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ABSTRACT 
 

Polymers capability to withstand harmful interactions with different environments 
can be determined by looking at the transport and mechanical properties of the 
material exposed to the medium. The diffusion of a penetrant in a polymer and its 
swelling characteristics can be verified by a simple sorption-desorption experiment 
followed by methodical analysis of the data. Three different systems have been 
investigated and reported on using the sorption-desorption technique, tensile testing, 
compression testing, stress-relaxation and curve fitting routines in Matlab.  

Fluoropolymers of different repeating unit structure and crystallinities were 
exposed to tetrachloroethylene (TCE), water, hydrochloric acid (35%) and 
hydrobromic acid (47%) at 70°C yielding solubility and diffusivity data. The transport 
properties were mostly controlled by the polarity of the polymer and to a less degree 
by the polymer crystallinity. Low solubilities were observed for the aqueous solutes 
and their diffusivities were best fitted using a dual sorption mode assuming no 
concentration dependent diffusivities. The polarisable non-polar TCE showed the 
highest solubility, and the diffusivity was solute-concentration dependent. The rate at 
which the surface-concentration approached the saturation level was proportional to 
the product of the Young’s modulus, the square of the dry polymer thickness and the 
logarithm of the solute diffusivity. Data for water-hyperbranched polymer and 
limonene-polyethylene confirmed the relationship.  

Low and high-density poly-ethylene (LDPE, HDPE), crosslinked ethylene 
vinyltrimetoxy silane (PEX), natural rubber (NR) and acrylonitrile-butadiene rubber 
were exposed to crude oil components at 25 and 30°C. Solubility data indicated that 
the accessibility of the interfacial components decreased in the order: cyclohexane, n-
hexane/2,2-dimethylbutane and n-decane/n-tetradecane. The free-volume model 
described desorption data better than the semi-empirical exponential model, but the 
numerical differences were for most practical applications negligibly small. The 
decrease in tensile modulus, yield stress and relaxation modulus for dry HDPE and 
PEX compared to n-hexane, n-heptane, cyclohexane and toluene-swollen samples 
was clearly caused by the penetrant-induced plasticisation effect. 

LDPE and NR-sheets were exposed to limonene at 25°C. The limonene-NR 
displayed saddle-shape during sorption and cup-shape during desorption were most 
likely a consequence of local differences in limonene concentration that affected the 
stress state across the sheet thickness. The ratio in bulk modulus between LDPE and 
NR was significantly smaller than the corresponding ratio in tensile modulus and 
close to the ratio in the degree of anisotropy for the same polymers. Consequently, 
the bulk modulus is more accurate than the tensile modulus to use when predicting 
the degree of swelling anisotropy.  



 

 

 
SAMMANFATTNING 

 
Möjligheten för en polymer att stå emot skadliga miljöer kan bestämmas genom att 
studera dess transport och mekaniska egenskaper vid exponering av ämnet. 
Diffusionen av en penetrant i en polymer och dess svällning kan bestämmas genom 
en enkel sorption-desorptionsundersökning följt av metodisk analys av data. Tre 
olika system har undersökts och avrapporterats genom att använda sorption-
desorptionsmätningar, dragprovningsförsök, kompressionsprov, 
spänningsrelaxationsbestämningar och kurvanpassningsrutiner i Matlab. 
 Fluorpolymerer med varierande grundstruktur och kristallinitet har 
exponerats för tetrakloretylen (TCE), vatten, saltsyra (35%) och bromsyra (47%) vid 
70°C vilket har gett löslighets och diffusionsdata. Transportegenskaperna styrdes till 
största delen av polymerens polaritet och till en mindre del av dess kristallinitet. Lägst 
löslighet hade de vatteninnehållande penetranterna och deras diffusionskoefficienter 
anpassades bäst genom att använda en två-komponents sorptions modell med 
antagandet att diffusionskoefficienterna ej var penetrant-koncentrationsberoende. 
TCE (opolär och polariserbar) hade den högsta lösligheten och dess 
diffusionskoefficient var penetrant-koncentrationsberoende. Hastigheten varmed 
ykoncentrationen närmade sig mättnadsnivån var proportionell mot produkten av 
Young’s modul, kvadraten på den torra provbitstjockleken och logaritmen av 
penetrantens diffusionskoefficient. Data från systemen vatten-hyperförgrenad 
polymer och limonen-polyethylene bekräftade detta samband. 

Låg och högdensitets polyeten (LDPE, HDPE), tvärbunden etylen 
vinyltrimetoxi silan (PEX), naturgummi (NR) och akrylonitril-butadiengummi 
exponerades för råoljekomponenter vid 25 och 30°C. Löslighetsdata indikerade att 
tillgängligheten av de interkristallina faserna minskade i följande ordning: cyklohexan, 
n-hexan/2,2-dimetylbutan och n-dekan/n-tetradekan. Den fria-volyms modellen 
beskrev desorptionsdata bättre än den semi-empiriska exponentiella modellen, men 
de numeriska skillnaderna var för de flesta praktiska fall mycket liten. Minskningen i 
dragprovningsmodul, flytspänning och spänningsrelaxationsmodul för torr HDPE 
och PEX jämfört med n-hexan, n-heptan, cyklohexan och toluen-svällda prover 
kunde klart hänvisas till effekten av penetrant-inducerad plasticering.  
 LDPE och NR-plattor exponerades för limonen vid 25°C. Den under 
sorption av limonen i NR uppkomna sadelformen och den under desorption 
uppkomna koppformen härstammade högst troligtvis från lokala skillnader i 
limonenkoncentration vilket påverkade spänningsförhållandet över plattans tjocklek. 
Förhållandet i bulkmodul mellan LDPE och NR var signifikant mindre än deras 
förhållande i dragprovningsmodul och nära deras förhållande i ytanisotropi. Detta 
påvisar att det är mer rätt att använda bulkmodulen än dragprovningsmodulen vid 
förutsägelser om graden av ytanisotropi. 
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1. PROLOGUE 
 
 
1.1 Purpose of the study 
Ever since synthetic polymers were first commercialized there has been a 
constant concern about the durability, or endurance, of polymers compared 
to wood, ceramics or metals. The durability of polymers is in many cases 
inferior to the above materials and in other circumstances superior to them 
all. The diversity of polymers and their capability to be tailor made makes 
them a preferred material in many applications.  

The term durability of a polymer can be applied when looking at the 
mechanical properties of the material or when considering its transport 
properties. Both are greatly affected by the interactions of the polymers and 
the surrounding environment, e.g. their ability to withstand chemicals or 
obstruct radiation. 

The purpose of the work presented in this doctoral thesis has been 
to investigate the interactions between certain environments and polymers 
in order to predict the response of the combined system. This has been 
utilised via thorough studies of three different groups of polymers subject 
to various liquid surroundings: 

• fluoropolymers in contact with water, tetrachloroethylene, 
hydrobromic acid and hydrochloric acid 

• polyethylenes in contact with a crude oil mixture and its 
components: linear alkanes (n-hexane, n-heptane, n-decane 
and n-tetradecane), branched alkanes (2,2-dimethylbutane), 
cyclic alkanes (cyclohexane) and aromatics (toluene) 

• elastomers in contact with crude oil components and 
limonene 

The systems have been monitored through several experiments and using 
different analyzing techniques trying to create a comprehensive picture. The 
following are the most important methods used in this investigation: 

• sorption and desorption experiments 
• curve fitting routines in MATLAB and JMP 
• tensile testing 
• stress-relaxation 
• thermogravimetric methods (DSC) 

 
 
1.2 Structure of the thesis 
The introductory part of the thesis is found in chapter 2 and the 
experimental procedures in chapter 3. Results and discussions together with 
nomenclature can be examined in chapter 4 and 5. Chapter 6 gives the most 
important conclusions followed by the acknowledgements in chapter 7 and 
the references in chapter 8. 
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2 INTRODUCTION 
 
2.1 Background 
Polymers are inevitably in contact with different environments during their 
service life. These contacts force the polymer to interact with the 
environment and vice versa. Some interactions do neither affect the 
polymer nor the environment. Unfortunately, most interactions do 
somehow have a harmful effect to either one of the elements. 

Diffusion in, permeation through, swelling and relaxation of 
polymers in contact with different environments are common 
phenomena.1,2 Solute-induced-plasticisation coupled to diffusion of 
penetrants has been thoroughly investigated.3-9 Whereas the swelling-
induced mechanical stresses are not at all as thoroughly covered.1 These 
stresses, developing during sorption of penetrant may cause environmental 
stress cracking.10 Cracks can also form during desorption of penetrants due 
to extremely high tensile stresses developing in the surface. Inevitably, 
stress-relaxation is closely connected to the processes mentioned above and 
have been thoroughly studied over the years.11-14  

The diffusion process is easily monitored through a sorption-
desorption experiment, yielding transport kinetics data.15-17 Unfortunately, 
the analysis of the data is not always straightforward. Due to the Fickian or 
non-Fickian effects of penetrant-polymer systems18-20 various parameters are 
to be fitted to accurately give the transport properties.1,21,22 
 
 
2.2 Theory 
Sorption and desorption, diffusion, modulus, yield, break, stress-relaxation, 
plasticisation and antiplasticisation are concepts used in this study. Here 
follow some theoretical parts, dealing with each and every one. 
 
 
2.2.1 Sorption and desorption 
The sorption (or absorption) of a material (A) in another material (B) 
together with desorption of a material (A) from another material (B), are 
processes driven by the need for nature to equilibrate the chemical potential 
difference between the two materials. Sorption is most easily quantified as 
weight increase of the sorbing material (B). Desorption is measured by 
weight loss of the desorbing material (B). A sorbing materials (B) ability to 
sorb as much of the other material (A), until equilibrium is reached, is 
entitled the solubility of A in B. The mass uptake can be expressed either as 
mass concentration of A in B (Equation 1) or as mass-fraction of A in A+B 
(Equation 2). 
 

massA

massB

kg
kg

 

 
 




     (1) 

massA

massA + massB

kg
kg

 

 
 

 

 
     (2) 
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A more correct way is to consider the volumes of both A and B, giving the 
volume concentration of A in B (Equation 3) or as volume-fraction of A in 
A+B (Equation 4). 
 

volumeA

volumeB

m3

m3

 

 
 

 

 
      (3) 

volumeA

volumeA + volumeB

m3

m3

 

 
 

 

 
    (4) 

 
Sorption of liquids in polymers normally takes place in the amorphous part 
of the polymer. Only extremely small penetrants, such as hydrogen and 
helium, can penetrate the dense packing in the crystal part of the polymer. 
Hence, depending on the structural and the chemical nature of the 
penetrable fraction in the polymer compared to the size, shape and 
chemical structure of the penetrant, sorption can show different 
characteristics. 
 
 
2.2.1.1 Sorption characteristics 
Following the normalized mass increase of a dry sheet of polymer B 
immersed in a penetrant A over time, or square root of time, yields a 
sorption plot describing the different sorption characteristics.  
 
 
2.2.1.1.1 Fickian sorption 
Figure 1 shows a typical Fickian sorption curve. It is characterised by a 
linear first part of mass increase versus square root of time. The closer to 
saturation the sample gets, the slower the mass uptake will be until the 
equilibrium of A in A+B is reached.  
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Figure 2. Typical Fickian sorption curve 
 
Fickian sorption is an ideal case of sorption and can be found in systems 
where the relaxation of the polymer chains is much faster than the 
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penetrant diffusion or vice versa. Examples are viscous liquids or porous 
materials. 
 
 
2.2.1.1.2 Two-stage sorption 
Deviations from the ideal Fickian behaviour are called anomalous or non-
Fickian behaviours. They are common for most polymers and originates 
when the rates of diffusion and relaxation of the polymer chains are 
comparable. A frequent anomaly is described by the two-stage sorption 
curve found in Figure 2. The name comes from the apparent two stages in 
the curve. An initial Fickian sorption is followed by another type of 
sorption, delayed or hindered, revealing its nature as the Fickian diffusion 
declines and seen as a bump, or anomaly in the sorption plot. 
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Figure 2. Two stage sorption curve 
 
 
2.2.1.1.3 Sigmoidal sorption 
Another non-Fickian anomaly is the S-shaped curve that comes from the 
sigmoidal sorption (Figure 3). This special curve shape is a typical example 
of how diffusion is coupled to swelling and is illustrated in Figure 4. Initially 
the dry sheet is completely dry and immersed in the wet environment 
(penetrant). Immediately, the diffusion of penetrant starts and the sheet 
starts swelling. The dry (non-swollen) core of the sheet exerts a 
compressive stresses on the outer wet (swollen) layers hindering the 
diffusion.23 Since the core is still dry, the only direction the sheet is allowed 
to swell is perpendicular to the surface (stage I). This can be seen by the fast 
increase in thickness of the sheet compared to the square root of the area 
increase. As the diffusion front penetrates the sample the reducing force 
will be less pronounced and eventually disappear when the diffusion fronts 
reach the middle of the sheet. At his point, the swelling of the sample is 
free to commence in all directions (stage II) and the diffusion rate will 
increase until it levels of close to the saturation point.  
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Figure 3. Sigmoidal sorption curve 
 

Figure 4. Two-stage swelling  
 
 
2.2.1.1.4 Case II sorption 
Another anomaly is the case II sorption behaviour characterized by its 
linear time behaviour in the sorption plot (Figure 5). This behaviour comes 
from sharp diffusion fronts in the sheet and is followed by large swelling.  
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Figure 5. Case II sorption curve 
 
 



2 Introduction 
 

 6

2.2.1.2 Desorption Characteristics 
Following the normalized mass decrease of penetrant A from a fully sorbed 
polymer sheet of A+B over time, or square root of time, yields a desorption 
plot describing the desorption characteristics (Figure 6).  
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Figure 6. Desorption curve 
 
Desorption takes place by diffusion of the penetrant molecules to the 
surface of the polymer sheet followed by instantaneous evaporation from 
the surface. Desorption is fast at small times showing linearity against the 
square root of time (Fickian behaviour) but as the penetrant concentration 
in the sample decreases, so does the weight decrease. In the case of 
concentration dependent diffusivities, desorption is always slower than 
sorption. This comes from the tendency for the dry outer layers of the 
sheet to shrink back to its original size before the wet core is completely 
dry, hence delaying desorption of the small amount of penetrant still in the 
sample. This is the contrary from what happens during sorption when the 
plasticisation effect facilitates the penetrant sorption by increasing the 
accessible volume for the sorbing penetrants.  
 

Figure 7.  Stress distribution in a polymer sheet during sorption and desorption 
 
The stress state in the sample is in the case for desorption opposite the one 
for sorption (Figure 7). During sorption, the compressive stresses exerted 
on the wet outer layers of the sheet from the dry core are not harmful in 

Sorption Desorption
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nature to the sample. Throughout desorption the case is the opposite; the 
wet core induces tensile stresses in the dry outer layers of the sheet. These 
stresses may very well be large enough to initiate crack propagation and 
facilitate failure of the sample. 
 
 
2.2.2 Diffusion 
The diffusion of a penetrant in a polymer sheet can be explained as the 
average speed the diffusing penetrant has in the sheet and is measured in 
cm2/s. The diffusion can be either liquid like, at temperatures well above 
the Tg, or cage like, at lower temperatures.24,25 In the liquid like diffusion, the 
penetrant molecule travels more or less continuously along the highly 
mobile chain segments. In the cage like diffusion, the penetrant molecule 
gets stuck in a hole in between chain segments, oscillates there until a jump 
is made to an adjacent hole and so on. 
 
 
2.2.3 Concentration and volume-fraction dependent diffusivity 
The diffusion at low penetrant concentrations in a sample can be 
approximated to be constant. But at higher penetrant concentrations, the 
diffusivity is a function of the solute concentration. Both a decrease and an 
increase in diffusivity with penetrant concentration are possible. Although, 
an increase is most common due to the plasticisation effect the penetrant 
exerts on the polymer. At high penetrant concentrations, the concentration-
dependent diffusion is accompanied by swelling-induced mechanical 
stresses. 

The diffusion coefficient (D) of a penetrant in a polymer is obtained 
if weight gain/loss of penetrant over time is fitted to Fick’s equation 
(Equation 5) and solved for a plate geometry: 
 

∂v1

∂t
=

∂
∂x

Dm

1− v1

∂v1

∂x
 

 
 

 

 
     (5) 

 
where Dm is the solute volume-fraction dependent apparent mutual 
diffusivity; and v1 is the volume-fraction of solute in the polymer at time t 
and position x. Alternatively, Fick’s law can be rewritten on a concentration 
(or solubility) basis, which will give the solute-concentration dependent 
apparent mutual diffusivity D(C) accordingly: 
 

∂C
∂t

=
∂

∂x
D(C)

∂C
∂x

 
 
 

 
 
     (6) 

 
where C is the solute concentration. In the numerical solutions of Equation 
(5) and Equation (6) only half the plate thickness is considered and the 
inner boundary co-ordinate is here described, on a concentration basis, as 
an isolated point: 
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∂C
∂x

 

 
 

 

 
 
x =L/2

= 0     (7) 

 
where L is the dry plate thickness. The outer boundary condition is 
described by: 
 

τc
∂C
∂t

 

 
 

 

 
 
x=0

+ C −C∞( )x= 0 = 0   (8) 

 
where C∞ is the final solute concentration; and τc is the surface-
concentration relaxation time. 

In conditions where the swelling is extensive, the diffusivity 
increases with increasing solute volume-fraction or concentration.1 This 
plasticisation caused by the solvent uptake is incorporated into Fick’s 
equation by the use of Dm and D(C). A frequently used model is the semi-
empirical exponential equation:1  
 

DT = Dv1 0e
αv v1      (9) 

 
where DT is the thermodynamic diffusivity; Dv1 0  is the zero volume-fraction 
diffusivity; and αv is the solute volume-fraction plasticisation power. This 
relationship can also be expressed as: 
 

D(C) = Dc0e
αCc     (10) 

 
where Dc0 is the zero-concentration diffusivity; and αC is the solute 
concentration plasticisation power. This equation has proved to successfully 
fit n-hexane desorption data.26,27 Alternatively the thermodynamic diffusivity 
(DT) can be obtained from the free-volume theory according to Cohen-
Turnbull and Fujita:28-32  
 

DT = Aexp −
Bd

v1
a f1 + v2

a f2

 

 
  

 

 
     (11) 

 
where A is a constant; Bd is the minimum hole size required for a solute 
molecule to take a diffusional jump; v1a and v2a are the volume-fractions of 
solute and polymer in the amorphous polymer component; f1 is the 
fractional free-volume of solute; and f2 is the fractional free-volume of the 
amorphous (penetrable) part of the polymer. DT is related to Dm (from 
sorption-desorption data) through a thermodynamic correction: 
 

Dm

1− v1

= DT
∂ lna1

∂ lnv1
a

 

 
 

 

 
     (12) 
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where a1 is the penetrant activity in the polymer. Fels and Huang33 showed 
that the activity of the solute absorbed in the amorphous part of the 
polymer can be expressed by the Flory-Huggins equation: 
 

∂ ln a1

∂ ln v1
a = 1 − v1

a( )1− 2χ12v1
a( )    (13) 

 
where χ12 is the Flory-Huggins interaction parameter. Equation (10) is valid 
only if the system maintains a constant volume on mixing and it implies 
that D increases with solute volume-fraction when f1>f2. Equation (12) can 
be rewritten in the form of a zero volume-fraction diffusivity ( Dv1 0 ) and a 
solute-volume-fraction-dependent term (ξv1

):31  
 

DT = Dv1 0 ×ξv1
= Ae

−
Bd

f2

 

 
 

 

 
 
× exp

Bdv1
a f1 − f2( )

f2 f2 + v1
a f1 − f2( )( )

 

 
  

 

 
    (14) 

 
The factor ξv1

 yields the diffusivity a concentration dependence. Changes in 
the physical structure of the polymer (e.g. degree of crystallinity) are easily 
monitored through Dv1 0 . 
 
 
2.2.4 Tensile modulus, bulk modulus, yield and break 
The tensile modulus, yield and break of a material can all be determined 
from stress strain experiments. They are all short-term parameters and 
hence, say nothing about the long-term performance of the material. The 
bulk modulus, another short-term parameter, is determined from an 
experiment where the deformation is measured during hydrostatic pressure.  
 
 
2.2.4.1 Tensile modulus 
The tensile modulus (E) of a material is normally determined from the 
initial slope of the curve from a stress-strain experiment conducted at 
constant tensile strain rate (Figure 8). E is strongly dependent on the strain 
rate of the experiment; a high rate will give a high E while a slower rate will 
give a lower E. This comes from the time-dependent behaviour of the 
polymer. Since E is determined within the first few percent of strain, it 
mainly involves the amorphous (elastic), or highly movable, part of the 
polymer. And given that an average penetrant only dwell in this phase, the 
effect of a penetrant, acting as a lubricant, is clearly seen as the drastic 
decrease in E from an unexposed to an exposed material.  
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Figure 8. Stress strain curve of a semi crystalline and a fully amorphous polymer 
 
 
2.2.4.2 Bulk modulus 
The compressibility and hence the bulk modulus (K) of a material can be 
determined from the slope of the curve from a isothermal compression 
experiment where pressure versus volume is recorded according to: 
 

K = −
1

1
V

∂V
∂p

 

 
 

 

 
 

T

    (15) 

 
where p is the pressure of the system; and V is the specimen volume. 
 
 
2.2.4.3 Yield and break 
The yield point in the semi crystalline polymer is the point in the stress-
strain experiment where the deformation in the polymer goes from mainly 
involving elastic spherulite deformation and small plastic deformation in e.g 
interspheherulitic boundaries to where the plastic deformation at the 
boundaries between spherulites dominates (Figure 8).34 The polymer crystals 
then starts to rearrange (slip) and slide on top of each other, like a deck of 
cards until the chains are fully elongated. Eventually, the fully stretched 
polymer chains cannot distribute the load put on them and the break point 
is reached.35 The lubricating effect of a penetrant will lower the yield stress 
by decreasing the resistance to yield between the spherulites and also by 
facilitating the crystal-slip leading to increased elongation at break. 
 
 
2.2.5 Stress-relaxation 
Stress-relaxation experiments are conducted by elongating a specimen to a 
set strain and subsequently observe the stress over time. The stress-
relaxation experiment is an adequate method to determine the long term 
performance of the material by monitoring the curve shape and the long 
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term parameters stress-relaxation time (τ) together with the relaxation 
modulus (E(t)) from: 
 

E(t) =
σ (t)
εo

     (16) 

 
where σ(t) is the relaxation true stress of the sample; and ε0 is the tensile 
natural strain applied at the start of the experiment (t=0).12,36 The Maxwell 
element (Figure 9) is suitable to predict the stress-relaxation of polymers 
and can be written as: 

ε

σ

t

η

E

t
 

Figure 9. Maxwell element and corresponding strain and stress curves over time 
 

σ = σ 0e
−

t
τ     (17) 

 
where σ is the stress of the sample; σ0 is the initial stress; and t is the time.37 
The Maxwell element is a spring and a dashpot in series where E is the 
modulus of the spring; and η is the viscosity of the dashpot.  

The interaction of a penetrant alters the long-term properties of a 
material. The stress-relaxation curve shape shifts in appearance and E(t) 
decreases drastically from solvent free to solvent filled polymer. Nizisawa.13 
showed τ increases with the size of the penetrant in the benzene series at 
large strains (> 50%) but the effect is negligible at smaller deformations.38  

 
 

2.2.6 Plasticisation and antiplasticisation 
Plasticisation is described as the decrease in tensile modulus, strength and 
Tg accompanied by an increase in elongation at break.39 Plasticisation occurs 
when a low molecular penetrant increases the effective free volume of the 
system, hence enhancing the systems chain mobility, like a lubricant. This 
improvement also increases the diffusion of penetrant in the material.  

Antiplasticisation, on the other hand, is described as the increase in 
tensile modulus and strength accompanied by the decrease in elongation at 
break when adding special low molecular additives to a short branched 
chain polymer.40 The additive will reduce the extra effective free volume the 
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branches created. Hence eliminating its secondary loss transition (β), 
lowering the effective free volume and decreases the diffusion. 
 
 
2.3 Fluoropolymers 
Fluoropolymers is a very important group of polymers considering its 
excellent thermal and chemical resistance.41 These superior properties 
originate from the attached fluorine atoms on the chemical backbone of the 
molecular structure. The first fluoropolymer to gain fame was 
poly(tetrafluoroethylene) (PTFE), or Teflon (Du Pont) (Figure  10). 
Known best for its use as coating on non-stick surfaces. Due to the extreme 
processing conditions during manufacturing of PTFE products, slight 
changes were made in the chemical structure to increase its processability. 
Today several homopolymers and copolymers have sprung from the 
original (Figure 10).  

The importance of fluoropolymers as an excellent engineering 
polymer is easily understood if one considers its widespread usage as pipe 
linings in steel or fibre-reinforced-plastics (FRP). Another major application 
is as process component protection in as different areas as pulp and paper, 
metallurgical, chemical, petrochemical, pharmaceutical and electronic 
industries. Elevated temperatures and acidic or basic environments can be 
found in these areas e.g. hydrofluoric acid,42 wet chlorine gas,43 outlet brine,44 
water and hydrochloric acid.45 
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Figure 10. The chemical structures of (a) poly(tetrafluoroethylene)-co-
perfluoromethylninylether (MFA), (b) poly(tetrafluoroethylene)-co-
perfluoropropylvinylether (PFA), (c) poly(tetrafluoroethylene)-co-
hexafluoropropylene (FEP), (d) ethylene-tetrafluoroethylene (ETFE), (e) 
poly(vinylidenefluoride) (PVDF), (f) ethylene-chlorotrifluoroethylene 
(ECTFE), and (g) PTFE 

 
Despite the fact that fluoropolymers have been used for a long time, little is 
known about their long-term performance in severe environments. The 
chemical-polymer interactions, e.g. the sorption and desorption 
characteristics of these polymers, are important to reveal in order to assess 
the long-term properties of the polymer product. Very limited information 
exists on the mechanism and behaviour of acid transport in polymers.46-48 
Although the lining itself appears to be unaffected by the chemical, the 
underlying matrix may be attacked since the chemical may diffuse rapidly 
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through the lining. E.g. condensation of water on the inside of the lining 
can lead to debonding, void formation and early failure.49  
 
 
2.3 Polyethylenes in crude oil 
High-density polyethylene (HDPE) has for many years been the preferred 
choice of material in lining applications for crude-oil onshore and inland 
transport at elevated temperature and at high pressure. The HDPE material 
is attractive because of its good chemical resistance to the various metal-
aggressive species in the oil, its low cost and easy processing. A matter to be 
considered, however, is that polyethylene (PE), like most polymers, is 
permeable to gases and liquids. PE also has great potentials for crude-oil-
transportation services by the use of stand-alone piping. In recent years, 
such piping projects have been realised.50 Also here permeation of low 
molecular species through the pipe wall may be a matter of concern, but 
mainly for environmental protection reasons. 

Crude oil is a mixture of components, which can be divided into 
three fractions; the aliphatic (or saturate), the aromatic and the asphaltic (or 
polar). All fractions are originally mixed, linear, branched and cyclic alkanes 
together with aromatics of different sizes and structures and asphaltenes. 
Especially important is the small molecule fractions. They easily diffuse 
through the lining and such permeation could cause various problems.51 
Generally, the diffusivity of crude oil is difficult to determine and have not 
been thoroughly examined due to the diversity of components.52 However, 
an improved comprehension of the transport properties of crude oil can be 
obtained if a representative selection of crude oil components is 
investigated.53  

The influence of chemical interaction and uptake (sorption) on the 
mechanical properties of plastics and the effects of mechanical stresses on 
the chemical uptake are still not fully understood from a general standpoint, 
and data for specific media and materials are sparse. Many basic and 
fundamental issues concerning the interaction between plastics and various 
chemical environments have been examined thoroughly by e.g. Blackadder 
et al 54,55 in permeation and sorption-desorption kinetics studies. Kukarni and 
Stern56 studied the diffusion of carbondioxide (CO2), methane (CH4 ) , 
ethene (C2H4 )  and propane (C3H8) in LDPE at elevated pressures and 
Hedenqvist and Gedde26 did an extensive review on small molecule 
diffusion in semicrystalline polymers. 

For an elastomer, such as natural rubber (NR), the chemical 
crosslinks are a necessity for its unique mechanical properties. In fully 
amorphous polymers, above Tg, the crosslink density (XLD) determines the 
swelling capabilities. The higher the XLD is in a polymer, the less 
interaction by a penetrant and eventually a smaller degree of swelling. 
Although, it has to be added that crosslinked elastomers swells readily and 
to a much larger degree than other polymeric materials. In semi crystalline 
polymers, on the other hand, there exists no chemical crosslinks. The 
backbone of the structure is the crystals, which acts as physical crosslinks. It 
is the crystal content, or more correctly the lack thereof, that determines the 
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swelling behaviour. A higher crystallinity (smaller amorphous fraction) leads 
to a reduction in the degree of swelling and vice versa. Nevertheless, a too 
high crystallinity makes the material very stiff and hard to process. As a 
consequence, an amorphous fraction is a necessity in a semi crystalline 
material in order to have the best of both worlds.  

Crosslinking the polymer network can reduce swelling and enhance 
the mechanical properties of the material. Radical crosslinking by either 
peroxides or electron-beam irradiation is well documented.14,57-59 A rather 
new technique is silane crosslinking with water as the crosslinking agent.60  
 
 
2.4 Swelling behaviour of NR and LDPE 
In a previous study by Hedenqvist and Gedde,1 the behaviour of highly 
swelling rubbery polymers was investigated. NR and low-density 
polyethylene (LDPE) sheets were exposed to liquid n-hexane and the 
dimensional changes were recorded and transport properties determined. 
The behaviour of the polymers during desorption was also established. It 
was observed that even for a markedly soft polymer as NR the sorption is 
“anisotropic”, i.e. swelling in the thickness direction is slightly faster than 
swelling in the perpendicular direction. The “anisotropy” was greater for 
LDPE, where also two stages could be distinguished. Stage I is 
characterised by swelling mainly in the thickness direction and it occurs at 
short times before the solute has reached the core of the sheet. Once solute 
molecules have reached the core, the sheet is free to swell in all three 
orthogonal directions (stage II) (Figure 4). This leads to, on a square root of 
time basis, a rapid increase in the cross-sectional area and, in fact, even a 
temporary reduction of the thickness. In case of NR both stages are 
probably present but the transition is much less distinct. Similar types of 
behaviour have also been observed for glassy polymers (see e.g. Samus and 
Rossi).15  

Interestingly, the mechanical constraints responsible for the 
anisotropy during sorption are not that different between NR and LDPE 
considering their Young’s modulus, which differ by two to three orders of 
magnitude. Both polymers exhibit sigmoidal sorption curves evident of the 
stage I and II behaviour. Previously,1 the degree of anisotropy in swelling 
was quantified in terms of the ratio of the thickness to cross-sectional area 
during sorption (tca). It was found that the average ratio between tca for 
PE and for NR was 2.4. This is considerably less than the difference in their 
respective tensile stiffness but relatively close to the ratio in tabulated bulk 
modulus. It was therefore suggested that the bulk modulus was the 
mechanical parameter most closely related to the degree of anisotropy in 
swelling. Swelling mechanisms have hitherto mostly been explained in 
terms of differences in tensile modulus.61-63 
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3. EXPERIMENTAL 
The diversity of materials, experimental methods and characterization 
methods used in this thesis are here presented. 

 
3.1 Materials 
All materials are presented by method of preparation and characteristics. 
The fluoropolymers are followed by the polyethylenes, the elastomers and 
last the penetrants. 
 
 
3.1.1 Fluoropolymers 
The characteristics of the fluoropolymers are presented in Figure 10 and 
Table 1. Polymers were kindly supplied by Ausimont S.p.A., Italy. The 
PTFE-based samples containing no or less than 1 mol% copolymer were 
referred to as PTFE materials. The PFA, MFA, FEP, ETFE, ECTFE and 
PVDF materials were compression moulded into 1.35-1.5 mm thick plates at 
respectively 350, 370, 320, 300, 260 and 200°C. The samples were preheated 
between the plates for 5 min without pressure and then exposed to a 4 MPa 
pressure for 2 min. Water-cooling the plates for 2 min with the pressure 
maintained at 4 MPa ended the cycle. The PTFE materials were sintered into 
1.06-1.2 mm thick skived tapes at 370°C for 36 h. 
 
Table 1. Characteristics of fluoropolymers 
Sample Copolymera Xb (mol%) Tm (°C) Polarityc 

PTFE1 - - 331 1 
PTFE2 PFPVE 0.1-0.2 332 1 
PTFE3 PFPVE 0.1-0.2 331 1 
PTFE4 PFPVE 0.1-0.2 330 1 
PFA1 PFPVE 2.4 306 2 
PFA2 PFPVE 2.4 306 2 
PFA3 PFPVE 2.2 308 2 
PFA4 PFPVE 2.2 308 2 
MFA PFMVE 4.5 286 2 
ETFE - - 268 3 
FEP1 HFP 7.2 261 2 
FEP2 HFP 7.3 260 2 
ECTFE1 - - 241 4 
ECTFE2 - - 228 4 
PVDF1 HFP 2.0 158 5 
PVDF2 - - 170 5 
PVDF3 - - 174 5 
PVDF4 - - 167 5 

a PTFE modified with either PFPVE: perfluoropropylvinylether, PFMVE: 
perfluoromethylvinylether or HFP: hexafluoropropylene. 
b The copolymer contents of the PFA, MFA and FEP polymers were estimated from melting 
point data using information in ref.64 Other data from supplier. 
c 1) non-polar; 2) nearly non-polar; 3) weak dipolar and hydrogen bonds; 4) dipoles and 5) 
hydrogen bonds.9,17  
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3.1.2 Polyethylenes 
The three samples studied were a low-density poly(ethylene-co-butene) 
(LDPE, MIM 1912), a high-density poly(ethylene-co-1-butene), (HDPE, 
MG 7547) and a crosslinked ethylene vinyltrimetoxy silane, (PEX, BorPEX 
HE 2525) kindly supplied by Borealis AB, Sweden. The PEX was 
crosslinked in water at 90-95°C for 6 h.60 LDPE: ρLDPE=919 kg m-3, mass 
crystallinity (wc)=0.57, melt flow index=1.2. HDPE: ρHDPE=958 kg m-3, 
mass crystallinity (wc)=0.81, melting temperature (Tm)=137°C, melt flow 
index (according to ISO1133)>4.0. PEX: ρPEX=955 kg m-3, wc=0.78, 
Tm=137.5°C, molar mass between crosslinks: Mc =7574 g mol-1. Mc  was 
obtained from Hot Set experiments at 473.2 K, straining the sample to 80% 
its original length. For the sorption, desorption and tensile testing, sheets of 
LDPE, HDPE and PEX were prepared. LDPE and HDPE were melt-
crystallized during cooling from 160°C and 180°C respectively to 25°C 
under pressure. The PEX was prepared by melt extrusion of 95% PEX & 
5% of CatMB50 in a Brabender extruder, followed by melt-crystallization 
during cooling from 190°C to 25°C under pressure. For the bulk modulus 
measurements rod-like specimens were prepared. A 10 cm thick aluminium 
mould with circular holes (diameter 1.2 mm) was used to mould rod-like 
polyethylene rods. The polymer was melted inside cylindrical holes in an 
aluminium mould and was subsequently cooled under pressure by letting a 
steel rod move into the hole. The LDPE rods were prepared using the same 
conditions as for the sheets. Both sheets and rods were prepared using a 
compression-molding machine (Schwabenthan Polystat 400s). 
 
 
3.1.3 Elastomers 
The two samples studied were crosslinked NR and an acrylonitrile-
butadiene rubber (NBR). The NR (smoked sheet) was prepared according 
to SIS 1658-1973E(1) with 6 phr zinc oxide, 3.5 phr sulphur, 0.5 phr stearic 
acid and 0.5 phr mercaptobenzothiazole (MBT). All components were 
thoroughly mixed with the rubber resin in a masticizer. For the sorption, 
desorption and tensile testing, sheets of natural rubber was vulcanized at 
140°C for 40 min on 2 mm slab.65 Teflon films were used as anti-sticking 
medium. NR: ρNR=977 kg m-3 and a molar mass between crosslinks: 
Mc =7670 g mol-1. The number average molar mass between crosslinks Mc  
was obtained from NMR at 35°C using a IIR-MR-CDS-3500 system 
manufactured and operated by IIR Innovative Imaging Corp. KG, 
Blieskastel, Germany. NBR: ρNBR=1005 kg m-3, Mc =3500 g mol-1, 
Acrylonitrile content=27 wt.% from FT-IR Spectroscopy using a Perkin 
Elmer FT-IR Spectrum 2000 spectrometer. For the bulk modulus 
measurements rod-like specimens were made according to the same 
procedure as for LDPE. Because of the larger size the NR rods were 
vulcanized for a longer time (approximately 20 h) compared to the sheets. 
No signs of degradation were observed during vulcanization. 
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3.1.4 Penetrants 
The chemical structures of all penetrants can be found in Figure 11, densities 
and supplier are tabulated in Table 2. The crude oil mixture was prepared 
according to Taylor et al 53 and consists of 52vol-% n-heptane, 33vol-% 
cyclohexane and 15vol-% toluene. 

 
Table 2. Characteristics of penetrants 
Penetrant Densitya Purityb Manufacturer 
tetrachloroethylene 1110 99.5% Kebo Lab, Sweden 
deionised water 1000 100% In house 
hydrochloric acid 1180 35% Prolab/Merck Eurolab 
hydrobromic acid 1490 47% Kebo Lab, Sweden 
cyclohexane 779 99% Aldrich, Sweden 
toluene 870 >99% VWR International, Sweden 
2,2-dimethylbutane 649 99% Aldrich, Sweden 
n-hexane 667 99% Aldrich, Sweden 
n-heptane 680 >99% VWR International, Sweden 
d-limonene 840c 95% Aldrich, Sweden 
n-decane 730 99% Aldrich, Sweden 
n-tetradecane 763 99% Aldrich, Sweden 
a in kg m-3 at 25°C 
b in mass-% 
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Figure 11. The chemical structures of (a) tetrachloroethylene, (b) water, (c) 

hydrochloric acid, (d) hydrobromic acid, (e) cyclohexane, (f) toluene, (g) 
2,2-dimethylbutane, (h) n-hexane, (i) n-heptane, (j) d-limonene, (k) n-
decane and (l) n-tetradecane. 

 
 
3.2 Methods 
All experimental methods are here introduced starting with sorption and 
desorption at unit penetrant activity followed by sorption at low penetrant 
activity. Then follows the tensile testing and stress-relaxation with and 
without penetrant contact. Last, an experimental and theoretical description 
of the bulk modulus determination  
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2.2.1 Integral sorption and desorption 
For the fluoropolymers, sorption was conducted by immersing the specimen 
at 70°C in a bottle containing tetrachloroethylene (TCE). The mass increase 
was recorded by intermittently weighing the surface-dried sample using a 
Sartorius balance. Desorption was performed on the solute-saturated 
specimen by placing it in a 70°C warm “air-conditioned” heat chamber. The 
mass decrease was recorded by intermittently weighing the specimen using 
the Sartorius balance. The gravimetric data indicated that no residual TCE 
was left in the specimens after desorption.  

For the polyethylenes, the dimensions of the dry specimens were for 
LDPE: thickness=2.8–3.1 mm, width=50 mm, length=50 mm, for HDPE: 
thickness=0.82–1.18 mm, and for PEX: thickness=1.03–1.38 mm. The 
LDPE was immersed in the solutes at 25°C, HDPE and PEX at 30°C. The 
surface-dried specimens were weighted intermittently until sorption 
equilibrium was reached. Subsequently, desorption took place by placing 
surface-dried specimens in an "air-conditioned" heat chamber at 25°C. The 
sample mass was measured after different periods of desorption time until 
no change of mass occurred with a Mettler AE100 balance for LDPE and a 
Sartorius balance for HDPE and PEX. The loss of material to the solute was 
undetectable for LDPE and less than 0.4% for both HDPE & PEX. 

The dimensions of the dry elastomer specimens were for the 2,2-
dimethylbutane, cyclohexane, n-hexane, n-decane and n-tetradecane 
experiments for NR: thickness=2.1–2.3, width=30 and length=30 mm3, and 
for NBR: 3.0–3.2×50×50 mm3. The dimensions for the d-limonene were for 
both NR and NBR: 2×45×45 mm3. The NR and NBR specimens were 
immersed in the solutes at 25°C. Intermittent weighing of surface dried 
specimens was conducted until sorption equilibrium was obtained and mass 
was registered using a Mettler AE100 balance, with an accuracy of 10-5 g. 
The thickness and the cross sectional area was for the d-limonene specimens 
recorded using rulers and callipers during sorption and desorption. 
Subsequently, desorption took place by placing surface-dried specimens in 
an "air-conditioned" heat chamber at 25°C. The sample mass was measured 
with a Mettler AE100 balance after different periods of desorption time until 
no change of mass occurred. The loss of material to the solute was less than 
1% for NR and less than 7% for NBR.  
 
 
3.2.2 Sorption at low penetrant activities 
The dimensions of the dry specimens were for LDPE: thickness=0.05–0.1 
mm, width=3 mm, length=9 mm and for NBR and NR=0.5×3×9 mm3. 
The experiment was started by exposing the dry specimen to the solute 
vapour in a low-pressure barometric sorption apparatus.66 The solute 
activity was monitored through the partial vapour pressure. Mass increase 
was measured using a Cahn Electro balance (D101-02). After sorption 
equilibrium was attained the partial pressure of the penetrant was increased 
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and a new sorption cycle started. At activity=0.8 the experiment was 
stopped because of the risk of solute condensation inside the apparatus. 
 
 
3.2.3 Tensile testing and stress-relaxation 
All experiments were carried out on an Instron Testing Instrument Model 
5566 recording the strain between gauges. Young’s modulus was calculated 
as the initial slope of the stress-strain curve.  

The stress-strain and stress-relaxation properties were for the 
fluoropolymers measured on 25 mm long dumb-bell shaped specimens 
(thickness: 1.35-1.5 mm; width of narrow section: 2.2 mm; gauge length: 10 
mm) at 70°C and 40% relative humidity. The stress-strain properties were 
recorded at a strain rate of 500 mm min-1 and Stress-relaxation was 
obtained on specimens rapidly strained to 4% engineering strain, with a 
ramp time less than one second. 

For the polyethylenes, LDPE was tested on dumb-bell shaped 
specimens punched out with an Elastocon sample-knife and having 
dimensions according to ISO 37:1994(E) type 3 (except that the overall 
length was 65 mm). Specimen thickness was for LDPE=0.56–0.66 mm and 
the stress-strain properties were recorded at a strain rate of 500 mm min-1. 
HDPE and PEX were tested in the solute using dumb-bell shaped 
specimens. Specimen thickness was for HDPE=0.82–1.18 mm and for 
PEX=1.03–1.38 mm. Tensile tests were performed with a strain rate of 0.1 
mm min-1 for the Young’s modulus determination and 50 mm min-1 for the 
determination of strain and stress at yield as well as at break. Young’s 
modulus was here calculated from the slope of the stress-strain curve 
between 0 and 0.1% strain for 5 consecutive runs after returning to original 
gauge length and unloading after each run. Stress and strain at yield and 
break was measured on the same sample following the modulus 
determination. Stress-relaxation tests were performed in the solute at a 
strain rate of 50 mm min-1 to 2% engineering strain with a ramp time less 
than one second. The relaxation behaviour was measured during 18h. The 
samples were reused in the tensile experiments. 

For the elastomers, NR and NBR samples were prepared according 
to the same procedure as for LDPE. Specimen thickness were for NR=2.1–
2.3 mm and for NBR=3.0–3.2 mm. The tensile tests were performed at 
25°C using a strain rate of 500 mm min-1. 
 
 
3.2.4 Bulk modulus measurement 
K was determined for LDPE and NR. The pressure was generated by a 
silicone-oil fluid based system. The system is fully described elsewhere.67 
The pressure vessel was located in a thermal bath, where silicone oil 
circulates from the stirred circulator, ensuring precise temperature control. 
The measuring system insert was a dilatometer. Signals from the measuring 
insert pass through the carrier amplifier prior to being collected in digital 
format by the data acquisition system. Specimens can be subjected to 
pressures of up to 640 MPa with a precision of ±0.1 MPa, and to 
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temperatures from –30°C to +120°C with a precision of ±0.01°C. Rod-
shaped specimens were used having a diameter of 1.2 mm. The change in 
volume was estimated from the change in length of the rod. The volume of 

the rod specimen was: V =
π
4

D2L , where D and L are the diameter and 

length respectively. By taking partial derivatives 
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 dL  is obtained. 

Letting the new diameter and the new length be approximately equal to, 
respectively, the initial diameter: D ≅ Do, and the initial length: L ≅ Lo, 

dV =
2π
4

Do
2dL +

π
4

Do
2dL =

3
4

π Do
2dL  is obtained. Consequently, the total 

volume V = Vo + dV  is calculated from: 
 

 V =
π Do

2

4
Lo + 3dL( )    (18) 

 
The bulk modulus was calculated from a quadratic polynomial expression, 
v(P), of the volume versus pressure data and the slope of the pressure 

versus volume data dP
dv

: 

 

K(P) = v(P) dP
dv

    (19) 

 
 
3.3. Characterization 
The characterisation of the polymers has been conducted using differential 
scanning calorimetry (DSC), size exclusion chromatography (SEC), infra red 
(IR) spectroscopy, density, Raman spectroscopy and transmission electron 
microscopy (TEM). 
 
 
3.3.1 Differential scanning calorimetry (DSC) 
The melting endotherms of the polymers were obtained by heating 5±0.3 
mg samples at a rate of 10°C min-1 between –10°C and 300°C for the 
fluoropolymers and –40°C and 250°C for the polyethylenes using a 
temperature- and energy-calibrated Mettler-Toledo DSC 820. 
 
 
3.3.2 Size exclusion chromatography (SEC) 
Size exclusion chromatography (SEC) was performed on the fluoropolymers 
by first dissolving 1 mg PVDF material at 70-100°C in 10 ml dimethyl 
formamide (DMF) for 2 min and subsequently exposing the solution to 
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ultrasonic sound for a few minutes. The procedure was repeated 3 times. 
The solution was subsequently filtered through nylon filters (poresize~0.45 
�m). The filtered solution was injected in a Waters GPC system using a 
solvent delivery system (model 510), automatic injector (WISP 712) and a 
differential refractometer (Waters 410) as detector. All measurements were 
performed at 70°C with a 10 µm mixed B column from Polymer Labs. DMF 
was used as solvent at a flow rate of 1.0 ml/min. Linear polyethylene oxide 
was used for calibration.  
 
 
3.3.3 Infra red (IR) spectroscopy 
A Perkin-Elmer 2000 FTIR-spectrophotometer, equipped with a Golden 
Gate accessory from Grasseby Specac, was used to obtain reflection-IR-
spectra for NBR. 
 
 
3.3.4 Density measurements 
The densities of the elastomer and polyolefin samples were obtained by 
using the Archimedes principle. Specimens were weighed in air and in 
ethanol at 23-25°C using a Mettler AE100 balance equipped with a ME-
33360 kit. 
 
 
3.3.5 Raman spectroscopy 
LDPE Raman spectra based on 128 scans for each specimen were recorded 
at 25°C using a Perkin Elmer Spectrum-2000 NIR-Raman instrument. 
 
 
3.3.6 Transmission electron microscopy (TEM) 
The lamellar structure in LDPE was revealed by transmission electron 
microscopy (TEM) using a Philips Tecnai 10 electron microscope. The 
TEM studies were carried out on chlorosulphonated 50 nm sections stained 
with uranyl acetate.68  
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4. NOMENCLATURE 
A pre-exponential factor in free volume equation 
Ac cross-sectional area 
AA polynomial factor of the second degree 
a1 solute activity in the polymer  
BB polynomial factor of the first degree 
Bd minimum hole size required for penetrating molecule 30 
bp solute boiling point 
C solute concentration or solute mass-fraction in the polymer 
CC crystal core 
Ci instantaneous solute concentration 
Cs solute surface-concentration  
Cs′ solute surface-concentration rate 
C∞ final solute concentration 
D solute diffusion coefficient, diffusivity or diffusion constant 
DD polynomial constant 
D(C) solute concentration dependent mutual apparent diffusivity 
Dm solute volume-fraction dependent mutual apparent diffusivity 
D  average solute diffusion coeffiecient, diffusivity or diffusion constant 
Dc0 zero-concentration diffusivity 
DT thermodynamic diffusivity 
Dv1 0  zero volume-fraction diffusivity 
d Hansen solubility parameter 
dd Hansen dispersion solubility parameter 
dh Hansen hydrogen solubility parameter 
dp Hansen polar solubility parameter 
E Young’s tensile modulus 
E(t) tensile relaxation modulus 
f1 fractional free volume of solute 
f2 fractional free volume of the amorphous (penetrable) fraction of the 

polymer 
I interfacial phase (I=ILL+ICC) 
ICC interfacial crystal core phase 
ILL interfacial liquid-like phase 
K bulk modulus, compressibility or compression modulus 
Ks system bulk modulus 
K1 solute bulk modulus 
K2 polymer bulk modulus 
KK evaporation constant of liquid from surface of polymer69 
L sample or plate thickness 
LL liquid-like phase 
Mc average molar mass between crosslinks 
m number of carbon atoms in the linear alkane 
NPP non-penetrable phases 
n number of the corresponding group in the linear alkane 
Ra solubility paramter distance 
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SSD sum of the square difference between normalized experimental and 
fitted data 

T temperature 
Tm melting temperature 
Tg glass transition temperature 
t time 
V specimen volume 
V10 molar volume of penetrant 
v1 solute volume-fraction in the polymer 
v1a solute volume-fraction in the amorphous part of the polymer 
v2a polymer volume-fraction in the amorphous part of the polymer 
wc mass crystallinity 
wf modelled saturation solute mass-fraction 
x space coordinate 
αC solute concentration plasticisation power  
αv solute volume-fraction plasticisation power 
χ12 Flory-Huggins interaction parameter 
ε strain or elongation 
ε0 initial strain or elongation 
εB fracture strain or elongation at break 
η viscosity 
µ degree of swelling anisotropy 
ρ density 
σ tensile stress 
σ0 initial tensile stress 
σy yield stress 
τ stress-relaxation time 
τ′ stress-relaxation rate 
τc surface-concentration stress-relaxation time 
τc′ surface-concentration stress-relaxation rate 
τm mechanical stress-relaxation time 
ξv1  solute volume-fraction dependent term31 
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5. RESULTS AND DISCUSSION 
 
 
5.1 Fluoropolymers in contact with TCE, H20, HBr and HCl 
The first part of this topic deals with solubility, swelling, sorption and 
desorption of all fluoropolymers in contact with a single solute, TCE. In the 
second part, focus is on the change of mechanical properties of ECTFE 
and PVDF prior to and after contact with all four solutes. The issue of dual 
component sorption and desorption and the fitting thereof is also presented 
and discussed. 

 
 

5.1.1 Solubility, swelling, sorption and desorption 
Figure 12 present the sorption-desorption curve for TCE in ETFE and is a 
good representation for all fluoropolymers in TCE. It gives a clear picture 
of the trend for all sorption and desorption curves. The sorption and 
desorption curves intersected each other for all materials, and this indicates 
that the diffusion coefficient of TCE was concentration dependent.70All 
sorption curves were sigmoidal in shape, and this indicates that the surface-
concentration was time-dependent.1,61,71 A time-dependent surface-
concentration during sigmoidal sorption was recently verified by infrared 
spectroscopy.22  
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Figure 12. Experimental sorption (❍ ) and desorption (● ) curves for TCE in ETFE. 

The solid lines represent best fits by using the numerical method (Equation 
(6, 7, 8 and 10)). t is time and L is thickness. 

 
The volume-fraction of liquid TCE in the amorphous polymer component 

v1
a =

v1

1− wc

 

 
 

 

 
  are shown in Figure 13. v1 is the TCE volume-fraction, and 

the mass crystallinity (wc) was used in the calculations, rather than the 
volume crystallinity, because the crystal and amorphous densities were not 
available for all the polymers. This should, however, have a small impact on 
the trends in solubility. According to the hypothesis that the crystals were 
impenetrable to TCE, the variations in solubility between the different 
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polymers should reflect variations of the physics and chemistry of the 
amorphous component. The solubility of TCE was highest in the two 
polymers that formed dipoles with it, that is, ECTFE and ETFE. The 
amorphous solubility was low and basically constant within the hydrogen-
bonding PVDF series. For the nonpolar or nearly nonpolar polymers (see 
Table 1) the amorphous solubility increased slightly with increasing 
crystallinity. There was no obvious explanation for this odd behaviour; 
however, the presence of the comonomers (PFPVE, PFMVE, and HFP) 
evidently led to a slight lowering of the TCE amorphous solubility. 
 
Table 3. Hansen solubility parameters72(MPa)0.5 
Material �d

a �p
b �h

c �d Rae v1a
f 

TCE 18.3 5.7 0 19.2   
PTFEg 15 1.4 1 15.1 7.9 0.05 
ECTFE 18.2 7.9 4.8 20.4 5.34 0.16 
PVDF 17 12.1 10.2 23.2 12.3 0.035 
a Dispersion solubility parameter. 
b Polar solubility parameter. 
c Hydrogen bonding parameter 
d The average solubility parameter 
e Solubility parameter distance 
f The saturation volume-fraction of TCE in the amorphous polymer component. Values are 
averages for the whole series of each polymer type. 
g Solubility parameters were taken as averages from refs.72,73 
 
The general trends in TCE solubility could very well be rationalized in 
terms of the Hansen solubility parameters (Table 3). It was here assumed 
that the solubility parameters and their relative sizes, which were 
determined at ambient temperature, were temperature-independent. This is 
a common and accepted approach, although it should be stated that the 
hydrogen-solubility parameter component decreased slightly faster with 
increasing temperature than the dispersion and polar components.72 
Unfortunately, it was not possible to obtain solubility parameters for all the 
polymers. As expected, the TCE amorphous solubility increased with 
decreasing solubility parameter distance (Table 3). The high solubility in 
ECTFE could be explained by the fact that the polar solubility parameter 
was similar to that of TCE. In the same way, the low solubility of TCE in 
PVDF was explained by the large difference in the hydrogen-bonding 
solubility parameter. ETFE, which partly resembled ECTFE and partly 
resembled PVDF, should have solubility parameter values intermediate 
between the values for the two polymers. It may also be expected that PFA, 
MFA and FEP solubility parameters would be close to those of PTFE. 
 Solute-induced stresses develop during solute sorption in swelling 
systems and complicate the calculation of solute-diffusivity from sorption 
data. This phenomenon is complex but it has been shown that it is possible 
to describe the whole sorption curve by the consideration of a time-
dependent solute surface-concentration:1,7,26,27,31,71 
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Figure 13. Sorbed volume-fraction of liquid TCE in the amorphous polymer 

component as a function of the mass crystallinity of (● ) PTFE, (❍ ) PFA, 
(■ ) MFA, (▲) FEP, (❐ ) ETFE, (∆) PVDF, and (▼) ECTFE. The solid line 
represents the trend in the TCE solubility for the groups ECTFE, ETFE 
and PVDF. The broken line represents the trend in the TCE solubility for 
the groups PTFE, PFA, MFA and FEP. The error in the TCE volume-
fraction values was estimated to be ±5% of the value. The error bars in this 
and the following figures are rough estimates. 
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It is here assumed that the solute surface-concentration (Cs) reaches a value 
(Ci) instantaneously, which yields an immediate strain of the polymer. The 
surface-concentration thereafter increases gradually towards a final value 
(C∞) at a rate determined by the surface-concentration stress-relaxation time 
(τc). Equation (20) is readily derived from Equation (8). This process is 
schematically illustrated in Figure 4 & 14. The thickness of the plate 
increases more rapidly than its cross-section during the early stages of 
sorption (stage I), whereas the opposite trend is observed during the later 
stages (stage II).1,61,69 See section 2.2.1.1.3 and 2.4 for more details. The rate 
at which the compressive stresses decay at the surface should, therefore, 
depend not only on the rate at which the solute reaches the core 
(diffusivity) but also on the stress-relaxation rate of the polymer (τ′). 
 The molecular mobility and flexibility of the polymer and, therefore, 
the stress-relaxation rate are for many systems related to the stiffness of the 
polymer. Hence, if the rate of increase of solute surface-concentration (Cs′) 
depends entirely on the rate of compressive stress-relaxation at the surface 
(τc′), τc would be a function of E. More precisely, the ability of the polymer 
to restrict swelling induced by the solute should correlate with the polymer 
bulk modulus (K). However, if Poisson’s ratio varies only mildly with the 
stiffness of the fluoropolymers considered here, the trend would be 
approximately the same whether E or K was used. Figure 15 indeed shows 
that τc increased with increasing E and, therefore, Cs′ is not solely 
dependent on τc′. The same trend was observed when τc was plotted against 
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the yield stress (σy). This was not surprising since E and σy were linearly 
correlated for these polymers. 
 

Stage I

Stage II

 
Figure 14. Schematic illustration of the solute sorption in a swelling polymer plate. 

During stage I, compressive stresses at the surface force the plate to swell 
mainly in the thickness direction, whereas in stage II, the plate swells freely 
in three directions. The tensile stresses at the plate core (which is indicated 
by a thin, dashed line) are relieved when the solutes reach the core. Solid 
arrows indicate the stresses, and broken arrows indicate the swelling 
directions. 
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Figure 15. τc as a function of (● ) E and (❍ ) σy. The line has been drawn to show the 

trend. 
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In a study of water diffusion in a hydroxyl-terminated hyperbranched 
polymer, it was found that it was possible to use data of the mechanical 
stress-relaxation time (τm) to describe the surface-concentration stress-
relaxation time.27 This was somewhat surprising because τc should be a 
function of both the mechanics of the polymer (τm) and the diffusion rate of 
the solute. The finding showed, however, that solute diffusion and 
mechanical relaxation were closely interrelated. Solute diffusion is limited 
partly by the rate of rearrangement of polymer chain segments, which, in 
turn, is partly dependent on the plasticisation effect induced by the 
penetrating solute molecules. Even though it was more difficult to determine 
τm than the modulus, it was still interesting to see what the correlations were 
between τm and τc in the case of TCE sorption in the fluoropolymers. As 
was the case with the hydroxyl-terminated hyperbranched polymer, it was 
possible to fit the complete mechanical stress-relaxation curve by a Prony 
series27 consisting of three exponential terms corresponding to three 
relaxation times (τm) (Figure 16). However, for comparison with Equation 
(20), a single exponential with a single τm value (Equation 17) was fitted to 
the lower part of the mechanical relaxation curve, that is, the part that could 
be visually separated from the y-axis. It was thought that the rapid decrease 
in stress at the onset of stress-relaxation was connected with the initial solute 
sorption (Ci) rather than the subsequent slow approach to C∞. Figure 17 
show that τc was larger than τm for the majority of the data. A possible 
explanation is that, at 70°C in this system, solute diffusion is slower than 
polymer-segment relaxation. The rate of compressive stress-relaxation at the 
surface and, therefore, τc, would be limited initially by the time for the solute 
to reach the core. The good correlation between τc and τm in the water-
hyperbranched polymer system27 existed because τc was primarily controlled 
by the polymer molecular flexibility and not by the rate of solute diffusion. 
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Figure 16. Mechanical stress as a function of time at 70°C for (❍ ) ETFE. The thin, 

solid line represents the best fit of a three-term Prony exponential, and 
the thick, broken line represents the best fit of the lower part of the 
experimental curve with a single exponential. 
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Figure 17. (● ) τc as a function of τm. The line represents the equivalence curve. 
 
It would be desirable, for the fitting of sorption curves, to be able to assess 
τc independently, that is, from sources other than the sorption data. This 
would limit the number of fitting parameters and, therefore, facilitate the 
calculation of diffusivity parameters from the sorption experiment. An 
attempt was made to find a correlation between τc and many different 
parameters. It turned out that the best correlation was obtained when τc was 
plotted against a term consisting of the product of E for the dry polymer, 
the square of the dry plate thickness (L2), and the negative of the logarithm 
of the average solute diffusivity ( D ) from:70  
 

D =
1

C∞
Dc0 × e

αDC( )
0

C∞
∫ dC     (21) 
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Figure 18. τc as a function of the product of the dry polymer of E, L2 and the negative 

of the logarithm of D  (cm2/s): (● ) TCE/fluoropolymers, (▲) water-
hyperbranched polymer,27 and (❍ ) limonene-high density polyethylene.74 
The line represents the best linear fit of the data. 
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As shown in Figure 18, it appears that the relationship is universal; that is, 
data from other completely different solute-polymer systems conformed to 
the same curve. However, more data from other systems is needed, and are 
currently being obtained, to validate the relationship. 
 
 
5.1.2 Change in mechanical properties upon exposure 
Size exclusion chromatography revealed that exposure to H2O, TCE, 
35%HCl or 47%HBr did not affect the molar mass of the PVDF grades. It 
was not possible to obtain size-exclusion chromatography data on ECTFE 
due to the difficulty of finding a solvent suitable for both ECTFE and the 
SEC instrument. 

The infrared spectra of the exposed ECTFE materials were identical 
to the spectra of the unexposed materials. However, the infrared spectra of 
the PVDF materials that had been exposed to the aqueous solutions (water, 
35%HCl and 47%HBr), contained many small peaks in the 3500-4000 cm-1 
and the 1450-1900 cm-1 regions. These “disturbances” were absent in the 
unexposed and the TCE-exposed materials. Consequently, these peaks 
seem to have originated from changes in the polymer hydrogen-bond 
structure imposed by the presence of water. Or maybe they are simply 
peaks from the water itself. Even though the materials were desorbed, a 
small amount of water must have remained. The water uptake in PVDF3 is 
at the most 0.04% at ambient temperature (ISO 62, method 1).75 The solute 
exposure also discoloured some specimens. 

Differential scanning calorimetry revealed no changes in the two 
ECTFE grades upon chemical exposure. The only features observed were 
the glass transition temperature in the vicinity of 40-50°C and the melting 
region from 150°C to 250°C. The PVDF materials showed what is referred 
to as the upper glass transition temperature in the vicinity of 30-60°C.76 This 
transition more or less overlapped the onset of melting. A distinct shoulder 
also appeared, peaking slightly below 100°C, in all PVDF grades exposed to 
all chemicals. Since this shoulder was absent in all the unexposed grades, it 
may originate from an annealing effect. The solute sorption/desorption 
cycle at 70°C lasted for 175 to 376 days and it is probable that low-
temperature PVDF crystals developed during this thermal treatment.77 
Unfortunately, due to unsmooth baselines, it was not possible to quantify 
the crystallinity increase during the annealing. IR spectra also showed 
indications of the presence of both α and β crystallinity and it seemed that 
the β crystallinity had increased slightly relative to the α crystallinity in the 
annealed specimens, in accordance with what has previously been 
reported.78,79  

Table 4 shows the mechanical properties of the unexposed and 
exposed materials. An increase in stiffness, sometimes coupled with a 
reduction in ductility, of exposed ECTFE1 was observed with all the 
solutes. Several of the exposed PVDF resins became stiffer and occasionally 
they also became less ductile. This phenomenon was observed with all the 
chemicals, suggesting that it is related to the long-term thermal treatment 
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(annealing) during the sorption-desorption cycle, and that it may not be due 
to any chemical attack. The thermally induced crystal growth, observed in 
PVDF, probably stiffens the polymer. A small increase in modulus and a 
small decrease in fracture strain were observed by El Mohajir and 
Heymans80 on compression- molded PVDF specimens annealed at 80°C for 
10 days. 
 
Table 4. Mechanical parameters 

Material* Uc H2O
d HCle HBrf TCEg 

ECTFE1      
εa 452 (34) 350 (75) 415 (28) 432 (16) 354 (81) 
Eb 425 (51) 535 (38) 527 (14) 551 (39) 569 (32) 
ECTFE2      
εa  340 (95) 344 (87) 296 (59) 362 (4) 
Eb  564 (28) 614 (14) 606 (39) 559 (2) 
PVDF1      
εa 671 (200) 281 (7) 128 (133) 52 (28) 126 (131) 
Eb 412 (33) 642 (2) 665 (1) 632 (7) 631 (2) 
PVDF2      
εa 233 (141) 24 (1) - 21 (0) 37 (24) 
Eb 560 (23) 948 (26) - 683 (366) 937 (45) 
PVDF3      
εa - 31 (7) 25 (3) - 24 (7) 
Eb - 999 (8) 983 (25) - 997 (15) 

a
PVDF4      
εa 294 (128) - 24 (2) 24 (0) 19 (3) 
Eb 542 (25) - 899 (82) 933 (21) 922 (40) 
within parenthesis are the standard deviation, measured on 2-6 specimens. 
a Fracture strain (%).  
b Young’s modulus (MPa).  
c Unexposed specimen. 
d Specimen sorbed and desorbed in water at 70°C. 
e Specimen sorbed and desorbed in hydrochloric acid (35%) at 70°C. 
f Specimen sorbed and desorbed in hydrobromic acid (47%) at 70°C. 
g Specimen sorbed and desorbed in TCE at 70°C. 
 
Figure 19 and 20 illustrates the sorption characteristics. It shows sorption 
curves for the aqueous solutes and for TCE in ECTFE1 and PVDF3. A 
sigmoidal-shaped induction period at short times characterized all the 
sorption curves. This sigmoidal shape in the case of TCE is suggested to be 
due to swelling-induced mechanical stresses.81 Since the degree of swelling 
was much lower with the aqueous solutes, the s-shape or induction period 
is not obviously related to stresses. Figure 20 shows that the mass increase 
showed a maximum ("overshoot") for 35%HCl in PVDF3. Such behaviour 
was also observed, to various degrees, with the other PVDF grades, but not 
in ECTFE, at least not to any extent significantly greater than the large 
experimental scatter. The occurrence of a maximum could be due to 
extraction of material or due to an increase in crystallinity. A solute-induced 
crystallization may lead to a peak in the mass increase curve since the 
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material pushes out solute molecules as the crystals develop. However, 
since the "overshoot" was smaller or absent for the other solutes, it seems 
reasonable to suggest that the cause was extraction. The 47%HBr sorption 
curves were complicated. Even though the experimental scatter was very 
large in this case it seemed that a maximum in mass increase also occurred 
here in all the PVDF materials (see Figure 20, PVDF3). Considering the 
large uncertainty in the data (experimental scatter) it was not possible to 
conclude whether there was a maximum in the sorption curve in the case of 
47%HBr-ECTFE (Figure 19). The "overshoot" effect was small or absent 
for water and TCE in both PVDF and ECTFE. 
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Figure 19. Sorption curves for (● ) H2O, (❍ ) 35%HCl, (■ ) 47%HBr and (❐ ) TCE in 

ECTFE1. The insert is a magnification of the sorption at small times. TCE 
data were obtained from Hedenqvist et al81 The lines illustrate trends. 

0

0.5

1

1.5

2

0 50 100 150 200 250 300 350 400

no
rm

al
is

ed
 m

as
s i

nc
re

as
e

t0.5 (min) 

HBr

H
2
O

HCl

TCE

 
Figure 20. Sorption curves for (● ) H2O, (❍ ) 35%HCl, (■ ) 47%HBr and (❐ ) TCE in 

PVDF3. The insert is a magnification of the sorption at small times. To be 
able to observe all data clearly in the same graph, the 47%Hbr data were 
reduced by a factor of 10. TCE data were obtained from Hedenqvist et al. 81 
The lines illustrate trends. 

 
The water contents (fractions) in the acid that actually diffused into the 
polymer were estimated to be: 35%HCl-ECTFE: 19-21%, 35%HCl-PVDF: 
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37-44% and 47%HBr-ECTFE: 38-56%, 47%HBr-PVDF: 53-71%. Again it 
must be emphasized that these values were calculated on the assumption 
that the water mass-fraction in the polymer in contact with the acid liquid 
increases in proportion to the activity of water in the liquid (or water 
vapour activity). Conde and Taxén45 reported a three times higher mass 
increase of nonpolar fluoropolymers in contact with an aqueous 35%HCl 
solution than when they were compared with pure water at 70°C. They 
suggested that the mass uptake increases because the HCl vapour activity 
was higher than the water vapour activity under these conditions. They used 
a pressure of 760 mmHg as the standard state for the respective gas 
components.  
 
Table 5. Transport properties 
Solute/Material Da SSDb Dc0

c �C
d Ce SSDf 

H2O       
ECTFE1 9.10-8 0.02 3.7.10-8 2000 0.0012 0.02 
ECTFE2 1.2.10-7 0.02 3.5.10-8 3000 0.0012 0.05 
PVDF1 3.7.10-7 0.02 2.9.10-7 500 0.0017 0.02 
PVDF2 3.0.10-7 0.02 1.7.10-7 1100 0.0016 0.01 
PVDF3 3.0.10-7 0.01 1.8.10-7 1000 0.0016 0.01 
PVDF4 2.9.10-7 0.02 1.5.10-7 1500 0.0015 0.02 
       

 Dg Cw
h Cw

i �SSD
j Ce  

35%HCl       
ECTFE1 2.10-9 0.65 0.21 0.03 0.0013  
ECTFE2 9.10-10 0.7 0.19 0.05 0.0016  
PVDF1 1.2.10-7 0.37 0.37 0.04 0.0013  
PVDF2 6.10-8 0.44 0.44 0.05 0.0009  
PVDF3 6.10-8 0.43 0.43 0.04 0.0010  
PVDF4 8.10-8 0.44 0.44 0.07 0.0009  
47%HBr       
ECTFE1 9.10-10 0.70 0.56 0.1 0.0005  
ECTFE2 8.10-10 0.50 0.38 0.04 0.0007  
PVDF1 6.10-10 0.73 0.53 0.09 0.0007  
PVDF2 8.10-10 0.75 0.70 0.09 0.0005  
PVDF3 1.5.10-10 0.64 0.64 0.05 0.0005  
PVDF4 5.10-10 0.62 0.70 0.05 0.0004  
a Diffusivity considered to be constant (cm2/s) and obtained from Equation 6, 7 and 8 in the 
theory section. 
b Sum of the square differences between modelled and experimental desorption data using a 
constant diffusivity. 
c Zero-concentration diffusivity (cm2/s) obtained from Equation 6, 7, 8 and 10 in the theory 
section.  
d Plasticisation power (1/wf) obtained by the numerical procedure described in the theory section. 
e Saturation solute mass-fraction in the modelling (wf), more decimals were used in the modelling. 
f Sum of the square differences between modelled and experimental data. Manual “visual” fitting 
using a solute concentration dependent diffusivity. Not optimized fitting. 
g HCl or HBr diffusivity considered being constant (cm2/s).  
h Mass-fraction water in the aqueous solution diffusing into the polymer, obtained from the fit of 
desorption data. 
i Mass-fraction water in the aqueous solution diffusing into the polymer, calculated from the 
relative partial pressures of the vapour components. 
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j Sum of squares differences between modelled and experimental desorption data using constant 
HCl and HBr diffusivities. The water diffusivity was obtained from the pure water systems given 
above. Not optimized fitting, except for the 35%HCl-PVDF systems where the HCl diffusivities 
were optimized using Cw from the vapour pressure data. 
Based on the same reasoning, vapour pressure data from Liley et al 82 
extrapolated to 70°C, yielded a higher water vapour activity than to that of 
HBr over a 48%HBr solution. Thus, it would be expected that the acid that 
penetrated into the polymer contained more water than in the case of 
35%HCl. This is in agreement with the calculations above and with most of 
the data from the two-component sorption model given below. 
 
Considering the low aqueous solute mass-fractions in the polymer, the 
diffusivity may be considered to be approximately constant and 
independent of solute content. Data in Table 5 show that the improvement 
in the fitting of the PVDF-H2O desorption curves, when using a solute 
concentration–dependent diffusivity (Equation (10)), was small, especially 
considering the scatter of the data. Consequently the modelling of the two-
component systems was performed using concentration-independent 
diffusivities. The strategy when fitting the acid desorption curves was as 
follows: use the water diffusivity determined from the pure water system 
and use also the water content in the aqueous solution that actually diffuses 
into the polymer, previously calculated using the corresponding vapour 
activities (see Table 5). Thus the HCl/HBr diffusivity was the only 
adjustable parameter. The PVDF-35%HCl system was readily fitted in this 
way and the HCl diffusivities obtained are given in Table 5. This strategy 
did not work for the corresponding ECTFE systems, since the “desorption-
modelling” water content had to be set much higher than the “vapour-
pressure”-calculated water content to describe the desorption process 
(Table 5). In the case of 47%HBr the modelled water content, with one 
exception, had to be adjusted to fit the desorption data (Table 5). The 
adjustment was however relatively moderate for PVDF. The strategy when 
fitting the PVDF-47%HBr desorption data was to first adjust, by visual 
inspection (manually), the water content to fit the "knee" clearly observed 
in the PVDF desorption curves (Figure 21). Subsequently, a HBr diffusivity 
value was selected that corresponded to a minimum SSD.  

For PVDF, the water desorption curves had a Fickian shape, the 
35%HCl desorption curves were more "round" and the 47%HBr 
desorption curves contained a "knee". The fact that the 47%HBr "knee" 
was well modelled and that the 35%HCl and 47%HBr desorption curves 
could be fitted using a water diffusivity value from the pure water system 
strengthened the idea that HCl/HBr and water diffuse as two separate 
components in the polymer, each with a unique diffusivity. 
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Figure 21. Desorption curves for PVDF3: (● ) H2O, (❍ ) 35%HCl, (▲) 47%HBr and 

the corresponding fits using constant diffusivities (solid lines). The broken 
line shows the fit of the H2O curve using a solute concentration dependent 
diffusivity. Data used are given in Table 5. The arrow indicates that the data 
point is located outside the figure.  

 
Figure 22 shows that the solute diffusivity (values from Table 5) did not 
decrease in a simple way with increasing solute size. The sizes were 
estimated from the average of the largest and smallest van-der Waal 
distances (diameters) of the respective non-ionised species. The Cl--size was 
considered to be the smallest distance of the TCE molecule. Data were 
collected from the CS Chem3D Pro®-program (CambridgeSoft Corp. 
USA). The diffusivity was generally lower in the “dipolar” ECTFE than in 
the “hydrogen-bonding” PVDF at comparable crystallinities (Figure 22 and 
Table 5). 
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Figure 22. Diffusivity presented in Table 5 as a function of the molecular size of the 

solute for (● ) ECTFE and (❍ ) PVDF. The lines illustrate trends. For TCE, 
the zero-concentration diffusivity used was obtained from Hedenqvist et al.81  

 



5. Results and Discussion 
 

 36

 
5.2 Elastomers and Polyethylenes in Crude oil 
The first part of this section deals with the fitting of desorption curves for 
LDPE, NR and NBR in four crude oil components using two different 
models. The second part is focused on the mechanical behaviour of HDPE 
and PEX in contact with a crude oil mixture and in its components.  
 
 
5.2.1 Fitting of LDPE, NR and NBR in crude oil components 
Equation (14) (free-volume model) or Equation (9) (exponential model) 
inserted in Equation (5) were fitted to solute desorption data using an 
implicit numerical technique described in references 1,28,29,83. The evaporation 
constants used in the numerical algorithms were obtained according to 

Bakhouya et al. 69 The thermodynamic correction factor ∂ ln a1

∂ lnv1
a

 

 
 

 

 
  was 

obtained from solubility data taken at low penetrant activities and it was 
used in Equation (12) to calculate the thermodynamic diffusivity. The 
experimental data were fitted to a second-order polynomial:  

 
ln a1 = AA(lnv1

a )2 + BB(ln v1
a ) + DD   (22) 

 
The fitted parameters AA, BB and DD are presented in Table 6. All the 
lna1 − lnv1

a curves were approximately linear below a1=0.8. Due to the low 
vapour pressure of n-tetradecane, it was impossible to measure its solubility 
below unit activity. The parameter values for n-tetradecane were obtained 
by extrapolating solubility data for n-hexane and n-decane data using the 
Sanchez-Lacombe lattice fluid model.84,85  
 
Table 6. Solute data and free-volume input parameters for LDPE 

Parameter 2,2-dimethylbutane cyclohexane n-hexane n-decane n-tetradecane

V1
 0.128 0.202 0.151 0.112 0.106 

V1
0 a 132.8.106 108.0.106 130.8.106 194.9.106 260.0.106 

KK b 1.2.10-5 2.1.10-5 5.0.10-5 1.7.10-5 4.1.10-7 
Bp c 50 81 69 174 252 
AA 0.0191 -0.1142 -0.0464 -0.204 -0.0351 
BB 0.6122 -0.1034 0.3952 -0.1806 0.6655 
DD 1.0297 0.0604 0.6302 0.2721 1.3697 
a In m3 mol-1 
b In cm2 s-1 
c In °C 
 
Figure 23a illustrates the fits of the free-volume model and Figure 23b the 
exponential model. The best fit (lowest SSD) was obtained for cyclohexane. 
The free-volume parameters obtained are presented in Table 7 and the 
optimum exponential parameters are presented in Table 8. The free-volume 
equation (Equation 14) yielded the overall best fit of the experimental 
desorption data (Figure 23), and thus the best description of the 
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concentration-dependent diffusion process. As stated previously, the most 
widely used approach in describing concentration-dependent diffusivity is 
the simple exponential equation (Equation (9)).  

Figure 24 present the goodness of fit as a function of Bd, for all the 
solutes except n-tetradecane. The best fits were obtained, generally 
speaking, when the solute was assumed to penetrate LL, ILL and ICC; the 
worst fits were obtained when LL alone was considered to be the 
penetrable component. When considering the optimum Bd values reported 
here, it should be noted that the minima in SSD corresponding to the 
optimum Bd values were shallow (Figure 24). In addition, for n-hexane and 
n-tetradecane, the difference between the SSD for the different choices of 
penetrable components (LL, LL+ILL, LL+I) was small. In fact, for n-
tetradecane, it was impossible to obtain a single best goodness of fit for a 
specific combination of Bd and choice of penetrable component, (Table 7). 
The optimum Bd values increased with increasing molar mass and molecular 
bulkiness of the penetrant molecule. This is evident if the fitted parameter 
values of n-hexane and n-decane are compared.  

The fractional free-volumes of the penetrable polymer fractions 
were close to 0.05 for all the penetrants, except for n-tetradecane where 
values greater than 0.065 were obtained, irrespective of the choice of 
penetrable component. This high value suggests that only LL and possibly 
ILL were penetrable to the large n-tetradecane molecule. 
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Figure 23. Normalized cyclohexane desorption (1-v1) in (❍ ) LDPE. Td is dimensionless 

time and defined as Td =
Dv1 0t

L2

 

 
  

 

 
   where t is time and L is half the sample 

thickness. The solid line in (a) represents the best fit of the free-volume 
model (equations (11, 12, 14 and 22)) and the solid line in (b) represents the 
best fit using the exponential model (equations (9, 12 and 22)). 

 
In order to fit Equation (17) to the desorption data, the adjustable 
parameters, A and f2, were optimised for different choices of Bd and 
penetrable component(s); f1 was constrained for each individual penetrant 
to a value taken from Fleisher.30 Values for n-decane and n-tetradecane 
were calculated according to:30  
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f1 = 0.06 +

0.65
m

   (23) 

 
where m is the number of carbon atoms in the linear alkane. For 2,2-
dimethylbutane, a value of 0.135 was estimated arbitrarily. Starting values of 
Bd were estimated differently. For n-hexane and cyclohexane, Bd was taken 
from data of Fleisher.30 Values for n-decane and n-tetradecane were 
estimated from data reported by Fleischer:30  
 

Bd = nCH2 × 0.1+ nCH3 × 0.2  (24) 
 
where n is the number of the corresponding group in the linear alkane. The 
calculated value for n-decane (1.2) gave a poor fit. However, a good fit was 
obtained for a value of Bd equal to 0.95. The calculated n-tetradecane value 
(1.6) was also considered to be too large and values between 0.85 and 1.45 
were used in the analysis. This choice of the Bd value was justified by the 
data reported by von Meerwall et al 86 who indicated that diffusion occurred 
by jumps of segments rather than of whole molecules when the solute 
molecule contained more than 8 carbons. The Bd value for n-tetradecane 
should thus not be too different from the value obtained for n-decane. In 
the absence of reported values, the starting Bd value for 2,2-dimethylbutane 
was estimated to be 0.85. 
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Figure 24. The sum of squares differences (SSD) between the experimental and the 
modelled desorption data as a function of Bd, considering that (● ) LL+ILL+ICC, (❍ ) 
LL+ ILL or (■ ) LL were accessible to the penetrant. The upper and lower sets in (a) 
represent, respectively, 2.2-dimethylbutane and cyclohexane data. The upper and lower 
sets in (b) represent, respectively, n-decane and n-hexane data. 
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Table 7. Free-volume fitting parameters for LDPE 

Parameter 2,2-dimethylbutane cyclohexane n-hexane n-decane 

Bd
 0.85 0.9 0.7-0.75 0.9-0.95 

f1
 0.135 0.145 0.168 0.125 

NPP CC CC CC CC 
A 0.09 0.19 0.018-0.031 94.2 
f2

 0.050 0.051 0.047-0.048 0.050 

Parameter n-tetradecane n-tetradecane n-tetradecane  
Bd

 0.85-1.45 0.85-1.45 0.85-1.45  
f1

 0.1064 0.1064 0.1064  
NPP CC CC + ICC CC + I  
A 0.00065-0.35 0.00041-0.21 0.00022-0.09  
f2

 0.067-0.076 0.069-0.078 0.073-0.082  
 
Figure 25 shows that the free-volume parameters obtained (Table 7) for the 
linear alkanes showed a zero-concentration diffusivity that decreased 
linearly with increasing molar volume of the linear solutes. The difference 
in behaviour of the 2.2-dimethylbutane and cyclohexane was simply due to 
their non-linear molecular shape. The combination of A and f2 gave realistic 
diffusivities, but the problem was in the separation of the diffusivity into 
these two terms. 
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Figure 25. Zero volume-fraction diffusivity in LDPE as a function of penetrant molar 

volume obtained by (● ) the free-volume equation (Equation (14)) and by 
(❍ ) the exponential equation (Equation (9). 
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Table 8. Exponential fitting parameters and results 

Parameter 
2,2-

dimethylbutane 
cyclohexane n-hexane n-decane 

n-
tetradecane

LDPE      
αv 35 33 38 44 11 
Dv1 0 a 5.0±0.1.10-9 5.8±0.4.10-9 8.8±0.7.10-9 4.4±0.3.10-

9 2.0±0.2.10-9 

SSD 0.0037 0.0058 0.0046 0.0077 0.0052 
NR      
v1 0.660 0.814 0.711 0.714 0.684 
KKa 1.9.10-4 2.1.10-4 3.7.10-4   
AA -0.1277 -0.1245 -0.00469 -0.1158 -0.0758 
BB 0.0929 0.0275 0.2722 0.1372 0.4131 
DD 0.0929 0.0494 0.2228 -0.0042 0.311 
αv 7 4 3   
Dv1 0 a 1.1±0.6.10-7 4.0±2.9.10-7 15.1±8.4.10-

7   

SSD 0.0313 0.0698 0.0660   
NBR      
V1 0.151 0.276 0.174 0.109 0.064 
KKa 1.1.10-5 1.4.10-5 3.7.10-5 3.4.10-5 1.5.10-5 
AA 0.1214 -0.0392 -0.0088 -0.075 -0.0107 
BB 1.8154 0.2824 0.6563 0.3248 0.8443 
DD 3.9872 0.6133 1.5955 1.6666 4.1511 
αv 6 13 14 13 1 
Dv1 0 a 1.7±0.1.10-9 6.4±0.9.10-9 15.5±1.6.10-

9 
6.4±0.4.10-

9 2.5±0.1.10-9 

SSD 0.0017 0.0043 0.0108 0.0058 0.0151 
a In cm2 s-1 
 
 
5.2.2 Mechanical properties of HDPE and PEX in crude oil  
Table 9 shows the saturation volume-fraction of penetrant in each material. 
The volume-fractions in HDPE and PEX were almost the same for all 
penetrants. The only system that differed significantly, based on a student’s-
t test using a 95% confidence limit, was toluene, which showed a higher 
solubility in PEX. It may be argued that the small amount of silane-residues 
in the crosslinked polymer may yield some polarity and consequently 
interact favourably with the readily polarisable toluene molecule. The crude 
oil solubility, calculated based on the solubility of each individual 
component, yielded a volume-fraction of 0.64-0.65, which were lower than 
the experimentally observed value (0.69, Table 9). It is thus likely that the 
polymers absorb cyclohexane, and perhaps also toluene, to a greater extent 
than n-heptane when exposed to the crude oil mixture.  

The penetrant-induced plasticising effect on the mechanical 
properties was remarkable. The modulus and yield stress were significantly 
smaller for swollen samples compared to dry samples. The decrease in yield 
stress suggests that the crystal surface was affected and swollen by the 
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penetrants. The small difference between HDPE and PEX regarding their 
penetrant solubility and mechanical behaviour is not surprising, considering 
that their crystallinities are similar and that the crosslink density is low (see 
experimental section). The elongation to break was however significantly 
lower for PEX. The molecular constraints imposed by the “loose” chemical 
network limited the “large scale” reorientation associated with the 
elongation to break for PEX. Interestingly it appeared, in general, as if the 
elongation to break was lower for the swollen samples. This is possibly a 
consequence of chain lubrication, favouring molecular disentanglement to 
fracture.  
 
Table 9  Solubility and mechanical data for HDPE & PEX 

Parameter V1
0 a v1

b Ec σYield
d εBreak

e 

HDPE      
air   1960±355 32.5±1.4 1630±22 

crude oil mix 126 0.069±(0.9.10-4) 735±312 25.0±0.1 1250±74 
n-hexane 131 0.0585±(0.2.10-4) 495±398 26.0±0.8 1240±74 

toluene 106 0.066±(0.4.10-4) 828±357 26.9±0.1 1330±63 
n-heptane 147 0.058±(2.10-4) 776±455 28.4±0.2 1190±90 
cyclohexane 108 0.075±(0.7.10-4) 678±29 25.5±0.3 960±352 
PEX      
air   2020±289 31.3±1.6 375±506 
crude oil mix 126 0.069±(0.2.10-4) 929±101 25.1±0.6 959±610 
n-hexane 131 0.058±(0.2.10-4) 528±280 25.1±1.0 210±122 
toluene 106 0.067±(5.10-4) 759±199 25.8±0.2 208±190 
n-heptane 147 0.057±(3.10-4) 898±148 26.8±1.9 341±13 
cyclohexane 108 0.074±(11.10-4) 732±106 24.8±1.1 215±12 
a In cm3 mol-1 

b In m3 m3-1 

c In Mpa 
d In Mpa 
e In % 
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   (a)     (b) 
Figure 26. Stress-relaxation vs. time for (a) HDPE and (b) PEX. 
 
Figures 26 shows the stress-relaxation as a function of time for HDPE & 
PEX in the different media. There is a significant difference in relaxation 
modulus between the dry and wet conditions, verified by a student’s t-test 



5. Results and Discussion 
 

 42

using a 95% confidence level. The relaxation modulus of dry HDPE was 
constantly 2-3 times higher than the wet sample. The corresponding ratio 
for PEX was 2.0-2.3. The average “log-log” slope for the stress-relaxation 
curves were similar for all penetrant-polymer pairs, but the shape of the dry 
curves differed from the wet curves (Figure 26). At intermediate times a 
change in the slope of the curve was observed for the wet samples, whereas 
the “dry curves” were almost linear. In order to find an explanation to the 
change in slope, stress-relaxation of a thinner sample exposed to n-heptane 
was performed. The change in slope shifted to shorter times for the thin 
sample (Figure 27). Consequently, the kinetics of the phenomenon seemed 
to be diffusion-controlled. When the swollen sample is stretched 2% it will 
evidently expand. Assuming a Poisson’s number of 0.4 for the swollen 
sample yields a 0.4% volume increase. This volume increase will lead to a 
new saturation volume-fraction of penetrant in the polymer. As new 
penetrant molecules “fills up the free volume”, the polymer sample is 
relaxed further and the stress decays faster. It is likely that the change in 
slope associated with a more rapid stress-relaxation occurs when the “new” 
penetrant molecules have reached the core of the sample. To estimate the 
time required for the equilibration at the new saturation volume-fraction, 
the diffusion kinetics were calculated for a plate geometry. The numerical 
procedure is described in ref 87 and the diffusivity data were taken from the 
same reference. In absence of n-heptane diffusion data, n-hexane data were 
used. The time for equilibration was 60-80 min for the thicker sample and 
5-10 min for the thinner sample. These times are indicated in Figure 27 and 
agree well with the positions of the change in slope. Thus the observed 
change in slope were most likely due to the equilibration of a new penetrant 
saturation volume-fraction in the stretched polymer. 
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Figure 27. Stress-relaxation vs. time for HDPE in n-heptane at two different 

sample thicknesses. Filled arrows indicate the slope shift and dashed 
arrows indicate the equilibration time. 
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5.3 NR and LDPE in Limonene 
The swelling during sorption is presented in the fist part followed by the 
deswelling during desorption in the second part.  
 
 
5.3.1 Swelling characteristics during sorption 
Figure 28a shows the characteristics of a swelling NR sheet exposed to 
liquid limonene. The mass uptake versus the square root of time was, as 
expected, sigmoidal due to the compressive stress state at the surface in the 
initial period. For the same reason, the thickness increased slightly faster 
than the cross-section. At point A in Figure 28a the initially flat sheet 
became “saddle-shaped”, i.e. two opposite initially flat sides became c- or s-
shaped as viewed normal to their faces (Figure 29). The other two opposite 
sides remained straight or became c-shaped. The sheet became flat again at 
longer times (point B in Figure 28a). Three samples were sorbed and the 
same pattern was observed for all. Figure 28a also shows that the stiffness 
decreased with increasing time and reached a minimum as the sheet became 
flat. Interestingly this coincided with a high core solute concentration. The 
core solute concentration was modelled using the transport coefficients 
obtained from the fitting of the sorption curve (see below). 
 The saddle-shape must have been a consequence of different stress 
levels on the two opposite sheet surfaces during the transient sorption 
period. These “stress instabilities”, in turn, must have been due to local 
differences in solute concentrations because of material heterogeneities. 
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Figure 28. (● ) Mass, (❍ ) cross-sectional side length and (■ ) thickness increase as a 

function of time of (a) NR and (b) LDPE exposed to limonene. The 
broken line shows the limonene concentration at the core. A and B in (a) 
defines the region were the saddle-shape was observed and the solid line 
shows the stiffness of the sample. 
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Figure 29.  Saddle shaped round NR sheet during sorption. 
 
The LDPE sorbed much less limonene. Still it showed stronger swelling 
anisotropy than NR. As observed before, the thickness increased 
significantly faster than the cross-section in the first period (stage I).1 
Interestingly, the onset of the increase in concentration at the core 
coincided with the slowing down of the thickness increase and the 
acceleration, on a square root of time basis, of the cross-sectional area 
increase, i.e. at the stage I/II transition (Figure 28b). Due to the limited 
swelling of LDPE it was impossible to observe any changes in the sheet 
shape similar to those observed for NR. The sheet exposed to LDPE 
swelled 1.25 times its original size and the corresponding value for NR was 
6.4. It is still believed that these changes occur for LDPE, although, to a 
smaller extent. 
 
 
5.3.2 Deswelling characteristics during desorption 
Figure 30 shows the dimensional changes and mass loss as a function of the 
square root of time for NR. The s-shape was due to that the system was 
initially evaporation controlled. Noteworthy is that the rates of changes in 
thickness and cross-sectional area were approximately the same. This is 
indicative of stage II type behaviour, i.e. three-dimensional shrinkage. 
However the sheet was far from flat during desorption (Figure 31). A cup 
shape developed shortly after the onset of desorption (point A in Figure 
30a) and it did not disappear until the end of desorption (point B in Figure 
30a). During desorption the shrinking surfaces experienced tensile stresses. 
Eventually the system became unstable and “buckled” into the cup shape. 
The direction of buckling was unforeseeable and independent of the sheet 
fabrication process and seemed to depend on local variations in stress, 
which, in turn, was due to local variations in limonene concentration. As in 
the case of the sorption-induced saddle-shape, these local variations must 
have been a consequence of local material heterogeneities. Initially and at 
the end of the desorption process, the sheet side facing the inside of the cup 
could not be “switched” to face the outside of the cup by pushing the cup 
inside out. The sheet would return to its original cup shape. However at 
intermediate times, it would not return to its original shape, unless being 
pushed back into place again. The dimensional changes occurring during 
desorption did not seem to have an effect on the desorption kinetics.  
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The s-shaped desorption curve was absent for LDPE, indicating that the 
system was diffusion controlled (Figure 30b). Due to the low degree of 
swelling, the cup formation was not observed for LDPE and the sheet 
remained flat during the entire desorption event. However there seemed to 
be some anisotropy in dimensional shrinkage as observed by that the 
thickness decreased slightly slower than the cross-section. This was also 
previously observed for LDPE.1 The sheet corners and edges desorbs faster 
than the interior and these were included when measuring the size of the 
cross-section. Since the thickness was measured approximately in the 
middle of the sheet it would be expected that the thickness decreased more 
slowly than the cross-section. Indeed, for the same reasons, Bakhouya et al 
69 observed, from simple simulations of deswelling sheets, that the cross-
section decreased more rapidly than the thickness, the latter being measured 
as the length between the central part of the opposite sides. 
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Figure 30. (● ) Mass, (❍ ) cross-sectional side length and (■ ) thickness decrease as a 

function of time of (a) NR and (b) LDPE during desorption. For (a), the 
cup-shape was observed between A and B. For (b), also the (❑ ) volume 
decrease as a function of time during desorption was plotted. 

 

 
Figure 31.  Cup shaped NR sheet during desorption. 
 
The tensile and bulk mechanical data are presented in Table 10. Whereas, 
the tensile stiffness was very different for the two polymers, their 
hydrostatic stiffness was similar. The pressure-dependence of the bulk 
modulus was slightly stronger for LDPE. While NR and LDPE can be 
described as, respectively, very soft and relatively stiff in tensile modes, their 
mechanical response during sorption induced swelling is not that different. 
Clearly, as was also suggested previously,1 the tensile properties cannot be 
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used to assess the stress evolution during sorption. We therefore now try to 
explain the sorption behaviour using the hydrostatic properties. In this 
context, and since the bulk modulus is pressure-dependent; it is interesting 
to assess the internal pressure in the system during sorption of limonene 
and also the effect of the limonene-concentration on the bulk modulus. The 
estimation of the internal pressure during sorption and its relation to the 
hydrostatic pressure generating the volume decrease in the dilatometer is 
not straightforward or easy. The energy associated with expanding the 
polymer network to accommodate the actual amount of limonene 
corresponds to huge internal stresses. This is however an overestimate 
since, in reality, the energy associated with expanding the network is 
compensated for by the presence of the limonene molecules. In the 
previous paper, simple calculations demonstrated that, for n-hexane in 
LDPE, the solute induced mechanical stresses, during the transient sorption 
period, were as high as 100 Mpa.1 If we equate the stresses associated with 
swelling to osmotic pressures, a simple calculation yielded stresses less than 
100 MPa. Thus it was assumed that the complete sorption/desorption cycle 
occurred within the pressure range where the K-values were measured. For 
the dry polymers, the LDPE/NR bulk modulus ratio increased from 1.0 to 
1.2 in the measured 200 MPa range (Table 10). The bulk modulus of 
limonene was taken to be the same as that of lemon oil, since its major 
constituent is limonene. The bulk modulus was 1.49 GPa at 29°C and it was 
used in further calculations.88 If we assume the K-values to be additive, the 
K-value for the swollen material would be:  
 

Ks = v1 K1 + v2 K2     (25) 
 
Table 10.  Mechanical data. 
Material NR LDPE LDPE (wet)a Solute 
Edry (GPa) 0.8 136   
K0 Mpa  2.02 (0.08) 2.01 (0.03) 1.88 1.49 
K50 Mpa 2.34 (0.03) 2.65 (0.03) 2.63  
K100 MPa 2.59 (0.15) 3.04 (0.08) 3.04  
K150 Mpa 2.76 (0.26) 3.27 (0.12) 3.31  
K200 Mpa 2.89 (0.37) 3.40 (0.13) 3.46  
a LDPE swollen with 4 wt-% limonene. 
 
 
where indices 1 and 2 refer to the solute and the polymer respectively and v 
is the volume-fraction. By assuming that the limonene K-value increased 
with increasing pressure in the same way as for NR, it was possible to 
estimate the ratio in bulk modulus for LDPE and NR during swelling. Since 
NR sorbed significantly more limonene than LDPE, it would experience a 
larger reduction in bulk modulus than LDPE. Thus the ratio in K of LDPE 
and NR should increase in the swollen systems. It increased from 1.2 (0 
MPa) to 1.4 (200 MPa), which was indeed higher than the ratios for the dry 
systems given above. Table 10 shows the experimental bulk modulus for 
PE swollen with 4 wt-% limonene. Equation (25) predicted a lowering of 
the bulk modulus towards these experimental data in the low-pressure 
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range (0-50 MPa). However, the predictions failed at higher pressures since 
the values of the swollen sample were similar to those of the dry LDPE. 
Apparently the LDPE/limonene system behaved anomalously at high 
hydrostatic pressures.  

It will now be interesting to compare the ratio in bulk modulus to 
the ratio in the degree of anisotropy during swelling for the two polymers. 
Here we quantify the degree of swelling anisotropy (µ) through the ratio:  
 

µ =
L
Ac

     (26) 

 
where Ac is the cross sectional area of the swelling sheet. In the previous 
study1 we used the ratio in thickness to cross-sectional area, but Equation 
(26) is actually a more representative description of the anisotropy. The 
average measured µ‘s, over the entire sorption period, for NR and PE were, 
respectively, 1.1 and 3.5. Thus the average ratio in µ�for PE and NR was 
3.2, more than a factor two higher than the estimated ratio in bulk modulus, 
but considerably less than the ratio in Young’s modulus (=170, Table 10). 
Even though the Young’s modulus in swollen conditions was not 
measured, it was expected that the solute induced plasticisation would not 
lower the ratio to levels of the corresponding bulk modulus and swelling 
anisotropy ratios. The strong PE anisotropy in the initial period (stage I) of 
swelling was reflected in its high µ�����e (6.6). The corresponding 
value for stage II was 1. The findings here show that the swelling event is 
more closely related to the bulk modulus than the Young’s modulus. 
However, the mismatch between the bulk modulus data and the degree of 
swelling anisotropy suggests that also other parameters are needed to fully 
describe the anisotropy. 
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6. CONCLUSIONS 
 
The TCE transport properties were dependent on both the chemical 
structure and crystallinity of the fluoropolymers. However, the chemical 
structure seemed to be the most important factor and could be rationalized 
in terms of the Hansen solubility parameters. The effects of the degree of 
crystallinity on the transport properties were important within each 
fluoropolymer group. The Dc0 value of TCE decreased linearly with 
increasing crystallinity within the PVDF series and within the pure and 
modified PTFE (PTFE/PFA/MFA) series. The highest permeability was 
observed in the dipole-containing ECTFEs because of their high TCE 
solubility. The lowest permeability was observed in the hydrogen-bonding 
PVDF polymers because of the combination of their low solute solubility 
and penetrant diffusivity. The solute surface-concentration stress-relaxation 
time correlated universally with the product of E, L2, and -log( D). The 
water-hyperbranched polymer and limonene–polyethylene systems 
conformed to the same trend. 

Water and acid solubilities in the polymers indicated that both water 
and HCl/HBr diffused into the polymer. For several systems, both sorption 
and desorption curves deviated from the normally observed curvature. 
Sorption “overshoot” effects were observed for e.g. the 35%HCl-PVDF3 
system. Especially for PVDF, it was possible to fit the 35%HCl and the 
abnormal 47%HBr desorption curves by considering that HCl/HBr and 
water diffused separately within the polymer. 

The water diffusivity was obtained from the pure water system and 
this enabled the HCl and HBr diffusivities to be calculated. Due to the small 
penetrant uptake in the polymer the diffusivities were assumed to be 
independent of the solute concentration. Fits with concentration-dependent 
diffusivities did not improve the results. The penetrant diffusivities 
decreased as a function of penetrant size. 

The solute exposure itself seemed not to cause any detrimental effect 
on the polymer properties, except for discoloration in some systems. The 
observed mechanical changes were probably a consequence of the thermal 
treatment and not of the chemical exposure itself. 
 
The large value (>0.065) for the fractional free-volume of the penetrable 
fraction of the polymer (LDPE) obtained from n-tetradecane desorption 
data suggests that this relatively large penetrant molecule is primarily 
confined to the liquid-like component. The other penetrants (cyclohexane, 
n-hexane, 2,2-dimethylbutane and n-decane) with a smaller molecular size 
yielded lower fractional free-volume values (ca. 0.05) indicating larger 
interfacial trapping. Solubility data permitted a detailed analysis of the 
accessible polyethylene components and the data indicated that the 
accessibility of the interfacial components decreased in the order: 
cyclohexane, n-hexane/2,2-dimethylbutane and n-decane/n-tetradecane. 
 The free-volume model described desorption data better than the 
semi-empirical exponential model, but the numerical differences were for 
most practical applications negligibly small.  
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Out of n-hexane, n-heptane, cyclohexane and toluene, only toluene 
showed a significant difference in solute volume-fraction in PEX compared 
to HDPE. This change could be attributed to the interaction between the 
polarisable toluene molecule and the polar silane-groups in PEX. The crude 
oil mixture displayed a solubility higher than expected compared to the 
individual component solubilities.  

The decrease in modulus and yield stress for swollen compared to 
dry samples was clearly caused by the penetrant-induced plasticisation 
effect. The elongation at break was significantly lower for PEX than for 
HDPE. 

The relaxation modulus in wet conditions for HDPE and PEX was 
greatly reduced compared to dry conditions due to the plasticising effect of 
the penetrants. The almost linear shape of the dry stress-relaxation curves 
differed from the shape of the penetrant-polymer pairs. The change in 
slope at intermediate times was attributed to a strain-induced volume 
increase in the wet samples. The extra volume was subsequently filled with 
penetrant, facilitating the stress-relaxation and initiating the observed stress 
decay (slope shift). This penetrant diffusion in the sample was successfully 
modelled and the time to equilibration of a new solute volume-fraction 
corresponded well to the time of the slope shift. 
 
The saddle-shape during sorption and the cup-shape during desorption of 
NR-sheets were most likely a consequence of local differences in limonene 
concentration that affected the stress state across the sheet thickness and 
eventually led to buckling and bending. Edge effects were not responsible 
for the formation of the saddle- and cup- shapes, however they might have 
caused the faster reduction in cross-sectional area, as compared to thickness 
reduction, during desorption in PE.  

  The ratio in bulk modulus between LDPE and NR was 
significantly smaller than the corresponding ratio in tensile modulus and 
close to the ratio in the degree of anisotropy for the same polymers. 
Consequently, the bulk modulus is more accurate to use than the tensile 
modulus when predicting the degree of swelling anisotropy. 
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