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Abstract 
This study is an initial step within the on-going project on development of high 
performance bio-based composites with improved mechanical (fatigue) and 
environmental (elevated humidity and temperature) durability. In the presented thesis 
the performance of cellulosic fibers (flax and regenerated cellulose), bio-based resins 
(Tribest, EpoBioX, Palapreg, and Envirez) and their composites under exposure to 
elevated humidity has been studied. Composites reinforcement was in a form of fiber 
rovings and fabrics to manufacture uni-directional and cross-ply laminates. Water 
absorption experiments were performed at different humidity levels to measure 
apparent diffusion coefficient and moisture content at saturation. Effect of chemical 
treatment (alkali and silane) on fibers as protection against moisture was also subjected 
to study. The comparison of results for pristine resins and composites showed that 
primarily cellulosic reinforcement is responsible for moisture uptake in composites. 
However, fiber treatment did not improve moisture resistance in composites 
significantly. Mechanical testing was carried out in order to estimate the influence of 
humidity on behavior of these materials. Results were compared with data for glass 
fiber and epoxy, as reference materials. The results indicated that some of the bio-based 
resins and composites with these polymers performed very well and have comparable 
properties with composites of synthetic epoxy, even at elevated humidity. 
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1 Background 

1.1 Motivation 

Our planet Earth is overpopulated and therefore losing its resources rapidly. This 
motivates us as materials engineers to look for environmentally-friendly products to 
save the resources for future generations. One should consider that production methods 
which create intensive pollution and CO2 emission lead to greenhouse gases. This is 
believed to be the cause of global warming and must be eliminated or at least 
significantly reduced. Furthermore use of sustainable resources should be promoted to 
replace petroleum-based materials. However, careful engineering is required in order to 
develop competitive renewable materials which are cost-effective and offer similar 
performance to materials that are currently in use. 

1.2 Bio-based composite, a green solution 

In the past decades, there has been a growing interest on research and engineering of 
composite materials rather than monolithic materials, combining properties of their 
constituents in one. The polymer composite materials are nowadays dominating 
industries like aerospace, automotive, construction and sports. The aramid, carbon and 
glass fiber are commonly used as reinforcements in these composites. Among 
conventional fiber reinforcements, glass fibers are the most widely used due to their low 
cost and fairly good mechanical properties. However, these fibers have drawbacks as 
listed in Table 1 which promotes the use of natural counterparts. 

 
Table 1: Comparison between natural and glass fibers, adapted from [1]. 

 Natural fibers Glass fibers 
Density Low Twice that of natural fibers 
Cost Low Low, but higher than natural 

fibers 
Renewability Yes No 
Recyclability Yes No 
Energy consumption Low High 
CO2 neutral Yes No 
Abrasion to machines No Yes 
Health risk when inhaled No Yes 
Disposal Biodegradable Not biodegradable 

 
Natural fiber reinforcements have been already introduced in non-structural 

applications, for example in interior of cars. There are already several car manufacturers 
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which use flax or hemp fibers polymer reinforcement in interior parts like car roofs and 
door panels. Several parts in C-class Mercedes-Benz automobiles are made of natural 
fiber composites, including hemp (Figure 1). It is notable that carbon dioxide neutrality 
of natural constituents has a great potential to encourage their wider usage in fiber-
reinforced composites [1]. Therefore, along with the development of natural fibers the 
work on alternative to synthetic polymers is also in progress. 
 

 
Figure 1: Automobile components made of natural fiber based composites, 

courtesy of T. Schloesser, Daimler Chrysler. 

1.3 Natural fiber reinforcement 

Considering their renewable and biodegradable nature, natural fibers are growingly 
being used in composite materials [2]. Today the European Union is encouraging 
development and usage of such materials. There are several European directives on 
recycling and reuse of industrial waste, for instance in automotive sector. Furthermore, 
there are number of related projects funded by the European Union, for instance 
ECOFINA or BIOCOMP, which emphasize on eco-efficient technologies and 
products based on natural fiber composites. It is worth to mention that ANACOMPO 
as part of the INTERREG IV-A North program is the project which partially financed 
the present study with the aim of “application of natural fiber-reinforced composites in 
harsh environments”. 
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Natural fibers generally offer low production costs, friendly processing (low tool 
wear and little skin irritation), and good thermal and acoustic insulation properties. 
Furthermore, as compared to glass fibers, low specific weight of natural fibers provides 
them a higher specific strength and stiffness [3]. However, disadvantages such as variable 
quality, moisture absorption, low durability, low impact strength, and restricted 
processing temperatures, are the limiting factors of natural fibers’ usage [3]. A direct use 
of natural fibers is in one-dimensional products such as lines, ropes, etc. Moreover in 
early times natural fibers where applied for footbridges, suspended across rivers or for 
rigging of naval ships. During the 1990s a renaissance began in the use of natural fibers 
as reinforcements in technical applications [4]. 

Figure 2 indicates the classification of plant fibers which gives an idea how wide the 
range of wood and non-wood fibers is. It is to be noted that natural fibers of interest in 
this study are of non-wood fibers with high cellulose content. 
 

 
Figure 2: Classification of plant fibers, adapted from [2]. 

 
In Table 2 values of the typical mechanical properties of some natural fibers are 

compared to E-glass fiber. 
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Table 2: Typical values of flax, hemp, jute, and E-glass fibers, adapted from [7]. 

Fibers Modulus 
(GPa) 

Strength 
(MPa) 

Density 
(g/cm3) 

Specific 
modulus 

Specific 
strength 

E-glass 72 3530 2.54 28.2 1390 
Flax 50-70 500-900 1.4-1.5 ~ 41 ~ 480 
Hemp 30-60 300-800 1.48 ~ 30 ~ 370 
Jute 20-55 200-500 1.3-1.5 ~ 27 ~ 250 

 

Flax and hemp compared to other natural counterparts contain high amount of straw 
and fibers which make them favourable alternatives as reinforcing natural fibers, see 
Figure 3. 
 

 
Figure 3: Simplified representation of plant fiber cross-section (left), scanning 

electron microscopy image of a flax fiber (right). 
 

Cellulose is the main element of plant fibers and fibers such as hemp and flax contain 
considerably high amount of cellulose. Typical composition and geometrical 
characteristics of hemp and flax are listed in Table 3. In general it can be stated that 
agro-based fibers acquiring appropriate aspect ratios have the potential to offer 
outstanding reinforcements to polymers [5]. However, as it can be seen in Table 3, 
physical characteristics of natural fibers are highly variable depending on agricultural 
parameters. 

Presence of cellulose makes the fibers strongly polar due to hydroxyl groups, acetal 
and ether linkages in cellulose structure (Figure 4). Consequently cellulosic fibers have 
poor interfacial compatibility when it comes to reinforcing non-polar polymers like 
polypropylene [7]. 
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Table 3: Physical characteristics of hemp and flax, adapted from [2,3,6]. 

Characteristic  Hemp Flax 

Component (wt%) 

Cellulose 70-78 60-81 
Hemicellulose 17-22 14-21 
Pectin 1-2 1-3 
Lignin 3-5 2-5 

Dimension* (mm) 
Length 5-55 9-70 
Diameter 0.01-0.05 0.005-0.038 

*The values correspond to single fibers. 
 
 

 
Figure 4: Cellulose molecule. Rings contain five carbon atoms and one oxygen. 
Bridges are single oxygen atoms, paired projections are OH groups and single 

projections CH2OH, and other valences are occupied by hydrogen atoms. 
 

Composites of natural fibers are listed in Table 4, in two categories of thermoplastic 
and thermosetting polymer matrix. Despite the fact that thermal instability of fibers 
restricts the choice of suitable matrix materials, both thermoplastics and thermosets are 
being used. Polypropylene is the most popular thermoplastic matrix, specially combined 
with flax fibers [8]. Likewise thermoset polymers such as epoxies, vinylesters, and 
polyesters are being used. 

Typically, natural fiber-based composites are compared with glass fiber-reinforced 
polymers, considering the same matrix, manufacturing method, fiber properties like 
volume fraction, length and configuration. The comparison results in that natural fiber 
composite can have very good specific stiffness and reasonable specific tensile strength 
competing glass fiber composite (see Table 2) [1,11]. Unfortunately, the impact 
strength of natural fiber-reinforced composites does not compare well with glass fiber 
composites [12,13,14], but it can be increased by improving adhesion between matrix 
and fibers [15]. Flexural strength is also somewhat lower in natural fiber composites 
than in glass fiber counterparts [16]. 

The drawbacks of natural fibers which restrict their use in high-performance 
composite product design are listed in Table 5. 
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Table 4: Examples of thermoplastic and thermoset matrix–natural fiber composites 

[9,10]. 

 Polymer matrix 

Thermoplastic Thermoset 
Fiber PP PE PA66 PS PVC  Epoxy PET Vinylester Phenolic 

Cellulose* X X X X   X    
Flax X X     X    
Jute X X     X X X X 
Sisal X X   X  X X   
Kenaf X      X   X 
Ramie X          
Hemp       X X X X 
Bagasse X         X 
Bamboo X      X X   
Pineapple  X      X  X 
Wood 
flour/fiber 

X X   X   X   

Wool        X   

* Includes cotton. 
 

 
Table 5: Main advantages and disadvantages of lingo-cellulosic fibers, adapted from 

[17,18]. 

Advantages Disadvantages 
Low cost High moisture absorption 
Renewable Poor microbial resistance 
Low density Low thermal resistance 
Nonabrasive Local and seasonal quality variations 
Low energy consumption Demand and supply cycles 
High specific properties Nonlinear stress – strain response 
High strength and elasticity modulus Non-continuous fibers 
No skin irritations  
No residues when incinerated  
Fast absorption/desorption of water*  
Biodegradability*  
Good thermal conductivity*  

*Considered advantageous depending on the application. 
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Apart from the naturally occuring fibers there are other types of cellulosic fibers 
which are man-made, known as regenerated cellulose fibers (RCF). RCF allows 
creating composites with compact and well-defined microstructure which is alike 
synthetic composites (see Figure 5). 

 
 
 

 
 

Figure 5: Transversal cross-section of the bio-based unidirectional composite 
laminate with distinct bundle structure (left) and RCF bundles with high packing 

density of fibers (right). 

1.4 Regenerated cellulose fibers 

Research on plant cellulose in the early 1850s led to an accidental discovery of a 
substance from which the first successful textile fiber was manufactured [19]. During 
1940s and 1950s the development of the technology led to producing strong rayon 
yarns which caused their massive use in automobile tires. The world production of 
viscose rayon continued to rise until 1970s but steadily the production of synthetic 
fibers e.g. nylon, polyester took over the market since the conversion of oil-based 
polymers to fibers began to offer cheaper products. The following summarizes some of 
the major production routes of man-made RCF [19]: 

Cellulose nitrate 

This production route is based on dissolving nitrated form of cellulose in alcohol or 
ether forming a “collodion” from which fibers are drawn through air. This was the 
very first artificial fiber process and proved to be a simple but slow operation. This 
process suffered another strong drawback since cellulose nitrate fibers were very 
flammable and it was impossible to scale it up in a safe manner. 

Direct dissolution in cuprammonium hydroxide: cupro 

The second artificial silk process is based on extrusion of cuprammonium solution of 
cellulose into water. Cellulose dissolution followed by precipitation of fibers was made 
using ammonia together with dilute sulphuric acid to neutralize it. Cotton-cellulose 
and copper salts were original components of the process which were both costly and 
hindered large scale manufacture. 
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Dissolution via cellulose xanthate: viscose 

The route is conversion of short-fiber cellulose into a spinnable solution (dope). This 
is followed by stretching longer filaments while controlling the physical properties, e.g. 
length, denier, cross-sectional shape. Cotton or wood cellulose could get dissolved to 
cellulose xanthate, by alkali and carbon disulphide treatment. The treacle like solution 
of viscose in yellow could be coagulated in ammonium sulphate. Cellulose color would 
be converted to white using dilute sulphuric acid. 

Viscose (or rayon) is still the most used among all artificial fibers. It has been over 
100 years since viscose process is undergoing modifications. However, there are certain 
parameters such as the basic chemistry which are unchanged [20]. 

Direct dissolution in amine oxide: lyocell 

According to this route, cellulose is directly dissolved as a base utilizing amine-oxide 
solvent. It was further proved that N-methylamine-N-oxide was the best and most 
economical among amine-oxides, resulting in a more concentrated solution of 
cellulose. 

The variety of type in cellulose fibers and fibers from different manufacturers or from 
different dates can cause major differences when comparing physical properties, like 
density, moisture absorption, etc. Typical fiber fineness of RCF would be 0.1-0.5 tex 
(10-20 μm in diameter) and most of fibers are less than 50% crystalline. Cross-sectional 
shapes of cellulose fibers with different dyeing of skin are shown in Figure 6 [21]. 
 

 
Figure 6: Cross-sectional shapes of cellulose fibers, adapted from [21]. From left to 
right: viscose rayon, Tenasco early high-tenacity rayon with thicker skin, Tenasco 
Super 105 (all-skin fiber), and crimped staple viscose rayon with asymmetric skin. 

 
The plot in Figure 7 illustrates stress-strain curves of cellulosic fibers from the 1950s 

and 1960s. It is well shown that compared to commonly used RCF viscose rayon there 
are better performing types of RCF available. For instance, tensile performance of 
high-tenacity fibers (e.g. CordenkaTM), which are made by modifications of viscose 
process, is significantly better compared to regular viscose [21]. 
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Figure 7: Tensile properties of cellulosic fibers, 10gfden-1 = 0.88Ntex-1 (gf = grams 

force) [21]. 

1.5 Bio-based polymers 

The main role of the polymer, called matrix, in the composite is to keep fibers 
together and to transfer stress from fiber to fiber. The term bio-polymer refers to 
polymers partly or fully based on renewable materials. There are attempts to use bio-
polymers in order to introduce high performance composites which are fully bio-based. 
Number of bio-polymers (e.g. polyester amide, polyhydroxyalkanoate, soybean oil and 
poly-L-lactic acid) are already available commercially [22,23,24,25,26,27,28]. As 
mentioned earlier, all the plant fibers have hydrophilic nature, due to their chemical 
structure containing hemicelluloses and pectin [11,29]. Instead, many of common 
matrix polymers used in composites are highly hydrophobic. This causes a 
manufacturing issue in natural composite development. Solutions to this problem can 
be either applying different treatments (both chemical and mechanical) to the fibers, or 
modifying chemical composition of the matrix by using additives. However, surface 
treatments of fibers can be costly [4]. 

Recently renewable resources, such as plant oils, proteins, polysaccharides, are 
considered for production of bio-based polymer materials. Plant oils consist of long 
chain fatty acids. The composition of fatty acids varies depending on plant, crop, season 
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or growing condition. Polymers based on plant oils exhibit promising thermo-
mechanical properties and are proper alternatives to petroleum-based polymers [30]. 

1.6 Environmental durability 

Research effort in the past ten years shows growing attention towards degradation 
resistance of synthetic and natural fiber composites. However, degradation of natural 
composites is more serious. It is verified that biodegradation of a composite starts with 
degradation of its each and every constituent as well as interfacial bonding (Table 6). 
Composites in outdoor application are susceptible to different modes of degradation 
whereas moisture plays an important role among them. Moisture absorption 
deteriorates the fiber/matrix interface, causes micro-cracking and eases microbial attack. 
It is believed that water absorption and desorption in composites follow Fickian 
behavior, i.e. it is linear in the beginning and slows down when approaching the 
saturation level. The Fickian behavior is caused by water concentration gradient from 
one area to another. However, at elevated temperature diffusion behavior starts to differ 
and saturation time becomes significantly shorter. This can be explained by the state of 
water molecules within the composite. Diffusion coefficient which is the ability of 
permeability of solvent molecules among polymer segments also increases by 
temperature and by cracks or voids present on surface or in bulk [31]. 
 
Table 6: Cell wall polymers responsible for properties of lignocellulosics, adapted 

from [31]. 

Component Property 
Crystalline cellulose Strength 
Hemicellulose Thermal degradation, biological degradation, moisture 

absorption, flammability* 
Lignin UV degradation, char formation* 

*Properties contributing to fire degradation. 
 

One common approach to improve moisture resistance in natural fibers is to perform 
chemical treatment to modify fiber surface. The same chemical surface treatment that is 
used to improve moisture resistance can be also used to improve the bond of 
hydrophilic natural fibers with hydrophobic thermoset resins.  Chemical treating can 
clean the fiber surface, chemically modify it, increase its roughness and stop the 
moisture absorption. Natural fibers contain hydroxyl (OH) groups therefore are 
hydrophilic in nature. There is a poor interfacial adhesion between polar and 
hydrophilic fibers with non-polar and hydrophobic matrices. Mixing becomes difficult 
when the fibers wetting with the matrix is poor. Right chemical treatment improves 
fiber quality, increases fiber yield and fibers hydrophobicity and reduces swelling [32]. 
Chemical surface modification can alter surface tension and polarity of the fibers. 
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Coupling agents improve the stress transfer at the interface between the fiber and 
matrix. Chemically modified surfaces with improved interfacial bonding decrease 
moisture absorption. All this leads to increased mechanical properties and wettability of 
fibers by matrix. 

The typical chemical surface treatments are silane treatment, mercerization and 
acetylation which have been used in the studied materials. These methods have 
achieved improved fiber strength and fiber matrix adhesion in natural fiber-reinfirced 
comopsites [33]. 

Table 7 summarizes values of interfacial shear strength (IFSS) for different 
thermoplastics reinforced by flax fibers subjected to different fiber treatments. 
 

Table 7: IFSS for thermoplastics reinforced with treated and untreated flax fibers 
[34]. 

Flax fiber 
type 

Matrix Fiber treatment IFSS 
(MPa) 

Test method 

Green PP 

_ 6.33 SFF* 
Acetylation 11.61 SFF 
Stearic acid 9.49 SFF 
_ 7.21 Micro-debond 
MAPP 7.20 Micro-debond 

Dew retted 

PP 

_ 12.75 SFF 
Acetylation 13.05 SFF 
Stearic acid 13.36 SFF 
Transcrystalline layer 23.05 SFF 
_ 17.3 Pull-out 

HDPE _ 18.0 Pull-out 
LDPE _ 5.6 Pull-out 
PP/MAPP _ 17.8 Pull-out 

DuralinTM 
PP 

_ 7.45 Micro-debond 
Hot-cleaned 6.63 Micro-debond 
MAPP 7.17 Micro-debond 

HDPE _ 16.2 Pull-out 
LDPE _ 7.1 Pull-out 

*Single fiber fragmentation 
 

The chemical formula of silane is multifunctional, containing reactive R and X 
groups. One end of it reacts with the cellulose fiber surface and the other end with the 
polymer matrix. The X groups of silane can be hydrolyzed to allow reactions to take 
place between silane and OH group on the cellulose surface. Through silane treatment 
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the R groups on the fiber surface can react with the functional groups in the matrix 
forming a covalent bond with the matrix. 

Mercerization is another type of chemical treatment, also called alkali treatment. 
Mercerization breaks down the composite fiber bundles into smaller diameters resulting 
in a higher aspect ratio. The immersion of alkaline also leads to voids formation and 
developing a rough fiber surface topography. Lignin and hemicellulose are removed 
during the alkali treatment process which leaves the crystalline cellulose in treated 
fibers. The efficiency of the mercerization depends on the type and concentration of 
the NaOH-solution, time of treatment, temperature and fiber tension [33]. 

Another way to treat fibers chemically is to acetylate. Acetylation involves 
esterification of hydroxyl groups on the fiber surface. The fibers become hydrophobic, 
since they are treated by acetic or propionic anhydride substitutes. The polymer 
hydroxyl groups react with the acetyl groups. The hydroxyl groups of cellulose are 
being closely packed with hydrogen bonds. Acetylation is applied to reduce moisture 
absorption, dimensional stability and environmental stability [32]. 

1.7 High performance bio-based composites 

There are several reasons to introduce natural fibers and their composites into wide 
range of load carrying applications rather than only for non-structural usage. It is 
already accepted that natural materials offer ecological and commercial benefits 
compared to petroleum-based alternatives. One of the very first natural fiber-reinforced 
composite, developed for structural purposes, refers to the mid-1930s. The composite 
(Gordon Aerolite) was combined of flax fiber and phenol formaldehyde matrix, 
fabricated by Aero Research Limited for aircraft construction. However, in the 1940s 
research on natural fiber composites lost its attraction, since Owens-Corning 
introduced highly competitive glass–fiber reinforcement for plastic laminates. This 
ended up in massive use of synthetic composites in airplanes and boats. Nevertheless, 
over the last two decades the research on natural composites is again intensifying and 
leading to its wider use as construction materials [3]. This has been a result of the 
improvements of natural composites regarding fiber–matrix compatibility, impact 
strength, and etc. [9]. Natural fiber-reinforced composites have even been considered as 
an alternative for aerospace applications [35,36]. 

In general for fiber reinforced plastics, higher critical loads for damage initiation, 
higher failure loads and lower damage propagation rates can be engineered by [37]: 

 Higher fiber strength and modulus; 
 Stronger fiber-matrix adhesion; 
 Higher fiber fractions. 

The major motivation of natural fiber applications in polymer composites is their 
low density which is for instance of interest in automotive industry. For instance flax 
fibers are used in car disk brakes instead of asbestos fibers [38,39]. 
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However, early fiber/matrix debonding as a result of ageing has been limiting natural 
composites to short-term applications [37]. It is also the humidity-, temperature- and 
UV radiation- sensitivity that restricts the use of natural fibers [40]. Therefore, there is a 
need of systematic and detailed analysis of properties, durability and failure mechanisms 
to be undertaken on fiber composites [37]. The structural applications of polymer 
matrix composites demand lifetimes of about 15 to 50 years. However, the mechanical 
properties of these composites, e.g. strength and stiffness, are time dependent due to 
their viscoelastic polymers. Hence, lifetime models for viscoelastic materials, is a tool to 
extend the use of these composites and make them a predictable alternative [41]. 
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2 Current work 
As the overall objective of the project is development of bio-based composites for 

structural application, long term behavior is a concern. As an initial step toward this 
development quasi-static performance of bio-based composites and their constituents 
was tested, with respect to moisture influence. The thesis contains two journal papers. 
The contents of appended papers are summarized below. 

Study of constituents is presented in Paper A. The main objective of this paper was 
to characterize mechanical properties of constituents for bio-based composites and study 
influence of moisture on their performance. Five different bio-based thermoset 
polymers were subjected to tensile, flexural, impact and fracture toughness tests. 
Regenerated cellulose fibers were tested in simple tension and cyclic loading-unloading 
experiments, single fibers as well as bundles were characterized. Moisture uptake of all 
materials at several humidity levels was studied and its influence was evaluated by 
testing resins and fibers with different moisture contents. The polymer performance was 
compared against reference material, Araldite LY556 epoxy resin. 

The study on composite is presented in Paper B. This paper deals with durability of 
entirely bio-based composites with respect to the exposure to elevated humidity. 
Different combinations of bio-based resins and cellulosic fibers (flax and RCF rovings as 
well as fabrics) were investigated. Water absorption experiments were performed at 
various relative humidity levels and effect of chemical treatment (alkali and silane) of 
fibers, as protection against moisture, was studied. Tensile properties of composites 
were measured in order to estimate the influence of humidity on behavior of these 
materials. Results were compared with data for glass fiber-reinforced composite, as a 
reference material. 

Contribution of author 

Author participated in the planning of work and performed significant part of the 
experiments. Author has also participated in the discussions as well as in interpretation 
of results and contributed to the writing of the papers. 
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3 Future work 
Often failure in structural composites occurs due to mechanical fatigue. In design 

engineering, it is fatigue phenomenon a serious cause of design failures. Therefore, 
there are strong concerns when it comes to materials durability and long term 
performance [40]. In general polymers and their composites exhibit time-dependent 
behavior (viscoelasticity, viscoplasticity). The mechanical behavior and mechanisms of 
failure during creep and fatigue are not sufficiently understood [37]. 

The mechanical properties of composites including fatigue depend on the composite 
constituents (matrix and reinforcement) as well as on the interfacial strength between 
them. It is examined that natural composites perform fairly well in static loading but 
there is a need to determine their long term performance as well. In order to develop 
these materials fast reliable tools are required to characterize mechanical durability. 
Since fatigue tests are very time consuming, modeling may help here very much to save 
time, energy and resources. However, to be able to model certain facts on these 
materials must be understood. How these materials behave under fatigue loading, and 
what are failure mechanisms in fatigue must be found out. If the natural composites 
behave the same as synthetic ones then models developed for synthetic composites can 
be adapted and applied to them. 

Additionally the mechanical properties of natural fiber composites, owing to their 
organic nature and high moisture absorption, have higher rate of degradation than 
synthetic fiber composites. Therefore, it is of great importance to understand the 
degradation mechanisms under the lifetime of natural fiber-reinforced composites. 
Research is going on to increase the potential of these eco-friendly, inexpensive natural 
fibers to be involved in polymers. The goal is to develop these materials with enhanced 
mechanical properties, hardly affected by ageing, and with wider range of applications 
[40]. 

3.1 Mechanical durability 

Mechanical durability in composites in terms of fatigue life prediction has been an 
interesting subject during more than three decades [42]. Despite the fact that there have 
been several articles published, a significant amount of experimental data is available on 
different materials, there is not a definite conclusion on specific predictive algorithms 
[43,44]. All these discussions agree on that the difficulty in defining and modeling 
damage mechanisms during fatigue results from anisotropy of composites [42]. 

To classify fatigue modeling efforts, empirical, phenomenological and mechanistic 
models can be considered. An empirical model introduces a damage parameter 
regarding final failure, without considering other physical interpretations as 
accumulating fatigue damage. For metallic materials, empirical approaches have been 
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mostly introduced. Contrary to empirical models, phenomenological formulations are 
correlating fatigue damage with a physically measurable quantity such as residual 
stiffness or strength. These models treat the fatigue life prediction from macro- to 
meso- or even down to micro-scale. Since there are various interactions between 
fatigue damage mechanisms, phenomenological modeling can provide an appropriate 
solution to the problem. Still, several parameters have to be measured in each laminate. 
Mechanistic models are the third class of composites life prediction. Such models 
provide the missing link between fatigue damage mechanisms and macro-mechanical 
properties of laminates under arbitrary stress conditions. These models solve the 
problem from micro- to meso- or macro-scale. The advantage of these models is a 
small amount of experimental input which is required from the fiber, matrix and 
interface mechanical properties [42]. 

An intermediate class of fatigue modeling is the so-called laminate-to-lamina 
approach. In which, phenomenological models reflect fatigue damage mechanisms 
directly in the meso-scale of laminates. All the models mentioned above require 
knowledge of some basic fatigue parameters which could be considered as modules. 
The modules establish the building blocks for a general life prediction under arbitrary 
fatigue loads. 

These modules are as following [42]: 
1. S-N curve definition: To obtain a life prediction, the fatigue behavior of the 

material is considered under constant amplitude fatigue. Subsequently, a model is 
assumed to extrapolate or interpolate fatigue lives at any stress level. S-N curve is 
the simplest of all life prediction models, owing to a uniaxial stress field, constant 
amplitude and constant R-ratio. 

2. Generalizing to various R-ratios: A wide variety of fatigue cycles is to be 
performed, at different maximum and minimum stress. 

3. Damage accumulation metric: It is mainly to assume a point at which 
fatigue failure occurs. 

4. Fatigue failure criterion: In case of multiaxial stress fatigue, some kind of 
failure function must be used to contribute each component of the stress tensor 
to failure of the composite. The variety of failure criteria for multiaxial static 
loading is a result of anisotropy in composites, caused by their lay-up and the 
loading characteristics. 

5. An additional module: It is the algorithm for analyzing irregular load-time 
runs using a series of constant amplitude cycles. This is required since all fatigue 
testing is usually performed through sinusoidal load cycles. 

The following step is then applying the models into natural composites. In general, 
fatigue in composites is a rather complex phenomenon, which is characterized by 
initiation of cracks. Cracks initiation in composites depends on the ductility of matrix 
and fiber modulus. In fatigue study of Gassan [37] on flax and jute reinforced-polymer 
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composites it is stated that one factor affecting fatigue behavior is the natural fibers’ 
structure. Fiber structure is the factor which directly influences stress-strain behavior. In 
case of natural fibers, the energy is just partially used up during structural and 
cumulative fiber degradation and a large percentage is gone as heat due to internal 
frictions during viscoelastic deformation of fibers. 

There is a mechanism proposed to relate the viscoelastic behavior of the natural 
fibers to their structural elements. The reinforcing cellulose microfibrils in each fiber’s 
layer moderate the load bearing role of hemicellulose and lignin matrix. Cellulose 
microfibrils transfer stresses to adjacent layers and thus decrease the energy loss [45]. 
Also in the cyclic load extension behavior of cotton it was shown that fibers tend to less 
hysteresis energy loss during the first cycle, by increasing orientation (Hermans 
orientation factor) [37]. Further damage phenomena of fatigued fibers are a result of 
cumulative micromechanical degradation followed by structural breakdown of 
microfibrils [45]. The interactions between cellulose microfibrils and matrix influence 
the delamination crack growth. Likewise microfibrilar alignment/placement to crack 
plane plays a key role in inter-laminar delamination in the natural fiber [37]. The above 
mentioned are factors to be investigated to understand fatigue behavior in natural fiber 
composites. 

As in this work different combinations of materials were investigated, initial 
screening of materials with respect to their performance under quasi-static loading has 
been made. Hybrid composites with more complex configurations are also going to be 
subjected to further studies. Consequently, according to vitality of fatigue behavior in 
composites further fatigue testing on selected combinations of materials is planned. 
Extensive fatigue studies on materials behavior and failure mechanisms would then be 
employed to model fatigue performance in bio-based composites. 
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Abstract. The mechanical properties of the bio-based fiber and resins have been 
characterized and moisture influence on the behavior of these materials has been 
studied. Commercially available bio-based thermoset resins (Tribest, EpoBioX, 
Palapreg, Envirez SA and Envirez SB) and regenerated cellulose fibers (Cordenka) have 
been conditioned at different relative humidity (as received, dried, 41%, 70% and 90%) 
in order to obtain materials with different moisture content. The following properties 
of polymers were measured: tensile, flexural (3P-bending), impact strength (unnotched 
Charpy) and fracture toughness (compact tension).The results of characterization of 
bio-based thermosets were compared against data for epoxy Araldite LY556, which is 
used as reference resin. Regenerated cellulose fiber bundles (with and without twist, 
extracted from fabric) as well as single fibers separated from these bundles were tested in 
tension. In general bio-based resins performed well, moreover EpoBioX showed better 
properties than synthetic epoxy. 

Introduction 

Growing need to reduce use of oil dependent materials and limited Earth resources 
stimulate use of renewable and recyclable materials, therefore during the recent years 
there has been significant progress in the area of bio-based materials [1]. For example, 
there has been significant development in bio-based composites for packaging (non-
structural) [2] and automotive [3-6] applications. However, sensitivity to moisture [7-
11] is one of the main reasons why industry withholds use of these materials for 
applications where long term load carrying capabilities are required. Even in synthetic 
matrix (e.g. epoxy, polypropylene) natural fiber composites the large uptake of 
moisture is observed, since in this case mostly reinforcement is responsible for water 
transport inside the material. The material developers are well aware of these issues and 
there are certain ways to overcome them, for example by chemical treatment of 
reinforcement which reduces moisture uptake [12-13] or by protecting composite 
surface (and exposed fibers) from environment by application of gel coating [14] (or 
miscellaneous paints) on final product. 

Lately, the bast natural fibers, such as flax and hemp, have been frequently studied 
[15-17] due to their good mechanical properties. Even though their mechanical 
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performance often is comparable to that of glass fibers, there is one major disadvantage:  
large variability of properties of natural fibers depending on conditions of growth and 
harvest, geographical location, processing etc. Some studies [18-19] showed diameter 
variability not only from fiber to fiber but also along the length of the filament [20-21]. 
Even position in the stem where fiber is extracted from is important, as demonstrated 
on flax fibers in [18]. Apart from inherent variation of properties there are other 
difficulties associated with use of natural fibers in composites. For instance, limited fiber 
length makes it more difficult to control fiber alignment and orientation. However, 
another type of reinforcement with natural origin has caught attention of material 
researchers developing bio-based composites – regenerated cellulose fibers (RCF). 
These fibers are manmade fibers produced out of natural polymer directly in contrary 
to fibers with fossil origin. The RCF are continuous fibers with well controlled 
geometry (see Fig. 1.) and properties, thus they can be aligned and assembled into 
various types of fabrics. Recent studies [22-25] have shown that these fibers are well 
suited for use as reinforcement in polymer composites. However, due to their natural 
origin they are still very sensitive to the moisture and this issue has to be addressed in 
order to be able to develop high performance composites based on RCF. 

Latterly a number of bio-based thermosetting resins became available which 
promoted development of entirely bio-based high performance composites for 
structural applications. Properties of polymers derived from soybean oil and protein 
fillers have been reported in [26], a critical overview of bio-based thermosets is 
presented in [27]. However, information available in literature regarding these polymers 
is still very limited, especially regarding their performance at elevated humidity. 

 

 
FIG. 1. Scanning electron microscopy image of RCF/EpoBioX composite: a) 

cross-section of fibers seen from the specimen edge and b) side view of fibers seen 
from the fracture surface of specimen. 

 
The main objective of this work is to characterize mechanical properties of 

constituents for bio-based composites and study influence of moisture on their 
performance. Five different bio-based thermoset polymers were subjected to tensile, 
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flexural, impact and fracture toughness tests. RCF were tested in simple tension and 
cyclic loading-unloading experiments, single fibers as well as bundles were 
characterized. Moisture uptake of all materials at several humidity levels was studied and 
its influence evaluated by testing resins and fibers with different moisture contents. The 
polymer performance was compared against reference material, Araldite LY556 epoxy 
resin. 

Materials and manufacturing 

Resins 

Five bio-based resins available commercially were used – Tribest, EpoBioX, 
Palapreg, Envirez SA and Envirez SB. Tribest (Cognis GmbH, Germany) is acrylated, 
epoxidized soyoil based resin. As a curing agent for Tribest 2,25% peroxide Benox 
L40LV (Syrgis Performance Initiators AB, Sweden) was used. EpoBioX (Amroy, Finland) is 
epoxidized pine oil based resin. As a curing agent for EpoBioX Amroy Ca35Tg 
hardener was used (mixing ratio 100:27). EpoBioX and Tribest are approximately 75% 
bio-based, whereas Palapreg (DSM, Switzerland) is 55% bio-based. Envirez SA and 
Envirez SB (Ashland, USA) are unsaturated polyester soybean oil based resins. Envirez 
SB resin is derived from Envirez SA. Both resins are 18% bio-based. It should be noted 
that EpoBioX is not commercially available anymore; however SUPER SAP resin 
produced by Entropy Resins (CA, USA) is of similar origin and properties. 

Synthetic epoxy Araldite LY 556 (Huntsman, USA) was used as a reference resin in 
this study (further in the text this resin will be referred as Epoxy). 

Polymer plates were manufactured by use of resin transfer molding. Mold consisting 
of two stiff steel halves, which was used to manufacture flat polymer plates (225 x 325 
mm) with even thickness (2mm and 4mm). The resin was infused at room temperature 
and at low flow speed. The mold was placed vertically (slightly tilted) so that it was 
filled from the bottom up to avoid air entrapment. Tribest was cured for 16h and LY 
556 for 4h at 80°C. EpoBioX, Palapreg and Envirez were left curing overnight at room 
temperature. For some resins the mold was put in the furnace for post curing, 
temperature history of post curing depends on resin type – LY 556 was kept for 4h at 
140°C, EpoBioX for 2h and Palapreg for 4h at 80°C and Envirez for 2h at 70°C. 

Regenerated cellulose fibers 

The RCF produced by special variant of the viscose process “Cordenka 700 Super 
3” (Cordenka GmbH, Germany) are used in this work. The main characteristics of these 
fibers are available from manufacturer [28] and reported in [29]. Three types of fiber 
bundles were studied, with twist (Z100: 100 twists per meter), without twist and 
bundles extracted from unidirectional stitched fabric produced by Engtex (custom made 
for ANACOMPO project). It should be noted that during manufacturing of fabrics 
bundles were slightly twisted. 
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Experiments 

Specimen preparation and conditioning 

Polymer plates were cut into rectangular shaped specimens and their edges were 
grinded and polished with sandpaper of different grades (up to the 1200 grit). The 
approximate dimensions of specimens are summarized in Table 1. It should be noted 
that even though there is standard listed for each test, some of these standards were used 
only as guidelines. In some cases it was not possible to use exact dimensions of 
specimens according to standards due to limited amount of available material. 
However, this does not cause problems for using obtained results to rank studied 
materials with respect to their properties. 
 

Table 1: Summary of specimen dimensions used for different tests. 

Experiment Width 
(mm) 

Thickness 
(mm) 

Length* 
(mm) 

Standard 

Tensile test (NC)*** 13 4 150 (100) ASTM D 638-95 [30]** 

Tensile test (conditioned) 10 2 165 (100) ASTM D 638-95 [30]** 

Three-point bending test 10 4 80 (64) ASTM D 790M-93 [31] 

Impact test (Charpy) 10 4 80 (43) ISO 179:1993 [32]** 

Fracture toughness test 8 4 40 (32) ASTM D 5045-95 [33] 

*In brackets working zone (gauge length or support span) of specimen is given. 

**Standard is used only as guidelines for test (sample geometry slightly differs from 
standard). 

***Dimensions (mm) of non-conditioned specimens without strain gages for 
EpoBioX, Tribest and Epoxy were 10x2x165 (100), whereas for other resins: 
10x4x110 (60). 
 

Specimens were divided in two groups – conditioned and not conditioned (NC). 
For NC specimens no conditioning was done and they were tested as received (at room 
environment: relative humidity (RH) 24%, room temperature (RT) ≈23°C). The 
conditioned specimens were stored in environment with controlled humidity until 
moisture content in materials reached equilibrium. Prior to conditioning specimens 
were kept in the oven at 50°C and their mass was constantly monitored to confirm that 
samples have dried (mass of specimens did not change anymore after that point). 
Afterwards specimens were divided in three groups and placed in desiccators with 
different RH levels: 41%, 70% and 90%. RCF bundles were conditioned at 41% and 
70% RH. The fixed level of relative humidity was achieved by use of saturated solution 
of different salts. The weight of polymer samples as well as fibers was regularly 
measured to ensure that moisture content reached saturation level and also to observe 
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kinetics of moisture sorption. Conditioning at 41% and 70% was done on rectangular 
samples with approximate dimensions of 4x10x20 mm. Due to very small mass gain, 
moisture uptake at RH=41% was not possible to measure with acceptable accuracy. 
Diffusion according to Fick’s law is assumed and apparent diffusion coefficient, Da, for 
material in case of one-dimension is given by [34]: 
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slope of initial moisture uptake curve (moisture gain C versus square root of time). It 
should be noted that edges of conditioned samples were not sealed, therefore one-
dimensional diffusion through the surfaces of samples was not ensured and in order to 
obtain actual diffusion coefficient the correction factor, k, should be used [3]: 
 

2

1








 

w

b

l

b
k      (2) 

 
Where w is width of sample, l length of a sample. The true one-dimensional 

diffusion coefficient D then is calculated as: 
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Tensile test 

Quasi-static tensile tests of polymers were performed in displacement controlled 
mode at 2mm/min (≈2%/min) on electromechanical tensile machine Instron 3366 
equipped with 10 kN load cell and pneumatic grips. Standard Instron extensometers 
2630-111 and 2620-601 (50mm or 25mm base depending on sample length) were used 
to measure longitudinal strain, whereas transverse strain was measured by strain gages. 
Tensile elastic modulus E and Poisson’s ratio ν was calculated from the stress-strain and 
transverse-axial strain curves respectively by linear fit of experimental data points in 
axial strain region 0.05-0.2%. It was observed, that samples with strain gages failed at 
lower stress level than samples without strain gages.  Most probably small defects which 
act as a stress concentrators were introduces on the surface of polymer specimens during 
the installation of strain gages, therefore max stress σmax and strain at max stress εσmax 
were obtained from experiments on samples without strain gages. It should be noted, 
that for materials which did not exhibit any yielding the strain at max stress corresponds 
to the strain at failure. 
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Single fiber tensile tests were performed according to the ASTM D 3379-75 standard 
[35]. Single filaments were manually separated from the bundles and their ends were 
glued onto a paper frame. Even though fibers have somewhat irregular “heart-like” 
shape (see Fig. 1), calculation of fiber cross-section area is done assuming circular cross-
section of filament with average diameter of 12.5 μm. The diameter was measured 
under optical microscope from the side view of the fiber. The limited number of 
measurements (≈25) showed that diameter does not change significantly (±0.1 μm) 
from fiber to fiber. Single fiber specimens with gauge length of 50 mm were prepared. 
Tension tests were carried out on an electromechanical tensile machine Instron 4411 
equipped with 5N load cell and pneumatic grips. During mounting the specimens were 
handled only by the paper frame. After the clamping of the ends of the paper frame by 
the grips of the test machine, frame sides were carefully cut in the middle. The tests 
were displacement-controlled with the loading rate of 5 mm/min (which corresponds 
to 10 %/min). Two types of single fiber specimens were tested: fibers extracted from 
twisted bundles (7 fibers) and fibers separated from bundles with no twist (7 fibers). 
These fibers were not conditioned; they were stored and tested at room ambient 
temperature and relative humidity (RT≈23ºC, RH≈24%). Since direct strain 
measurement was not possible to perform during these tests, the displacement of the 
cross-head of the tensile machine was used to calculate strain. In order to obtain true 
strain for fiber, machines compliance was calculated and taken into account (as 
described in the standard [35]). Elastic modulus for single fibers was measured in similar 
manner as for polymer specimens but within different strain region of 0.3-0.7%. Fiber 
bundle tensile tests (gauge length of bundles 100 mm) were also performed on Instron 
4411 in displacement controlled mode with loading rate 10mm/min (≈10%/min). 
Machine was equipped with mechanical grips and 500N load cell. Every bundle was 
fitted with end tabs, flat pieces of wood were glued at the each bundle end (Araldite 
2011 two component epoxy adhesive was used). The fiber bundle with and without 
twist, and bundles extracted from fabric were tested. Fiber bundles were conditioned 
and tested at four different humidity levels – dry (kept in oven at 50°C for 9 days), NC 
(humidity in the room RH≈24%), RH=41% and RH=70%. Similarly as in case of 
single fiber tensile tests, in order to obtain true strain in bundle, machines compliance 
was calculated and taken into account. Due to accumulation of residual strains and 
resulting shift of stress-strain curves towards the higher strains in consecutive loading 
steps, the elastic modulus for RCF bundles was calculated by linear fit of curve within 
stress region of 20-90MPa, instead of pre-defined strain interval. All mechanical tests 
were performed at least on three samples. 

Three point bending test 

Bending tests of polymer samples were done according to ASTM D 790M-93 
standard [31]. These tests were performed on Instron 4411 equipped with 500N load 
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cell and standard Instron three-point bending fixture. Rate of crosshead motion was 
calculated [31] for each specimen individually based on their dimensions, in order to 
achieve the same strain rate (2%/min) for all of them. From three point bending tests, 
flexural modulus EB was measured in strain region 0.05-0.2% (calculated by linear fit of 
stress-strain curve), max flexural stress σB and strain at max flexural stress εB also were 
obtained. 

Fracture toughness test 

Fracture toughness tests were performed according to ASTM D 5045-95 standard 
[33] on Instron 4411 by use of compact tension samples. Tests were done in 
displacement controlled mode with cross-head speed of 10mm/min. Stress intensity 
factor KIC is calculated from: 
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Where P is load at failure, a – length of the crack and 
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dependent on ratio of pre-crack length and specimen width a/w (see [33]). 

Impact test 

The Charpy impact tests on unnotched specimens were performed following 
guidelines of the ISO 179:1993 standard [32]. The energy of pendulum at impact was 
W=14.7J; mass of hammer m=2.035kg and length of pendulum l=380mm. Impact tests 
were performed for NC samples and samples conditioned at RH=90%. 
Charpy impact strength of unnotched specimen acU is calculated according to: 
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cU        (5) 

 
Where, Wa is energy, absorbed by the test specimen during the failure. 

Loading-unloading tensile test of fiber bundles 

In order to investigate how material is behaving after application of high stress levels, 
the loading-unloading experiments on fiber bundles were carried out. One cycle of this 
test consists of increasing load to certain level and unloading to level of 0.1N (this is 
considered to be completely unloaded state). With each cycling step, load increment 
increases by 5N. Loading-unloading tests were performed in displacement controlled 
mode at 5mm/min (which corresponds to 10%/min) on Instron 3366 equipped with 
500N load cell and mechanic grips. Tests were performed on twisted (gauge length of 
bundles 50 mm) RCF bundles (the same specimen lay-out as in bundle tensile tests). 
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Results and discussions 

Moisture uptake 

Moisture uptake data for resins at RH=70% and RH=90% are presented in Fig. 2.  
Corresponding results for RCF at RH=41% and RH=70% are shown in Fig. 3. The 
diffusion coefficients calculated from results at RH=90% according to the Eq. 1-3 are 
presented in Table 2. Out of all polymers EpoBioX showed the slowest moisture 
uptake; however the saturation level for EpoBioX is approximately the same as for 
Epoxy, Envirez SA and Envirez SA (see Table 2). Tribest and Palapreg absorb moisture 
much faster than other studied resins. It should be noted, that some dark spots appeared 
on Tribest samples conditioned at RH=90% and EpoBioX resin had changed color. 
Due to smaller size of samples used at RH=70%, obtained data are less stable than for 
RH=90%. 
 

 
FIG. 2. Moisture uptake for resins at a) RH=70% and b) RH=90%. 

 

 
FIG. 3. Moisture uptake for RCF. 

 

RCF showed very significant moisture uptake – the saturation levels (mass gain) are 
6.4% and 10.4% for RCF conditioned at RH=41% and RH=70% respectively. This is 
approximately 7.2 times higher than for worst performing resins, Tribest and Palapreg. 
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Table 2: Diffusion coefficients for resins at RH=90%. 

Resin Epoxy EpoBioX Tribest Palapreg Envirez SA Envirez SB 

Da, m
2/s  1.1·10-12 4.7·10-13 1.1·10-12 5.4·10-13 8.4·10-13 8.0·10-13 

Cs, % 1.06 1.06 2.85 3.04 1.11 1.14 

k 0.451 0.445 0.449 0.467 0.461 0.460 

D, m2/s 4.8·10-13 2.1·10-13 4.7·10-13 2.5·10-13 3.9·10-13 3.7·10-13 

Mechanical characterization 

Resins. Average mechanical properties of bio-based resins are presented in Table 3. 
Value of standard deviation is shown in brackets. Shear modulus presented in Table 3 
was calculated using formula used for isotropic materials: 
 

 
12

E
G       (6) 

 
Where E is elastic modulus and ν is Poisson’s ratio. 
Elastic modulus and maximum stress from tensile and bending tests in normalized 

form are presented in Fig. 4. Normalization is done with respect to the properties of 
Epoxy resin. 
 

 
FIG. 4. Normalized elastic modulus and max stress from a) tensile test and b) from 

bending test. 
 

Stress-strain and transverse-axial strain curves from tensile tests for NC resins are 
presented in Fig. 5. The results from 3-point bending tests are shown in Fig. 6. For 
better visualization only one representative curve for each resin is shown and transverse 
strain axis is inverted in Fig. 5b. It also should be noted that stress-strain and transverse-
axial strain curves for Epoxy, Palapreg, Envirez SA and Envirez SB are overlapping, 
therefore they can not be distinguished from each other. 
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Table 3: Mechanical properties of bio-based resins. 

 

Most of the studied bio-based resins, except Tribest, have comparable properties to 
synthetic Epoxy resin. Moreover, bio-based resins, except Tribest, have stiffness higher 
than Epoxy. Even though EpoBioX has the highest fraction of bio-based material 
(75%), it performs better (higher stiffness and strength) than other bio-based resins with 
lower fraction of natural material. However, Epoxy has significantly higher strength 
than other polymers. 

 

Material 
property 

LY 556 EpoBioX Tribest Palapreg Envirez SA Envirez SB 

E, GPa 
3.2 
(0.3) 

3.6 
(0.1) 

0.7 
(0.0) 

3.5 
(0.1) 

3.4 
(0.1) 

3.4 
(0.1) 

v 0.37 
(0.03) 

0.37 
(0.01) 

0.35 
(0.02) 

0.37 
(0.00) 

0.37 
(0.01) 

0.37 
(0.00) 

G, GPa 1.17 1.31 0.26 1.28 1.24 1.24 

σmax, MPa 
84.4 
(1.4) 

56.8 
(1.4) 

14.1 
(0.5) 

50.7 
(1.9) 

39.4 
(1.1) 

49.0 
(10.7) 

εσmax, % 
5.3 
(0.3) 

1.8 
(0.1) 

4.3 
(0.8) 

1.7 
(0.1) 

1.2 
(0.1) 

1.7 
(0.5) 

EB, GPa 
3.1 
(0.0) 

3.2 
(0.0) 

0.6 
(0.0) 

3.2 
(0.0) 

3.0 
(0.1) 

3.0 
(0.1) 

σB, MPa 
135.5 
(1.5) 

125.9 
(0.7) 

22.4 
(0.5) 

108.8 
(14.4) 

54.5 
(2.6) 

100.4 
(10.6) 

εB, % 
6.67 
(0.17) 

5.57 
(0.05) 

8.01 
(0.31) 

4.74 
(1.17) 

1.88 
(0.10) 

4.51 
(1.09) 

KIC, 
MPa·m1/2, 
compact 
tension 

0.31 
(0.05) 

0.87 
(0.10) 

0.37 
(0.04) 

0.17 
(0.02) 

0.32 
(0.06) 

0.43 
(0.04) 

acU, KJ/m2  42.7 
(27.1) 

30.2 
(10.6) 

23.2 
(10.3) 

16.1 
(2.6) 

10.1 
(1.3) 

15.5 
(4.9) 

acU, KJ/m2 
(RH=90%) 

18.5 
(6.3) 

16.1 
(3.2) 

18.9 
(12.7) 

3.6 
(1.1) 

3.3 
(1.1) 

5.9 
(1.3) 
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FIG. 5. a) Stress-strain curves and b) transverse-axial strain curves for resins. 

 
All curves showed linear behavior with respect to transverse-axial strain curves (see 

Fig. 5.b)), however Tribest and Epoxy showed high nonlinearity after reaching 2% 
strain and other resins showed some nonlinearity in respect to stress-strain behavior (see 
Fig 5.a)). 

Impact strength was significantly affected by moisture. The highest decrease (by 78%) 
was observed for Palapreg, while Tribest was least affected (reduction by 19%). The 
impact strength of Epoxy and EpoBiox decreased by 57% and 47% respectively, 
whereas Envirez SA and Envirez SB showed decrease of impact strength by 67% and 
62% correspondingly. 

Flexural stress-strain curves (Fig. 6) for resins showed similar trend observed in 
tensile test. Tribest curve is significantly lower than all other curves, which are 
overlapping. 
The influence of moisture on Epoxy, EpoBioX and Tribest can be seen from stress-
strain (samples without strain gages) and transverse-axial strain curves (samples with 
strain gages) presented in Fig. 7-9 and average values shown in Table 4. 
 

 
FIG. 6. Stress-strain curves for resins from 3-point bending. 
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Table 4: Moisture influence on mechanical properties of resins. 

 
The results show very small moisture influence on mechanical properties for Epoxy 

and EpoBioX. It can be seen, that scatter for synthetic Epoxy was much larger than for 
EpoBioX – stress-strain curves in Fig. 8 are overlapping and separate curves can not be 
distinguished. Curves for Epoxy in Fig 7 are presented in cloud, therefore indicating 
higher scatter. 

Tribest resin was affected the most out of all polymers: after increase of RH by ≈17% 
(from room environment to RH=41%) elastic modulus and Poisson´s ratio showed 
decrease by 28% and 19% respectively. But when relative humidity further increased by 
29% (from RH=41% to RH=70%) the corresponding changes of elastic properties 
were 16% and 10%. The total changes of elastic modulus and Poisson´s ratio with 
increase of moisture by ≈46% (from room environment to RH=70%) are 39% and 28% 
respectively. 

 

 
FIG. 7. a) Stress-strain curves and b) transverse-axial strain curves for Epoxy. 

Material Humidity Elastic modulus, 
GPa 

Poisson’s 
ratio 

Max stress, 
MPa 

Strain at max 
stress, % 

Epoxy 

NC 3.20 (0.32) 0.37 (0.03) 84.4 (1.4) 5.33 (0.32) 

41 3.06 (0.07) 0.32 (0.04) 78.6 (7.9) 4.23 (1.53) 

70 3.17 (0.47) 0.34 (0.01) 57.7 (20.6) 2.38 (1.25) 

EpoBioX 

NC 3.64 (0.13) 0.37 (0.01) 56.8 (1.4) 1.82 (0.05) 

41 3.44 (0.06) 0.35 (0.01) 60.7 (3.1) 2.01 (0.22) 

70 3.58 (0.19) 0.35 (0.01) 55.3 (4.5) 1.83 (0.22) 

Tribest 

NC 0.69 (0.03) 0.36 (0.02) 14.1 (0.5) 4.33 (0.75) 

41 0.50 (0.01) 0.29 (0.06) 10.2 (2.1) 2.60 (1.07) 

70 0.42 (0.03) 0.26 (0.01) 9.1 (0.6) 2.91 (0.44) 
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FIG. 8. a) Stress-strain curves and b) Transverse-axial strain curves for EpoBioX. 

 

 
FIG. 9. a) Stress-strain curves and b) transverse-axial strain curves for Tribest. 

 
Regenerated cellulose fiber. The stress-strain curves from single fiber tensile tests of 
all types of fiber are shown in Fig. 10 and average values are given in Table 5. The 
curves in the graph are overlapping and there is no visible difference between fibers 
extracted from bundles with and without twist and bundles from fabric. The average 
values presented in Table 5 show small differences between fibers extracted from all 
bundles. However this difference is rather insignificant especially considering 
experimental scatter, thus it can be neglected for all practical purposes. This leads to the 
conclusion that mechanical performance of fibers is not affected neither by twisting 
process nor by assembly into fabrics (additional processing step does not cause any 
significant fiber damage). 

More comprehensive analysis of strength distribution with use of statistical approach 
for single fibers can be found in [25]. 
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FIG. 10. Stress-strain curves from single fiber tensile tests. 

 

Stress-strain curves for different type of RCF bundle tests are presented in Fig. 11a) 
and characteristic values are presented in Table 6. As it is shown in Fig. 11a) there is 
some difference between bundles with and without twist. Stress-strain curve for 
bundles with twist is slightly shifted to the right on strain axis. This means that stress in 
the bundle with twist is lower at the same strain as in bundle with no twist (which of 
course should indicate that apparent stiffness of the bundles with no twist is higher). It 
also should be noted that bundles with twist fail rather catastrophically and their stress-
strain curves are very similar to those of single fiber curves. Whereas bundles without 
twist fail progressively, and it is more typical behavior of conventional fibers used in 
composites (e.g. glass fibers).  This means that untwisted bundle consist of fibers that are 
acting individually rather than all together as one filament, which is the case in twisted 
bundles where filaments are acting together due to high friction within the bundle 
caused by tight twisting. 
 

Table 5: Mechanical properties of RCF single fibers. 

Fiber type Elastic modulus, 
GPa 

Max stress, 
MPa 

Strain at max 
stress, % 

Extracted from twisted bundle 22.5 (1.5) 762.7 (106.3) 8.21 (1.77) 

Extracted from bundle without 
twist 

24.2 (1.9) 674.7 (75.7) 6.51 (1.48) 

Extracted from fabric 21.3 (3.3) 767.2 (90.5) 9.26 (0.92) 
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FIG. 11. Stress-strain curves for RCF fiber bundles a) with twist, without and 

extracted from fabric and b) at different RH levels. 
 

As expected, the strength of untwisted bundles is lower than that of single fibers (by 
approximately 15%). Twisted bundles showed slightly lower strength. However, strain 
at failure and stiffness of bundles without twist are rather close to those of single fibers. 
It is also evident that stiffness of twisted bundles is much lower (by ≈57%) than that of 
bundles without twist (and single fibers), whereas strain at failure is considerably higher 
(by ≈29%). Bundles extracted from fabric showed similar strength and strain at max 
stress, however stiffness of bundles extracted from fabric is lower by 30% than fiber 
bundles without twist. These differences most likely can be attributed to the different 
mechanisms of deformation of the bundles with and without twist. In case of bundles 
without twist fibers are well aligned with respect to the loading direction and they are 
subjected to the axial load right from the start of the tensile test. Whereas twisted 
bundles are somewhat misaligned due to twist and at first bundles are rotating and 
during this rotation fibers are aligning with loading direction. This speculation is 
supported with the fact that stress-strain curves for both types of bundles are parallel at 
high strains (fibers are fully aligned). Additional rotation and alignment is accounted for 
additional displacement (and strain) which is observed for twisted bundles. 
 

Table 6: Mechanical properties of RCF bundles. 

Bundle type Elastic modulus, 
GPa 

Max stress, 
MPa 

Strain at max 
stress, % 

Twisted 9.7 (0.4) 622.4 (8.0) 12.50 (1.26) 

No twist 22.6 (0.9) 654.4 (3.7) 8.92 (0.16) 

Extracted from fabric 15.8 (0.9) 650.3 (17.8) 9.25 (0.54) 

 
The influence of moisture on mechanical behavior of RCF bundles without twist is 

shown in Fig. 12b) and mechanical properties are presented in Table 7. It can be seen 
that with increase of moisture, the mechanical performance of bundles is noticeably 
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decreasing. At RH=70% modulus has decreased by 31% and strength by 17% compared 
to NC bundles. 
 
Table 7: Mechanical properties for RCF bundles without twist at different moisture 

content. 

RH level Elastic modulus, 
GPa 

Max stress, 
MPa 

Strain at max 
stress, % 

Dried 22.7 (0.2) 635.6 (44.0) 8.46 (0.16) 

NC 22.6 (0.9) 654.4 (3.7) 8.92 (0.16) 

41 21.1 (1.4) 587.5 (2.8) 8.13 (0.21) 

70 15.6 (0.1) 541.5 (20.5) 8.28 (0.44) 

 
Results from loading-unloading tests of RCF bundles with twist are presented in 

Fig. 12. Well defined hysteresis loops are clearly visible which is typical phenomena for 
visco-elastic materials. The overall behavior of specimens is similar to that in simple 
tensile tests, but bundles fail at lower strains of ~8%, whereas in simple tensile tests 
bundles failed at >10%. Stress-strain curves for two tested bundles are almost identical 
which indicates very good repeatability of experimental results. 
 

 
FIG.12. Loading-unloading test for RCF bundles with twist. 

Conclusions and future work 

Comprehensive characterization of mechanical properties of bio-based resins and 
RCF fiber with different moisture content was carried out. The analysis of results leads 
to the following conclusions: 

a) Mechanical properties of bio-based resins are similar to those of reference 
synthetic resin, moreover bio-based resins (except Tribest) showed even 
higher elastic modulus than Epoxy; 

b) In terms of moisture uptake Envirez and Epoxy resins performs similarly, 
whereas EpoBioX gain moisture slower than synthetic Epoxy, although the 
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saturation level is the same. Tribest and Palapreg showed much faster and 
higher moisture uptake; 

c) The tensile properties of Epoxy and EpoBioX were not affected by moisture 
but Tribest strength and stiffness was considerably lower after increase of 
RH. 

Experiments showed that RCF have reproducible properties. The properties of RCF 
are drastically affected by moisture, much more significantly than properties of 
polymers. It was also showed that these fibers exhibit highly non-linear behavior.  

In general it can be concluded that bio-based resins are good candidates for 
development of polymer composites and they perform well even at elevated humidity 
levels. However, special measure should be taken to protect cellulosic fibers from 
moisture and highly non-linear behavior should be accounted for. The future work will 
include development and characterization of completely bio-based composites: bio-
based matrix with cellulose fibers as reinforcement. 

Acknowledgments 

Part of this study was financially supported by Interreg IVA Nord project 
ANACOMPO funded by EU and local government. Runar Långström and Peter 
Mannberg (Swerea SICOMP, Piteå, SWEDEN) are acknowledged for manufacturing 
of resin plates. Authors are very thankful to students from University of Rouen 
(FRANCE) Benjamin Schamme and Quentin Viel visiting LTU within Erasmus 
exchange program and AMASE student Ingmar Fleps and EEIGM student Fanny Roos 
for their help with experiments.  

Participation of Newsha Doroudgarian in this work is financially supported by 
DocMASE program funded by EU. 

References 

1. J. Lampinen, Trends in bioplastics and biocomposites, VTT Tiedotteita - Valtion 
Teknillinen Tutkimuskeskus, 1 (2010). 
2. C. Johansson, J. Bras, I. Mondragon, P. Nechita, D. Plackett, P. Šimon, D. G. 
Svetec, S. Virtanen, M. G. Baschetti, C. Breen, F. Clegg, and S. Aucejo, BioResources, 
7, 2506 (2012). 
3. A. Magurno, Die Angewandte Makromolekulare Chemie, 272, 99 (1999). 
4. P. Malnati, Compos. Technol., 15, 46 (2009). 
5. J. Müssig, M. Schmehl, H. B. von Buttlar, U. Schönfeld, and K. Arndt, Ind. Crops. 
Prod., 24, 132, (2006). 
6. G. Marsh, Mater. Today, 6, 36 2003. 
7. S. K. Ramamoorthy, Q. Di, K. Adekunle, and M. Skrifvars, J. Reinf. Plast. Comp., 
31, 1191 (2012). 



 PAPER A 

54 
 

8. L. Rozite, J. Varna, R. Joffe, and A. Pupurs, Nonlinear behaviour of PLA and 
lignin-based flax composites subjected to tensile loading, J. Thermoplast. Comp. Mater., 
(2012, e-pub ahead print). 
9. B. Siroka, M. Noistering, U. J. Griesser, and T. Bechtold, Carbohyd. Res., 343, 2194 
(2008). 
10. A. Bismarck, I. Aranberri-Askargotta, J. Springer, T. Lampke, B. Wielage, A. 
Stamboulis, I. Shenderovich, and H.-H. Limbach, Polym. Composite., 23, 872 (2002). 
11. A. Stamboulis, C. A. Baillie, and T. Peijs, Compos. Part A-Appl. S., 32, 1105 
(2001). 
12. A. Bessadok, S. Marais, S. Roudesli, C. Lixon, and M. Metayer, Compos. Part A-
Appl. S., 39, 29 (2008). 
13. S. Alix, E. Philippe, A. Bessadok, L. Lebrun, C. Morvan, and S. Marais, Bioresource 
Technol., 100, 4742 (2009).  
14. K. Santhosh, M. Muniraju, N. D. Shivakumar, and M. Raguraman, J. Comp. 
Mater., 46, 1889 (2011). 
15. J. Andersons, E. Sparnins, R. Joffe, and L. Wallstrom, Compos. Sci. Technol., 65, 
693 (2005). 
16. J. Summerscales, N. P. J. Dissanayke, A. S. Virk, and W. Hall, Compos. Part A-
Appl. S., 41, 1329 (2010). 
17. H. I. Bos, J. A. Van Den Oever, and O. C. J. J. Peters, J. Mater. Sci., 37, 1683 
(2002). 
18. K. Charlet, C. Baley, C. Morvan, J. P. Jernot, M. Gomina, and J. Breard, Compos. 
Part A-Appl. S., 38, 1912 (2007). 
19. K. Charlet, J. P. Jernot, M. Gomina, J. Bréard, C. Morvan, and C. Baley, Compos. 
Sci. Technol., 69, 1399 (2009). 
20. E. Sparnins, and J. Andersons, J. Mater. Sci., 44, 5697 (2009). 
21. K. Charlet, J. P. Jernot, S. Eve, M. Gomina, and J. Bréard, Carbohyd. Res., 82, 54 
(2010). 
22. N. Graupner, A. S. Herrmann, and J. Mussig, Compos. Part A-Appl. S., 40, 810 
(2009). 
23. B. Bax, and J. Mussig, Compos. Sci. Technol., 68, 1601 (2008). 
24. W. Gindl, M. Reifferscheid, R.-B. Adusumalli, H. Weber, T. Roder, H. Sixta, and 
T. Schoberl, Polymer, 49, 792 (2008). 
25. R. Joffe, J. Andersons, and E. Sparnins, Applicability of Weibull strength 
distribution for cellulose fibers with highly non-linear behavior, Proceedings of the 17th 
International Conference on Composite Materials: ICCM-17, (2009). 
26. V. Fombuena, L. Sánchez-Nácher, S. Md, D. Juárez, and R. Balart, Study of the 
Properties of Thermoset Materials Derived from Epoxidized Soybean Oil and Protein 
Fillers, JAOCS, J. Am. Oil Chemis. Soc., (2012, article in press). 



 PAPER A 

55 
 

27. J.-M. Raquez. M. Deleglise, M.-F. Lacrampe, and P. Krawczak, Prog. Polym. Sci., 
35, 487 (2010). 
28. “CORDENKA® High Tenacity Rayon Filament Yarn”, data sheet from 
CORDENKA GmbH. 
29. W. Gindl, M. Reifferscheid, R.-B. Adusumalli, H. Weber, T. Röder, H. Sixta, and 
T. Schöberl, Polymer, 49, 792 (2008). 
30. ASTM D 638, Standard test Method for Tensile Properties of plastics (1995). 
31. ASTM D 790M, Standard Test Methods for Flexural Properties of Unreinforced and 
Reinforced Plastics and Electrical Insulating Materials, (1993). 
32. ISO 179, Plastics – Determination of Charpy Impact Strength (1993). 
33. ASTM D 5045, Standard Test Methods for Plane-Strain Fracture Toughness and Strain 
Energy Release Rate of Plastic Materials (1995). 
34. C. Shen, and G. Springer, J. Compos. Mater., 10, 2 (1976). 
35. ASTM D3379, Standard Test Method for Tensile Strength and Young’s Modulus for 
High-Modulus Single Filament Materiala (1989). 



 PAPER A 

56 
 

 



 PAPER B 

57 
 

 
 
 

Paper B 
 
Moisture uptake and resulting mechanical response of bio-based 
composites: Part 2 - Composites 
 

Newsha Doroudgarian1, Liva Pupure1 and Roberts Joffe1,2 

 
1Division of Materials Science, Luleå University of Technology, S-97187 Luleå, 
SWEDEN 
2Group of Materials Science, Swerea SICOMP, S-94126 Piteå, SWEDEN 
 
 
Reformatted version of manuscript submitted to: 
POLYMER COMPOSITES (Revised) 



 PAPER B 

58 
 

 



 PAPER B 

59 
 

Moisture uptake and resulting mechanical response of bio-based 
composites: Part 2 - Composites 
 

Newsha Doroudgarian1, Liva Pupure1 and Roberts Joffe1,2 

 
1Division of Materials Science, Luleå University of Technology, S-97187 Luleå, 
SWEDEN 
2Group of Materials Science, Swerea SICOMP, S-94126 Piteå, SWEDEN 
 
Abstract. The durability of entirely bio-based composites with respect to the exposure 
to elevated humidity was evaluated. Different combinations of bio-based resins (Tribest, 
EpoBioX, Envirez) and cellulosic fibers (flax and regenerated cellulose fiber rovings and 
fabrics) were used to manufacture uni-directional and cross-ply composite laminates. 
Water absorption experiments were performed at various humidity levels (41%, 70%, 
and 98%) to measure apparent diffusion coefficient and moisture content at saturation. 
Effect of chemical treatment (alkali and silane) of fibers as protection against moisture 
was also studied. However, fiber treatment did not show any significant improvement 
and in some cases properties of composites with treated fibers were lower than those 
with untreated reinforcement. The comparison of results for neat resins and composites 
showed that moisture uptake in the studied composites is primarily due to cellulosic 
reinforcement. Tensile properties of composites as received (RH≈24%) and 
conditioned (RH=41%, 70%, and 98%) were measured in order to estimate the 
influence of humidity on behavior of these materials. Results were compared with data 
for glass fiber reinforced composite, as a reference material. Previous results from study 
of unreinforced polymers showed that resins were resistant to moisture uptake. 
Knowing that moisture sorption is primarily dominated by natural fibers, the results 
showed that some of the composites with bio-based resins performed very well and 
have comparable properties with composites of synthetic epoxy, even at elevated 
humidity. 

Introduction 

Natural fibers have been around for long time, they have been used in such products 
as ropes for suspension bridges, of on-foot passage of rivers or for rigging of naval ships. 
Ultimately the 90s of 20th century was beginning of a renaissance in the use of natural 
fibers as reinforcements in technical applications [1]. Natural fibers regarding their 
renewable and biodegradable nature are growingly getting used in composite materials 
[2]. Agro-based fibers with appropriate aspect ratios, non-abrasive nature and high 
specific properties have the potential to offer outstanding reinforcements to polymers 
[3]. Among natural cellulosic fibers, there are bast and leaf fibers which are hard fibers 
and are favorable reinforcing alternatives [1]. Over the last two decades the research on 
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natural fiber reinforced plastics (NFRP) is intensifying and leading to its wider use as 
construction materials. The governments around the world as well as society in general 
are also becoming aware of potential of these materials. For instance, there were several 
large projects funded by European Union, such as ANACOMPO 
(www.interregnord.com), ECOFINA (www.ecofina.org), Biocomp 
(www.biocomp.eu.com) and Woody (www.woodyproject.eu), which emphasize on 
eco-efficient technologies and products based on natural fiber composites. 

Some of the natural fibers have stiffness comparable to that of glass fibers, and due to 
lower density, natural fibers exhibit a higher specific stiffness than glass reinforcement 
[4]. Low density also may result in lighter structures, which is for instance of great 
interest for automotive industry [5] and transportation in general. There are several car 
manufacturers which use flax or banana fibers in polymer reinforcement for interior 
parts like car roofs and door panels. NFRP even has the potential to become an 
alternative for some of the aerospace applications [6,7]. This would be a result of 
further improving in natural composites like fiber-matrix compatibility, and impact 
strength [8]. Natural fibers generally offer friendly processing (low tool wear and little 
skin irritation), and good insulation and damping properties. 

However, disadvantages such as variable quality, moisture absorption, low durability, 
low impact strength, and restricted processing temperatures, are the limiting factors of 
natural fibers [1,9,10]. Compared to synthetic fibers the natural counterparts show 
much higher variability of properties and non-linear stress-strain response. The large 
scatter in properties of natural fibers is a result of growing and processing conditions [1]. 
Further drawbacks such as poor dimensional stability (swelling) and low microbial 
resistance (rotting) restrict the natural fibers use in high-performance structural 
composites [11,12]. 

Obviously the above mentioned advantages are a good motivation to use natural 
fiber reinforcements with high cellulosic content, but there are still some shortcomings 
that should be eliminated. In the early 1850s, research on plant cellulose led to an 
accidental discovery of a substance from which the first successful textile fiber was 
manufactured [13]. These manmade fibers with cellulosic origin are known as 
regenerated cellulose fibers or RCF. The introduction of regenerated cellulose fibers 
overcomes the problem of inhomogeneity and discontinuity of natural fibers. In 
contrary to natural fibers regenerated cellulose fiber offers stable and reproducible 
properties. However, because the main constituent of these fibers (cellulose) is the same 
as in other plant fibers, these reinforcements have similar issues associated with 
performance and processing. 

Despite the fact that limited processing temperature of natural fibers restricts the 
choice of suitable matrix material, thermoplastics are being used as well as thermosets. 
There are number of synthetic thermoplastic resins (e.g. polypropylene, polyethylene) 
combined with natural fibers such as flax, wood, hemp, etc. being popular candidates 
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for a wide range of applications [14]. Likewise thermoset polymers such as epoxies, 
vinylesters, and polyesters are being used. Moreover, there are great attempts to develop 
structural composites using bio-based materials instead of synthetic polymers. Utilizing 
bio-based polymers like polyester amide and poly-L-lactic acid opens the opportunity 
to introduce high performance composites which are fully bio-based [15-21]. 

Because of high cellulose content, natural fibers are strongly polar due to hydroxyl 
groups (OH), acetal and ether linkages present in cellulose structure. Consequently 
cellulosic fibers have poor interfacial compatibility when it comes to reinforcing non-
polar polymers [22]. Presence of OH-groups makes fibers also hydrophilic. Many of 
common matrix polymers used in composites are highly hydrophobic. This causes a 
manufacturing issue in NFRP development [1]. Solutions to this problem can be either 
applying different treatments (improve chemical and mechanical bonding) to the fibers 
or modifying chemical composition of the matrix (adding compatibilizers). The surface 
treatment of fibers not only improves the stress transfer at the fiber-matrix interface 
resulting in increased mechanical properties of composites [23,24] but it can also reduce 
water absorption and consecutive swelling. The typical chemical surface treatments are 
silane treatment, mercerization and acetylation which have been used in the studied 
materials. These methods have achieved improved fiber strength and fiber matrix 
adhesion in NFRPs [25,26]. However, such surface treatments can be costly and 
damage fibers [26]. 

Diffusion in synthetic fiber composites has been studied for years, but there is limited 
amount of studies on moisture uptake in bio-based composites. There are few studies 
showing the swelling phenomenon in natural fibers and natural resins as well as their 
combinations [27]. Moisture absorption and desorption of different natural fibers and 
their composites have also been the subject of number of studies [28,29,30]. What has 
also been of interest is the moisture effect on mechanical performance of composites 
reinforced with regenerated cellulose fibers [29]. 

The general aim of this work has been development of high performance fully bio-
based composites with improved performance in harsh environment (elevated 
temperature and moisture). The previous study [31] focused on performance of 
composite constituents (bio-based resins and RCF) at elevated relative humidity (RH). 
In this paper durability of entirely bio-based composites with respect to the exposure to 
elevated humidity has been explored. Different combinations of bio-based resins and 
cellulosic fibers (flax and RCF rovings as well as fabrics) were investigated. Water 
absorption experiments were performed at various RH levels and effect of chemical 
treatment (alkali and silane) of fibers as protection against moisture was studied. Tensile 
properties of composites were measured in order to estimate the influence of humidity 
on behavior of these materials. Results were compared with data for glass fiber 
reinforced composite, as a reference material. 
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Materials and manufacturing 

Composite constituents 

Bio-based resins are derived from recyclable and renewable raw materials. Three 
thermoset bio-resins were used – Tribest, EpoBioX, Envirez. Tribest is an acrylated and 
epoxidized soy oil based vinylester resin, from Cognis. EpoBioX Super SAP is a pine 
oil based epoxy, from Entropy Resins. Envirez G8600 INF-60 is unsaturated soybean 
oil based polyester, from Ashland. Tribest has 75 wt% bio-content, EpoBioX 60 wt%, 
and Envirez 12 wt%. The resins curing cycles are summarized in Table 1. 
 

Table 1: Resin types and curing cycles of laminates. 

Resin Curing Agent (Mixing Ratio) Curing Post Curing 

Tribest Peroxide Benox 40LV (2.25 wt%) 8h at 70°C  

EpoBioX CA35TG (100:27) RT* over night 2h at 80°C 

Envirez Norpol No1 (2 wt%) RT over night 2h at 70°C 

*RT=Room temperature (≈23°C) 
 

The fibers used for the reinforcement were RCF, flax fibers (FF) and standard E-
glass fibers (GF). RCF was produced by special variant of the viscose process (700 
Super 3) by Cordenka. RCF was implied in two forms of no twist roving and 
assembled in non-crimp fabric (NCF). RCF fabric was stitched unidirectional by 
Engtex with area weight of 182 gsm. FF and GF were in the form of woven fabric and 
no twist roving, respectively. The FF weave used was from Composite Evolution 
Biotex, 4x4 hopsack 510 gsm and GF roving R338 1200 TEX was from Ahlstrom. 

Treated fibers and their composites 

FF and RCF fabrics were exposed to alkali and silane chemical treatments (Table 2). 
The treatments were done within ANACOMPO project at Tampere University, 
Finland. Alkalization (alkali treatment) was made using pellets of sodium hydroxide. 
Silylation (silane treatment) was done by 3 aminopropyltriethoxy silane, 99% [32]. 

Composite manufacturing 

Composites were manufactured using fiber rovings and fabrics. Fiber roving was 
wound on steel plates using a filament winding machine (Waltritsch & Wachter 
Sondermachinen). Rovings were wound into two layers to form uni-directional (UD) 
laminates, in case of RCF and GF. Non-crimp fabric of RCF was also used, stacked in 
six layers to achieve UD laminates. Also for FF composite flax weave was stacked in 
two layers of woven fabric to obtain a symmetric configuration. Afterwards 
reinforcement preforms (stacked fabric layers and filament wound rovings) were 
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impregnated using vacuum infusion with resin heated to 50ºC. Vacuum infusion setup 
consisted of stiff bottom and flexible top (vacuum bag with polyamide film) (Figure 1). 
Obtained fiber volume fraction in composites was approximately 40%-50%. 

 
Table 2: Fiber treatments of composite systems and sample notations. 

Matrix Fiber Fiber Treatment Sample Notation 

Envirez 

Flax 

APS 2% FF/Envirez-2% 

ALK 4% 30 min FF/Envirez-4% 

APS 5% Eth/H2O FF/Envirez-5% 

Regenerated 
Cellulose 

APS 2% RCF/Envirez-2% 

APS 5% RCF/Envirez-5% 

 

 
Figure 1: Filament winding (left) and vacuum infusion (right). 

Experiments 

Specimen preparation and conditioning 

Composite plates were cut into rectangular shaped specimens and their edges were 
ground and sanded with sandpaper of different grades (up to the 800 grit). The 
approximate dimensions of composite specimens made from fiber roving were 1mm 
thick and 10mm wide, whereas samples made of fabrics were 2mm thick and 20mm 
wide. The specimens had at least 150mm in length whereas the working zone (gauge 
length) was 100mm. 

Specimens were divided into two groups – conditioned and non-conditioned (NC). 
NC specimens were tested as received (at room environment RH≈24%, RT≈23°C). 
Prior to conditioning, the other group of specimens was placed in the oven at 50°C 
and their mass was constantly monitored until it was stabilized. Afterwards these 
specimens were conditioned in desiccators (until moisture content reached saturation 
level) at three different RH levels: 41%, 70% and 98%. The fixed level of RH was 
achieved by use of saturated solution of different salts. The weight of samples was 
regularly measured to ensure that moisture content equilibrium was reached and also to 
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observe kinetics of moisture sorption. Conditioning was done on rectangular slender 
specimens. All composite systems are listed in Table 3. Laminates made out of weave 
are referred as cross-ply. 

 
Table 3: Summary of all composite laminates with notations. 

Fiber Matrix Sample Notation Layup RH (%) 

Flax Envirez FF/Envirez* Cross-ply NC/98 

Regenerated 
Cellulose 

Envirez RCF/Envirez** UD NC/98 

Tribest RCF/Tribest UD 41/70 

EpoBiox RCF/EpoBioX UD 41/70 

Glass 
Tribest GF/Tribest UD 41/70 

EpoBiox GF/EpoBioX UD 41/70 

*Woven fabric 

**Non-crimp fabric 

Diffusion coefficients 

Diffusion according to Fick’s law is assumed and apparent diffusion coefficient, Da, 
for material in case of one-dimension is given by [33]: 
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Where Cs is mass gain at saturation level, b thickness of sample and 
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slope of initial moisture uptake curve (moisture gain C versus square root of time). It 
should be mentioned that the edges of specimens were not sealed, therefore it was not 
actually “one-dimensional case”. That is why the diffusion coefficient is referred to as 
“apparent” and used for ranking material performance in this study rather than direct 
comparison with literature data. 

It has been shown that most often polymer composites follow a Fickian diffusion 
process [34,35,36]. However for explaining mechanisms behind non-Fickian behavior 
other models can be used [34,37,38,39]. Different methods of measuring water are 
investigated on laminates and in order to define the diffusion coefficient moisture 
uptake studies in glass fiber/epoxy composites have been carried out. Influence of 
different factors (thickness, fiber type, edge effect) on moisture absorption has been 
analyzed, through experimental and finite element methods. It was shown that 
saturation limit is only dependent on relative humidity level in a linear manner 
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[34,35,36]. Diffusion coefficient showed linear relation with respect to applied 
temperature as well [30,36]. 

Tensile test 

Quasi-static tensile tests were performed in displacement controlled mode at 
2mm/min (≈2%/min) on electromechanical tensile machine Instron 3366 equipped 
with 10 kN load cell and pneumatic grips. Even though the ASTM D638-95 standard 
[40] was used as guidance for the test, sample geometry was slightly different due to 
limitation of materials. Standard Instron extensometers with 50 mm base were used to 
measure axial strain (Strain L), whereas transverse strain (Strain T) was measured using 
strain gages (to obtain Poisson’s ratio). Small loading-unloading ramp was performed 
and E-modulus was calculated on both loading and unloading cycles, (EL, EU). Elastic 
modulus (E) and Poisson’s ratio (ν) were calculated from the stress-strain and transverse-
axial strain curves respectively by linear fit of experimental data points in axial strain 
region 0.05-0.2%. Furthermore from the complete stress-strain curves (loading until the 
failure of sample) maximum stress (σmax) and strain at maximum stress (εσmax) were 
measured. It should be noted that strain at max stress corresponds to strain at failure, i.e. 
stress monotonically increased until the failure of specimens. All mechanical tests were 
performed at least on three samples. 

Microscopy 

Optical and scanning electron microscopies (OM and SEM, respectively) were 
carried out to study the microstructure of the materials. The OLYMPUS, VANOX-T 
was used for OM, whereas SEM was done on JEOL, JSM-5200. 

Results and discussions 

Moisture uptake 

Moisture uptake in composites as a measure of mass gain over square root of time is 
presented in Figures 2,3. The summary of these results (Cs and Da) at different RH for 
various composites are presented in Tables 4,5,6. Due to very small mass gain, moisture 
uptake at RH=41% was not possible to measure. 
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Figure 2: Moisture uptake of GF and RCF composites at 70% RH. 

 

 
Figure 3: Moisture uptake of treated fiber composites at 98% RH. Saturation level 
obtained from additional test on different samples is indicated as the dashed lines. 

 
Results in Table 4 indicate that RCF/Tribest has a double diffusion rate in 

comparison to RCF/EpoBioX and also reaches higher saturation level (by 14%). 
However GF/Tribest counterpart shows lower diffusion rate than GF/EpoBioX (by 
28%) but reaches a higher saturation level (by 51%). It should also be noted that 
diffusion rate of GF composites are smaller than RCF composites by an order of 
magnitude, and the saturation level of RCF reinforced materials is more than 30 times 
higher than for GF ones, see Figure 2. 
 

Table 4: Apparent diffusion coefficient and saturation level, GF and RCF 
composites at RH=70%. 

Composite RCF/EpoBioX RCF/Tribest GF/EpoBioX GF/Tribest 

Da (m
2/s) 1.4·10-13 2.8·10-13* 5.7·10-14 4.1·10-14 

Cs (%) 6.6 7.5 0.2 0.3 

*The value cannot be confirmed, since limited data were obtained due to rapid 
moisture uptake. 
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Analysis of results in Table 5 shows that treatment of FF by 2%APS and 4%ALK 
increased the diffusion rate (increase by 36% and 82% respectively) but decreased 
saturation level (by 7% and 27% respectively). However FF/Envirez 5%APS does not 
follow the same trend, diffusion rate is unchanged compared to untreated fiebrs but 
saturation level is higher (by 24%). It may be that chemical treatment removes 
substances (for example waxes) that protect fibers from moisture uptake thus increasing 
diffusion rate. On the other hand possible removal of non-cellulosic substances highly 
susceptible to moisture uptake would lead to lower saturation level. 

 
Table 5: Apparent diffusion coefficient and saturation level, FF composites at 

RH=98%. 

Composite FF/Envirez FF/Envirez-2% FF/Envirez-4% FF/Envirez-5% 

Da (m
2/s) 1.1·10-12 1.5·10-12 2.0·10-12 1.1·10-12 

Cs (%) 6.1 5.6 4.4 7.5 

 
There is a trend seen in Table 6 showing a raise in rate of water uptake when 

increasing the treating agent, by 42% and 92% for 2% and 5% APS treatment 
respectively. However the saturation level is kept almost unchanged for 2% APS 
treatment and increased by 18% for 5% treatment. Furthermore comparing results of 
RCF composites to their FF counterparts indicate that rate of moisture uptake in FF 
composites is by an order of magnitude higher than for RCF composites, but the 
saturation level shows the opposite and is lower in FF/Envirez than RCF/Envirez, as 
seen in Figure 3. This however, might be related to slight differences in fiber volume 
fractions in different composites. The comparison of moisture absorption of composites 
and unreinforced polymers [31] show that water uptake in the composites was 
predominantly defined by fibers. The higher saturation level in RCF than FF 
composite may be due to different form of cellulose in these fibers, considering that 
crystallinity in RCF is significantly lower than in FF [25]. It is of importance to 
mention that FF/Envirez composites showed unstable moisture absorption data and 
started to degrade and lose mass after about three months in high humidity conditions. 
 

Table 6: Apparent diffusion coefficient and saturation level, RCF composites at 
RH=98%. 

Composite RCF/Envirez RCF/Envirez-2% RCF/Envirez-5% 

Da (m
2/s) 3.6·10-13 5.1·10-13 6.9·10-13 

Cs (%) 9.5 9.4 11.2 
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Mechanical characterization 

RCF and GF composites. Figure 4 shows the representative stress-strain curves of 
GF and RCF composites. It should also be noted that graphs of transverse-axial strain 
demonstrated linear curves and the initial slope of these graphs have been subjected to 
calculate Poisson’s ratio values. Summary of tensile properties of GF and RCF 
reinforced composites at different RH (41% and 70%) is shown in Table 7. 
 

 
Figure 4: Stress-strain curves of GF and RCF composites. 

 
Table7: Moisture influence on mechanical properties of RCF and GF composites. 

 
These results indicate that stiffness of GF composites is not affected by moisture 

whereas stiffness of RCF composites is slightly reduced (14% and 8% for 
RCF/EpoBioX and RCF/Tribest respectively). Strength values (σmax) of all composites 
(RCF and GF based) are reduced by 10% when exposed to high RH level. The 

Poisson’s ratio () of GF composites decreases but increases for RCF composites. The 
overall mechanical performance of RCF composites shows that RCF acts well in 
reinforcing polymers which applies even in the case of weak resins such as Tribest. 

Material RH 
(%) 

EL (GPa) EU (GPa) v σmax (MPa) εσmax (%) 

GF/Tribest 

41 

41.7 ± 1.1 41.9 ± 0.9 0.43 ± 0.09 831 ± 77 2.1 ± 1.2 

RCF/Tribest 14.5 ± 1.2 14.8 ± 1.2 0.37 ± 0.00 356 ± 82 7.9 ± 0.7 

GF/EpoBioX 36.4 ± 3.1 36.4 ± 3.1 0.31 ± 0.00 833 ± 51 2.1 ± 0.2 

RCF/EpoBioX 14.3 ± 1.2 14.7 ± 1.1 0.34 ± 0.11 245 ± 23 4.3 ± 0.6 

GF/Tribest 

70 

41.5 ± 1.5 42.0 ± 1.3 0.31 ± 0.03 722 ± 42 1.8 ± 0.2 

RCF/Tribest 12.5 ± 0.5 12.9 ± 0.5 0.42 ± 0.03 320 ± 50 8.0 ± 1.8 

GF/EpoBioX 36.6 ± 2.9 36.7 ± 3.0 0.27 ± 0.02 748 ± 84 2.6 ± 0.3 

RCF/EpoBioX 13.2 ± 0.3 13.6 ± 0.3 0.50 ± 0.12 229 ± 12 3.6 ± 2.4 
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However, in order to better understand how diffusion mechanism influences 
mechanical properties it is of interest to have a comparison between different types of 
cellulose fiber composites [41,42]. 

Composites with treated fibers. Table 8 summarizes the tensile properties of 
composites with treated fibers (results for composites with untreated reinforcement are 
also presented for comparison). For more convenient overview the same results are 
presented in Figures 5,6 in normalized way (normalized with respect to the values for 
materials with untreated fibers). Typical stress-strain curves are shown in Figures 7,8. 
 

Table 8: Moisture influence on mechanical properties of composites with treated 
and untreated fibers. 

 

Material RH 
(%) 

EL (GPa) EU (GPa) σmax (MPa) εσmax (%) 

FF/Envirez 

NC 

7.5 ± 0.2 8.0 ± 0.3 57 ± 1 1.9 ± 0.1 

FF/Envirez-2% 5.6 ± 0.3 5.9 ± 0.4 29 ± 2 1.4 ± 0.5 

FF/Envirez-4% 5.3 ± 0.1 5.4 ± 0.2 28 ± 2 2.0 ± 0.2 

FF/Envirez-5% 3.9 ± 0.6 4.1 ± 0.7 21 ± 2 1.9 ± 0.4 

FF/Envirez 

98 

3.9 ± 0.1 4.5 ± 0.2 66 ± 4 3.7 ± 0.8 

FF/Envirez-2% 3.1 ± 0.1 4.3 ± 1.2 31 ± 1 5.0 ± 1.4 

FF/Envirez-4% 2.7 ± 0.2 3.1 ± 0.3 28 ± 3 3.4 ± 1.4 

FF/Envirez-5% 2.1 ± 0.2 2.4 ± 0.2 21 ± 2 7.9 ± 0.5 

RCF/Envirez* 

NC 

8.0 8.7 174 7.7 

RCF/Envirez-2%* 8.3 8.7 146 7.0 

RCF/Envirez-5% 7.7 ± 0.7 8.0 ± 0.9 145 ± 15 7.0 ± 1.3 

RCF/Envirez 

98 

3.5 ± 0.1 3.8 ± 0.2 101 ± 2 10.1 ± 1.6 

RCF/Envirez-2% 3.4 ± 0.6 3.7 ± 0.6 101 ± 2 11.0 ± 0.4 

RCF/Envirez-5% 3.3 ± 0.3 3.5 ± 0.2 94 ± 3 11.0 ± 0.3 

*Only one specimen available for testing. 
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Figure 5: Bar-charts representing FF treatments influencing the mechanical 
properties. Normalization is with respect to materials with untreated FF. 

 

 
Figure 6: Bar-charts representing RCF treatments influencing the mechanical 
properties. Normalization is with respect to materials with untreated RCF. 

 

 
Figure 7: Stress-strain curves of FF/Envirez composites, humidity conditioned and  

non-conditioned, with different fiber treatments. 
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Figure 8: Stress-strain curves of RCF/Envirez composites, conditioned and non-

conditioned, with different fiber treatments. 
 

Stiffness and strength of both FF and RCF composites are drastically reduced by 
moisture at RH=98%, whereas the strain at failure is increased. The treatments seemed 
to be too harsh and resulted in decrease of stiffness and strength of the composites, 
which is more significant in case of FF composites than in RCF. However the strain 
values are not affected much by treatment. Also, moisture almost does not affect FF but 
RCF is really hit. This could be due to the fact that cellulose in FF has much higher 
crystallinity than in RCF. However, treatment does not seem to help RCF with 
respect to moisture uptake, whereas it helps FF in this respect, if looking at strength 
values. In the following, the impact of chemical surface treatment on the 
microstructure of materials is further studied. One possible reason that treatment did 
not improve moisture resistance could be that it was limited to the surface of fibers 
without significant penetration. If the chemical treatment would be able to affect larger 
volume (throughout the fiber) a greater protection against moisture could be achieved. 
For instance, the work done by Almgren et al. indicates fiber treatment which results in 
cross-linking of the wood fiber cell wall, and hence reduces moisture sorption [41]. 

Microstructure 

The overall microstructure of RCF/Envirez and FF/Envirez composites are shown 
in Figure 9. There are no large defects and voids detected in the composites. Fibers in 
composites were well consolidated and rather high volume fraction of fibers (50%) 
was obtained. Further microscopy was run on fracture surfaces of composites with 
treated fibers to detect the treatment’s influence on fracture properties (see Figure 
10,11). Selected images of single fibers are representative of the overall fiber 
morphologies of materials. 
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Figure 9: Optical microscopy images of RCF/Envirez (left) and FF/Envirez (right) 

composites. 
 

 
Figure 10: SEM images of fracture surfaces, RCF/Envirez-0% (a), RCF/Envirez-

2% (b) and RCF/Envirez-5% (c). 
 

Figure 10 represents how the treatment caused disturbances in the microstructure; 
see the magnified single fiber of RCF/Envirez with 2% APS treatment. However the 
treatment impact is more significant in the case of FF composites which may explain 
the drastic drop of mechanical properties, see Figure 11. 
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Figure 11: SEM images of fracture surfaces, FF/Envirez-0% (a), FF/Envirez-2% 

(b), FF/Envirez-4% (c) and FF/Envirez-5% (d). 

Conclusions 

Comprehensive characterization of mechanical properties of fully bio-based 
composites with treated and untreated cellulosic fibers (FF and RCF) with different 
moisture content was carried out. The analysis of results leads to the following 
conclusions: 

 Moisture uptake in presented natural fiber composites was predominantly due to 
water transport and accumulation by reinforcement. This might have influenced 
some of the comparison between different composites since fiber volume 
fraction in different materials slightly varied. 

 Composites with cellulosic fibers absorbed much more moisture than GF 
composites. The diffusivity coefficient of RCF composites was by an order of 
magnitude higher than for GF composites with the same bio-based resins. The 
moisture saturation level was up to 30 times higher in RCF than in GF 
composites. 

 The diffusivity coefficient of FF reinforced composites was 2-3 times higher than 
that of RCF materials. However, the saturation level for RCF composites was 
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higher than that for FF reinforced materials. This might have been related to the 
form and degree of crystallinity in FF and RCF. 

 Mechanical performance of RCF composites with Tribest and EpoBioX was not 
severely affected by a raise in moisture from 41% to 70% RH. The decrease of 
stiffness and strength due to moisture uptake was within 15%. The mechanical 
properties of RCF composites with Envirez resin was significantly affected by 
moisture (approximately 50%-70% reduction of strength and more than 100% 
reduction of stiffness). However, it should be noted that moisture content in 
Envirez composites were approximately 1.5 times higher than that in Tribest and 
EpoBioX based materials. Envirez based composites were conditioned at higher 
RH than Tribest and EpoBioX (98% vs 41% and 70%) and were compared with 
their as received NC counterparts. 

 The fiber treatment did not improve resistance of cellulosic fibers to moisture. 
Moreover, FF seemed to be considerably damaged by the treatment which 
results in much lower properties of FF composites with treated fibers in 
comparison with materials based on untreated reinforcement. 

The results of this study showed that the moisture absorption by cellulosic fiber 
composite is critical in terms of degradation of mechanical properties. The most 
common methods of fiber treatment do not seem to protect fibers from moisture. The 
future work should focus on designing and tailoring the fiber treatment to have a more 
efficient protection against moisture. The development of protection of composites and 
their structures against moisture on larger scale (e.g. gel coats, protective paints etc.) 
should also be investigated. 
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