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A B S T R A C T   

Disentangled ultrahigh molecular weight polyethylene dUHMWPE (Mw ~ 2.106 Da) particles in a reactor blend 
with HDPE are catalytically prepared from ethylene, mediated by a new catalyst from N,N’-(2,6-pyridinediyl 
diethylidyne) bis[2,6-di-3-propenyl-benzenamine] iron dichloride and triethyl aluminum. These particles could 
be laser sintered, but not automatically processed in an SLS machine. The same catalyst supported on microsilica 
particles gives access to composite dUHMWPE@silica particle powder with particle sizes below 200 µm. Testing 
bars prepared by heat pressing have an Emod of 150 MPa, an elongation at break at 450 % and an ultimate 
strength of 39 ± 11 MPa. A SEM image indicates a silica induced crystallization into pseudo spherulites of 500 
µm size. The dUHMWPE@silica composite particles have an fcc flowability value of 3.4 in a ring shear tester, and 
a low density of 150 kg.m− 3. Additivation with nanosilica powder (1 wt%) and carbon black (0.25 wt%) allowed 
to process the composite in an SLS machine. The printed parts showed severe caking, but also a complete welding 
of the powder, albeit with voids on account of the low particle density.   

1. Introduction 

Linear polyethylene with ultrahigh molecular weight (>106 Da) is 
notoriously hard to process when it is entangled. The small critical 
molecular mass of polyethylene gives rise to an unusual high number of 
entanglements in UHMWPE, which results in exceedingly long relaxa
tion times. The processing is only economical from gels or by 
compression molding [1]. The latter also leads to the breakdown of 
chains. The property profile in terms of chemical resistance and me
chanics on the other hand, brings UHMWPE in a class of its own when it 
comes to tensile strength, or friction, impact and fatigue resistance. It 
also is biocompatible and used in e.g. artificial joints as hip and knee 
replacements [2,3]. 

Processing of UHMWPE in 3D printing as an additional procedure 
bears the promise of getting to the mechanically superior built parts in 
any form or shape [4–6]. The additive manufacturing (AM) based on 
laser sintering of powders, PBF/LB/P (powder bed fusion/laser bed/ 
polymer, aka SLS), probably is the most versatile technology in that 
regard. The prerequisites for suitable powders are, however, quite 

extensive and originate from the three designated steps of AM based on 
PBF, powder recoating, energy input for local melting and powder 
coalescence followed by solidification [7,8]. Two triad relationships 
have been introduced to break down the requirements: one for print
ability and one for printed parts. The printability triad comprises the 
chemical and morphological properties of the polymer powder that 
enable processing in an SLS machine. The printed part triad concerns the 
printing process, melting and solidification together with the properties 
of the manufactured parts. The final properties of a built part are set 
within the attainable profile of the material, which would be excellent 
for UHMWPE and its blends with other polyethylenes [9]. 

The printability of the powder requires the recoater to reach a dense 
and uniform layer. Powders with a substantial spherical shape with a 
smooth surface and an average particle size in range of 10 to 120 µm 
with a narrow distribution are favorable in that regard. They should 
have a reasonable powder flowability (e.g. when characterized in ring 
shear tester by an fcc of 3 or more). Fusion of the powder by laser light is 
possible when the powder absorbs the relevant wavelengths. The 
absorbance is also relevant for diminishing energy scattering, leading to 
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a loss of dimensional accuracy of the built part: part of the scattered 
energy may melt powder outside the scanning range, leading to caking 
[10]. 

The powder should have a sinter window in the context of selective 
laser sintering (SLS), i.e. a workable difference (30 ◦C) between the 
onsets of crystallization and melting [7]. The laser sintering should be 
carried out at a bed temperature within the sinter window. The powder 
is locally molten by the laser above the crystallization temperature: 
crystallization best takes only place after solidification once the powder 
bed is cooled down after completion of the printing job. This procedure 
should minimize curling and warpage, severe disorders that can result if 
a uniform crystallization cannot be achieved. In addition, the laser- 
molten polymer should have the possibility to flow, contacting neigh
boring particles and underlying layers to form a solid built part, free 
from voids. The built parts then may reach the level of mechanical 
strength of the bulk material. The formation of voids is, however, not 
easy to prevent, i.e. after a first contact of the particle’s molten surface, 
surface tension and capillary forces may be too weak to overcome the 
viscoelastic resilience of the material against flow [11]. The fusion 
process is then frozen in the initial state of necking particles, giving 
porous objects. 

The particles favorably have a density close to that of the bulk and 
have a shape that allows a dense packing to further avoid the presence of 
voids in the printed part. For UHMWPE, the corresponding powder GUR 
2122 from Celanese has been thoroughly characterized in that regard 
[6]. The particles have an irregular shape, consisting of strands of 
polymer, and the sinter result is apt for improvement [5]. The sintered 
parts were porous with a relative density of little over one third with 
respect to the typical density of PE [12,13]. 

The option of using disentangled dUHMWPE in AM along SLS is one 
of generating a low(er) viscous melt and a high strength part as melting 
dUHMWPE goes along with the formation of entanglements [14,15]. In 
addition, the crystallization can be modified by the presence of poly
ethylene waxes, allowing to take influence on curling and warpage [16]. 
Thermal sintering of UHMWPE thus could lead to superior built parts 
[17]. The preparation of dUHMWPE is relatively straightforward. 
Several catalyst systems are reported that do not readily chain terminate 
and yield UHMWPE in several states of disentanglement [1,18–29]. It is 
an interplay of catalyst concentration and with that polymer chain 
concentration, relative polymerization and crystallization rate. The 
polymerization should effectively be carried out in a way that the action 
of one catalyst center is not interfered by other catalyst centers, and a 
newly formed chain can crystallize into individual lamellae without 
getting entangled with other polymer chains. This can be achieved by 
dilution in case of homogenous catalysis or by compartmentalization of 
sites in a supported catalyst [1,24], like in channels of zeolites [30], in 
droplets of a two-phase system [31], introduction of spacer in form of 
polyhedral oligomeric silsesquioxane to keep polymer crystals apart 
[32]. Effectively, also other types of linear polyethylenes directly pre
pared by polymerization below the melting point may be in a partial 
disentangled state [32–35]. Most of the entanglements are formed in an 
early state of polymer formation, when the chain are short and mobile; 
also classical Ziegler-Natta catalysts can give kind of dUHMWPE when 
run at relatively low ethylene pressure [36]. 

UHMWPE can also be kept in a processable state in reactor blends, in 
particular polyethylene blends prepared by the action of two or more 
catalysts. A few combinations of homogeneous catalysts with different 
metals were found useful in that regard [9]. The catalysts were e.g. 
supported on disintegrating supports, leading to particles in a mm size, 
favorable for handling in standard slurry or gas phase reactors [33,37]. 
The resulting products in part are rather porous, which is also unfa
vorable for application in AM. The choice of support allows to take in
fluence on the morphology of polyethylene particle, i.e. the support may 
act as a template for the preparation of polyethylene particles [38]. The 
preparation of smaller and denser particles is feasible starting from 
integer silica particles. Very recently the preparation of nascent (near) 

disentangled UHMPE particles with a mean size of 200 µm was reported 
[39]. The particles were not spherical as no corresponding template was 
used. It shows, however, that UHMWPE formed in a living polymeri
zation will be in a substantial disentangled state. 

We thus set out to prepare dUHMWPE@silica particles in the range 
below 200 µm by a direct synthesis from ethylene using a silica sup
ported single site iron catalyst. A template-directed particle preparation 
seemed an attractive method of getting to AM suitable UHMWPE basis. 
dUHMWPE in bulk cannot be thermoplastically processed without 
losing the disentangled state, and corresponding particles cannot be 
prepared from the melt. As a consequence, dUHMWPE is also not 
available in bulk for milling. The envisioned route of preparation for 
particles was using a slurry polymerization process with toluene as the 
medium. Such a procedure would optionally allow incorporating addi
tives for laser light absorption and stabilizers (UV, temperature) in an 
advanced stage. In this way, an option for preparing UHMWPE built 
parts by thermoplastic processing or AM with adjustable features would 
become available. 

Bisimine-pyridine iron dichloride complexes (BIP FeCl2) were chosen 
as catalyst precursors. The N,N,N ligand frame of bisimine pyridines is 
easily modified and has been a versatile basis for the preparation of a 
multitude of iron(II) dichloride polymerization and other catalysts 
[40,41]. The choice of ligand allows to tune the complex in combination 
with an activator from an ethylene oligomerization catalyst to a system 
generating high molecular weight polyethylene. The catalyst system can 
readily be supported on silica and other carriers keeping its high ac
tivity, and is still subject of recent developments [42–48]. The family of 
iron catalysts would allow to choose a combination for the preparation 
of a blend of polyethylenes, as they have various modes of polyethylene 
formation. It thus seems useful to extent this technology, as it has been 
shown that PE prepared on a support can be tuned in their flow prop
erties by using a combination of catalysts [33,49–52]. 

2. Experimental 

2.1. Materials 

All manipulation of air- and/or moisture-sensitive compounds was 
carried out under a dry nitrogen atmosphere using standard Schlenk- 
techniques. Micro-sized silica in form of Perkasil 300 KS was gener
ously supplied by W. R. Grace and Company. UHMWPE was a gift from 
Celanese Corporation. Aniline was purchased from SIAL and used 
without further purification. Allyl bromide and sodium carbonate were 
purchased from Merck. Magnesium sulfate was purchased from Grüs
sing. Xylene was purchased from Kraft. Absolute diethyl ether, BF3 
etherate solution, para-toluenesulfonic acid, 2,6-diacetylpyridine, iron 
dichloride, methanol, 1-butanol and ethanol were purchased from 
Sigma-Aldrich. All these compounds were used without further purifi
cation. CDCl3 was purchased from Deutero GmbH. 

2.2. Synthesis of 2,6–Bis[1–(2,6-dipropen-3-yl phenylimino) ethyl] 
pyridine 

2,6-Diacetylpyridine (0.17 g, 1.0 mmol), 2,6–diallyl aniline (0.99 g, 
5.7 mmol, 5.7 equiv.), p-toluene sulfonic acid (56 mg, 280 μmol, 28 mol 
%) and ~ 1 g molecular sieve type 4 Å were suspended in 6 mL absolute 
toluene under an nitrogen atmosphere. The reaction mixture was 
refluxed for 20 h. After cooling to room temperature, the solution was 
reduced in vacuo to 3 mL and 100 mL of methanol were added. The 
mixture was held at –18 ◦C for 48 h. The precipitated crystals were 
collected on a filter frit and washed with methanol. Yield: 0.17 g, 360 
μmol, 36 %. 

1H NMR (600 MHz, CDCl3): δ [ppm] = 8.51 (d, J = 7.8 Hz, 1H, H-2), 
7.94 (t, J = 7.8 Hz, 1H, H-3), 7.15 (d, J = 7.6 Hz, 4H, H-8), 7.06 (d, J =
7.6 Hz, 2H, H-9), 5.94 – 5.86 (m, 4H, H-11), 5.03– 4.97 (m, 8H, H-12), 
3.18 (ddd, J = 22.9, 15.5, 6.7 Hz, 8H, H-10), 2.25 (s, 6H, H-5). 
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13C NMR (151 MHz, CDCl3): δ [ppm] = 136.9 (C-3),136.5 (C-11), 
135.9 (C-9), 128.5 (C-4), 128.0 (C-6), 127.6 (C-8), 127.6 (C-2), 123.6 (C- 
1), 122.7 (C-7), 115.9 (C-12), 36.1 (C-10), 17.4 (C-5) (assignments are in 
Scheme 1). 

2.3. Synthesis of 2,6–Bis[1–(2,6-dipropenylphenylimino)ethyl]pyridine 
iron(II) dichloride 

Iron(II) dichloride (27.8 mg, 219 μmol) was dissolved in 4 mL ab
solute n-butanol at room temperature under an nitrogen blanket. 2,6-bis 
[1-(2,6-diallylphenylimino)ethyl]pyridine (53.1 mg, 112 μmol, 
0.5 equiv.) was added. The yellow solution turned instantaneous blue 
and a blue powder precipitated. 3 mL of absolute diethyl ether was 
added to the reaction mixture and the blue powder was collected on a 
filter frit. The residue was dried in vacuo to give a dark blue solid. Yield: 
47.7 mg, 71 %, 79 μmol. 1H NMR (400 MHz, CDCl3, paramagnetic): δ 
[ppm] = 78.65, 48.63, 15.27, 10.46, 1.82, 0.90, –1.32, –27.36. ESI-MS: 
m/z = 564.19 ([M− Cl]), 474.30 ([M - FeCl2]). MALDI-MS: m/z =
599.144 ([M]), 564.176 ([M - Cl) 

2.4. Microsized separated silica particles 

Perkasil 300 KS was dispersed in water by ultrasound impact. 
Typically, 22.5 g of Perkasil were added to 277.5 mL of deionized water. 
The dispersion was subjected 3 times to 10 min ultrasonic impact with a 
Sonopuls 2070 of the company Bandelin equipped with a V70T Sono
trode head at 80 % amplitude. Subsequent spray drying was performed 
on a Minispray Dryer 290 with an inert loop B-295 of the company 
Büchi. It was executed with the aspirator at 80%, the pump at 40 % and 
the pressurized air at 30 % of maximum capacity. The inlet temperature 
was 180 ◦C and the outlet temperature 77 ◦C. 

2.5. Catalyst support 

Spray dried silica (1 g) was dried in a dynamic vacuum at 150 ◦C for 
2.5 h. Subsequently, in an evacuated Schlenk vial the desired amount of 
precatalyst 1 suspended in dry toluene and dry dichloromethane were 
added (typically 2 mL of 2.4 mM 1 in toluene, 4 mL of dichloromethane). 
The blue solution was transferred to the silica and mixed using a labo
ratory mixer. The resulting slurry evaporated to dryness until a light 
blue, free flowing powder was received. 

2.6. Ethylene polymerization 

Polymerizations were performed within a Büchi miniplant reactor 
with supply of solvent, gases/vacuum and olefins. A 1 L glass reactor was 
used in this study, connected to the ethylene supply by a massflow 
controller. Toluene for polymerizations was supplied from Merck and 
purified by distillation and passing through columns filled with molec
ular sieve (4 Å) and BASF catalyst R3-11/G. Ethylene was purchased 
from Westfalen AG and was purified by passing through columns filled 
with molecular sieve (4 Å) and BASF catalyst R3-11/G. Triethyl 
aluminum (TEA) was purchased as a 25 wt% solution in toluene from 

Sigma-Aldrich and used as received. MAO was purchased from Cromp
ton as a 10 % solution in toluene and used as received. 

Polymerization was performed by filling the reactor with 600 mL of 
toluene, adding cocatalyst by syringe (MAO to a level of 2.8 mmol/L-1 or 
TEA to 3.0 mmol.L-1). The solvent was saturated with ethylene gas 
(addition via the gas phase) to a constant pressure of 3 bars at reaction 
temperature. Subsequently catalyst (support/non-supported) was added 
as a suspension in 6 mL of toluene. After reaching the preset reaction 
time, the excess ethylene was discharged and the reaction was quenched 
by the addition of small aliquots (5 – 20 mL) of ethanol. The resulting 
slurry was mixed with ~ 1.5 L of ethanol and the residue collected and 
filtered. The white powder was dried in vacuo at 40 ◦C. The silica content 
was calculated from the isolated yield and the amount of silica used, 
assuming a complete incorporation. 

2.7. Powder addition 

The synthesized polyethylene particles were mixed with carbon 
black Ketjenblack EC 300 J (Weber und Schaer, Hamburg, Hamburg, 
Germany) and additionally with silicon dioxide nanoparticles (Ionic 
Liquids Technologies GmbH, Heilbronn, Baden-Württemberg, Ger
many). Mixing was performed separately for each additive, using a 
Speedmixer DAC 400 (Hauschild & Co KG, Hamm, North Rhine- 
Westphalia, Germany), switching between a cooling step, where the 
mixing container is cooled with ice water, and a mixing step with 2500 
rpm for one minute, for a total of five cycles for each additive. 

2.8. Methods 

NMR-data was obtained using a Bruker AVANCEIII HD 400 MHz 
spectrometer. 1–5 mg of each sample were dissolved in 0.7 mL of water 
and acid free CDCl3 and measured at room temperature. SEM images 
were obtained on a LEO 1525 Gemini scanning electron microscope 
after coating with carbon. Samples were coated with carbon using a 
Leica ACE 600 (both: Wetzlar, Hesse, Germany). Micrographs were 
recorded with an acceleration voltage of 5 kV. 

High temperature size exclusion chromatography for the determi
nation of the molecular weight distributions were executed using a PL- 
GPC-220 of the company Agilent. The instrument was equipped with a 
refractive index detector and 1,2,4-trichloro benzene was used as sol
vent. Measurements were executed at 135 ◦C and evaluated using a 
polystyrene calibration. The results of SEC experiments were trans
formed to (close to) absolute numbers by an universal calibration pro
cedure using the Kuhn-Mark-Houwink-Sakurada equation [53]. 

Melting and crystallization of the polymer composites was investi
gated using a DSC1 of the company Mettler Toledo (Columbus, Ohio, 
United States). Standard non-isothermal crystallization experiments 
were executed for all samples by a heating from 25 ◦C to 180 ◦C at a 
heating rate of 10 K⋅min− 1. The sample was held at 180 ◦C for 5 min and 
then cooled to 25 ◦C with a cooling rate of 10 K min− 1. After holding the 
sample at this temperature, the sample was subjected to a second 
heating and cooling cycle with the same parameters as above. All ex
periments were executed in an inert nitrogen atmosphere. 

Scheme 1. Synthesis of the ligand.  
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Annealing experiments were performed according to an adapted 
procedure [54]. Samples were heated close to the melting range of the 
material (135.6 ◦C/136 ◦C) and left to anneal at this temperature for a 
set amount of time. After this annealing step, the sample was cooled 
down to 50 ◦C with 10 K.min− 1 and held at this temperature for 5 min. 
The protocol then consists of a heating step to 160 ◦C with a heating rate 
of 10 K.min− 1. After holding this temperature for 5 min the cooling and 
heating step were repeated once again. All experiments were executed in 
an inert nitrogen atmosphere. 

Heat sintering was performed in mold of 100*100*1 mm3. The 
powder was heated to 200 ◦C while applying a pressure of 200 bars. 
After 10 min of pressing, the mold was allowed to slowly cool to room 
temperature. Tensile test specimens derived from DIN EN ISO 527-5A 
were prepared from a heat pressed plate by die cutting. Tensile testing 
was performed subsequently on a Zwicki-Line Z1.0 of the company 
ZwickRoell (Ulm, Baden-Württemberg, Germany) with 1 kN force 
transducer and a crosshead speed of 50 mm.min− 1 and at 23 ◦C. Samples 
were kept at that temperature and under the exclusion of moisture prior 
to measurement. 

Particle size and distribution of the polymer powders and composites 
were measured on a HELOS KR laser diffraction sensor equipped with a 
RODOS/GRADIS dry dispersion setup of the company Sympatec 
(Clausthal-Zellerfeld, Lower Saxony, Germany). Particle roundness was 
determined by a dynamic image analysis according to ISO 13322–2 with 
a Camsizer XT of the company Retsch. (Haan, North-Rhine-Westfalia, 
Germany). Powder flowabillity measurements were executed on a 
ring-shear-tester RST-XS.s of the company Dietmar Schulze (Wolf
enbüttel, Lower Saxony, Germany). A sample of 20 g was placed inside 
the ring shear tester and subjected to a pressure of 500 Pa. Measure
ments were subsequently performed at 75 Pa intervals lower until to 
200 Pa. 

Rheological measurements were performed on polymer samples 
thermally stabilized with Irganox 1010 [54]. Thus, Irganox 1010 was 
dissolved in acetone and polymer particles were added to give a sus
pension. The solvent was subsequently removed in vacuo until a dry 
polymer powder resulted with 0.5 wt% Irganox 1010. Discs of 25 mm in 
diameter were prepared by compressing 1 g of polymer powder in a hot 
press at 200 bars of pressure and 125 ◦C. The received discs were sub
sequently heated in an AR 2000 (Texas Instruments) rheometer to 
160 ◦C at zero force. The time sweep experiment was executed under 
constant axial force of 4 N, an angular frequency of 10 rad/s and a strain 
of 0.2 %. 

2.9. Powder bed Fusion. 

A reduced building chamber, housed inside a commercial PBF ma
chine (EOS P390), was designed and built to allow the testing of smaller 
amounts of material [55]. Several issues had to be resolved, such as 
correlating the set point temperature and the actual temperature on the 
powder surface, adjusting the gap distance between parts so no powder 
leakages occur and insulating/heating the build chamber. Laser pa
rameters used were a laser power of 36 W, a scanning speed of 1500 mm. 
s− 1, and a hatch distance of 0.15 mm. The temperatures set were 
122.5 ◦C in the process chamber and 120 ◦C in the removal chamber. 

3. Results and discussion 

3.1. Catalyst synthesis and product characterization 

A serendipitous finding led to the discovery of a BIP FeCl2 catalyst for 
the synthesis of dUHMWPE. The complex 1 with the ligand N,N’-(2,6- 
pyridinediyldiethylidyne) bis[2,6-di-2-propenyl] benzenamine was 
prepared in the context of enhancing the solubility of the complexes. The 
ligand was originally chosen as a precursor for further derivatives. The 
propenyl benzenamine is readily available from aniline and allyl bro
mide after N-addition and an aza-Claisen rearrangement [56]. A stan
dard condensation with 2,6-diacetyl pyridine gives the final ligand, and 
complexation to iron dichloride gives the usual blue precatalyst 1 
(Scheme 2). The complex is reasonably stable in dry air, and can be 
handled just like standard BIP FeCl2 catalysts without special 
precautions. 

Polymerization of ethylene by 1 can be achieved in toluene solvent 
after activation with triethyl aluminum (TEA) below room temperature. 
Surprisingly, the complex cannot be activated with methyl aluminoxane 
(MAO) for ethylene polymerization at those temperatures in a reason
able time frame. No polymerization activity was found over a period of 
30 min at 0 ◦C at a concentration of 2.4 µmol.L-1 and concentrations of 
MAO between 0.28 mmol.L-1 and 2.8 mmol.L-1 (Table 1). This low 
temperature was chosen for the lower swelling of the polymeric product. 
Typical BIP FeCl2 complexes like those based on ligands prepared from 
ortho alkyl substituted anilines become active ethylene polymerization 
catalysts in combination with MAO at such temperatures [57]. The ex
pected color change from blue to orange did also not occur. Most of the 
BIP FeCl2 complexes show this color change directly after contact with 
MAO. Instead, a color change to brown/green is observed, only at higher 
temperatures (40 ◦C) the complex turns red–orange (in a period of 

Scheme 2. Preparation and structure of the precatalyst 1.  

Table 1 
Ethylene polymerization by precatalyst 1 in combination with TEA.  

entry  
cocatalyst  mmol.L-1 

time  
[min] 

yield  
[g] 

activity  
[t.(mol bar h)-1] 

Mw (SEC)   
[106 g.mol¡1] 

PDI 

1 MAO 0.28 30  –    
2 MAO 2.8 30  –    
3 TEA 3 30  7.68  3.6  2.87 47 
4 TEA 3 7.5  1.59  2.9  2.14 126 

Reaction conditions: 0 ◦C, 2.4 µmol.L-1 of 1, 600 mL of toluene, 3 bar of ethylene, 500 RPM. 
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several minutes). BIP iron complexes with a single ortho-propenyl entity 
were prepared in the past, they are readily activated by MAO [58]. 
Apparently, a barrier exist for obtaining the MAO activated complex 1 
when four propenyl moieties are in the ligand sphere. 

TEA acts as expected as both an activator and chain transfer agent. 
Polymerization of ethylene at 3 bars of pressure in semi-batch gave 
catalyst activities in the range of 2–4 106 g.(mol Fe⋅bar⋅h)-1 (Table 1). 
Although no specific screening for polymerization conditions was 

carried out, these conditions are generally useful for a controlled syn
thesis of polyethylenes with such BIP FeCl2 complexes [57–59]. The 
polymer was isolated after the excess ethylene was discharged, and the 
reaction was quenched by the addition of small aliquots (5 – 20 mL) of 
ethanol. The products were dried in a temperature range below 40 ◦C to 
keep the product in a pristine state. 

The bimodal distribution of the product shows polyethylene of low 
mass (~2 104 Da), resulting from chain transfer to aluminum with 
consecutive precipitation and UHMWPE (Mw of ~ 2⋅106 Da) [57]. 
Longer reaction times lead to more UHMWPE (Fig. 1). The formation of 
such high molecular weight polyethylene is not observed with BIP cat
alysts having only one propenyl entity per aniline in the ligand, not even 
at 10 bars of ethylene pressure. It is, however, found that the presence of 
propenyl entities enhances the molecular weight of the formed poly
ethylene, which is even more extensive in the catalysis with complex 1 
[58]. 

Thus, the typical reactor blends of HDPE/UHMWPE were obtained 
with only one catalyst in form of 1 [9,16,60–62]. The ratio of HDPE to 
UMWPE would be adjustable by the reaction time or TEA concentration, 
however, this was not pursued here [63]. Whether the catalyst is 
incorporated into the polymer by an allylic insertion was also not the 
focus of this project, and was not addressed [58,64–66]. 

The DCSs show one melting isotherm, like is typical for in situ blends 
with single supports [49,67–69]. The thermal properties of the polymer 
are typical for not (fully) entangled UHMWPE [61]. The pristine mate
rial had a first (standard) melting point of 142.1 ◦C and a high degree of 
crystallinity of 73 % [27,70]. These properties were not restored after 
cooling the once molten sample from the molten state (Fig. 2). The 
second heating showed a material with melt temperature of 138.5 ◦C 
and the crystallinity decreased to 53 %. This behavior is in line with the 
loss of the disentangled state with its characteristic high crystalline 
content [24]. 

DSC-annealing experiments were carried out to investigate the dis
entangled state. These thermal experiments comprise an annealing step 
close to the melting point for a set time before a regular DSC-protocol 
with a heat rate of 10 ◦C.min− 1 is executed (Table S1). The annealing 
temperature was a compromise of the second melting points of the 
samples after annealing at 137 ◦C (Table S1). The evolution of a sec
ondary lower melting point is found with increasing annealing time. The 
lower peak corresponds to the melt crystalized material (~136 ◦C) while 
the higher melting peak (~140 ◦C) correspond to the nascent non- 
molten polymer crystals. Again, this is typical for melting of disen
tangled polyethylene, wherein lamellae detachment from nascent 
polymer crystals occurs. These detached chains can entangle and 
recrystallize upon cooling at a lower temperature [15,54]. Commercial 
entangled UHMWPE (GUR 4150–3: Mw: 8.1 106 g/mol and GUR 4012 
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Mw: 1.7 106 g/mol) does not show this behavior to the same extent, and 
the time scale of detachment is longer as the higher amount of entan
glements in the polymer crystals hinders the smooth and faster lamellae 
reorganization even in the sample of GUR 4012 with a similar molecular 
weight (Fig. 3A). A further indicator of the disentangled state of the 
polymer is that the characteristic elastic modulus G’ increases in time 
upon first melting of a nascent polymer sample. The elastic modulus of 
the pristine dUHMWPE sample upon first melting is lower in the maiden 
state because of the molecular weight and fewer entanglements 
compared to commercial UHMWPE grades (Fig. 3B). 

In addition, samples of blends pressed below the melting tempera
ture (125 ◦C) into tapes [71] were well stretchable using the “hot shoe 
technique”, while polymer samples pressed above the melting point 
(180 ◦C) appear quite brittle (Figure S2) [72]. The disentangled poly
mer chains in the cold-pressed sample slowly rearranged and aligned 
themselves in long fibers during the stretching procedure (Figure S3). 

The polymer chain segments in the hot-pressed sample could not slip 
past each other within the time frame of elongation, resulting an earlier 
mechanical failure. 

3.2. Laser sintering of the dUHMWPE powder 

The isolated powdery polymer showed no particular useful flow
ability, probably on account of the wide distribution of particle sizes and 
the irregular shapes and agglomerates. In addition, the surface of 
identified particle-like entities was not particular smooth (Fig. 4). The 
potential of the dUHMWPE blend for obtaining SLS built parts was 
nevertheless screened in a rudimentary experiment to obtain a proof of 
concept. One batch of isolated blend powder was therefore sieved to 
receive a sample that could be manipulated/flattened by the recoater of 
an EOSINT P 390 (EOS GmbH) SLS machine. Laser sintering at a tem
perature of the building chamber of 122 ◦C allowed fusion of the par
ticles. A second layer could be applied and subsequent sintering gave 
essentially a 2D object with a geometry according to ISO 527–2 Type 5B 
(Figure S2). 

The blend particles had fused together resulting in a shrinkage on 
account of a distinct melt flow of the low-density precursor (Fig. 5). The 
powder obviously had been completely molten in the focus of the laser 
beam (Fig. 5AB), and a substantial coalescence had taken place. This was 
taken as a promising observation for the approach of using disentangled 
particulate UHMWPE for the preparation of 3D objects by PBF/LB/P. 
Voids were regularly present, showing that the flow leading to densifi
cation and the concomitant increase of viscosity was too fast for the air 
to leave the sample. The low inherent density of the particles next to the 
anticipated loose packing of the spiky outside should also be improved. 
Non-molten particles adhered to the laser molten welded part, and some 
caking was observed (Fig. 5CD). 

Fig. 4. SEM image of a nascent UHMWPE particle.  
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Fig. 5. SEM images of laser sintered dUMWPE/HDPE blends. A: Side view of cryo-fractured sample with a molten layer on top (100 x). B: Top view of laser sintered 
tensile specimen (100 x). C: Interface between molten layer and agglomerated particles (2 K x). D: Agglomerates beneath molten layer (1.5 K x). 
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3.3. Silica template synthesis of HDPE/dUHMWPE blends 

Next, a template synthesis of the polyethylene blend was targeted 
using a commercial available source of silica microparticles (in the 
following, dUHMWPE should be understood as the HDPE/dUHMWPE 
blend). It was found useful for obtaining more or less agglomerate free, 
spherical particle to redisperse the silica in water and re-isolate the 
particles by spray drying. The catalyst was applied molecularly to this 
support from a dichloro methane solution. A light blue, free-flowing 
powder was obtained after evaporating the solvent. The collected 
powder was dispersed in toluene and injected into a reactor charged 
with toluene and TEA. Prior to the addition of the catalyst, the toluene 
was saturated with ethylene at 3 bars of pressure. The reaction again was 
carried in semi-batch mode, now at 20 ◦C, continuously feeding ethylene 
to keep the pressure constant. The higher temperature was necessary for 
obtaining an acceptable activity. 

A polyethylene shell was formed around the silica making up 96 % of 
the solid mass after 60 min. The resulting particles had an in essence 
spherical but somewhat irregular shape. Mostly individual particles are 
present, adhered into smaller, loose agglomerates (Fig. 6). The particles 
appear more compact than those prepared without a template, but still 
are porous and have a course surface. Individual lamellae are indicated 
in the SEM images. DLS analysis showed a more or less template copied 
particle size distribution with a median size of 85.5 ± 0.8 µm (Fig. 7). 
The shape of the distribution at the larger size range has a diffuse cut-off 
at about 200 µm, reminiscent of the presence of some agglomerates that 
do not breakup. The templating effect (replication) by the simple pro
cedure thus was reasonably successful with respect to size and shape, but 
is also apt for improvement with respect to density and surface 
smoothness. 

Fig. 6. SEM micrographs of dUHMWPE@silica synthesized with 1 supported on spray dried silica microparticles. Reaction conditions: 8 µmol.L-1 1 on 1 g of spray 
dried silica microparticles, 9 mmol.L-1 TEA, 20 ◦C, 3 bar of ethylene, 200 RPM, 600 mL of toluene, 60 min. 
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Fig. 7. Particle size distributions for dUHMWPE@silica particles. Reaction 
conditions: 8 µmol.L-1 1 on 1 g of silica microparticles, 9 mmol.L-1 of TEA, 
20 ◦C, 3 bar of ethylene, 200 RPM, 600 mL of toluene, 60 min of reaction time. 

Table 2 
Tensile properties of press sintered GUR UHMWPE and dUHMWPE samples.   

Yield 
stress 
[MPa] 

Young 
modulus  
[MPa] 

Ultimate 
tensile 
stress  
[MPa] 

Elongation at 
break  
[%] 

GUR 4150–3 16.8 ± 0.7 148 ± 38 44 ± 9 492 ± 65 
dUHMWPE@silica 21.2 ± 0.5 156 ± 32 39 ± 11 450 ± 19  

Y.L. Wencke et al.                                                                                                                                                                                                                              



European Polymer Journal 163 (2022) 110936

8

3.4. Material properties of heat pressed dUHMWPE@silica 

The tensile properties of thermal press sintered testing bars of the 
dUHMWPE@silica are in the range of similarly treated commercial 
UHMWPE (Figure S4; Table 2). Tensile test bars derived from DIN EN 
ISO 527-5A were manufactured by die cutting specimens from hot 
pressed plates. The stress strain behavior is the usual for a high molec
ular weight polyethylene with a yield point and strain hardening. Ten
sile testing of similarly processed commercial UHMWPE powder 
material (GUR 4150–3) with a very high molecular weight (Mv of 
9*106 Da) as benchmark showed a yield strength of 16.8 ± 0.7 MPa. It 
remains somewhat short of reported values (20 – 25 MPa) [73,74]. The 
formation of new entanglements may have needed more time [15]. The 
silica templated dUHMWPE based testing bar showed a higher yield 
point of up to 21.2 ± 0.5 MPa. The Young modulus, ultimate stress and 
elongation at break are somewhat lower than reported values, but sta
tistically not different between the considered hot pressed materials 
(Table 2). The presence of 3.9 % of microsilica in the dUHMWPE blend 
and the lower molecular weight with a bimodal distribution may ac
count for the differences in mean values. 

Cryobreaking of the dUHMWPE@silica testing bar gives an even, flat 
breaking surface with no fiber pullouts. In contrast, the corresponding 
GUR UHMWPE sample shows a rough and uneven surface reminiscent of 
the originating particle conglomerate [75]. This shows that also in case 
of the template synthesis with 1, disentangled (mobile) polyethylene is 
formed. 

The structure of the press-sintered sample shows an unusual pattern 
with large crystallized spherical, spherulite like structures with clear 
boundaries (Fig. 8). The size of the structures is in the range of 200 – 400 
µm. They possibly have a silica center as was concluded from the size of 
the recognizable higher density in the middle that is in the range of the 
parent silica particles. The spheres are embedded in apparently a more 
continuous matrix. The size of the structure reaches well-beyond that of 
the original particles; a complete reorganization of the polyethylene 
from the melt has taken place. These structures are not present in the 
heat pressed samples of commercial UHMWPE, their morphology shows 
a more granular structure at the size of originating particles (Figure S5) 
[75]. These new dUHMWPE particles thus may find use in procedures 
with thermal shaping to UHMWPE parts. 

The onset of melting and crystallization of the dUHMWPE@silica is 
129.8 resp. 119.3 ◦C, a laser sinter window results of about 10 ◦C. This is 
an even smaller value than for GUR 4150–3 of about 15 ◦C (Table S3), 
possibly originating from the nucleating action of the silica micro
particulate template in combination with the HDPE part in dUHMW
PE@silica [15]. A very accurate temperature control in SLS thus has 
become necessary [76]. 

The flowability of the dUHMWPE@silica has an fcc value of 3.44 in a 

ring shear tester. This number seemed too low for handling by a recoater 
in an SLS machine. Former experience with GUR 4150–3 had shown that 
processing in a speed mixer could improve the flowability of the powder. 
High energy impact on dUHMWPE@silica in a dual asymmetric centri
fuge, however, led to a substantial decrease of the fcc value to 2.31. The 
sphericity was in the ~ 0.55 region and did not change much with high 
energy mixing, but the bulk density decreased by more than 1 unit 
(Table 3). The packing of the particles obviously became worse, possibly 
by an increase of edges, interlocking them and/or by the formation of 
fines. dUHMWPE crystallites may have been lost from the particles or 
from the agglomerates. 

The high energy treated dUHMWPE@silica particles were subse
quently additivated with 1 wt% of nanosilica powder and 0.25 wt% of 
carbon black CB before screening in SLS. Nanosilica was used for its 
positive action on the flowability, which indeed restored some but not 
all of the flowability [5]. The CB was used for the low-density powder for 
absorbing reflected laser light. The addivation led even to a less dense 
powder with a density of 72 kg.m− 3. An optimization clearly is a project 
on its own, and will follow in the course of our current efforts after the 
parent UHMWPE@silica powder is further studied. 

Despite the not too favorable properties of the dUHMWPE@silica 

Fig. 8. SEM micrographs of a cryo-fractured press sintered dUHMWPE@silica sample with 3.9 wt% of silica.  

Table 3 
Flow function, bulk density, and sphericity of dUHMWPE@silica.  

source ffc  
(500 

Pa) 

Bulk 
density  
[kg.m¡3] 

Sphericity 

as synthesized  3.44 130  0.55 
after high energy mixing  2.31 115  0.54 
additivition with 1 wt% silica & 0.25 wt 

% CB  
2.59 72  0.58  

Fig. 9. Set of tensile test specimens of the type 1bb of dUHMWPE@silica with 
the addition of 1 wt% of nano silica and 0.25 wt% of CB built by PBF with the 
best practice parameters. 
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powders, orientating SLS experiments were performed. This was done 
also with the objective to assess the potential of the route for being 
useful in the preparation of UMWPE parts with properties close to those 
of bulk material. It was already clear, that several stages in the approach 
would need further attention. Initially found best practice parameters of 
a small study on printing HDPE powders were used in the operation of 
the printer. Latter study was performed in a miniaturized set up, 
allowing to sinter also research quantities of material [55]. 

Disappointingly, the built parts in form of testing bars showed a large 
amount of caking and could not be separated (Fig. 9). Scattering of laser 
light could not effectively be prevented by the added CB, leading to 
hardly recognizable printed testing bars. The low-density powder was 
taking up enough thermal energy to fully melt, inclusive its immediate 
surrounding. The surface of the built part, however, was very course and 
breaking the ensemble was easy. SEM micrographs revealed that the 
structure of the intended testing bars consisted of few consolidated 
droplets of polymer melt but a solid part had not formed (Fig. 10). The 
very low bulk density of the powder may be the cause for this. The break 
surface of such a droplet was clean and even with few pores, indicating 
again a good welding. These results display the general possibility of 
manufacturing parts of dUHMWPE with a PBF process. However, the 
bulk density of the powders needs to be increased. Current research is 
directed toward this. 

4. Conclusions 

A new BIP iron(II) catalyst was discovered that is activated by TEA to 
give a blend of HDPE and substantially disentangled UHMWPE. Laser 
sintering of the material is possible and the result indicated that a good 
welding is possible, i.e. a low viscous melt can be generated that fuses to 
a solid 2D object with some voids. The complex can be supported on 

micro-sized silica to give a template for HDPE/dUHMWPE@silica par
ticles in a range below 200 µm. Thermal sintering of the powder gives a 
material with typical UHMWPE properties. The morphology shows that 
the powder has been fully molten and a crystallization initiated from the 
silica particles gives an unusual internal structure. The sphericity and 
flow properties of the dUHMWPE@silica are promising, however, the 
particles need optimization with respect to density and packing for 
making them more suitable for 3D printing along PBF/LB/P. 
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