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Abstract 
 
This thesis focuses on transport properties and durability of liquid crystalline polymers (LCP) 
and fibre reinforced plastics (FRP) with regard to application in industrial process equipment. 
In the first part of the study the possibility of using a thermotropic LCP of type Vectra A950 
as lining material for FRP process equipment was investigated. Its performance was 
compared to that of a fluorinated ethylene propylene copolymer (FEP) with respect to 
chemical and permeation resistance. Transport property and chemical resistance data were 
established for different types of LCP film (compression molded, uniaxially and biaxially 
oriented film) exposed to selected chemicals chosen to represent typical industrial process 
environments. Annealing of the LCP, which may reduce the disclination density and hence 
improve the barrier properties, induced a crystallinity increase, but did not significantly 
improve the barrier and chemical resistance properties. Different surface treatments to 
increase the bonding between the LCP and FRP were explored. The conclusion was that LCP 
has potential to serve as lining material for FRP in contact with water, organic solvents and 
non-oxidizing acid environments, although certain issues, such as jointing techniques, still 
have to be evaluated. The second part of the study focused on transport and long-term 
properties of commercial thermoset and FRP materials for industrial process equipment in 
aqueous environments (50 – 95 °C, water activity 0.78 – 1, exposure time ≤ 1000 days). The 
water transport properties in different thermosets were related to their chemical structure 
using the solubility parameter concept. The transport of water in the thermosets with different 
chemical structures could be predicted from the water activity, regardless of the actual type of 
ionic or non-ionic solute in the solution. An empirical relationship, independent of both 
thermoset chemistry and temperature, was established to describe the water concentration in 
the thermoset as a function of water activity and the water concentration in pure water. In 
long-term, the water concentration in the thermosets increased with exposure time. This 
seemed to be primarily related to stress relaxation processes induced by water absorption and 
certain leaching effects. The effects of hydrolysis seemed to be small. The glass fibre 
reinforcement may to various extents affect the water transport properties by capillary 
diffusion and additional absorption around fibre bundles. The extent of such processes 
seemed to depend on temperature, water activity and the type of thermoset and reinforcement. 
The present work may be a useful contribution to an increased understanding of water effects 
and durability of FRP process equipment. However, open questions still remain for a more 
comprehensive durability analysis. 
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Sammanfattning 
 
Studien fokuserar på tranportegenskaper och beständighetsaspekter hos vätskekristallina 
polymerer (liquid crystalline polymers, LCP) och glasfiberarmerad plast (GAP) för 
användning i industriell processutrustning. I den första delen av studien undersöktes om det 
termotropiska LCP-materialet Vectra A950 kan användas som lining-material för GAP 
processutrustning. Dess barriär och kemikalieresistensegenskaper har jämförts med en 
fluorerad eten-propen-sampolymer (FEP). Transportegenskaper och data för kemisk resistens 
har upprättas för pressade, uniaxiala och biaxiala LCP-filmer exponerade för utvalda 
kemikalier som ska representera typiska processmiljöer. Inverkan av anlöpning av LCP-
filmer, som en metod att minska halten av defekter (disklinationer) och därmed förbättra 
barriäregenskaperna, har undersökts. Anlöpning resulterade i ökad kristallinitet, men ingen 
signifikant förbättring av transport och kemikalieresistensegenskaperna observerades. Olika 
ytbehandlingsmetoder undersöktes för att öka vidhäftningen mellan LCP och GAP. Slutsatsen 
var att LCP har potential att användas som lining för GAP i miljöer innehållande vatten, 
lösningsmedel och icke-oxiderande syror. Vissa frågeställningar, såsom fogningsteknik, 
återstår dock att lösa för en sådan applikation. Den andra delen av studien fokuserade på 
transport och långtidsegenskaper hos kommersiella härdplastmaterial och GAP för 
processutrustning i vattenhaltiga miljöer (50 – 95 ºC, vattenaktivitet 0.78 – 1, exponeringstid 
≤ 1000 dagar). Transportegenskaperna relaterades till härdplasternas kemiska struktur med 
hjälp av löslighetsparameterkonceptet. Transportegenskaper hos vatten i olika härdplaster, 
erhållna från mätningar i olika typer av vattenlösningar, kunde beskrivas med hjälp av 
vattenaktiviteten oberoende av typen av joniska eller icke-joniska substanser i lösningen. Ett 
empiriskt samband, oberoende såväl av den kemiska strukturen hos de undersökta 
härdplasterna som temperaturen, upprättades som beskriver vattenkoncentrationen i 
härdplasten som en funktion av vattenaktivitet och vattenabsorptionen i rent vatten. 
Vattenkoncentrationen i härdplasterna ökade med exponeringstiden. Ökningen verkade i 
huvudsak vara relaterad till relaxationsprocesser inducerade av absorberat vatten och 
urlakning av lågmolekylära ämnen. De kemiska förändringarna i materialen med avseende på 
hydrolys verkade vara små. Glasfiberarmering kan i olika utsträckning påverka 
transportegenskaperna genom kapillärdiffusion och extra vattenabsorption kring glasfibrerna. 
Omfattningen av dessa effekter beror på temperaturen, vattenaktiviteten och kombinationen 
av härdplast och glasfiberarmering. Resultaten från den aktuella studien kan vara ett 
användbart bidrag till ökad förståelse kring vattenpåverkan och beständighet hos GAP. Fler 
studier behövs dock för en mer övergripande beständighetsanalys. 
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1 Introduction and purpose of the study 
Polymer-based materials offer a wide range of interesting properties, which have been 
explored and utilised in numerous applications within many industrial branches. The 
development and progress in this field with respect to new materials, such as liquid crystalline 
polymers (LCP), and applications are intense. Traditional plastic materials, including glass 
fibre reinforced plastics (FRP), PP, PVC and fluoroplastics, find application in industrial 
process equipment, for instance, in the chemical and pulp & paper industry as well as in flue 
gas cleaning. In such aggressive and corrosive environments standard stainless steel often 
cannot be used and plastic materials are a cost-effective alternative to higher-alloyed steels or 
titanium. However, the use of plastic materials is still limited in comparison to steel and in 
less corrosive process environments often metals are preferred although plastic materials 
could compete. This may have several reasons. For instance, confidence in plastic materials is 
low because of the many failure cases reported during the first years of use in industrial 
process equipment. Plastic materials are not standardised which means that different brands of 
the same type of plastic material may perform very differently. Further, durability analysis for 
process equipment applications is not as easy as for metals where a corrosion science has 
been developed and documented. Although used to solve corrosion problems, also plastic 
materials may suffer from corrosion or degradation effects similar to metals [1,2]. In contrast 
to metals, polymers are permeable to small molecules causing additional corrosion or 
degradation mechanisms. Chemical resistance data is often specified as maximum service 
temperature for a specific environment and does not include information on the type of 
corrosion or degradation effects and time aspects. For e.g. FRP and lined FRP, this has been 
overcome by applying the corrosion approach for aggressive substances such as chlorine 
dioxide; i.e. the corrosion and/or diffusion effects are quantified, allowing a well-defined and 
controlled degree and depth of corrosion attack in the barrier layer or liner [1,2]. Typical 
process environments, however, often contain water and the corrosion approach is yet not 
able to describe the ageing effects due to water diffusion which are important for long-term 
durability aspects of FRP, including e.g. effects on mechanical properties and chemical and 
physical changes. The effect of water on composite materials has been studied widely during 
the last years for advanced composites including among others epoxy-based composites [3-5], 
composites for marine applications [6-8] and infrastructure [9-11]. For laminates used in FRP 
process equipment, made from different types of thermoset matrices, reinforcements and with 
different lay-ups, data are, however, more limited. Regarding the situation today, including 
conservative design approaches for FRP with design factors as high as 10 or more and the 
rapid development of new materials, there is hence great potential for improvement by 
increasing the knowledge on durability and design of process equipment. The objective of this 
study was to investigate whether, with respect to industrial process equipment, a relatively 
new type of polymer, liquid crystalline polymer (LCP) could be used as liner material for 
FRP, as well as to enhance the understanding of the effects of water on FRP with respect to 
long-term stability. 
 
LCP are attractive as engineering material due to high chemical resistance and extremely 
good barrier properties to gases and plasticizing vapours [12-15]. So far, the main application 
areas have been in injection molded components for the electronics/electrical industry and 
automotive industry. During the last years, extrusion techniques have been developed for 
anisotropic LCP pipe and film which may be available on a larger scale in the future [16]. 
Due to their excellent barrier and chemical resistance properties, LCP films may have a 
potential to serve in industrial process equipment applications as a cost-effective liner for FRP 
competing with expensive fluoropolymers, such as fluorinated ethylene propylene copolymer 
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(FEP), used for this application today. The benefits using an LCP lining may possibly be 
improved chemical resistance, as well as decreased permeability into the FRP of e.g. solvents 
and water. This can result in increased service life or extend the application area of the 
material. The study included determination of transport and chemical resistance properties of 
the LCP Vectra A950 to selected, industrially important environments. To investigate whether 
the barrier properties can be improved further, the effect of annealing on the transport and 
chemical resistance properties was studied. The possibility to use LCP as protective lining 
material for FRP was assessed with regard to barrier and corrosion properties as well as to the 
bonding between LCP and FRP. 
  
Transport and durability properties of FRP for process equipment, based on thermoset resins 
such as novolac and vinyl esters and glass fibre reinforcement, in aqueous environments are 
addressed in the second part. The results presented here have their origin in a study on 
osmotic blistering in FRP process equipment and the focus is on thermosets and chopped 
strand mat (CSM) laminates used in a so-called barrier layer to protect the structural part of a 
laminate [17]. The study included a determination of short and long-term transport properties 
of water in different thermosets and laminates and an investigation of their stability towards 
water. Water transport properties in various thermoset materials were also determined for 
different levels of water activity, various salts solutions and temperatures to study to what 
extent the water activity in aqueous process environments influences the transport properties 
and durability.  
 
The thesis is structured in the following way: Chapters 2 to 5 describe the theoretical 
background of the thesis, starting with use of plastics materials in industrial process 
equipment. The theory of diffusion of solutes into polymers, being one important factor when 
discussing durability of plastics in process environments, is addressed. Then an introduction 
to the material groups of liquid crystalline polymers and fibre reinforced plastics follows. 
Chapter 6 describes the materials and the experimental methodology used. The results are 
presented and discussed in Chapter 7 and concluded in Chapter 8. Finally, Chapter 9 presents 
an outlook on possible future studies. 
 

2 Polymeric materials in process equipment 
Plastic materials, including poly vinyl chloride (PVC) and FRP, were introduced in process 
equipment of the bleach sequence in pulp mills in the late 1950’s, early 1960’s, i.e. in very 
corrosive environments where problems related to the limited corrosion resistance of standard 
stainless steel occurred [18]. Previous attempts to use FRP made from orthopolyester resins 
had ended in catastrophic failures, but the development of bisphenol A based polyesters with 
improved corrosion resistance opened for increased use in such environments. During the 
following years the quality of FRP improved significantly, for instance, due to the 
specification of a resin-rich barrier layer against corrosion attack (barrier layer, corrosion 
barrier). In addition to FRP and PVC, today many other polymeric materials are used in 
process equipment including polypropylene (PP), post-chlorinated PVC (PVC-C) and 
fluoroplastics. FRP and thermoplastic lined FRP, however, still dominate as material choice 
for process equipment. 
 
Polymeric materials are used in solid constructions and as linings or coatings on other 
construction materials, such as concrete or steel. In addition to thermoplastics and FRP, 
polymeric materials may also find use as rubber or flake linings. Since thermoplastics and 
FRP may easily be formed or produced into a variety of shapes and sizes, process equipment 
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such as bleach towers, filter drums, scrubbers, reactor vessels, storage tanks, flue gas stacks 
and ducts can be produced in addition to process piping. Industries using plastic process 
equipment are, for instance, plants manufacturing chlorine and chlorate, pulp mills and 
pickling & flue gas cleaning plants, i.e. the polymeric materials are used to solve metal 
corrosion problems. 
 
When designing plastic process equipment it is necessary to consider time and temperature 
dependent mechanical properties. Creep data is mainly available for standard conditions 
including air and water environments at different temperatures whereas data for other 
chemical environments is more sparse [19,20]. The design of FRP and thermoplastic lined 
FRP vessels is covered in design codes such as BS 4994, EN 13121:3 and PLN [21-23]. 
Generally, it can be pointed out that, in comparison to both thermoplastic and metallic 
materials, the design factors are significantly higher. The impact of a specific environment is 
considered by general factors describing, for instance, the influence of temperature, cyclic 
conditions, fabrication procedure and the type of chemical environment in addition to a safety 
factor. In total, the design factor may be 10 or higher and the stresses allowed in FRP process 
equipment constructions correspond to about 0.1 to 0.2 % of strain. This illustrates that design 
of FRP process vessels still is very conservative implying a high potential for more cost-
effective structures if the knowledge on durability is increased. 
 
Despite the fact that polymeric materials are used to solve metal corrosion problems, they 
may be subject to corrosion, i.e. physical or chemical degradation effects. The types of 
corrosion observed can be described in a similar manner to that of metallic materials 
including uniform, local, galvanic (carbon fibre laminate), microbiologically induced, erosion 
and environmental stress corrosion [1,2]. For instance, chlorine dioxide or nitric acid 
environments may cause uniform corrosion in FRP and PP leading to a gradual decrease of 
the thickness of the unaffected material. In acidic environments, FRP may suffer from stress 
corrosion cracking related to the chemical resistance of the glass fibre reinforcement [24-26].  
In addition, due to the fact that polymers are not permeation resistant, corrosion mechanisms 
related to diffusion and absorption of solutes such as swelling, crazing and osmosis may also 
be observed. Uniform corrosion rates are often related to the diffusion of a substance into the 
polymer and chemical reactions. However, substances such as chlorine dioxide may also 
diffuse through a fluoroplastic material, such as PVDF or FEP, without deteriorating it, but 
causing delamination and stress corrosion failures when it reaches the interface to the FRP 
material [24]. Certain solutes, such as solvents, may be absorbed to significant amounts 
causing swelling stresses and crazing or microcrack formation in the polymeric material. 
Physical changes may also occur due to plasticisation, leaching of additives and physical 
ageing. Especially for composite materials, such as FRP, the diffusion of water or moisture, 
present in many process environments in addition to more aggressive chemicals, may strongly 
affect the durability and will be discussed more in detail in Chapter 5. 
 
Although diffusion, permeation and corrosion rates play such an important role for the 
durability of plastic materials in process environment this is not directly considered in design 
standards or chemical resistance testing. In general, chemical resistance testing is performed 
in accordance to standards such as ASTM D543 [27] or ASTM D581 [28], considering 
specific changes in hardness, weight, thickness, strength, modulus and visual appearance of 
specimen and immersion media with respect to a chemical resistance criteria. Results 
obtained from such testing can be misleading and materials may work well for many years 
although testing indicated limited chemical resistance. Such standards do not give information 
about time aspects of durability either. For certain constructions and environments, where in 
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addition to the load bearing structure a layer, which can be consumed by corrosion or 
diffusion, is present, an approach describing the durability by diffusion or corrosion rates has 
successfully been applied by Bergman to estimate service life [1,2]. However, this approach 
cannot account for changes in the material due to water diffusion. Attempts have also been 
made to use Arrhenius relationship-based data on Tg to obtain a measure for long-term 
durability of FRP although they may be difficult to apply in practice [29]. Hence, there is 
potential to improve durability models and design consideration for plastic process 
equipment.  
 

3 Diffusion in polymers 
In this chapter, the basics of solute diffusion in polymers, relevant for this work, are 
addressed. The diffusion process involves that a solute is absorbed at the surface of the 
polymer, diffuses through the polymer and desorbs [30-33]. The permeability, P, of a 
substance through a polymer, i.e. the flux of solute per unit area, thickness and time, is hence 
a function of the solute sorption concentration C and the solute diffusivity D according to  
 

P = C⋅D        (Eq.1) 
 
The sorption concentration depends, among others, on the intermolecular forces between the 
solute and the polymer. Similarities in molecular structure of the solute and the polymer 
favour a high absorption. The sorption concentration has, for instance, been predicted by 
applying the solubility parameter concept according to the Flory-Huggins theory or 
considering free-volume. 
 
The solute concentration in the polymer is also a function of the solute activity or its partial 
pressure in the solution. At low solute activities the sorption of a solute in flexible polymers 
may be described by Henry’s law [31], which was originally established to describe the 
absorption of gases in a liquid. 
 

C= kD p         (Eq.2) 
 
Where kD is the Henry constant for a particular solute/polymer pair and p the partial pressure. 
It was observed, however, that Henry’s law is not valid for many solute-polymer pairs 
especially at higher solute partial pressures or activities [31,32]. Sorption isotherms for 
polymers, i.e. solute concentration-partial pressure curves at constant temperature, were found 
to include concave, convex and s-shaped curves and several models have been proposed to 
describe the sorption isotherms of gases in a polymer. For instance, Flory proposed a sorption 
isotherm being a function of solute activity aS, the Flory-Huggins parameter (χFH) and the 
volume fraction of the solute in the polymer ϕS. 
 

2
SFHSSS )1()1()  ln()ln( ϕχϕϕ −+−+=a     (Eq.3) 

 
Since the Flory-Huggins parameter may be a function of activity also this relationship may 
only be suitable for limited solute activity ranges. The dual sorption model, widely used to 
describe diffusion in composite materials, takes solute dissolution in the polymer according to 
Henry’s law and absorption of solute in microvoids of the polymer into account, as described 
by a Langmuir isotherm.  
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Where CD is the concentration of dissolved species, CH the hole saturation constant and b the 
hole or void affinity constant. These relationships have been established for the absorption of 
gaseous solutes in polymers and many investigations have been performed for various 
gaseous solutes and polymers. For liquid solutes of different activity, however, data seem to 
be more sparse.   
 
Diffusion of solutes in polymers is regarded to be related to free volume and is a thermally 
activated process. The solute jumps from one free space, caused by movements or oscillation 
of the chain segments, to another when its thermal activation is sufficiently high. Based on 
free volume, Barrer and Stuck established models to predict the diffusion coefficient of a 
solute in a polymer [32,33]. Diffusion is considered to occur in the amorphous phase of a 
polymer. In semi-crystalline polymers, crystallites are regarded to be impermeable for all non-
reactive molecules and diffusion occurs in the amorphous regions or in the boundaries 
between crystallites. The diffusivity was found to decrease with increasing crystallinity as the 
diffusion path for the solute increases. 
 
According to Crank [34] one-dimensional diffusion in polymers can be described by  
 










∂
∂

∂
∂=

∂
∂

x

C
D

xt

C
       (Eq.5) 

 
Where D is the diffusion coefficient, C the concentration, t the time and x the length 
parameter. This equation can be analytically solved. For a plate geometry, the diffusion 
coefficient can, in a simplified way, be determined applying the time-lag or half-time method 
on data obtained for example from permeability measurements or gravimetric sorption 
experiment. Diffusion of a solute in a polymer is, however, often concentration dependent. 
Whereas at low solute concentrations the diffusion coefficient is considered to be independent 
of the solute concentration, it may increase at high solute concentration due to plasticization 
and swelling effects. The concentration dependent diffusion coefficient can be expressed as  
 

CeDD D
0CD )( αα =        (Eq.6) 

 
Where αD is a constant, sometimes referred to as plasticization power, and DC0 the zero-
concentration diffusion coefficient, i.e. the diffusion coefficient the solute would have without 
any plasticization effects. The physical meaning of αD is not fully clear. In some cases it was 
observed that αD was proportional to the Flory-Huggins parameter [32]. The concentration 
dependent diffusion coefficient is included in equation 5 which then has to be solved 
numerically. Such a numerical approach has been described by Edsberg [35] and Wedin and 
Hedenqvist et al. [36,37] and applied in this study. 
 
The temperature dependence of both the sorption concentration and the diffusion coefficient 
can be described by the Arrhenius relationship over a limited temperature region.  
 

RT

H

eCTC
S

Arrhenius)(
∆

−
⋅=       (Eq.7)  
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Where CArrhenius and DArrhenius are the pre-exponential factors of the sorption and diffusion 
coefficient, respectively. ∆HS is the heat of solution, ∆Ea the activation energy, T the 
temperature and R the general gas constant. 
 
Other mechanisms may contribute to the transport of a solute in a polymer. In porous 
materials, capillary flow may occur [32]. Hydrophilic impurities may increase the amount of 
hydrophilic solutes such as water by osmotic processes as it has been observed for certain 
rubber materials [38]. 
 

4 Liquid crystalline polymers (LCP) 
This chapter summarises the molecular and physical features of liquid crystalline polymers 
and their impact on transport and chemical resistance properties. In contrast to other polymers 
showing random configuration in the melt, LCP molecules show long-range orientational and 
sometimes translational order between molecules without the three-dimensional positional 
order of a crystalline structure [39-41]. Such configuration can occur in the molten 
(thermotropic LCP) or solvated state (lyotropic LCP) within a certain temperature or 
concentration range, respectively. This phase is often referred to as the liquid crystal or the 
meso phase and displays strongly anisotropic properties. The liquid crystalline behaviour 
originates from the chemical structure of these materials, i.e. LCP have a rigid-rod or disk-
like structure on the molecular level. The liquid crystals can align themselves for example in 
the direction of shear stress during processing or in the presence of a magnetic or electrical 
field and thus create locally-oriented domains which in turn can form macroscopically 
oriented domains. Once these domains have formed their direction and structure persists when 
cooled down due to the long relaxation time of the molecules [40]. This gives them unique 
properties including low permeation, chemical resistance, form and mechanical stability and 
low viscosity in the liquid crystal state. Therefore thermotropic LCP have found application in 
a variety of areas including automotive, packaging and electronics [41]. Their extremely good 
barrier properties and chemical resistance have motivated the study presented in Paper I. 
 
On the molecular level, LCP consist of so-called mesogenic units, i.e. rigid-rod or disc-like 
units. The mesogenic unit contains structures having very low degrees of freedom to bend and 
rotate around the bonds and being linear to obtain a nearly planar conformation. For the 
application of LCP as lining material the so-called thermotropic main chain LCP are most 
interesting, i.e. a polymer showing liquid crystallinity in the molten state with the mesogenic 
units located in the main chain. Typically, mesogenic units contain stiff aromatic rings or 
condensed ring systems like naphthalene which must have a certain aspect ratio to be liquid 
crystalline [40]. The structural composition and the flexibility of the polymer chain are factors 
controlling the ability of the polymer to form a liquid crystalline phase and at the same time to 
be melt-processable; with increasing molecular rigidity and chain length, the melting point 
increases and the polymer may decompose prior to melting. The polymer can be modified 
chemically by including side-steps with crank-shaft movements, kinks, flexible units or 
copolymerisation to obtain the desired properties. An example is the commercial LCP 
VectraTM, a random copolymer of p-hydroxy-benzoic acid (HBA) and 2,6-hydroxy-naphtoic 
acid (HNA), which has been studied in this work, Figure 1.  
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Figure 1. Structure of a liquid crystalline polymer of the Vectra type (copolymer of HBA, left, and HNA, right). A 
polymer consisting solely of HBA would decompose before melting [42]. In the Vectra polymer the rigidity and 
hence the melting point is lowered by several modifications: 1. Copolymerisation, 2. Inclusion of side-steps in the 
naphthoic unit and the ester group, 3. Crank shaft movements of the ester groups giving flexibility. 
 
In thermotropic systems the liquid crystalline phase exists between the crystal melting point 
of the polymer, Tm, and a second phase transition temperature, the upper transition 
temperature, Ti. Above Ti the melt is isotropic. Vectra A950 belongs to the nematic phase 
forming LCP; i.e. the molecules have a long-range orientational order but positional disorder 
[42]. Long-range orientational order does, however, not imply that all molecules are perfectly 
aligned. They rather show a preferential orientation about a symmetry axis denoted as 
director. The ordering in LCP is described by the ordering parameter S which takes the value 
of 1 when all chains are oriented in parallel to the director and 0 when the orientation is 
random and is a measure of the anisotropy of the physical properties including for instance 
elastic constants, viscosity coefficients, birefringence, etc. In a nematic liquid, the director 
field is only uniform when an outer field such as magnetic or mechanical field is applied. 
Without outer influence the director may smoothly vary at certain points which can be 
regarded as defects such as disclinations (discontinuities associated with orientational 
disorder), Figure 2. Each disclination can be associated with a certain extra volume, enthalpy 
and entropy [40]. Heat treatment of a nematic polymer is regarded to decrease the con-
centration of disclinations. 
 

 
 

 

Figure 2. Left: Disclinations in Vectra A950 as observed by polarised light microscopy. Right: Schematic drawing 
of nematic domains in an LCP. Within a domain all molecules are preferentially oriented along the director n and 
crystalline regions may be present. In other domains the director may have a different orientation. According to 
Weinkauf [13,14] and Cantrell [43] diffusion of small molecules occurs along the boundaries between different 
domains, along disclinations. 
 
It is believed that the nematic domains are almost as close-packed as pure crystals and that 
diffusion of small molecules occurs through regions with a lower degree of chain packing, i.e. 
through line defects such as disclinations, Figure 2 [13,14]. Cantrell et al. [43] studied the 
sorption and diffusion of acetone in a thermotropic aromatic polyester being systematically 
annealed to obtain different structures and crystallinities. The sorption of acetone decreased 
by a factor of 10 from the isotropic to the totally nematic state. They estimated that in 
crystalline polymers this decrease would have been associated with a degree of crystallinity of 
90 %. In fact, only a small fraction of the LCP was crystalline suggesting that also the 
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nematic phase is more or less impermeable for small penetrant molecules and that transport 
occurs in the boundaries of the nematic domains. Thus, by decreasing the amount of defects it 
should be possible to improve the barrier properties of an LCP which has been studied in 
Paper II.  
 

5 Glass fibre reinforced plastics (FRP) 
This chapter introduces the basic materials and lay-ups of laminates used for FRP process 
equipment and focuses then on durability aspects of FRP in aqueous environments. Typical 
thermoset matrix materials used for FRP process equipment laminate include bisphenol A 
epoxy-based vinyl ester, novolac epoxy-based vinyl ester and bisphenol-A fumarate based 
polyester resin dissolved in styrene, Figure 3. Also urethane modified vinyl esters with 
increased flexibility are used. These resins are normally cured with a peroxide-based catalyst 
and a cobalt-based accelerator and may be subjected to different postcuring procedures to 
obtain an appropriate degree of resin cure and residual styrene content. Different glass types 
may be used in the fibre reinforcement including, among others, E-glass and boron-free E-
glass. These glasses differ in their corrosion resistance to acid and base environments and in 
their stress-corrosion resistance [26,29]. Reinforcement in form of chopped strand mat 
(CSM), woven roving (WR), continuous roving or chopped roving may be used depending on 
the fabrication process. The glass fibre reinforcement is covered with a so-called sizing to 
achieve good wetting and adhesion with the thermoset, but also to facilitate the processing 
and fabrication of the fibre. FRP structures may be made by hand-lay-up, continuous fibre 
processes such as filament winding and sometimes by spray-up or centrifugal casting 
processes. In some cases, carbon fibre reinforcement is used; however, mainly as a surface 
reinforcement to obtain a layer resistant to corrosion and surface cracking. Hence, FRP for 
process equipment comprises a large group of different materials.  
 

 
 
Figure 3. Chemical structure of a) bisphenol A epoxy-based vinyl ester resin, b) novolac epoxy-based vinyl ester 
resin and c) bisphenol A fumarate-based polyester resin. The resins are dissolved in styrene which participates in 
the cross-linking reaction. 
 
Design standards, such as BS 4994, EN 13121:3 and PLN [21-23], require that the structural 
part of an FRP laminate for process applications shall be protected by a so-called barrier layer 
or corrosion barrier, having a thickness of about 2.5 mm. The barrier layer is built up from 
chopped strand mat (glass content about 30 wt%). The structural laminate, having a glass 
content of ca 60 wt%, is designed as the load bearing part of the composite. To improve the 
corrosion resistance the FRP barrier layer may be replaced by a thermoplastic lining (e.g. 
PVC, PVC-C, PP or various fluoropolymers). The liner polymers have to withstand 
temperature, moisture and pressure changes without cracking. Hence, the bonding between 
the thermoplastic layer and the FRP has to be good and the coefficients of thermal expansion 
of the two materials should be of the same order of magnitude to minimise stresses.  
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As discussed previously, in aggressive process environments, including chlorine dioxide, 
nitric acid, sulphuric acid, etc., FRP and thermoplastic materials may encounter corrosion 
damage. In many process environments water is also present in addition to other chemical 
compounds. Depending on water activity and temperature, water sorption and diffusion may 
occur simultaneously to any chemical attack of other species. In many cases, the effect of 
water and temperature may be the primary factor governing durability (also referred to as 
hygrothermal ageing). Durability aspects of FRP could therefore be described as a function of 
the effects of an “aggressive” component and the effects of water. On the microstructural 
level, the composite consists of three major phases, including the thermoset matrix, the glass 
fibre reinforcement and the interface between the matrix and the fibre. Each phase may be 
affected by the diffusion and absorption of water [29]. The thermoset matrix may be altered 
by hydrolysis of ester bonds and plasticisation may occur. Water may also degrade the glass 
fibre and the silane bond of the coupling agent between matrix and fibre can be hydrolysed 
[44].  The presence of water may also influence physical ageing processes and induce 
swelling stresses. These processes may negatively affect the macroscopic mechanical 
properties of the laminate such as E-modulus, strength and fracture toughness. It has been 
observed, in case of laminate exposed to water at elevated temperature, that the E-modulus to 
various extents could decrease exponentially to reach a more or less constant value [7, 45]. It 
was estimated that the decrease in E-modulus only to a minor degree was related to 
plasticisation effects of the resin matrix; the major contribution was from water-initiated 
debonding [45]. The effect of hygrothermal ageing on the strength may be more pronounced 
than on the E-modulus and is related to embrittlement of the thermoset and degradation of the 
fibres. Chateauminois et al. [3-5,46], for instance, studied stress corrosion cracking (SCC) 
processes in epoxy glass fibre composites leading to strength reduction.  A SCC model was 
proposed and debonding between fibre and thermoset matrix was considered to be a factor 
necessary for SCC processes to occur. The effect of water diffusion on long-term mechanical 
properties of laminates has also been studied for marine applications with respect to e.g. 
reduction in interlaminar shear strength, interface damage and interlaminar shear fracture 
toughness [6-8]. Transport of water may also induce processes such as blistering in the 
laminates of FRP process equipment. Blistering in boat hulls has been studied intensively and 
has been related to osmotic processes [47-51]. The blistering problem in boat hulls has partly 
been overcome by choosing materials more resistant to water. In process equipment, however, 
blistering still occurs and the problem is not fully understood.  
 
Although many studies have been performed on the ageing of composites in water, only few 
are relevant to the materials and composite lay-up used in process equipment. The second part 
of the thesis has its origin in a study of osmosis-related blistering and long-term effects of 
water in laminates of FRP process equipment [17]. The results presented here are part of this 
study where in addition to transport and long-term properties of the thermoset and glass fibre 
laminates also factors such as temperature gradients, geometric aspects and stress formation 
were investigated. Another aspect was to study to what extent the water activity in aqueous 
process environments influences the durability. Paper III and IV report on the characterisation 
of transport properties of water in various thermoset materials and CSM laminates and their 
long-term properties over a wide temperature and water activity range.  
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6 Experimental 

6.1 Materials 

6.1.1 LCP Vectra A950 
Vectra A950, a thermotropic co-polyester based on 73 mol% 4-hydroxy-benzoic acid (HBA) 
and 27 mol% 2,6-hydroxy-naphthoic acid (HNA) (see figure 1 in chapter 4) with a melting 
point of approximately 280 °C, was supplied by Ticona GmbH, Germany. Table 1 
summarises the different types of samples prepared from the polymer. Compression-molded 
films with a thickness of 70-170 µm were prepared in a Schwabenthan Polystat 400S 
machine. Vectra A950 pellets (1.5 g) were spread out in a circular form with a diameter of   
30 mm placed on a release film of 0.15 mm thick PTFE coated glass-fibre cloth supplied from 
Fluortek AB, Sweden. The films were compression-molded for 15 min at 310 °C and 2.5 MPa 
pressure followed by cooling in air. Afterwards the films were annealed at 260 and 310 °C. 
Extruded, uniaxially oriented film was provided by Ticona Germany/U.S.A. (U-LCP). A 
biaxially oriented film fabricated using a counter-rotating dye extrusion process was provided 
by Superex Inc. U.S.A. (B-LCP) [16]. Injection-molded plates with a thickness of 1 mm were 
produced using a Battenfield BA 500 CDK machine (temperature on the injection side       
295 °C, injection speed 80 cm/s, pressure 180 MPa, cycle time 18 s) at Möllers 
Verktygsmakeri, Munsö, Sweden (I-LCP).  
 
Table 1. Different sample types prepared from Vectra A950. 
 

Sample type Notation Thickness 
(µm) 

Density  
(g cm-3) 

Orientation 

Extruded film U-LCP 44  1.394 Uniaxial 
Extruded film B-LCP 36 1.394 Biaxial 
Injection-molded 
plate 

I-LCP 1000  - No preferred orientation in the core, 
certain orientation in the surface layer 

Compression- 
molded film 

C-LCP 70-170 1.404-
1.423 

No preferred orientation 

 

6.1.2 Fluoropolymer FEP 
The transport properties of a copolymer of hexafluoropropylene and tetrafluoroethylene 
(FEP), Figure 4, were determined. The material was provided by Symalit AG, Switzerland, as 
2.5 mm thick sheet and 2.3 mm thick sheet with polyester fibre backing. FEP has a melting 
point of 259.1 ºC and a density of 2.126 g cm-3. 
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Figure 4. Molecular structure of FEP. 
 

6.1.3 Clear castings, CSM laminates and thermoplastic lined laminates made from 
different thermoset resins 

Various commercial thermoset resins including bisphenol A epoxy-based vinyl esters, 
novolac epoxy-based vinyl esters, a urethane modified vinyl ester and bisphenol A fumarate-
based polyester resin were studied, Table 2.  
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Table 2. Thermoset materials studied including curing system and post-curing procedure.  
 

Thermoset Notation 
in Paper 
III 

Notation 
in Paper 
IV 

Resin type 
according to 
manufacturer 
 

Styrene 
content 
(wt%) 

Curing system  Post-
curing 

Atlac 430 VE-39 - Vinyl ester based 
on bisphenol A 
epoxide  
 

38-41a) 0.5% Co-
solutionc), 1.0% 
MEKPd) 

10 h 
100 ºC 

Atlac 590  NOV-37 NOV2 Novolac based 
vinyl ester 
 

35.5-
38.5a) 

1.8% Co-
solutionc), 1.0% 
MEKP 
 

10 h 
100 ºC 

Atlac E-Nova 
FW 2045 

VE-UR VE-UR Modified epoxy 
bisphenol A vinyl 
ester urethane  

39-41a) 2.0% Co-
solutionc), 1.5% 
MEKP 
 

8 h 
100 ºC 

Derakane 
Momentum 
411-350 

VE-45 VE1 Bisphenol A 
epoxy-based vinyl 
ester  

45b) 0.9% Co-
solutionc), 1.0% 
MEKP 
 

10 h 
100 ºC 

Derakane 
Momentum 
411-350e) 

- VE2 Bisphenol A 
epoxy-based vinyl 
ester  

45b) 0.9% Co-
solutionc), 1.0% 
MEKP 
 

10 h 
100 ºC 

Derakane 441-
400  

VE-33 VE3 Bisphenol A 
epoxy-based vinyl 
ester  

33b) 1.3% MEKP, 
0.12 % Co-
solutionf), 
0.05% DMAg) 
 

10 h 
100 ºC 

Derakane 
Momentum 
470-300 

NOV-33 NOV1 Epoxy novolac 
vinyl ester-based 

33b) 0.6% Co-
solutionc), 1.0% 
MEKP 
 

10 h 
100 ºC 

Atlac 382A BIS BIS Propoxylated 
bisphenol A 
fumarate 
unsaturated 
polyester resin 

49-51a) 3.0% Co-
solutionc), 1.5% 
MEKP 

24 h 
80 ºC 

a) Values obtained from refs [52-55]. 
b) Values obtained from refs [56-58]. 
c) 1% Cobalt-octoate solution, obtained by diluting the 10% solution with styrene. 
d) Methylethylketonperoxide solution (Norpol peroxide 11, Reichhold A/S). 
e) Received as clear casting Derakane 411-350, different batch. 
f) 10% Cobalt-octoate solution in high flash white spirit. 
g) Dimethylaniline. 
   
The Atlac and Derakane resins were obtained from DSM Composite Resins and 
Ashland/Dow Chemicals, respectively. Commercial thermoset resins, the curing systems and 
the post-curing procedures were chosen to reflect the materials commonly used in practice 
and were then characterised by different techniques. Clear castings with a thickness of 4 mm 
were made between two glass plates covered with a PET release film. The curing system was 
based on methylethylketone (MEK) peroxide dissolved in dimethyl phthalate (Norpol 
peroxide 11, Reichhold A/S) and a cobalt accelerator (10 % cobalt octoate dissolved in high 
flash white spirit, Norpol accelerator 9800, if not specified otherwise) and the post-curing 
procedures were chosen according to the resin manufacturer’s recommendations. Chopped 
strand mat (CSM) laminates of Atlac 430 with a thickness of about 4 mm were made between 
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two glass plates covered with PET release films using E-glass M123 CSM from Vetrotex 
Saint-Gobain International with a surface weight of 450 g/m2. Various glass contents were 
obtained using different numbers of chopped strand mats for a specified thickness. LCP and 
FEP-lined laminates were made by laminating resin and CSM reinforcement on the surface 
treated LCP or on the polyester backing of the FEP. The thickness of the FRP layer was about 
4 mm. 
 

6.2 Transport and related properties  

6.2.1 Sorption and desorption studies 
The transport properties were determined from gravimetric desorption measurements at 
various temperatures and exposure times. The sample geometry was chosen to obtain a 
sample width at least ten times higher than the thickness to avoid edge effects. First, the mass 
increase was determined by intermittently weighing the surface-dried samples using a 
Sartorius MC210P balance with an accuracy of 0.01 mg. After the sorption equilibrium had 
been reached, desorption experiments were performed by placing the specimens in an air-
ventilated oven and measuring the weight. The transport properties were then evaluated from 
the desorption data assuming a concentration dependent diffusion coefficient and a surface 
concentration equal to zero during desorption. Only half the plate was considered and the 
inner boundary co-ordinate was described as an isolated point. Eqs. 5 and 6 were solved using 
a multi-step backwards implicit method described by Edsberg and Wedin [35] and by 
Hedenqvist et al. [36,37]. The average diffusion coefficient D was calculated according to: 
 

∫=
max

0

D
0C

max

1
C

C
dCeD

C
D

α
       (Eq.9) 

 
Where Cmax is the saturation concentration or sorption coefficient, DC0 the zero-concentration 
diffusion coefficient, αD the plasticisation power and C the solute concentration in the 
polymer. In case of water diffusion into the thermoset materials, it was distinguished between 
the short-term sorption coefficient, CST, reflecting the “quasi”-equilibrium sorption coefficient 
at short exposure times, and the long-term sorption coefficient, CLT. 
 
For the LCP materials, the diffusivity was considered to be independent of the sorption 
concentration in the polymer due to their low absolute saturation concentrations. The 
concentration-independent diffusion coefficient was derived from the time needed to reach  
50 % of the saturation concentration, t0.5, according to the halftime method proposed by Crank 
[34].  
 

2
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04919.0
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D        (Eq.10) 

 
Where D0.5 is the diffusion coefficient obtained from the halftime method and l is the 
thickness of the plate.  
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6.2.2 Sorption and desorption studies in aqueous solutions of varying water activity 
To study the effect of water activity on the transport properties in thermoset materials sorption 
experiments were performed in solutions of sodium chloride (NaCl) and of other salts 
(MgCl2, Na2SO4, KCl) and of a non-ionic organic substance (sucrose) followed by desorption 
according to the procedure described previously, Table 3.  
 
Table 3. Experimental set-up of the sorption and desorption experiments in salt and sucrose solutions 
of various concentrations and water activities. 
 

Temperature 
(ºC) 

Solution Concentration 
(mol/l) 

Thermosets studied 

95 NaCl 0, 1, 3, 5 VE1, NOV1, BIS 
 

NaCl 0, 1, 3, 5 VE1, VE2, VE3, NOV1, NOV2, BIS, VE-UR  
KCl 
MgCl2 
Na2SO4 

80 

Sucrose 

Water activity 
corresponding 
to that of 1 
mol/l NaCl 
solution 
 

VE1, NOV1, BIS 

65 NaCl 0, 1, 3, 5 VE1, NOV1, BIS 
 
The exposure times at 65, 80 and 95 ºC were 60, 30 and 21 days, respectively. Within this 
time frame the short-term sorption concentration had been reached. The salts were chosen to 
study the influence of the number of ions, differences in size of the ions and differences in 
anions and cations on the transport properties of water. Sucrose was included as non-ionic 
substance. It was assumed that the diffusion of all dissolved substances could be neglected 
and that weight changes are caused by the sorption or desorption of water into or out of the 
thermosets [38]. The experiments were performed with clear casts of the thermosets to 
exclude effects of additional water absorption around the fibre bundles. Solutions of different 
salts having the same water activity were prepared using sodium chloride (NaCl, Merck 
Eurolab, p.a. >99.5 %), potassium chloride (KCl, Merck Kebolab, p.a. > 99.5%), sodium 
sulphate (Na2SO4, Merck, water-free > 99.0 %), magnesium chloride hexahydrate (MgCl2 ⋅ 6 
H2O, Merck Kebolab, p.a. 99-101.0 %), sucrose (AnalaR®, BDH Laboratory Supplies,     
99.5 %) and deionised water. Water activity data of sodium chloride, potassium chloride, 
sodium sulphate, magnesium chloride and sucrose solutions were obtained and calculated 
from refs [59-62]. In case the data was given as osmotic coefficient (Φ), the water activity aW 
was calculated according to Eq. 11 [63]. 
 

)
1000

exp( ii
H2OW,

W M
M

a ⋅⋅⋅−= νφ      (Eq.11) 

 
Where MW,H2O is the molecular weight of water, νi is the number of ions in the salt and Mi the 
molality of the solution. Water activity data for the different solutions were established for a 
temperature of 80 ºC with exception for sucrose for which data only at 35 ºC were available. 
However, Starzak et al [64] showed that the effect of temperature (-15 to 150 ºC) on the water 
activity was almost negligible for dilute sucrose solutions as studied here. Within the 
temperature interval 65 to 95 ºC the effect of temperature on the water activity of sodium 
chloride solutions was also negligible. A solution of 1 mol/l sodium chloride was chosen as 
reference having a water activity aW=0.966. The corresponding concentrations of the other 
solutions, yielding the same aW, were determined to 1.067 molal potassium chloride solution, 
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0.967 molal sodium sulphate solution, 0.683 molal magnesium chloride solution and 1.60 
molal sucrose solution, Figure 5. 

 
Figure 5. Water activity versus molality for different salt and sucrose solutions at 80 ºC. The data for 
sucrose was obtained at 35 ºC, but the effect of temperature on water activity was negligible for the 
sucrose solution studied [64].  
 

6.2.3 Long-term water transport properties of thermoset materials 
Clear casts of the thermoset materials were exposed to deionised water at 50, 65, 80 and 95 ºC 
for exposure times up to ≤1000 days followed by desorption experiments to determine the 
water saturation concentration and the diffusion parameters. The deionised water was 
replaced by fresh deionised water at regular intervals.  
 
To study possible leaching products from the thermoset materials about 8-9 g of clear casts of 
selected thermosets were immersed for 800 days at 95 ºC in 60 ml water in glass containers. 
The volume of water was held constant during exposure by adding deionised water when 
necessary.  
 

6.2.4 Transmission rate measurements 
The rates of transmission of different chemicals through glass-fiber reinforced laminates and 
clear casts lined with films of LCP or FEP were determined in a “cup test”. A glass cup was 
filled with the chemical of interest and closed with the lined laminate, the lining facing the 
liquid, Figure 6. The cups were placed in an air-conditioned oven at different temperatures 
and the mass loss was intermittently measured using a Satorius LP1200S balance (accuracy 1 
mg). Duplicate determinations were carried out. The total mass loss of the cup was corrected 
for the mass loss due to liquid permeating through the sealing, and the transmission rate Q 
was calculated according to Eq. 12, fitting the obtained data points by the least-squares 
method. 
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At

lmm
Q

⋅
⋅−= )( SC        (Eq.12) 

 
Where mC is the mass loss of the cup with the lined laminate, mS the mass loss through the 
sealing, l the total thickness of the lined laminate, t the time and A the exposure area. 
 

 

Metal flanges 
Sealing 

Glass cup 

Laminate with lining 
 

Figure 6. Experimental set-up of the cup test. 
 

  

6.2.5 Etching and mass loss experiments 
Duplicate specimens of LCP, dried to constant mass at 80 ºC, were exposed to selected 
chemicals for certain time intervals. After exposure, the specimens were washed with 
deionized water and acetone at room temperature in an ultrasonic bath and dried to constant 
weight at 80 ºC. The etching/degradation rate was calculated according to 
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=       (Eq.13) 

 
Where l is the initial thickness of the specimen, m0 the initial weight and m(t) is the weight at 
time t. Further, pressed Vectra films (100±10 µm thick) were immersed in chlorosulphonic 
acid at 25 °C and the time until the specimen had lost its integrity was determined. 
 
To study the stability of the thermoset resins towards water, the mass loss after exposure was 
determined. The samples were subjected to a sorption/desorption cycle and the weight after 
drying the specimens at 80 ºC was measured. The percentage weight change was calculated 
according to  
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Where wloss is the percentage weight change, m0 the initial weight of the sample, Cinitial its 
initial water content, mdes(t) its weight after desorption after a certain exposure time t. 
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6.3 Structural analysis 

6.3.1 X-ray analysis  
The equatorial wide-angle X-ray diffraction (WAXD) pattern of selected LCP films was 
recorded using a Philips Xpert PRO diffractometer with monochromatic CuKα radiation 
generated at 45 kV and 40 mA. Diffraction patterns were recorded in the range from 5 to 60º 
2θ using a proportional counter with a step size of 0.008º and a scan speed of 0.02 º/s. The 
diffraction patterns were corrected for Lorentz and polarization factors. The WAXD curve 
was resolved into at least five peaks described by Pearson VII functions using the least square 
method. The X-ray crystallinity was calculated from the ratio of the area of the crystalline 
peaks to the area of the total signal. 
 

6.3.2 FTIR-ATR analysis 
The thermoset materials, both unexposed and aged in water at different temperatures and for 
various times, were studied with respect to the relative concentration of ester linkages using a 
Bio-Rad FTS 175C FTIR instrument equipped with ATR (Attenuated Total Reflection). The 
resolution was 4 cm-1 and each spectrum was based on 32 scans.  
 

6.3.3 Thermal analysis 
The thermoset materials were thermally characterised by differential scanning calorimetry 
(DSC) using a Mettler Toledo 821 DSC. A sample of ca 8 mg was heated with a heating rate 
of 10 K/min from 25 to 200 ºC in nitrogen atmosphere in two subsequent runs. In between the 
heating runs, the sample was cooled to 25 ºC with a cooling rate of 80 K/min. The glass 
transitions Tg1 and Tg2 were determined from the first and second heating run, respectively. 
The enthalpy exotherm related to post-curing reactions in the thermoset materials was 
obtained from the first heating run. 
 
Thermograms of 7-10 mg samples of Vectra A950 were recorded between 25 and 500 °C at a 
heating rate of 10 K/min in a Mettler-Toledo DSC 820 in nitrogen atmosphere to determine 
the melting enthalpy. 
 

6.3.4 Polarised light microscopy 
For the investigation of optical textures and determination of the disclination density Vectra 
A950 films with a thickness of approximately 10 µm were cast on glass slides by first 
dissolving compression molded films in pentafluorophenol (99%) at 100°C followed by 
drying at 160 °C. After annealing at 260 and 310 °C for specific times the films were 
subsequently viewed in polarized light using a Leitz Ortholux POL BKII optical microscope. 
The disclination density was estimated from photomicrographs as shown in figure 2, chapter 
4, assuming that all disclinations were of strength 1 (four dark lines intersect in a singularity 
point) and that the view was along the disclination line represented by the singularity point. 
Straight lines with length L were drawn on the micrograph and the number of intersecting 
lines N was counted. The number of disclinations per unit area is then half the number of lines 
per unit area and the disclination density XD. 
 

2

2

1







=
L

N
XD        (Eq.15) 
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6.3.5 Density measurements 
The density of the LCP samples was measured with a density gradient column prepared from 
a degassed aqueous calcium nitrate solution at 23 °C. Density determinations were also 
perfomed by applying Archimedes principle using a Satorius MC 210P balance equipped with 
a density determination kit of type YDK 01 and having an accuracy of 0.01 mg. 
 

6.3.6 Determination of the molecular weight by SEC 
The molecular weight distribution of the uncured thermoset resins was determined by size 
exclusion chromatography (SEC) at 35 ºC using THF (1.0 ml/min) as the mobile phase. A 
Viscotek TDA Model 301 instrument equipped with two GMHHR-M columns with TSK-gel 
(mixed bed, MW resolving range: 300-100 000) from Tosoh Biosep, a VE 5200 GPC 
autosampler, a VE 1121 GPC solvent pump, a VE 5710 GCP degasser and a refractive index 
detector (all from Viscotel Corp.) was used. A calibration method was created using narrow 
linear polystyrene standards. The flow rate fluctuations were corrected using toluene as 
internal standard and the software Viscotek OmniSEC version 3.0 was used to process the 
data. Ca 10 g of the resin were dissolved in 5 ml THF (VWR, HiPerSolve Chromanorm for 
HPLC) and 2 ml of toluene (LabScan, HPLC grade) were added as internal standard. The 
baseline-corrected SEC curve was deconvoluted into Pearsson VII functions using the method 

of least squares, and the average molecular weight ( nM ) was calculated by relating the  Mn-
value of each peak to its mass fraction defined by the area under the peak. 
 

6.3.7 Determination of the degree of double-bond conversion in thermosets 
The degree of double-bond conversion in the cured resin was determined by Raman 
spectroscopy using a Perkin-Elmer Spectra 2000 NIR-Raman instrument. The spectra were 
based on 32 scans between 4000 and 600 cm-1 with a resolution of 1 cm-1. The degree of 
conversion was calculated by relating the area or height of the 1630 cm-1 peak (vinyl bond) to 
the area or height of the 1600 cm-1 peak (aromatic band) as proposed by Skrivars et al. [65]. 
 

6.4 Mechanical properties 

6.4.1 Bonding strength  
The bonding strength between the LCP liner and the thermoset material was determined by a 
lap-shear test. Two test bars cut from injection-molded plates (1 mm x 15 mm x 50 mm) were 
bonded with the thermoset (overlapping area 20 mm x 15 mm) and the bonding strength was 
measured at room temperature using an Instron 5566 tensile testing machine (cross-head 
speed 1 mm/min). A minimum of five specimens were tested for each surface treatment. 

 
To increase the bonding strength between the LCP and the thermoset the following surface 
treatments (room temperature) were explored:  

- Solvent treatment with acetone. 
- Abrasive treatment with sandpaper of mesh P320 and P500. 
- Chemical treatment with chromosulphuric acid (20 and 30 min). 
- Chemical treatment with potassium permanganate (0.7 g KMnO4 per 100 ml solution 

of two parts sulphuric acid and one part dry phosphoric acid, 30 min). 
- Chemical treatment with chlorosulphonic acid (10 s), chemical treatment with 

sulphuric acid (5 min). 
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- Combinations of mechanical and chemical treatment. 
- Application of adhesive polymers (EMA OE5614 from DuPont, Primachor 3440 from 

Dow Chemical). 
- Plasma treatment (oxygen flow 50 ml/min, 200 W, pressure 27 Pa, 10 min).  

 

6.4.2 Stress relaxation 
Stress relaxation measurements were carried out on dumbbell-shaped specimens of thermoset 
clear casts in air and water at 80 ºC using an Instron tensile testing machine of type 5566. The 
specimens had an overall length of 114 mm, a length of the narrow section of 30 mm, an 
overall width of 25 mm and a width of 6 mm in the narrow section. The tensile testing 
machine was equipped with an oven in which a chamber holding the water could be inserted, 
Figure 7. The temperature in the water bath was regulated by a heating device with automatic 
control. Prior to testing the specimens were aged in water and air, respectively, at 80 ºC for 28 
days. Within this time frame the water “quasi”-equilibrium concentration, denoted as CST, had 
been attained. The specimens were inserted into the testing chamber and water having a 
temperature of 80 ºC was added. The specimens were allowed to condition in the chamber for 
2 h. They were then strained to 0.5 % (engineering strain) using a cross-head speed of 50 
mm/min and the load response was measured as a function of time. 
 

 
 
Figure 7. Experimental set-up of the stress relaxation experiment. 
 

6.5 Analysis of substances leached from the thermos et materials 

6.5.1 Infrared spectroscopy 
After immersion of selected thermoset materials for 800 days at 95 ºC in a defined volume of 
deionised water, a sample of 1 ml was removed and the liquid was evaporated at 35 °C.  The 
residue was analysed using Perkin-Elmer 1725x FTIR equipped with ATR. A number of 32 
scans with a resolution of 4 cm-1 in the range from 4000 to 600 cm-1 were performed.  
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6.5.2 GC-MS analysis  
Possible leaching and degradation products were extracted from 10 ml of the above 
mentioned water solution using solid phase microextraction (SPME) polydimethylsiloxane   
(7 µm) and polyacrylate (85 µm) fibres, both supplied by Supelco. The extraction temperature 
was 20 °C and the extraction time was 30 min. The extraction products were desorbed and 
analysed using a gas chromatography-mass spectrometry (GC-MS) Finnigan MAT GCQTM 
equipped with a non-polar column (CP-Sil 8 CB Low Bleed from Varian). The initial 
temperature, held for 1 min, in the column was 40 °C. Then the temperature was increased to 
270 °C using a heating rate of 10 °C/min and kept there for 12 min. The injector temperature 
was 250 °C. 
 

7 Results and discussion 

7.1 LCP as lining material 

7.1.1 Chemical resistance and transport properties of Vectra A950 and FEP 
Different liquid media were chosen as to represent various typical chemical environments and 
to study the transport properties and the chemical resistance of uniaxially and biaxially 
oriented films and injection molded plates of Vectra A950.  

- Water at 80 °C as a major process environment component being a small polar 
molecule. The exposure temperature was close to the glass transition of the LCP (Tg ≈ 
90 °C).  

- The solvents methanol (polar organic solvent displaying hydrogen bonding), toluene 
(aromatic solvent) and trichloroethylene (TCE, chlorinated solvent) were studied at     
35 °C. Since the diffusion of toluene was very slow the temperature was increased to   
60 °C for the toluene experiments.  

- Concentrated hydrochloric acid at 35 °C (acidic, non-oxidizing environment). 
- Concentrated sulphuric acid at 25 ºC (acidic oxidizing environment).  
- 10 wt% sodium hydroxide solution at 60 ºC (alkaline environment).  

 
LCP deteriorated in the strong oxidizing acid and alkaline environments and the etching/ 
degradation rates as a measure for chemical resistance are shown in Table 4. A non-oxidizing 
acid (35 wt% hydrochloric acid, 35 ºC) did not cause any measureable etching effects. For all 
solvents, the LCP showed a small initial weight loss of about 0.02 g/100g, but no etching 
effects. These results agree with those from previous studies where it was found that LCP was 
suitable for use in organic solvents and non-oxidizing acidic environments [66,67]. In 
comparison, FEP showed better chemical resistance than the LCP in oxidising acidic and 
alkaline environments with no significant mass loss or etching. 
 
Table 4. Etching/degradation rate of different LCP-samples exposed to sulphuric acid and sodium 
hydroxide solution.  
                                    

 I-LCP (µm/min) U-LCP (µm/min) B-LCP (µm/min) 
 

H2SO4,  98 wt%, 25 ºC 
 

0.8 0.8 0.9 

NaOH, 10 wt%, 60 ºC 0.0013 0.0003 0.0004 
 
Transport coefficients for deionised water, methanol, toluene, and TCE in different LCP 
materials were determined and are shown in Table 5. The saturation concentration was small 
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and the data were subjected to some scattering. A numerical analysis of the data based on a 
concentration dependent diffusion coefficient was therefore not possible. The halftime 
method was applied to determine the diffusion coefficients considering that the concentration 
dependence of the diffusion coefficient could be neglected due to the low solute 
concentration. Strong scatter in the data for hydrochloric acid made the evaluation unreliable 
and no transport coefficients were established. The diffusivity of water, at a temperature close 
to the glass transition temperature of Vectra A950, was on the order of magnitude of            
10-9 cm2/s in the LCP. The diffusivities of the organic solvents at lower temperatures were on 
the order of magnitude of 10-11 to 10-12 cm2/s. In the literature, data on liquid diffusion in LCP 
is sparse. Ramathal et al. [66] reported permeabilities of methanol and toluene vapour in an 
LCP of type LN001 (Eastman) at 50 to 60 °C and found that the permeability of methanol 
was higher than that for toluene. Miranda et al. [67] reported diffusion coefficients of 
methylene chloride and acetone vapours at 35°C in an LCP similar to Vectra A950 on the 
order of magnitude of 10-11 to 10-12 cm2/s, respectively. 
 
Table 5. Transport coefficients of different liquids in uniaxially and biaxially oriented LCP film and in 
injection-molded plates of LCP. 
 

Environment Material D  
(cm2/s) 
 

C     
(g liquid/ 
100 g polymer) 
 

Q  
(g cm/cm2 s) 
 

H2O 80 ºC U-LPC (8.67± 2.32)·10-10 0.12 ± 0.02 (1.52 ± 0.64)·10-12 
 B-LCP (2.30± 1.87)·10-9 0.16 ± 0.02 (2.05 ± 0.79)·10-12 
 I-LCP (3.93± 2.14)·10-9 0.10 ± 0.02 

 
(7.21 ± 3.89)·10-12 

Methanol 35 ºC U-LCP (3.5± 0.4)·10-12 0.17 ± 0.02 (8.3 ± 1.8)·10-15 
 B-LCP (1.7± 0.5)·10-12 0.24 ± 0.02 

 
(5.5 ± 2.1)·10-15 

Toluene 60 ºC U-LCP (6.7± 2.4)·10-12  0.11 ± 0.02 (1.0 ± 0.54)·10-14 
 B-LCP (5.3± 2.1)·10-12   0.10 ± 0.001 

 
(7.4 ± 2.9)·10-15 

TCE 35 ºC U-LCP (5.40± 2.9)·10-11 0.10 ±0.02 (7.2 ± 2.6)·10-14 
 B-LCP (7.23± 0.76)·10-11   0.09 ± 0.04 (9.5 ± 3.4)·10-14 
 
For comparison reasons, similar experiments were performed with FEP, a material used in 
highly aggressive process environments as a liner for fibre reinforced plastics. The transport 
properties, obtained from numerical evaluation, are shown in Table 6.  
 
Table 6. Transport coefficients of different liquids in FEP. 
 

Environ-
ment 

DC0  
(cm2/s) 
 

αD 

(1/(g/100 g)) 
D  
(cm2/s) 
 

C     
(g liquid/ 
100g polymer) 
 

Q  
(g cm/cm2 s) 
 

H2O  
80 ºC 
 

(5.38±3.66) 
·10-7   

2.54⋅104 ± 
1.9⋅10-4 

(5.38±3.7)   
·10-7 

0.02 ± 0.01 (1.73±2.40)     
·10-11 

Methanol 
35 ºC 
 

(2.04±0.14) 
·10-9    

(1.1±0.64)⋅104 (1.28±0.49) 
·10-8 

0.02 ± 0.002 (6.79±3.22)     
·10-12 

Toluene 
60 ºC 
 

(2.55±0.06) 
·10-9 

347.0±7.1 (5.70±0.01) 
·10-9 

0.42 ± 0.003 (5.03±0.04)     
·10-11 

TCE 35 ºC (8.41±0.01) 
·10-10  

9.03±7.31 (8.83±0.35) 
·10-10 

1.06 ± 0 (2.00±0.1)       
·10-11 
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In general, the diffusion coefficients and the transmission rates in the LCP-materials were by 
a factor of 10 to several orders of magitude lower than those in FEP. Weinkauf related the 
superior barrier properties of thermotropic aromatic polyester LCP to the extremely low 
sorption concentration of solutes in comparison to other LCP and polymeric materials [15]. In 
comparison to FEP, this is only true for toluene and TCE; in water and methanol it is the 
diffusivity giving lower transmission rate values for LCP than for FEP. 
 

7.1.2 Effect of annealing on the physical and transport properties of LCP 
Physical properties 
The effect of annealing on the physical and transport properties of Vectra A950 was studied 
for compression-molded films. In contrast to the extruded films, the polymer chains in the 
compression-molded film lack orientation since they are not subjected to shear stresses during 
the compression-molding process. The films were annealed at 260 ºC (below the melting 
point, Tm = 280 ºC) and well above the melting point at 310 ºC for different times to reveal the 
effects of variation in crystallinity and disclination density on the transport properties. At   
310 ºC the polymer is a nematic melt. Thus, the degree of crystallinity was expected to be 
independent of annealing time for the films annealed at 310 ºC and an increase in density with 
annealing time should be due to a molecular reorganization in the absence of “crystals.” 
Figure 8 shows that annealing both below and above the melting point caused a densification 
of the material. Although the density of the films annealed at 310 °C initially was lower than 
that of the films annealed at 260 °C, it increased more rapidly at longer annealing times. The 
increase in density at 310 °C suggested that the disclination density decreased since the 
crystallinity should not be affected above the melting point. Microscopic investigations using 
polarised light were performed to estimate the disclination density. According to this 
investigation technique the disclination density did, however, not decrease with annealing 
time and was similar for films annealed at 260 °C (XD = 0.4 ± 0.2 µm-2) and 310 °C (XD = 0.5 
± 0.3 µm-2). 
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Figure 8. Density of compression-molded Vectra A950 films as function of annealing time at 260 °C 
(�) and at 310 °C ( �).  
 
DSC measurements revealed structural differences between the films annealed at 260 and  
310 °C, Figure 9. Two melting peaks, a low temperature peak at Tm1 ≈ 250 °C and a high 
temperature peak at Tm2 ≈ 280 °C, were present for films annealed for 15 to 90 min at 260 ºC. 
The peak at Tm1 originated from crystal formation during annealing whereas Tm2 was assigned 
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to the normal melting temperature associated to the solidification process. For annealing times 
up to 185 min the two peaks merged and became sharper which has been suggested to be due 
to crystal thickening or crystal perfection [13,68]. A further transition seemed to occur upon 
annealing at 260 ºC for longer times than 185 min. The melting peak was shifted to higher 
temperatures. Probably, this increase in Tm was related to transesterification processes causing 
a sequence ordering of HNA and HBA. According to Lin et al. [69], the peak at ~320 °C may 
correspond to HBA-rich crystals. Films annealed at 310 ºC did, however, not show any 
significant changes in the melting endotherms. The degree of crystallinity could not be 
calculated from the DSC data since no reference of the melting enthalpy and crystal density of 
Vectra A950 was found in literature. The melting enthalpy data indicated, however, that the 
melting enthalpy was higher for the films annealed at 260 ºC. 
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Figure 9. Melting endotherms of Vectra A950 compression-molded films annealed at 260 °C and     
310 °C. The annealing times and temperatures are gi ven in the figure. 
 
Similar results were obtained when using WAXD to study the morphology and the degree of 
crystallinity of selected films, Figure 10. According to Kaito et al. [70], studying extrusion-
molded films of Vectra, the WAXD curve consisted of two peaks at 2θ ≈ 19.8º and 27.0º (d-
spacings: 4.55 and 3.19 Å, respectively) corresponding to the 110 and 211/210 planes of a 
hexagonal lattice. The films annealed at 310 ºC showed two similar peaks in the WAXD 
curves and increased annealing time did not cause any significant changes. Flores et al. [71] 
studied non-annealed compression-molded films and proposed an orthorhombic structure for 
the two peaks, which was referred to as a type III orthorhombic structure by Karacan [72]. 
During annealing at 260 ºC new peaks developed appearing at 2θ  = 15.96º, 22.66º and 
23.98º. In addition, the 110 peak was shifted slightly toward lower 2θ-values and the 211/210 
peak was shifted slightly toward higher 2θ-values and became more prominent with 
increasing annealing time. According to Lieser [73], the 15.96º peak at d = 5.56 Å originates 
from an orthorhombic structure different from the type III structure. In agreement with the 
DSC measurements, this indicated a phase transformation of the crystal structure 
(orthorhombic to orthorhombic or hexagonal to orthorhombic).  
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Figure 10. WAXD curves of selected compression-molded and annealed Vectra A950 films. The 
curves were normalized to the height of the major peak at 2θ = 19.47º and shifted vertically.  
 
The degree of crystallinity of the different films was estimated by deconvolving the WAXD 
curves into at least five Pearson VII functions as suggested by Karacan [72], and relating the 
area assigned to the crystalline fraction to the total area under the WAXD curve. It was 
assumed that the crystalline fraction was represented by the narrow (110) peak at d = 4.59 Å 
(2θ = 19.34º) representing the type III orthorhombic structure observed in poly(p-
oxybenzoate) and by the narrow peak appearing in the trace of the 260 °C data at d = 3.93 Å 
(2θ = 22.65º). All other peaks were assigned to the amorphous phase. The values obtained 
should be regarded as estimates since the number and overlapping of the peaks complicated 
the deconvolution of the WAXD curves. The significant trend in the data was that the 
crystallinity was larger in the samples annealed at 260 ºC which was in agreement with the 
melting enthalpy data from DSC measurement. Hence, the increase in molecular packing 
below the melting point was – at least partly – related to an increase in crystallinity as 
indicated by DSC and WAXD measurement. The densification during annealing above the 
melting point was not related to an increase in crystallinity but to other mechanisms 
increasing the molecular packing. However, no reduction in disclination density was observed 
using optical microscopy. 
 
 
Transport properties 
In Figure 11, the normalised degradation/etching rate in chlorosulphonic acid at room 
temperature is shown for different annealed compression molded films of Vectra A950. The 
degradation rate decreased with increasing annealing time or densification and was higher for 
the samples annealed at 260 ºC than for those annealed at 310 ºC at corresponding density. 
Figure 12 shows the diffusivity of methanol in the LCP versus the density at 35 ºC. The 
methanol diffusivity was lower in the annealed films than in the non-annealed film. Due to 
scatter in the data, the trend was only significant within a 60% confidence limit (students’ t-
test). No significant difference in diffusivity was observed for annealing at 260 and 310 ºC. 
The diffusivity of the annealed film was comparable to the methanol diffusivity in uniaxial 
oriented film (D = 3.5·10-12 cm2/s).  
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Figure 11. Chlorosulphonic degradation/etching rate of Vectra A950 normalised to the rate of complete 
dissolution of a 15 min 260 °C film as a function o f density: (�) 260 °C and ( �) 310 °C.  
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Figure 12. Methanol diffusivity in Vectra A950 as a function of density of compression molded (�)  
260 °C and ( �) 310 °C films obtained from desorption measurement s. 
 
Also the differences in methanol solubility obtained after annealing were small and 
presumably insignificant. According to Weinkauf et al. [13] the barrier properties in LCP 
materials are rather governed by the presence of areas having low molecular packing, such as 
disclinations, than by the crystalline regions and solute transport should primarily occur in 
regions of low molecular packing. The films annealed at 310 ºC having a lower crystallinity 
than the films annealed at 260 ºC showed a lower chlorosulphonic acid degradation rate and 
similar methanol diffusivities and solubilities compared to the films annealed at 260 ºC. This 
indicated that the degree of crystallinity did not significantly influence the transport 
properties. Further, by comparing the transport properties in the uniaxially and biaxially 
oriented films, a possible influence of the orientation on the transport properties may be 
studied, but also here the scatter in the data made a conclusion difficult. For water and 
methanol, it seemed that the equilibrium concentrations in the uniaxially oriented film were 
lower than those in the biaxially oriented film. Among the different types of films tested the 
compression molded, non-oriented films showed the lowest methanol solubility. In cannot be 
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excluded that processing aids possibly had been used during fabrication of the oriented film 
influencing the solubility.  
 
To conclude, the effects of annealing and orientation on the transport properties in LCP were 
small or not significant when transport properties were determined using gravimetric 
methods. Possibly, longer annealing times are necessary to obtain an improvement of the 
barrier properties. Gravimetric methods, as described here, were shown to be suitable for the 
determination of transport properties in LCP, but are afflicted with a certain margin of error 
related to the low solute uptake in the polymer. Other techniques such as oxygen permeability 
measurements, known to be very sensitive, were also explored. The results have not been 
presented here as this technique was not sensitive enough to measure the oxygen permeability 
satisfactorily or to reveal any differences related to the morphology. For comparison reasons, 
the oxygen permeability in a copolymer of 73% HBA and 27% HNA at 35 ºC has been 
reported to be as low as 4.6·10-14 cm3 (STP) cm cm-2 s-1 cmHg-1, i.e. a factor 100 lower than in 
PET [15].  
 

7.1.3 LCP as lining material for FRP 
Permeation through LCP-lined FRP laminates 
To study the improvement obtained by applying a lining of LCP on FRP, the transport 
properties of water and methanol in an unreinforced and CSM reinforced bisphenol A epoxy-
based vinyl ester without liner were determined. The average diffusion coefficients of water 
(80 ºC) and methanol (35 ºC) in the unreinforced thermoset material were 1.78·10-7 cm2/s and 
3.47·10-8 cm2/s, respectively. In CSM laminates of the same thermoset, the diffusion and 
sorption concentration of water and methanol increased somewhat with increasing glass 
content. The average diffusivities of water and methanol in the thermoset were by a factor of 
about 102 and 104 times higher than those in the LCP. The aromatic and chlorinated solvent 
rapidly diffused into the vinyl ester and caused crazing of the thermoset. Therefore, no 
transport properties could be established. The diffusivity of hydrochloric acid in the thermoset 
was estimated to 1.65·10-9 cm2/s using the halftime method. The sorption curve differed, 
however, from Fickian diffusion and displayed a slow sorption increase also after a “quasi”-
equilibrium had been reached. The diffusivity value should further be regarded as average 
value representing both the diffusion of water and of hydrochloric acid molecules. 
 
The use of an LCP lining was expected to decrease the overall permeability according to 
 

laminate

laminate

lining

lining

total

total

Q

l

Q

l

Q

l +=       (Eq.16) 

 
where l total is the thickness of the laminate with lining  and l lining and l laminate are the thicknesses 
of the lining and the laminate, respectively. Q represents their transmission rates. In addition, 
the solute concentration in the resin matrix is expected to be significantly lowered so that any 
crazing or other damages may be avoided.  
 
The transmission rates of the various liquids through LCP (36-44 µm thick) and FEP-lined 
(2.3 mm thick) clear castings and CSM laminates were determined using cup-experiments and 
the results are shown in Table 7. They are compared to transmission rates through CSM 
laminates or clear casts (4 mm thick) without lining estimated from transport properties 
obtained from desorption data. The transmission rates of water and methanol were reduced by 
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a factor of 10 and 100, respectively, by the LCP and FEP lining. In addition, the transmission 
rates and equilibrium concentrations of toluene, TCE and hydrochloric acid were low. No 
crazing of the thermoset material occurred in the case of toluene and TCE. For samples 
exposed to hydrochloric acid, the CSM laminate did not display any green discoloration 
which otherwise indicates the presence of hydrochloric acid molecules. Hydrochloric acid and 
the cobalt accelerator can react forming a green complex.  
   
Table 7. Transmission rates (Q) in clear castings and laminates with and without an LCP or FEP 
lining. CSM = CSM laminate, clear casting = thermoset without glass fibre reinforcement. 
 

Environment Type of lined 
laminate or clear 
castings 

Q, with lining, 
obtained from 
cup test 
(g cm/cm2s) 

Laminate or clear 
casting without 
liner 

Q, without lining, 
estimated from 
transport properties 
obtained from 
desorption 
(g cm/cm2s) 
 

H2O, 80 ºC U-LCPa)/CSMb) 9.92·10-10 CSM 6.24·10-9 
 U-LCP/clear castc) 1.48·10-9 Clear casting 3.16·10-9 
 B-LCPd)/CSM 8.33·10-10   
 FEPe)/CSM  

 
2.74·10-10   

Methanol, 35 ºC U-LCP/CSM  4.11·10-10 CSM 3.18·10-8 
 U-LCP/clear cast 9.40·10-11 Clear casting 1.05·10-8 
 B-LCP/CSM  5.04·10-10   
 FEP/CSM  

 
9.74·10-10   

Toluene, 60 ºC U-LCP/CSM  No significant 
weight  
change 
occurred 
 

Clear casting crazing 

TCE, 35 ºC U-LCP/CSM  
 

3.04·10-10 Clear casting crazing 

U-LCP/CSM  1.28·10-10 CSM 0.34·10-10 HCl, 35 wt%,  
35 ºC FEP/CSM  3.91·10-10   
 

a) Thickness of uniaxial LCP-film 36 µm. 
b) Thickness of CSM laminate 4 mm, glass fiber content 11 wt%.  
c) Thickness of clear casting 4 mm.  
d) Thickness of biaxial LCP-film 44 µm. 
e) Thickness of FEP lining 2.3 mm. 

 
Based on the diffusivity data obtained from desorption measurement, the predicted 
transmission rates of water and methanol for lined FRP structures were calculated using eq. 
16.  For water, the calculated and experimental transmission rates in the LCP- and FEP-lined 
laminates were found to be approximately on the same order of magnitude. The measured and 
predicted transmission rate of methanol in LCP-lined laminates differed, however, by a factor 
of 103. The surface of the LCP lining was studied under a light microscope after single-sided 
exposure to methanol for six months. The surface of the uniaxial film showed a large number 
of irregularities with a length of approximately 50 to 150 µm and oriented perpendicular to 
the orientation direction. They were not observed on the biaxially oriented film used as lining 
or on the uniaxial film immersed in methanol. The irregularities were probably a consequence 
of the tensile stresses exerted by the swelling of the thermoset. However, no irregularities 
were observed on the biaxial LCP lining although the measured and predicted transmission 
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rate differed. Further studies would be necessary to explain and fully understand this 
phenomenon. 
 
 
Bonding between LCP and FRP 
An important aspect for the choice of a lining material is that the bonding between the liner 
and the FRP has to be sufficiently high. The bonding strength between the surface-cleaned 
LCP and the bisphenol A epoxy-based vinyl ester was found to be low, i.e. 0.4 N/mm2, and 
several surface treatment methods were studied to improve the bonding, Table 8.  
 

Table 8. Bonding strength between LCP and the vinyl ester after different surface treatments (lap-
shear test). The type of failure is indicated: AF = adhesive failure, CF = cohesive failure. 
 

Surface treatment  Bonding strength 
(N/mm2) 
 

Type of failure 

Solvent cleaning (acetone) 0.4 ± 0.1 100% AF 

Abrasive treatment P320 1.3 ±  0.2 60% AF, 40% CF 

Abrasive treatment P500 1.1 ± 0.4 60% AF, 40% CF 

Chemical treatment with chromosulphuric acid (20 min) 1.1 ± 0.2 90% AF, 10% CF 

Chemical treatment with chromosulphuric acid (30 min) 1.3 ± 0.2 85% AF, 15% CF 

Chlorosulphuric acid treatment 0.3 ± 0.1 100% CF 

Sulphuric acid treatment 0.5 ± 0.1 100% AF 

Sodium permanganate treatment 1.0 ± 0.2 60% AF, 40% CF 

Chemical treatment with chromosulphuric acid and 
abrasive treatment with P320 

1.6 ± 0.2 50% AF, 50% CF 

Adhesion polymer EO 5613 0.6 ± 0.2 100% AF 

Adhesion polymer Primachor 0.7± 0.3 100% AF 

Oxygen plasma treatment 1.1 ± 0.3 90% AF, 10% CF 

Oxygen plasma treatment and abrasive treatment with 
P500 

2.3 ± 0.3 10% AF, 90% CF 

 

 
A combination of abrasive and oxygen plasma treatment to increase the surface polarity 
yielded the highest bonding strength (2.3 N/mm2). Cohesive failure of the LCP-material was 
observed, indicating that the actual bonding strength was higher than the inherent strength of 
LCP. Gleich et al. [74] had previously shown that a corona treatment and low-pressure 
oxygen plasma treatment increased the surface energy of a glass-fibre-filled grade of Vectra 
and that the bonding strength to aluminium could be increased in combination with certain 
adhesives. Design codes for FRP process components specify different minimum bonding 
strength values for thermoplastic linings [23]. For instance, a bonding strength of 3.5 N/mm2 
is required for PP and PE linings, and 5 and 7 N/mm2 for PVC and PVDF linings, 
respectively.  
 
Based on the performed tests, LCP may have potential to serve as lining material for FRP for 
organic solvents and non-oxidizing acid applications. In general, the diffusivity and 
transmission rate in LCP were approximately one to several orders of magnitude lower than 
those in FEP and the vinyl ester. Consequently, an LCP lining could be considerably thinner 
than an FEP lining to obtain the same transmission rates. The presence of the LCP-lining 
reduced the solute concentration in the FRP markedly and no signs of crazing were observed 
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in solvents such as toluene and TCE. The bonding strength could be improved by a 
combination of abrasive and oxygen plasma treatment. However, other issues, such as 
jointing techniques, have to be evaluated before LCP can be used as lining for FRP.  
 

7.2 Thermosets and FRP in aqueous environments 

7.2.1 Short-term water transport properties of thermoset materials  
Characterization of the thermoset materials 
The commercial materials were characterised with respect to the glass transition temperature, 
the degree of conversion and the molecular weight and the results are shown in Table 9. 
Raman spectroscopy and the residual styrene content estimated from the DSC exotherm 
indicated that the degree of conversion was close to 1. However, this still implied a difference 
in Tg1 and Tg2. Above a certain Tg-value, which all materials exceeded after the postcuring, the 
residual styrene content was observed to decrease rapidly from more than 1 wt% to 0.1 wt% 
or less [75]. Upon further postcuring, this is associated with a rapid Tg increase. This may be 
an explanation why the Raman measurements indicated a more or less complete conversion 
although there was a significant difference in Tg1 and Tg2. 
 
Table 9. Characterisation of the different thermoset materials including Tg1, Tg2, the degree of 
conversion, the average molecular weight, χ (the ratio of number of styrene double bonds per number 
of double bonds in the pre-polymer) and solubility parameters δd, δp and δh. 
 

Material Tg1 
(ºC) 

Tg2 
(ºC) 

nM  
(g/mol)  

wM  
(g/mol) 

Degree of 
conversiona) 
(Area/height) 
 

χ  δd δp δh 

VE-39 115 122 975 1296 1.00/1.00 3.060 20.37 2.44 11.33 

NOV-37 128 152 897 1249 0.98/0.98 1.075 20.20 3.27 12.51 

VE-UR 
 

126 159 1455 2294 0.99/0.99 - - - - 

VE-45 115 120 1678 3139 0.99/0.99 6.601 20.60 2.09 11.21 

VE-33 121 132 1057 1511 0.99/0.99 2.503 20.42 2.38 11.43 

NOV-33 130 156 1135 1736 0.98/0.97 1.266 20.35 2.89 12.89 

BIS 112 132 4026 10204 1.00/1.00 3.226 21.73 1.62 8.44 

 

a) Obtained from Raman measurement. 
 
The SEC-curves showed the coexistence of several peaks corresponding to pre-polymer 
chains with different numbers of repeating units and hence the calculation of the average 
molecular weight had to be simplified. The molecular weight associated with each peak was 
weighted by relating the area under the peak to the total area under the peaks and obtained 
using polystyrene standards as calibration for all the resins. The type of calibration, however, 
influences the magnitude of the molecular weight. Calculating the molecular weight with the 
Mark-Houwink constants for polycarbonate for the vinyl and bisphenol A resins, reduced the 
molecular weight by a factor of approximately two [76]. No Mark-Houwink constants of any 
polymer more similar to the chemical structure of the novolacs than polystyrene were found 
in literature.  
 
Using the molecular weight data, a parameter characterising the theoretical cross-linking 
density and the solubility parameters of the different thermosets were estimated. The ratio of 
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the number of styrene double bonds to the number of double bonds in the pre-polymer, 
denoted as χ, was calculated from the styrene content in the uncured resin and the average 
molecular weight assuming that all double bonds reacted. The χ-values are shown in Table 9 
with exception for the material VE-UR for which the molecular structure was not known. The 
Tg2-value decreased with increasing χ indicating that an increase in the average length of the 
crosslinks increased the molecular mobility. When using molecular weight data based on 
polycarbonate calibration for the calculation of χ, a similar trend was observed for the vinyl 
and bisphenol A polyester resins. 
 
The solubility parameters of the thermoset resins in terms of δd (contribution from dispersive 
forces), δh (hydrogen bonding forces) and δp (polar forces) were estimated using the method 
of group contributions as proposed by van Krevelen [77]. The molecular volume was 
calculated using the group contribution method by Hoy [78]. The solubility parameters of the 
pre-polymers were calculated for an “average size” molecular structure as well as for styrene. 
The solubility parameters of the thermoset resins, i.e. of the pre-polymers dissolved in 
styrene, were then estimated assuming that the solubility parameter was proportional to the 
relative volume concentrations of the pre-polymer and styrene, Table 9. The influence of the 
curing system and other additives was neglected in the calculations. The ∆δ for water and the 
thermoset systems were calculated using 
 

( ) ( ) ( )[ ] 5.02Water
h

Thermoset
h

2Water
p

Thermoset
p

2Water
d

Thermoset
d δδδδδδδ −+−+−=∆  (Eq.17) 

choosing values for δd, δh and δp according to Hansen (δd=15.5, δp=16 and δh=42.3) [79]. 
 
 
Short-term transport properties 
Sorption experiments were performed for exposure times of up to 1000 days. Different shapes 
of the sorption curve were observed including stable, decreasing and increasing curves after 
the initial or “quasi” sorption equilibrium had been reached indicating that several different 
processes were occurring simultaneously, Figure 13. It was therefore distinguished between 
the short-term and the long-term sorption concentration, CST and CLT, respectively. CST was 
taken at the point where the sorption curve was seen to reach a constant value or its slope was 
constant with exposure time, i.e. the increase was smaller than 0.05 wt%/h0.5. In the case of 
decreasing curves, CST was determined shortly after the maximum sorption concentration had 
been reached. CST as well as the parameters describing the concentration dependent diffusivity 
were then derived from desorption measurements to compensate for any leaching effects. 
 
Arrhenius relationships for the short-term sorption concentration and the average diffusion 
coefficient were established within the temperature interval 50 to 95 ºC, Figures 14 and 15. 
Whereas the Arrhenius curves of CST were almost linear, those of D ST  showed a slight 
deviation from a linear relationship with increasing temperature. The Arrhenius parameters 
derived are therefore average values. The activation energies of the sorption concentration and 
the diffusivity of the different thermosets were on the same order of magnitude, i.e. 5 – 10 and 
22 – 33 kJ/mol, respectively.  For comparison, Chateauminois et al. [5] reported an average 
activation energy of the water diffusion coefficient in a bisphenol A epoxy-based thermoset 
that decreased from 29 kJ/mol at 30 °C to 27 kJ/mol at 90 ºC, which is within the range of 
values obtained in this study for similar materials. αD, i.e. the “plasticisation power” 
describing the concentration-dependence of the diffusion coefficient, did not obey the 
Arrhenius relationship within the studied temperature range. αD decreased with increasing 
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temperature. Probably plasticisation effects due to solute absorption become less pronounced 
with increasing flexibility of the polymer chains at increasing temperature. 
 

 
Figure 13. Typical long-term sorption curves of water in selected thermoset materials as obtained from 
sorption measurements at 80 ºC. The data have not been corrected for any leaching effects. 

 
Figure 14. Arrhenius plot of the short-term sorption concentration, CST, for temperatures from 50 to   
95 ºC. Partly drawn after ref.17 with permission from Värmeforsk.  
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Figure 15. Arrhenius plots of the average short-term diffusion coefficient, STD , for temperatures from 
50 to 95 ºC. Partly drawn after ref.17 with permission from Värmeforsk.  � BIS, � VE-45, � VE-39, � 
VE-UR, � VE-33, � NOV-37, � NOV-33. 
 
From figures 14 and 15 it can also be concluded that the thermoset materials with a high 
water sorption concentration had comparably lower diffusivities than the materials having a 
relatively low water sorption concentration; i.e. CST increased and the diffusivity decreased 
approximately in the following order: bisphenol A polyester resin, vinyl ester resin and 
novolac resin. The permeability of all studied materials varied only by a factor of 
approximately 1.5 from the highest to the lowest value within the temperature range studied. 
 
 
Influence of structural parameters on the short-term transport properties 
Figure 16 shows that the short-term sorption concentration decreased with increasing 
solubility parameter of the different thermoset materials at 80 ºC. Similar trends were also 
observed for the other exposure temperatures. In contrast, the diffusivities DC0 and D  
increased approximately linearly with the solubility parameter. The influence of the type of 
calibration on the molecular weight in the SEC measurements and on the relationship between 
the transport properties and the solubility parameter was investigated by systematically 
varying the average molecular weight. Independent of the type of calibration, an 
approximately linear relationship between the solubility parameter and the transport 
properties were obtained. The content of styrene units in the thermosets appeared to be an 
important factor for the polarity and hence the solubility parameters of the different 
thermosets. A trend that the water sorption concentration decreased and the diffusion 
parameters increased with increasing styrene content was observed. Figure 17 shows the 
permeability versus the styrene content for different materials and temperatures. It increased 
about linearly with the styrene content. However, no obvious relationship between the styrene 
content or the solubility parameter and αD were found although it has been proposed for 
certain solute-polymer pairs that αD is proportional to the Flory-Huggins interaction 
parameter [32]. The decrease in CST with increasing styrene content may be explained by the 
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polarity of the resin as reflected by δp and δh, Table 9. Also Bellenger et al. [80] explained the 
decrease in diffusion coefficient with increasing styrene content by a polarity effect. Polymer 
water hydrogen-bond may act as barrier and delay the diffusion of water. 

 
Figure 16. Water short-term sorption coefficient, CST, of the studied thermosets versus the solubility 
coefficient at 80 ºC. 

 
Figure 17. Water permeability P versus the styrene content in the uncured thermoset for all materials 
and temperatures studied. 
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Besides styrene content and solubility parameter other structural parameters such as the cross-
linking density and the degree of curing may influence the transport properties. Assuming that 
the cross-linking density is correlated to the parameter χ, it was found that although the 
diffusivities increased with χ, the short-term sorption concentration followed the opposite 
trend. In comparison to the cross-linking density, the polarity or indirectly the styrene content 
seemed therefore to be a major factor influencing the transport properties.  
 
The influence of the degree of curing on the transport properties was studied more in detail by 
additionally postcuring selected materials and determining the short-term transport properties 
of water at 80 ºC. When the Tg1 increased from 130 to 158 ºC (fully cured), CST slightly 
decreased for the NOV-33 material. The diffusion parameters were, however, not strongly 
affected. For the postcuring levels studied, the degree of curing seemed to have a minor effect 
on the transport properties. For non-postcured or only slightly postcured thermoset resins, this 
may, however, not apply. The degree of postcuring studied here reflects what is recommended 
in practice. 
 
 
Influence of curing system on short-term transport properties 
The curing system of one of the bisphenol A based vinyl ester material VE-39 was varied 
according to Table 10 [17]. The Tg-values, as measured by DMTA (measurements performed 
by DSM Composite Resins), indicated that the degree of cross-linking and the structure of the 
thermosets was different depending on the curing system used. It can be noted that the glass 
transition temperature of the fully cured resin P3 (high concentration of MEK peroxide) was 
comparatively low, i.e. about 10 ºC lower than the specified Tg2-value of the standard cured 
resin (see materials P1 and P2 in Table 10). The short-term transport properties of water at 80 
ºC were determined. Although the Tg-values of the cured thermosets varied, the differences in 
transport properties were small and no obvious correlation with the Tg-values was found. The 
type of solvent for the MEK peroxide (P1 and P2) did not influence the water absorption at  
80 ºC. 
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Table 10. Comparison of the transport properties of the vinyl ester resin VE-39 when cured with 
different types of curing systems and exposed to water at 80 ºC. 
 

 Curing system Type of 
curing agent 

Tg1 
(ºC) 

Tg2 
(ºC) 

CST 
(wt%) 

αD  
(1/(g/100g 
polymer)) 
 

DC0, ST 
(cm2/s) 

STD  
(cm2/s) 

P1 0.1% cobalt 
octoate 10% 
solution in white 
spirit + 0.8% 
Butanox LPT 
 

MEK 
peroxide in 
high flash 
white spirit 

134 134 1.56 127.5 9.8·10-8 3.1·10-7 

P2 0.5% accelerator 
NL49P (1% 
cobalt solution in 
phthalate) + 1% 
Butanox LPT 
 

MEK 
peroxide in 
cobalt 
phthalate 
solution 

122 122 1.55 140.0 9.4·10-8 3.4·10-7 

P3 3% accelerator 
NL49P (1% 
cobalt solution in 
phthalate) + 2.5% 
Butanox LPT + 
0.2% PTBC-
inhibitor (10% 
solution in 
styrene) 
 

High 
concentration 
of MEK 
peroxide 
cobalt 
phthalate 
solution with 
inhibitor in 

110 110 1.53 67.1 1.6·10-7 2.8·10-7 

P4 0.5% accelerator 
NL49P (1% 
cobalt solution in 
phthalate) + 1% 
Trigonox 239 
 

Cumylhydro-
peroxide 
cobalt 
phthalate 
solution 

123 123 1.55 115.1 1.3·10-7 3.6·10-7 

VE-
39 

0.5% accelerator 
Norpol 
accelerator 9800 
(1% Co-solution 
in white spirit), 
1.0% Norpol K11 

MEK 
peroxide in 
high flush 
white spirit 

115 122 1.53 61.11 9.8⋅10-8 1.5⋅10-7 

 
 
Influence of water activity on transport properties 
Practical experience has shown that the effect of water on the transport and long-term 
properties of FRP seems to strongly depend on the water activity. The influence of the water 
activity and type of solution on the water transport properties in selected thermoset materials 
was studied within the activity range from 0.78 to 1.0. The thermoset materials were exposed 
to aqueous solutions of various salts and sucrose at different temperatures followed by 
desorption. It was assumed that the transport of the salts and sucrose into the thermoset 
materials could be neglected [38]. Figure 18 shows an example of the water sorption 
coefficient CW obtained from short-term exposure, i.e. corresponding to CST, versus the water 
activity in the novolac material NOV1 at different temperatures. CW decreased with 
decreasing water activity and the data seemed to follow a slight convex curve. Arrhenius 
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relationships for the water concentration were established for the various temperatures and 
water activities studied. No obvious trend in the data was observed proposing that the 
activation energy and the pre-exponential factor were not significantly influenced by the 
water activity. Similar observations were made for the parameters describing diffusion 
proposing that DC0, αD and D  can be considered to be approximately independent of the 
water activity. 

 
Figure 18. Water concentration CW in NOV1 versus the water activity at different temperatures.  

 
Figure 19. Water concentration CW for NOV1 (black), VE1 (grey) and BIS (white) when exposed to 
solutions of NaCl, KCl, MgCl2, Na2SO4 and of sucrose having the same water activity at 80 ºC.  
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Figure 19, on the previous page, shows a comparison of the short-term sorption coefficient of 
water in different thermoset materials obtained after exposure to different aqueous salt and 
sucrose solutions. Small deviations in CW occurred which seemed primarily be related to 
experimental errors and uncertainties associated with the calculation of the water activities. In 
general, however, CW was found to be similar for all materials exposed to the different 
environments suggesting that no significant amounts of salts or sucrose had penetrated into 
the materials and that CW can be described by the water activity. Also the diffusion properties 
appeared to be similar and approximately independent of the type of solute in the solution. 
 
In Figure 20, the water sorption concentration in thermoset materials of different chemical 
structure (vinyl ester, novolac, bisphenol A polyester and urethane-modified vinyl ester) 
versus the water activity at 80 ºC is shown.  

 
Figure 20. Water concentration CW in different thermoset materials versus the water activity at 80 ºC. 
The drawn grey line indicates an example of a linear fit for the data points of material BIS; the dotted 
lines represent power law fits. 
 
When assuming a linear relationship between the data points (example given in drawn line for 
material BIS), it seemed that the thermosets having comparably higher sorption concentration 
levels in pure water showed a stronger dependence of CW of the water activity than those with 
a low sorption concentration. This indicated that there might be a general relation between the 
sorption concentration at a certain water activity (CW(aW)), the sorption concentration in pure 
water (CW(aW=1)) and the water activity (aW) for the different thermosets. However, to use a 
linear fit, corresponding to a Henry type of sorption isotherm, is physically unsatisfactory 
because its extrapolation does not pass the origin. The experimental data could also be fitted 
to a general power law function representing a convex sorption isotherm and having been 
observed for several solute polymer pairs [31,81] as well as for water vapour diffusing into an 
unsaturated polyester resin [82], figure 20.  
 

pow

W W1W,WW )( x
a aCaC ⋅= =       (Eq. 18) 
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Where xpow is an empirical constant determined from fitting the data with the method of least 
squares. In average, the factor xpow was determined to 1.79 with a standard deviation of 0.12 
for the data obtained for different thermosets at 80 ºC. A relationship as proposed in equation 
18 should be temperature independent since CW(aW=1) already is a function of temperature. 
At 65 and 95 ºC, the average xpow-values were 1.81 and 1.87 with a standard deviation of 0.19 
and 0.16, respectively, which was in good agreement with the data for 80 ºC. Figure 21 shows 
the sorption concentration normalised to the sorption concentration in pure water as a function 
of the water activity for all materials and temperatures studied. The drawn line represents the 
empirical relationship obtained from the power law fit assuming an average constant xpow of 
1.82. The agreement is good. Slight deviations from the empirical fit indicate, however, that 
the relationship could be improved. Barrie et al. [83], for instance, reported Langmuir-type 
and slightly s-shaped water sorption isotherms in an epoxy resin with an inflection point at a 
water activity of 0.5 to 0.6. A study of CW within the whole water activity range could bring 
more clarity. 

 
Figure 21. Water concentration (CW) normalised to the water concentration in the thermoset materials 
at an activity of 1 (CW(aW=1)) versus the water activity for all materials and temperatures (65, 80 and 
95 ºC) studied. The drawn line represents the empirical relationship based on a power law fit (xpow = 
1.82). 
 
Further, for all resins studied, the diffusion parameters were analysed with respect to any 
relation to the water activity. No obvious trends were observed for the diffusivity at different 
water activity levels proposing that the diffusion parameters could be considered to be 
independent of the water activity. According to Zaikov [38], however, the diffusion 
coefficient may be dependent on the water activity. Water can form different associated 
structures depending on its activity but also on the type of solute in a solution. At high 
concentrations, for instance, it is likely that clusters of several water molecules form and 
diffusion may be retarded. Marais et al. [82] studied the sorption and diffusion of water 
vapour in an unsaturated polyester resin (copolymer of maleic acid and isophthalic acid with 
propanediol cured with styrene) and reported that the zero-diffusion coefficient of water in an 
unsaturated polyester was water-concentration dependent and related to water cluster 
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formation at high water concentrations. The average integral diffusion coefficient and the 
diffusion coefficient obtained from time-lag measurements, however, were found to be 
independent of the water activity.  
 
It is not obvious why an empirical relationship (eq. 18), independent of resin chemistry, could 
be applied. Probably, the materials show a certain similarity as all their pre-polymers were 
dissolved in styrene, which, however, was previously found to play a major role for the water 
transport properties. For instance, the Flory-Huggins relationship (eq. 3, chapter 3) has been 
used to describe the water concentration in the polymer as a function of the water activity and 
where the specific water-polymer interactions were taken into account in the Flory-Huggins 
interaction parameter. In this case, however, the Flory-Huggins interaction parameter was 
found to be a function of the water activity within the range studied. Other concepts for 
vapour isotherms include the dual sorption/mobility model, but the water activity ranges 
studied here were too limited to prove the concept and fit the data to the model. The derived 
equation seems, however, to be useful to estimate the water sorption and permeability in 
styrene-dissolved thermoset resins over a relatively wide temperature and water activity 
ranges of interest for industrial process applications.  
 

7.2.2 Long-term properties of thermoset materials in aqueous environments 
Long-term transport properties 
The influence of long-term exposure (≤ 1000 days) to water on the transport properties and 
the stability of the different thermosets was studied with respect to the time dependence of the 
water sorption concentration and diffusivity and to mass loss including hydrolysis and 
leaching. The long-term sorption concentration, CLT, was found to increase with increasing 
immersion time, Figure 22.  

 
Figure 22. Long-term sorption concentration in water, CLT, at 95 ºC versus exposure time for different 
thermoset materials. � BIS, ���� VE-45, � VE-39, � VE-UR, � VE-33, � NOV-37, � NOV-33. 
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This increase seemed to be more pronounced at temperatures higher than 50 and 65 ºC, 
although it was difficult to evaluate the effect quantitatively. The influence of exposure time 
on the diffusivity was studied for selected materials (VE-45 and VE-37) at 80 ºC. There was a 
slight decrease in diffusivity with exposure time. The trend was, however, not statistically 
significant. Still, it can be concluded that the permeability increased in proportion to the 
increase in sorption concentration with exposure time to water. 
 
 
Long-term stability of the thermoset materials 
At 95ºC, almost all thermosets displayed a linear decrease in mass with exposure time. The 
materials BIS and VE-UR showed the highest mass losses, Figure 23. At 80 ºC, the mass loss 
generally was smaller than 0.2 wt% after 950 days, whereas at temperatures lower than 65ºC 
it was negligible. Generally, the novolac resins displayed lower mass losses than the other 
materials. Studies of the concentration of ester groups using FTIR according to the procedures 
described in refs [84,85] indicated that only at 95 ºC a small decrease in ester groups 
occurred. An analysis of the leaching products obtained after long-term exposure to water 
using both FTIR and GC-MS indicated the presence of benzoic acid, possibly an oxidation 
product of styrene, and other styrene derivatives, bisphenol A, phthalates, a long-chain fatty 
acid derivative, and siloxane-containing compounds. Siloxane compounds are normally not 
used in non-thixotropic thermoset resins as studied here and they may possibly originate from 
the glass container in which the samples where exposed. Hence, the mass loss seemed 
primarily be related to leaching of styrene, resin pre-polymer and phthalate-based additives 
originating from the curing agents and the contribution of hydrolysis seemed to be small.  

 
Figure 23. Percentage mass loss versus the exposure time to water at 95 ºC for different thermoset 
materials. � BIS, � VE-45, � VE-39, � VE-UR, � VE-33, � NOV-37, � NOV-33. 
 
Although the type of curing system did not significantly affect the short-term transport 
properties, certain effects on the thermoset stability in terms of mass loss were observed. 
Figure 24 shows the mass loss versus exposure time for the VE-39 vinyl ester material cured 
with different types of curing systems when exposed to water at 80 ºC (Table 10). Systems P1 
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and P2 performed in a similar manner as VE-39. The system P3 with high concentration of 
curing agents in combination with an inhibitor, however, showed a considerably higher mass 
loss in comparison to the standard cured resin (VE-39) and disc cracking occurred. The disc-
crack phenomenon was first discovered by Steel and Ashbee. During water exposure of 
unsaturated polyester resins, disc- or penny-shaped cracks were formed spontaneously after a 
certain initiation period. Steel [86] proposed that disc cracks originate from water causing 
swelling of the resin and thereby giving rise to strained molecular bonds which eventually 
break. Ashbee et al. [87] concluded that the presence of water-soluble impurities or unreacted 
residual glycol are required to initiate disc cracks. 

 
Figure 24. Percentage mass loss versus the exposure time to water at 80 ºC for the bisphenol A 
epoxy-based vinyl ester resin VE-39 cured using different types of curing systems. 
 
 
Stress relaxation behaviour in water 
It was of interest to find the reason for the increase in sorption concentration with exposure 
time. The increase may be related to stress relaxation processes as has been observed for 
epoxy materials [88,89]. Fedor [90], on the other hand, proposed that an increase in sorption 
concentration with time may be related to osmotic processes. According to his hypothesis, the 
sorption concentration of a polymer consists of two parts; the first one is related to the solute 
polymer solubility parameters and the other to additives or degradation products inducing 
osmotic processes and further absorption of the solute once the equilibrium has been reached. 
With this in mind, the stress relaxation behaviour of selected materials (NOV-33, VE-UR and 
VE -33) having been exposed to water and air at 80 ºC for 28 days was studied. The materials 
were selected with respect to their different long-term sorption behaviour (figures 13 and 22) 
and their different chemical structures. The experiments were conducted in air and in water at 
80 ºC using specimens which had been aged in air and water at the same temperature and 
time. In Figure 25, the stress relaxation curves in water and air at 80 ºC are compared for the 
VE-UR material. After a rapid initial stress decay in both environments the stress relaxation at 
longer times was more pronounced in water than in air.  
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Figure 25. Normalised stress relaxation curves for VE-UR specimens exposed to air and water at     
80 ºC. 
 
The stress relaxation behaviour was quantified using a Maxwell two-element model [91]. 
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Where σi are the stress components, τi the relaxation times and t the time. The data were fitted 
using the least squares method. The relaxation time τ2, describing the long-term relaxation 
behaviour, was found to be somewhat higher for specimens exposed to water than for those 
exposed to air in the case of the VE-UR and VE-33 resins, but similar for the NOV-33 resin, 
Table 11. From the sorption concentration-time curves it was expected that the novolac 
material (NOV-33) would show the most pronounced stress relaxation effect in water since 
the sorption coefficient displayed the largest time-dependence. There seemed, however, to be 
no clear correlation between the stress relaxation as measured here and long-term sorption 
behaviour of the samples. 
 
Topíc et al. [88] reported that the presence of water in a novolac phenol formaldehyde resin 
induced changes in the β-relaxation and relieved motions of certain molecular groups in the 
resin. A model to describe moisture sorption in epoxy resins based on Fickian diffusion and 
stress relaxation effects was proposed by De Wilde et al. [89]. Mensitieri et al. [92] described 
that physical effects of moisture such as plasticization and swelling are only partially 
reversible due to a time- and material-state dependent reorganization of the internal structure 
or rearrangement of the molecular network influencing the free volume and inducing changes 
in the viscoelastic properties. The time frame of the sorption experiments (max 1000 days) 
performed in this study was, however, too narrow to quantify the relaxation effects. It seems 
also that the effects of moisture sorption on the stress relaxation of epoxy resins are more 
pronounced than in the materials studied here. 
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Table 11. Stress relaxation data quantified using a two-element Maxwell model. 
 

Material Environment σ1 

(MPa) 
 

τ1 (h) σ2 
(MPa) 

τ2 (h) 

VE-UR Water 2.48 36.56 0.26 0.12 
  2.06 30.60 0.18 0.16 
 Air 2.08 87.53 0.16 0.12 
  2.06 

 
87.53 0.25 0.34 

VE-33 Water 1.44 16.49 0.36 0.11 
  2.61 16.97 0.45 0.16 
  1.66 18.66 0.47 0.21 
 Air 0.90 23.75 0.29 0.98 
  2.16 

 
93.98 0.14 0.19 

NOV-33 Water 2.35 42.02 0.22 0.18 
  2.04 60.44 0.23 0.17 
 Air 2.07 62.11 0.20 0.19 
  2.84 40.35 0.27 0.15 
 
To summarise, relaxation processes and the loss of low molecular weight compounds seemed 
to be the primary reason for the increase in sorption concentration. The effect of hydrolysis 
seemed to be small at elevated temperatures within the time frame studied. A sorption model 
as proposed by Fedor may be more suitable for hydrolytically unstable resins such as ortho-
polyester thermosets exposed to water at elevated temperatures. The sorption curve of such a 
material showed a significant and continuous increase at the point where hydrolysis started 
and disc cracks were formed [17]. Besides the mechanisms discussed above also physical 
ageing processes may occur in the thermoset materials leading to a densification and certain 
embrittlement of the resin matrix below the glass transition temperature. These have, 
however, not been considered or studied here.  
 

7.2.3 Influence of glass fibre reinforcement on transport properties 
Glass fibre reinforcement in the composite may have a significant effect on the transport 
properties including both the water sorption concentration and the diffusivity. The type of 
reinforcement (e.g. CSM in the barrier layer and continuous fibre or woven roving in the 
structural laminate), the type of the glass and the type of the sizing and binder applied on the 
reinforcement may differ in the FRP laminates. Practical experience from blistering cases has 
shown that the CSM reinforcement used in the barrier layer of FRP process equipment and its 
binder and sizing may be especially affected by the transport of water in the laminate. 
Theoretically, the incorporation of an impermeable material, such as the glass fibre 
reinforcement, should reduce the permeability both in terms of a decrease of the sorption 
concentration and of the diffusion coefficient with increasing glass content. It was, however, 
found that the water sorption concentration could significantly increase in CSM laminate 
compared to the theoretically expected absorption when exposed to deionised water above a 
certain temperature (50 – 65 ºC) [17]. This absorption was quantified in terms of additional 
absorption, i.e. the absorption of water at locally debonded fibres or in microdelaminations 
around the fibre bundles in addition to that in the non-reinforced thermoset corrected for the 
actual glass content. The influence of the water activity on the additional absorption was 
studied for different commercial CSM reinforcements including emulsion-bound mat and 
power-bound mat. CSM laminates were exposed both in the liquid and vapour phases of 
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aqueous sodium chloride solutions of different concentrations at 80ºC and the additional 
absorption was determined. It was observed that the formation of microdelaminations within 
fibre bundles, i.e. local debonding between the fibre and the thermoset, and additional 
absorption was suppressed with increasing sodium chloride concentration or decreasing water 
activity, Figure 26.  

 
Figure 26. Additional absorption in a CSM laminate versus the concentration of sodium chloride for 
samples made of Derakane 411-350 and chopped strand mat of E-glass M5 (�), Advantex M723 (�) 
and E-glass M123 (�) exposed to sodium chloride solutions at 80 ºC for 100 days. E-glass M5 CSM is 
an emulsion-bound type of reinforcement whereas the other two are powder-bound mats. Drawn after 
ref. 17 with permission from Värmeforsk. 
 
The effects were about the same in the liquid and the vapour phases. The formation of 
microdelaminations or debonding processes seemed hence to be a function of the water 
concentration. Indications were found that the interlaminar shear strength decreased when 
additional absorption or microdelaminations occurred. The interlaminar shear strength of 
CSM laminates was, however, difficult to measure and the data showed obvious scatter. 
Bergman related long-term creep strength and the reduction in E-modulus in long-term 
exposure to the formation of debonding and microdelaminations [45]. 
 
Other experiments indicated that, besides the water concentration in the laminate, the 
transport of water may be a factor governing the formation of microdelaminations in the CSM 
reinforcement of the barrier layer [17]. Pipe segments consisting of filament-wound DN100 
pipes with a 2.5 mm thick CSM barrier layer at the inner surface were filled with boiling 
water and subjected to different temperature gradients. The blistering process was clearly 
favoured by high temperature gradients. Interestingly, hardly any microdelaminations formed 
in the wall of the pipe segment which was filled with boiling water and surrounded by air 
having a temperature of 100 ºC although immersion studies proposed that microdelaminations 
rapidly should form under these conditions. The fast transport of water through the laminate, 
and possibly the exclusion of any cold wall effect, seemed to have prevented the formation of 
microdelaminations.  
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In practice, it is a complicating factor that the composition of the sizing and binder systems of 
commercial glass fibre reinforcements is not available and that hence each thermoset-glass 
fibre reinforcement combination needs to be characterised for its own. An attempt was 
therefore made to characterise commercial CSM or other glass reinforcements in terms of the 
water-soluble part of the sizing [17]. Specific amounts of reinforcement were exposed to 
water at different temperatures and the mass loss was recorded repeatedly within a certain 
time interval. The mass loss was assumed to be due to leaching of water-soluble substances 
from the sizing and the binder of the reinforcement. Similar experiments with reinforcement 
where the sizing and binder had been removed by heat treatment showed that possible mass 
loss due to leaching of ions was negligible within the time frame studied. The additional 
absorption determined from short-term sorption experiments was found to increase with 
increasing water-soluble part of the sizing. A experimental difficulty was that the additional 
absorption could be time dependent and that leaching effects could occur especially for 
reinforcements with a high content of the water-soluble part of the sizing such as emulsion-
bound mat. 
 
When microdelaminations form, also the diffusion coefficient in CSM laminate may be larger 
than in a corresponding clear casting. In laminates made of a bisphenol A epoxy-based vinyl 
ester and powder-bound E-glass reinforcement the diffusion coefficient increased with 
increasing glass content. This increase could be explained by capillary transport in addition to 
diffusion in the bulk material. The incorporation of CSM reinforcement may hence increase 
both the water sorption concentration and the diffusivity. No obvious correlation was found 
between the additional absorption and the diffusivity. However, whether capillary transport 
occurred seemed to be dependent on whether debonding occurred, i.e. it was dependent of 
water activity, temperature and thermoset-glass fibre combination. Lekatou et al. [93] studied 
the effect of water activity on the transport properties in glass/epoxy particulate composites 
and differed between bulk diffusion and additional capillary diffusion for different water 
activities and filler contents.  
 
The present study has not included glass fibre reinforcement used in the structural part of the 
laminate, i.e. continuous glass fibre reinforcement in filament wound structures and 
alternating woven roving and CSM in hand-laid up laminate. Research on hygrothermal 
ageing of similar constructions as used in the structural part of FRP process equipment has 
been performed for composites for marine and structural applications. For instance, Verghese 
studied the water absorption kinetics of unidirectional vinyl ester E-glass pultruded 
composites (Derakane 441) aged in water at 65 ºC where the fibres hade been covered with 
different types of sizing [11]. Various levels of additional absorption occurred for different 
types of sizing. The apparent diffusivity in the composite was both higher and lower that in 
the neat resin. Davies et al. studied the water sorption kinetics of four different thermosets 
including a vinyl ester of type Atlac 580 and their corresponding E-glass [0º/90º] stitched 
laminates in distilled and sea water and the influence of hygrothermal ageing on mechanical 
properties [6]. The sorption of water and reduction of interlaminar shear strength was higher 
in distilled water compared to sea water. Although not explicitly addressed in the paper, this 
may be related to the fact that the water activity was lower in sea water than in distilled water. 
It was concluded that accelerated testing in distilled water may introduce effects which 
probably are not observed in sea water. Helbling and Karbhari investigated the sorption and 
tensile strength response of pultruded E-glass vinyl ester composites under hygrothermal and 
strain loading [9]. The diffusion was characterised and the retained strength was correlated to 
the absorbed moisture level. Different moisture levels were, however, obtained by exposure at 
different temperatures and temperature effects may hence not be excluded (temperature range 
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22 – 60 ºC). Systematic work on the influence of water activity on the onset of debonding 
processes and mechanical properties seems to be limited to the knowledge of the author. 
However, Pritchard and Speake [94] developed a model based on overall water kinetic data to 
predict property changes of uni- and bidirectional isophthalic polyester laminates. The model 
does, however, not explicitly consider effects such as thermoset matrix degradation and 
debonding in detail and may therefore have limited use for other systems. 
 

8 Conclusions 

8.1 LCP as lining material 
Transport properties of liquids, including water, methanol, toluene and trichloroethylene, in 
thin films of the liquid crystalline polymer Vectra A950 were determined. Compared to a 
fluoropolymer of type FEP the transmission rates through the LCP were by a factor of 10 to 
several order of magnitude lower. Annealing of the LCP below the melting point induced a 
crystallinity increase whereas annealing above the melting point resulted in a densification of 
the material without any increase in crystallinity. The densification could not be related to a 
decrease in disclination density when using polarised light microscopy to determine the 
disclination density. The effects of annealing, of the degree of crystallinity and of the type of 
orientation on the transport properties in LCP were small and statistically insignificant when 
determined using gravimetric methods. It could be that significantly longer annealing times 
are necessary to obtain an improvement of the barrier properties. Probably, more sensitive 
techniques to measure the transport properties could be applied. Nevertheless, gravimetric 
methods, as described here, were shown to be suitable for the determination of transport 
properties of liquids in LCP despite the low solute uptake in the polymer.  
 
Vectra A950 LCP has potential to be used as lining material for FRP in contact with water, 
organic solvents and non-oxidizing acid environments with respect to corrosion and 
permeation resistance and bonding properties. Methanol may cause certain degradation effects 
in Vectra A950, which need to be further investigated. The use of an LCP-lining substantially 
reduced the permeability and the solute sorption in a bisphenol A epoxy-based vinyl ester 
thermoset laminate, preventing crazing related to high levels of solvent absorption. Such 
lining could also reduce water absorption levels and hence the effects of water on debonding 
processes. The transmission rates of laminates with an LCP or FEP lining could be estimated 
qualitatively for water and, in the case of FEP, also for methanol using transport coefficients 
obtained from desorption measurements. The thickness of an LCP lining could be 
significantly lower than that of an FEP lining to obtain similar transmission rates. The 
bonding strength between the vinyl ester and the untreated LCP was low, but could be 
improved significantly by a combined abrasive and oxygen plasma treatment.  
 
Although the technique to extrude anisotropic LCP films and pipes has been commercially 
available for some years, the availability of such piping still seems to be limited to smaller 
diameter piping used e.g. in medical applications. A survey of recent patents indicates, 
however, that LCP still are interesting for applications in demanding environments. 
Techniques to coextrude thin layers of LCP together with a thermoplastic material such as 
polypropylene and for avoiding anisotropy in the film have been reported [95,96]. This opens 
for new applications in pipelines with reduced permeability to, for example, oil and gas or 
other process environments as well as packaging applications. Other patents [97,98] report the 
use of LCP as external liner on pipes including fibre reinforced composite materials. The use 
as liner for carbon fibre epoxy based composite in engine applications has also been reported 
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[99]; i.e., applications where resistance to solvents and low permeability is required. For the 
use of LCP as lining for FRP, however, issues, such as jointing technique and availability of 
film or thin-walled piping, have to be evaluated. 
 

8.2 Thermosets and FRP in aqueous environments 
The transport properties of water in different commercial thermosets used in FRP process 
equipment, obtained from short-term exposures, were related to their chemical structure using 
the solubility parameter concept. The water sorption concentration increased in an 
approximately linear proportion to the solubility parameter, whereas the diffusivity decreased. 
Simplified, the increase in diffusion coefficient and the decrease in sorption concentration 
could be related to the increasing content of styrene units in the thermosets. 
 
Transport property data of water in the thermoset materials, obtained from exposure to 
different aqueous solutions, suggested that the transport properties can be described by the 
water activity, regardless of whether the aqueous solution contained a salt or a non-ionic 
compound. Within the studied water activity range (0.78 – 1), the water concentration in the 
material decreased with decreasing water activity, whereas the diffusion parameters seemed to 
be independent of the water activity. An empirical relationship, independent of both chemical 
structure of the thermosets and temperature, based on a power law fit assuming a convex 
sorption isotherm was established to describe the water concentration as a function of the 
water activity and the water concentration in pure water.  
 
In long-term, the water concentration of the thermosets was found to increase with increasing 
exposure time in the 50 – 95 ºC temperature range up to times of 1000 days. The long-term 
diffusivity was not significantly affected within the actual exposure time-interval. The 
increase in the long-term sorption coefficient with time seemed primarily be related to stress 
relaxation processes in the polymer induced by the presence of water and certain leaching 
effects. IR measurements and GC-MS screening indicated that the main mass loss during 
long-term exposure above 80 °C was due to the leaching of non-reacted styrene, pre-polymer 
and additives. The effect of hydrolysis seemed to be small at elevated temperatures within the 
time frame studied. 
 
The presence of glass fibre reinforcement in a thermoset may considerably affect the transport 
properties of water. For CSM laminate, debonding/formation of microdelaminations in 
combination with additional absorption of water around fibre bundles may occur. The 
diffusivity can then increase due to capillary effects. The temperature, water activity and the 
type of thermoset and reinforcement seemed to govern whether such  debonding effects occur. 
The results indicated that the debonding processes may be linked to a certain water 
concentration in the thermoset. 
 
The results obtained in this work enable a description of the transport process of water in a 
variety of thermoset materials over a relatively wide temperature and water activity range, 
typically found in the process industry and may be applied in durability assessments. There is 
a general aim to develop mechanism-based durability models for composites [29]. Each 
degradation process, however, has its own activation energy and hence such an approach is 
difficult to establish. Therefore, often the predominating degradation mechanism is chosen for 
durability analysis. An interesting aspect, with respect to this study, could be that the onset of 
debonding and formation of microdelaminations may be linked to a certain water 
concentration in the thermoset. This would enable the classification of a specific process 
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environment with respect to the expected level of hygrothermal ageing. Such an approach can, 
however, not be applied in environments where a dissolved substance has the possibility to 
penetrate along fibre bundles. Such penetration may, for instance, occur in diluted sodium 
hydroxide solutions. A complicating factor is also that data would have to be established for 
each thermoset glass reinforcement system. Further, the data presented here should be 
coupled to mechanical properties, as well as to temperature and time aspects. It is also of 
importance to consider both the barrier layer and structural laminate in the durability analysis 
although only the structural part is designed to withstand the expected loading. Practical 
experience has shown that the strength of the whole structure may be reduced by 50 % related 
to an embrittlement of the barrier layer and surface crack formation. This occurred despite the 
fact that only minor effects were observed on the mechanical properties of the structural 
laminate alone after long-term use [100,101].  
 

9 Future work 
For durability analysis of FRP process equipment exposed to aqueous environments several 
open questions remain as discussed in the previous chapter. In the long-term, one important 
aspect is to link water diffusion to changes in mechanical properties. In future work, it would 
be interesting to study changes in mechanical properties related to debonding processes and 
water activity and to take actual concentration and temperature gradients and composite lay-
ups into account. Especially for FRP piping, there is a need to develop alternative testing 
methods to those used today for long-term durability. In the short-term, it is of interest to 
continue the study on the influence of water activity on the transport properties and to 
establish sorption isotherms for the whole water activity range as well as to check whether a 
general relationship independent of temperature and chemical structure applies. It would also 
be of interest to test other materials to obtain an understanding why the relationship applies.     
 
It was shown that LCP materials have potential to be used as lining material for FRP. 
Availability of thin films and piping seems to be a limiting factor today. Possibly, application 
of LCP coextruded with another thermoplastic material might be more reasonable in near 
future for liner or similar applications. Both in case of pure LCP and coextruded film jointing 
methods should be studied more in detail. 
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