
 

 
 
 

INFLUENCE OF LIQUID DIFFUSION ON THE PERFORMANCE OF 
POLYMER MATERIALS IN INDUSTRIAL APPLICATIONS 

 
 
 

Stefanie Römhild 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Stockholm, May 2007 
 

 
 

Licentiate Thesis in Polymer Technology 
 
 

 
This licentiate thesis will, with permission of the Royal Institute of Technology, Stockholm, 
be presented and defended at the public licentiate seminar on Thursday 7th of June, 2007, at 
14.00 in lecture room K2, Royal Institute of Technology, Stockholm. This thesis will be 
defended in English. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Stefanie Römhild 
 
 
 
Printed by Universitetsservice US AB 
Stockholm, Sweden, May 2007 
 
 
ISBN 978-91-7178-694-4 
TRITA-CHE-Report-2007:35 
ISSN 1654-1081 
ISRN KTH/CHE/R-2007:35-SE

 



Influence of Liquid Diffusion on the Performance of Polymer Materials in Industrial Applications 
 

Abstract 
 
Diffusion of liquids into and through polymers is an important factor that negatively may 
influence the durability or lifetime of a polymer structure used in industrial applications. In 
this work two types of polymers, a liquid crystalline polymer (LCP, Vectra A950) and various 
thermoset resins as used in fibre reinforced plastics (FRP) process equipment were studied 
with regard to barrier properties, chemical resistance and long-term performance. LCP are 
known for their outstanding chemical resistance and barrier properties. FRP used in process 
equipment may be a cost-efficient solution in chemically aggressive environments where 
standard carbon or stainless steel cannot be used due to its limited corrosion resistance. 
Transport properties of typical industrial environments were determined for the LCP and the 
influence of annealing and orientation was investigated to study whether the barrier properties 
can be improved. The possibility to use LCP as cost-effective lining for FRP was explored. 
Special focus was put on the diffusion of water and its effect on long-term transport properties 
and stability of thermoset resins as the performance of FRP is strongly related to the diffusion 
of water. 
 
The results showed that Vectra A950 was suitable for organic solvent and non-oxidising acid 
environments. Its transport properties were gravimetrically determined and found to be 10 to 
102 times lower than that of a high barrier fluoropolymer of type FEP. The degree of 
molecular packing increased with annealing time both below and above the melting point. 
Below the melting point this was – at least – partly due to crystal formation whereas above 
the melting point other mechanisms were involved.  The effects of annealing and orientation 
on the transport properties in LCP were, however, very small or not significant and probably 
significantly longer annealing times are required. LCP has potential to be used as lining 
material for FRP as the use of an LCP-lining substantially reduced the permeability of and the 
solute sorption in a bisphenol A epoxy-based vinyl ester resin. The bonding strength was 
improved significantly by a combined abrasive and oxygen plasma treatment. 
 
The long-term sorption of water in thermoset resins including bisphenol A epoxy-based vinyl 
ester, novolac-based vinyl ester, urethane modified vinyl ester and bisphenol A polyester 
resins was found to increase with exposure time whereas the diffusion coefficient was not 
significantly affected. It was shown that the presence of water induced relaxation processes 
that were considered to be the primarily reason for the increase in sorption coefficient in 
comparison to degradation processes, such as hydrolysis, causing osmotic processes. A 
general relationship for the estimation of the sorption coefficient at 80ºC in dependence of the 
water activity and the sorption coefficient at unit activity independent of the resin type was 
established.  
 

Keywords: LCP, Vectra A950, thermoset resin, FRP, diffusion, disclination, annealing, 
lining, bonding, long-term properties in water 

 i



 

 

 



Influence of Liquid Diffusion on the Performance of Polymer Materials in Industrial Applications 
 

List of papers 
 

I. Römhild S, Bergman G, Hedenqvist MS, “Transport and Adhesion Properties of an 
Unlined and a Liquid-Crystalline Polymer-Lined Vinyl Ester Thermoset Exposed to 
Severe Environments”, Journal of Applied Polymer Science, 95, 797-806 (2005). 

 
II. Römhild S, Yousefi H,  Bergman G, Gedde UW, Hedenqvist MS, “Influence of 

Disclination Density and Crystallinity on the Transport Properties of a Liquid 
Crystalline co-Polyesters”, to be submitted to Journal of Macromolecular Science, 
Physics. 

 
III. Römhild S, Hedenqvist MS, Bergman G, “Long-Term Transport and Stability 

Properties of Thermoset Resins Exposed to Water”, manuscript, to be submitted. 

 ii



 

 

 



Influence of Liquid Diffusion on the Performance of Polymer Materials in Industrial Applications 
 

Table of contents 
 
1. Introduction .......................................................................................................................... 1 

1.1 Background and purpose of the study .............................................................................. 1 
1.2 Diffusion in polymers....................................................................................................... 2 
1.3 Liquid crystalline polymers.............................................................................................. 4 
1.4 Glass fibre reinforced polymers ....................................................................................... 5 

2. Experimental......................................................................................................................... 7 
2.1 Materials........................................................................................................................... 7 
2.2 Transport and related properties....................................................................................... 8 
2.3 Structural analysis .......................................................................................................... 10 
2.4 Mechanical properties .................................................................................................... 11 
2.5 Analysis of leaching or degradation products from the thermoset resin........................ 12 

3. Results and discussion........................................................................................................ 13 
3.1 Transport properties and chemical resistance of LCP.................................................... 13 
3.2 Effect of annealing on the physical and transport properties of LCP ............................ 14 
3.3 LCP as lining material for FRP...................................................................................... 17 
3.4 Long-term transport and stability properties of thermosets exposed to water ............... 19 

4. Conclusions ......................................................................................................................... 25 
5. Future work ........................................................................................................................ 27 
6. Acknowledgements............................................................................................................. 29 
7. References ........................................................................................................................... 31 
 
 
Paper I to III 

 iii





Influence of Liquid Diffusion on the Performance of Polymer Materials in Industrial Applications 
 

1. Introduction 
 
1.1 Background and purpose of the study 
1.1.1 Background 
The use of plastic materials in industrial applications and in every-day-life has steadily 
increased during the last decades. Also in chemically aggressive environments, especially in 
highly corrosive environments where standard stainless steel cannot be applied, polymer 
materials are widely used in process components for the chemical and the pulp and paper 
industry. Further, there is a general trend in the food and medical industry to replace glass and 
metals with polymers in packaging applications to reduce weight, minimize cost and increase 
transparency. In contrast to metals, however, polymer materials are not diffusion barriers, but 
small molecules may diffuse through them. Depending on the chemical nature of the polymer 
and the solute a certain amount of the diffusing substance is absorbed in the polymer. The 
absorption of the solute may lead to swelling, plasticisation or to degradation of the material. 
Diffusion of solutes through polymers may have an impact on the durability or lifetime of a 
polymer material, a polymer lined structure or of a product protected by a polymer in several 
ways:  
 

- In packaging applications, the lifetime of the covered material may be determined by the 
time how long it takes for a substance, for example oxygen or moisture, to permeate the 
polymer material or/and by its amount permeating the system. 
 

- In the chemical industry, a so-called polymeric liner can be used to protect the load 
bearing structure made, for example, of steel or FRP. The liner can be a thermoplastic 
material such as a fluoroplastic material, but also rubber or a flake lining (thermoset 
resin matrix with evenly distributed glass flakes). The durability and lifetime of the 
lined structure may be governed by the amount of the chemical permeating the liner and 
the adhesion between the liner and the substrate.  
 

- FRP structures used in process equipment may be considered as a special case of a lined 
structure. The FRP laminate consists of two parts, namely the barrier layer, protecting 
the load bearing structural laminate from any chemical or physical attack, and the 
structural laminate. The durability or lifetime of the FRP structure may be controlled by 
the time a chemical compound needs to diffuse into and consume the barrier layer that is 
then considered as a sacrificing layer. (This may contradict the definition of chemical 
resistance as defined by e.g. ASTM C581-03 [1], but has been shown to be a very 
suitable approach in practice.) Second, the lifetime of the structure may be controlled by 
the time a chemical needs to diffuse through the barrier layer without causing severe 
degradation. For instance, hydrochloric acid may diffuse through FRP without severely 
deteriorating it. If the structural laminate is made with a corrosion sensitive glass fibre 
and exposed to acidic environment and stresses simultaneously, however, there is risk of 
stress corrosion cracking when the acid approaches the load bearing structure.   
 

- Besides to chemical attack, the durability of a polymer structure, especially of FRP, may 
be governed by the diffusion of water causing a significant reduction of the mechanical 
properties of the load bearing structure. Water is a small molecule readily diffusing 
through most polymer materials. It is present in many process environments including 
even acid or alkaline solutions which are mixtures with water. Further, the diffusion of 
water may also cause other degradation phenomenon in polymer materials where 
blistering in FRP structures is one example.  

 1
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1.1.2 Purpose of the study 
In many practical applications, the question of material choice and lifetime of the structure is 
related to chemical resistance and diffusion or permeation of a polymer. However, for a large 
number of industrial environments specific information about diffusion and degradation 
characteristics in polymer materials is often not available. The main focus of this work has 
therefore been to study the transport and chemical resistance properties of two types of 
polymers, namely of a liquid-crystalline polymer (LCP) and of vinyl ester based thermoset 
resins with regard to industrial applications. This included: 
 

- Determination of transport and chemical resistance properties of the LCP Vectra A950 
to selected industrially important environments. 

- Investigation of the effect of annealing on the transport and chemical resistance of 
Vectra A950 to investigate whether the barrier properties can be further improved. 

- A study of the possibility to use LCP as protective lining material for FRP. 
- Finally, a study of long-term transport properties and the stability of thermoset resins 

used for FRP in industrial applications in aqueous environments. 
 
LCP are attractive as engineering and packaging material due to their various good properties 
including high chemical resistance and extremely good barrier properties to gases and 
plasticizing vapours [2,3,4,5]. Further, they possess a high heat deflection temperature, good 
dimensional stability and processability. So far, the main application areas have been in 
electronics/electrical industry, in automotive industry, in the chemical industry and in medical 
and health care industry, i.e. in applications where the LCP materials are processed by 
injection molding. Due to the chemical structure of LCP, conventional extrusion techniques 
result in products with anisotropic mechanical properties being disadvantageous in many 
applications. Recently, techniques have been developed to extrude LCP materials avoiding 
anisotropy [6]. Piping and film material might be available on a larger scale in the future and 
LCP seem to have potential to serve in industrial applications as, for example, extruded 
packaging material or cost-effective lining material for FRP structures. In addition to 
chemical attack of aggressive substances, the diffusion of water is a very important factor for 
the durability and lifetime of FRP materials. This has been investigated in a detailed study of 
the long-term transport and stability properties of the resin matrix to water at elevated 
temperature with regard to blistering in FRP.  
 
In the following sections the basics of solute diffusion in polymers and aspects of LCP and 
FRP materials important for this study are addressed. In chapters 2 and 3 the materials and 
methodology used are described and the main results are presented and discussed, 
respectively. Finally, the main conclusions are summarised and an outlook on future research 
is given. 
 
 
1.2 Diffusion in polymers 
Diffusion in polymers is related to free volume implying that a solute molecule can only 
move when there is space available to receive it [7,8,9,10]. Brownian movement of the 
molecular segments of the polymer chains creates holes in the molecular structure. If one of 
these fluctuations is large enough to receive a molecule, it can move in the direction of the 
concentration gradient. Different theories have been proposed to predict diffusion in 
dependence of free volume by for example Barrer (1951) and Stuk (1990) [7,10]. The 
diffusion properties of a solute polymer pair depend on the chemical structure (e.g. polarity) 
and the morphology (e.g. crystallinity) of the polymer.  
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In dependence of the temperature 
and the solute concentration different 
diffusion mechanisms may occur as 
it was demonstrated by Hopfenberg 
et al. [11] and shown in Figure 1. At 
low solute concentrations, diffusion 
is Fickian and the diffusion 
coefficient is a constant (region a). 
Plastication effects of the polymer 
matrix are observed at higher solute 
concentration, i.e. the diffusion 
coefficient is concentration depen-
dent (region b). Case II diffusion 
occurs in region d; a sharp diffusion 
front moving with constant velocity 
is seen. The material behind the 
diffusion front is in the amorphous 
state whereas the material having 
sorbed the penetrant may be plasti- 

Figure 1 Diffusion chart in dependence of solute activity and 
temperature. (a) Fickian diffusion, (b) concentration dependent 
diffusion, (c) anomalous diffusion, (d) type II diffusion, (e) type II 
diffusion and crazing. The glass transition, Tg, decreases with 
increasing solute concentration (dashed line). Drawn after [11]. 

cized or in the rubbery state. Relaxation of the material is the rate-determining step as the rate 
of diffusion is much more rapid than the rate of relaxation. Anomalous diffusion, region c, is 
a combination of Fickian and case II diffusion. The type of diffusion behaviour can be 
determined by Eq.1, where n indicates the type of diffusion mechanism and kn is a constant 
related to the structure of the polymer and to the polymer-penetrant interaction [10]. 
 

 n
n

t tk
M
M

=
∞

                  (Eq.1) 

 
Mt and M∞ are the mass of the polymer at time t and when the sorption equilibrium has been 
reached, respectively. For n=0.5 the transport is truly Fickian. If n is equal to 1, non-Fickian 
case II transport is indicated and for intermediate n-values between 0.5 and 1 the transport 
mechanism is referred to as anomalous. The transport properties of the solute polymer pairs 
studied here could be described by Fickian and concentration dependent diffusion. 
  
Fick´s second law describes the process of diffusion in region a. 
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Where D is the diffusion coefficient, t the time, c the solute concentration and x the length 
variable. Solutions for the assumption that the diffusion coefficient is constant have been 
obtained by Crank and Park [12] to calculate transport coefficients using for instance 
gravimetric sorption or desorption data. In many cases, the assumption of a constant diffusion 
coefficient is not valid as discussed previously and the diffusion coefficient is concentration 
dependent. Eq.2 becomes in that case 
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The increasing diffusion coefficient can be represented by the following approach where the 
zero-concentration diffusivity D0 and the “plasticisation power” α are constants [13]. 
 

ceDD α
0=         (Eq.4) 

 
Eqs. 3 and 4 cannot be solved analytically but have to be solved numerically as described by 
Edsberg [14] and Wedin and Hedenqvist et al. [15,16]. 
 
The temperature dependence of the sorption and diffusion coefficient, S(T) and D(T), 
respectively, can be described by the Arrhenius relationship, Eqs. 5 a and b. 
     

RT
H

Arrhenius

S

eSTS
Δ

−
⋅=)(       (Eq.5a)  

RT
E

Arrhenius

a

eDTD
Δ

−
⋅=)(       (Eq.5b) 

 
SArrhenius and DArrhenius are the pre-exponential factors of S(T) and D(T), respectively, ∆HS the 
heat of solution, ∆Ea is the activation energy, T the temperature and R the general gas 
constant. The transmission rate Q of a certain liquid through a polymer, i.e. the amount of 
liquid permeating through a unit area and thickness under a certain time, is defined as 
 

SDQ ⋅=         (Eq.6) 
 
The permeability of polymer films or membranes is often characterised in terms of 
permeation of gases and vapours and gravimetric methods are applied using a very sensitive 
quartz spring, a magnetic balance, or an electro-balance. While permeability data for gases 
and vapours in polymers is numerous, data for liquids is still relatively sparse, especially for 
LCP. In the majority of cases, also gravimetric methods are applied to determine transport 
coefficients of liquids.  
 
 
1.3 Liquid crystalline polymers 
During the last decades more and more attention has been paid to the group of LCP due to 
their broad range of attractive properties and they have found application in many different 
areas. The molecules of LCP are still aligned and organised in the molten or solvated state in 
contrast to other polymers showing random configuration [17,18]. The liquid crystalline 
behaviour originates from their chemical structure, i.e. all LCP have a rigid-rod-like structure 
at the molecular level. The liquid crystals can align themselves for example in the direction of 
shear stress during processing 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 [19]. 
The high degree of orientation and crystallinity is responsible for the good barrier properties 
and chemical resistance of these types of polymers making them interesting for packaging 
applications or for application in chemically aggressive environments as investigated in this 
study. 
 
Related to the liquid crystalline behaviour and the formation of oriented domains, defects may 
form in the polymer influencing among others the barrier properties and the chemical resis-
tance with disclinations being one example. Disclinations are line defects that have a 
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lower degree of chain packing and can be compared to dislocations in a solid crystal.  In a 
nematic liquid, that forms upon cooling of certain LCP from the isotropic melt, the orientation 
of the molecules (director) is only uniform when an outer field such as a magnetic or 
mechanical field is applied. Without outer influence the director may smoothly vary at certain 
points, i.e. disclinations. Disclinations can be visualised by polarized light microscopy and 
appear as the intersection of dark bands, Figure 2. It is distinguished between different types 
of disclinations. If four dark bands meet, the strength of the disclination is ±1, i.e. the number 
of bands divided by four. The director rotates by 360° about the centre of the disclination.  
Further, disclinations of the strength ±0.5 
may form where the director rotates by 180° 
and two dark bands meet. Each disclination 
can be associated with a certain extra 
volume, enthalpy and entropy and can hence 
be considered as a defect [17]. Heat treatment 
of a nematic polymer is regarded to decrease 
the concentration of 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 
[3,4,20]. Thus, by decreasing the amount of 
defects it should be possible to improve the 
barrier properties of an LCP. 

 

 
Figure 2 Polarized photo micrograph of a compression 
molded LCP (Vectra A950) having a high number of 
disclinations. 

 
 
1.4 Glass fibre reinforced polymers 
1.4.1 Lined FRP structures 
FRP process equipment may be a cost-efficient solution in chemically aggressive 
environments were standard carbon or stainless steel cannot be used due to its limited 
corrosion resistance. Examples of application areas are chlorine-alkali and pulp and paper 
process environment. As mentioned previously, FRP structures for industrial applications 
consist of a barrier layer and a structural laminate. For certain applications, however, the 
chemical resistance of FRP may not be sufficient and a thermoplastic lining with better 
chemical resistance is chosen instead of an FRP barrier layer [21,22]. Typical polymers used 
as a lining are polyvinyl chloride, polyethylene or polypropylene or fluoropolymers. The liner 
polymers may be used even at temperatures above or close to their heat deflection 
temperature (HDT) as the outer FRP reinforcement provides the mechanical strength. They 
have to withstand both temperature and pressure changes without cracking, otherwise the 
fluid transported in the pipes can penetrate into the resin and material failure is most likely to 
occur. Further, the adhesion between the thermoplastic layer and the resin has to be good and 
the coefficients of thermal expansion have to be of the same order of magnitude to avoid 
internal stresses. Often, the adhesion between the lining and the resin is not sufficient and a 
surface treatment of the lining has to be applied.  
 
 
1.4.2 Performance of FRP in aqueous environments 
A very important aspect for the performance FRP materials is the diffusion of water. 
Continuous glass fibre reinforcement is covered with a so-called sizing containing besides a 
film former, anti-static agents and other process aids silanes to achieve good bonding [23]. 
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The glass-fibre-silane-resin bond is, however, sensitive to hydrolytic attack causing a loss of 
bonding and therewith a reduction in mechanical properties when a laminate is exposed to 
humid environment. Figure 3 shows an example of the evolution of the E-modulus with time 
for a CSM laminate exposed to aqueous environment at elevated temperature (drawn after 
[24]).  
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3 
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Figure 3 Stress-strain curve, 
acoustic emission data, E-
modulus and onset of different 
fracture processes in a vinyl 
ester laminate exposed to an 
aqueous environment of 95ºC 
(pH 1 and 0.2 M chloride). 
Drawn after [24]. 

 
Another type of damage related to water diffusion is blister formation. Blisters develop deep 
in the barrier layer of the FRP structure close to the structural laminate. Whereas smaller 
blisters may only cause cosmetic problems, the formation of large delamination areas and the 
cracking of blisters, giving the process environment access to the structural laminate, may 
reduce the lifetime of the FRP structure. Osmotic blistering in FRP structures for marine 
applications has been intensively studied [25,26,27] and is considered to be related to osmotic 
processes [27,28,29,30,31]. Water-soluble substances trapped in the resin initiate an osmotic 
process that implies that water diffuses into the resin matrix to obtain an equilibrium 
concentration between the blister liquid and the outer environment. Hence a pressure develops 
that, if it becomes “too” high, causes the laminate to crack and blister. By the choice of an 
appropriate resin matrix and reinforcement, the risk of blistering in marine applications can be 
reduced. In industrial applications, however, it is still a problem [32,33,34]. It was shown that 
besides osmotic processes even temperature and concentration gradients influence the blister 
formation [35]. Presumably, they contribute to the formation of local stresses and stress 
distributions due to swelling and thermal expansion and promote the blistering process. The 
osmotic blistering process is governed, among other factors, by the stability of the resin 
matrix, the glass fibre reinforcement and their interface. In the frame of this work the resin 
matrix has been studied more in detail. The resin matrix may contribute to osmotic processes 
by the formation of water-soluble substances originating from e.g. hydrolysis of ester 
linkages, but it may also influence the stress formation in the laminate by its ability to absorb 
water. A study on the transport properties and the stability of the resin matrix towards water is 
therefore important for the understanding of the blistering process. This study has been part of 
a larger investigation where several other factors including the influence of the glass fibre 
reinforcement, of the curing system, of the influence of laminate build-up and stress 
formation were explored. 
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2. Experimental 
 
2.1 Materials 
2.1.1 LCP Vectra A950 
The liquid crystalline 
polymer Vectra A950 was 
supplied by Ticona AG, 
Germany. It is a 
thermotropic co-polyester 
based on 73 mol% 4-hydro-
xy-benzoic acid (HBA) and 
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 *
O*

O
m
 

Figure 4 Structure of Vectra A950.  

27 mol% 2-hydroxy-6-naphthoic acid (HNA), Figure 4, with a melting point of approximately 
280°C. Pressed films with a thickness of 100-170 µm were obtained by compression molding 
for 15 min at 310°C and 2.5 MPa pressure in a Schwabenthan Polystat 400S machine 
followed by cooling in air. The sample mass for film making was 1.5 g and the pellets were 
spread out in a circular form with a diameter of 30 mm on a release film of 0.15 mm thick 
PTFE coated glass-fiber cloth supplied from Fluortek AB, Sweden. Uniaxially oriented film 
was provided by Ticona Germany/USA (U-LCP). A biaxially oriented film was provided by 
Superex Inc. USA (B-LCP) [6]. 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). 
 
2.1.2 Thermoset resins 
Different commercial thermoset resins including bisphenol A epoxy-based vinyl ester, 
novolac-based vinyl ester, urethane modified vinyl ester and bisphenol A based polyester 
resins were studied (Table 1). Figure 5 shows the chemical structure of a bisphenol A epoxy-
based vinyl ester, novolac-based vinyl ester and bisphenol A based polyester resin. Four mm 
thick clear castings or laminates (E-glass CSM reinforcement, 450 g/m2, Vetrotex M123) 
were made between two glass plates covered with a PET film. The curing system based on a 
MEK peroxide and a cobalt octoate accelerator and the post-curing procedure were chosen 
according to the resin manufacturers´ recommendations.  
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Figure 5 Structure of a bisphenol A epoxy-based vinyl ester resin (a), a novolac-based vinyl ester resin (b) and a 
bisphenol A based polyester resin (c). 
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Table 1 Resin systems studied including curing system and post-curing procedure. 
Resin  Notation Resin type 

according to the 
resin producer 

Styrene 
content 
(w%) 

Curing system  Post-
curing 

Tg1 
(ºC) 

Tg2 
(ºC) 

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

38-41a) 0.5% Co-
solutionb), 1.0% 
MEKPP

c)

10 h 
100ºC 

115 122 

Atlac 590  NOV-37 Novolac based 
vinyl ester 
 

35.5-
38.5a)

1.8% Co-
solutionb), 1.0% 
MEKP 

10 h 
100ºC 

128 152 

Atlac E-Nova 
FW 2045 

VE-UR Modified epoxy 
bisphenol A vinyl 
ester urethane  

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

8 h 
100ºC 

126 159 

Derakane 
Momentum 
411-350 

VE-45 Bisphenol A 
epoxy-based vinyl 
ester  

45 0.9% Co-
solutionb), 1.0% 
MEKP 

10 h 
100ºC 

115 120 

Derakane 441-
400  

VE-33 Bisphenol A 
epoxy-based vinyl 
ester  

33 1.3% MEKP, 
0.12 % Co-
solutionc), 
0.05% DMAd)

10 h 
100ºC 

121 132 

Derakane 
Momentum 
470-300 

NOV-33 Epoxy novolac 
vinyl ester-based 

33 0.6% Co-
solutionb), 1.0% 
MEKP 

10 h 
100ºC 

130 156 

Atlac 382A BIS Propoxylated 
bisphenol A 
fumarate 
unsaturated 
polyester resin 

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

24 h 
80ºC 

112 132 

a) Solids content, IR 
b) 1% Cobalt-octoate solution in phthalate 
c) Methylethylketonperoxide solution (K11, Reichhold A/S) 
d) 10% Cobalt-octoate solution in phthalate 
e) 100% solution 
 
 
2.1.3 FEP 
For comparison reasons, the transport properties of a fluorinated ethylene propylene 
copolymer (FEP) were determined. The material was provided by Symalit AG, Switzerland as 
2.5 mm thick sheet and 2.3 mm thick sheet with polyester backing. It  has a melting point of 
259.1ºC and a density of 2.126 gcm-3. 
 
 
2.2 Transport and related properties  
2.2.1 Sorption and desorption studies 
The transport properties were determined by gravimetric desorption studies at different 
temperatures. At least duplicate samples were exposed. The sample size was chosen in a way 
that the width of the samples was at least ten times the thickness to avoid edge effects. The 
mass increase was determined by intermittently weighing the surface-dried samples using a 
Sartorius MC 210P balance having an accuracy of 0.01 mg. After the sorption equilibrium 
had been reached, desorption experiments were performed by placing the specimens in an 
“air-conditioned” oven and measuring the weight. The transport properties were evaluated 
using desorption data assuming a concentration dependent diffusion coefficient. Only half the 
plate was considered, the inner boundary co-ordinate being described as an isolated point. The 
surface concentration was assumed to be zero during desorption. Eqs. 3 and 4 were solved 
using a multi-step backwards implicit method described by Edsberg and Wedin [14] and by 
Hedenqvist et al. [15,16]. The average diffusion coefficient was calculated according to: 
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0
0
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C dCeD
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D α        (Eq.7) 

 
where Cmax is the saturation concentration or sorption coefficient. In case of water diffusion 
into thermoset resins it was distinguished between the short-term sorption coefficient, 
reflecting the “quasi”-equilibrium sorption coefficient at short exposure times, and the long-
term sorption coefficient. 
 
Because of the low saturation concentration in LCP, the diffusivity was considered 
independent of concentration. The concentration-independent diffusion coefficient was 
derived from the time needed to reach 50% of the saturation concentration, t0.5, according to 
[12]:  
 

0.5 2
0.5

0.04919D
t l−

=        (Eq.8) 

 
where l is the thickness of the plate.  

 
2.2.2 Cup-experiments 

Metal flanges 
Sealing 

Glass cup 

Laminate with lining 

The rates of transmission of different 
chemicals through glass-fiber reinforced 
laminates and clear castings with a lining of 
LCP-film or FEP were determined in a cup 
test by intermittently measuring the weight 
loss (Satorius LP1200S, accuracy 1 mg), 
Figure 6. The cups were placed in an “air-
conditioned” oven at different temperatures. 
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. 9, fitting 
the data points by the least-squares method. 

Figure 6 Experimental set-up of the cup test. 

 

Q =
(mC −mS ) ⋅ l

t ⋅ A
       (Eq.9) 

 
mC is the mass loss of the cup, mS the mass loss through the sealing, l the thickness of the 
laminate, t time and A the exposure area.  
 
2.2.3 Chemical resistance or stability of a polymer towards a chemical environment 
Duplicate specimens of LCP, dried at 80ºC, were exposed to selected chemicals for certain 
time intervals. After exposure, the specimens were washed with deionized water and acetone 
in an ultrasonic bath and dried to constant weight at 80ºC. The etching rate was calculated 
according to 
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dL
dt

=
m(t)−m0

m0

⋅
L
2t

      (Eq.10) 

 
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 was invisible and 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 80ºC was measured. The percentage weight change was calculated 
according to  
 

)1(
))()1((

%100)%(
20

20

OH

desOH
loss xm

tmxm
tw

+
−+

⋅=    (Eq.11) 

 
wloss is the percentage weight change, m0 the initial weight of the sample, xH2O its initial water 
content, mdes(t) its weight after desorption after a certain exposure time. 
 
 
2.3 Structural analysis 
2.3.1 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 0.02º/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. 
 
2.3.2 FTIR-ATR analysis 
The thermoset resins exposed to water were studied using a Bio-Rad FTS 175C FTIR 
instrument infrared equipped with ATR (Attenuated Total Reflection) with regard to the 
relative concentration of ester linkages. The resolution was 4 cm-1 and each spectrum was 
based on 32 scans.  
 
2.3.3 Thermal analysis 
Thermograms of 7-10 mg samples of Vectra A 950 were recorded between 25°C and 500°C 
at a heating rate of 10 K/min in a Mettler-Toledo DSC 820 in order to determine the melting 
enthalpy. 
 
The thermoset materials were thermally characterised by DSC measurement (differential 
scanning calorimetry) using a Mettler Toledo 821 DSC. A sample of ca 8 mg was heated with 
a heating rate of 10 K/min from 25ºC to 200ºC in two subsequent runs. In between the heating 
runs, the sample was cooled to 25ºC with a cooling rate of 80K/min. 
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2.3.4 Polarised light microscopy 
For the investigation of optical textures, Vectra films with a thickness of approximately 10 
µm were cast on glass slides by first dissolving compression molded films in 
pentaflourophenol (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.  
 
2.4.5 Density measurements 
The density was measured with a density gradient column prepared from a degassed aqueous 
calcium nitrate solution at 23°C and by applying Archimedes principle using a Satorius MC 
210P balance having an accuracy of 0.01 mg. 
 
 
2.4 Mechanical properties 
2.4.1 Bonding strength/lap shear testing 
The bonding strength between LCP and the vinyl ester was determined by a lap-shear test and 
a minimum of five specimens was tested for each surface treatment. Two test bars cut from 
injection-molded plates (1 mm x 15 mm x 50 mm) were bonded with the vinyl ester 
(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). The 
influence of the following surface treatments of the LCP on the bonding strength was 
examined:  

- 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) 
- 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).  

 
 
2.4.1 Stress relaxation measurements 
Stress relaxation measurements were carried out on dumbbell-shaped specimens (overall 
length 114 mm, length of the narrow section 30 mm, overall width 25 mm, width of the 
narrow section 6 mm) at 80ºC in air and water using an Instron tensile testing machine of type 
5566. The tensile testing machine was equipped with an oven in which a chamber holding the 
water could be inserted, Figure 7, and the temperature in the water bath was regulated and 
controlled by a heating device. Prior to testing the specimens were aged in water or air at 
80ºC for 28 days. This was long enough to make sure that the water “quasi”-equilibrium 
concentration had been attained. The specimens were inserted into the testing chamber and 
water having a temperature of 80ºC 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. 
 

 11



Stefanie Römhild                  TRITA-CHE-Report-2007:35 
 

 
  
Figure 7 Experimental set-up of the relaxation experiment.   

 
 
2.5 Analysis of leaching or degradation products from the thermoset resin 
2.5.1 Infrared spectroscopy 
Ca. 8-9 g of clear castings of selected thermoset resins were immersed for 800 days at 95ºC in 
ca. 60 ml water in glass containers and the volume of water was held constant. After the 
exposure, a 1 ml sample was removed and the liquid was evaporated at 35°C.  The residue 
was analysed using Perkin-Elmer 1725x FTIR equipped with ATR. 32 scans with a resolution 
of 4 cm-1 in the range from 4000 to 600 cm-1 were performed.  
 
2.5.2 GC-MS analysis 
Possible leaching or 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. 

T 

T 

Temperature  
control of the chamber 

  Heating chamber 

Temperature control of 
the water bath Heating device 

Dumbbell-shaped 
specimen Water bath 

Connection to Instron 
machine 
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3. Results and discussion 
 
3.1 Transport properties and chemical resistance of LCP 
The following seven liquid media representing typical chemical environments were chosen to 
study the transport properties and the chemical resistance of uniaxial and biaxial films 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, i.e. 80°C.  

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

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

 
Transport coefficients for deionised water, methanol, toluene, and TCE were obtained for the 
LCP, Table 2. The liquid uptake was small and the data was subjected to some scattering. A 
numerical analysis of the data was therefore not possible and the half-time method was 
applied for the determination of the diffusion coefficients. It was considered that the 
concentration dependence of the diffusion coefficient can be neglected due to the low solute 
concentration in the LCP. Transport coefficients for hydrochloric acid in LCP could not be 
determined since the strong scatter in the data made the evaluation unreliable. 
Table 2 Transport coefficients of different liquids in LCP. 

Q  Environment Polymer D  
(cm2/s) 
 

C     
(g liquid/ 
100 g polymer) 

(g cm/cm2 s) 
 

H2O 80ºC 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 35ºC 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 60ºC 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 35ºC 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  (9.5 ± 3.4)·10-140.09 ± 0.04 
 
The diffusivity of water, at a temperature close to the glass transition temperature, was in the 
order of 10-9 cm2/s in the LCP. The diffusivities of the organic solvents at lower temperatures 
were on the order of 10-11 to 10-12 cm2/s. In the literature, data on liquid diffusion in LCP is 
sparse. Ramathal et al. [36] reported permeabilities of methanol and toluene vapor in an LCP 
of type LN001 (Eastman) at 50 - 60°C. It was found that the permeability of methanol was 
higher than for toluene in LCP. Miranda et al. [37] reported diffusion coefficients of 
methylene chloride and acetone vapors at 35°C in an LCP, similar to Vectra A950, on the 
order of 10-11 to 10-12 cm2/s, respectively. 
 
For comparison reasons, similar experiments were performed using a fluorinated ethylene 
propylene copolymer (FEP) commonly used in very demanding industrial applications as 
liner for FRP. The transport properties are shown in Table 3. In general, the diffusion 
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coefficients and the transmission rates in the LCP-material were by a factor of 10 to 100 
lower than those in FEP.  
 
Table 3 Transport properties of different liquids in FEP. 

Q  DC0
(cm2/s) 
 

αD D  
(cm2/s) 
 

C     
(g liquid/ 
100g polymer) 

Environ-
ment (g cm/cm2 s) 

 
H2O 
80ºC 

(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 
35ºC 

(2.04±0.14)·10-9    1.1⋅104 ±0.64⋅104 (1.28±0.49)·10-8 0.02 ± 0.002 (6.79±3.22) ·10-12

Toluene 
60ºC 

(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 
35ºC 

(8.41±0.01)·10-10  9.03±7.31 (8.83±0.35)·10-10 (2.00±0.1) ·10-111.06 ± 0 

   
LCP deteriorated in strong oxidizing 
environments and in alkaline environments 
and the etching rates are shown in Table 4. A 
non-oxidizing acidic environment (HCl, 35%) 
did not cause any deterioration. For all 
solvents, the LCP showed a small initial 
weight loss of about 0.02% 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 

Table 4 Degradation/etching rate of different LCP-
samples exposed to sulphuric acid and  
caustic soda solution. 

 I-LCP 
(μm/min) 

U-LCP 
(μm/min) 

B-LCP 
(μm/min) 

H2SO4,  
98 w%, 
25ºC 

0.8 0.8 0.9 

NaOH, 
10 w%, 
60ºC 

0.0013 0.0003 0.0004 

 

non-oxidizing acidic environments [36,37]. The FEP showed better chemical resistance in 
terms of mass loss than the LCP in oxidising acidic and alkaline environments. 
 
 
3.2 Effect of annealing on the physical and transport properties of LCP 
3.2.1 Physical properties 
The effect of annealing on the physical and transport properties of Vectra A950 was studied 
for compression molded films. In comparison to the extruded films, in this case the polymer 
chains lack orientation as no shear stresses are applied during fabrication. The films were 
annealed at 260ºC (below the melting point, Tm=280ºC) and well above the melting point at 
310ºC for different times to reveal the effects of variation in crystallinity on the transport 
properties. In the molten state the crystallinity is expected to be independent on the annealing 
time. 
 
Figure 8 shows that a densification was achieved by annealing both below and above the 
melting point. Although the density of the films annealed at 310°C initially was lower than 
that of films annealed at 260°C, it increased more rapidly at longer annealing times. The 
increase in density at 310°C may suggest that the disclination density decreased as the 
crystallinity should not be affected. Microscopic investigations using polarised light were 
performed to estimate the disclination density. The disclination density did, however, not 
depend on the annealing time and was in addition similar for films annealed at 260°C 
(XD=0.4±0.2 µm-2) and 310°C (XD=0.5±0.3 µm-2). 
 
DSC measurement revealed structural differences between the films annealed at 260º 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 at 260ºC for 15 to 90 min. 
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The peak at Tm1 originated from crystal formation during annealing whereas Tm2 was assigned 
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 [3,38]. A further transition seemed to occur upon 
annealing for 20 to 66 h. The melting peak was shifted to higher temperatures and the ~320°C 
peak probably corresponds to HBA-rich crystals [39]. Films annealed at 310ºC, however, did 
not show any significant changes in the melting endotherms. Although the degree of 
crystallinity could not be calculated the melting enthalpy data indicated that it was higher for 
the films annealed at 260ºC. 
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Figure 8 LC-polymer density as a function of annealing Figure 9 Melting endotherms of specimens annealed 

at 260°C and 310°C. The annealing times are given in 
the figure. 

time at 260°C ( ) and at 310°C ( ). 

 
Similar results were obtained when using WAXD to study the morphology and the degree of 
crystallinity of selected films, Figure 10. Whereas annealing at 310ºC did not cause any 
significant changes in the WAXD curves, new peaks appeared upon prolonged annealing at 
260ºC. According to Kaito et al. [40] the two peaks at 2θ≈19.8º and 27.0º (d-spacings: 4.55 
and 3.19 Å, respectively), observed in the samples annealed at 310º, correspond to the 110 
and 211/210 planes of a hexagonal lattice. This was in agreement with the findings of Flores 
et al. [41] who claimed that the structure of a non-annealed compression-molded film was 
orthorhombic and has been referred to as a type III orthorhombic structure by Karacan [42]. 
The new peaks formed during annealing at 260ºC appeared at 2θ=15.95º, 22.5º and 27.0º (d-
spacings: 5.56, 3.96 and 3.19 Å, respectively). Further, the 110 peak was shifted slightly to 
the left (lower 2θ) and the 211/210 peak was shifted slightly to the right and became more 
prominent with increasing annealing time. In agreement with the DSC measurements, this 
indicated that a phase transformation of the crystal structure occurred.  
 
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 [42] relating the area 
assigned to the area of 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=4.59Å 
(2θ=19.34) 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. The values 
obtained should be regarded as estimates as the many peaks made it difficult to deconvolute 
the WAXD curves. The significant trend in the data was that the crystallinity was larger in the 
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samples annealed at 260ºC which was in 
agreement with the melting enthalpy data 
from DSC measurement. 
 
To summarise, the increase in molecular 
packing below the melting point was – at least 
partly – related to a crystallinity increase 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. No 
reduction in disclination density was observed 
by optical microscopy. 
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2 θ

19.47º
(110)

22.60º

23.97º
28.39º
(211/210)

15.95º

310ºC 15 min

310ºC 60 min

310ºC 120 min

260ºC 120 min

260ºC 22 h

 

 

Figure 10 WAXD curves, normalized to the major peak 
and shifted vertically, of selected compression-molded 
LC-polymer films. 

 
 
3.2.2 Transport properties 
In Figure 11 the normalised degradation rate in chlorosulphonic acid at room temperature is 
shown for compression molded films subjected to different annealing procedures. The 
degradation rate decreased with increasing annealing time/densification and was higher for 
the samples annealed at 260ºC at a similar density. Figure 12 shows the diffusivity of 
methanol at 35ºC in LCP versus the density. The diffusivity of the annealed films was lower 
than that of the non-annealed film. Due to scatter in the data, the trend was only significant 
within a 60% confidence limit (students’ test). No significant difference in diffusivity was 
observed for annealing at 260º and 310ºC, respectively. The diffusivity of the annealed film is 
comparable to the value obtained for the uniaxial oriented film (D=3.5·10-12 cm2/s). The 
differences in methanol solubility obtained after different annealing procedures were small 
and presumably insignificant. 
 
According to Weinkauf et al. [3] 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 310ºC having a lower crystallinity than the films annealed at 
260ºC showed a lower chlorosulphonic acid degradation rate and similar methanol 
diffusivities compared to the films annealed at 260ºC. This indicates that the degree of 
crystallinity does not influence the transport properties significantly. Further, the influence of 
the orientation on the transport properties can be studied when comparing the transport 
properties of the uniaxial and biaxial film. However, no definite conclusion for the diffusivity 
can be drawn due to scatter in the data. 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 films tested the compression molded, non-oriented films showed the lowest 
methanol solubility. In cannot be excluded that possibly processing aids were used during 
fabrication influencing the solubility.  
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Figure 12 Methanol diffusivity as a function of density 
of compression molded ( ) 310°C and ( ) 260°C films 
obtained from desorption measurements. 

Figure 11 Chlorosulphonic etching rate normalised to 
the rate of complete dissolution of a 15 min 260°C film 
as a function of density: ( ) 260°C and ( ) 310°C. 
 
To conclude, the effects of annealing and orientation on the transport properties in LCP were 
very small or not significant when transport properties were determined using gravimetric 
methods. Probably, significantly longer annealing times are necessary to obtain an 
improvement of the barrier properties for industrial applications. Gravimetric methods as 
described here were shown to be suitable for the determination of transport properties in LCP 
within a certain margin of error caused by the low solute uptake in the polymer. The use of 
other techniques such as oxygen permeability measurements by a very sensitive instrument 
was explored. The results have not been presented here as this technique was not sensitive 
enough to measure the permeability satisfactorily or to reveal any differences dependent on 
morphology.  
 
 
3.3 LCP as lining material for FRP 
3.3.1 Permeation through a LCP-lined FRP structure 
Transport properties for an unreinforced resin matrix consisting of a bisphenol A epoxy-based 
vinyl ester were obtained for water at 80ºC (Daverage= 1.78·10-7 cm2/s) and methanol at 35ºC 
(Daverage=. 3.47·10-8 cm2/s). When CSM reinforcement was incorporated in the resin, the 
diffusion and sorption coefficient increased in dependence of the glass content due to 
capillary effects. The average diffusivities were by a factor of about 102 and 104 higher than 
those of water and methanol in the LCP, respectively. The aromatic and chlorinated solvent 
caused crazing of the resin matrix. It is, hence, expected that the use of an LCP lining 
decreases the overall permeability according to equation 
 

ltotal

Qtotal

=
llining

Qlining

+
llaminate

Qlaminate

      (Eq.12) 

 
where ltotal is the thickness of the laminate with lining, and llining and llaminate are the thicknesses 
of the lining and the laminate, respectively, and the Q’s are their transmission rates. Further, 
the solute concentration in the resin matrix is expected to be lowered significantly so that any 
crazing or other damages are avoided.  
 
The transmission rate of different solvents through non-lined and LCP and FEP-lined 4 mm 
thick clear castings or CSM laminates was determined using a cup-experiment, Table 5. The 
thickness of the uniaxial and the biaxial LCP film was 36 µm and 44 µm respectively, and the 
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FEP lining had a thickness 2.3 mm. The transmission rates of water and methanol were 
reduced by a factor of 10 and 100, respectively, by the LCP and FEP lining. Low transmission 
rates and equilibrium concentrations were also observed for toluene, TCE and hydrochloric 
acid. No sign of crazing of the resin matrix was observed in the case of toluene and TCE. 
   
Table 5 Transmission rates (Q) in laminates with and without lining. Data obtained from cup 
experiments. 
Environment Type of laminate  Q, laminate with lining 

(g cm/cm2s) 
Q, clear casting/CSM 
(g cm/cm2 s) 

H2O, 80ºC U-LCPa)/CSM laminateb) 9.92·10-10 6.24·10-9

 U-LCP/clear castingc) 1.48·10-9 3.16·10-9

 B-LCPP

d)/CSM laminate  8.33·10-10 6.24·10-9

 FEPP

e)/CSM laminate  2.74·10-10 6.24·10-9

Methanol, 35ºC U-LCP/CSM laminate  4.11·10-10 3.17·10-8

 U-LCP/clear casting  9.40·10-11 1.05·10-8

 B-LCP/CSM laminate  5.04·10-10 3.18·10-8

 FEP/CSM laminate 9.74·10-10 3.18·10-8

Toluene, 60ºC U-LCP/CSM laminate  ≈0  
TCE, 35ºC 3.04·10-10U-LCP/CSM laminate  
a) Thickness of uniaxial LCP-film 36 μm 
b) Thickness of CSM laminate 4 mm, glass fiber content 11%  
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. 
12.  For water, the calculated and experimental transmission rates in the LCP- and FEP-lined 
laminates were found to be 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 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. 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 vinyl 
ester matrix. However, similar irregularities were not observed on the biaxial LCP lining 
although the measured and predicted transmission rate differed. Further studies are necessary 
to fully understand this phenomenon. 
 
3.3.2 Adhesion between LCP and FRP 
One important aspect for the choice of a lining material is that the bonding between the liner 
and the FRP has to be sufficient. The bonding strength between the surface-cleaned LCP and 
the vinyl ester was found to be (0.4 N/mm2) and several surface treatment methods were 
studied to improve the bonding, Table 6. 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. [43] previously showed 
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 
increased in combination with certain adhesives. Standards regulating the fabrication of FRP 
components specify different minimum bonding strength values [44]. For instance, a bonding 
strength of 3.5 N/mm2 is required PP and PE linings, and 5 and 7 N/mm2 for PVC and PVDF 
linings, respectively. Similar values are not available for LCP and further studies would be 
necessary to determine an appropriate minimum bonding strength.  
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Table 6 Bonding strength between LCP and the vinyl ester and type of failure after different surface treatments 
(lap-shear test). 
Surface treatment  Bonding strength 

(N/mm2) 
Type of failure 

0.4 ± 0.1 100% AFa)Solvent cleaning (acetone) 
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 chromosulfuric acid (20 min) 1.1 ± 0.2 90% AF, 10% CF 
Chemical treatment with chromosulfuric acid (30 min) 1.3 ± 0.2 85% AF, 15% CF 
Chlorosulfuric acid treatment 0.3 ± 0.1 100% CF 
Sulfuric acid treatment 0.5 ± 0.1 100% AF 
Sodium permanganate treatment 1.0 ± 0.2 60% AF, 40% CF 
Chemical treatment with chromosulfuric 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 

10% AF, 90% CF 2.3 ± 0.3 

a) AF adhesive failure, CF cohesive failure 
 
Based on the performed tests, LCP seems to have potential as lining for FRP, especially 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. Compared to FEP the lining could therefore be considerably 
thinner to obtain comparable transmission rates in combination with FRP. The presence of the 
LCP-lining reduced the solute concentration in the FRP markedly and no signs of crazing 
were observed. The bonding strength can be improved by a combination of abrasive and 
oxygen plasma treatment. Certain questions, however, such as a minimum bonding strength 
or formation of irregularities after exposure to methanol should be studied more in detail. 
 
 
3.4 Long-term transport and stability properties of thermosets exposed to 
water  
The short-term and long-term transport properties of water in different commercial thermoset 
resins as well as their stability towards water were studied in the temperature interval from 50 
to 95ºC for ≤1000 days. The resin systems studied included bisphenol A epoxy-based vinyl 
ester, novolac-based vinyl ester, urethane modified vinyl ester and bisphenol A polyester 
resins commonly used for the fabrication of FRP process equipment. Generally, the short-
term sorption coefficient increased in the order bisphenol A polyester, bisphenol A epoxy-
based vinyl ester, modified urethane vinyl ester resin and novolac-based vinyl ester resin 
whereas the diffusion coefficients followed the opposite order. An attempt was made to relate 
the transport properties to the chemical composition by calculating solubility parameters. As 
the exact composition of the resins was not known, this was, however, difficult. Interestingly, 
there was an approximate relationship between the styrene content of the unreacted resin and 
the short-term transport properties independent of the resin chemistry, Figure 13. The short-
term sorption coefficient increased with decreasing styrene content as the polarity of the resin 
increased whereas the diffusivity decreased with decreasing styrene content, Figure 14. This 
has been explained by the formation of a water hydrogen bonding complex retarding the 
diffusion of water [45]. The transport properties were not significantly affected by the degree 
of curing provided that it was sufficiently high for industrial applications (residual styrene 
content < 2 wt%) [44].  
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Figure 13 Short-term sorption coefficient of water at 
80ºC versus the styrene concentration in the unreacted 
resin. The line marked with a) represents the average 
relationship for all resins whereas line b) shows the 
relationship between the sorption coefficient and the 
styrene content of only the bisphenol A based resins. 

Figure 14 Zero-concentration ( ) and average 
diffusivity ( ) of water at 80ºC versus the styrene 
concentration in the unreacted resin for all resins 
studied (single samples). 

  
Long-term water exposure to water at temperatures of 50ºC to 95ºC was carried out to reveal 
the resin stability and the time dependence of the transport properties. Long-term sorption 
coefficient data was obtained by desorption measurements and an example is given for the 
resins exposed to water at 95ºC, Figure 15. Generally, the sorption coefficient increased with 
exposure time in the temperature interval 50 to 95ºC and the increase was most pronounced at 
95ºC. The diffusion coefficient slightly decreased with exposure time. The change was, 
however, small and on the order of the size of the experimental error. This indicated that the 
resin water transmission rate, the product of the diffusivity and the sorption coefficient, 
increased with exposure time due to the larger increase in sorption coefficient than the 
corresponding decrease in diffusivity. 
 
The water sorption curves indicated that several processes, including water sorption and 
leaching of degradation products, additives and/or residual unreacted components, occurred 
simultaneously. The mass loss after drying as a function of time was determined and an 
example is given in Figure 16. At 95ºC, all resins showed an approximately linear weight 
decrease. At 80ºC, the mass loss was smaller than at 95ºC, i.e. smaller than 0.2% after 950 
days of exposure, with exception for the bisphenol A polyester (BIS) and the urethane 
modified vinyl ester (VE-UR) resin showing higher mass loss. Generally, the novolac-based 
vinyl ester resins (NOV-33 and NOV-37) showed a smaller mass loss than the other resins. At 
65 and 50ºC, the mass loss after about 900 days of exposure was insignificant. To reveal 
whether the mass loss was caused by hydrolysis reactions the relative concentration of ester 
linkages, represented by the peaks at 1296 cm-1 and 1730 cm-1 [46,47], was determined using 
FTIR-ATR. The absorbance related to the ester groups was normalised to the absorbance of 
the aromatic structures represented by the peaks at 700 and 1510 cm-1 (carbon-carbon 
vibration of aromatic bonds). At 95ºC a slight decrease in the relative concentration of ester 
linkages for certain materials was observed indicating hydrolysis. At 80ºC the decrease was 
even smaller with exception for the VE-UR material which showed a decrease in the relative 
concentration of ester linkages. To conclude, the small decrease in ester concentration 
suggests that hydrolysis was not a primary cause of the mass loss. To find the reason of the 
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mass loss, water solutions, in which selected resins had been exposed for 800 days at 95ºC, 
were analysed by FTIR and GC-MS.  According to the FTIR measurements the residue of the 
water solutions, associated with  the resins VE-45 and NOV-33 and having a pH of about 3, 
contained carboxylic acid groups (1704 cm ) and Si-O groups (1045 cm ). Further, peaks 
appearing at 700 cm  and 1510 cm  indicated the presence of aromatic structures. The GC-
MS screening indicated the presence of benzoic acid and other styrene derivatives, bisphenol 
A, phthalates, a long-chain fatty acid derivative as well as siloxane containing compounds. (A 
positive identification of the compounds was not performed.) Benzoic acid and its derivatives 
may form by oxidation of styrene. To our knowledge the resins did not contain any additives 
based on Si-O-containing compounds. It may be a reaction product from the glass container 
the samples were immersed in with the acidic solution.  To conclude it seemed that the main 
fraction of the observed mass loss of the resin at 9

-1 -1

-1 -1

5ºC was caused by leaching of styrene, 
resin monomer and additives, such as the phthalate solution the curing agents are dissolved in. 
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Figure 15 Long-term sorption coefficient of water at 
95ºC obtained from desorption measurement:  BIS,  
VE-45,  VE-39,  VE-UR,  VE-33,  NOV-37,  
NOV-33. 

Figure 16 Percentage mass lass after drying versus the 
exposure time to water at 95ºC:  BIS,  VE-45,  VE-
39,  VE-UR,  VE-33,  NOV-37,  NOV-33. 

 
Fedor [48] proposed that an increase of the sorption coefficient after the short-term sorption 
coefficient has been reached is related to degradation and osmotic processes in the polymer. 
This implies that the water absorption at long-term consists of the absorption of the solute 
determined by the solubility parameters of the solute polymer pair and an additional 
absorption due to osmosis caused by the presence of water-soluble degradation products 
trapped in the resin matrix. A second explanation for the increase of the sorption coefficient 
with exposure time may be that relaxation processes occur induced by the presence of water. 
To assess this, the relaxation behaviour of selected resin conditioned in air and water at 80ºC 
for 28 days was studied in air and water, respectively. In Figure 17 normalised stress 
relaxation curves of the urethane modified vinyl ester resin (VE-UR) in air and water after 
having been subjected to an engineering strain of 0.5% are shown. After a rapid initial stress 
decay in both air and water the additional stress relaxation at longer times was more 
pronounced in water. The presence of water seemed to increase the relaxation strength, 
possibly due to its plasticization effect.  The stress relaxation behaviour was quantified using 
a Maxwell two-element model, Eq. 13. 
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Figure 17 Relaxation curves of specimens made with the 
VE-UR resin measured in air and water at 80ºC after 28 
days of exposure to air and water at 80ºC, respectively. 
 

 
σi are the stress components, τi the 
relaxation times and t the time. The data was 
fitted using the method of the least squares 
and the results are summarised in Table 7. 
The relaxation time τ2, describing the long-
term relaxation behaviour, was somewhat 
larger for specimens VE-33 and VE-UR 
exposed to water than in air whereas it was 
similar in air and water for the NOV-33 
resin. It was expected that the novolac resin 
NOV-33 would show the most pronounced 
relaxation effect in water since the sorption 
coefficient displayed the strongest time 
dependence and was the highest. There was, 
however, no clear quantitative correlation  

between the stress relaxation and long-term sorption behaviour between the samples. To 
compare, Topíc et al. [49] reported that the presence of water in a novolac phenol 
formaldehyde resin induced changes in its β relaxation and that water released polymer 
molecular constraints enabling a broader spectrum of molecular motions. De Wilde at al. [50] 
proposed a model to describe moisture sorption in epoxy resins, showing similar long-term 
sorption behaviour than the thermosets studied here, based on Fickian diffusion and relaxation 
effects.  
 
Table 7 Relaxation rate constants calculated from the relaxation data  
using a Maxwell two-element model. 

Material Environment σ1 (MPa) τ1 (1/h) σ2 (MPa) τ2 (1/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 

 
The results obtained in this study indicated that mass loss at elevated temperature primarily 
was related to the leaching of unreacted styrene, resin monomer and additives and that the 
effect of hydrolysis was very small even at elevated temperature. Further, it was shown that 
the presence of water could induce relaxation processes in the resins. Hence, Fedor’s theory 
does not seem appropriate for the present conditions. It is more probable that relaxation 
processes and loss of species making up more room for water are the primary reasons for the 
increase in sorption coefficient. Fedor’s sorption model is more applicable to water sorption 
in hydrolytically unstable resins such as an ortho-polyester resin. In this case, the sorption 
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curve shows a significant increase when hydrolysis starts and disc cracks form (Data not 
shown). 
 
In industrial process environments FRP materials seldom are exposed to pure water rather 
than to aqueous solutions of various chemicals. The water concentration and therewith its 
activity may be reduced by the presence of water-soluble substances influencing the transport 
of water in the resin. For example, blistering seldom occurs in process equipment exposed to 
highly concentrated aqueous salt solutions. This can be explained by the fact that the osmotic 
pressure gradient is counteracted, but may also be related to variations in water transport 
kinetics in the resin. To obtain a more general description of the transport properties of water 
in thermoset resins exposed to aqueous solution, short-term sorption and desorption 
experiments were performed at 80ºC in solutions of sodium chloride at different 
concentration. Figure 18 shows the short-term sorption coefficient versus the water activity 
for three resins having different short-term water sorption coefficients. The water activity was 
estimated using data from Liu et al. [51] and [52]. The dependence of the sorption coefficient 
on the water activity could be approximated by a linear relationship whose slope seemed to be 
dependent on the magnitude of the sorption coefficient in pure water. Normalizing the 
equations describing the straight lines to the sorption coefficient for a water activity of one, a 
general equation for estimation of the sorption coefficient in dependence of the water activity 
and the sorption coefficient for pure water at 80ºC was obtained.  
 

00 )1(88.1)( SaSaS WW +−−=      (Eq.14) 
 
S(aW) is the sorption coefficient as 
function of the water activity salt 
concentration function, aW the water 
activity and S0 the sorption coefficient 
of the resin in water of activity one. The 
maximum deviation between the 
measured and the calculated sorption 
coefficient was S(aw)±0.1. The diffusion 
coefficient, however, was independent 
of the water activity. Hence, the 
transmission rate is approximately 
proportional to the water activity. The 
general validity of this relationship 
could be easily confirmed by conducting 
similar experiments in other salt 
solutions, such as CaCl2, or in NaCl 
solution at different temperature giving 
similar values of water activity. 
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Figure 18 Short-term sorption coefficient versus the water 
activity of sodium chloride solutions at 80ºC:  NOV-33,  
VE-45,  BIS. 

 

 23



Stefanie Römhild                  TRITA-CHE-Report-2007:35 
 

 24



Influence of Liquid Diffusion on the Performance of Polymer Materials in Industrial Applications 
 

4. Conclusions 
 
Transport properties of liquids including water, methanol, toluene and trichloroethylene in 
Vectra A950 were determined. Compared to a fluoropolymer of type FEP the transport 
properties were of the order 10 to 102 lower. Annealing of the LCP below the melting point 
caused an increase in crystallinity whereas annealing above the melting point resulted in a 
densification of the material without crystallinity increase. The densification could not be 
related to a decrease in disclination density by microscopic investigations. The effects of 
annealing, of the degree of crystallinity and orientation on the transport properties in LCP 
were very small or not significant when transport properties were determined using 
gravimetric methods. Probably, significantly longer annealing times are necessary to obtain 
an improvement of the barrier properties for industrial applications which, however, may not 
be cost-efficient. Nevertheless, gravimetric methods as described here were shown to be 
suitable for the determination of transport properties of liquids in LCP within a certain margin 
of error caused by the low solute uptake in the polymer.  
 
LCP has potential to be used as lining material for FRP in contact with organic solvents and 
non-oxidizing acid environments. The use of an LCP-lining substantially reduced the 
permeability of and the solute sorption in a bisphenol A epoxy-based vinyl ester resin and 
avoided crazing caused by solvent absorption. 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 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. However, some open 
questions such as e.g. a minimum bonding strength to FRP remain. 
 
The permeation of water through thermoset resins including bisphenol A epoxy-based vinyl 
ester, novolac-based vinyl ester, urethane modified vinyl ester and bisphenol A polyester 
resins was found the be time dependent as the sorption of water increased with exposure time 
whereas the diffusion coefficient was not significantly affected. It was shown that the 
presence of water induced relaxation processes that are considered to be the primarily reason 
for the increase in sorption coefficient in comparison to degradation reactions causing osmotic 
processes. Mass loss of the resins after exposure to water at 95ºC seemed in the first place to 
be due to the leaching of unreacted styrene, resin monomer and additives originating from the 
curing system. The effect of hydrolysis was small even at elevated temperature. A general 
relationship between the water activity and the short-term sorption coefficient of water having 
an activity of 1 was established to estimate the transport properties of water in different 
thermoset resins at 80ºC.  
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5. Future work 
 
Techniques to coextrude thin layers of LCP together with a thermoplastic material such as 
polypropylene and avoiding anisotropy in the film have been reported [53]. This opens for a 
number of new application areas including packaging but also as industrial process 
equipment. Lining applications for FRP or pipelines with reduced permeability to for example 
fuels or gasoline are interesting and could motivate further studies. In comparison to thin LCP 
film a coextruded liner with LCP layer may be advantageous if besides to chemical attack 
also abrasion occurs. The study has further shown that certain questions such as a minimum 
bonding strength between the LCP liner and the FRP and the occurrence of defects in LCP 
liner in contact to methanol need to be further explored. 
 
As regards the long-term properties of thermoset resins exposed to water at elevated 
temperature the relationship between the structural parameters such as resin chemistry and 
glass transition temperature and the relaxation of the material induced by the presence of 
water is not fully understood and there is need for additional research. Further, the results on 
stability and transport properties have to be related to other factors determining the blistering 
resistance of FRP laminate to obtain an overall picture about the importance of the choice of 
resin for the durability of the laminate. 
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