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ABSTRACT 

The increase in service temperature and the use of biobased fuels, such as biodiesel, have 

raised concerns on the short/long-term performance of plastic components used in 

automotive fuel systems.  

In this work the ageing behavior of unreinforced and glass-fibre reinforced polyamide 

12 (PA12), exposed to three different fuels (petroleum diesel, biodiesel, and a mixture of 

these (80/20)) at high temperature, was investigated. The interactions between the polymer 

and the fuel, and the associated polymer ageing mechanisms (fuel uptake, extraction of 

monomer and oligomers, annealing and oxidation), were found to be “generic” in the sense 

that they occurred, although to various extent, for all fuels. In the glass-fibre reinforced 

polyamides, the ageing occurred mainly in the polyamide matrix and not in the matrix-fibre 

interface. The semi-aromatic polyamide showed better performance when exposed to fuels 

than the aliphatic PA12.    

At a component level, multilayer polyamide-based pipes, with polyamide or 

fluoropolymer as inner layer, were aged under “in-vehicle” conditions where the pipes were 

exposed to fuel on the inside and to the air on the outside. All pipes stiffened during ageing 

but embrittlement occurred only for the pipes with polyamide being the inner layer. 

Compared to polyamide, the fluoropolymer inner layer showed significantly better barrier 

properties towards the fuel and no material was extracted into the fuel. The plasticizer loss 

from the PA12 outer layers into air was diffusion controlled and its diffusivity followed a 

linear Arrhenius behavior in the high temperature region. Relationships between plasticizer 

loss and the changes in mechanical properties were established.  

The polyamides experienced diffusion-limited oxidation when exposed to air and/or 

fuel, involving the formation of a thin oxidized surface layer which was responsible for a 

significant decrease in strain-at-break.  

The fracture behavior of PA 6 in air at high temperature, found to involve three distinct 

stages, were systematically studied and linked to underlying mechanisms responsible for 

the reduction in strain-at-break.  

Keywords: Automotive, Ageing, Polyamide, Diesel, Biodiesel, Diffusion, Oxidation, 

Plasticizer migration, Mechanical properties, Fracture behavior. 
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Sammanfattning 

En ökning i servicetemperatur och användning av biobaserade drivmedel, t.ex. biodiesel, 

har väckt frågeställningar om hur detta påverkar egenskaperna på kort och lång sikt hos 

plastkomponenter som används i fordonsbränslesystem.  

I detta arbete har egenskaperna undersökts hos oförstärkt och glasfiberarmerad 

polyamid 12 (PA12), utsatt för tre olika bränslen (petroleumdiesel, biodiesel och en 

blandning av dessa (80/20)) vid hög temperatur. Interaktionen mellan polymeren och 

bränslet och tillhörande åldringsmekanismer hos polymeren (bränsleupptag, extraktion av 

monomer och oligomer, anlöpning och oxidation) befanns vara "generiska" i den mening 

att de inträffade, dock i olika grad, för alla bränslen. För glasfiberarmerad polyamid skedde 

åldrandet huvudsakligen i polyamid-matrisen och inte i gränsskiktet mellan matris och fiber. 

Semi-aromatisk polyamid visade bättre prestanda än alifatisk PA12 när dessa utsattes för 

bränslena.  

På komponentnivå åldrades flerskikts-polyamid-baserade rör, med polyamid eller 

fluorpolymer som inre skikt, under ”fordons-lika förhållanden” med bränsle på insidan och 

luft på utsidan. Alla rör förstyvades under åldrandet men en försprödning inträffade endast 

för rören med polyamid som inre skikt. Jämfört med polyamiden uppvisade det inre skiktet 

av fluorpolymer betydligt bättre barriäregenskaper gentemot bränslet och inget material 

extraherades ut i bränslefasen. Mjukgöraravgången från ytterskikten av PA12 i kontakt med 

luft var diffusionsstyrd och följde ett linjärt Arrhenius-beteende i högtemperatur-området. 

Sambanden mellan mjukgöraravgång och förändringar i de mekaniska egenskaperna 

fastställdes.  

Polyamiderna genomgick diffusionsbegränsad oxidation när de utsattes för luft 

och/eller bränsle, vilket resulterade i bildandet av ett tunt oxiderat ytskikt, vilket i sig bidrog 

till en avsevärd sänkning i brottöjning.  

Brott-beteendet hos PA6 i luft vid hög temperatur studerades systematiskt, vilket ledde 

till att underliggande mekanismer som var ansvariga för minskningen av brottöjningen i tre 

distinkta stadier, kunde tas fram. 

 

Nyckelord: Fordon, Åldrande, Polyamid, Diesel, Biodiesel, Diffusion, Oxidation, 

Mjukgöraravgång, Mekaniska egenskaper, Brottegenskaper  



 

VI 
 

 

LIST OF PAPERS 

This thesis is a summary of the following papers: 

[I]   X.-F. Wei, S. Akhlaghi, K.J. Kallio, S. Bruder, M. Bellander, U.W. Gedde, M.S. 

Hedenqvist, Long-term performance of polyamide-based multilayer (bio) diesel fuel 

lines aged under “in-vehicle” conditions, Polym. Degrad. Stab. 144 (2017) 100-109. 

[II]  X.-F. Wei, K.J. Kallio, S. Bruder, M. Bellander, U.W. Gedde, M.S.Hedenqvist, Long-

term performance of a polyamide-12-based fuel line with a thin poly(ethylene-co-

tetrafluoroethylene) (ETFE) inner layer exposed to bio- and petroleum diesel, Polym. 

Degrad. Stab. 156 (2018) 170-179. 

[III]  X.-F. Wei, L. De Vico, P. Larroche, K.J. Kallio, S. Bruder, M. Bellander, U.W. Gedde, 

M.S. Hedenqvist, Ageing properties and polymer/fuel interactions of polyamide 12 

exposed to (bio) diesel at high temperature, npj Materials Degradation 3(1) (2019) 1. 

[IV]  X.-F. Wei, K.J. Kallio, S. Bruder, M. Bellander, R.T. Olsson, M.S. Hedenqvist, High-

performance glass-fibre reinforced biobased aromatic polyamide in automotive 

biofuel supply systems. Manuscript. 

[V]  X.-F. Wei, E. Linde, M.S. Hedenqvist, Plasticiser loss from plastic or rubber products 

through diffusion and evaporation, npj Materials Degradation 3(1) (2019) 18. (review 

paper) 

[VI]  X.-F. Wei, K.J. Kallio, S. Bruder, M. Bellander, M.S. Hedenqvist, Plasticizer loss in 

a complex system (polyamide 12): Kinetics, prediction and its correlation with 

mechanical properties. Manuscript. 

[VII] X.-F. Wei, K.J. Kallio, S. Bruder, M. Bellander, H.-H. Kausch, U.W. Gedde, M.S. 

Hedenqvist, Diffusion-limited oxidation of polyamide: Three stages of fracture 

behavior, Polym. Degrad. Stab. 154 (2018) 73-83. 

 

 

 

 

 



 

VII 
 

 

 

The author’s contribution to each of the papers was: 

Paper I:    performed all the experimental work (except sample ageing), data analysis and 

manuscript writing.  

Paper II:   performed all the experimental work (except sample ageing), data analysis and 

manuscript writing. 

Paper III:  performed most of the experimental work, data analysis and manuscript writing. 

Paper IV:  performed all the experimental work (except sample ageing), data analysis and 

manuscript writing. 

Paper V:   performed literature review, data collection, modelling and manuscript writing. 

Paper VI:  performed all the experimental work, data analysis and manuscript writing. 
Paper VII:  performed all the experimental work, data analysis and manuscript writing 

 

 

 

Other publications not included in the thesis: 

[VIII] X.-F. Wei, K.J. Kallio, S. Bruder, M. Bellander, U.W. Gedde, M.S. Hedenqvist, 

Degradation of polyoxymethylene copolymer in hydrogenated vegetable oil and 

biodiesel. Manuscript. 

[IX]  X. Ye, K. Junel, M. Gällstedt, M. Langton, X.-F. Wei, C. Lendel, M.S. Hedenqvist, 

Protein/Protein Nanocomposite Based on Whey Protein Nanofibrils in a Whey 

Protein Matrix, ACS Sustainable Chem. Eng. 6(4) (2018) 5462-5469. 

  



 

VIII 
 

Table of Contents 

1. PURPOSE OF THE STUDY ............................................................................................ 1 

2. INTRODUCTION ............................................................................................................ 2 

2.1. Plastics used in automotive fuel systems ............................................................... 2 

2.2. Biodiesel ................................................................................................................. 4 

2.3. Degradation of plastics in automotive fuel systems ............................................... 5 

2.4. Diffusion-limited oxidation (DLO) ........................................................................ 7 

3. EXPERIMENTAL ............................................................................................................ 8 

3.1. Materials ................................................................................................................. 8 

3.1.1. Fuel pipes .................................................................................................... 8 

3.1.2. Dumbbell specimens ................................................................................... 9 

3.1.3. Fuels .......................................................................................................... 10 

3.2. Ageing tests .......................................................................................................... 10 

3.2.1. Key-Life Test (KLT) ................................................................................. 10 

3.2.2. Ageing in autoclaves ................................................................................. 11 

3.2.3. Ageing in sealed glass vials....................................................................... 12 

3.2.4. Ageing in air .............................................................................................. 12 

3.3. Characterizations .................................................................................................. 13 

3.3.1. Thermogravimetry (TG) ............................................................................ 13 

3.3.2. Differential scanning calorimetry (DSC) .................................................. 13 

3.3.3. Dynamic mechanical analysis (DMA) ...................................................... 13 

3.3.4. FTIR/IR imaging ....................................................................................... 14 

3.3.5. Mechanical tests ........................................................................................ 14 

3.3.6. Scanning electron microscopy (SEM) ...................................................... 15 

3.3.7. Modelling .................................................................................................. 15 

4. RESULTS AND DISCUSSION ...................................................................................... 17 

4.1. Ageing in fuels ..................................................................................................... 17 

4.1.1. Fuel uptake ................................................................................................ 17 

4.1.2. Extraction of monomer and oligomers ...................................................... 19 

4.1.3. Plasticizer loss ........................................................................................... 21 

4.1.4. Oxidation of polymers in fuels .................................................................. 23 

4.1.5. Annealing .................................................................................................. 27 

4.1.6. Glass transition temperature ...................................................................... 28 

4.1.7. Mechanical properties ............................................................................... 29 

4.2. Ageing in air ......................................................................................................... 34 

4.2.1. Plasticizer loss ........................................................................................... 34 

4.2.2. Plasticizer-loss master curve ..................................................................... 37 

4.2.3. Glass transition temperature ...................................................................... 39 

4.2.4. Annealing .................................................................................................. 40 

4.2.5. Oxidation ................................................................................................... 41 



 

IX 
 

4.2.6. Mechanical properties ............................................................................... 42 

4.3. Mechanical properties of KLT aged pipes ........................................................... 43 

4.4. DLO-induced fracture behavior ........................................................................... 46 

5. CONCLUSIONS ............................................................................................................ 55 

6. FUTURE WORK ............................................................................................................ 57 

7. ACKNOWLEDGEMENTS ............................................................................................ 58 

8. REFERENCES ............................................................................................................... 59 

 

  



 

X 
 

  



 

1 
 

1. PURPOSE OF THE STUDY 

Plastic components in automotive fuel systems are exposed to elevated 

temperature and fuel, which may lead to deterioration in their performance and then 

serious operational problems. The service temperature in the engine compartment is 

continuously rising due to the reduced space and the use of more powerful engines. A 

higher service temperature poses a risk to the long-term performance of the plastic 

components used in the automobile fuel system. Biodiesel derived from oil crops or 

animal fats has been developed as a promising carbon-neutral alternative to petroleum 

fuels in the transport sector, but the compatibility between biodiesel/petroleum diesel 

and plastic components in automotive fuel systems has not been free from controversy. 

This project aims to:  

I. Understand the underlying ageing mechanisms of plastics when exposed to 

petroleum diesel, biodiesel and their mixture under “in-vehicle” and isothermal 

autoclave conditions. 

II. Reveal the effects of different ageing behavior on the structure and properties 

of unreinforced/reinforced plastics.  

III. Compare the ageing behavior of different plastics under different fuel types to 

collect data for material selection. 

IV. Investigate and predict the plasticizer loss from polyamides fuel pipe in air and 

in fuel and its effects on the mechanical properties 

V. Reveal diffusion-limited oxidation of polyamides in fuel and air and its effects 

on fracture behavior.  
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2. INTRODUCTION  

Global crisis such as global warming, ocean pollution and depletion of fossil fuels 

has significantly aroused the attentions of the whole of human beings to achieve 

sustainable development. In 2015, the United Nations published 17 sustainable 

development goals. Many of the goals have led to the sustainable use/development of 

biofuels to replace conventional fossil fuel. Biofuels such as biodiesel converted from 

biomass, are renewable and show huge potential in the reduction of greenhouse gas 

emissions. However, the further growth of biodiesel use in the transport sector has 

been limited by the compatibility between biodiesel and the plastics used in 

automotive fuel systems [1].  

On the other hand, plastics have been widely used in our daily life. Besides their 

abundant benefits, the use of plastics has also caused considerable pollution on the 

soil and oceans. One way to reduce the amount of plastics use is to extend the service 

lifetime of plastic components in engineering applications such as in automobiles. In 

this context, the ageing behavior of the plastics in the service conditions needs to be 

estimated. 

It is believed that the study of the ageing behavior of plastics exposed to diesel 

and biodiesel in automotive fuel systems will contribute to approach many of the UN 

global goals for sustainable development such as Goal 7 affordable and clean energy 

and Goal 12 responsible consumption and production.  

2.1. Plastics used in automotive fuel systems 

Improving the fuel efficiency of vehicles has always been one of the top priorities 

for the automotive industry in order to meet the economic and environmental concerns 

and thus to promote sustainable development for the whole of society [2, 3]. It has 

been estimated that every 10 % reduction in vehicle weight leads to a 4-8 % reduction 
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in fuel consumption [4]. This fact has led to the extensive use of polymeric 

components in vehicles due to their advantage of low weight, together with low cost 

and design flexibility [5, 6]. Ca. 12 wt.% of a typical vehicle, ca. 120 kg, consists of 

plastics and this proportion is expected to increase continuously as more and more 

functional/high-performance plastics and plastic composites are introduced to replace 

metal components in vehicles [7, 8]. Commonly used plastics in automotive 

applications are polypropylene (PP), polyamides (PAs), polyurethane and 

acrylonitrile-butadiene-styrene (ABS) [7, 9].   

In automotive fuel systems, the most widely used plastics are PAs such as PA12, 

PA6 and PA66, due to their combination of balanced mechanical properties and 

relatively good barrier properties to hydrocarbons [10, 11]. Where mechanical 

flexibility is needed (e.g. in fuel pipes), plasticizers are added to the PAs, and where 

extra stiffness and strength are required, they are reinforced with fibres (e.g. in fuel 

filter housings, fuel sender units and quick connectors). Besides the flexibility, the 

low-temperature impact strength of fuel pipes is also improved by the incorporation 

of plasticizer. The most commonly used plasticizer in PAs is n-butyl 

benzenesulfonamide (BBSA, Fig. 1) [12, 13]. Several types of PA-based fuel pipes 

have been developed with monolayer and multilayer structures for use in fuel systems 

running with diesel. PA-based multilayer fuel pipes, consisting of a barrier layer of 

polymer with good barrier properties such as polyvinylidene fluoride (PVDF) and 

poly(ethylene-co-vinyl alcohol) (EVOH), can reduce fuel emission of the pipe by one 

order of magnitude compared to monolayer PA pipes [14, 15]. In some particular 

applications, semi-aromatic PAs (polyphthalamides, PPAs) are used [16, 17]. 

Compared to common aliphatic PAs, e.g. PA6 and PA12, PPAs possess higher 

melting point, higher glass transition temperature, lower moisture absorption, higher 

mechanical strength, better chemical/abrasion/corrosion resistance and better thermal 

stability [17-20].  
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Fluoropolymers such as poly(ethylene-co-tetrefluoroethylene) (ETFE) are 

increasingly used as fuel-containing material in automotive fuel systems [21]. 

Compared to PAs, fluoropolymers show better barrier properties towards fuels and 

better chemical and thermal resistance [22]. In addition, fluoropolymers inherently 

have good flexibility, so no plasticizer is needed when they are used for fuel pipe 

applications. 

 

Fig. 1. Chemical structure of BBSA 

2.2. Biodiesel  

In recent years, renewable biofuels are increasingly used in the transportation 

sector [23]. Besides being renewable, biofuels show distinct advantages in reducing 

the lifecycle greenhouse gas emissions and increasing national energy security [24, 

25]. The most commonly used biofuels are bioethanol and biodiesel, which are 

alternative fuels for gasoline and diesel, respectively [26, 27]. Biodiesel, produced 

from the transesterification of vegetable oils or animal fats [28, 29], is fully miscible 

with petroleum diesel and can be combusted in the conventional diesel engine without 

any engine modification [23, 30]. Currently, biodiesel is mainly used in a mixture with 

petroleum diesel and in some regions, the biodiesel content in the mixture has reached 

20 vol.% (B20) [31]. Pure biodiesel (B100) is now being used for public transport in 

e.g. city buses [32]. The main feedstock of the biodiesel, depending on regional 

dominating raw crops, is rapeseed oil in Europe but soybean oil in North America 

[33]. The main components of biodiesel are fatty acid methyl esters (FAMEs) with 16 

or 18 carbon atoms (C16 or C18) and 0-3 double bonds in their alkyl chains [24, 34]. 

The predominant FAMEs in most biodiesel types are the methyl esters of palmitic 
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acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), and linolenic 

acid (18:3) (see Fig. 2) [24, 34].  

Biodiesel shows distinctions in physical and chemical properties from petroleum 

diesel due to their difference in components. Biodiesel, with an average carbon 

number of 18, has a larger average molecular size than petroleum diesel which 

contains hydrocarbons with an average carbon number of 12. Due to the presence of 

polar ester groups, biodiesel has a higher polarity than petroleum diesel. In addition, 

biodiesel is susceptible to oxidation due to the presence of unsaturated carbon bonds, 

leading to the formation of species such as carboxylic acids and hydroperoxides [24, 

35-37].  

 

Fig. 2. Structures of fatty acid methyl esters. 

2.3. Degradation of plastics in automotive fuel systems 

The temperature in the fuel system can be increased by up to 150 °C by the heat 

generated from the combustion of fuel in the engine [38, 39]. At these elevated 

temperatures, the polymer components undergo thermal stress and degrade on 

exposure to the fuel. The undesired and irreversible deterioration in the performance 
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of the polymer components may lead to severe operational problems, such as fuel 

leakage, engine knocking and fuel pump failure [1, 23, 40].  

 

Fig. 3. Schematic diagram of the ageing behavior of fuel pipes when exposed to fuel 

on the inside and air on the outside.  

Unlike parts exposed to a single medium, the polymer components such as fuel 

pipes, are in contact with fuel on the inside and with air on the outside, leading to 

different degradation mechanisms and kinetics between inner and outer surfaces 

(illustrated in Fig. 3). This requires a separated study on the ageing behaviour on each 

side. The ageing behavior on the inside includes the exchange of small molecule 

species between the polymer and the fuel such as fuel uptake by the polymer and 

extraction of additives (plasticizers/stabilizers) from the polymer [1, 41-45]. When 

exposed to fuels, polymers can be oxidized due to the presence of oxygen dissolved 

in the fuel [43, 46, 47]. The ageing behavior on the outer surface includes additive 

migration into air and oxidation of the polymer [48, 49]. This “multiple” ageing 

behavior leads to deterioration of the short-term and long-term performance of the 

plastic components to different extents [50-61].    

Recently, concerns about the degradation of polymeric components in 

automotive fuel systems have increased due to both the trend of increased engine 

service temperature and the use of new renewable biofuels such as biodiesel [62-65]. 
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The service temperature in the engine compartment is continuously rising due to the 

reduced space and the use of more powerful engines. On the other hand, when 

switching from petroleum diesel to biodiesel, the degradation of polymeric 

components under new fuels needs to be assessed [62-65].   

2.4. Diffusion-limited oxidation (DLO)  

Oxidation is one of the most common ageing mechanisms of polymers in 

conditions with the presence of oxygen [66-69]. Oxidation, proceeding with a radical 

chain reaction, can lead to colour change and chain scission, which eventually cause 

problems such as embrittlement and surface crazing [68-70]. Oxidation of polymers, 

especially at elevated temperature, is often uneven and limited to a thin surface layer, 

which is referred to as diffusion-limited oxidation (DLO) [71-75]. DLO occurs when 

the oxygen consumption (by oxidation) rate is greater than the oxygen supply rate 

(through diffusion) [68]. Under DLO conditions, the oxygen permeating into the 

polymer from the surrounding phase is primarily consumed in the oxidation of the 

surface layer before reaching the interior of the sample, resulting in surface-dominated 

oxidation [68]. Generally, the degree of DLO depends strongly on temperature and 

the thickness of the sample, becoming more pronounced at higher temperatures and 

greater thickness [76].  

PAs are intrinsically susceptible to oxidation due to the existence of the weak 

carbon-hydrogen bond of the methylene groups next to the nitrogen on PA chains [70]. 

Also, due to the presence of the amide group and hydrogen bonds, PAs are relatively 

good oxygen barriers [77]. As a result, DLO is commonly observed for PAs under 

various service and accelerated ageing conditions [70, 76, 78]. Gijsman et al.[76] 

reported that PA6 shows DLO at a wide range of temperatures (120 – 180 °C). 
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3. EXPERIMENTAL  

This section summaries the main techniques used in this thesis. More detailed 

descriptions of the experiments can be found in the enclosed papers.  

3.1. Materials 

3.1.1. Fuel pipes  

Monolayer PA12 pipes, with an outer diameter of 12 mm and a wall thickness of 

1.5 mm, were supplied by Scania CV AB, Sweden. The pipe contained 6.1 wt.% 

BBSA plasticizer and 0.5 wt.% carbon black. The carbon black is used as a UV 

stabilizer and pigment.  

 

Fig. 4. Layer structures of the PA-based multilayer fuel pipes studied.  

Six types of PA-based multilayer pipes, with an outer diameter of 8 mm and a wall 

thickness of 1 mm, were supplied by Volvo Cars Corporation, Sweden. Their 

multilayer structures are shown in Fig. 4; the thickness of each layer was measured 

from the SEM images of the cross-section of pipe walls (Fig. 5). Based on the type of 
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material in the inner layer, the pipes were divided into two groups: i) the pipes with 

PAs as the inner layer (trademark: PB550, PB562, LP2550) and ii) the pipes with 

fluoropolymers as the inner layer (trademark: PB442, KA612, LP3550). The ageing 

behavior of PB550 and PB442 pipes was studied thoroughly as representative 

examples of these two groups. The PB550 pipe consisted of five layers (from inside 

to outside): a PA6 inner layer; an EVOH barrier layer; a PA6 middle layer; a PP 

adhering layer and a PA12 outer layer; the PA6 inner layer and PA12 outer layer 

contained ca. 14 wt.% and 9 wt.% BBSA plasticizer, respectively, and the PA12 outer 

layer also contained 0.5 wt.% carbon black. The bi-layer PB422 pipe consisted of a 

thicker PA12 outer layer and a thinner ETFE inner layer; the PA12 outer layer 

contained ca. 5 wt.% BBSA plasticizer and 0.5 wt.% carbon black while the ETFE 

inner layer contained 20 wt.% carbon black, which made the inner layer electrically 

conductive and reduced the risk of electrostatically initiated sparks in the fuel [79, 80]. 

 

Fig. 5. SEM images of the cross-section of the (a) PB550 and (b) PB422 multilayer 

pipes. The insert image in (b) shows the added carbon black in the ETFE inner layer. 

[Papers I and II] 

3.1.2. Dumbbell specimens 

The materials investigated include the injection-moulded 2 mm thick dumbbells 

(ISO527-2, type 5A) of stabilized PA12 and glass fibre-reinforced PA12 (23 wt.% 

glass fibre, GF23-PA12). Injection-moulded 2 mm thick dumbbells (ISO527-2, type 

1BA) of glass fibre-reinforced PPA (30 wt.% glass fibre, GF30-PPA), with a 
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trademark of Rilsan® HT CZM 30 BLACK TLD and a density of 1300 kg/m3, were 

kindly supplied by Arkema, France. 

Unstabilized PA6, with a trademark of Akulon F136 and a density of 1130 kg/m3, 

was supplied by DSM Engineering Plastics, the Netherlands. The polymer pellets 

were moulded into 2 mm thick dumbbells (ISO527-2, type 1BA) using an injection 

moulding machine.  

3.1.3. Fuels 

Petroleum diesel (B0, Swedish environmental class 1 diesel (MK1) and a 

commercial rapeseed biodiesel (B100) were delivered by Preem AB, Sweden. The 

fuel B20 was prepared by mixing B0 and B100 in a volume ratio of 80/20.  

3.2. Ageing tests 

3.2.1. Key-Life Test (KLT) 

A special ageing equipment designed by Volvo Cars Cooperation, which is 

described in detail in ref. [14], was used to age the fuel pipes in “in-vehicle”/“close-

to-real” conditions. In this ageing equipment, fuel pipes were exposed to circulating 

fuel with programmed temperature and constant pressure (0.4 MPa) on the inside, 

and to circulating air on the outside.  

The service temperature in a vehicle fuel system is complex and depends on, for 

example, driving mode, driving time and outdoor temperature. Based on an analysis 

of the temperature measured under different driving modes and conditions, two 

ageing programs were used in combination (referred to as a key life test, KLT). In 

program A, three driving modes were selected, i.e. short driving (driving at low 

speed for a short distance, 80 °C/40 h), continuous driving (driving at moderate 

speed for a long distance, 105 °C/75 h) and extreme situations (overheating of fuel 
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system caused by, for instance, frequent idling, clogged radiator and driving at a low 

fuel level, 125 °C/5 h) (Fig. 6). Program B was the same as program A, but included 

at the end the situation of a vehicle parked outside/stopped (no engine on) in cold 

weather (-30 °C/4 h and -40 °C/4 h) and the case under ambient conditions (23 °C/4 

h). Programs A and B were used alternately (ABAB…) during the ageing until the 

pipes experienced a total of 17 ageing cycles (9 cycles of program A and 8 cycles of 

program B), leading to a total ageing time of 2230 h (including 94 h spent in the 

heating and cooling processes and changes of fuel). 

Since vehicles are sometimes fuelled alternately with B0 and B20 due to 

regional variations in the fuel supply, the fuel was here changed between B0 and 

B20 after each A and B cycle. During each change, new fresh fuel replaced the “old” 

fuel. The oven temperature, i.e. the temperature of the air surrounding the pipes, was 

always set to the temperature of the fuel.  

 

Fig. 6. Ageing temperature programs used for key-life test. [Paper I]  

3.2.2. Ageing in autoclaves  

Three specially built 2.3 L sealed autoclaves with a diameter of 12 cm were 

used to age the dumbbell samples in fuels at high temperature. Sealed autoclaves 

were used for safety reasons since the flash points of the fuels are lower than the 
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ageing temperature. A small hole was drilled in the broad part of the dumbbells, and 

6 specimens were strung together into a single loop with a steel wire. The prepared 

samples were immersed in B0, B20 and B100 in three autoclaves. The volume of 

fuel was 2/3 of the total volume of the autoclaves. The autoclaves were placed in an 

oven at 125 °C, and the aged fuel was replaced by fresh fuel every two days. Samples 

were taken from the autoclaves after different ageing times and stored in sealed 

polyethene plastic bags in a refrigerator (4 °C) until further testing.   

3.2.3. Ageing in sealed glass vials 

In order to easily track the mass change in polymers, the oxygen condition and 

fuel oxidation in the autoclaves during the ageing period, small-scale ageing was 

carried out in sealed glass vials under the same conditions as in the autoclaves. 13 

mL of fuel and a small piece of sample cut from the dumbbells or from PA12 

monolayer pipes were placed in a 20 ml headspace crimp vial, and the glass vial was 

then sealed with an aluminium crimp cap. The volume ratio of the fuel to head-space 

(air) in the sealed vial was 2, the same as in the autoclaves. The prepared vials were 

placed in a ventilated oven at 125   1°C. The mass change in samples was 

determined gravimetrically using a Mettler-Toledo balance.     

3.2.4. Ageing in air 

The PA6 dumbbells, 70 mm long PA12 monolayer pipes and 50 mm long PB442 

pipes were hung on aluminium stands and aged in dry air in a ULE-600 ventilated 

oven at different temperatures. The plasticizer loss from the pipes was determined 

gravimetrically using a Mettler-Toledo balance.     
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3.3. Characterizations 

3.3.1. Thermogravimetry (TG) 

Specimens weighing ca. 7 mg were placed in 70 µL alumina crucibles and were 

tested in a TG/DSC 1 analyser (Mettler-Toledo, Switzerland). TG curves were 

obtained at 25-600 °C with a heating rate of 10 °C min–1 and a nitrogen gas flow rate 

of 50 ml min–1.  

3.3.2. Differential scanning calorimetry (DSC)  

The melting behavior was studied with a Mettler-Toledo DSC 1 caloritmeter 

(Switzerland). Samples weighing ca. 5 mg, were placed in 40 µL aluminium cups. 

The samples were heated at a rate of 10 °C min-1 with a nitrogen gas flow rate of 50 

ml min-1. The degree of crystallinity was calculated by dividing the melting enthalpy 

by the melting enthalpy of 100 % crystalline polymer (209 J g–1 for PA12 [78, 81] and 

190 J g–1 for PA6 [82, 83]). Before the DSC tests of the samples aged in fuels, small 

slices were cut from the samples and the sorbed fuel was extracted at 40 ± 1 °C under 

ultrasonication for 30 min in acetone (≥ 99.8 wt %; VWR International, Sweden) and 

for 30 min in n-hexane (≥ 99 wt %; VWR International, Sweden). The extracted 

samples were finally dried at 80 ± 1 °C for 48 h in a vacuum oven. A low fuel content 

(<1 wt.%, determined by TG experiments) remained in the dry extracted samples, but 

their influence on the melting behaviour and crystallinity calculation was very small 

and hence safely ignored. 

3.3.3. Dynamic mechanical analysis (DMA) 

The middle part (ca. 30 mm long) of the dumbbells was cut and used for the DMA 

tests (Q800, TA Instruments, USA) in a three-point bending mode at an amplitude of 

30 m, whereas for the pipes specimens, samples with a length of 30 mm and a width 
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of 2 mm were cut out from the pipe wall and used for the DMA tests in a tensile mode 

at a strain of 0.08 %. A heating rate of 3 °C/min and a frequency of 1 Hz were 

employed for all DMA tests. 

3.3.4. FTIR/IR imaging   

The IR spectra were recorded in a Perkin-Elmer Spotlight 400 system equipped 

with a single ATR accessory (Golden Gate) from Graseby Specac, UK. IR mapping 

on a cross-section of a sample was performed in a Perkin-Elmer Spotlight 400 FTIR 

imaging system equipped with a liquid-nitrogen-cooled mercury-cadmium-telluride 

detector. 

3.3.5. Mechanical tests 

Tensile tests on dumbells and pipe samples were carried out at 23 ± 1 °C and 50 ± 

2.5% RH in an Instron 5566 Universal Tensile Testing Machine with a 10 kN load cell, 

according to ASTM D638M. The specimens were strained at a crosshead speed of 50 

mm min–1.  

A length of 70 mm was cut from pipe samples for the tensile test. A steel rod 

(diameter = 6 mm; length = 20 mm) was inserted into the pipe at each end to avoid 

sliding of the outer section of the pipe relative to the inner section during the  

measurements [14]. “Instron” grips with a Vee-Serrated surface were used to firmly 

attach the pipes. Sand paper was also used to increase the friction between the pipe 

and the grips.  

Three-point bending tests were carried out on pipe specimens at 23 ± 1 °C and 50 

± 2.5 % RH in the same machine, in accordance with ASTM D790. The pipe 

specimens with a length of 70 mm were bent at a flexure strain rate of 0.1 mm/mm/min 

with a support span of 60 mm.  
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3.3.6. Scanning electron microscopy (SEM) 

The samples were coated with palladium using an Agar high-resolution sputter 

coater, model 208RH and then examined in a field-emission scanning electron 

microscope (Hitachi S-4800). The energy dispersive spectroscopy (EDS) 

images/spectra of samples were collected from an 80 mm2 X-Max Large Area Silicon 

Drift Detector sensor (Oxford Instruments Nanotechnology) and were evaluated using 

AZtec INCA software. 

3.3.7. Modelling 

The fuel mass uptake by PA12 dumbbells was modelled with Fick’s second law 

[84] for a two-dimensional case (the cross-section of the narrow part of the dumbbell 

specimen (4×2 mm2). The fuel mass uptake by the ETFE inner layer of PB422 pipe 

and plasticizer loss from PA12 monolayer were modelled with Fick’s second law [84, 

85] for a cylinder geometry [86]:  

𝜕𝐶

𝜕𝑡
=

1

𝑟

𝜕

𝜕𝑟
(𝐷(𝐶)

𝜕𝐶

𝜕𝑟
)                                                      (1) 

where r, C and 𝐷(𝐶) are the radius, fuel/plasticizer concentration and fuel/plasticizer 

diffusivity, respectively. The concentration dependence can be expressed as [85, 86]: 

𝐷(𝐶) = 𝐷co𝑒
𝛼𝐶                                              (2) 

where Dco and  are the zero-concentration diffusivity and plasticization power, 

respectively. Dco is the fuel/plasticizer diffusivity in a fuel/plasticizer-free material, 

and the plasticization power describes the degree of plasticization caused by the 

fuel/plasticizer.  

The concentration profiles were generated with Matlab® software, using an 

implicit multi-step backwards differentiation formula described earlier [87]. The 

profiles were integrated to yield plasticizer loss-versus-time curves, which were fitted 
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to the corresponding experimental sorption/desorption data, using 𝛼  and Dco as 

adjustable parameters.  
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4. RESULTS AND DISCUSSION  

4.1. Ageing in fuels 

In this section, the ageing behavior of polymers in fuels (fuel uptake, plasticizers 

and monomer/oligomers extraction, annealing and oxidation) and their effects on the 

mechanical properties were discussed.  

4.1.1. Fuel uptake 

 

Fig. 7. Experimental and fitted mass uptake versus the square root of time of (a) PA12 

(unplasticized) samples and (b) ETFE inner layer of PB442 pipe exposed to B0, B20 

and B100 at 125 °C. [Papers III and II] 

The fuel uptake by the polymers was studied to reveal the diffusivity and solubility 

of different fuels in the polymers. Fig. 7 shows that the fuel uptake of both the PA12 

sample and ETFE inner layer increased rapidly in the early stage of exposure, and 

then levelled off. The saturation uptake was greater in B0 than in B100 for both 

polymers, i.e., petroleum diesel has greater solubility in PA12 and ETFE than 

biodiesel. B20 showed the same saturation uptake as B0 in both polymers, indicating 

that the addition of 20 vol.% biodiesel to petroleum diesel did not change the level of 

uptake. The saturation uptake was much greater in PA12 (3.2 wt.% in B0 and B20, 
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2.5 wt.% in B100) than in the ETFE inner layer sample (0.6 wt.% in B0 and B20, 0.4 

wt.% in B100). The good agreement between the experimental data and the fitting 

indicated that the uptake kinetics could be described well with Fick’s second law 

(coupled with (for PA12 sample) and without (for ETFE inner layer sample) a 

concentration-dependent diffusivity). The zero-concentration diffusivity (Dco) was 

basically the same for all three fuels in both polymers (Table 1). The Dco for the ETFE 

inner layer was 8.0(±1)×10-9 cm2/s, which was only half of that in PA12 

(1.40(±0.07)×10-8 cm2/s). A lower diffusivity and a lower solubility indicate that 

ETFE has much better barrier properties towards all three types of fuel than PA12. In 

addition, biodiesel had a greater plasticizing effect on PA12 than petroleum diesel (as 

indicated by the higher  value in B100 than in B0), which is in accordance with the 

Tg and modulus data given below.  

 

Fig. 8. (a) 3D concentration images and (b) profiles of B0 generated with the diffusion 

model of PA12 samples aged at 125 °C. [Paper III] 

Fig. 8 shows the time evolution of the 3D concentration images and profiles of B0. 

The plasticization of the PA12 by the sorbed fuel led to relatively steep concentration 

gradients during the uptake period (Fig. 8b).  

Fig. 9 shows the fuel uptake in the glass fibre reinforced PPA and PA12 composites 

normalized to the matrix content (the fibres and carbon black do not absorb fuel). The 

normalized saturation fuel uptake in the GF23-PA12 samples was 2.4, 2.9 and 2.0 wt.% 
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for B0, B20 and B100, respectively, which was lower than the corresponding 

saturation uptake in the unreinforced PA12 (Table 1). The presence of fibre confines 

the swelling of the polymer matrix during the fuel sorption and thus, in turn, 

suppresses the uptake. Fig. 9 also shows that the uptake was clearly lower and slower 

in PPA than in PA12 for all three fuels. The saturation was not reached for the GF30-

PPA sample within 300 h of exposure at 125 ºC and the normalized uptake after 300 

h was highest for B20 (0.85 wt.%), and lowest for B0 (0.3 wt.%). Hence, a slower and 

lower fuel uptake indicates that PPA has better barrier properties towards the fuels 

than PA12. 

Table 1 Saturation uptake, and parameters determined from the modelling of the fuel 

uptake data of the PA12 samples and the ETFE inner layer at 125 °C. 

sample Fuel 
Saturated 

uptake (wt.%) 
 (1/wt.%) Dco (cm2/s) 

 B0 3.2 2.15(±0.07) 1.40(±0.07)×10-8 

PA12 B20 3.2 2.15(±0.07) 1.40(±0.07)×10-8 

 B100 2.5 2.53(±0.04) 1.38(±0.04)×10-8 

 B0 0.55 0a 8.0(±1)×10-9 

ETFE B20 0.55 0a 8.0(±1)×10-9 

 B100 0.35 0a 8.0(±1)×10-9 

aA constant fuel diffusivity (D=Dco) was used in the modelling.  

4.1.2. Extraction of monomer and oligomers 

When exposed to fuels, the monomer and oligomers in PA12 samples could be 

extracted by the fuel. The extraction of monomer and oligomers can cause 

precipitation and injector/filter clogging during service and is one of the main side 

effects when PAs are used as fuel-contacting material in vehicle fuel system [88, 89]. 

Fig. 10a shows that the fuels with PA12 samples immersed became turbid when 
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cooled from 125 °C to ambient temperature. The MALDI-TOF mass spectrum 

showed that the extracted fuel-insoluble material was PA12 oligomers with a number 

of repeating units smaller than 7 (Fig. 10b). The PA12 monomer extracted (with a 

small size of m/z=198) could not be detected by MALDI-TOF, due to its limitation 

on the low molar mass side. PA12, synthesized through the anionic ring-opening 

polymerization of laurolactam, contains both unreacted monomer and oligomers [90], 

so it is reasonable to assume that the monomer was also extracted by the fuels. On the 

other hand, oligomers with a number of repeating units greater than 6 were not 

extracted due to the size effects. The material extracted in the first 48 h exposure 

represented ca. 0.2 wt.% of the immersed PA12 sample. The extraction of monomer 

and oligomers occurred in all three types of fuel and also in the case of the GF30-PPA 

samples.   

 

Fig. 9. Normalized (matrix) fuel uptake versus the square root of time of GF30-PPA 

and GF23-PA12 samples in different fuels at 125 ºC. [Paper IV]  
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Fig. 10. (a) B100 in a sealed glass vial with a PA12 specimen after 48 h ageing at 

125 °C and (b) MALDI-TOF spectra of the insoluble material separated from the fuel 

present in (a). [Paper III]     

4.1.3. Plasticizer loss 

 

Fig. 11. Images of the mixtures of BBSA and three different fuels with a volume ratio 

of (3/10) (a) at room temperature and (b) at 125 °C; (c) changes in the mass of PA12 

monolayer pipes immersed in different fuels and exposed to stagnant air at 125 °C.  

PAs are plasticized in fuel pipe applications, so the fuel uptake by PAs is 

accompanied by the plasticizer loss from the pipe, which can eventually lead to the 

loss of pipe flexibility [15]. Fig. 11a and b show that phase separation occurred in the 

mixtures of BBSA with B0 and B20 but not with B100 at both room temperature and 
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high temperature, i.e., 125 °C. This finding shows that BBSA has much greater 

solubility in B100 than in B0 and B20. This is because that B100 has a polarity closer 

to BBSA than B0 (hydrocarbons) due to the presence of the polar ester group in 

biodiesel molecules.  

Fig. 11c shows that the mass of the plasticized PA12 monolayer pipe firstly 

increased, indicating that the fuel uptake was greater than the plasticizer loss at the 

initial stage of the exposure to fuels. The mass started to decrease after 4 h exposure 

to B100 and after 25 h exposure to B0 and B20, and reached equilibrium, meaning the 

completion of plasticizer loss, after ca. 100 h in B100 and after ca. 150 h in B20 and 

B0. These results indicate that the plasticizer loss was faster in B100 than in the other 

two fuels, which was mainly caused by the larger solubility of BBSA in B100 than in 

B0 and B20. Fig. 11c also shows that the plasticizer loss was much faster in fuels than 

in air, indicating that the interactions between plasticizer and fuels accelerated the 

plasticizer migration. The mass of the sample exposed to B100 equilibrated at ca. 99 % 

of the original mass. The saturation fuel uptake in the pipe reached ca. 5 wt.% (=99%-

100%+6.1%(initial plasticizer content)), which was much greater than that in the 

unplasticized PA12 (2.4 wt.%, Table 1). This finding indicates that the presence of 

plasticizer increases the saturated fuel level in PA12.  

 

Fig. 12. Plasticizer content and fuel uptake of the PA6 inner layer of PB550 pipe as a 

function of ageing time during KLT ageing. [Paper I] 
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The PA6 inner layer of the PB550 pipe experienced fast plasticizer loss from 

13.6 to 2.7 wt.% and absorbed 5.3 wt.% fuel during the 500 h KLT ageing (Fig. 12). 

The fuel uptake of the PA6 inner layer equilibrated at 6.8 wt.%.   

4.1.4. Oxidation of polymers in fuels  

When exposed to B0 at 125 °C, the PA12 samples experienced a gradual colour 

change/yellowing (inset in Fig. 13b), indicative of oxidation. The appearance of a 

carbonyl peak at 1711 cm-1 in IR spectra of the aged samples confirmed the oxidation 

of the polymer (Fig. 13a) [91, 92]. The degree of oxidation increased with increasing 

ageing time (Fig. 13b).  

 
Fig. 13. (a) IR spectra of the surface of the unaged PA12 sample and PA12 samples 

aged in B0 at 125 °C and (b) the carbonyl index plotted as a function of ageing time. 

The inset in (b) shows the unaged sample (to the left) and samples aged in B0 for 140, 

280, 560, and 700 h (from left to right). [Paper III] 

The PA12 samples aged in B20 and B100 also experienced a yellowing process, 

but it was not possible to quantitatively reveal the degree of their oxidation with IR 

because the sorbed fuels could not be completely extracted from the samples 

(indicated by the initial mass loss (assigned to the evaporation of sorbed fuel) in the 

TG curves of the extracted samples), and also the ester group on the biodiesel 

molecules contributed to the carbonyl band. Unextractable biodiesel was also 
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observed in fluoro-elastomers exposed to B100 at 100 °C [46]. Despite this, the 

embrittlement kinetics of the PA12 samples (given below) implied that the oxidation 

rate of PA12 was faster in B0 than in B20 and B100 in the autoclave ageing conditions.       

 

Fig. 14. (a) Schematic figure of the oxygen condition in autoclaves; (b) the oxygen 

concentration in the gas phase and (c) water content in the fuels aged in glass vials at 

125 °C. [Paper III] 

Autoclaves were used for safety reasons, the test temperature being higher than 

the flash points of both B0 and B20. In this closed environment, the amount of oxygen 

available (illustrated in Fig. 14a) was limited except during the fuel change. The 

oxygen consumption in the autoclaves during the ageing at 125 °C was mimicked in 

a small-scale sealed glass vial with the same ageing condition as in the autoclaves. 

Fig. 14b shows that the oxygen concentration in the head space (air) remained constant 

at 20 % in the sealed vials filled with B0 but reduced quickly with B20 and B100. The 

head space was free of oxygen in the B20 and B100 cases after 15 and 24 h, 

respectively. Meanwhile, the water content in B20 and B100 increased during ageing 



 

25 
 

(Fig. 14c). As water is a product of biodiesel oxidation, the increase in water content 

indicated the occurrence of oxidation of the biodiesel in B20 and B100 at 125 °C. 

Moreover, the change in oxygen concentration in the vials was the same for the cases 

of fuels with and without a PA12 sample immersed (Fig. 14b), suggesting that the 

oxygen was mainly consumed by the oxidation of biodiesel and not by the polymer.  

Consequently, during the ageing, the PA12 samples were exposed to a lower 

concentration of oxygen in B20 and B100 than in B0. This shortage of oxygen 

suppressed the oxidation of the polymer aged in autoclaves. Hence, only in the case 

of B0 did the oxygen supply in the autoclave resemble the real case in a vehicle fuel 

system, where oxygen is continuously available. This shows the complexity/difficulty 

of ageing polymers in oxidative fuels at elevated temperatures (above the flash point 

of the fuels) with continuous oxygen supply. 

 

Fig. 15. (a) Image of the PB550 pipes aged in KLT for 0, 500, 1000 and 2230 h; IR 

spectra of (b) the inner surface of the unaged and aged PB550 pipes after extraction; 

(c) two-dimensional IR spectra of the carbonyl region through the cross-section of the 

inner PA6 layer of the extracted pipe aged for 2230 h; and (d) the carbonyl-index (CI) 

values of the inner layer as a function of distance from the inner surface. The ordinate 

in a and b is absorbance (a.u.). [Paper I] 
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Yellowing also occurred in the PA6 inner layer of the PB550 pipe during the KLT 

ageing (Fig. 15a). The intensity of the carbonyl peak at 1736 cm–1 increased with 

increasing ageing time (Fig. 15b). The two-dimensional IR spectra in Fig. 15c and the 

CI profiles in Fig. 15d showed that the degree of oxidation dropped rapidly with 

increasing distance from the inner surface, indicating DLO. Due to the DLO effect in 

the PA6 inner layer, only a small layer/region close to the inner surface was oxidized 

after prolonged ageing.  

In contrast to PA6, the ETFE inner layer of PB442 pipes showed a very small IR 

carbonyl peak when exposed to diesel or biodiesel under either isothermal ageing at 

125 °C for 700 h or KLT ageing for 2230 h (Fig. 16), indicating that the ETFE inner 

layer was only slightly oxidized after prolonged ageing. ETFE is intrinsically resistant 

to oxidation due to the strong chemical bond between fluorine and carbon [93], and 

the large size of fluorine atoms protecting the carbon backbone from being attacked 

by oxygen.  

 

Fig. 16. IR spectra of the pristine petroleum diesel and biodiesel, and of the inner 

ETFE pipe surface (of both key life tests and isothermally aged specimens). [Paper II]  
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4.1.5. Annealing  

Crystallizable polymers usually experience annealing when aged at elevated 

temperature. Fig. 17a shows the appearance of a new small melting peak at 135 °C 

for the aged PA12 samples. This peak shifted towards higher temperatures and became 

larger with increasing ageing time. It is known that when crystallizable polymers are 

annealed at elevated temperatures, a new melting peak appears ca. 10 °C above the 

annealing temperature, which shifts to a higher temperature linearly with increasing 

annealing temperature [94-96]. This is because of the formation of new thinner 

crystals that grow in thickness with increasing annealing time. Thus, the new peak at 

135 °C, only 10 °C above the 125 °C ageing temperature, was assigned to the melting 

of “new” crystals formed during the annealing/ageing at 125 °C. As a result, the 

crystallinity increased significantly from 23 to 32 % during the first 280 h ageing, and 

then slowly approached 36 % after 700 h ageing (Fig. 17b). The annealing-induced 

increase in crystallinity was essentially independent of the fuel type (Fig. 17b). 

Annealing was also observed for the composite samples (GF23-PA12 and GF30-PPA). 

 

Fig. 17. (a) DSC heating curves of the unaged PA12 sample and PA12 samples aged 

in B0 in autoclaves at 125 °C and (b) crystallinity of PA12 samples aged in different 

fuels at 125 °C plotted as a function of ageing time. [Paper III] 
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4.1.6. Glass transition temperature   

The effects of the sorbed fuel on glass transition temperature (Tg) of the polymers 

were investigated. Fig. 18a shows a decrease in the Tg of PA12 samples when exposed 

to fuels. The decrease was significant during the initial exposure and then gradually 

levelled off. After 280 h of ageing in three fuels, the Tg dropped from 45 °C (unaged) 

to 28 °C. The decrease in Tg was caused by the plasticizing effect of sorbed fuel on 

PA12 (Fig. 18b). The decrease in Tg in the early stage of ageing was fastest in B100, 

and slowest in B0 (Fig. 18b) with increasing fuel uptake, which confirmed that 

biodiesel had a stronger plasticizing effect on the PA12 material than petroleum diesel.  

 
Fig. 18. Tg of PA12 dumbbell samples aged in different fuels in autoclaves at 125 °C 

plotted as functions of (a) ageing time and (b) fuel uptake, respectively. The broken 

lines in (b) highlight the trend in data where the fuel uptake is between 1 and 3 wt.% 

(short exposure time). [Paper III] 

The plasticization effect of the sorbed fuel was also observed for the composite 

samples. Fig. 19a shows that the Tg of the GF30-PPA decreased from 85 °C (unaged) 

to 80 and 74 °C after 700 h of ageing in B0 and B20, respectively. Due to the lower 

fuel uptake in PPA, the Tg decrease was smaller in PPA than in PA12 (Fig. 18). In 

addition, the stronger plasticizing effect of B20 than of B0 was also observed in the 

PPA composite (Fig. 19b). 
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Fig. 19. Tg of the GF30-PPA samples as a function of (a) ageing time and (b) fuel 

uptake. The lines in (b) show the linear fitting of Tg of the GF30-PPA samples as a 

function of fuel uptake. [Paper IV] 

The carbonyl groups in the FAMEs are able to form hydrogen bonds with amide 

group in PAs molecules and thus break hydrogen bonds between amide groups in PAs, 

leading to higher mobility of the PAs chain segments. In contrast, petroleum diesel 

can only plasticize PAs by increasing the free volume due to the lack of polar groups. 

As a result, biodiesel showed a larger plasticizing effect on the PAs than petroleum 

diesel. 

4.1.7. Mechanical properties  

Tensile tests were employed to reveal the effects of those multiple ageing 

behaviors on the mechanical properties of the aged dumbbell specimens. Fig. 20a 

shows that the Young’s modulus of the PA12 samples aged in fuels experienced a fast 

and large decrease initially and then a slow increase with increasing ageing time. The 

maximum decrease in modulus was 38, 41 and 33 % in B0, B20 and B100, 

respectively. The decrease in modulus was caused by the plasticizing effect of fuel 

uptake (Fig. 20b), while the subsequent increase was due to the annealing-induced 

increase in crystallinity after the saturation of fuel uptake was reached (Fig. 20c). Fig. 
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20b also shows that the linear slope of modulus vs. fuel uptake was steepest in B100, 

which indicated again a greater plasticizing effect of biodiesel on PA12 compared to 

other two fuels.  

 

Fig. 20. Young’s modulus of PA12 dumbbell samples aged in different fuels in 

autoclaves at 125 °C plotted as functions of (a) ageing time, (b) fuel uptake and (c) 

crystallinity. [Paper III] 

The yield strength also first decreased and then increased with increasing ageing 

time (Fig. 21a). The effect of the increase in crystallinity was significantly greater on 

the strength than on the modulus (cf. Fig. 20a and c with Fig. 21a and b). In fact, the 

PA12 samples aged for more than 140 h were both stronger (yield strength) and softer 

(modulus) than the unaged material.  
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Fig. 21. Yield strength of PA12 dumbbell samples aged in different fuels in autoclaves 

at 125 °C plotted as a function of (a) ageing time and (b) crystallinity. [Paper III] 

Fig. 22a shows that the strain-at-break of the PA12 samples decreased 

significantly in all three fuels. The large decrease in ductility (embrittlement) of the 

aged samples beyond 140 h was however much faster in B0 than in B100 or B20. 

After 700 h, the samples aged in B0 and B20 were brittle and broke before the yield 

point, but the sample exposed to B100 still exhibited yielding/necking before fracture 

(Fig. 22b). The difference in the embrittlement kinetics was caused by the different 

oxidation rates of PA12 in the three fuels in the autoclaves (explained above).   

 

Fig. 22. (a) Strain-at-break of PA12 dumbbells aged in different fuels in autoclaves at 

125 °C plotted as a function of ageing time and (b) stress-strain curves of the PA12 

samples aged for 700 h in different fuels. [Paper III] 
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Fig. 23. (a) Young’s modulus and (b) strain-at-break of GF23-PA12 dumbbells aged 

in different fuels in autoclaves at 125 °C. [Paper IV] 

Young’s modulus of reinforced PA12 (Fig. 23a) showed the same trend (large 

decrease followed by a small increase) as that of the unreinforced PA12 (Fig. 20a). 

However, the maximum decrease in Young’s modulus was only 10 % for GF23-PA12, 

much lower than that in the unreinforced PA12 (40 %). Fig. 23b shows that the strain 

at break of the PA12 composite initially increased (due to the plasticization effect of 

sorbed fuel) and then decreased (caused by the embrittlement of the PA12 matrix (Fig. 

22)).  

 
Fig. 24. Young’s modulus (a), tensile stress at break (b), and elongation-at-break (c) 

of the GF30-PPA samples aged in different fuels in autoclaves at 125 °C plotted as a 

function of ageing time. [Paper IV] 
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Fig. 25. (a) SEM image of a pulled-out fibre in the tensile-fractured surface of the 

GF23-PA12 sample aged in B20 for 700 h at 125 oC, and EDS results of the points at 

the (b) glass fibre and (c) coating layer. [Paper IV] 

Fig. 24 shows that the stiffness, strength and extensibility of all the GF30-PPA 

samples aged in both B0 and B20 were not negatively affected after prolonged ageing. 

This shows the good stability of the glass-fibre reinforced PPA in harsh conditions (in 

fuel at 125 ºC for 700 h). This behaviour of the stiffness and strength of the PPA 

composite was caused by its low fuel uptake, high Tg (the tensile test temperature was 

23 ºC) and good fibre-matrix interfacial bonding (shown below).    

The pulled-out fibres of the GF23-PA12 samples aged in B20 for 700 h had a 

coating layer with a thickness of 1 m (Fig. 25a), and the coating layer had essentially 

the same EDS spectrum as that of the PA12 matrix, indicating that the layer on the 

glass fibre was PA12 matrix. This result indicates that the good fibre-matrix bonding 

remained after prolonged ageing so that the failure under tension occurred in the 

polymer matrix instead of at the fibre-matrix interface. The matrix coated pulled-out 

fibres were also observed in the case of the GF30-PPA samples. This preserved fibre-

matrix bonding is one of the main reasons for the preserved Young’s modulus in the 

composites after extensive exposure to the fuels at high temperature. These results 
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also imply that the ageing of the glass fibre reinforced PA composites in (bio)diesel 

mainly occur in the polymer matrix rather than at the fibre-matrix interface.  

4.2. Ageing in air 

Under service condition, plastic components such as fuel pipes are exposed to air 

on the outside. In this section, the kinetics of plasticizer loss from PA12 pipes into air 

were studied under different temperatures, followed by the discussion on the effects 

of plasticizer loss on the mechanical properties. In addition, the plasticizer loss from, 

and oxidation of, the PA12 outer layer of the multilayer fuel pipes during the KLT 

were discussed.    

4.2.1. Plasticizer loss 

 
Fig. 26. Experimental and fitted mass loss versus the square root of time of the PA12 

monolayer pipe aged at different temperatures in air. [Paper VI] 

The monolayer PA12 pipe was employed as an example to study the kinetics of 

the plasticizer loss from PAs into air. The mass loss of the PA12 pipe samples 

followed a linear relationship with the square root of ageing time in the first part of 

the desorption curves, indicating that the plasticizer loss from PA12 into air was 
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diffusion controlled (instead of evaporation controlled) in the high temperature region 

(80-145 ºC) investigated (Fig. 26) [97, 98]. The mass loss could be described well 

with the diffusion model (Fick’s second law coupled with a concentration-dependent 

diffusivity).  

The diffusion coefficients obtained from the modelling followed linear Arrhenius 

behavior in the 145-105 ºC region but deviated from linear behavior at 80 ºC. This 

nonlinear Arrhenius behavior was well fitted with a quadratic function (Fig. 27a, Table 

2). Average activation energies, obtained by approximating the non-linear behavior 

with a linear Arrhenius relation, were 122, 68 and 44 kJ/mol, for Dco, Dav (the 

diffusivity averaged over the whole concentration-range) and Dcmax (the diffusivity at 

the initial plasticizer concentration, cmax, 6.1 wt.%), respectively. Fig. 27b shows the 

increase in  with decreasing temperature, reflecting the fact that plasticizer-induced 

plasticization is more effective at a lower temperature where the molecular mobility 

of the starting unplasticized material is lower. Because of this effect, the difference 

between Dco and Dcmax values increased remarkably with decreasing temperature (Fig. 

27a). 

 

Fig. 27. (a) Diffusion coefficient and (b) plasticization power of the PA12 monolayer 

pipe versus temperature and reciprocal of temperature. [Paper VI]  
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Fig. 28 shows the exponential increase in the time taken for 50 % and 95 % 

plasticizer loss with decreasing temperature. BBSA plasticizer migrated from PA12 

very fast at elevated temperatures; for instance, 95 % plasticizer loss from the pipe 

took only 36 and 130 h at 145 and 125 ºC, respectively. In addition, Fig. 28 shows 

that the time taken for 95 % plasticizer loss was ca. one order of magnification greater 

than that for 50 % plasticizer loss at all temperatures studied. Hence, the loss of the 

first 50 % plasticizer was much faster than that of the second 50 %, which was caused 

by the strong decrease in both the diffusivity (Fig. 27a) and plasticizer concentration 

gradient with decreasing plasticizer concentration. 

Table 2 Parameters obtained from the fittings. [Paper VI] 

Polynomial fitting (Y=Ax2+Bx+C), linear fitting (Y=Bx+C) where x is reciprocal temperature (K) 

  Y     A   B  C  R2 E (kJ/mol) 

Log Dco -3.93×106 14175.6 -18.78 0.999  

  -5632.3a 6.1a 0.997a 108a 

  -6371.2b 8b 0.990b 122b 

Log Dav -2.15×106 7664.4 -13.3 0.997  

  -3118.6a 0.25a 0.999a 60a 

  -3565.4b 1.36b 0.989b 68b 

Log Dcmax -2.97×106 13191.4 -21.7 0.989  

  -1708.6a -2.99a 0.999a 33a 

  -2320.5b -1.46b 0.953b 44b 

Log  -3.59×106 20662 -27.9 0.996  

Log T -1.3×10-4 10.1 -12.8 0.999  

  -4229.9a 10.6a 0.998a 81a 

  -4628.5b 11.7b 0.994b 89b 

athe linear fitting was based on the three data points at temperatures of 105, 125 and 145 ºC 

bthe linear fitting was based on all four data points including the data at 80 ºC. 
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Fig. 28. Time taken for the half (50%) and 95% loss of the plasticizer from the PA12 

monolayer pipe as a function of temperature and reciprocal of temperature. [Paper VI] 

 

Fig. 29. (a) Master curve of mass loss with 125 ºC as the reference temperature and 

(b) the Arrhenius plot for the shift factor. [Paper VI]  

4.2.2. Plasticizer-loss master curve  

In order to study the activation energy of the plasticizer migration process, the 

master curve of plasticizer loss was obtained by horizontally shifting the entire mass 

loss data at the different temperatures along the log time axis to the reference 

temperature chosen (125 ºC). It showed a high degree of overlap (Fig. 29a). The shift 
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factor followed the same temperature trend as the diffusivity data, displaying linear 

Arrhenius behavior in the 145-105 ºC region but deviating from the linear relationship 

at 80 ºC (Fig. 29b). If a linear Arrhenius relation over all four temperatures was used, 

the estimated activation energy was 89 kJ/mol. The non-linear Arrhenius behavior 

could also be fitted with a quadratic function (Fig. 29b and Table 2 ).  

 

Fig. 30. Experimental, predicted, and fitted mass loss from the PA12 pipe at 60 oC 

plotted as a function of the square root of time. [Paper VI] 

Fig. 30 shows that the plasticizer loss was very slow at 60 ºC, reaching only 1.8 

wt.% after half a year. It is of interest to predict the mass loss at lower temperature 

based on the experimental data at higher temperatures (80-145 °C). Two approaches, 

based on the diffusion model and master curve, respectively, were used to predict the 

mass loss at 60 °C. In the diffusion model approach, eqs. 1 and 2 were used with the 

data obtained at 80-145 °C, extrapolated by the fitted quadratic functions (Fig. 30, 

Table 2), to model the mass loss at 60 °C (Dco = 2.3×10-12 cm2/s and  = 108 g 

polymer/g plasticizer). In the other approach, the master curve and the shift factors 

(extrapolated by the fitted quadratic function, Fig. 29, Table 2) were used. Fig. 30 

shows that both approaches overestimated the mass-loss rate. The prediction based on 

the diffusion model was closer to the fitted mass curve than that based on the master 
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curve. The approach based on the diffusion model predicted 50 % and 95 % mass loss 

after 7000 h (0.8 years) and 309 000 h (35.3 years), respectively.  

The main reason for the non-linear Arrhenius behavior in the 80-145 °C 

temperature region and the over-estimation of the prediction is that 80 °C and 60 °C 

are partly in the glass transition region of PA12 material (Fig. 31). When reaching the 

glassy state, the diffusion rate of small molecule species in polymers reduces 

significantly. However, since the plasticizer loss rate in the glass transition region will 

always be lower than that predicted by higher temperature data, the predictions can be 

considered as having a “built-in” safety factor for plasticizer loss/migration.  

4.2.3. Glass transition temperature   

 

Fig. 31. (a) DMA tan () curves of the pipes aged at 125 ºC in air for different times 

and (b) their Tg plotted as a function of plasticizer concentration. [Paper VI] 

The effects of the plasticizer loss on the Tg of the pipe were studied with DMA 

tests. Fig. 31a shows that the glass transition region, recorded by the tan (), of the 

PA12 pipe, shifted to higher temperature with increasing ageing time owing to the 

plasticizer loss. Tg showed a linear relationship with the plasticizer concentration, 

increasing from ca. 23 ºC (unaged) to 45 ºC (plasticizer-free sample) during the ageing 

(Fig. 31b). Fig. 32 shows that the plasticizer loss also increased the Tg of PA12 outer 
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layer in the PB442 pipe by 20 ºC from 25 to 45 ºC after the first 500 h KLT ageing. 

 

Fig. 32. (a) Tan () curves of the unaged and 500 h KLT-aged PB422 pipes and (b) Tg 

of the PA12 outer layer and ETFE inner layer plotted as a function of ageing time 

(key-life test). [Paper II]  

4.2.4. Annealing 

 

Fig. 33. (a) DSC heating curves and (b) crystallinity of the PA12 monolayer pipe aged 

at 125 ºC in air for different times. [Paper VI] 
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Fig. 34. DSC heating curves of the PA12 outer layer of PB442 pipes with different 

KLT ageing time. The number above the curves indicates the crystallinity (Xc). [Paper 

II] 

Fig. 33 shows the appearance of a new melting peak at ca. 140 ºC for the PA12 

pipe aged at 125 ºC due to the annealing effect. This peak shifted to higher temperature 

with increasing ageing time, and the crystallinity increased from 27.3 % (unaged) to 

31.5 % after 100 h of ageing at 125 ºC (Fig. 33b). The annealing effect was also 

observed in the PA12 outer layer of KLT aged PB442 pipes, as revealed by the 

appearance of the new peaks at ca. 110 and 130 ºC which were assigned to the melting 

of the crystals formed at the ageing temperatures of 105 and 125 ºC, respectively. The 

annealing effect led to an increase of 3 % in crystallinity (Fig. 34).  

4.2.5. Oxidation 

Fig. 35a and b show the occurrence of oxidation in the PA12 outer layer of the 

PB442 pipe when exposed to air during the KLT or isothermally at 125 °C. The degree 

of oxidation increased with increasing ageing time in the key life test (Fig. 35c).   

 



 

42 
 

 

Fig. 35. IR spectra of (a) the outer PB442 pipe surface with (b) the enlarged carbonyl 

region, and (c) the carbonyl-index (CI) in the outer PA12 surface as a function of 

ageing time in the key life test (KLT) together with data for the pipe exposed 

isothermally at 125 °C for 700 h. [Paper II] 

4.2.6. Mechanical properties 

 

Fig. 36. (a) Flexural stress-strain curves of the unaged PA12 monolayer pipe and the 

pipes aged at 125 ºC, and their flexural (b) modulus and (c) strength plotted as a 

function of plasticizer concentration. [Paper VI] 

Three-point bending tests were employed to reveal the changes in the mechanical 

properties of the PA12 monolayer pipe during ageing in air at elevated temperature. 

Fig. 36a shows the increase in pipe flexural stiffness (modulus) and strength during 

ageing at 125 °C, indicating the loss of pipe flexibility. The flexural strength and 

modulus increased linearly with decreasing plasticizer concentration (Fig. 36b and c). 

After the complete loss of plasticizer, the flexural strength nearly doubled from 23 to 
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44 MPa while the flexural modulus increased 2.3 times (from 350 to 817 MPa). Apart 

from the plasticizer loss, the annealing-induced increase in crystallinity also 

accounted for the loss of flexibility of the pipe. However, the relation between the 

flexural strength/modulus and the crystallinity was weaker (Fig. 37a and b) than with 

the plasticizer concentration (Fig. 36b and c). Hence, the plasticizer loss, increasing 

the Tg of the sample, was the main reason for the loss of flexibility of the pipe during 

ageing in the mass loss phase.  

 

Fig. 37. (a) Flexural modulus and (b) strength of the PA12 monolayer pipe aged at 

125 ºC in air plotted as a function of crystallinity. [Paper VI] 

4.3. Mechanical properties of KLT aged pipes  

 

Fig. 38. (a) Tensile stress-strain curves, (b) Young’s modulus and tensile strength, and 

(c) elongation at break and energy at break of PB550 pipes aged in the KLT for 

different times. [Paper I]  
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Under KLT ageing condition, the pipes were exposed to air on the outside and fuel 

on the inside, leading to different ageing behavior between the inner and outer layers. 

The combining effects of those ageing behavior on the mechanical properties of the 

multilayer pipes were discussed in this section.  

Fig. 38a and b show the increase in Young’s modulus and tensile strength of the 

PB550 pipe during the key life test. The stiffening and strengthening process was 

caused by the (both inner and outer layers) during ageing. The stiffening and 

strengthening occurred predominantly before 500 h ageing; for instance, the tensile 

strength increased by 8 MPa within 500 h ageing (73 % of the total increase after 2230 

h). This initial significant increase was assigned to the rapid plasticizer loss in the 

initial stages of the exposure. The stiffening and strengthening process also indicates 

that it was the plasticizer loss that dominated the changes in the mechanical properties 

of the PA6 inner layer instead of the fuel sorption which softens the material. This is 

because both the level of fuel uptake and its plasticizing efficiency were lower than 

that of the original plasticizer in the PA inner layer.   

Fig. 38c shows that the strain at break decreased significantly from 500 % to 50 % 

between 1000-2230 h of ageing. The pipe aged for 2230 h showed a two-stage fracture 

(inset in Fig. 38a). The inner layers, including the PA6 inner, EVOH and middle PA6 

layers, failed earlier (at a strain of 50 %) than the outer layers (PP and PA12) (at a 

strain of 200 %) of the pipe. Cracks were initiated on the surface of the PA6 inner 

layer and led to the first fracture under tension. This finding indicates that the 

embrittlement of the PB550 pipe was essentially due to the highly oxidized PA6 inner 

layer and the degree of oxidation in the PA12 outer layer was still at a low level and 

not enough to cause embrittlement.     
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Fig. 39. (a) Tensile stress-strain curves and (b) Young’s modulus and tensile yield 

strength of PB422 pipe aged in KLT with different time. [Paper II] 

The PB442 pipe also experienced the stiffening and strengthening process during 

ageing (Fig. 39). In addition, its flexural modulus doubled from 420 to 850 MPa 

during the first 500 h ageing and then increased slightly with further ageing, and its 

flexural strength increased from 21 to 33 MPa after 2230 h ageing (Fig. 40). The loss 

of pipe flexibility was caused by the loss of plasticizer from, and the increase in the 

crystallinity of, the PA12 outer layer. In contrast to PB550, PB422 pipes broke in a 

ductile manner at a strain greater than 400 % (Fig. 39a), even after 2230 h of ageing. 

This finding indicates that the ETFE inner layer protected the PA-based fuel line from 

embrittlement on exposure to fuels.  

 

Fig. 40. (a) Flexural stress-strain curves and (b) flexural modulus and strength of KLT-

aged PB442 pipe. [Paper II] 
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Fig. 41. (a) Young’s modulus and (b) strain at break of the different multilayer pipes 

aged in KLT for different times. 

Fig. 41a shows that all six types of multilayer pipes experienced a similar 

stiffening process during ageing. Fig. 41b shows that, after prolonged ageing, 

embrittlement occurred for all the pipes with PAs as the inner layer but not for the 

those with fluoropolymers as the inner layer. This result shows again that 

fluoropolymers have better resistance to oxidation than PAs when exposed to fuel. As 

the pipes were exposed to the same temperature on the outside and inside, the 

occurrence of embrittlement in the PA inner layer rather than in the PA outer layer 

indicates that the oxidation of PA was more severe in fuel than in air. This is probably 

because the antioxidants in PAs were extracted by the fuel during the exposure and 

left the PAs unprotected from oxidation [41, 43]. 

4.4. DLO-induced fracture behavior  

The PA6 inner layer of the PB550 pipe experienced DLO when exposed to fuels 

and a thin oxidized layer close to the inner surface was formed in the inner surface 

region. Under tension, special fracture behavior was observed for the pipes with the 

longest ageing time (2230 h). 
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Fig. 42. Cracks on the PA 6 inner surface after the tensile test of PB550 pipe aged for 

2230 h: (a) observed optically from inside; (b and c) cross-sectional views of the 

cracks (SEM images); (d) SEM image of the pipe observed from the inside. SEM 

images of the tensile fractured surface (e-h). The arrows in e and f show the inside 

pipe surface and the crack arrest line. The arrow in (h) shows the direction of fibril 

orientation. [Paper I] 

Fig. 42a-d show the formation of multiple cracks, perpendicular to the tensile 

direction, in the PA6 inner layer under tension, indicating embrittlement of the 

oxidized layer. The fracture surface showed fibril-free morphology in the region 

closest to the inside pipe surface (Fig. 42e-g), and fibrillar morphology further from 

the inside surface of the pipe (Fig. 42e, f and h). A clear crack arrest line was 

distinguished between these two regions (Fig. 42e and f), indicating the arrest of the 

cracks by the unoxidized layer prior to fracture.   

The corresponding fracture behavior can thus be summarized as follows: i) under 

tension, cracks were initiated in the oxidized and brittle surface layer and were 

arrested by the unoxidized region; ii) and these cracks eventually propagated across 



 

48 
 

the whole cross-section of the inner layer with further tension and led to macroscopic 

fracture at a strain of 50 %.  

 

Fig. 43. (a) Optical image and (b) CI distribution of the whole cross-section of the 

PA6 sample aged for 48 h at 180 ºC. The input data in (b) were taken from the 

following Fig. 44b and a CI value of zero was used for the core part of the sample, 

more than 300 m in from the surface. [Paper VII] 

To further understand the DLO-induced fracture behavior, PA6 dumbbell 

samples were thermally aged at 180 ºC in air for up to 48 h. Fig. 43 shows that colour 

change, an indication of oxidation, was confined to the surface region, indicating the 

DLO in the PA6 samples under the thermal ageing. The CI images and profiles (Fig. 

44a and b) showed three major features of the oxidized layer: (i) the degree of 

oxidation increased with increasing ageing time, (ii) the thickness increased with 

increasing ageing time and (iii) the degree of oxidation decreased significantly with 

increasing distance from the surface. Fig. 44c shows that the thickness of the oxidized 

layer increased significantly from 0 to 120 m after 16 h of ageing and subsequently 

increased more slowly, approaching 130 m after 48 h.  

Notably, the formation of the thin oxidized layer reduced significantly the 

extensibility of the PA6 samples (Fig. 45a). The strain-at-break followed three stages: 

(I) a remarkable decrease from 300 % to 30 % during the first hour of ageing; (II) a 

moderate decrease from 30 % to 20 % during the period (1–24 h) of ageing; (III) a 
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larger decrease, reaching a value lower than 5 %, after 30 h of ageing. The surface of 

the strained samples showed different characteristics in the three stages (Fig. 45b-d); 

numerous microvoids and multiple cracks were observed on the strained samples in 

Stage I and Stage II, respectively, while the surface of the Stage III samples showed 

no cracks.  

 

Fig. 44. Build-up of CI profiles of PA6 samples aged in air at 180 ºC: (a) IR images 

of CI in the cross-sectional region next to the surface; (b) CI plotted as a function of 

distance from the surface for samples aged for different periods of time; (c) the 

thickness of the oxidized layer (dTOL) and ratio of dTOL/d½, where d½ is the half of the 

sample thickness. A CI value of 0.2 was used to define the border between the oxidized 

and unoxidized regions. [Paper VII] 

 

Fig. 45. (a) Strain-at-break of the PA6 samples plotted as a function of ageing time; 

(b) images of tensile fractured test specimens in the three different stages; and SEM 

images of tensile fractured test specimens with an ageing time of (c) 45 min and (d) 4 

h. [Paper VII] 
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Fig. 46a shows that, in the Stage I samples, voids formed during necking, where 

the sample experienced a large decrease in width (by 30 %), and a large increase in 

the local plastic strain from 24 % in the un-necked region to 130 % in the necked 

region (Fig. 46b). In the Stage I samples the degree of oxidation was relatively low 

(Fig. 44) and was not enough to reach brittleness. As a result, when subjected to a 

large local plastic strain during necking, the slightly oxidized surface layer showed 

“local” fractures, which resulted in void formation. Adjacent voids coalesced together 

on further stretching, leading to the formation of strings of connected voids, i.e., string 

cracks. When the sting crack was sufficiently long, further crack propagation occurred 

under further stretching, leading to macroscopic fracture and the significant reduction 

in the extensibility of the PA6 samples in Stage I.    

 

Fig. 46. (a) SEM image of the surface, and (b) the corresponding width and local 

plastic strain in the necking region, of the strained PA6 sample aged for 15 min at 180 

ºC. The zero position in (b) corresponds to the upper edge of the unaged region in (a) 

and the tensile direction is vertical in (a), and horizontal in (b). [Paper VII]   

On further ageing, the degree of oxidation and thickness of the oxidized layer 

increased. After 1 h of ageing, surface cracking was observed on the aged sample 

under tension, indicating pronounced embrittlement of the oxidized layer in Stage II.  

Fig. 47a shows that multiple cracks, perpendicular to the tensile direction, 

appeared at the surface when the sample was stretched to 5 % strain. The sample width 

started to decrease locally at a strain of 25 % (Fig. 47a), indicating the onset of necking. 

Simultaneously, the crack at the location of necking onset began to propagate across 
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the whole cross-section, causing the fracture. This finding indicated that the fracture 

occurred at the point where and when the necking process started. Fig. 47d shows that 

the cracks formed in the oxidized layer had a V-shaped tip, which acted as a stress 

concentrator when the sample experienced large localized strain during necking, and 

eventually led to crack propagation and fracture.  

 

Fig. 47. Surface cracking of the 4 h-aged PA6 sample under tension: (a) images at 

different strains recorded during tensile test; (b) stress-strain curve with the 

corresponding strains in the image in (a); SEM images of cracks viewed from (c) the 

surface and (d) cross-section after tensile test. (e) Strain at break and at the appearance 

of cracks for the samples in Stage II and III. [Paper VII] 

The sample did not break at the strain (5%) where multiple cracks appeared, but 

at the necking strain (25 %). In fact, this delay of crack propagation were observed 

for all Stage II samples (Fig. 47e). This finding indicates that surface cracks were 

arrested before the necking, thereby delaying the fracture. A crack arrest line in the 

surface region was clearly observed on the fracture surface (Fig. 48b), which 

confirmed the arrest of the cracks. The crack arrest line consisted of fibrils, suggesting 

that cracks initiated in the oxidized layer were arrested by the plastic deformation of 

the unoxidized materials. 
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Fig. 48. SEM cross-sectional images of the fracture surface of the 4 h-aged PA6 

sample. The vertical arrows in (b) indicate the direction of fibril orientation, i.e., the 

direction of crack propagation, and the tilted arrows in (b) point at the border, i.e., the 

crack arrest line. [Paper VII] 

The fracture behavior of the Stage II samples (Fig. 49) can be summarized as 

follows: (i) the formation of a brittle layer close to the surface due to the DLO, (ii) the 

initiation of multiple cracks in the brittle layer under tension; (iii) the arrest of cracks 

at a particular depth by the plastic deformation of the unoxidized core; and (iv) the 

propagation of the crack towards the center part of the sample when the necking 

started, leading to macroscopic fracture. Due to this special fracture behavior, the 

strain-at-break of the Stage II samples was nearly constant, close to the necking strain, 

and independent of the ageing time, the degree of oxidation or thickness of the 

oxidized layer. It is worth noting that the fracture behavior observed in the PA6 inner 

layer of the PB550 pipe aged for the longest time resembles that of Stage II samples.  

 

Fig. 49. Schematic presentation of the fracture behavior of the PA6 Stage II samples 

under tension. [Paper VII] 
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On further ageing, Stage III samples broke before the yield point, which is 

characteristic of brittle fracture. The strain at break dropped to 2.4 % after 48 h ageing. 

Fig. 47e shows that the strain-at-break of the Stage III samples overlapped with the 

strain at the appearance of cracks (after 30 h of ageing), which implies that the 

unoxidized core failed to arrest the cracks and Stage III samples broke instantly after 

the crack appearance.  

 

Fig. 50. (a) SEM cross-sectional images of the fracture surface of PA6 samples; (b) 

the thickness of the oxidized layer (TOL) and distance from the surface to the crack-

arrest line plotted as a function of ageing time; (c) SEM cross-sectional images of the 

fracture surface in the oxidized layer of the 24 and 48 h-aged samples. The arrows in 

(a) point at the crack arrest line and the dashed line in (a) represents the surface 

position of the samples. [Paper VII] 

Fig. 50b shows that the crack length, determined by the distance from the surface 

to the crack arrest line (Fig. 50a), agreed well with the thickness of the oxidized layer 

and increased rapidly before 24 h of ageing, followed by a much slower increase. The 

un-arrested to arrested crack transition between Stages II and III occurred somewhere 

between 24 and 30 h of ageing, in which the crack length was almost constant. This 

suggests that the crack length is not the dominating factor for the un-arrested to 

arrested crack transition. In contrast to the thickness of the oxidized layer, the degree 
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of oxidation in the oxidized layer continuously increased, which led to a more brittle 

oxidized layer and thus faster crack propagation under tension. Compared to the 24 h-

aged PA6 sample, the 48 h-aged sample showed a considerably rougher surface over 

the entire oxidized layer (Fig. 50c), indicating faster crack growth within the oxidized 

layer. As a result, the energy carried by the cracks with a fast growth rate exceeded 

the arrest value and allowed for the propagation of the cracks across the whole samples 

in Stage III.  
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5. CONCLUSIONS 

In this study, the ageing behavior of plastics in automotive fuel systems was 

investigated. Fuel uptake data showed that B0, B20 and B100 had the same diffusivity 

in PA12 but B0 had a larger solubility in PA12 than biodiesel. The monomer and 

oligomers of PA12 were extracted by the fuels. B100 had greater plasticization effect 

on PA12 than B0 due to the presence of ester groups which form hydrogen bonds with 

the amide groups of PAs. The absorbed fuels softened the polymer, as revealed by the 

decrease in modulus and strength. The decrease in modulus was smaller in the glass 

fibre reinforced PA12 than unreinforced PA12. In autoclave ageing conditions, the 

ageing mainly occurred in the PA matrix and the fibre-matrix bonding remained good 

after prolonged ageing. Semi-aromatic PA (PPA) showed better resistance to fuel 

attack than aliphatic PAs, as revealed by its lower fuel uptake and by the mechanical 

properties not getting poorer.  

Under “in-vehicle” ageing conditions where the fuel pipes were exposed to 

circulating fuel on the inside and to air on the outside, the fuel uptake was 

accompanied by plasticizer loss from the inner PA layer of the fuel pipe. The 

plasticizer loss was faster in fuels than in air due to the fuel extraction effect. The 

plasticizer loss was faster in B100 than in the other two fuels. The PA inner layer 

experienced DLO, which eventually led to pipe embrittlement. On the other hand, 

when used as the inner layer of the fuel pipe, ETFE showed good resistance to 

oxidation and did not become brittle after prolonged ageing. In addition, ETFE 

showed much lower fuel uptake and diffusivity in all three fuels than PA12, thus 

having better fuel barrier properties than the latter. ETFE is essentially free from 

plasticizer and monomer/oligomers. As a result, fluoropolymers seem better choices 

than PAs when used as fuel contacting material in harsh conditions.  

The oxidation of the PA12 outer layer in the air was at a low level and not enough 

to cause embrittlement after prolonged ageing. The loss from outer PA12 into air was 
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controlled by a diffusion process. The diffusivities showed linear Arrhenius behavior 

in the high temperature region but deviated from the linear behavior when the ageing 

temperature approached Tg. The activation energy of the plasticizer loss was obtained 

from the master curve of plasticizer loss and used to predict the plasticizer loss at 

lower temperature. The plasticizer loss in the PA layer yielded an increase in Tg, and 

thus stiffening and strengthening of the fuel pipe. In addition, when aged at elevated 

temperature, the crystallinity of PAs aged in both air and fuel increased due to the 

annealing effect. The increase in crystallinity also contributed to the stiffening process 

of the material.    

PA samples experienced DLO under high ageing temperature in both air and fuel. 

The formation of the thin oxidized layer reduced significantly the strain-at-break. 

Depending on whether the oxidized layer was brittle, two types of surface behavior 

(voiding and cracking) occurred during the tensile tests, which in turn led to three 

types (stages) of tensile fracture behavior. These three types of fracture behavior were 

systematically studied, which helped to understand the underlying mechanisms for the 

reduction of the strain at break under DLO conditions.  
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6. FUTURE WORK  

The study presents serval challenges and opportunities for further investigation: 

I.   Develop proper equipment to achieve continuous oxygen supply when ageing 

the polymer samples in highly oxidation-sensitive fuels. With the specially 

designed equipment, the “real” oxidation/embrittlement kinetics of polymer 

exposed to biodiesel can be studied. 

II.  Systematical study on the oxidation of polymer in the presence of highly 

oxidation-sensitive fuels. This can be very complicated, due to the physical and 

chemical interactions between polymer and fuels. Physically, the antioxidants in 

polymers can be extracted by the fuel, accelerating the oxidation of polymers, 

but meanwhile, the antioxidants added in the fuels can diffuse into polymers. 

Chemically, the radicals formed during the fuel oxidation can potentially initiate 

the oxidation of polymer. Also, there always exists a completion of the oxygen 

between the oxidation process of biodiesel and polymer.  

III.  The deterioration of polymer components caused by the migration of additive 

such as antioxidants and plasticizers in polymers can be avoided/reduced by, 

for example, using internal plasticizers or less migratable 

plasticizer/antioxidants during the design stage of material formulations.    
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