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Abstract 

 
The society of today is moving fast and the demands on almost everything are getting 

higher and higher. This can also be seen in the field of material science, where 

lightweight, high performance materials are gaining increased interest in order to be 

able to develop for example high performing vehicles with low fuel consumption or 

wind turbines with higher efficiency. Polymeric composites are a material group, 

where stiff fibres are embedded in an adhesive thermosetting matrix, which can fulfil 

these demands. Fibres and matrix can be combined in numerous ways to meet various 

design criteria’s. The most common matrices are fossil oil based and most fibres such 

as glass, carbon and aramid are also made from non-renewable feedstock. The use of 

fossil oil-based resins and non- renewable fibres seems to be in contrast to the world 

wide ambitions towards a sustainable society whereas the relatively new material 

group of bio-based composites is both renewable and do not use up valuable fossil 

recourses. On the other hand, if lightweight structural composites made from non-

renewable resources can have a very long service life and can contribute to reduced 

fuel consumption in the transport sector etc, these could be a more sustainable option 

than other competing materials for example steel.  

However, the properties of both non-renewable and renewable composites have 

similar time- and temperature dependency. This has to be analyzed and understood in 

order to ensure their long-term reliability as well as their sustainability and improve 

their competiveness. Research in this area is therefore of high importance. However, 

long term testing in service conditions is both time consuming and expensive. It is 

therefore easy to understand and apprehend the need for accelerated test methods 

(ATM). An ATM uses an accelerated mechanism to increase the rate of degradation. 

The scope of this thesis and the presented papers are to contribute in the field of time 

dependence and life assessment for composite materials, both oil-based and bio-

based, under different environmental loads. The discussed topics are in the field of 

viscoelasticity and viscoplasticity, moisture sorption behaviour and the moisture 

influence on mechanical properties and stress relaxation. The method of single fibre 

fragmentation has been evaluated as a method to finding the constituent’s properties 

that in turn can be used for prediction of structural behaviour. Finally the work 

focuses on the competiveness of bio-based resins and composites against oil-based 

alternatives in the field of long-term properties, moisture absorption behaviour and 

moisture influence on mechanical properties. The results indicate that oil-based 

composite materials retain their properties for a number of decades even under the 

influence of water. The results also show that bio-based composites are competitive 

for service life of many years. From the studies and results it is concluded that 

composite materials has a bright future when it comes to construction materials due to 

their properties and ability to restrain environmental loads and harsh environments.  
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Introduction 

Background 

Polymer composites consist of stiff fibres embedded in a polymer matrix. The fibres 

can be short, long, randomly orientated or aligned depending on the specific demands 

and assignment to carry load. The function of the matrix is to keep the fibres in place 

and to transfer the load to the fibres. The polymer composite material properties 

depend on the constituent properties, the volume fraction of constituents, fibre 

architecture, etc. A significant advantage for polymer composites is that they exhibit 

low specific weight and high specific strength and stiffness [1]. They are therefore a 

competitive material when designing structural applications. Due to their advantages 

the use of composite materials has increased which in turn leads to increased use of 

raw material. Conventional composite materials, both thermoplastics and thermosets, 

derived from fossil fuels together with non-renewable fibres like glass and carbon 

have dominated the market for decades. An increasing use of oil and landfill are 

negative implications of the growth of the composite market.   

At the same time a race towards a more sustainable society is going on worldwide [2, 

3]. The main goals of this are decreasing dependence on fossil fuel resources in the 

energy and transport sectors. Different routes can be chosen to achieve this: a) finding 

alternative power sources e.g. electric and/or hybrid vehicles; b) reduction of fuel 

consumption by wider introduction of lightweight structures from conventional 

polymer composites based on synthetic polymers and glass fibres, carbon fibres, etc; 

c) development of even lighter materials from renewable resources (bio-based 

composites). The development of renewably sourced composites for structural 

applications has been going on for quite some time using natural fibres and closed 

mould techniques [4, 5, 6, 7]. For this class of composites thermosetting resins are 

used but the development of bio-based or partially bio-based thermosetting resins is 

quite recent. The possibility to produce entirely bio-based thermosetting composites is 

now being studied worldwide [8, 9, 10]. The properties of such composites in terms of 

density and mechanical performance can in some cases be competitive compared to 

glass fibre composites  [11, 12, 13, 14, 15]. Evidence of the increasing interest in bio-

based resins is that large companies like Ashland and DSM have incorporated these 

resins into their product range.  

The mechanical advantages and the fact that conventional composites resist corrosion 

well are major reasons why polymer composites have a long history of use in marine 

vessels, piping, corrosion equipment, and underground storage tanks. Industrial 

experience shows that they can be designed to have long service life in contact with 

moisture and aqueous solutions. Nevertheless, moisture diffuses into all organic 

polymers, including polymer composites. Absorbed water may lead to changes in the 

thermomechanical, physical and chemical characteristics of the material [16, 17, 18]. 

To further extend the use of polymer composite materials, both oil-based and bio-

based, cost effective and accurate methods to predict the service life have to be made 

available. Long term performance (e.g. creep, fatigue) is of great importance, since 

the materials should retain their original properties during their entire service life. 

However, characterization of the long term behaviour of composites, for example by 

creep experiments, is very time consuming and expensive, therefore accelerated test 

methods (ATM) are needed. An ATM uses an accelerating mechanism to increase the 

rate of degradation of a given material. There are studies available for accelerated 

testing of common thermosetting resins and composites [19, 20, 21] but little work 
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exists on accelerated testing of bio-based resins and their comparison against oil-

based resins. Other mechanisms may be present in bio-based composites since some 

of the constituents are hydrophilic in contrast to conventional constituents which often 

are quite hydrophobic. Bio-based composites are therefore of interest from a scientific 

point of view. Available methods to determine time-dependent properties, moisture 

influence and ageing are further described in the following chapters. 

Time Dependent Behaviour 

Viscoelasticity / Viscoplasticity  

An important feature of all polymer composites is the non-linear nature of their 

mechanical behaviour. For short fibre composites, it is more pronounced than for 

composites reinforced with long aligned fibres but in general the same principle 

applies. The behaviour of unidirectional (UD) laminates loaded in the fibre direction 

is governed by fibres and therefore the time dependence is marginal, which is mainly 

due to the high stiffness and generally linear behaviour of the fibres (except maybe 

carbon fibres in which stiffening is often observed). In transverse tension and in in-

plane shear, these materials present complex stress–strain behaviour, hysteresis loops, 

and loading rate effects [22, 23, 24, 25, 26, 27, 28, 29, 30, 31].  

To select a material model that includes the desired features, we assume that (a) the 

viscoelastic and viscoplastic responses may be decoupled, (b) although both 

viscoelastic (εVE) and viscoplastic (εVP) strains are affected by micro damage [d(σmax)], 

its influence can be separated. σmax is the stress state that the material has been 

subjected to prior to testing. The micro damage d(σmax)=1 if no damage is induced 

prior to testing. If the material suffers from damage, the modulus of the material drops 

and d>1 and higher macroscopic strains are obtained. Thus the total strain as a 

function of applied stress,  and loading time, t can be expressed as: 

 

                                       (1) 

 

As a starting point, we rely on the non-linear viscoelastic materials model introduced 

by Lou and Schapery [32] and generalized using thermodynamic treatment used by 

Schapery [33]. Using uniaxial tensile loading and taking into account stiffness 

degradation due to high stress, in this particular case, the viscoelastic model contains 

three stress-dependent functions that characterize the non-linearity with respect to 

stress level. For a given stress history σ(t) the strain ε(σ,t) can be written as: 

 

                        
      

  

 

 
             (2)  

 

In Equation (2), integration is over ‘reduced time’ introduced as: 

   

   
   

  

 

 
           

   

  

 

 
 (3) 

ε0 represents the elastic strain which can be a non-linear function of current stress. 

ΔS(ψ) is the transient component of the linear viscoelastic creep compliance which 

can be expressed in the form of a Prony series: 
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    (4) 

 

Ci is the stress level independent constant, τi is the retardation time, g1 and g2 are 

stress dependent material properties, and aσ is the shift factor, which is a function of 

stress only in fixed conditions. In the linear response region, it is usually expected 

that: 

 

g1 = g2 = aσ = 1 (5) 

 

Irreversible strains in angle-ply laminates develop at high stresses and they increase 

with loading time at fixed stress. Therefore, in this study, they are treated as 

viscoplastic strains. The form of interaction between d(σmax) and εVP used in Equation 

(2) is not obvious. In some cases [30] this form fits the test results better than a stand-

alone term of εVP. Actually, the form with the product of these two terms states that 

larger εVP develops in damaged composite than in undamaged composite. To advocate 

this form, it has to be noted that microdamage itself without any viscoplasticity can 

introduce irreversible strains, for example, by releasing thermal stresses in layers of 

laminates that leads to elongation of the laminate. It has been shown [28, 29, 30] that 

for many materials the development of εVP may be described by a function as 

presented by Zapas and Crissman [34]. The integral representation, where τ=t/t* 

represents normalized time, is as follows: 

 

               
    

  
 
 

  
    

 
 
 

 (6) 

 

where CVP, M, and m are constants to be determined, and t* and σ* are characteristic 

time and stress constants, respectively. They are used to obtain a dimensionless 

expression for viscoplastic strains in Equation (6). 

 Time Temperature Super Position 

Creep compliance over decades of time will govern the long term behaviour of time 

dependent materials. However, characterization of such long term behaviour is very 

time consuming and expensive, therefore the possibility to predict this behaviour by 

means of accelerated testing is preferred.  

The mechanical properties of polymers are temperature as well as time dependent and 

the idea behind TTSP (time temperature super position) is to correlate properties at 

elevated temperature to properties at increased time. This is achieved by introducing a 

shift factor which is obtained by a horizontal shift of property curves (i.e. modulus, 

compliance etc.) achieved at different temperatures along the time axis. In Figure 1 a 

schematic illustration of how to achieve the creep compliance master curve is 

presented. 
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Figure 1. Schematic illustration showing the idea of the master curves  

In the studies covered by this thesis the following procedure has been applied to 

obtain master curves for modulus and creep compliance: 

The storage modulus, E’, as a function of frequency and temperature is obtained by 

DMTA measurements and 3-point bending tests at a number of frequencies at 

different temperatures. The complex modulus is defined by E = E’+ iE’’ where E’’ is 

the loss modulus.  

The 1-dimensional constitutive equation for a linear viscoelastic and 

thermorheologically simple neat resin is (Christensen 1982) [35], 

     



 dtEt

t

m



 

0

)(   (5) 

where  


t

T

d
a

t
0

1
)(    (6) 

and Em(t),  and aT(T) are the resin relaxation modulus, stress, mechanical strain 

and temperature shift factor, respectively.  

The transformation from frequency domain to time domain is made using the 

approximation (Christensen 1982) [35], 

 

   
t

mm EtE




 2
'


   (7) 

where Em’() is the storage modulus. Time-temperature superposition is then 

employed to construct a master curve and obtain the temperature shift factor, aT(T), 

for the relaxation modulus. The creep compliance S is calculated as the inverse of 

modulus,  

 

 
 tE

tS
m

m

1
  (8) 
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The created master curve can be recreated by least square fitting of a Prony series of 

the form 

 

                       
    (9) 

 

where i is the relaxation time. One mathematical formulation captures then the resin 

behaviour over time. The number of terms, n is set so that one term corresponds to 

one decade in time.  

The composite behaviour is also of interest. Transformation of the Prony series into 

the Carson plane with help of a mathematics handbook gives that the standard micro 

mechanic formulas [36, 37] can be used to calculate the laminate engineering 

constants. Elasticity theory is used to compute the anisotropic viscoelastic relationship 

between stress and strain through a time dependent C-matrix. The three-dimensional 

orthotropic form of Equation 5 in contracted Voigt notation is: 

 

      
0

t
j

i ijt C t d


    



 

  (10) 

To obtain the orthotropic relaxation modulus matrix Cij(t) for the uni-directional 

composite we assume a constant Poisson’s ratio, m = 0.35, for the resin and then use 

micromechanics in the Carson transform space. The relaxation modulus is obtained by 

assuming that it has the same form and relaxation times as Equation 11, i.e. 

 

          
      

            
    (11) 

 

The inverse transformation is made by Carson transformation of Equation 13 followed 

by a least squares curve fit in the Carson space to obtain the coefficients 0  and p

ij ijC C . 

Because the constants are determined in the transformed state it is direct and simple to 

do the inverse transformation back to the time plane 

Mechanisms for moisture transport and degradation 

The driving force for moisture transport through diffusion is the gradient in 

concentration. In the case of polymers and polymer composites this implies that 

diffusion of moisture into the laminate will occur if a comparably dry composite is 

subjected to a humid environment at its exterior boundaries. An inherent feature of 

composite materials is their complex microstructure including different materials, 

often with very different chemical structure, and discontinuous interfaces between 

different materials, voids, etc. This inherent complexity means that several 

mechanisms are involved in moisture transport and degradation [38]. The three most 

important phases of composites intended for structural applications are indicated in 

Figure 1. They are the polymer matrix, the fibres and the interface between fibres and 

matrix. 

Figure 1 also illustrates the mechanisms for moisture transport. No. 1, the composite 

is placed in the aging environment and the surface is subjected to moisture. 

Differences in moisture content cause moisture transport into the composite. Models 

to describe penetration of water and solutions through the polymeric matrix are 

usually based on Fick's second law or involve Fickean-based phenomenological 

approaches [39]. Fick’s second law assumes that the diffusion rate is proportional to 
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the moisture gradient. The arrow between H1 and H2 in Figure 1 shows the direction 

of transport according to Fick, if the moisture concentration at H1 is higher than the 

concentration at H2.  

 

 
Figure 1. Schematic description of a fibre embedded in matrix (Considers the case 

when H1 > H2) 

 

The presence of water in the polymer (No. 1) leads to degradation which in turn leads 

to non-Fickian water absorption behaviour in the composite. For unsaturated 

polyesters the change to non-Fickian behaviour is due to activation of two processes 

[40, 41]: 

- Hydrolysis of ester bonds and related changes in the properties of the material, 

- Plasticization and micromechanical damage induced by the synergistic effects 

of temperature, stress and absorbed solvents. 

As the moisture content evolves in the material it will reach the fibres (No. 2) and can 

then cause degradation of the fibre-matrix bond, resulting in loss of integrity at the 

microscopic level. Moisture may also be transported by wicking along the fibre-

matrix interface. For the case of glass fibres, moisture and chemicals cause 

degradation of the fibre itself (No. 3). Moisture extracts ions from the fibre, which in 

combination with water forms bases that etch and pit the fibre surface, resulting in 

flaws that significantly degrade strength [42]. In case of natural fibres, which are 

inherently hydrophilic due to numerous hydroxyl groups, a mismatch exists between 

the hygroscopic expansions of the cellulose fibres and the matrix. When a natural 

fibre/polymer composite is exposed to moisture, water penetrates and attaches onto 

hydrophilic groups of the fibre, establishing intermolecular hydrogen bonding with 

fibres and reduces interfacial adhesion of fibre-matrix. The degradation process 

occurs when swelling of cellulose fibres develops stress at the interface regions 

leading to a microcracking mechanism in the matrix around swollen fibres and this 

promotes capillarity and transport via micro cracks. Free water decreases and bound 

water increases if water continues to be absorbed. Water soluble substances start 

leaching from fibres and eventually lead to ultimate debonding between the fibre and 

matrix as reported in hemp fibre reinforced unsaturated polyester (hemp/UPE) 

composites  [43, 44, 45]. 

It is however possible to protect the fibres from rapid degradation by selection of 

appropriate resin systems, appropriate processing conditions, application of gel-coats 

and protective coatings on the composite surfaces. A drawback with coatings is that 

damage to the surface may result in rapid degradation of the structural material 

beneath. Experience has also shown (even if there are few scientific studies on this 

subject, [46]) that degradation is significantly retarded if the resin and composite are 

completely cured prior to use in a hostile environment. Complete cure may however 
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be difficult to achieve within reasonable time for large structures used within areas 

such as infrastructure and building applications since this requires curing at an 

elevated temperature. 

Modelling of the degradation on composites 

For modelling purposes, the mechanical response of polymer composites during or 

after exposure to hostile environments can be divided into three separate (but coupled) 

processes: 1) transport of solutions into the composite, 2) ageing/degradation due to 

the presence of the solution, and 3) modification of the material properties due to age. 

Today it is very rare that all of these processes are accurately modelled in design. A 

common design practice at present, for dealing with environmental factors in design is 

to define exposures that are extremes and selectively evaluate these exposures through 

tests of their effect on material properties [47]. These extremes are then considered to 

be invariant during the lifetime of the structure and the strength values are 

correspondingly reduced to coincide with the environmental extremes. This approach 

is however extremely time-consuming, expensive and often unnecessarily 

conservative (but even worse, possibly under-conservative for some conditions). 

An alternative approach is to define the expected exposure and identify relevant 

degradation mechanisms [48]. The effect of the ageing/degradation and its evolution 

over time is then characterized by experiments for each of the relevant mechanisms 

and mathematical models are developed to describe the material behaviour. These 

models can then be used as the basis for accelerated testing and life predictions under 

expected in-service conditions. This approach is very appealing since the material 

models and tracking of degradation mechanisms provide a foundation for safe 

acceleration of the tests and life prediction [49].  

However it is difficult to implement this methodology if based on macroscopic testing 

of composites because: 1) Ageing and diffusion of solutions are both slow processes 

that occur on the same timescale, e.g. saturating a few mm thick glassfibre/vinylester 

composite at moderate temperatures may take years. For this reason the test samples 

will contain gradients both in age (amount of degradation) and concentration of 

moisture or solutions. 2) Accelerated testing by excessively increasing the 

temperature or solution concentration may lead to different ageing mechanisms and 

equilibrium solution content that make the test results invalid. 3) The ageing 

mechanisms of the composite constituents (fibre, interface and polymer) are different 

as well as the rate of degradation and it is difficult to separate the influence of the 

different mechanisms in macroscopic tests. 

Micromechanics approach 

An alternative to traditional laminate testing are micromechanical test methods [50, 

51]. Micromechanical testing considers model experiments for determination of one 

or several properties of a composite material or a constituent. Several different 

methods are available. The most common ones are the single fibre test, single fibre 

fragmentation test, fibre bundle test and the pull-out test. Such micromechanical tests 

may overcome several of the shortcomings of today's methods performed on 

laminates. Conditioning of very thin polymer specimens with single fibres embedded 

will shorten the timescale for diffusion from years to days which enables isolated 

studies of ageing. Micromechanical tests thus offer the potential to monitor both fibre 

degradation and interface degradation separately. 
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Single fibre fragmentation 

The SFF test gives a large amount of fibre fracture data as well as interface 

characteristics using one specimen [52].  An increasing tensile load is applied to a 

composite sample containing only one single continuous straight fibre embedded in a 

relatively large volume of resin matrix. The fibre, with its strength randomly changing 

along the fibre, may be visualized as consisting of a large amount of elements linked 

in a chain. The strength of these small length elements exhibits a Weibull distribution. 

During increasing tensile loading the weakest element will break first. The fibre stress 

is zero at the fibre crack surface but increases along the fibre due to stress transfer 

through the fibre/matrix interface. At a certain distance from the fibre break the far 

field value of the fibre stress is reached again. Since the stress transfer zone is small, a 

large number of fibre breaks can develop in a 100 mm long specimen. The Weibull 

strength distribution parameters are determined from the average fragment length 

versus applied strain data in this non-interactive fibre fragmentation region [52]. 

Scope of thesis and summary of the papers 

The overall goal/vision for the present work is to contribute in the field of time 

dependence and life assessment of polymer composite material. The included papers 

discuss viscoelasticity and viscoplasticity for glass fibre/vinyl ester laminates without 

moisture influence. It also discusses the long term stress relaxation of glass 

fibre/epoxy from short time tests. Further it also includes moisture absorption 

behaviour and the effect of moisture on the mechanical properties and stress 

relaxation. A trial to use single fibre fragmentation to achieve constituent properties to 

be used in micromechanics for structural properties has been made. The final focus 

has been on the long term properties and moisture resistance of bio-based resins and 

composites. An accompanying goal is to evaluate the competiveness of bio-based 

composites in comparison to conventional oil-based composites.        

Paper A: Service Life Assessment for a Glass fibre/Epoxy Spring 

Subject to Multiple Loads 

Paper A presents an attempt for service life assessment of a composite spring 

subjected to multiple mechanical and environmental loads. The spring was part of an 

advanced mechanical device under development and polymer composite was one of 

the material options under consideration. Due to the time-frame of the overall 

development project the life assessment had to be made in very short time. The spring 

was pre-stressed and the main functional requirement was that the reaction load may 

not decline by more than 10% over 10 years. A rapid, but possibly un-conservative, 

methodology was used for the life assessment. To account for degradation of the 

material due to the environmental, static fatigue and cyclic fatigue, partial material 

safety coefficients were defined. These coefficients were then used to derive design 

allowables that should be conservative enough to ensure that macroscopic damage 

does not occur during the design life of the component. Linear visco-elastic material 

properties were then determined by short-term testing of the neat resin and 

micromechanics. The viscoelastic stress relaxation for the spring was predicted by 

FE-analysis. Both relaxation over the design life and relaxation at accelerated 

conditions were predicted. To validate the analysis the predicted relaxation at 

accelerated conditions was compared to results from short-term component tests. 
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Paper B: The sources of inelastic behaviour of Glass Fibre/Vinylester 

non-crimp fabric [±45]s laminates 

Paper B presents the nonlinear and time dependent stress strain response of glass 

fibre/vinylester, non-crimp fabric (NCF), [45]s, laminate. The experiments were made 

in tension and the sources of the inelastic behaviour were analyzed from the strain 

response and creep strain recovery tests. The significance of the following phenomena 

were quantified and included in the material model: (a) reduction of elastic properties 

due to microdamage development in layers at high stresses; (b) viscoelastic composite 

material behavior, which may be non-linear with respect to stress; (c) development of 

viscoplastic (irreversible) strains with time at high loads; and (d) non-linearity of the 

elastic response. In contrast to articles referred to in the study, the damage in the 

presented model affected not only the elastic but also the viscoelastic and viscoplastic 

responses. The developed material model was validated in load-controlled tests. 

Paper C: Assessment of single fibre fragmentation as a method for 

accelerated micromechanical testing of glass fibre laminates 

Paper C examines single fibre fragmentation method, SFF, as test method for 

accelerated testing of composite constituent properties. The study was devoted to 

development of micromechanical methods for service life determination of composite 

structures. To facilitate rapid conditioning and ageing in a controlled environment the 

specimen preparation for the SFF test was modified to include two moulding steps, 

one before ageing and another overmoulding step before testing. Accelerated ageing 

and testing of specimens for single fibre fragmentation and bundle tests were 

performed and analysed. The tests were performed on E-glass fibres extracted from a 

commercial non-crimp fabric aged in water. The obtained results showed a qualitative 

agreement between fragmentation and bundle test data. The results also suggested that 

fibre strength distribution does not change significantly during room temperature 

immersion ageing. However, due to a large data scatter inherent to the test method the 

interpretation of the available results was inconclusive.  

Paper D: Moisture absorption and degradation of glassfibre/vinylester 

laminates with internal flow layers 

Paper D presents and analyses experimental results from a study on the effect of the 

reinforcement structure on the absorption kinetics and ageing of E-glass/vinyl ester 

composites. The study was motivated by the fact that a new type of fabric with 

internal flow layers is becoming more and more used for composites in harsh 

environments even though little work has been done to determine if their 

environmental resistance differs from conventional composites. The results showed 

that the reinforcement architecture only has minor direct effects but may have large 

indirect effects since the reinforcement architecture will have an effect on the type and 

amount of defects created during manufacturing. The void content was found to have 

a major effect on the equilibrium value for moisture as well as on the diffusion 

coefficient. The results imply that the effect of the voids can be modelled by rather 

simple means by accounting for the possibility for humidity to condense in the voids. 
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Paper E: Service life assessment and moisture influence on bio-based 

resins 

The background of Paper E lies in the global race for a sustainable society where 

decreased use of fossil fuel resources is of great concern. One important contribution 

for an environmental friendly planet lies in replacing oil-based products with products 

of renewable origin. This work presents a comparison between three different bio-

based resins against a conventional oil-based epoxy. The resins were compared in 

terms of moisture uptake, long-term properties and their dependence on moisture and 

glass transition temperature, Tg. Moisture uptake was determined by a gravimetric 

method, time temperature superposition, TTSP and Tg data obtained in DMTA. 

Moisture uptake results show Fickian diffusion behaviour for all resins while the 

saturation level and diffusion coefficient differs between the materials. The long-term 

properties were characterised by creep compliance master curves created by TTSP. 

The examined bio-based resins showed similar results to the reference epoxy in terms 

of stability up to 3-10 years. Comparison between master curves for virgin, wet and 

dried material showed that moisture present in the specimen increases creep rate and 

that some of that increase remains after drying the samples. Tg measurements showed 

that moisture inside the specimen decreases Tg, which was anticipated because of the 

plasticizing effect of water. The overall conclusions were that the bio-based resins of 

polyester and epoxy type are comparable in performance with oil based epoxy, LY556 

and they can be used to develop high performance composites. 

Paper F: Service life assessment and moisture influence on composites 

from renewable feedstock 

Paper F presents a comparison of bio-based composites against conventional 

glass/epoxy composites. The materials were compared by moisture uptake, long-term 

properties and their dependence on moisture, microstructure investigation by scanning 

electron microscopy (SEM) and glass transition temperature, Tg. The study was 

motivated by the environmental benefit achieved when replacing conventional oil-

based composites with composites from renewable feedstock. The benefit lies in the 

decreased use of fossil fuel resources, something that is essential for a sustainable 

society. The results from the study show that moisture uptake affects the long-term 

behavior of both bio-based- and oil-based composites. There is however a large 

difference in creep behavior between the bio-based composites and the oil-based 

composite. The oil-based composite is likely to perform well for decades when 

subjected to loads within the linear elastic region while the properties of the bio-based 

composite may decay with time.  

Suggestions for future work 

To further contribute to the field of time dependent properties and life assessment of 

polymer composite materials is it suggested to work with bio-based composites due to 

their environmental advantages. The bio-based composites need further investigation 

and development to increase their competiveness against conventional oil-based 

composites. It is of importance to establish understanding on the influence of the 

constituents on the long-term behaviour; this may be accessed by studies on 

combinations of oil-based resin with fibres from renewable feedstock and bio-based 

resin with non-renewable fibres. Further it would be of value to validate the creep 
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master curves for bio-based composites achieved in the thesis by long time creep 

tests. Limiting the amount of water absorption by means of coatings, protecting 

layers, innovative material formulations and hydrophobic treatments is a research 

field that needs further work.   
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Abstract 
The present paper presents an attempt for service life assessment of a 

glass/epoxy spring subject to multiple mechanical and environmental 

loads, including static and cyclic fatigue.  The spring is pre-stressed and 

the main functional requirement is that the reaction load may not decline 

by more than 10% over 10 years. A rapid, but possibly unconservative, 

methodology is used for the life assessment. To account for degradation 

of the material due to the environmental, static fatigue and cyclic fatigue, 

we define partial material safety coefficients. These coefficients are then 

used to derive design allowables that should be low enough to ensure that 

macroscopic damage do not occur during the design life of the 

component. Linear visco-elastic material properties are then determined 

by short-term testing of the neat resin and micromechanics. The visco-

elastic stress relaxation for the spring is then predicted by FE-analysis. 

Both relaxation over the design life and relaxation at accelerated 

conditions are predicted. To validate the analysis the predicted relaxation 

at accelerated conditions is compared to results from short-term 

component tests. 

1. INTRODUCTION 

The understanding of the mechanical behavior of polymer composites 

subjected to static fatigue in combination with environmental loads and 

cyclic fatigue at ambient lab conditions is quite good and a lot of 

information is available in the public literature (e.g. [1-5]), even if 

relevant design data often not is easily accessible. However, validated 

methodology for rapid, accurate and cost-effective service life assessment 

for polymer composite structures subject to the combined action of static 

and cyclic fatigue and environmental loads is at present not available.  

The load case is relevant for example in civil engineering applications 

which is an “emerging market” for polymer composites. This lack of 

validated methodology for service life assessment and availability of 

relevant material data has been identified as one important barrier against 

a more rapid introduction of composites in civil engineering, and other, 

applications [6].  
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The present paper presents an attempt for service life assessment of a 

composite spring subject to multiple mechanical and environmental 

loads. The spring was part of an advanced mechanical device under 

development of a system supplier and polymer composite was one of the 

material options under consideration. Based on preliminary tests the 

polymer composite solution promised the best performance for the 

device, but to select that solution it first had to be made probable that the 

composite spring would survive the design life of 10 years. Due to the 

time-frame of the overall development project the life assessment had to 

be made in very short time. The paper presents the methodology chosen 

for the service life assessment and how it was applied to the composite 

spring. 

2. SPECIFICATION 

Two U-shaped springs are mounted side-by-side and upside-down into an 

M shape, see Figure 1. The spring is mounted in a mechanical device in a 

pre-stressed configuration. The pre-stress is facilitated by a displacement 

of the middle leg ( = . When the device is activated the spring end is 

displaced to = -0 and then back again. The shape, environmental and 

mechanical requirements on the spring are listed in Table 1. The spring 

consists of uni-directional glass fibres (70% by volume) embedded in an 

anhydride cured bisphenol A epoxy resin and is manufactured by resin 

transfer moulding to a very high laminate quality. The glass transition 

temperature, Tg, of the post-cured resin is 140ºC.
 

h

L

d 

 
Figure 1. Schematic of geometry and load-case. 
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Table 1. Functional requirements on spring. 

Forced displacement at rest 0 = 1.3 mm

Reaction force at rest P0 = 7.0 ± 0.5 N 

Allowed reduction of reaction force 10% over design life 

Design life Minimum 6 but preferably 10 years 

Service temperature T ≤ 60ºC 

Service environment Humid air 

Fatigue requirement  = 0 ± 0, at least 50 000 but 

preferably 200 000 cycles

Maximum length L ≤ Lmax = 19.5 mm 

Maximum height h ≤ hmax 

Maximum width b ≤ bmax 

SELECTED METHODOLOGY 

To experimentally characterize and model the combined effect of the 

loads was far beyond the scope and available time-frame for the present 

assignment. Instead we used a faster, but possibly unconservative, 

methodology. First we verify that the reduction of the reaction force due 

to stress relaxation is within the specified range, assuming orthotropic 

linear visco-elastic and thermo-rheologically simple material behaviour. 

Secondly, we use short-term prototype experiments to verify the analysis 

and check the validity of the assumption of linear viscoelasticity. Finally, 

calculated stress levels are compared to design allowables to verify that 

macroscopic damage, that also would cause a reduction of the reaction 

force, will not occur during the life of the product. The motivation for the 

client with the present analysis was to check if there was a reasonable 

probability to succeed with a composite solution. Therefore it was also 

agreed that we, at least at this stage, can use design allowables that may 

prove unconservative. To define reasonable design allowables for the 

present case with a combination of several, and probably interacting, 

degradation mechanisms we use the LRFD (Load and Reaction Factorial 

Design) methodology. 

3. PREDICTION OF STRESS RELAXATION 

The 1-dimensional constitutive equation for a linear viscoelastic and 

thermorheologically simple neat resin is [7], 
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   4 

  
0

1
t

T

t d
a

    (2) 

and Em(t),   and  are the resin relaxation modulus, stress respectively 

mechanical strain. 

 

The complex modulus of the neat resin as function of frequency and 

temperature by isothermal frequency sweeps at a range of temperatures in 

a DMTA. The transformation from frequency domain to time domain was 

made using the approximation [7], 
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where Em’() is the storage modulus. Time-temperature superposition 

was then employed to create a master curve and temperature shift factor, 

aT(T), for the relaxation modulus, see Figures 2 and 3. A seventeen term 

Prony series of the form 

   
17

/

0

1

1 pt

m p

p

E t E E e




    (4) 

was fitted to the master curve by the least squares method. The relaxation 

times i was selected prior to the curve fitting as  exp 5p p    .  
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Figure 2. Experimental data (symbols) and curve fit (line) for relaxation modulus. 

Reference temperature 0ºC. 
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Figure 3. Curve fit to experimental data for temperature shift factor. Reference 

temperature 0ºC. 
 

The three-dimensional orthotropic form of Equation 1 in contracted Voigt 

notation is 
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  (5) 

To obtain the orthotropic relaxation modulus matrix Cij(t) for the uni-

directional composite we assume a constant Poisson’s ratio, m = 0.35, 

for the resin and then use micromechanics [8,9] in the Carson transform 

space. The relaxation modulus matrix in time space is obtained by 

assuming that it has the same form and relaxation times as Equation 2, i.e. 
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    (6) 

The inverse transformation is made by Carson transformation of Equation 

6 followed by a least squares curve fit in the Carson space to obtain the 

coefficients 0  and p

ij ijC C , Table 2. 

Table 2. Components of a fitted 7 term relaxation modulus matrix Cij(t) at 60ºC. 

Component 

p 

[h] 

C22 

[MPa] 

C12=C23 

[MPa] 

C13 

[MPa] 

C11=C33 

[MPa] 

C44=C66 

[MPa] 

C55 

[MPa] 

C
0
 -

 
53989 4991 6036 13180 4099 3572 

C
1
 10

0 
0 0 0 0 0 0 

C
2
 10

1 
134 157 225 533 131 118 

C
3
 10

2 
240 481 413 925 399 355 

C
4
 10

3 
120 0 395 481 0 0 

C
5
 10

4 
602 993 435 2371 825 734 

C
6
 10

5 
0 0 929 0 0 0 

C
7
 10

6 
1573 2376 2283 6317 1948 1690 
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To assess the effect of humidity, the glass transition temperature, Tg, was 

measured by DSC (Differential Scanning Calorimeter) scans on dry 

respectively hot/wet conditioned specimens (0.9 mm thick specimen, 11 

days in 55ºC de-ionized water). The effect of hot/wet conditioning was a 

reduction of Tg by 15ºC. In the literature time-temperature-moisture 

superposition has been suggested as a method to account for the effect of 

absorbed moisture on the visco-elastic properties. Here we choose to use 

this methodology for the predictions, the validity of the assumption can 

be checked by accelerated component tests. Thus, provided that time-

temperature-moisture superposition holds the effect of the humid 

environment is equivalent to a 15ºC temperature increase [10]. Other 

possible effects from the humidity are moisture induced degradation and 

hygroscopic expansion but it was agreed with the client to neglect these 

factors at this stage.  
 

The stress relaxation prediction for the composite spring was made using 

the finite element programme ANSYS 5.7, the data in Table 2 and in-

house subroutines for anisotropic visco-elasticity [11]. An FE-model of 

one U (half the M-spring) was constructed using 20-node second order 

brick elements, se Figure 4. The predicted viscoelastic relaxation of the 

reaction force is presented in Figure 5. The required design life of 10 

years corresponds to 3650 days and the results in Figure 3 shows that the 

stress relaxation is much less than the allowed 10% during that period, as 

long as the spring is kept dry. For a continuous exposure to humidity at 

60ºC the limiting 10% relaxation occurs after 5 years. Since the 

temperature of 60ºC is an upper limit that the device will be subjected to 

only occasionally, it is judged that the requirement of maximum 10% 

relaxation will be fulfilled with a good margin. 

  
Figure 4. FE-model and imposed boundary conditions. 
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Figure 5.  Reaction force versus time at different conditions: RT dry, 60ºC dry and 

60ºC wet (calculated as 75ºC dry). 

SHORT-TERM VALIDATION 

To verify the analysis and check the validity of the assumptions made in 

the visco-elastic analysis, comparisons were made between FE-predicted 

relaxation of the reaction force and data from short-term component tests. 

The tests were made by the client in a very hostile environment, 80ºC and 

90%RH. The test set-up consisted of a small fixture which impose a 

precise deformation on the tip of a U-spring. At defined times force 

measurements were made by attaching a small load cell to one leg of the 

spring and imposing a small deformation so that the leg was no longer in 

contact with the fixture. Predicted and measured results are presented in 

Figure 6 and they are in fairly good agreement with one exception. For 

the specimen loaded in tension (opening displacement on the U-spring) 

the reaction force suddenly drops after 10 days. Visual inspection of the 

specimen revealed that the spring had failed by delamination in the 

smaller radius. Since this occurred after a relatively short time it suggests 

that the stress levels may be high enough to cause macroscopic damage 

also during the normal service conditions. 
 



   8 

0.6

0.8

1

0.0001 0.01 1 100 10000 1000000

log(t [days])

N
o
r
m

a
li

z
e
d

 r
e
a
c
ti

o
n

 f
o
r
c
e

Pred 80ºC Dry

Pred 80ºC Wet

Exp 80ºC 90%RH compression

Exp 80ºC 90%RH tension

 
Figure 6. Predicted and measured reaction force versus time at 80ºC. 

DETERMINATION OF DESIGN ALLOWABLES 

To obtain a suitable factor of safety against macroscopic cracks and 

damage we use the LRFD (Load and Reaction Factorial Design) 

methodology as presented in [12]. According to this methodology a 

partial safety factor for the material properties, m, is defined as the 

product of a number of partial safety coefficients m,i, 

,1 ,2 ,3 ,4m m m m m         (7) 

Each of the partial safety coefficients m,i accounts for a specific source of 

uncertainty or degradation mechanism for the material properties. The 

design allowables, ij,d, are then obtained as, 

,

,

ij k

ij d

m





  (8) 

where ij,k is the characteristic strength (lower 5-percent fractile assessed 

at 75% confidence level assuming a normal distribution). The meaning 

of, and possible values for, each partial coefficient is discussed in Table 

3. The partial material safety factor obtained in Table 3 is very high and it 

can be questioned if the effect of static and cyclic fatigue is multiplicative 

as implied by Equation 7. In Ref. (13) fatigue data for immersion aged 

glass fibre/epoxy systems is presented. The ratio in fatigue strength at 200 

000 cycles between virgin (dry) samples and the most heavily aged 

sample was a factor of 1.5. Motivated by these results and the fact that 

infinite fatigue life is not required we reduce the product  m,34 = m,3∙m,4 = 
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7.5 to m,34 = ∙m,4 = 4.5. The partial safety coefficient for the material 

then becomes, 

,1 ,2 ,34 4.95m m m m        (9) 

which is more reasonable (but possibly unconservative). 
 

Table 3. Partial safety coefficients for the material. 

Coefficient Description Value Motivation 

m,1 Level of uncertainty 

in material data 

1.0 Component performance verified by 

short term prototype tests, min. value 

allowed in [12] is used

m,2 Variability in 

material and 

production process 

1.1 Well controlled process and raw 

materials, min. value allowed in [12] is 

used 

m,3 Environmental 

effects and duration 

of loading 

2.5 Recommended in [12] for long-term 

loading (static fatigue) at service 

temperatures far below Tg 

m,4 Fatigue 3.0 Recommended in [12] for non “fail-safe” 

components (correspond to 0.7-0.8% 

fatigue limit in strain for a glass fibre 

composite which is reasonable). 

m Partial material 

safety factor 

8.25 Equation 7 

 

Characteristic strength values for the material under consideration and 

design allowables calculated using Equation 8 are presented in Table 4. In 

Table 4 subscripts t and c denote design allowables in tension 

respectively compression.  
 

Table 4. Characteristic strength values and design allowables as calculated by 

Equation 2. 

 11,t 11,c 13 33,t 33,c 

Description [MPa] [MPa] [MPa] [MPa] [MPa] 

Characteristic values for short term 

loading 

1086 -1034 61 44 -151 

Design allowables (characteristic/m) 219 -209 12 8.9 -31

4. STRESS ANALYSIS 

A linear elastic FE-analysis was conducted to determine the stresses in 

the deformed spring. Only half the M-spring was modeled (U-shaped 

model) so the calculated reaction force should be 50% of P0.   The FE-

analysis was performed in ANSYS 5.7 using second order plane stress 

elements (PLANE183). The analyses were mainly made using small 

displacements but the results were verified with a large displacement 
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analysis, which proved that the results were accurate. Part of the FE-

model is shown in Figure 6. The distribution of the out-of-plane stress, 

that may initiate delaminations, is presented in Figure 7. The out-of-plane 

tensile stress 33 reach 31 MPa in the small radius and when this is 

compared to the short-term strength of 44 MPa and the derived design 

allowable of 8.9 MPa it is clear that, with this design, the component will 

have a very short life. This was also observed in the component tests 

where failure by delamination occurred after a very short time when the 

U was loaded in tension. 
 

 
Figure 6. FE mesh and element co-ordinate system. 

 
Figure 7. Out-of-plane stress 33. Maximum value is 31 MPa. 
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SHAPE OPTIMISATION 

Shape optimization was performed to investigate if it was possible to 

redesign the spring to a shape that gives stress levels below the design 

allowables of Table 4. The optimization was made manually using a 

parametric description of the FE-model. Constraints for the optimization 

were the limitations in outer dimensions, specified in Table 1, and that the 

component should have a shape that enable cost-effective production. A 

plot of the out-of-plane stress distribution for the optimized geometry is 

presented in Figure 8. The maximum value of 18 MPa is still well above 

the design allowable of 8.9 MPa. However, the situation can be improved 

by taking advantage of the fact that the out-of-plane strength is much 

higher in compression than in tension (compare 33,c and 33,t).

If we consider the U to be in a position with 0.7 mm opening 

displacement at rest and deformed to a 1.9 mm closing displacement and 

back again when the device is activated, then the maximum out-of-plane 

tensile stress is reduced to 9.6 MPa, which is still above but close to the 

design allowable. In practice this can be achieved by mounting the outer 

legs of the M-spring 1.2 mm closer to each other than the undeformed 

configuration. Further pre-stressing is not possible because then the 

compressive strength in the fibre direction become of concern, see Table 

5. 

 

 
Figure 8. Out-of-plane stress 33. Maximum value is 18 MPa. 
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Table 5. Calculated reaction forces and stresses. 

Reaction force, stress P 11,t 11,c 13 33,t 33,c 

Load case [N] [MPa] [MPa] [MPa] [MPa] [MPa] 

1.3 mm opening displacement 3.5 142   17.8 0 

0.7 mm opening displacement      

1.9 mm closing displacement      

Design allowables      

5. DISCUSSION AND CONCLUSIONS 

The analysis and validation experiments show that the visco-elastic 

relaxation of the spring can be expected to be within the specified range 

over the whole design life unless macroscopic damage occurs. The 

accelerated short-term component testing and the following stress 

analysis did however show that the material can not sustain the stresses 

that occur over the required service life. By shape optimization the 

critical stress was reduced by close to 70% but still the fairly optimistic 

design allowables are slightly exceeded. Based on this crude analysis it is 

therefore judged that the possibility to meet the life requirement with a 

composite spring is small, but can not be completely ruled out. 
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Abstract 

The nonlinear and time dependent stress-strain response of non-crimp fabric (NCF) [45]s laminates in 

tension is studied. Testing methodology is suggested to separate and quantify the effect of damage 

development, nonlinear viscoelastic effects and viscoplasticity on the inelastic response. This is 

achieved by decomposition of viscoelastic and viscoplastic response, both of them being affected by 

microdamage accumulated during the service life. Material model based on Schapery’s work on 

viscoelasticity and Zapas viscoplastic functional with added damage terms is presented and used. 

Simulation is performed and validated with constant stress rate tensile tests, identifying the nonlinear 

viscoelasticity and viscoplasticity as the major sources of the nonlinear response.  



Introduction  

An important feature of all polymer composites is non-linear nature of their mechanical behavior. For 

short fibre composites it is more pronounced than for composites reinforced with long aligned fibres 

but in general the same principal applies. The behaviour of unidirectional (UD) laminates loaded in the 

fibre direction is governed by fibres and therefore the time dependence is marginal, which is mainly 

due to the high stiffness and generally linear behaviour of the fibres (may be except of carbon fibres 

where stiffening is often observed). In transverse tension and in in-plane shear these materials present 

complex stress-strain behaviour, hysteresis loops and loading rate effects [1-10]. The shear behaviour 

at dynamic strain rates, which is out of the scope of this paper, was studied for example in [3,4,11]. 

Authors claim that with increasing strain rate the shear modulus in this rate range decreases whereas 

shear strength is increasing.  

In case of angle-ply laminates with off-axis orientation of fibres the nonlinear shear response is 

responsible for the non-linear performance of the laminate. This non-linearity of UD layer was 

successfully described by Ramberg and Osgood [12] who suggested a simple nonlinear mathematical 

form with parameters to be determined by fitting test data. As an alternative in [10], the shear stress –

strain relationship is assumed linear at low strains and described by fourth order polynomial at high 

strains. 

Several researchers have tried to describe the nonlinear shear response as caused by combination of 

elastic response and plasticity [1,2,13]. In [13] the elastic response is changing due to compliance 

degradation and the plasticity is for both shear and transverse stress which allows modelling biaxial 

proportional loading cases. In [2] the plastic yielding of the matrix is included using Mohr-Coulomb 

criterion. The one-parameter plasticity model to describe the nonlinearity dependence on orientation 

angle of off-axis UD composites in terms of effective stress – effective  plastic strain diagrams was 

successfully applied in [14]. These approaches can be successful describing the stress-strain curves 

during monotonously increasing loading but they are unable to deal with unloading and loading rate 

effects. Still, in [1] the strain rate effect was incorporated in the model by using the scaling rules of 

viscoplasticity in the expression for the rate of plastic deformation. Experimental data on unloading 

(low frequency cycling) are also presented in [2] and, analyzing the changing slope of the shear stress 

– strain loop, the degradation of the shear modulus is discussed. 

In [10] analyzing the rate effect authors conclude that viscoelasticity can not be the main reason for 

shear nonlinearity. They report large strains after unloading with only part of them recovering with 

time. According to [15], the nonlinearity in the in-plane shear behaviour is a combination of nonlinear 

elasticity, viscosity and plasticity with significant strain hardening. 

The nonlinearity in tension in the transverse direction of the UD composite was analyzed and material 

model with sufficient accuracy was developed in [16] using Schapery’s model for nonlinear 

viscoelastic analysis. Authors used power lower for viscoelastic compliance and this seems to be the 

limitation to achieve good fitting of recovery strain data: fitting with theoretical expressions (Figure 4 



in [16]) is rather poor. Viscoplastic strains in creep tests were identified but in this paper they were not 

analyzed in details. 

Conclusion that the time dependent behaviour is due to the viscoelastic response which is 

complemented with the development of microdamage as well as irreversible plastic strains was 

reached in [17] using tensile inclined double notch shear test setup. However, efforts to develop 

material model were not undertaken. Only effect on stiffness of matrix cracks (shear hackles) found 

post-mortem was analyzed using FEM. 

One of the most complete analysis of strain development in angle ply [45/-45]s is given in [5] where 

the laminate response to tensile load is successfully simulated using laminate theory type of analysis 

based on UD composite material model which accounts for all above phenomena except the effect of 

damage. It has to be emphasized that transverse stress and shear stress related microdamage in 

laminates is in form of multiple cracking in contrast to situation in UD composite. 

Methodology for decoupled experimental analysis of damage effect, nonlinear viscoelasticity and 

viscoplasticity in composites has been developed in [6-9, 18-21]. In these papers microdamage 

development and stiffness reduction is analyzed as an elastic process. The viscoplastic strain 

dependence on time and stress is obtained in a sequence of creep and strain recovery tests. The 

nonlinear viscoelasticity is characterized using high stress creep and recovery data subtracting from 

creep data the time dependent viscoplastic part of strains.  Most of these papers deal with short fibre 

composites where nonlinear effects are pronounced. Nevertheless, even if the mechanisms (especially 

damage) are different, the methodology in this paper is the same studying [45/-45]s laminates response 

in tension. 

The objective of this paper is to investigate inelastic behaviour of a GF/VE [45]s laminates. The 

sources of the inelastic behaviour are analysed by studying the strain response in tensile tests and 

creep-strain recovery tests. The significance of the following phenomena will be quantified and 

included in the material model: a) reduction of elastic properties due to microdamage development in 

layers at high stresses; b) viscoelastic composite material behaviour, which may be nonlinear with 

respect to stress; c) viscoplastic (irreversible) strains development with time at high loads; d) 

nonlinearity of the elastic response. In contrast to papers referred in this paper the damage in the 

presented model is affecting not only the elastic but also the viscoelastic and viscoplastic responses. 

The developed material model is validated in load controlled tests. 

Since the stress-strain response of [45]s  laminate can be attributed to the nonlinear response to shear 

loading typical for unidirectional composite, we expect that the presented model describing macro-

response of the laminate will contribute to deeper understanding of the shear response “mystery” of 

UD composites. The long term ambition is to link the macro-model with the same type of nonlinear 

models on micro-scale and ply-scale.  



Material 

Composite meso-structure 

The glass fibre reinforcement was knitted biaxial 45 non-crimp fabric with surface weight of 1800 

g/m
2
. The reinforcement was laid in two layers [45/-45]s to achieve symmetry and a suitable thickness. 

Since bundle width was very large, it is difficult to see the bundle mesostructure (see Figure 1) even at 

fairly low magnification, despite the fact that NCF typically have well defined bundle structure. 

 

Figure 1. Microstructure of the NCF material 

The resin used was bisphenol-A epoxy-vinylester, Dow Derakane 411-C50.  The chemicals were 

mixed in the following ratio (%wt with respect to the mass of resin): 0.3% Accelerator Akzo NL-51P, 

0.1% Accelerator Akzo NL-63-100, 0.1% Inhibitor Akzo NLC-10 and 1.5% Curing agent Akzo 

Butanox M50.  

Plates were manufactured using vacuum infusion with stiff mould base and flexible top (polyamide 

film). The final thickness for the laminate was approximately 2.6 mm. After completed infusion the 

plates were in-mould cured at room temperature, approximately 22
o
C for 12 hours. The rest of the cure 

is described in section 2.2. 

Figure 1 shows the microstructure for the glass fibre NCF composite (edge view of the specimen). The 

material has high fibre content, fibers are homogeneously distributed and void content is rather low. 

One of the voids is presented in the bottom insert image of the Figure 1. What is more, a resin layer is 

observed at all interfaces between different layers. Following the basic architecture of non-crimp 

fabrics, a stitch is also presented. In the same figure, dark stripes can be seen in the material at 45/-45 

interface, presumably indicating microdamage. The out-of-plane shear cracks in between the +45 and -

45 layers are located in a very narrow edge region and are not growing during the loading. They can 

be related to cure shrinkage and thermal shrinkage in the 3-D edge region. Since they are small and not 

growing they are neglected in the following discussion.  



Sample preparation 

In order to minimise the risk of introducing micro cracks due to cutting, the plates were cut before the 

post-curing while matrix is still rather ductile. The length and width of the coupons were 150x25 mm 

respectively. Then, the specimens were subjected to a post-cure at 80C for 9 hours to ensure full cure. 

Conditioning was performed in sealed containers together with silica gel to ensure dry environment. 

To prevent moisture from entering the laminate through exposed defects and the interphases between 

layers, a thin layer of resin was painted to the edges of every specimen. Any initial moisture was 

driven out by heating the containers to 50C for 60 h. The weight of the dry samples was determined 

by recording the mass loss during the conditioning at 50C until the weight of each individual 

specimen was stabilised. 

Basic results in tension 

All experiments were performed at room temperature (22-23C) and at a relative humidity (RH) of 

about 20-30%. It is expected that this range of variation of parameters does not affect the measured 

results. For the current experiments, an Instron 3366 equipped with a 10kN load cell and a 50mm 

Instron extensometer with ±5mm of travel length was used. 

For all experimental procedures rectangular shaped specimens were used with typical dimensions 

150x25x2.6 mm. In all cases, the distance between the grips was 100mm.  

Two different strain rates were used; the crosshead speed was fixed to 0.05mm/min and 5mm/min. 

Given the gage length of 100mm, these crosshead speeds correspond to 0.05 %.min
-1

 and 5%.min
-1

 

respectively. Monotonic tensile loading was applied. Typical stress-strain curves for both strain rates 

are presented on Figure 2. The stress-strain curve is slightly nonlinear even at low stresses. 

Nevertheless a quasi-linear region in stress - strain curve was formally defined up to 0.3% axial strain. 

The elastic modulus was then determined in a range between 0.05-0.2% of the axial strain during 

increasing loading and it was obtained using a linear function fitting to the experimental data in the 

specified range (slope of the line represents elastic modulus). Obviously, for time dependent material 

the slope of the line is not exactly the elastic modulus, especially for slow strain rate, but it will be 

referred as modulus at certain strain rate or “apparent modulus”. Strength of each sample was also 

obtained, defined in this case as the maximum stress reached during the experiment. 



 

Figure 2. Typical stress-strain curves, using two different crosshead speeds 0.05 and 5 mm/min. 

The different strain rates were used in order to study the difference in the mechanical response with 

respect to changes observed on the apparent elastic modulus, tensile strength and shape of the loading 

curves. In all cases the same trend is observed, higher values of strength and apparent modulus with 

increasing crosshead speed. The effect of strain rate was established by using only 3 specimens per 

crosshead speed and therefore the standard deviation is not reliable. The values for the apparent elastic 

modulus, the tensile strength and the failure strain are presented in Table 1. The strain rate effect on 

the initial stress-strain slope, if any at all, is small. As expected, the strength is slightly higher and the 

strain at failure lower if the loading rate is high. 

 

Table 1. Mechanical properties’ dependence on the crosshead speed. 

 

Material Model 

Selecting the material model that includes the desired features we assume that; a) the viscoelastic and 

viscoplastic responses may be decoupled, b) although both, viscoelastic ( VE ) and viscoplastic ( VP ) 

strains are affected by micro-damage (  maxd ), its influence can be separated: 



         tdtdt VPVE ,,, maxmax    (1) 

As a starting point we rely on the nonlinear viscoelastic materials model introduced by Lou and 

Schapery, [22] and generalized using thermodynamic treatment by Schapery [23]. In the present paper, 

the test results presented in Section 5 concern uniaxial tension (in most of cases even Poisson’s effect 

related strains were not recorded). In this particular case the viscoelastic model contains three stress 

dependent functions which characterize the nonlinearity with respect to stress level. For a given stress 

history   ,  t;0 , the strain  t,  can be written as 
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In Equation (2) integration is over “reduced time” introduced as, 
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0  represents the elastic strain which can be nonlinear function of current stress, )(S  is the 

transient component of the linear viscoelastic creep compliance that can be written in the form of 

Prony series 
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 In Equation (4) iC  are stress level independent constants and i  are called retardation times, 1g  and 

2g  are stress invariant dependent material properties. a  is the shift factor, which in fixed conditions 

is a function of stress only. In the linear response region it is usually expected that 121  agg . 

The viscoplastic strain term VP  is analysed later on in this article. The optimal set of experiments 

needed to determine the stress dependent functions in the material model and development of reliable 

methodology for data reduction is described in Section 6.  

The irreversible strains in angle-ply laminates develop at high stresses and they increase with loading 

time at fixed stress. Therefore in this paper they are treated as viscoplastic strains.  

The form of interaction between  maxd  and viscoplastic strain (VP-strain) VP  used in Equation (2) 

is not obvious. In some cases [9] this form fits the test results better than a stand-alone term of VP . 

Actually the form with the product of these two terms states that larger VP-strains develop in damaged 

composite than in undamaged composite. To advocate this form, it has to be noted that microdamage 

itself without any viscoplasticity can introduce irreversible strains, for example, by releasing thermal 

stresses in layers of laminates which leads to elongation of the laminate.  

It has been shown [7-9], that for many materials the development of viscoplastic strains may be 

described by a functional presented by Zapas and Crissman, 1984 [24].   



The integral representation is as follows, where 
*t

t
  represents normalised time. 
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where  VPC , M  and m  are constants to be determined, and 
*t , 

* are characteristic time and stress 

constants. They are used in order to have dimensionless expression for viscoplastic strains in Equation 

(5). 

Stiffness degradation due to high stress 

The function  maxd in Equation (2) was incorporated to account for microdamage.  The values of 

this function depend on the maximum (most damaging) strain/stress state experienced during the 

previous service life before the current instant of time. The physical meaning of  maxd  can be 

revealed by analyzing the elastic strain term in Equation (2). At given stress   the elastic strain of the 

damaged composite is: 

  0max   del  (6) 

Since 

  max Eel   and 00 E   (7) 

we obtain 

 
 max

0
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E
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where, 0E  is the initial elastic modulus and  maxE  is the elastic modulus after the highest stress 

application. According to Equation (8)  maxd  has the physical meaning of inverse elastic secant 

modulus dependence on the “worst” experienced stress, normalised with respect to the initial value.  

Since the elastic properties may degrade due to microdamage developing at high stresses, the elastic 

modulus and Poisson’s ratio dependence on the previously applied maximum stress level was 

measured to evaluate the significance of the modulus degradation. The loading ramp used in these 

tests is illustrated in Figure 3. It consists of initial apparent elastic properties measurement followed by 

a sequence of displacement controlled loading blocks each containing the following steps: a) waiting 

at “almost zero” stress for decay of all viscoelastic effects initiated during previous steps; b) loading to 

a certain high stress level and unloading to “almost zero” stress (constant stress about 0.5 MPa), the 

length of this step being 2t
; c) waiting at “almost zero” stress during a time interval of 10t2  for decay 



of all viscoelastic effects; d) elastic properties determination by applying 0.25% of strain in addition to 

the residual value. 

 

Figure 3. Loading profile for evaluation of stiffness degradation. 

The comment “in addition to the residual value” is important, because it was observed that after 

unloading to “almost zero” stress and a relatively large recovery period, rather large strains were still 

present. It would be preferable to unload to actual zero stress but due to technical reasons small non-

zero stress levels had to be maintained during the recovery period.  

Consequently, the elastic properties determination region defined before was modified: it was defined 

in terms of stress as the strain contains elastic as well as an irreversible part. In other words, the stress 

region corresponding to strain region between 0.05 and 0.2% in the first step was used when 

estimating the elastic properties change. Each specimen was subjected to a number of loading blocks. 

The applied high stress levels were 40, 50, 60, 70, 80, 85 and 90 MPa and the results are presented on 

Figures 4 and 5. 



 

Figure 4. Normalized Apparent Elastic Modulus evolution with applied stress level. 

 

 

Figure 5. Normalized Apparent Poisson’s ratio evolution with applied stress level. 

The main observation is that there is a reduction of about 10% in the apparent elastic modulus, 

whereas for the apparent Poisson’s ratio no significant difference has been recorded. Actually, for all 

specimens an increase in Poisson’s ratio was observed. Concerning the material model, the reduction 

of the normalized stiffness was fitted and the following empirical expression for the damage parameter 

was obtained. 
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Acoustic events indicating formation of intra-laminar cracks in layers at high loads were detected but 

not registered and counted. Since the crack opening due to thermal stresses in these laminates is rather 

small, cracks in unloaded specimen cannot be quantified. Therefore after the end of macroscopic 

loading blocks, the MINIMAT miniature mechanical test machine from Polymer Laboratories Ltd, 

England was used to apply load before observing cracks in specimens. The MINIMAT machine was 

mounted on the x-y table of a Zeiss Axioscope microscope. Specimens were cut from tested sample, 

polished and then loaded under the microscope for observation. Examination proved the presence of 

intralaminar cracks usually covering one layer thickness. 

To estimate the possible effect of cracks on laminate residual elastic constants simulation was 

performed using earlier developed stiffness degradation model based on GLOB-LOC approach 

[25,26]. Since the UD layer properties for the used material are not known, the elastic properties 

change due to increasing number of cracks (cr/mm) was calculated for a GF/EP [45/-45]s laminate 

made of UD layers with following rather typical for such material elastic constants: 

GPaE 7.441       GPaE 7.122       297.012   GPaG 8.512   (10) 

Thickness of the 45-layer in simulation was 0.65 mm, calculated from the overall thickness of the 

sample, divided with the number of layers. It was assumed for simplicity that the crack density is the 

same in all layers. According to simulation results shown in Figure 6, the elastic modulus of the 

laminate can be reduced in the considered range of crack density by about 15% whereas the Poisson’s 

ratio is increasing by about 7%. Similar effect of damage on Poisson’s ratio was observed also in [6]. 

Thus the experimental trend is confirmed and the intralaminar cracking is responsible for it. This 

calculation was performed assuming that crack density is low and there is no interaction between 

cracks (local stress perturbations do not overlap). 

 

Figure 6. Predicted Elastic properties of typical [45/-45]s GF/EP laminate as a function of crack density. The 

same crack density (cr/mm) is assumed in all layers. 



Accumulation of viscoplastic strains 

In the model used, see Equation (5), CVP, M and m are constants to be determined.  As mentioned 

before, according to this model, the exponents m and M have to be independent on the stress level. 
*t

is a characteristic time constant and 
*  a base stress level, for example, 3600 seconds and 1 MPa are 

used in this paper respectively and can be chosen arbitrary. According to Equation (5) the VP-strain at 

time instant t  depends on the whole stress history during the dimensionless time interval  *,0
t

t . 

The parameter identification is performed using the value of the strain at the end of the recovery after 

creep test as described below. 

In the case of creep test at fixed stress   0 t  the integration in Equation (5) is trivial and the VP-

strain accumulated during the time interval  1;0 tt  is  

 
mMm

VPVP
t

t
Ct 
























*

1

*

0

1



     (11) 

If the length of the creep test is longer, for example 21 tt  , the same rule applies and the accumulated 

VP- strain will be 
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In other words, according to the model the VP-strains in creep test grow according to power law with 

respect to time 
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where A is stress dependent function and  should follow  relationship 
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According to Equation (5) an interruption of the constant stress test for an arbitrary time at  has no 

effect on VP-strain development: since stress during the unloaded state is zero, only the total time 

under loading is of importance 
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As a consequence, instead of testing at stress 0  for time 21 ttt  continuously, one could perform 

the testing in two steps: 1) creep at stress 0  for time 1t ; unloading the specimen and measuring the 

permanent strain 
1

VP  developed during this step (it has to be done after the recovery of viscoelastic 

strains); 2) now the stress 0 is applied again for interval 2t and after strain recovery the new VP-

strain 
2

VP is measured which has developed during the second creep test. According to Equations (12) 

and (15) the sum of two viscoplastic strains corresponding to two tests of length 1t and 2t  will be 

equal to the viscoplastic strain that would develop in one creep experiment with the length 

.21 ttt   

This conclusion was used to construct the VP-test (development of VP-strains with time), see Figure 

7. The time and stress dependence of viscoplastic strains was evaluated using a high stress tensile 

creep test. The tests were performed using a servo hydraulic INSTRON 8800 equipped with 

extensometer Instron 2620-601 with 50 mm gauge length. The extensometer recorded the 

development of axial strains during the creep and the following interval of strain recovery. To identify 

the time dependence, a fixed level of stress was defined and a sequence of steps each consisting of 

creep and strain recovery were performed on the same specimen, as schematically shown in Figure 7. 

In each of the following steps, the length of the creep loading time was increased while also 

proportionally increasing the strain recovery time. 

  

Figure 7. Applied stress and resulting strain – time profile for viscoplastic accumulation tests. 

At a given stress level, five creep loading steps were performed with respective loading times, t1=1, 

t2=3, t3=10, t4=20 and t5=40 minutes. The strain recovery time after the load application was eight 

times the length of the loading step. The complete creep-recovery curve was recorded. However, for 

viscoplasticity, only the finally recovered strain value is of importance: the developed viscoplastic 

strain is defined as the remaining strain at the end of the strain recovery. Nevertheless, provided that 

the viscoplasticity is described by the model, the rest of data points can be used to analyse the 

viscoelasticity at high stresses, over 50MPa.  

Following the theoretical model it was assumed that viscoplastic strains do not develop during the 

strain recovery part (zero applied load) and that the viscoplastic process is continuous irrespective of 

the test interruption time interval between creep tests. As a result, five data points showing the 



viscoplastic strain dependence on time for the used stress level were obtained for each specimen. The 

test has to be performed for several stress levels to evaluate whether the shape of the time dependence 

is changing and how the strain values depend on the stress level. According to the model (see Equation 

(13)), the time dependence is not stress level dependent, whereas the magnitude A  is stress 

dependent.  

The obtained data are shown in Figure 8 with stress levels and respective sample number indicated in 

the legend. For each stress level 2-3 specimens were used. The viscoplastic strains are increasing with 

time but the rate at which these strains develop is reducing with time. At stress below 50 MPa the 

viscoplasticity is rather small. As shown in Figure 8 the dependence of viscoplastic strain on stress is 

strong. No data were obtained for stress larger than 70 MPa since all specimens ruptured during the 

first two creep steps. 

 

Figure 8. Viscoplastic strain evolution with time. 

The potential of the model to describe the viscoplasticity development is demonstrated in Figure 9. It 

is shown that all experimental data at different stress levels, shown in Figure 8, can be fitted with 

power function in Equation (13) with the same exponent m .  



 

Figure 9. Power law fitting of the viscoplasticity data. 

Two more data points for  A  corresponding to stress levels 30 and 40 MPa where obtained from 1 h 

creep data. Since the same 19.0m  has to be applicable for any stress level, Equation (13) with this 

value was used to viscoplastic strains in 30 and 40 MPa test to calculate corresponding values of A . 

The A  versus stress was plotted in logarithmic axes as shown in Figure 10a. The data have been fitted 

there by a linear function demonstrating that the power law dependence given by Equation (14) is 

applicable. The following constants have been obtained:  

m=0.19,    M 23.08,   
91014.2 VPC  (16) 

Figure 10b shows that the accuracy of fitting using these parameters is satisfactory.  

It has to be noted that the viscoplastic analysis and model development was performed in region 

MPa70  where according to Figure 4 elastic modulus reduction due to damage is not more than 

3-4%. Due to the insignificant changes of stiffness and large scatter of viscoplastic data, the effect of 

damage was neglected (assuming 1d ) when Mm, and VPC  were estimated.  



 

Figure 10. Power law fitting of the A parameter. 

Nonlinear viscoelasticity 

Methodology for data reduction 

Creep tests for viscoelastic characterisation lasted 40 minutes, which is the same time scale as used for 

viscoplasticity identification. This test can be considered as one step in the sequence shown in 

Figure 7. 

In this experimental setup, each sample was mounted on a creep rig and an extensometer was placed 

on it to monitor the axial strains. Then constant load was applied. After the load was removed, the 

sample was allowed to recover for five hours. Four different stress levels, namely; 20, 30, 40 and 

50MPa, were used. Typical creep-recovery curves for these relatively low stress levels are presented in 

Figure 11. When the stress is removed, the strain recovery period begins according to 

 )()( 1ttHtH  , where )(tH  is the Heaviside step function.  

 

Figure 11. Typical creep-recovery curves at different stress levels. 



The material model in Equation (2) may therefore be applied separately to the creep interval  1,0 tt

and to the strain recovery interval after the creep test 1tt  . The expression for strain development 

during the creep test is [12,14] 
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The time dependence of strain in the recovery region follows expression  
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As discussed before,  maxd  is close to 1 at stress levels used in creep tests. Equations (17) and (18) 

have to be used to fit the experimental creep and strain recovery data. Constants iC  i=1,….I, (stress 

independent) and 0 , a , 1g  and 2g (stress dependent) are found as result of fitting. The retardation 

times i in Prony series are chosen arbitrary, but the largest i  should be at least a decade larger than 

the length of the conducted creep test and they are all spread more or less uniformly over the 

logarithmic time scale, typically with a factor of about ten between them.  

The stress and time dependent VP-strains enter Equations (17) and (18). The term  1,tVP   is the 

VP-strain developed during the creep test and it comes directly from the test as the last data point at 

the end of strain recovery.  However, in the creep strain expression in Equation (17), the time 

dependence of the VP-strain during this test is required. If it would be known, then it can be subtracted 

from the total strain during the creep test with the rest being a pure nonlinear viscoelastic strain. 

Generally speaking there are three alternatives to account for viscoplasticity when viscoelasticity is 

analysed using Equations (17), (18):  

a) using low stress levels where viscoplasticity is almost absent (then the viscoelasticity is usually 

linear and this method is not applicable in the nonlinear viscoelasticity region).   

b) performing specimen “conditioning” by subjecting it first to high stress creep. If the 

viscoplasticity development rate decay with time (as it does for many materials [9,19,20,27]) and 

damage does not develop during this test, then this specimen after conditioning can be used for 

nonlinear viscoelasticity analysis, performing creep tests at any level below the conditioning 

stress level. The viscoplastic strain development in these tests will be small and may be neglected. 

In other words, the conditioning means that VP-strains in the specimen have already developed 

and if the creep test is now performed at lower stress the new (additional) viscoplasticity will be 

very small. It can be verified using strain recovery curves- the irreversible strain should be small. 

As shown in Figures 4 and 11 this approach is applicable for the material in this paper because 

there is less than 10% elastic modulus reduction at the highest stress levels. 



c) if the viscoplasticity of the composite is well understood, described by equations and the 

previous loading history for the given specimen is known, the viscoplastic strain growth during 

the current creep test can be calculated theoretically and subtracted from the measured strains to 

have pure viscoelastic response to analyze. The methodology is based on known time dependence 

(see Equation (13)) (given by m ) and the measured  1,tVP   at the end of the strain recovery 

for this particular specimen. 

In a particular case when the analysed creep test is the first loading for the specimen the expression is 

very simple and follows from (13). 
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For cases where the specimen has been loaded prior the current loading step the expression becomes 

more complex, see [21]. 

The steps to determine coefficients iC , i , a , 1g , 2g  and 0  are summarized below: 

The damage related function  maxd  is found in elastic modulus reduction test. 

Viscoplastic strains are subtracted from creep strain data using Equation (19). 

Creep and strain recovery data in low stress region (expected linear response) assuming 

121  agg  are used to determine iC  by fitting simultaneously the reduced creep and strain 

recovery data using method of least squares (LSQ) and Equation (17),(18). Average values of iC  for 

different specimens are calculated. 

Nonlinear viscoelastic analysis is performed using previously obtained mC , m  and fitting by 

Equations (17) , (18) to find a , 1g , 2g  and 0 . The following routine can be suggested: initial 

(small) value of a  is assigned and then increased with a selected step. For each value the method of 

LSQ is used to find the best 1g , 2g and 0 . For each set of a , 1g , 2g  and 0  the misfit function 

(sum of squares of deviations with test data) is calculated. The set of a , 1g , 2g  that gives the 

minimum of the misfit function is considered as the best fit. The procedure described in point 4 is 

repeated for all available stress levels and all specimens to obtain the stress dependence of a , 1g , 

2g  and 0 . 

Creep compliance and stress dependent parameters 

In this study five different stress levels were studied, namely 20, 30, 40, 60 and 70 MPa. The strain 

response was recorded during creep tests, the viscoelastic strain was extracted and divided by the 

respective stress level in order to calculate the viscoelastic creep compliance. The compliance study 

was carried so as to establish the linear/non-linear material behaviour. Usually, a material indicates 

linear behaviour if the compliance curves at different stress levels do not differ. However, differences 

may appear during recovery. If for a higher stress level the creep compliance curve leaves the 



“common cloud” it is a proof of a non-linear behaviour at this stress level. The results obtained are 

presented in Figure 12.  

 

Figure 12. Creep compliance at different stress levels. 

Analysing Figure 12, it was concluded that all creep levels between 20 and 40 MPa give 

approximately the same compliance curves and they all belong to the “linear region”. The scatter is 

large but there is no distinct trend with increasing stress in this region. Using expressions for the linear 

region each specimen was analyzed and i values were selected that give positive values of iC . From 

these preliminary calculations a common set of i  was selected in such a way that for each specimen 

condition 0iC  would be satisfied. Then the average values of iC  for given i in the defined “linear 

region” were calculated. The results are presented in Table 2. These values were used in the nonlinear 

expressions in Equations (17) and (18) to calculate for each individual specimen the stress dependent 

parameters 210 ,,, gga . 

 

Figure 13. Polynomial fitting of elastic strain dependence on stress in creep tests. 

 



 

Figure 14. Parameter a
 dependence on stress. Fitting with bi-linear function. 

 

 

 

Figure 15. Parameter 1g
 dependence on stress. Fitting with bi-linear function. 

 

 

Figure 16: Parameter 2g
 stress dependence. Fitting with bi-linear function. 



Table 2. Ci values in the linear region. 

 

The data points (each corresponding to one specimen) along with simple approximation curves are 

shown in Figures 13-16. It has to be noted that 

the test data are available only until 75 MPa and the behaviour at larger stress is just linear 

interpolation which may be underestimation 

there is NO LINEAR region for this material. The values of nonlinearity parameters in the “linear 

region” ARE NOT equal to 1. This result becomes clear comparing creep and strain recovery curves: 

the strain rate in recovery is much lower. 

The expressions for the fitting functions in Figures 13-16 are summarized in Table 3. 

Table 3. Expressions for the fitting functions. 

 

Validation and discussion 

Simulations were performed using incremental form of the nonlinear viscoelastic part of Equation (2) 

given in [23] and numerically integrating Equation (5) for VP-strains. 

Tensile tests with linear increase of stress were performed and a stress level of 75 MPa  was reached 

after 3000 sec using constant stress rate 1.5 MPa/min. Simulation with this rate was continued until 

stress corresponding to specimen failure in experiment was reached. Experimental data from this test 

(three specimens) are shown in Figure 17. 



 

Figure 17. Experimental data for three specimens subjected to tension until failure and simulation using the 

material model. 

The damage function  maxd  in simulations is given by Equation (9). The VP-model is given by 

previously determined constants from Equation (16). Comparison between results using the identified 

material model and the test data is presented in Figure 17 with good agreement between those two. 

Small qualitative differences can be noticed at about 70 MPa where the predicted strain is too high as 

well as at very high stress where the predictions are lower than the test data. This is an indication that 

the stress dependence of nonlinearity parameters would be described better using nonlinear 

interpolation instead of linear in Figures 13-15. 

In Figure 18  the significance of each term in the constitutive model in this test  is demonstrated (the 

total strain is a sum of elastic, visco- and visco-plastic responses, all of them being nonlinear with 

respect to stress). Until 50 MPa the viscoelastic and visco-plastic effects may be neglected. At failure 

the three strain components have approximately the same significance, but the rate of increase of 

viscoplasticity seems to be the highest. 

 

Figure 18. Decomposition of strain in constant stress rate test with rate 1.5 MPa/min. 



Results presented in Figure 19 concern two simulations where the lowest curve corresponds to case 

when the damage effect is neglected assuming 1d . Obviously the difference between strain 

response in this case and the curve which also includes damage is very small (strain response in a 

damaged composite is expected slightly larger). This result shows that the error introduced by 

neglecting damage effect in this composite is very small in comparison with the data scatter  and thus 

acceptable.  

 

Figure 19. Two simulation curves using the model: dashed line – accounting for damage; continuous- neglecting 

the damage term by assuming 1d . 

According to Figure 18, the effect of viscoelasticity and viscoplasticity is noticeable starting around 55 

MPa. This explains the observations in section 3, Figure 2 and Table 1: 

a) The initial slope of the loading curve was not affected by strain rate, which indicate no viscoelastic 

or viscoplastic effects. 

b) Difference between curves in Figure 2 also starts after 55MPa, when the viscoelastic and 

viscoplastic strains start to deviate in Figure 18. 

Conclusions 

Effect of microdamage development, viscoelasticity and viscoplasticity on inelastic, time dependent 

behaviour of GF/VE [45/-45]s angle-ply laminate was analyzed experimentally performing stiffness 

reduction and creep tests and strain recovery tests. 

Empirical material model based on Schapery’s nonlinear viscoelasticity and Zapas et al viscoplasticity 

representation generalised by including effect of microdamage was used for analysis.  

Testing methodology for stress dependent parameter identification in material model is suggested and 

verified. It is shown that the elastic response of the angle-ply laminate is only slightly nonlinear. 

Numerical simulations of slow constant stress rate loading ramp are performed using the developed 

material model in incremental form. It was found that the nonlinear viscoelasticity becomes very 

important at high stresses whereas viscoplastic effects are the most important just before failure. 



Intralaminar cracking in off-axis plies was observed and its effect on stiffness reduction was 

quantified. However, simulations show that the effect of damage on the overall inelastic behaviour is 

rather limited. 
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ABSTRACT 
In the current paper the single fibre fragmentation, SFF, method is evaluated as test method for 

accelerated testing of the composite constituent properties. The SFF-method offers a possibility to 

characterise matrix, interface and fibre properties. The idea is to characterise the constituents change over 

time due to environmental loading and then use micromechanics to model composite properties of an 

arbitrary geometry. A modified two-step manufacturing method has been developed to fit the purpose of 

the accelerated tests. The experimental results are in agreement with other studies and show a large data 

scatter, making data interpretation difficult. The paper is concluded with a discussion about lessons 

learned from the present work and a judgement of the feasibility of the SFF and the modified SFF test for 

ageing studies. 

 

1. INTRODUCTION 

There is a potential to significantly extend the use of polymer composite materials in 

areas such as infrastructure, transport, naval etc. provided that cost effective, yet 

accurate, methods to assess the service life of composite structure are made available. 

This is possible to achieve only if all relevant mechanical and environmental loads are 

known and it is understood how the material response to these loads evolve over time. 

A lot of work has been done in this area [1,2] but current methodology based on 

material characterisation and modelling of a homogenised material response at coupon 

level is rather crude and it may be questioned whether the results may be generalised to 

other temperatures or geometries than those actually tested. Consider for instance 

methodology to characterise the influence of humidity or solvents on the long-term 

properties. Coupons are by tradition relatively large which causes a transient 

environment inside the material, a transient that is present for a long time, until 

saturation is reached. The material may also consist of constituents that degrade by 

different mechanisms with a different response to temperature or concentration 

changes. It is therefore desirable to characterise and model the response on constituent 

level to environmental and mechanical loads. This would enable development a fully 

flexible method that may make use of micromechanics to calculate the response on an 

arbitrary geometry to arbitrary loads. Micromechanical testing offers a possibility to 

characterise the behaviour of the constituents in a composite and together with 

micromechanical models can then the strength evolution of a macroscopic laminate be 

assessed. Micromechanical test methods combined with micromechanical modelling 

offer several potential advantages for accelerated testing:
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1) The constituents are isotropic (glass fibres) which significantly reduce the test 

matrix as compared to a complete characterisation of an orthotropic laminate. 

2) Small dimensions minimise the time during which transient conditions are 

present and speeds up the condition time. 

3) There is a possibility to separate solvent transport and ageing to different time 

scales by tailoring of the specimens (e.g. very small thicknesses). 

4) Different degradation mechanisms and rates in the constituents (fibre, resin and 

interface) may be captured and quantitatively modelled 

So far little work has been published on accelerated micromechanical testing for the 

purpose of quantitative modelling; one example is though Schutte et al. [3-6]. The 

single fibre fragmentation (SFF) test was selected as micromechanical test method for 

this work. The tests may provide data both on how fibre strength parameters as well as 

interface strength evolve with time in a certain environment. Both of these properties 

are important parameters that control the longitudinal tensile strength of composite 

laminates.  The present paper presents an effort to modify the SFF method to fit the 

purpose of accelerated ageing tests. A set of data deduced for one material combination 

is presented and compared with previously published results and results obtained with 

different test methods. The paper is concluded with a discussion about lessons learned 

from the present work and a judgement of the feasibility of the SFF and the modified 

SFF test for ageing studies. 

2. EXPERIMENTS 

E-glass fibres extracted from the uniaxial fabric L600-E10 from Devold AMT is used 

in all experiments. The glass fibres in this fabric are Owens Corning A111 an Advantex 

glass fibre (boron free glass). For the SFF test the fibres were embedded in the Norpol 

Dion 9500-501 Rubber modified epoxy vinylester resin from Reichold with 2% Norpol 

peroxide No. 11 (MEKP) as initiator.  

Very thin, ~0.5 mm, samples containing one single fibre extracted from bundles 

of the L600 fabric were manufactured by moulding between two glass plates. One 

needs to be aware that when taking out one fibre from a bundle the weakest fibres are 

sorted out since fibres already broken or broken at the extraction is thrown away. The 

thickness was chosen after sorption tests on pure matrix. The tests demonstrated that a 

0.5 mm thickness gives time to saturation in water less than 48h, which is judged as 

sufficiently short to assume negligible influence of the sorption time and thus enables 

separation of the time scales for sorption and ageing. Thinner specimens also caused 

problems with wrinkling due to the moisture induced swelling of the resin. After 

demoulding, cutting to appropriate specimen dimensions and a 4 h postcure at 60ºC the 

samples were immersed in de-mineralized water for conditioning and ageing. In this 

study results are presented for 14days, 30days (one month) and 230 days ageing at 

room temperature (RT). The prepared specimen formation is visualised in Figure 1.  
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Figure 1. Specimen formation after demoulding and cutting. 

 After ageing the specimens was removed from the water bath and cleaned. To 

prepare the SFF specimens an additional layer of neat resin was cast on each side of the 

thin aged single fibre samples by placing the samples in the middle of two glass plates, 

2 mm apart, and pouring resin in the cavity. Individual specimens were then cut out 

from this thicker plate and post cured. Each specimen was polished to final dimensions 

to remove any edge flaws that would ruin the test. The final step in the sample 

preparation was bonding of end tabs. These steps gave SFF specimens of traditional 

dimensions (100 x 6 x 2 mm
3
). The overmoulding step was necessary since SFF tests 

on 0.5 mm specimens result in premature failure of the whole specimen as soon as the 

first fibre fracture occurs and no experimental data could be achieved. Tests without 

tabs where also made but the clamping force, different clamping forces was tested, 

generated stress concentration and a premature failure close to the tab occurred. The 

final specimen formation is visualised in Figure 2.  

 
Figure 2. Final specimen formation after overmoulding, cutting, polishing and 

bonding of end tabs. 

A similar overmoulding method was used by Jacques and Favre [7] to facilitate 

SFF tests with brittle resin systems. The manufacturing process is a very tedious work 

and introduces a number of steps which all are sensitive to operator skill and 

experience.  

During testing it was observed that only a few specimens got fibre 

fragmentations and that not all of them reached fragmentation saturation. This is 

however known to be one of the major draw-backs of the single fibre fragmentation 

method.  
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3. Models 

The SFF test and the data reduction were performed according to the procedure 

described in [8]. The two parameter Weibull distribution according to equation (1) has 

been used for the calculations. 
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The average fibre strength depends on the fibre length as 
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where  is the gamma function.  

4. RESULTS AND DISCUSSION 

Figure 3-6 presents the Weibull scale and shape parameter, interfacial shear strength 

and the average fibre strength and how these parameters evolve over time. The 

specimens have been submerged in demineralised water at room temperature for 

different times. Eight specimens were tested at each time, three to five of those 

specimen survived to saturation or gave enough fragmentation for analysis. This gives a 

survival fraction of 38 – 63 %. A survival fraction this low indicates that a very large 

number of coupons have to bee tested to get statistical security, manufacturing of a 

large amount of specimen is time consuming as mention before.  

The first observation is that there is a large data scatter. The large scatter in data 

appears to be a common problem for this type of testing and also other authors reports a 

scatter of similar magnitude, e.g. [5,8]. The large data scatter means that the 

interpretation becomes uncertain and large datasets will be required to quantify small 

changes over time. Note that the points placed on the y-axis are the references at zero 

time. One possible interpretation of the results is that all the properties studied, fibre 

scale and shape parameter, interfacial shear strength and average fibre strength is 

constant and do not change within the timeframe studied. However, Schultheisz et al. 

[5] found that for E-glass/epoxy aged for up to half a year at 75C all properties show a 

clear reduction with time.  They also chose to interpret their 25C data as if there is a 

property reduction in time, even though the trend in the actual test data is not very 

clear. Some of the data scatter can probably be explained by the uncertainty in the 

method. It should also be pointed out that the present study concern boron free fibres 
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(Advantex fibres) that are known to be less sensitive to ageing in humid environments 

as compared to conventional E-glass fibres [9]. Hence we expect to observe a lower 

degradation rate than in previous studies that considered conventional E-glass fibres. 

0

2

4

6

0.1 1 10 100 1000

log(t) [days]

W
e
ib

u
ll

 s
c
a

le
 p

a
r
a

m
e
te

r
 [

G
p

a
]

 
Figure 3. The change in Weibull scale parameter, 0,. Observe that the points on the 

y-axis are the references at zero time. 
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Figure 4. The change in Weibull shape parameter, . Observe that the points on the 

y-axis are the references at zero time. 
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Figure 5. Interfacial shear strength over time. Observe that the points on the y-axis 

are the references at zero time. 
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Figure 6. Average fibre strength over time. Observe that the points on the y-axis are 

the references at zero time. 

5. CONCLUSIONS 

The single fibre fragmentation test (micromechanical test) method has been evaluated 

for accelerated testing of environmental degradation of fibre and interphase properties. 

The ageing environment evaluated is demineralised water at room temperature. The 

single fibre fragmentation specimen preparation includes extraction of a single fibre 

from a bundle. This extraction is in favour for strong fibres in the bundle when weak 

fibres already will be broken or breaks during handling. This implies that tests will only 

be conducted on strong fibres in the bundles. The specimen preparation method for 

single fibre fragmentation has been modified in this work with a two-step casting 

procedure to enable fast conditioning and aging under known conditions. The modified 

method includes additional steps and thereby additional handling and adding insecurity 

at each step. The modified single fibre fragmentation specimens do not include the 

weakest fibres and introduce additional uncertainty of the method resulting in a very 

low survival fraction of the specimens.   

The presently available test results on fibres extracted from a commercial E-

glass non-crimp fabric and aged in demineralised water suggest that the fibre strength 

distribution does not change significantly at the conditions and within the timeframe 

used in the present study. The interpretation does however suffer from large data 

scatter, a scatter that seems to be inherent to the test method itself (in view of the 

similar scatter obtained by other authors). Additional studies with higher ageing 

temperatures and for longer ageing times are necessary before safe conclusions can be 

made. Especially the time evolution of the Weibull shape parameter for the fibre 

strength is of great interest, since a constant shape parameter will be a large 

simplification of the micromechanical calculations required to translate the 

micromechanical test results into property evolution of macroscopic laminates and 

structures. It proved however impossible to obtain such test data despite significant 

experimental efforts due to brittle failure of the whole test specimen before any 

significant fragmentation occurred. 

The time consuming specimen preparation, documented large data scatter of the 

single fibre fragmentation test and the experimental problems with premature failure of 

aged and overmoulded specimens makes this method, in this form, unsuitable for 

accelerated testing. This conclusion is strengthened by the fact that to obtain statistical 

certainty a large number of specimens are needed which means that a huge amount of 
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time and costs have to be spent to get any results that can be used with confidence for 

life assessment exercises.  
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Abstract 

Vacuum Infusion is a closed mould manufacturing process that can replace open mould 

processes. To improve resin flow it is common to add flow enhancement layers to the 

reinforcement stack. The basic feature for all flow enhancements is a coarse microstructure 

with regions of low fibre content. Degradation of mechanical properties due to environmental 

loading such as temperature and moisture is very important. A lot of research has been done 

on this area but earlier work has been done on materials without internal flow layer. The 

question is how well vacuum infused laminates, based on reinforcements containing internal 

flow layer, resist environmental ageing. Present work presents 3000 h 90ºC water ageing data 

and differences between the material types in the rate of water uptake, Tg, mechanical 

properties and density was investigated. The results show that the relative weight gain is an 

increasing function of time. From the Tg measurements we see that Tg is increasing for the 

immersion aged materials. Tensile tests after 3000 h of immersion ageing show a decrease in 

Young’s modulus, tensile strength and failure strain for the immersion aged material. Density 

measurements show that the average density has increased for the immersion aged materials.  
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Introduction 

During the last decade a lot of effort has been focussed on development of new closed mould 

manufacturing processes that can replace open mould processes. There are several reasons for 

this: 1) Stricter legislation requires lower internal and external emissions of volatile 

compounds, 2) Higher demands on laminate quality and 3) Higher requirements on cost 

effectiveness. 

One manufacturing process that has developed significantly and resulted in a number of 

successful applications is Vacuum Infusion [1]. Typical applications include boats, yachts and 

infrastructure applications such as bridge components. For Vacuum Infusion of large surface 

area components it is necessary to use either internal or external flow layers that promote 

rapid resin flow. If the performance requirements allow the use of internal flow layers, this is 

usually the preferred choice due to the additional costs and waste materials associated with 

external flow layers. Today several commercial reinforcements that have internal flow layers 

exist and the basic feature for all of them is a coarse microstructure with regions of low fibre 

content that create easy flow paths for the resin. The question of interest here is how well 

laminates based on such reinforcements resist environmental ageing in general and water 

ageing in particular. There is very little information available in the literature about this class 

of reinforcements, but it is suspected that the coarse fibre architecture will have a direct effect 

on the water uptake and subsequent degradation and also an indirect effect through process 

induced defects whose presence and location depend on the reinforcement architecture. 

Moisture uptake and subsequent degradation of mechanical properties due to environmental 

loading is very important and therefore extensively studied e.g. [2-9]. Comparison of 

mechanical properties between aged specimens and dry references shows that the reduction of 

the mechanical properties may be substantial and that the mechanism behind the reduction is 
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degradation of all phases; resin, interphase and fibre. All the work has been done on materials 

without internal flow layer and fibres in thickness direction. Defects in the composite such as 

voids and cracks will alter the moisture uptake. Studies have shown that the diffusion 

coefficient increases with increasing void content and/or increasing level of interphase [9-11]. 

It has also been shown that the voids affect the moisture uptake in much higher order than the 

interphase [9]. Cracks and void content will lead to much higher equilibrium moisture content 

because the crack- and void volumes will contain free water [9,11] 

 For polymer composites it is common to use the simplest model for the moisture sorption 

behaviour i.e. Fickian diffusion. Fickian diffusion assumes that the moisture transport is 

proportional to the moisture gradient. In the literature typical values for the diffusion 

coefficient of thermoset composites is in the range 10
-12 

- 10
-14

 m
2
/s [6,12,13] and a value 

reported for vinyl-ester composites is 4.3x10
-11

 m
2
/s [14]. In several studies the Fickian model 

has given an accurate description of observed moisture sorption behaviour [15,16] but 

deviations from the Fickian behaviour can also be found [14,16].  

 The purpose of the present work is to investigate if and how the reinforcement 

architecture affects the moisture absorption and ageing mechanisms. Composites with two 

different types of internal flow layers and a reference laminate without internal flow layer are 

examined. One type of flow layer consists of a polypropylene felt and the other type is created 

by a coarse 3-D glass structure. Ageing of the samples was performed by immersion of 

samples in 90ºC water for 3000 h. Virgin and aged samples of each material type has been 

analysed and compared and differences between the material types in water uptake and 

degradation are investigated. 
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Materials and sample preparation 

Three different commercially available materials with internal flow layers are included in the 

study. All of them consist of a central flow layer between surface layers of chopped strand mat 

(CSM) of E-glass. Two materials, that are very similar but are produced by different 

companies, have a flow layer of polypropylene (PP) felt and for the third one the flow layer 

consist of a coarse 3-D glass structure. For comparative purposes a knitted E-glass non-crimp 

fabric (NCF) is also included in the study. The NCF reinforcement was laid in two layers to 

achieve symmetry and a suitable thickness. The four materials and their respective surface 

weights are given as follows, 

 Plate PP1 contains one fabric, consisting of three layers: CSM 450 g/m
2
, PP felt 250 

g/m
2
, CSM 450 g/m

2
. 

 Plate PP2 contains one fabric, consistsing of three layers: CSM 450 g/m
2
, PP felt 250 

g/m
2
, CSM 450 g/m

2
. 

 Plate 3D contains one fabric, consisting of three layers: CSM 450 g/m
2
, coarse 3-D 

glass structure 500 g/m
2
, CSM 450 g/m

2
. 

 Plate NCF consiting of knitted biaxial non-crimp fabric [45,-45]s, 2 x 1800 g/m
2
. 

 All composites were made with the same bisphenol-A epoxy-vinylester, Dow Derakane 

411-C50.  The recipe used is, 0.3% Akzo NL-51P, 0.1% Akzo NL-63-100, 0.1% Akzo NLC-

10 and 1,5% Akzo Butanox M50.  

 The composites were manufactured using vacuum infusion with one stiff and one flexible 

mould half. A polyamide film was used as the flexible side. The thickness and nominal fibre 

contents for the composite plates are presented in Table 1. After completed infusion the plates 

were in-mould cured at ambient temperature over night.  After the first cure, coupons of 

dimensions 300 mm by 25 mm were cut out. The reason for cutting the samples before full 

cure is that the plates are more ductile and do not crack as easily before post cure as after. 

After cutting and labelling, the coupons were subjected to a post cure at 80C for 9 hours to 

ensure full cure. To prevent moisture from entering the laminate through defects on the edges 

and interphases a thin layer of resin was painted to the edges. After complete preparation the 
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samples were put in sealed containers together with silica gel and dried at 50C for 60 h. The 

dry weight of the samples (zero moisture content) was determined by recording the weight 

loss during the 50C dry conditioning until the weight stabilised.  

Microstructure 

Figure 1 to Figure 4 show the typical microstructure of the four materials. Figure 1 shows the 

microstructure of material PP1 where the CSM surface layers at the top and bottom are 

clearly visible. The circles in the area in-between the CSMs are the polypropylene (PP) fibres 

that compose the flow layer. It is evident from the figure that the PP fibre content in the flow 

layer is very low. The microstructure of material PP2, shown in Figure 2, is very similar to 

that of material PP1, c.f. Figure 1. Both PP1 and especially PP2 exhibit a rather high void 

content, even though this is not visible in the presented micrograph for PP1. The reason why 

this micrograph was chosen is that it gives a good representation of the fibre architecture, 

which available pictures containing voids did not do. Figure 3 shows a representative picture 

of the microstructure of material 3D which is composed of CSM surface layers enclosing a 3-

D glass flow layer. Also for this material the fibre content in the central flow layer is lower 

than in the surface layers. The big dark areas in the middle of the figure are voids in the flow 

layer. This type of large voids located in the flow layer was also observed for materials PP1 

and PP2. Figure 4 shows the microstructure of the reference NCF material which has high and 

quite homogeneous fibre content and no visible voids. In Figure 4 black stripes can be seen 

1/4
th

 and 3/4
th

 in to the material. These stripes can be shear cracks in between the +45 and -45 

layers in the NCF. If they are edge cracks maybe they can be explained by cure shrinkage 

related 3-D edge stresses. The fibre volume fraction is calculated by the surface weight 

divided by the thickness times the density for the fibres. The average void content is 

determined by optical microscopy and image analysis on a large number of images. By 

assuming that the pictures of the cross section represents the volume is the void content 
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calculated as total void area divided by the total area of the pictures. The fibre volume content 

and the average void contents, for the four materials are presented in Table 1. 

Experiments 

The purpose of the experiments was to investigate if microstructural differences that originate 

in different fibre architectures influence the sorption and ageing behaviour. Ageing of the 

samples was performed by immersion of samples in hot demineralised water. Ten coupons 

from each of the four materials were subjected to water immersion ageing. The water 

absorption tests were performed according to ISO 62 [17] with exception of the geometry 

which was adjusted to the size of regular tensile test specimens. Demineralised water was 

used for the immersion ageing to get a controlled environment for the samples and to avoid 

influences from minerals and unknown contaminants. Ten samples of each material were 

randomly selected and then immersed in water at an elevated temperature of 90C. Before 

immersion the dry samples were weighed and during the test they were removed from the 

water and weighed at increasingly long intervals. The scale used was a Mettler-Toledo 

PM4600 with a precision of 0.01 g. Water uptake is defined by the weight relative moisture 

content as a function of time, t. The percentage moisture content M is calculated from 

 

 
Weight of wet material - Weigth of dry material 

( ) 100
Weight of dry material

M M t    (1) 

  

 Water desorption tests was performed on three specimens from each material after 

completed water immersion ageing to determine the amount of material lost. The aged 

specimens were placed in an exsiccator containing silica gel. The exsiccator was then placed 

in a furnace at 90C. The weight reduction was determined by weighing the specimens at 

different time intervals. 
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 The glass transition temperature (Tg) of both dry and wet samples was determined by 

differential scanning calorimetry (DSC). The DSC measurements were performed according 

to ISO 11357-1 [18]. Two samples from each coupon were analysed in a Perkin-Elmer DSC-7 

and Tg was determined by half Cp extrapolation. The sample weight was 10-15 mg and the 

scanning rate 10C/min. The samples were extracted by using a small circular diamond tip 

saw with a 6 mm diameter. Two thin slices of the 6 mm diameter specimen cross section was 

extracted by using a small saw, one slice in the middle and one close to the surface. The 

thickness of the slices was then reduced by sanding until the desired sample weight was 

reached. The samples are not representative to the whole cross section, the centre slice 

contains flow layer fibres while the slice taken close the surface contains glass fibres. Caution 

to sample temperature was taken all through the sample preparation since all machining was 

done slowly and with air flow for cooling. The specimens were stored in the aging 

environment until testing.    

 Tensile tests were used to characterise the degradation of mechanical properties for the 

aged materials. The equipment used was an Instron servo hydraulic universal test machine 

equipped with a 10 kN load cell. Strain was recorded with a 25 mm gauge extensometer. 

 Optical microscopy was used to observe changes in microstructure due to immersion 

ageing. Virgin samples were prepared by cutting cross-sections and casting them into blocks 

of solid resin before polishing. The cross sections of aged samples were polished directly to 

avoid filling of cracks and voids in the vicinity of the surface with resin. 

 The average density of dry and aged laminates was determined by measurements in a gas 

pycnometer working with nitrogen (Micrometrics AccuPyc 1330). Two samples from each 

coupon where tested. Each sample had an approximate weight of 2 grams. 
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Results and discussion 

Water uptake  

The weight gain over time was recorded for each of the ten coupons immersed in water. An 

average of the relative weight gain was then calculated for all ten specimens, Figure 5 

presents the result for all four materials, and from the figure it can be seen that the relative 

weight gain is an increasing function of time and that there is a large difference between the 

four materials. The difference is both in the maximum relative weight gain and the time to 

reach the maximum value. The materials with flow layers have clear non-Fickian behaviour 

due to the plateau region quite early in the weight gain curves. It also appears as if the 

saturation level never are reached, since even after more than 3000 h conditioning all of the 

materials still gain weight. 

 Assuming one-dimensional diffusion Fickian behaviour and taking the integral with 

respect to x over the whole thickness h for the local function gives the weight relative 

moisture content as [19], 

2 2

0

2 2 2
00

8 1 (2 1)
1 exp

(2 1)im

M M i D
t

M M i h









  
   

   
  (2) 

where M0 is the initial moisture content, Mm is the saturation level, D is the diffusivity and t is 

time. 

 Fitting the theoretical solution to experimental data was performed by the least squares 

method, which is finding the value of D that minimises 

  2

experiment calculated( ( ) ( ))
n

i i

i

S S D M t M t    (3) 

where S is the sum of square errors, ti is the time for each measurement, n is the numbers of 

measurements included in the fitting procedure, Mexperiment(ti) is the experimentally determined 

concentration and Mcalculated is the predicted concentration at time ti. The sum of square errors 

as calculated by the least square method, Eqn. (3), is presented for the four materials in Table 
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2. The magnitude of the sum square errors shows a relative large difference between the 

calculated curves and the experimental results. The calculated Fickian curves together with 

the experimental curves are presented in Figure 6.  

 For the modelling of moisture content the simplest assumption is that fibres do not absorb 

moisture and that the material does not contain any voids. These assumptions give the matrix 

relative moisture content, Mm, as, 

 
1

c
m

f

M
M

w



 (5) 

where Mc is the relative moisture content of the composite and wf is the weight fraction of 

fibres. The material tested contains voids and the maximum relative moisture contents 

obtained during the tests, see Table 2, correspond qualitatively well to the measured void 

contents of the materials, see Table 1. The observation that both moisture saturation level and 

diffusion constant change with void content can be explained if we assume that the 

equilibrium moisture level in matrix and voids are different. Three assumptions are used to 

obtain a quantitative expression for how the moisture saturation level depended on void 

content. First, assuming that fibres do not absorb any moisture (interphase effects are also 

neglected in this discussion). Second, the equilibrium moisture level in void free matrix 

material is independent of the reinforcement type and architecture. Third, assume that 

moisture can be stored in the voids as a mix of water vapour and liquid. Formulating this 

mathematically gives 

vmrmm mmm ,,    (6) 

where mm is the total mass of moisture i.e. the weight gain, mm,r is the mass of moisture 

absorbed in the resin and Mm,v is the mass of moisture in voids. mm,r can be expressed as  

 CVm rrrm ,  (7) 
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where r is the volume fraction of resin, V is the total volume of the specimen, r is the 

density of the resin and C is the true concentration of moisture in the void free resin. Mm,v can 

be expressed as 

 *

, vvvm Vm   (8) 

where v is the volume fraction of voids, V is the total volume of the specimen and v
*
 is 

the effective density of moisture in voids. C and v
*
 are the unknown parameters in these 

expressions. C and v
*
 must have the same values, independent on material, if the 

assumptions are correct. So then there are three equations (one for each material containing 

voids) and two unknown parameters. Hence the system seems to be over-defined. An arbitrary 

selection of two equations and solving for C and v
*
 should give inconsistent results. 

However, surprisingly the results from all three possible couples of equations give the same 

result for C and v
*
 which indicates that the assumptions are right. The result from the 

calculations is C = 3.7% and v
*
 = 254 kg/m

3
. A concentration of 3.7% moisture in the resin is 

a little higher than expected but still in reasonable level. Effective density of moisture in voids 

of 254 kg/m3 is higher than density of vapour and lowers than density of liquid water. Hence 

the value indicates that there is a mix of vapour and water in the voids which seems 

reasonable. 

 Looking at the water uptake behaviour we can se that two materials demonstrate the same 

behaviour, PP1 and NCF. Also the material PP2 shows approximately the same initial 

behaviour but show a second step in weight gain. Material 3D shows a completely different 

behaviour with a much higher rate of weight gain and with much higher saturation level. The 

rate of weight gain may partly be due to the different thicknesses of the materials, but despite 

the thickness difference the trend is very clear. Part of the difference can be explained by the 

difference in void content. A comparison between NCF and PP1, which both has low void 

content but differ much in fibre architecture and fibre content, shows that the weight gain 
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speed is higher and the saturation level lower for the material with high fibre content. The 

former may be due to poor bonding between the fibre and the matrix which may lead to a path 

for the moisture transport whereas the latter is related to large amount of fibres not absorbing 

water. For material PP1 and PP2 that have the same type of fibre architecture and similar fibre 

contents both the diffusion coefficient and the saturation level can bee seen to increase with 

increasing void content. Material 3D has a different microstructure than PP1 and PP2 but 

follows the same trend, increasing diffusion speed and saturation level with increasing void 

content. The difference in diffusion coefficient between material PP1 that has the lowest void 

content and material 3D that has the highest void content is a factor four. The results suggest 

that the difference in microstructure for materials with internal flow layer is unimportant if 

they have the same void content. 

Water desorption 

Three aged specimens from each material type were randomly selected for the water 

desorption test. Figure 7 shows the average relative weight reduction in percentage for the 

four different materials. Table 3 presents the relative weight reduction and the weight 

reduction at the end of the test. 

The moisture desorption curves shows a fast decrease in mass to an asymptotic value. By 

comparing sorption, Table 2, and desorption, Table 3, results we see that the weight reduction 

during desorption is higher than the sorption weight increase for all materials except 3D. The 

observed mass reduction suggests that there has been some loss of material due to 

degradation. The observed mass loss also provide one possible explanation for the sudden 

increase in weight gain for the materials containing voids during the moisture absorption tests. 

The loss of material may create open cracks that provide continuous paths between voids and 

thereby enables the moisture to enter the material more quickly.  
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Density measurements 

The average density of dry and aged laminates was determined by measurements in a gas 

pycnometer, micromeritics AccuPyc 1330. Table 4 shows the results obtained from these 

measurements.  

 The density measurements, Table 4, show that the average density has increased for 

the immersion aged materials. The increase is most likely due to that water has filled some 

voids and some loss of matrix material. Another mechanism that may have a strong effect on 

the measurement is continuous paths between the surface and internal voids created by 

ageing. For virgin (dry) samples such voids will not be filled with nitrogen gas during the 

density measurement when no paths are present. For aged samples, where a leak path between 

the surface and the voids may be present, voids will be filled with nitrogen gas during the 

density measurement. For material 3D it is clear that this must be the case in combination 

with a significant loss of polymer matrix during ageing since the density of the aged samples 

is measured to over 2360 kg/m
3
, which is close to the fibre density of 2560 kg/m

3
. The 

measured density correspond to a fibre volume content of 87% for a void free laminate as 

compared to the fibre content of 36% for the virgin material. This result was surprising since 

the aged material did not look that damaged when visually inspected. Most other sources of 

measurement error can be ruled out. The results for the virgin materials and the other aged 

materials are realistic and the measurement order was randomised. 

Differential Scanning Calorimetry, DSC 

The glass transition temperatures for dry and immersion aged specimens as determined by 

DSC are presented in Table 5. Two samples from each specimen were analysed.  

 The measurements show a small difference in Tg between the different dry materials, 

even though they contain the same matrix. This difference in Tg may be because the 

specimens also include fabric, it is therefore a difference in the material setup tested. No 

change in Tg can be detected for the immersion aged materials. Expected was that Tg should 
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be lowered as water enters the material [20]. A reason that no change in Tg could be detected 

is the relatively slow heating rate that can lead to drying out of the samples during testing.  

Tensile tests 

Stress-strain curves were obtained in tensile tests on two dry and two aged coupons for each 

of the four materials. Typical stress strain curves are presented in Figure 8 and Figure 9. The 

reference material is presented in a separate figure because it exhibits a different failure mode 

than for the other, shear yielding in the polymer matrix instead of fibre fracture. Young’s 

modulus, tensile strength and failure strain are presented in Table 6. 

 The tensile test results, Figure 9, show a decrease in Young’s modulus, tensile strength 

and failure strain for the immersion aged material. The reduction is not as severe for the 

reference NCF material as for the other three materials. For materials PP1, PP2 and 3D the 

decrease in tensile strength and failure strain is in the range of 50-70 percent as compared to 

virgin material. It is interesting to note that material 3D, despite the large loss of matrix 

material as demonstrated by the density measurements, still maintain roughly 40% of the 

mechanical properties. 

Conclusions 

The rate of water uptake has been characterised for glassfibre/vinylester composites with and 

without internal flow layers. The materials containing internal flow layer more easily absorb 

water into the laminate than the reference material without flow layer. The main reason for the 

difference in rate of weight gain and saturation level is believed to be the difference in void 

content but also the reinforcement architecture may have some minor effects. 

A quantitative model that relates moisture saturation level to void content has been 

proposed and the model is in agreement with the experimental results. 
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 Tensile tests show that after 3000 h immersion ageing in demineralised water the 

mechanical properties decreased by 50 to 70%.  
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Table 1. Average fibre and void contents  

 

Material 
Thickness 

(mm) 

Fibre content by 

volume 

(%) 

Glass  content by 

volume 
(%) 

Average void 

content 

(%) 

NCF 2.6 54 54 0 

PP1 2.0 31 18 1.5 

PP2 2.3 27 15 7.8 

3D 1.5 36 36 15.8 

 

Table 2. Weight gain and diffusion coefficient 

 

Material 

Average relative 

weight gain, Mc 

(%) 

Average 

weight gain 

(g) 

Sum square 

difference 

 

NCF 0.48 0.17 0.19 

PP1 2.5 0.45 2.35 

PP2 4.0 0.81 1.70 

3D 5.7 0.79 9.78 

 

Table 3. Weight reduction. 

 

Material 

Average relative 

weight reduction 

(%) 

Average weight 

reduction 

(g) 

NCF 1.0 1.10 

PP1 3.6 1.97 

PP2 5.6 3.45 

3D 4.7 1.97 

Table 4. Average density results form the Accupyc measurements 

 

Specimen 

Density
+ 

(g/cm
3
) 

Change in density 

(g/cm
3
) 

NCF - Dry 2.00  0.01 
+0.03 

NCF - Wet 2.04  0.02 

PP1 - Dry 1.47  0.03 
+0.30 

PP1 – Wet 1.77  0.21 

PP2 - Dry 1.40  0.02 
+0.22 

PP2 - Wet 1.61  0.03 

3D - Dry 1.68  0.00 
+0.78 

3D - Wet 2.46  0.13 
+
 Average  standard deviation 
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Table 5. Tg results from DSC measurements. 

 

Specimen 

Tg from 

measurement one 

(C) 

Tg from 

measurement two 

(C) 

Average change 

in Tg 

(C) 

NCF - Dry 98 98 
+1 

NCF - Wet 99 99 

PP1 - Dry 95 95 
+2 

PP1 - Wet 99 94 

PP2 - Dry 96 96 
+4 

PP2 - Wet 99 100 

3D - Dry 99 101 
0 

3D - Wet 102 97 

Table 6. Mechanical properties before and after ageing. 

 

Specimen 

Young’s 

modulus  
 

 

(GPa) 

Change 

in 

Young’s 

modulus 

(%) 

Tensile 

strength 

 

 

(MPa) 

Change in 

Tensile 

strength 

 

(%) 

Failure 

strain 

 

 

(%) 

Change in 

Failure 

strain 

 

(-%) 

NCF – Dry 13.4 
-16 

81 
-26 

1.58 
-45 

NCF – Wet 11.3 60 0.87 

PP1 - Dry 8.8 
-20 

125 
-53 

1.92 
-57 

PP1 - Wet 7.0 59 0.82 

PP2 - Dry 6.2 
-26 

75 
-44 

1.6 
-43 

PP2 - Wet 4.6 42 0.91 

3D - Dry 10.4 
-30 

128 
-63 

1.82 
-63 

3D - Wet 7.3 48 0.67 
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Figure 1. Microstructure of material PP1. 
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Figure 2. Microstructure of material PP2. 
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Figure 3. Microstructure of material 3D 
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Figure 4. Microstructure of the reference material, NCF. 

 

 

 

 



  22 

0

2

4

6

0 10 20 30 40 50 60 70

t
1/2

 (h
1/2

)

R
el

a
ti

v
e 

w
ei

g
h

t 
g

a
in

 (
%

)
PP1 PP2 3D NCF

 
Figure 5.  Relative weight gain versus time 
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Figure 6. Relative weight gain versus time together with the best fit Fickian curves. 
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Figure 7. Relative weight reduction versus time 

 

0

50

100

0 1 2

Strain (% )

S
tr

es
s 

(M
P

a
)

Dry reference material Wet reference material

 
Figure 8. Stress strain curves for reference NCF material. 
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Figure 9. Stress-strain curves for the three materials containing internal flow layer. 
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Abstract A race towards a more sustainable society is going on worldwide and 

decreasing dependence on fossil resources in energy and transport sectors are main goals. 

One path to decreased oil usage is development of lightweight materials from renewable 

resources like bio-based composites. However these new bio-based materials have not 

only to compete in mechanical performance, they also have to restrain environmental 

loads like moisture and temperature over time. In this study, three different types of bio-

based resins are compared to a conventional oil-based epoxy in terms of moisture uptake, 

long-term properties and its influence of moisture and glass transition temperature, Tg. 

Moisture uptake is determined by gravimetric method, time temperature superposition, 

TTSP and Tg data obtained in DMTA. Moisture uptake results show Fickian diffusion 

behaviour for all resins while saturation level and diffusion coefficient differ them 

between. The long-term properties is characterised by creep compliance master curves 

created by TTSP. The examined bio-based resins are compatible to the reference epoxy in 

term of stability up to 3-10 years. Comparison between master curves for virgin, wet and 

dried material show that moisture present in the specimen increases creep rate and that 

some of that increase remains after drying of samples. Tg measurements show that 

moisture inside the specimen decreases Tg, this is anticipated because the plasticizing 

effect of water. The overall conclusions are that the bio-based resins of polyester and 

epoxy type are comparable in performance with oil based epoxy, LY556 and they can be 

used to develop high performance composites. 

Keywords: Bio-based resin, Service life assessment, Time temperature 

superposition, Moisture absorption, Moisture induced ageing 
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Introduction 

Composite materials are an important and growing material group in a large 

number of industries such as aeronautics, marine, automotive, energy production 

and infrastructure. The most common composite materials is manufactured from 

fibres such as glass fibres and carbon fibres together with oil based resins i.e. 

polyester, vinyl ester and epoxy. Parallel to this a race towards a more sustainable 

society is going on worldwide (White paper 2011; Energy roadmap 2011). 

Decreasing dependence on fossil resources in energy and transport sectors is main 

goals. To achieve this, different routes can be chosen: a) finding alternative power 

sources e.g. electric and/or hybrid vehicles; b) reduction of fuel consumption by 

wider introduction of lightweight structures from conventional polymer 

composites based on synthetic polymers and glass fibres, carbon fibres etc; c) 

development of even lighter materials from renewable resources (bio-based 

composites). The development of renewably sourced composites for structural 

applications has been going on for quite some time using natural fibres and closed 

mould techniques (Oksman 2000; Goutianos et al. 2003; Rodriguez et al. 2005; 

Goutianos et al. 2006). For this class of composites thermosetting resins are used 

but the development of bio-based or partly bio-based thermosetting resins is quite 

recent. The possibility to produce entirely bio-based thermosetting composites can 

thus be realised and is now being studied worldwide (Åkesson et al. 2006; 

Sparnins et al. 2012; Kim et al. 2012). The properties of such composites in terms 

of density and mechanical performance can in some cases be competitive 

compared to glass fibre composites (Nyström 2008; Nyström and Joffe 2010; 

Joffe and Nyström 2010; Rozite et al. 2011; Nyström et al. 2011). However these 

new bio-based materials have not only to compete in mechanical performance, 

they also have to restrain environmental loads like moisture and temperature over 

time.   

 

Long term performance (e.g. creep, fatigue) is of great importance, since material 

should retain their original properties during the whole service life. However, 

characterization of the long term behaviour of composites, for example by creep 

experiments, is very time consuming and expensive, therefore accelerated test 

method (ATM) is needed. An ATM uses an accelerating mechanism to increase 

the rate of degradation of a given material. There are studies available for 

accelerated testing on common thermosetting resins and composites (Apicella et 

al. 1983; Apicella 1990; Gentry et al. 1998; Shah et al. 1994; Bank et al. 1995) but 

there is not much done on accelerated testing on bio-based resins and their 
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comparison against oil-based resin. Therefore the aim of this work is to use 

existing ATM to make predictions of the long term properties of bio-based resins, 

study the influence of moisture on the behaviour of these materials and compare 

them with short time creep test data and results from oil based resin. The long 

term property prediction is made by using dynamic mechanical thermal analysis, 

DMTA, and time temperature superposition, TTSP, (Christensen 1982; Ward and 

Hadley 1993). The outcome from the TTSP is creep compliance master curve. The 

creep compliance master curve is compared and validated against short term creep 

test. The water uptake is determined by submersion into water and tracking the 

weight change over time. The moisture influence is characterised in form of water 

uptake, change in glass transition temperature, Tg, and change in dynamic 

response.  

 

This study is part of the ANACOMPO project funded by Interreg and 

Länsstyrelsen i Norrbotten and Lapinliitto. The overall aim of the ANACOMPO 

project is to develop structural composites from bio based materials for harsh 

environments, i.e. moisture and temperature.  

Material and sample preparation 

Three different bio-based resins and an oil based epoxy (reference) were 

investigated. Tribest is an acrylated and epoxidized soy oil resin (vinylester type) 

with 75% bio-content by weight, EpoBioX is an epoxy with 60% bio-content by 

system weight, Envirez is a polyester with 12 % bio-content by weight and LY556 

is 100% oil based. The materials and their composition are summarized in Table 

1.  

Table 1. Material composition and cure cycles. 

Resin/Accelerator/Hardener Cure Post curing 

Tribest / 2.25 % Benox LV40 8h at 70°C   

AMROY EpoBioX
*
 / CA35TG, 100 / 27 

RT over 

night 
2 h at 80°C 

ASHLAND Envirez G 8600 INF-60 / 2% Norpol 

No1 

RT over 

night 
2 h at 70°C 

LY 556 / HY917 / DY070, 100 / 90 /0.6 4h at 80°C 4h at 140°C 
RT = room temperature, ≈22°C 

* The EpoBioX resin is unfortunately no longer commercially available but there is 

similar polymer system Super SAP, Entropy Resins, US 

To manufacture flat plates of unified thickness resin transfer method, RTM, into a 

mould with two stiff mould halves was used. The resin was infused at RT and at 

low flow speed. Two types of plates were made: a) 1 mm thick for the moisture 
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diffusion determination; b) 2 mm thick for the mechanical testing (DMTA). The 1 

mm thick plates were cut into 70 x 70 mm squares whereas the 2 mm thick plates 

were cut into 10 x 50 mm rectangles.   

Method 

Water uptake 

Three 70 x 70 mm squares from each of the four materials were submerged into 

tap water to determine the water diffusion behaviour during sorption and 

desorption. The water absorption tests were performed according to ISO 62 

(1999) with two exceptions. First, geometry was adjusted, due to manufacturing 

limits, and the width and height to thickness ratio was set to 70 instead of 100 as 

recommended by standard. Second, the edges of specimens were not sealed (to 

ensure one-dimensional diffusion). A size ratio of 70, even without sealed edges, 

is believed to be sufficient for determination of the one dimensional diffusion. 

Correction factor, K, to calculate coefficient of diffusivity for square samples with 

unsealed edges is given by Shen and Springer (1981) as 

 

 
lengthside

thickness
xK

 
21  (1) 

 

A thickness of 1 mm and side length of 70 mm gives a correction factor of 0.994 

which indicates that the conditions are very close to one dimensional diffusion 

(K=1). Additionally to the square specimens (for evaluation of water diffusion) 

nine samples per material for DMTA measurements were also submerged in water. 

The samples were not dried before immersion but were assumed to be dry since 

there was a short time (a couple of days) between manufacturing and submersion. 

Before immersion the initial mass of each individual sample was measured and 

during the test specimens were removed from the water and weighed (the excess 

of water was removed by use of tissue paper) at increasingly long time intervals. 

The scale used was a Mettler-Toledo PM4600 with a precision of 0.001 g. Water 

uptake is defined by the weight relative moisture content as a function of time, t. 

The percentage moisture content M is calculated from 

 

 
materialdry  ofWeight 

materialdry  ofWeight -material wet ofWeight 
)(  tMM   (2) 

the weight relative moisture content for one-dimensional Fickian diffusion can 

according to Hull (1981) be described as 
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where M0 is the initial moisture content, Mm is the saturation level, D is the 

diffusivity and t is time. Fitting the theoretical solution to experimental data was 

performed by the least squares method, which is finding the value of D that 

minimises 

      
n

i

icalculatedieriment tMtMDSS
2

exp)(  (4) 

where S is the sum of square errors, ti is the time for each measurement, n is the 

numbers of measurements included in the fitting procedure, Mexperiment(ti) is the 

experimentally determined concentration and Mcalculated is the predicted 

concentration at time ti.  

 When the three square samples from each material reached saturation they 

were placed in a desiccator containing silica gel at RT for water desorption tests. 

This test was performed in order to determine if there was any polymer dissolved 

in the water.   

Time Temperature Superposition, TTSP, in the Dynamic mechanical 

thermal analysis, DMTA 

Creep compliance over decades of time will govern the long term behaviour of 

time dependent materials. However, characterization of such long term behaviour 

is very time consuming and expensive, therefore the possibility to predict this 

behaviour by means of accelerated testing is preferred.  

The mechanical properties of polymers are temperature as well as time dependent 

and the idea behind TTSP is to correlate properties at elevated temperature to 

properties at increased time. This is achieved by introducing a shift factor which is 

obtained by a horizontal shift of property curves (i.e. modulus, compliance etc.) 

achieved at different temperatures along time axis. In Fig 1 a schematic 

illustration of how to achieve the creep compliance master curve is presented. 
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Fig 1. Schematic illustration showing the idea of the master curves  

Storage modulus, E’, for the resin as a function of frequency and temperature was 

measured in the DMTA by performing 3-p bending on rectangular specimens at a 

number of frequencies at different temperatures. DMTA used was the TA Q800 

with 50 mm span length fixture. The complex modulus is defined by E = E’+ iE’’ 

where E’’ is the loss modulus. Frequency steps were 0.3:1:3:10:30 Hz at 

amplitude of 7m for the temperature range 25ºC to 175ºC at intervals of 10ºC. 

This measurement was repeated for three different samples of each material to get 

a good foundation for the data. 

The 1-dimensional constitutive equation for a linear viscoelastic and 

thermorheologically simple neat resin is (Christensen 1982), 

      




t

m dtEt
0

)( 



  (5) 

where  

   
t

T

d
a

t
0

1
  (6) 

and Em(t),  and aT(T) are the resin relaxation modulus, stress, mechanical 

strain and temperature shift factor, respectively.  

The complex modulus of the neat resin as a function of frequency and temperature 

by isothermal frequency sweeps at a range of temperatures was obtained by 

DMTA measurements. The transformation from frequency domain to time domain 

was made using the approximation (Christensen 1982), 

    
t

mm EtE



 2´


  (7) 
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where Em’() is the storage modulus. Time-temperature superposition was then 

employed to construct a master curve and obtain temperature shift factor, aT(T), 

for the relaxation modulus. The creep compliance S was then calculated as the 

inverse of modulus,  

  
 tE

tS
m

m

1
  (8) 

Tg determination in the Dynamic mechanical thermal analysis, DMTA 

The objective of this procedure was to determine glass transition temperature for 

the resin with high moisture content. The TTSP experiments take relatively long 

time and specimens will lose water (dry out) during this procedure. Therefore, in 

order to prevent drying of the material the Tg was determined by single frequency 

(1Hz) 3p-bending test at a temperature ramp of 10°C/min between 25°C and 175 

°C, which is a much faster experiment.  

Results 

Water uptake 

The weight gain over time was recorded for each of the coupons immersed in 

water. In Fig 2 experimental results for the three square specimens of Tribest are 

shown. It can be seen that the relative weight gain is an increasing function of 

time and that there is excellent agreement between experiments and theory.  
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Fig 2. Experimental data (three blue curves) for Tribest and fitted Fickian diffusion equation (red 

curve). 

All studied materials show good agreement between experiment and theory, 

therefore further in the paper only the theoretical curves are presented. The 

calculated Fickian curves are presented in Fig 3 and the diffusion coefficients are 

given in Table 2. 
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Fig 3. Calculated Fickian diffusion curves for neat resins. 

Table 2. One dimensional Fickian diffusion coefficient for neat resins. 

Resin Fickian diffusion coefficient, 

D [10
-7

 mm
2
/s] 

Tribest 6 

AMROY EpoBioX 0.7 

ASHLAND Envirez 5 

LY 556 4 

 

It is observed that the moisture sorption results show differences in both saturation 

level and diffusion constant. Bio-based resins of polyester and epoxy type are 

comparable with LY556, especially Envirez (polyester) that shows an almost 

identical sorption behavior. Tribest show a higher saturation level and slightly 

higher diffusion constant than the other resins. The diffusion constants are similar 

for Tribest, Envirez and LY556 while EpoBioX show a 10 times lower constant. 

The diffusion constant for LY556 is comparable with values for other epoxy resins 

reported in literature (Schutte et al. 1994; Alamri and Low 2012; Nguyen et al. 

1995; Liu et al. 2003).  

Validation of DMTA method 

To ensure that the bio-based resins are linear viscoelastic and thermorheologically 

simple, meaning that time temperature superposition can be applied, the 

calculated master curves are compared with short time creep data. The creep test 

was carried out on standard size samples (2x10x150mm) at stress level of 5 MPa, 

which corresponds to ~35% of the maximum stress for Tribest (14.1 MPa). Creep 

test at 7 MPa failed (sample broke in <2h). It means, that sample broke at less 
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than 50% of maximum stress achieved in simple tension. The highest stress 

recorded during the 7m deflection of the specimens in 3-point bending test in the 

DMTA is below 0.1 MPa.  

The comparison between the calculated compliance and results from short time 

creep test for Tribest is presented in Fig 4. There is an excellent agreement 

between these results thus it can be concluded that the TTSP method is usable for 

the study of the long time properties of bio-based polymer. 
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Fig 4.Calculated master curves compared to short time creep test for Tribest resin. 

Creep compliance 

Comparison of the master curves for the four resin systems is presented in Fig 5.  
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Fig 5. Master curves for the four different resins. 

 

Creep compliance master curve comparison shows a significant difference 

between the four materials in regard to long-term behavior. It is obvious that these 
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bio-based resins perform different than LY556, the largest difference is for 

Tribest. EpoBioX and Envirez have the same behavior and magnitude as LY556 

for shorter times. This means that they are expected to perform well within the 

limits of the product design for the predicted time and thereafter one might expect 

decreasing material performance. The bio-based resin are thus good alternatives to 

oil based epoxy for applications that don’t require service life of more than 3 to 10 

years.     

Moisture influence on creep compliance 

The creep compliance for virgin, wet and dried material for the four materials is 

presented in Fig 6 to Fig 9. For better overview instead of actual experimental 

results polynomial (sixth order) trend lines are presented. The trend lines are fitted 

to the experimental data by least square method. 
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Fig 6. Master curve comparison virgin, wet and dried Tribest. 
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Fig 7. Master curve comparison virgin, wet and dried Epobiox. 
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Fig 8. Master curve comparison virgin, wet and dried Envirez. 
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Fig 9. Master curve comparison virgin, wet and dried LY556. 

 

Comparison between master curves for virgin, wet and dried material show that 

moisture present in the specimen increases creep rate and that some of that 

increase is still there after drying of samples. The change in creep rate due to 

moisture is as expected when water acts as a plasticizer. The residual change of 

creep rate after drying is considered as ageing of the material. The water and 

ageing effect for the bio-based resins are not very clear but follows the trend 

discussed above. The bio-based resins show signs of a plasticizer effect due to 

water but the polyester and epoxy does not show any clear ageing after drying. 

Glass transition temperature, Tg 

The measured Tg for virgin and wet polymers is presented in Table 3.  
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Table 3. Tg results for virgin, wet and dried resin. 

Samples  Weight  (g) 

Before test/after test  

%- Weight 

change  

Tg (°C)  

Measured in E’  

ΔTg 

(°C)  

TRI-Tg-1   50.8  

TRI-WET-Tg-1 1.302/1.278 1,84 46.2 
-5.3 

TRI-WET-Tg-2 1.163/1.144 1,63 44.2 

EPOBIOX   60.0  

EPOBIOX   No result  

EPOBIOX-WET 1.352/1.339 0.96 52.4 -6.0 

EPOBIOX-Wet 1.240/1.227 1.05 55.7  

ENVIREZ   73.6  

ENVIREZ   75.2  

ENVIREZ-WET 1.368/1.358   0.73 74,6 
-1.9 

ENVIREZ-WET 1.393/1.381 0.86 70.4 

LY556-Tg-1   137.8  

LY556-Tg-2   138.1  

LY556-WET-Tg-

1 

1.419/1.413 
0.42 

127.4 

-9.3 
LY556-WET-Tg-

2 

1.413/1.408 
0,35 

130.0 

 

Tg measurements show that moisture inside the specimen decreases Tg, this is 

anticipated because the plasticizer effect of water. It is also observed that during 

the Tg measurement tests the sample are drying (weight loss was detected). This 

means that the measured Tg is on a material with lower moisture content than 

originally estimated. The fact that the material dries out during testing highlight 

the fact that Tg measurements on wet material are very tricky.  

Conclusions 

Three bio-based resins of different type (epoxy, polyester and vinylester) have 

been analyzed and compared to oil based LY556 epoxy in regard of moisture 

sorption behavior, long term mechanical behavior, moisture influence on thermo-

mechanical properties and ageing.  

According to the achieved results the bio-based resins perform different than the 

reference in all examined properties. The moisture sorption results show 

differences in both saturation level and diffusion constant but bio-based resins of 

polyester and epoxy type are comparable with LY556.  
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TTSP was suggested for long-term behavior prediction. The calculated long-term 

behavior for Tribest was compared to short time creep data with excellent 

agreement and the TTSP was therefore validated and used for further 

determination of long-term properties.  

Creep compliance master curve comparison shows a significant difference 

between the four materials in regard to long-term behavior EpoBioX and Envirez 

have the same behavior and magnitude as LY556 for shorter times. This means 

that they are expected to perform well within the limits of the product design for 

the predicted time and thereafter one might expect decreasing material 

performance. The bio-based resin are thus good alternatives to oil based epoxy for 

applications that don’t require service life of more than 3 to 10 years. 

Water influence on the long-term behavior is established by comparing results 

from virgin, wet and dried material. The comparison show that moisture increases 

creep rate and that some of that increase is still present after drying (ageing). The 

water and ageing effect for the bio-based resins are not very clear but they show 

signs of a plasticizer effect due to water whereas the polyester and epoxy does not 

show any clear ageing after drying. 

Tg measurements show that moisture decreases Tg, implying that water acts like a 

plasticizer. It is also observed that the Tg measurements of wet samples dries the 

sample during testing giving that the Tg is measured on a material with slightly  

lower moisture content than originally estimated. Modified methodology of 

measurements of Tg for wet material should be developed in order to overcome 

this issue.  

The overall conclusions are that the bio-based resins of polyester and epoxy type 

are comparable in performance with oil based LY556 and they can be used to 

develop high performance composites. 
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Abstract A race towards a more sustainable society is going on worldwide and 

decreasing dependence on fossil resources in energy and transport sectors is main goals. 

One path to decreased oil usage is development of lightweight materials from renewable 

resources like bio-based composites. However these new bio-based materials have not 

only to compete in mechanical performance, they also have to restrain environmental 

loads like moisture and temperature over time. In this study two bio-based composites 

have been compared to an oil-based composite in terms of long-term properties and water 

absorption behaviour. The long-term behaviour is determined by dynamic mechanical 

thermal analysis, DMTA, and time temperature superposition, TTSP. The water uptake is 

determined by submersion of specimens into water and tracking their weight change over 

time. The moisture influence is characterised in form of water uptake and change in 

dynamic response. The results show that there is a significant difference in long-term 

performance between the bio-based and oil-based composites. It is realized that the bio-

based composites can be a good alternative for some applications especially when taking 

environmental savings into account. 

Keywords: Bio-based composites, Service life assessment, Time temperature 

superposition, Moisture absorption, Moisture induced ageing 
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Introduction 

Composite materials are an important and growing material group in a large 

number of industries such as aeronautics, marine, automotive, energy production 

and infrastructure. The most common composite materials are manufactured from 

fibres such as glass fibres and carbon fibres together with oil-based resins i.e. 

polyester, vinyl ester and epoxy. Parallel to this a race towards a more sustainable 

society is going on worldwide (White paper 2011; Energy roadmap 2011). 

Decreasing dependence on fossil resources in energy and transport sectors are 

main goals. To achieve this, different routes can be chosen: a) finding alternative 

power sources e.g. electric and/or hybrid vehicles; b) reduction of fuel 

consumption by wider introduction of lightweight structures from conventional 

polymer composites based on synthetic polymers and glass fibres, carbon fibres 

etc; c) development of even lighter materials from renewable resources (bio-based 

composites). The development of renewably sourced composites for structural 

applications has been going on for quite some time using natural fibres and closed 

mould techniques (Oksman 2000; Goutianos et al. 2003; Rodriguez et al. 2005; 

Goutianos et al. 2006). For this class of composites thermosetting resins are used 

but the development of wholly or partly bio-based thermosetting resins is quite 

recent. The possibility to produce entirely bio-based composites can thus be 

realised and is now being studied worldwide (Åkesson et al. 2006; Sparnins et al. 

2012; Kim et al. 2012). The properties of such composites in terms of density and 

mechanical performance can in some cases be competitive compared to glass fibre 

composites (Nyström 2008; Nyström and Joffe 2010; Joffe and Nyström 2010; 

Rozite et al. 2011; Nyström et al. 2011). However these new bio-based materials 

have not only to compete in mechanical performance with synthetic counterparts, 

they also have to restrain environmental loads like moisture and temperature over 

time.   

Long term performance (e.g. creep, fatigue) is of great importance, since material 

should retain their original properties during the whole service life. However, 

characterization of the long term behaviour of composites, for example by creep 

experiments, is very time consuming and expensive, therefore accelerated test 

method (ATM) is needed. An ATM uses an accelerating mechanism to increase 

the rate of degradation of a given material. There are studies available for 

accelerated testing on common thermosetting resins and composites (Apicella et 

al. 1983; Apicella 1990; Gentry et al. 1998; Shah et al. 1994; Bank et al. 1995) but 

there is not much done on accelerated testing on bio-based resins and their 

comparison against oil-based resin. Therefore the aim of this work is to use 

existing ATM to make predictions of the long term properties of bio-based 

composites, study the influence of moisture on the behaviour of these materials 
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and compare with results from conventional epoxy/glass fibre composite. Long-

term property prediction is made by using dynamic mechanical thermal analysis, 

DMTA, and time temperature superposition, TTSP, (Christensen 1982; Ward and 

Hadley 1993). The outcome from the TTSP is creep compliance master curve. The 

water uptake is determined by submersion of specimens into water and tracking 

their weight change over time. The moisture influence is characterised in form of 

water uptake and change in dynamic response. Scanning electron microscopy is 

used to support interpretation of some results.  

 

This study is part of the ANACOMPO project funded by Interreg and 

Länsstyrelsen i Norrbotten and Lapinliitto. The overall aim of the ANACOMPO 

project is to develop structural composites from bio-based materials for harsh 

environments, i.e. elevated moisture and temperature.  

Material and sample preparation 

Two different composites of renewable feedstock and one glass fibre/oil-based 

epoxy (reference) were investigated. The bio-based resin used is ASHLAND 

Envirez G 8600 INF-60 with 2% Norpol No1 peroxide hardener. The oil-based 

epoxy is LY 556 with hardener HY917 and accelerator DY070 mixed according to 

100:90:0.6 ratio. The flax weave used is Composite Evolution Biotex Flax 4x4 

Hopsack 510 gsm, two layers 0/90.  The Cordenca Rayon used is unidirectional 

182 gsm that was stacked in 8 layers to achieve [0/90]4. Glass fibre used is 

Ahlstrom R338 1200 TEX, unidirectional laminate was made by filament winding 

of two layers of fibres. The composites were manufactured using vacuum infusion 

with one stiff and one flexible mould halves. A polyamide film was used as the 

flexible side. The materials, their cure cycles, thickness and nominal fibre 

contents for the composite plates are presented in Table 1.  

Table 1. Composite setup and cure cycles. 

Resin/Fibre Cure Post curing Vf [%] Thickness 

[mm] 

Envirez / Flax  RT over night 2h at 70°C 40 1.8 

Envirez / Cordenka  RT over night 2 h at 70°C 53 2.1 

LY 556 / Glass fibre  4h at 80°C 4h at 140°C 51 1.0 

RT~22°C   
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Experimental Methods 

Water uptake 

Nine specimens from each material were submerged into tap water, the foot print 

size of the specimen where 10x55 mm
2
. These samples were not prepared 

according to standard for water absorption tests neither were the edges sealed. The 

samples were prepared to be used in DMTA tests of dry, wet and dried composite 

material and therefore have dimensions suited for particular DMTA machine. 

Before immersion the initial weight of the samples was recorded. At different time 

intervals the samples were removed from the water and weighed (excess of water 

on the surface of specimens was dried off with tissue paper). When the specimens 

reached the point of saturation 5 specimens were taken out for mechanical testing. 

The remaining four specimens were put into a desiccator with silica gel for drying 

at RT. The weight of the specimens was recorded over time until equilibrium was 

reached. The scale used was a Mettler-Toledo PM4600 with a precision of 0.001 

g. Water uptake is defined by the weight relative moisture content as a function of 

time, t. The percentage moisture content M is calculated from 

 

materialdry  ofWeight 

materialdry  of Weight - material wet ofWeight 
)(  tMM  (1) 

DMTA and TTSP 

Creep compliance over decades of time will govern the long term behaviour of 

time dependent materials. However, characterization of such long term 

performance is very time consuming and expensive, therefore the possibility to 

predict this behaviour by means of accelerated testing is preferred.  

The mechanical properties of polymers are temperature as well as time dependent 

and the idea behind TTSP is to correlate properties at elevated temperature to 

properties at increased time. This is achieved by introducing a shift factor which is 

obtained by a horizontal shift of property curves (i.e. modulus, compliance etc.) 

achieved at different temperatures along time axis. In Fig 1 a schematic 

illustration of how to achieve the creep compliance master curve is presented. 
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Fig 1. Schematic illustration showing the idea of the master curves  

In order to construct compliance master curve the complex modulus of composite 

E = E’+ iE’’ is considered (where E’ and E’’ is the storage and loss modulus 

respectively). Storage modulus of the composite, E’, was measured as a function 

of frequency and temperature in the DMTA. The TA Instruments Q800 DMTA 

machine was used in 3-p bending mode on rectangular specimens with the 50 mm 

span length fixture. The frequency steps were 0.3:1:3:10:30 Hz at amplitude of 

7m for the temperature range 25ºC to 175ºC at intervals of 10ºC. These 

measurements were repeated for three different samples of each material to get a 

good foundation for the data. 

The 1-dimensional constitutive equation for a linear viscoelastic and 

thermorheologically simple neat resin is (Christensen 1982), 

     



 dtEt

t

m



 

0

)(  (5) 

where  


t

T

d
a

t
0

1
)(    (6) 

and Em(t),  and aT(T) are the resin relaxation modulus, stress, mechanical 

strain and temperature shift factor, respectively.  

The complex modulus of the composite obtained by DMTA measurements is a 

function of frequency and temperature. The transformation from frequency 

domain to time domain was made using the approximation (Christensen 1982), 

   
t

mm EtE




 2
'


  (7) 

where Em’() is the storage modulus. Time-temperature superposition was then 

employed to construct a master curve and obtain temperature shift factor, aT(T). 

The creep compliance S was then calculated as the inverse of modulus,  
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m

m

1
  (8) 

Scanning Electron Microscopy, SEM 

A JEOL JSM 6460 LV was used for the SEM examination. Pictures were taken of 

fractured cross sections of the specimens. The specimens were sputter coated 

before examination, the working distance was 13-20 mm and an acceleration 

voltage of 5-10 kV was used. 

Results 

Water absorption and desorption 

The weight gain due to water diffusion into the samples over time was recorded 

for the nine coupons of each material submerged into water. The weight loss due 

to drying was monitored for three samples of each composite material that had 

reached saturation. Table 2 shows the water absorption and desorption behaviour 

for the three materials. 

Table 2. Water absorption and desorption behaviour. 

Resin/Fibre Time to 

saturation 

[days] 

Relative 

weight gain 

[%] 

Time to dry 

[days] 

Relative 

weight loss 

[%] 

Envirez / Flax  60 10.7±6.1 20 -10.0±1.1 

Envirez / Cordenka  92 11.3±5.9 28 -13.5±1.4 

LY 556 / Glass  54 0.4±0.0 42 -0.4±0.0 

 

The three materials show differences in both time to saturation and saturation 

level. The two bio based composites show a very large standard deviation in 

saturation level while the reference material has more stable sorption behaviour.  

Moisture desorption result (drying) for the reference material show a relative 

weight after drying that are equal to the initial level of zero. This indicates that the 

samples were dry prior absorption. Moisture desorption data for the two bio-based 

composites show a final weight which is lower than the initial weight for some of 

the specimens. The weight losses of the three samples correspond to the actual 

moisture content at saturation. The decrease in weight compared to initial weight 

may indicate that the samples were not completely dry when the test started since 

no dissolved material could be detected in the water.  
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Creep compliance 

Comparison of the compliance master curves for the composites are found in 

Figure 2.  

 

Figure 2. Compliance master curves for the three different composites. 

These results show a significant difference between the three materials in regard 

to long-term performance. It is obvious that long-term performance of bio-based 

composites is not as good as that of the reference material. Both bio-based 

composites have similar mechanical behavior and magnitude. At shorter times, 1-

3 years, the bio-based composites are reasonable stable and can be a good 

alternative to synthetic materials, especially considering environmental 

advantages. 

Moisture influence on creep compliance 

Comparisons of virgin, wet and dried material for the three composite materials 

are presented in Figure 3 to Figure 5. For better overview instead of actual 

experimental results polynomial (sixth order) trend lines are presented. The trend 

lines are fitted to the experimental data by least square method.  
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Figure 3.Master curve comparison virgin and dried LY556/Glass composite. 

 

 

Figure 4. Master curve comparison virgin, wet and dried Flax/Envirez composite. 

 

 

Figure 5. Master curve comparison virgin, wet and dried Cordenka/Envirez composite. 
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Solid lines in the figures correspond to virgin material, dashed lines to wet 

material and dotted lines to dried material. Comparison between master curves for 

virgin, wet and dried bio-based material show that moisture increases creep rate 

and that drying regain part of the properties. The change in creep rate due to 

moisture is expected since water is known to act as a plasticizer in polymers. The 

residual change of creep rate after drying can be attributed to the ageing of the 

material. For the reference composite the dried material show slightly enhanced 

creep behaviour compared to the virgin material. No wet data were to be analyzed 

for the reference material when the data was very unstable and no master curve 

could be produced. This is hard to explain but the water present in the material is 

believed to have effect on the interface where it breaks secondary bonds 

(intermolecular forces). This assumption is somewhat supported by SEM images 

of fracture surfaces from virgin, wet and dried material. Comparison of Figure 6 

to Figure 8 shows that the interface is weaker when the material is wet, it can be 

seen from the small gap between the matrix and fibres in Figure 7. The gap that 

can be seen for wet material is not visible for dried material which indicates that it 

is a reversible effect which could be breakage of secondary bonds.  

 

 

Figure 6. Microstructure of virgin reference, LY556/Glass. 
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Figure 7. Microstructure of wet reference, LY556/Glass. 

 

 

Figure 8. Microstructure of dried reference, LY556/Glass. 

Conclusions 

The overall conclusions from this study are that moisture uptake affects the long-

term behaviour of both bio-based- and oil-based composites. There is however a 

large difference in creep behaviour between the bio-based composites and the oil-

based composite. The oil-based composite is likely to perform well for decades 

when subjected to loads within the linear elastic region while the properties of the 

bio-based composite may decay with time. In a previous study TTSP was 

performed on the pure resins, Envirez and LY556 (Mannberg et al. 2013). The 

results were similar and thus indicate that the poor creep behaviour can to some 

extent be attributed to the resin and not to the flax or the rayon fibres alone. 
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Additional trials are needed using LY556 as matrix for the bio-based fibres to 

examine the influence of the fibres on long-term properties. Long time creep 

experiments on bio-based composites to validate TTSP are also of interest. 
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