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ABSTRACT 

The long-term performance of stabilized polyolefins in different environments was 
studied with focus on antioxidant consumption and migration. Plaques of linear 
polyethylene (LPE) and branched polyethylene (BPE) were stabilized with Santonox® R 
(4,4'-Thiobis(6-tert-butyl-3-methylphenol)), Irganox® 1081 (2,2’-Thiobis(4-methyl-6-tert-
butylphenol)), or Lowinox® 22M46 (2,2’-Methylenebis(6-tert-butyl-4-methylphenol)). 
The samples were aged in water and nitrogen at 75, 90 and 95°C. Antioxidant 
concentration profiles were obtained by oxidation induction time (OIT) measurements 
using differential scanning calorimetry (DSC). The very flat antioxidant concentration 
profiles of the plaques exposed to non-aqueous media indicated that the migration of 
antioxidant to the surrounding medium was controlled by the low evaporation rate at the 
sample boundary. The samples of BPE and Santonox R were also exposed to air and 
water saturated with air. The similarity of the antioxidant concentration profiles of 
Santonox R obtained after ageing in air and nitrogen suggested that the fraction of 
antioxidant oxidized is negligible in comparison with the loss of antioxidant by migration 
to the surrounding media. The loss of Santonox R in samples exposed to water saturated 
with air was faster than for the samples exposed to oxygen-free water. This was due to 
increased mass transport of the antioxidant from the polymer phase boundary to the water 
phase when oxygen was present. An unexpected higher migration rate from LPE than 
from BPE was proposed to be due to the low boundary loss rate in BPE, caused by the 
presence of a thin liquid-like (oligomeric) surface layer developed during ageing. A 
quantitative relationship was found between the boundary loss rate to water and the 
polarity of antioxidants. The antioxidant diffusivities were approximately equal in LPE 
and BPE, indicating that the constraining effect of the crystals on the non-crystalline 
fraction did not affect the antioxidant molecules. Results obtained by liquid 
chromatography of extracts confirmed that the gradual decrease in OIT with increasing 
ageing time was due to migration of antioxidant to the surrounding medium. Pipes of 
high-density polyethylene stabilized with hindered phenols and phosphites were exposed 
to chlorinated water at elevated temperatures. OIT showed that the stabilizing system was 
rapidly chemically consumed by the action of chlorinated water. Size exclusion 
chromatography and DSC showed extensive polymer degradation strictly confined to the 
immediate surface of the unprotected inner wall material and to the amorphous phase of 
the semicrystalline polymer. The rate of growth of the layer of highly degraded polymer 
was constant. Pipes of isotactic polybutene-1 were pressure-tested in chlorinated water at 
a controlled pH, and the lifetime was assessed as a function of temperature and chlorine 
content. The lifetime shortening in chlorinated water was significant even at relatively 
low chlorine contents, 0.5 ppm. A further increase of chlorine content led to only a 
moderate shortening of the lifetime. The temperature dependence of the lifetime data 
obeyed the Arrhenius law. The decrease of the antioxidant concentration was independent 
of the chlorine concentration in the range of 0.5-1.5 ppm. The time to reach depletion of 
the antioxidant system could be predicted by linear extrapolation. 
 
Keywords: polyethylene, polybutylene, HDPE, LLDPE, phenolic antioxidants, oxidation 
induction time(OIT), migration, chlorinated water, pressure testing, lifetime, chemical 
consumption. 



  

SAMMANFATTNING 

Långtidsegenskaper hos stabiliserade polyolefiner i olika omgivningar har studerats med 
fokus på konsumtion och migration av antioxidanter. Plattor av linjär polyeten (LPE) och 
förgrenad polyeten (BPE) stabiliserades med Santonox® R, Irganox® 1081, eller 
Lowinox® 22M46. Proverna åldrades i vatten och kväve vid 75, 90 respektive 95°C. 
Antioxidant koncentrationsprofiler erhölls genom att med termisk analysutrustning, s.k. 
differentiell svepkalorimerti, (DSC) mäta tiden till oxidation”oxidations induktionstid” 
(OIT), vid en temperatur ovan provets smältpunkt, för snittade prover. Platta antioxidant 
koncentrationsprofiler i plattor exponerade mot andra omgivningar än vatten indikerade 
att migrationen av antioxidanter till omgivningen styrdes av en låg evaporations hastighet 
i provytan. Proverna av BPE med Santonox R exponerades även mot luft och vatten 
mättat med luft. Likheterna mellan de antioxidant koncentrationsprofiler av Santonox R i 
BPE som uppnåddes efter åldring i luft respektive kväve indikerar att den del antioxidant 
som oxiderat är försumbar jämfört med den del som försvunnit genom migration till 
omgivningen. Förlusten av Santonox R i prover exponerade mot vatten mättat med luft 
var hastigare än för prover exponerade mot syrefritt vatten. Detta på grund av en ökad 
masstransport av antioxidant från polymerens yta till det omgivande vattnet när syre var 
närvarande. En oväntat högre migrationshastighet från LPE än från BPE observerades. 
Detta föreslås bero på låg ytförlusthastighet av antioxidant genom provytan på grund av 
ett tunt vätskelikt (oligomeriskt) ytlager som bildades under åldringen. Ett kvantitativt 
samband upptäcktes mellan ytförlusthastighet till omgivande vatten och polaritet hos 
antioxidanter. De olika antioxidanternas diffusivitet var ungefär lika i både LPE och BPE. 
Detta indikerar att den hindrande effekten av kristaller på de icke-kristallina delarna inte 
påverkade antioxidantmolekylerna i detta avseende. Resultat uppnådda med hjälp av 
vätskekromatografi (HPLC) av extrakt styrkte att den gradvisa nedgången i OIT med 
ökande åldringstid berodde på migration av antioxidant till omgivningen.  
Rör av högdensitets polyeten stabiliserad med hindrade fenoler och fosfiter exponerades 
för trycksatt klorvatten vid förhöjda temperaturer. OIT visade att antioxidanterna hastigt 
konsumerades kemiskt av klorvattnet. Kromatografimätningar (SEC) och DSC mätningar 
visade på en omfattande nedbrytning av polymeren strikt begränsad till den oskyddade 
innerytan av röret och till den amorfa fasen av den semi-kristallina polymeren. 
Tillväxthastigheten av det kraftigt nedbrutna lagret av polymer var konstant. Rör av 
isotaktisk polybutatien-1 trycktestades i klorvatten vid en kontrollerad pH-nivå och 
livslängd bestämdes genom en funktion av temperatur och klorhalt. Förkortningen av 
livslängd var signifikant även vid låga klorhalter (0.5 ppm). Ytterligare ökning av 
klorhalten innebar endast en måttlig förkortning av livslängden. Livslängdens beroende 
av temperaturen följde ett Arreniussamband. Minskningen av antioxidant koncentration 
var oberoende av klorhalt i spannet 0.5-1-5 ppm. Tiden till total utarmning av antioxidant 
från materialet kunde förutsägas med linjär extrapolation. 
 
. 
 
Nyckelord: polyeten, HDPE, LLDPE, polybutene, antioxidant, Santonox R, Lowinox 
22M46, Irganox 1081, migration, klorerat vatten, trycktest av rör, livslängd. 
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Purpose of the study 

1 

1 PURPOSE OF THE STUDY 
Properties of plastics change with time. Plastics can failure because of ageing. The reason 
for plastic and rubber ageing can be oxygen, sunlight, heat, water or different chemicals. 
To prolong the lifetime of plastic materials, different additives are used. Additives tend to 
migrate from the polymer. They also tend to become chemically consumed. 
 
The aim of this work was to study the long time performance of different polyolefins in 
different environments and applications. 
 
The study was divided into two parts: 
 
In the first part (articles I and II) the migration behaviour of three similar bifunctional 
phenolic antioxidants in two types of polyethylene, in different media, was studied.  
Focus was set in their migration behaviour due to factors such as media, antioxidant 
structure, morphology, and surface properties of the polyethylene. The main inquiries in 
the first part were: 

• How will the migration of certain antioxidants in two grades of 
polyethylene be affected by the surrounding media? 

• Is the chemical consumption of antioxidant of importance? Is the structure 
of similar antioxidants important? 

• How will the morphology of the polyethylene affect the migration of 
antioxidant? 

 
In the second part (articles III and IV) polyolefin, pressurized pipes were exposed to 
chlorinated water at elevated temperatures. The following questions were addressed: 

• How is the plastic material of polyethylene and polybutene-1 pipes 
affected by chlorinated water? 

• How is the effect dependent on the chlorine content of the water? 
• What is the temperature dependence? 
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2 INTRODUCTION 
 
2.1 POLYOLEFINS 

Polyolefins are the volume leaders in industrial polymers [1]. They are based on low-cost 
petrochemicals or natural gas and the required monomers are produced by cracking or 
refining crude oil. The most important monomers are ethylene, propylene, and butadiene 
and the four major polyolefins, polyethylene, polypropylene, polyvinyl chloride, and 
polystyrene are by far the least expensive industrial polymers on the market. 
 
The polyolefins derive their physical properties from the arrangement or the entanglement 
of the atoms in the chain molecules. Branching caused by radical transfer influences the 
physical properties as well as the molecular distribution. 
 
2.1.1 Polyethylene 

Low density polyethylene (LDPE) was first developed in 1942. However, it was not until 
after the end of World War II that an intensive development of polymer technology took 
place. PE, (CH2)n initially was a homopolymer of ethylene, but today most polyethylenes 
are copolymers of ethylene with 1 to 10% of α-olefins, such as 1-butene, 4-
methylepentene, 1-hexene, and 1-octene. The major part of polyethylene (PE) today is 
used in film. Typical applications are food packaging, grocery sacks, stretch wrap films, 
and products for agricultural applications. Other products are blow molded bottles, 
injection molded crates and pails, extruded pipes, rotomolded fuel tanks and insulation for 
wires and cables. PE is a partially amorphous and partially crystalline polymer. Side chain 
branching is the key property factor in controlling the degree of crystallinity. High density 
polyethylene (HDPE) has up to 90% crystallinity, while LDPE exhibits crystallinity lower 
than 50% [1]. The total usage of all the members of the polyethylene family is the greatest 
of all thermoplastics. Most of them are easy to fabricate and have low cost [2]. 
 
Linear polyethylene 

High density polyethylene (HDPE), is produced in molecular weights ranging from 
10,000 to several million, it has high crystallinity. Coming from a low pressure process 
based on special catalysts, (Ti- or Cr-based), HDPE has a linear polymeric chain, 
combined with a higher density and melting point. To fit special applications the molar 
mass distribution can be adjusted by means of catalysts or polymerization technology. 
Increasing the density increases stiffness, tensile strength, hardness, heat and chemical 
resistance, opacity, and barrier properties, but also reduces impact strength and stress-
crack resistance. The usage in contact with food is unrestricted and applications include 
blow moulded products, corrugated pipe and wire and cable insulation [1]. 
 
Branched polyethylene 

Low density polyethylene is manufactured under high pressure and temperature using 
peroxide initiators. The linear low density polyethylene (LLDPE) polymers on the other 
hand, are manufactured under low pressure. They are linear but have a significant number 
of branches introduced by using co-monomers, such as butene-1 or octene-1. The co-
monomer content is about 8 to 10% at a density of 920 g cm-3. The linearity provides 
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strength, while the branching provides toughness. The modulus and ultimate tensile 
properties of LLDPE are significantly improved over branched LDPE. LLDPE has 
penetrated all the non-clarity film markets, except for the shrink film. It is also used for 
grocery bags, heavy-duty shipping sacks, diaper liners, and agricultural films [1]. 
 
2.1.2 Polybutene 

Polybutene-1 (PB-1), was first synthesised in 1954, one year after polypropylene. It took 
another 10 years until Chemische Werke HÜLS, Germany, started the first industrial 
production in 1964. Independently, Mobil Oil in the US developed their own PB-1 
process technology and built a small industry plant in Taft, Louisiana, in 1968. 
 
PB-1, like polyethylene and polypropylene, is a polyolefin or a saturated polymer that is 
expressed as Cn(H2)n. (see Figure 1). PB-1 is obtained by polymerisation of butane-1, 
with a stereo-specific Ziegler-Natta catalyst to create a linear, high molecular weight 
(230,000 to 750,000), isotactic, semi-crystalline polymer. The crystallinity is of about 
50%, its density is 0.915 g cm-3, and the melting point is 125 - 130°C [1]. 

 

Figure 1. Polybutene-1 
 
The polymer crystallizes from the melt in a tetragonal crystalline modification, which 
slowly transforms irreversibly into a stable twined hexagonal crystalline modification. 
 
PB-1 combines the typical properties of conventional polymers with some characteristics 
of technical polymers. It is used as a pure resin or used synergistically as a blend 
component to improve and differentiate the properties of other polyolefins.  
 
When used as a pure resin, PB-1 has excellent creep properties [1], low stiffness, resists 
impact well, also at low temperatures, and it has a good elastic recovery. It has a good 
resistance to acids, bases, detergents, oils, fats, alcohols, ketones, aliphatic hydrocarbons 
and hot polar solutions, including water. PB-1 is on the other hand sensitive to oxidising 
acids, aromatic and chlorinated hydrocarbons.  
 
PB-1 is also used to enhance the properties of polypropylene, polyethylene and 
thermoplastic elastomers, (TPE). In films, PB-1 can improve their sealing performance 
and the ability to peel with controlled force. It will make them softer and more flexible. 
Further it will improve their high temperature strength and elasticity. PB-1 compounded 
TPEs tend to display dramatic improvements in high temperature stiffness.  
 
Because of the good properties of PB-1, its resistance to creep, abrasion, chemicals and 
environmental stress cracking, it is used in pipes for heating and plumbing. Ease of 
installation combined with applicational versatility and a reliable long-term service life 
are factors increasing the appeal of PB-1 piping systems with plumbing and heating 

CH2CH

CH2

n

CH3
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engineers, and architects. In Europe and Asia, PB-1 has been developed over the past 30 
years to be arguably the technically preferred material for hot and cold water plumbing 
and heating piping system. 
 
 
2.2 ANTIOXIDANTS 

In the plastics field, additives are used in a wide range of applications. The many 
excellent properties of plastics and the wide rage of applications can only be achieved by 
using additives. The addition of antioxidants is vital for the production and use of a 
plastic product. 
 
Antioxidants interrupt the degradation process in different ways, depending on their 
structure. The two major classifications are chain terminating primary antioxidants and 
hydroperoxide decomposing secondary antioxidants. Primary antioxidants react rapidly 
with peroxy radicals and are therefore called “radical scavengers”. The majority of 
primary antioxidants for polyolefins are sterically hindered phenols. Secondary 
antioxidants react with hydroperoxides to yield non-radical products and are therefore 
frequently called hydroperoxide decomposers, see Figure 2. Secondary antioxidants are 
particularly useful in synergistic combinations with primary antioxidants. A combination 
of several antioxidants often produces better results than a single system at the same 
concentration [3-6]. Synergistic effects between primary and secondary antioxidants have 
also been improved by the addition of carbon black, giving increased stability of medium 
density polyethylene [7]. 
 
2.2.1 Oxidation of polyolefins 

Virtually all polymeric materials undergo oxidation reactions. Oxidation can occur at 
every stage of the life cycle of a polymer, i.e. during manufacturing and storing of the 
material or during processing and end-use. Typical signs of oxidation of polyolefins can 
be change of appearance and loss of mechanical properties such as elongation, impact 
strength, tensile strength and flexibility. 
 
Organic materials react with molecular oxygen in a process called ”autoxidation”. 
Autoxidation is initiated by heat, light (high-energy radiation), mechanical stress, 
catalysts residues or reaction with impurities to form alkyl radicals (free radicals). The 
free radical can, in turn react, and result in degradation of the polymer, see Figure 2. 
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Figure 2. Degradation and stabilization of polymers, R° stands for alkyl radicals, RO° for alkoxy 
radicals, ROO° for peroxy radicals and ROOH for hydroperoxide 
 
The basic autoxidation scheme (BAS), was developed in the 1940’s to describe the 
oxidation of low molecular weight hydrocarbons [8-11]. It also has been applied in order 
to describe the oxidative degradation of polymers [12-17]. For polymers there are 
additional factors to also consider for the oxidation process, such as restricted mobility of 
the radicals and morphological variations in semicrystalline polymers. 
 
The BAS scheme is divided into three steps: inititation, propagation and termination. 
Initiation as the polymer or the hydroxyperoxides with the addition of energy form 
radicals. The next step is the propagation where a free radical can react with oxygen or a 
peroxyradical can react with another polymer to form other radicals. The last step, the 
termination is when radicals react with each other to form non-reactive products. 
 
2.2.2 Phenolic antioxidants 

Phenolic antioxidants are the most widely used antioxidants for polymers [18, 19]. The 
easily abstractable hydrogen reacts with the free radical to yield inactive products. The 
performance and kinetics of phenolic antioxidants was early summarized by Scott [16]. 
After donating a hydrogen atom, the resulting phenoxyl radical could be delocalized in 
the ring and is also sterically hindered by the side groups in the 2 and 6 positions. The 
radical now becomes very stable and is not able to initiate further oxidation reactions. 
Depending on the R1 and R2 substituents in the hindered phenol in Figure 3, the group 
could be made more or less sterically hindered. Hindered phenols having no H atom 
bonded to the C atom in the 2, 4, and 6 positions in the phenyl group are called fully 
sterically hindered phenols. Such phenols essentially work through a stochiometric 
reaction with peroxyl radicals, as seen in Figure 3. Partially hindered phenols are a good 
choice as they are able to react further and thereby inhibit autoxidation in several steps, of 
which a few can be seen in Figure 3. 
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Figure 3. Reactions of hindered phenols contributing to the inhibition of autoxidation 
 
Multifunctional hindered phenolic antioxidants with two, three, or four hindered phenolic 
functionalities may undergo radical trapping reactions which consume only one 
functionality but retain one or more hindered phenolic functionalities on the same 
molecule which are still capable of stabilizing the polymer. Mixing of several phenolic 
antioxidants may give rise to synergistic effects of stabilization [20]. Hindered phenols 
are effective at very low dosages (0.01-0.1%) [21, 22]. Adding an excessive amount of 
antioxidant may cause blooming and internal precipitation if the solubility is low [23-26]. 
 
2.2.3 Organic phosphites 

Organic phosphites and phosphonites are used on a large scale in the stabilization of 
polymers against oxidative degradation during processing and long-term application [19, 
27]. By decomposing the hydroperoxide, the formation of radicals can be suppressed. The 
principal reaction of hindered organic phosphites can be seen in reaction 1. 
 
P(OAr)3 + ROOH → O = P(OAr)3 + ROH  (1) 
   
The hydroperoxides react with the phosphite forming the corresponding alcohol, as the 
phosphite oxidises to the corresponding phosphate. The aromatic phosphites can also 
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contribute to the preservation of the hindered phenol. They can coordinate with transition 
metal residues, react with unsaturated vinyl groups in the polymer and prevent 
discoloration by reacting with coloured conversion products of the hindered phenol [27-
30]. An LDPE material withTiO2-pigments was compared with and without Santonox R, 
a pronounced yellowing was found for the antioxidant-containing material [31]. 
 
 
2.3 DIFFUSION 

The second law of thermodynamics states that all possible processes in a closed system 
give rise to an entropy increase or that the entropy remains unchanged in the system. 
Random thermally induced motions of the particles in a system tend to distribute the 
particles corresponding to maximum entropy. This entropy driven process is called 
diffusion and in general diffusion give rise to smeared-out particle distributions. 
 
Consider a container of gas containing two different types of molecules A and B. At time 
zero all A molecules are in the left part of the container and all B molecules are in the 
right part, as shown in Figure 4a. 
 

 

 
In this initial instant there is no mixing between A and B. As time passes the thermal 
motions of A and B be will give rise to a mixing between A and B (Figure 4b). The 
mixing of A and B is complete (Figure 4c) in this example, when both A and B are evenly 
distributed in the container. Thus the distributions of A and B have been smeared out 
compared to the initial distributions due to diffusion of A and B respectively. Also, the 
situation with the A and B mixed corresponds to a higher entropy (degree of disorder) 
than the A and B separated. This is because the mixed state corresponds to a larger 
number of different individual configurations of A and B than in the case where A and B 
were separated. 
 
Diffusion in general and thus also the diffusion of A and B in the example above can be 
quantified by considering the rate of transfer per unit area of a section. Fick's (first) law 
[32] states that this rate F (length2time-1) in an isotropic medium is proportional to the 
concentration C (length-3) gradient with respect to a space coordinate x (length) normal to 
the section according to the formula below. 
 

Figure 4. Diffusion of molecules A:● and molecules B:○ a) at initial time zero b) 
mixing of A and B c) A and B are evenly distributed. 

a) b) c)
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Where D (length2time-1) is the diffusion coefficient (denotes the diffusivity). In general 
the diffusion coefficient is dependent on temperature (thermal motions) but it may also be 
dependent on other parameters. The negative sign in the expression implies a transfer of 
the diffusing substance from regions of higher concentrations to regions of lower 
concentrations. 
 
From Fick's law the diffusion equation (sometimes referred to as Fick’s second law) can 
be derived[32]. The diffusion equation is a parabolic partial differential equation that 
describes the concentration of a diffusing substance as a function of space and time. 
Below the diffusion equation is presented for a one-dimensional diffusion, i.e. there exists 
only a concentration gradient with respect to x.  
 

2

2

x
CD

t
C

∂
∂

=
∂
∂  

 
Where t is the time. Analytical solutions of the diffusion equation can be derived for 
various situations (different geometries, boundary conditions, initial conditions etc.) of 
reasonable complexity. In situations where not reasonable analytical solutions can be 
derived numerical methods may be deployed. 
 
The present work involves exclusively concentration profiles in samples with geometries 
corresponding to a plane sheet. In order to solve the diffusion equation a boundary 
condition and an initial condition have to be formulated. The boundary condition can be 
considered as a physical model of the transfer of the diffusing substance through the 
surface of a sample. The boundary condition below may be reasonable if the rate of 
transfer through the surface is governed by the following kind of process (or processes). 
A process that in some sense (evaporation, chemical reaction etc.) consumes the diffusing 
substance at the surface at a rate proportional (constant of proportionality F0 ) to the 
amount of diffusing substance available at the surface (Cs).  
 

sCF
x
CD 0=

∂
∂

−  

 
In the present work diffusion profiles in plane sheets have been calculated deploying the 
above boundary condition. If the initial condition corresponds to a constant concentration 
in the sample and the diffusion coefficient is dependent on temperature only (which is the 
case in this work) an analytical solution exists for a plane sheet given the above boundary 
condition. In the present work though, the initial conditions consist of experimental 
profiles that are more complex than what is analytically tractable. Therefore numerical 
calculations have been deployed. In general there exist several different numerical 
methods that can be deployed for solving partial differential equations, all with their own 
pros and cons. In the present work the Crank-Nicholson implicit finite difference method 
has been deployed. The choice of method is partly dependent on the available experience 
and computer programs at the research group. This method is not the only reliable method 
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that solves the problem. Some other variant of finite difference methods could have been 
used as well as finite element methods. 
 
 
2.4 ASSESSMENT OF ANTIOXIDANT CONCENTRATION 

In this study, the assessment of antioxidant concentration in a polymer matrix is a vital 
part. The non-destructive testing method of infrared spectroscopy has been tested, but in 
our case the draw back of this method has been the low concentration of antioxidant, i.e. 
0.1 wt%. The detection limit is well above the low concentration of antioxidant present. 
 
Other techniques are thermal analysis by differential scanning calorimetry (DSC) and 
analysis of extracted antioxidant by high performance liquid chromatography (HPLC). 
 
2.4.1 Differential scanning calorimetry 

Oxidation induction time (OIT) as measured by DSC is a well established method of 
assessment of antioxidant concentration [33-38]. The method is relatively accurate and 
fast. It has been shown that the OIT exhibits an Arrhenius temperature dependence and 
that there is a linear relationship between OIT and the content of active amount of 
antioxidant. OIT is determined as the time associated with the onset of an exothermal 
reaction under isothermal conditions in oxygen atmosphere. For antioxidants with several 
active functionalities, multifunctional antioxidants, the OIT method is sensitive also for 
molecules of which one functionality already has reacted. 
 
2.4.2 High performance liquid chromatography 

High performance liquid chromatography (HPLC) is one mode of chromatography. 
Chromatographic processes can be defined as separation techniques involving mass-
transfer between stationary and mobile phases. HPLC utilizes a liquid mobile phase to 
separate the components of a mixture. These components, or analytes, are first dissolved 
in a solvent, and then forced to flow through a chromatographic column under high 
pressure. In the column, the mixtures resolve into its components. The degree of 
resolution is dependent on the extent of interaction between the solute components and 
the stationary phase. HPLC acquires a high degree of versatility and it has the ability to 
easily separate a wide variety of chemical mixtures [39]. However, it has been reported 
that with multifunctional antioxidants, only that part is detected, where none of the active 
groups has reacted. This fact has to be considered. In other words, if only one group of 
the antioxidant molecule has reacted, the molecule will no longer be detected by the 
HPLC, although the remaining stabilization groups on the antioxidant are still active [40]. 
HPLC have though been used to study degradation products formed in as hostile 
environments as chlorine [41]. 
 
To be able to assess the antioxidant concentration of polymer samples, the remaining 
antioxidant needs to be extracted from the polymer matrix. For this purpose, a well- 
known technique is the Soxhlet extraction technique. It consists of a repeated distillation 
process and the solid phase is extracted repeatedly at the boiling point of the solvent. 
Soxhlet extraction is the most conventional method for extracting additives from a solid 
phase[42]. The Soxhlet technique has some limitations, it is a very time-consuming 
process for extraction of antioxidant from the polymer (6 to 48 h). The extraction may not 
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be fully completed even after very long extraction times [43], as the temperature of the 
extraction is limited to the boiling point of the solvent. It also consumes large volumes of 
toxic solvents. After the extraction the sample also need to be concentrated [44]. It was 
also found that the analytes were degraded during the Soxhlet extraction of hydrocarbon 
compounds [43]. In many studies, Soxhlet extraction is used as a reference to evaluate 
other extraction techniques[45]. 
 
Microwave assisted extraction (MAE) is an extraction technique which is fast [46, 47] 
with reduced solvent volumes. It further has a high recovery rate [43]. It allows extraction 
at temperatures above the boiling point of the solvent as it can be performed at high 
pressure. In this method, sample and solvent is heated by means of microwave energy. 
Several samples can be extracted simultaneously. Extraction by MEA of hydrocarbons 
from marine sediments were compared with Soxhlet extraction to find acceptable results 
[48]. Extraction of hindered phenol, and hindered amine stabilizers from silicone rubber 
have been successfully performed with following HPLC analysis [49]. Extraction of 
phenolic antioxidants from polyolefins has been successfully performed using MAE with 
HPLC analysis [50, 51]. Extraction of oxidation products however, from HDPE/PP 
samples has been performed with a somewhat better extraction result using ultrasonic 
bath [52, 53]. 
 
 
2.5 PIPE TESTING WITH CHLORINATED WATER 

Chlorine is added to water as a disinfectant. Depending on the quality of the water, 
different amount of chlorine is added. In cold countries, the concentration of chlorine 
used for water treatment is low, but in hot-weather countries the concentrations of 
chlorine is much higher [54]. In USA and Japan, the content of chlorine in the tap water 
can be as high as >1 ppm. Most materials age rapidly in chlorinated environments. Even a 
material as resistant as polyethylene is being affected. In Japan, a problem arouse as dark-
coloured particles were found in tap water transported through polyethylene tubings [55]. 
Field experience and pressure testing have shown that chlorinated water causes early 
brittle failures in polyethylene pipes [55-57].  
 
2.5.1 Chlorinated water 

Chlorine is a member of the halogen (salt-forming) group VII elements. It is obtained 
from chlorides by the action of oxidizing agents and more often by electrolysis [58]. The 
group VII elements have high elecronegativities, small atomic radii and high electron 
affinities. Their atoms need only one more electron to reach the noble gas configuration. 
To complete the octet of electrons in the valence shell they combine to form diatomic 
molecules, Cl2 [59]. The pale yellow green gas reacts directly with nearly all the elements 
with the exception of carbon, nitrogen, oxygen, and the noble gases. It is a strong 
oxidizing agent and oxidizes metals to high oxidation states. Chlorine is used in a number 
of industrial processes, including the manufacture of plastics, solvents and organic 
chemicals in general. Chlorine is used as a bleaching agent in the paper industry but it is 
as a disinfectant in water treatment it has made a large-scale community living possible 
by minimizing the growth of bacteria and algae [59].  
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It is recognized that environments such as chlorine can reduce the lifetime of polyolefin 
pipes by extraction and/or consumption of the antioxidants added to the pipe due to 
subsequent environmental stress cracking [54]. Other methods are developed to suppress 
the levels of bacteria and algae in water. These include the use of UV light and ozone but 
these methods are not as effective as chlorine. Therefore, there are no real alternatives to 
chlorine in this respect.  
 
2.5.2 Pipe testing 

The lifetime of plastic pipes used for distribution of hot-water, gas and industrial 
chemicals has been investigated at Bodycote Polymer (former Studsvik Polymer) since 
1973 [60]. Extensive work has been done on evaluating the lifetime of pressurized hot-
water exposed pipe specimens [55, 60-71]. 
 
In Japan, it was investigated how residual chlorine in potable hot water influence the 
durability of cross-linked polyethylene and polybutene pipes. The study was made to find 
and verify proper testing procedures and evaluation method to estimate service lives of 
plastic pipes under different concentrations of residual chlorine. It was shown that the 
lifetime decrease with increasing concentration of residual chlorine [72]. Another group 
made a study in order to investigate the long-term durability of cross-linked polyethylene 
tubing used in chlorinated hot water systems, and to better understand the degradation of 
the tubing. The result was that flow-through systems, which continuously replenish the 
chlorine, give significantly shorter times to failure than re-circulating systems without 
added chlorine [54]. The surface embrittlement of polyacetals in chlorinated water was 
investigated by performing melt rheology on the surface layer and it was concluded that 
degradation occurred during exposure to aqueous environments with different chlorinated 
agents [73]. The effect of chlorine on polyethylene was investigated and it was concluded 
that chlorine does oxidise the polymer, leading to chain scission, reduced molecular 
weight and loss of strength and ductility and that the CLO- radical appears to be 
responsible for chain scission [57]. 
 
Ifwarson and Aoyama presented experimental data for three Japanese polyolefin pipe 
grades exposed to chlorinated water and compared the results with hydrostatic pressure 
tests using 0 ppm of chlorine. They concluded that the lifetime was significantly reduced 
when the polyolefin pipes were exposed to chlorine at elevated temperatures and that an 
exposure led to a reduction of the pipe wall thickness of 5- 50 % [55]. The testing of 
pressurized pipe specimens exposed to circulating chlorinated water at elevated 
temperatures has been performed by Bodycote Polymer AB at the testing laboratory at 
Studsvik, Nyköping, Sweden. (www.bodycotepolymer.com). 
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The chlorine circulation loop at Bodycote Polymer can be seen in a schematic figure, 
Figure 5. The water is brought from the chlorine dosage unit with a definite chlorine 
concentration and is then heated to the testing temperature. After pressure testing, it is 
brought back to the dosage unit and the concentration of chlorine is measured before 
entering the dosage unit. The chlorine dosage unit makes sure the concentration of 
chlorine is not replenished. Due to the circulation pump, a small cycling of the pressure is 
obtained. The components in the loop are made of inert materials like titanium, PVDF 
and PTFE, to with stand the aggressive environment. 
 
 
 

Figure 5. Chlorine circulation loop. 
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3 EXPERIMENTAL; PAPER I AND II 
 
3.1 MATERIALS 

The antioxidant, Santonox® R (4,4'-Thiobis(6-tert-butyl-3-methylphenol)), with a 
meltingpoint of 150°C, was kindly supplied by Monsanto Inc., USA. The antioxidant 
Lowinox® 22M46 (2,2’-Methylenebis(6-tert-butyl-4-methylphenol)), melting point 127-
129°C, was kindly supplied by Great Lakes Chemical Corporation, UK, and Irganox® 
1081 (2,2’-Thiobis(4-methyl-6-tert-butylphenol)), with a meltingpoint of 81-86°C was 
kindly supplied by Ciba Specialty Chemicals Inc. The antioxidants are represented in 
Figure 6. 
 

 

S

OH OH  OH OH

 

S OHHO
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c) 

 
Figure 6. a) Irganox®1081; b) Lowinox®22M46; c ) Santonox®R. 

 
The two types of unstabilized polyethylene were obtained from Borealis AB. The low 
density polyethylene was a linear low density (LLDPE) polyethylene (in paper II referred 
to as BPE, branched polyethylene), grade code BCM 1912, of a density of 919 kg/m3 with 
a melt flow rate index (MFR2) of 1.2 g/10 min (190°C, ISO 1133). The high-density 
polyethylene (HDPE), BCL 6212 (in paper II referred to as LPE, linear polyethylene), has 
a density of 962 kg/m3 and a MFR2 of 1.2 g/10 min. The mass crystallinity and the 
melting peak temperature were obtained by differential scanning calorimetry (Mettler-
Toledo 820) on 6.5 ± 0.3 mg samples enclosed in 40 µl aluminium pans with a hole in the 
lid to maintain constant pressure. The heating rate was 10°C min-1. The mass crystallinity 
(wc) was calculated from the area under the melting trace, which gave the heat of melting 
(∆h) normalized with respect to sample mass, according to: 

 

0h
hwc ∆

∆
=  

 
where ∆h0 is the heat of fusion of 100% crystalline polyethylene, 293.1 Jg-1 [74]. The 
BPE melting peak was at 124°C with a crystallinity of 45%. The LPE melting peak was at 
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137°C with a crystallinity of 73%. The molecular weight, Mw, was measured by the 
relative method of using polystyrene as a calibrant with a Polymer Laboratories GPC 220 
by Rapra technologies and set to 103,500 for the BPE and to 66,550 for the LPE as an 
average of two samples. 
 
3.1.1 Sample preparation 

The antioxidant was dissolved in dichloromethane at room temperature and added to the 
polyethylene powder to get an antioxidant concentration of 0.1 wt%. The amount of 
dichloromethane was sufficient as the solvent wet the PE powder thoroughly. The mixture 
of solvent, antioxidant, and PE powder was stirred continuously until the solvent was 
entirely evaporated. The concentration of antioxidant in all powder blends was 0.1 wt%. 
 
The plastic plaques were compression moulded in a Swabenthan polystat 300 S 
compression-moulding equipment at ABB Corporate Research AB. The plaques 
(100x100x2.7 cm) were kept at 140°C for 11 minutes at a pressure from 20 to 70 Pa. 
Thereafter the plaques were cooled down to 30°C during 10 min, still under pressure.  
 
 
3.2 AGEING AND ANALYSIS 

The moulded plaques were cut into samples of 3×9 cm2 (edges were removed from the 
moulded plaque) and kept in glass containers in temperature-calibrated Memmert 
ULE600 ovens equipped with a fan. The temperature at all specimen positions was within 
0.5°C from the aimed temperature. The specimens were aged at 75, 90 and 95°C. 
 
Anaerobic aging was performed using two conditions: nitrogen gas or water with a 
constant flow of nitrogen gas (45±5 ml min-1) in the glass containers. The oxygen content 
of the flushing nitrogen gas was measured with a PBI-Dansensor to be less than 0.065 
vol.%. The gas coming from gas-tubes outside the oven were led through metal pipes 
going in spirals inside the oven to achieve temperature control of the gas. 
 
Aerobic ageing was performed using two conditions: exposure to air or to water saturated 
with air by a constant flow of air (45±5 ml min-1) from the bottom of the glass containers. 

 
3.2.1 Antioxidant concentration profiles 

Three cylindrical pieces were needed from the aged plaques to get enough sample-mass 
for a profile of six different depth positions. Six cylindrical pieces were punched for each 
time to get double samples. The punched cylinders were kept refrigerated (4°C) until 
analysed by differential scanning calorimetry (DSC). Right before analysis, the 
cylindrical pieces were microtomed in a Leica Jung Autocut 2055, into slices of 0.1 and 
0.15 mm. The first slice of the surface, 0.1 mm was called position 1, and next slice of 
0.15 mm was wasted. Another slice of 0.1 mm was called position 2, etc. until position 6 
represented the middle of the cylindrical piece. The 0.1 mm slices were too small a 
sample for analyse by DSC (Mettler Toledo DSC820), therefore two more cylindrical 
pieces were needed. The depth of the position was calculated by multiplying the weight 
fraction of each slice times the position of the middle of the slice. Three slices of 0.1 mm 
together weight approximately 5.0 mg. Every sample analysed by DSC had a weight of 
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5.0 ± 1.0 mg. The slices were placed in aluminium crucibles of 40µl. The crucibles were 
closed and three holes of a diameter of 1 mm were punched through the lid. The oxidation 
induction time, OIT, was measured at a constant temperature of 200°C and with an 
oxygen flow of 80 ml/min. The curves were analysed by extrapolating the slope of the 
curve at a deviation of 1 mW from the base line. The OIT was detected at the crossing of 
the extrapolated slope with the baseline. 

 
3.2.2 Extraction 

Samples based on a number of 0.1-0.15 mm thick slices weighing 1.5 g in all was Soxhlet 
extracted for 5 h in 100 ml chloroform. The extraction solutions were filtered through 
0.45 µm PTFE filters before further analysis. 
 
Microwave-assisted extractions were performed in standard vessels with an inner 
diameter of 30 mm using a Microwave Extraction System, model MES-1000 from CEM 
Corporation, with a nominal power of 1 kW. The sample, which consisted of 0.1-0.15 mm 
thick slices weighing totally 100-130 mg, was mixed with 10 ml of acetonitrile and a 
small amount of Irganox 1010, 0.01mg (ml)-1 in the final solution as internal standard. 
The extractions were carried out by heating from 25 to 80°C during 6 min at 0.75 kW 
power, followed by further heating to 100°C during 4 min at 1 kW and finally remaining 
at this temperature for 30 min at 0.9 kW. 

 
3.2.3 High performance liquid chromatography 

Samples were analysed with a Hewlett Packard series 1100 HPLC with a deuterium UV-
detector and a Shimadzu pump LC-10AD. The antioxidant concentration was determined 
by reversed phase HPLC, with acetonitrile-water (95/5) as the mobile phase and a Waters 
Symmetry C18 column (50×390 mm, 5 µm). The concentration of antioxidant was 
determined from the absorption at 220 nm. An injection volume of 10 µl and a flow rate 
of 0.5 ml/min were used. The extraction solutions were filtered through 0.45 µm PTFE 
filters before the analysis. Duplicate measurements were taken for each sample.  
 
The solutions obtained by Soxhlet extraction were analyzed with normal-phase HPLC on 
a Hewlett Packard Chromatograph, HPLC 1090, equipped with a binary pump system, an 
M490 variable wavelength UV detector, a Waters model 990 diode array detector (DAD) 
and a WISP autosampler. The antioxidant concentration was determined on a Supelcosil 
column (4.5 ×150mm, 5 µm) with chloroform at 0.5ml/min as the mobile phase at a 
wavelength of 280 nm. 
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4 EXPERIMENTAL; PAPER III AND IV 

 
4.1 MATERIALS 

High-density polyethylene pipes with an external diameter of 12 mm and a wall thickness 
of 2.7±0.1 mm were extruded. The polymer was stabilised with 0.1 wt.% Irganox® 1010 
and 0.2 wt.% Irgafos® 168 (Ciba Specialty Chemical Inc., Switzerland). Ciba Specialty 
Chemicals Inc., Switzerland carried out the compounding and the extrusion of pipes. The 
molar mass distribution of the polymer used, a ‘PE 100’ grade, was determined by size 
exclusion chromatography to M n = 5600 g mol-1 and M w = 283 000 g mol-1. The 
crystallinity of the material in the pipe wall was determined by differential scanning 
calorimetry to 66±2% uniformly through cross-section except at the outer wall where the 
crystallinity was 58%. 
 
Isotactic polybutene-1 pipe samples with an external diameter of 12 mm and a pipe wall 
thickness of 2 mm were pressure tested. The pipes were based on a pressure-pipe grade 
produced by Mitsui Chemical Inc., Ltd., Japan with the following characteristics: M n = 
13000 g mol-1, M n = 640 000 g mol-1. The melt flow index of the grade was 0.5 g (10 
min)-1 (190°C/2.16 kg). The melting peak temperature was determined at 10°C min-1 scan 
rate (Mettler DSC20), and was found to be 125.0°C (0.05 mm from the inner wall), 
123.1°C (1 mm from the inner wall) and 119.7°C (0.05 mm from the outer wall). The 
mass crystallinity of samples taken at these positions, according to differential scanning 
calorimetry using 125 kJ (kg)-1 [74] as the heat of fusion for 100% crystalline material, 
was 50, 45 and 47%, respectively. 

 
 

4.2 PRESSURE TESTING AND ANALYSIS 

Chlorine is unstable in water and hydrostatic pressure testing with controlled chemical 
conditions can only be performed using a circulation loop. The water was taken from the 
chlorine dosage unit with a well-defined chlorine concentration and was then heated to 
the testing temperature, pressurized and finally brought back to the dosage unit. The 
concentration of chlorine was continuously measured before the water entered the dosage 
unit. The chlorine generation was based on sodium hypochlorite. All components in the 
circulation loop were made of inert materials - titanium, PVDF and PTFE. The pressure 
testing was carried out at 95, 105 and 115°C. The temperature was constant within 1°C. 
The pressure tests were performed with internal water with different chlorine contents: 0, 
0.5, 1.0 and 3.0 ppm. The internal pressure was controlled within 0.03 MPa. The pressure 
tests were performed with the internal water medium at pH=6.1-6.4; some of the tests at 
3.0 ppm chlorine had a pH of 6.1-6.7. The external medium in all tests was air. The flow 
rate in the circulation loop was 0.054 m3 h-1. 
Pressure tests were also performed to supply samples for the assessment of the 
antioxidant concentration through the pipe wall by oxidation induction time 
measurements. Testing was performed at 90°C with 0.5 and 1.0 ppm Cl (pH=6.8±0.1) and 
1.5 ppm Cl (pH=6.5±0.1), at 100°C with 1.5 ppm Cl; (pH=6.5±0.1) and at 110°C with 1.5 
ppm Cl; (pH=6.5±0.1). 
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4.2.1 Antioxidant concentration profiles 

For the samples from the polyethylene pipes, the concentration of effective antioxidant 
was assessed by measuring the oxidation induction time (OIT) in a calibrated Mettler-
Toledo DSC820. Each sample was enclosed in a 40 µl standard aluminium crucible with 
three holes in the cover, heated to the test temperature at a rate of 100°C/min in a nitrogen 
atmosphere at a gas flow rate of 80 ml/min, and allowed to rest for 5 min before the 
atmosphere was switched to pure oxygen, also at a gas flow rate of 80 ml/min. The 
samples were maintained at the constant temperature, and the exothermal heat associated 
with oxidation was recorded. The OIT was determined as the time at the intersection 
between the isothermal baseline and the tangent at 1 mW deviation from the isothermal 
baseline. 
 
Cylindrical pieces with a diameter of 5 mm were punched through the pipe wall at two 
different positions. From each piece, six samples with an approximate thickness of 0.1 
mm and a weight of approximately 1.7 mg were obtained by cutting with a scalpel. The 
test temperature was adjusted from 170°C to 200°C in order to keep the OIT at the 
desired time. All OIT data were finally shifted to a common temperature, 190°C, using 
the Arrhenius equation with an activation energy of 212 kJ mol-1. The activation energy 
was determined by measuring the OIT for samples of a certain antioxidant concentration 
at different temperatures between 180°C and 220°C. 
 
For the samples from the polybutene-1 pipes, the thermal analyses were performed in a 
Mettler TA-3000 system equipped with a DSC 20 standard Cell and a TC10A TA 
processor analysing three to four sections, 0.1 mm thick and 5 mm in diameter with a 
total mass of 5±0.5 mg. The sections were enclosed in aluminium pans encapsulated with 
a lid with three holes to allow transport of oxygen to the sample. The oxidation 
temperature was determined by heating the samples from 20°C to 220°C at a rate of 10°C 
min-1 using oxygen as purge gas. The temperature for the onset of an exothermic reaction 
(Tox) was recorded as the intersection between the scanning base line and the tangent to 
the curve at the point, which deviated 1 mW from the scanning base line. The oxidation 
induction time (OIT) measurements were performed by heating the samples to 200°C at a 
rate of 100°C min-1 in nitrogen atmosphere (flow rate= 50 ml min-1). After reaching the 
end temperature the samples were allowed to rest for two minutes before the atmosphere 
was switched to oxygen at a gas flow rate of 50 ml min-1. The samples were then 
maintained at 200°C and the exothermal heat associated with oxidation was recorded. The 
oxidation induction time was obtained as the intersection between the isothermal base line 
and the tangent to the curve at the point, which deviated 1 mW from the isothermal base 
line. 
 
4.2.2 Assessment of polymer degradation features 

Exposed pipes showed a thin layer of highly degraded material at the inner wall. The 
pipes were notched with a pipe cutter, cooled in liquid nitrogen and then cracked. A 2 mm 
thick cross section was cut from the cracked end of the pipe and examined with a Leitz 
Ortholux POL-BK II optical microscope in the reflected light mode. An average surface 
layer thickness was determined for all the tested pipe specimens. 
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The mass crystallinity and the melting peak temperature were obtained by differential 
scanning calorimetry (Mettler-Toledo 820) on 1.7±0.2 mg samples enclosed in 40 µl 
aluminium pans with covers. The heating rate was 10°C min-1. The mass crystallinity (wc) 
was calculated from the area under the melting trace, which gave the heat of melting (∆h) 
normalized with respect to sample mass, according to formula (1) mentioned above, 
where ∆h0 is the heat of fusion of 100% crystalline polyethylene, 293 J g-1 [74]. 
 
The molar mass distribution was obtained by size exclusion chromatography using a 
Waters 150CV with 1,2-dichlorobenzene as solvent at 140°C. Refractive index and 
differential pressure detectors were used. The eluation volume (time) was converted to 
molar mass by calibration with polystyrene standards and the application of a 
mathematical correction using the universal calibration procedure. RAPRA Technology 
Ltd, UK, carried out the size exclusion chromatography analyses. 
 
The chlorine contents through the cross-section of a few exposed pipes were determined 
by EDS analysis using a JEOL 880 scanning electron microscope equipped with an 
energy dispersive X-ray detector. The specimens were coated with a thin layer of carbon 
before examination in the microscope. 
 
The products formed in the degraded surface layer and in the seemingly intact remaining 
pipe wall were assessed by infrared spectroscopy (Perkin-Elmer Spectrum 2000) in the 
reflection mode using a golden-gate. 
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5 RESULTS AND DISCUSSION 
 
5.1 CHEMICAL CONSUMPTION OF ANTIOXIDANT 

Ageing in non-aqueous media (nitrogen or air) led to practically no reduction in OIT 
(Figure 7). The OIT profiles displayed, represent only half the pipe wall, 1.4 mm out of 
the total 2.8 mm. The same external medium was present on both sides of the plaque 
specimens and the antioxidant profiles were symmetric around the centre of the pipe wall.  
 

Figure 7 Antioxidant profiles of Santonox®R in BPE exposed to a) N2: ○ Unexposed, ● 10848 h at 
75°C, □ 16728 h at 75°C, ■ 7728 h at 90°C,  ∆ 7728 h at 95°C. b) Air: ○ Unexposed, ■ 2304 h at 
75°C, □ 6984 h at 90°C, ● 2304 h at 95°C. 
 
 
The initially curved OIT profile became completely flat after ageing in both media. The 
presence of oxygen in air has no measurable impact on the OIT profiles. With the optical 
microscope, crystals of antioxidant were found on the surface, explaining the high OIT 
values obtained for the surface samples, Figure 8. 
 

 
 

Figure 8 Optical micrograph of the waxy surface on a sample with 
Santonox®R in BPE exposed to N2 at 90°C for 7728 h. Blooming 
antioxidant crystals reflect the light. 

 

a) b)
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Migration of low molar mass species to the surface was also evident for these samples 
from the waxy character of the surface. The surface is becoming waxy after exposure due 
to low molecular weight species migrating from the bulk. 
 
 
5.2 WATER WITH AND WITHOUT OXYGEN 

The antioxidant concentration half-profiles of Santonox®R in BPE as indicated by OIT 
for samples exposed to water saturated by air can be seen in Figure 9. 
 

 a) b)

c) 

 
 

Figure 9 Antioxidant profiles of Santonox®R in BPE exposed to water saturated with air at a) 
75°C: ○ Unexposed, ● 456 h, □ 1104 h. b) 90°C: ○ Unexposed, ● 48 h, □ 120 h, ■ 456 h. c) 
95°C: ○ Unexposed, ● 24 h, □ 72 h, ■ 240 h. 
 
The loss of antioxidant was remarkably fast and the result indicates that the presence of 
oxygen in the water phase facilitates the dissolution of antioxidant. These profiles can be 
compared to those of the same antioxidant in BPE exposed to water saturated with 
nitrogen, Figure 10. The initially curved OIT profile turned more flat after ageing and the 
concentration at the boundary was only 5-15% lower than the concentration at the centre 
of the plaque. The curve shape suggests that the migration of antioxidant to the 
surrounding water was limited by the slow dissolution of the antioxidant in the water. 
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 a) b)

 
Figure 10 Profiles of Santonox®R in BPE exposed to oxygen-free water at a) 75°C: ○ Unexposed, 
● 408 h, □ 1008 h. b) 90°C: ○ Unexposed, ● 240 h, □ 624 h, ■ 984 h, ∆ 1320 h. 

 
The average OIT through the pipe wall as a function of the square root of the exposure 
time after ageing in different media can be seen in Figure 11. Ageing in the non-aqueous 
media led to practically no decrease in OIT and the difference in OIT between anaerobic 
and aerobic ageing is significant. Aqueous ageing on the other hand, resulted in a 
significantly faster decrease in OIT. The fastest decrease in OIT was obtained for samples 
aged in oxygen-containing water. 
 

 
Figure 11 The average OIT values of the antioxidant profiles at different exposure times for 
samples exposed to different media at different temperatures versus the square root of time in 
hours: ● N2 75°C, ▲ N2 90°C, ■ N2 95°C,  air 75°C, � air 90°C,  air 95°C. ○ H2O/N2 75°C, 

 H2O/N2 90°C, □ H2O/N2 95°C,  H2O/air 75°C,  H2O/air 90°C,  H2O/air 95°C. 
 
 
The antioxidant in unexposed stabilized polymer with 0.1 wt.% antioxidant was isolated 
from the polymer using either microwave-assisted extraction (MAE) or Soxhlet 
extraction. The residual antioxidant concentration was determined by HPLC and the 
Soxhlet extraction recovered more antioxidant (0.092 wt.%) than MAE (0.076 wt.%). The 
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small difference between the nominal antioxidant concentration (0.1 wt.%) and the 
antioxidant concentration obtained by HLPC on the Soxhlet extract suggests that a small 
part of the antioxidant was lost during sample preparation (mixing and moulding). HPLC 
on solutions obtained by MAE was used to study the loss of antioxidant from the polymer 
during ageing, despite the fact that the extraction method recovered less antioxidant from 
the polymer than Soxhlet extraction. 
 
Chromatograms of the extraction solutions obtained by MAE of samples from plaques 
aged in oxygen-free water at 90°C are displayed in Figure 12. The peak associated with 
Santonox R decreased gradually with increasing ageing time. There was no trace of 
antioxidant in the sample aged during 5856 hours and, most important, the OIT result for 
the similar sample was 0 min. These data proves that the antioxidant migrated to the 
surrounding medium during this ageing time and that no internal phase separation of the 
antioxidant occurred in the polymer phase according to the Regime A mechanism [75]. 
 

 
Figure 12 HPLC chromatograms of extracted solutions of BPE with Santonox® R a) unexposed 
b) exposed 240 h c) 624 h and d) 5856 h at 90 ºC to oxygen-free water. Peak at 1.3 min: 
Santonox® R and peak at 7.3 min: internal standard, Irganox® 1010. 
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5.3 EXPOSURE TO NITROGEN AND TO WATER SATURATED WITH 
NITROGEN 

Most of the antioxidant concentration profiles are very flat. This indicates that the 
limiting factor for the loss of antioxidant is the rate of antioxidant loss from the polymer 
surface, rather than the diffusion of antioxidant within the polymer bulk. 
 
For the unexposed samples with Irganox® 1081, there is a difference in OIT value for the 
two types of PE. The profiles of BPE shows an OIT nearly half the value of LPE. 
 

 
Figure 13. Oxidation induction time (OIT) profiles of BPE with Irganox 1081 after exposure to a) 
deionised and oxygen-free water at 90°C: ○ unexposed sample,  exposed 83 days,  193 days, 

 244 days. b) to N2 at 90°C: ○ unexposed sample,  exposed 83 days,  97 days,  244 days. 
 
 
There is no change in OIT for the BPE samples exposed to nitrogen, Figure 13b. while it 
is possible to detect a minor change of the profile of antioxidant concentration for the 
BPE exposed to water, Figure 13a. The change is a rather small decrease of antioxidant 
concentration at the surface. In both these cases the very slow migration rate is controlled 
by the boundary loss process and not by diffusion. 
 

 
Figure 14. Oxidation induction time (OIT) profiles of LPE with Irganox 1081 after exposure to a) 
deionised and oxygen-free water at 90°C: ○ unexposed sample,  exposed 98 days,  134 days, 

 203 days,  246 days. b) N2 at 90°C: ○ unexposed sample,  exposed 29 days,  
 57 days,  98 days,  168 days. 

 

b)a) 

a) b)
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The antioxidant decrease is significant for the samples of LPE on the other hand, see 
Figure 14. It is interesting to notice that the loss of Irganox® 1081 is faster for the LPE 
samples exposed to nitrogen than from the LPE samples exposed to water. The OIT 
rofiles were however, very flat also in the case of LPE, indicating that the boundary loss 
process was rate determining in the migration process. 
 

 
Figure 15. Oxidation induction time (OIT) profiles of BPE with Lowinox 22M46 after exposure to 
a) deionised and oxygen-free water at 90°C: ○ unexposed sample,  exposed 97 days,  174 
days,  244 days. b) N2 at 90°C: ○ unexposed sample,  exposed 97 days,  208 days,  318 
days. 
 
The unexposed samples with Lowinox® 22M46 shows a similar OIT value for both 
grades of PE. The concentration of antioxidant decreases noticeably slower in the samples 
of BPE, Figure 15 than in the samples of LPE, Figure 16. This applies for both the 
samples exposed to nitrogen and the samples exposed to water. The loss of antioxidant is 
faster from the samples exposed to water than from the samples exposed to nitrogen. 
Again, the fact that the profiles are very flat indicates that the boundary loss process 
controls the migration. 
 

 
Figure 16. Oxidation induction time (OIT) profiles of LPE with Lowinox 22M46 after exposure to  
a) deionised and oxygen-free water at 90°C: ○ unexposed sample,  exposed 29 days,  

 42 days, ∆ 57 days,  77 days, �134 days. b) N2 at 90°C: ○ unexposed sample,  exposed 21 
days,  77 days,  98 days. 

a) b)

a) b)
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For the samples with Santonox®R in BPE, no loss of antioxidant could be seen for the 
samples exposed to nitrogen, as could be seen in Figure 7. For the samples exposed to 
deionised water, loss of antioxidant could be seen, but with flat profiles, Figure 10. In 
samples with Santonox®R in LPE, on the other hand, there is a loss of antioxidant both 
from samples exposed to nitrogen and samples exposed to water, see Figure 17. 
 

 
Figure 17. Oxidation induction time (OIT) profiles of LPE with Santonox®R after exposure to  
a) deionised and oxygen-free water at 90°C: ○ unexposed sample,  exposed 10 days,  29 days, 

 57 days, ∆ 98 days. b) N2 at 90°C: ○ unexposed sample,  exposed 98 days,  168 days,  
 246 days. 

 
 
The very flat profiles exposed to nitrogen can be compared to the more curved profiles of 
samples exposed to water. It is easy to see that rate of Santonox® R leaving the surface is 
a lot faster from the samples exposed to water. 
 
It is possible that the decrease in OIT was caused by internal precipitation of antioxidant. 
Internal precipitation of Santonox R in polyethylene at temperatures similar to those used 
in this study was reported by Viebke et al. [75]. The initial concentration of antioxidant 
was however significantly higher in the samples studied by Viebke et al than in the 
samples reported here. The antioxidant concentrations in samples showing very low OIT 
were determined by HPLC after MAE. The recovered amount of antioxidant was in all 
cases very low indicating that internal precipitation of antioxidant was unimportant in the 
present cases. 
 
The migration rate data concerned with exposure to nitrogen and water at 90°C are 
presented in Table 1. The migration rate is expressed as the negative value of the slope 
coefficient of the line relating OIT and square root of exposure time. 
  

a) b)
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Table 1. Antioxidant migration rates at 90°C 

Polymer Antioxidant Medium 
Migration rate a 

(min h-1/2) 
LPE Irganox 1081 N2 0.88 
LPE Irganox 1081 H2O 0.50 
LPE Lowinox 22M46 N2 0.96 
LPE Lowinox 22M46 H2O 1.28 
LPE Santonox R N2 0.48 
LPE Santonox R H2O 1.64 
BPE Irganox 1081 N2 0.11 
BPE Irganox 1081 H2O 0.00 
BPE Lowinox 22M46 N2 0.37 
BPE Lowinox 22M46 H2O 0.61 
BPE Santonox R N2 0.00 
BPE Santonox R H2O 1.58 

a In change in OIT (min) per square root of exposure time (h) 
 
The migration was generally faster from LPE than from BPE; the average migration rates 
including all antioxidants and media were 0.96 min h-1 for LPE and 0.45 min h-1 for BPE.  
 
The migration rate was higher in water than in nitrogen; the average migration rates 
including all antioxidants and polymers were 0.94 min h-1 for water and 0.47 min h-1 for 
nitrogen. The migration rate was lowest for Irganox 1081 (average=0.38) and 
significantly higher for both Lowinox 22M46 (average=0.81) and Santonox R 
(average=0.93). 
 
The antioxidants showed also individual variations. Santonox R migrated very slowly to 
nitrogen and much faster to water. Lowinox 22M46 showed a similar but weaker trend 
than Santonox R; faster migration to water than to nitrogen. Irganox 1081 showed a 
similar (for BPE) or slightly faster (for LPE) migration to nitrogen than to water. The 
average OIT followed a linear decreasing trend with respect to the square root of 
exposure time see Figure 18. 
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5.3.1 Dependence on antioxidant structure 

The three antioxidants have essentially the same molecular size and molecular rigidity, 
but different melting points: 150°C (Santonox R), 127-129°C (Lowinox 22M46) and 81-
86°C (Irganox 1081). Hence, the differences in melting point can be related to differences 
in intermolecular energy and effective polarity; Santonox R being the most polar and 
Irganox 1081 being the least polar. This polarity ranking is thus in accordance with the 
migration rate data presented in Table 1: the polar Santonox shows the highest migration 
rate in water, whereas the least polar Irganox 1081 showed the lowest migration rate in 
water. 
 
5.3.2 Dependence on surface characteristics 

The antioxidant diffusivities must be dependent on the polymer structure but that cannot 
explain the observation made that the migration rates were higher in LPE than in BPE. In 
fact, the antioxidant diffusivities were of the same order of magnitude or even lower in 
LPE than in BPE. The reason for the unexpected low antioxidant migration rate from BPE 
must be related to the immediate surface structure of this material. The aged plaques of 
BPE showed even after relatively short exposures a ‘greasy’ surface, i.e. a thin layer of 
amorphous material composed of highly branched oligomeric species. It is known that 
branched polyethylene produced by conventional multi-site catalysts contains a fraction 
of low molar mass species that are highly branched [76]. These species evidently migrates 
to the surface of the BPE plaques. The LPE plaques were ‘dry’ without any sign of 
migration of oligomers. The surface of the aged BPE plaques were studied by reflection 

Figure 18. Relative average OIT of antioxidant concentration profilesof samples exposed to 
90°C. Lines indicates exposure to dionized oxygen free water, dashed lines indicates exposure to 
nitrogen gas. Filled symbols indicates LPE, empty symbols indicates BPE;  Santonox R LPE 
H2O,  Sant LPE N2,  Sant BPE H2O,  Sant BPE N2, ● Lowinox 22M46 LPE H2O, ■ Lowin 
LPE N2, ○ Lowin BPE H2O, □ Lowin BPE N2, � Irganox 1081 LPE H2O, ▲ Irg LPE N2, Irg 
BPE H2O,  Irg BPE N2. 
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IR and XPS; both methods provided no useful information about the antioxidant 
concentration. However, this is not expected on the basis of the OIT data: the antioxidant 
concentration should in any case be smaller than 0.08 wt.%.  
 
We propose that the low migration rate from BPE in a comparison with LPE is due to a 
low boundary loss rate linked to the presence of an oligomeric surface layer. It is still an 
open question if the chemical composition is slightly different in the oligomeric layer 
enhancing the antioxidant solubility or if it is sufficient with just the hydrocarbon 
composition of polyethylene to reduce the transfer rate. 
 
 
5.4 NUMERICAL ANALYSIS OF ANTIOXIDANT CONCENTRATION 

PROFILES 

The diffusivity and the boundary loss kinetics of the antioxidant were estimated by fitting 
profiles to the antioxidant concentration profiles obtained after different times of ageing. 
The fitting was obtained by a successive ovemethod (SOR). A numerical solution was 
used. From the fitting, the antioxidant diffusivity (D), considered as a constant, and the 
boundary loss rate (F0) was obtained. The method is described in detail in paper I. Figure 
shows the antioxidant concentration profiles together with fitted profiles. The agreement 
between the fitted profiles and the experimental data is good. 
 

 

 
The optimization procedure includes only two profiles at a time, the initial profile and one 
obtained after exposure for a specified period of time. The optimized values for the 
adjustable parameters F0 and D can be seen in Table 2. The variations in these parameters 
were relatively small: F0=2.28±0.28×10-7 cm s-1 (standard deviation); D=4.14±0.91×10-9 
cm2 s-1. 
 
 
 
 
 

Figure 19. Antioxidant concentration half profiles of LPE with Lowinox® 22M46 exposed to 
deionised water at 90°C and fitted half profiles as indicated by lines: ○ Unexposed samples, ● 
exposed for 29 days, □ 42 days, ■ 57 days,   ∆ 77 days, ▲ 134 days. 
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Table 2. . Results of fitting of diffusion / boundary loss equations to OIT profiles for LPE with 
Lowinox® 22M46 exposed to water at 90°C. 

Exposure time 
(days) F0 (cm s-1) a D (cm2 s-1) b F0/D (cm-1) 

29 2.40 10-7 5.22 10-9 46 
42 2.00 10-7 3.70 10-9 54 
57 2.10 10-7 3.82 10-9 55 
77 2.70 10-7 4.91 10-9 55 
134 2.18 10-7 3.03 10-9 72 

a Boundary loss rate coefficient 
b Antioxidant diffusivity 
 
Optimized values for the adjustable parameters for the different cases are presented in 
Table 3. 
 

Polymer Antioxidant Medium/ 
Temp. (°C) F0 (cm s-1) D 

(cm2 s-1) 
F0/D 

(cm-1) 
LPE Irganox® 1081 90/N2 2.1 ×10-7 3.2 ×10-9 67 
LPE Irganox® 1081 95/N2 2.5 ×10-7 3.2 ×10-9 78 
LPE Irganox® 1081 90/H2O 0.7 ×10-7 1.0 ×10-9 67 
LPE Irganox® 1081 95/H2O 2.2 ×10-7 4.3 ×10-9 51 
LPE Lowinox® 22M46 90/N2 2.7 ×10-7 5.5 ×10-9 50 
LPE Lowinox® 22M46 95/N2 4.5 ×10-7 9.4 ×10-9 48 
LPE Lowinox® 22M46 90/H2O 2.3 ×10-7 4.1 ×10-9 56 
LPE Lowinox® 22M46 95/H2O 6.7 ×10-7 14.6 ×10-9 45 
LPE Santonox® R 75/H2O 16 ×10-7 1.9 ×10-9 86 
LPE Santonox® R 90/H2O 59 ×10-7 4–7 ×10-9 80-150 
LPE Santonox® R 95/H2O 60 ×10-7 10 ×10-9 60 
BPE Irganox® 1081 90/N2 0.3 ×10-7 0.6 ×10-9 54 
BPE Irganox® 1081 95/N2 0.8 ×10-7 1.6 ×10-9 50 
BPE Lowinox® 22M46 90/N2 0.5 ×10-7 0.99 ×10-9 54 
BPE Lowinox® 22M46 95/N2 1.3 ×10-7 2.6 ×10-9 50 
BPE Lowinox® 22M46 90/H2O 1.4 ×10-7 2.8 ×10-9 50 
BPE Lowinox® 22M46 95/H2O 1.40 ×10-7 2.8 ×10-9 49 
BPE Santonox® R 75/H2O 11 ×10-7 20 ×10-9 54 
BPE Santonox® R 90/H2O 13 ×10-7 30 ×10-9 51 
BPE Santonox® R 95/H2O 16 ×10-7 35 ×10-9 47 

 

Table 3. Optimized adjustable parameters: boundary loss rate and antioxidant diffusivity 
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Same of the experimental data were not suited for accurate assessment of the adjustable 
parameters. In these cases, most prominently for the plaques aged at 75°C, the OIT 
profiles were very flat. The uncertainty in the determination of the antioxidant diffusivity 
is considerable. The ratio of the antioxidant diffusivities in LPE to those of BPE did not 
deviate too much from zero: DLPE/DBPE=2.6 ± 2.3. The structural similarity of the 
antioxidants studied suggests that the diffusivities of the different antioxidant should be 
relatively equal. The variation in DLPE/DBPE from the minim 0.2-0.3 to the maximum 5 is 
believed to be caused by experimental and analytical errors. The finding that the 
antioxidant diffusivities were similar for LPE and BPE indicates that the constraining 
effect of the crystals on the amorphous phase that was sensed by antioxidant molecules is 
negligible, as discussed in paper II 
 
5.5 ANTIOXIDANT LOSS FROM PE PIPES EXPOSED TO CHLORINATED 

WATER 

The antioxidant concentration profiles as assessed by DSC for a series of PE pipe 
specimens exposed to chlorinated water for different periods of time are shown in Figure 
20. The unexposed pipe showed a flat OIT profile, and the average OIT was 110 min with 
standard deviation of 27 min. There was a slight tendency for an increase in OIT with 
increasing distance (x) from the inner wall: OIT=102.3+6.7x (linear regression). The OIT 
profiles obtained for the exposed pipes were highly skewed with an extensive loss of 
stability towards the inner pipe wall (Figure 20). Skewed OIT profiles have been reported 
by Karlsson et al. [67] for MDPE pipes exposed to internal water and external air, but in 
their particular case it was assigned to a radial variation in the antioxidant diffusivity; the 
diffusivity at the inner wall (wet side) was almost 50 times greater than that at the outer 
wall (dry side) [67]. The OIT profiles of the MDPE pipes however were much less 
skewed than of the pipes exposed to chlorinated water. The shape of these OIT profiles 
suggests that the extensive loss of stabilizer efficiency at the inner wall was primarily due 
to chemical consumption of the antioxidant, as was proposed earlier by Dear and Mason 
[77]. 

 
Figure 20. OIT recorded at 190°C for samples taken from pipes tested at a) 95°C for ○ 0 h, ● 28 
h, □ 250 h, ■ 623 h,  809 h. b) 105°C for ○ 0 h, ● 28 h, ■ 90 h,  197 h, ▲ 438 h with internal 
chlorinated(3 ppm) water as a function of the distance from the inner wall. The continuous lines 
are eye guidelines. 
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The diffusivity of the phenolic antioxidant (Irganox 1010) in the high-density 
polyethylene was calculated based on data reported by Viebke and Gedde [69] and 
Moisan [78] to 5×10-11 cm2 s-1 at 95°C and 1×10-10 cm2 s-1 at 105°C. These values should 
be considered as approximate estimates. OIT profiles assuming exclusive migration loss 
of antioxidant to the surrounding media were obtained by the Regime B model. This 
model, which is described in detail in ref. [79], assumes loss of antioxidant by diffusion 
within the pipe wall and material transport from the pipe boundaries to the surrounding 
media and by chemical reaction. The following parameter values (α is parameter that 
describes the inner wall boundary condition and β describes the outer wall boundary 
condition): λ=1 (constant diffusivity through the pipe wall), α=4×10-7 s-1 (95°C), 10-6 s-1 
(105°C), β=1.2×10-7 cm s-1 (95°C), 1.5×10-7 cm s-1 (105°C) and R=0 (no reaction 
consumption) were used in the modelling. The parameter values used in these calculations 
were taken from Smith et al. [79]. 
 
 

 

 
The predicted OIT profile after 809 h exposure at 95°C is shown in Figure 21. The 
experimental data shown as curve c fall significantly below the calculated profile, which 
suggests that, a significant fraction of antioxidant was chemically consumed. The 
chemical consumption of antioxidant in the exposed pipes was estimated by integrating 
the OIT profiles over the whole pipe wall for unexposed and exposed pipes and for the 
corresponding calculated profiles assuming exclusive diffusion loss of antioxidant. The 
chemical loss of antioxidant over the whole pipe wall amounted to 83% (average value 
valid for both 95 and 105°C) of the total loss of antioxidant. The use of a diffusivity value 
one order of magnitude greater than used in the first calculation, i.e. 5×10-10 cm2 s-1 at 
95°C and 1×10-9 cm2 s-1 at 105°C, resulted in lower relative values for antioxidant loss by 
chemical consumption: 57% (95°C) and 60% (105°C). Lower parameter values for the 

Figure 21. OIT profiles recorded at 190°C for a) unexposed pipe (cubic spline fit to 
experimental data). b) Calculated profile of pipe exposed to 95°C for 809 h using 
the regime B model assuming loss of stabilizer exclusively by migration to the 
surrounding media. The diffusivity of the antioxidant was set to 10-10 cm2s-1. c) Pipe 
profile after exposure at 95°C for 809 h (cubic spline fit of experimental data). 
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antioxidant transport from the polymer to the surrounding media was reported for 
hindered phenols in polyethylene by Viebke and Gedde [69], α=3×10-8 s-1 and β=4×10-8 
cm s-1. Modelling based on these parameter values yielded the following relative values 
for the loss of antioxidant by chemical consumption: 87% (95°C) and 91% (105°C). In 
conclusion, regime B modelling showed that the major part of the antioxidant was 
chemically consumed in the pipes exposed to chlorinated water. The depth of penetration 
of the aggressive species that degrades the stabilizer must be significant, of the order of a 
millimetre, judging from the shapes of the OIT profiles. It is improbable that ions or 
radicals can penetrate to such a depth. Reasonable candidates are instead Cl2, Cl2O and 
ClO2. 
 
5.5.1 Powder layer characteristics 

Figure 22 shows a scanning electron micrograph of the porous layer developing on 
extended exposure. The layer is well defined, with a sharp boundary to the continuous 
material beneath. 
 

 

 
 
The thickness of the porous layer, assessed by optical microscopy, increased at a constant 
rate after an initial incubation period (Figure 23). The temperature dependence of the 
growth rate was assumed to obey the Arrhenius law – although this was admittedly not 
critically tested because data at only two temperatures were included – and from the slope 
coefficient, the activation energy obtained was 100 kJ mol-1. An activation energy of 106 
kJ mol-1 was calculated from the incubation period. 
 

Figure 22. Scanning electron micrograph of the cross-section of 
a pipe pressure tested with internal chlorinated (3 ppm) water at 
105°C for 438 h. Note the layer of porous material at the inner 
wall. 
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Size exclusion chromatography showed that the molar mass decreased from the 
unexposed values, M n = 5600 g mol-1 and M w = 283 000 g mol-1, to M n = 2600 g mol-1 and 
M w = 8300 g mol-1 in the powder layer. The chromatogram of the powder layer samples 
displayed in Figure 24 exhibits three separate peaks at 3000, 7000 and 13000 g mol-1. 
This resembles the chromatograms obtained for polyethylene treated with fuming nitric 
acid [80-82]. The strongly oxidizing species degrades primarily the amorphous polymer 
leaving the crystals intact together with once-, twice- and possibly thrice-folded chains.  
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If we assume that the low molar mass peak is due to extended chains, the calculated 
crystal thickness assuming a 30° tilt angle [83], is 23.6 nm. The melting point (Tm) of a 
crystal of this thickness (Lc) can be calculated from the Thomson-Gibbs equation: 
 

Figure 23. Thickness of the layer of porous material as a function of pressure 
testing time (internal medium: chlorinated (3 ppm) water) at 95°C (µ) and 105°C 
(λ). 

Figure 24. Molar mass distribution of a sample taken from the 
layer of porous material from a pipe exposed to 105°C 
chlorinated (3 ppm) water for 438 h. The arrows indicate peaks 
in the chromatogram. 
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where   Tm

0 = 415 K [84, 85] is the equilibrium melting point, σf= 93 mJ m-2 [85] is the fold 
surface energy , ∆h0= 293 J g-1 [74] and ρc= 996.2 kg m-3 [86] is the density of crystal 
component. The calculated melting point was 403.8 K= 130.6°C, which is almost exactly 
the same as temperature recorded by DSC (130.8°C). 
 
 
5.6 PB-1 PIPES EXPOSED TO CHLORINATED WATER 

Pipe fracture was in all cases initiated at the inner wall and the inner wall material showed 
a large number of surface-cracks, confirming that the inner wall material was degraded 
before the occurrence of fracture. Hence, all the fracture data presented were of stage III 
type, i.e. they were all preceded by chemical degradation generating a brittle surface layer 
at the inner wall from which fracture was initiated. 

 

 
Figure 25a shows the failure time versus hoop stress data for pipes exposed to 0.5 ppm 
chlorine at three different temperatures. A temperature shift factor (log aT) was obtained 
by horizontal shifting of the data points taken at one of the lower temperatures (95 or 
105°C) to the reference temperature (115°C). A method was used that minimized the sum 
of squares difference between the shifted data and the data obtained by linear fitting of all 
data taken at the reference temperature, 115°C. Figure 25b shows the Arrhenius diagram 
of the shift factor (0.5 ppm Cl). The slope corresponded in this particular case to an 
activation energy of 130 kJ mol-1. The corresponding values obtained from the tests 
performed with internal water with concentrations of 1 ppm and 3 ppm chlorine were 
respectively 117 and 168 kJ mol-1. These activation energy estimates were based on 
relatively few experimental data points. It seems to be justified to average the shift factors 
including all the data from the chlorinated water tests, and this yielded a value of 140 kJ 
mol-1. This is higher than the activation energy of 108 kJ mol-1 reported for isotactic 
polybutene-1 pipes exposed to pure water [78, 81]. 
 

Figure 25. a) Log lifetime as a function of hoop stress for pipes tested at 95 (○), 
105 (●) and 115°C (□). Internal medium: circulating water with 0.5 ppm chlorine; 
External medium: air b)The temperature shift function (log aT) as a function of the 
reciprocal temperature for pipes exposed to internal water with 0.5 ppm chlorine; 

External medium:air 

a) b)
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Figure 26 shows the master curves obtained by shifting all the data to 115°C, each group 
of data associated with the results from testing with internal water with a specific chlorine 
content. Pipes exposed to water with the lowest chlorine content (0.5 ppm) had a 
significantly shorter lifetime than the pipes exposed to pure water. A further increase in 
the chlorine content led only to a moderate additional shortening of the lifetime (Figure 
26). The variation in the slopes for the test results obtained with internal water with 
different chlorine contents is not statistically significant due to the relatively low number 
of data points. 
 

 

 
Figure 27 shows the lifetime reduction with respect to the lifetime obtained in pure water 
at 1 MPa hoop stress as a function of chorine content. A relatively moderate chlorine 
content in the water was sufficient to shorten the lifetime.  
 
 

Figure 26. Log lifetime as a function of hoop stress (master 
curves at 115°C) for pipes tested with internal water with the 
following chlorine contents: 0 ppm (○), 0.5 ppm (●), 
1 ppm (□), 3 ppm (■). 

Figure 27. Log lifetime difference at 115°C between pipe 
exposed to water with a certain chlorine content and pipe 
exposed to pure water. 
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Figure 28 shows the lifetime at 1 MPa hoop stress as a function of temperature in an 
Arrhenius diagram. In view of the limited amount of data available, long-range 
extrapolation to lower temperatures is not justified. The lifetime of the specimens exposed 
to chlorinated water is approximately one order of magnitude shorter than that in pure 
water.  
 

 

 
Figure 29 shows the oxidation temperature (reflecting the remaining antioxidant 
concentration) as a function of depth in a series of pipes after failure. The inner 0.5 mm 
layer of these pipes was essentially without protecting antioxidant at the time of failure. 
This confirms the scheme earlier reported for pipes exposed to hot water. i.e. that polymer 
degradation occurs after the d ppm epletion of the stabilizer system [83]. Polymer 
degradation in the case of polyethylene is an immediate surface reaction [74]. The biaxial 

Figure 28. Lifetime (logarithmic time scale) defined as the failure time at 1 
MPa hoop stress as a function of temperature for water eith different 
chlorine contents: 0 ppm (○), 0.5 ppm (□), and 3 ppm (■). The data were 
calculated from the experimental data shifted to 110°C using the 
temperature shift functions expressed as activation energies: 108 kJ mol-1 
(water with 0 ppm chlorine) and 140 kJ mol-1 (water with 0.5 and 3 ppm 
chlorine). 

Figure 29. Oxidation temperature (Tox) as a function of distance from inner 
wall for unexposed pipe (○) and for the following pipe samples after failure: 3 
ppm chlorine at 115°C (●),105°C (■) and 95°C (▲) 1 chlorine at 115°C ( ), 
0.5 ppm chlorine at 115°C (□), 105°C ( ) and 95°C ( ). 
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state of stress acting on the brittle surface layer leads at some stage to the formation of 
surface cracks. The material at the crack tip will then degrade further, provided that the 
antioxidant system has reached depletion. The further crack growth may very well be the 
result of the mechanical stress and the ongoing immediate surface degradation reaction. 
 

 

 
Figure 30 shows that the decrease in the antioxidant concentration at a specified distance 
from the inner wall (x=0.95 mm) was essentially the same independent of chlorine 
content (0.5-1.5 ppm Cl) at 90°C. The difference in pipe lifetime was under these 
conditions small but statistically significant according to the data presented in Figure 26, 
i.e. by a factor of ~1.6. This suggests that the polymer degradation kinetics was more 
affected by the chlorine concentration than the antioxidant consumption. The depletion of 
the antioxidant system (defined at OIT=1 min) at x=0.95 mm occurred after ~17000 h of 
exposure at 90°C and after ~2500 h of exposure at 110°C. The temperature shift factor 
corresponds in this case to an activation energy of 110 kJ mol-1.  
 

 

 

Figure 30. Oxidation induction time (OIT, logarithmic scale) as a function of the 
exposure time for samples taken at x = 0.95 mm from pipes tested at 90°C in 
chlorinated water with the following chlorine contents: 0.5 ppm (○). 1.0 ppm (●) 
and 1.5 ppm ( ). 

Figure 31. Oxidation induction time (OIT, logarithmic scale) as a function of the 
exposure time for samples taken at different distances (x) from the inner pipe wall: 
x=0.05 mm (○), x=0.95 mm (●) and x=1.95 mm ( ). From pipes pressure tested at 
110°C with internal water with 1.5 ppm Cl. 
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Figure 31 shows the decrease in OIT on the exposure to chlorinated water (1.5 ppm Cl) at 
110°C at different positions in the pipe wall. The loss of protecting stabilizer was very 
rapid at the inner wall (<400 h), whereas the centre of the pipe wall was protected for 
2500 h. The temperature dependence of the antioxidant loss at the inner wall position 
(x=0.05mm) followed the Arrhenius equation with an activation energy of ~120 kJ mol-1. 

 

 
A question asked is if OIT data taken after short exposures can be used to predict the time 
at which the antioxidant system is depleted. One possible method would be to calculate 
the antioxidant migration (includes four adjustable parameters) and chemical 
consumption (includes perhaps two or three adjustable parameters) on the basis of 
antioxidant concentration profiles obtained after different exposure times. The large 
number of unknown (adjustable) parameters makes such an approach impractical. At this 
stage an empirical approach based on curve fitting is the only feasible method. Figure 32 
presents OIT – exposure time data (x=0.95 mm; 95°C; 0.5–1.5 ppm Cl) plotted in a log-
lin diagram. The data follow essentially a decreasing linear trend in this diagram. The 
significant scatter in the data after long exposure times, where the OIT data approached 
very low values, is expected. The predicted time corresponding to OIT= 1 min data was 
relatively insensitive to the choice of experimental data used for the extrapolation (Figure 
32, see the inserted figure); the variation was within 5% of the fitted value even when 
using data from the first 5000 h. 
 
 

Figure 32. Oxidation induction time (OIT, logarithmic scale)for samples taken at x=0.95 
mm from pipes pressure tested at 90°C as a function of the exposure time. The data were 
obtained at 0.5, 1.0 and 1.5 ppm Cl. The continuous line is a linear fit (log OIT =k1t+k2, 
where k1 and k2 are the adjustable parameters to be fitted) to the experimental data. The 
insert figure shows the result af extrapolation to OIT=1 min based on data including OIT 
data taken after tmax of exposure time.  
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Table 4. Time for the depletion of the antioxidant system and predicted failure times for 
pipe pressure tested with internal water with 1.5 ppm Cl. 

Temperature 
(°C) 

Distance from 
inner wall (mm) tAO (h) a tf (h) b 

90 0.05 1600-2500 10 000 
90 0.95 15000-17000 10 000 

100 0.05 600-900 3000 
100 0.95 4000-5000 3000 
110 0.05 320-400 1100 
110 0.95 2100-3500 1100 

a Exposure time to reach depletion of the antioxidant system. 
b Failure time at hoop stress= 1 MPa; from data presented in Figure 28. 
 
 
Table 4 presents a comparison between failure time data and data for the times to reach 
depletion of the antioxidant system. The inner wall samples showed antioxidant depletion 
well before failure, whereas failure occurred before the occurrence of antioxidant 
depletion of the middle part (x=0.95 mm) of the pipe wall. Figure 29 indicates that the 
antioxidant depletion frontier had reached a position of 0.5 mm from the inner wall when 
failure occurred. This finding seems to be in reasonable agreement with the OIT data 
presented in Table 1. A suitable method for the prediction of lifetime would thus to 
concentrate the sampling to x=0.5 mm, to record the OIT’s of these samples after 
different periods of exposure and to extrapolate these data to OIT= 1 min. It is very 
possible that different pipe geometries would require sampling at another distance from 
the inner wall to capture the right time. 
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6 CONCLUSIONS 
 
Migration behaviour of three similar bifunctional phenolic antioxidants in two types 
of polyethylene: 
 

• The structure of the antioxidants was similar, still the surrounding media had to be 
taken into account as a factor to influence the migration behaviour. The more 
polar antioxidant showed a faster loss to the surrounding medium in the shape of 
water. Both water saturated with air and water saturated with nitrogen. 

 
• The chemical consumption of antioxidant, whereas the direct presence of oxygen 

as in air is the opposite of inert atmosphere, is not playing a greater part in the 
migration behaviour of antioxidant. The presence of oxygen however, as in water 
saturated with air, compared to water saturated with nitrogen gas, had an impact 
on the migration behaviour with an increase of loss of antioxidant due a higher 
loss rate from the polymer boundary. 

 
• The linear polyethylene (LPE) samples showed in all cases a faster loss of 

antioxidant compared to the branched (BPE) samples. This was at first a 
surprising result to us. The large molecular size of the phenolic antioxidants is 
suggested as a reason. The amorphous area next to the crystal lamellae, the 
interfacial component, is suggested to be more difficult to penetrate for the 
diffusant due to its large size and rigidity. 

 
Polyolefin, pressurized pipes exposed to chlorinated water at elevated temperatures:  
 

• The PE pipes were stabilized with hindered phenols and phosphites. Measurement 
of the oxidation induction time by DSC showed that the stabilizing system was 
rapidly chemically consumed by the action of chlorinated water. Extensive 
polymer degradation was confined strictly to the surface and to the amorphous 
phase of the semicrystalline polymer. The growth of the highly degradated layer 
was constant in time. For the PB-1 pipes, the chlorinated water caused an early 
depletion of the antioxidant system, with polymer degradation at the inner wall 
material and an early pipe failure. 

 
• The reduction in the antioxidant concentration was essentially independent of the 

chlorine concentration in the range 0.5-1.5 ppm Cl. The lifetime shortening in the 
isotactic poly(butene-1) pipes exposed to chlorinated water (0.5-3 ppm) was 
approximately by a factor of ten with respect to that obtained with pure water. The 
lifetime shortening was significant even at low chlorine concentrations (0.5 ppm) 
and a further increase in chlorine content led only to a moderate additional 
decrease of lifetime. 
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