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Summary 
 

Ultra-high molecular weight polyethylene (UHMWPE) has excellent properties in 
terms of high abrasion resistance, impact strength and low coefficient of friction. 
Such properties make it suitable for numerous high-performance applications in 
moving machine parts, bearings, gears, and artificial joints. In these applications, 
UHMWPE is processed by ram extrusion or compression molding from the nascent 
polymer particle because of its high melt viscosity. However, fusion defects are 
often found in the final products which affect its properties and performance. 

Early studies reported that the size of the UHMWPE particles can influence its 
compaction efficiency and thus the fusion of UHMWPE. In addition, short chains 
are assumed to play an important role in the elimination of fusion defects (grain 
boundaries) during the UHMWPE processing. In this thesis, the size and/or 
modality of UHMWPE particles were tuned in the synthesis of the polymers and its 
effect on processing and properties are explored. 

In Chapter 2, molecular precatalysts with low molecular weight and high 
molecular weight capability were employed and supported on/in micro silica and 
nano silica. One unique feature of heterogeneous olefin catalysts is that the size of 
produced polymer particle highly depends on the size of original catalyst particle 
and the amount of the polymer grown on the catalyst particle (productivity). Such 
supported catalysts were used to produce polyethylene particles. It was shown that 
the average size of PE particle produced by micro silica support catalysts is around 
350 μm. The nano-silica supported catalysts, however, produced PE particles with 
a size range from 50 to 70 μm, which is smaller than PE particles produced by 
micro silica supported catalysts. The average size of micro- and nano-silca 
supported polymer particles is dominated by the agglomeration of the primary 
silica particles (or polymer particles). 

It was attempted to produce bimodal PEs in a single reactor by using combined 
catalysts systems. In Chapter 3, the precatalysts were supported on silica 
nanoparticles, via a single support (SS: silica particles with both catalyst species) 
or a double support (DS: mixing silica particle with two catalyst species separately 
supported) strategy to tailor the molecular weight and molecular weight 
distribution. Using these two catalyst systems, two sets of bimodal PEs were 
synthesized. An interaction between the molecular catalysts was observed in both 
the DS and SS systems. The results illustrated that it is extremely challenging to 
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tailor molecular weight distributions in a single reactor by using a combined 
molecular catalysts systems.  

The two sets of bimodal PEs (DS and SS) were investigated by rheology and 
results were compared to study the influence of catalyst support methods (Chapter 
4). The dynamic measurements showed that the homogeneity of SS samples is 
higher than DS samples. This led to higher complex viscosity and storage modulus 
at low frequencies for SS samples. The zero shear viscosity (η0) of both the DS and 
SS samples were determined by steady-shear flow studies. The results showed that 
the SS samples follow the relation η0 = KMw

α with α = 3.19. A substantial 
deviation from this relation was observed for DS samples especially in the 
intermediate Mw range around 1000 kg/mol. The rheological properties indicated 
that LMW and HMW chain in SS samples are homogeneous mixed but the DS 
sample maintained heterogeneity in the melt.  

In Chapter 5, the thermal and mechanical properties of bimodal samples were 
investigated by DSC and tensile tests with an emphasis on the influence of the 
catalyst support method. The DSC results showed that the DS samples have 
bimodal melting temperatures whereas SS samples only show one broad melting 
temperature in the first heating run. Such bimodality and broad melting 
temperatures were absent in the second heating run. The results further illustrated 
the differences between DS and SS samples. The SS samples showed higher 
crystallization rate than the DS samples because of their higher homogeneity. The 
discrepancy of homogeneity also affected the mechanical properties. The SS 
sample exhibited higher mechanical properties in terms of Young’s modulus, 
elongation, yield strength and tensile strength. 

In Chapter 6, monomodal and bimodal UHMWPE particles were produced by 
using micro silica (MS), nano-silica (NS) and a type of nano-silica suspension 
(NSS). The grain boundaries in the consolidated materials were investigated by 
optical microscopy. It was shown that both the particle size and bimodal molecular 
weight distribution affected the consolidation of UHMWPE. The boundaries in 
consolidated UHMWPE were reduced with decreasing the particle size or 
increasing the small amount of short chains in the polymer. Moreover, tensile test 
results showed that the mechanical properties (especially in tensile strength) were 
increased with decreasing grain boundaries of consolidated UHMWPE samples.  

Finally, the main conclusions are summarized and future technological possibilities 
are discussed.  
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Chapter 1 
General introduction 

 

1.1 Polyolefins and catalysts for olefin polymerization 

Olefins such as ethylene and propylene are the main basic building blocks of the 
petrochemical industry.[1] Olefin-based polymers (polyolefins) are by far the most 
important and the most produced synthetic polymers.[2] Polyolefins have many 
notable features in terms of availability, cost effectiveness, low density, 
sustainability, non-toxic and biocompatibility. Such polymers are composed of 
only carbon and hydrogen atoms and have an enormous range of molecular 
architectures, which leads to an extraordinary range of properties. Their mechanical 
and thermal properties and outstanding resistance to chemicals allowed polyolefins 
to serve in numerous applications. For all these reasons, polyolefins are pervasive 
in our daily lives and shaped our world in countless beneficial ways. It is used in 
such areas as automotive applications where they are replacing metals to reduce 
vehicle weight and thus contribute to reducing carbon dioxide emissions. These 
polymers are also used in advanced packaging applications to enhance the shelf-
life of perishable goods. In pipe applications, polyolefins are employed for the safe 
and consistent supply of water, transport of gas and for the removal of sewage from 
our households.[3,4] Polyolefins are also used in extremely demanding 
applications.[4] For example, high modulus and strength ultra-high molecular 

 
Figure 1.1 Examples of applications of polyolefins. (a) Automotive accessories, (b) 

fibers, (c) pipes, (d) packaging, (e) implant components and (f) films. 
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weight polyethylene (UHMWPE) fibers are used in ropes for the mooring of super-
tankers, life protection, anti-ballistics and in surgical sutures.[4,5] 

The first commercial polyolefin material in the world was polyethylene (PE). In 
1933, Fawcett and Gibson in the research laboratories of Imperial Chemical 
Company accidentally produced polyethylene in an attempt to react ethylene and 
benzaldehyde at a high pressure (1900 bar) and temperature (170 °C).[6,7] It is now 
well-known that ethylene polymerized in this reaction through a free radical 
polymerization mechanism.[8] Nowadays, the high pressure and high temperature 
process is still employed in the commercial production of polyethylene, due to the 
unique chain topologies that are produced. Typically, these high pressure and 
temperature processes produce short and long chain branched polyethylenes with a 
low density (Low Density Polyethylene, LDPE). 

The success of polyolefins was further enhanced by a series of catalytic discoveries. 
In the early 1950s, Hogan and Banks from Phillips Petroleum Company developed 
a chromium oxide based catalyst (Phillips catalyst) for olefin polymerization. 
Compared to the free radical polymerization process, the polyethylenes are 
produced with Phillips catalysts at a moderate temperature (70-100 °C) and 
pressure (30-40 bar).[9] Moreover, linear polyethylenes were produced without long 
and short chain branching. Another key discovery in polyolefin catalysis was made 
by Karl Ziegler and co-workers in 1953.[10] They combined titanium tetrachloride 
with alkyl aluminum to polymerize ethylene. Such a combination displayed a high 
polymerization activity at mild reaction conditions.[11] Subsequently, Giulio Natta 
and coworkers[12] used the Ziegler catalyst combination TiCl4/AlEt3 to polymerize 
propylene and successfully produced isotactic polypropylene.[13,14] These historic 
discoveries were awarded with the Nobel Prize in 1963. The catalytic mechanism 
of Ziegler-Natta (Z-N) catalyst remains a hot topic for surface scientists and a 
generally accepted mechanism of catalytic olefin polymerization is given in Figure 
1.2.[15,16] 

 
Figure 1.2 Cossee-Arlman mechanism for catalytic polymerization of olefins. 
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Figure 1.3 Typical examples of single-site metallocene catalysts. 

In the 1950s, single-site molecular catalysts, for instance metallocenes (Figure 1.3), 
activated with alkylaluminum were first used as soluble model materials for 
supported Ziegler-Natta catalysts for a better understanding of the catalytic 
mechanism.[17] Initially, these catalysts did not cause a lot of industrial interest due 
to their poor activity. In the early 1980s, Sinn and Kaminsky[18] found that 
methylaluminoxane (MAO) could activate the soluble metallocene catalysts 
Cp2ZrCl2 and enhance its activity with an order of magnitude. Interest in 
metallocene catalysts was further fueled by the discoveries of Ewen et al.[19,20] who 
demonstrated that the steric and electronic nature of the metallocene could be 
tailored to produce polyolefins with for example controlled molecular weight and 
stereo-regularity. Since then, the potential of metallocenes and other subsequently 
developed molecular catalysts has stimulated an enormous research interest in both 
academia and industry. 

 
Figure 1.4 (a) Comonomer distribution in polyethylene copolymers produced with 

heterogeneous Z-N catalysts. (b) Comonomer distribution of polyethylene copolymers 
produced with heterogeneous single-site catalysts. The dashed red lines indicate the 

comonomer distribution. Reproduced with permission from reference [21]. 

Initially, the commercial use of single-site catalysts was very low. One of the 
reasons was that the metallocene based resins were relatively expensive, which 
originates from the cost of the catalysts and in part the very high quantities of 
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cocatalyst (MAO) that were needed. However, the main reason was compatibility 
with existing process equipment. The catalytic systems were initially 
commercialized using existing solution process technologies. Solution technologies, 
however, only make up a minor part of commercial process technologies, therefore 
an extensive research effort was devoted to supporting metallocene catalysts to 
make these catalysts suitable for continuous particle forming (heterogeneous) 
polymerization processes. In general supported catalysts are used in order to 
prevent reactor fouling and to generate powders with a high bulk density. Also, the 
use of heterogeneous metallocene catalysts reduced the quantities of cocatalyst that 
are required. Compared to Ziegler-Natta (Z-N) catalysts, the polymers produced by 
metallocene catalysts have a narrow molar mass distribution and more uniform 
incorporation of co-monomers (Figure 1.4b). These features can greatly improve 
the physical properties of the resultant resin, for example at a given density and 
melt index a polyethylene resin with the molar mass and chemical composition of 
Figure 1.4b, will have a higher mechanical strength and dart impact, affording the 
possibility for a converter to down-gauge. The demand for these high-performance 
resins and the commercialization of heterogeneous molecular polyolefin catalysts 
continues to accelerate. 

1.2 Architectures and applications of polyethylene 

In volume, polyethylenes have approximately 1/3 of the global plastic market.[22] 
The complex hierarchical structure of different polyethylenes made it possible to 
tune the properties for specific applications. Polyethylenes are usually semi-
crystalline and consist of a crystalline and an amorphous phase. The relative 
proportions of the crystalline and amorphous phases and their size, shape, 
orientation and connectivity govern the physical, thermal and mechanical 
properties of polyethylenes. The crystallization behavior of PE is strongly affected 
by their chain architecture. Polyethylenes are usually classified into low density 
polyethylene (LDPE), very low density polyethylene (VLDPE), linear low density 
polyethylene (LLDPE) and high density polyethylene (HDPE).[23] This 
classification is based on their molecular architecture and the density that results 
from this. 

As described previously, LDPE is produced from a free-radical polymerization 
process at a high temperature and a high pressure. Due to the radical transfer 
reactions, the polyethylene produced by this process is highly branched (short and 
long chain branches, see Figure 1.5). The numerous short chain and long chain 
branches in LDPE reduce its crystallinity (40-60 %), resulting in a flexible product 
with a low melting temperature (100-120 °C). The long-chain branches also 
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provide advantages in polymer processing such a high melt strength and relatively 
low viscosity, which facilitates the production of films (Figure 1.1). LDPE is a 
ductile and elastic material, which make it suitable for packaging applications such 
as bags, foils and shrink-wraps.[24,25] 

 
Figure 1.5 Schematic representations of the main classes of commercially available PEs.  

LLDPE is produced by the copolymerization of ethylene with α-olefins such as 1-
butene, 1-hexene or 1-octene. The short-chain branching resulting from the 
incorporation of a α-olefin results in a reduction in the polymer crystallinity and 
hence melting temperature. In addition, the properties LLDPE can be adjusted by 
controlling the overall content of co-monomer and the chemical composition 
distribution (Figure 1.4). Compared to LDPE, the impact strength, puncture 
resistance and tensile strength of LLDPE are improved. Therefore, LLDPE is used 
for food packaging containers, storage tanks, gas pipes and highway construction 
barriers.  

VLDPE is known as a specialized form of LLDPE and the general structure is 
similar as the LLDPE but has a much higher concentration of short chain branches. 
A typical separation of branches would fall in the range of 7–25 backbone carbon 
atoms.[25] Such a high level of branching inhibits crystallization very effectively, 
resulting in densities in the range of 0.86–0.90 g/cm3. These materials are flexible, 
clear, and elastomeric. They can be used as hose and tubing, ice and frozen food 
bags, food packaging and stretch wrap as well as blended with other polymers as 
impact strength and clarity modifiers. 
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HDPE is a highly linear polymer. The extensively linear nature of HDPE results in 
a high degree of crystallinity (60-80 %) and a high melting temperature (130-
137 °C). Typically commercial HDPE are similar to LLDPE in that they are in fact 
copolymers of ethylene and α-olefins, however, the α-olefins content is 
significantly lower. The high crystallinity results in a high stiffness and a low 
permeability for water. HDPE is used in variety applications, such as containers, 
pipes, bottles and storage tanks (Figure 1.1). Moreover, HDPE has a high tensile 
strength, which makes it useful for short term load bearing film applications such 
as grocery sacks and trash can liners.[25] 

Ultra high molecular weight polyethylene (UHMWPE) is a special type of linear 
PE with a weight average molecular weight (Mw) of over 1000 kg/mol. It is 
commonly produced by heterogeneous Ziegler-Natta catalysts at temperatures in 
the range of 60-100 °C.[26] The extremely high molecular weight of the chains 
restricts the crystallization of the polymer and UHMWPE normally has a relatively 
low crystallinity and density (0.926-0.934 g/cm3). The long chains result in 
excellent mechanical properties of UHMWPE, such as a high abrasion resistance, a 
high impact strength and a low coefficient of friction. This makes UHMWPE 
products suitable for high performance applications such as prosthetic implants 
(Figure 1.6) and ski liners.[27-29] 

 
Figure 1.6 UHMWPE at the interface of metallic components in an artificial hip prosthesis. 

Reproduced with permission from reference [27]. 

Special medical grade UHMWPEs resins are used for orthopedic applications. 
These types of resins meet the requirements of health organizations such as the U.S. 
Food and Drug Administration (FDA).[30] There are only three types of the medical 
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grade of UHMWPEs commercially available with the trade names Celanese GUR 
1020, Celanese GUR1050 and Basell 1900.[31,32] However, Basell 1900 has not 
been produced since 2001. The specifications of the remaining two types of 
medical grade UHMWPE are presented in Table 1.1. The extremely low content of 
trace impurities such as titanium, aluminum, calcium and chlorine, which are 
residuals of the catalyst indicates an high activity of the catalysts.[32] 

Table 1.1 Properties of Medical Grade UHMWPE resins (The average molecular weight is 
calculated based on intrinsic viscosity, reproduced with permission from reference [32]) 

Property Requirements 

Resin type Type 1 Type 2 

Trade name GUR 1020 GUR 1050 

Average molecular weight 
(ASTM calculation) 3-3.5×106 g/mol 5.5-6×106 g/mol 

Ash, mg/kg, (maximum) 125 125 

Titanium, ppm, (maximum) 40 40 

Aluminum, ppm, (maximum) 20 20 

Calcium, ppm, (maximum) 5 5 

Chlorine, ppm, (maximum) 30 30 

Further expansion in the tailoring of a resins molecular weight distribution and 
chemical composition distribution has come via the development of ‘bimodal’ 
polyethylene. In essence the concept of ‘bimodal’ polyethylene is to expand the 
performance and processibility window. The high molecular weight material is 
used to give the resins performance whilst the low molecular weight material is 
used to aid the processing of this material. This material is typically produced in a 
cascade reactor by multi-site Ziegler-Natta catalysts.[33–35] In the first reactor of this 
cascade process, high amounts of hydrogen are fed with ethylene to produce low 
molecular weight, high density polyethylenes. The second reactor is loaded with 
much less hydrogen and an increased content of comonomer (1-alkene) is 
incorporated in the polymer chains to form a high molecular weight linear low 
density polyethylene.[36] The molecular weight distributions of the produced 
bimodal PEs are very broad. So in this case, the concept of ‘bimodal’ also refers to 
its chemical composition distribution (CCD).[37–38] Bimodal PEs have for example a 
high resistance to slow crack growth (SCG) which makes it suitable particularly for 
pressure pipe applications. 
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1.3 Processing of polyethylene 

The success of olefin-based materials originates from revolutionary breakthroughs 
in the areas of catalysis, polymerization processes and polymer processing 
techniques. Not only the molecular structure of the material but also the proper 
processing technique and processing conditions can enhance the performance of 
the products. Processing of synthetic polymers is often a compromise between ease 
of processing and product properties. The processing techniques that are used also 
highly depend on the flow behavior of the materials. The flow behavior of a 
polymer is in turn determined by the polymer architecture, degree of cross linking, 
molecular weight, molecular weight distribution, density and number of 
entanglements and the presence of additives.[27] 

 
Figure 1.7 A plot representing the relation between zero shear viscosity (η0) and molecular 

weight (Mw). 

Processing of UHMWPE 

In linear polymers like polyethylene, the viscosity of the material increases with 
molecular weight. There is a relationship between zero shear viscosity and 
molecular weight as given in Figure 1.7. Once the molecular weight exceeds a 
critical molecular weight (𝑀𝑀𝑐𝑐 = 4 kg/mol for PE),[39] the polymer chains start to 
entangle and thus the zero shear viscosity of material increases exponentially with 
the molecular weight. Therefore, it is not possible to process UHMWPE using 
conventional methods such as film extrusion, blow molding and injection 
molding.[40] Depending on the applications, UHMWPE is mainly processed by 
solution (or gel) spinning,[41,42] compression molding and ram-extrusion.[32,43] 
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The mechanical properties of PE fibers such as the modulus and the tensile strength 
rely on the degree of chain orientation and extension.[44] Ward et al.[45,46] developed 
polyethylene fibers using a process of melt-spinning followed by drawing in the 
solid state. Typically, PE fibers with a modulus and strength of 60 GPa and 1.3 
GPa are produced based on HDPE resins with a weight average molecular weight 
of ~100 kg/mol. However, this technique is not suitable for UHMWPE because 
both the spinnability and the drawability decrease with increasing molecular weight. 
The breakthrough in the production of high modulus and high strength UHMWPE 
fibers was achieved by the solution (or gel) spinning process (Figure 1.8) 
developed by Smith, Lemstra and Pennings[47-50] at DSM at the end of the 1970s. In 
this process, very high molecular weight polymer chains in the as-spun, gel-like 
fiber have a strongly reduced entanglement density which leads to an excellent 
drawability of the fiber in the solid state at elevated temperatures. The fibers 
produced with this process have a maximum strength of 6 GPa and maximum 
modulus of around 200 GPa.[28] 

 
Figure 1.8 Schematic representation of the gel (or solution) spinning process. Reproduced 

with permission from reference [51]. 

Isotropic UHMWPE products are usually processed with ram-extrusion or a 
compression molding. Ram-extrusion is semi-continuous process for the 
production of UHMWPE rods.[32] As shown in Figure 1.9b, the UHMWPE 
powders are semi-continuously fed into an extruder which uses an oscillating ram 
to force the resin through a heated die. During the process, the resin melts initially 
at the surface of the die and then heat is conducted into the interior of the rod 
(Figure 1.9d). 
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Compression molding is a batch process (Figure 1.9a)[52] in which pressure is 
applied homogeneously over the mold surface, and again the mold is heated 
externally. The pressure is held for sufficient time which may exceed 24 hours to 
allow the resin in the center of the mold to melt, and the pressure level can be 
varied during the melting and crystallization of the resin.  

UHMWPE components including medical devices are normally post-processed by 
machining of the semi-finished rod or sheet. Machining includes fabrication 
processes like drilling, milling, turning, sawing and skiving.[53,54] It is an easy 
method to cut rods or sheets into the final components with desired shape, 
geometry and surface finish. 

 
Figure 1.9 Schematic representation of compression molding and ram-extrusion processes 

and the consolidated UHMWPE sheets and rods. Reproduced with permission from 
reference [32]. 

1.4 Fusion defects in consolidated UHMWPE 

As described above, high pressures and high temperatures are applied during the 
consolidation of UHMWPE in both compression molding and ram-extrusion. The 
pressure is used to compact the powder and the temperature is raised above the 
melting temperature to fuse the polymer powder particles together. The driven 
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force for the fusion of UHMWPE powders in both compression molding and ram-
extrusion is self-diffusion of polymer chains.[32,55] 

Despite the high temperatures and the high pressures, internal fusion defects are 
routinely found in UHMWPE products and these fusion defects have a high impact 
on the performance of this material.[56,57] The fusion defects are often more evident 
in used components (Figure 1.10)[58] and cause problems especially in medical 
implant applications. For instance, Mayor et al.[59] found a statistically significant 
correlation between fusion defects and delamination and cracking in a UHMWPE 
knee inserts in total knee arthroplasty. Landy and Walker[60] also related the 
occurrence of delamination type wear in a knee joint to fusion defects in the 
material. This results in a limited lifetime of implants which results in painful and 
expensive revision surgery.[61] 

 
Figure 1.10 Grain boundaries (fusion defects, dark lines) in a hip cup retrieved from the 

human body after 7 years. Reproduced with permission from reference [58]. 

The fusion defects in UHMWPE products originate from the grain boundaries of 
the initial powder particles.[62,63] The grain boundary is an inherent weakness in 
processed material, which leads to subsurface cracking on the grain boundary.[63] A 
lot of attempts have been made to reduce the grain boundaries in UHMWPE 
products by optimizing processing conditions.[64,65] Zachariades[66] attempted to 
obtain a fully fused UHMWPE material by compression molding in a temperature 
range between 180 to 320 °C. The results showed improved mechanical properties 
such as strength at break. Fu et al.[67] also obtained similar results in their recent 
study. Gao et al.[68] studied the effect of pressure on the diffusion of the polymer 
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chains and reported that a very high compaction pressure slows down chain motion 
by reducing the free volume available for inter-particle diffusion.  

Another option to improve the sintering of UHMWPE is isostatic compression 
molding.[69] It is also a batch process that uses a pressurized fluid (gas or liquid) to 
uniformly compress the resin from all sides. The resin is initially compressed in a 
mold without heating to form a rod or bar shape. Then heat and pressure is applied 
on all sides. It was shown that an improvement in sintering of UHMWPE powders 
was observed.[70] 

Commercial UHMWPE is normally produced by heterogeneous Z-N catalysts.[71] 
As-polymerized UHMWPE powders such as the medical grade GUR resin (Figure 
1.11) have a particle size of approximately 150 μm. During consolidation, the 
powder is compacted by the pressure and the efficiency of the compaction is 
strongly influenced by the size and surface morphology of polymer particles. The 
effect of average particle size on the sintering of UHMWPE particle was 
investigated by Barnetson et al.[72] They showed that UHMWPE powders with a 
size range between 30 μm to 500 μm have a faster sinter rate in the case of small 
particles.  

 
Figure 1.11 Scanning electron micrograph of GUR resin. Reproduced with permission 

from reference [31]. 

One typical feature of heterogeneous Z-N catalyst is their multiple-site nature.[73] 
The UHMWPE produced by such catalysts have a very broad molecular weight 
distribution and have a low molecular weight tail in the polymer (Figure 1.12).[74] 
The reptation time of entangled linear chains depends strongly on the molecular 
weight of the polymer (or the number of entanglements per chain).[75] Therefore, 
the short chains can more easily cross the boundary of polymer particles and thus 
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reduce grain boundaries and fusion defects. This was already observed by Olley et 
al.[76,77] They studied the cross section of the hip-cup samples and found that the 
low molecular weight fraction of UHMWPE plays a key role in the fusion of 
powder particles.  

 
Figure 1.12 The molecular weight distribution of GUR 1020 as determined by gel 

permeation chromatography. The samples were measured in tricholorobenzene at 145 °C. 
Reproduced with permission from reference [74]. 

 
Figure 1.13 The synthesis of polyethylenes with bi- and trimodal molecular weight 
distribution by varying the type and ratio of single site catalysts. Reproduced with 

permission from reference [78]. 
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Increasing the fraction of short chains in UHMWPE might be a way to reduce or 
even completely remove fusion defects in the melt-processed products. The choice 
of the molecular catalyst makes it possible to produce bimodal UHMWPE with a 
controlled molecular weight and molecular weight distribution. Mülhaupt et al.[78-

80] attempted to produce multi-modal PE with a high content of UHMWPE in a 
single reactor. It was found that the immobilization of different molecular catalysts 
on a support (Figure 1.13) is very useful to produce multi-modal PEs. 

1.5 Aim and outline of this thesis 

The previous sections show that the production of UHMWPE particles with a 
designed size and surface morphology is challenging. A deeper understanding of 
the mechanism of polymer particle formation during synthesis of UHMWPE[81-83] 
provides an opportunity to produce PE particles which improve the processing and 
properties of UHMWPE products.[84] Moreover, the control of the molecular 
weight and molecular weight distribution using biomodal distributions could 
potentially reduce grain boundaries and fusion defects which is expected to 
enhance properties. Therefore, the objectives of this thesis are: i) synthesis linear 
and bimodal UHMWPE with tuned powder particle size and modality in a single 
reactor by using combined molecular catalyst systems, ii) understand the 
rheological, thermal and mechanical properties of these polymers and iii) evaluate 
the effect of the size and modality on the elimination of the fusion defects (grain 
boundaries) of produced UHMWPE. 

In Chapter 2 the synthesis of PE powders with tuned average size is described. By 
selecting appropriate polymerization conditions like temperature, pressure and by 
selecting the proper cocatalyst, the effect of different supports on the average size 
of produced PE particles is investigated. Two molecular precatalysts are selected 
for further evaluation in bimodal PE resins with the desired weight average 
molecular weight and molecular weight distribution.  

Chapter 3 investigates the synthesis of bimodal UHMWPE in a single reactor by 
using combined catalyst systems. Two support strategies, a single support (SS: 
silica particles with both catalyst species supported) or a double support (DS: 
mixing silica particle with two catalyst species separately supported), are attempted 
to predictively tailor molecular weight (Mw) and molecular weight distribution 
(MWD). The polymerization strategies are compared and it is shown that it is 
extremely challenging to design a catalytic system that can predictively tailor the 
Mw and MWD.  
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In Chapter 4 the rheological properties of the bimodal PEs are studied to elucidate 
the effect of DS and SS systems on the processing of bimodal PEs. Dynamic and 
steady shear flow measurements are performed and it is shown that heterogeneity 
in the melt strongly influences the rheological properties of bimodal PEs.   

The thermal and mechanical properties of bimodal samples are investigated in 
Chapter 5. The DSC results illustrate that differences in homogeneity between the 
DS and SS bimodal samples strongly influence the thermal properties of the 
bimodal PEs. For instance, the more homogeneous SS samples showed a higher 
crystallinity than DS samples. The mechanical properties are also investigated and 
the results showed that the SS samples exhibited higher mechanical properties 
especially in elongation at break and (engineering and true) tensile strength. 

In Chapter 6 three different types of silica are used to produce monomodal and 
bimodal UHMWPE powders with a different size and surface morphology. The 
fusion defects and grain boundaries in the UHMWPE specimens are investigated 
and compared by optical microscopy to study the effect of the size and modality. 
The mechanical properties of these UHMWPE samples are tested to understand the 
relationship between fusion defects and mechanical properties.  
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Chapter 2 
Polyethylene powders produced by silica micro- 

and nanoparticles supported catalysts 
 

Abstract
 

In this chapter, the molecular precatalysts complexes (nBuCp)2ZrCl2 (Zr) and 
(η1:η5-Me2NCH2CH2C5Me4)CrCl2 (Cr) were chosen from four precatalysts 
complexes to produce polyethylene (PE) particles with the desired molecular 
weight (300 and 3000 kg/mol) and polydispersity (MWD < 3.2). The two 
precatalysts were successfully supported on silica microparticles (MS) and silica 
nanoparticles (NS). The ethylene polymerization conditions were explored and 
optimized. At optimized polymerization conditions, PE particles with a size of 
approximately 350 μm were produced using the MS supported catalysts and their 
size was highly dependent on the productivity. The NS supported catalysts 
exhibited much higher productivities and the average size of the PE particles was 
around 50-70 μm. The PE particles consisted of agglomerates of primary polymer 
particles with a size of 1-2 μm. The results also showed that the molecular weight 
and polydispersity were not strongly influenced by the size and/or morphology of 
the support. The results indicate that small PE powders with a strongly reduced size 
can be produced using nanoparticle supports. Moreover, it was also shown that the 
desired molecular weight and polydispersity can be produced with a high 
productivity in both the MS and NS system. 
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2.1 Introduction 

In the early 1980s, Sinn and Kaminsky noticed that traces of water increased the 
activity of group 4 metallocene molecular catalysts in ethylene polymerization.[1] 
They demonstrated that this increased activity was due to the formation of 
methylaluminoxane (MAO) formed via the partial hydrolysis of 
trimethylaluminum. Subsequently, Ewen and Welborn described in the seminal 
“Exxon 800” patent that tuning the steric and electronic structure of the ancillary 
ligands allowed one to fine-tune the polymerization behavior of metallocene 
catalysts, making it possible to prepare a large variety of specific polyolefin-based 
materials in a controlled manner.[2] Inspired by these breakthroughs, great interest 
was generated in molecular catalyst systems in both academia and industry.[3]  

The vast majority of commercial polyolefin production is performed with particle 
forming processes such as slurry/bulk, gas-phase or cascaded processes. Typically, 
these processes rely on solid heterogeneous catalyst particles.[4-6] The main reason 
for using heterogeneous systems is to form discrete polymer particles to avoid 
reactor fouling and to allow continuous operation of the process. The catalyst 
support not only provides a method to introduce the catalysts into the reactor but 
also serves as a template for the polymer chain growth. As a consequence, the 
morphology of polymer particles is strongly influenced by the morphology of 
support materials and the reaction conditions.[7,8] 

In melt processed polyolefins, the virgin reactor powder is mixed with additives in 
an extruder and granulated prior to shipment to end-users. The properties of the 
resins are, therefore, not affected by the morphology of virgin reactor powder. As 
discussed in Chapter 1, in the case of ultra-high molecular weight polyethylene 
(UHMWPE), extrusion and granulation is not possible due to the high melt 
viscosity of the polymer. Thus, UHMWPE products are normally processed by 
ram-extrusion or compression molding from the nascent polymer particles.[9] In 
both processing techniques, fusion of powder particles is governed by the self-
diffusion of the polymer chains[10-12] and fusion defects, are often present in the 
end-products because of the very long diffusion time of long chains.[10,11,13] These 
grain boundaries strongly affect the lifetime of the UHMWPE based products. 
Various attempts have been made to eliminate grain boundaries in UHMWPE by 
optimizing polymerization conditions[14] and new processing techniques have been 
explored.[15] Only a few studies are concerned with the influence of the particle size 
(or morphology) although it was already demonstrated that the average particle size 
and particle morphology are important factors in the processing of UHMWPE 
resins.[16] 
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Figure 2.1 Schematic representation of the various synthetic strategies to produce silica 

supported molecular catalysts. Reproduced with permission from reference [5]. 

Micron sized supports based on MgCl2, Al2O3, and SiO2 are often employed to 
immobilize catalysts. Among them, SiO2 is the judicious choice because this 
material is cheap and has surface functionalities that can be used to anchor the 
active species. Moreover, the physical properties of SiO2 including the size, 
particle morphology, surface area, pore volume and pore size distribution can be 
tuned to large extent during the manufacturing of silica. Fine tuning of these 
physical properties (pore size, volume, distribution and mechanical strength) can be 
performed via thermal treatments such as calcination.[5] The chemical surface of 
silica particle can also be modified using chemical treatments such as 
hexamethyldisilazine (HMDS) treatment.[17] The hydroxyl functionalities on the 
surface are mainly composed of isolated, vicinal and geminal hydroxyl groups. 
After calcination (above 600 °C), adjacent vicinal hydroxyl groups can condense 
with each other to form a surface siloxane. The remaining isolated and geminal 
hydroxyl groups can be easily modified to immobilize the catalyst.[4-6,18] An 
archetypal supported molecular catalyst is formed by a combination of MAO, 
silica, and a precatalyst. Three synthetic strategies are used to generate 
immobilized molecular catalysts (Figure 2.1) and the advantages and disadvantages 
of the routes have been discussed by Severn et al.[5] Typically, Routes A or B are 
recommended for synthesizing silica supported catalysts. Route B, the activation of 
the precatalysts with MAO prior to contact the silica, is one of the simplest and 
most effective methods. 



Chapter 2 

- 24 - 
 

However, here it is the intention to utilize a combined catalysts system to produce 
bimodal molecular weight UHMWPE. The pre-activation of two catalysts in a 
homogeneous environment prior to contact with the silica (Route B) was seen to be 
potentially complicated due to potential side reactions in the homogeneous phase. 
Therefore, route A was chosen as the best synthetic strategy to prepare supported 
catalyst. 

 
Scheme 2.1 Structures of catalysts used for polymerization. 

Based on a literature survey, four types of complexes (Scheme 2.1) were chosen 
for the initial investigations. Under certain polymerization conditions, these 
molecular precatalysts have the capability to produce either normal high-density 
polyethylene or UHMWPE. In the present study, the first aim is to select the two 
most suitable molecular catalysts to produce a bimodal grade UHMWPE with a 
high molecular weight component (Mw> 3000 kg/mol) and a low molecular weight 
component (Mw = 100-500 kg/mol). The second aim is to synthesize PE particles 
with a small size using different silica supports.  

2.2 Experiment section 

Materials 

All experiments with air- and/or moisture-sensitive materials were carried out 
under an inert atmosphere in a glovebox or using standard Schlenk techniques. 
Methyl cyclohexane (MCH) and toluene were passed over a column containing 
Al2O3 and stored over 4 Å molecular sieves. Solvents were degassed by argon 
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bubbling for at least 4 hours prior to use. (η1:η5-Me2NCH2CH2C5Me4)CrCl2 (Cr) 
was kindly donated by SABIC Euro Petrochemicals and (nBuCp)2ZrCl2 (Zr), 
(nBuCp)2HfCl2 (Hf) and [2-(tBu)-C6H3O(CHNC6F5)]2TiCl2 (Ti) were purchased 
from MCAT GmbH. Methyl aluminoxane (MAO, 10 wt % solution in toluene) and 
aluminum alkyls (1 M in hexane) were purchased from Sigma-Aldrich. The micro-
silica (MS, Sylopol 948, Grace Davison) and silica nanoparticle (NS, fumed 
powder, 7 nm, Sigma-Aldrich) were calcined at 600 °C for 4 hours under a 
nitrogen stream before use. Ethylene (purity 4.5, Linde) and ultra-high purity 
nitrogen (Linde) were further purified by passing through columns packed with 
BTS catalyst (Sigma-Aldrich, copper catalyst for oxygen removal; BASF R3-15) 
and molecular sieves, respectively. 

Preparation of methyl aluminoxane (MAO) modified silica  

MAO (30 mL, 10 wt.-% in toluene) was added to calcined micro-silica (4.0 g) 
under manual agitation. Subsequently, the slurry was heated to 80 °C and 
occasionally agitated. After 4 h the silica-supported MAO was filtered in the glove 
box and washed (three times) with Methyl cyclohexane (MCH). The MAO 
modified micro-silica (MAO/MS) was dried under vacuum for 4 h to obtain a free-
flowing white powder.  

MAO (20 mL, 10 wt.-% in toluene) was diluted with toluene (20 mL) and added to 
calcined silica (2.0 g) under manual agitation. Subsequently, the slurry was heated 
to 80 °C and occasionally agitated. After 4 h the silica-supported MAO was filtered 
in the glove box and washed with MCH three times to eliminate residual MAO. 
The MAO modified silica nanoparticles (MAO/NS) were dried under vacuum for 4 
h to obtain a white powder.  

Immobilization of catalysts on MAO modified micro-silica 

A solution of the precatalyst (0.2-2.0 μmol) in toluene (2 mL) was slowly dropped 
into a vial containing MAO/MS (20-50 mg) under manual agitation. The obtained 
slurry was maintained at room temperature (Cr and Ti) or heated to 50 °C (Zr and 
Hf) for 1 hour during which time it was re-suspended by shaking every 5-10 
minutes. The obtained suspension was diluted with 8 mL MCH and immediately 
used for ethylene polymerization.  

Immobilization of catalysts on MAO modified silica nanoparticles 

A solution of the precatalyst (1 μmol) in toluene (2 mL) was slowly dropped into a 
vial containing MAO/MS (20-50 mg) and a small magnetic bar. The obtained 
suspension was stirred at room temperature (Cr and Ti) or heated to 50 °C (Zr and 
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Hf) for 1 hour. The obtained suspension was diluted with 8 mL MCH and 
immediately used for ethylene polymerization.  

Typical ethylene polymerization procedure 

All of the ethylene polymerization experiments were performed in a 200 mL steel 
Büchi autoclave. The autoclave was heated in an oven overnight at 160 °C before 
each experiment. After evacuation and rinsing with argon three times, the solvent 
(80 mL) was charged in the preheated autoclave. Then cocatalyst (in 10 mL MCH) 
was injected, and the solvent was saturated with ethylene by pressurizing to the 
desired pressure. After 20 min of stirring to allow the cocatalyst to scavenge the 
reactor, the autoclave was temporarily vented to purge the partial the reactor of 
argon and to allow the injection of the catalyst slurry. The autoclave was re-
pressurized to the desired pressure, and the pressure was maintained throughout the 
experiment. The temperature of the autoclave was controlled by a thermostat bath. 
After 60 min, the system was depressurized, and a mixture of ethanol and diluted 
hydrochloric acid was injected. The polymer was separated by filtration and dried 
overnight at 60 °C under vacuum. 

Nitrogen physisorption 

The nitrogen physisorption was performed on a Micrometrics Tristar II at -198 °C. 
All the samples were prepared in the glovebox and evacuated for 5 hours at room 
temperature in the analysis equipment prior to the adsorption measurements. The 
adsorption isotherm was analyzed via the Berret-Joyner-Halenda method (BJH 
method) to obtain the surface area, pore diameter and pore volume. 

Element analysis 

The Al content in the MAO modified silica particles was determined using 
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) performed 
by Kolbe Mikroanalytisches Laboratorium, Mulheim an der Ruhr, Germany. 

Size exclusion chromatography 

High temperature size exclusion chromatography (HT-SEC) of the PEs was 
performed at 160 °C using a Polymer Laboratories PLXT-20 Rapid SEC polymer 
analysis system (refractive index detector and viscosity detector) with 3 PLgel 
Olexis (300 × 7.5 mm, Polymer Laboratories) columns in series. A Polymer 
Laboratories PL XT-220 robotic sample handling system was used as auto-
sampler. 1,2,4-Trichlorobenzene was used as eluent at a flow rate of 1 mL·min−1. 
Polystyrene standards (Polymer Laboratories) were used to calibrate the machine 
and the molecular weights were calculated based on a known relationship to 
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polyethylene standards from historical data. Polymer samples with 0.5 wt-% 
antioxidant (Irganox 1010) were dissolved in TCB at 160 °C for 3 h prior to the 
analysis. 

Polymer samples with 0.5 wt.-% antioxidant (Irganox 1010) were dissolved in 
TCB at 160 °C for 3 h prior to the analysis. 

Scanning electron microscopy  

The morphology of the micro-silica and the produced polymers were analyzed by 
scanning electron microscopy (SEM) on a Jeol JSM-5600. The specimens were 
fixed on a sample holder by means of adhesive carbon tape and sputtered with gold 
before the analysis. 

Transmission electron microscopy 

The nano-silica particles were analyzed by transmission electron microscopy 
(TEM) using a Tecnai 20 microscope, operating at 200 kV. The particles were 
dispersed in ethanol with a concentration of 0.01 wt.-%. A small drop (5 μL) of the 
resulting dispersion was placed on a 200 mesh copper grid with a carbon support 
layer. 

2.3 Results and discussion 

2.3.1 Silica and MAO modified silica 

 
Figure 2.2 Scanning electron micrograph (SEM) of silica microparticles (a) and 

transmission electron micrograph (TEM) of silica nanoparticles (b). 

To produce PEs particles with a range in sizes, silica microparticles (MS) and silica 
nanoparticles (NS) are employed in this study (Figure 2.2). Micro-silica is widely 
used commercially as a catalyst support and in studies of molecular catalysts 
immobilization.[5] These well-known porous silica particles are typically produced 
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in a pipeline mixing process by reacting sodium silicate and a mineral acid, 
typically sulfuric acid, yielding silichydroxide and Na2SO4.[19] Typical 
polymerization grade silica particle are spheroidal in shape and the reported 
average size are around 20-100 µm.[5,20] The shape of the commercially relevant 
micro-silica particles (Grace Davison Sylopol 948) is shown in Figure 2.2a. Silica 
nanoparticles are commonly prepared by ignition of silicon tetrachloride in a flame 
of hydrogen and oxygen.[21,22] The nanoparticles that are formed in the melt, collide 
and coalesce to form aggregates with a size of 50-100 nm consisting of primary 
particles with a size of 5-15 nm (Figure 2.2b). 

Figure 2.3 Nitrogen physisorption isotherms at -198 °C of (a) silica microparticlesand (b) 
silica nanoparticles before and after the modification of MAO. 

The calcined silica microparticles (MS) and silica nanoparticles (NS) were 
investigated using diffuse reflectance infrared spectroscopy (DRIFT). It is shown 
that a certain amount of hydrogen-bridged silanols exists in NS after calcination.[23] 
To completely modify the hydroxyl functionalities, 33 wt.- % extra MAO was used 
in the modification of NS particles in comparison to MS. Before and after the 
modification of MAO, the two types of silica were characterized by nitrogen 
physisorption (Figures 2.3a and 2.3b).  

The pore size distribution and pore volume of MS and MAO/MS are calculated 
using the BJH (Barett, Joyner and Halenda) equation and the results are 
summarized in Table 2.1. The results indicate that the NS particles have a slightly 
higher surface area (~297 m2/g) than the MS particles (~262 m2/g). After the 
modification by MAO, the surface area of MS particles slightly increases whereas 
that of NS particles decreases. It is well known that MAO can form a 3D aggregate 
structures,[24] this feature enhanced the agglomeration of the nanoparticles, which 
results in loss of surface area in the NS with MAO. The pore diameter and pore 
volume of MS particles are reduced by ~50% and ~30%, respectively, which 
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indicates that the MAO forms a thick layer on the silica surface. The primary NS 
particles have no pores and therefore the values of pore diameter and pore volume 
of NS particles are not provided in Table 2.1. The MAO/NS system shows a high 
content of aluminum (Al) as determined by element analysis. The reason is most 
likely the additional 33% of MAO that is used in the modification of NS to pacify 
the higher siloxyl content. Beside the chemical modification on the silica surface, 
part of the extra MAO may have also be physisorbed on the silica surface.  

Table 2.1 Porosity of silica and the aluminum contents of MAO modified silica. 

Silica/Modified 
silica 

Porosity(BJH)a) Al contentb) 

S (m2/g) dp (nm) Vp (cm3/g) (wt.-%) (mmol/g) 

MS 262 23.7 1.55 n/a n/a 

MAO/MS 307 11.6 1.05 11.07 4.1 

NS 297 n/a n/a n/a n/a 

MAO/NS 198 n/a n/a 17.43 6.5 

a) Surface area (S), pore diameter (dp) and pore volume (Vp) obtained via N2-physisorption 
(BJH-theory, values from adsorption). b) Al content of the particles as derived from 

elemental analysis. 

2.3.2 The selection of the precatalysts 

As discussed in chapter 1, there are only three types of the medical grade of 
UHMWPEs with trade name Celanese GUR 1020 (Type 1), GUR1050 (Type 2) 
and Basell 1900 (Type 3). However, Basell 1900 has not been produced since 
2001. The remaining two medical grade UHMWPEs both have the molecular 
weight greater than 3000 kg/mol (ASTM D 4020).[9] In addition, the molecular 
weight of typical short chain tail is around 100-500 kg/mol. Here, two molecular 
catalysts will be selected to produce PEs with the expected molecular weight. 
Zirconium based metallocenes are widely used in the literatures for ethylene 
polymerization and the catalytic performance has been well documented.[25-27] 
Depending on the polymerization conditions, the (nBuCp)2ZrCl2 (Zr) is able to 
produce polyethylenes with Mw around 100-400 kg/mol. The other three 
precatalysts are expected to produce high molecular weight PEs.[28] 

Zr and Hf complexes were immobilized on MAO/MS using a heat treatment 
(50 °C). An additional heat treatment (see experimental section) was applied to 
promote the immobilization of Zr and Hf complexes on silica and thus avoid 
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reactor fouling, which is occasionally observed when immobilization without a 
heat treatment is performed. In contrast, the Ti and Cr complexes were 
immobilized on silica surfaces at room temperature and reactor fouling is not 
observed after polymerization. The polymerization results of the immobilized 
catalysts and HT-SEC data are summarized in Table 2.2. 

Table 2.2 Polymerization results of the immobilized catalysts on micro-supports a) 

Entry Cat. 
Cat. loading 

(µmol) 
Yield 

(g) 
Activity b) 𝑀𝑀�𝑤𝑤  

(kg/mol) 
𝑀𝑀�𝑛𝑛  

(kg/mol) 
𝑀𝑀�𝑤𝑤/
𝑀𝑀�𝑛𝑛 

1 Zr 0.5 9.9 19.8 243 85 2.9 

2 Ti 1 9.7 9.7 1260 552 2.3 

3 Hf 1 8.5 8.5 724 211 3.4 

4 Cr 0.5 7.4 14.8 3060 1330 2.3 

a) Conditions: MAO/MS = 30 mg, Ethylene Pressure = 10 bar, Temperature = 50 °C, Time 
= 1 hour, Cocatalyst 0.5 mmol Et3Al, Solvent: MCH 100 mL. b) [kg PE/ (mmol M·h)] 

As shown in Table 2.2, the zirconocene complex exhibits a high activity in 
ethylene polymerization. The average molecular weight (Mw) of the product is 243 
kg/mol, which meets the requirements for the LMW component of the bimodal 
PEs. The supported Ti catalyst shows a relatively low activity in comparison to Zr. 
However, the Mw of the product is around 1200 kg/mol. This specific titanium 
based complex (Ti) is known to produce a ‘pseudo-living’ catalyst.[29] Besides the 
temperature and pressure, the Mw of the product is also dependent on the amount 
of ethylene it converts and hence the reaction time.[29] Therefore, a high Mw is 
achievable by optimization of the polymerization conditions and by extending the 
polymerization time. Considering that the catalysts are intended to be used in a 
combined catalyst system, the ‘pseudo-living’ nature of Ti derived catalyst might 
result in the difficulties in tailoring the molecular weight as well as the molecular 
weight distributions. Therefore, the Ti complex was abandoned in further studies. 
Hafnium based molecular catalysts are often used in industry to produce high Mw 
PE.[30, 31] The Mw of Hf produced polymer is 700 kg/mol (Table 2.2) which is 
much higher than the product of Zr but still lower than the targeted molecular 
weight. In addition, the Hf catalyst shows a low polymerization activity, which is 
due to its sensitivity to the cocatalysts. The Cr based catalyst system is a half-
sandwich chromium complex and its catalytic behavior has been reported in the 
literature.[32] This catalyst has a high activity in ethylene polymerization and is able 
to produce PE with a high Mw. The catalytic performance is maintained after the 



Chapter 2 

- 31 - 
 

Cr complex is supported on silica particles. As shown in Table 2.2, the activity of 
supported Cr catalyst is only 25% lower than that of Zr, and the Mw of the 
product is higher than 3000 kg/mol. Therefore, according to the results presented 
above, a bi-component system based on the Zr and Cr complexes were chosen to 
produce low molecular weight and high molecules weight PE, respectively. 

2.3.3 Optimization of polymerization conditions 

In the catalytic ethylene polymerization, the performance of catalysts is strongly 
influenced by polymerization parameters such as cocatalysts type and 
concentration, temperature, monomer concentration and Al/Metal 
(aluminum/catalyst metal) ratio on the support. Therefore, these polymerization 
parameters are optimized for Zr and Cr complexes to maintain reproducible 
catalytic performance. 

Cocatalyst 

For molecular catalysts, the active species in and on the silica are highly sensitive 
to impurities, such as water and oxygen which inevitably exist in a polymerization 
system.[33-35] Hence, a small quantity of aluminum alkyl is added in the 
polymerization medium to scavenge impurities. However, the types and amounts of 
aluminum alkyls may also have a dramatic impact on the molecular weight of the 
polymer and the activity of the catalysts as transmetallation is a means of chain 
transfer. Therefore, the catalytic performance of micro-silica supported catalysts 
was investigated in the presence of different aluminum alkyls. The response of the 
micro-silica supported catalysts to aluminum alkyls is summarized in Table 2.3. 

Table 2.3 Polymerization results of micro-silica supported catalyst in the presence of 
different aluminum alkyls. a) 

Entry R3Al (amount) Catalyst 
Productivity 

[g(PE)/g(cat./SiO2)] 
𝑀𝑀�𝑤𝑤  

(kg/mol) 
𝑀𝑀�𝑛𝑛  

(kg/mol) 
𝑀𝑀�𝑤𝑤/
𝑀𝑀�𝑛𝑛 

1 Me3Al (0.5 mmol) Zr 143 222 80 2.8 

2 Et3Al (0.5 mmol) Zr 330 243 85 2.9 

3 iBu3Al (0.5 mmol) Zr 337 297 112 2.7 

4 iBu3Al (0.2 mmol) Zr 320 266 100 2.7 

5 iBu3Al (0.8 mmol) Zr 310 271 107 2.5 

6 iBu3Al (0.5 mmol) Cr 292 3040 831 3.6 

a) Conditions: MAO/MS = 30 mg, Precatalyst = 0.5 μmol, Ethylene Pressure = 10 bar, 
Temperature = 50 °C, Time = 1 hour, Solvent: MCH 100 mL. 
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Me3Al, Et3Al, and iBu3Al are often used as cocatalysts in ethylene polymerization. 
Entry 1-3 in Table 2.3 shows the performance of micro-silica supported Zr catalyst 
in the presence of equivalent (0.5 mmol) aluminum alkyls. Under the given 
conditions, a low productivity is observed in the presence of Me3Al (Entry 1). The 
low productivity may be due to the active species complexing with Me3Al and thus 
forming binuclear alkyl-bridged species.[36,37] The alkyl-bridged species leads the 
catalyst species into a dormant state and a low productivity is observed. Compared 
to Me3Al, the micro-silica supported Zr catalyst shows two times higher 
productivity using Et3Al or iBu3Al as a cocatalyst, presumably due to the increased 
steric bulk of the aluminum alkyl which decreases the stability of the 
aforementioned binuclear alkyl-bridged species. As transmetallation also proceeds 
via the binuclear alkyl-bridged series, the iBu3Al was selected as a cocatalyst for 
ethylene polymerization because of the larger steric bulk of alkyl group.  

The concentration of aluminum alkyl can also affect the performance of the 
catalysts because the growing chain is able to transfer to aluminum during 
polymerization (transmetallation).[35,38,39] In this case, the aluminum alkyls also 
play a role as a chain transfer agent and therefore the molecular weight of the 
product is influenced by the amount of cocatalysts. The response of micro-silica 
supported Zr catalyst to different concentrations of iBu3Al was tested and the 
results are summarized in Entry 3-5 of Table 2.3. The results show that the 
productivity of supported Zr system is not affected by the concentrations of 
iBu3Al. In addition, the PEs produced at different cocatalyst concentrations show 
weight average molecular weights ranging from 266 to 300 kg/mol. The results 
indicate that chain transfer to the cocatalyst is negligible in the presence of iBu3Al. 
The supported Cr system was also investigated in the presence of 0.5 mmol 
iBu3Al, the polymerization results are listed in Entry 6 of Table 2.3. Compared to 
the results obtained at the same concertation of Et3Al (Entry 4 of Table 2.2), the 
catalytic performance is hardly influenced. In order to ensure effective scavenging 
of impurities, 0.5 mmol of iBu3Al is used in all of the following polymerization. 

Temperature and pressure 

In ethylene polymerization, the reaction rate can be described by the following 
equation[40]: 

𝑅𝑅𝑝𝑝 = 𝐾𝐾𝑝𝑝 ∙ 𝐶𝐶𝑡𝑡 ∙ 𝑀𝑀                        (1) 

where the 𝑅𝑅𝑝𝑝 is reaction rate, 𝐾𝐾𝑝𝑝 is the reaction rate constant, 𝐶𝐶𝑡𝑡 is the total number 
of active sites and 𝑀𝑀 is the monomer concentration. The reaction rate constant (𝐾𝐾𝑝𝑝) 
is temperature dependent whereas the monomer available to the active species (𝑀𝑀) 
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can be varied with the pressure of ethylene in a slurry process. In addition, the 
solubility of ethylene in the solvent is also highly dependent on temperature.[41] 
Therefore, the activity of the catalyst is strongly related to the temperature and the 
pressure of ethylene. For ethylene polymerization, the molecular weight of PEs is 
basically determined by the number of insertion events divided by the number of 
termination events.[38] In practice this is set by the absolute rates and order of the 
reaction (with respect to ethylene concentration, [C2

=]) of chain propagation rate to 
chain termination rate at a given temperature.[42] Therefore, the reaction 
temperature and ethylene concentration [C2

=] are of crucial relevance for the 
molecular weight that is produced and the activity of the catalysts. 

Table 2.4 Polymerization of micro-silica supported catalyst at different temperatures and 
pressures.a) 

Entry 
T 

(°C) 
P 

(bar) 
Precatalyst 

Productivity 
[g(PE)/g(MAO/SiO2) 

𝑀𝑀�𝑤𝑤 
(kg/mol) 

𝑀𝑀�𝑛𝑛 
(kg/mol) 

𝑀𝑀�𝑤𝑤/
𝑀𝑀�𝑛𝑛 

1 30 10 Zr 50 381 172 2.2 

2 50 10 Zr 337 297 112 2.6 

3 70 10 Zr 1006 126 55 2.2 

4 50 5 Zr 106 197 89 2.2 

5 50 20 Zr 1150 - - - 

6 70 10 Cr 633 2540 1026 2.5 

7 50 10 Cr 292 3040 831 3.6 

8 50 5 Cr 161 3140 1530 2.1 

9 50 20 Cr 930 - - - 

a) Conditions: MAO/MS = 30 mg, Precatalyst loading = 0.5 μmol, Time = 1 hour, 
Cocatalyst 0.5 mmol iBu3Al,  Solvent: MCH 100 mL. 

Using micro-silica supported catalysts, ethylene polymerizations were performed at 
varying temperatures and pressures. The results are summarized in Table 2.4. The 
micro-silica supported Zr catalyst shows a low productivity at a temperature of 
30 °C. Increasing the temperature to 70 °C, increased productivities of micro-silica 
supported Zr system from 50 to 1006 g(PE)/g(MAO/MS). However, the Mw of 
produced polymers decreased from 381 to 126 kg/mol with increasing temperature. 
Thus, the productivity of the supported catalysts needs to be compromised to 
produce the PEs with targeted Mw. As shown in Table 2.4, the micro-silica 
supported Zr and Cr catalysts show moderate productivities at 50 °C and the Mw 
of produced polymers are close to the targeted range. Therefore, a temperature of 
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50 °C was selected as the appropriate temperature for ethylene polymerization in 
our catalyst systems. 

The ethylene polymerizations discussed above were conducted at a pressure of 10 
bars. To elucidate the influence of [C2

=], the ethylene polymerizations were also 
conducted at varied pressures. The results show that when the ethylene pressure is 
decreased from 10 bars to 5 bars, the productivity of micro-silica supported Zr and 
Cr systems (Entry 4 and 8, Table 2.4) decreases by 70% and 45%, respectively. 
The Mw of the PE produced at this low pressure is only slightly affected. Both 
supported Zr and Cr catalysts show higher productivity (Entry 5 and 9, Table 2.4) 
by increasing the ethylene pressure to 20 bars. This high productivity leads to a 
large amount of heat released during the polymerization, which increased the 
internal temperature of the reactor. The increased temperature in the reactor might 
further increase the productivity of the supported catalyst and lead to a loss in 
control in terms of molecular weight and molecular weight distribution of the 
product.  

 
Figure 2.4 Activity profiles of micro- and nano-silica supported Zr catalyst (Reproduced 

with permission from reference [23]). 

In comparison to the MS system, the NS consists of aggregates of primary particles 
that are non-porous. Therefore, the active sites are all located on the outer surface 
of the particles after the precatalysts is immobilized on the silica nanoparticles. The 
effect on activity of supported molecular catalyst has been investigated by 
Karbach.[23] The results showed that the NS supported catalyst has a much higher 
activity than micro-silica supported catalyst especially in the initial phase of 
polymerization (see Figure 2.4). Undoubtedly, the high activity of nano-supported 
catalysts releases large amounts of heat, which may lead to the increase in internal 
reactor temperature. As discussed above, this influences the performance of the 
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catalysts and hence the resultant polymer. A series of experiments were performed 
with a different catalyst loading. The results show that the internal temperature 
starts increasing when more than 0.1 μmol Zr catalyst is employed (Figure 2.5). 
Further increase precatalyst loading results in a more evident increase in internal 
temperature. The results indicate that a low overall precatalyst loading is essential 
to maintain a constant internal reactor temperature in the NS supported catalysts 
system. 

 
Figure 2.5 Influence of Zr loading on internal reactor temperature. Conditions: MAO/NS = 

5 mg, Ethylene Pressure = 10 bar, Temperature = 50 °C, Time = 1 hour, Cocatalyst 0.5 
mmol iBu3Al, Solvent: MCH 100 mL. 

Al/Catalyst ratio 

Table 2.5 Polymerization results for different Al/Zr ratios.a) 

Entry Zr 
(μmol) 

Al/Zrb) 
Yield 

(g) 
Productivity 

[g(PE)/g(Zr/SiO2)] 

1 0.2 620 5.6 186 

2 0.4 310 9.1 303 

3 0.6 207 10.8 360 

4 0.8 155 11.9 397 

5 1.2 103 12.6 420 

6c) 2.0 62 14.6 486 

a) Conditions: MAO/MS = 30 mg, Ethylene Pressure = 10 bar, Temperature = 50 °C, Time 
= 1 hour, Cocatalyst = 0.5 mmol iBu3Al, Solvent = MCH 100 mL. b) Calculated based on 
the content of Al on MAO/MS (Table 2.1) and the loading of precatalyst. c) Rector fouling 

was observed. 
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It is known that the catalytic activity of homogeneous molecular catalysis (without 
support) is influenced by Al/Met. (aluminum/catalyst metal) ratio.[7] Once the 
catalysts are immobilized on a carrier like silica, the required amount of aluminum 
dramatically drops and the catalysts has a high activity. However, the activity of 
the immobilized catalysts is also affected by the Al/Met. A high Al/Met. ratio is 
necessary to fully activate the precatalysts on the support. Consequently, the effect 
of Al/Met. ratios on the activity was systematically investigated by using micro-
silica supported Zr catalyst. The Al/Met. ratio is varied by producing immobilized 
catalysts containing 0.2-2.0 μmol Zr on 30 mg MAO modified micro-silica. The 
ethylene polymerization results of using those catalysts are summarized in Table 
2.5. 

 
Figure 2.6 Effect on polymerization productivity of Zr loading on MAO/MS. The data 

point of entry 6 was not shown in this plot. 

The results showed that the productivity of the NS supported Zr catalyst increase 
with the increasing precatalyst loading. However, reactor fouling was observed 
when loading 2.0 μmol on 30 mg support (MAO/MS). The productivities of the 
polymerizations are plotted in Figure 2.6, as a function of catalyst loading. Ideally, 
the productivity of the supported catalyst increases linearly with an increased 
precatalyst loading if the precatalyst is fully activated on the silica surface. The 
productivities exhibit an approximately linearly increase when the Zr loading is 
increased from 0.2 μmol to 0.6 μmol (Figure 2.6). However, this relationship is lost 
when Zr loading exceeds 0.6 μmol. This feature suggests that when the Al/Zr ratio 
exceeds 200 (Zr loading below 0.6 μmol), the activation sites on silica/MAO are 
sufficient to activate the precatalyst. Once the Al/Zr ratio goes below 200, a portion 
of the precatalyst might only be absorbed on the silica and it maintains a dormant 
state during the polymerization. In an extreme case, the dormant catalyst leaches 
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into the solvent as a homogeneous catalyst, thus resulting in reactor fouling as 
observed in entry 6, Table 2.5. 

2.3.4 Synthesis and characterization of polyethylene particles 

Using supported catalysts, ethylene polymerizations were performed at optimized 
conditions and the results are listed in Table 2.6. It is apparent that the NS 
supported catalysts show 4-6 times higher productivity than MS supported 
catalysts. The Cr catalyst shows an 8% lower productivity compared to the Zr 
catalyst with the MS support. A 40% lower productivity of the Cr catalyst is 
obtained using an NS support.  

Table 2.6 Polymerization results of micro-silica and nano-silica particles support Zr and 
Cr catalysts under the optimized conditions. a) 

Entry 
Support 

(amount) 
Precatalyst 
(amount) 

Productivity b) 𝑀𝑀�𝑤𝑤 
(kg/mol) 

𝑀𝑀�𝑛𝑛 
(kg/mol) 

𝑀𝑀�𝑤𝑤/
𝑀𝑀�𝑛𝑛 

Particle 
size (μm) 

1 
MAO/MS 
(20 mg) 

Zr (0.4 
μmol) 

396 269 92 2.9 355 

2 
MAO/MS 
(20 mg) 

Cr (0.4 
μmol) 

366 3150 990 3.2 344 

3 
MAO/NS 

(5 mg) 
Zr (0.1 
μmol) 

2340 314 124 2.5 54 

4 
MAO/NS 

(5 mg) 
Cr (0.1 
μmol) 

1620 3410 1330 2.6 72 

a) Conditions: Ethylene Pressure = 10 bar, Temperature = 50 °C, Time = 1 hour, Cocatalyst  
= 0.5 mmol iBu3Al, Solvent = MCH 100 mL. b) [g(PE)/g(Zr/SiO2). 

 
Figure 2.7 HT-SEC curves of the PEs produced by silica microparticles and silica 

nanoparticles supported catalysts. 
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The HT-SEC data in Table 2.7 reveal that the PEs produced by supported Cr 
catalyst show 10 times higher molecular weight than the PEs produced by 
supported Zr catalyst. The Mw of the polymers is identical in the micro-silica and 
silica nanoparticle support (Figure 2.7). The results indicate that the size and 
morphology of the support do not significantly influence the weight average 
molecular weight and polydispersity of the PE. 

 
Figure 2.8 Scanning electron micrograph of the polymer particle produced at different 

polymerization temperatures (a) 30 °C, (b) 50 °C, (c) 70 °C and (d) the productivity and the 
particle size as a function of the temperature. 

As described above, the catalyst supports also serve as a template for the growing 
polymer chains. The models of describing particles growth during olefin 
polymerization have been reviewed by McKenna and Soares.[43] For a single 
polymer particle, the initial catalyst support becomes fragmented and dispersed 
within the growing polymer chains.[5,44,45] In other words, the size of the polymer 
particles is highly dependent on the fragmentation behavior, how much polymer 
grows on/in the support particle and the actual size of the catalyst particle. This 
feature is already observed in previous polymerization results. In Figure 2.8 (a, b 
and c), SEM images are shown of the polymer particles produced by micro-silica 
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supported Zr at different polymerization temperatures. The average size of the 
polymer particles is calculated from the SEM photographs using image analysis 
software (Nano Measurer, 1.2). Due to the productivity increase with increasing 
temperature, as is shown in Figure 2.8d, the average sizes of the polymer particles 
increase. 

The PE particles produced by MS supported catalysts show a similar surface 
morphology (Figures 2.9a and 2.9b). Due to the similar productivity, the PE 
particles produced by Zr and Cr catalysts have identical average particle sizes (355 
μm and 344 μm). However, the correlation between the average particle size and 
productivity is not observed in PE particles produced by NS supported catalysts. 
As shown in Table 2.6, the NS supported Zr catalyst show 50% higher 
productivity than the Cr catalyst, but the average size of obtained polymer particle 
is slightly smaller. The reason is most likely due to the agglomeration of the 
particles (either silica or polymer particles). As shown in Figures 2.9c and 2.9d, the 
primary polymer particles produced by NS supported catalysts are very small (1 
μm) but strongly agglomerated together. Although a large degree of agglomeration 
is present, the average size of NS support produced PE particles (~350 μm) is still a 
lot smaller than the PE particles produced by MS support (~70 μm). 

 
Figure 2.9 Scanning electron micrograph of the polymer particle produced by the micro-
supported MAO/MS-Cr catalysts (a) and (b), and by the nano-supported MAO/NS-Zr 

catalysts (c) and (d). 
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2.4 Conclusions 

Precatalysts complexes (nBuCp)2ZrCl2 (Zr) and (η1:η5-
Me2NCH2CH2C5Me4)CrCl2 (Cr) were chosen to produced polyethylene with the 
desired weight average molecular weight and molecular weight distribution. The 
chosen precatalysts were successfully immobilized on MAO modified micro-silica 
and nano-silica to produce PEs particles with a different size. To understand and 
tailor the catalytic performance of the supported catalysts, polymerization 
parameters in terms of cocatalyst, temperature, ethylene pressure and Al/Met. ratio 
were investigated and in cases optimized. Moreover, the influence of precatalyst 
loading on internal reactor temperature was investigated for silica nanoparticle 
supported catalyst because of the high activity. It was shown that a low precatalyst 
loading (below 0.1 μmol) is essential to maintain a constant internal reactor 
temperature for silica nanoparticle supported catalysts. The results also showed that 
the nano-silica supported catalysts have 4-6 times higher productivity than micro-
silica supported catalysts. The weight average molecular weight and molecular 
weight distribution of the produced polyethylene was not significantly influenced 
by the size and morphology of the support. The Mw of the polyethylenes produced 
with Zr and Cr systems were ~300 kg/mol and ~3000 kg/mol, respectively. The 
average sizes of PE particles produced by micro-silica supported catalysts were 
highly dependent on the polymerization productivity and were around ~350 
micron. The sizes of PEs particles produced by silica nanoparticle supported 
catalysts were 50-70 micron and they consisted of agglomerates of primary silica 
particles with an average particles size of PE of 1-2 micron. 
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Chapter 3 
Bimodal Ultra-High Molecular Weight 

Polyethylenes produced from supported catalysts, 
the challenge of using a combined catalyst system 

 

Abstract 

 

Molecular precatalysts complexes (nBuCp)2ZrCl2 (Zr) and (η1:η5-
Me2NCH2CH2C5Me4)CrCl2 (Cr) have been successfully supported on silica 
nanoparticles, via a single support (SS) or a double support (DS) strategy. These 
catalyst systems have been successfully used to produce bimodal polyethylenes 
with a high UHMWPE content in a single reactor. The SS and DS catalyst systems 
have been fully evaluated under identical polymerization conditions to assess the 
challenges in tailoring the molecular weight distribution. The results showed that a 
detrimental interaction exists between Zr and Cr catalysts and that a part of the Cr 
catalyst species was deactivated during polymerization in both DS and SS systems. 
This detrimental interaction is lower in the DS system where the catalysts were 
supported on separate particles. Surprisingly, the two catalysts in the DS system 
were still able to ‘communicate’ to each other via cocatalyst induced catalyst 
leaching or other potential reasons. 
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3.1 Introduction 

Ultra-high molecular weight polyethylene (UHMWPE) is a linear (or few short 
branches) polyethylene with a molecular weight (Mw) higher than 1000 kg/mol. As 
discussed in Chapter 1, this material has extraordinary mechanical properties in 
terms of tensile strength,[1] toughness[2] and wear.[3] Due to the very high melt 
viscosity, UHMWPE is normally processed by compression molding or ram 
extrusion. Nevertheless, fusion defects in the melt-processed UHMWPE strongly 
affect the service life of the material.[4] In previous studies, it was found that during 
processing, the short chain part of the molecular weight distribution (MWD) plays 
a key role in eliminating the fusion defects of the consolidated material.[5,6] 
Therefore, a bimodal distribution with an increased short chain fraction could be a 
route towards improving processing and properties of UHMWPE. In addition, the 
small particle size of polymer powders allows the adjacent particles fusion together 
within a short time and thus reduce fusion defects in the final products. 

Commercially available bimodal PEs have a comparatively low weight-average 
molecular weight (< 200 kg/mol) and are typically produced in a cascade reactor 
using multi-site Ziegler-Natta catalysts.[7–10] In recent decades, molecular catalysts 
have aroused considerable interest due to the capability to produce polymers with 
narrow molecular weight distributions and a comparatively uniform co-monomer 
incorporation across the MWD.[11] A variety of studies were performed to generate 
a bimodal or a broad molecular weight distribution polyethylene in a single reactor 
by using molecular precatalysts.[12,13-38] Typically, these catalyst systems consist of 
a single molecular precatalyst activated by two different cocatalysts[18], a molecular 
precatalyst/Ziegler-Natta (or other) hybrid catalyst[13] or, more commonly, by 
combining two (or more) molecular precatalysts systems.[19–38] The combined 
molecular catalyst systems are either run in homogeneous or particle forming 
processes. However, the production of UHMWPE in a homogeneous solution 
processes is not an option, due to high viscosity issues in working up the reactor 
solution, especially de-volatization and downstream processing. For the single 
support system two or more precatalysts are co-immobilized on a single support 
particle (Figure 3.1a). These catalyst systems are able to produce multimodal 
MWD ethylene homopolymers and copolymers under a set polymerization 
condition. Combined molecular catalysts systems in a single reactor are often seen 
as a cheaper/easier route than traditional cascaded processes for multimodal 
polymers. This, however, is an over-simplistic view and belies the tremendous skill 
and ingenuity that is needed to translate these sophisticated systems from 
laboratory batch reactors to large scale continuous industrial processes. The main 
reason for this challenge comes via virtue of why one selects the individual 
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precatalysts, and that is, different reactivity ratios and responses to process 
variables (pressure, feed ratios, temperature) making process control demanding. 
This difference in reactivity ratios also extends to catalyst/cocatalyst ratios, poisons 
sensitivity and also stability in terms of storage/shipment of the catalyst.[39] In 
addition, one complex may produce hydrogen, yet have a low response to it, whilst 
the other component is extremely sensitive making a prediction based on only one 
component being present difficult.[40] The resulting discrepancies in the kinetics of 
the catalysts could also cause difficulties in getting a precise control over 
bimodality. In these cases, bimodality is controlled via trimming with one or more 
of the molecular catalyst components or selective poisoning. 

 
Figure 3.1 (a) silica particles with both catalyst species supported, (b) mixed silica 

nanoparticle with two catalyst species separately supported. 

Depending on the nature of the selected catalysts, an interaction between the 
catalysts can exist in the combined catalyst systems which results in synergistic[41–

43] or antagonistic effects.[44] The interaction of catalysts also causes difficulties in 
controlling/tailoring the bimodality of the products. Therefore, the compatibility of 
the catalysts needs to be considered. 

For supported catalysts, the catalyst particles can be considered as micro-reactors. 
Ideally, one catalyst particle forms one polymer particle and is not impacted by 
other catalyst particles during the polymerization reaction. Thus, we propose to 
synthesize bimodal molecular weight distribution PEs using a double support (DS) 
system (Figure 3.1b) where the two molecular precatalysts are separately 
immobilized on silica nanoparticles, for comparison to the SS system. In principle, 
the kinetics of the DS particles should not deviate from the individual catalyst 
components since the catalysts are located on different silica nanoparticles. Using 
this catalyst support strategy, the interaction between catalysts may be avoided and 
thus approach a process where the MW and MWDs can be tailored under identical 
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polymerization conditions. In addition, we expect that the small polymer particles 
produced by the silica nanoparticle supported catalysts could be able to afford a 
better degree of mixing for LMW and HMW components than micron-sized 
systems, which is part of a wider investigation inspired by the study of Mülhaupt et 
al.[15,45,46] 

In this work, the production of bimodal PEs using single support (SS) and double 
support (DS) catalyst systems were fully studied and were compared. The present 
goal was to investigate the challenges in producing tailored bimodal PEs in a single 
reactor with high UHMWPE contents.  

3.2 Experiment Section 

Materials 

All of the experiments with air- and/or moisture-sensitive materials were carried 
out under an inert atmosphere in a glovebox or using standard Schlenk techniques. 
Methyl cyclohexane (MCH) and toluene were passed over a column containing 
Al2O3 and stored over 4 Å molecular sieves. Solvents were degassed by argon 
bubbling for at least 4 hours prior to use. (η1:η5-Me2NCH2CH2C5Me4)CrCl2 (Cr) 
and (nBuCp)2ZrCl2 (Zr) are used in this study and the chemical structures were 
shown in Chapter 2. Methylaluminoxane (MAO, 10 wt.-% solution in toluene) and 
triisobutyl aluminum (iBu3Al, 1 M in hexane) were purchased from Sigma-
Aldrich. The 7 nm fumed nano-silica (NS) was purchased from Sigma-Aldrich and 
calcined at 600°C for 4 hours under a nitrogen stream before use. Ethylene (purity 
4.5, Linde) and ultra-high purity nitrogen (Linde) were further purified by passing 
through columns packed with BTS catalyst (Sigma-Aldrich, copper catalyst for 
oxygen removal; BASF R3-15) and molecular sieves, respectively. 

Immobilization of catalysts on MAO modified silica nanoparticles 

The catalysts were immobilized via a two-step process. The detailed procedure is 
as follows: MAO (20 mL, 10 wt.-% in toluene) was diluted with toluene (20 mL) 
and added to calcined nano-silica (2.0 g) under manual agitation. Subsequently, the 
slurry was heated to 80 °C and occasionally agitated. After 4 h the MAO modified 
nano-silica (MAO/NS) was filtered inside a glove box and washed with methyl 
cyclohexane (MCH) three times to eliminate the residual MAO. The MAO/NS was 
dried under vacuum for 4 h to obtain a free-flowing powder. The prepared 
MAO/NS contained 17.43 wt.-% (6.46 mmol/g) of Al, which was determined by an 
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) method, by 
Kolbe Mikroanalytisches Laboratorium, Mulheim an der Ruhr, Germany. 
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In the second step, the precatalyst was reacted with MAO/NS to yield the final 
silica-supported catalyst system. A typical procedure was as follows: 50 mg 
MAO/NS was first reacted with 1 mL Zr (or Cr) solution (1 mM in toluene) in a 
sealed vial with a magnetic stirring at 50 °C (room temperature for Cr). After 1 h, 
the supported catalysts suspension was diluted with MCH to 10 mL and was used 
for polymerization immediately.  

In the single support (SS) system, the 50 mg MAO/NS was sequentially reacted 
with both 1 mL Zr solution (0.2 to 0.9 mM in toluene) and 1 mL Cr solution (0.1 
to 0.8 μmol in toluene) in an order Zr prior to Cr.  

Typical ethylene polymerization procedure 

All of the ethylene polymerization experiments were performed in a 200 mL steel 
Büchi autoclave. The polymerizations were carried out at 50 °C and 10 bar. The 
autoclave was heated in an oven overnight at 160 °C before each experiment. After 
evacuation and purging with argon three times, the MCH (80 mL) was charged in 
the pre-heated autoclave. Then triisobutylaluminium (iBu3Al) (0.5 mmol in 10 mL 
MCH) was injected as cocatalyst, and the solvent was saturated with ethylene by 
pressurizing to 10 bar. After 20 min of stirring to allow the cocatalyst to scavenge 
the reactor, the autoclave was temporarily vented to purge the partial the reactor of 
argon and to allow the injection of the catalyst slurry. The autoclave was then re-
pressurized to 10 bar, and the pressure was maintained throughout the experiment. 
The temperature of the autoclave was controlled using a thermostatic bath. After 60 
min, the system was depressurized, and a mixture of ethanol and diluted 
hydrochloric acid was injected. The polymer was separated by filtration and dried 
overnight at 60 °C under vacuum. 

Size exclusion chromatography 

High temperature size exclusion chromatography (HT-SEC) of the PEs was 
performed at 160 °C using a Polymer Laboratories PLXT-20 Rapid SEC polymer 
analysis system (refractive index detector and viscosity detector) with 3 PLgel 
Olexis (300 × 7.5 mm, Polymer Laboratories) columns in series. A Polymer 
Laboratories PL XT-220 robotic sample handling system was used as auto-
sampler. 1,2,4-Trichlorobenzene was used as eluent at a flow rate of 1 mL·min−1. 
Polystyrene standards (Polymer Laboratories) were used to calibrate the machine 
and the molecular weights were calculated based on a known relationship to 
polyethylene standards from historical data. Polymer samples with 0.5 wt.-% 
antioxidant (Irganox 1010) were dissolved in TCB at 160 °C for 3 h prior to the 
analysis. 
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Scanning electron microscopy  

The morphology of the nano-silica and the produced polymers were analyzed by 
scanning electron microscopy (SEM) on a Jeol JSM-5600. The specimens were 
fixed on a sample holder by means of adhesive carbon tape and sputtered with gold 
before the analysis. 

UV-visible spectroscopy 

To confirm that the precatalyst are fully immobilized on silica, the immobilization 
solutions were measured on a Shimadzu UV-3102 PC spectrophotometer with a 
quartz cuvette equipped with an airtight cap. 

3.3 Results and Discussion 

3.3.1 General consideration 

To maintain the catalytic performance of the precatalysts, all polymerizations of 
the bimodal systems are conducted at identical conditions which were optimized in 
the previous Chapter. In this work, 5 mg of MAO modified silica nanoparticle 
(MAO/NS) were used and the maximum precatalyst loading (Zr and Cr) was 0.1 
μmol. Assuming the silica nanoparticles are ideal sphere (radius:𝑟𝑟), the average 
distance (𝐷𝐷) between the catalyst sites can obtain by:  

𝐷𝐷 = �
4𝜋𝜋𝑟𝑟2
𝑁𝑁𝑐𝑐

𝑁𝑁𝑃𝑃�
                (1) 

where 𝑁𝑁𝑝𝑝 and 𝑁𝑁𝑐𝑐 are the numbers of silica particles and catalyst sites, respectively. 
The calculated average distance is 5.2 nm, which indicates that the overall surface 
area of used silica is sufficient for the catalyst to immobilize on its surface. 

UV-Vis spectroscopy is used to probe whether the precatalysts were fully 
immobilized on the silica surface after the immobilization reaction. In Figure 3.2, it 
is shown that the Zr and Cr toluene solutions show a strong absorption at 300 nm 
(red and blue solid lines, respectively). The precatalysts solutions are then reacted 
with MAO/NS for 10 minutes, and the supernatant solution is filtered through a 
Teflon filter, and a UV-Vis spectrum of the filtrate was measured for comparison. 
The spectra of the filtered solutions showed that no catalyst remained in solution. 
The results indicate that both Zr and Cr are fully immobilized on the silica within 
10 minutes of reaction time.  
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Figure 3.2 UV-VIS absorption spectra of (a) toluene, (b) Zr solution (0.1 μmol in 3 mL 

toluene), (c) Cr solution (0.1 μmol in 3 mL toluene), (e) and (d) Reaction filtrate of Zr (red 
dashed line) and Cr (blue dashed line). 

3.3.2 Individual catalyst supported systems 

It is well known that impurities[12,47,48] and the Al/Met. ratio[49] can strongly 
influence the catalyst performance. The sensitivity of each catalyst to these 
parameters should be take into account when using a combined catalysts system to 
tailor the Mw and MWDs. Therefore, the Al/Met. ratios were varied via varying 
moles of precatalyst (Zr or Cr) immobilized on 5 mg equivalents MAO/NS. In 
addition, polymerizations were carried out using these catalysts to provide a 
reference line for the polymers (yield and properties) and for truly isolated catalyst 
under these loading conditions. 

Table 3.1 Polymerization results of different Zr loadings a). 

Entry Zr 
(μmol) 

Al/Zr 
Polymer yield (g) Average yield 

(g) Run 1 Run 2 Run 3 

1 0.01 3250 Trace Trace Trace - 

2 0.02 1625 1.5 2.4 1.7 1.9 

3 0.04 813 5.0 4.3 5.2 4.8 

4 0.06 542 6.9 8.6 7.5 7.7 

5 0.08 406 9.5 9.4 9.9 9.6 

6 0.10 325 11.7 12.0 12.6 12.1 

a) Conditions: MAO/NS = 5 mg, Ethylene pressure = 10 bar, Temperature = 50 °C, Time = 
1 hour, Cocatalyst = 0.5 mmol iBu3Al, Solvent = MCH 100 mL. 
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Table 3.2 Polymerization results at different Cr loadings a). 

Entry Cr 
(μmol) 

Al/Cr 
Polymer yield (g) Average yield 

(g) Run 1 Run 2 Run 3 

1 0.01 3250 Trace Trace Trace - 

2 0.02 1625 1.1 0.9 1.2 1.1 

3 0.04 813 3.1 3.4 2.9 3.1 

4 0.06 542 4.9 5.3 5.1 5.1 

5 0.08 406 6.8 6.9 7.1 6.9 

6 0.10 325 8.2 8.4 7.8 8.2 

a) Conditions: MAO/NS = 5 mg, Ethylene pressure = 10 bar, Temperature = 50 °C, Time = 
1 hour, Cocatalyst = 0.5 mmol iBu3Al, Solvent = MCH 100 mL.  

    
Figure 3.3 Polymer yield as a function of precatalyst loading for Zr and Cr. 

The results of ethylene polymerizations carried out with different Al/catalyst ratios 
are given in Tables 3.1 and 3.2. A very low polymer yield (Entry 1 in both tables) 
is observed when loading with 0.01 μmol precatalyst (Zr and Cr). The polymer 
yields gradually increase with increasing catalyst loading. The low polymer yields 
obtained at a low catalyst loading indicate that impurities were present in the 
polymerization system which poisoned the catalysts. The polymer yields of the 
polymerization are plotted in Figure 3.3a as a function of catalyst loading. An 
approximately linear increase in polymer yield is observed. The linear fitted lines 
are based on the average polymer yields and the slopes indicate that the activity is 
126.4 kg PE/mmol Met.·h for Zr and 89.9 kg PE/mmol Met.·h for Cr, 
respectively. In Figure 3.3b, the catalyst loading is plotted as a function of polymer 
yield. The fitted lines indicate that poisoned catalyst amount is 0.0030 μmol for Zr 
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and 0.0064 μmol for Cr, respectively. The results clearly reveal that the poison 
limit for Zr and Cr in current polymerization is around 0.0045 μmol. The polymer 
yield is linear with increasing Zr and Cr loading implying that the Al/Met. ratios 
were not impacting the polymer yields within the studied range. 

3.3.3 Bimodal polymerization systems 

In accordance with the results of Chapter 2, the Cr catalyst particles are prepared 
at room temperature whereas the Zr catalyst particles are fabricated at 50 °C. In 
double support (DS) systems, the precatalysts are immoblized separately, which is 
expected not to influence the catalytic performance. In single support (SS) systems, 
however, the order of immobilization could affect the polymerization performance 
of the supported catalysts. As shown in Scheme 3.1, the order I (Cr complex is 
immobilized prior to Zr complex) occasionally exhibited a very low activity. Order 
II (Zr complex is immobilized prior to Cr complex) showed much better 
reproducibility in polymer yield. Therefore, the immobilization of SS system is 
performed using order II.  

 
Scheme 3.1 The different orders to immobilize the precatalysts on MAO/NS. 

In the DS system, control over the Zr/Cr ratio was achieved via altering the mass 
ratios of the individually supported Zr and Cr catalysts. For the SS system, eight 
different batches of catalyst were synthesized with varied Zr/Cr ratio from 9/1 to 
2/8. The overall catalyst loading (Zr and Cr) was maintained at 0.1 μmol. The 
polymerization results of DS and SS support system are shown in Table 3.3 and 
Table 3.4, respectively. The individually supported Zr and Cr catalysts produced 
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monomodal PEs which are presented in Table 3.3 (LMW and HMW) as a 
reference. 

Table 3.3 Polymerization results of DS systema) 

Sample 
Zr/ 
Cr 

Yield 
(g) 

𝑀𝑀�𝑤𝑤 
(kg/mol) 

𝑀𝑀�𝑛𝑛 
(kg/mol) 

𝑀𝑀�𝑤𝑤/
𝑀𝑀�𝑛𝑛 

HMW 
(wt.-%) b) 

HMW 
(wt.-%) c) 

LMW 1/0 12.1 314 124 2.5 0 0 

HMW 0/1 8.2 3400 1330 2.6 100 100 

DS1 9/1 11.0 319 85 3.7 0.2 0.2 

DS2 8/2 9.9 494 125 4.0 5.8 6.4 

DS3 7/3 9.3 675 137 5.0 11.7 13.3 

DS4 6/4 8.7 858 145 5.9 17.6 20.2 

DS5 5/5 8.2 1170 178 6.6 27.6 31.9 

DS6 4/6 8.0 1250 185 6.7 30.2 35.0 

DS7 3/6 7.7 1630 248 6.6 42.5 49.4 

DS8 2/8 7.1 1950 287 6.8 52.9 61.6 

a)Conditions: MAO/NS = 5 mg, Precatalyst loading = 0.1 μmol, Ethylene pressure = 10 bar, 
Temperature = 50 °C, Time = 1 hour, Cocatalyst = 0.5 mmol iBu3Al, Solvent = MCH 100 

mL. b) Calculated based on equation (1). c) Calibrated results. 

Table 3.4 Polymerization results of SS systema) 

Sample 
Zr/ 
Cr 

Yield 
(g) 

𝑀𝑀�𝑤𝑤 
(kg/mol) 

𝑀𝑀�𝑛𝑛 
(kg/mol) 

𝑀𝑀�𝑤𝑤/
𝑀𝑀�𝑛𝑛 

HMW 
(wt.-%) b) 

HMW 
(wt.-%) c) 

SS1 9/1 9.7 408 136 3.0 3.0 3.1 

SS2 8/2 9.1 538 157 3.4 7.3 8.1 

SS3 7/3 8.4 625 151 4.1 10.1 11.4 

SS4 6/4 7.8 724 168 4.3 13.3 15.2 

SS5 5/5 7.3 855 170 5.0 17.5 20.1 

SS6 4/6 7.1 1080 173 6.2 24.7 28.5 

SS7 3/6 5.8 1470 221 6.7 37.3 43.3 

SS8 2/8 5.2 1760 253 7.0 46.9 54.6 

a)Conditions: MAO/NS = 5 mg, Precatalyst loading = 0.1 μmol, Ethylene pressure = 10 bar, 
Temperature = 50 °C, Time = 1 hour, Cocatalyst = 0.5 mmol iBu3Al, Solvent = MCH 100 

mL. b) Calculated based on equation (1). c) Calibrated results. 
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The molecular weight and molecular weight distribution of the polymers were 
characterized by HT-SEC. The results are summarized in Table 3.3 and Table 3.4. 
It is shown that the molecular weight of Cr produced monomodal PE (sample 
HMW in Table 3.3) is 3.4×106 kg/mol, which is ca. 10 times higher than Zr 
produced monomodal (sample LMW in Table 3.3). The molecular weight 
distributions (MWD = 𝑀𝑀�𝑤𝑤/𝑀𝑀�𝑛𝑛) for both monomodal samples are around 2.5, which 
is typical for molecular catalysts immobilized on silica. 

The HT-SEC data in Table 3.3 and Table 3.4 show a clear tendency in which the 
molecular weight and molecular distribution gradually increases with increasing Cr 
loading for both the DS and SS system. The HT-SEC curves of the DS and SS 
system produced bimodal PEs are plotted in Figures 3.4a and 3.4b, respectively. 
There is no significant shift in the individual peak maxima in HT-SEC curves 
indicating that the weight average molecular weight of the PEs produced with the 
Zr and Cr catalysts are not significantly influenced by each other in both the DS 
and SS system. The height of the high molecular weight HT-SEC peak gradually 
increases with an increasing amount of the Cr catalyst. These results illustrate that 
the Mw and MWD of the bimodal PEs can be tuned via tuning the Zr/Cr ratios in 
the combined catalysts systems. 

  
Figure 3.4 HT-SEC traces of bimodal PE samples obtained by (a) DS system, (b) SS 

system. 

In the individual catalyst polymerization reactions, the activities of Zr and Cr were 
calculated (126.4 kg PE/mmol Zr·h and 89.9 kg PE/mmol Cr·h). The theoretical 
polymer yields and composition of the combined Zr and Cr catalysts systems can 
therefore be calculated based on the amount of Zr and Cr in the system. These 
calculated polymer yields and the experimental polymer yields of DS and SS 
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system are plotted in Figure 3.5. It is shown that both the DS and SS systems have 
relatively low polymer yields in comparison to the calculated polymer yields. 

 
Figure 3.5 The polymer yields of DS and SS system and the calculated polymer yields 

based on the individual catalyst polymerization reactions. 

In order to investigate the behavior of the individual complexes in the bimodal 
polymerizations with SS and DS, the LMW phase (Zr) and HMW phases (Cr) in 
bimodal PEs were investigated. Due to the fact that the immobilized catalysts have 
partially lost their single-site feature, it is difficult to use the simple Schulz-Flory 
equation to deconvolute the HT-SEC curves.[50, 51] Therefore, the contents of HMW 
phase are calculated via equation 2:[45] 

𝑓𝑓 = 𝑀𝑀𝑤𝑤−𝑀𝑀𝑤𝑤𝑍𝑍𝑍𝑍
𝑀𝑀𝑤𝑤𝐶𝐶𝑍𝑍−𝑀𝑀𝑤𝑤𝑍𝑍𝑍𝑍

                       (2) 

where Mw is the weight-average molecular weight of bimodal PE from HT-SEC, 
𝑀𝑀𝑀𝑀𝐶𝐶𝑟𝑟 is the weight average molecular weight of sample HMW, 𝑀𝑀𝑀𝑀𝑍𝑍𝑟𝑟 is the 
weight average molecular weight of sample LMW and 𝑓𝑓 is HMW phase content of 
DS and SS produced bimodal PEs. The calculated results are shown in Table 3.3 
and Table 3.4.  

The HT-SEC may not accurately describe the wt.-% of HMW phase due to a 
number of experimental parameters such as sample preparation (incomplete 
dissolution, degradation) and hardware limitations (column cut-off etc.). Therefore, 
a set of physically blended bimodal PEs were prepared with varied ratios of two 
monomodal PEs. The Mw and MWD of the physically blended bimodal PEs were 
measured by HT-SEC, and a correlation was established by comparing the input 
and output values of the contents of HMW (Table 3.5 and Figure 3.6). Thus, the 
HT-SEC results of DS and SS samples were further “calibrated” by the correlation 
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from physically blended bimodal PEs, and the calibrated HMW phase are shown in 
Table 3.3 and Table 3.4 as well. 

Table 3.5 HT-SEC measurement calibration. 

Sample 
LMM/ 

HMW a) 
𝑀𝑀�𝑤𝑤 (g/mol) HMW (wt.-%) b) Average HMW 

(wt.-%) 
Standard 
deviation 1 2 Run 1 Run 2 

1 1/0 222 - - - - - 

2 0/1 3280 - - - - - 

3 9/1 535 554 10.2 10.9 10.6 0.50 

4 8/2 755 789 17.4 18.5 18.0 0.78 

5 7/3 1060 1100 27.5 28.6 28.1 0.78 

6 6/4 1150 1220 30.6 32.6 31.6 1.41 

7 5/5 1420 1540 39.2 43.0 41.1 2.69 

8 4/6 1660 1780 46.9 49.1 48.0 1.56 

9 3/6 2070 2180 60.5 64.1 62.3 2.55 

10 2/8 2260 2410 66.5 71.7 69.1 3.68 

a) The blending procedure: LMW polymer particle (100 mg) and HMW polymer particle 
(100 mg) were mixing in 10 mL acetone, stirring until the acetone fully evaporated and thus 

dried overnight at 60 °C under vacuum. b) calculated based on the equation (2). 

 
Figure 3.6 The value of HMW fraction in actual blend (y) vs the value of HT-SEC 

measurement (x). 

The yields (based on calibrated HMW fractions) of the Zr and Cr in the bimodal 
polymerization systems are plotted in Figure 3.7. The calculated LMW and HMW 
contents (solid line) are obtained based on the activities of individual 



Chapter 3 

- 56 - 
 

polymerizations with the Zr and Cr (Figure 3.3). Figure 3.7a is the comparison of 
LMW contents in the DS and SS system. It is observed that the LMW fractions 
produced in DS and SS system are approximately identical to the calculated values. 
These results illustrate that the activity of Zr in the DS and SS systems is not 
unduly influenced by the presence of the Cr complex. In the SS system, less HMW 
phase is recovered than the calculated values (Figure 3.7b). This indicates that 
either Cr was partly deactivated in the presence of the Zr complex or that the 
polymerization environment at the local active site was different for Cr in the 
presence of Zr and thus the overall polymer yields decreased in the SS system. For 
the DS system, the catalysts were separately supported on different silica 
nanoparticles. This support strategy was expected to prevent the interaction 
between the Zr and Cr catalysts. However, the possible ‘communication’ between 
the Zr and Cr catalyst still seems to exist when comparing the values of HMW 
phase with the calculated yields (Figure 3.7b). 

  

Figure 3.7 Catalyst independent performances in DS and SS system. (a) yields of 
Zr produce LMW phase, (b) yields of Cr produced HMW phase. 

As stated above from the HT-SEC results there is clear evidence that the amount of 
HMW material produced in the bimodal polymer is considerably lower than one 
would predict based on the amount of Cr complex present in the system. Two 
possible causes for these observation were postulated, either the Cr complex is 
partly deactivated in the presence of the Zr complex or that the polymerization 
environment (temperature, ethylene concentration [C2

=]) at the local active site was 
different for Cr in the presence of Zr.   

To elucidate the potential influences of the polymerization environment on the 
catalytic performance of the catalysts, a few polymerization reactions were 
conducted using the SS system at different temperatures. The HT-SEC curves of 
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the obtained PEs are shown in Figure 3.8a. It is clear that temperature has a strong 
influence on the molecular weight distribution and the relative activity/stability of 
the individual catalyst complexes, for example the Cr complex appears to be far 
more active at lower temperatures than the Zr complex and has decreased 
activity/stability at elevated temperatures. For the SS system the apparent 
deactivation of the Cr complex could be attributed to the fact that overall activity 
of the systems are higher when Zr is employed and there is a potential that the low 
temperature generated on the particle and active sites are higher than the 
polymerization set point, causing the thermal deactivation of the Cr species. It is 
however, difficult to reconcile the similar observation for the DS systems as in 
principle the different active sites are on separate discrete particles. An additional 
experiment was conducted at two different pressure to change the [C2

=] in the 
liquid.  Figure 3.8b, illustrates that in the SS the two complexes do not have the 
same response to changes in [C2

=]. 

 
Figure 3.8 Influence of temperature and pressure on the catalyst system: single support 

Zr/Cr = 50%/50%, (a) HT-SEC of PEs produced at 10 bar and at different temperatures, 
(b) HT-SEC of the PEs produced at 50 °C at different pressures. 

The apparent deactivation of the Cr complex, even in the DS system could 
possiblly result from either one of the complexes becoming mobile during 
polymerization leading to potential poisoning or antagonistic effects. In supported 
molecular catalyst it is common that complexes becoming mobile during 
polymerization and is commonly known as catalyst leaching, which results in the 
catalyst system becoming active in a homogeneous phase, resulting in reactor 
fouling etc. Cocatalyst-induced leaching is extremely common.[52] To elucidate if 
cocatalyst-induced catalysts leaching occurred in our polymerization systems, the 
individually supported Zr and Cr catalysts particles were treated individually with 
0.5 mmol iBu3Al in toluene, the supported catalyst particle were then filtered and 
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the resultant filtrate solution for each were used in an ethylene polymerization to 
see if active material could be leached from the surface of the catalyst into solution. 
Figure 3.9 shows that the filtrate from the Cr catalyst particles exhibited some 
activity in ethylene polymerization. This observation reveals that cocatalyst-
induced Cr leaching could indeed occurred during polymerization. One could 
imagine that such leaching is more likely to occur in the SS system because the 
later supported Cr complex has less chance to find an active cocatalyst site to be 
immobilized on and more chance to contact the cocatalyst. In contrast it appears 
that leaching of active material in the case of Zr is significantly lower. 

 
Figure 3.9 Ethylene polymerizations using the filtrate from (a) the Zr catalyst particles and 

(b) the Cr catalyst particles. 

Under normal polymerizations with the DS and SS nano-silica systems, we observe 
agglomerates of polymer particles (Figure 3.10) which could be attributed to a 
small amount of catalyst leaching facilitates this agglomeration, however, we do 
not observe common reactor fouling caused by catalyst leaching (reactor wall 
sheeting and stirrer fouling etc.). 

At this stage it is difficult to conclude whether the apparent deactivation of the Cr 
complex in the DS and SS system, when compared to the expected result based on 
the input assumption (amount of Cr added) is a result of catalyst leaching, local 
thermal environment or a combination of the two. 
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Figure 3.10 Scanning electron micrograph of bimodal PE particles produced by DS and SS 

systems. (a and b) sample DS7, (c and d) sample SS7. 

3.4 Conclusions 

Molecular precatalysts Zr and Cr were successfully immobilized on silica 
nanoparticles using double support (DS) and single support (SS) strategies. To 
approach a process which can tailor the molecular weight (MW) and molecular 
weight distributions (MWD), several parameters including temperature and 
cocatalyst/catalyst ratios were taken into account. Using the DS and SS catalyst 
systems, two sets of bimodal molecular weight distribution PEs were synthesized 
under identical polymerization conditions. The results showed that MW and MWD 
of bimodal PEs can be varied via tuning the ratios of the catalysts. However, the 
two catalyst systems were still not able to predictively tailor the Mw and MWD 
because of a detrimental reaction between the precatalysts. The detrimental 
reaction deactivates part of Cr complex in both catalyst systems. The reason may 
be due to the divergence of polymerization environment at the local active site, or 
the cocatalyst caused precatalyst leaching. The results presented in this chapter 
demonstrated the multi-variate feature of the polymerization systems which makes 
it extremely challenging to approach a truly Mw and MWD tailored process even 
using the double support (DS) system. 

  



Chapter 3 

- 60 - 
 

References 

[1] P. Smith, P. J. Lemstra, and H. C. Booy, J. Polym. Sci., Polym. Phys. Edn. 1981, 19, 877.  
[2] M. K. Musib, Int. J. Biol. Eng. 2012, 1, 6. 
[3] P. S. M. Barbour, M. H. Stone, J. Fisher, Biomaterials 1999, 20, 2101. 
[4] S. Rastogi, L. Kurelec, J. Cuijpers, D. Lippits, M. Wimmer and P. J. Lemstra, Macromol. Mater. 
Eng. 2003, 288, 964. 
[5] R. H. Olley, I. L. Hosier, D. C. Bassett, N. G. Smith, Biomaterials 1999, 20, 2037. 
[6] A. S. Maxwell, A. P. Unwin, I. M. Ward, M. I. Abo El Maaty, M. M. Shahin, R. H. Olley and D. 
C. Bassett, J. Mater. Sci. 1997, 32, 567. 
[7] S. J. Oh, J. Lee, S. Park, Ind. Eng. Chem. Res. 2005, 44, 8. 
[8] J. B. F. P. Alt, L. L. Böhm, H-F. Enderle, Macromol. Symp. 2001, 163, 135.  
[9] M. Stürzel, S. Mihan, R. Mülhaupt, Chem. Rev. 2016, 116, 1398. 
[10] L. L. Bohm, Angew. Chem. Int. Ed. 2003, 42, 5010. 
[11] J. R. Severn, in Tailor-Made Polymers: Via Immobilization of Alpha-Olefin Polymerization 
Catalysts (Eds: J. R. Severn and J. C. Chadwick), Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim, Germany 2008, Ch 4. 
[12] J. D. Kim, J. B. P. Soares, G. L. Rempel, J. Polym. Sci., Part A: Polym. Chem. 1999, 37, 331. 
[13] F. López-Linares, A. D. Barrios, H. Ortega, J. O. Matos, P. Joskowicz and G. Afrifoglio, J. Mol. 
Catal. A: Chem. 2000, 159, 269.  
[14] N. Kukalyekar, L. Balzano, G. W. M. Peters, S. Rastogi, J. C. Chadwick, Macromol. React. Eng. 
2009, 3, 448.  
[15] A. Kurek, S. Mark, M. Enders, M. O. Kristen, R. Mülhaupt, Macromol. Rapid Commun. 2010, 
31, 1359.  
[16] M. Ruff, C. Paulik, Macromol. React. Eng. 2012, 6, 302.  
[17] M. Sturzel, Y. Thomann, M. Enders, R. Mülhaupt, Macromolecules 2014, 47, 4979. 
[18] W. M. Vega, A. Munoz-Escalona, US Patent 6 605 676, 2003. 
[19] B. J. Savatsky, J. H. Oskam, M. W. Blood, M. B. Davis, D. H. Jackson, T. R. Lynn, D. P. Zilker, 
US Patent 8 318 872, 2012. 
[20] F. C. Rix, S-C. Kao, R. Kolb, D. Li, C. A. Garcia-Franco, US Patent 8 835 577, 2014. 
[21] R. Kolb, D. Li, F. C. Rix, C. A. Garcia-Franco, US Patent 8 088 704, 2012. 
[22] S-C. Kao, F. C. Rix, D. Li, C. J. Harlan, P. A. Khokhani, US Patent 8 43 914, 2013. 
[23] J. B. Wagner, G. R. Giesbrecht, S-C. Kao, S. P. Jaker, PCT Int. Appl. 2014/149360, 2014. 
[24] M. D. Jensen, M.P. McDaniel, J. L. Martin, E. A. Benham, R. Muninger, G. Jerdee, A. M. 
Sukhadia, Q. Yang, M. G. Thorn, US Patent 7 041 617, 2006. 
[25] J. L. Martin, E. A. Benham, M. E. Kertok, M. D. Jensen, M.P. McDaniel, G. R. Hawley, Q. 
Yang, M. G. Thorn, M. Sukhadia, US Patent 7 199 073, 2007.  
[26] K. C. Jayaratne, M. D. Jensen, Q. Yang, US Patent 7 226 886, 2007. 
[27] J. L. Martin, M. G. Thorn, M.P. McDaniel, M. D. Jensen, Q. Yang, P. J. DesLauriers, M. E. 
Kertok, US Patent 7 312 283, 2007. 
[28] Q. Yang, K. C. Jayaratne, M. D. Jensen, M.P. McDaniel, J. L. Martin, M. G. Thorn, J. T. Lanier, 
T. R. Crain, US Patent 8 268 944, 2012. 
[29] Q. Yang, M.P. McDaniel, T. R. Crain, A. P. Masino, T. H. Cymbaluk, J. D. Stewart, US Patent 8 
957 168, 2015. 
[30] Y. Satoh, Y. Harada, US Patent 2015/001849, 2015. 
[31] B. Hideki, S. Yasuo, Y. Takashi, H. Yasuyuki, S. Yoshiho, T. Yasushi, S. Yusuke, S. Masao, T. 
Daisuke, US Patent 8 785 574, 2014. 



Chapter 3 

- 61 - 
 

[32] Y. Ishihama, R. Asakawa, T. Sakuragi, T. Fukuda, K. Sakata, M. Aoki, K. Kawagishi, K. 
Yoshimoto, US Patent 2014/0194277, 2014. 
[33] S. Mihan, R. Karer, H. Schmitz, D. Lilge, US Patent 8 003 740, 2011. 
[34] S. Mihan, V. Fraaije, H. Schmitz, US Patent 8 859 451, 2014. 
[35] F. Fantinel, G. Mannebach, S. Mihan, G. Meier, I. Vittorias, US Patent 8 957 158, 2015. 
[36] H. Vogt, S. Mihan, G. Mannebach, L. Richter-Lukesova, M. Meierhöfer, H. Brüning, PCT Int. 
Appl. 2015/055392, 2015. 
[37] H. Schmitz, S. Mihan, US Patent 8 435 911, 2013. 
[38] R. M. Lopez, M. C. Martin, A. O. Prieto, R. J. Sancho, P. J. Campora, R. P. Pilar Palma, L. A. 
M. Naz, R. C. M. Perez, Eur. Patent 2 003 166, 2008. 
[39] N. Friederichs, G. Nourdin, and X. Wei, in Tailor-Made Polymers: Via Immobilization of Alpha-
Olefin Polymerization Catalysts (Eds: J. R. Severn and J. C. Chadwick), Wiley-VCH Verlag GmbH 
& Co. KGaA, Weinheim, Germany 2008, Ch 8. 
[40] C. R. Landis, M. D. Christianson, PNAS 2006, 103, 15349.  
[41] N. Zhao, R. Cheng, X. He, Z. Liu, B. Liu, R. Zhang, Y. Gao, E. Zou and S. Wang, Macromol. 
Chem. Phys. 2014, 215, 1434.  
[42] F. A. Kunrath, R. F. de Souza, O. L. Casagrande, Jr, Macromol. Rapid Commun. 2000, 21, 277.  
[43] R. Huang, C. E. Koning, J. C. Chadwick, Macromolecules 2007, 40, 3021.  
[44] B. Paredes, R. van Grieken, A. Carrero, J. Moreno, A. Moral, Chem. Eng. J. 2012, 213. 
[45] A. Kurek, S. Mark, M. Enders, M. Stürzel, R. Mülhaupt, J. Mol. Catal. A: Chem. 2014, 383-384, 
53.  
[46] S. Markus, A. Kurek, T. Hees, Y. Thomann, H. Blattmann, and R. Mülhaupt, Polymer 2016, 102, 
112. 
[47] K.-J. Chu, J. B. P. Soares, A. Penlidis, J. Polym. Sci., Part A: Polym. Chem. 2000, 38, 462. 
[48] J. R. Severn, J. C. Chadwick, Dalt. Trans. 2013, 42, 8979 
[49] J. R. Severn and J. C. Chadwick, Macromol. Chem. Phys. 2004, 205, 1987. 
[50] J. B. P. Soares, Macromol. Symp. 2007, 257, 1. 
[51] J. B. P. Soares, A. E. Hamielec, Polymer 1995, 36, 2257. 
[52] F. F. Karbach, J. R. Severn, R. Duchateau, ACS Catal. 2015, 5, 5068. 
  



Chapter 3 

- 62 - 
 

 



- 63 - 
 

Chapter 4 
Rheological properties of bimodal polyethylenes 

produced with silica nanoparticle supported 
catalysts 

 

Abstract
 

The rheological properties of bimodal ultra-high molecular weight polyethylenes 
are investigated with an emphasis on the influence of the catalyst support. Bimodal 
UHMWPEs were produced in a single reactor with double support (DS) and single 
support (SS) systems. Dynamic measurements showed that the SS samples have a 
higher storage modulus at low frequencies than the DS samples with the same 
weight average molecular weight. After extrusion, the storage modulus of the 
bimodal DS samples increased to an identical value. The results indicate that the 
SS sample has a higher homogeneity than the DS sample. The steady-shear 
viscosities were measured to determine zero shear viscosities (η0) of the bimodal 
samples. The results show that the SS samples follow the relation η0 = KMw

α with 
α = 3.19. However, the DS samples exhibit a substantial deviation from this 
relation especially in the intermediate Mw range around 1000 kg/mol. The reason 
for the deviation is attributed to the heterogeneity in DS samples. The results 
demonstrate that the DS systems do not produce bimodal PEs with an intimate 
degree of mixing of short and long polymer chains even if silica nanoparticles are 
used as the support.

 

  



Chapter 4 

- 64 - 
 

4.1 Introduction 

Polymer blending is a versatile and economic method to produce new materials 
which satisfy the demands of specific applications.[1,2] In polyolefin blends, ultra-
high molecular weight polyethylene (UHMWPE, Mw > 1000 kg/mol) is frequently 
used because it enhances the mechanical properties of blends.[3-5] In the studies of 
UHMWPE blends, the mixing of polymers is usually based on solution blending[6-8] 
or extrusion techniques.[9-11] Solution blending is often not a realistic option for 
large scale production due to the high costs. In extrusion blending, the maximum 
volume fraction of the UHMWPE is usually limited due to the extremely high melt 
viscosity of UHMWPE.[3-5,7,8] Moreover, the homogeneity of the extrusion blends is 
usually rather poor due to the large viscosity differences between, for instance, 
high-density polyethylene (HDPE, Mw < 200 kg/mol) and UHMWPE (Mw > 1000 
kg/mol).[12] 

In the past, several attempts have been made to produce bimodal polyethylenes in a 
single reactor by using a combination of catalyst systems consisting of two or more 
catalysts. It was also attempted to produce bimodal polyethylene with a high 
volume fraction of UHMWPE.[13-21] In the previous chapter (see Chapter 3), it was 
attempted to tailor the molecular weight and molecular weight distribution in a 
single reactor by supporting two molecular precatalysts on silica nanoparticles via 
a single support strategy (SS, silica particles with both catalyst species) or a double 
support strategy (DS, separate silica particles with two catalyst species ). 

In the case of a heterogeneous catalyst, the polymer chains grow on the catalyst 
particles and form polymer particles after polymerization.[22] In the case of SS 
system, the catalysts are located on the same particle surface and thus the low 
molecular weight (LMW) chains and the high molecular weight (HMW) chains are 
expected to be intimately mixed after polymerization. For DS system, however, the 
low and high molecular weight chains grow independently on different particles. 
Due to agglomeration of nano-silica, the produced PE powders consist of 
agglomerates of polymer particles with average size of ~70 μm which is smaller 
than the PE powders produced using micro-silica as a support (~350 μm, see 
Chapter 2). 

It is well known that the molecular weight, molecular weight distribution and chain 
structure of a polymer govern its rheological properties.[23] In blends, the 
rheological properties are also sensitive to the homogeneity of the blends.[24] In the 
present paper, the rheological properties are compared for two sets of bimodal PEs 
and the influence of DS and SS catalyst systems on the rheological properties of 
the polymer blends is explored. 
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4.2 Experiment section 

Materials 

Table 4.1 Molecular weight and HMW fractions of the DS samplesa) 

Sample 𝑀𝑀�𝑤𝑤 
(kg/mol) 

𝑀𝑀�𝑛𝑛 
(kg/mol) 

𝑀𝑀�𝑤𝑤/𝑀𝑀�𝑛𝑛 
HMW 

(wt.-%) 
HMW 

(wt.-%)b) 
𝑀𝑀�𝑤𝑤 

(kg/mol)b) 

LMWc) 314 124 2.53 0 0 314 
HMW 3400 1332 2.56 100 100 3408 
DS1 319 85 3.7 0.2 0.2 319 
DS2 494 125 4.0 5.8 6.4 514 
DS3 675 137 5.0 11.7 13.3 723 

DS4 858 145 5.9 17.6 20.2 933 

DS5 1170 178 6.6 27.6 31.9 1292 
DS6 1250 185 6.7 30.2 35.0 1379 
DS7 1630 248 6.6 42.5 49.4 1824 
DS8 1950 287 6.8 52.9 61.6 2192 

a) The results are reproduced from chapter 3. b) Based on calibration (see Chapter 3). c) The 
samples marked as LMW and HMW are monomodals which are used as refrences. 

Table 4.2 Molecular weight and HMW fractions of the SS samplesa) 

Sample 𝑀𝑀�𝑤𝑤 
(kg/mol) 

𝑀𝑀�𝑛𝑛 
(kg/mol) 

𝑀𝑀�𝑤𝑤/𝑀𝑀�𝑛𝑛 
HMW 

(wt.-%) 
HMW 

(wt.-%)b) 
𝑀𝑀�𝑤𝑤 

(kg/mol)b) 

SS1 408 136 3.0 3.0 3.1 415 

SS2 538 157 3.4 7.3 8.1 565 

SS3 625 151 4.1 10.1 11.4 665 

SS4 724 168 4.3 13.3 15.2 779 

SS5 855 170 5.0 17.5 20.1 930 

SS6 1080 173 6.2 24.7 28.5 1188 

SS7 1470 221 6.7 37.3 43.3 1637 

SS8 1760 253 7.0 46.9 54.6 1970 

a) The results are reproduced from Chapter 3. b) Based on calibration (see Chapter 3). 

Two sets of bimodal molecular weight distribution polyethylenes (DS and SS) with 
varied average molecular weight were produced from silica nanoparticle supported 
catalyst. The molecular weight and molecular weight distribution are obtained from 
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HT-SEC and the results are listed in Table 4.1 and Table 4.2. The samples LMW 
and HMW are the monomodal low molecular weight and high molecular weight 
sample, respectively, and are shown in Table 4.1 as references. The virgin polymer 
particles were mixed with 0.5 wt.-% of antioxidant (Irganox 1010, added as a 
solution in acetone, after which the polymer was dried under reduced pressure to 
prevent degradation during the compression molding and rheological experiments. 
The sample DS1 to DS5 and SS1 to SS5 were extruded using a twin-screw mini-
extruder at 180 °C and at a screw rotation speed of 40 rpm for 10 min. Polymeric 
plates were prepared with a thickness around 0.55 mm by compression molding at 
180 °C and at a pressure of 100 bar for 10 min. 

Rheological testing 

All the rheological experiments were conducted using a TA Instruments AR-G2 
rheometer with a parallel-plate geometry having a disk diameter of 8 mm. All of 
the measurements were performed under a nitrogen atmosphere to prevent thermo-
oxidative degradation. To avoid any influences of thermal history on the 
rheological properties of the bimodal resins, all the specimens were loaded into the 
rheometer following a thermal protocol as shown in Figure 4.1. Dynamic strain 
sweeps were performed at a fixed angular frequency of 6.28 rad/s to determine the 
linear viscoelastic regime. Dynamic time sweeps were performed at a fixed 
frequency of 1 rad/s and a strain of 1 % in the linear viscoelastic regime of the 
polymer. The small amplitude oscillatory shear experiments were conducted at 
200 °C and a fixed strain of 1% over an angular frequency range from 0.01 rad/s to 
500 rad/s. The steady-state viscosities were measured at 200 °C as a function of 
shear rate in a range from 10-3 to 10 s-1.  

 
Figure 4.1 Sample loading thermal protocol schematic representation. 
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4.3 Results and discussion 

4.3.1 Strain sweeps of bimodal PEs 

To make sure that the dynamic rheology tests are performed in the linear 
viscoelasticity region, strain sweep measurements were performed at 200 °C for 
monomodal and bimodal samples. The results are plotted in Figure 4.2 and it is 
shown that the storage modulus of the HMW sample remains constant in the strain 
range from 0.01% to 3.0% and decreases rapidly at higher strains. It is also shown 
that the linear viscoelastic regime for the other three samples was higher in strain. 
Nevertheless, the strain of all the dynamic tests was fixed at 1% strain to be sure 
that linear viscoelasticity region was obtained in all cases. 

 
Figure 4.2 The storage modulus (𝐺𝐺′) as a function of strain at 200 °C. 

4.3.2 Time sweep experiments on bimodal PEs 

 
Figure 4.3 Time sweep at 200 °C for bimodal specimens (DS3 and SS3). 
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Time sweep tests of selected bimodal samples were performed in the linear 
viscoelastic region at a strain of 1%, a frequency of 1 rad/s and a temperature of 
200 °C. The storage modulus as a function of time is plotted in Figure 4.3. It is 
shown that the storage modulus of DS3 and SS3 samples increase slightly in first 
10 minutes of the experiment. In the past, this increase in storage modulus was 
attributed to the re-entangling of so-called disentangled reactor powder.[25] In the 
time range between 10 and 180 minutes, the modulus of the two samples is 
constant which illustrates that no thermal degradation occurred within three hours 
at 200 °C.  

4.3.3 Small amplitude oscillatory shear experiments 

Small amplitude oscillatory shear experiments were carried out to determine the 
dynamic properties of bimodal PEs in the linear viscoelastic regime. Figures 4.4a 
and 4.4b show the complex viscosity (η∗) as a function of angular frequency (𝜔𝜔) 
for DS and SS samples. For most of the bimodal PEs, the Newtonian plateau region 
in which the viscosity is independent of frequency (or shear rate) is hard to detect 
especially for the samples with high fraction of HMW. The values of η∗ at low 
frequencies increase with increasing Mw for both DS (DS1 to DS8) and SS (SS1 to 
SS8) samples. The same trend is observed for the storage modulus (𝐺𝐺′), as is shown 
in Figures 4.5a and 4.5b. The dynamic properties at high frequencies (rubbery 
plateau) are governed by the average molecular weight between entanglements 
(𝑀𝑀𝑒𝑒).[26] All the bimodal PEs show a similar 𝐺𝐺′ at these frequencies which indicate 
that the bimodal PE melts are fully entangled. 

 
Figure 4.4 Complex viscosity (η∗) as a function of angular frequency (ω), (a) DS samples 

and (b) SS samples. 
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Figure 4.5 Storage modulus (𝐺𝐺′) as a function of angular frequency (ω), (a) DS samples 

and (b) SS samples.  

The molecular weight distribution (MWD = 𝑀𝑀�𝑤𝑤/𝑀𝑀�𝑛𝑛) strongly influences the 
dynamic properties of polymers. Wood-Adams et al.[26] reported that polyethylenes 
with broad monomodal MWDs have wide transition zones. For bimodal blends, a 
two-step rubbery plateau (TSRP) occasionally appears in the transition zones.[27-29] 
The TSRP is often observed in binary blends with a large difference in the 
molecular weight of the components, more precisely, when the long polymeric 
chains are 10 times longer than the short chains. In our bimodal blends, the 
𝑀𝑀𝑤𝑤𝐻𝐻𝐻𝐻𝐻𝐻 𝑀𝑀𝑤𝑤𝐿𝐿𝐻𝐻𝐻𝐻⁄  is higher than 10 and, therefore, a TSRP is also observed in our 
bimodal PEs. 

 

Figure 4.6 The phase angle (δ) as a function of angular frequency (ω), (a) DS 
samples and (b) SS samples. 

As expected, the phase angle (𝛿𝛿) shows a shift from a viscous to a more elastic 
response with increasing frequency. In Figures 4.6a and 4.6b, it is shown that the 
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phase angle (𝛿𝛿) of both DS and SS samples decrease with an increasing fraction of 
HMW component. A maximum in the phase angle is observed for most samples.  

 
Figure 4.7 Storage modulus (𝐺𝐺′) as a function of angular frequency (ω) for LMW, DS3 and 

SS3. The DS3 (ex) and SS3 (ex) are extruded DS3 and SS3 samples, respectively. 

The dynamic properties of samples DS3 and SS3 are plotted in Figures 4.7a and 
4.7(b) because these two samples are similar in molecular weight (the Mw of DS3 
is slightly higher than SS3) and molecular weight distribution (see Tables 4.1 and 
4.2). The experimental data for the monomodal LMW is also presented as a 
reference. It is found that the storage moduli and the complex viscosities of the DS 
and SS systems are rather dissimilar and this despite of the almost identical 
molecular weight and molecular weight distribution. Gahleitner et al.[30] used 
rheology to probe the homogeneity of the bimodal polymers and reported that the 
homogeneous blends had a higher storage moduli (𝐺𝐺′) and complex viscosity (η∗) 
in comparison to heterogeneous blends. As shown in Figure 4.7a, the SS3 sample 
has a much higher storage moduli (𝐺𝐺′) then DS3 sample at low frequencies. In fact, 
from a synthetic viewpoint, the SS sample is expected to be more homogeneous 
than the DS sample which is confirmed by the rheological data. To further illustrate 
the influence of homogeneity on the dynamic properties, both the DS3 and SS3 
were mixed in the melt in a co-rotating twin screw extruder at 180 °C. It is shown 
that the storage moduli (𝐺𝐺′) of both the SS and DS samples increases at low 
frequencies indicating that both samples have a certain degree of heterogeneity. 
The increase in G’ and complex viscosity is however much more pronounced in the 
case of the DS sample which indicates that the DS sample is more heterogeneous 
than the SS sample.  
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4.3.4 Steady-shear experiments 

The steady-state viscosities were measured to determine the zero shear viscosity at 
low shear rate. It is commonly determined using frequency sweep experiments and 
the Cox-Merz rule.[31] This simple and empirical rule states that the shear rate 
dependence of the steady-state viscosity is equal to the frequency dependence of 
the complex viscosity: 

𝜂𝜂∗(𝜔𝜔) = 𝜂𝜂(�̇�𝛾) for 𝜔𝜔 = �̇�𝛾                      (1) 

To investigate whether the Cox-Merz rule is valid in our blends, the dynamic 
viscosities and steady shear viscosities are plotted in Figures 4.8a and 4.8b for DS 
and SS samples. It is shown that the dynamic viscosity data matches well with the 
steady shear viscosity curves for SS and DS samples with a low fraction of HMW 
(< 15%). At high fractions of HMW, a large deviation occurs between the 
frequency and the shear rate dependence of the viscosity and the Cox-Merz rule no 
longer seems to apply.  

 

 
Figure 4.8 Complex and steady-state viscosity of biomodal PEs plotted in the same graph. 
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The steady-state viscosities results are re-plotted in Figures 4.9a and 4.9b for DS 
and SS samples, respectively. A Newtonian plateau is observed in the shear rate 
range between 10-3 and 10-2 s-1 for all of the bimodal samples and the values are 
gradually increasing with increasing weight average molecular weights. In 
addition, strong shear thinning characteristics are observed especially for the 
samples with a high HMW fraction. Shear shinning is usually interpreted in terms 
of polymer chains that slip past each other and in terms of orientation of the 
polymer in the flow direction which leads to a reduction in the viscosity. At high 
shear rates (> 0.1 S-1), the sample with a high HMW fraction was already in the 
non-linear region due to the large and rapid deformation, thus damaging the 
structure of the specimens and leading to a rapid drop in viscosity (DS8 in Figure 
4.9a). 

  
Figure 4.9 The steady-state viscosity as a function of shear rate (�̇�𝛾), (a) DS samples and (b) 
SS samples. The solid lines represent the fits to the data (based on Carreau-Yasuda model). 
The LMW is presented as a reference; the experiments on HMW were not conducted due to 

the high viscosity. 

To obtain accurate values of the zero shear viscosity, the steady-shear flow curves 
are fitted with the Carreau-Yasuda model:[32] 

𝜂𝜂 = 𝜂𝜂0[1 + (𝜆𝜆�̇�𝛾)𝑎𝑎](𝑛𝑛−𝑎𝑎) 𝑎𝑎⁄                      (2) 

where 𝜂𝜂 is the shear viscosity, 𝜂𝜂0 the zero-shear rate viscosity, 𝜆𝜆 is a parameter 
with the unit of time, �̇�𝛾 is the shear rate and 𝑎𝑎 is a parameter to describe the 
transition region between the zero shear rate and power law region. The steady-
shear viscosities were fitted with the Carreau-Yasuda equation and the curve fits 
are presented in Figure 4.9. The obtained zero shear viscosities 𝜂𝜂0 of PE samples 
are listed in Table 4.3. 
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Table 4.3 Zero shear-rate viscosities of PE samples.a) 

Sample 
η0 

(×103 Pa.s) 
Standard deviation 

(×103 Pa.s) 
Sample 

η0 

(×103 Pa.s) 
Standard deviation 

(×103 Pa.s) 

LMW 164 2 HMW b) 264996 - 

DS1 186 5 SS1 340 2 

DS2 300 3 SS2 829 67 

DS3 563 57 SS3 1223 6 

DS4 1246 94 SS4 2751 2 

DS5 3536 31 SS5 4839 221 

DS6 5622 1109 SS6 9805 300 

DS7 17920 505 SS7 20603 723 

DS8 85671 6696 SS8 52046 1076 

a) Based on Carreau-Yasuda model. b) Calculated based on equation 3. 

In an entangled linear polymer, the zero shear rate viscosity (𝜂𝜂0) is usually related 
to the weight average molecular weight by the relationship:[27] 

𝜂𝜂0 = 𝐾𝐾𝑀𝑀𝑤𝑤
𝛼𝛼                             (3) 

where 𝐾𝐾 is a constant dependent on the type of polymer and the temperature, the 
exponent (𝛼𝛼) ranges from 3.2 to 3.6.[33] The exponent (𝛼𝛼) is usually derived for 
monodisperse homopolymers.[34] The influence of polydispersity on zero shear 
viscosity was investigated by Stadler et al.[35] They studied the viscosity of a set of 
monomodal and bimodal (or broad) molecular weight distribution PEs and 
concluded that the MWD has no or a very weak effect on the zero shear rate 
viscosity (𝜂𝜂0).  

The zero shear viscosities (𝜂𝜂0) of bimodal samples are potted in Figure 4.10 as a 
function of the weight average molecular weight (obtained by HT-SEC). Using a 
linearly fit of the results, a value of 𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾 = -12.38 and an exponent 𝛼𝛼 = 3.19 are 
found for SS bimodal PEs at 200 °C.The value of exponent 𝛼𝛼 is very close to the 
exponents reported in the literature.[33] This again seems to indicate that the LMW 
and HMW chains are intimately mixed in the SS system. However, equation 3 does 
not hold for the DS samples. The zero shear viscosities of the DS samples are 
lower than the SS samples especially at HMW fraction ranging from 10% to 50% 
(DS2 to DS7). The 𝜂𝜂0 of the extruded samples are also presented in Figure 4.10. It 
is shown that the 𝜂𝜂0 of both the SS and the DS samples increases upon extrusion 
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and this increase is more pronounced in the case of DS samples. In fact, within 
experimental error, all the samples appear to obey equation 3 after extrusion. 

                        
Figure 4.10 The zero shear viscosity (𝜂𝜂0) as a function of weight average molecular weight 

(Mw). The DS (ex) and SS (ex) are extruded DS and SS samples, respectively. 

The results presented above indicate that the DS samples are more heterogeneous 
than the SS samples. In both cases, it is interesting to calculate the time scales 
involved in the molecular homogenization of the samples by self-diffusion. 
Reptation models[36] are usually used for this and a reptation time (𝜏𝜏𝑑𝑑) is calculated 
with equation 4 which is dependent on molecular weight, or more precisely the 
number of entanglements per chain (Z = 𝐻𝐻𝑤𝑤

𝐻𝐻𝑒𝑒
).[36] 

𝜏𝜏𝑑𝑑 = 3𝜏𝜏𝑒𝑒𝑍𝑍3 �1 − 1.51
√𝑍𝑍
�
2
               (4) 

In equation 4, 𝑀𝑀𝑒𝑒 is the molecular weight between entanglements and which is 
reported to be 828 g/mol for linear polyethylenes.[37] For linear PE, the 
entanglements equilibration time (𝜏𝜏𝑒𝑒) is 7×10-9 s at 190 °C,[37] and 𝜏𝜏𝑒𝑒 is 5.7×10-

9 s at 200 °C assuming an Arrhenius type of temperature dependence.[3] The 
reptation time (𝜏𝜏𝑑𝑑) for a linear polyethylene chain with a molecular weight of 3400 
kg/mol (HMW) and 300 kg/mol (LMW) are 1129 s (< 20 minutes) and 0.69 s (< 1 
sec.), respectively. The fusion of two neighboring PE powder particles is 
dominated by the HMW fraction because of the long reptation time. The reptation 
time is the time necessary for the polymer chain to escape from its initial tube. In 
other words, the reptation time is related to the self-diffusion of a polymer chain 
over a distance that is equal to the radius of gyration (𝑅𝑅𝑔𝑔) of the polymer.[36] The 
radius of gyration as of a polymer chain is molecular weight dependent and can be 
calculated with equation 5:[38] 
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𝑅𝑅𝑔𝑔2 = 𝑁𝑁𝑏𝑏2

6
                  (5) 

where the 𝑁𝑁 is the number of monomers in the polymer and 𝑏𝑏 is the monomer 
segment length. According to literature, 𝑏𝑏 is 5.9 Å for PE,[38] and therefore, the 𝑅𝑅𝑔𝑔 
of HMW chain with a molecular weight of 3400 kg/mol is 119 nm. Assuming that 
the nano-silica supported catalyst produced PE powder are around 1 μm in size (the 
primary particle, see Chapter 2 or 3), the time required for two neighboring 
particles to achieving a homogeneous blend would be 1.32 hours at 200 °C. The 
size of the aggregated polymer particles are actually tens of micrometers because 
of agglomeration (see Chapter 2), thus the time would be much longer. For 
instance, in the case of agglomerates with a size of 70 μm (see chapter 2); the time 
required to achieve a homogeneous mixture is estimated to more than 70 hours at 
200 °C. In other words, the time scales involved in obtaining a homogeneous blend 
by self-diffusion are very long compared to the experimental time scales. As a 
consequence, the DS samples are expected to remain heterogeneous which is also 
observed in the rheological tests (Figure 4.7). Of course, these estimates are based 
on self-diffusion and different time scales are observed if mixing and/or extrusion 
processes can be employed to homogenize the samples (Figure 4.7 and 4.10). 

4.4 Conclusions 

The rheological properties of bimodal PEs produced with DS and SS systems were 
systematically investigated. By comparing samples with a similar molecular weight 
and molecular weight distribution, it is shown that SS samples have a higher 
storage modulus and viscosity than the DS samples. The results indicate that a 
difference exists in homogeneity between the DS and SS system. The LMW and 
HMW chains in the SS system are polymerized on the same particle surface and 
thus the LMW and HMW chains are more intimately mixed. The results also 
showed that the SS samples obey the classical power law relationship, η0 = KMw

α 
(α = 3.19) which illustrates further that the LMW and HMW chains are more 
homogenously mixed in SS sample. The DS samples exhibit a deviation from the 
power law relationship which originates from the very long reptation times of the 
HMW chains in combination with the heterogeneity originating from the DS 
synthetic route to produce the polymer. It is also shown that it is difficult to achieve 
a homogenous bimodal PE using the DS strategy in combination with self-
diffusion. On the other hand, straightforward mixing of the samples in an extruder 
results in an increasing homogeneity which increased the storage modulus and the 
zero shear viscosity. 
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Chapter 5 
Bimodal Ultra-High Molecular Weight 

Polyethylenes produced with nano-supported 
catalysts: thermal and mechanical properties 

 

Abstract
 

The influence of heterogeneity on the thermal and mechanical properties of 
bimodal molecular weight polyethylenes was investigated by differential scanning 
calorimetry (DSC) and tensile tests. The results of the DSC analysis showed that 
the low molecular weight (LMW) and the high molecular weight (HMW) fractions 
in heterogeneous double support (DS) samples hardly influence each other during 
crystallization. The HMW fraction in the single support (SS) samples leads to an 
increase of the crystallization temperature and crystallization rate. The SS samples 
exhibit enhanced mechanical properties in comparison to DS samples especially in 
terms of Young’s modulus, elongation at break and tensile strength. The results 
indicate that the homogeneity mixture of short and long chains in bimodal PE is 
crucial for the performance of the material.
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5.1 Introduction 

Ultra-high molecular weight polyethylene (UHMWPE) has outstanding properties, 
such as a high abrasion resistance, high impact toughness, good corrosion and 
chemical resistance, resistance to cyclic fatigue, and resistance to radiation.[1] 
These properties make this material suitable for high-performance applications 
such as acetabular cup prosthesis.[2] However, one limitation is the extremely high 
melt viscosity of UHMWPE. This limitation restricts the processing of UHMWPE 
to compression molding and ram extrusion.[2,3] The processing of UHMWPE is 
commonly conducted at high temperatures and high pressures.[3-5] However, grain 
boundaries and fusion defects are often found in UHMWPE products. These grain 
boundaries lead to a poor mechanical performance and a reduced lifetime of 
products, especially when UHMWPE components are used in medical implants.[6,7] 
The failure of the implants often occurs due to crack propagation through the grain 
boundaries.[8,9] 

A considerable number of studies were conducted in the past decades to improve 
the long term performance of UHMWPE products.[10-14] Gul et al.[11] studied the 
processing of UHMWPE using hot isostatic pressing in which heat and pressure 
were uniformly applied to the products. They reported that a well-consolidated 
material with reduced grain boundaries and fusion defects can be obtained using 
this process. Rastogi et al.[12] investigated the sintering behavior of less entangled 
UHMWPE which was produced by using a homogeneous catalyst at low 
polymerization temperatures. They demonstrated that a low entanglement density 
is crucial for obtaining fully sintered UHMWPE products without grain boundaries 
and fusion defects. Unfortunately, producing UHMWPE with a homogeneous 
catalyst at low temperature results in very high costs and the high likelyhood for 
reactor fouling, which restricts practical implementation. 

Commercial UHMWPE has a broad molecular weight distribution (MWD=5-8) 
which originates from the multiple site Ziegler-Natta catalysts that are usually 
employed.[13,14] Olley et al.[15] investigated the cross section of the hip-cup 
specimens and found that the short chain fraction in commercial UHMWPE plays a 
key role in the fusion of powder particles. It was shown that thicker lamellae are 
present in the interstices of the UHMWPE particles in comparison to the lamellae 
in the bulk of the sample, which indicates that the short chains indeed help to fuse 
the polymer particles. 

In the past, the effect of modality on the sintering of UHMWPE was not 
investigated extensively. In Chapter 3, it was attempted to tailor the molecular 
weight distribution of bimodal PEs in a single reactor via a single support (SS) and 
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a double support (DS) strategy. In the SS strategy, polymerization is performed 
using silica particles with both catalyst species supported on the same particle. In 
the DS strategy, the two catalyst species are separately supported.[16] In Chapter 4, 
it was shown that the DS samples were more heterogeneous in the melt than the SS 
samples.[17] This heterogeneity might result in a deterioration of the mechanical 
performance of the product.[18] However, Li et al.[9] prepared blends of UHMWPE 
(Mw = 5000-6000 kg/mol, 90.2 wt.-%) and low molecular weight polyethylene 
(Mw = 28 kg/mol, 9.8 wt.-%) by mixing in an extruder. This blend was injection 
molded at high shear rates and heterogeneous blends were obtained with a high 
modulus, yield strength and engineering tensile strength in comparison to 
conventional compression-molded UHMWPE. However, these high mechanical 
properties might due to chain orientation due to the high shear rates applied in 
injection molding. 

In the past, a detailed comparison of homogeneous and heterogeneous samples was 
not conducted, especially for bimodal samples produced in a single reactor. In the 
present chapter, the thermal and mechanical properties of DS and SS bimodal PEs 
are investigated. Special emphasis is put on the comparison between SS and DS 
samples with an identical molecular weight and molecular weight distribution. The 
properties of the two sets of bimodal PEs are compared to evaluate the effect of 
heterogeneity on the crystallization behavior and mechainical properties. 

5.2 Experiment section 

Materials 

Table 5.1 Molecular weight and HMW fractions of the PE samplesa) 

Sample 
HMW 

(wt.-%)b) 
𝑀𝑀�𝑤𝑤 

(kg/mol)b) 
Sample 

HMW 
(wt.-%)b) 

𝑀𝑀�𝑤𝑤 
(kg/mol)b) 

LMW 0 314 HMW 100 3408 
DS1 0.2 319 SS1 3.1 415 
DS2 6.4 514 SS2 8.1 565 
DS3 13.3 723 SS3 11.4 665 

DS4 20.2 933 SS4 15.2 779 

DS5 31.9 1292 SS5 20.1 930 
DS6 35.0 1379 SS6 28.5 1188 
DS7 49.4 1824 SS7 43.3 1637 
DS8 61.6 2192 SS8 54.6 1970 

a) Reproduced from Chapter 3. b) Based on a calibration described in Chapter 3. 
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Two sets of bimodal molecular weight distribution polyethylenes (DS and SS) with 
a different weight average molecular weight were produced using silica 
nanoparticle supported catalysts (Table 5.1). The results of the monomodal low 
molecular weight (LMW) and high molecular weight (HMW) PE samples are also 
presented in Table 5.1 as references. The virgin polymer particles (nascent powder) 
were mixed with 0.5 wt.-% of antioxidant (Irganox 1010) to prevent degradation 
during the compression molding and crystallization studies. 

Differential scanning calorimetry (DSC)  

Thermal analysis were performed on bimodal PEs with a TA Instruments Q1000 
differential scanning calorimeter that was calibrated with Indium for temperature 
and heat of fusion. The virgin PE powders (3.0 ± 0.2 mg) were placed in 
hermetically sealed aluminum pans under a dry nitrogen atmosphere. All samples 
were first heated to 200 °C at a rate of 2 °C/min and held at 200 °C for 3 minutes 
before cooling to 20 °C at the same rate. These steps were repeated for the second 
scan. The melting temperature (𝑇𝑇𝑚𝑚) was obtained from the peak value of the 
heating scan and the results are summarized in Table 5.2. The melting enthalpy 
(∆𝐻𝐻) was determined from the area under the endotherm. The crystallinity (𝜒𝜒𝑐𝑐) was 
calculated using the following equation: 𝜒𝜒𝑐𝑐 = (∆𝐻𝐻 ∆𝐻𝐻0⁄ ) × 100%, where ∆𝐻𝐻0 is 
the enthalpy of 100 % crystalline PE and was assumed to be 293 J/g.[19] The results 
are also listed in Table 5.2. 

The isothermal crystallization experiments of the PE samples were conducted as 
follows: (a) the polymer samples were heated in the DSC to 200 °C for 5 min to 
equilibrate the physical state of the materials prior to the experiment; (b) cooling 
down to 125 °C was performed at a rate of 40 °C/min; (c) samples were kept for 
100 minutes at 125 °C to complete the crystallization. 

The as-polymerized LMW sample (100 mg) and HMW sample (100 mg) were 
mixed in 10 mL acetone and 0.5 wt.-% of antioxidant (Irganox 1010) was added to 
prevent degradation upon heating. Stirring was performed until the acetone was 
evaporated. Subsequently, the samples were dried overnight at 60 °C under 
vacuum. Isothermal crystallization experiments were also performed on these 
mixtures of monomodal polymer powders. The following procedure was used in 
the isothermal crystallization: (a) the polymer samples were heated to 200 °C; (b) 
the samples were annealed at 200 °C for different times (0, 40 or 100 minutes); (c) 
cooling down to 125 °C was performed at a rate of 40 °C/min; (d) the samples 
were isothermally kept for 100 minutes to complete crystallization. 
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Flash differential scanning calorimetry (F-DSC) 

The crystallization of monomodal HMW sample was performed at different 
temperatures (100 to 150 °C) using a twin-type power compensated Mettler-Toledo 
fast scanning chip calorimeter Flash DSC 1. The heating and cooling rate was 
2000 °C/s. The experimental procedures were as follows: (a) the sample was 
heated to 220 °C and kept there for 5 seconds; (b) cooling down was performed to 
the set crystallization temperature and the samples were kept at this temperature for 
5 seconds; (c) heating was performed to 220 °C. A typical protocol of the 
experimental procedure is shown in Figure 5.1. This procedure was repeated for the 
same sample at different crystallization temperatures between 100 and 150 °C. The 
area under the endotherm was used to calculate the crystallinity of the HMW at the 
set temperature for 5 seconds.  

 
Figure 5.1 Schematic diagram showing the protocol for F-DSC experiments of monomodal 

HMW. 

Wide-angle X-ray diffraction (WAXD) 

Wide-angle X-ray diffraction (WAXD) measurements were performed on a Rigaku 
Geigerflex Bragg-Brentano powder diffractometer using Cu Kα radiation 
(wavelength 1.540 Å) at 40 kV and 30 mA. The scans were performed with a dwell 
time of 3-6 s in the 2θ range from 10° to 35°. The WAXD patterns were 
deconvolved into peaks from the crystalline phase and amorphous phase, and the 
crystallinity (𝜒𝜒𝑐𝑐) was measured by WAXD using the equation:[20] 

𝜒𝜒𝑐𝑐 = 𝐼𝐼110+1.46𝐼𝐼200
𝐼𝐼110+0.75𝐼𝐼𝑎𝑎+1.46𝐼𝐼200

∙ 100%           (1) 

where 𝐼𝐼110 and 𝐼𝐼200 are the areas of the diffraction peaks (110 and 200) of the 
orthorhombic crystalline phase, 𝐼𝐼𝑎𝑎 is the area of the amorphous peak in WAXD 
pattern. 
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Tensile testing 

The tensile properties were performed according to ASTM D638 using a Zwick 
Z100 tensile tester. Polymeric plates were prepared with a thickness around 0.5 
mm by compression molding at 180 °C and 100 bar for 10 minutes, followed by 
quenching. Dumbbell-like specimens with gauge dimensions 1.2 × 0.2 cm2 (type 
V) were cut from the compression-molded sheets for tensile tests. These dumbbell-
like samples were tested at room temperature and at a cross-head speed of 20 
mm/min. The engineering tensile strength (𝜎𝜎𝐸𝐸) was calculated using equation 2: 

𝜎𝜎𝐸𝐸 = 𝐹𝐹
𝐴𝐴0

                                        (2) 

where the 𝐹𝐹 is the force in Newton and 𝐴𝐴0 is the cross-sectional area of the 
samples before testing. The engineering strain (𝜀𝜀𝐸𝐸) was calculated from equation 
(3): 

𝜀𝜀𝐸𝐸 = �𝐿𝐿𝑓𝑓−𝐿𝐿0�
𝐿𝐿0

                                        (3) 

where the 𝐿𝐿𝑓𝑓 is the final length of the specimen and 𝐿𝐿0 is the original length of the 
specimen. The true tensile strength was calculated from the cross-sectional area at 
break after the test with equation 4: 

𝜎𝜎𝑇𝑇 = 𝐹𝐹
𝐴𝐴𝑏𝑏

                                        (4) 

where 𝐴𝐴𝑏𝑏 is the cross-sectional area of the tensile specimen at break which was 
calculated with equation 5: 

𝐴𝐴𝑏𝑏 = 𝐴𝐴0∗𝐿𝐿0
𝐿𝐿𝑓𝑓

                                        (5). 

Optical microscopy 

Optical micrographs were performed with a Zeiss LM Axioplan optical microscope 
equipped with a Zeiss Axiocam camera. The optical micrographs were recorded 
without polarizers in the microscope. The specimens for optical microscopy were 
drawn (draw ratio = 5) at room temperature and, subsequently, coated with paraffin 
oil and placed between two glass slides. 

5.3 Results and discussion 

5.3.1 Thermal properties of reactor-blended bimodal PEs 

Due to the low temperature used in the polymerization, the virgin PE powders have 
some special thermal properties.[21-23] For instance, as-polymerized UHMWPE 
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commonly has a relatively high melting temperature and crystallinity when 
measured and analyzed by DSC. The first heating scans of the DS and SS bimodal 
PEs are plotted in Figures 5.2a and 5.2b, respectively. The first heating scans of 
monomodal LMW and HMW are also shown in the figures as references. The DS 
samples exhibit two melting endotherms in the first heating scan which closely 
coincide with the melting endotherms of the monodisperse LMW and HMW 
samples. The area under the second peak at high temperature gradually increases 
with increasing fraction of HMW. On the contrary, most SS samples have one 
melting endotherm in the first heating scan and the melting peaks broaden with 
increasing fraction of HMW. The occurrence of a single broad melting endotherm 
in the SS samples indicates that the LMW and HMW chains are more intimately 
mixed during the polymerization process. The occurrence of two melting 
endotherms in the DS samples indicates that the spatial distribution of the LMW 
and HWM is more heterogeneous. 

 
Figure 5.2 The DSC first heating scan of the (a) DS and (b) SS samples. The dashed lines 

and arrows in the figures are a guide to the eye only. 

In Figure 5.3, it is show that a single melting endotherm is observed in the second 
heating scan of both the DS and SS samples. A decrease of the melting temperature 
is observed in comparison to the first heating scan for both the DS and SS samples. 
The melting characteristics of the monomodal and bimodal PE samples are 
presented in Table 5.2. 𝑇𝑇𝑚𝑚1 and 𝑇𝑇𝑚𝑚2 are the melting endotherms of the LMW and 
HMW fractions in the first heating scan of DS samples. In the SS samples, in most 
cases only one melting endotherm (𝑇𝑇𝑚𝑚′ )is observed with temperatures between the 
temperature of the LMW and HMW fractions of DS samples. 𝑇𝑇𝑚𝑚 refers to the 
melting temperature of DS and SS samples obtained from the second heating scan. 
The results show that the melting temperature of nascent HMW (𝑇𝑇𝑚𝑚2) in the first 
heating scan is almost 5 °C higher than the nascent LMW (𝑇𝑇𝑚𝑚1). This feature is 
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consistent for all DS samples but not for SS samples. In the case of melt-
crystallized samples, a relatively low melting temperature and crystallinity is 
observed for all samples. 

 
Figure 5.3 The second DSC heating scan of the (a) DS and (b) SS samples. 

Table 5.2 Melting characteristics of the monomodal and bimodal PE samples 

Sample 
𝑇𝑇𝑚𝑚1 a) 
(°C) 

𝑇𝑇𝑚𝑚2 a) 
(°C) 

𝑇𝑇𝑚𝑚 b) 
(°C) 

𝜒𝜒𝑐𝑐1 a) 
(%) 

𝜒𝜒𝑐𝑐 b) 
(%) 

Sample 𝑇𝑇𝑚𝑚
′  a) 

(°C) 
𝑇𝑇𝑚𝑚2 a) 
(°C) 

𝑇𝑇𝑚𝑚 b) 
(°C) 

𝜒𝜒𝑐𝑐1 a) 
(%) 

𝜒𝜒𝑐𝑐 b) 
(%) 

LMW 136.7 - 133.7 60.7 60.5 HMW - 142.8 134.1 68.2 42.8 
DS1 136.7 - 134.0 60.1 59.4 SS1 137.0 - 134.3 61.1 60.9 
DS2 136.9 142.2 134.1 61.8 58.6 SS2 137.3 - 134.8 62.0 60.8 
DS3 136.8 142.3 134.0 62.3 57.0 SS3 137.4 - 134.8 61.4 60.1 
DS4 137.1 142.3 134.3 64.0 56.1 SS4 137.6 - 134.6 61.3 58.7 
DS5 136.9 142.7 134.2 64.1 54.5 SS5 137.6 - 134.4 61.7 58.4 
DS6 137.0 142.7 134.1 65.2 53.4 SS6 138.2 - 134.0 59.8 56.4 
DS7 137.1 142.8 134.1 66.4 51.5 SS7 139.1 - 133.8 64.7 54.5 
DS8 137.4 142.9 134.2 67.8 47.8 SS8 141.4 - 133.7 65.9 51.9 

a) Results were obtained from the first heating scan. b) Results were obtained from the 
second heating scan. 

The crystallinities of all PE samples were calculated and the results are plotted in 
Figure 5.4a, as a function of the fraction of HMW. The crystallinity of the 
monomodal HMW is high (68 %) in comparison to monomodal LMW (61 %) in 
the first heating scan. In the first heating scan, the crystallinity gradually increases 
with increasing fractions of HMW for both the DS and SS systems. In the second 
heating scan, the crystallinity of the monomodal HMW decreased from 68 % to 
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43 %, whereas the crystallinity of the LMW remains more or less identical. The 
reduction in crystallinity of the HMW sample and the bimodal sample upon 
recrystallization is usually explained by the high number of entanglements per 
polymer chain which constrains the crystallization.[24] In the recrystallized bimodal 
samples, the crystallinity decreases with increasing fraction of HMW. However, 
the SS samples seem to have a somewhat higher crystallinity than the DS samples 
(see insert in Figure 5.4a), particularly for the samples with a low fraction of 
HMW. Therefore, samples DS3 and SS3, which have a similar weight average 
molecular weight and fraction of HMW (11-13 %), were investigated with wide-
angle X-ray diffraction (WAXD). The WAXD patterns of the two samples are 
shown in Figure 5.4b. The crystallinities of the two compression-molded films 
were calculated based on Equation 1 and it is shown that SS3 has indeed a higher 
crystallinity (72 %) than the (61 %). 

 
Figure 5.4 (a) The crystallinity of nascent and melt-crystallized PE samples as a function of 
the fraction of UHMWPE, (b) room temperature WAXD patterns of compression-molded 
DS3 and SS3 films (slowly cooled down to highlight the difference). The dashed line is a 

guide to the eye only. 

The DSC curves of the first and second cooling scan are the same for all the 
samples and therefore only the second cooling scans are shown in Figure 5.5. The 
results show that the LMW chains and HMW chains in the DS sample are 
crystallizing independently. As depicted in Figure 5.5a, there is a clear ‘shoulder’ 
in the cooling scan of the DS sample and the area of the shoulder increases with 
increasing HMW fraction. The ‘shoulder’ originates from the crystallization of the 
HMW fraction in the DS samples because of its relatively high crystallization 
temperature. In linear, melt-crystallized PEs, the crystallization temperature and the 
crystallinity tends to decrease with increasing weight average molecular weight.[25] 
Here, exactly the opposite trend is observed, i.e. the HMW PE has higher 
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crystallization temperature than the LMW PE sample. The small difference might 
be present in the branch content or type of branches of the HMW and LMW chains. 
These differences can originate from the different catalytical centres of the two 
catalysts resulting in different intramolecular processes such as chain 
walking.[26] 13C-NMR experiments indicate that the LMW PE indeed has a higher 
branch content. The results of this study also indicate that the type of branches and 
branch content are difficult to quantify and therefore the results are not 
incorporated in this chapter. The cooling scan of the SS sample is shown in Figure 
5.5b. Unlike the DS sample, a single broad crystallization peak (without a 
‘shoulder’) is observed with increasing the HMW fraction. Moreover, compared to 
the LMW sample, the crystallization temperatures of SS bimodal PEs are higher. 

 
Figure 5.5 The second cooling scan of DSC curves for (a) DS and (b) SS samples. The 

dashed line is a guide to the eye only. 

 
Figure 5.6 Isothermal crystallization DSC curves at 125 °C for the (a) DS and (b) SS 

samples. 
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To demonstrate the effect of the DS and SS strategies on the crystallization of the 
bimodal samples, isothermal crystallization experiments were performed at 125 °C. 
In these experiments, the heat released during crystallization was recorded as a 
function of time. The isothermal crystallization curves for the DS and SS samples 
are plotted in Figure 5.6a and 5.6b, respectively. The isothermal crystallization 
studies of monomodal LMW and HMW were also conducted and no heat flow 
peak was detected for the monomodal HMW sample. The monomodal LMW and 
HMW are also depicted in the plots as references. 

The SS sample has a shorter crystallization time (15-20 min) than the DS sample 
(30-35 min) which indicates that the SS samples crystallize faster than the DS 
sample at 125 °C. Compared to the SS samples, the DS samples exhibits a totally 
different crystallization behavior under isothermal crystallization condtions, which 
is probably due to the heterogeneity of the DS samples. As shown in Figure 5.6a, 
the DS samples show a small peak in the first few minutes of the isothermal 
crystallization experiment. Clearly, the main peak originates from the LMW 
fraction. The small peak at short times, however, might originate from the 
crystallization of the HMW fraction. 

 
Figure 5.7 The heating scan of F-DSC measurement of the same HMW sample crystallized 

at different temperatures for 5 seconds. 

A heat flow is already detected at the beginning of the isothermal crystallization 
(𝑡𝑡0) for both the DS and SS samples. This indicates that all bimodal samples 
already started to crystallize before reaching the programmed isothermal 
crystallization temperature of 125 °C (cooling rate = 40 °C/min). As described 
previously, no heat flow is detected in the isothermal crystallization of the 
monomodal HMW sample which was attributed to the rapid crystallization of the 
HMW before cooling down to 125 °C. Therefore, the isothermal crystallization of 
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HMW was conducted using an F-DSC in which the heating and cooling rate are 
2000 °C/s. The same HMW sample was heated to 220 °C and then cooling down to 
a crystallization temperature between 100 and 150 °C for 5 seconds and 
subsequently heated up to 220 °C. The heating scans of the sample after 
crystallization at different temperatures are presented in Figure 5.7. It is shown that 
an endotherm is observed even for the HMW sample crystallized at 135 °C for 5 
seconds. These results indicate that the HMW can rapidly crystallize at relatively 
higher temperatures. Therefore, it is very difficult to perform a truly isothermal 
crystallization experiment for monomodal HMW in a standard DSC. 

 
Figure 5.8 Isothermal crystallization of mixed monomodal LMW and HMW powders after 

annealing at 200 °C for different time. 

The as-polymerized LMW and HMW powders were blended in a ratio of 50/50 
and isothermal crystallization was performed at 125 °C for 100 minutes after 
annealing at 200 °C for different times (0, 40 or 100 minutes). The long time 
annealing at 200 °C allows the LMW and HMW chains to diffuse over a long 
distance and thus form a (more) homogeneous mixture (see Chapter 4). The 
isothermal crystallization curves are plotted in Figure 5.8 and a small peak is 
observed in the first few minutes for the sample annealed at 200 °C for 100 
minutes. As discussed in Chapter 4, the time required to achieve a homogeneous 
mixture is estimated to more than 70 hours at 200 °C. Thus, it can be concluded 
that the small peak in the isothermal crystallization of DS samples comes from the 
mixing of the LMW and HMW fraction. 

5.3.2 Tensile properties of reactor-blended bimodal PEs  

The above-described DSC experiments highlighted the effect of heterogeneity on 
the crystallization behavior. The crystallinity of PE is known to strongly influence 
the tensile properties, such as Young’s modulus, tensile strength, elongation at 
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break and yield strength. To illustrate the effect of heterogeneity on the mechanical 
properties, two types, i.e. DS and SS samples, of bimodal UHMWPE compression-
molded films were investigated and compared. 

The stress-strain curves of bimodal DS and SS samples are presented in Figures 
5.9a and 5.9b. After yielding occurs, the engineering stress remains relatively 
constant for the samples with a low fraction of HMW. This is because the 
deformation in this region is due to a combination of the polymer chain rearranging 
in amorphous phase and crystal lamellae slipping past each other.[27] An increase in 
the stress is observed with increasing strain especially in the case of the sample 
with a high HMW fraction which indicates the occurrence of strain hardening. In 
this region, the high number of entanglement per chain starts to restrict the 
deformation.[28] The HMW has much more entanglements per chain than the LMW 
material, and therefore strain hardening is more evident for bimodal samples with a 
high fraction of HMW. 

 
 Figure 5.9 The engineering stress-strain curves of bimodal PE compression molded films: 

(a) DS samples and (b) SS samples.  

The crystallinity of compression-molded films was further studied by WAXD and 
DSC and the results are shown in Figure 5.10. It is shown that the crystallinity of 
the HMW film (38%) is almost identical compared to the HMW powder (43%, see 
Table 5.2). For the LMW film, however, the crystallinity (45%) evidently 
decreased in comparison to the melt-crystallized powder (60%, see Table 5.2). The 
crystallinity reduction of LMW film might be due to the quenching of the film after 
compression molding (see experimental section). A fast cooling rate limits the 
crystallization of the LMW chains due to its relatively slow crystallization (see 
Figure 5.6). For the bimodal PE films, a decrease of crystallinity is observed with 
increasing the fraction of HMW. 
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Figure 5.10 The crystallinity of compression-molded PE films. The star and square 

symbols refer to the LMW and HMW reference samples. The triangle and circle symbols 
refer to the DS and SS films, respectively. The open and filled symbols refer to the results 

obtained from DSC and WAXD, respectively. 

The tensile properties of the monomodal and bimodal PE films are presented in 
Figure 5.11. In the DS films, the Young’s modulus gradually decreases with an 
increasing HMW fraction (Figure 5.11a). For the SS samples, the Young’s 
modulus slightly increases at a low fraction of HMW and decreases again at high 
fractions of HMW (Figure 5.11b). The decrease in Young’s modulus is in 
agreement with the decrease in crystallinity of the compression-molded films (see 
Figure 5.10). 

The monomodal LMW has a lower yield strength (Figures 5.11c and 5.11d) in 
comparison to monomodal HMW. The yield strength increases with an increasing 
fraction of HMW for both the DS and SS films. The amorphous phase of PE is in 
the rubbery state at room temperature and has a much lower contribution to the 
yield strength than crystalline phase.[29] Therefore, the yield strength of PE often 
increases with an increasing crystallinity.[30-35] Besides the crystallinity, the 
lamellar thickness[33-38] also strongly influence the yielding behavior of PEs. As 
shown in the DSC analysis (Figure 5.5), the HMW sample has a higher 
crystallization temperature than the LMW sample. This implies that the lamellar 
thickness of the HMW film is larger than in the LMW film. The yielding stress in 
the HMW films is higher than in the LMW films. Althought the crystallinity of the 
LMW films is higher these results shows that the yielding stress is more influenced 
by the lamellar thickness in the PE films. 
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Figure 5.11 The Young’s modulus, elongation at break, yield strength and engineering 
tensile strength of the PE films as a function of HMW fraction. 
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In Figures 5.11e and 5.11f, the engineering tensile strength of the DS and SS 
samples is shown. For the DS samples, the engineering tensile strength first rapidly 
decreases with increasing fractions of HMW; afterwards an increase in engineering 
tensile strength is observed. In the case of the SS samples, the engineering tensile 
strength is in the range from 48 MPa to 52 MPa and tends to increase with the 
fraction of HMW. In general, the drawability of compression-molded PE 
specimens decrease with increasing molecular weight because of the increased 
number of entanglements per chain. As shown in Figure 5.11h, the elongation at 
break of the SS samples gradually decreases with increasing HMW fraction 
thereby following additivity rules. Compared to the SS films, the elongation at 
break of the DS films (Figure 5.11g) drops rapidly with increasing the fraction of 
HMW. 

The true tensile strength of the PE samples was calculated (see experimental 
section) and the results were plotted in Figure 5.12. This figure shows that the 
LMW (~480 MPa) has much higher true tensile strength than the HMW (~200 
MPa). In the case of SS bimodal sample, the true tensile strength linearly decreases 
with increasing the fraction of HMW. In the case of DS bimodal samples, similar 
as the engineering tensile strength, the true tensile strength first decreases rapidly 
with increasing fraction of HMW and remained more or less constant (150 - 200 
MPa) as the HMW fraction increases further. 

   
Figure 5.12 The true tensile strength of the PE films as a function of HMW fraction. (a) DS 

samples and (b) SS samples. 

The decrease in the (engineering and true) tensile strength of the DS sample can be 
attributed to its heterogeneity. Generally, the LMW chains are easier to deform 
than the HMW chains because of the lower number of entanglements per chain.[39] 
The difference in deformability between LMW and HMW polyethylene may lead 



Chapter 5 

- 95 - 
 

to a heterogeneous deformation in the DS sample during the tensile test. The 
stretched DS3 and SS3films (draw ratio = 5) are probed by optical microscopy. As 
shown in Figure 5.13, a heterogeneous deformation is clearly present in the 
stretched DS3 sample but can hardly be observed in the stretched SS3 film. 
Heterogeneous deformation might lead to micro-voids and thus decreasing the 
tensile strength and elongation at break of the DS films.[40] 

 
Figure 5.13 Optical microscopy of stretched DS3 (a) and SS3 (b) films. The arrows 
indicate the drawing direction of the specimens. The bold black lines in the images 

correspond to the paraffin oil, air region. 

A few critical remarks are appropriate with respect to the results presented in this 
chapter. Firstly, it is shown that the heterogeneity in the DS samples has a rather 
negative influence on the crystallization behavior and properties of bimodal 
polyethylenes. On the other hand, in Chapter 4 it was shown that this heterogeneity 
can be removed with a straightforward extrusion and mixing procedure for the 
sample with a low HMW fraction (< 20 wt.-%). In this particular case, it is 
expected that all bimodal PE samples with an identical molecular weight and 
molecular weight distribution have identical properties. The most preferred route to 
make these materials should, therefore, be selected based on (secondary) criteria 
such as catalyst activity and yield, reactor fouling, bulk density and/or cost. Most 
of these issues were addressed extensively in Chapter 2 and 3 and, therefore, it is 
anticipated that a single reactor concept using the DS strategy is to be preferred to 
produce bimdoal PE with a low HMW fraction (< 20 wt.-%). Thirdly, the results 
presented are focussed on biomedical applications of the isotropic joint implants. 
The SS strategy is recommended because of high homogeneity of the bimodal PE 
is essential for its good mechanical performance. 
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5.4 Conclusions 

The heterogeneity of double support (DS) produced bimodal PE have been probed 
by thermal and mechanical analysis. It was showen that the heterogeneity strongly 
influences the crystallization behavior of the PE samples. Due to the high 
heterogeneity, the LMW and HMW fractions in the DS samples hardly influence 
each other during crystallization. In the SS samples, the LMW chains co-crystallize 
with the HMW chains, and the crystallization rate and the crystallization 
temperature were found to increase especially for the samples with a relatively low 
HMW fraction. The melt-crystallized SS samples have a higher crystallinity than 
the DS samples. In addition, the tensile properties were also influenced by the 
heterogeneity of the bimodal PEs. The DS films exhibited reduced tensile 
properties, such as elongation at break and tensile strength. The studies showed that 
the inhomogeneity in bimodal PEs not only influence its thermal properties but also 
the mechanical performance. A homogeneous mixing of high and low molecular 
weight chains in bimodal PEs is important for a good mechanical performance. 
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Chapter 6 
The effect of particle size and modality on the 

sintering of UHMWPE powders 
 

Abstract
 

To study the effect of polymer particle size and polymer modality on the sintering 
of UHMWPE powders, we synthesized different types of UHMWPE powders with 
an average particle size between 50 and 350 μm. The UHMWPE powders with a 
high particle size exhibit a high bulk density (𝜌𝜌𝑏𝑏 = 0.4 g/cm3) and this in contrast to 
the UHMWPE powders with a low average particle size (𝜌𝜌𝑏𝑏 < 0.22 g/cm3.) The 
influence of modality (monomodal versus bimodal molecular weight distribution) 
is also investigated. Compression-molded films of the UHMWPEs were 
investigated by optical microscopy to probe fusion defects and grain boundaries 
and their influence on mechanical properties. It is shown that reducing the particle 
size decreases the fusion defects and grain boundaries in compression-molded 
UHMWPE samples. It is also shown that monomodal powders have more grain 
boundaries than bimodal polymers. In addition, the true tensile strength of the 
bimodal samples (~290 MPa) is high in comparison to the monomodal samples (< 
250 MPa) which is interpreted in terms of a reduction in grain boundaries. It is 
proposed that this originates from a transition from fusion defect dominated 
fracture to molecular weight dominated fracture.
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6.1 Introduction 

Due to the high wear resistance and excellent biocompatibility,[1,2] ultra-high 
molecular weight polyethylene (UHMWPE) has been used as biomaterial over 
sixty years[3] and remains the preferred material for biomedical implants.[4] 
However, grain boundaries are often found in both implanted and non-implanted 
UHMWPE prosthesis components,[5-7] which is assumed to limit the life time of the 
implants.[8] 

UHMWPE is generally processed by ram-extrusion or compression molding at 
high pressures and high temperatures due to its high melt viscosity.[9,10] Grain 
boundaries and/or fusion defects mainly originate from the boundaries between 
UHMWPE powders[4,11] Such fusion defects are highly related to processing 
parameters and the morphology of UHMWPE powders (including particle size and 
molecular weight distribution). To reduce the grain boundaries and thus improve 
the end-use performance of UHMWPE based products, a number of studies 
addressed the optimization of processing parameters, such as temperature,[12,13] 
pressure,[14] sintering time,[15] and cooling rate.[16] In addition, hot isostatic pressing 
has been proven to produce grain boundary free UHMWPE components.[17] 
However, this process is not employed commercially because it is difficult and 
expensive. Also, the effects of powder size, powder morphology and modality of 
UHMWPE on polymer fusion were barely investigated. 

Barnetson et al.[18] reported that UHMWPE particles with smaller size show a 
faster sintering rate. The average particle size in medical grade UHMWPE, is 
around 150 μm.[9,19] The average size of polymer particles is related to the 
productivity and the size of the original catalyst particle.[20,21] In chapter 2 of this 
thesis, it was attempted to vary the polymer particle size by supporting molecular 
catalysts on different types of micro- and nano-silica. The results showed that 
weight average molecular weight and polydispersity of the PE produced by 
supported catalysts were not significantly influenced by the particle size of the 
support. The average size of the polymer particle produced with nano-silica support 
catalysts (~70 micron) was small compared to the PE powders produced with 
micro-silica (~350 micron).  

The molecular weight distribution of UHMWPE produced with Ziegler-Natta (Z-
N) catalysts on the support is high due to the multi-site nature of Z-N catalysts.[22,23] 
This UHMWPE also has a certain fraction of short chains which can easily diffuse 
across the boundary between the neighboring polymer particles due to its short 
reptation times.[24] It seems likely that the short chains play an important role in the 
elimination of the grain boundaries.[25] Controlling the fraction of short chains in 
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bimodal UHMWPE could therefore be a potential method to reduce or even 
completely eliminate grain boundaries in melt-processed UHMWPE. 

In this chapter, molecular catalysts are supported on three types of nano-silica. 
Monomodal and bimodal UHMWPEs were synthesized by using these supported 
catalysts. The compression-molded films of these PEs were investigated and 
compared to study the effect of particle size and modality on the sintering behavior 
of the UHMWPE powders. 

6.2 Experiment section 

Materials 

All the experiments with air- and/or moisture-sensitive materials were carried out 
under an inert atmosphere in a glovebox or using standard Schlenk techniques. 
Methyl cyclohexane (MCH) and toluene were passed over a column containing 
Al2O3 and stored over 4 Ǻ molecular sieves. Solvents were degassed by argon 
bubbling for at least 4 hours prior to use. (η1:η5-Me2NCH2CH2C5Me4)CrCl2 (Cr) 
was kindly donated by SABIC Euro Petrochemicals and (nBuCp)2ZrCl2 (Zr) was 
purchased from MCAT GmbH. Methylaluminoxane (MAO, 10 wt.-% solution in 
toluene) and triisobutyl aluminum (i-Bu3Al, 1 M in hexane) were purchased from 
Sigma-Aldrich. The micro-silica (MS, Sylopol 948, Grace Davison) and silica 
nanoparticles (NS, fumed powder, Sigma-Aldrich) were calcined at 600°C for 4 
hours under a nitrogen stream before use. The nano-silica suspension (NSS, 40 wt.-
% in toluene, see Figure 6.1) was donated by Nissan Chemicals and diluted to 10 
wt.-% before using. Ethylene (purity 4.5, Linde) and ultra-high purity nitrogen 
(Linde) were further purified by passing through columns packed with BTS 
catalyst (Sigma-Aldrich, copper catalyst for oxygen removal; BASF R3-15) and 
molecular sieves, respectively. 

 
Figure 6.1 Nano-silica suspension (40 wt.-% in toluene). 



Chapter 6 

- 102 - 
 

Preparation of silica-supported catalysts 

The monomodal UHMWPEs were produced with silica supported Cr catalysts. 
The bimodal UHMWPEs were produced with a Cr and Zr combined catalyst 
systems which were prepared using the single support (SS) strategy (see Chapter 
3). In the Cr and Zr combined system, the Zr was supported on the silica surface 
prior to Cr. The nano-silica suspension (NSS) supported catalyst is prepared as 
follows: 500 mg MAO solution (2 wt.-%, diluted with toluene) was slowly added 
to a vial containing 500 mg NSS (10 wt.-% in toluene) and a small magnetic bar. 
After stirring in a glovebox at room temperature for 4 hours, the suspension was 
exposed to the catalysts using the procedures described in Chapter 2 and 3. 

Ethylene polymerizations 

All of the ethylene polymerization experiments were performed in a 200 mL steel 
Büchi autoclave. The polymerizations were carried out at 50 °C and 10 bar. The 
autoclave was heated in an oven overnight at 160 °C before each experiment. After 
evacuation and purging with argon three times, the MCH (80 mL) was charged in 
the pre-heated autoclave. Then triisobutylaluminium (iBu3Al) (0.5 mmol in 10 mL 
MCH) was injected as cocatalyst, and the solvent was saturated with ethylene by 
pressurizing to 10 bar. After 20 min of stirring to allow the cocatalyst to scavenge 
the reactor, the autoclave was temporarily vented to purge the partial the reactor of 
argon and to allow the injection of the catalyst slurry. The autoclave was then re-
pressurized to 10 bar, and the pressure was maintained throughout the experiment. 
The temperature of the autoclave was controlled using a thermostatic bath. After 60 
minutes, the system was depressurized, and a mixture of ethanol and diluted 
hydrochloric acid was injected. The polymer was separated by filtration and dried 
overnight at 60 °C under vacuum. 

Polymer characterizations 

High temperature size exclusion chromatography (HT-SEC) of the PEs was 
performed at 160 °C using a Polymer Laboratories PLXT-20 Rapid SEC polymer 
analysis system (refractive index detector and viscosity detector) with 3 PLgel 
Olexis (300 × 7.5 mm, Polymer Laboratories) columns in series. A Polymer 
Laboratories PL XT-220 robotic sample handling system was used as auto-
sampler. 1,2,4-Trichlorobenzene was used as eluent at a flow rate of 1 mL·min−1. 
Polystyrene standards (Polymer Laboratories) were used to calibrate the machine 
and the molecular weights were calculated based on a known relationship to 
polyethylene standards from historical data. Polymer samples were dissolved in 
TCB at 160 °C for 3 h prior to the analysis. 
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Scanning electron microscopy  

The morphology of the micro-silica and the produced polymers were analyzed by 
scanning electron microscopy (SEM) on a Jeol JSM-5600. The specimens were 
fixed on a sample holder by means of adhesive carbon tape and sputtered with gold 
before the analysis. 

Transmission electron microscopy 

The nano-silica particles were analyzed by transmission electron microscopy 
(TEM) using a Tecnai 20 microscope, operating at 200 kV. The particles were 
dispersed in ethanol with a concentration of 0.01 wt.-%. A small drop (5 μL) of the 
resulting dispersion was placed on a 200 mesh copper grid with a carbon support 
layer. 

Bulk density 

Due to the limitation in the total mass of the produced UHMWPE powders, the 
bulk density (𝜌𝜌𝑏𝑏, [g/cm3]) was determined by gravimetric procedures. An excess of 
powder is allowed to flow through a funnel into a cylindrical glass vessel with a 
known mass and volume (𝑉𝑉0, [cm3]). The vessel has been occasionally agitated 
manually to ensure that the powders are well stacked. The excess powder is 
carefully scraped off from the top of the glass vessel with a blade. Weighing the 
total mass of the vessel and polymer powder is done to determine the mass of the 
powder (𝑀𝑀, [g]) and to calculate the bulk density using equation 1: 

𝜌𝜌𝑏𝑏 = 𝑀𝑀
𝑉𝑉0�                   (1) 

These procedures were performed at least three times for each sample to give a 
mean bulk density (𝜌𝜌𝑏𝑏). 

Compression molding 

Polymer powders were first compacted at room temperature at 50 bar to reduce the 
porosity and to ensure that the amount of material is sufficient for the compression 
molding. Subsequently, the compacted polymer sheets were compression-molded 
at 180 °C and 100 bars for 10 minutes, followed by quenching by water-cooling. 

Optical microscopy 

Optical micrographs were taken in phase contrast mode with a Zeiss LM Axioplan 
optical microscope equipped with a Zeiss Axiocam camera. Cross-section slices of 
10 μm were microtomed from compression-molded UHMWPE films with a cryo-
microtome (Reichert–Jung Ultracut E) at -120 °C with a glass knife. A few drops 
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of paraffin oil were coated on the surface of the microtomed slices and the slices 
were placed between two glass slides. 

Mechanical testing 

The tensile properties were performed according to ASTM D638 using a Zwick 
Z100 tensile tester. Polymeric plates were prepared with a thickness around 0.5 
mm by compression molding at 180 °C and 100 bar for 10 minutes, followed by 
quenching. Dumbbell-like specimens with gauge dimensions 1.2 × 0.2 cm2 (type 
V) were cut from the compression-molded sheets for tensile tests. These dumbbell-
like samples were tested at room temperature at a crosshead speed of 20 mm/min. 
The engineering tensile strength (𝜎𝜎𝐸𝐸) was calculated using equation 2: 

𝜎𝜎𝐸𝐸 = 𝐹𝐹
𝐴𝐴0

                                        (2) 

where the 𝐹𝐹 is the force in Newton and 𝐴𝐴0 is the cross-sectional area of the 
samples before testing. The engineering strain (𝜀𝜀𝐸𝐸) was calculated from equation 
(3): 

𝜀𝜀𝐸𝐸 = �𝐿𝐿𝑓𝑓−𝐿𝐿0�
𝐿𝐿0

                                        (3) 

where the 𝐿𝐿𝑓𝑓 is the final length of the specimen and 𝐿𝐿0 is the original length of the 
specimen. The true tensile strength was calculated from the cross-sectional area at 
break after the test with equation 4: 

𝜎𝜎𝑇𝑇 = 𝐹𝐹
𝐴𝐴𝑏𝑏

                                        (4) 

where 𝐴𝐴𝑏𝑏 is the cross-sectional area of the tensile specimen at break which was 
calculated with equation 5: 

𝐴𝐴𝑏𝑏 = 𝐴𝐴0∗𝐿𝐿0
𝐿𝐿𝑓𝑓

                                        (5). 

6.3 Results and discussion 

6.3.1 Synthesis and characterization of UHMWPEs 

In this study, three types of silica were used as catalyst support to tune the particle 
size and the morphology of UHMWPE powders. Micro-silica (MS) consist of 
spherical particles and the fumed silica nanoparticles (NS) consists of agglomerates 
of nanoparticles (Figures 6.2a and 6.2b, see also Chapter 2). The third silica is 
supplied as a nano-silica suspension (NSS) in toluene. A transmission electron 
micrograph of this silica is shown in Figure 6.2c. The NSS silica particles are less 
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aggregated than the fumed silica nanoparticle (NS), which indicates that these 
silica particles are well dispersed in toluene. 

 
Figure 6.2 Scanning electron micrograph of (a) micro-silica (MS) and transmission 

electron micrograph of (b) silica nanoparticles (NS) and (c) silica nanoparticles (NSS). 

The polymerizations with the silica-supported catalysts were performed at 50 °C 
and 10 bar ethylene pressure. Monomodal UHMWPEs are produced using 100% 
Cr catalyst. For the production of bimodal UHMWPE, a proper Zr/Cr ratio should 
be select to maintain a low short chain fraction and thus maintaining a relatively 
high molecular weight. As discussed in Chapter 3, there is an interaction existing 
between the combined catalysts (especially for SS strategy) which lead to a 
decrease of the activity of the Cr catalyst. Therefore, the combined catalyst system 
with 5% Zr catalyst and 95% Cr catalyst was used to produce bimodal UHMWPE. 
The results of the polymerizations are presented in Table 6.1. 

Table 6.1 Monomodal and bimodal UHMWPEs produced with silica-supported catalysts.a) 

Sample Silica 
Tatal Cat. 

loading (μmol) 
Cr/Zr 
ratio 

Yield 
(g) 

𝑀𝑀�𝑤𝑤 
(kg/mol) 

𝑀𝑀�𝑛𝑛 
(kg/mol) 

𝑀𝑀�𝑤𝑤/
𝑀𝑀�𝑛𝑛 

Bulk density 
(g/cm3) 

MPE1 
MS 

(20 mg) 
0.3 μmol 1/0 10.6 3145 990 3.2 0.41 ± 0.01 

MPE2 
NS 

(5 mg) 
0.1 μmol 1/0 8.2 3408 1330 2.6 0.22 ± 0.02 

MPE3 
NSS 

(5 mg) 
0.1 μmol 1/0 12.4 3492 1060 3.3 0.09 ± 0.02 

BPE1 
MS 

(30 mg) 
0.3 μmol 19/1 10.1 2489 249 10.0 0.38 ± 0.02 

BPE2 
NS 

(5 mg) 
0.1 μmol 19/1 7.7 2928 464 6.3 0.21 ± 0.01 

BPE3 
NSS 

(10 mg) 
0.2 μmol 19/1 11.7 2767 358 7.7 0.10 ± 0.03 

a) Conditions: Ethylene pressure = 10 bar, Temperature = 50 °C, Time = 1 hour, Cocatalyst 
= 0.5 mmol iBu3Al, Solvent = MCH 100 mL. 
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The PE samples were characterized by HT-SEC. As shown in Table 6.1, the 
molecular weight (Mw) of the monomodal samples (MPE1-3) all exceed 3000 
kg/mol and the molecular weight distribution (MWD) ranges between 2.5 and 3.3. 
In comparison to the monomodal samples, the Mw of the bimodal PEs (BPE1-3) is 
reduced by adding 5% Zr in the catalyst system. Of course, this is to be expected 
because low molecular weight polyethylene is made. For the nano-silica (NS) 
supported catalysts, the molecular weight of bimodal PEs produced by SS systems 
are all plotted in Figure 6.3 as a function of the Cr fraction. It illustrates that there 
is a reasonablely predictable relationship that can be used for tuning the Mw of a 
sample based on the catalyst input ratio. 

 
Figure 6.3 Molecular weight of bimodal PEs as a function of Cr fraction. The results of the 

black triangles are from Chapter 3 and the red triangle is BPE2 in this Chapter. 

 
Figure 6.4 Molecular weight distribution of (a) the monomodal UHMWPEs and (b) the 

bimodal UHMWPEs. 
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The HT-SEC curves of the monomodal and bimodal samples are presented in 
Figure 6.4. Sample BPE1 has a higher fraction of low molecular weight chains than 
the other two samples The reason is that both Zr and Cr catalysts have a different 
activity with different supports (see Chapter 2). Moreover, interactions between the 
Zr and Cr catalysts such as described in Chapter 3 also can have an influence on 
the molecular weight of the HMW and LMW part of the bimodal distribution and 
its fraction.[26]  

 
Figure 6.5 Scanning electron micrographs of UHMWPE powder. (a) and (b) MPE1, (c) 

and (d) MPE2, (e) and (f) MPE3. 
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The reactor powders were investigated with scanning electron microcopy (SEM). 
Figure 6.5 shows the SEM images of the monomodal samples (MPE1 to MPE3). 
The bimodal samples have similar surface morphology and particle size as the 
monomodal samples and therefore are not presented here. UHMWPE particles 
produced with micro silica (MS) have an average particle size between 300-400 
μm (Figure 6.5a). The polymer powder produced with the nano-silica (NS) were 
agglomerated and have an average particle size of 50-70 μm which is small 
compared to the previous case (Figure 6.5c). The nano-silica suspension (NSS), 
unexpectedly, produces a porous polymer powder. As shown in Figure 6.5f, the 
porous surface morphology looks very much like the morphology of PE produced 
without a support (homogeneous catalysis).[27] On the other hand, reactor fouling 
was not observed after the polymerization reaction which indicates that the NSS 
supported catalysts remained as a heterogeneous catalyst during polymerization. 

 
Figure 6.6 The bulk densities of the UHMWPE powders.  

The difference in size and morphology of the UHMWPE powders also leads to a 
reduction in bulk density (Figure 6.6). The powder produced with MS supported 
catalyst has a high bulk density (~0.4 g/cm3). However, the bulk densities of the 
samples produced by NS and NSS supported catalysts are low (0.2 and 0.1 g/cm3, 
respectively). This might be due to the agglomeration of polymer particles (see 
Figures 6.5c and 6.5d) and/or the porous structure of the powder (see Figures 6.5e 
and 6.5f). Therefore, a pre-compaction procedure was applied before compression 
molding to ensure that the amount of material is sufficient for the compression 
molding and to ensure that non-porous plates are obtained. 
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6.3.2 Compression-molded films and their tensile properties 

 
Figure 6.7 Optical micrographs of microtomed UHMWPE films prepared by compression 

molding. (a) MPE1, (b) BPE1, (c) MPE2, (d) BPE2, (e) MPE3 and (f) BPE3. The bold 
arrows represent the pressure applied to the film during the compression molding. 

To study the effect of particle size, porosity and modality on the fusion of 
UHMWPE, the cross-sections of the different compression-molded films were 
probed by optical microscopy. The optical microscopy images are shown in Figure 
6.7. Due to their large particle size, monomodal and bimodal UHMWPE (MPE1, 
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BPE1) produced with micro-silica (MS) exhibited clear grain boundaries and 
fusion defects (Figure 6.7a and b). In the monomodal and bimodal samples 
produced with NS supports (MPE2, BPE2), the grain boundaries are less 
pronounced (Figure 6.7c and d) in comparison to the previous case. A small 
difference is observed between MPE2 and BPE2 which is probably related to a 
small fraction of short chains in BPE2 (see Figure 6.4b). Interestingly, no grain 
boundaries are observed in the MPE3 and BPE3 films (Figure 6.7e and f). The 
results imply that the monomodal and bimodal UHMWPE plates produced with the 
NSS catalyst have a good fusion after the compression molding and that grain 
boundaries are absent. 

Assuming the average molecular weight of the short chain and long chain fraction 
in all the bimodal samples are 300 kg/mol and 3000 kg/mol. The reptation time 
(𝜏𝜏𝑑𝑑) at 180 °C are 1 s and 1166 s (see Chapter 4), respectively. The calculated 
gyration (𝑅𝑅𝑔𝑔) of short chain and long chain are 35 nm and 112 nm. In the film 
preparation, all UHMWPEs were compression-molded at 180 °C for 10 minutes. 
Theoretically, at this condition, the maximum diffusion distance of short chain and 
long chain are 42 μm and 115 nm, respectively. Although BPE1 comprise of short 
chain fraction, the grain boundaries are observed in the film (Figure 6.7b) due to its 
large particle size (~350 μm). The average particle size of BPE2 is similar as the 
MPE2 (50-70 μm), which is much smaller than BPE1. In this case, the short chain 
fraction plays an important role in the sintering and leads to a almost grain 
boundary free material after compression-molding of the BPE2 sample (Figure 
6.7d). As same as monomodal sample MPE3, the grain boundary in bimodal 
UHMWPE film of BPE3 is not observed due to its porous nature. These results 
illustrate that an efficient sintering of UHMWPE powder in compression molding 
results of a combination of factors such as powder size, modality and surface 
morphology. 

The compression-molded UHMWPE films were investigated with room 
temperature tensile tests and the engineering stress-strain curves of PE samples are 
presented in Figure 6.8. The properties of the samples were calculated based on 
these stress-strain curves and the results are shown in Figure 6.9. The monomodal 
samples (MPE1-MPE3) have a similar Young’s modulus (Figure 6.9a) because 
they have a similar Mw, MWDs. The Young’s modulus of bimodal samples 
(BPE1-BPE3) is slightly higher in comparison to the monomodal samples (MPE1-
MPE3). The yield strength (Figure 6.9b) of all samples is between 19 and 22 MPa 
and the bimodal samples have a sightly lower value than the monomodal samples. 
The engineering tensile strength of the monomodal samples increases in the order 
of MPE3 > MPE2 > MPE1 (Figure 6.9c) and this increase seems to correlate with a 
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decrease in grain boundaries (see Figures 6.7a, c, and e). In the case of the bimodal 
samples, the trends are far less obvious i.e. the tensile strength of BPE1 is 
comparatively low and BPE2 and BPE3 have a high tensile strength which is more 
or less identical to the monomodal sample (MPE2). 

 
Figure 6.8 Engineering stress-strain curves of the PE samples at room temperature. 

The reason for this is that the bimodal sample BPE2 exhibits a reduction of grain 
boundaries (Figure 6.7d) in comparison to MPE2. On the other hand, BPE2 has the 
highest molecular weight (Mw) of all bimodal samples which potentially increases 
the tensile strength. The elongation at break of the samples is shown in Figure 6.9d. 
Compared to the monomodal samples, the elongation at break of the bimodal 
samples BPE2 and BPE3 is high. However, bimodal sample BPE1 shows no 
increase in elongation at break. This reason is attributed to the fusion defects in the 
films of BPE1 (Figure 6.7b). 

At first sight, the results presented above seem confusing and/or seem to contradict 
each other. Probably, several phenomena are occurring simultaneously and it is 
attempted to establish a clearer picture in the paragraphs below. In monomodal and 
melt-crystallized PE samples without grain boundaries, the Young’s modulus and 
the yield strength decrease with an increasing weight average molecular weight[29] 
which is attributed to a decrease in crystallinity and crystal size. The monomodal 
samples MPE1, MPE2 and MPE3 have a similar crystallinity and crystal size and, 
consequently, it is hardly surprising that they have a close to identical Young’s 
modulus and yield strength. The strain hardening and the tensile strength of 
monodisperse melt-crystallized PEs without grain boundaries usually increases 
with increasing molecular weight which is attributed, for instance, to an increasing 
number of entanglements per chain.[30] The samples MPE1, MPE2 and MPE3 have 
a similar molecular weight and molecular weight distribution and therefore it is 
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hardly surprising that they exhibit only small differences in strain hardening and 
tensile strength. Apparently, the differences in particle size, particle size 
distribution and porosity between these samples are hardly relevant for the 
properties in tensile tests. On the other hand, large differences in, for instance, wear 
resistance can still be present. Unfortunately, insufficient sample quantities were 
available to test this hypothesis extensively. 

 
Figure 6.9 (a) Young’s modulus, (b) elongation at break, (c)yield strength and (d) 

engineering tensile strength for  monomodal UHMWPE (MPE1-MPE3) and bimodal 
UHMWPE (BPE1-BPE3). 

The bimodal samples BPE2 and BPE3 have quite a high (engineering) tensile 
strength and low strain hardening in comparison to all other samples. The 
engineering and true tensile strength of all samples was calculated based on 
equation 2 and 4 and the results are listed in table 6.2. Table 6.2 shows that the true 
tensile strength of samples BPE2 and BPE3 (~300 MPa) of these samples is high 
compared to the true tensile strength of the monomodal samples which could be a 
highly desirable feature. Apparently, the absence of fusion defects and grain 
boundaries in these samples changes the fracture mechanics of the polymer and it 
seems like fracture becomes dominated by molecular weight and molecular weight 
distribution. The bimodal sample BPE1 deviates quite strongly from the other 
bimodal PEs and from the monomodal PEs in both the engineering and true stress-
strain curves. For instance, both the engineering and true tensile strength of this 
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sample are (very) low. The bimodal, melt-crystallized sample BPE1 is produced 
from micro-silica and it has a large particle size. The grain boundaries are clearly 
visible in this sample which explains its low tensile strength and strain at break. 
The optical micrographs (Figure 6.7b) also show that the powders particles are 
deformed during compression molding which explains the high strain hardening in 
this sample. 

Table 6.2 Engineering and true tensile strength of samples at roomtemperature. 

Sample 
Engineering tensile 

strength (MPa) 
True tensile 

strength (MPa) 

MPE1 48.2 ± 3.6 188.9 ± 26.9 
MPE2 52.9 ± 5.0 204.5 ± 39.7 
MPE3 54.0 ± 2.4 246.0 ± 26.4 

BPE1 42.1 ± 1.5 161.4 ± 6.4 

BPE2 53.3 ± 2.5 288.5 ± 20.8 
BPE3 50.7 ± 1.9 290.2 ± 22.5 

As stated previously, the tensile test is not a good indication of wear resistance and 
for the usefulness of polymers in applications such as biomedical implants. 
Nevertheless, the absence of fusion defects and grain boundaries in some of the 
bimodal samples in combination with their high true tensile strength and high strain 
at break could improve wear resistance a lot. It is unfortunate that time and 
sufficient quantity of sample was lacking to verify this. 

6.4 Conclusions 

In this study, three type monomodal and bimodal UHMWPE powders were 
produced using different silica as catalyst support. The UHMWPEs were fully 
characterized and the grain boundaries in the compression-molded UHMWPE 
films were investigated by optical microscopy. In the monomodal samples, grain 
boundaries were clearly observed in films prepared by large sized UHMWPE 
powder (MPE1) The monomodal UHMWPE powders with a smaller size (MPE2) 
or a porous morphology (MPE3) have a lot less grain boundaries in the films. In 
the case of bimodal samples, the sample with a small size (BPE2) shows a 
reduction in the grain boundary than the corresponding monomodal sample 
(MPE2). However, fusion defects presented in the film compression molded using 
the bimodal sample (BPE1) with the largest size. In addition, in the tensile property 
of the films of monomodal sample, a tendency to increase in both engineering and 
true tensile strength was observed with the reduction of the grain boundaries. In 
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comparison to the monomodal samples, the true tensile strength of bimodal is 
higher. The reason for this is attributed to a transition from fusion defect dominated 
fracture to molecular weight dominated fracture. 

Overall, the results indicate that the particle size, surface morphology and modality 
of UHMWPE strongly influence the sintering and thus impact the performance of 
the products. Therefore, producing UHMWPE with controlled particles size or 
modality might be a potential method to improve the sintering of UHMWPE and 
thus promote the performance of the products. 
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Epilogue and Technology Assessment 

 

Ultra-high molecular weight polyethylene (UHMWPE) is used as a material for 
medical implants since the1960’s. The grain boundaries in UHMWPE products 
have a negative influence on the long-term performance of these implants. 
Previously, attempts to produce grain boundary free products have focused on 
optimizing processing parameters and the effect of the morphology of UHMWPE 
reactor powder on sintering was hardly explored. The development of the 
molecular catalyst and the understanding of the formation of polymer particles 
during polymerization made it possible to synthesize UHMWPEs with a 
predesigned particle size. This thesis mainly focuses on the influence of polymer 
particle size, molecular weight and the molecular weight distribution on the 
sintering of UHMW-PE. Moreover, the influence of heterogeneity in bimodal PE 
on the sintering of UHMWPE is also addressed. 

The investigations in Chapter 2 indicated that the polyethylene (PE) particle size 
can be tuned by the size of the support (silica particle). However, the 
agglomeration of nano-silica particles limited the possibilities to produce PE 
particles with sizes smaller than 50 microns. Therefore, more effort is required to 
develop a polymerization process which can produce PE particle with a particle 
size below 50 microns. Potentially, this issue can be overcome by using other 
support materials. For instance, Mitsui Chemicals produces UHMWPE powders 
under the tradename of MipelonTM with a particle size of 10 microns and narrow 
size distribution by using MgCl2 support Ziegler catalyst with a small particle 
size.[1] 

Combined molecular catalysts systems in a single reactor are often heralded as a 
cheap and easy route to produce bimodal PEs. In Chapter 3, attempts are made to 
tailor the molecular weight distribution of bimodal PE in a single reactor with a 
single support (SS: silica particles with both catalyst species) and a double support 
(DS: mixing silica particle with two catalyst species separately supported) strategy. 
The DS system was expected to prevent the interaction between the catalysts. 
However, it is found that the catalysts were still able to ‘communicate’ with each 
other which might be a result of catalyst leaching, local thermal environment or a 
combination of the two. The results demonstrated that it is a big challenge to 
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predictively tailor the molecular weight and molecular weight distribution in a 
single reactor by using a combined catalyst system. Bulk polymerization conditions 
such as temperature, monomer concentration, cocatalyst type and 
cocatalyst/catalyst ratio impact the performance of the individual molecular 
catalyst differently.  In addition, the local polymerization environment of catalyst 
sites on an individual particle can also influence the performance of catalyst and 
thus lead to challenges in the tailoring molecular weight distribution. In the DS 
system the catalyst interaction is reduced, which leads to a higher polymer yield 
than the SS system. In the case of the DS system, the tuning of the bimodal PEs 
with respect to the molecular weight only needs the appropriate ratio of two 
supported catalyst which is far more flexible compared to the SS system, where a 
separate individual catalyst is required to be synthesized for a specific bimodality. 
Therefore, the DS system is recommended from a synthetic point of view in the 
production of bimodal PEs in a single reactor. 

The heterogeneity of the produced bimodal PEs was investigated by rheology 
(Chapter 4). The results indicated that DS strategy cannot produce homogeneous 
bimodal PEs even if silica nanoparticles are used as the support. For the DS 
samples with a low UHMWPE fraction (< 20%), the heterogeneity can be removed 
with a straightforward extrusion/compounding procedure. DS samples with a 
higher UHMW-PE fraction cannot be extruded because of their high melt viscosity 
and the heterogeneity issue still remains in these samples. The difference in the 
heterogeneity of DS and SS bimodal PEs also strongly influences their thermal and 
mechanical properties (Chapter 5). The more homogeneous SS samples exhibit 
better mechanical properties especially with respect to tensile strength than DS 
sample with an identical weight average molecular weight. These results illustrate 
that a homogeneous mixing of long and short chains already on the individual 
polymer particle is critical for good mechanical properties of bimodal PEs. From 
this point of view, the SS strategy is recommended especially for producing 
bimodal PE with a high UHMWPE fraction. 

The results presented above indicate that DS systems are preferred from a synthetic 
viewpoint and that SS systems exhibit an enhanced performance with respect to 
properties. A compromise between chemistry and properties can be found, but, 
such a compromise is probably hard to accept in biomedical applications.  

A new route to produce bimodal UHMWPE in a single reactor was recently 
explored by Severn and Lafleur et al.[2] In this case, MgCl2 was used as a support 
and a single molecular catalyst was immobilized on its surface. The employed 
molecular catalyst is sensitive to polymerization conditions such as temperature 
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and thus can produce monomodal and bimodal PE with a molecular weight ranging 
from a few hundred thousand to millions. The molecular weight and content of the 
LMW and HMW fractions of the bimodal distribution were controlled by the 
polymerization conditions. Since the short and long chains are grown in (or on) the 
same polymer particle, the heterogeneity issue is expected to be significantly 
improved in this case. Moreover, there is only one catalyst used in this process thus 
there is no catalysts interaction in this system which is expected to yield an 
improved balance between chemistry, processing and properties. 

In theory, smaller polymer particles with a size of approximately ~2 microns can 
be produced if the agglomeration of silica nanoparticles is reduced or completely 
avoided. In this thesis, polymerizations are also conducted using nano-silica 
suspensions in which the nano-silica particles are well-dispersed in toluene. 
Unexpectedly, highly porous polymer powders with very low bulk density (~0.2 
g/cm3) and a particle size of ~50 microns were obtained (Chapter 6). This result 
indicates that small silica particle size in combination with an improved dispersion 
does not automatically help to produce spherical PE particles with a small size. 
Monomodal and bimodal UHMWPE powders were compression molded at 
identical conditions and the films were investigated by optical microscopy and 
tensile test. The results show that it is feasible to reduce fusion defects in 
UHMWPE and to enhance mechanical properties like engineering and true tensile 
strength.  

The fundamental studies presented in this thesis cover a broad range of aspects 
from material synthesis to properties. Although some work still remains to be done, 
the presented results give directions for future research, which is potentially 
important to develop new high-performance UHMWPE based products. 

  



- 120 - 
 

References 
[1] K. Yasuda, T. Matsumoto, K. Mizumoto, US Patent 2010/0196711 A1, 2010. 
[2] S. Lafleur, J. Severn et al., unpublished results. 
 



- 121 - 
 

Samenvatting 
 

Ultrahoog moleculair gewicht polyethyleen (UHMPE) heeft uitstekende 
eigenschappen wat betreft de hoge slijtvastheid, hoge slagvastheid en de lage 
wrijvingscoëfficiënt. Deze eigenschappen maken UHMPE uitermate geschikt voor 
hoogwaardige toepassingen in bijvoorbeeld dynamische machineonderdelen, 
lagers, en kunstgewrichten. UHMPE heeft een extreem hoge smeltviscositeit en 
daarom worden deze polymeren verwerkt door middel van ram extrusie of persen 
van polymere poeders uit de reactor. Een groot nadeel van dit proces is dat er vaak 
gebreken zoals korrelgrenzen ontstaan als gevolg van incomplete samensmelting 
van poederdeeltjes. 

Voorafgaande studies hebben aangetoond dat de grootte van de UHMPE deeltjes 
van invloed kan zijn op de compactie efficiëntie tijdens ram extrusie en persen. 
Daarnaast wordt verondersteld dat laag moleculair polyethyleen ervoor zorgt dat de 
hoeveelheid korrelgrenzen afneemt of korrelgrenzen zelfs verdwijnen. In dit 
proefschrift werd de grootte en/of modaliteit van de UHMPE deeltjes in de 
synthese van de polymeren gevarieerd en de effecten hiervan op de verwerking en 
eigenschappen van de polymeren werden onderzocht. 

In Hoofdstuk 2 werden moleculaire pre-katalysatoren met de mogelijkheid om 
hoog en laag moleculair gewicht polymeren te produceren aangebracht op micro-
silica deeltjes en nano-silica deeltjes. Deze katalysatoren werden vervolgens 
gebruikt om de polymerisatie van polyethyleen (PE) te optimaliseren. Een unieke 
eigenschap van heterogene olefine katalysatoren is dat de grootte van het 
geproduceerde polymere deeltje sterk afhangt van de grootte van het 
oorspronkelijke katalysator deeltje en de productiviteit van de katalysator. De pre-
katalysatoren die aangebracht werden op micro-silica deeltjes produceerden PE 
deeltjes met een gemiddelde grootte van 350 μm en de pre-katalysatoren op nano 
silica deeltjes bezitten een gemiddelde grootte van 50 tot 70 μm. De gemiddelde 
grootte van de micro- en nano-silica gedragen polymere deeltjes wordt 
gedomineerd door de agglomeratie van de primaire silica deeltjes (of de polymere 
deeltjes). 

Er werd getracht om bimodaal PE te produceren in één reactor door gebruik te 
maken van gecombineerde katalytisch systemen. In Hoofdstuk 3 werd de pre-
katalysator aangebracht op silica nanodeeltjes via twee katalytische systemen voor 
controle over het molgewicht en de molgewichtsverdeling. In het eerste systeem 
werden beide katalysatoren aangebracht op hetzelfde silica deeltje aangebracht 
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(SS). In het andere katalytische systeem werden silica deeltjes gemengd waarop 
een van de twee katalysatoren was aangebracht (DS). Door gebruik te maken van 
deze twee katalytische systemen werden twee series bimodale PE gesynthetiseerd. 
In beide systemen werd er een interactie tussen de moleculaire katalysatoren 
waargenomen. De resultaten laten zien dat het problematisch is om 
molgewichtsverdelingen op maat te maken in een enkele reactor door middel van 
deze gecombineerde katalytische systemen.  

De reologische eigenschappen van de twee series bimodale PEs afkomstig van de 
twee verschillende katalytische systemen (SS en DS) werden onderzocht in 
Hoofdstuk 4. Dynamische metingen laten zien dat de SS monsters een hogere 
homogeniteit hebben dan de DS monsters. Dit heeft geleid tot deeltjes met een 
hogere complexe viscositeit en een hogere opslag modulus bij lage frequenties 
wanneer gebruik gemaakt wordt van het SS katalytisch systeem. De nulviscositeit 
(η0) van beide series werd bepaald door middel van de stationaire-afschuifstroom 
methode. Uit de resultaten blijkt dat de SS monsters de relatie η0 = KMw

α met 
α = 3.19 volgen. Voor de DS monsters werd een significante afwijking op deze 
relatie geobserveerd, dit is vooral zichtbaar voor molgewichten rond de 1000 
kg/mol. De reologische eigenschappen tonen aan dat voor de deeltjes geproduceerd 
via de SS methode, de hoog en laag molgewicht polymeren homogeen gemengd 
zijn. Daarentegen, de PE deeltjes geproduceerd via de DS methode vertonen een 
heterogene verdeling van hoog en laag molgewicht PE in de smeltfase. 

In Hoofdstuk 5 werden de thermische en mechanische eigenschappen van de 
bimodale monsters onderzocht met behulp van DSC en trekproeven. Hierbij werd 
vooral onderzoek gedaan naar de invloed van de twee verschillende katalytische 
systemen. De DSC resultaten tonen aan dat de DS monsters een bimodaal 
smelttraject vertonen in de eerste opwarmcurve. De SS monsters daarentegen 
vertonen een enkel en breed smelttraject in de eerste verwarmingscurve. In beide 
gevallen is er een enkel smelttraject in het tweede opwarmcurve. Andere 
opvallende verschillen tussen de verschillende katalytische systemen waren de 
kristallisatie snelheid en mechanische eigenschappen. Door de hogere homogeniteit 
van de SS monsters werd een hoge kristallisatie snelheid bewerkstelligt ten 
opzichte van de DS monsters. Ook zorgt de betere menging van de hoog en laag 
fracties van de polymeren in de SS systemen voor betere eigenschappen met 
betrekking tot de elasticiteitsmodulus, rek bij breuk en treksterkte. 

In Hoofdstuk 6 werden twee series monomodale en bimodale UHMPE deeltjes 
geproduceerd, waarbij gebruik gemaakt werd van micro silica (MS), nano-silica 
(NS) en een nano-silica suspensie (NSS). De korrelgrenzen van de geconsolideerde 
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materialen werden geanalyseerd met behulp van optische microscopie. Het blijkt 
dat zowel de deeltjesgrootte als de bimodale moleculaire gewichtsverdeling een 
effect hebben op korrelgrenzen in de UHMPE. De hoeveelheid korrelgrenzen in de 
geperste UHMPEs nemen af naar mate de deeltjesgrootte kleiner wordt of naar 
mate de hoeveelheid laag molgewicht PE toeneemt in het polymeer. De afname 
van korrelgrenzen in de UHMPE materialen resulteert in een toename in 
mechanische eigenschappen. Uit trekproeven blijkt dat vooral de treksterkte van de 
materialen significant wordt verbeterd. 

Ten slotte worden de algemene conclusies samengevat en verdere technologische 
mogelijkheden beschreven. 
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Glossary 
Abbreviations and symbols 

 
[C2=]   ethylene concentration 
𝐴𝐴0   cross-sectional area of the tensile specimen at the break  
𝐴𝐴𝑏𝑏 cross-sectional area of the tensile specimen before tensile 

testing 
BHJ   Barrett-Joyner-Halenda theory 
Cr   (η1:η5-Me2NCH2CH2C5Me4)CrCl2 
DS   double support system 
DSC   differential scanning calorimetry 
F-DSC   flash differential scanning calorimetry 
𝐺𝐺′   storage moduli 
𝐺𝐺′′   loss moduli 
HDPE   high density polyethylene 
Hf   (nBuCp)2HfCl2 
HMDS   hexamethyldisilazine  
HMW   high molecular weight 
HT-SEC  high-temperature size exclusion chromatography 
ICP-AES  inductively coupled plasma-atomic emission spectroscopy  
LDPE   low density polyethylene 
LMW   low molecular weight 
MAO   methylaluminoxane 
MAO/MS  methylaluminoxane modified micro-silica 
MAO/NS  methylaluminoxane modified nano-silica 
𝑀𝑀𝑐𝑐   critical entanglement molecular weight of polyethylene 
MCH   methyl cyclohexane  
𝑀𝑀𝑒𝑒   average molecular weight between entanglements 
MS   micro-silica 
Mw   molecular weight 
MWD   molecular weight distribution 
NS   nano-silica 
NSS   nano-silica suspension 
PE   polyethylene 
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SEM   scanning electron microscopy  
SS   single support system 
TCB   1,2,4-Trichlorobenzene  
Ti   [2-(tBu)-C6H3O(CHNC6F5)]2TiCl2  
𝑀𝑀�𝑛𝑛    number average molecular weight 
𝑀𝑀�𝑤𝑤    weight average molecular weight 
𝑀𝑀�𝑤𝑤/𝑀𝑀�𝑛𝑛   molecular weight distribution 
UHMwPE  ultra-high molecular weight polyethylene 
VLDPE   very low density polyethylene 
Z-N   Ziegler-Natta catalyst 
Zr   (nBuCp)2ZrCl2 

𝜀𝜀𝐸𝐸   engineering strain 
η∗   complex viscosity 
𝜂𝜂0   zero-shear rate viscosity 
𝛿𝛿   phase angle 
�̇�𝛾   shear rate 
𝜏𝜏𝑑𝑑   reptation time 
Z   number of entanglements per chain 
𝜏𝜏𝑒𝑒   entanglements equilibration time 
𝑅𝑅𝑔𝑔   radius of gyration 
N   number of monomers in the polymer chain 
b   monomer segment length 

M   monomer concentration 
𝐾𝐾𝑝𝑝   polymerization reaction rate constant 
𝐿𝐿0   original length of the specimen before tensile test 
𝐿𝐿𝑓𝑓   final length of the specimen tensile test 
𝑅𝑅𝑝𝑝    polymerization reaction rate 
Al/Met.   aluminum/catalyst metal ratio 
∆𝐻𝐻   melt enthalphy 
∆𝐻𝐻0   enthalpy of 100% crystalline PE 
𝜒𝜒𝑐𝑐   crystallinity 
𝑇𝑇𝑚𝑚   melting temperature / peak melting temperature. 
ρb   bulk density of PE powder 
𝜎𝜎𝐸𝐸    engineering tensile strengh 
𝜎𝜎𝑇𝑇   true tensile strength 
WAXD   wide-angle x-ray diffraction 
ω   angular frequency 
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