composites,
also being referred to as all-polymer compositdsgne@in both matrix and reinforcing phase
are made from the same polymer, was pioneere®dter et al’® Progress made in the
development of self-reinforced all-polymer compesitvas reviewed by Kmetty, Barany and
Karger-Kocsis. According to Keller the presence of high molar samlyethylene is
essential for achieving flow induced coil-stretchnsition by preventing relaxation when
surpassing a critical molar maSsin the past many studies relating to shish-kebhér f
reinforced polyethylene employed solution blendd sypecial processing such as compression
molding, hot compaction and drawing, since classBPE injection molding failed to
tolerate high amounts of UHMWPE*® As verified byBoscoletto et al.jn simple melt-
mixing of UHMWPE with HDPE less than 3 wt.-% UHMWRE dissolved? Moreover, it
should be noted that commercially available micsmed UHMWPE does not fully melt
during short hold-up times typical for HDPE melbpessing and is only useful as micron-
sized filler. Melt compounding of HDPE with pre-fatated UHMWPE nanoparticles would
be rather problematic owing to emission problent severe explosion hazards encountered
when handling sub-micron organic electrically irdulg particles during conventional
polymer processing. As a consequence, most stateeedrt bimodal HDPE reactor blends,
produced in cascade reactors, incorporate minuteuats of UHMWPE serving as tie
molecule bonding together HDPE crystallites, thigaificantly enhancing fatigue resistance

of extruded HDPE pipe¥.



At the beginning of the 2%century the discovery of robust supported muttisiatalysts for
reactor blend (RB) formation has enabled unprededetailoring of ultrabroad polyethylene
molar mass distributions in conjunction with facdespersion of much larger amounts of
nanophase-separated disentangled UHMWPE during leety polymerization without
adversely affecting HDPE injection moldihgThe molar ratio of different catalytic sites
which independently produce HDPE, UHMWPE, and gided also HDPE wax, on the same
catalyst support governs the weight ratio of pdilyksnes with vastly different chain lengths
without changing the average molar mass of theviddal fractions. Even unprecedented
ultrabroad bimodal nanostructured polyethylene RBsntaining UHMWPE 1D
nanostructures embedded in HDPE wax became feasibidustrial ethylene polymerization
processes typical for HDPE commodity productionhwitt encountering reactor fouling.
For the first time more than 10 wt.-% nanophasexsgpd UHMWPE was dispersed in
HDPE without impairing injection molding typical fé(iDPE commodities in the absence of
UHMWPE *%* Unlike micron-sized UHMWPE, as verified by DSC,r¥y diffraction and
electron microscopy, UHMWPE nanostructures reaai&ft during injection molding to form
extended-chain  UHMWPE nanofibers by flow-inducedystallization. The resulting
extended-chain UHMWPE 1D nanostructures serve &h shucleating crystallization of
HDPE and HDPE wax to produce kebab structures.at shown that the UHMWPE 1D
nanostructures have average diameter of 8G°nfie resulting shish-kebab polyethylene
phases reinforce the polyethylene matrix accountiolg massive self-reinforcement as
reflected by simultaneously improved stiffnessemsgith and toughness. In order to further
enhance self-reinforcement by raising the UHMWPEteot ultra-low molar mass HDPE
wax was incorporated serving as processing aid labdcant lowering melt viscosity at
higher UMHWPE content®® Since HDPE wax is incorporated into kebab strestuarge
amounts of HDPE wax is tolerated in melt processiitgout encountering massive emission

problems typical for HDPE/HDPE wax melt compounds the absence of UHMWPE
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nanostructures. As an alternative route towardsPEll single-component composites
polyethylene RBs with ultrabroad bimodal molar masstributions, readily tailored by
ethylene polymerization on two-site catalysts, amployed as additives for HDPE melt
processing in order to tailor trimodal molar maissributions without requiring modifications
of the polymerization processes producing HDPE conities?® Unlike all-PE composites
prepared by ethylene polymerization on three-saalgsts, in which catalyst composition
governs all-PE composite performance, the readtmdbadditive approach enables to control
all-PE single-component composite properties veaRIB content. Albeit significant progress
has been made in all-PE composite development ixyidooth ethylene polymerization on
three-site catalyst and melt compounding of HDP& wimodal reactor blend additive little
is known concerning the wear resistance of all-Rigls-component composites. Herein we
examine how to tailor RB additives and nanostredysolyethylene with ultrabroad trimodal
molar mass distributions in order to simultaneowsdase wear resistance, stiffness, strength
and toughness of all-PE composites. Special faepdaiced upon injection molding of all-PE
composite exhibiting high wear resistance simibaHMWPE without impairing facile melt
processability typical for HDPE commodities. Thetimbte goal is to develop melt-
processable all-PE single composite materials bywexding HDPE commodities into high
performance engineering thermoplastics self-reggdr by in-situ UHMWPE 1D
nanostructure reinforcement without sacrificing ilacprocessing in conjunction with

attractive cost, resource, eco and energy effigiéygical for polyolefin commodities.

Experimental section

MATERIALS AND METHODS
All polymerizations and catalyst preparation stapsolving air- or moisture-sensitive

substances were carried out under a dry argon atmos and a glovebox (MB Braun MB
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150-G-Il). Ethylene (3.0) and Argon (5.0) were fhased from Messer Griesheim and used
without further purification. Toluene (anhydrousigi@a-Aldrich), n-heptane (anhydrous,
Merck) were purchased and further purified withachMum Atmospheres Co. solvent purifier.
Methylaluminoxane (10 wt.-% in toluene), trimetHyl@minum (TMA, 2 M in n-heptane) and
triisobutylaluminum (TiBAl, 1 M in n-hexane) wereughased from Sigma-Aldrich.
Mesoporous silica (silica nanofoam, NF70) exhilgtanpore diameter of 70 nm and specific
surface of 790 fg® was synthesized in our group according to preWousported
procedures®??* 2 6-Bis-[1-(2,6-dimethylphenylimino)ethyl] pyricén chromium (Il
trichloride (CrBIP) was synthesized according titerature procedur& [ °-3,4,5-trimethyl-
1-(8-quinolyl)-2  trimethylsilyl-cyclopentadienyl-comium  dichloride (CrQCp) was
synthesized and kindly supplied by the group of éad(University of Heidelberd}:*°
Hostalen GC7260 (= 77 kg mof', Mw/Mn = 4.6), which was used as bulk material and
HDPE benchmark was supplied by Lyondellbasell. THdMWPE reference (GUR 4120)
and PA46 (Stanyl) was supplied by Celanese and D&#pectively.

CATALYST PREPARATION AND ETHYLENE POLYMERIZATION

The mesoporous silica catalyst support (NF70) wasddn a Schlenk-tube in high-vacuum
(102 bar) at 160 °C for 14 h. 20 mL of toluene wereeatldnd the suspension was sonicated
for 10 min. After adding of the calculated amouhtMAO (Al : Cr =300 : 1), the mixture
was stirred for 30 min and sonicated for 5 min.eAedimentation, the MAO-treated catalyst
support was washed with dry toluene by removalewhange of the supernatant. CrBIP was
dissolved in toluene (0.2 mg i), pretreated with TMA (10 equiv.) and added byiraye.
After stirring for 5 min, CrQCp in toluene (0.2 mu.™) was also added and the mixture was
stirred again for 5 min. After sedimentation, tlethated catalyst was collected in n-heptane
(20 mL), transferred into the reactor and the pasration was started. Ethylene
polymerizations were carried out in a 2.6 L stesdctor (HITEC ZANG) equipped with a

mechanical stirrer, thermostat and a software fiter Therefore, the reactor was heated in
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high-vacuum at 90 °C for 2 h, pre-filled withheptane (580 mL) and TiBAl 3 mL, 1 M m
hexane) and was saturated with ethylene (5 batgr Afansferring the prepared catalyst into
the reactor, the polymerization was proceeded &#tC4Gan ethylene pressure of 5 bar and
stirring speed of 200 rpm for 120 min. The polymeas stabilized with BHT (2,6-Diert-
butyl-4-methylphenol) in methanol, filtered andedtiunder reduced pressure at 60 °C to
constant weight.
RB CHARACTERIZATION
Thermal characterization was conducted by diffea¢stanning calorimetry (DSC) by using
a DSC 204 F1 Phoenix from NETSCH. Molecular weigkt,) and Molecular weight
distributions (MWD) were determined with a PL-22@h temperature gel permeation
chromatograph (HT-GPC, Agilent) equipped with thRdeGel Olexis columns and a triple-
detection system (differential refractive index egor, differential viscometer 210 R
(Viscotek), low-angle lightscattering detector). eTltolumns were calibrated using 12
polystyrene samples with narrow MWDs. Measurementse operated at 160 °C in
1,2,4-trichlorbenzene (stabilized with 0.2 wt.-%-8j-tert-butyl-(4-methylphenol)) at flow-
rates of 1.0 mL min. Morphological investigations of nanostructure nfiation were
performed using a scanning electron microscope Arh8&d0.
POLYMER MELT PROCESSING
Typically, HDPE pellets were milled (Hellweg Masgbnbau GmbH & Co. KG; grit size
1 mm) prior to physical mixing and melt compoundmigh the reactor blend powders. The
bimodal reactor blend powders (RB33, RB50 and RB&8je suspended in acetone and
stabilized with 0.2 wt.-% of Irganox 1010 and lrgafP168 (1:1). The desired amount of
HDPE (Hostalen GC7260) was added prior to solventaval under reduced pressure and
drying of the polymer in vacuum at 65 °C to constaeight. Melt processing was performed
with a co-rotating twin-screw micro compounder XplqDSM, Heerlen, Netherlands) at

200 °C and 120 rpm for 2 min and subsequently firgacmolded into tensile and impact
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strength test specimens by an injection moldingageXplore (DSM, Heerlen, Netherlands)
at 60 °C mold temperature and injection pressuf® fudr.
MECHANICAL AND TRIBOLOGICAL CHARACTERIZATION
Mechanical properties like Young’'s Modulus, tensskeength or notched impact strength
were determined with a Zwick model Z005 accordingQiIN-EN-ISO 527 (tensile test
method 5A) and a Zwick pendulum according to DIN-EBBO 180 (lzod method),
respectively. The tribological behavior of the matls was investigated with a custom-made
“Pin on Ring™-Tribometer (1 rpm, 0.27 m's3 MPa pressure, ment ratio of polymer to steel:
1/270, Pin: rectangular shaped polymer specimewy: wry steel disc (AS6590, hardened,
polished) with R 0.2-0.3 um, R 2-3 um, Ry, 3.5-5.5, R: ~200 cni', surface energy:
dispersive (28 MN/M), poiar (7 MN/m), environment: RT, 30-40 % rel. humidit§jpecimens
were cut from the tapered section of injection-redldensile test specimens where a higher
translucency of the specimen indicated a highdepeatial orientation of the polymer chains.
The specimens were oriented such that the prefak@mientation of the polymer chains was
perpendicular to the surface of the frictional part All measurements were carried out with
a new steel ring in order to provide identical dtnds wherein each polymer pin came
initially in contact with a “virgin” steel surfacélhe wear experiments were repeated three

times per material.

Results and Discussion

TAILORING ALL-PE COMPOSITES

Whereas most state-of-the-art injection-moldabldP&l single-component composites have
been tailored by ethylene polymerization on speaify designed supported three-site catalyst
we employ the additive route blending together HRBEImModity resins with bimodal reactor

blends (RB) containing nanophase separated UHMWRitedded in HDPE waX. Addition
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of RB additives to HDPE melts does not require rhicalion of the catalytic process
established for manufacturing of HDPE commoditi€ésy feature of this process is flow-
induced oriented UHMWPE crystallization producingisethtangled extended-chain
UHMWPE 1D nanostructures resembling ultrastrong UMRE nanofibers which reinforce
the HDPE matrix. Preferably RB comprises nanoptseggrated disentangled UHMWPE
dispersed in HDPE wax which serves as lubricant gnodessing aid lowering HDPE melt
viscosity and enabling melt processing in the preseof high UHMWPE contents without
impairing HDPE injection molding and extrusion. Tiaio of UHMWPE/HDPE wax is set
by the molar ratio of two catalytic sites producdgiMWPE and HDPE wax on the same
catalyst support. Owing to the close proximity bk ttwo sites, it is possible to form
nanophase separated RBs which are not feasibleriwentional melt compounding of HDPE
wax with UHMWPE. The UHMWPE content of all-PE consgies at constant

UHMWPE/HDPE wax ratio is governed by the RB additauring melt compounding. As is
illustrated inScheme 1RB contains nanoplatelet-like UHMWPE which is disged in HDPE

wax and readily melts forming disentangled extercle@in UHMWPE 1D nanostructures
resembling nanofibers which nucleate HDPE and HRR crystallization producing shish-

kebab-fiber-like nanostructures as reinforcing pisas
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Scheme 1:Melt compounding of HDPE with various bimodal UHMRE/HDPE wax reactor blends
to produce “all-polyethylene” single-component casipes reinforced with extended-chain
UHMWPE 1D nanostructures resembling shish-kebalofiizgrs. The RB addition to HDPE enables
tailoring of trimodal polyethylene with variable WHVPE content at constant UHMWPE/HDPE wax
weight ratio.

Typically, the RB additives were tailored by etmgepolymerization on methylaluminoxane
(MAO)-activated supported two-site catalysts commgn  2,6-bis-[1-(2,6-
dimethylphenylimino)ethyl] pyridine chromium (llfrichloride (CrBIP), producing HDPE
wax (10gmol*) and [ °-3,4,5-trimethyl-1-(8-quinolyl)-2 trimethylsilyl-aslopentadienyl-
chromium dichloride (CrQCp), producing UHMWPE (2%g0mol?). Both CrBIP and
CrQCp were co-immobilized on MAO-tethered mesopsrsilica having 70 nm pore size.
Varying the CrBIP/CrQCp molar ratio enabled preasatrol of the HDPE wax / UHMWPE
weight ratio of the RB additive. For instance, hqnCrBIP/CrQCp molar ratio from 9.5 to 4.7
and 3.2 raised the UHMWPE content of the RB adelifrom 33 to 50 and 63 wt.-% (see
Table 1 and alsoFigure 1). The sample identification RB33 denotes that riector blend
RB contained 33 wt.-% UHMWPE. From the GPC traceSigure 1 is apparent that variation

of the CrBIP/CrQCp molar ratio precisely controlléd HDPE wax/UHMWPE weight ratio
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but did not affect the average molar mass of eittiePE wax or UHMWPE. All RB samples

had ultrabroad bimodal molar mass distribution WM, varying between 500 and 1050.

Table 1: RB prepared by ethylene polymerizations on silepp®rted two-site chromium catalysts
combining CrBIP and CrQCp co-immobilized on the REilica support.

entry CrBIPICrQCp  Yield UV';;E UHMWPE @ Imlbl Hc_[lb] M, o MM,
[mol/mol] [a] [Wt.-%6] [wt.-%] [°C] [Jg71 [kg mol]

RB33 9.5 282 54 33 130 154 1220 1000

RB50 4.7 319 35 50 132 163 1690 1050

RB63 3.2 318 17 63 137 157 1790 500

Further conditions: Rize= 200 Mg, Veptane 600 Ml, Rinyiene 5 bar, Migar Tpo= 40 °C, po=
120 min [ Determined by high-temperature gel permeation matography (HT-GPC).
I First DSC heating cycle.

RB33 RB50 RB63

dw dlogM
dw dlogM
dw dlogM

AN

T T b ] T T T T T T T T T T T T
100 1000 10000 100000 1000000  1E7 100 1000 10000 100000 1000000  1E7 100 1000 10000 100000 1000000  1E7
Mw [gmol] Mw [gmol™] Mw [gmol™']

Figure 1: Molar mass distributions of RB33, RB50 and RB638letermined by HT-GPC.

In order to investigate the influence of HDPE wkdDPE and UHMWPE on mechanical,
morphological and tribological properties, the bdab RBs with different
UHMWPE / HDPE wax ratios were melt compounded vinttermediate molar mass HDPE
using a twin-screw microcompounder at 200 °C arf@irp2n prior to injection molding of the
resulting trimodal all-PE composite. Sample idecdifion xxRByy denotes “xx” as wt.-% RB
added to HDPE whereas RByy specifies the typerabbal reactor blend as listed in Table 1.
Although the total UHMWPE contents of the HDPE/RBrals were in the range of 20-30

wt.-% (see Table 2), all samples were readily msdicessable by injection molding at 200°C

-11 -



using the same parameters typical for the injectimwlding of neat HDPE. Opposite to
HDPE/HDPE wax blends in the absence of nanophgsa-aed UHMWPE no HDPE wax
emission and odor problems were encountered irptesence of UHMWPE owing HDPE
wax crystallization onto UHMWPE shish forming kebsiouctures. In accord with earlier
observation®, co-supporting of CrQCp with other (post-)metatipes afforded nanophase
separation as reflected by the incorporation ofgigélike UHMWPE nanostructures which
prevented entanglements of UHMWPE chains. By me&mselt compounding HDPE with
various amounts of the three different RB addititles HDPE content was varied between 59
to 100 %, the HDPE wax content from 0 to 16 wt.#8d ¢he UHMWPE content from 0O to 32
wt.-%. As schematically displayed in Scheme 1, tadditive strategy involving melt
compounding of HDPE with RB additives enables wependently vary UHMWPE / HDPE

and UHMWPE / HDPE wax ratios.

Table 2: Compositions of all-PE composites prepared by miehding HDPE with RB containing
HDPE wax and UHMWPE. .

entry HV?;(E HDPE®  UHMWPE
[Wt.-%6] [wt.-%] [wt.-%]
HDPE 0 100 0
30RB33 16 74 10
30RB50 11 74 15
30RB63 5 76 19
50RB50 18 57 25
50RB63 9 59 32

[ ncludes Hostalen GC7260 and high molecular weightethylene below the range of°i®mol™.

MECHANICAL PROPERTIES

The mechanical properties of all-PE composites ametion of UHMWPE and HDPE wax
contents are listed inTable 3 and displayed in Figure 2. Clearly the
toughness / stiffness / strength balance signifigaincreased with increasing UHMWPE
content. As compared to HDPE, the all-PE compdsiieB63, containing 50 wt.-% RB50
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equivalent to 32 wt.-% total UHMWPE content, extedi high Young’s modulus of 4.8 GPa
(+ 420 %), tensile strength of 201 MPa (+ 720 %) aotched Izod impact strength of 34

KJ/n? (+ 650 %).

Table 3: Mechanical properties of all-PE single-componenngosites as a function of HDPE wax
and UHMWPE content.

. al Tensile Notched Izod
entry TJ?-|F|)\/I|E V&VF?I)E( gx:?y/g / Young[Sé I\I;I;J]dulus[ St[&nF?;T[a] impa[ﬁjslag]]gth[b]
HDPE - 0.9+ 0.05 24+ 1 5+1

30RB33 16 wt.-% / 10 wt.-% 24+01 97+4 20+ 2
30RB50 11 wt.-% / 15 wt.-% 28+04 117+ 4 25%2
30RB63 5 wt.-% / 19 wt.-% 3.8+05 1385 281
50RB50 18 wt.-% / 25 wt.-% 32+03 142 £ 4 23+2
50RB63 9 wt.-% / 32 wt.-% 48+0.5 201 + 16 34+4

[ Determined via tensile testing with a Zwick mo@@05 according to DIN-EN-ISO 527
(5A) and™ a Zwick pendulum according to DIN-EN-ISO 180 (Izméthod).

Young's Modulus [GPa] Tensile Strength [MPa] Notched Izod Impact Strength [KJ m?]
. 40
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Figure 2: Young's modulus (left), tensile strength (middlejdanotched Izod impact strength as a
function of HDPE wax and UHMWPE content.

In order to verify the in-situ formation of shiskdab reinforcing phases comprising
extended-chain UHMWPE shish and HDPE/HDPE wax kebhaball-PE composites were
analyzed by means of Differential Scanning CalotimngDSC) and Scanning Electron
Microscopy (SEM). Since extended-chain PE fibesultefrom flow-induced crystallization

all samples were taken from the mid sections of téresile bars® Evidence of different
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crystalline phases is clearly visible by comparthg first and second DSC heating cycles
(Figure 3). The second higher melting temperature (>140e3C€)usively appeared during the
first heating cycle, whereas no such transition deiected in the second cycle. Obviously
extended-chain polyethylene was only formed durimgction molding owing to flow-
induced crystallization whereas crystallizationnfronelts without extensional flow failed to

afford extended-chain polyethylene crystals. Thimiaccord with previous observatidfig’

first heating cycle second heating cycle

30RB33 30RB33

m \/ 30RB50

30RB63 30RB63
50RB50 50RB50
50RB63 50RB63
T T T T j/ll_
80 100 120 140 160 180 80 100 120 140 160 180
temperature /°C temperature /°C

Figure 3: DSC traces of first heating cycle (left) and secbedting cycle (right) of injection-molded
all-PE composites. The second melting temperatarehoulders, respectively well above 133 °C
indicate the presence of extended chain polyeteyteystals.

Shish-kebab reinforcing phases were detected by SE® etching the samples with hot
xylene at 130 °C thus removing soluble amorphousPBas well as predominantly low
molar mass PE fractions. Frdfigure 4 it is apparent that all-PE composites containeshsh
kebab structures aligned in flow direction. Sangifeghing was more efficient in the presence
of high amount of wax (see all-PE composite 30B8Bigure 4). At high UHMWPE content
and low HDPE wax content (see sample 30RB63 inrEig) UHMWPE platelets were
visible owing to incomplete transformation into exded-chain polyethylene structures at low

content of HDPE wax which serves as processindpaidring melt viscosity.
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Figure 4: SEM images of injection-molded all-PE compositestienbars after etching with hot xylene
at 130 °C showing shish-kebab fiber structuresntei@ in flow direction during injection molding.

When samples were annealed at 137 °C below thangmdkmperature of extended-chain
UHMWPE followed by quenching in liquid nitrogen stgllization of HDPE and HDPE wax
as well as shish-kebab structure formation weregmied. As verified via SEM (Figure 5)

this enables the complete removal of amorphous HDRE hot xylene at 130 °C and

imaging of UHMWPE shish which had an average diamet 100 nm.

Figure 5: SEM observation of extended-chain UHMWPE 1D namestires of 100 nm diameter
after annealing of tensile test bars (50RB50) &t I3 and subsequent extraction of HDPE and HDPE
wax fractions with hot xylene.

-15 -



TRIBOLGICAL CHARACTERIZATION OF ALL-PE COMPOSITES

The interaction of the asperities of the frictioqartner with the polymer surface gives a
significant contribution to the wear a polymer enxgeces in the sliding contact with the
partner. Depending on the shape of the asperittrepdrticular the angle of action), the
adhesive interaction of the system and the mechhal@aracteristics of the polymer (e.g. the
tensile strength and the failure strain), the extéon between polymer surface and frictional
partner can vary from “ironing” over “ductile plonigg” to “brittle machining?®3* Since the
mechanical characteristics of the polymer can chahg to local frictional heating and the
rough surface of the frictional partner can beratleby the transfer of a thin polymer layer,
wear of polymers is a complex and often time-depabhgphenomenon which requires a
systemic approact®’ A specific run-in behavior has to be passed befstable and
comparable wear rates and friction forces can bmated.

Polyolefins have a good wear resistance in comparie other thermoplasti®s® but with
the exception of UHMWPE they show lower wear resistance as compared tmesring
thermoplastics which are typically used in applmas where an elevated tribological loading
occurs. The comparatively low melting point of pabfins prohibits their use in high
temperature applications or loading situations whar significant frictional heating is
expected! In addition, HDPE has a lower Young's-modulus, éowtensile strength and
microhardness in comparison to technical polymemmusites used in tribological
applications. Since mechanical properties of aliigthylene composites are drastically
improved with respect to HDPE, one would also ekt improved wear resistance. In
related testZhang et alinvestigated the tribological properties of UHMWPHDPE blends
processed by different methods and confirmed erdthmeear properties for those samples
having better mechanical propertfésturthermore, the HDPE wax fraction could lead to

lubricating effects which reduces the wear of tlwymer. When testing the polyolefin
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composites, three different specimen orientatioitt wespect to the frictional partner are
possible: the rectangular blocks can be orienteth shiat the preferential orientation of the
polymer chain is parallel or perpendicular to thietional surface (se&cheme 2. If the
orientation is parallel to the surface it can beap@ or perpendicular to the motion. In
orientation parallel to the surface the increasuegr depth shows a transition from a skin to a
core behavior, on the contrary the orientation eedicular to the surface averages this
transition. If the chains are oriented parallethie surface and the motion, the shear forces
have to be carried by the polymer fibrils and theogohous interface in which the fibrils are
embedded. Initial wear tests with this orientatiesulted in high wear rates where the wear
rate significantly increased with increasing UHMWEeéantent of the specimens. Since the
end of the fibrils cannot be “clamped” in the saenpblder, we observed presumably a rapid
shear-failure of the weak amorphous interface betwtde fibrils. Layers of the rectangular
block specimens were sheared-off under the tribcéddoading. As a consequence, the wear
tests were carried out with the polymer fibrilsemied perpendicular to the steel ring and
clamped in the specimen holder. A smooth wear sartd the rectangular shaped specimens
was observed, indicating a complete contact ofélctangular block specimens with the steel

ring.

Scheme 2:Tribological investigation of multimodal RB and eeénces with a ,Pin on Ring’-
tribometer. Samples were taken from the oriente zif tensile test bars.
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In addition to the reactor blend series RB33, RB&@ RB63 which were mechanically
characterized in the first part, another bimodal MUMPE / HDPE wax reactor blend
containing 40 wt.-% UHMWPE (RB40) was melt blendeith HDPE and included into the
wear tests which are summarized in Table 4. The ham@cal and morphological
characterization of tailored all-PE composites aimihg RB40 was published previousfy.
Also neat HDPE, compression molded unimodal UHMWe&fErence samples and polyamide
(PA46) which is frequently used as polymer componen technical composites for
tribological applications were tested (see Tabémd Figure 6).

Table 4: Wear rates in pmh and coefficient of friction as determined by “pon ring”
measurements.

sample wear rate u
[um h~]

HDPE 16.0 +3.7 0.21 +0.06
UHMWPE 2.3 +1.6 0.27 +0.09
PA46* 2.3 n.d. 0.23 n.d.
30RB33 4.9 +3.3 0.16 +0.03
30RB50 9.3 +2.6 0.21 +0.06
30RB63 4.1 +3.4 0.14 +0.07
50RB50 6.0 +5.0 0.13 +0.06
50RB63 24 +0.7 0.15 +0.02
10RB40 18.9 +7.6 0.17 +0.01
20RB40 9.6 +1.3 0.18 +0.03
30RB40 5.6 +1.5 0.17 +0.02
50RB40 6.2 +0.8 0.21 +0.02
100RB40 5.1 +0.3 0.18 +0.02

*Polyamide sample was only measured once. Furtheditions: 1 rpm, 0.27 m's 3 MPa pressure,
Ra: 0.2-0.3 um, Rz: 2-3 um, Rku: 3.5-5.5, Rpc: ~e00, surface energygispersive (28 MmN ml), polar
(7 mN m?).
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Figure 6: Wear rate (above) and coefficient of friction (b)as a function of UHMWPE content.

The average duration of the run-in period was Eahd the initial mean wear was 200 um.
The wear rate was determined after the lineariogldtetween wear and time occurred, which
resulted in overall gliding times between 18 h ap2tdays. The tribological measurements
were repeated three times for each sample composiWhile the UHMWPE reference
showed a ten times lower wear rate in comparisotheoHDPE sample, all-PE composites
with even small amounts of HDPE wax and UHMWPE sleosgignificantly improved wear
resistance compared to HDPE. By increasing the amouUHMWPE in the reactor blend
composites their wear resistance even increaseghatrange of the monomodal UHMWPE
reference. Herein, the all-PE composite 50RB63 whiontained the highest content of
32 wt.-% UHMWPE showed the lowest wear rate of2017 pm K. The observed scatter of
the wear rates arises from the scatter of the noeggh of the steel rings and possibly from

variations in the degree of orientation of the pady specimens. Within the xxRB40 system
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the beneficial role of the UHMWPE component on Wirear resistance is clearly obvious
when only the ratio of HDPE to RB40 is varied. Tbeefficient of friction was not
significantly different, but the scatter could higeninimal increased coefficient of friction for
an increased wear resistance, which is a typicatmnidence for an overloaded thermoplastic
system. The effect of the HDPE wax on the tribadabperformance is more complex as can
be seen for 30RByy composites. When the ratio ofMVWPE to HDPE wax is varied,
positive lubricating effects of the HDPE-wax arepaired by the weakening influence of high
amounts of HDPE wax on the mechanical performamtkeocomposites as can be found for
30RB50, 30RB63 and 50RByy. For these cases thdi@eat of friction is significantly
lower for an increased wear resistance, which psca} for a tribological loading when the
thermoplast is able to withstand the attacking gpaphy. In case of the composites when the
wear rate clearly shows the beneficial role of thH8WMPE content an increased stiffness,

increased strength and increased impact strengdtogg with an increased wear resistance.

Conclusions

Melt processing of HDPE with nanostructured bimddedMWPE/HDPE wax reactor blend
(RB) additives affords thermoplastic all-PE singt@mponent composites exhibiting
simultaneous massive improvements of stiffnesength, and toughness in conjunction with
unprecedented high wear resistance similar to dhaieat UHMWPE. These all-PE single-
component composites are reinforced by extendeshchdlMWPE 1D nanostructures
resembling nanofibers with average diameter of @) formed by flow-induced UHMWPE
crystallization and verified by means of SEM imagi#nd DSC analysis. Since UHMWPE
1D nanostructures nucleate HDPE crystallizationsistiebab fiber-like structures are
obtained. This UHMWPE 1D nanostructure formatioeslmot involve either formation or
handling of hazardous UHMWPE nanopatrticles andstaitace during injection molding of
HDPE/RB melt blends. Nanostructure formation dufit§ synthesis and melt compounding
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are prerequisite for all-PE-composite formation. ©ne hand, UHMWPE nanophase
separation prevents entanglement accompanied bgswatle build-up of melt viscosity. On
the other hand, opposite to micron-sized UHMWPE MWPE nanostructures readily melt
during short cycle times of melt processing prodgcinanostructured 1D UHMWPE
reinforcing phases. Typically the bimodal RB intediates contain up to 63 wt.-%
nanophase-separated UHMWPE embedded in HDPE waghwderves as lubricant and
processing aid lowering melt viscosity. RB addisivare readily tailored by ethylene
polymerization on supported two-site chromium oatis. Whereas the RB addition to HDPE
governs UHMWPE content of all-PE composites, tlendliratio of catalytic sites during RB
preparation controls the UHMWPE/HDPE wax ratio. Efermelt compounding enables
tailoring of trimodal all-PE composites with indepkently variable UHMWPE content at
constant UHMWPE/HDPE wax weight ratio both of whante essential for improving all-PE
composite melt processability and property profilé-PE composite self-reinforcement is
primarily affected by the UHMWPE content. For insta at 32 wt.-% UHMWPE content,
corresponding to 50 wt.-% of RB63 containing 63-%t.of UHMWPE, UHMWPE 1D
nanostructure formation accounts for massive sahfforcement as reflected by improved
Young’'s modulus (+ 420%), tensile strength (+ 740800 notched lzod impact strength
(+ 650%) with respect to neat HDPE. For the firshet as verified by tribological
investigations, tailored all-PE composites afforghhwear resistance entering ranges typical
for polyamide or monomodal UHMWPE which is not pFssable by injection molding under
identical conditions. As a rule raising UHMWPE cemt of HDPE/RB blends is highly
beneficial with respect to simultaneously improvivgar resistance, stiffness, strength and
toughness. At lower UHMWPE content, as observatiencases of 30RB33 and 30RB40, the
lubricating effect of built-in HDPE wax is likelyot contribute to wear resistance. In
conclusion, all-PE composite formation via melt gmunding of RB with HDPE represents a

versatile route for converting HDPE commoditiesoinmtew generations of HDPE high

-21 -



performance engineering thermoplastics exhibitmgroved wear resistance similar to that of
UHMWPE combined with attractive toughness/stiffiisigsength balance but without
sacrificing the attractive features of HDPE commiedi such as low cost, high energy and
resource efficiency, recycling and facile procegdiy injection molding, blow molding and
extrusion. This approach of 1D nanostructure formmatduring melt processing using
polymers with tailored molar mass distributions Iwatimulate the development of new
generations of advanced sustainable all-polymaglesioomponent composites which are of

special interest for cyclic economy.
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