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1 Introduetion 

1 . 1 Ultrahigh molecular weight polyethylene 

Ultrahigh molecular weight polyethylene (UHMW-PE) is a linear polyethylene 

grade possessing, according to ASTM definitions (04020), a rnalar mass of at least 

3 x 103 kg/mol. In actual practice, PE grades with molar masses above 103 kg/mol 

are classified as ultrahigh molecular weight polyethylene. 

UHMW-PE is known notably tor its high abrasion resistance and excellent wear 

and friction characteristics [1-9). The current world production is approximately 

50,000 metric tons per year. Due to its extremely high melt viscosity, UHMW-PE 

can nat be processed via conventional thermoplastic processing techniques. lt is 

supplied as a reactor powder and usually compression-moulded (sintered) ar ram

extruded into semi-finished sheets, plates, bars and rods at temperatures exceeding 

200°C and pressures of about 10 MPa. Via machining of the semi-finished stock 

[3,5,8,9), various products are made tor engineering applications like lining of silos 

and trucks, ski facings, bowling alleys, seals and gas kets, filter plates, sliding rails, 

etc. 

Since the invention of the gel-spinning technique at DSM Research, much 

attention has been paid to the use of UHMW-PE as a base material tor the 

production of high-strength/high-modulus fibres [1 0, 11) and mieroparous films 

[12). Solution(gel)-processing was invented in the late seventies and developed into 

a commerciai spinning process in the eighties by DSM [ 13-16). Via crystallization 

of UHMW-PE trom a semi-diluted polymer solution, a gel-like filament is obtained 

that consists of connected folded-chain lamellar crystals surrounded by solvent. 

Connectivity between the crystals is provided by the presence of trapped 

entanglements that originate trom some overlap between the chains in the semi

diluted solution. At temperatures between the a-relaxation and melting/dissolution 

temperature of the system, the filamentscan be drawn to high draw ratios. Smith 
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et al. 117-19] studied the drawing mechanism of solution-spun UHMW-PE fibres 

and explained the enhanced drawing behaviour in terms of a reduction in the 

entanglement density of the system. By dissolution and subsequently crystallization 

of the UHMW-PE solution, the untangled state is 'frozen in'. lf removal of the 

solvent takes place below the dissolution temperature of UHMW-PE, the untangled 

state is retained, as well as the high drawability. 

1.2 Nascent drawable ultrahigh molecular weight polyethylene 

In the eighties, Rotzinger et al. [20-221 produced, on a laboratory scale, UHMW

PE powders that could be sintered below the melting temperature and directly 

drawn into ultrahigh-strength/ultrahigh-modulustapes at temperatures between the 

o-relaxation and the melting temperature of UHMW-PE. These so-called nascent 

drawable UHMW-PE powders are synthesized at low temperatures which favour 

the formation of macromolecules in an untangled conformation. 

The morphology and structure of these nascent drawable UHMW-PE powders are 

still topics of interest. Nascent drawable UHMW-PE powders are characterized by 

a relatively high melting temperature compared with UHMW-PE crystallized trom 

the melt. This high melting temperature is generally attributed to the presence of 

chain-extended crystals formed during the polymerization process [21, 23-25]. 

However, Tervoort-Engelen and Lemstra [26) recently showed that the melting 

temperature of nascent drawable UHMW-PE powder can be suppressed via 

electron beam irradiation. They concluded trom this observation and microscopie 

studies of the powder morphology that nascent UHMW-PE powder consists of tiny 

folded-chain crystals with a thickness (fold-length) of approximately 1 0 nm and 

lateral dimensions in the order of 100 nm. The lateral crystal dimensions of the 

nascent drawable UHMW-PE powder are extremely small compared with those of 

solution-crystallized polyethylene samples, which are typically in the order of 

hundreds of nanometres up tosaveral mierometres [27 ,28]. These extremely smal! 

lateral dimensions may cause thermal instability, resulting in a continuous tast 
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reorganization process during heating. Thîs tast reorganization process upon 

heating is believed to give rise to the relatively high melting temperature of nascent 

drawable UHMW-PE powder. 

Kanamoto, Zachariades, Porter and coworkers [29-331 explored solid state 

coextrusion routes tor processing LIHMW-PE powders below their melting 

temperature into high-modulus/high-strengthtapes. They emphasized the influence 

of initia! powder morphology upon drawability and extensively studied the 

drawability and morphology of various nascent UHMW-PE powders, obtained under 

different polymerization conditions [34-38]. For describing the morphology of the 

powder samples they used a model that was initially proposed by Strobl and 

Hagedorn [39] and subdivides a semi-crystalline material into three classes: 

crystalline, amorphous and an interphase. The interphase is a disordered phase of 

an anisotropic nature located in a transition zone between the crystalline and 

amorphous layer. By using ra man spectroscopy they measured the crystalline and 

amorphous contents of the different powders and calculated the interphase 

contents by subtracting the crystalline and amorphous contents trom 1. They 

found that the drawability of polyethylene reactor powders is inversely related to 

the interphase content. 

Recently Naylor et al. [40] seriously questioned the method of determination of 

the interphase content by using ra man spectroscopy. They showed that the va lues 

obtained tor the interphase contentsof 16 different powders, using the evaluation 

of Porter et al., can be positive as well as negative and depend upon the kind of 

equipment and fitting routine used; 

lt is obvious that a conclusive interpretation of the ra man results concerning the 

interphase content -and with it a conclusive concept of the morphology of nascent 

drawable UHMW-PE- has not yet been obtained. 
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1 .3 Chemica! modification 

The application of high-performance UHMW-PE fibres in structural composites 

is limited by its low creep resistance [41-44]. The presence of only weak Van der 

Waals interactions between the polyethylene chains facilitates the drawing of the 

chain-folded lamellae into chain extended materials, provided that the amount of 

entanglements is relatively low. However, because no lock-in mechanism is 

operative after drawing, the structure is sensitive to creep, which is basically not 

different from drawing, albeit on a different time/temperature scale [42]. Saveral 

authors showed that it is possible to reduce creep via crosslinking of precursor and 

drawn polyethylene fibres or the introduetion of a low amount of propene or 1-

butene comonomers during the polymerization processof polyethylene [45-53]. 

Crosslinking results in the introduetion of a lock-in mechanism in the amorphous 

phase. Small branches or side-groups that can be incorporated inside the crystalline 

phase are expected to act as slip restrictions also in the crystalline phase. 

The influence of the location of the restrictions upon creep may be studied by 

changing the size of the chain irregularities (branches or side-groups). Small side

groups are known to be incorporated inside the crystalline phase, while large side

groups are rejected [54]. A modification process, well-known for HOPE and LDPE 

[55-67], in which the size of the chain irregularity can be relatively easily changed, 

is chlorination. The chlorine atom is of about the size of a methyl group [68] and 

substitution can result either in a random- or block-like chlorine distribution, 

depending on the chlorination procedure used. Chlorination in salution results in a 

random-like distribution (a large amount of small irregularitiesl, whereas 

chlorination of polyethylene single crystals or powder results in a block-like 

distribution (a small amount of large irregularities). In the case of chlorination of 

polyethylene powder it is known that the chlorine distri bution depends on the initia! 

morphology (e.g. porosity, super-structure, crystal thickness and crystallinity) of 

the polyethylene powder used [69-73]. On the other hand, caretul analysis of the 

chlorine distribution may give additional information about the initia! powder 
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morphology. The distribution of the chlorine groups within the sample can be 

determined using characterization techniques such as 13C-NMR [69, 71-79] and 

fractionation on solubility [70]. 

Besides for reduction of creep in high-performance fibres, chemica! modification 

can also be used for impravement of the adhesive properties of UHMW-PE. The 

application of UHMW-PE productsin composita materia Is, e.g. as liner in multilayer 

products, is limited by its low adhesion strength to polar materials. An interesting 

case in this respect is a relatively new application of UHMW-PE as a liner in 

transport hoses [80,81]. exploiting its high abrasion resistance and chemica! 

inertness. The ad hesion of UHMW-PE to pol ar erastomers such as Nitrile-Butadiene

Rubber (NBR), generally used as hose materials, is a problem and has to be 

improved drastically forthese liner applications [82,83]. 

In literature saveral methods have been described to improve the adhesion 

between polyethylene and polar matrices by the introduetion of polar groups at the 

polyethylene surface, e.g. by corona discharge treatments, plasma treatments, 

chromic acid etching, etc. [84-88]. A different approach is the use of an adhesive 

layer between the non-bonding layers [89-91 ]. The adhesive must have tack 

strength or at least be compatible with both non-bonding layers. Chlorinated 

polyethylene (CPEJ resins and chlorinated paraftins can be used as adhesives 

between polyolefins and coatings or synthetic resins [90,91]. Furthermore it is 

known that chlorination of polyethylene in salution up to chlorine contents of 47 

wt% and higher results in products that are compatible with NBR [92]. The 

miscibility of these solution-chlorinated polyethylenes with polyethylene itself, 

however, is restricted to chlorinated products with relatively low chlorine contents 

[93]. The miscibility of chlorinated polyethylene with other polymers is known to 

be strongly dependent on the chlorine distribution [94,95]. By using a specific 

chlorine distribution, compatibility of chlorinated UHMW-PE wit both the UHMW-PE 

liner and the NBR hose may be obtained. 
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1 .4 Scope of the thesis 

In order to imprave the adhesive properties of UHMW-PE liners to NBR and the 

creep behaviour of drawn UHMW-PE fibres, chlorination of nascent UHMW-PE 

powders is studied. Moreover, the effect of chlorine distribution upon the above

mentioned properties is studied. Much attention is paid to the determination of the 

chlorine distribution, with relation to the initia! powder morphology, and the 

morphology of films and fibres of chlorinated UHMW-PE. Furthermore, chlorination 

is used to obtain additional information tor the interpretation of the thermal 

behaviour of nascent drawable UHMW-PE powders and materials. 

In the present study, three representative samples are used: standard HOPE and 

UHMW-PE powder, both produced with a conventional Ziegler-Natta slurry 

reaction, and a nascent drawable UHMW-PE powder, produced according to the 

methad described by Rotzinger et al. [201. The HOPE powder is used as a 

reference. Because of the lower molar mass of HOPE, chlorination can be 

performed in salution and a full characterization of the samples with respect to the 

chlorine distribution is possible. 

In chapter 2 the characteristics of the polyethylenes used and the chlorinated 

polyethylenes are presented tagether with the chlorination procedures used. 

Chapter 3 describes the chlorine distribution of the chlorinated samples in detail 

with respect to powder morphology, thermal behaviour and sample homogeneity, 

determined by means of techniques such as temperature rising elution fractionation 

and fractionation on solubility. Furthermore, the morphology of nascent drawable 

UHMW-PE is discussed using the results of differential scanning calorimetry, 

electron microscopy and time-resolved small-angle X-ray scattering measurements 

on chlorinated nascent drawable UHMW-PE. 

The morphology of films and fibres, obtained trom the chlorinated samples via 

different processing routes, is described in chapter 4. Special attention is paid to 
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the influence of chlorination on the structure of chlorinated samples in the melt 

using small-angle X-ray scattering. 

In chapter 5 the drawing behaviour of the chlorinated PE samples and the 

influence of chlorine distribution on the mechanica! and creep properties of the 

drawn samples is discussed. 

Chapter 6 describes the impravement of the adhesion strength of UHMW-PE to 

NBR upon chlorination and the importance of the chlorine distribution in this 

respect. 

In appendix 1 13C-NMR results on chlorinated HDPE are shown and interpreted. 

In appendix 2 the analysis of small-angle X-ray (SAXS) data and the use of SAXS 

data to calculate the amount of chlorine incorporated inside the crystalline phase 

are described. 

In appendix 3 the use of temperature rising elution fractionation for chlorinated 

HDPE/UHMW-PE samples is demonstrated and its limitations are discussed. 
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2 Chlorination of polyethylene 
- sample preparation 

2.1 Introduetion 

Chlorination of polyethylene is a well-known modification technique tor low- and 

high-density polyethylene, LDPE and HDPE respectively, to obtain desired polymer 

properties such as a higher flexibility, higher stiffness, better solvent resistance, 

etc.[1-13]. The first reports on chlorination of LDPE date from the early torties and 

describe chlorination of LDPE in solution [14, 151. Since then different chlorination 

procedures have been developed [1 ,4, 13]. Nowadays chlorinated polyethylene 

grades with various specific properties are available and widely used. 

Thermoplastic grades are used for PVC impact modifiers, flexible film/sheets and 

salution applications. Elastomeric grades are used tor hydraulic, automotive and 

industrial hoses as well as in wire and cable insulation and jacketing. 

The properties of the chlorinated PE depend on the parent polyethylene and the 

chlorination procedure used. During chlorination of PE, a hydrogen atom on the 

polymer chain is substituted by a chlorine atom, accompanied by the formation of 

HCI. 

• -CH2CHCH2- + Cl2 ..... -CH 2CHCICH2- + Cl• 
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The chlorination reaction occurs via a free-radical mechanism and is initiated with 

the decomposition of Cl2, a reaction that is usually initiated by ultraviolet light, heat 

or initiators. Chlorination of PE can be carried out using different media, initiators 

and temperature. Basically there are two different chlorination procedures: 

chlorination of polyethylene in solution: 

In the case of chlorination of polyethylene in solution the chain is fully 

accessible to chlorine and, at low chlorine contents, the chlorine distribution 

can be described with a random substitution of hydrogen atoms by chlorine 

atoms (see Figure 2.1a). At higher chlorine contents, above about 30 wt% Cl 

(17 mol% CHCI), the chlorine atoms already present on the chain significantly 

hinder further substitution of hydrogen atoms and the chlorine distribution can 

only be described if neighbouring effects are incorporated in the substitution 

model (see appendix 1: 13C-NMR of chlorinated PE). The crystallinity and 

melting temperature of the random-chlorinated materials decrease rapidly with 

increasing chlorine content, while the glass transition temperature increases. 

At chlorine contents above approximately 30 wt% Cl, amorphous materials are 

obtained. 

chlorination of polyethylene powder: 

Because of the restricted accessibility of PE crystals to chlorine gas, 

chlorination of polyethylene powder will at first take place in the less dense 

amorphous phase, resulting in a blocky chlorine distribution (see Figure 2.1 b). 

As a result of the blocky placement of the chlorine atoms the powder

chlorinated polyethylenes are semi-crystalline up to chlorine contents of 50-60 

wt% Cl. The final chlorine distribution depends on the porosity, super-structure, 

crystal thickness and crystallinity of the polyethylene powder used. 

Products with strongly diverging chlorine distributions can be obtained by using 

the different chlorination procedures successively and by variations in chlorination 

temperature. 
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Figure 2.1: Representation of chlorine distribution tor chlorination of polyethylene in salution 

(a) and chlorination of polyethylene powder (b). 

In this chapter details of the polyethylene samples used are presented, the 

chlorination procedures used are described and a characterization of the chlorinated 

samples with respect to the chlorine content and the molar mass is given. 

2. 2 Experimental 

2.2.1 Materials 

Three polyethylene grades are used in this study: 

standard HDPE reactor powder, produced with a Ziegler-Natta type catalyst in 

slurry (reference material) 

standard UHMW-PE reactor powder, synthesis camparabie with that of the 

HDPE powder 

nascent drawable UHMW-PE reactor powder, polymerized using a soluble 

vanadium(lll)acetyl acetonate/diisobutyl aluminium chloride catalyst at -18°C, 

according to the method described in detail by Rotzinger et al. [16]. 
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Because of the high degree of drawability of low temperature compacted films 

of this powder [17, 18), it is referred to as nascent drawable UHMW-PE (UHD). 

Tables 2.1 and 2.2 showsome sample details and powder characteristics of the 

three samples used. The morphology of the different powders is discussed in 

chapter 3. 

Table 2.1: Sample details 

sample grade Mw" Mn" 

code (Kg/mol! (Kg/mol! 

HD HOPE 317 68 

UH UHMWPE 1905 360 

UHO drawable -c -. 
UHMW-PE 

• GPC results in 1 ,2.4-trichlorobenzene at 135°C. 

"Intrinsic Viscosity in decaJin at 135°C. 

[ql" 

(dl/g) 

4.2 

15.7 

28.5 

branch content 

(CHa/1 OOOCI 

0.2 

1.0 

<0.05 

• Molar mass is too high to obtain correct values with the GPC equipment available. 

Table 2.2: Characteristics of the PE powders used 

sample partiele size(060) bulk density specific surface• 

code (pm) (kg/m3
) (m2/kg) 

HO 180 530 270 

UH 150 460 245 

UHO <1000 200 7600 

• method of Brunauer, Emmett en Teller IBETI using nitrogen gas !191. 



Chlorination 

2.2.2 Chlorination reactions 

Three different chlorination procedures were used in this study: 

- chlorination of polyethylene in salution 

- chlorination of PE powder in suspension at 20-40°C 

- chlorination of PE powder at 90°C in a rotating drum 

15 

The diagram below shows the chlorination procedures used for the different 

powders. Chlorination of PE powder in a rotating drum at temperatures of 90°C 

is camparabie with commercially available processes and the standard UHMW-PE 

is chlorinated in this way. Nascent drawable UHMW-PE was only available in smal! 

amounts and chlorination was therefore performed on a small scale, in suspension. 

HDPE powder was used as a reference material and chlorinated according to all 

tree procedures. 

In orderto study the influence of chlorination upon crystallite stability, part of the 

nascent drawable UHMW-PE powder was annealed at a temperature of 

approximately 125°C prior to chlorination in suspension (UHDannl. 

powder 

UH 

UHD/UHD..," 

HO 

solution 

+ 

Chlorination in salution (sol) 

suspension 

+ 

+ 

powder(rotating drum) 

+ 

+ 

An amount of 20 grammes of HDPE powder and 1 litre of chlorobenzene were 

added toa reactor that had been preheated at 130°C. Dissalution of the powder 

and homogenization of the (2 wt/v%1 salution took about 60 minutes. During this 

time the mixture was flushed with nitrogen gas ( 15 I/hl. Reaction was started by 
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replacing the nitrogen gas flow by a chlorine gas flow of 2 1/h and ended in the 

reverse way. The solution of chlorinated polyethylene was added to 1 I of 

methanol. The precipitated polymer was filtered and washed in fresh methanol tor 

four days. The product was vacuum-dried at 60°C for 2 days. 

Chlorination in suspension (sus) 

Chlorination of nascent drawable UHMW-PE and HOPE powder was performed 

at a temperature between 20°C 40°C, depending on the required chlorine 

content. A reaction containing 10 grammes of PE powder suspended in 500 mi of 

chlorobenzene was flushed with nitrogen gas (35 1/h) tor 30 minutes. The nitrogen 

gas flow was replaced by a chlorine gas flow of 12 1/h. After 30 minutes the 

chlorine flow was reduced to zero and the chlorine-containing suspension was left 

either at room temperature or heated to a certain temperature and kept there during 

the reaction time. Subsequently the suspension was cooled to room temperature 

lif necessaryl and flushed with nitrogen gas. The powder was filtered and placed 

in 400 mi of methanol tor at least 24 hours, washed with tresh methanol and 

vacuum driedat 50°C for three days. 

Chlorination in a rotating drum lpow) 

Chlorination of the UHMW-PE and HOPE powders in a rotating drum was 

performed according to the procedure developed by Schoën et al. [20,21 ]. A glass 

drum ( 1 dm3
) was tilled with 50 grammes of PE powder and flushed with nitrogen 

gas at a flow rate of 35 1/h for 30 minutes. The reaction was started by replacing 

the nitrogen gas flow by a chlorine gas flow of 12 1/h. Simultaneously the drum 

was heated by tour intrared lamps to a temperature of 90°C in 10 minutes and 

kept at this temperature during the reaction time. Temperature was controlled via 

a temperature-controlling device connected to the intrared lamps and a 

thermocouple positioned in the powder inside the drum. Aftera eertaio reaction 

time, the drum was flushed with nitrogen. The chlorinated powder was washed 

with water in order to remove remaining HCI and/or Cl2, until pH= 7 was reached. 

Subsequently the powder was washed with methanol to remove the water and 
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finally vacuum-dried tor two days at a temperature of 60°C. During reaction and 

flushing periods the glass drum was rotated at a constant speed of about 30 rpm. 

2.2.3 Chlorine content 

The chlorine content of the different products was determined by either neutron

activating analysis (NAA} or X-ray Fluorescence Spectroscopy (XRF} 

measurements, both standard a na lysis techniques. XRF was calibrated on the basis 

of NAA data. 

2.2.4 Intrinsic Viscosity (IV) 

The intrinsic viscosity (IV} of the different chlorinated products was determined 

in 1 ,2,4-trichlorobenzene (TCB) as wellas Decalin at 135°C using an Ubbelohde 

capillary viscosimeter. Before me~suring the IV, the samples were dissolved in the 

viscosimeter reservoir at 135°C in a period of 16 hours. The solution was 

stabilized with 2 g/1 of Di-Butyi-Para-Cresol (DBPC). 

2.2.5 Size Exclusion Chromatography-Differential Viscosity (SEC-DVI 

In order todetermine the molecular weight and the homogeneity of chlorination 

over the different chain lengths, SEC-DV measurements of salution and powder

chlorinated HDPE were performed in TCB at 150°C. With SEC the polymer chains 

are separated on the basis of their volume. Subsequently the intrinsic viscosity of 

every eluted fraction is measured (DV). 
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2.3 Results and Discussion 

Table 2.3 shows chlorination data of the chlorinated samples used in this study. 

The sample code = PEgrade (X)v 

X = chlorine content in mol% CHCI 

v = chlorination procedure 

SOL for chlorînatîon in salution 

SUS for chlorination powder in suspension and 

POW for chlorination powder in rotating drum. 

lf the chlorination of the different powders at constant temperature and time is 

compared, e.g. chlorination of HO and UH powder in the rotating drum, HO and 

UHO powder in suspension, or UHO and UHOann powder in suspension, a large 

variation in chlorine content is seen. Because the chemica! eomposition of the 

powders used is virtually equal, the ditterenee in chlorine content must be due to 

the different powder charaeteristies and/or morphology. 

Columns 5 and 6 of Table 2.3 show the results of the SEC-OV measurements on 

some chlorinated HOPE samples. With increasing chlorine content the ditterenee 

in diffractive index between the chlorinated PE and the solvent decreases, rasuiting 

in a reduction in resolution. This eould mean that the slîght increase in molar mass 

with inereasing chlorine content may not be significant. However, beeause no large 

changes in molar mass are observed and the molecular weight distribution is 

virtually constant with increasing ehlorine content, it is eoneluded that during 

ehlorination the length of the PE chain is not signifieantly altered. Figure 2.2 

shows, tor the same samples, the intrinsic viseosity as a tunetion of the molar 

mass. The slopas of the lines of the ehlorinated samples are virtually identieal to 

that of pure HOPE, indicating a homogeneaus chlorine distribution over the 

different chains lengths. 
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Table 2.3 :Chlorine content of different reaction products 

sample time chlorine content Mw M"/M" [f7hcs 
(minutes) (wt% Cl) (mol% CHCI) (kg/mol) (-) (dl/g) 

HOPE 0 0 0 320 4.8 3.43 
HD(0.4)SOL 15 1.05 0.4 
HD(1.1 JSOL 30 2.6 1.05 
HD(3.4JSOL 60 8.0 3.4 300 5.0 3.40 
HD(6.6JSOL 90 14.4 6.6 
HD111 . 7)50L 120 23.0 11.7 350 4.4 3.12 
HD(22.3JSOL 240 36.5 22.3 

HD(1.1 jPOW 3 2.7 1.1 
HD(2.2)"0 W 11 5.3 2.2 
HD(3.8)POW 30 8.9 3.8 320 4.6 3.34 
HD(7.6)POW 90 16.3 7.6 
HD( 1 0.4)POW 180 21.0 10.4 340 4.6 3.14 

HD(1.1 )sus 150 (30°C) 2.7 1.1 
HD(3.8JSUS 185 (40°C) 8.8 3.8 

UH 0 0 0 1900 5.4 13.8 
UH(0.5JPOW 5.2 1.2 0.5 12.9 
UH(2.8JPOW 15 6.7 2.8 11.0 
UH(5.4JPOW 30 12.0 5.4 10.8 

UHD 0 0 0 18 
UHD(1.2)5us 210 (20°C) 2.9 1.2 
UHD(1.4)sus 420 (20°C) 3.4 1.4 
UHD(3.8J5US 210 (30°C) 8.9 3.8 19.5 
UHD(15.2)5us 150 (40°C) 28 15.2 
UHD.oo(0.6)sus 210 (20°C) 1.45 0.58 
UHDOM(2.1 JSUS 210 (30°C) 5.1 2.1 

•: not measured 
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Figure 2.2: Intrinsic viscosity as a tunetion of molar mass as obtained with SEC-OV: {-) 

HOPE, (···I H0{3.41SOI., (···) H0{11.7)50L,(- -) H0{3.8)Pow, (---I HOlt 0.41Pow. 

Oue to the high molar mass of the UHMW-PE samples, characterization of these 

samples with SEC-OV is impossible. The influence of chlorination u pon chain length 

was therefore determined via intrinsic viscosity measurements (IV). The chlorinated 

HOPE samples were used as raferenee samples to determine the influence of 

chlorination upon the IV of PE. From table 2.3 it is clear that for both the HO and 

UH samples a decrease in IV is found with increasing chlorine content, which is in 

line with Saito's results from measurements on CPE in chlorobenzene [22]. The 

decrease, however, is more pronounced in the case of the UH samples, which may 

indicate that in the case of the UH samples the chain length is affected somewhat 

by chlorination. The decrease in IV may be the result of chain scission or either 

crosslinking or inhomogeneous chlorination, through which part of the material 

becomes insoluble. 
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For the chlorinated UHD samples only the IV of UHD and that of the UHD(3.8)5us 

sample were measured. The ditterenee in IV for the UHD sample as determined in 

TCB and Decalin (Tables 2.1 and 2.3) is relatively large if compared to that of the 

HD and UH samples. Apparently the ditterenee in solubility of PE in TCB and 

Decalin is more pronounced with very high molar masses. The accuracy of the IV 

measurements in the case of high molar masses is in the order of ± 1.0 dl/g. 

Taking this into account, it can be concluded that the UHD(3.8)5us sample shows 

an IV that is camparabie with that of UHD and as with the chlorinated HD samples 

it has to be concluded that no significant chain scission or crosslinking occurred 

during chlorination. 

2.4 Conclusions 

Chlorinated HDPE samples with varying chlorine contents up to 22.3 mol% CHCI, 

were produced via chlorination in solution, in a rotating drum and in suspension. 

During chlorination no chain scission or crosslinking occurred. The samples were 

chlorinated homogeneously over the different chain lengths. 

Chlorinated UHMW-PE samples with chlorine contents up to 5.4 mol% CHCI were 

obtained via chlorination in a rotating drum. During chlorination the chain length 

might be slightly affected. 

Chlorinated nascent drawable UHMW-PE samples with varying chlorine contents 

up to 15.2 mol% CHCI were obtained via chlorination in suspension. During 

chlorination no chain SCÎSSÎOn or crosslinking occurred. 
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3 Chlorine distribution 

- nascent powder morphology 

- thermal behaviour 

- sample homogeneity 

3. 1 Introduetion 

The chlorine distribution of a chlorinated PE (CPEl sample strongly depends on 

the chlorination procedure used. In the case of chlorination of polyethylene powder, 

the chlorine distribution also depends on the morphology of the powder, e.g. the 

partiele size, porosity, super-structure, crystal dimensions and crystallinity [1-5]. 

The chlorine distribution of a sample can be determined by using a combination 

of characterization techniques such as: differentlal scanning calorimetry, 13C

nuclear magnatie resonance and fractionation on solubility [ 1-5]. Once the chlorine 

distribution is known it may give additional information about the morphology of 

the powder. 

Nascent drawable UHMW-PE is a powder whose morphology is still a topic of 

interest. lt is characterized by a relatively high melting temperature, well above the 

melting temper~Hure of melt-crystallized UHMW-PE. This high melting temperature 

is generally attributed to the presence of chain-extended crystals that are formed 

during the polymerization process [6-9]. However, recently Tervoort-Engelen and 

Lemstra [10] showed that the high melting temperature of nascent drawable 

UHMW-PE can be suppressed by electron beam irradiation. This change in melting 

temperature is camparabie with that observed after irradiation of polyethylene 

single crystals. On the basis of this observation and microscopie results, Tervoort-
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Engelen and lemstra concluded that the high melting point of the nascent drawable 

UHMW-PE is related totast reorganization of small chain-folded "single crystallike" 

crystals. lf this is the case, chlorinated nascent drawable UHMW-PE should show 

a thermal behaviour camparabie with that of chlorinated single crystals, e.g. with 

the introduetion of chlorine groups reorganization should be prevented [12-14). 

A technique that has been used progressively in the last decade in the study of 

the annealing behaviour of polyethylenes is time-resolved small-angle X-ray 

scattering [15-17). Because of the availability of synchrotron radiation and high

flux X-ray sourees it is possible to obtain reai-time small-angle X-ray patterns. In 

this way the crystalline reorganization upon heating can be studied. 

In this chapter the chlorine distributions of the powder-chlorinated HOPE and 

UHMW-PE samples are evaluated. First the morphologies of the different powders, 

as revealed by transmission electron microscopy and X-ray analysis, are described 

because of the relevanee to the chlorine distribution. Secondly the thermal 

behaviour of the chlorinated powders is discussed, as for nascent drawable 

UHMW-PE these results further elucidate its morphology. Finally the homogeneity 

of the chlorinated samples with respect to the chlorine distribution, as determined 

with different characterization techniques, is discussed. Because of the high molar 

mass, the characterization of the UHMW-PE samples is difficult. Therefore powder

chlorinated HOPE as well as solution-chlorinated HOPE samples are used as a 

raferenee material throughout the whole study. 
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3.2 Experimental 

The characteristics of the different polyethylene samples, HOPE (HO). UHMW-PE 

(UH). nascent drawable UHMW-PE (UHO) and annealed nascent drawable UHMW

PE (UHO ... ") as well as the chlorination procedures used in this study are described 

in chapter 2. The sample code used is: PE grade (X)v, where X is the chlorine 

content (mol% CHCI) and the superscript Y indicates the chlorination procedure 

used (SOL: chlorination in solution, SUS: eh lorination of powder in suspension and 

POW: chlorination of powder in a rotating drum). 

3.2.1 Transmission Electron Microscopy 

In order to obtain information about the microstructure of the PE powders, 

transmission electron micrographs (TEM) were made. The powders were treated 

for 48 hours with a ruthenium tetroxide salution prepared according to Montezinos 

et al. [18]. The treated powders were embedded in an acrylate (Lowicril), cured for 

one night at 40°C and subsequently trimmed. Thin sections were obtained by 

ultramicrotometry at room temperature using a Relehert Ultracut E microtome. 

Transmission Electron Microscopy was performed using a Philips CM200 electron 

microscope operating at 120 KV. In order to estimate the crystalline lamellar 

thickness of the powders trom the TEM micrographs the average thickness of at 

least 40 lamellae per sample was used. 

3.2.2 Apparent Crystallite Size 

The crystallite sizes measured using X-ray line broadening data are called apparent 

because the measured value not only depends upon the sizes of the crystal but 

also upon its perfection (e.g the amounts of defects). The lower the perfection, the 

lower the apparent crystallite sizes. Comparison of the ACS values with values of 

the crystallite sizes, as for instanee determined with TEM, gives an indication of 

the crystallite perfection. 
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The apparent crystallite sizes (ACSI of the powders were determined trom X-ray 

line broadening data. The 12001 and 10201 reflections were recorded using a Philips 

PW1820 X-ray diffractometer employed in reflection mode. Ni-filtered Cu-Ka 

radiation trom a Philips PW1730 generator operated at 50 kV and 40 mA was 

used. The instrumental broadening was determined using aluminum oxide powder. 

The half widths of the diffraction peaks ll:J.Pobsl were corrected for the instrumental 

broadening (f:J.P;".tl, assuming a Gaussian profile, via: 

(3.1) 

t:J.Psample corresponds to the peak width at half-maximum intensity caused by the 

crystallites within the sample. The apparent crystallite sizes along the normals to 

the (hkl) crystal planes, Dhkl• were calculated using the Scherrer equation: 

{3.2) 

in which 2Elhk1 is the corresponding Bragg reflection angle, t:.P.ample is the corrected 

peak width at half maximum in radians and Ax is the wavelength of the X-ray 

souree (0.154 nm). 

3.2.3 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSCI curves of the as-chlorinated powders or 

compression-moulded films were recorded using a Mettier DSC30. Samples of 4.5-

8 mg we re used and a standard heating and cooling rate of 1 0°C/min was adopted 

tor the first and second heating curves and the cooling curve, respectively. The 

temperature range was -60°C to 180°C tor the solution-chlorinated samples and 

30°C to 180°C tor the powder-chlorinated samples. The melting point is defined 

as the maximum in the endothermic peak. The total peak area of the DSC curve 

is taken as the heat of fusion lflh). The heat of fusion is corrected for the chlorine 

content of the samples using the following equation: 
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flh flh messured 
corrected= -::1--o=-=. 9;:-:7=-;2;::--x_;;;;m;;.;;;a;;.;;;s;;.;;;s"'--7fr,_a_c-.,..,ti:-o-n-c=, 

(3.3) 

The crystallinity is defined as the corrected heat of fusion divided by the heat of 

fusion of 100% crystalline PE (293 J/g [19]). Before measuring, the DSC

instrument was calibrated with indium (T ..... e~ = 156.6 and flh = 28.45 J/g). 

3.2.4 Time-Resolved Smaii-Angle X-ray Scattering 

The chlorinated powders were compacted at room temperature and a pressure of 

600 MPA to discs of 13 mm in diameter and about 2 mm thick. In a second step 

circular films with a diameter of about 20 mm and 0.5-0.6 mm in thickness were 

obtained after applying an initial pressure of 750 MPa onto the discs at 50°C. 

Time-resolved SAXS measurements were obtained using the High-Brilliance 

Beamline of the Europaan Synchrotron Radiation Facility {ESRF) in Grenoble, 

France. The High-Bri!liance Beamline comprises a 1 0-metre long SAXS camera 

system equipped with a two-dimensional position sensitive detector with a 

diameter of 185 mm. A more detailed description of the line is given elsewhere 

[20]. The sample-to-detector distance was 9.5 m to cover a scattering vector (q) 

range of 0.003-0.06 A-1
, where q = (4"/A)sinE> (A and 29 are the wavelength, 0.1 

nm, and the scattering angle respectively). 

A sma!l piece of a sintered UHDsus film sample was placed between mica 

windows in a Linkam TMHS600 hot stage and heated at a rate of 10°C/min trom 

30 to 180°C. The scattering intensity was recorded tor 30 s (1 frame), so each 

frame contains the scattering data that are collected over 5°C. In the discussion 

the end tempersture of each frame will be used. The two-dimensional circular 

patterns were converted to one-dimensionalline patterns via azimuthal summation. 

As aresult of the sample preparation some orientation was present in the samples. 

The orientation was smalt and the azimuthal summation partly corrects tor the 

anisotropy present in the samples. Data analysis as used for isotropie systems was 

therefore applied (see appendix 2). As aresult trends in long-period development 
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can be defined, but the absolute values have to be used with caution. 

3.2.5 Tempersture Rising Elution Fractienation 

Temperature rising elution fractionation (TREF) chromatograms of the different 

samples were recorded on 0.1 and 0.03 wt% solutions of chlorinated HOPE or 

UHMWPE in 1,4 o-dichlorobenzene (o-DeS). The solutions were prepared by 

dissolving the products for 16 hours at 135 oe. In order to prevent oxidative 

degradation 1 g/1 Di-Butyi-Para~eresol (DBPel was added to the solution. The 

salution was transferred to a TREF column at 140°e. Subsequently the column 

was transferred to an oil bath at 130°e and cooled to 20oe in 80 hours, at a 

cooling rate of approximately 1.4°e/h. The column wasstoredat 2oe for at least 

one night and subsequently inserted into the TREF-equipment and eluted with o

oes from 10°e to 110°e, with a heating rate of 20°e/h and a flow rate of 0.5 

mi/min. On-line analysis of the amount of eluted material took place at 140°e via 

a Dupont intrared detector for liquid chromatography. The amount of polymer in 

the salution was determined by the absorption of the e-H stretch vibration at 2900 

cm·1• 

3.2.6 Centrifugation 

In order to test the solubility of the different chlorinated samples in Decalin, 

centrifugation experiments of 'solutions' of the polymers in DecaJin were 

performed. Solutions of 0.15, 0.3 and 0.5 wt% of UHDsus, UHPow and HD50l/POw 

in Decatin were prepared at 135 oe. The dissalution time was 16 hours and prior 

to dissalution 2 g/1 DBPe was added to prevent oxidative degradation. 

eentrifugation of the solutions was performed at 135°e and a rotor speed of 

15,000 rpm for 1.5 hours. The salution was decanted and poured in acetone, in 

order to precipitate the dissolved polymer fraction. The precipitate was filtered 

dried and weighed. Also the swollen polymer fraction, remaining in the 

centrifugation-tube, was dried and weighed. 
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3.3 Results and discussion 

3.3.1 Powder morphology as revealed by TEM and X-ray analysis 

The morphology of the nascent PE powders was studied using Transmission 

Electron Microscopy (TEM) and Wide-Angle X-ray Scattering (WAXS). Both the UH 

and HO powder could not be compacted at temperatures below 100°C. SAXS 

measurements were therefore performed on the powders. However, the presence 

of porosity in the powders resulted in a high degree of scattering at low angles, 

which made a proper analysis of the morphology impossible. The SAXS results are 

therefore not included in this study. The nascent drawable UHD samples, on the 

other hand, could be compacted, already at low temperatures (see section 3.2.4) 

and time-resolved SAXS patterns are available for these samples. 

TEM micrographs of the three powders are shown in Figure 3. 1 . The UH and HD 

powder both show a structure of packed domains (alternating dark and light parts). 

For the HD powder these domains are a bout 150 nm x at maximum 500 nm in size 

and consist of stacked lamellae, see Fig. 3.1 b. In the case of UH powder the 

domains are small "spherulites" of lamellae grown in a radial direction, 

approximately 200-300 nm in diameter, see Fig. 3.1 d. The crystalline lamellar 

thickness (or crystalline co re) of both powders is in the order of 10-12 nm. 

The apparent crystallite sizes, as determined with X-ray diffraction, based on 

(200) and (020) reflections, are approximately 10-11 nm. These are much smaller 

than the lateral sizes obtained trom the TEM micrographs (approximately 100 nm 

and larger), which indicates the presence of a large amount of defects within the 

crystalline lamellae. 
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Figure 3.1 : 
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g 

Transmission electron micrographs of HOPE powder (a.bl. UHMW-PE powder (c,d). 

nascent drawable UHMW-PE powder (e,f) and annealed nascent drawable UHMW

PE powder, annealed at 120°C for 15 min. (g). 



Chlorine distribution 31 

The morphology of the UHD powder clearly deviates trom that of the UH and HD 

powders. In the first place, the UHD powder is more porous compared to both the 

UH and the HD powder, which is also reflected in the higher specific surface of the 

powder (see chapter 2). In the second place UHD powder exhibits a structure of 

not clearly stacked crystals (Figure 3.1f,gl, which was previously observed by 

Tervoort-Engelen and Lemstra [1 0]. From the TEM micrographs ofthe UHD powder 

it is very ditticuit to determine crystal dimensions in an accurate way. Therefore 

the values mentioned below can only be used as a rough estimation. The estimated 

crystal thickness and lateral sizes are in the order of 7-8 nm and 60 nm 

respectively, which is relatively small compared to the values found for the HDPE 

and UHMW-PE powders. On the other hand, the apparent lateral crystallite sizes 

(ACS) determined with X-ray diffraction, basedon the (200) and (020) reflections 

are approximately 10 nm, which is comparable with those of the other powders 

and again indicative of crystals with a large amount of defects. 

The WAXS measurements, used to obtain the ACS, also revealed the presence 

of a significant fraction of the mono- or tri-clinic crystal phase. The presence of a 

mono- or tri-clinic phase in nascent drawable UHMW-PE is believed to be due to 

deformation processes, caused by particles growing during the polymerization at 

low temperatures. At higher temperatures the mobility of the chain (segments) is 

higher, which results in a decreasing amount of mono- or tri-clinic phase with 

increasing polymerization temperature [6,21]. 

Figure 3.1 g shows a TEM micrograph of a nascent drawable UHMW-PE sample 

after annealing for 15 minutes at 120°C. The thickness of the crystals has 

increased by about a factor 2. The lateral dimensions seem to be of the sameorder 

as that of the UHD sample. However, as mentioned before only a rough 

comparison is possible on the basis of the TEM micrographs of the UHD samples. 

The apparent crystallite sizes, based on the (200) and (020) reflections are 

approximately 14 nm. This is a little higher compared to that of the non-annealed 

samples and may indicate that upon annealing the crystalline phase of the nascent 
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drawable UHMW-PE obtains a higher degree of perfection. 

The WAXS measurements further showed that upon annealing the less stabie 

triclinic phase disappears. 

3.3.2 Thermal behaviour 

This section is concerned with the thermal behaviour of the different chlorinated 

PE samples. The results of the solution-chlorinated samples are described first and 

will be used to explain some of the data of the powder-chlorinated samples. 

HOPE chlorinated in salution (reference) 

For all samples a single melting endotherm is observed that decreases and 

broadens with increasing chlorine content (for the broadening a lso see temperature 

rising elution fractionation, section 3.3.4). Figure 3.2 shows the peak melting 

temperature and heat of fusion as a tunetion of chlorine content for HDPE 

chlorinated in salution and crystallized trom the melt. With increasing chlorine 

content both the melting temperature and the heat of fusion decrease significantly. 

Extrapolation of the data gives a chlorine content of about 20 mol% CHCI, above 

which the material is fully amorphous. The sample with 22.3 mol% CHCI is 

amorphous and shows a glass-transition temperature of about -14°C. 

Figure 3.3 shows the melting temperature of the solution-chlorinated HDPE as 

a tunetion of side-group content, tagether with literature data on salution 

chlorinated PE [22], ethylene-vinylchloridecopolymers [23] and ethylene-propylene 

copolymers [24]. The melting temperatures obtained for the HD50
L samples not 

only fit with the literature data of solution-chlorinated PE but also with that of 

random ethylene-propylene copolymers. The reason for this camparabie melting 

behaviour is that a Cl group and a methyl group are approximately of the sa me size 

and the melting temperature of random PE copolymers with a fixed side-group 

content is determined by the size of the side-group and, in case only van der Waals 

torces are present, independently of the chemica! nature of the side-group [25]. 
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Figure 3.2: 
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From these results and 13C-NMR results of the solution-chlorinated samples, the 

latter being described in appendix 1, it appears that the chlorine distribution of the 

solution-chlorinated HOPE samples may be described as statisticaUy random. 

Nascent drawable UHMW-PE chlorinated in suspension 

Table 3.1 shows the calorimetrie results of the nascent and annealed nascent 

drawable UHMW-PE powders. The powders show a relatively high melting 

temperature (T ml) compared to that of the UHD crystallized trom the melt (T m2l. 

Upon annealing the crystallinity increases, the melting tempersture however is 

constant. 

Table 3.1: Calorimetrie results of the different PE powders 

sample 

UHD 

UHDann 

first heating cycle 

Tm! I°C) t.h, IJ/g) x<,{%) 

143 

143 

241 

269 

82 

92 

second heating cycle 

Tmzi°CI t.h, (J/g) X<> 1%1 

135 

135 

145 

145 

49 

49 

In the case of polyethylene single crystals, chlorination starts at the crystal fold 

surface without destruction of the crystals. At relatively high chlorine contents, in 

the order of 10 mol% CHCI, the crystalline phase will be attacked and the 

crystallinity of the chlorinated PE decreasas [12-14,26,27). 

Figure 3.4a shows the heat of fusion of the UHD samples chlorinated in 

suspension, as measured in the first and second heating run. In the first heating 

cycle, the heat of fusion corrected for the chlorine content is nearly constant at 

low chlorine contents and decreasas at high chlorine contents. In line with 

chlorination of single crystals, no crystal deterioration takes place at low chlorine 

contents. 
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Figure 3.4: Heat of fusion (a) and melting temperature (b) of oascent drawable UHMW-PE 

chlorinated in suspension as a tunetion of chlorine content (0) UHD first heating 

cycle, 1•1 UHD second heating cycle, (l'..) UHD • .., first heating cycle, (1.1 UHD"'" 

second heating cycle, (+I HOPE chlorinated in solution, second heating cycle 

The melting temperature of a lamellar (chain-foldedl crystal with thickness Ie and 

lateral dimensions a and b can bedescribed with the Thomson equation [28]: 
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(3.4) 

Tm 0 is the equilibrium melting temperature, u,. and u the surface energy of the fold 

planes and lateral surfaces respectively and ~}.Hu the heat of fusion per unit volume 

of crystalline phase. For crystals with lamellar dimensions llc < < a,b), e.g. single 

crystals, the last two termscan be neglected. 

The introduetion of the chlorine groups at the fold surface of single crystals 

prevents crystal thickening during heating and gives rise to an increase in surface 

energy. As a result the melting temperature decreasas rapidly as a tunetion of 

chlorine content. At a chlorinè content of one chlorine per fold, reorganization is 

already completely restricted and with increasing chlorine content the melting 

temperature levels off [ 12-14]. 

Figure 3.4b shows the melting temperatures of the chlorinated UHD powders 

obtained in the first and the second heating run. In the first heating run the melting 

temperatures of the chlorinated UHDs show a steep decrease at low chlorine 

contents and a small decline at higher chlorine contents. Combining the crystallite 

thickness of the UHD powder of approximately 7-8 nm and a crystallinity of about 

82 wt%, the repeating thickness of the powder lcrystalline and amorphous phase) 

can be estimated at a bout 8-1 0 nm I- 60-80 methylene units). A chlorine content 

of 1 Cl/fold thus corresponds toabout 1.2-1.7 mol% CHCI. In Fig. 3.4b this is 

approximately the chlorine content at which the slope of the melting temperature 

versus chlorine content curve changes. 

In the second heating run the melting temperature at low chlorine contents 

follows the melting temperatures of HD50
L samples up to a chlorine content of 

about 1.4 mol% CHCI, see Fig. 3.4b. Apparently at low chlorine contents up to 1 

chlorine/fold, chlorination of the UHD powders takes place in a regular way (mainly 

separated Cl atoms), which results in a thermal behaviour camparabie with that of 

random chlorinated PE [29]. At higher chlorine contents, chlorination occurs 
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blockwise, resulting in a relatively constant melting temperature with increasing 

chlorine content. 

The melting temperatures of the UHDannsus samples, as shown in Fig. 3.4b, are 

virtually identical to that of the UHD...," sample. The influence of chlorination on the 

surface energy appears to be rather low and the decrease in melting temperature 

tor the UHD samples is mainly due to prevention of crystallite thickening. Table 3.2 

shows the average crystallite thickness of some annealed (chlorinated) UHD 

samples, as obtained trom TEM micrographs. The annealing of the samples was 

performed in a DSC apparatus, the heating and cooling rates applied were 

1 0°C/min. The results in table 3.2 show that crystal thickening occurs 

instantaneously during heating. Subsequent annealing of the sample at a certain 

temperature does not result in a significant increase in crystal thickness. Heating 

of the samples to higher temperatures gives rise to further thickening of the 

crystals. 

Table 3.2: Average crystallite thickness of chlorinated oascent drawable UHMW-PE powders 

sample T enneeling time I, 

(OC) (minl (nm) 

UHD -7-8 

UHD 120 0.5 13 

UHD 120 15 14 

UHD 1.30 15 16 

UHD(1.4)sus 120 15 9 

During heating and subsequent annealing of the UHD{1.4)5us sample, on the other 

hand, no substantial increase in crystallite thickness is observed. In line with the 

DSC results it can be concluded that chlorination clearly prevents reorganization 

of the crystalline phase. 
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The calorimetrie and microscopie results described above indicate that the thermal 

behaviour upon chlorination is similar for the UHD powder and PE single crystals. 

In both cases crystal reorganization is completely prevented at a chlorine content 

of 1 Cl/fold. The morphology of LIHD powder may therefore be described as a 

system of loosely packed "single-crystal-like" crystals. However, it has to be kept 

in mind that in the case of chlorinated UHD powders the absolute melting 

temperature in the first heating run is a bout 8-1 0°C higher compared to that of 

chlorinated PE single crystals. The crystal thickness of the UHD powder, according 

to the TEM micrographs, is even lower than that of the PE single crystals used in 

literature (the latter being in the order of 11-15 nm). According to Thomson' s 

equation a melting temperature of the chlorinated UHD samples lower than that of 

the chlorinated single crystals would be expected, which is clearly not the case. 

An explanation tor these ditterences is not yet available. 

HDPE and UHMW-PE powder 

Figures 3.5a and b show the melting temperatures and heat of fusion in the first 

(open symbols) and the second (filled symbols) heating run of the HDPOw!SVs (circles 

and triangles) and UHPow (squares) powders as a tunetion of chlorine content. The 

melting temperatures of bath the HDPow and UHPow samples decrease as a tunetion 

of chlorine content. The initial decrease in melting temperature is not as 

pronounced as observed for the UHDsus samples (see Fig 3.4b). This may partly be 

due toa different annealing behaviour of the crystalline phase, as also observed for 

the chlorinated UHD and UHDann samples. At low chlorine contents the heat of 

fusion of the HDPow samples, as obtained in the first heating cycle (open circles), 

is virtually constant with increasing chlorine content, indicating no crystal 

deterioration during chlorination. For the UHPow samples (open squares) a slight 

decreasein crystallinity is found, which is probably due to a very low melt fraction 

being present at the reaction temperature. 

The melting temperatures of the UHosus samples obtained in the second heating 

cycle showed a sharp decrease at low chlorine contents. Th is initia I drop in melting 
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temperature is less pronounced for the UHPow samples or even absent in the case 

of HDPow samples (see Fig. 3.5a). 
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Figure 3.5: The melting temperature (a) and heat of fusion (b) of chlorinated HOPE and UHMW-PE 

samples as a tunetion of chlorine content (0) HDPow. (0) UHPow. (ll) HDsus; open 

symbols are from the first heating cycle, closed symbols are from the second heating 

cycle 

The crystallite thickness of the HD and UH powders is in the order of 10-12 nm 
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(see section 3.3.1), which is in between that of the UHO and the UHO.,.." samples. 

Upon chlorination of HO and UH powders a decay in melting temperature 

camparabie with that of the UHO samples would have been expected. The absence 

of this similarity in melting behaviour is indicative of a different, probably less 

homogeneous, chlorine distri bution in the HOPow and UHPOw samples. This different 

chlorine distribution may be the result of the different chlorination procedure used 

(chlorination in a rotating drum at relatively high temperatures as against 

chlorination in suspension at low temperatures} and/or the ditterenee in powder 

morphology. 

In order to test the influence of the chlorination procedure, HOPE powder was 

also chlorinated in suspension (H05u5
). The melting temperatures of the Hosus 

samples arealso shown in Fig. 3.5a (triangles). Chlorination in suspension results 

in a sharper decrease in the melting temperature obtained in the second heating 

curve. However, the decreaseis still not as pronounced as in the case of UHosus 

samples. Apparently the morphology of the HOPE powder is of such a kind that 

homogeneaus block chlorination of all chains, as obtained with the UHO samples 

(see section 3.3.4). is prevented. Th is is probably due to the lower specific surface 

and crystallinity of the HO and the UH powder compared to that of the UHO 

powder and the presence of stacked crystals in the farmer powders. The width of 

the chlorine distribution of the powder-chlorinated samples can be estimated 

through fractionation experiments (see section 3.3.4}. 

3.3.3 Time-resolved SAXS of nascent drawable UHMW-PE 

In section 3.3. 1 and 2 it was shown, by using calcrimetry and microscopy, that 

upon heating instantaneous thickening of the crystalline phase of UHO powder 

occurs. Chlorination prevents this thickening. In order to be able to follow this 

reorganization process during heating, time-resolved SAXS measurements were 

performed. Because of the lamellar-like crystalline structure of the powder, Lorentz 

correction was· applied to the time-resolved SAXS patterns (see appendix 2) and 

the long period (l) was calculated from the maximum in the Lorentz-corrected 
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SAXS curves. Furthermore the one-dimensional correlation functions (see appendix 

2) were calculated as a tunetion of temperature. The long period can directly be 

taken trom the first maximum in this correlation function. lf the crystallinity is 

known at each temperature, the crystalline, amorphous and interface layer 

thicknesses can be calculated trom the correlation function. In our case the 

crystallinity at each temperature is not known. Furthermore the temperature frames 

taken are braad and the absorbtion data necessary to apply the empty cell 

correction in a proper way are not present. In this thesis therefore only the 

development of the long period as a tunetion of temperature will be discussed. 

Figures 3.6a and b show the temperature dependenee of the Lorentz-corrected 

SAXS patterns and the one-dimensional correlation functions, respectively, for UHD 

annealed at 120°C. The values of the long periods obtained via the correlation 

tunetion and the Lorentz-corrected intensity are virtually similar. At 80°C the long 

period is in the order of 150 Ä. After correction tor the crystallinity, Xc, (L x Xcl the 

calculated crystalline layer thickness is about 120 A. The crystalline thickness 

estimated trom the TEM micrograph is in the order of 70-80 Ä. As mentioned in 

the experimental part, the absolute val u es of the long period have to be interpreted 

with caution. Furthermore it is known that use of the methad described above tor 

calculation of the crystalline layer thickness results in too high values (see chapter 

4). 

During heating and subsequent annealing of the UHD sample the maximum in the 

Lorentz-corrected curves bacomes more pronounced and a strong increase in the 

long period is observed. At the sametime a widening of the first minimum in the 

correlation funètion is observed. This may indicate a higher perfection of the two

phase system. However, different parameters that influence the broadening of the 

first minimum, such as crystallinity, stacking perfection, amount of stacks, width 

of layer distributions, change at the same time. Reai-time WAXS,SAXS and DSC 

performed simultaneously will be necessary in order to calculate the crystallinity 

at each moment and determine the most important contribution to the broadening. 
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Figure 3.6: 
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lorentz-corrected intensity {A) and one-dimensional correlation tunetion {BI as a 

tunetion of the scattering vector ,q, lal 80"C, (bi 100"C, lel 120°C, {dl 5 min. 

120°C, (el 10 min. 120°C, lfl 15 min. 120°C 

Figures 3. 7a and b show the temperature dependenee of the long period, obtained 

trom the Lorentz-corrected data for the UHDsus and UHDann sus samples respectively, 
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up to the frame with an end temperature of 150°C. At higher temperatures na 

scattering is observed for the UHD sample, which indicates a homogeneaus melt. 

Figure 3.7: 
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For the UHD sample a continuous increase in the long period is observed trom 

about 80°C to 120°C. At higher temperatures the long period shows a much 

stronger increase. The increase up to temperatures of about 120-130°C is the 

result of reorganization, as already shown in Fig 3.6. DSC measurements showed 

that the onset temperature of melting is about 130°C. The strong increase at 

temperatures above 130°C wilt therefore be due to partial melting of the powder, 

which causes thickening of the amorphous layer in particular. 

The chlorinated samples, on the other hand, show a virtually constant long period 

between 80°C and 120°C and a strong increase in the long period above 120°C. 

Furthermore the long period disappears at the highest temperatures. DSC 

measurements showed an onset melting temperature of 120°C and a decline in 

peak melting temperature, which explains the strong increase above 120°C and 

the disappearance of the long period at the highest temperatures. The virtually 

constant long period of the chlorinated samples between 80-120°C indicates that 

in this temperature range no significant crystal reorganization takes place. The 

temperature dependenee of the correlation functions of UHD and UH0(3.8)sus as 

shown in Figures 3.8a and b confirms these results. 

Figure 3. 7b shows the temperature dependenee of the long period tor the 

UHD..,"sus samples. Because of the annealing procedure the long period at 80°C is 

al ready twice that of the initia I powder and stays constant up to a bout 135 °C. At 

higher temperatures the development of the long period is independent of chlorine 

content, indicating that the increase in the long period observed at these 

temperatures is due to melting of part of the materiaL 

The presence of voids within samples often disturb the SAXS analysis and gives 

rise to misinterpretations. However, in our cas~ the increase in the long period 

indicates a toostrong dependenee on chlorination and annealing. 
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Figure 3.8: 
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3.3.4 Sample homogeneity 

The homogeneity of the samples is determined by fractionation on the basis of 

crystallizability/dissolvability Itempersture rising elution fractionation) and solubility 

lcentrifugation). The results of these techniques are discussed separately. 

Temperature Rising Elution Fractionation 

One fractionation technique successfully applied in the structure analysis of 

especially linear low-density polyethylene is Tempersture Rising Elution 

Fractionation (TREF) [30-37]. TREF is a fractionation technique that separates 

molecules on the basis of their crystallizability/dissolvability. TREF results can 

therefore be directly related to the amount and distribution of short chain branches 

in PE chains [38]. In Appendix 3 the principlesof the TREF technique are presented 

and results showing the separation performance of TREF are discussed. 

Solution-chlorinated HDPE 

The Tempersture Rising Elution Fractionation (TREF) chromatograms of the HD8
0L 

samples with chlorine contents up to 6.6 mol% CHCI are shown in Figure 3.9a. At 

chlorine contents > 6.6 mol% CHCI the crystallization/dissolution temperature of 

the samples is too low and outside the experimental range of the TREF equipment. 

With increasing chlorine content a strong decrease in dissalution tempersture and 

a broadening of the peak is observed. This peak broadening can be attributed to 

significant broadening of the ethylene block-length distribution, as a result of an 

increasing average chlorine content. 

Powder-chlorinated PE 

Because of the high viscosity of the chlorinated nascent drawable UHMW-PE 

samples, very low polymer concentrations have to be used in TREF me'71surements. 

However, at these low concentrations the peak resolution decreasas to an 

unacceptable level and therefore TREF experiments on these samples cannot be 

properly interpreted. 
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Figures 3.9b and c show the TREF chromatograms of the HDPow and UHPOw 

samples respectively. UHMW-PE shows a lower dissolution temperature compared 

to HDPE. This is in line with the DSC results and due to the difference in -CH3 

content: 1/1000 carbon atoms for the UHMW-PE and 0.2/1000 carbon atoms tor 

the HDPE sample. 
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Figure 3.9: TREF chromatograms for HD50
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48 Chapter 3 

All samples show a single dissalution peak that broadens with increasing chlorine 

content, excluding the possibility that the samples consist of a blend of random

chlorinated PE chains and pure PE chains. In that case the TREF chromatograms 

would have shown a double peak (see appendix 3). On the other hand the 

dissalution peaks of especially the two powder-chlorinated HOPEs with the highest 

chlorine contents are very broad, corresponding to a broad methylene block length 

distribution. With increasing chlorine content a decreasein dissalution temperature 

occurs. However, in line with the OSC results, this decreaseis relatively small. In 

general the high-temperature separation performance of TREF is good tor samples 

with dissalution temperatures with intervals of ~ 9°C (see appendix 3). Most of 

the powder-chlorinated HOPE samples have dissalution peak temperatures between 

90°C and 100°C. Within these samples cocrystallization of HO and HOPOw is 

therefore possible. The maximum amount of (almost) pure PE that may be present 

in these samples can be estimated from a comparison of the TREF results of the 

samples with that of blends of Hosot and HO (see appendix 3). The term 'almost' 

is added because the results on pure UHMW-PE and HOPE show that it is difficult 

to separate chains with PE blocks > 1 000 CH2 units trom pure PE. 

The blend experiments show that the possibility of finding (almost) pure HOPE in 

the H0(10.4)POw and H0(7.6)POw samples is zero. The H0(2.2lPOw and H0(3.8)POw 

samples contain at maximum about 12 wt% (almost) pure PE. Finally the 

H0(1.1 )Pow sample has a dissalution temperature that is too close to HOPE to 

derive any conclusion with respect to its composition. 

The UHPOw samples show a more pronounced decreasein dissalution temperature, 

but all dissalution peak temperatures are between 90°C and 98°C. The above

mentioned ratios of pure HOPE and chlorinated HOPE may also be used for the 

UHPOw samples. However, it has to be kept in mi.nd that TREF separates molecules 

on the basis of the longest methylene sequence length present in a chain. The 

probability of finding a long methylene sequence in each chain increases with 

increasing molecular weight. As a result the TREF dissalution peak of high 
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molecular weight samples will shift to higher temperatures. In view of this it is 

reasanabie to conclude that the UH(0.5)Pow sample is the only chlorinated UHMW

PE sample that contains (almost) pure UHMW-PE. 

Fractionation on solubility 

The TREF results on HDPOw and UHPow samples showed a rather braad methylene 

block length distribution. In order to determine the chlorine content distribution, 

fractienation experiments in DecaJin were performed. Decalin is known to be a 

solvent for PE and a non-solvent for highly chlorinated PE. The chlorine content at 

which the solubility of chlorinated PE in Decalin ends, was determined via the 

solubilîty of the HD50
L samples: samples with chlorine contents s 11 . 7 mol% CHCI 

are soluble in DecaJin (at a polymer concentration of 0.5 wto/o and 135 °C) and the 

sample with a chlorine content of 22.3 mol% CHCI is only soluble up toabout 28 

wto/o. After centrifugation 72 wt% of the latter sample was obtained as a swollen 

gel. 

Block chlorination locally results in high chlorine contents. For the powder

chlorinated samples it may therefore be expected that at relatively low overall 

chlorine contents complete solubility in Decalin is lost. According to the DSC 

measurements, UHDsus samples exhibitthe most homogeneaus chlorine distri bution 

of the powder-chlorinated samples. Centrifugation experiments on 0.15 wto/o 

polymer solutions of UHDsus in DecaJin showed that up to chlorine contentsof 3.8 

mol% CHCI the samples are soluble in Decalin. The sample with 15.2 mol% CHCI 

had a gel fraction of >49 wto/o, in line with the solubility of HD8
0L samples. Figure 

3.10 shows the fractienation results of the HDPow and UHPow samples in Decalin. 

Both materials exhibit a gel fraction at low overall chlorine contents. Table 3.3 

shows the chlorine contents of the fractions of some powder-chlorinated samples. 

The ditterenee in chlorine content between the soluble and the gel fraction is rather 

large. DSC measurements on the gel fractions show a melting temperature of 

a bout 1 00°C, indicating that the gel fraction is still block-chlorinated. 

These centrifugation experiments show that there is a broad chlorine content 

distribution in the powder-chlorinated HDPE and UHMW-PE samples. The single 
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TREF dissalution peak of the powder-chlorinated HOPE samples and the relatively 

high melting temperatures of the gel fractions indicate that the powders consist of 

block-chlorinated chains with a gradual variation in PE block length and a broad 

chlorine content distribution of the chlorinated blocks. 

The relatively large gel fractions of the UHPOw samples indicate that the chlorine 

content at which solubility is lost is lower at higher molecular weights. 
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Figure 3.10: Gel fraction of powder-chlorinated samples as a tunetion of chlorine content I 0} 

HOPOW, 101 UHPOW 

Table 3.3: Chlorine content of fractionated powder-chlorinated PE. 

sample gel fraction chlorine content (mol% CHCI) 

lwt%1 gel fraction soluble fraction 

H017.6)POW 12· 30 4.7 

HO(l 0.4)POW 18 31 7.0 

UH(5.4}POW 16 19 3.1 

•: Results of centrifugation of a 2 wt% polymer solution in Decalin. 
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3.4 Conclusions 

The morphology of the HOPE and UHMW-PE powders used in this study can be 

described as a super-structure of packed domains that consist of stacked or radially 

grown lamellae. The nascent drawable UHMW-PE powder is highly porous and 

consists of thin crystals without a clear stacking pattern that show fast 

reorganization upon heating. 

Upon chlorination in suspension nascent drawable UHMW-PE shows a thermal 

behaviour virtually equal to that of chlorinated polyethylene single crystals, 

indicating that the thin crystals are 'single-crystal-like'. From TEM and time

resolved SAXS measurements it can be concluded that the tast reorganization of 

nascent drawable UHMW-PE is prevented upon chlorination. 

With a combination of OSC, 13C-NMR and fractienation techniques such as TREF 

it was shown that the chlorine distribution of the salution chlorinated samples that 

were used as raferenee materials, is homogeneaus and statistically random. All 

powder-chlorinated samples have a block-like chlorine dîstribution. However, 

nascent drawable UHMW-PE samples chlorinated in suspensionexhibita relatively 

narrow chlorine content distribution, whereas HOPE samples chlorinated in the 

rotating drum show a broad chlorine content distribution. The width of the chlorine 

content distribution of the UHMW-PE samples that are chlorinated in suspension 

is in between that of the chlorinated HOPE and nascent drawable UHMW-PE 

samples. 
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4 Morphology of chlorinated (UHMW-)PE 

- lamellar structure 

- unit cell dimensions 

- melt structure 

In this chapter the morphologies of film and fibre samples of the various 

chlorinated polyethylenes, obtained via different processing routes, are described. 

Much attention has been paid to the incorporation of chlorine groups inside the 

crystalline phase and the melt structure of the chlorinated samples. 

4. 1 Introduetion 

The energetically most favourable unit cell structure of PE is the orthorhombic 

crystal structure consisting of chains with a planar zig-zag conformation, as is 

shown in Figure 4. 1 a. A projection of the orthorhombic unit cell for PE with lattice 

constants a = 7.38 À, b = 4.92 A and c = 2.53 À, as determined first by Bunn 

[ 1] and refined later by Kavesh and Schultz [2]. is shown in Figure 4.1 b. 

Figure 4.1: 

a b 

Crystal structure of orthorhombic polyethylene. (a) General view of unit cell. (b) 

Projection of unit cell parallel to the chain direction ( e carbon atoms, 0 hydrogen 

atoms) [3]. 
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PE chlorinated in salution (sCPE) remains semi-crystalline up toa chlorine content 

of about 30 wt% (also see chapter 3). For sCPE samples crystallized from the melt, 

the c dimeosion is constant with increasing chlorine content and the b dimension 

only shows a minor increase. However, the a dimeosion showsastrong expansion 

with increasing chlorine content, resulting in a pseudo-hexagonal unit cell at 

chlorine contents 2!: 14 wto/o Cl [4,6). This expansion of the unit cell volume is 

believed to be due to incorporation of chlorine atoms in the crystalline lattice. Roe 

et al. [7,81 and Kalepky et al. [9] have shown, by using Smaii-Angle X-ray and 

Neutron Scattering, that in quenched samples of sCPE about 20-30 wt% of the 

chlorine atoms is incorporated inside the crystalline lattice. Gomez [6] calculated 

a chlorine incorporation of at least 20 wt% tor quenched ethylene-vinyl-chloride 

copolymer samples, using solid state 13C-Nuclear Magnetic Resonance (NMA). 

The crystalline structure of sCPE becomes less regular with increasing chlorine 

content (10]. Upon chlorination the lamellar thickness and the average crystallite 

sizes decrease and at higher chlorine contents the lamellae show a higher curvature 

[6, 10]. 

Powder-chlorinated PE remains semi-crystalline up to chlorine contents s 50-60 

wt%. Because of the block-like distribution of the chlorine atoms, both melting 

tempersture and crystallinity are relatively less altered with increasing chlorine 

content (see chapter 3). At the start of this study little was known about the 

morphology of films of powder-chlorinated PE, crystallized trom either the melt or 

solution. The most relevant Wide-Angle X-ray studies (WAXSl are by Chang [4] on 

films of powder-chlorinated HOPE, cast trom solution, with chlorine contents 2!: 18 

wt% and by Landeset al. [5] on annealed and melt-crystallized brominated single 

crystals of PE with bramine contents up to 19 wt%. Chang reported no chlorine 

incorporation inside the crystalline phase of salution-cast films of powder

chlorinated HOPE. On the other hand, Landes et al. reported for the melt

crystallized brominated PE single crystals incorporation of bramine inside the 

crystalline phase. The results of these reports are rather contradictory and give no 

clear information about the influence of the distribution of side-groups upon the 
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incorporation of these groups inside the crystalline phase. 

This chapter describes the influence of the chlorine distribution (random versus 

block) on the morphology and the chlorine incorporation inside the crystalline phase 

of chlorinated PE. Samples with different chlorine distributions were obtained via 

chlorination of PE powders with a different powder morphology (block-likel and 

chlorination of PE in solution (random), see chapters 2 and 3. Furthermore the 

influence of the crystallization history is studied by using samples that were 

crystallized from the melt as wellas trom solution. The samples used in this study 

are: 

films of solution- and powder-chlorinated HOPE (HD50L/HDP0 w) crystallized trom 

the melt 

solution-spun fibres of powder-chlorinated UHMW-PE (UHPowl 

solution-cast films of powder-chlorinated (annealed) nascent drawable UHMW

PE (UHSUS/UHannsus) 

sintered films of powder-chlorinated (annealed) nascent drawable UHMW-PE 

(UHsus/UHannsus) 

The techniques used to reveal the morphology and the chlorine incorporation are 

transmission electron microscopy (TEM) and wide- and small-ang Ie X-ray scattering 

(WAXS/SAXS). 

4.2 Experimental 

The different polyethylene samples and chlorination procedures used in this study 

are described in chapter 2. The sample code used in this thesis is: 

PEgrade (X)v, where X is the chlorine content (mol% CHCI) and the superscript Y 

the chlorination procedure (SOL: chlorination in solution, SUS: chlorination of 

powder- in suspension and POW: chlorination of powder in a rotating drum). 
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4.2.1 Sample preparation 

Films of HD80L and HDPow crystallized from the melt 

Films of solution- and powder-chlorinated HOPE crystallized trom the melt were 

obtained by compression moulding the materials tor 5 minutes at a temperature of 

160°C and a pressure of 17 MPa. Subsequently the samples were cooled to room 

tempersture in about 15 minutes, while pressure was maintained. The dimensions 

of the resulting films were 50 mm x 50 mm x 0.25 mm. In order to obtain a 

camparabie morphology for the films of the solution- and powder-chlorinated 

samples, the powder-chlorinated samples were also dissolved and precipitated prior 

to compression moulding. 

Solution-spun fibres of UHPow 

Solution-spun fibres of the powder-chlorinated UHMW-PE samples were obtained 

by dissolving 4 wt% of a polymer in Decalin at a temperature of 160°C. In order 

to prevent oxidative degradation 1 wt% of anti-oxidant (di-butyl-p-cresol) was 

added to the polymer and the polymer suspension was degassed at room 

temperature, prior to dissolution. After dissolution, which took about 2 hours, the 

solution was transferred to a fibre extrusion device. Fibres were spun at a 

temperature of 160°C, subsequently quenched and dried at room temperature. 

Solution-cast films of UHDsus and UHD...,. sus 

Solution-cast films of nascent drawable UHMW-PE samples chlorinated in 

suspension were obtained by dissolving 0.5 wt% of polymer in xylene at a 

tempersture of 125 °C, using the above-described dissalution procedure. The 

homogeneaus solution was cast in a glass tray and the gel obtained was dried 

under tension at room temperature. 

Films of UHDsus and UHD•nnsus sintered in the solid state 

Films of UHosus and UHD•nnsus were sintered in the solid state via a two-step 

procedure. In the first step 3 grammes of the powder was compression moulded 
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tor 5 minutes at room temperature and a pressure of 200 MPA. The resulting disc 

was 50 mm in diameter and had a thickness of a bout 3 mm. In the second step the 

disc was compressed for 10 minutes at the onset temperature of melting of the 

specific sample (between 110 and 130°C but below its melting temperature) and 

an initial pressure of 500 MPa. The samples were cooled to room temperature in 

a bout 10 minutes, while pressure was maintained. Circular films of approximately 

120 mm in diameter and 0.6 mm thick were obtained. 

4.2.2 Transmission Electron Microscopy (TEM) 

TEM micrographs of the different samples were taken as described in section 

3.2.1. The fibres were microtomed in the fibre direction and the films either parallel 

or normal to the film surface. To estimate the crystalline lamellar thickness trom 

the TEM micrographs the average thickness of at least 50 lamellae of each sample 

was taken. 

4.2.3 Wide-An,gle X-ray Scattering (WAXS) 

In order to determine whether the fibres and films were oriented, WAXS 

micrographs were made at room temperature with the incident X-ray beam normal 

to the fibre direction and both normal and parallel to the film direction. Ni-filtered 

Cu-Ka radiation from a Philips PW 1729 generator operated at 50 kV and 40 mA 

was employed. 

The unit cell dimensions of the samples were calculated trom WAXS patterns 

obtained at room temperature, using a Philips PW 1050 powder diffractometer in 

transmission mode, equipped with a proportional detector. Monochromated Cu-Ka 

radiation trom a conventional Philips PW 1825 X-ray generator operated at 50 kV 

and 40 mA was employed. WAXS data we re collected using the Philips APD 1700 

program, version 4.0. In order to minimize effects due to ditterences in a bsorbanee 

of the samples and sample thicknesses, the a-AI 20 3 , that was used as a reference, 

was applied on both sides of the sample. The dimensions of the orthorhombic unit 
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cell were determined with a least-square method on at least four and at most nine 

WAXS reflections. In the calculations for the unit cell dimensions the 001 reflection 

of the orthorhombic unitcellof PE was taken constant at 29=35.1933°. 

4.2.4 Smaii-Angle X-ray Scattering (SAXS) 

SAXS panerns of the film samples at room temperature were obtained using a 

Kratky-type camera with slit geometry (slit height 30 pm), equipped with a MBraun 

OED-50M position sensitive detector. Ni-filtered Cu-Ka radiation trom a Philips PW 

1130 X-ray generator operated at 40 kV and 50 mA was employed. The distance 

between the sample and the detector was 512 mm. In order to perform SAXS 

measurements at high temperatures (to determine the melt structure of the 

samples) the Kratky camera was equipped with an oven with a partial vacuum. In 

this line-up the distance between sample and detector was 492 mm. 

SAXS panerns of the fibres were obtained normal to fibre direction, with the 

fibres mounted vertical at small distances trom each other. SAXS panerns of the 

solution-cast film samples were obtained parallel to the film surface. SAXS data 

analysis and its interpretation are discussed in appendix 2. 

4.2.5 Differential Scanning Calorimetry 

Differential scanning calorimetry curves of the film and fibre samples were 

recorded as described insection 3.2.3. 

4.2.6 Density 

The density of the HD(22.3)50
L film crystallized trom the melt was obtained 

according to ASTM 03800 procedure A, using a Mettier Density Determination Kit 

(ME33 360)'. The density was calculated by determining the ditterenee in weight 

of the film in air and immersed in a test liquid of known density. In our case 

distilled water with a density of 0.998 g/cm3 w~s used. 
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4.3 Results and Discussion 

In order to describe the morphology of the chlorinated polyethylene samples 

conclusively, the results are organized by characterization technique, starting with 

TEM and WAXS micrographs. 

4.3.1 Lamellar structure as revealed by microscopy and WAXS 

Films of HD50
L and HDPow crystallized from the melt (reference) 

The WAXS micrographs of the samples, as obtained both normal and parallel to 

the film surface, show an isotropie distribution of the crystal planes. 

Figure 4 .2a, band c show TEM micrographs of films of HD50
L crystallized trom the 

melt. The melt-crystallized samplesexhibita lamellar morphology. Table 4.1 shows 

the average crystalline lamellar thickness, L0 , of the samples. With increasing 

chlorine content the crystalline lamellar thickness decreases, in line with the decline 

in melting temperature (see chapter 3). Furthermore smaller lateral dimensions and 

more curved lamellae are observed with increasing chlorine content. 

a 

Figure 4.2 : 

b 

Transmission electron micrographs of films of H050
l samples crystallized from the 

melt (a) 0 mol% CHCI, (b) 1.1 mol% CHCI, (cl 3.4 mol% CHCI 
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Table 4.1: TEM crystalline lamellar thickness of films of HD50
' and HDPow. 

sample code L, (Á) 

HD 145 

HD(1.1) 50
' 80 

HD(3.4)SOL 65 

HD(1 .1 )POW 135 

HD(3.8!"0 w 110 

HD(10.4)POW 95 

Fîgures 4 .3a,b and c show TEM mîcrographs of HDPow f ilm samples crystallized 

trom the melt. A lamellar morphology is present in all f ilms. With increasing 

chlorine content a decreasein lamellar thickness and lateral dimensions is observed 

(see Table 4.1 J. Th is decrease is less pronounced if compared to the HD50
L 

samples, which is in agreement with the relatively smaller decline in melting 

temperature that is found tor the powder-chlorinated samples. 

a 

Figure 4.3: 

b c 

Transmission electron micrographs of films of HDPow samples crystallized from the 

melt (a) 1.1 mol % CHCI, (b) 3 .8 mol% CHCI, (cl 10.4 mol% CHCI 
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Although all samplesexhibita lamellar morphology, some remarkable 'light sta ins' 

with dimensions varying between approximately 25 and 150 nm are present in the 

TEM micrographof the HD(10.4)POw sample. The presence of these 'light stains' 

may be the result of artetacts (material that is pulled out with the preparation of 

the samples) or may be a separate or dispersed phase. In section 4.3.3 this issue 

will be worked out further, using SAXS results. 

Fibres of UHPow spun trom solution 

WAXS micrographs of as-spun fibres show an isotropie distribution of the crystal 

planes, which can be explained by the unconstrained drying of the fibres. Figure 

4.4 shows a representative TEM micrograph of the as-spun fibre of UH(2.8)Pow. 

The TEM micrograph reveals a structure of regularly stacked relatively thin 

lamellae, characteristic of solution-crystallized UHMW-PE I 12, 13). With increasing 

chlorine content the lateral dimensions of the lamellae decrease and a slight 

decreasein crystalline lamellar thickness is found; approximately 55 Ä tor both UH 

and UH(2.8)Pow and about 45 Ä tor the UH(5.4)Pow sample. 

Figure 4.4: TEM micrograph of a soiution-spun fibre of UH(2.8)•ow 

Salution-cast films of UHDsus and UHD"""sus 

Figures 4.5a and b show WAXS micrographs of a salution-cast film of the 

UHD(3 .8)sus sample. The micrograph obtained after X-ray exposure normal to the 

film surface shows an isotropie distribution of the crystal planes. The micrograph 

obtained after X-ray exposure parallel to the film surface shows a preferential 
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orientation of the 110 and 200 planes normal to the film surface . These results 

indicate orientation of lamellae parallel to the film surface. TEM micrographs are 

therefore taken after sectioning normal to the film surface. Figures 4 .6a and b 

show TEM micrographs of salution-cast films of UHD and UHD(3.8)sus respectively. 

As with the as-spun fibres the micrographs reveal a structure of thin stacked 

lamellae. 

a 

Figure 4.5: 

a 

Figure 4 .6 : 

b 

WAXS flat-film micrographs of UHD(3 .8) 5 us parallel to the film surface (a) and 

normal to the film surface (b) 

b 

TEM micrographs of salution-cast films of UHD (a) and UH0(3.8) 5us (b) normalto 

the film surface 
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The UHD sample shows long very regularly stacked lamellae whereas the 

UHD(3.8)sus sample shows relatively short, curved,less regularly stacked lamellae. 

The crystalline lamellar thicknesses are camparabie with that of the fibres, about 

55 A tor bath the UHD and UHD(3.8)sus film samples. 

Films of UHDsus sintered in the solid state 

WAXS micrographs of a film of UHD sinteredat 130°C are shown in Figures 4. 7a 

and b. 

a 

Figure 4 .7: 

a 

Figure 4.8: 

0 

WAXS micrographs of UHD sintered at 130°C, parallel to the film surface (a) and 

normal to the film surface (b) 

b 

TEM micrographs of sintered films of UHD (a) and UHD(3.8)sus (b). bath normal to 

the film surface 
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The WAXS micrographs show that the UHD film exhibits a complex orientation of 

the crystal planes. Normal to the film surface the 200 reflection is relatively weak 

compared to the 110 reflection. Parallel to the film surface preferential orientation 

of the 200 planes parallel to the film surface is observed. 

TEM micrographs of the sintered films of UHD and UHD(3.8)sus that are shown 

in Fig. 4.8a and b respectively, do not show the presence of a clearly defined 

structure, which may be due to the complex orientation of the materiaL 

4.3.2 Unit cell dimensions 

Films of HD50
L and HDPow crystallized trom the melt (reference) 

For the chlorinated samples with chlorine contents 2: 6.6 mol% CHCI a maximum 

number of three reflections could be distinguished. In order to obtain accurate 

quantitative unit cell dimensions more reflections are necessary. Therefore only the 

results of the samples with lower chlorine contents are discussed. 

Table 4.2 : Unit cell dimensions of melt-crystallized solution·chlorinated samples. 

sample unit cell dimensions (Ä) volume 

a b (Ä3) 

HD 7.382 4.949 93.04 

HD(0.4)50
' 7.410 4 .948 93.66 

HD(1.1 )50
' 7.508 4 .954 94.61 

HD(3.4)SOL 7.684 4.974 97.19 

Table 4.2 shows the unit cell dimensions of the HD50
L film samples. The 

expansion of the a-lattice constant and the unit cell volume with increasing chlorine 

content may be interpreted as a result of incorporation of chlorine inside the 
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crystalline lattice. However, with increasing chlorine content a decrease in 

crystalline lamellar thickness is also observed (see paragraph 4.3.1 ). According to 

Vand and de Boer [15) the unit cell volume will increase with decreasing crystal 

thickness, due to a smaller attraction between -CH2- groups near the crystal 

surface. They showed that tor n-paraffins the chain cross section area normalto 

the chain direction (ab/2) is related to the crystal thickness by: 

(4.1) 

in which p is a constant and C the length of the paraffin chain. For paraftins the 

length of the chain is approximately equal to the crystalline thickness. Later Oavis 

et al. [16) confirmed this relation and extended it to solution- and melt-crystallized 

PE. 

Figure 4.9a shows the chain cross section areas ( = ab/2) of the H050
L film 

samples plotted versus the reciprocal value of the crystalline thickness (as obtained 

with TEM). The solid line represents the n-paraffin line as measured by Oavis. The 

crosses and triangles re present literature data of Vonk and Reynaers [ 17) on HOPE 

and LLOPE-propene samples, respectively. The chain cross section areas of the 

H050
L film samples with 1.0 and 3.4 mol% CHCI respectively are situated above 

I 

the n-paraffin line and camparabie with literature data of LLOPE-propene samples. 

These results show that with increasing chlorine content the expansion of the unit 

cell volume exceeds the volume increase that is due to a smaller crystalline 

thickness. Using the interpretation of Vonk and Reynaers this implies that in the 

H050
L film samples chlorine atoms are partly incorporated in the crystalline lattice. 

The unit cell volumes of the HOPow film samples are shown in Table 4.3. The 

ditterenee in the unit cell volumes of the blank HOPE samples, obtained via the 

salution and powder-chlorination route, is in the order of 0.4 Á3
• Because the 

samples are chemically the same and bo,th samples are compression-moulded after 

dissalution and precipitation, 0.4 Á3 reflects the reproducibility of the procedure 
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and it is therefore taken as representative of the accuracy of the unit cell volume 

in the present study. For the HDPow samples, the values of the a-lattice constants 

are virtually constant and the unit cel I volume increases only slightly. 

Figure 4.9: 
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Table 4.3: Unit cell dimensions of powder-chlorinated HOPE samples crystallized from the 

me lt. 

sample unit cell dimensions (Al volume 

a b !Ä3 1 

HOPE 7.411 4 .947 93.43 

H0(1 .1 )POW 7.406 4.953 93.48 

H0(2.2)POW 7.444 4 .931 93.52 

H0(3.81POW 7.421 4.960 93.85 

Figure 4.9b shows the chain cross section areasof the powder-chlorinated HOPE 

samples as a tunetion of the reciprocal lamellar thickness. The values are all 

situated near or on the n-paraffin line. The behaviour of these samples can be 

compared to that of LLOPE-octene samples, as measured by Vonk and Reynaers 

[17]. These results show that in the HOPow film samples most of the chlorine atoms 

are rejected trom the crystalline phase, which is possible if the chlorine atoms are 

mainly present in blocks and act as large chain irregularities. 

Solution-spun fibres of UHPow and salution-cast films of UHDsu5 /UHD..,"sus 

Table 4.4 shows the unit cel! dimensions of both the as-spun fibres of the UHPow 

samples and the salution-cast f ilms of UHosus/UHO..,"sus samples. The unit cel! 

volumes of the solution-crystallized samples are large compared to those of the 

HDPow film samples that are crystallized trom the melt. This is probably due to the 

smaller crystalline thickness of the solution-crystallized samples ( 145 À for melt

crystallized HOPE versus 55 À tor solution-crystallized UHMW-PE) . 

For the UHPow fibre samples the unit cell volume slightly increases up to 2 .8 

mol% CHCI and seems to level off · at higher chlorine contents. For the 

UHosus/UHO."" sus f ilm samples the unit cell volume does not show a clear trend, 

but a large increase as present in the HosoL f ilm samples, w ith increasing chlorine 



70 Chapter 4 

content, is absent. As all samples show a virtually identical reciprocal lamellar 

th ickness it can be concluded that no significant amount of chlorine is incorporated 

inside the crystalline lattice of these samples. 

Table 4.4: Unit cell dimensions of uwow fibres and UHDsus/UHD...,sus films 

sample 

UH 

UH(0.5)POW 

UH(2.8)POW 

UH(5.4)POW 

UHD 

UHD(1 .2)sus 

UHD(3 .8)sus 

UHD...,(0.6)sus 

UH0...,(2 .1 )sus 

unit cell dimensions (Á) 

a b 

7.445 4.965 

7.449 4 .962 

7.483 4.970 

7.494 4.952 

7.431 4 .970 

7.443 4.944 

7.463 4.961 

7.420 4.957 

7.470 4.961 

volume remarks 

(Ál) 

94.10 

94.25 fibres 

94.83 

94.63 

94 .18 

93.87 

94.41 films 

93 .66 

94.50 

The UHD(1 .2)sus and UHD.""(0 .6)sus samples contain mainly separated chlorine 

groups (see chapter 2). which is camparabie to that of the HDsoL samples. The 

HD(1 .1 )soL sample, crystallized trom the melt, shows a large expansion of the unit 

cell volume, whereas the UHD(1.2)sus sample, crystallized trom solution, does not. 

The reason tor this deviation must be the ditterenee in crystalline thickness. The 

crystalline thickness of the HDsoL samples crystallized trom the melt decreases with 

increasing chlorine content, resulting in a crystalline thickness of 82 À tor the 

HD( 1 .1 )soL sample. For the solution-crystallized UHDsus samples, on the other hand, 

a virtually constant crystalline thickness of a bout 55 À is observed with increasing 

chlorine content. In this case the average number of carbon atoms between 

chlorine groups is almast twice the number equivalent to the crystalline thickness . 

Furthermore the crystalline thickness of the solution-crystallized UHD samples is 
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not bound up with the chlorine content, but with the molecular weight and cooling 

history of the samples. The possibility of chlorine incorporation will therefore be 

much larger in the case of the HD( 1 . 1 )50
L samples crystallized trom the melt than 

in the UHD(1.2)sus sample crystallized from solution. 

Films of UHDsu5 /UHD•nnsus sintered in the solid state 

The unit cell dimensions of the sintered UHDsus films are shown in Table 4.5. 

With increasing chlorine content a slight increase in unit cell volume is observed 

for both the UHDsus and UHD•nnsus samples. As with the solution-crystallized films 

no large ditterences are observed. The TEM micrographs of the sintered films show 

no clear structure, so the average crystalline thickness present within the samples 

is not known. However, in chapter 3 it was shown that the crystalline thickness 

of the UHD powder increases upon heating (even to approximately 165 À after 

annealing at 130°C), while that of the chlorinated samples stays virtually constant 

(at approximately 90 À). 

Table 4.5: Unit cell dimensions of solid state pressed films of UHosus/UHo_sus samples 

sample unit cell dimensions (À) volume 

a b (À3 l 

UHD 7.435 4.935 93.38 

UHD(1.2)5us 7.429 4.954 93.71 

UHD(3.8)5 us 7.463 4.945 94.08 

UH0,
00

(0.6) 5us 7.412 4.943 93.40 

UHD,nn(2.1)505 7.423 4.957 93.86 

The unit cell volume of the sintered UHD sample is in the order of that of the HD 

sample crystallized trom the melt. The latter has a crystalline thickness of about 

145 A, which is comparable to that of an annealed UHD sample. For the UHDsus 
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samples the unit cell volumes are more in the order of those of the UHDsus 

solution-crystallized films, i.e. representative of unit cell volumes of relatively thin 

crystals. The UHD...., sus samples are annealed prior to chlorination and a unit cell 

volume camparabie to that of the UHD sample, which thickens during sintering, is 

observed. The increase of unit cell volume for the UHD..,nsus samples with higher 

chlorine contents may be the result of the presence of a large amount of chlorine 

groups in the amorphous phase (overcrowding of the folds). In general it may be 

concluded that tor samples with 1 Cl/fold or more no significant chlorine 

incorporation occurs upon annealing. 

4.3.3 Smaii-Angle X-ray Scattering 

Films of HD50
L crystallized from .the melt 

Figures 4.1 Oa shows the desmeared intensities of the HD50t film samples plotted 

as a tunetion of the scattering vector, q. With increasing chlorine content the 

maximum in the intensity curve shifts to higher q-values and a sharp decreasein 

intensity is observed. At chlorine contentsof 6.6 mol% CHCI and higher no distinct 

maximum is observed and the intensity is very low, which is mainly due to the low 

degree of crystallinity of those samples. Figure 4. 10 b shows the Lorentz-corrected 

desmeared intensities for the HD80
L samples with chlorine contents below 6.6 

mol% CHCI. The samples with higher chlorine contents show no maximum in the 

Lorentz-corrected curve and are not presented here. 

The long period or repeating unit of a lamellar system can be calculated trom the 

maximum in the Lorentz-corrected curves and corresponds to the thickness of one 

crystalline and one amorphous layer. A rough estimation of the crystalline lamellar 

thickness can be obtained by multiplying the long period by the volume crystallinity 

of a sample. This can be obtained from the weight crystallinity, obtained via DSC, 

and the densities of the crystalline and amorphous phases (the calculations of 

which are shown in appendix 21. In Table 4.6 the calculated crystalline lamellar 

thicknesses of the HD80
L samples are shown. 
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Figure 4.10: 
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With increasing chlorine content the calculated crystalline lamellar thickness 

decreases, in line with the TEM results. Although the trend is the same, the 

crystalline lamellar thickness obtained trom the long period exceeds that obtained 
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from the TEM micrographs in all cases. 

Table 4.6: SAXS results of melt-crystallized solution-chlorinated HOPE samples 

sample L x. L.lÁI 

IÁI (vol%1 SAXS TEM 

HD 335 67 224 145 

HD(0.41set 275 52 143 

HD11.11SOL 242 49 119 82 

HD(3.4)50l 195 37 72 64 

Bath methods have their shortcomings. In the case of SAXS, multiplication of the 

long period by the crystallinity, ca lis tor assumption of a perfectly lamellar structure 

with sharp boundaries, which is clearly not the case here. lt was found by Vonk 

1181 that the values of crystalline thicknesses obtained in this way are on average 

about 40% too large. Applying this percentage, the values found are in the same 

order as the TEM values, which seems to indicate that the TEM values are more 

reliable. On the other hand, the TEM crystalline lamellar thickness is dependent on 

the staining time and procedure and furthermore lamellae may be inclined to the 

sectioned surface. Of the two methods described above, the TEM methad seems 

to be the more reliable one in this case and therefore the TEM values are used in 

the figures that present the chain cross area as a tunetion of the reciprocal 

crystalline lamellar thickness. 

The results of WAXS applied to the HD5ot samples show that in these samples 

chlorine is partly incorporated inside the crystalline phase. The amount of chlorine 

that is incorporated inside the crystalline phase can be calculated by using the 

invariant, as determined from SAXS measurements. The invariant of an ideal two

phase system is related to the morphology of the system by: 
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(4.2) 

in which Pc and P. are the electron densities of the crystalline and the amorphous 

phase, respectively, and <fJ is the volume fraction of the crystalline phase. The 

electron densities of the crystalline and the amorphous phase are directly related 

to the amount of chlorine in each phase. The methad used to calculate the chlorine 

weight fractions in both phases, wc and W 4 , is shown in appendix 2. Table 4.7 

shows the results of the calculations for the melt-crystallized HD50
L samples. 

Table 4.7: Chlorine incorporation in the crystalline lattice 

sample w· <f]2> We w, W/W, (/) XC wcXefW 

(1 0'3 mol e2 I 

(wt%1 cm6 lwt%1 (wt%1 (vol%) (wt%1 

HO 0.0 1.44 0.0 0.0 0.67 0.70 

HD(0.4)SOL l.O 1.49 0.7 1.4 0.50 0.52 0.56 0.39 

H0(1.1 )SOL 2.6 1.12 1.7 3.6 0.47 0.49 0.52 0.34 

HD(3.4)SOL 8.0 0.59 6.4 9.0 0.71 0.37 0.39 0.31 

• W chlorine weight percentage of the sample 

The total amount of chlorine incorporated inside the crystalline phase is of course 

dependent on the degree of crystallinity; it is presented in the last column of table 

4.7. In the samples studied, approximately 30-40 wt% of the total amount of 

chlorine is incorporated inside the crystalline phase, in line with results previously 

found in literature [6,8,9]. 

The calculated values of the chlorine content in the crystalline and amorphous 

phases and, derived trom these, the partitioning coefficient (wc/w.), are rather 

sensitive to changes in the invariant and unit cell volume. lt the accuracy of the 

invariant is taken to be ± 5 x 1 o-s, the accuracy of the partitioning coefficient tor 

the different samples with increasing chlorine content is calculated to be 0.37-

0.67, 0.42-0.56 and 0.66-0.75 respectively. These results show that absolute 
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values have to be considered with caution, which has not been indicated in 

literature (7-9]. However, in this case it seems justified to conclude that with 

increasing chlorine content the partitioning coefficient increases, indicating a more 

equal distribution of Cl over the crystalline and the amorphous phases. 

SAXS/SANS results of Kalepky et al. [9] and 13C-nmr results of Gomez et al. [6] 

also showed an increase in partitioning coefficient at higher chlorine contents. On 

the other hand, Roe (81 found that the Cl groups were incorporated less inside the 

crystalline regions at higher Cl contents. Our results agree more closely with those 

of Fisher et al. and Gomez et al. The differences Roe found in partitioning 

coefficients were relatjvely smal! and may be within the accuracy of the 

measurements. 

Films of HDPOW crystallized trom the melt 

The powder-chlorinated PE samples exhibit a block-like chlorine distribution and 

can thus be regarded as multi-block copolymers with varying block lengths and 

chlorine contents. Melt phase separation at macroscopie or microscopie level, the 

latter being normally associated with block copolymers, may therefore be expected 

torsome of the powder-chlorinated PE samples. In order to test the presence of 

phase-separation in the melt of chlorinated PE, SAXS experiments were also 

performed at melt temperatures. 

Figure 4.11 shows the desmeared scattering curves of the HDPOw film samples 

versus the scattering vector, obtained at room temperature. A clear maximum in 

the desmeared scattering curve is only present at low chlorine contents. Apparently 

the long period is badly defined at higher chlorine contents. At the lowest chlorine 

content a small drop in scattering intensity is observed, while tor the higher 

chlorine contents an increase in scattering intensity is observed with increasing 

chlorine content. This tendency is also clearly recognizable in the invariant, as 

shown in Table 4.8. 
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Figure 4.11: 

Table 4.8: 

4000r--r.--------------------------, 

3200 

~ 2400 
~ 

g 
1600 

800 

0.04 0.08 0.12 

q (1/Á) 

77 

Desmeared intensity curves as a tunetion of scattering vector, q, (-I HD, 1---) 

HD(1.1 )Pow, (- ) HD(2.2)"0w, ("·) HD(3.8)Pow, ( 

HO( 10 .41POW 

Invariant for bulk-chlorinated samples. 

sample <'12> 
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The unit cell dimensions of the HDPow samples indicate no significant Cl 

incorporation inside the crystalline phase. Fora strictly lamellar system, this would 

imply that with increasing chlorine content only the electron density of the 

amorphous phase increases. As a result a drop in invariant should be observed with 

increasing chlorine content. At a certain chlorine content the electron densities of 

the crystalline and amorphous phases are equal and no scattering will be observed 

(invariant equals zero). As soon as the electron density of the amorphous phase 

exceeds that of the crystalline phase, the invariant will increase again. The chlorine 

content at which the scattering contrast disappears depends of course on the 

volume crystallinity of tpe samples. 

For the HDPow samples a minimum invariant is calculated at a chlorine content of 

about 3.8 mol% CHCI. However, experimentally the minimum invariant for the 

HDPow film samples, as shown in Table 4.8, is found for the sample with 1.1 mol% 

CHCI. This deviation indicates that the morphology of the samples is not strictly 

lamellar and probably some phase separation occurred during melt processing. 

Figure 4. 12 shows scattering curves of some HDPow and HD50
L samples in the 

melt. The HD and HD(3.4)50
L samples show no significant small-angle X-ray 

scattering at 170°C, whereas the HD(3.8)Pow and HD(10.4)Pow samples do. 

Apparently some structure (phase-separation) is present in the melt of HDPow 

samples with relatively high chlorine contents and it dominates the morphology 

obtained after cooling the samples to room temperature. The 'light stains' in the 

TEM micrographs of the HD(10.4)Pow sample, as shown in section 4.3.1., may 

represent this phase separation. The relatively large dimensions of the 'light stains' 

indicate macro-phase separation, which is probably due to the inhomogeneity of 

the HDPow samples (see section 3.3.4). 

In chapter 3 time-resolved SAXS measurements on UHDsus and UHD""" sus samples 

are described as a tunetion of temperature. Figure 4.13 shows the time-resolved 

SAXS patterns of the samples at 175°C. 
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Figure 4.12: 
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In line with the previous results, the samples with the highest chlorine contents, 

UHD..,.,(2.1 )sus and UHD(3.8)su5
, show significant scattering, whereas the other 

samples do not. 

Solution-spun fibres of UHPOW and solution-cast films of UHDsus/UHD.""sus 

Figures 4. 14 and 4.15 show the smeared scattering curves of the 

UHDsu5 /UHD.., .. sus films and the desmeared scattering curves of the UHPow fibres. 

Figure 4.14: Smeared scattering intensities as a tunetion of scattering vector, q, for films of 

1-l UHD, 1-··l UHD11.2)5us, 1-1 UHD!3.815us, 1- l UHD..,.,!0.615us, 1···1 

UHD..,.(2.1 )sus 

All patterns show a strong increase in intensity at low angles, which is probably 

caused by the presence of porosity in the samples, which is reflected in the white 

colour of the fibres and white spots present in the film samples. Calculation of the 

invariant is therefore not possible and small ditterences in scattering curvescan not 

be deemed significant. The film samples show a distinct maximum at 

approximately 112 Ä. However, with increasing chlorine content the maximum 

tends to be less pronounced. The scattering curves of the fibres show the same 
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behaviour: a constant maximum at about 97 À and a decreasing intensity at the 

maximum. 

Figure 4.15: 
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Moreover, tor the fibre with the highest chlorine content no maximum is observed 

at all. The TEM micrographs of the fibres and films reveal stacked lamellae. The 

solution-crystallized samples have a relatively high crystallinity: 70-77 wt% tor the 

films and 55-70 wt% tor the fibres. WAXS showed no significant incorporation of 

Cl inside the crystalline phase. Together with the SAXS data these results can only 

be explained by a decrease in scattering contrast between the crystalline and the 

amorphous phase. As has been mentioned before the crystalline lamellar thickness 

of the solution-crystallized samples is comparable to or even smaller than that of 

the initially chlorinated PE powder. This relatively small crystalline thickness, 

tagether with the relatively high mobility of crystallization trom solution, enhances 

the probability of PE blocks crystallizing without incorporation of chlorine. 
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4.4 CONCLUSIONS 

Reference films of solution-chlorinated HOPE crystallized from the melt show a 

decrease in average lamellar thickness and lateral dimensions with increasing 

chlorine content. Approximately 30-40 wt% of the total amount of chlorine is 

incorporated inside the crystalline phase. 

Films of powder-chlorinated HOPE samples crystallized trom the melt show a less 

pronounced decreasein lamellar thickness and lateral dimensions with increasing 

chlorine content. No significant chlorine incorporation is present. The samples with 

a higher chlorine content show structure in the melt. Upon cooling this melt

structure is at least partly maintained. 

Solution-crystallized fibres and films of powder-chlorinated UHMWPE and nascent 

drawable UHMW-PE show a morphology of clearly stacked lamellae. With 

increasing chlorine content a decrease in lateral dimensions and an increase in 

curvature is observed. No significant amount of Cl is incorporated inside the 

crystalline lattice. Powder-chlorinated nascent drawable UHMW-PE samples with 

a higher chlorine content also show structure in the melt. 

The solid state pressed films of chlorinated nascent drawable UHMW-PE exhibit 

a rather complex structure. No significant amount of chlorine is incorporated inside 

the crystalline phase. 

In general it can be concluded that separated Cl groups, present in solution

chlorinated PE, are incoq)orated inside the crystallîne phase, while blocked chlorine 

groups, mainly present in powder-chlorinated PE at higher chlorine contents, are 

rejected from the crystalline phase. Furthermore block-chlorinated PE gives rise to 

structure in the melt. 
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5 Machanical properties of chlorinated 

(UHMW)-PE 
- drawability 

-modulus 

- creep performance 

5.1 Introduetion 

High-modulus and high-strength fibres can be obtained by drawing polyethylene 

precursor fibres at temperatures between the a-relaxation and the melting 

temperature. The precursor fibres can be produced via melt-spinning, gel-spinning 

and, in the case of nascent drawable UHMW-PE, sintering foliowed by 

(co)extrusion [1-4]. The drawing process involves the orientation and alignment of 

the polyethylene chains. 

A well-known problem of polyethylene fibres is their poor long-term performance 

(creep) [5-9]. Several reports on the impravement of the long-term properties of 

these fibres, by introduetion of a small amount of branching and/or by crosslinking 

of the polymer chains, have been published [ 1 0-14]. 

The introduetion of minor amounts of propylene and 1-butene comanamers 

reduces creep and enhances the yield stress at low strain rates. However, at the 

same time the maximum attainable draw ratio, Young's modulus and tensile 

strength decrease with increasing comonomer content [15-20]. Consequently, it 

is necessary to campromise with respect to the final properties, taking into account 

the balance between short-term and long-term properties. 
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The UHMW-PE copolymers studied so far can be considered to be random, a 

property which is inherent to the polymerization procedure. The advantage of 

chlorination is that both random and more blocky distributions of the side groups 

can be obtained. Since the chlorine atom and the methyl group are of 

approximately the same size, it is of interest to campare the mechanica! properties 

of chlorinated polyethylenes with the UHMW-ethylene-propylene copolymers 

studied before. 

lt has been shown in chapter 3 that chlorination of PE in salution gives a random 

chlorine distribution, whereas chlorination of PE powder provides a more blocky 

distri bution of the chlorine groups. In non-oriented, compression-moulded samples 

it was shown (chapter 4) that in the case of random chlorinated polyethylenes 

(obtained by salution chlorination) approximately 30% of the Cl side groups is 

incorporated within the crystalline phase, while in the case of powder- chlorinated 

polyethylene (having a more block-like chlorine distribution) no significant amount 

of chlorine groups is incorporated within the crystalline phase. 

In this chapter the effect of chlorine content and chlorine distribution, random 

versus block-like, on the mechanica! properties of oriented polyethylene is 

discussed. 

5.2 Experimental 

The polyethylene samples and chlorination procedures used in this study are 

described in chapter 2. The sample code used in this thesis is PEgrade (X)v, where 

X is the chlorine content (mol% CHCI) and the superscript Y the chlorination 

procedure (SOL: chlorination in solution, SUS: chlorination of PE powder in 

suspension and POW: chlorination of PE powder in a rotating drum). 
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5.2.1 Materials 

The precursor films and fibres used for tensile drawing of the chlorinated 

polyethylenes are: 

1) Melt-crystallized films of chlorinated HOPE 

2) Films/tibres of chlorinated UHMW-PE crystallized trom salution 

The morphologies of the different precursor samples are described in chapter 4. 

5.2.2 Orawing 

Tapes of 2 x 50 mm2 were cut trom the compression-moulded chlorinated HOPE 

films and drawn manually on a thermostatically controlled hot shoe. The draw ratio 

IA) was estimated on the basis of the displacement of ink marks and ascertained 

by determining the weight ratio of a fixed length of undrawn and drawn materiaL 

In order to obtain the highest draw ratio possible, drawing was performed in two 

steps. The temperature used in the first drawing step !T1) was estimated trom the 

first heating curve of a OSC experiment on a film, on the basis of the percentage 

of molten material (1 0-15%), and ascertained by experiment. At this temperature, 

tapes we re drawn to A 1, the maximum attainable draw ratio at T1 without 

whitening (which is the result of voiding) of the tape. The drawing temperature in 

the second step (T2) was estimated trom the OSC curves of the drawn samples 

and further optimized by experiment. At T2 the sample was drawn further to A2, 

again just below whitening of the tape, which corresponds to the maximum 

attainable draw ratio. 

Tapes of 4 x 40 mm2 were cut trom the solution-crystallized films of the 

UH0505/UHO"""sus samples and drawn manually on a thermostatically controlled hot 

shoe at 115°C in one step. The draw ratio was determined as described above. 

The solution-crystallized fibres of the UHPow samples were cut into pieces of 40 

mm and drawn using the procedure described above. 
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5.2.3 Tensile Testing 

For all film samples tensile testing was performed at room temperature on drawn 

tapesusinga Zwick 1445 tenslle tester. The gauge length was 50 mm and a strain 

rate of 50%/min was used. The values reported for the modulus and tensile 

strength are averaged over five experiments. 

The drawn fibres were tensile-tested on a Zwick 1435 tensile tester equipped 

with special fibre clamps, at a strain rate of 50%/min. 

5.2.4 Creep Measurements 

Creep measurements of drawn chlorinated HOPE samples we re performed at room 

temperature using a dead-load apparatus. The samples were glued in between 

cardboard tabs at both ends. The initial sample length was at least 90 mm. Before 

testing the samples we re preloaded wîth the test load for 10 s. After a waiting 

time of at least 100 s the dead load was applied within a second. The 

displacement was recorded either via a linear displacement transducer, connected 

to the dead load and a writer or a machanical displacement indicator.ln both cases 

the minimum displacement that could be measured was 1 o-5 m. The initial sample 

length was at least 9 x 10·3 m. The minimum strain that can be measured is 

therefore 1.1 x 1 o-3 and with a total measuring time of at least 6 x 1 05 s the 

minimum strain rate that can be measured is in the order of 2 x 1 o-9 s·1
• The values 

reported are averagedover two experiments. 

The drawn fibres we re tested for creep at room temperature using the dead-load 

procedure. The initiallength of the samples was 0.4 m, the minimum displacement 

that could be measured 2.5 x 10·4 mand the total measuring time at least 1.1 x 

10-6 s. The minimum strain rate that can be measured is therefore in the order of 

6 x 10'10 s·1
• The values reported are averagedover two experiments. 
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The drawn films of UHO.nn sus /UHosus we re tensile-tested at room temperature and 

different strain rates, using a Zwick 1445 tensile tester with a gauge length of 50 

mm. The values reported are averaged over at least three experiments. 

5.3 Results and Discussion 

As mentioned before, HOPE is used as a reference sample and consequently the 

effect of the chlorine content and distribution on the mechanica! properties, viz. 

drawability, modulus development as a tunetion of the draw ratio and the creep 

performance, will be discussed first for chlorinated HOPE. 

5.3.1 Chlorinated HOPE, crystallized trom the melt 

Drawability 

Table 5.1 shows the maximum draw ratios obtained for melt-crystallized 

chlorinated HOPE samples which were obtained by chlorination in salution and as 

a powder in a rotating drum. 

Table 5.1: Drawing temperatures and draw ratios of chlorinated HOPE samples 

sample T1 Al 
(OC) H 

HD 115 15 135 30 

HD(0.4) 50
' 110 10 128 16 

HD(1.1 )50
l 102 8 116 12 

HD(3.4)SOL 80 8 

HD(1.1 )POW 105 12 130 16 

HD(2.2!"0 w 98 10 115 12 

HD(3.8)POW 83 6 110 8 
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lt is clearly demonstrated that already at a low dagree of chlorination, bath the 

solution-chlorinated (sol) and powder-chlorinated (pow) samples show a strong 

decreasein drawability, as evidenced by the maximum attainable draw ratio, A2 • 

Figure 5.1: 
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Figure 5.1, which shows the maximum draw ratio as a tunetion of chlorine 

content, clearly illustrates that at a camparabie chlorine content, the powder

chlorinated HOPE samples, possessing a more blocky chlorine distribution, show 

a higher draw ratio. The chlorine distribution of the HDPow samples is rather 

inhamogeneaus and the melt-crystallized films exhibit a complex morphology 

(chapter 4). However, at a camparabie chlorine content a blocky chlorine 

distribution, or a small amount of large chain irregularities, seems to affect the 

maximum attainable draw ratio less than does a random chlorine distribution, i.e. 

a large amount of smal! chain irregularities. 
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Modulus 

The development of Young's modulus as a tunetion of draw ratio tor the 

chlorinated HOPE samples is presented in Fig. 5.2. 

Figure 5.2: 
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The Young's modulus/draw ratio relationship of the chlorinated samples is virtually 

identical to that established for pure polyethylene, irrespective of the chlorine 

content or distribution. Chlorination, i.e. the introduetion of a small amount of 

relatively small side groups, affects the maximum draw ratio, but not the 

development of Young's modulus. These observations are in line with the results 

of Cappacio and Ward [15] on drawn tapes of ethylene-alkane copolymers and 

Oirix et al. [21] on drawn tapes of melt-crystallized LOPE, LLOPE, UHMW-PE and 

HOPE samples. 
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Creep performance 

The influence of the introduetion of chlorine groups on the creep rate of 

polyethylene is illustrated in Figure 5.3, which shows the creep rates of the 

chlorinated samples as a tunetion of chlorine content tor a dead load of 0.2 GPa 

and two draw ratios (11 = 12 and A= 16). The presence of 0.4 mol% CHCI reduces 

the creep rate of HDPE by about two decades. A further increase of the chlorine 

content seems to result in only a minor decrease in creep rate (.A = 12). However, 

a creep rate of 1 o-s s·1 is very low and within the I i mits of our measurements. 

When the dead laad had been raised trom 0.2 GPa to 0.3 GPa a further decrease 

in creep rate was seen with an increase of the chlorine content trom 0.4 to 1.0 

mol% CHCI. 

~ -
.! 
~ 

! 

Figure 5.3: 
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A=12, CO,e) A=16, open and closed symbols represent solution- and powder

chlorinated HOPE, respectively; lines are only given by way of visual representation. 

Figure 5.3 clearly illustrates the enhanced creep performance of the solution

chlorinated samples compared with the powder-chlorinated samples. Moreover, the 
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creep rate of H0(0.4)50l, at a camparabie draw ratio, is lower compared with the 

H0(1.1 )Pow sample. 

lf the chlorine distribution is taken into account at a camparabie chlorine content, 

the creep performance is higher in the case of a random chlorine distribution. 

However, the maximum attainable draw ratio, and with that Young's modulus and 

tensile strength, is lower in the case of random-chlorinated HOPE. The balance 

between short- and long-term properties is not influenced by variations in chlorine 

distribution. 

The conclusions described above are valid for chlorinated HOPE up to draw ratios 

of approximately À= 15-20. The draw ratios obtained for solution-crystallized 

films/tibres of UHMW-PE are generally À > > 20 and it has to be verified whether 

the same conclusions are valid tor UHMW-PE at higher draw ratios. 

5.3.2 Solution-crystallized films and tibres of chlorinated UHMW-PE 

Orawability 

The maximum attainable draw ratios of solution-crystallized, chlorinated UHMW

PE samples are shown in Table 5.2 and Figure 5.4 respectively. All chlorinated 

UHMW-PE samples, e.g. UHOsus, UHO•nnsus and UHPow, show a drop in maximum 

attainable draw ratio (ÀMAxl at low chlorine contents and a small decline in ÀMAx at 

higher chlorine contents. These observations are in line with those tor the melt

crystallized chlorinated HOPE samples. 

At low chlorine contents the chlorine atoms in the chlorinated UHMW-PE are 

mainly present as separated chlorine groups (as in random chlorinated PE), while 

at higher chlorine contents they are blocked. In Fig. 5.5 this ditterenee in chlorine 

distribution is indicated by the open (random-like) and closed (block-likel symbols. 

In line with the results of the chlorinated HOPE samples, it can be concluded that 

at a camparabie chlorine content, a small amount of large chain irregularities 
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affects the maximum attainable draw ratio less than does a large amount of small 

chain irregularities. 

Table 5.2: 

Figure 5.4: 

Drawratiosof chlorinated UHMW-PE samples 

sample AMAX sample AMAX 

UHD 80 UH 70 

UHD(1.2l505 50 UH10.51POW 50 

UHD(3.8l505 45 UH{2.8)POW 40 

UHD...,I0.6lsus 60 UH(5.4)POW 40 

UHD...,(2.1lsvs 60 
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Modulus 

Figure 5.5a shows Young's modulus as a tunetion of chlorine content tor the 

drawn tapes of the chlorinated UHD samples. 

Figure 5.5: 
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With increasing chlorine content Young's modulus decreases. This decreasein 

modulus with increasing side-group content was previously reported by 

Bastlaansen [19] and Motamedi et al.[20l for solution-spun fibres of UHMW

ethylene-propylene copolymers with low propylene contents. Oespite ditterences 

in molar mass, processing and drawing conditions the relativa decreasein Young's 

modulus of the UH0....,(0.6)5us and UH0(1.2lsus samples, which mainly contain 

separated Cl groups (see chapter 3), is al most camparabie with that of the UHMW

ethylene-propylene copolymers. As regards the mechanica! properties it can thus 

be concluded that the effect of the introduetion of a chlorine side-group is 

comparable to that of a methyl side-group. 

From Fig. 5.5a the development of Young's modulus with increasing chlorine 

content tor draw ratios below 15, the region that is also covered by the chlorinated 

HOPE samples, is not clear. Extrapolation of the data in Fig. 5.5a would suggest 

a decreasein Young's modulus with increasing chlorine content. lt has to be kept 

in mind, however, that the unique relationship tor the modulus/draw ratio curve, 

as obtained for the melt-crystallized chlorinated HOPE samples, is only applicable 

for isotropie samples. In our case the tapes used are already oriented, which will 

certainly influence the slope of the Young's modulus/draw ratio relationship. 

Furthermore Young's moduli of solution-crystallized tapes and fibres show a large 

amount of scattering at low draw ratios, making it hard to derive any conclusions 

in that region. 

For the solution-crystallized fibres of the UHPow samples a behaviour camparabie 

with that shown in Fig 5.5a is observed. 

The UH0..".(0.6)sus and UH0(1.2)sus powder samples mainly contain separated 

chlorine atoms, as also present in random chlorinated PE. The chlorine distri bution 

of both the UH0_,(2.1)5us and UH0(3.8)5us powder samples is blocky. However, 

the PE block length in the UH0.00(2.11sus sample is almast twice that of the 

UH0(3.8)sus sample. Oespite these large ditterences in chlorine distribution, the 
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chlorine content seems to dictate the relative decrease in Young's modulus (see 

Fig 5.5al rather than the chlorine distribution. 

Figure 5.5b shows the tensile strength versus Young's modulus tor the drawn 

UHDsus/UHD..,"sus film samples. lt is illustrated that the tensile strength of the 

samples is determined by Young's modulus as previously established by 

Bastiaansen tor the UHMW-ethylene-propylene copolymers [19]. 

Creep performance 

Figure 5.6 shows the creep rate as a tunetion of chlorine content for the UHPow 

fibres at a draw ratio of about 40 and different dead loads. For the testing times 

used creep rates of 5 x 1 o·10 s· 1 are within the I i mits of our measurement. The 

samples with the arrows have creep rates in the order of 6 x 10 10 s·1 or lower. 

With increasing chlorine content a gradual decrease in creep rate is found. The 

relative decrease in creep rate u pon chlorination is camparabie to that of the drawn 

chlorinated HOPE samples. 

Figure 5.6: 
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The creep tests on the chlorinated UHO samples showed camparabie results. No 

conclusions concerning the influence of the chlorine distribution on creep 

performance at a camparabie draw ratio can be drawn because of too smalt 

ditterences in creep rates between the various chlorinated samples. This is 

probably the result of large variations in Young's moduli at A =40. 

5.4 Conclusions 

At a camparabie draw ratio both solution- and powder-chlorinated HOPE show an 

improved creep behaviour compared with HOPE homopolymer. Moreover, creep 

measurements on drawn films of chlorinated HOPE indicated a better creep 

performance tor solution-chlorinated HOPE. As a result of the unique Young's 

Modulus versus draw ratio curve, which is applicable for pure HOPE as wen as 

chlorinated HOPE, this implicates that at a camparabie Young's Modulus the 

presence of chlorine groups impraves the creep behaviour. However, with 

increasing chlorine content the extent of draw is dramatically decreased tor both 

solution- and powder chlorinated HOPE samples. 

The short-term mechanica! properties of powder-chlorinated UHMW-PE samples 

are camparabie with those of UHMW-ethylene-propylene copolymers, e.g. with 

increasing chlorine content a decreasein Young's modulus is found and the tensile 

strength is directly related to the Young's modulus of the samples. Oespite the 

lower Young's modulus the creep performance of chlorinated UHMW-PE samples 

at a camparabie draw ratio is higher compared with pure UHMW-PE samples. 
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6 Adhesive properties of chlorinated 

UHMW-PE 

6.1 Introduetion 

101 

UHMW-PE is well-known for excellent abrasion and chemica! resistance (1-3]. A 

new application of UHMW-PE is its use as a liner in elastomeric transport hoses [4-

6]. However, due to its high polymer melt viscosity, traditional thermoplastic 

processing cannot be used. DSM has developed a salution-processing technology 

to produce films and tapes of UHMW-PE. Solution-crystallized tapes have been 

used to develop UHMW-PE hose liners. 

The adhesion of UHMW-PE to rubber hoses such as EPDM and SBR is sufficiently 

high [6, 7], probably because of the partial compatibility of the two materia Is. 

However, when a polar rubber such as NBR is used the adhesion is poor. In the 

literature several methods have been described to improve the adhesion between 

polyethylene and more polar polymers by the introduetion of polar groups at the 

polyethylene surface, e.g. by means of corona discharge treatments, plasma 

treatments, chromic acid etching, etc. [8-12]. The surface chemistry of these 

treatments (especially plasma and corona treatment) has been the object of 

intensive research and the amount and nature of the polar groups that are 

introduced are relatively well-known [12]. 

A different approach, which is often applied for multilayer films, is the use of 

adhesive layers (tie layers) between the non-bonding layers [ 13-15]. The adhesive 

must have high tack strength or at least be compatible with both non-bonding 

layers (in our case NBR and PE). In the patent literature the use of Chlorinated PE 

(CPE) resins and chlorinated paraftins as adhesive between polyolefins and 

coatings [15] or synthetic resins (polyvinylchloride, polycarbonate) [14] has been 

described. The CPEs used are of low crystallinity and/or high chlorine content. 
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Furthermore it is known that randomly chlorinated amorphous CPE copotymers 

(r-CPE) with a chlorine content between 47 and 67 wt% Cl are miscible with NBR 

copolymers with an acrylonitrile (ANI content between 24 and 40 wt% AN [16). 

The miscibility of r-CPE with PE, however, is restricted to r-CPE resins with 

relatively low chlorine contents [17). 

This chapter presents the results of peel tests on laminate structures in which 

powder-chlorinated UHMW-PEs are used as an adhesive between UHMW-PE and 

NBR. 

6. 2 Experimental 

6.2. 1 Materials 

The acrylonitrile content of the acrylonitrile-butadîene copolymer (NBR) used in 

thîs study was 30 wt% AN. The NBR was used in compound farm; for the 

composition see Table 6.1. 

The UHMW-PE lîner used was a solution-crystallized UHMW-PE tape (UHMW-PE: 

Stamylan® UH210, Mw = 1.8 x 106 g/mol, DSM). 

Table 6.1: Composition of NBR compound 

lngredient (phr)• 

NBR NYsvn® 3o-s• 1 oo 
Carbon Black N-762 50 

Additives 25 

• phr = parts per hundred 

b DSM Copolymer lnc. 
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UHMW-PE powder (Stamylan® UH210, DSM, Tm= 140°C, crystallinity = 65%) 

was chlorinated in a rotating drum below the melting tempersture of PE in order to 

obtain powder-chlorinated UHMW-PE, as described by Schoën [18). The extent of 

chlorination was determined using X-ray fluorescence measurements (also see 

chapter 2 of this thesis). Details on the composition of the different CPE products 

are given in Table 6.2. 

Furthermore two chlorinated PE samples (CPE-a and CPE-b; for composition 

details see Table 6.2). with camparabie chlorine content but different crystallinity, 

indicating a different chlorine distribution, were used as references. 

Table 6.2: Composition of chlorinated PE samples 

Sample overall Cl powder film Cl content CPE 

content T." x. Tm x. block 

(wt%) (oC) (wt%) (oC) (wt%) (wt%1 

CPE-a 38.0 14 115.4 14 

CPE-b 35.0 4 44.51116.8 4 

UHMW-PE 0.0 140.3 65 136.3 75 0 

CUH2 2.7 137.8 65 134.1 68 7 

CUH3 3.5 138.8 57 132.7 68 9 

CUH4 4.1 135.0 65 131.3 65 11 

CUH6 5.9 137.3 61 131.1 64 15 

CUH14 14.0 135.5 59 127.8 58 32 

CUH25 25.0 132.3 45 123.3 39 >32 

6.2.2 Sample preparation 

Solution-crystallized films were prepared by film casting of a 1 wt% polymer 

salution in xylene in a tray of stainless steel. After gelation the gel was dried under 

tension in air at ambient temperature. 
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By co-dissolution of powder-chlorinated UHMW-PE and UHMW-PE in xylene 

(powder-chlorinated UHMW-PE diluted with UHMW-PE) and subsequent film 

casting, blends of differing overall chlorine content were obtained. For raferenee 

experiments blends of CPE-a and HOPE were produced in the same way. (HOPE 

used: Stamylan® HO 7058, DSM, Mw = 8 X 104 g/mol) 

6.2.3 Differential Scanning Calorimetry (DSC) 

Thermograms of the chlorinated powders and solution-crystallized films were 

recorded using a Perkin-Eimer DSC-7 differentlal scanning calorimeter. A sample 

mass of 4.5-6 mg and a standard heating rate of 1 0°C/min we re used. The heat 

of fusion of the chlorinated samples was corrected for the chlorine content as 

described in chapter 3 

6.2.4 Peel test 

A sandwich structure ( 1 00 x 150 x 5 mml consisting of the following layers was 

made (see Figure 6.1): two UHMW-PE layers (- 2 mm thick) as backing material 

to prevent stretching of the NBR layer, a CPE layer (- 100 pml of high peel 

strength to the NBR, the NBR layer (- 3 mm), the CPE sample ( - 100 pm) and 

again two UHMW-PE layers (- 2 mm). This structure was compression-moulded 

tor 30 min. at a temperature of 150°C and a pressure of 3. 75 x 105 Torr to obtain 

complete curing of the rubber compound. A small piece of teflon foil was placed 

between the sample and the rubber layer to prevent contact along one edge and 

thus obtain 20 mm long tags fortheT-peel tearing tests. The sandwich structure 

was cut into strips of 10 x 150 x 5 mm3 and pulled apart in a 180° T-peel test at 

ambient temperature with a test speed of 100 mm/min, according to DIN 53530, 

using a tensile tester specially made by DSM Research. 
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Figure 6.1: Sandwich structure of the samples tested in 180° T-peel test. 

6.3 Results and Discussion 
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Figure 6.2 shows the peelstrengthof the powder-chlorinated UHMW-PE and of 

reference CPE samples bonded toNBRas a tunetion of chlorine content. During the 

peel test the peel strength fluctuated within ± 15 N/cm. For each sandwich 

structure the average of the mean values of three peel tests was calculated. The 

error bars in Figure 6.2 indicate the minimum and maximum values of the peel 

strengths in the three tests. The boxes in Figure 6.2 indicate different types of 

failure of the specimens determined by visual examination of the tested samples. 

Four types of faiture could be distinguished: 

1 lnterfacial CPE/UHMW-PE faiture 

2 Cohesive CPE faiture 

3 lnterfacial CPE/NBR faiture 

4 Cohesive NBR faiture (strength > 150 N/cm) 
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For the adhesive strength of the samples two interfaces are important: the 

UHMW-PE/CPE interface and the CPE/NBR interface. The peel strength of the 

samples at these two interfaces will be discussed separately. 
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Figure 6.2: The peel strength to NBR as a tunetion of overall chlorine content for different CPE 

samples: CUH (0), CPE-a (0), CPE·b ( + ), blend of CPE·a and HOPE(.). 

6.3. 1 CPE/UHMW-PE interface 

Although the adhesion between the sample and NBR is tested in the sandwich 

structure used, interfacial CPE/UHMW-PE failure may also occur. lf the peel 

strengthof the CPE/NBR interface exceeds that of the CPE/UHMW-PE interface and 

the tensile strengthof the sample is rather low, the CPE sample fails and is peeled 

trom the UHMW-PE layer. 



Adhesive properties 107 

As shown in Figure 6.2, UHMW-PE/CPE interfacial failure occurs when the two 

raferenee CPE samples (CPE-a and CPE-b) are used. Although the chlorine content 

of the two samples is roughly the same, the peel strength to UHMW-PE is higher 

in the case of CPE-a. In Table 6.2 it is shown that the crystallinity (or the 

proportion of "PE character") is a bout 10 wt% higher in the case of CPE-a. The 

amount of "PE character" seems to be important for the peel strength to UHMW

PE. To test this assumption, films with a higher amount of "PE character" were 

produced via salution blending of CPE-a with pure HDPE. Figure 6.2 also shows the 

results of these blends and as expected the peel strength increases further, but the 

laminate shows cohesive CPE failure. The tensile strengthof the CPE blend film is 

lower than the peel strength to both NBR and the UHMW-PE layer. When an 

intrinsically stronger film of powder-chlorinated UHMW-PE with 25 wt% Cl and 39 

wt% crystallinity is tested, cohesive NBR failure occurs. 

From these results it can be concluded that the amount of "PE character" or 

crystallinity of the CPE layer determines the adhesion to UHMW-PE. 

6.3.2 CPE/NBR interface 

In order to study the influence of chlorine content on the CPE/NBR interface only 

powder-chlorinated UHMW-PE with a relatively high crystallinity was used in order 

to avoid CPE failure or CPE/UHMW-PE interfacial failure. 

Figure 6.2 shows increasing peel strength of powder-chlorinated UHMW-PE to 

NBR as a tunetion of the overall chlorine content up to 6 wt% Cl. At overall <:!: 6 

wt% chlorine content the rubber layer fails at a constant bulk strength of 150 

N/cm. lt is clear that in the powder-chlorinated UHMW-PE sample, the "PE 

character" determines the adhesion to UHMW-PE and the "CPE character" 

determines the strength of ad hesion to the NBR layer. Therefore it is important to 

know the chlorine distribution in the powder-chlorinated UHMW-PE samples. 
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lt is assumed that at temperatures below the melting temperature of PE and 

chlorine contents up to 20-25 wt% mainly the amorphous phase will be chlorinated 

[19-21]. From Table 6.2, column 4, showing the crystallinity of the chlorinated 

powders, it can be concluded that during the chlorination of the UHMW-PE 

powder, the crystallinity is hardly affected up to 14 wt% Cl. At a chlorine content 

of 25 wt% Cl the crystallinity decreases, although it is still rather high. This implies 

that the above-described chlorination procedure results in block copolymers 

consisting of CPE blocks with a high chlorine contentand crystallizable PE blocks. 

The average chlorine content of the CPE blocks can be roughly estimated trom the 

overall chlorine content of the powder and the initia I crystallinity of the UHMW-PE 

powder (about 65 wt%). For instanee CUH6 has an overall chlorine content of 6 

wt% (on the basis of CPE). which corresponds to about 15 wt% chlorine in the 

amorphous phase or the CPE blocks. In Table 6.2, the estimated chlorine content 

of the CPE blocks is shown for the powder-chlorinated UHMW-PE samples used. 

In order to test the influence of the chlorine content of the CPE blocks on the 

adhesive strength of CPE to NBR, the amount of powder-chlorinated UHMW-PE in 

the interlayer was diluted with UHMW-PE via salution blending. UHMW-PE/powder

chlorinated UHMW-PE blends with various overall chlorine contents and composed 

of different powder-chlorinated UHMW-PE samples were tested. DSC 

measurements of the salution cast blends showed only one melting peak and a 

decreasing melting temperature with increasing chlorine content (see Figure 6.3). 

The relatively small melting range and the decreasing Tm with increasing chlorine 

content seem to indicate that the salution-cast blends behave as systems that are 

mixed on molecular scale [22]. 

Figure 6.4 shows the results of the peel strength tests on the powder- chlorinated 

UHMW-PE/UHMW-PE blends. For the purpose of comparison the results of the pure 

powder-chlorinated UHMW-PE products are also shown. Dilution of powder

chlorinated UHMW-PE with an overall chlorine content of < 6 wt% with UHMW-PE 

results in a decreasing peel strength to the NBR layer. 
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Figure 6.3: DSC melting endotherms for films of UHMW-PE, CUH25 and blends thereof: UHMW

PE (a), UHMW-PE:CUH25 = 80:20 (b), 50:50 (c), 20:80 (d), CUH25 (el. 

On the other hand when powder-chlorinated UHMW-PE with an overall Cl content 

~ 6 wt% is diluted with UHMW-PE the high peel strength to NBR is hardly 

affected, even in the case of dilution down to an overall chlorine content of 1.5 

wt% in the sol ut ion-cast blend. These results indicate that the chlorine content in 

the CPE blocks determines the peel strength of powder-chlorinated UHMW-PE to 

NBR and that the overall chlorine content has hardly any influence. So, if the 

chlorine content of the CPE blocks is high enough the powder-chlorinated UHMW

PE can be diluted with pure UHMW-PE and the high peel strength remains. The 

powder-chlorinated UHMW-PE seems to act as a compatibilizer; the CPE blocks are 

compatible with NBR and the PE blocks compatible with UHMW-PE. Only a small 

amount of a compatibilizing agent is needed to improve the adhesion between 
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different components in blends [23-25]. 
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Figure 6.4: Peel strength to NBR as a tunetion of overall chlorine content for the UHMW-PE/CUH 

blends and pure CUH products: CUH2 lVI, CUH3 I+ I. CUH3/UHMW-PE blend I+), 

CUH4 llll. CUH4/UHMW-PE blend 1•1. CUH6 (0), CUH6/UHMW-PE blend (e), 

CUH14(0), CUH14/UHMW-PE blend 1•1. CUH25/UHMW-PE blend 1•1. 
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6.4 Conclusions 

The following conclusions are drawn trom this study: 

( 1) In contrast to the generally used CPE adhesives with a high chlorine content 

and/or low crystallinity, high peel strengths approaching rubber cohesive 

strengthare obtained by using highly crystalline powder-chlorinated UHMW

PE with a chlorine content of 2:: 6 wt% Cl as an adhesive interlayer in 

UHMW-PE/CPE/NBR structures. 

12) Dilution of powder-chlorinated UHMW-PE with 2:: 6 wt% Cl to very low 

overall chlorine contents down to about 1.5 wt% Cl in the blend still results 

in high peel strength. 

(3) lt is not the overall chlorine content, but the local chlorine content in the 

highly chlorinated PE blocks which determines the adhesion strength. 
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Appendix 1: 13C-NMR 

13C-NMR is aften used in structure analysis of chlorinated PE [1-8). In this 

appendix the 13C-NMR results of the chlorinated HDPE samples are discussed. 

Experimental 

Salution 13C-NMR spectra of some chlorinated HDPE products were recorded on 

a Varian Unity 300 spectrometer by using 5. 5-10 wt 0/o solutions in deuterated 

tetrachloroethane at 125°C. C2D2CI4 was also used as internat reference. In order 

to obtain quantitative information trom the spectra the delay time between 

sampling pulses was 10 s [1]. 

Results and discussion 

Figures A1.1a and b show the 13C-NMR spectra of solution- and powder

chlorinated HDPE with 11.7 and 10.4 mol% CHCI, HD(11.7) 50
L and HD(10.4)Pow, 

respectively. The correlation between the pentads and chemica! shifts used is 

taken trom the literature [2]. In the pentad notation 0 represents a -CH2- unit, 1 

represents a -CHCI- unit and 2 represents a -CCI2- unit. In the chlorinated samples 

studied, no -CCI2 - units we re detected. Table A 1.1 shows the degree of 

substitution (a) of the samples determined with 13C-NMR and chemica! analysis. 

The discrepancy between the two values (~) is rather large and can be explained 

by the unfavourable ratio of the -CH 2- and -CHCI- intensities [3]. 
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Table A 1.1: Chlorine content of samples determined by chemica! and NMR analysis 

sample Chemica I 13C-NMR l\.100%• 

a G,(wt%) a Gn(wt%) 

HD13.4)50
' 0.017 8.0 0.024 9.7 + 21 

HD(11. 7)50
' 0.059 23.0 0.071 26.5 + 15 

HD13.8)"0W 0.019 8.9 0.017 8.0 10 

HD(1 0.4JPOW 0.060 21.0 0.043 17.5 - 17 

• : i\ = IG"- G.liG. 

Table A 1 .2: Pentad distributions of the CPE samples 

pentad HD(3.4)50
' H0(11.7)50

' HD(3.8)POW HD(10.4JPOW 

10Q01 0.0024 0.0204 0.0023 0.0067 

10QOO 0.0672 0.1734 0.0279 0.0406 

OOQOO 0.8097 0.4054 0.8856 0.7735 

11Q01 0.0041 0.0046 0.0042 0.0057 

11Q00/01 Q01 0.0041 0.0479 0.0102 0.0241 

01QOO 0.0692 0.1943 0.0321 0.0458 

11Q11 -. 0.0071 

01Q11 0.0025 

01Q10 0.0016 0.0130 0.0037 0.0090 

10101 0.0014 0.0081 

10100/11101 0.0028 0.0237 0.0061 0.0224 

00100/01101 111111 0.0369 0.1045 0.0217 0.0390 

01100 0.0020 0.0127 0.0047 0.0157 

• - : no detectable intensity 
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Table A 1.2 shows the pentad distribution in the different CPE samples. The 

blockiness of the powder-chlorinated samples is indicated already by the higher 

content of the OOQOO pentad compared with solution-chlorinated samples at about 

the same chlorine content. 

In order to calculate the chlorine or methylene sequence distribution of the 

samples the probability of finding a chlorinated C-atom has to be known. 

Frensdorff and Ekiner have described different cases of statistics of substitution tor 

modified polymers [4]. The most simple case is statistica! random substitution. X, V 

and Z reprasent the amount of (-CH2-). (-CHCI-) and (-CCI2-) groups, respectively. 

The probabilities of finding the different groups are: 

n0 X(a) = (1-a)2 

n1 = Y(a) = 2a(1-a) 

n2 = Zlal = a2 

a is the dagree of substitution of an H atom by a Cl atom and 

a= n, + 2n2 

(A1.1) 

{A1.2) 

(A1.3) 

(A 1.4) 

Probabilities of the pentads can be calculated by multiplying the probabilities of 

finding the different C atoms in a pentad. For instanee the probability of finding 

10Q01 = X2Y2 = 4a2(1-a)6
• Table A 1.3 shows the experimental and calculated 

values assuming random statistles tor the solution-chlorinated samples and 

calculated on basis of the 0-centred pentads. 

The pentad probabilities as calculated with the random substitution statistles are 

in good agreement with the experimental values. At higher chlorine contents (> 

20 mol% CHCI) a chlorine distribution that clearly deviates trom a random 

substitution is seen. However, for the solution-chlorinated samples with a chlorine 

content up to 1 1. 7 mol% CHCI the deviations trom random are not large and 

equations 1-4 can be applied. 



Table A 1.3: Experimental and calculated probabilities of 0-centred pentads. 

pentad 

10Q01 

10QOO 

OOQOO 

11Q01 

11Q00/01Q01 

01QOO 

11Q11 

01Q11 

01Q10 

•: - no detectable intensity 

HD~3.4)50l 

exp. calc.~a,..MAI 

0.003 0.002 

0.070 0.073 

0.845 0.845 

0.004 0.000 

0.004 0.006 

0.072 0.073 

-. 0.000 

0.000 

0.002 0.002 

HO~ 11. 7)SOl 

exp. calc.laNMRl 

0.024 0.013 

0.202 0.172 

0.472 0.569 

0.005 0.004 

0.056 0.052 

0.226 0.172 

0.000 

0.004 

0.015 0.013 
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The most probable length of non-substituted blocks, < n0 >, is described by: 

<n0 > = (In n0 )'
1 (A1.5) 

Table A 1.4 shows the most probable length of non-substituted blocks for the 

solution-chlorinated samples. 

Table A 1.4: Most probable length of non-substituted blocks tor solution-chlorinated HOPE 

sample a no <no> 

HD(0.4)SOL 0.002 0.996 250 

HD(1 .O)SOL 0.005 0.990 99 

HD(3.4)50l 0.02,. 0.958 23 

HD(6.6)SOl 0.033 0.935 15 

HD~11. 7)SOL 0.071' 0.863 7 

a : QNMA 
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Because of the large heterogeneity of the chlorine distribution in the powder

chlorinated samples, as a result of the inaccessibility of the crystalline phase to 

chlorine gas, these samplescan not bedescribed with the model mentioned above. 

Keiler et al. were able to describe the ditterences in chlorine distribution between 

different solid-state-chlorinated samples by using a two-phase model [5]. In this 

model the solid-state-chlorinated sample is described with a fraction of random 

chlorinated PE and a fraction of pure PE. The fraction of pure PE is calculated on 

the basis of the ditterenee in OOQOO pentad probability for the powder-chlorinated 

and salution chlorinated PE at a certain chlorine content (~F). In this way series of 

powder chlorinated PE samples could be distinguished. Keiler emphasized that 

series with a different ~F values will have a different microstructure. On the other 

hand, series with a different microstructure can give the same ~F values. In our 

case we only have one series of powder-chlorinated samples with a relatively low 

chlorine content. The analysis described above therefore will give no further 

information. 
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Appendix 2: SAXS analysis 

Kratky data 

Data analysis of the intensity curves obtained with the Kratky camera has been 

carried out with the FFSAXS program version 5 that was developed by Vonk [1 ). 

The angular dependenee of the scattered intensity is expressed in terms of the 

scattering vector q: 

4" . e Q=-sm-
A 

(A2.1) 

in which A is the X-ray wavelength (0.154 nm) and 2(} the scattering angle. The 

smeared intensities (Î(q)) of both the sample and the blank were scaled to the 

absolute intensity of a standard (Marlex) and subsequently the value of the blank 

was subtracted trom that of the sample. The resulting intensity curve was 

corrected tor liquid scattering. The total scattered intensity or invariant ( < 172 >) 

was calculated using equation A2.2: 

.. 
< 172 > =_1_ I qÎ(q)dq 

2" 
(A2.2) 

With a slit collimator so-called smeared scattering patterns are obtained. Via a 

desmearing procedure a scattering pattem comparable with that obtained with a 

pinhole collimator, l(q), is obtained. For an isotropie lamellar system, in which 

periodicity is assumed in only one direction, the SAXS periodicity (L) can be 

calculated trom the maximum of the Lorentz-corrected desmeared intensity curve, 

q21(q) versus q, at Qmax by: 

(A2.3) 
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Chlorine incorporation 

The amount of chlorine that is incorporated inside the crystalline phase can be 

calculated by using the invariant, as determined trom SAXS measurements. The 

invariant of an ideal two-phase system is related to the morphology of the system 

by: 

(A2.41 

in which Pc and P. are the electron densities of the crystalline and the amorphous 

phase, respectively, and (/J is the volume fraction of the crystalline phase. The 

electron densities of the crystalline and the amorphous phase are given by 

equations A2.5 and A2.5, respectively: 

(A2.51 

- 32 - .;. 16 
p.,-d.,[ 56.108 11 0 '972w.l 35.453 w.,] (A2.61 

in which de and d. are the mass densities and wc and w. the weight fraction Cl in 

the crystalline and amorphous phase, respectively. 32 is the number of electrans 

in the unitcellof PE (4 CH2 groups), 56.108 is its molar mass and 0.972 is the 

factor that corrects for the substitution of a H group by a Cl group. The mass 

density of the amorphous phase is calculated by an empirica I relation based on the 

density of fully amorphous PE (d.0 = 0.854 g/cm3
) and the density of amorphous 

chlorinated HOPE: 

(A2.71 
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p was experimentally determined to be 0.921 trom the density of a melt

crystallized solution-chlorinated HOPE sample with 36.5 wt% Cl. The mass density 

of the crystalline phase is determined by: 

(A2.8) 

where V" is the unit cell volume and N. is Avogadro's number. 

The volume fraction of the crystalline phase (1/l) can easily be calculated from the 

crystalline phase weight fraction, as obtained trom DSC ,(Xc), and the density of 

the crystalline phase: 

(A2.9) 

With the equations described above and the known values of the crystallinities, 

unit cell dimensions and invariants, the values of wc and w. can be calculated by 

varying wc until the same value tor the invariant is obtained as the one that is 

determined experimentally [2]. 
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Time-resolved SAXS measurements 

Because absorption data necessary to scale the scattering curves of the samples 

and the empty cell were not available, data analysis was directly applied to the 

scattering curves obtained. The long period was calculated trom the maximum in 

the lorentz-corrected intensity curve using equation A2.3. 

The correlation functions were calculated using the program tor data analysis of 

time-resolved SAXS measurements as described in [3]. The one-dimensional 

correlation tunetion gives an assessment of the probability of having the same 

electron density at two distinct points, along the normals of the layers and can be 

calculated trom the scattering data [1] by: 

y,(r) 

! /(q)q 2 cos(qr)dq 

! l(q)q 2dq 

(A2.10) 

The long period is directly obtained trom the first maximum in the correlation 

function. 
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Appendix 3: Temperature Rising Elution Fractionation 

(TREF) 

Introduetion 

Polymer structure evaluation using the fractionation of polymers on the basis of 

solubility and crystallizability was first described by Desreux and Spiegels in 1950 

[1). The analytica! TREF method that is nowadays being used in the polyolefins 

industry, however, is a relatively recent development. lt was first described in 

detail by Wild and Ryle in 1982 [2). An analytica! TREF experiment consistsof two 

elementary steps. In the first step a highly diluted polymer solution that is injected 

in a packed column with a high speeltic surface is slowly cooled at a cooling rate 

of typically 1 . 5 °C/h. The chains with the longest ethylene sequence lengths (LESL) 

(ultimate case is without branching) will crystallize at the highest temperature, 

forming a layer of the most stabie crystals. Subsequently a second layer of less 

stabie crystals, consisting of chains with smaller ethylene sequence lengths (higher 

branch content) will form on top of the first layer and so on. When the 

crystallization of the polymer is completed, the column is eluted with the same 

solvent at a heating rate in the order of 20°C/h. The elution step is the reverse of 

the crystallization step; the less stabie layer ("top layer") consisting of the highest

branched material will dissolve first, foliowed by the second layer of material with 

a lower branch content and so on. During the elution step on-line analysis of the 

eluted material takes place and a concentration-temperature profile is obtained. 

With a calibration curve that shows the number of short chain branches as a 

function of the elution temperature for the partJeular material, a short side chain 

distribution profile of a sample can be calculated. lt is important to note that only 

completely dissolved chains can leave the TREF-column. Th is means that, although 

parts of a chain with low ESL can be dissolved, the chain will leave the column 

only afterits longest ESL has been dissolved. So TREF separates polymer chains 

on the basis of the longest ESL [3]. 
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The width and the number of peaks in a TREF chromatagram gives information 

about the intermolecular LESL distribution of the polyethylene used. This can be 

helptul in distinguishing copolymer mixtures and pure copolymers. At a known 

branching content, the position of the peak temperature of the TREF chromatagram 

(as with the position of the peak temperature in Differentlal Scanning Calorimetry) 

gives further information about the average intramolecular LESL of the copolymer 

(blocky or random). 

T echnical details of the TREF equipment 

Figure A3.1 shows a scheme of the experimentalset-up tor TREF. 

~······Et·········Fj''······••:•.Gl 

Figure A3. 1 : Experimental set-up for TREF 

All components are part of the usual Iabaratory equipment. Solvent flow is 

provided by a HPLC pump (part 1 I The solvent is degassed by an on-line degasser 

(part 2). The degassed solvent is led through 10 m of stainless steel tubing in a 

programmabie Lauda oil bath (part 3) to equilibrate it with the oil bath temperature 

befare it enters the TREF column (part 4). The TREF column is a standard gas 
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chromatographic column; stainless steel, length 15 cm, inner diameter 1/8", outer 

diameter 1/4", capacity about 1.5 mi, supplied by Chrompack. The column, which 

is also placed in the oil bath, is packed with chromosorb GAWDMCS 80-100 mesh 

(diatomaceous earth) coated with 10% SE-30. The column is connected to the 

DuPont intrared detector (part 5) via a heated tubing (140°C, 1/16" stainless steel, 

heated with electrical heating tape controlled by Eurotherm temperature controls). 

The temperature of the oil bath, the signa! of the IR detector and the inlet pressure 

of the column are recorded by a multichannel recorder (part 6) and a data 

acquisition/control unit (part 7). The control unit is connected to a personal 

computer that is equipped with Asystant software for data processing. 

Separation performance 

In order to obtain a good and reproducible separation, Wild et al. [2,4] 

emphasized the importance of a controlled cooling step in TREF. They showed that 

cooling ratesaslow as 2°C/hour were needed to achieve an optimum separation. 

The influence of nucleation and/or co-crystallization between polymer chains was 

studied by camparing the TREF result of a HDPE/branched PE mixture with the 

calculated mixture from the TREF results of the pure components. They obtained 

excellent agreement and concluded that no co-crystallization effects had occurred 

under the conditions used. 

The separation performance of the TREF used in this study was tested with 

mixtures of HD50
L and HOPE. Figures A3.2a and b show the experimental and the 

predicted TREF chromatograms of 50:50 mixtures of HD(1.1 )soL and HD(0.4) 50L, 

respectively, with HOPE. The predicted TREF chromatagram is basedon a linear 

calculation of the TREF chromatograms of the pure components. The ex perimental 

and predicted TREF chromatograms of the 50:50 mixture of HD(1.1 )sot and HOPE 

are largely similar although the PE peak area of the experimental TREF 

chromatagram is somewhat larger, with a corresponding decrease at the high 

temperature side of the HD(1. 1 )soL peak. The ditterenee between the experimental 

and predicted TREF chromatograms of the 50:50 mixture of HD(0.4)50
L and HOPE 
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is rather large, however; the HOPE peak area in the experimental TREF 

chromatagram is higher than predicted, although the width of the total TREF 

chromatagram is equal to the predicted width. 
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Figure A3.2: TREF chromatograms of 50:50 mixtures of HOC1.1)50
L lal and HOC0.4)5

0l Cbl with 

HOPE; I -I prediction, 1·-·1 experiment 



Temperature rising elution fractionation 127 

When the composition of the H0(0.4) 50L/HO mixture is changed, the ditterenee 

between the calculated and experimental TREF results of the H0(0.4)50L/HO 

mixtures is even more pronounced. Figures A3.3a and b, respectively, show the 

predicted and experimental TREF results of respectively 12:88 and 88:12 mixtures 

of H0(0.4)50L and HOPE. Figure A3.3a shows that a small amount of H0(0.4)50L 

(12 wt%) in the mixture is not detectible with TREF. Figure A3.2b, as already 

described above, shows that at a 50:50 composition the components are only 

partially separated with a much higher HOPE peak area than expected and finally 

Figure A3.3b shows that a small amount of HOPE (12 wt%) in the mixture causes 

a broadening of the H0(0.4)50L dissalution peak. 

So in all three cases the experimental TREF chromatagram strongly deviates from 

the calculated TREF chromatogram; the HOPE peak area is higher than predicted 

in all cases, although the total peak width is the same as predicted. As already 

mentioned, Wild published results obtained with mixtures of pure PE and pure 

copolymers that we re perfectly separated by TREF [2]. The ditterenee in dissalution 

temperature between the components used was a bout 1 0°C. The ditterenee in 

dissalution temperatures for HO( 1.1 )50L and HOPE is a bout 9°C and these pa ration 

with TREF is also excellent, though part of the material is shifted. However, for 

mixtures of PE with H050L samples with chlorine contents ::s; 1 mol% CHCI, or a 

peak temperature ditterenee < 9°C, the separation performance is poor. 

In interpreting TREF results for the powder-chlorinated HOPE samples, the 

separation performance of TREF should be kept in mind. The experimental TREF 

result for a 88:12 mixture of H0(0.4)80L and HOPE showed that the dissalution 

peak "ends" above 1 00°C (Figure A3.3b). For the H0(7 .6)Pow and H0(11.9)Pow the 

end of the dissalution peak is below 1 00°C, which means that the probability that 

these samples contain (almost) pure HOPE is zero. The dissalution peaks of 

H0(2.2)Pow and H0(3.8)Pow, however, end near 1 00°C, indicating that at most 

a bout 10 wt% of (al most) pure HOPE may be present. The dissalution peak of 

H0(1.1 )POW is shifted by only about 1 oe compared with HOPE, while the 
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reproducibility of TREF experiments is also within 1 °C, so it is ditticuit to derive 

any conclusion in respect of the composition of H0(1.1)Pow. 
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Figure A3.3: TREF chromatograms tor mixtures of HD(0.4)50
L and HOPE, 12:88 (a), 88:12 lb), 
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The thermal behaviour of copolymers with a certain amount of side-groups, as 

measured with DSC, is determined mainly by the side-group size and only tosome 

extent by the chemica! nature of the branch. TREF separates polymer chains on the 

basis of crystallizability and dissolvability and thus combines thermal behaviour and 

the solubility of the polymer chain in the solvent used. lf side-group contentand 

solubility of ethylene-1-propylene copolymers (EP) and CPE in o-dichlorobenzene 

are comparable, it is expected that the conclusions concerning mixtures of PE and 

PE chlorinated in solution at low side-group content wil! also be valid for mixtures 

of PE and ethylene-propylene copolymers. Further extension of the results to 

mixtures of PE with ethylene-1-alkane copolymers with the higher alkanes is more 

difficult because of ditterences in side-group size. However, it is believed that the 

overall conclusion that the separation with TREF is poor tor mixtures of HOPE and 

branched PE with a small amount of branches, will be the same although the 

tempersture interval of 9°C may be different. 
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Summary 

Ultrahigh molecular weight polyethylene (UHMW-PE) is a linear polyethylene grade 

possessing a molar mass of at least 3 x 103 kg.mol· 1 
• UHMW-PE is used in many 

engineering applications because of its high a brasion resistance and excellent wear 

and friction characteristics. Due to the extremely high melt viscosity, related to the 

high molar mass, UHMW-PE can not be processed via conventional techniques. lt 

is supplied as a (reactor) powder and processed into semi-finished sheets, plates, 

bars and rods via compression moulding or ram extrusion. 

In the past decades, a lot of research actlvities have been initiated concerning 

processing of UHMW-PE. The invention of the salution (geil-processing technique 

at DSM resulted in the use of UHMW-PE as a base material tor the production of 

high-strength/high-modulus fibres and mieraporous films. Another interesting 

development is the production of so-called nascent drawable UHMW-PE powders 

which are processed in the solid state; tor example sintering below the melting 

temperature of PE results in films which can be drawn to high-strength/high

modulus tapes. 

In order to widen the application area of the newly developed UHMW-PE fibres 

and films, chlorination of UHMW-PE has been explored as a method to modify the 

properties. For example, due to the apolar nature of UHMW-PE, the fibres and films 

show poor adhesive properties to polar matrices. Via the introduetion of polar 

chlorine groups these adhesive propertiescan be improved. Furthermore, the creep 

resistance of UHMW-PE fibres can be enhanced by the presence of chlorine side

groups on the PE-chain. Additionally, chlorination is used as a tooi to obtain more 

in formation concerning the morphology of the nascent drawable UHMW-PE reactor 

powders. 

Chlorination of conventional UHMW-PE and nascent drawable UHMW-PE powder 

was performed in a rotating drum and in suspension respectively. A standard HDPE 
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powder, included in this study for raferenee purposes, was chlorinated in a rotating 

drum, in suspension and in solution. Because of the high solution-viscosity, 

chlorination of UHMW-PE can not be properly performed in solution {chapter 2). 

First the morphology of the different polyethylene powders was studied. The 

morphology of the UHMW-PE and HOPE powders used can be described with • a 

superstructure of rather densely packed domains, consisting of stacked or radially 

grown lamellae. The nascent drawable LIHMW-PE powder, on the other hand, is 

highly porous and consists of small crystals that show no clear stacking pattern. 

The powders possess a relatively high melting temperature, which in the case of 

nascent drawable UHMW-PE approaches the equilibrium melting point of PE. By 

using electron microscopy and reai-time X-ray measurements, it was shown that 

the crystals of nascent drawable UHMW-PE show fast reorganization during 

heating. Upon chlorination this reorganization process is prevented. From these 

results it is concluded that nascent drawable UHMW-PE powder c9onsists of chain

folded crystals, with small axial and lateral dimensions (chapter 3}. 

The solution-chlorinated HOPE samples display a random chlorine distribution. The 

powder-chlorinated PE samples exhibit a block-like chlorine distribution. From 

results of calorimetry, Temperature Rising Elution Fractionation and fractionation 

experiments, it is concluded that the chlorine content distribution of the powder

chlorinated nascent drawable UHMW-PE samples is relatively narrow. In the case 

of the powder-chlorinated HOPE and UHMW-PE samples the chlorine content 

distribution is broad, which is probably due to the relatively low porosity of the 

conventional HOPE and UHMW-PE powders {chapter 3). 

The chlorine distribution strongly affects the crystallization behaviour of the 

chlorinated PE samples. In the case of solution-chlorinated HOPE samples that 

possess a random chlorine distribution, part of the chlorine atoms (approximately 

30 wt%) are incorporated within the crystalline phase during crystallization. 

However, because of the block-like chlorine distribution, no significant amount of 
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chlorine atoms is incorporated inside the crystalline phase of films or fibres of the 

powder-chlorinated HOPE and UHMW-PE samples respectively. Furthermore it was 

shown that the melt of powder-chlorinated PE samples with chlorine contents 

above 1 Cl/fold shows a structure, which is camparabie with that of block 

copolymers in general (chapter 4). 

Orawn samples of both solution- and powder-chlorinated HOPE show, at a 

camparabie draw ratio, an improved creep behaviour compared with HOPE 

homopolymer. As aresult of the unique Young's modulus versus draw ratio curve, 

which is applicable tor pure HOPE as well as chlorinated HOPE, this implies that at 

a camparabie Young's modulus the presence of chlorine groups impraves the creep 

behaviour. The extent of draw, however, decreases with increasing chlorine 

content. The unique Young's modulus versus draw ratio curve is nat applicable tor 

fibres of the chlorinated UHMW-PE samples; with increasing chlorine content a 

decrease in Young's modulus is found. Oespite the lower Young's modulus the 

creep performance of chlorinated UHMW-PE, at a camparabie draw ratio, is higher 

compared with pure UHMW-PE (chapter 5). 

For the adhesive properties of chlorinated UHMW-PE it was shown that high peel 

strengths, approaching rubber cohesive strength, are obtained by using solution

crystallized films of powder chlorinated UHMW-PE with chlorine contents of only 

6 wt%, as an adhesive interlayer in UHMW-PE/CPE/NBR structures. Surprisingly, 

dilution of powder-chlorinated UHMW-PE containing ~ 6 wt% Cl with UHMW-PE, 

down to a very low overall chlorine content of approximately 1. 5 wt% Cl, still 

resulted in high peel strength. lt is concluded that not the overall chlorine content, 

but the local chlorine content in the highly chlorinated PE blocks determines the 

adhesion strength (chapter 6). 

In conclusion, chlorination proved to be an effective methad to imprave the creep 

and adhesive properties of UHMW-PE fibres and films and can be used to obtain 

information about the morphology of PE powders. 
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Samenvatting 

Lineair polyetheen met een molmassa van ten minste 3 x 1 0 3 kg/mol wordt 

aangeduid als UHMW-PE (ultra-hoog molecuulgewicht Polyetheen). UHMW-PE wordt 

gekenmerkt door een zeer hoge slijtvastheid en goede wrijvings-karakteristieken. Ten 

gevolge van de hoge molmassa bezit UHMW-PE een extreem hoge smeltviscositeit, 

waardoor verwerking met behulp van conventionele technieken niet mogelijk is. Het 

polymeer wordt door de grondstofproducenten geleverd als poeder en door middel 

van persen of ram-extrusie tot onder andere platen en staven verwerkt. 

In de laatste decennia is er veel onderzoek uitgevoerd naar het ontwikkelen van 

nieuwe verwerkingsroutes voor UHMW-PE. Zo heeft de uitvinding van gel

technologie door DSM de ontwikkeling van sterke vezels en poreuze films op basis 

van UHMW-PE mogelijk gemaakt. Een andere recente ontwikkeling op dit gebied is 

de produktie van speciale UHMW-PE poeders die verwerkt kunnen worden in de 

vaste fase, de zogenaamde 'nascent' reactorpoeders. Sinteren van dit 'nascent' 

reactorpoeder beneden de smelttemperatuur van PE resulteert in een coherente film 

die direct verstrekt kan worden tot tapes met een hoge sterkte en stijfheid. 

Om het toepassingsgebied van UHMW-PE vezels/tapes te vergroten is onderzocht 

of via chloreren de eigenschappen van UHMW-PE gemodificeerd kunnen worden. 

Beoogd werd om via de introductie van polaire chloorgroepen in de ketens van 

UHMW-PE de hechting op (polaire) rubbers te verbeteren en de kruip in UHMW-PE 

vezels te onderdrukken. Tevens is het chloreren gebruikt als een middel om 

additionele informatie te verkrijgen met betrekking tot de morfologie van 'nascent' 

reactorpoeder. 

Chlorering van UHMW-PE poeder, zowel van de conventionele typen alsook van 

de 'nascent' reactorpoeders, werd uitgevoerd in respectievelijk een roterende 

trommel en in suspensie. Als referentie werd in deze studie ook een standaard HOPE 

poeder meegenomen dat zowel in de roterende trommel als in suspensie en ook in 

oplossing werd gechloreerd. Ten gevolge van de hoge viscositeit in oplossing is 
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chloreren van UHMW-PE in oplossing niet goed uitvoerbaar (hoofdstuk 2). 

Als eerste werd de morfologie van de diverse polyetheentypen bestudeerd. De 

morfologie van de gebruikte UHMW-PE en HDPE poeders kan omschreven worden 

als relatief dicht op elkaar gepakte domeinen die bestaan uit gestapelde of radiaal 

gegroeide gevouwen-keten kristallen (lamellen). In tegenstelling tot het gebruikte 

UHMW-PE en HDPE poeder is het 'nascent' reactorpoeder zeer poreus en bevat het 

kleine kristallieten die niet duidelijk gestapeld zijn. Alle PE poeders worden 

gekenmerkt door een relatief hoge smelttemperatuur, die in het geval van 'nascent' 

reactorpoeder het evenwichtssmeltpunt van PE benadert. Met behulp van elektro

nenmicroscopie en hoge-resolutie SAXS experimenten is aangetoond dat de 

kristallen van het 'nascent' reactorpoeder zeer snel reorganiseren tijdens opwarmen. 

De aanwezigheid van chloorgroepen verhindert deze snelle reorganisatie. Hieruit kan 

geconcludeerd worden dat de kristallijne fase van 'nascent' reactorpoeder bestaat 

uit gevouwen-keten kristallen (lamellen) met beperkte afmetingen in zowel de 

ketenrichting als de laterale richtingen (hoofdstuk 3). 

Ten gevolge van de morfologie van de UHMW-PE poeders is chlorering in de vaste 

fase, hetgeen resulteert in blok-chlorering, meestal niet homogeen. Een uitzondering 

hierop is chlorering van het poreuze 'nascent' reactorpoeder, zoals blijkt uit 

thermische metingen en fractionerings experimenten gebaseerd op respectievelijk 

verschillen in kristalliseerbaarheid (TREF) en/of oplosbaarheid (hoofdstuk 3). Als 

referentiematerialen werden hierbij in oplossing gechloreerde HDPE monsters 

gebruikt waarin de chloorverdeling random en homogeen is. 

De chloorverdeling heeft grote consequenties voor het kristallisatiegedrag van de 

gechloreerde PE monsters. In het geval van de in oplossing gechloreerde HDPE 

referentiemonsters (random chloorverdeling) worden bij kristallisatie de gechloreerde 

segmenten tot ca. 30% in het kristallijne rooster ingebouwd. Bij de poeder

gechloreerde UHMW-PE en HDPE monsters worden, ten gevolge van het meer 

blokachtig karakter van de chloorverdeling op de keten, tijdens kristallisatie vrijwel 

geen gechloreerde sequenties in de kristallijne fase ingebouwd. De chloorverdeling 
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heeft ook invloed op de smeltsamenstelling van gechloreerd PE. In tegenstelling tot 

de homogene smelt van solutie-gechloreerde HOPE monsters blijkt de smelt van 

poeder-gechloreerde HOPE en UHMW-PE monsters met hogere chloorgehalten enige 

structuur te vertonen (hoofdstuk 4). 

Verstrekte tapes van zowel de in oplossing gechloreerde als de poeder

gechloreerde HOPE referentiemonsters laten, bij een vergelijkbare verstrekgraad, een 

verbetering in kruipeigenschappen zien ten opzichte van puur HOPE. Aangezien de 

universele E-Modulus (stijfheid) vs. Lambda (verstrekgraad) curve geldt voor zowel 

puur HOPE als gechloreerd HOPE, betekent dit dat bij een vergelijkbare E-modulus 

de aanwezigheid van chloorsegmenten de kruip verbetert. Echter, de maximale 

verstrekbaarheid neemt af bij toenemend chloorgehalte. Voor verstrekte vezels/films 

van de gechloreerde UHMW-PE monsters wordt, bij een vergelijkbare verstrekgraad, 

een lagere stijfheid gevonden dan voor puur UHMW-PE. Wel vertonen ook de 

gechloreerde UHMW-PE monsters bij een vergelijkbare verstrekgraad een lager 

kruipniveau dan de pure UHMW-PE monsters (hoofdstuk 5). 

Met betrekking tot de hechting van UHMW-PE aan Nitril-Butadieen-Rubber (NBR) 

is aangetoond dat een zeer hoge hechtsterkte, in de orde van de breuksterkte van 

de rubber, verkregen kan worden via een UHMW-PE/CPE/NBR laminaat. De CPE laag 

bestaat hierbij uit een via geltechnologie verkregen film van gechloreerd UHMW-PE 

met een chloorgehalte van slechts 6 gewichts% Cl. Na verlaging van het 

chloorgehalte in de CPE laag, door mengen van poeder-gechloreerd UHMW-PE met 

een chloorgehalte van ten minste 6 gewichts% Cl met UHMW-PE tot ongeveer 1.5 

gewichts% Cl, blijft het hoge hechtniveau gehandhaafd. Dit geeft aan dat niet het 

totale chloorgehalte, maar het lokale chloorgehalte in de gechloreerdePEblokken de 

hechtsterkte bepaalt (hoofdstuk 6). 

Samenvattend kan geconcludeerd worden dat chloreren van PE een zeer efficiënte 

methode is om de kruip- en hechtingseigenschappen van UHMW-PE films en vezels 

te verbeteren en dat chloreren gebruikt kan worden als techniek om informatie te 

verkrijgen over de morfologie van PE-poeders. 



138 



139 

Nawoord 

De directie van DSM Research ben ik erkentelijk voor de gelegenheid die ze mij 
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geleverd bij het tot stand komen van dit proefschrift, in woord en/ of daad, met een 

luisterend oor of door zijn of haar collegialiteit, zeg ik: BEDANKT! 

Speciaal wil ik Christel van Heist en May Slapak bedanken die tijdens hun 

afstudeerperiode een bijdrage hebben geleverd aan het experimentele werk zoals 

dat beschreven staat in dit proefschrift. 

Tenslotte wil ik mijn familie en vrienden bedanken voor hun ondersteuning en 

begrip voor mijn afwezigheid op feesten en partijen. 
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Chlorination of Ultrahigh Molecular Weight Polyethylene 
chlorine distribution and effects on morphology and material properties 

van 

Rieky Steenbakkers-Menting 

De hechtsterkte tussen de lagen in een polyetheen I gechloreerd polyetheen 

I nitril butadiëen rubber (PEICPEINBR) laminaat wordt niet bepaald door het 

totale maar door het lokale chloorgehalte in de CPE laag, waardoor al met 

een zeer laag percentage chloor de hechting van PE aan NBR sterk verbeterd 

kan worden. 

H.N.A.M. Steenbakkers, P.E.L. Voets, NLA9102149, DSM N.V. (1991) 

H.N.A.M. Steenbakkers-Menting, P.E.L. Voetsen P.J. Lemstra, J. Adhesion Sci. Techno/., 

9, 889 (1995) 

Dit proefschrift: Hoofdstuk 6 

2 In gechloreerd polyetheen worden tijdens de kristallisatie statistisch 

verdeelde gechloreerde segmenten (zoals aanwezig in random gechloreerd 

PEl tot een bepaald percentage in de kristallijne fase ingebouwd, terwijl 

gegroepeerde gechloreerde segmenten (zoals aanwezig in blok gechloreerd 

PE met een relatief hoog chloorgehalte) voornamelijk uit de kristallijne fase 

geweerd worden. 

Dit proefschrift: Hoofdstuk 4 

3 Bij de interpretatie van Temperature Rising Elution Fractionation resultaten 

van polyetheen moet rekening gehouden worden met het relatief slecht 

scheidend vermogen van deze techniek voor mengsels van lineair polyetheen 

en zeer laag vertakt polyetheen. 

Dit proefschrift: Appendix 3 



4 De performance van een analyse-afdeling, die sterk afhankelijk is van de 
aanwezigheid van kundig en vooral ervaren personeel, speelt een kritische 
rol in de kwaliteit van een onderzoek of project. Bij het gebruik van analyse
afdelingen als kweekvijver voor managers, waarbij het personeel regelmatig 

van functie verandert, zou dus een kritische kanttekening geplaatst moeten 
worden. 

5 Intrinsiek geleidende polymeren zijn al bijna 20 jaar veelbelovende materialen. 

6 Uit het oogpunt van hygiëne zouden kunststof diepvries/magnetron dozen 
permanent antistatisch moeten zijn. 

7 Zonder chemie is de aarde dood. 

8 In het kader van emancipatie zou naar goed Duits gebruik de man van een 
vrouwelijke doctor zich 'Herr Doktor' moeten kunnen noemen. 

9 Voor velen is promoveren een droom. Dat klopt: nachtmerries zijn ook 

dromen. 

Eindhoven, 18 december 1995 




