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Summary 
 

Oriented and chain-extended polyethylene fibers have been produced in the past decades 

with a high Young’s modulus and tensile strength. The invention of gel spinning was a 

breakthrough in the seventies, enabling a very high drawability in ultra high molecular 

weight polyethylene (UHMW PE). Since then, various routes have been investigated to 

improve the mechanical properties and/or decrease the large amounts of solvent used in the 

production process. New investigated methods to sustain a high drawability and decrease 

the amount of solvent in the process are for instance the processing of virgin powders in the 

solid state and the use of poor solvents like stearic acid or lauric acid (Chapter 1). The 

mechanical properties of the fiber are highly dependent on the processing conditions, the 

drawing conditions and also on the number and weight average molecular weights (Mn and 

Mw) of the UHMW PE. In this thesis, a new route to improve draw resonance, fiber pull 

out, polyethylene throughput and the mechanical properties of the fibers was explored using 

bimodal UHMW PE, and their structure-property relationships were investigated.  

Many methods exist to synthesize bimodal UHMW PE on a single catalyst particle, but 

they lack control over the molecular weight distribution, and the homogeneity of the 

molecular weights within a single particle is rather poor. In Chapter 2, a new method was 

presented enabling an easy control of the molecular weight, the masses ratio and the 

polymer particle size. A single molecular catalyst system supported on MgCl2 was 

developed and combined with a simple two-step polymerization process. Bimodal UHMW 

PE were successfully obtained by varying and controlling the polymerization conditions 

(ethylene pressure and temperature) in the 1
st
 and the 2

nd
 polymerization step. For instance, 

bimodal UHMW PE with a weight average molecular weight of 5.10
5
 and 8.10

6
 g/mol of 

the separate fractions were easily produced in which each fraction had a polydispersity of 

approximately 2.5. 

In Chapter 3, bimodal UHMW PE produced on a single catalyst particle versus physical 

blends were investigated with an emphasis on draw resonance and fiber pull out instabilities 

during the drawdown step. The bimodal UHMW PE didn’t show draw resonance or pull out 

in the spinning at a low drawdown and this in contrast to a narrow monomodal 

polyethylene. On the other hand, a monomodal UHMW PE with a high polydispersity (5-7) 

probably also do not show spinning instabilities at a drawdown of 2. The drawability and 

the mechanical properties of the fibers were evaluated. There was no major difference in 

the maximum mechanical properties of the bimodal UHMW PE fibers and the drawn fibers 

possessed a maximum tensile strength of 3 GPa and a maximum Young’s modulus of 130 

GPa. It is concluded that intimate mixing of the different molecular weight fractions is 

achieved and that the particles history is erased during the solution preparation.  

In Chapter 4, semi-empirical structure-property relationships were derived for solution-cast 

bimodal UHMW PE. These structure-property relationships are compared to experimental 

results of melt-crystallized and solution-cast films containing UHMW PE and low 

molecular weight, linear waxes. In contrast to Chapter 3, a wax is used in combination with 

the UHMW PE in order to study bimodal UHMW PE with a very low Mn and test whether 

its relationship to the tensile strength still holds. A good correlation between the model and 
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the experimental data exist and it is shown that the Young’s modulus at an identical draw 

ratio is independent of the molecular weight of the polymer. Rather surprisingly, the tensile 

strength at the same Young’s modulus remains identical despite the addition of 30 wt% of 

polyethylene wax with a very low molecular weight (Mw=3300 g/mol). The latter 

observation indicates that the tensile strength of bimodal wax/UHMW PE blends does not 

scale with Mn and this in contrast to monomodal UHMW PE. 

In Chapter 5, the volatile solvent (decalin) is partially replaced by a non-volatile solvent 

(wax) in gel spinning experiments and bimodal polyethylene wax/UHMW PE fibers are 

drawn in a single step in a temperature gradient. The structure of the partly drawn bimodal 

UHMW PE fibers is studied with WAXS, SAXS and DSC, and it is found that the 

polyethylene wax is oriented along the fiber direction and is located between UHMW PE 

fibrils and/or in the interfibrillar voids. At an identical draw ratio, drawn fibers containing 

polyethylene wax display a lower Young’s modulus which is attributed to a too high 

drawing temperature. By decreasing the drawdown, the draw ratio can be increased which 

in combination with a lower drawing temperature enables the drawing of partly-drawn 

bimodal UHMW PE fibers to pre-set targets. The Young’s modulus, tensile strength and 

strain at break of the bimodal UHMW PE is identical to the fibers without wax. In other 

words, drawing should be performed in the solid state of both UHMW PE and wax to 

effectively orient both polyethylene fractions and obtain the same mechanical properties as 

a pure partly-drawn UHMW PE fiber. 

In Chapter 6, the above described partly-drawn fibers (Chapter 5) are fully drawn in a 

second drawing step. By partially replacing decalin with wax, the PE throughput can be 

increased with a factor 1.4 without a sacrifice in mechanical properties of the fibers. For 

wax contents up to 30 wt%, the maximum Young’s modulus of the bimodal UHMW PE 

fibers fit the expectations of the model proposed in Chapter 4 based on the structure-

property of melt-crystallized bimodal UHMW PE. The maximum tensile strength of the 

bimodal UHMW PE fibers is high in comparison to the theoretical values based on the 

number average molecular weight and the weight average molecular weight. The maximum 

tensile strength of the bimodal UHMW PE fibers match the expectations of the rule of 

mixtures for mole fraction. In terms of fracture mechanism, at the same Young’s modulus 

this indicates that the maximum tensile strength of the bimodal UHMW PE fibers is mainly 

dependent on the maximum tensile strength of the UHMW PE fraction and its fracture 

mechanism. 

Chapter 7 describes two new methods to photo-pattern oriented polyethylene (PE) 

containing UV absorbers. In the first method, ultra-drawn linear polyethylene is used 

containing 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) as photothermal dye and 

direct laser writing is performed with a pulsed UV laser. It is shown that local melting of 

the top layer of the drawn tapes occurs which results in a transition from a highly 

anisotropic state to an isotropic state giving overt and covert authentication verification 

optical patterns. In the second method 1,3-dihydro-1,3,3-trimethyl-6-nitrospiro[2H-1-

benzopyran-2,2-(2H)-indole] (SP) as photochromic dye is incorporated in the drawn PE 

tape which isomerizes to its merocyanine state upon UV light irradiation, resulting in a 

reversible color change from transparent to purple. The combination of the use of a mask 
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and the reversibility of the isomerization results in colored patterns written, erased and re-

written using heat and LED light. 

 

In the final chapter (technology assessment), the advantages and disadvantages of the gel 

casting and the gel spinning processes are discussed. Furthermore, some changes in the 

experiment methods are suggested from past work and additional directions are presented 

for future work. 

 







  Chapter 1

 

 

Introduction 
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1.1 Introduction 
 

Oriented and chain-extended ultra high molecular weight polyethylene (UHMW PE) fibers 

and tapes have attracted considerable interest due to their high specific mechanical 

properties. Among various materials known for their high performance properties such as 

carbon fiber, aramid fiber or steel, UHMW PE can reach a very high specific tensile 

strength and Young’s modulus depending on the processing route (Figure 1.1).  
 

 
Figure 1.1. Specific tensile strength (σt/ρ) versus specific Young's modulus (E/ρ), ρ is the material 

density (g/cm3).  

UHMW PE fibers cannot be processed in the melt due to their high melt viscosity. In the 

late 70’s the solution (gel) spinning process was invented at DSM-research, a schematic 

representation is given in Figure 1.2.
 [1–5]

 Semi-dilute solutions of polyethylene (PE) with a 

weight average molecular weight of at least 4.10
5
 g/mol but preferably above 8.10

5
 g/mol 

are spun through a spinneret.
 [3]

 A drawdown (pre-stretching in solution) is applied on the 

fiber in an air gap, and then the fiber is quenched to a semi-crystalline state (gel) by cooling 

down in a water bath. The gel fibers are then drawn in the solid state in an oven at a 

drawing temperature below its melting temperature. High draw ratios can be obtained even 

after complete removal of the solvent prior to the drawing. The high molecular weight and 

draw ratio lead to high mechanical properties, as will be further explained in section 1.4.  

UHMW PE tapes are also produced by compacting specially made nascent PE reactor 

powder into a sheet below their melting temperature to maintain their low entanglement 

density. The sheet is rolled and ultra-drawn until it reaches a thickness between 50 and 60 

μm.
 [6–8]
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Figure 1.2. Gel spinning process of UHMW PE fibers.  

1.2 Gel spinning process  
 

Gel spinning of UHMW PE fibers at high spinning speeds brings challenges. Different 

instabilities can occur during the spinning process originating from the extensional flow 

with free surfaces being sensitive to flow disturbances. These instabilities produce 

inhomogeneous fibers with irregular diameter, which can cause line breaks and have low 

mechanical properties. In the gel spinning process, a semi-dilute solution is spun through a 

spinneret die. Then the extrudate is cooled down in a water bath and is taken up 

downstream at higher velocity than the extrusion velocity. The difference in velocities, the 

so-called drawdown, induces an orientation of the chains along the fiber axis. Above a 

critical drawdown, fluctuations in the fiber diameter can occur. Fiber pull out is a flow 

instability where the detachment point of the polymer solution is not at the edge of the die 

anymore, but inside the die, as drawn in Figure 1.3.
 [9,10]

 Sridhar et al. determined that pull 

out takes place at critical values of extensional viscosity, dependent on the molecular 

weight and the solution rheology.
 [11]

 Bulters et al. investigated the detachment point and its 

dependence on the solution properties and processing conditions.
 [12]

 They came to the 

conclusion that the detachment point is determined by the balance between the spinning 

tension (determined by the elongational viscosity, drawdown and the strain rate) and the 

first normal stress difference which is dependent on shear rate and die geometry. 

 
Figure 1.3. Pull out (detachment from the capillary wall) of a filament (right) when the pulling force 

F1 is above a specific force F0. 
[9] Reprinted with permission from ref 9 © Elsevier B.V. 2012. 
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1.3 Solid state drawing 
 

Solid state drawing of linear polyethylenes, below the melting temperature, leads to a high 

degree of orientation and chain extension in the drawing direction.
 [2,13–15]

  

1.3.1 Bueche parameter 

Ward et al. investigated the influence of various parameters on the drawability of linear, 

melt-crystallized PE in the solid state.
 [13,16,17]

 The maximum attainable draw ratio (λmax) 

was shown to decrease with an increasing Mw such as 𝜆𝑚𝑎𝑥 ∝ 𝑀𝑤
−0.5.

[18]
 The 

intermolecular interactions such as entanglements and tie molecules are frozen during the 

crystallization and restrict λmax.
[13,16,17]

 The drawing temperature should be optimized to 

reach the maximum attainable draw ratio.
[13–15,19]

 The optimum temperature range is 

dependent on the Mw of the linear polyethylene, and usually higher Mw results in a higher 

drawing temperature.  

Bastiaansen et al. showed that in the case of linear, solution-cast PE the maximum draw 

ratio scales with the Bueche parameter (φMw) to the power -0.5 with φ the concentration 

of PE in solution as 𝜆𝑚𝑎𝑥 ∝ (𝜑𝑀𝑤)−0.5 (Figure 1.4).
 [18,20]

  

 
Figure 1.4. Maximum achievable draw ratio (λmax) of melt-crystallized and solution-cast 

polyethylenes as a function of the Bueche parameter (φMw).[18] Reprinted with permission from ref 

18 © John Wiley & Sons, Inc 1990. 

This relation shows the need to use systems with a low number of entanglements per chain 

to obtain high drawability. λmax is also limited by a critical concentration (φ*) in solution 
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below which entanglements are completely removed and brittle gels are obtained. This 

critical concentration is molecular weight dependent and increases with increasing 

molecular weight.
 [20]

  

1.3.2 Solvent  

Various types of solvents were proposed in the past, which can be used in the gel spinning 

process of UHMW PE. Paraffin oil is the most commonly used solvent and requires an 

extraction step. 
[21]

 Volatile solvents like decalin can also be used. Being volatile, it can be 

evaporated, collected in the oven and recycled. 
[22]

  

The nature of the solvent plays a significant role on the maximum attainable draw ratio 

(λmax). Schaller et al. compared the drawability of fibers processed with various solvents 

such as fatty acids, natural oils, decalin and paraffin oil (Figure 1.5).
 [23]

 Their idea was 

based on decreasing the radius of gyration of the coiled macromolecule in solution by 

decreasing the solvent quality. The spatial arrangement of flexible macromolecule being 

strongly influenced by its surrounding. Relatively poor - as opposed to good- solvents were 

found to enhance the drawability of the fibers at the same polymer concentration in 

solution. Tervoort et al. attributes the enhanced drawability to the shift of the power-law 

coefficient from 0.5 to 0.7 in the equation 𝜆𝑚𝑎𝑥 =
𝜆𝑚𝑎𝑥

𝑚𝑒𝑙𝑡

𝜑0.5  but also to the replacement of the 

constant factor 𝜆𝑚𝑎𝑥
𝑚𝑒𝑙𝑡  by a solvent-dependent maximum draw ratio 𝜆𝑚𝑎𝑥

𝑠𝑜𝑙𝑣𝑒𝑛𝑡.
[20,23,24]

 The 

change in power law coefficient is justified by the use of Me ∝ φ-1.3
 determined by Colby et 

al.,
 [25]

 instead of the commonly used Me∝ φ-1
.
 [26]

 When it is replaced in the equation λmax 

∝ √𝑀𝑒 , it results in λmax ∝ φ-0.65
,
 
which is

 
close to the experimental observations of 

Schaller et al. The reason given to explain the change of constant from 𝜆𝑚𝑎𝑥
𝑚𝑒𝑙𝑡  to 𝜆𝑚𝑎𝑥

𝑠𝑜𝑙𝑣𝑒𝑛𝑡  is 

an additional degree of disentanglement induced by the crystallization process. At the same 

crystallization rate, the undercooling necessary to initiate crystallization of UHMW PE is 

lower in poor solvents compared to good solvents. At low undercooling, crystallization 

through “reeling-in”, which promotes disentangling and higher drawability, is found to 

occur more prominently.
 [20,27]

 Therefore, drawability would be enhanced by the use of poor 

solvents in comparison to good solvents.  
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Figure 1.5. Maximum draw ratio with corresponding tensile strength and Young's modulus of 

UHMW PE gel filaments processed from different solvents as a function of polymer volume fraction 

(black ●) neat UHMW PE; (green △) peanut oil; (green ◆) olive oil; (blue ▲) decalin; (green ◇) 

peanut oil−stearic acid (1:1 w/w); (green ●) stearic acid; (green ○) lauric acid.[23] Reprinted with 

permission from ref 23 © ACS 2015. 

Even with the use of more environmental friendly solvents, as described above, gel 

spinning would require the use of large amounts of solvents for the solution preparation and 

the extraction step of non-volatile solvent. It is costly and maybe unfavorable in terms of 

sustainability. 

Since 1985, solvent free routes were investigated based on the use of virgin UHMW PE. 

Chanzy et al. found that a low polymerization temperature favors a faster crystallization of 

the growing polymer, thus reducing the chance for the formation of entanglements.
 [28]

 The 

authors compared the drawability of nascent UHMW PE synthesized at different 

temperatures using a vanadium catalyst supported on a glass slide. The nascent powder 

samples were compacted and the resulting sheets were drawn at 90 °C. They found that 

samples synthesized at a low temperature show an increased drawability and they attributed 

this to the reduced number of entanglements. This study proved that directly synthesized 

disentangled UHMW PE can be compressed and processed below the melting temperature 

of the polymer to obtain fibers and tapes with very high draw ratio, high modulus and high 

strength without the use of any solvent. However, the polymerization temperatures used 
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(well below 0°C) to achieve the disentangled state were rather unpractical to pursue the 

process further. 

More recently, Rastogi et al. used single-site catalysts, and demonstrated that it is possible 

to obtain virgin nascent disentangled ultra-high molecular weight polyethylene even at 

polymerization temperatures above 0°C.
 [29–33]

 The main concept is that, when using a 

single-site catalyst instead of a heterogeneous one, it is possible to control the proximity of 

the active sites and their rate of reaction by changing the reaction conditions (catalyst 

concentration, monomer pressure, polymerization time/temperature, amount of solvent). 

The polymerization temperature also plays an important role in determining the rate of 

crystallization and thus the amount of entanglements in the amorphous components. By 

tailoring the physical reaction conditions of polymerization, it is then possible to obtain 

disentangled UHMW PE, with the added characteristic of having better defined molecular 

weight and molecular weight distribution. The group has been able to achieve mechanical 

performances reaching a Young’s modulus of 200 GPa and a tensile strength of 4 GPa for 

UHMW PE tapes. 

Despite the demonstrated potential to form polymers with high drawability, this concept is 

not without considerable challenges from an industrial point of view. The use of a living 

homogeneous catalyst system that requires methylaluminoxane (MAO), is economically 

and environmentally challenging given such things as the amount of polymerization diluent 

required, reactor fouling and catalyst cost. As a result, the commercial solid state processes 

rely on low entangled or solid state processable UHMW PE from Ziegler catalysts. In this 

particular case, the properties with respect to tensile strength are moderate. 

1.3.3 Structural changes in the drawing process of gel spun fibers 

The morphological structure of the fibers at the start of the drawing process is usually 

called a “shish-kebab”.
 [34,35]

 The shish represents the extended chain crystals while the 

“kebab” consists of folded chain crystals. Shish kebab structures are generally observed as 

a consequence of flow-induced crystallization in melt- or gel-spun polymer systems but 

was first found in stirred dilute UHMW PE in the sixties.
 [35–37]

 The spinning step is 

responsible for the formation of the shish kebab structure in the case of gel spinning. 

Several models were proposed by researchers to explain the formation of this peculiar 

structure.
 [38–42]

 One of the latest scenarios for the shish kebab formation was discussed by 

Murase et al. who not only studied the crystallization phase during the solution spinning 

but also the earlier liquid-liquid separation phase resulting from the difference in mobility 

between the solute polymer and the solvent.
 [42]

 The study results in a description of the 

evolution of the structure along the spinning line in various stages from the entangled coils 

to the well-formed shish kebabs swollen in the solvent (Figure 1.6). During the early stage, 

the flow induced phase separation leads to string-like structure. The flow induced 

crystallization generates bundles of stretched chains followed by nucleation-growth of 

shishs and epitaxial crystallization of kebab lamellae. 

 



-8- 

 

 
Figure 1.6. Summary of the different structures taken by the polymer in solvent along the spinning 

line.[42] Reprinted with permission from ref 42 © American Chemical Society 2011. 

Upon solid state drawing, the shish diameter stays constant while that of the kebab 

decreases.
 [34,43]

 This suggests the chains in the kebab are gradually incorporated in the 

shishs by chain slip (Figure 1.7).
 [43,44]

  



-9- 

 

 
Figure 1.7. TEM micrographs showing the transformation from the shish-kebab structure to the 

micro-fibril structure upon drawing (a: λ=4, b: λ=6 and c: λ=9), the red color is added for visibility.[34] 

Reprinted with permission from ref 34 © Springer Japan 2016. 

1.3.4 Non isothermal drawing 

Multi-step drawing in an increasing temperature gradient enables one to reach a higher 

maximum draw ratio. The drawing temperature increase follows the increase of the melting 

temperature of UHMW PE as it gets oriented and chain-extended.
 [18,45–47]

 Yeh et al. 

showed that the maximum draw ratio is significantly dependent on the draw ratio of the 

first drawing step (λ1) and the drawing temperature of the second step (Td2). The optimum 

Td2 was found to increase with the λ1 applied. Sawai et al. showed that the optimum second 

drawing temperature and the maximum attainable total draw ratio (λt=λ1×λ2) increases with 

Mw.
[45]

 

1.4 Mechanical properties 
 

Polyethylene has the simplest molecular structure of all commercial polymers. 

Nevertheless, the polymer can achieve very high mechanical properties as a result of very 

high molecular weight combined with highly oriented and chain-extended chains. The high 

theoretical modulus and strength of polyethylene originates from its planar zig-zag 

conformation, the absence of side groups and the dense packing in the orthorhombic unit 

cell. 

1.4.1 Creep behavior 

The poor long term mechanical properties were found to originate from the weak 

interactions between the chains, which is the characteristic promoting drawability.
 [48,49]

 

Therefore, high drawability often leads to high creep. In the case of gel-spun UHMW PE 

fibers, Govaert et al. showed two main components of the creep: 1) a reversible elastic 

component, observed at short loading times, low stresses or temperatures; and 2) an 

irreversible plastic component, observed at longer loading times, high stresses or 

temperatures.
[50]

 Researchers investigated various methods to reduce creep of oriented PE 
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fibers and two main routes emerged. The first route consists of using polyethylene with 

branches that reduce the intermolecular motion.
 [51–53]

 Even though the creep properties 

improve, it can be accompanied by a loss in draw ratio and Young’s modulus. The second 

route involves chemical cross-linking of drawn fibers resulting in a strong decrease of the 

plateau creep rate (Figure 1.8).
 [54]

 Little impact on the short term mechanical properties of 

the fiber occur as the drawing steps happened before the cross-linking step. Chemical 

crosslinking can be performed by impregnation of the fibers with a radical initiator using 

supercritical carbon dioxide followed by the cross-linking using ultra violet light 

irradiation.  

 

 
Figure 1.8. Creep properties of cross-linked fibers after drawing step (1) Non-cross linked fiber, creep 

stress 0.5 GPa; (2) Crosslinked fiber, UV irradiated for 3 min, creep stress: 0.5 GPa; (3) Non-

crosslinked fiber, creep test 0.7 GPa; and (4) Crosslinked fiber, UV irradiated for 3 min, creep stress 

0.7 GPa .[54] Reprinted with permission from ref 54 © WILEY-VCH Verlag GmbH 2000, Weinheim, 

Fed. Rep. of Germany. 

1.4.2 Young’s modulus  

The Young’s modulus (E) draw ratio curve of ultra drawn polyethylenes is often described 

using the Irvine and Smith model.
 [55]

 The model describes the Young’s modulus of a 

flexible polymer from its unperturbed random coil configuration to a draw ratio. Other 

models exist assuming more detailed fiber morphology, however, they require parameters 

not easily accessible which limits their applicability. The Irvine and Smith model assumes 

that an ultra-drawn material consist of two phases: 1) helix elements perfectly oriented with 

Eh≈300 GPa; and 2) coil elements completely unoriented with Eu≈1-3 GPa.
 [56]

 The Young’s 

modulus depends on the draw ratio (Figure 1.9) and is independent on the molecular 

weight, the molecular weight distribution or drawing temperature.
[13–17,57]

 However, the 

maximum Young’s modulus depends on the molecular weight and can range between 200 

and 260 GPa for 10
6 

g/mol < Mw < 10.10
6 

g/mol. Experimentally, Young’s modulus values 

of 238 GPa were already obtained, very close to the theoretical expectations.
 [58]
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Figure 1.9. Young's modulus of gel-spun/drawn PE (Mw=2.106 g/mol) filaments. Solid line calculated 

according to Irvine - Smith relationship with Eu=1.6 and Eh= 300 GPa.[55] Reprinted with permission 

from ref 55 © 1986 American Chemical Society.  

1.4.3 Tensile strength 

The tensile strength increases with the Young’s modulus and scales with it to the power 0.8 

as σ α E
0.8

.
 [59]

 As mentioned earlier in section 3, orientation and extension of the molecular 

chains in the direction of the fiber axis are determinant for high tensile strength. 

 

Three main fracture mechanic models exist to predict the maximum tensile strength (σmax) 

that can be reached by PE:  

 

1) chain scission (σmax ≈ 20-40 GPa); 
[60–62]

  

2) chain slip (σmax = 6.3 GPa);
 [63,64]

  

3) Griffith model.
 [62,63,65,66]

  

 

The maximum tensile strength obtained by chain scission is calculated to be between 20 

and 40 GPa for a single indefinitely long molecule of polyethylene. Experimentally, chain 

scissions of oriented PE under tensile deformation can potentially be detected by infrared 

spectroscopy
[67]

 and electron spin resonance (ESR). 
[67–69]

  

Zhurkov et al. determined the concentration of chain scissions in oriented high density 

polyethylene films using infrared spectroscopy by following the apparition of end groups 

such as –CH3, -CHO, -COOH and –CH=CH2.
 [67]

 ESR detects the splitting produced from 

the interaction between the free electrons resulting from the chain scission and the 

surrounding atoms.
 [69]

 The concentration of radicals can therefore be estimated. However, 

for both techniques difficulties rise from the low stability of the primary and secondary 

radicals. Large discrepancies exist between the number of formed and observed radicals 

which make it challenging to have an accurate determination of the number of chain 
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scissions. To my knowledge, no similar studies exist to determine the number of chain 

scissions in UHMW PE fibers under tensile deformation. 

The chain scission model is also supported by a study by Bastiaansen et al. where tensile 

tests were conducted on PE with various short branches content. 
[52]

 The presence of 

branches greatly restricts intermolecular chain slip. Nonetheless, at the same Young’s 

modulus the tensile strength did not show any dependency on the branch content. 

 

Chain slippage is another mechanism that can induce failure, once chain ends are 

introduced in the system. This fracture mechanism is ruled by van der Waals bonds (~ 10
1
 

meV) between the molecular chains, much weaker than the C-C covalent bonds (~ 4 eV). 

Many atomic chain studies have been conducted to investigate whether the fracture 

mechanism of the polymer is governed by chain scission, chain slip or a combination of 

both.
 [63,70–74]

  

Termonia et al. in the past determined that the fracture mechanism depends on the 

molecular weight of polyethylene.
 [70]

 The Monte Carlo simulation based on the kinetic 

theory of fracture resulted in 3 different regimes for the fracture mechanism, for polymers 

with: 1) M < 8.10
4 

g/mol fracture occurs through chain slippage; 2) 8.10
4 

< M < 3.10
5 

fracture occurs with both chain slippage and chain fracture while; 3) M > 3.10
5 

predominantly fails with chain scission. Furthermore, Termonia et al. determined a 

relationship between the tensile strength and the molecular weight such as σ~M
0.4

.This 

scaling law was also experimentally found in different studies.
 [45,75]

 Sawai et al. tested a 

wide range of Mw from 1.5 to 65.10
5
 g/mol, Mn from 2 to 100.10

4
 g/mol and polydispersity 

(Đ=2.3-14) and showed that even though the maximum tensile strength increases with both 

Mw and Mn, it is more strongly dependent on Mn to the power 0.4 as predicted by Termonia 

et al.. Recently, O’Connor et al. described the tensile yield, in detailed finite chain 

simulations, as chain slip by dislocation nucleation at chain ends using the well-studied 

Frenkel-Kontorova model (Figure 1.10). The dislocation core size (ξ) is defined as the 

length for transfer of tensile stress between adjacent chains. The yield stress increases with 

increasing chain length and saturates when the distance between chain ends is much larger 

than the dislocation size ξ. This theory is in line with the conclusion of Termonia et al. but 

also adds an upper condition which says that above a critical distance between chain ends, 

thus above a critical molecular weight the tensile strength saturates at a maximum value. 

 

 
Figure 1.10. Molecular dynamics simulations show that crystalline polyethylene yields by chain slip 

and that the yield stress (σy) saturates for long chains at 6.3 GPa. σy saturates when the separation 

between chain ends is much larger than the dislocation size ξ characterizing the length for transfer of 
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tensile stress between adjacent chains.[63] Reprinted with permission from ref 63 ©American 

Chemical Society 2016. 

The third model describes the tensile strength of a polyethylene fiber as inversely 

proportional to the square root of its diameter (d) such as σ α d
-0.5

 and fits with experimental 

data (Figure 1.11).
 [66]

 The extrapolation of this model to zero diameter reaches a strength of 

26 GPa as shown in Figure 1.11, corresponding to the theoretical strength of polyethylene. 

Griffith et al. were the first to observe this relationship for glass fibers and introduced the 

idea that fracture is initiated at defects leading to the formation of cracks.
 [65]

 The cracks can 

originate from kink bands that are formed during the drawing process which can be 

assimilated to concentric cylindrical layers passing each other. Thicker fibers take longer to 

be heated through. Therefore, the outer fiber layer reaches the drawing temperature first and 

starts to flow before the inner layer, forming kink bands. Consequently, thicker fibers may 

contain more of these surface flaws, decreasing the tensile strength. The experimental data 

used to confirm the relationship between the tensile strength and the fiber diameter is 

plotted for fully oriented fibers with draw ratios ranging from 50 to 100.
 [66]

 No information 

over the Young’s modulus of the fibers is given.  

 

Experimentally, the highest tensile strengths ever measured is around 6-7 GPa, which 

matches the estimations considering a failure mode by chain slip.
 [76–79]

  

 

 
Figure 1.11. SEM micrograph of the surface of highly oriented UHMW PE fiber revealing kink bands 

(left); and Griffith theory, strength-diameter relationship as observed for oriented UHMW PE 

filaments (right).[66] Reprinted with permission from ref 66 © Chapman and Hall Ltd 1984. 

Apart from trying to process materials with higher molecular weight, different routes have 

been used to improve the PE tensile strength such as electrospinning. Electrospinning 

produces ultrafine fibers with a diameter below 500 nm which display improvements in 

tensile stiffness.
 [80]

 UHMW PE nanofibers with a diameter of 100 nm can reach Young’s 

modulus as high as 300 GPa and high strength due to the presence of fewer defects in the 

nanofiber. 
[81–83]

 A recent study on ultrafine high performance polyethylene fibers produced 

by electrospinning showed it was possible to reach a tensile strength of 6.3 GPa for a fiber 

with a diameter of 490 nm.
 [84]

 The outstanding tensile strength was attributed to an 

increased crystallinity, crystal orientation and surface-enhanced molecular slip processes. 
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The main drawback of electrospinning is the low production rate preventing it from 

widespread commercial development. In the particular case of PE, additional challenges 

arise with the need to elevate and control process temperatures, and the low solubility of PE 

in polar solvents commonly used for electrospinning.
 [84]

  

1.5 Commercial fibers and tapes  
 

UHMW PE fibers and tapes are chosen for a wide range of applications, thanks to their 

various good physical properties. Ultra high molecular weight polyethylene (UHMW PE) is 

a material used in a broad range of high performance applications from biomedical (fibers 

and membranes used in cardiovascular devices as peripheral stent grafts), personal 

protection (bulletproof vests, shields, armoring and helmets), vehicle protection, marine 

(ropes, fishing lines and nets), cargo containers, and sport articles (sports clothing, 

parachute ropes, sails and kite lines) 
[85–87]

 (Figure 1.12). In most of these applications, a 

high strength, high Young’s modulus and low density are required.  

 

 
Figure 1.12. A few examples of UHMW PE fiber applications: marine ropes, bullet proof vest, 

Dyneema Purity® fiber (biomedical), Levi’s 501 strengthened with Dyneema® fiber, Dyneema® ‘sock 

shoe’, cycling shorts with Dyneema®, cut resistant gloves. Images courtesy of DSM. 

A good wear and cut resistance is beneficial for clothing such as Levi’s jeans or cycling 

clothing. Yet for personal protection such as shields or bulletproof vests, it is a good impact 

resistance that is essential. Finally, PE being inert makes it a product of choice for 

biomedical applications to prevent rejection from the body. The range of applications for 

UHMW PE is related to its various properties and can be further expanded by developing 

new properties and functionalities. 
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UHMW PE tapes are commercialized by Teijin under the trade name Endumax®, 

DuPont™
 
as Tensylon™ and DSM as Dyneema® tape.

 [6,8,88]
 UHMW PE fibers are 

commercialized by DSM under the trade name Dyneema®, Allied-Signal/Honeywell as 

Spectra®, Toyobo Co.,Ltd. as Izanas™ and other Chinese producers such as Beijing 

Tongyizhong Speciality Fiber Technology & Development Co., Ltd as Doyentrontex®.
[89–

92]
  

1.6 New developments and functionalities 
 

Muller et al. demonstrated a process to generate concealed patterns only detectable under 

appropriate polarized light, interesting for anti-counterfeit applications (Figure 1.13).
 [93]

 

UHMW PE films containing poly(3-hexylthiophene) are weaved under different angles and 

show a change in absorption in the visible range. A concealed pattern in woven, highly 

oriented conjugated polymer/polyethylene tapes can then be created and only revealed 

under polarized illumination.  

 

 
Figure 1.13. Concealed image in an extended fabric produced with P3HT/UHMW PE tapes woven at 

45°.[93] Reprinted with permission from ref 93 © American Institute of Physics 2012. 

A new color can be the trigger for new applications. Black Dyneema
® 

is ideal when you 

want to decrease the visibility of your fiber or increase the design options in clothing 

(Figure 1.14).
[94]

 A black fiber is ideal for applications such as fishing lines, car seatbelts 

and sports equipment. Since 2016, Black Dyneema
® 

is used to create nearly invisible 

netting to protect fans at 10 major league baseball stadiums.
 [95]

 The net gives a protection 

against batted or thrown balls and other hazards inherent with game play while keeping a 

good visibility for the public.  

Dyneema
® 

gradually replaces steel in many applications due to its low weight. Synthetic 

link chains with Dyneema
® 

are eight times stronger and up to 85% lighter than comparable 

steel link chain alternatives for carrying cargoes (Figure 1.14).
 [96]

 Synthetic link chains are 

soft, quiet and easy to handle.  
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Figure 1.14. Left: Black Dyneema® and right: Synthetic link chains with Dyneema®. 

1.7 Aim and outline of the thesis 
 

The structure-property relationships of monomodal molecular weight UHMW PE have 

been thoroughly investigated, but little is known about drawn bimodal molecular weight 

UHMW PE. This thesis focuses on highly oriented, chain-extended UHMW PE and the 

structure-property relationships linking molecular weight, solution concentration, 

drawability, Young’s modulus and tensile strength of bimodal UHMW PE.  

In chapter 2, a new synthetic route is reported to produce bimodal UHMW PE on a single 

catalyst particle. By varying the polymerization conditions, UHMW PE bimodal 

polyethylene reactor blend particles are produced with individual control over the 

molecular weight (Mw), the masses ratio, and the polymer particle size. In chapter 3, the 

benefit of using bimodal over monomodal polyethylene distribution is investigated with 

respect to draw resonance and fiber pull out instabilities in the drawdown step. Moreover, 

bimodal UHMW PE produced on one particle versus bimodal UHMW PE from a physical 

blend of monomodals are compared regarding flow instability in the drawdown step and 

mechanical properties.  

In chapter 4, a model is proposed to determine the mechanical properties of solution-cast 

and gel-spun bimodal UHMW PE. The model is tested with gel casting experiments using a 

bimodal blend of a polyethylene wax (Mw=3300 g/mol) and a UHMW PE (Mw=8.10
6
 

g/mol). In chapter 5, bimodal UHMW PE are produced in pilot scale spinning lines. The 

aim of the gel spinning experiments is to improve the polyethylene throughput while 

preserving the mechanical properties. The partly-drawn fibers are produced in different 

conditions: drawdown, first step draw ratio and drawing temperature, to find the optimum 

conditions giving the highest mechanical properties for the bimodal UHMW PE fibers. 

Moreover, the location of the wax in the fiber structure is investigated. In chapter 6, the 

fibers are drawn to their maximum draw ratio. The maximum mechanical properties of 

bimodal UHMW PE fibers prepared in the reference conditions and the optimized condition 

in the first drawing step are compared. The relationship of the maximum tensile strength of 

bimodal wax/UHMW PE fibers to its Mw, Mn and the rules of mixtures given by Termonia 

et al. is discussed. 

Chapter 7 gives two methods to photo-pattern oriented chain-extended PE with UV light. 

The first method is a physical modification of the polymer giving overt and covert 

authentication verification, potentially interesting for anti-counterfeit applications. The 

second method is based on a reversible isomerization combined with a mask, enabling the 

design of colored patterns that can be written, erased and re-written using heat and LED 

light. 
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In the final chapter (technology assessment), the advantages and disadvantages of the gel 

casting and the gel spinning processes are discussed. Furthermore, some changes in the 

experiment methods are suggested from past work and additional directions are presented 

for future work. 
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  Chapter 2
 

 

Tailored bimodal ultra high molecular weight polyethylene 

particles 

 

 

 

This chapter describes a method to synthesize bimodal UHMW PE reactor particles on a 

single catalyst particle in one reactor, while being able to accurately tailor the content and 

the molecular weight of its low and high molecular weight fractions. This synthesis and the 

high control over the molecular weight distribution is rendered possible through the use of 

the titanium phosphinimide pre-catalyst complex (R3P=N-TiCpXn) combined with 

methylaluminoxane (MAO) supported on magnesium chloride, which can produce a wide 

range of weight average molecular weight Mw from 4.5.10
5
 to 9.10

6
 g/mol by simple tuning 

of the polymerization conditions. The temperature and ethylene concentration during the 

polymerization determine the Mw obtained as the dominant termination reaction of the 

catalyst system is zero order to ethylene. Polymerizing in two steps with two different 

polymerization yields and conditions (temperature and ethylene concentrations) enables the 

synthesis of bimodal HDPE/UHMW PE on one polymer particle.  
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2.1 Introduction 
 

The structure-property relationships of monomodal UHMW PE have been thoroughly 

investigated but little is known of what becomes of these scaling laws when the UHMW PE 

has a bimodal molecular weight distribution. This thesis is focused on the study of 

structure-property relationships linking molecular weight, solution concentration, 

drawability, Young’s modulus and tensile strength of bimodal UHMW PE.  

To study the structure-processing-property relationships from reactor particles to finished 

product, one would like to produce bimodal HMW PE/UHMW PE reactor blend particles 

with individual control over the structural properties, like molecular weight (Mw), 

molecular weight distribution (Ɖ = Mw/Mn), and HMW PE/UHMW PE mass ratio, as well 

as the reactor particles morphological properties, such as particle size and particle size 

distribution. 

 

Commercially available bimodal polyethylenes have a comparatively low weight-average 

molecular weight (Mw <2.0.10
5
 g/mol) and are typically produced in very large (250-500 

ktonPA) cascaded continuous reactors by multisite Ziegler catalysts.
1–3

 The bimodal 

polyethylene reactor blend particles exiting the reactor are immediately homogenized in an 

extruder and pelletized for transport and processing. When done well this step more or less 

erases the reactor particles history and mixes the two molecular weight components at close 

to a molecular level. Such processes cannot be used in UHMW PE processing due to the 

high melt viscosity and the difficulty to homogenize the reactor particles. For comparison, 

UHWM PE reactor particles are produced in small (5-35 ktonPA) continuous or fed batch 

processes, with the overall global production estimated to be ca. 250 ktonPA. 

In recent decades, supported molecular catalysts have aroused a lot of interest due to the 

capability to produce polymers with narrow molecular weight distributions of the high and 

low molecular weight fractions.
4-33

 Alternatively, a variety of studies were performed to 

generate a bimodal or a broad molecular weight distributed polyethylene in a single reactor 

by using molecular pre-catalysts.
4–33

 In this process, the catalyst systems are a combination 

of two (or more) molecular pre-catalysts systems.
4,5,12–33

 In the support system two or more 

pre-catalysts, selected for their molecular weight capabilities and response to comonomer 

or hydrogen are co-immobilized on a single support particle. These catalyst systems are 

able to produce multimodal molecular weight distributions in ethylene homopolymers and 

copolymers at set polymerization conditions. A combined molecular catalytic system in a 

single reactor is often seen as a cheaper/easier route than traditional cascaded processes for 

multimodal polymers. This, however, is an over-simplistic view and does not take into 

account 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 is the different responses of the pre-catalysts to process 

variables, like temperature and hydrogen to ethylene (H2/C2
=
) ratios, catalyst/scavenger 

ratios and process poisons, which makes process control demanding. In addition, the 

different pre-catalysts can also differ in stability, which can have a tremendous impact on 

storage and shipment conditions of the catalyst. In addition, one complex may produce 

hydrogen, yet have a low response to it, whilst the other component is extremely 

responsive, making prediction based on only one component being present challenging. The 

resulting discrepancies in the kinetics of the different active species could also cause 

difficulties in maintaining a precise control over bimodality. In these cases, bimodality is 
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controlled via trimming with one or more of the molecular catalyst components or selective 

poisoning. Depending on the nature of the selected catalysts, an interaction between the 

catalysts can exist in the combined catalyst systems which results in synergistic,
34-37

 or 

antagonistic effects.
38

 In addition, it is challenging to independently tune the Mw of each 

individual component without having to select a different pre-catalyst combination and 

produce a different catalyst for each individual polymer target. This concept has been 

extended to high UHMW PE content blends by Chadwick et al 
9,36-37

 and Mülhaupt et al 
39-

45
 but still provides polymers that are not classed as UHMW PE. 

 

UHWM PE reactor particles are processed without shear/mixing in an extruder. Therefore, 

one would like to produce bimodal polyethylene reactor blend particles where the ultra-

high molecular weight polymer and high molecular weight polymers are mixed intimately 

at the smallest possible length scale on each single reactor particle, similar to the length-

scale achieved in conventional bimodal PE, via melt homogenization. This places demands 

on the polymerization process. The main drawback of extending common cascade bimodal 

PE processes to produce bimodal UHMW PE reactor blend particles, is that the residence 

time distribution in each reactor in the process and the kinetic behavior of the catalyst can 

induce not only a broadening of the particle size distribution but also of the ratio of UHMW 

PE and HMW PE on an individual reactor particle. A dual site catalyst concept similar to 

the work of Chadwick et al 
9,36-37

 and Mülhaupt et al 
39-45

 was not deemed to be viable. 

These systems cannot provide a straight forward independent control of the individual 

molecular weight of the HMW PE and UHMW PE component, their mass ratio and the 

final particle size of the polymer without the synthesis of an excessive number of different 

catalyst compositions and associated polymerization tests. It is therefore challenging to 

produce the range of Mw, Ɖ, HMW PE/UHMW PE ratio and polymer particle sizes that we 

envisioned for the creation of a new bimodal HMW PE/UHMW PE polymer “tool-box”.  

The strategy for this work is to use one single supported molecular catalyst capable of 

producing UHMW PE, whose Mw can be tuned via polymerization temperature and 

ethylene concentration in the solvent ([C2
=
]). This is then combined with a two-stage fed 

batch polymerization, where the mass of C2
=
 consumed in each stage is controlled. 

Controlling the Mw of the polymer and the mass production at each stage will allow a 

versatile control of the bimodal composition and the final polymer particle size.  

 

For the first time, a single molecular catalyst system supported on MgCl2 has been 

developed and combined with a simple two-stage fed-batch polymerization process. By 

varying the process conditions, bimodal polyethylene reactor blend particles can be 

obtained. In addition, the proposed method allows individual control over the molecular 

weight, the mass ratio of the HMW PE and UHMW PE components and the final particle 

size. This catalyst and process tool-box could allow material scientists to synthesis multi-

dimensional polymer particles where one can study the influence of individual and 

combinations of properties on the processing and properties of UHMW PE reactor particles 

in different applications. 

 

As the goal of this work was to produce bimodal UHMW PE polymer samples where the 

molecular weight, molecular weight distribution and particle size could be tailored 

independently, a critical selection of pre-catalyst and support was needed. As pre-catalyst, 

the post-metallocene titanium phosphinimides of Stephan et al.
46

 were selected. These pre-

catalysts are capable of producing reasonably high Mw polymers in high temperature 
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solution processes and hence should form UHMW PE at lower temperature. In addition, 

they have also been successfully immobilized. Based on structure-property study of 

Stephan et al. a further selection was made to focus on Cp*(
t
Bu3PN)TiCl2 as this complex 

produced the highest Mw whilst possessing reasonably high activity (Figure 2.1).
46

 

Quantum mechanics/ molecular mechanics (QM/MM) modelling of this complex has 

shown a strong preference for chain termination via β-H transfer to metal.
47 

 

 

Figure 2.1. Chemical structure of the Cp*(tBu3PN)TiCl2 complex. 

For the support, a MgCl2 based system was chosen due to the ability to have control over 

the catalyst particle size and to produce a broad range of particle sizes, especially below 5 

µm, which is challenging for traditional silica supports. In addition, it has previously been 

demonstrated that highly active post-metallocene catalysts, including the titanium 

phosphinimide family, can be obtained on MgCl2 supports.
48

 The MgCl2 support that was 

employed was based on previously published UHMW PE Ziegler catalyst preparation, 

where catalyst particle size could be varied from 1.5 µm to 12 µm.
49 

 

2.2 Experimental section 
 

Materials. Cp*(
t
Bu3PN)TiCl2 based catalyst systems (Cat. 3 and Cat. 8 with a particle size 

of approximately 3 and 8 μm, respectively) were synthesized according to the literature.
50,51

 

Polymerization grade feed streams (heptane, ethylene and nitrogen) were supplied by 

Brightlands and used as is.  

 

Polymerization. Polymerizations were performed in a 2 liter Büchi reactor equipped with a 

mechanical stirrer and a temperature probe. After the reaction temperature is set, the 

solvent, and an impurity scavenger (TEA) are added. The reactor is pressurized to the 

desired pressure with ethylene. During the polymerization, the ethylene concentration is set 

and a continuous ethylene flow feeds the reactor to compensate for the ethylene 

consumption. Table S1 and S2 in the SI of the article contains the reactor pressures required 

to achieve the targeted ethylene concentrations. The polymerization is initiated by the 

addition of the catalyst. After a set consumption of ethylene and hence a certain 

polyethylene yield, the polymerization is terminated by stopping the ethylene flow and 

venting the reactor. The polyethylene is then collected by filtration and dried in a vacuum 

oven at 80°C for 4 hours. 
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Polymer Characterization. The molecular mass distributions (Mn, Mw, Mz, Ð) were 

measured using a PL-210 Size Exclusion Chromatograph coupled to a refractive index 

detector (PL) and a multi-angle laser light scattering (MALLS) detector (laser wavelength 

690 nm) from Wyatt (type DAWN EOS). Two PL-Mixed A columns were used. 1,2,4-

trichlorobenzene was used as the solvent, the flow rate was 0.5 ml/min, and the measuring 

temperature was 160°C. Data acquisition and calculations were carried out via Wyatt 

(Astra) software. The UHMW PE should be completely dissolved under such conditions 

that polymer degradation is prevented.  

The mean particle size of the polymer (Pol. D50) is determined in accordance with ISO 

13320 2, using a Malvern
TM

 LLD particle size analyzer. The span defined as (D90-

D10)/D50 was also determined using the Malvern
TM

 LLD particle size analyzer. 

Morphological characteristics of the polymer particles were studied with scanning electron 

microscopy (SEM). The polymer samples are put on SEM stubs coated with double-sided 

carbon tapes and subsequently coated with Au/Pd using a Polaron SC7620 sputter coater. 

SEM images are made using a Hitachi TM 3000 electron microscope. Melt and 

crystallization properties of UHMW PE were measured on a Mettler DSC type 2/700. The 

following temperature program was applied: (1) heating from 20 to 180 °C (10 °C/min; 4 

min at 180 °C), (2) cooling from 180 to 20 °C (10 °C/min; 4 min at 20 °C), (3) heating 

from 20 to 180 °C (10 °C/min; 4 min at 180 °C). The measurement chamber was 

continuously purged with a N2 flow of 50 mL/min. 

 

2.3 Results and discussions 
 

Based on the screening experiments a central composite face-centered response surface 

design of experiments was constructed with temperature and [C2
=
] as variables (see Table 

2.1). In all experiments TEA was used as scavenger at 1.0 mmol/l concentration. Cat-3 

(catalyst particle size = 3.2 µm) was employed and a fixed catalyst yield of 28500 gPE/gCat 

was selected to target a final polymer particle size of ca. 100 µm. The latter was achieved 

by controlling the catalyst mass added to the reactor and the amount of ethylene consumed. 

In a typical experiment, 7 mg catalyst was added and the polymerization was terminated 

when 200 grams of ethylene was consumed (Table 2.1). [C2
=
] which was controlled by the 

ethylene partial pressures, which were calculated from Peng Robinson Equation of States to 

compensate for the decrease in C2
=
 solubility at elevated temperatures (see Figure 2.2). 

52
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Figure 2.2. Conversion of temperature and pressure into [C2

=]liq using Peng-Robinsons equations of 

State. 

In total, 13 experiments were conducted with 5 center-points. In addition, two validation 

points were added to assess the predictive capabilities of the generated model. These 

additional points were chosen at constant ethylene concentration (0.569 mol/l) to provide 5 

different temperature levels, which could be used to gain an estimate on the activation 

energy, based on the lumped propagation rate constant (kpC*) and the lumped chain 

termination constant (Kt). 
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Table 2.1. Overview of reactions performed in order to study the influence of polymerization 

temperature and ethylene concentration ([C2
=]) on obtained polymer properties. All reactions were 

performed using 7 mg of catalyst Cat-3 and terminated when 200 grams of C2
= were consumed. 

 
a 2L Reactor, 1L heptane, 1.0 mmol/1, 7 mg Cat. 3., polymerization terminated at 200 g yield* DoE-02 high 

temperature SEC-MALLS measure is indicative, only 73 % sample recovery 

 

All polymers of the design were analyzed with SEC-MALLS. The resulting Mn, Mw and Ð 

values are presented in Table 2.1. The representative high temperature SEC-MALLS 

chromatograms resulting from this study are illustrated in Figure 2.3. It can be observed 

that DoE-02 and DoE-13 look extremely similar on the Mz tail, while significantly different 

Mn and Mw values are obtained. This should be attributed to a column cut off as these high 

molecular weight values are at the limits of the analysis method, which results in an 

artificial narrowing of Ð. In case of DoE-02 also a low sample recovery is obtained. The 

overall Ð of the polymers made with this catalyst system is estimated to be 2.6 and is 

obtained by plotting Mw vs. Mn of all polymers in Table 2.1 and solving the linear 

regression (see supporting information (SI) of the article Figure S4).  

 

Exp. Tpol [C2
=
] Mw Mn Ð Pol. D50 kpC* 

°C mol/l g/mol g/mol µm 1/(h.M)

DoE-01 62 0.153 2.2E+06 9.2E+05 2.4 95.5 12668

DoE-02
a 40 0.985 8.1E+06 3.0E+06 1.7 102.8 2250

DoE-03 62 0.569 4.1E+06 1.7E+06 2.4 97.7 11005

DoE-04 62 0.569 4.3E+06 1.7E+06 2.6 91.5 12463

DoE-05 62 0.569 4.4E+06 1.8E+06 2.4 100.7 10207

DoE-06 40 0.153 3.6E+06 1.4E+06 2.6 91.4 2568

DoE-07 83 0.153 4.5E+05 1.7E+05 2.7 103.5 33484

DoE-08 62 0.985 6.0E+06 2.3E+06 2.6 95.6 13970

DoE-09 62 0.569 4.4E+06 1.7E+06 2.6 103.7 10560

DoE-10 62 0.569 4.2E+06 1.8E+06 2.4 104 13871

DoE-11 83 0.985 4.7E+06 1.7E+06 2.7 93.4 32248

DoE-12 83 0.569 2.5E+06 9.8E+05 2.6 93.8 32398

DoE-13 40 0.569 6.1E+06 2.3E+06 2.6 100.1 2864

Valn.-01 75 0.569 3.1E+06 1.1E+06 2.7 99 23117

Valn.-02 50 0.569 5.0E+06 2.2E+06 2.3 92.9 6144
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Figure 2.3. High temperature SEC-MALLS chromatograms illustrating the range of Mw of 

polyethylene achieved by changing the polymerization temperature and ethylene concentration (see 

Table 2.1). 

From this set of experiments (DoE 01-13, Table 2.1), an empirical relationship between the 

temperature, the ethylene concentration and the molecular weight was obtained. The 

generated empirical model is shown in eq (2.1) and represented in Figure 2.4. Details on the 

statistical analysis can be found in the SI of the article. 

 

Mw =6233-78.67×T+5028×[C2
=
]   eq(2.1) 

 

With Mw  (kg/mol), T (
°
C) and [C2

=
] (mol/L). 

 
Figure 2.4. Graph representing the relationship between the temperature T, the ethylene concentration 

[C2
=] during the polymerization and the weight average molecular weight Mw. The design was 

evaluated using Design-Expert 9.0.3.1 software package from State-Ease. 
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The additional experiments, Valn-01 and Valn-02, were used to validate the model to gain 

confidence on its predictive power. Figure 2.5 illustrates the design points and validation 

points in terms of model predictions for Mw vs actual Mw measured. The experiments 

described above and the resulting model fit confirm that at the same temperature, an 

increase in ethylene concentration produces a polymer with a higher molecular weight. This 

observation confirms the prediction based on the molecular simulations and the HTE 

screening, i.e. the dominant chain transfer reaction of the titanium phosphinimide pre-

catalyst complex Cp*(
t
Bu3PN)TiCl2 is the β-hydride transfer to metal.

51
 An excellent 

reproducibility is obtained when comparing the center point experiments (DoE-03-05 and 

DoE-09-10). The decrease in temperature from 83 to 40 °C, combined with the increase in 

liquid ethylene concentration from 0.153 to 0.985 mol/l (DoE-07 Vs. DoE-02) increases the 

molecular weight by a factor 18 from 4,5.10
5
 to 8,1.10

6
 g/mol. The molecular catalyst 

system described here, terminating predominantly with a zero order reaction with respect to 

ethylene, enables one to produce a broad range of molecular weight polyethylene. 

 

 
Figure 2.5. Comparison between experimental results and the generated response surface polymer for 

Mw. 

The ethylene uptake rate profiles were analyzed using a simplified kinetic model based on 

Kissin et al. (1999).
53,54

 This model assumes that the formation and deactivation of active 

sites on the catalyst and the polymerization reaction itself are two separate kinetic 

processes. Based on this model and the rate profiles the kinetic parameters kpC* (product of 

the propagation rate constant and the total number of active sites), ki (initiation rate 

constant) and kd (deactivation rate constant) can be estimated. The results of this kinetic 

analysis for kpC* are presented in Table 2.1, while more background information can be 

found in the SI of the article.
51

 Figure 2.6 illustrates the effect of temperature on kpC*. 

Using the apparent propagation rate (kpC*) for the 5 different temperatures at a [C2
=
] of 

0.569 mol/L, one can estimate an apparent activation energy for propagation, being ca. 55 

kJ/mol (See SI of the article). From the degree of polymerization, termination rate (lumped, 

kTC*) and kpC*, (degree of polymerization = kpC*/kTC*) one can estimate a rate of 

termination and in turn an activation energy for termination, which is ca. 71 kJ/mol. The 
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delta in activation energy between propagation and termination, viz. roughly 15 kJ/mol, 

illustrates the Mw capability of this system.   

 
Figure 2.6. Relationship between the polymerization temperature (Tpol) and the apparent propagation 

rate (kpC*). 

Using the relationship obtained between the polymerization conditions and the molecular 

weight of the polymer, the liquid C2
=
 concentration ([C2

=
]) and temperature can now be 

chosen to design multimodal polyethylene, via a two-stage process. In said two-stage 

process schematically illustrated in SI of the article Figure S9, the first stage is the synthesis 

of the high molecular weight (HMW PE) component. In this stage a relatively high 

temperature and low [C2
=
] are chosen and once the required amount of ethylene is 

consumed the ethylene feed is halted. A transition stage then follows in which the 

temperature of the reaction is reduced until it reaches the desired temperature for the 

UHMW PE stage at which point the ethylene feed is restarted and the reactor set to 

relatively high [C2
=
] conditions. The amount of material produced during this transition can 

be estimated based on the difference ∆ in mass required for equilibrium [C2
=
] of the HMW 

PE and UHMW PE conditions and the mass of C2
=
 added during the transition period. The 

additional C2
=
 added to the system above the ∆ between the [C2

=
] of the HMW PE and the 

UHMW PE conditions, is the mass of polymer formed during transition and is typically in 

the order of 1-2 wt% of the final product.  
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Table 2.2. Overview of reactions performed in order to produce bimodal (HMW PE/UHMW PE) 

polymers with control over the Mw and mass ratio of each stage along with reactor polymer particle 

size.  

 
a Conditions to target HMW PE, b Conditions to target UHMW PE, c yield is based on ethylene consumption in 

each stage, d total recovered yield, e mass ratio of HMW PE to UHMW PE, f Cat-8 (40 mg). Cat-3 (30 mg) 

 

A set of experiments was defined with the aim of producing bimodal UHMW PE reactor 

blend particles (see Table 2.2). The experiments were chosen in order to illustrate how one 

can produce tailored molecular weight distributions in terms of independently controlling: 

a) the Mw of the HMW PE and UHMW PE components; b) the mass ratio of the 

components formed, often known as split control and c) the particle size of the polymer 

produced which is controlled by catalyst yield and/or initial catalyst particle size.  

As an example, Figure 2.7, illustrates the C2
=
 flow rates as a function of polymerization 

time for reactions bimodal A, B and C, with the spikes in the profiles indicating the 

transition stage between the two stages and the back filling of the reactor as fast as possible 

to achieve the desired concentration for the second stage. The area underneath the curve of 

each stage is the mass of polymer produced, and via controlling this and the ratio of mass 

between the two stages one can control the particle size and HMW PE/UHMW PE ratio.   

 

 
Figure 2.7. Ethylene flow as a function of polymerization time for the reactions bimodal A, B and C. 

Exp.  Code Cat. Code
f

[C2
=
] 

a
Tpol. 

 a
Yield 

c
[C2

=
] 

b
Tpol. 

b
Yield 

c
Rec. Yield

d Pol. D50 Ratio
e

mol/l o
C g mol/l o

C g g µm

Bimod.-A Cat-8 0.14 85 90 1.01 50 90 180 142 50/50

Bimod.-B Cat-8 0.14 85 70 1.01 50 110 182 139 40/60

Bimod.-C Cat-8 0.14 85 110 1.01 50 70 183 142 60/40

Bimod.-D Cat-8 0.02 85 50 1.57 40 50 95 107 50/50

Bimod.-E Cat-8 0.17 65 70 1.12 65 70 143 125 50/50

Bimod.-F Cat-3 0.15 80 60 0.9 40 90 152 47 40/60

Bimod.-G Cat-3 0.15 80 50 1.01 40 100 154 51 30/70
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All polymers of the reactions presented in Table 2.2 were analyzed with high temperature 

SEC-MALLS. The resulting data are shown in Table 2.3 and selected high temperature 

SEC-MALLS chromatograms are compared in Figure 2.8. The high temperature SEC-

MALLS chromatograms of bimodal A-C in Figure 2.8 A demonstrate how one can control 

the HMW PE/UHMW PE mass ratio of two different molecular weight populations over a 

broad range. Figure 2.8 B, compares bimodal A, D and E, with a reference monomodal 

sample DoE-1 illustrating how one can broaden the molecular weight distribution by 

increasing the ∆ between the molecular weights of the HMW PE and UHMW PE fractions. 

This results in high temperature SEC-MALLS traces that move from a narrow single peak 

(DoE-1), to a broader single peak (bimodal E) and to traces with two clearly distinct peaks. 

Finally, Figure 2.8 C, illustrates the capability to independently change the molecular 

weight of one of the stages (UHMW PE) as well as the HMW PE/UHMW PE ratio. 

 
Table 2.3. Overview of the high temperature SEC-MALLS data for the bimodal samples produced via 

a two stage polymerization process. 

 

Exp. No. Mn Mw Mz Ɖ

g/mol g/mol g/mol

Bimod.-A 3.3E+05 2.8E+06 8.2E+06 8.5

Bimod.-B 3.9E+05 3.5E+06 8.1E+06 8.8

Bimod.-C 2.4E+05 2.2E+06 7.2E+06 8.9

Bimod.-D 2.0E+05 3.0E+06 9.9E+06 14.7

Bimod.-E 5.7E+05 2.3E+06 5.7E+06 4

Bimod.-F 2.5E+05 4.1E+06 9.5E+06 16.4

Bimod.-G 4.4E+05 4.6E+06 9.6E+06 10.4
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Figure 2.8. High temperature SEC-MALLS chromatograms of the tailored bimodal polymers: 

Control of the HMW PE/UHMW PE ratio (A), molecular weight distributions (B) and the 

molecular weight of the UHMW PE and HMW PE/UHMW PE ratio (C). Reaction conditions are 

presented in Table 2.2. 
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Figure 2.9. SEM images of bimodal polymer bimodal-D and monomodal polymers DoE-2 & DoE-7. 

Selected polymers of Table 2.1 (DoE) and Table 2.2 (bimodal polymers) were analyzed with 

SEM. The SEM images in Figure 2.9 show the monomodal DoE-2 and DoE-7 with a 

weight average molecular weight (Mw) of 8.1.10
6
 and 4.5.10

5
 g/mol,

 
respectively, as well as 

the bimodal A with a weight average molecular weight (Mw) of 4.6.10
6
 g/mol. Both 

monomodal samples show similar morphologies, consisting of a globular structure. 

However, a difference at the surface of the particles can be seen. The surface of the DoE-2 

polymer with a high Mw appears dense and uniform, while the surface of the DoE-7 

polymer with a low Mw shows more a sponge like structure with cracks. These observations 

can be explained by the polymerization temperatures used to produce these different 

molecular weights. At higher temperature, the catalyst activity increases, polymer chains 

grow more rapidly on the active sites inside the growing polymer particle, produce an 

internal pressure that causes the stretching of the surface and the apparition of cracks.
56,57

 

The bimodal polyethylene reactor blend particles show a morphology similar to the DoE-7 

sample. The morphologies of the bimodal samples seem to be determined by the starting 

polymerization conditions, being here polymerizations at high temperatures. This 

observation is in line with the concept of pre-polymerization.
56,57

 A short pre-

polymerization step at low temperatures allows to define the particle morphology and even 

after a prolonged polymerization at high temperature, no change in the particle morphology 

is observed.  
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The melting behavior, as analyzed with DSC, for monomodal PE (DoE) and bimodal PE 

reactor blend particles (bimodal) are presented in the supporting information of the 

article.
[51] 

For the monomodal samples, a correlation between Mw and the 1
st
 melting 

temperature (Tm1) is observed, (see Figure 2.10) which is similar to previous reported data 

using Ziegler catalysts on these supports.
49

 The bimodal PE reactor blend particles, do not 

follow this Mw correlation. 

 

 
Figure 2.10. Relationship between Mw (as obtained with SEC) and the 1st Tm (as obtained with DSC) 

for selected DoE (●) and bimodal (●) samples. 

The values obtained for the 2
nd

 Tm are very similar across all the polymer samples analyzed, 

viz. varying only between 135.2 and 136.8 °C (see SI of the article Table S5). For the 

melting temperature in the 2
nd

 heating step, no correlation is observed with the Mw of the 

polymer, nor with the catalyst used to produce the polymer. Note that this observation is in 

line with previous research studying the crystallization and melting behavior of 

polyethylene fractions. For polyethylene fractions above a Mw of 10
5
 g/mol, no further 

increase in melting point (Tm2) or even a decrease in melting temperature is observed.
58,59 

 

Polymer growth process is schematically depicted in Figure 2.11. Initially, polymer chains 

start growing on active sites located on the outer surface and on the internal surface of the 

pores of the catalyst support (MgCl2). Due to the accumulation of polymer molecules in the 

pores of the catalyst, stress is built-up inside the particle, resulting in the fragmentation of 

the catalyst particle. During this fragmentation the porous catalyst particle breaks-up into 

small fragments, down to 10 - 50 nm. The resulting catalyst fragments are held together by 

a polymer phase. As a consequence of this fragmentation, active sites become more 

accessible for the monomers, which is often seen as a steep rise in activity during the initial 

stage of the polymerization. This fragmentation phase occurs during the initial steps of the 

polymerization, ranging between fractions of a second to a few seconds at typical industrial 

conditions. 
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Figure 2.11. Schematic representation of polymer particle growth 

One single catalyst particle produces one single UHMW PE reactor particle via replication 

and the final UHMW PE reactor particle size is a function of the initial catalyst particle size 

and the catalyst yield (CY), expressed as grams of polymer produced per gram of catalyst 

used and the porosity difference between the catalyst and polymer particle (eq. 2.2):
49

  

 

𝑑50𝑝𝑜𝑙 = 𝑑50𝑐𝑎𝑡 ∙ 𝑅𝑓 ∙ √𝐶𝑌 + 1
3

    (eq. 2.2) 

 

The replication factor Rf is a lump term which relates to the porosity of the catalyst particle 

and the number of polymer particles a single catalyst particle produces (see SI of the article 

for more details). For this support the particles produced have an Rf ≈ 1.
49 

The polymer particle size distribution (span D90-D10/D50) of the UHMW PE reactor 

powder is critical to have a homogeneous dissolution as the dissolution behavior is 

dependent on the particle size. The polymer particle size distribution, is in turn dependent 

on the size distribution of the initial catalyst particle, the residence time distribution of the 

process and for non-plug flow processes the kinetic behavior of the catalyst. The catalyst 

system presented in ref 49, has the advantage to be able to tune the PE particle size 

obtained. The catalyst particle size, controlled by the stirring speed during the preparation 

of the catalyst, is a key factor in the control of the resulting PE particle size (1.5 µm to 12 

µm).
49

 By tuning the catalyst particle size and the catalyst yield (CY), the final PE particle 

size can be predicted. Figure 2.12 Figure 2.12. Polymer particle size d50 as a function of 

Catalyst Yield (CY) (polymerization time) for two different catalyst sizes (3 and 8 μm), 

utilizing eq 2.2.illustrates the relationship between catalyst yield and the resulting polymer 

particle size, for two catalyst particle sizes, viz. 3 and 8 µm. As a result, one can tune the 

final polymer particle size via, producing lower CY i.e. less polymer per gram of catalyst 

with a certain catalyst particle size or via producing the same CY with catalysts of differing 

particle sizes or a combination of the two. Bimodal polyethylene reactor blend particles 

having a particle size range between ca. 20-400 µm can be produced by selecting catalyst 

within the catalyst particle size range of 1.5 µm to 12 µm and varying the CY in the range 

of 3000 gPE/gcat and 30000 PE/gCat (see SI of the article). 
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Figure 2.12. Polymer particle size d50 as a function of Catalyst Yield (CY) (polymerization time) for 

two different catalyst sizes (3 and 8 μm), utilizing eq 2.2. 

2.4 Conclusions 
 

In conclusion, we have developed a novel procedure to produce tailored bimodal UHMW 

PE reactor blend particles via a combination of catalyst and process understanding. Using 

only one single site catalyst Cp*(
t
Bu3PN)TiCl2 supported on a MgCl2 support, possessing a 

dominant chain transfer zero order to ethylene in combination with a two stage batch 

polymerization process. Precise control over the molecular weights of the individual HMW 

PE and UHMW PE components has been demonstrated over the range of Mw = 5.10
5
 

g/mol-8.10
6
 g/mol and with narrow Ð = 2.6 via tuning of the temperature and the ethylene 

concentration during the individual polymerization stages based on an empirical model that 

has been constructed. Accurate control over the mass ratio (HMW PE/UHMW PE) on the 

bimodal UHMW PE reactor blend particles is achieved via controlling the mass of polymer 

produced in each of the two polymerization stages. Finally, the polymer particle size can be 

easily tuned depending on the catalyst size and the catalyst yield (Pol. D50 = 50-140 µm, 

demonstrated with realistic extension to Pol. D50 = 20-400 µm). We believe that this is the 

first example of a single catalyst/process combination that can produce bimodal UHMW PE 

reactor blend particles with independent control of the individual molecular weights of the 

components, the mass ratio of the component within these blend particles and the particle 

size of the bimodal UHMW PE reactor blend particles. As such the bimodal UHMW PE 

reactor blend particle sizes that can be formed with this tool-box, provides a unique 

opportunity to study structure, property and processing relationships of UHMW PE 

products. 
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Chapter 3  

 

 

Spinnability and mechanical properties of bimodal UHMW PE: 

Reactor blends versus physical blends 

 

 

 

The use of bimodal UHMW PE produced on a single catalyst particle versus physical 

blends were investigated with an emphasis on draw resonance and fiber pull out instabilities 

during the drawdown step. The bimodal UHMW PE didn’t show draw resonance or pull out 

in the spinning at a low drawdown and this in contrast to a narrow monomodal 

polyethylene. On the other hand, a monomodal UHMW PE with a high polydispersity (5-7) 

probably also do not show spinning instabilities at a drawdown of 2. The drawability and 

the mechanical properties of the gel-spun fibers were evaluated. There was no major 

difference in the maximum mechanical properties of the bimodal UHMW PE fibers and the 

drawn fibers possessed a maximum tensile strength of 3 GPa and maximum Young’s 

modulus of 130 GPa. It is concluded that intimate mixing of the different molecular weight 

fractions is achieved and that the particles history is erased during the solution preparation.  
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3.1 Introduction 
 

Ultra high molecular weight polyethylene (UHMW PE) fibers are high performance fibers 

used in a broad range of applications from marine ropes, cut resistant gloves to bullet proof 

vests (see chapter 1). The high mechanical properties are the result of highly oriented high 

molecular weight chains. The high weight average molecular weight (Mw) prevents the 

processing of UHMW PE by melt-spinning due to high melt viscosity, thus the fibers are 

produced by gel spinning.
 [1,2]

  

The gel spinning process consists of dissolving the polymer in a solvent resulting in a 

decreased shear viscosity enabling UHMW PE to be extruded. The semi-dilute solution is 

spun through a spinneret die. The extrudate is cooled down in a water bath and is taken up 

downstream at higher velocity than the extrusion velocity. The difference in velocities 

induces an orientation of the chains along the fiber axis. The drawdown step (DD) is 

performed at high temperatures above the dissolution temperature of UHMW PE, and 

therefore the fiber is drawn in the solution state. Consequently, the orientation and the chain 

extension of the polyethylene chains is not so effective. The Mw and the molecular weight 

distribution of the polymer (Đ) have a large influence on the stability of the process and the 

maximum mechanical properties of the fiber. First of all, the viscosity of the polymer 

solution needs to be controlled depending on the Mw of the polymer by tuning the polymer 

concentration, and needs to be high enough to avoid extensive backflow of solvent in the 

extruder but also low enough to reach high tensile strength.
 [3]

 Extrusion instabilities such as 

elastic turbulences can appear during the spinning step.
 [3,4]

 Elastic turbulences are related to 

a critical wall shear stress in the die, which is proportional to the inverse of Mw, but also to 

the square of the polymer volume fraction if the molecular weight is larger than the critical 

value for coil overlap. The same parameters, the polymer concentration and Mw, are also 

determining the maximum attainable draw ratio of the fiber and therefore the maximum 

Young’s modulus and tensile strength.
 [5]

 Finally, the tensile strength increases with the 

Young’s modulus and the number average molecular weight Mn to the power 0.4.
 [6–8]

 The 

molecular weight distribution of the UHMW PE must also be taken into account. UHMW 

PE with low polydispersity, produced from metallocene catalyst for instance, reach higher 

mechanical properties however, the temperature window to achieve maximum draw ratio 

decreases
 [9]

 and instabilities in the spinning process can appear. 

Here, bimodal UHMW PE is defined as a polymer that has a molecular weight distribution 

composed of two molecular weights populations with one of them having a weight average 

above one million gram per mole. The objective of using bimodal UHMW PE is to reach 

high mechanical properties thanks to the high molecular weight part while improving 

spinnability with the low molecular weight part and an increased polydispersity.  

 

Bimodal polyethylenes can be prepared by blending two monomodal polyethylene powders 

or by polymerization of the two molecular weights populations on one particle, the second 

method is described in chapter 2. The first method is more attractive from a practical point 

of view because it allows a “flexible design” of the bimodal molar mass distribution 

without the necessity to synthesize a new polymer each time. On the other hand, it is 

potentially unfavorable as it may lead to inhomogeneity in the prepared solution. 

Insufficient mixing of the two (monomodal) components could result from different 

dissolution rates for instance. In this chapter, the differences that can rise from the use of 
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bimodal polyethylene on one or two particles are studied with respect to flow instabilities in 

the drawdown step, drawability and mechanical properties.  

3.2 Experimental section 
 

Materials. Five monomodals were used, one was used as a reference and the four others 

were blended to form two bimodal compositions. One bimodal produced on a single 

particle according to the route described in chapter 2 was also selected for comparison.
 [10]

 

The molecular weight characteristics of the materials are given in Table 3.1 and Table 3.2. 

High temperature SEC-MALLS. The molecular mass distributions (Mn, Mw, Ð) were 

measured using a PL-210 Size Exclusion Chromatograph (SEC) coupled to a refractive 

index detector (PL) and a multi-angle laser light scattering (MALLS) detector (laser 

wavelength 690 nm) from Wyatt (type DAWN EOS). Two PL-Mixed A columns were used 

1,2,4-trichlorobenzene was used as the solvent, the flow rate was 0.5 ml/min, and the 

measuring temperature was 160°C. The high temperature SEC-MALLS results of 5 

monomodal polyethylenes and the bimodal A produced on one catalyst particle are given in 

Table 3.1. 

Table 3.1. Mw, Mn, Mz and Đ of monomodals and bimodal A measured by high temperature SEC-

MALLS. 

 

The mass distribution w(M) is calculated from the following equation:
 [11]

   

𝑤(𝑀) =
1

√log10 Đ×√2𝜋
exp(

−(𝑙𝑜𝑔10𝑀−𝑙𝑜𝑔10√𝑀𝑤𝑀𝑛)
2

2 log10 Đ
)   (eq 3.1) 

In the case of a bimodal molecular weight distribution, the mass distribution wbimo(M) is: 

𝑤𝑏𝑖𝑚𝑜(𝑀) = 𝑋1 × 𝑤𝑚𝑜𝑛𝑜1(𝑀) + (1 − 𝑋1) × 𝑤𝑚𝑜𝑛𝑜2(𝑀)  (eq 3.2) 

with X1 the mass fraction of monomodal 1 and 𝑤𝑚𝑜𝑛𝑜1(𝑀)and 𝑤𝑚𝑜𝑛𝑜2(𝑀) the mass 

distribution function of the monomodal 1 and 2, respectively. 

Experimentally, the SEC-MALLS results are given as: 

𝑑𝑊

𝑑 log10𝑀
=

𝑑𝑊

𝑑𝑙𝑛𝑀
𝑙𝑛10 = 𝑤(𝑀) × 𝑀 × 𝑙𝑛10   (eq 3.3) 

Mw Mn Mz Ð

g/mol g/mol g/mol

Monomodal 1 3.7.10
6

1.2.10
6

7.2.10
6 3

Monomodal 2 8.0.10
6

3.2.10
6

1.1.10
7 2.5

Monomodal 3 5.5.10
5

1.4.10
5

1.3.10
6 3.9

Monomodal 4 5.1.10
6

2.3.10
6

9.3.10
6 2.2

Monomodal 5 1.5.10
6

3.7.10
5

3.2.10
6 4.0

Bimodal A 4.6.10
6

4.4.10
5

9.6.10
6 10.4
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The mass distribution of the bimodal B and C, which are blends of monomodal 2, 3, 4 and 

5 is calculated using eq 3.1 and eq 3.2 and the calculated SEC-MALLS chromatogram is 

plotted using eq 3.3 in Figure 3.1. The Mw, Mn and Mz of a bimodal prepared from a blend 

of monomodals (monomodal 1 (Mw1, Mn1, Mz1) and monomodal 2 (Mw2, Mn2 Mz2) with X1 

the mass fraction of monomodal 1 were calculated with the following equations and the 

values are given in Figure 3.2:  

       𝑀𝑤 = 𝑋1𝑀𝑤1 + (1 − 𝑋1)𝑀𝑤2    (eq 3.4) 

1

𝑀𝑛
=

𝑋1

𝑀𝑛1
+

(1−𝑋1)

𝑀𝑛2
    (eq 3.5) 

𝑀𝑧 =
(𝑋1𝑀𝑧1𝑀𝑤1+(1−𝑋1)𝑀𝑧2𝑀𝑤2)

(𝑋1𝑀𝑤1+(1−𝑋1)𝑀𝑤2)
    (eq 3.6) 

Table 3.2. Mw, Mn, Mz and Đ of bimodal B and C calculated. 

 

Fiber preparation. The fibers were produced with the gel spinning process which starts 

with dissolving the polymer in a solvent to decrease its viscosity. The solution is spun 

through a spinneret, stretched in an air gap, and then quenched to a semi-crystalline state 

(“gel”) when it cools down in contact with a water bath. The stretching in the air gap is 

referred as the drawdown (DD), ratio between the take up speed and the extruding speed, in 

these experiments the drawdown was 2. The drawdown is usually set at 5 but had to be 

decreased to 2 to be able to produce a fiber for the reference monomodal 1. It was kept at 2 

for the bimodal polyethylene to compare the fibers produced at the same conditions. During 

the drawdown in the air gap, a spinning force is measured to characterize the extensional 

rheological properties of the solutions. The gel fibers are collected on a bobbin and are 

dried at room temperature for a few days. The fibers are stretched in a first step in an oven 

at 135C to a first draw ratio of 5. The fiber is then stretched in a second step at 150C until 

the maximum draw ratio (λmax). The maximum draw ratio is calculated by multiplying the 

draw ratio in the first and maximum draw ratio in the second drawing step. Solutions of 8 

wt% of PE in decalin are produced with 2.5 wt% of an antioxidant 2,6-ditertiary-butyl 

paracresol (DBPC) (antioxidant) and are extruded under a nitrogen flow to avoid 

degradation of the polymer. 

Spinning force. In the gel spinning process, the fiber goes over a take up roller in the bath. 

That roller is connected to a force cell. The cell is calibrated so that the force on this roller 

can be translated into the fiber spinning force (Fspin in cN). The spinning force is measured 

during 350 seconds. The average (arithmetic mean, x) spinning force is calculated over 

time. The standard deviation (STdev) is calculated over a number of values (n) with the 

following equation: 

Mw Mn Mz Ð
Blend ratio of 

monomodals

g/mol g/mol g/mol

Bimodal B 4.3.10
6

3.0.10
5

1.0.10
7 15.8 50-50 Monomodal 2 Monomodal 3

Bimodal C 3.3.10
6

6.0.10
5

7.9.10
6 5.1 50-50 Monomodal 4 Monomodal 5

Blend of monomodals
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𝑆𝑇𝑑𝑒𝑣 = √
∑(𝑥−�̅�)2

(𝑛−1)
    (eq 3.7) 

Fiber characterization. The diameter of the fiber drawn to a draw ratio 5 was measured 

with an optical fiber analyzer (OFDA). The fiber analyzer measures the diameter and the 

roundness from three axes separated by 60. The analysis of the data was then conducted in 

Matlab. The tenacity and the Young’s modulus of the fiber were measured on a fiber tensile 

bench (Favimat) at room temperature, after the determination of its linear mass density 

(measure of mass per unit of length). 

3.3 Results and discussion 
 

In this study, one narrow monomodal UHMW PE and three bimodal UHMW PE are 

evaluated with respect to their flow instabilities in the drawdown step and mechanical 

properties. All the materials have approximately the same Mw of 4.10
6
 g/mol and a varying 

polydispersity (see Table 3.1 and Table 3.2). The molecular weight distributions of the 

monomodal and the bimodal A are obtained from high temperature SEC-MALLS. The 

molecular weight distributions of the bimodal UHMW PE from physical blends is 

calculated from the individual monomodal polyethylenes SEC-MALLS (Figure 3.1). The 

comparison of bimodal A and B with two molecular weights on one and two particles is 

interesting as they have similar Mw and polydispersity. Even though the high temperature 

SEC-MALLS give a lower polydispersity to bimodal A, the real polydispersity is probably 

higher. The very high molecular weight tail is usually cut off from the graph, as it reaches 

the limits of detection of the column. Bimodal C has a similar Mw but has a lower 

polydispersity, which prevents the distinction between the two molecular weight peaks. 

 
Figure 3.1. Molecular weight distribution obtained by high temperature SEC-MALLS for the 

monomodal 1 and the bimodal A, and the distribution of bimodal B and C calculated based on the 

high temperature SEC-MALLS of the monomodal 2, 3, 4 and 5. 
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The solution of the narrow monomodal and the three bimodal UHMW PE are gel-spun 

under nitrogen and contains an antioxidant to avoid polymer degradation. A clear difference 

in spinnability is observed between the narrow monomodal and the bimodal UHMW PE 

(Figure 3.2). The picture of the narrow monomodal between the spinneret and the water 

bath shows large fluctuations in diameter, characteristic to spinning instabilities caused by 

draw resonance or fiber pull out. In contrast, even though the bimodals have a similar Mw, 

they don’t show any flow instability. 

 

Figure 3.2. Photographs of gel fibers between the spinneret and the water bath, comparing the 

monomodal and the bimodal UHMW PE. 

An indirect practical way to gain insight on the stability of the spinning is the spinning 

force (Fspin). Its higher values correspond to more “strain hardening” in extensional 

viscosity of the solution and, in general, lead to a more stable process.
 [12]

 The bimodal B 

has an average spinning force higher than bimodal A (Figure 3.3). The spinning force is 

mostly sensitive to the very high molecular weight tail that can be characterized by Mz. The 

Mz values of bimodals B and C are similar to the Mz of bimodal A which does not explain 

the differences in Fspin observed. The monomodal 2 used in the blend for bimodal B has a 

very high molecular weight, reaching the limits of the molecular weights that high 

temperature SEC-MALLS can measure. The Mz value obtained for bimodal B is probably 

underestimated. The variation of the spinning force is characterized with the standard 

deviation calculated from the measurement of the spinning force over time. The standard 

deviation of the spinning force is similar for all materials. There does not seem to be 

significant differences in spinnability when drawing bimodals blended or produced on one 

particle.  
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Figure 3.3.Spinning force measured over time, average spinning force and fiber diameter (after first 

drawing step) averaged over time of bimodal A, B and C. 

After spinning, drying and the first drawing step, the fibers are subjected to a diameter 

measurement. Due to the high variation of the fiber diameter in the drawdown step, the 

monomodal fiber could not be successfully drawn. A similar average diameter around 65 

µm is found for the three fibers (Figure 3.3). The diameter of fibers is determined by the die 

diameter, the polymer content in solution, the drawdown and its draw ratio. Here, these 

parameters are identical and results in the same diameter for all samples. The same 

deviation in diameter is found in all cases, further proof of a good spinnability for all the 

bimodal UHMW PE tested. 

Bimodal A reaches a higher maximum draw ratio of 30 compared to the other samples 

(Figure 3.4). But its Young’s modulus for the same draw ratio is lower, and the maximum 

Young’s modulus attained is the same as all the other materials. The lower Young’s 

modulus at the same draw ratio can be explained by the lower spinning force. A lower 

spinning force induces a lower pre-orientation of the high molecular weight chains. When 

fibers with a lower pre-orientation are drawn, the orientation and chain extension of the 

high molecular weight chains are lower than for fibers processed with a higher pre-

orientation at the same draw ratio. The three bimodal UHMW PE samples possess similar 
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maximum mechanical properties with a maximum tensile strength of 3 GPa and a 

maximum Young’s modulus of 130 GPa. No difference in maximum mechanical properties 

seems to result from the use of a bimodal UHMW PE prepared on one particle or with a 

blend of monomodal polyethylene. 

It is concluded that intimate mixing of the different molecular weight fractions is achieved 

during solution preparation and no negative effect of blending was observed on the 

properties of the fibers. Given that the gel spinning experiments were done with a relatively 

low drawdown (DD=2), the results should therefore be treated with caution and should be 

repeated at higher drawdowns (DD  5) to test if this observation still holds. The reduced 

flow instability in the drawdown step of bimodal UHMW PE compared to narrow 

monomodal polyethylene potentially opens the possibility to improve fiber quality in terms 

of diameter fluctuations. 

 

Figure 3.4. Maximum draw ratio, Young’s modulus versus total draw ratio (λtot=λ1×λ2) and the tensile 

strength of bimodal A, B and C. 
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3.4 Conclusions 
 

Bimodal UHMW PE with a similar Mw than a narrow monomodal UHMW PE and a much 

higher polydispersity don’t show any flow instabilities in the drawdown step in the gel 

spinning conditions presented here. Bimodals prepared with the two molecular weights on 

one catalyst particle or bimodals prepared by blending of two monomodals powders, so 

with the two molecular weights on two different particles, don’t show any significant 

difference in draw resonance or fiber pull out, drawability and maximum mechanical 

properties. On the other hand, monomodal UHMW PE with a high polydispersity (5-7) 

probably also do not show spinning instabilities and, therefore, more extensive 

investigations will be reported later. It is concluded that intimate mixing of the different 

molecular weight fractions is achieved during solution preparation and no negative effect of 

blending was observed on the properties of the fibers.  
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   Chapter 4

 

 

Mechanical properties of solution-cast, ultra-drawn, bimodal 

UHMW PE  

 

 

 

Semi-empirical structure-property relationships were derived for solution-cast bimodal ultra 

high molecular weight polyethylene (UHMW PE). These structure-property relationships 

are compared to experimental results of melt-crystallized and solution-cast films of bimodal 

polyethylene blends containing wax and UHMW PE. A good correlation between the 

models and the experimental data is observed and it is shown that the Young’s modulus at 

an identical draw ratio is independent of the number and weight average molecular weight 

of the polymer. The tensile strength at the same Young’s modulus is identical within 

experimental error despite the addition of 30 wt% of polyethylene wax with a very low 

molecular weight (Mw=3300 g/mol). The latter observation indicates that the tensile 

strength of bimodal wax/UHMW PE does not scale with Mn and this in contrast to 

monomodal polyethylenes. 
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4.1 Introduction 
 

Bimodal polyethylenes are composed of two components with distinctly different 

molecular weights. As described in the introduction chapter, the number and weight 

average molecular weight Mn and Mw of monomodal polyethylene are key parameters in 

achieving high maximum mechanical properties. The study of bimodal polyethylene can 

bring more understanding and insight in the link between the molecular weight distribution 

of the material, the maximum attainable draw ratio and the mechanical properties.  

In the literature, it was shown that blends of UHMW PE with very low molecular weight 

polyethylene wax significantly improve the mechanical properties of melt-crystallized 

ultra-drawn tapes.
 [1] 

The maximum tensile strength increased from 1 to 1.5 GPa by addition 

of 60 wt% of polyethylene wax. It was also shown that the polyethylene wax acts as a 

solvent, enabling the melt-extrusion of UHMW PE and increasing its maximum attainable 

draw ratio.  

 

In the previous chapter, it was shown that intimate mixing of the different molecular weight 

fractions is achieved during solution preparation and no negative effect of blending is 

observed on the properties of solution-spun, ultra-drawn bimodal UHMW PE fibers. In 

other words, it is not necessary to produce bimodal UHMW PE on a single catalyst particle 

for the gel spinning process. Therefore, the molecular weights of the bimodal UHMW PE 

are not restricted to the molecular weights that can be produced by the catalyst. Once the 

two monomodals are polymerized, different mass ratios can be tested by simply changing 

the composition of the blends. 

 

In the present study, the influence of the low molecular weight additive on the mechanical 

properties of UHMW PE films are investigated. In contrast to chapter 3, a wax is used in 

combination of the UHMW PE in order to study a bimodal with a very low Mn. A 

comparison is presented with the structure-property relationships for monomodal 

polyethylenes. First, structure-property relationships of monomodal polyethylene melt-

crystallized and solution-cast are presented. Then, semi-empirical structure-property 

relationships for bimodal polyethylene melt-crystallized and solution-cast are proposed. 

Preliminary experiments on the bimodal polyethylenes are made by gel casting. An extreme 

case of a very low molecular weight nearly monodisperse polyethylene wax with Mn=3.10
3
 

g/mol (wax 3000) is used in high contents in combination with a narrow UHMW PE with 

Mw=8.10
6
 g/mol and Đ=2.5. The results obtained from the gel casting of wax/UHMW PE 

bimodal polyethylene are compared to the structure-property relationships for monomodal 

ultra-drawn polyethylenes. 
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4.2 Theory 

4.2.1 Monomodal polyethylene 

 

The maximum attainable draw ratio (max) of monomodal polyethylene is determined by the 

weight average molecular weight Mw for melt-crystallized polymers (eq 4.1) and by the 

Bueche parameter (φMw) for solution-cast polymers (eq 4.2):
 [2] 

 

 

Melt-crystallized:   max ∝ (Mw)
-0.5 

      (eq 4.1) 

 

Solution-cast:   max  ∝ (φMw)
-α

      (eq 4.2) 

 

Here, α is a constant which is 0.5 using solvents such as decalin or xylene are used and φ is 

the concentration of polyethylene in solution.
 [2,3] 

Other solvents such as lauric acid, mineral 

oil and stearic acid have α value of 0.7.
 [4]

  

 

The Young’s modulus (E) draw ratio curve of ultra drawn polyethylenes is often described 

using the Irvine and Smith model.
 [5] 

The model describes the Young’s modulus of a 

flexible polymer drawn from its unperturbed random coil configuration to a draw ratio (λ). 

For drawing temperatures below the melting temperature, the deformation is assumed to be 

pseudo-affine. The polymer is considered to comprise two fractions: helix elements which 

are perfectly oriented in the draw axis, and coil elements, which are completely unoriented. 

The solid state drawing increases the helix volume fraction fh at the expense of the coil 

fraction (1-fh). Assuming a uniform distribution of stress, the tensile modulus can be 

expressed with the following equation: 

 

   𝐸 = [𝑓ℎ𝐸ℎ
−1 + (1 − 𝑓ℎ)𝐸𝑢

−1]−1       (eq 4.3) 

 

and Eh and Eu are the tensile modulus of the perfectly oriented and unoriented polymer, 

respectively and fh is the helix volume fraction. 

A connection between fh and λ can be established and is given in (eq 4.4): 

 

𝑓ℎ =
3𝜆3

2(𝜆3−1)
[1 − (𝜆3 − 1)

−1
2⁄ tan−1 {(𝜆3 − 1)

1
2⁄ }] −

1

2
     (eq 4.4) 

 

Substitution of eq 4.4 in eq 4.3 gives: 

 

𝐸 = [𝐸𝑢
−1 − [

33

2(3−1)
[1 − (3 − 1)

−1
2⁄

tan−1 {(3 − 1)
1

2⁄
}] −

1

2
] (𝐸𝑢

−1 − 𝐸ℎ
−1)]

−1

(eq 4.5) 
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This expression can be reduced for λ>5 to: 

 

E = [Eh
-1  

+ (Eu
-1 

– Eh
-1

)(3.π/4)λ
-3/2 

]
-1   

(eq 4.6) 

 

The maximum attainable draw ratio is limited by the number of entanglements per chain of 

the material (eq 4.1 and eq 4.2). The maximum Young’s modulus (Emax) can be determined 

using eq 4.6 by replacing λ with λmax from eq 4.1 for melt-crystallized and eq 4.2 for 

solution-cast polyethylene.  

 

The tensile strength (σt) was reported to increase with E and with the number average 

molecular weight (Mn):
 [6–9] 

 

 

σt ∝  𝐸0.8     (eq 4.7) 

 

σt ∝  𝑀𝑛
0.4    (eq 4.8) 

 

The maximum tensile strength (σt,max) is calculated using eq 4.7 by replacing E with Emax . 

σt,max is therefore limited by the Emax and its Mn. 

 

The above described structure-property relationships and the initial assumptions can cause 

serious deviations between experiments and theoretical prediction. For instance, the 

pseudo-affine deformation scheme is debatable especially if a low strain rate and a high 

drawing temperature are used because of the reorganization occurring at the morphological 

level, the higher chance of chain slippage due to higher chain mobility should be taken into 

account.
 [10,11]

 Despite the arguable assumptions, there is abundant evidence that with 

certain limits these scaling laws are valid for monomodal UHMW PE with a broad range of 

polydispersity from close to 1 to very high (>15).  

4.2.2 Bimodal polyethylene (with non-volatile solvent) 

 

It has been shown previously that the addition of high volume fractions of a low molecular 

weight wax (Mw=1000 g/mol) to UHMW PE (Mw= 10
6
 g/mol) results in an enhanced 

drawability and a reduced viscosity.
 [10]

 The results showed that the polyethylene wax acts 

as a solvent, and that the maximum attainable draw ratio of the drawn blends increases. The 

maximum tensile strength also increases from 1 to 1.5 GPa upon addition of 60 wt% of 

wax. Structure-property relationships for melt-crystallized bimodal UHMW PE can be 

obtained from the experimental results. 

 

The maximum attainable draw ratio (max) is determined by the Mw of the UHMW PE 

fraction and the concentration of UHMW PE in non-volatile solvent (φ’): 
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max  ∝ (φ’Mw)
-α

    (eq 4.9) 

 

with  φ’=
𝑉𝑈𝐻𝑀𝑊 𝑃𝐸

𝑉𝑈𝐻𝑀𝑊 𝑃𝐸+𝑉𝑤𝑎𝑥
    (eq 4.10) 

 

In equation 4.10, VUHMW PE and Vwax are the volume of UHMW PE and polyethylene wax, 

respectively. Shen et al. reported that α is 0.7 for a wax with a number average molecular 

weight Mw of 1000 g/mol. 

 

The Young’s modulus (E) draw ratio curve for melt-crystallized bimodal UHMW PE is 

also described using eq 4.6 of the Irvine and Smith model.  

Emax can be determined using eq 4.6, while replacing λ by λmax given in eq 4.9. 

 

The maximum tensile strength of drawn bimodal UHMW PE melt-crystallized was shown 

not to scale with Mn in contrast to monomodal polyethylene. 

4.2.3 Bimodal polyethylene (with volatile solvent) 

 

A bimodal UHMW PE can also be processed via solution with a volatile solvent. Taking as 

a reference, the results obtained for melt-crystallized bimodal UHMW PE, the expected 

structure-property relationships of solution-cast bimodal UHMW PE are given below. 

The maximum attainable draw ratio (max) is determined by the Mw of the UHMW PE 

fraction and the concentration of UHMW PE in non-volatile and volatile solvent (φ’’): 

 

   max  ∝ (φ’’Mw)
-α

    (eq 4.11) 

 

with φ’’=
𝑉𝑈𝐻𝑀𝑊 𝑃𝐸

𝑉𝑈𝐻𝑀𝑊 𝑃𝐸+𝑉𝑤𝑎𝑥+𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡
   (eq 4.12) 

 

The constant α is a value determined by the type of solvent as reported previously.
 [4,10] 

 In 

equation 4.12, VUHMW PE, Vwax and Vsolvent are the volume of UHMW PE, polyethylene wax 

and volatile solvent, respectively. 

 

The Young’s modulus (E) draw ratio curve for solution-cast bimodal UHMW PE is also 

described using eq 4.6 of the Irvine and Smith model. Emax can be determined using eq 4.6, 

while replacing λ by λmax given in eq 4.11. 

 

Until now, no equation exist to predict the maximum tensile strength of bimodal UHMW 

PE. 
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4.3 Experimental section 
 

Materials. Ultra high molecular weight polyethylene UH8 (Mw=8.10
6
 g/mol,

 
Ð=2.5) was 

obtained from DSM and was used as received. A linear polyethylene wax (Polywax
TM

 3000 

polyethylene, weight average molecular weight Mw=3300 g/mol,
 
Ð=1.1) was obtained from 

Baker Hughes. 

 

Gel casting and ultra-drawing. First, the UHMW PE powder (UH8) and the wax was 

suspended in xylene at room temperature at a UHMW PE concentration of 0.8 wt%. The 

anti-oxidant Irganox 1010 (0.05 wt%) was added to prevent degradation of PE molecules at 

high temperatures. Wax 3000 was added to obtain tapes with 0, 15, 30, 50 and 60 wt% of 

wax. The tapes obtained are named UH8/Wax3000(X), with 𝑋 =
𝑚𝑊𝑎𝑥3000

𝑚𝑊𝑎𝑥3000+𝑚𝑈𝐻𝑀𝑊 𝑃𝐸
×

100 wt% of wax 3000 in the tape. Air trapped in the powder particles was removed by the 

application of a vacuum. The flask containing the suspension is heated under continuous 

stirring at 130°C in an oil bath. Once the Weissenberg effect was observed, the stirring was 

stopped and the flask was kept in the oil bath for 1 hour. The solution was then cast in an 

aluminum tray at room temperature. Upon cooling the solution turned opaque and became 

gel-like. After evaporation of the solvent, films with a uniform thickness were obtained. A 

piece of the film (1*3 cm) is cut and ultra-drawn on a hot plate using pliers. The tapes were 

drawn at 120°C. The draw ratio was determined by measuring the displacement of ink 

marks on the film. The UH8/Wax3000(50) tape was drawn in a tensile tester with an oven 

because it is too brittle to be drawn manually. When drawing manually, the bending of the 

tapes at the clamp results in the fracture of the tape because the material is too brittle. The 

UH8/Wax3000(60) tape was too brittle, even to be drawn in the tensile tester with an oven 

and could not be drawn at all.  

 

Molecular weight distribution of the tapes. The molecular weight distribution of the 

different blends were calculated using the Mw and Mn values from each monomodal (wax 

3000 and UH8) (Figure 4.1) as described in the experimental section of chapter 3. The 

molecular weights Mn, Mw and the polydispersity Đ of the solution-cast films are given in 

Table 4.1 and Figure 4.2. 
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Figure 4.1. Simulated SEC-MALLS of wax/UHMW PE bimodal polyethylene tapes. 

 

Table 4.1. Mw, Mn and Đ of the solution-cast films and wax 3000. 

 
 

 

Figure 4.2. The Mw and Mn of the pure components and their blends as a function of wax weight 

fraction (%). The data points are the calculated averages using the Mw and Mn values of the pure 

components of the solution-cast films and the dashed lines are a guide for the eyes. 
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Mechanical properties of ultra-drawn tapes. The room temperature Young’s modulus and 

tensile strength of the drawn tapes were measured using a Zwick-Z100 tensile tester at a 

crosshead speed of 10 mm/min. The cross sectional area (A in cm
2
) was calculated by 

measuring the length (l in cm) and the weight (w in g) of the film.  

The volume of the film (V in cm
3
) can be expressed with these two equations: 

 

𝑉 = 𝑙 × 𝐴 and V = 
𝑤

𝜌
    (eq 4.13) 

 

ρ is the density of highly oriented PE and has a value of 0.98 g/cm
3
. 

By combining these two equations, the cross section area can be calculated with: 

 

A = 
𝑚

𝑙×𝜌
     (eq 4.14) 

 

Two different methods were used to obtain the Young’s modulus and the tensile strength. 

For the Young’s modulus, the drawn tapes were directly placed in the clamps, while for the 

tensile strength double side tape (tesa
®
 52320) was placed in the clamps to reduce slippage. 

The Young’s modulus of the drawn specimens was estimated from the maximum tangent of 

the engineering stress–strain curves at a strain between 0 and 0.5%. The tensile strength is 

determined as the strength at failure. In all cases, at least three specimens were measured, 

the mean values and the corresponding standard deviation of the Young’s modulus and the 

tensile strength were calculated. 

 

Thermal analysis. Differential scanning calorimetry (DSC) was performed using a DSC 

Q1000 instrument on polymer with a total weight of 2-3mg. The DSC thermograms were 

recorded at a speed of 10 °C/min under nitrogen flow. The fiber samples were cut in small 

pieces and submerged in silicon oil to improve thermal conductivity to the pan and to allow 

free shrinkage of the fibers. 

4.4 Results and discussion 
 

In the case of solution-cast bimodal UHMW PE, it is the quality of the mixture of solvents, 

wax and the volatile solvent (decalin or xylene), that determine the α value in equation 

4.11. The quality of the wax and the volatile mixture is evaluated by measuring the 

dissolution temperature of UHMW PE at a constant UHMW PE concentration (φ’’) in 

solution (Figure 4.3). A rather extreme case with a high concentration of UHMW PE in 

solvent (φ’’=15 wt%) is chosen to cover both gel casting and gel spinning conditions. 

α=0.5 when UHMW PE is in decalin (Figure 4.1 pink points) and α=0.7 for UHMW PE in 

wax 3000 (Figure 4.1 black points). Even for high Wax/UHMW PE ratios up to 60/40, the 
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dissolution temperatures of the bimodal are quite close to the UHMW PE in decalin curve. 

Therefore, the α value for wax-decalin blends is assumed to be 0.5. 

 

 
Figure 4.3. Phase diagram of the dissolution temperature of UHMW PE in decalin, wax 3000 and 

blend of decalin and wax 3000. 

 

The Young’s modulus at a draw ratio 30 of UH8/Wax3000(30) is measured at different 

drawing temperatures (Figure 4.4). If not drawn in the solid state, the Young’s modulus at 

the same draw ratio would be lower.
 [11]

 The aim is to see if the drawing temperature (Td) 

needs to be decreased compared to the drawing temperature used for pure UHMW PE 

(Td=120°C). The DSC measurement of the non-drawn UH8/Wax3000(30) solution-cast 

film shows a melting peak of Wax 3000 at 125°C and of UHMW PE at 137°C. The same 

Young’s modulus is obtained at drawing temperatures of 110 and 120°C. Therefore, a 

drawing temperature of 120°C was used in all the experiments. 
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Figure 4.4. 1st heating curve of a DSC measurement on the undrawn UH8/Wax3000(30) solution-cast 

film (left) and Young's modulus of UH8/Wax3000(30) drawn at a draw ratio 30 at different drawing 

temperatures (right). 

 

The Young’s modulus of the tapes with different wax 3000 contents is measured at 

different draw ratios (Figure 4.5). Due to the size of the oven, the maximum draw ratio that 

can be obtained for UH8/Wax3000(50) is approximately 35. The monomodal and the 

bimodal polyethylenes follow the Irvine and Smith model with Eu= 0.4 GPa (tensile 

modulus of the unoriented polymer) and Eh= 300 GPa (tensile modulus of the perfectly 

oriented polymer) within experimental error.
 [5] 

 The Eu value found is quite low compared 

to the one reported by Irvine et al. which was 1.6 GPa. This is most likely the result of the 

gel casting process which is known to cause the lamellar crystals in the gel to orient 

preferentially with the chain axis perpendicular to the surface of the polymer,
 [12] 

 creating 

negative pre-orientation. Even for contents as high as 50 wt% of wax 3000 in the tape, the 

Young’s modulus at the same draw ratio remains identical. Therefore, the equation 4.6 of 

the Irvine and Smith model is still valid for solution-cast bimodal UHMW PE. 
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Figure 4.5. Young's modulus versus the draw ratio of UH, UH8/Wax3000(15), UH8/Wax3000(30) 

and UH8/Wax3000(50). The black line corresponds to the Irvine and Smith model with Eu=0.4 GPa 

and Eh=300 GPa. 

 

The tensile strength of UH8 and UH8/Wax3000(30) drawn at different draw ratios is 

measured and plotted versus the Young’s modulus (Figure 4.6). At the same Young’s 

modulus, UH8/Wax3000(30) has a similar tensile strength as the reference UH8 despite the 

high content of low molecular weight wax 3000 molecules. 

 

 
Figure 4.6. Tensile strength of UH8 and UH8/Wax3000(30) versus Young's modulus. 
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The Young’s modulus is determined by the degree of chain orientation and chain extension 

in the polymer. For monomodal polyethylene, it was established to be independent of the 

molecular weight and molecular weight distribution of the polymer. Even for material with 

high contents of very small molecules of 3000 g/mol, the Young’s modulus is still 

independent of the molecular weight of the polymer chains.  

 

The accuracy of the tensile strength measurements of solution-cast films is limited for 

various reasons such as breaking at the clamps, failure in multiple steps and inaccuracies in 

the measurement of dimensions of very thin tapes. Therefore, it is challenging to determine 

the maximum tensile strength of the UH8 and bimodal wax/UHMW PE accurately and 

study its relationship to its Emax and Mn. However, a qualitative comparison can still be 

made of the tensile strength at the same Young’s modulus. The addition of polyethylene 

wax to UHMW PE lowers dramatically the Mn as shown in Table 4.1 and Figure 4.2. In the 

case studied here, the Mn of the bimodal UH8/Wax3000(30) is 10
4
 g/mol which is 320 

times smaller than the pure UHMW PE. If eq 4.8 is used to predict the tensile strength, the 

value expected of UH8/Wax3000(30) would be more than 10 times lower than the tensile 

strength of pure UH8.  

With respect to the Young’s modulus, the model for monomodal polyethylene seems to 

apply for bimodal wax/UHMW PE blends. However, the tensile strength at the same 

Young’s modulus is a lot higher than predicted based on Mn of the bimodal wax/UHMW 

PE blends.  

 

4.5 Conclusions 

 

A model to predict the mechanical properties of bimodal polyethylene wax/UHMW PE was 

presented based on the hypothesis that polyethylene wax behaves as a solvent for UHMW 

PE. The gel casting experiments of the bimodal wax/UHMW PE blends show a good 

correlation with the Young’s modulus predictions of the model, showing that the Young’s 

modulus is not dependent on the molecular weight. The physical blends of 

UH8/Wax3000(30) have the same tensile strength as the reference UHMW PE at the same 

Young’s modulus. The tensile strength at an identical Young’s modulus is 10 times higher 

than the theoretical predictions based on the number average molecular weight which 

indicates that the bimodal wax/UHMW PE blends do not follow the same scaling law as 

monomodal UHMW PE. 
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  Chapter 5
 

 

Mechanical properties of gel-spun, partly-drawn, bimodal 

UHMW PE 

 

 

 

In a gel spinning experiment, the volatile solvent (decalin) is partially replaced by a non-

volatile solvent (polyethylene wax) which is not extracted, and partly-drawn bimodal 

wax/UHMW PE fibers are produced in a temperature gradient. The structure of the partly-

drawn bimodal UHMW PE fibers is studied with SAXS and WAXS measurements and 

DSC and it is found that the polyethylene wax is oriented along the fiber direction and is 

located between UHMW PE fibrils and/or in the interfibrillar voids. At an identical draw 

ratio, drawn fibers containing polyethylene wax display a lower Young’s modulus 

compared to the pure UHMW PE fiber which is attributed to a too high drawing 

temperature. By decreasing the draw down, the draw ratio can be increased which 

combined with the lower drawing temperature enables the drawing of partly-drawn bimodal 

UHMW PE fibers in the solid state of wax and UHMW PE. The Young’s modulus, tensile 

strength and strain at break of the bimodal UHMW PE obtained is identical to the fiber 

without wax. In other words, drawing should be performed in the solid state of both 

UHMW PE and wax to effectively orient both polyethylene fractions and to obtain the 

same mechanical properties as a pure partly-drawn UHMW PE fiber. 
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5.1 Introduction 
 

The study of bimodal polyethylene can help bring more understanding and insight on the 

link between the molecular weight distribution of the material and the mechanical 

properties. 
 [1–8] 

 Even though, very little literature exists on this topic, in particular for 

bimodal ultra high molecular weight polyethylene (UHMW PE) fiber produced with gel 

spinning.  

 

In the previous chapter, semi-empirical structure-property relationships were derived for 

bimodal UHMW PE. The experiments are now scaled up to a pilot scale solution (gel) 

spinning line. The aim of the gel spinning experiments is to improve the PE throughput 

without sacrificing mechanical properties but also to study the scaling law predicting the 

maximum tensile strength of the bimodal UHMW PE fiber (Chapter 6). The model 

developed for bimodal UHMW PE is based on the hypothesis that the low molecular 

weight part, here polyethylene wax, is small enough to behave as a solvent for UHMW PE. 

Therefore, if decalin is replaced by polyethylene wax while the weight fraction of UHMW 

PE stays the same, the total PE throughput should increase while retaining the mechanical 

properties. 

 

First, the structure of partly-drawn bimodal polyethylene wax/UHMW PE fibers is studied 

to determine the morphology of polyethylene wax and its interaction with UHMW PE. In a 

second part, the Young’s modulus and the tensile strength of the partly-drawn bimodal 

fibers are thoroughly studied for different production conditions such as drawdown, draw 

ratio and drawing temperature in the first drawing step. 

5.2 Experimental section 
 

Materials. Ultra-high molecular weight polyethylene UH4 (weight average molecular 

weight Mw=4×10
6
 g/mol,

 
Ð=7) was obtained from DSM and used as received. Polyethylene 

wax (Polywax
TM

 3000 polyethylene, weight average molecular weight Mw=3300 g/mol,
 

Ð=1.1) was obtained from Baker Hughes. Smaller particle size (<180 μm) of polyethylene 

wax was obtained by cryogenic grinding.  

Gel-spinning and drawing of fibers. Multifilament fibers were produced in a pilot scale 

solution (gel) spinning process. A schematic overview of the spinning process is shown in 

Figure 1.2 (Chapter 1). The polymer is dissolved in a volatile solvent (decalin). A metering 

pump is used to regulate the flow rate to the spinneret. The solution is spun through a 

spinneret and a drawdown (DD=15.6, pre-stretching in solution) is applied on the fiber in 

an air gap, and then the fiber is quenched to a semi-crystalline state (gel) by cooling down 

in a water bath. The gel fiber is drawn in a first oven in a temperature gradient between 95 

and 140°C to evaporate the solvent and is stretched to a draw ratio of 5 (1=5). In this first 

drawing step, the volatile solvent is evaporated and the fiber is further drawn in a second 

step (see Chapter 6). 

In this study, the concentration of 9 wt% of UH4 in solution is constant and the volatile 

solvent (decalin) is partly replaced by the non-volatile solvent (wax 3000) (Figure 5.1). The 

fibers obtained are named UH4/Wax3000(X), with X =
wWax

wWax+wUHMW PE
× 100 wt%. The 
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molecular weight distribution of the fibers are calculated from the Mw and Mn values of 

both monomodals and the mass fractions employed using the equation given in the 

experimental section of chapter 3. The Mw and Mn values of UH4 were obtained by high 

temperature SEC-MALLS (see experimental section Chapter 2) and the Mw and Mn values 

of the wax 3000 were obtained from Baker Hugues. The molecular weight distributions are 

plotted in Figure 5.2 and given in Table 5.1. 

 

Figure 5.1. Design of experiments represented in a ternary diagram of UHMW PE, wax and decalin. 

Table 5.1. Mw, Mn and Đ of the gel-spun fibers and wax 3000. 
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Figure 5.2. Calculated molecular weight distribution of bimodal wax/UHMW PE fibers. 

Spinning force. The spinning force is measured after the quenching. The fiber travels over 3 

rollers. The 2 upper rollers are driven and are at the same height. The center roller is free 

rolling and is placed a few centimeter lower, so that the fiber has a wrap angle of about 120 

degrees over the center roller. The center roller measures the force exerted on it in vertical 

direction and taking into account the wrap angle, the force on the fiber can be calculated. It 

is assumed that there are no frictional losses over the quench rollers, and that the force 

along the fiber is constant. Thus, the force in the air gap equals the force measured after the 

quench bath. 

Mechanical properties. First, the linear density of the multifilaments is determined by 

taking a length of 50 meters and weighing it. The linear density is given in decitex (dtex) 

which is the mass in grams per 10 000 meters. Then, the multifilament is placed in an 

automated tensile tester (Statimat 4U). Samples with a length of 500 mm are tested at a 

speed of 250 mm/min at room temperature. The tenacity and Young’s modulus are 

measured on at least 5 samples and are given in cN/dtex. The tensile strength and the 

Young’s modulus can be obtained in GPa by multiplying the value measured in cN/dtex by 

the volumetric mass density (0.98 g/cm
3
) and dividing it by 10. 

 

Polyethylene wax removal. A bundle of filaments is wound around a thick aluminum frame 

to keep the filaments at a constant strain. The frame is submerged in xylene overnight at 

100°C. Then, the xylene evaporates at room temperature after 1-2 days. 

Thermal analysis. Differential scanning calorimetry (DSC) was performed using a DSC 

Q1000 instrument on fibers with a total mass of 2-3 mg. The DSC thermograms were 

recorded at a speed of 10°C/min under nitrogen flow. The fiber samples were submerged in 

3 4 5 6 7 8

d
W

/d
lo

g
M

log M

 UH4

 UH4/Wax3000(30)

 UH4/Wax3000(40)

 UH4/Wax3000(55)



-73- 

 

silicon oil to improve thermal conductivity to the pan and to allow shrinkage of the fiber 

(non-constrained melting). The crystallinity was determined with the following equation:
 [9]

  

 

χc =
∆Hf(Tm)

∆Hf
0(Tm

0 )
     (eq 5.1) 

with χc the crystallinity, ∆Hf(Tm) the enthalpy of fusion measured at the melting point Tm, 

and ∆Hf
0(Tm

0 ) = 293 J/g the enthalpy of fusion of the pure crystal.
 [10]

  

X-ray analysis. X-ray measurements were performed on a Ganesha lab instrument, 

equipped with a Genix-Cu ultralow divergence source producing X-ray photons with a 

wavelength of 1.54 Å and a flux of 1×10
8
 photons/second. Diffraction patterns were 

collected on a Pilatus 300 K silicon pixel detector with 487×619 pixels of 172 μm
2
 placed 

at a distance of 91 mm (WAXS) and 1491 mm (SAXS) from the sample. The detector 

consists of three plates with a 17 pixels spacing in between.  

An estimation of the lamellar thickness (Lc) and the thickness of the amorphous phase (La) 

was made using the following equation in which Lp is the long period measured by SAXS 

and χc is the crystallinity measured by DSC:
 [11]

  

𝐿𝑐 = 𝜒𝑐 × 𝐿𝑝        (eq 5.2) 

with 𝐿𝑎 = 𝐿𝑝 − 𝐿𝑐      (eq 5.3) 

The average crystalline orientation of the drawn fibers was calculated with Herman’s 

orientation function (fc):
 [12,13]

  

    𝑓𝑐 =
3〈𝑐𝑜𝑠2𝜓〉−1

2
        (eq 5.4) 

with 〈𝑐𝑜𝑠2𝜓〉 =
∫ 𝐼(𝜓)〈𝑐𝑜𝑠2𝜓〉 sin 𝜓𝑑𝜓

𝜋
2⁄

0

∫ 𝐼(𝜓) sin 𝜓𝑑𝜓
𝜋

2⁄
0

       (eq 5.5) 

where ψ is the angle between chain axis and the drawing direction and I(ψ) is the scattering 

intensity along the angle ψ. 

Kofler bench. A Kofler bench is a metal plate with a temperature gradient. The partly-

drawn fiber is put in contact with the metal plate at a temperature of 30°C and slowly 

moved to higher temperatures until the fiber starts shrinking and melting. A measurement 

with an unconstrained fiber is done by putting the fiber in contact with the metal strip 

without putting any tension on the fiber. While the measurement with the constrained fiber 

is done by winding the fiber around a finger on each side and applying a constant force on 

the fiber while putting it in contact with the metal strip. For each measurement, 3 samples 

were tested.  
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5.3 Results and discussion 
 

In the polymer solution, the volatile solvent (decalin) is partially replaced by a non-volatile 

solvent (wax 3000) which is not removed from the fiber. In other words, the concentration 

of UHMW PE in solution remains identical if it is assumed that wax is a solvent. First, the 

solutions are spun and after gelation the fibers are drawn in a temperature gradient. The 

spinning force (Fspin) in solution is measured at different wax contents and plotted against 

the drawdown (DD) in Figure 5.3. The spinning force increases with the addition of wax, at 

all the drawdowns that are applied.  

The number average molecular weight Mn of the wax is 3000 g/mol is far below the 

molecular weight between entanglements in the PE solutions used (Me,melt=1760 g/mol thus 

in a solution with a PE concentration below 10 w% Me>17600 g/mol).
 [14]

 It is therefore 

expected that the elongational viscosity is hardly influenced as compared to any other 

solvent. Therefore, the addition of small molecules is not expected to almost double the 

spinning force at the same drawdown as shown in Figure 5.3.  

 

 
Figure 5.3. Spinning force (Fspin) measured for different draw down (left) and wax content in PE fiber 

at a draw down 15.6 (right). 

The high temperature SEC-MALLS of the drawn fibers is measured and the UHMW PE 

fraction is plotted in Figure 5.4. The molecular weights Mw, Mn and Mz of the UHMW PE 

fraction are given in Table 5.2. Only the UHMW PE fraction of the fiber is visible in the 

high temperature SEC-MALLS because the wax molecules are too small to be detected by 

the column. The fibers containing wax seem to have a high molecular weight tail compared 

to the pure UH4 fiber, and consequently Mz is higher (see Table 5.2). The higher Mz values 

of bimodal UHMW PE fibers containing wax could be the result of the presence of 

stabilizers in the wax granules, which partially prevent the degradation of the high 

molecular weight molecules. The spinning force is dependent on the elongational viscosity 

of the solution, which is itself dependent on the high molecular weight tail of the polymer. 

Therefore, a higher Mz of the fibers containing wax could explain a higher spinning force. 

No difference in Mz is observed between UH4/Wax3000(30) and UH4/Wax3000(55) even 

though their spinning forces are different. Again, this is explained by the limitations of the 

high temperature SEC-MALLS to accurately measure the high molecular weight tail of the 

polymer distribution. 
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Figure 5.4. High temperature SEC-MALLS of partly-drawn fibers with and without wax. 

Table 5.2. Mn, Mw and Mz of the UHMW PE fraction of drawn fibers determined by high temperature 

SEC-MALLS. 

 

The results presented above seem to indicate that the high molecular weight tail of the UH4 

is less degraded during the spinning process upon addition of wax which influences the 

fiber orientation during the drawdown, the formation of shish kebabs and the structure and 

morphology of the partly (and fully) drawn fiber.  

5.3.1 Structure of partly-drawn bimodal UHMW PE fibers  

 

The structure of the fiber is studied to determine the morphology of the partly drawn yarns, 

where the polyethylene wax is located and whether it is in the UH crystal structure, the UH 

amorphous phase or interfibrillar voids. The location of the polyethylene wax can interfere 

with the UH crystal structure impacting the mechanical properties. 

 

The long period of the fibers is determined by small angle X-ray scattering (SAXS) 

measurements (Figure 5.5). A decrease in the long period from 45 to 30-35nm is observed 

with the addition of wax. Additionally, a second long period of 19 nm is visible in the case 

of UH4/Wax3000(55), which is very close to the long period of the pure wax (molecule 
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folded in half)
 [15]

 of 18 nm, indicating the presence of a separate wax phase at a high wax 

content. 

 

Figure 5.5. SAXS measurements of the partly-drawn fibers: UH4, UH4/Wax3000(30) and 

UH4/Wax3000(55). 

The partly-drawn fibers are soaked in xylene at 100°C overnight to remove wax from the 

fibers. The DSC thermograms in Figure 5.6 of UH4/Wax3000(55) after treatment does not 

show the wax melting peak anymore, while it is still present in case of UH4/Wax3000(30) 

but smaller than before the treatment. The disappearance of the melting peaks results from 

the removal or partial removal of the wax. 

After the wax removal, the SAXS measurements of the UH4/Wax3000(30) fiber show a 

long period of approximately 43 nm, very similar to 45 nm found for UH4. In the bimodal 

wax/UHMW PE fibers, the long period of the UHMW PE fraction is not affected by the 

presence of wax. It seems that the X-ray measurement cannot differentiate the two peaks 

corresponding to UHMW PE and wax fractions and makes an average resulting in a peak at 

35 nm. This observation suggests that both fractions are phase separated. 
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Figure 5.6. DSC thermograms and long periods measured by SAXS before and after wax 

removal of UH4/Wax3000(30) (A and C) and of UH4/Wax3000(55) (B). 

 

The X-ray results are studied further to try to get more information on the location and 

orientation of the polyethylene wax crystals. After the wax removal, the scattering created 

is more intense in the meridional direction along the long period of the shish but is also 

wider than the usual shish diffraction (Figure 5.6). The diffraction along the meridional axis 

being wider, it indicates much smaller crystal dimensions than shish. This new scattering 

indicates that the wax crystals are oriented in the fiber direction.  

 

The thickness of the amorphous phase (La) of the UH fraction can be determined from the 

long period (Lp) of approximately 45 nm determined by SAXS and the crystallinity (𝜒𝑐) of 

76% determined by DSC. The resulting amorphous phase thickness is approximately 10 

nm. Considering the crystal thickness of polyethylene wax of approximately 15 nm, it is 

unlikely that it would fit in the amorphous phase of the UH. The polyethylene wax crystals 

are oriented in the fiber direction and located between the UH fibrils and/or in the 

interfibrillar voids. 
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The average crystal orientation of both UHMW PE and polyethylene wax is measured by 

WAXS measurements (Figure 5.7). The 110 crystalline peaks of UH4, UH4/Wax3000(30), 

UH4/Wax3000(40) and UH4/Wax3000(55) are shown in Figure 5.7. The baseline of 

UH4/Wax3000(55) is much higher than the other materials. It can be seen in the 

corresponding WAXS image in the right graph Figure 5.7. A sharp ring is visible at the 

same q value as the 110 peak. This sharp ring corresponds to an isotropic crystalline phase 

which could be the UHMW PE or the polyethylene wax fraction. As this ring only appears 

for high contents of wax, it is more likely to be isotropic polyethylene wax. The isotropic 

wax was most probably wax partly expulsed to the surface of the fiber, explaining that this 

fiber looks more white and sticky than fibers with lower wax content (<40 wt%).  

 

Furthermore, the Herman’s orientation function (fc) describing the average crystalline 

orientation is given in Figure 5.7 for different wax contents. The orientation calculated does 

not make a distinction between UHMW PE and wax. The Herman’s orientation function 

decreases with a higher wax content which indicates that the average crystal orientation of 

the UHMW PE and wax chains becomes lower.  

The lower orientation could be the result of the UHMW PE chains being less oriented, the 

wax chains being less oriented or both at the same time. As the orientation decreases with 

the addition of wax and as wax molecules are small and have a higher mobility (in solution 

or melt), the wax molecules are more likely less oriented than the UHMW PE molecules 

and decrease the average orientation.  

 

Figure 5.7. 110 peak plotted against the azimuthal angle of the partly-drawn fibers UH4, 

UH4/Wax3000(30), UH4/Wax3000(40) and UH4/Wax3000(55) (left) and Herman’s function fc 

against the wax content in the fiber with the corresponding WAXS images (right).  

5.3.2 Processing and mechanical properties of partly-drawn bimodal UHMW PE 

fibers 

 

The Young’s modulus of the drawn fibers is measured and shown in Figure 5.8. The 

Young’s modulus gradually decreases with the addition of wax. This observation is 

unexpected as the experiments until now on bimodal UHMW PE melt-crystallized
[8]

 and 

solution-cast didn’t show any dependency of the Young’s modulus on the molecular weight 

of the polymer at the same draw ratio. The Young’s modulus is dependent on the chain 
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orientation and chain extension of the crystalline phase but is also dependent on the 

orientation of the amorphous phase. The Herman’s orientation function obtained from 

WAXS determines the degree of orientation of the crystalline orientation such as chain 

extension and ignores other important parameters. However, the decrease of the crystalline 

phase orientation measured by fc with the addition of wax can explain the decrease in 

Young’s modulus.  

 

Figure 5.8. Young's modulus at a draw ratio λ1=5 versus the wax content in the fiber. 

The decrease in crystalline orientation and Young’s modulus can be the result of the use of 

too high drawing temperatures. The DSC thermograms of the drawn fibers are measured 

and given in Figure 5.9. The melting behavior of the fibers in the DSC measurements and 

during the drawing step is not comparable because the fibers are not constrained during the 

DSC measurements, whereas they are during the drawing step. Therefore another method is 

used to evaluate the difference in melting temperature between constrained and 

unconstrained fibers (ΔTm,constrained-unconstrained). A Kofler bench, which is a hot plate with a 

gradient in temperatures, is used to measure the difference in melting temperature between 

constrained and unconstrained fibers. The melting temperature of the reference fiber (UH4) 

is 12°C higher when the fiber is constrained compared to unconstrained. Both routes 

indicate a difference of melting temperature of 10-15°C between constrained and 

unconstrained fibers. Even though, it stays an approximation, from now on it is considered 

that the real constrained melting temperature during the drawing step is approximately 

10°C higher than the melting temperature obtained from the DSC measurements. 

All the fibers were drawn after the spinning step in a temperature gradient from 95 to 140 

°C to a draw ratio λ1=5. According to the DSC measurements, UH4 at a draw ratio λ1 of 5 

has a melting peak at 145°C and pure wax 3000 melts at approximately 130°C. 

UH4/Wax3000(30), UH4/Wax3000(40) and UH4/Wax3000(55) display two peaks at 130-

135°C and 140°C corresponding to the wax and the UH4, respectively. The small increase 

of the wax melting peak comes from the orientation of the wax molecules in the drawing 

direction,
 [15]

 while the decrease of the UH melting peak results from the solvent behavior 

of the polyethylene wax. 
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As the drawing temperature (Td1) goes up to 140°C, corresponding to 130°C on the DSC 

scans (ΔTm,constrained-unconstrained =10°C), wax partially or completely melts during the drawing 

process (Figure 5.9). Too high drawing temperatures can certainly be a reason for a lower 

orientation of the wax molecules. 

 

 

Figure 5.9. 1
st
 heating curves of UH4 and bimodal wax/UHMW PE partly-drawn fibers at 

λ1 and wax 3000. 

The temperature gradient in the first drawing step is decreased by 10 and 15°C, to prevent 

the wax molecules from relaxing and losing their orientation. If the drawing temperature for 

UH4/Wax3000(55) is decreased with more than 5°C the fibers break. The same is observed 

for UH4/Wax3000(30) except if additional optimization of the drawdown-draw ratio (DD-

λ1) is made. λ1 is increased from 5 to 7.4 and DD is decreased from 15.6 to 8. The 

mechanical properties of the drawn fibers versus the drawing temperatures are given in 

Figure 5.10. The Young’s modulus and the tensile strength of UH4/Wax3000(30) are 

improved by changing the drawing temperature, and optimizing λ1 and DD. The strain at 

break decreases from 6.5 to 5.5 % probably resulting from a higher Young’s modulus. 
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Figure 5.10. Young's modulus (E) , tensile strength (σ) and the strain at break of fibers drawn at 

different drawing temperatures to λ1=7.4 and DD=8. 

The Herman’s orientation function of the UH4/Wax3000(30) processed and drawn under 

optimized conditions is calculated from WAXS measurements and compared to the 

previous results in Figure 5.11. The same trend as the Young’s modulus is observed, the 

Herman’s orientation function increases from 0.91 to 0.94 by optimizing DD, Td and λ1, 

very close to the orientation obtained by the reference drawn UH4 fiber.  

The first heating curves of UH4/Wax3000(30) processed and drawn at the reference 

conditions and at the optimized conditions (with Td,ref -15°C) are given in Figure 5.11. After 

optimization, the melting temperature of the UHMW PE fraction is 1°C higher and the 

melting peak of the wax fraction is hardly visible. Staying below a drawing temperature of 

125°C seems to prevent the relaxation and melting of the wax fraction. In conclusion, the 

bimodal UHMW PE fiber drawn in the solid state of UHMW PE and wax has higher 

mechanical properties than the bimodal UHMW PE fiber drawn above the melting 

temperature of the wax and below the melting temperature of UHMW PE. 
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Figure 5.11. Herman’s orientation function (fc) versus the wax content in fiber (left) and 1st heating 

curves of UH4/Wax3000(30) (right) processed and drawn with reference conditions (Td,ref, λ1=5 and 

DD=15.6) and optimized conditions (Td,ref  -15°C, λ1=7.4 and DD=8). 

5.4 Conclusions 
 

The polyethylene wax crystals are oriented along the fiber direction and located between 

the UHMW PE fibrils and/or in the interfibrillar voids if the fibers are drawn in the solid 

state of UHMW PE. The Young’s modulus at the same draw ratio of the drawn fibers 

decreases with the addition of wax if drawing is not performed in the solid state of both 

wax and UHMW PE. The Young’s modulus, tensile strength and strain at break have 

similar properties than the reference drawn UHMW PE fiber by decreasing the drawing 

temperature and optimizing the drawdown and draw ratio. In other words, the mechanical 

properties are identical if the drawing is done in the solid state of both UHMW PE and wax. 

Drawing should be performed in the solid state of both UHMW PE and wax to effectively 

orient both polyethylene fractions and obtain the same mechanical properties as a pure 

partly drawn UHMW PE fiber. 
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  Chapter 6

 

 

Mechanical properties of gel-spun, ultra-drawn, bimodal UHMW 

PE  

 

 

 

In a gel spinning experiment, the volatile solvent (decalin) is partially replaced by a non-

volatile solvent (polyethylene wax) which is not extracted, and bimodal wax/UHMW PE 

fibers are drawn in two steps. Upon addition of wax, the PE throughput of the spinning 

lines can be increased with a factor 1.4 without a sacrifice in mechanical properties. The 

maximum Young’s modulus obtained by the UHMW PE bimodal fibers fit the expectation 

of the model proposed in chapter 4, for wax contents up to 30 wt% of the PE fiber. The 

maximum tensile strength of the bimodal UHMW PE fibers is high in comparison to the 

theoretical values based on the number average molecular weight and the weight average 

molecular weight. However, the maximum tensile strength of the bimodal UHMW PE 

fibers match the expectations of the rule of mixtures for mole fraction. In terms of fracture 

mechanism, at the same Young’s modulus this indicates that the maximum tensile strength 

of the bimodal UHMW PE fibers is mainly dependent on the maximum tensile strength of 

the UHMW PE fraction and its fracture mechanism. 
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6.1 Introduction 
 

In Chapter 5, the structure and the mechanical properties of the partly-drawn bimodal 

UHMW PE fibers were investigated. It was concluded that drawing should be performed in 

the solid state of both UHMW PE and wax to effectively orient both polyethylene fractions 

and obtain the same mechanical properties as a pure partly-drawn UHMW PE fiber. 

Moreover, it was shown that wax in the drawn fibers is oriented in the fiber direction and 

located in the interfibrillar voids and/or between the UHMW PE fibrils. 

In this chapter, the fibers are stretched to their maximum attainable draw ratio in a second 

drawing step. The maximum mechanical properties of the fibers drawn in the solid state of 

UHMW PE and wax and the ones drawn only in the solid state of UHMW PE are compared 

to the theoretical values expected by the model given in Chapter 4. The relationship 

between the maximum tensile strength of bimodal wax/UHMW PE fibers and its Mw, Mn is 

studied and the rules of mixtures given by Termonia et al. are compared to the experimental 

results obtained here.
 [1]

  

6.2 Experimental section 
 

Materials. Ultra-high molecular weight polyethylene UH4 (weight average molecular 

weight Mw=4.10
6
 g/mol,

 
Ð=7) was obtained from DSM and used as received. Polyethylene 

wax (Polywax
TM

 3000 polyethylene, weight average molecular weight Mw=3300 g/mol,
 

Ð=1.1) was obtained from Baker Hughes. 

Gel-spinning and drawing of fibers. Multifilament fibers were produced in a pilot scale gel 

spinning process. The polymer is dissolved in a solvent (decalin). A metering pump is used 

to regulate the flow rate to the spinneret. The solution is spun through a spinneret, a 

drawdown (DD=15.6, pre-stretching in solution) is applied on the fiber in an air gap, and 

then the fiber is quenched to a semi-crystalline state (gel) upon cooling down in a water 

bath. The gel fiber is drawn in a first oven in a temperature gradient between 95 and 140°C 

to evaporate the solvent and is stretched to a first draw ratio (1=5). The fiber is then 

stretched in a second step to a second draw ratio (2) in an oven at a temperature Td2. 

In this study, the concentration (9 wt%) of UH4 in solution is kept constant and the volatile 

solvent (decalin) is partially replaced by a non-volatile solvent (wax 3000). The fibers 

obtained are named UH4/Wax3000(X), with 𝑋 =
𝑤𝑊𝑎𝑥

𝑤𝑊𝑎𝑥+𝑤𝑈𝐻𝑀𝑊 𝑃𝐸
× 100 weight percentage 

of wax in the fiber. 

The Mw, Mn and Đ of the bimodal UHMW-PE are given in Table 6.1. The values are 

calculated from the molecular weight distribution of each monomodal and the mass fraction 

used as described in the experimental section of chapter 3. 
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Table 6.1. Mw, Mn and Đ of wax/UHMW PE bimodals. 

 

Mechanical properties. First, the linear density of the fiber, consisting of 64 filaments, is 

determined by taking a length of 50 meters and weighing it. The linear density is given in 

decitex (dtex) which is the mass in grams per 10 000 meters. Then, the multifilament fiber 

is placed in an automated tensile tester (Statimat 4U). Samples with a length of 500 mm are 

tested at a speed of 250 mm/min at room temperature. The tenacity and Young’s modulus 

are measured on at least 5 samples and are given in cN/dtex. The tensile strength and the 

Young’s modulus can be obtained in GPa (see experimental section Chapter 5). 

 

Thermal analysis. Differential scanning calorimetry (DSC) was performed using a DSC 

Q1000 instrument on polymer with a total mass of 2-3mg. The thermograms were recorded 

at a speed of 10°C/min under nitrogen flow. The fiber samples were submerged in silicon 

oil to improve thermal conductivity to the pan and to allow shrinkage of the fiber (non-

constrained melting). 

 

WAXS and SAXS. X-ray measurements were performed on a Ganesha lab instrument, 

equipped with a Genix-Cu ultralow divergence source producing X-ray photons with a 

wavelength of 1.54 Å and a flux of 1×10
8
 photons/second. Diffraction patterns were 

collected on a Pilatus 300 K silicon pixel detector with 487 × 619 pixels of 172 μm
2
 placed 

at a distance of 91 mm (WAXS) and 1491 mm (SAXS) from the sample. The detector 

consists of three plates with a 17 pixels spacing in between.  

The average crystalline orientation of the drawn fibers was calculated with Herman’s 

orientation function (fc):
 [2,3]

    

    𝑓𝑐 =
3〈𝑐𝑜𝑠2𝜓〉−1

2
     (eq 6.1) 

with 〈𝑐𝑜𝑠2𝜓〉 =
∫ 𝐼(𝜓)〈𝑐𝑜𝑠2𝜓〉 sin 𝜓𝑑𝜓

𝜋
2⁄

0

∫ 𝐼(𝜓) sin 𝜓𝑑𝜓
𝜋

2⁄
0

   (eq 6.2) 

where ψ is the angle between chain axis and the drawing direction and I(ψ) is the scattering 

intensity along the angle ψ. 

 

 

Mw Mn Đ

g/mol g/mol

UH4 4.0.10
6

5.7.10
5

7

UH4/Wax3000 (30) 2.8.10
6

9.9.10
3

284

UH4/Wax3000 (40) 2.4.10
6

7.4.10
3

323

UH4/Wax3000  (55) 1.8.10
6

5.4.10
3

332

wax 3000 3.3.10
3

3.0.10
3

1.1
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6.3 Results and discussion 
 

6.3.1 Influence of the second drawing step temperature 

 

The mechanical properties of the UH4/Wax3000(30) and UH4/Wax3000(55) fibers drawn 

in the second step at different temperatures (Td2) are tested in a tensile tester and are given 

in Figure 6.1. The highest mechanical properties are obtained for a Td2 of 147.5°C for 

UH4/Wax3000(30) and of 145°C for UH4/Wax3000(55). The largest increase in properties 

being observed with the decrease of Td2 for UH4/Wax3000(55) , σt increases of 0.15 GPa, it 

was decided to use a Td2 of 145°C for all the bimodal UHMW PE fibers. 

 
Figure 6.1. Young’s modulus and tensile strength of UH4/Wax3000(30) and UH4/Wax3000(55) 

drawn in the second step at different temperatures (Td2). The points at λ2=1 correspond to the 

properties of the fiber after the first drawing step. 

6.3.2 Maximum mechanical properties of fully drawn fibers processed at the 

reference conditions and optimized conditions in the first drawing step 

 

It was previously shown (chapter 5) that it is necessary to produce the partly-drawn 

bimodal UHMW PE fiber in optimized conditions (DD, Td1 and λ1) to obtain the same 

mechanical properties as partly-drawn pure UHMW PE fiber. The maximum mechanical 

properties of UH4/Wax3000(30) processed and drawn in the first step at the reference 

conditions (DD=15.6, Td1,ref and λ1=5) are compared to the same fiber processed and drawn 

in the first step at the optimized conditions (DD=8, Td1, λ1=7.4) in Figure 6.2. The fully 

drawn UH4 fiber processed at the reference conditions is used as a reference. In contrast to 

the observations for partly-drawn fibers, both bimodal fibers processed at the reference or 

optimized conditions have the same maximum mechanical properties as the UH4 fiber with 

a tensile strength of approximately 3 GPa and a Young’s modulus of 110 GPa.  

 

In the case of bimodal UHMW PE fibers, the conclusion of chapter 5 was that it is 

important to draw in the solid state of UHMW PE and wax, therefore to stay below the 
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melting temperature of wax. Consequently, the first question to answer is whether the 

second drawing step was done below the melting temperature of wax. The DSC 

measurements on the partly-drawn fibers were given in chapter 5 (Figure 5.11). Following 

the discussion in chapter 5 with regard to the difference in melting temperatures of 

constrained fibers in the drawing step and unconstrained fibers obtained from the DSC 

measurements, an approximate melting temperature difference (ΔTm,constrained-unconstrained) of 

10°C is estimated. 

According to the DSC measurements of the partly-drawn bimodal fiber at the reference 

conditions (Figure 5.9), to stay below the melting temperature of wax in 

UH4/Wax3000(30) the drawing temperature should be around 125°C. Correcting the 

temperature with ΔTm,constrained-unconstrained of 10°C, the constrained drawing temperature that 

should be used is 135°C. In the second drawing step, this fiber was drawn at 145°C, 

therefore the wax in this fiber partially melted and was drawn in the solid state of UHMW 

PE only. 

 

The same analysis was performed on the partly-drawn fiber drawn at the optimized 

conditions in the first drawing step. According to the DSC measurements of these fibers, 

(Figure 5.11), to stay below the melting temperature of wax in UH4/Wax3000(30) the 

drawing temperature should be around 135°C. Correcting the temperature with 

ΔTm,constrained-unconstrained of 10°C, the constrained drawing temperature that should be used is 

145°C. In the second drawing step, this fiber was drawn at 145°C, therefore this fiber was 

drawn in the solid state of both wax and UHMW PE and the wax was not melted. 

 

Surprisingly, the bimodal fiber drawn in the solid state of UHMW PE and wax does not 

obtain higher maximum mechanical properties than the bimodal fiber drawn in the solid 

state of UHMW PE with partial melting of wax. However, at the same draw ratio (λ2=3) the 

conclusion of chapter 5 stays true and higher mechanical properties for UH4/Wax3000(30) 

are obtained when the first and second drawing are done in the solid state of UHMW PE 

and wax (Figure 6.2). 

 
Figure 6.2. Young's modulus and tensile strength of UH4/Wax3000(30) partly-drawn in the first 

drawing step at the reference conditions (DD=15.6, Td1,ref and λ1=5) and at the optimized conditions 

(DD=8, Td1, λ1=7.4) drawn in the second step at 145°C to a draw ratio λ2. 

 

1.0 1.5 2.0 2.5 3.0 3.5
0

20

40

60

80

100

120

 UH4 - reference conditions

 UH4/Wax3000(30) - reference conditions

 UH4/Wax3000(30) - opimized conditions

E
 (

G
P

a)




1.0 1.5 2.0 2.5 3.0 3.5
0

1

2

3

 UH4 - reference conditions

 UH4/Wax3000(30) - reference conditions

 UH4/Wax3000(30) - opimized conditions


t (

G
P

a)






-90- 

 

The maximum mechanical properties of UH4, UH4/Wax3000(30), UH4/Wax3000(40) and 

UH4/Wax3000(55) are given in Figure 6.3. The mechanical properties of the fully drawn 

UH4/Wax3000(30) fiber with a Young’s modulus of 107 GPa and a tensile strength of 2.8 

GPa are approximately the same as the properties of the reference UH4 fiber. In 

comparison, UH4/Wax3000(40) displays a small decrease in properties, while they are 

significantly lower for UH4/Wax3000(55). The predictions made by the model for Emax, 

expecting it to stay constant, are correct up to a content of 30 wt% of wax. σt,max of 

UH4/Wax3000(30) fiber is the same as σt,max of UH4. The total PE throughput (TPE in 

kg/hour) can be calculated with the following equation: 

 

𝑇𝑃𝐸 = 𝑇𝑠𝑜𝑙 ×φPE      (eq 6.3) 

 

Tsol  is the throughput of the solution (5 kg/hour) and φPE the weight fraction of PE (UHMW 

PE and wax) in solution. 

 

Using the equation above, UH4 fiber produced with a PE weight fraction of 0.09, the 

resulting TPE is 0.45 kg/hour. In the case of the UH4/Wax3000(30) fiber, the PE weight 

concentration is 0.13, therefore the resulting TPE is 0.65 kg/hour. Consequently, the PE 

throughput was increased by a factor 1.4 with the addition of wax while the mechanical 

properties were retained. 

 

Figure 6.3. Maximum mechanical properties of fully drawn fibers containing wax 3000 plotted in a 

ternary diagram. 

One of the conclusions in chapter 5 is that the Young’s modulus of the bimodal UHMW PE 

is dependent on the crystalline orientation of both wax and UHMW PE. The same should 

apply to Emax. In the case of the bimodal UHMW PE fiber drawn in the solid state of 
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UHMW PE only in the first and second drawing step, the Herman’s orientation function is 

calculated and given in Figure 6.4. If Emax is the same for UH4 and UH4/Wax3000(30), 

their average crystalline orientation should be similar. As expected, UH4 and 

UH4/Wax3000(30) have similar fc values. 

 

Figure 6.4. Herman's orientation function (fc) of fully oriented fibers with different wax content in the 

fiber. 

This fiber being drawn above the melting temperature of the wax in the first and second 

drawing step, it is unlikely that the crystalline orientation of wax is as high as the UHMW 

PE crystalline orientation in the fiber. This is confirmed by the DSC measurement of the 

fully drawn bimodal fiber showing the wax melting peak at approximately 130°C in 

UH4/Wax3000(30) in Figure 6.5. The fully drawn UH4 fiber has a melting temperature of 

147°C and higher melting peaks correspond to the transformation from the orthorhombic 

crystalline phase to the hexagonal one.
 [4–6]
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Figure 6.5. DSC 1st heating cycle of fully drawn fibers containing different ratio of UH4 and Wax 

3000. 

The Herman’s orientation function being an average of both crystalline phase orientation, if 

fc is the same for UH4 and UH4/Wax3000(30) fully drawn fibers, it implies that in the 

bimodal fiber, the orientation of the UHMW PE crystals is higher than the orientation of the 

UHMW PE crystals in the pure UH4 fiber. This is supported by the experimental 

observation that a higher spinning force was applied (Fspin=175 cN) (Figure 5.3) and that a 

higher maximum draw ratio in the second step was obtained (λ2=3.5) (Figure 6.2) for 

UH4/Wax3000(30) compared to UH4 (Fspin=148 cN and λ2=2.5).  

In other words, the same Emax and fc observed for UH4 and UH4/Wax3000(30) is the result 

of the average of a more oriented UHMW PE fraction in UH4/Wax3000(30) compared to 

UHMW PE in UH4 and a lower orientation of wax. The maximum Young’s modulus of the 

bimodal UHMW PE fiber (Emax, bimo) can be expressed such as: 

 

   Emax,bimo=(1 - φ’) Ewax + φ’ EUH   (eq 6.4) 

 

φ’ is the weight fraction of UHMW PE in non-volatile solvent, Ewax and EUH are the 

Young’s modulus of the wax and the UHMW PE fraction in the fiber, respectively. 

According to the previous discussion, EUH should be above 110 GPa while Ewax should be 

below, and the combination of both using eq 6.4 should approximate to 110 GPa. It is 

challenging to estimate the exact EUH and Ewax.  

 

In the case of the UH4/Wax3000(30) fiber processed and drawn in the optimized conditions 

in the first drawing step, it was previously concluded that it was drawn in the first and 

second drawing step in the solid state of both wax and UHMW PE. Consequently, UHMW 

PE and wax crystals should have a similar orientation. The spinning force for this fiber was 

140 cN and λ2=3, values very close to those of the reference UH4 fiber. Therefore, in this 
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case, the UHMW PE fraction in the fully drawn bimodal UHMW PE fiber should be as 

oriented and chain-extended as the fully drawn UHMW PE in the pure UH4 fiber. In 

summary, the wax and UHMW PE fraction in the UH4/Wax3000(30) fiber drawn in the 

first and second drawing step in the solid state of wax and UHMW PE have similar crystal 

orientation as the UHMW PE crystals in the pure UH4 fiber. In other words, the UHMW 

PE molecules in the UH4 fiber and the bimodal UHMW PE fiber were drawn in similar 

conditions and have the same chain extension and orientation, while the wax fraction in the 

bimodal fiber was not melted and has a high orientation, resulting in both fibers obtaining 

the same maximum Young’s modulus. The maximum Young’s modulus of the bimodal 

UHMW PE fiber (Emax, bimo) can be calculated using eq 6.4. According to the previous 

discussion, in the case of the UH4/Wax3000(30) fiber drawn in the solid state of wax and 

UHMW PE in the first and second drawing step, EUH and Ewax can be estimated at 110GPa, 

which would result in a Emax, bimo of 110 GPa, which matches the experimental result of 108 

GPa.  

 

σt,max of the fully drawn fibers are plotted in Figure 6.6 against Mn and Mw for the 

monomodal UH4 and against the Mn and Mw of the bimodal distribution for the 

wax/UHMW PE fibers (see experimental section). The lines represent the equation between 

the maximum tensile strength and the average molecular weight M (Mn or Mw) such as 

σt,max ∝  𝑀0.4 taking UH4 fiber tensile strength as a reference. The maximum tensile 

strength obtained by the wax/UHMW PE fibers are clearly above the expections based on 

Mn. UH4/Wax3000(30) and UH4/Wax3000(40) have a σt,max of 2.8 -3 GPa when the 

theoretical value based on Mn is 0.6 GPa. This observation is quite remarkable and 

challanges the chain slip model. Comparing the expectations of σt,max when scaled with Mn 

or Mw to the power 0.4, the experimental results are much closer to the relationship using 

Mw. However, UH4/Wax3000(30) and UH4/Wax3000(40) are still above expectations. 

 

 
Figure 6.6. Maximum tensile strength of fully drawn UH4, UH4/Wax3000(30) and 

UH4/Wax3000(40) versus average Mn (left) and average Mw (right). The line represents the 

relationship between the tensile strength considering it scales with the average Mn (left) or average 

Mw (right) to the power 0.4 taking UH4 as a reference. 
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One might argue that polyethylene wax with a low molecular weight does not carry load 

during tensile deformation. Therefore, instead of plotting σt,max against Mn, one can 

consider the rule of mixtures for mole fraction and weight fraction as proposed by 

Termonia et al.
 [1]

 Termonia et al. compared the rule of mixtures for weight fractions and 

for mole fractions to experimental results to predict tensile strength. They found the rule of 

mixtures for weight fraction to match the tensile strength obtained at a Young’s modulus of 

50 GPa by the blend of UHMW PE (Mw=3.10
6
 g/mol) and low molecular weight 

polyethylene (Mw=59.10
3
 g/mol and Mn= 19.10

3
 g/mol).  

The tensile strengths obtained in this chapter for bimodal UHMW PE are plotted against the 

mole fraction and weight fraction of wax in Figure 6.7 and compared to the theoretical 

expectations of the two rules of mixtures. The tensile strength of wax (𝜎𝑡,𝑤𝑎𝑥) is taken as 0 

GPa and the tensile strength (𝜎𝑡,𝑈𝐻) is taken as the same tensile strength obtained by the 

pure UH fiber, thus 3 GPa.  

According to the rule of mixtures for weight fractions, the equation for the tensile strength 

is as follow: 

σt=(1 - φ’) σt,wax + φ’ σt,UH   (eq 6.5) 

 

φ’ is the weight fraction of UHMW PE in non-volatile solvent, σt,wax and σt,UH are the tensile 

strength of the wax and the UHMW PE fraction in the fiber, respectively. 

The equation for the tensile strength of the rule of mixtures for mole fraction is as follow: 

 

 σt=(1 - xUH) σt,wax + xUH σt,UH  (eq 6.6) 

 

xUH is the mole fraction of UHMW PE in non-volatile solvent. 
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Figure 6.7. Theoretical tensile strength versus composition of the bimodal UHMW PE fibers. The top 

curve is plotted against mole fraction and the bottom curve against weight fraction. The dots are 

experimental data of fully drawn bimodal UHMW PE fibers. 

In the case of the rule of mixtures for weight fractions, UH4/Wax3000(30) and 

UH4/Wax3000(40) properties are well above expectations. In the case of the rule of 

mixtures for mole fractions, a good match is obtained between theoretical predictions and 

experimental results. The tensile strength increases drastically with the addition of a 

relatively small number of long chains. This result is surprising as the experimental data of 

Termonia et al. fits the rule of mixtures for weight fractions. The difference could come 

from the molecular weight (Mn) of the low molecular weight component. In the study of 

Termonia et al., a low molecular weight with a Mn of 19.10
3
 g/mol was used above the 

molecular weight between entanglements in the melt (Me,melt=1760 g/mol ),
 [7]

 whereas here 

a polyethylene wax with a Mn of 3000 g/mol is used, which is below the molecular weight 

between entanglements in solution (Me,melt=1760 g/mol thus in a solution with a PE 

concentration below 10 wt% Me > 17600 g/mol). Another explanation for the difference in 

results observed is the distribution of the molecules in the fiber. Termonia et al. assumed a 

random distribution of the macromolecules with different length within the filament. It was 

concluded in chapter 5 that the wax and UHMW PE fractions in the partly-drawn bimodal 

fibers form two separate phases, probably not following a random distribution in the 

filament. Assuming that the two phases are still separated and not randomly distributed in 

the filament would be in opposition to the hypothesis made by Termonia et al. 

 

Several studies discussed the failure process of UHMW PE as a combination of chain 

slippage and chain scission.
 [8–11]

 Theoretical studies were performed by Termonia et al. that 

showed that the failure process is initiated by chain scission and followed by chain 

slippage.
 [10]

 It was also shown that the fracture process of oriented low molecular weight is 
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controlled by chain slippage. Bastiaansen et al. wanted to determine the dominant fracture 

mechanism by incorporating copolymers in UHMW PE.
 [10]

 The side groups introduced 

strongly restricted chain slippage. However, at the same Young’s modulus, the tensile 

strength was independent on the comonomer content, suggesting that chain slippage plays a 

minor role in the failure process of UHMW PE. 

In this study, it was shown that the tensile strength does not decrease with the Mn of the 

bimodal UHMW PE fiber, therefore it is not dependent on the total number of chain ends. 

As shown in Figure 6.7, the tensile strength matches the rule of mixtures for mole fractions, 

which indicates that the tensile strength of the bimodal UHMW PE fiber is mainly 

dependent on the tensile strength of the long chains (UHMW PE) rather than the tensile 

strength of the small chains (wax). Therefore, the failure process of the bimodal UHMW 

PE fiber is most probably determined by the failure mechanism of the UHMW PE fraction. 

In other words, the failure process of the fully drawn bimodal UHMW PE is most likely a 

combination of chain scission and chain slippage. Chain slippage being most probably the 

predominant failure process. 

 

6.4 Conclusions 
 

UH fibers containing up to 30 wt% of wax 3000 were produced by gel spinning and 

obtained mechanical properties as high as 110 GPa and 3 GPa for the Young’s modulus and 

the tensile strength, respectively. With the addition of polyethylene wax which acts as a 

solvent for the UH fraction, the PE throughput of the spinning lines can be increased with a 

factor 1.4 without a sacrifice in mechanical properties. These results match the expectations 

of the model for bimodal UHMW PE given in Chapter 4. 

The maximum attainable Young’s modulus of the bimodal UHMW PE fibers is dependent 

on the crystal orientation of both wax and UHMW PE. The maximum tensile strength of 

bimodal UHMW PE is determined by the maximum Young’s modulus and is mainly 

dependent on the tensile strength of the UHMW PE fraction and its failure mechanism. 
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Chapter 7  

 

 

Photo-patterning of drawn, linear polyethylene 

 

 

 

Two new methods are described to photo-pattern oriented polyethylene (PE) containing UV 

absorbers. In the first method, drawn linear polyethylene is used containing 2-(2H-

benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) as a photothermal dye and direct laser 

writing is performed with a pulsed UV laser. It is shown that local melting of the top layer 

of the drawn tapes occurs which results in a transition from a highly anisotropic state to an 

isotropic state giving overt and covert authentication verification optical patterns. In the 

second method 1,3-dihydro-1,3,3-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2-(2H)-indole] 

(SP) as a photochromic dye is incorporated in the drawn PE tape which isomerizes to its 

merocyanine state upon UV light irradiation, resulting in a reversible color change from 

transparent to purple. The combination of the use of a mask and the reversibility of the 

isomerization results in colored patterns written, erased and re-written using heat and LED 

light. 
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7.1. Introduction 
 

Solid state drawn PE is of interest since it combines high mechanical properties and a low 

density. The relationships between the tensile strength, Young’s modulus and the 

drawability of PE have been extensively studied in the past decades.
 [1–6]

 By drawing PE 

above the α relaxation temperature but below the melting temperature, in the solid state, the 

original lamellar structure is transformed into an oriented and chain-extended fibrous 

structure.
 [7,8]

 This anisotropic material possesses high mechanical properties in the drawing 

direction. 

Many applications of solid state drawn linear PE require surface modification while 

conserving its bulk properties, ideally by simple and reliable methods. A wide variety of 

surface patterning techniques, mostly involving a multitude of elaborate and laborious 

processing steps, from high energy irradiation to chemical treatment, have been thoroughly 

investigated for PE including plasma treatment,
 [9–11]

 gamma irradiation,
 [12]

 electron beam 

irradiation,
 [13,14]

 ion irradiation,
 [15,16]

 and chemical treatment.
 [17,18]

 Near infra-red lasers 

have been used extensively to write and mark on PE blended with additives, fillers, 

pigments or dyes which enhance the absorption of the laser energy. Three main surface 

reactions are employed to mark the surface.
 [19]

 The first one consists of rising the local 

temperature high enough to cause thermal degradation of the polymer. The charring of the 

polymer forms a dark marking contrast. The second surface reaction consists of using 

foaming agents. During the degradation of this additive, gas is released resulting in the 

foaming of the polymer. The third writing method is heating and/or degrading one colorant 

in a colorant mixture blended in the polymer, resulting in the presence of only one colorant 

in the irradiated regions, thus a change of color.
 [20]

 Most of these methods produce black 

marking/ writing, require a tight control of the laser operating parameters and also depend 

on mixed colorant systems stability. Other patterning techniques such as inkjet printing are 

not suitable because of the poor adhesion properties of PE or require preliminary treatment 

such as Corona treatment. Therefore, it is still challenging to write/mark on drawn PE using 

simple and reliable methods. This chapter discusses two new marking routes to produce 

optical patterns on oriented PE by incorporating UV light responsive dyes. The first method 

is a physical surface modification by incorporating 2-(2H-benzotriazol-2-yl)-4,6-

ditertpentylphenol (BZT) as a photothermal dye into high density polyethylene (HDPE) 

(Figure 7.1). Previously, this system was used to record an interference pattern in drawn 

PE.
 [21]

 A strain sensor was developed which can measure very small strains (<5 %) by 

monitoring the position of the diffracted beam of a red laser. Very small deformations of 

the polymer surface become detectable by shining a red light on the pattern written on the 

polymer.
 [21]

 Here, the property of BZT, to dissipate the photoexcitation energy received 

from UV light as heat in the material, is used to permanently modify the surface and to 

make optical patterns.  
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Figure 7.1. The two dyes used to mark PE, BZT and SP A) The two conformational isomers [N] and 

[H] of 2(2-hydroxyphenyl)2H-benzatriazole (BZT), B) Photochromism of 1,3-dihydro-1,3,3-

trimethyl-6-nitrospiro[2H-1-benzopyran-2,2-(2H)-indole] (SP), upon exposure to UV the purple 

merocyanine (MC) is formed, while upon exposure to visible and/or heat spiropyran is obtained 

again. [22]  

The second method is based on the chemical isomerization by incorporating a spiropyran 

dye (SP), a photoswitch whose isomers possess different properties such as color and 

polarity, into UHMW PE.
 [22]

 When irradiated with UV light, heterolytic C-O bond 

cleavage of the spiropyran occurs and merocyanine with a purple color is formed (see 

Figure 7.1). The polymer irradiated with UV light locally becomes purple and is used to 

make colored patterns.  

7.2. Experimental section  
 

Preparation of stretched HDPE. VS4580 HDPE from Borealis with a number and weight 

average molecular weight of approximately 3.7 . 10
4
 and 1.3 . 10

5 
g/mol was compounded 

with 2 and 5 wt% of the UV absorber 2-(2H-Benzotriazol-2-yl)-4,6-ditertpentylphenol 

(BZT, Tinuvin 328 BASF) in a co-rotating twin screw extruder at 190 ᵒC. The extrudates 

were cooled in the air at room temperature, and then pelletized into granules. Subsequently, 

the granules were used to form isotropic sheets of approximately 0.5 mm thickness, 

produced by compression moulding (Tribotrak at 190 
o
C for 15 min under a 7 kg weight). 

The tribotrak is constituted of two plates heated at the desired temperature that can be 

pressed together with various weights. Dumbbell-like samples with gauge dimensions 1 х 3 

cm
2
 were then cut from the compression-moulded sheets. These dumbbell-like samples 

were subsequently drawn to a draw ratio of 10 at 80 
o
C in air using a Zwick Z100 tensile 

tester at a crosshead speed of 80 mm/min. The draw ratio was determined from the 

displacement of ink marks initially spaced at intervals of 1 mm on the sample surfaces. 

Preparation of stretched UHMW PE. Ultra high molecular weight PE was obtained from 

DSM with a number average molecular weight Mn of 310 kg/mol and a weight average 

molecular weight Mw of 3300 kg/mol. 1,3-Dihydro-1,3,3-trimethyl-6-nitrospiro[2H-1-

benzopyran-2,2-(2H)-indole] (SP) was purchased from Acros Organics. All reagents were 

used as received without further purification. Oriented PE films containing spiropyran (SP) 
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were produced according to the following procedure. First, the UHMW PE powder was 

suspended in xylene at room temperature and a concentration of 1.5 wt% with 0.05 wt% of 

anti-oxidant Irganox 1010 and with 3 wt% of SP added. Air trapped by the powder particles 

was removed by the application of a vacuum. Then the flask containing the suspension is 

heated up under continuous stirring at 130°C in an oil bath. Once the Weissenberg effect 

was observed, the stirring was stopped and the flask was kept in the oil bath for 1 hour. The 

solution was then cast in an aluminum tray at room temperature. Upon cooling the solution 

turned opaque and became gel like. Finally, after evaporation of the solvent, films of 

uniform thickness were obtained. A piece of the film (1 x 3 cm) is cut and stretched on a 

hot plate at 120 °C using pliers. The draw ratio is determined by the displacement of two 

ink marks on the film. 

Irradiation with the laser. The HDPE tapes containing BZT are sandwiched between two 

glass slides with silicon oil 47 V 100 Rhodosil to reduce surface scattering. The direct laser 

writing set up consists of a pulsed UV laser, (Quantra-Ray, Spectra-Physis), at 355 nm with 

a frequency of 10 Hz and a pulse duration of 2 ns. The intensity is modulated by the 

combination of a half wave plate and a beam splitter placed in front of the laser beam. The 

light beam is then reflected by a mirror at 45° and goes through a plano-convex lens from 

Melles griot 01 LQP with a focal distance of 50 mm. If not mentioned otherwise, the 

position of the sample is 4.6 cm from the lens, to obtain dots with a diameter of 

approximately 1.5 mm. The sample stage moves at a constant speed of 1 mm.s
-1 

from left to 

right and the sample is placed horizontally, the angle α between the drawing direction and 

the polarization direction of the light is 0°. The intensity profile of the laser pulse doesn’t 

show a prefect Gaussian shape and is inhomogeneous. Two spots on the right and left of the 

pulse show a higher intensity. The light intensity (D) is given in J.cm
-2

 and was calculated 

by dividing the total intensity irradiated in 1 second divided by the area of irradiated area. 

The following equation was used with the intensity of the laser beam before the lens 

measured (d) in J.sec
-1

, the frequency of the laser (f) in sec
-1

, the width of the line (w) in 

cm, the speed of the sample stage (v) in cm/sec and the reference time (t) of 1 sec: 

𝐷 =
𝑑

𝑓×𝑤×𝑣×𝑡
    (eq 7.1) 

The variation in light intensity (d) is obtained by combining a half wave plate with a beam 

splitter. The half wave plate is rotated at a specific angle which results in the rotation of the 

polarization direction of the light beam. The vertical component of the light beam is 

selected by a beam splitter to be used in the direct laser writing setup. The intensity of the 

vertical component is directly determined by the tilt induced by the half wave plate. 

Irradiation with UV light and green light. The UHMW PE tapes containing SP were 

irradiated with UV and green light. For the UV light irradiation an Exfo lamp is used with a 

wavelength from 320 to 500 nm and a dose of 80 mJ.cm
-2

. The green light to reverse the 

isomerization is an LED with a wavelength of 565 nm and an intensity of roughly 15 

mJ.cm
-2

. 

Characterization of the irradiated material. XRD measurements were performed on a 

Ganesha lab instrument equipped with a Genix-Cu ultralow divergence source producing 

X-ray photons with a wavelength of 1.54 Å and a flux of 1 × 108 photons/second. 
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Diffraction patterns were collected on a Pilatus 300 K silicon pixel detector with 487 × 619 

pixels of 172 μm
2
 placed at a distance of 91 mm (WAXS) from the sample. The detector 

consists of three plates with a 17 pixels spacing in between, resulting in two dark bands on 

the image. WAXS is a transmission measurement, giving an average of the top irradiated 

layer and the bottom non irradiated one. The degree of crystallinity (Xc) of polyethylene 

was determined from the following equation:
 [23]

  

𝑋𝑐 =
𝐼110+1.46𝐼200

𝐼110+1.46𝐼200+0.75𝐼𝑎
. 100%   (eq 7.2) 

Where I110, I200 and Ia are the integral areas of the 110, 200 and the amorphous peak of 

polyethylene, respectively. 

Surface relief structures were investigated by DektakXT profilometer (Brucker) in which a 

tip with a radius of 2 μm moves with a force of 3 mg across the sample. 3D topographical 

data was processed, resulting in surface profile images, using Gwyddion software. 

UV-Vis spectroscopy. The chain-extended tapes were placed between two quartz slides with 

a drop of silicon oil. The absorption was measured in the range of 250-730 nm on a 

Shimadzu UV-3102 PC spectrophotometer with a 1 nm interval. The alignment of the 

merocyanine molecule after irradiation was studied on PE tapes containing 2% of SP 

stretched to a draw ratio of 15 and 55. The absorption at 550 nm is measured while a linear 

polarizer is rotated from 0 to 180°. 

SEM characterization. The cross section of the oriented PE tape was made by section with 

a scalpel in liquid nitrogen. The tapes are then sputtered with gold for 60sec at 65 mA and 

placed in the SEM (Jeol JSM 5600). 

7.3. Results and discussion  
 

7.3.1. Photo-patterning of drawn, linear polyethylene by using a photothermal dye 

The experiments were conducted on blends of high density polyethylene (HDPE) with UV 

absorber 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) at 2 and 5 wt% loading, 

called respectively PE-2wt% and PE-5wt%. The lines are written by the overlapping of the 

laser pulses when moving the sample at a constant speed during irradiation (Figure 7.2 and 

experimental section).  
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Figure 7.2. Schematic of the formation of the patterned line in a drawn, linear high density 

polyethylene tape containing BZT as photothermal dye. 

In Figure 7.3, the picture and the polarized optical microscopy (POM) images of lines 

patterned at various laser doses are presented. Three main regimes can be visually 

identified. In the case of 2 wt% BZT with energies below 2 J.cm
-2

, no changes appear on 

the surface of the tape. Between roughly 4.2 and 8.1 J.cm
-2

, lines appear on the tapes. As 

expected, the stretched PE tape appears black when viewed between crossed polarizers with 

the drawing direction parallel to one of the polarizer. The patterned lines are white and no 

longer black which indicates that the material is no longer birefringent and has therefore 

lost its chain-extended fibrous structure. The bright white color between crossed polarizers, 

in the case of polymers, is usually characteristic for the presence of spherulites.
 [24]

 A light 

intensity above 14 J.cm
-2 

results in partial brown/black discoloration. It is likely that a too 

high irradiation dose degrades the PE. The light intensities of these three regimes in the 

case of 5 wt% of BZT appear to be shifted to lower values compared to 2 wt%, indicating 

that the concentration of dye has a direct impact on the light intensity necessary to pattern 

the material. 
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Figure 7.3. Photograph of lines (on the left) and POM pictures without and with polarizers (on the 

right) of PE-2wt% irradiated with different laser dose. The white arrows are the polarizer directions 

and the black arrow is the drawing direction.  

Wide angle X ray scattering (WAXS) was used to study the change in chain orientation in 

the material upon irradiation. The WAXS images of drawn PE with 2 and 5 wt% BZT 

irradiated with different light intensities are shown in Figure 7.4. The non-irradiated 

reference samples (PE-2wt% and PE-5wt%) show two clear peaks corresponding to the 110 

and 200 reflections of the oriented crystalline unit cell. A diffuse halo is visible 

corresponding to the amorphous phase. 

 

Figure 7.4. WAXS images of stretched PE with 2 (A to D) and 5 wt% BZT (E to H) irradiated with 0 

(A and E), 5.5 (B and F), 10 (C and G) and 15.6 J.cm-2 (D and H). 

Upon irradiation, the full width at half maximum (FWHM) of the 110 peak, often used as a 

characteristic of the orientation of the crystalline structure, stays approximately the same 

(Figure 7.5). Moreover, the intensity at the equator rises, forming two sharp rings at the 
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same position as 110 and 200 crystalline peaks, while the area below the peak decreases. 

These sharp rings illustrate the presence of an isotropic crystalline phase. 

The degree of crystallinity is calculated for the different irradiation doses and stays more or 

less constant at a value of approximately 60 %. The fact that there is no decrease of the 

crystallinity confirms that the sharp ring obtained is crystalline and not amorphous material. 

After UV light irradiation, two populations co-exist in the material, a high oriented 

crystalline part and an isotropic part composed of crystalline and amorphous material. This 

conclusion confirms the hypothesis that on top of the bulk anisotropic material, a surface 

composed of isotropic PE is formed under UV light irradiation. 

 

Figure 7.5. 110 Crystalline peak vs azimuthal angle of the HDPE 2wt% BZT tape irradiated with the 

UV laser with different intensities. 

The depth of the patterned PE tapes with 2 and 5 wt% BZT illuminated with different laser 

intensities was determined by investigating the cross section of the tapes in a SEM (Figure 

7.6). The laser intensity has little influence on the depth of the pattern compared to the BZT 

concentration. In the case of HDPE with 5 wt% BZT, the light penetrates the material with 

a depth of approximately 12 μm instead of 32 μm for 2 wt% BZT. At the same laser dose, a 

higher light intensity is concentrated at the surface, due to the smaller volume of material 

irradiated. A higher response, loss of fibrillar structure is observed and an isotropic 

crystalline phase is thus obtained at the same laser dose for HDPE with 5 wt% BZT.  
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Figure 7.6. Left: SEM picture of the cross section of stretched PE with 2 wt% BZT, and right: depth 

of patterned material with 2 and 5 wt% BZT at different laser intensity. 

The POM pictures in Figure 7.3 suggest a roughness on the patterned lines, which is 

studied in more detail using a DektakXT stylus profiler. The area irradiated by the laser 

displays a relief constituted of peaks and valleys (Figure 7.7a). Whether the irradiated area 

is above, below or at the same height as the rest of the film is difficult to determine as the 

PE tapes are not flat enough. The relief is defined as the height difference between the peak 

and valley as shown in Figure 7.7b. As expected, the relief increases with the laser dose 

(Figure 7.7c). The distance between two peaks corresponds to the distance between two 

pulses which is dependent on the writing speed (sample stage translational speed) and the 

frequency of the laser. In the case presented here, the distance between two laser pulses is 

100 µm, resulting from a stage translational speed of 1 mm/sec and a pulse frequency of 1 

Hz. The laser pulse intensity is not homogenous and constitutes of high intensity partial 

rings (Figure 7.7d). The peaks are likely produced by the high intensity areas of the pulse 

corresponding to the left and/or the right vertical partial rings. In the case presented here, 

the pulses are overlapping from left to right, which causes the left partial ring to be the last 

to irradiate the sample. The peaks formation can most likely be attributed to the irradiation 

of the material with the high intensity left partial ring of the pulse. 
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Figure 7.7. Reliefs height of the patterned line of a HDPE tape with 2 wt% BZT irradiated with 10 

J.cm-2 a) 2D Top view image b) Height profile measured at the blue line in the 2D image c) Relief 

height dependence on laser dose and d) Illustration of the inhomogeneous intensity in the pulse 

(orange high intensity, blue low intensity) and the peaks formation with the pulses overlapping. 

The formation of relief is the result of the BZT dye absorbing the UV irradiation and 

producing heat in the PE tape. The oriented PE at temperatures above the melting 

temperature melts, contracts and recrystallizes. The increase in temperature causes an 

entropic contraction resulting in the relief formation. The isotropic PE at high temperature 

exhibits high mobility and recrystallizes with a higher volume, creating the peaks. The 

valleys may well be the result of the gradient of intensity in one laser pulse. 

By placing the tape vertically, it is possible to pattern perpendicular to the drawing 

direction and study the patterning direction influence on the width of the line. In the Figure 

7.8, the POM pictures of two patterned lines, one patterned parallel (picture on the left) and 

the other perpendicular (picture on the right) to the drawing direction, on the same sample 

irradiated with 1 J.cm
-2

 are shown. The angle α is defined as the angle between the line 

patterned direction and the drawing direction. The first observation is that a better 

homogeneity across the line is obtained when patterning parallel to the drawing direction 

(α=0°). The line also appears darker, showing a higher roughness than the line patterned 

perpendicular to the drawing direction. Moreover, there is a slight difference in line width, 

800 vs 850 μm respectively. On the right picture in Figure 7.8, it is clear that the left part of 
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the patterned line is darker than the right part. The inhomogeneity of the laser pulse cannot 

be the reason, as the same observation is not visible in the other line (picture on the left). 

The thermal conductivity is known to be higher along the drawing direction.
 [25,26]

 In the 

case with α=90°, the heat dissipates more perpendicularly to the line, resulting in a wider 

line, but also in a heat loss not used for the patterning. The origin of the inhomogeneity of 

the line with α=0° is not completely clear. With α=0°, the heat spreads along the patterning 

area, enhancing the patterning while a higher freedom for the shrinking of the fibrils, the 

fibrils not being constrained on both sides, result in a higher response from the material, 

explaining the darker color on the POM picture.  

  

Figure 7.8. POM images of a patterned line parallel α=0° (left) and perpendicular α=90° (right) to the 

drawing direction on PE-2wt% irradiated with 10 J.cm-2. The black arrows indicate the drawing 

direction, and the writing direction was for both case from left to right. 

The width of the patterned line is mainly controlled by the distance between the sample and 

the focal point of the lens. The smallest pulse, so the narrowest line, is obtained when 

placed at the focal point of the lens. A higher light intensity also slightly increases the line 

width when the material is patterned parallel or perpendicular to the drawing direction as 

shown in Figure 7.9. A higher light intensity most likely leads to a higher temperature and 

when patterned perpendicular to the drawing direction (α=90°), the width increases more 

due to the highest thermal conductivity in the stretching direction as discussed previously.  
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Figure 7.9. Line width variation depending on the patterning direction and the light intensity with α 

being the angle between the patterned line direction and the drawing direction of the tape. 

The irradiation of stretched PE by UV light with a laser, combined with a UV absorber can 

be used for patterning the material with an optical image, such as a spiral shown in Figure 

7.10. The spiral is also visible between crossed polarizers as the stretched PE tape turns 

black when its drawing direction is parallel to one of the polarizers. This photo-patterning 

method shows possibilities in anti-counterfeiting and identification applications. In anti-

counterfeiting technologies different authentication verification exist such as overt (visible 

to the eye) and covert (which requires the use of special equipment for visualization). Here, 

the spiral is overt as it is visible in normal conditions, but also covert as it does not become 

transparent between crossed polarizers as the rest of the tape. Preliminary results showed it 

is also possible to pattern with the same method oriented, chain-extended UHMW PE tapes 

and that similar trends are observed. 

 

Figure 7.10. Spiral patterned on PE-5wt%, Zoomed in pictures left: no polarizers, right: between 

crossed polarizers and the drawing direction horizontal. 

7.3.2. Photo-patterning of drawn, linear polyethylene by using a photochromic dye 

For the fabrication of PE with colored patterns, 2 wt% SP is incorporated in UHMW PE by 

gel casting as described in the experimental section. Subsequently, samples are cut from the 

slightly yellow colored tape and are thereafter drawn on a hot plate at a draw ratio 30 and 
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60 (UH_DR30 and UH_DR60). After the stretching step, the sample is transparent as the 

exposure to high temperatures promotes the SP isomer which is transparent (Figure 7.11). 

After irradiation with UV light, the drawn tape becomes purple and the UV-Vis spectrum 

exhibits an absorption band centered at 550 nm. The peak at 550 nm is characteristic for the 

merocyanine (MC) isomer and demonstrates the switch from SP to MC isomer under UV 

light irradiation, and is responsible for the purple color of the irradiated PE tape. The 

maximum conversion is obtained after 5 minutes of UV light irradiation (Figure 7.11). 

 

 

Figure 7.11. Isomerization from SP to MC in a UH_DR60 by irradiation with UV light and 

corresponding pictures of the PE tape becoming purple. 

The reversibility of the isomerization is studied using heat and green light. After an 

irradiation of 5 minutes with UV light, the UH_DR60 tape is heated up to 70°C and the 

decrease of its absorption at 550 nm is monitored and shown in Figure 7.12 A. Heating for 

2 minutes at 70°C is enough to fully isomerize the MC back to SP. On the other hand, an 

exposition to green LED (565 nm) for 30 minutes at room temperature is necessary to fully 

reverse the system. The effect of the draw ratio on the isomerization from SP to MC is also 

studied for samples stretched to a draw ratio of 30 (UH_DR30) and 60 (UH_DR60) in 

Figure 7.12 B. The absorption at 550 nm of UH_DR30 after 5 min of UV light irradiation 

seems to be almost double the absorption for UH_DR60. However, when the absorbance 

increase is corrected for the tape thickness and calculated for a tape thickness of 10 µm, 

both UH_DR30 and UH_DR60 display the same maximum absorbance and kinetics. 

Therefore, the draw ratio, thus the young’s modulus of the matrix, does not seem to have an 

influence on the speed or the conversion rate of the SP to MC isomerization. 
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Figure 7.12. A) Reversibility study of the isomerization from MC to SP using heat of UH_DR60 and 

B) Isomerization kinetics from SP to MC using UV light of UH_DR30 and UH_DR60. 

The alignment of the MC is studied by measuring the absorption at 550 nm using a linear 

polarizer, between the light source and the sample, varying of angle between its 

polarization direction and the drawing direction of the sample. The absorption of MC 

barely varies with different polarized light direction, meaning the MC molecule is not 

aligned in the stretched PE. This behavior is different from azobenzene dyes that show 

alignment in the drawn PE.
 [27]

 Probably the three dimensional molecular shape of the 

spiropyran isomer hinders good alignment in contrast to the more rod-like molecular shape 

of the azobenzene dyes. 

Using the ability of spiropyran to isomerize and change of color, an easy method exists to 

pattern PE containing this dye. Using a mask between the material and the UV lamp, an 

image can be easily patterned on the oriented PE within a few minutes, as shown in Figure 

7.13 where a few examples are presented. Various patterns can be generated, from image 

patterns to logos, with a sharp contrast. Moreover, the reversibility of the isomerization 

using heat makes it possible to write, erase, re-write and erase again different patterns on 

the same tape. This study demonstrated the feasibility of creating optical patterns on 
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oriented PE. The possible polarity changes resulting from the isomerization, can lead to 

new applications for PE. 

 

 

Figure 7.13. Patterns, images and logos photo-patterned on oriented PE containing SP drawn 30 times 

and the demonstration of the reversibility using heat of the patterning. 

7.4. Conclusions 
 

Two methods have been developed to create optical patterns in chain-extended oriented PE 

with UV light irradiation. In the first method, a pulsed laser has been used to write patterns 

in PE containing BZT as a photo thermal dye. The patterning with BZT is irreversible and 

leads to topographical surface changes. The topographical patterns appear white while the 

rest of the tape is transparent, which corresponds to an overt authentication verification. 

Between crossed polarizers, the patterns are still white while the rest of the tape is black 

corresponding to a covert authentication verification. This patterning method could 

potentially be used for anti-counterfeiting applications. However, this method is not simple 

as it requires the use of a pulsed UV laser, not always easily accessible. The second method 

using spiropyran as a photochromic dye creates PE tapes with erasable and rewritable 

colored patterns as a result of UV light, heat and green light exposure. In this case, a 

simpler UV light source in combination with a mask can be used to fabricate the pattern 

while heat or green light can be used to erase the pattern. This facile method opens the 

possibility to create arbitrary colored patterns on drawn PE tapes. 
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Chapter 8  

 

Epilogue and technology assessment 
 

 

As with all experimental programs, deciding what experimental protocol to use depends on 

the access to the equipment and cost of experiments. For initial screening experiments, gel 

casting was used to produce UHMW PE tapes which were drawn with pliers on a hot plate. 

Little equipment is necessary and it is easily found in a laboratory. The description of the 

gel casting process is given in the experimental section of Chapter 4. The accurate 

measurement of the mechanical properties of the drawn films is dependent on many 

conditions. The Young’s modulus measured on drawn UHMW PE films at low strains were 

quite reproducible with a standard deviation of approximately 15 GPa. The tensile strength 

measurement was quite challenging as it is sensitive to all kind of defects and apart from 

breaking at the clamps, the sample can also break in multiple steps, requiring the 

measurements of a higher number of samples per material. 

Gel casting fails to capture certain crucial information on continuous gel spinning such as 

polymer particle dissolution behavior, flow instabilities (draw resonance), pre-orientation in 

the drawdown step and crystallization behavior for instance that impact the performance of 

the final product. We had the opportunity to have access to a pilot scale spinning line at 

DSM. The process is described in the experimental section in Chapter 5. The fibers 

produced were tested by an automated tensile tester with a rotary clamp to apply a twist to 

the yarn prior to tensile testing, allowing a high accuracy and reproducibility in the 

mechanical results (σt ±0.1 GPa and E ±1.4 GPa). The upside and downside of this system 

is the high amount of data collected which needs to be analyzed, to which the analysis of 

the fibers is added. Understanding the outcome in terms of processing, structure and 

property can take months. 

In hindsight, this project would have benefitted from an easier access to a gel spinning line 

and for further investigation of this project, it is recommended to invest in a small spinning 

line or possibly to do it internally within the company. 

 

In Chapter 3, bimodal UHMW PE produced on a single catalyst particle and bimodal 

UHMW PE prepared from a physical blend of two monomodals were investigated with an 

emphasis on flow instability during the drawdown step. The monomodal UHMW PE 

reference taken had a very low polydispersity (Đ=2.5) which caused draw resonance or pull 

out even at low drawdown of 2. To investigate whether bimodal UHMW PE succeed to 
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prevent flow instability in the drawdown step, they should be compared to a monomodal 

with a higher polydispersity (Đ=5-7) at a higher drawdown where this monomodal start to 

show draw resonance or pull out. 

 

In Chapter 5 and 6, it is concluded that the wax and UHMW PE form two separate 

crystalline phases, that the maximum Young’s modulus is dependent on the orientation of 

both crystalline phases and that the maximum tensile strength depends on the maximum 

Young’s modulus and the molecular weights (Mn and Mw) of the UHMW PE fraction. 

From these conclusions, it would be interesting to test bimodal UHMW PE fibers with a 

UHMW PE with a higher Mn. If the conclusions are correct, a bimodal UHMW PE with a 

higher Mn (of the UHMW PE fraction) will have a higher maximum tensile strength at the 

same Young’s modulus.  

 

In Chapter 6, it was shown that bimodal UHMW PE fibers can be produced with a higher 

polyethylene throughput than pure UHMW PE fiber without decreasing the mechanical 

properties. One would therefore expect that the mechanical properties of the fiber could be 

increased at the same polyethylene throughput. Initial experiments were performed but the 

experiments were inconclusive. The reference UHMW PE fiber have mechanical properties 

lower than expected. It is recommended to revisit these experiments and investigate the 

drawing temperatures in the first drawing step. A possible reason for the low mechanical 

properties could be that a too high drawing temperature for the low UHMW PE 

concentrations (6.3 and 5 wt%). A proof of principle should be more easily proved at higher 

UHMW PE concentrations (>9 wt%), however, lower mechanical properties would be 

obtained. 

 

In Chapter 7, the photo-patterning of oriented, chain-extended polyethylene tapes was 

demonstrated with two different methods. Preliminary experiments showed that it is also 

possible to create colored patterns on UHMW PE fibers using the isomerization of 

spiropyran (Figure 8.1). The fiber was submerged in a xylene solution containing 

spiropyran. After evaporation of the solvent, the fiber was irradiated with UV light 

following the method described in Chapter 7 and reversible colored patterns were obtained. 

The fact that the dye can be applied on the surface after the fiber production is an advantage 

for future possible scale up. If a dye needs to be blended in the extruder, a lot of time and 

products (polymer, solvent) need to be used to clean it and remove the last traces of dye. An 

easier method would be for instance to spray coat the dye on the fibers. Of course, a 

disadvantage could be the dye leaking out of the fiber. However, such problems were not 

observed on the preliminary tests. 
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Figure 8.1. UHMW PE fiber with spiropyran irradiated with UV light through a mask producing a 

colored pattern (left) and the fiber becoming white again after 2 days (right). 

The photo-patterning method using BZT as a photo-thermal dye is highly dependent on 

thermal conductivity. A fully drawn UHMW PE fiber has a high thermal conductivity along 

the fiber direction, which could hinder the photo-patterning process. Preliminary 

experiments showed that by irradiating perpendicularly (α=90º) to the fiber direction using 

interference holography,
 [1]

 a grating can be obtained (Figure 8.2). With the same method 

but using spiropyran instead of BZT, a colored grating appears on the fiber. The 

optimization of this process could enable the formation of a relief structure on the surface 

of the fiber, as was observed on HDPE tapes in Shen et al.,
 [1]

 but also the local change of 

polarity (from apolar spiropyran to polar merocyanine) which could improve the adhesive 

property of the fiber. 

 

 
Figure 8.2. POM pictures of UHMW PE fibers with BZT (left) and spiropyran (right) with a grating 

produced by irradiation using interference holography. 
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Spiropyran has also been used in the literature as a mechanophore.
 [2,3]

 Incorporated in the 

backbone of the polymer (PMA), the isomerization of the spiropyran is triggered under 

strain and changes the color of the material.
 [4]

 However, when spiropyran was blended in 

oriented, chain-extended UHMW PE tapes and applied to a constant stress no color change 

was visible. Probably in polymer tapes with a very low strain at break (3-5%), the 

spiropyran should be placed in the backbone of the chains. However, this is very 

challenging for UHMW PE. 
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List of Symbols and Abbreviations 
 

 
PE    Polyethylene 

UHMW PE   Ultra-high molecular weight polyethylene 

HMW PE  High molecular weight polyethylene 

HDPE    High density polyethylene 

Mw    Weight average molecular weight (g/mol) 

Mn    Number average molecular weight (g/mol) 

Mz Z-average molecular weight (g/mol) 

Ɖ    Polydispersity (-) 

Me    Molecular weight between entanglements (g/mol) 

λ    Draw ratio (-) 

λmax    Maximum draw ratio (-) 

λt   Total draw ratio in a two-step drawing process (λt=λ1× λ2) 

DD   Drawdown (-) 

E   Young’s modulus (GPa) 

Emax    Maximum Young’s modulus (GPa) 

Eu   Young’s modulus of coil elements, unoriented (GPa) 

Eh   Young’s modulus of helix elements perfectly oriented (GPa) 

t    Tensile strength (GPa) 

t,max    Maximum tensile strength (GPa) 

DSC    Differential scanning calorimetry 

ΔHm    Heat of fusion (J/g) 

Tm    Melting temperature (
o
C) 

Td    Drawing temperature (
o
C) 

Tdiss   Dissolution temperature (°C) 

TPE   PE throughput (kg/hour) 

𝜒𝑐      Crystallinity (%) 

SEC-MALLS  Size exclusion chromatography and multi angle laser light 

scattering 

TCB    1,2,4-trichlorobenzene  

Fspin   Spinning force (cN) 

STdev   Standard deviation  

SAXS    Small angle X-ray scattering 

WAXS    Wide angle X-ray scattering 

q    Scattering vector (nm
-1

) 

Lc    Lamellae thickness (nm) 

Lp    Long period (nm) 

La    Amorphous phase thickness (nm) 

ρ    Density (g/cm
3
) 

fc    Herman’s orientation function (-) 

φ   Weight fraction of polyethylene in solution 

φ *   Critical concentration for coil overlap in solution 

φ’   Concentration of UHMW PE in non-volatile solvent 

φ’’   Concentration of UHMW PE in non-volatile and volatile solvent 
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φ PE Concentration of polyethylene (wax and UHMW PE) in volatile 

solvent  

SEM    Scanning electron microscopy 

Xi   Mass fraction of i 

xi    Mole fraction of i 
BZT    2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol 

SP 1,3-dihydro-1,3,3-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2-

(2H)-indole] 
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