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Abstract 
 
The interest and development of composites making use of natural fibers, aimed for 
automotive applications, is growing from a long- term sustainable perspective. A prime 
reason for selecting natural fibers for new products is that the net contribution to the 
greenhouse effect is minimal. Equally important is their low weight compared to glass fibers 
and their positive effect on crash management. Based on an advantageous cost/performance 
ratio, natural fiber based composites have been in use for quite a few years in automotive 
interior applications. Well-known examples are door panels based on flax/sisal fibers and 
polymeric binders like polypropylene (thermoplastic) or 
polyurethane/epoxy/polyester/phenolic (thermoset). A problem is that the polymeric binder 
(20-50% by weight) is based on a non-renewable resource, namely crude oil, and that material 
recycling is difficult and costly even if a thermoplastic binder is used and that energy 
recovery is not accepted as recycling at the time being. 
 
The aim of this study was to investigate the possibility of producing a biodegradable 
composite using Cellulose Acetate Propionate (CAP) plasticized with TriEthyl Citrate (TEC) 
as binder matrix polymer in natural fiber based composites aimed for automotive interior 
applications.  
 
The rheological properties for the plasticized CAP where satisfying. The viscosity decreased 
with increasing temperature, amount of plasticizer and shear rate. The glass transition 
temperature, Tg was clearly affected by the amount of plasticizer added. Tg decreases 
approximately linear with TEC concentration in the studied concentration range (10-30%).  
 
Melt spinning was possible for CAP with 10-30% TEC. The fibers spun from CAP-482-20 
show a decrease in both tenacity (strength) and modulus (stiffness) with increasing TEC 
concentration. The CAP fibers are very weak in comparison to standard fibers used in the 
textile industry.  
 
The mechanical properties for the produced composites showed satisfying results. The 
strength increased with increased molding temperature and also for increased density. The 
strength probably was fully developed already after 1-2 minutes. The optimal strength was 
obtained for a composite containing CAP with 20% TEC at 200°C.  
 
The mechanical properties can be varied quite a lot depending on fiber type and content used 
and also depending on compression molding type used. Hot compression molding is better 
when considering only strength and stiffness of composite.  
 
A SEM investigation of fracture and cut surfaces revealed that the bonding between the flax 
fibers and the CAP matrix is purely mechanical and there are no indications of chemical 
adhesion. It also revealed that the adhesion is quite bad, due to spacing between fibers and 
matrix.  
 
The composites were approved in TVOC, smell and ageing tests. But the results from the 
fogging test show too high values of emission. Therefore the main conclusion is that this 
composite cannot be used for car interiors, since it is the TEC plasticizer that causes all the 
emissions when it exudes from the CAP.  
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1.1. Introduction 
The interest and development of composites making use of natural fibers aimed for 
automotive applications is growing from a long- term sustainable perspective. A prime reason 
for selecting natural fibers for new products is that the net contribution to the greenhouse 
effect is minimal. Equally important is their low weight compared to glass fibers and their 
positive effect on crash management. Based on an advantageous cost/performance ratio, 
natural fiber based composites have been in use for quite a few years in automotive interior 
applications. Well-known examples are door panels based on flax/sisal fibers and polymeric 
binders like polypropylene (thermoplastic) or polyurethane/epoxy/polyester/phenolic 
(thermoset). A problem is that the polymeric binder (20-50% by weight) is based on a non-
renewable resource, namely crude oil, and that material recycling is difficult and costly even 
if a thermoplastic binder is used and that energy recovery is not accepted as recycling at the 
time being. 
 
According to the ELV directive 2000/53/EC issued by the European Commission and dealing 
with the re-use, recovery and recycling of end of life vehicles the following is stipulated: 
 

01/01/2006  
re-use & recovery at least 85% of the weight of the car  
re-use & recycling at least 80% 
 
01/01/2015  
re-use & recovery 95%  
re-use & recycling 85%  

 
If not met by successful agreements the above regulation will be enforced by national laws. 
Today there is no distinction made between different materials and incineration with energy 
recovery is excluded from the definition of recycling no matter the type of material. However, 
it is strongly indicated that energy recovery will be included in the definition of recycling for 
materials based on renewable resources in the near future. This will strongly favor the use of 
polymers made from renewable resources as compared to polymers based on crude oil.  
 
The above arguments form the base and motivation for the work presented in this report 
dealing with the development of composites made from 100% renewable resource based 
fibers and matrices for use in the automotive industry.  
 
The work presented is the result of a diploma thesis performed at IFP Research AB within the 
framework of the Vinnova sponsored project BIOAUTO. BIOAUTO is a collective R&D 
project gathering some 15 companies and research organizations covering the total value 
chain from raw material suppliers and converters to Tier-1 suppliers and OEMs. 
  

1.2. Background 
In the first developments using natural fibers with polymers as binders, a thermoset polymer 
was used. They provided sufficient mechanical properties, in particular stiffness and strength, 
at reasonable cost. However, thermosetting polymers cannot readily be recycled, and as a 
second step thermoplastic polymers were used as binders. These can be melted down and 
reused and at the end burned and the emission will be carbon dioxide and water, but the a 
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disadvantage is that they are made from crude oil, which is not an endless resource and 
burning oil disturbs the carbon dioxide balance.  
 
As the final step in producing a product that is 100% renewable within the foreseeable future, 
which oils is not, a binder with cellulose origin could be the answer. From cellulose, different 
polymers can be derived that very well can compete with today’s thermoplastic binders. 
 

1.3. Aim of study 
The aim of this study was to investigate the possibility of producing a biodegradable 
composite using Cellulose Acetate Propionate (CAP) plasticized with TriEthyl Citrate (TEC) 
as binder matrix polymer in natural fiber based composites aimed for automotive interior 
applications.  
 

1.4. Method 
Firstly, a literature study was performed for a better orientation in the area. Secondly, fibers 
and then composites were manufactured.  Finally, the obtained composites were tested with 
respect to analyze different properties of the composite.  
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2. Theoretical background 

2.1. Composites 
A composite material consists of two or more constituents and consists of two or more phases. 
They are heterogeneous at least on a microscopic scale. The purpose of combining different 
materials into a composite is to achieve better properties than each of the constituents can 
produce on its own.  
For conventional materials the way of strengthening a structure is to increase the volume of 
material and by that increase the weight. An alternative is to strengthen the structure with 
fibers, creating a composite. Much emphasis has been put on fibers with low density, 
improving strength and reducing weight at the same time. [1] 
 
Different reinforcement arrangements lead to four main classes of composites [2] as depicted 
in Figure 1. 
 
 

 
Figure 1 Different types of composites. From the left: fiber-, particulate-, interpenetrating network- and lamella 
composite. [2] 

 
Fibers can have a lot of different arrangements, e.g. being unidirectional aligned (as shown in 
Figure 1) or randomly oriented in the plane or in space. The fibers can be long or short. 
Particles can also be arranged in different ways, e.g. fully or partly dispersed. 
The Interpenetrating network is a special structure with a continuous reinforcement. 
Lamellar arrangements consist of reinforcement layers sandwiched with matrix.  
 
In the present work we are concerned with fiber composites in which the fibers are mainly 
unidirectional oriented. 
 

2.1.1. Fibers in composites 
A material in the form of a fiber usually has a much higher strength than the corresponding 
bulk material. This is due to orientation phenomena of the microstructure along the fiber. 
Steel can be up to 100 times stronger in fiber form and E-glass 1000 times. The fibers in a 
composite material are producing increased stiffness and/or strength. [2]  
 
The orientation of fibers in a composite plays a vital role in how the product will perform. In 
a composite with aligned long fibers, the fibers can be packed in either of two ways, 
hexagonal or square. Glass, carbon and some ceramic fibers have close to a perfect circular 
cross section and the highest possible fiber volume fraction for such fibers arranged in 
hexagonal form is 90,7% and for square 78,5%, before the fibers touch each other. The 
problem with high fiber volume fractions is to avoid fiber contact, in order to get adhesion all 
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over the fibers to the matrix. Even at 30% fibers the spacing in between fibers is less than one 
fiber diameter. [2]   
 
Some relevant properties including price for different fibers are reproduced in Table 1. 
  
Table 1 Performance parameters comparison of E-glass and flax fibers. 

 Density 
[g.cm-3] 

Tensile 
strength 
[GPa] 

Stiffness 
[GPa] 

Specific 
strength 
[GPa/g.m-3] 

Specific. 
Stiffness 
[GPa/g.cm-3] 

Price 
[Euro/kg] 

E-glass 2.5 2.4 
 

70 
 

0.9 
 

28 
 

1,5 

Flax 1.5 
 

0.6-1.5 
 

50 
 

0.4-1.0 
 

30 
 

0,4-0,7 

 

2.1.2. Matrix in composites 
A matrix is a continuous material surrounding particles or fibers. The matrix can be a metal, 
ceramic or a polymer. Polymers matrices are either thermosetting or thermoplastics. A 
thermoset create cross-links when it solidifies into a permanent shape. Thermoplastics will 
soften or melt up on heating and solidify when cooled down, which can be done repeatedly.  
A fiber assembly without inter fiber bonding (matrix) do not have sufficient strength in 
bending, torsion, shear or compression. So the chore task for the matrix is to distribute 
stresses onto the fibers, and keeping fibers together. The matrix also protects the fibers from 
mechanical wear and could improve chemical and heat resistance, which are important 
properties when determining the usage of the composite. [2] 
 

2.1.3. Interaction between fibers and matrix 
There are different ways by which fibers and matrix form bonds. It depends on the properties 
of the two constituents.  
 
Figure 2 shows four different bonding types between surfaces that might occur [3].  
 
For compatible materials Interdiffusion of molecules may be possible, forming entanglements. 
Strength will depend on the degree of entanglement and number of molecules involved. 
Electrostatic attraction occurs between fiber and matrix with different electrostatic charges. 
Strength will depend on the strength of charges and the charge density. 
Chemical bonding occurs between chemical groups of matrix and fiber. The strength depends 
on bond type and number of bonds. 
Mechanical bonding between two surfaces by means of mechanical interlocking may occur. 
Strength depends on roughness of fiber and wetting ability of matrix.  
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Figure 2 Different ways of which fibers and matrix may interact. 1. Interdiffusion 2. Electrostatic attraction 3. 
Chemical bonding 4. Mechanical bonding. [3] 

 

2.1.4. Wetting and adhesion  
Wetting involves the interaction between a liquid and a solid, on a surface or by penetration 
into a porous material.  
Adhesion is the force by which the solidified liquid and the solid are held together.  
 

2.1.4.1. Surface energy 
Surface energy is a physical property arising from the configuration of molecules at the 
boundary of a material (solid or liquid). The molecules at the very surface are energetically 
unique, because their energy is not stabilized like the ones in the bulk. Their loss of nearest-
neighbor interactions leads to an excess energy state, relative the molecules in the bulk. This 
extra energy is the surface energy and is measured in Newton per meter or joule per square 
meter. Surface energy and surface tension are synonyms.  
Determination of surface energy is complicated and involves adhesive forces existing 
between the liquid and the solid and cohesive forces existing between liquid molecules. [4] 
 
There are three interfaces of special interest for wetting. Two free surface energies which are 
liquid-vapor (LV) and solid-vapor (SV), and the interfacial surface between the solid and the 
liquid, (SL). The interfacial energy per unit area represents the amount of work required to 
expand the interface. Young’s equation was introduced over 150 years ago, relating these 
interfacial forces when they are in balance: [5] 
 
γSV = γSL + γLV cos θ                                                            (1) 
 

 
Figure 3 Droplet on a surface and interfacial forces acting. 
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θ = 0˚ means that the drop is completely flat on the surface, which leads to absolute wetting. 
However good wetting and adhesion can occur also at contact angels above θ = 0º. The other 
extreme angle 180º, implies no wetting, the liquid stays as a spherical droplet on the surface.  
 
Looking at Young’s equation it can be seen that if the surface energy of the solid, γSV , is 
equal or greater than the sum of the interface surface energy, γSL, and the liquid interface 
energy, γLV, θ will be 0, in order to try to balance the equation. Surfaces exposed to air have in 
general higher surface energy than surfaces between interfaces. Therefore can it be said that 
the best wetting occurs with a solid phase with high surface energy and a liquid phase with a 
low surface energy. For example, glass (γSV = 560 mJ/m2) and graphite (γSV = 70 mJ/m2) are 
easily wetted by polyester (γSV = 35 mJ/m2) and epoxy (γSV = 43 mJ/m2) resins. [3] 
 

2.1.4.2. Wettability tests 
Wettability tests involve measurements of contact angles of special liquids on a substrate 
surface. By using liquids of different surface tensions it is possible to state the surface energy 
of a solid surface. [3]  
 

2.1.4.3. Adhesion tests 
Single fiber pull out test, is a test where a single fiber half embedded in the matrix is extracted 
under tensile load. Stresses applied is registered and from that and knowledge of the elastic 
modulus and geometry of the fiber and matrix modulus, a debonding shear stress can be 
calculated. [3] 
 
Single fiber fragmentation test consists of a single fiber aligned axially in a dog-bone formed 
specimen, loaded in tension. The tensile load applied is transferred to the fiber through shear 
transfer at the interface. 
As loading proceeds the tensile forces exerted on the fiber exceed its tensile strength and the 
fiber breaks, first at its weakest point and then at successively weaker points. The length of 
the fiber fragments formed are measured and recorded, simple analyses uses this and fiber 
strength to calculate interfacial shear strength.  
 
It has been experimentally shown that maximum adhesion occurs when γsolid = γliquid. [6]  
 

2.1.5. Thermoplastics Composite fabrication  

2.1.5.1. Compression molding 
This is a technique for making large number of identical parts, because moulds are expensive. 
A premix is put between two heated mold surfaces, usually under high pressure. The premix 
is most often a plaque of plastic and quite often aligned fibers, but they could also be random. 
More than one premix sheet can be put in the mold in order to achieve a composite with 
layers of fibers oriented in different directions. Cold molding is a variation of the hot 
molding. In cold molding the mould is cold and the premix is heated prior to insertion in the 
mold where it solidifies. For materials craving pressure during cooling to keep their shape, the 
cold mold technique is a lot faster, because heating and cooling of the mold in the hot mold 
technique is time consuming.  
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2.1.5.2. Injection molding 
Polymer and short fibers are mixed in a cylinder with a screw, the melt is gathered in the end 
of the cylinder by the screw. When sufficient amount of material is gathered the melt is 
pushed in to a mold, where it in contact with the walls solidifies. Cycle times could be from 
20 seconds to 2 minutes. Due to shear stresses when the polymer enters the mold, fiber 
orientation will occur. [7] 
 

2.1.5.3. Powder impregnation 
Bundles of fibers are drawn through polymer powder that penetrates the bundle. Sticks or 
rolls are used to enhance the polymer powder penetration. In the next step the bundles are put 
in an oven to melt the polymer and fibers together. [7] 
 
When the product has obtained its shape, some kind of machining or joining is often done to 
fit the consumer requirements. 
 

2.1.6. Strength of composites 
A presentation of micromechanical models can be divided into three groups: 
 

- One-direction layers with continuous fibers 
- Random fibers  
- One-direction short fiber layers 

 
The purpose of the micro mechanical models is to predict the properties of a composite based 
on the properties of each constituent material.  
 
The mechanical properties of the composite are a function of the type and volume fraction of 
the fibers, the type and volume fraction of the polymer matrix and the strength of the bond 
between the fibers and the matrix.  
 

2.1.6.1. One-direction layers with continuous fibers 
A reasonable approximation for a unidirectional fiber with a strength much greater than the 
matrix, is to consider the mechanical strength to be due entirely to the fibers and that the 
function of the matrix is to distribute the load between the fibers. In the direction transverse to 
the fibers, on the other hand, the matrix material is the constituent that keeps the composite 
together, and therefore the strength and modulus values are much lower.  
The exact orientations of the various laminae are determined by the appropriate design. The 
number of laminae in specific directions determines the relative strength, modulus, Poisson’s 
ratio and thermal expansion of the resultant product. [8] 
 

2.1.6.1.1. Longitudinal modulus EL 

The force applied on a longitudinal oriented composite is shared by the fibers and the matrix 
as indicated in Equation 2.  
 

mfL PPP +=  (2) 
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where subscript L refers to longitudinal and f and m to fiber and matrix respectively.  
With the assumptions of perfectly aligned fibers and perfect bonding between fiber and 
matrix, leading to the same strain in the fiber and the matrix an equation for the average 
longitudinal stress can be derived.  
 
 mmffL VV σσσ +=  (3) 
 
When having linearly elastic materials and assuming constant volume, i.e. neglecting 
Poisson’s effect, can Equation 3 be recalculated into  
  

mmffL VEVEE +=  (4) 
 

2.1.6.1.2. Transverse modulus ET 

The composite is inhomogeneous in the transverse direction. Therefore a simplified slab 
model, see Figure 4, is used to correlate volume fractions and elastic modulus. Also in this 
case it is assumed that there is a perfect bonding.     
 

 
Figure 4 The slab model, for estimations of transverse modulus. [8] 

 
In equilibrium we have 
  

mfT PPP ==  (5) 
 
where PT is force in transverse direction, Pf force in fibers, Pm force in matrix. Fiber and 
matrix have same cross section area and therefore  
 

mfT σσσ ==  (6) 
 
During loading total displacement in the composite is equal to the sum of fiber and matrix 
displacement. With a uniform displacement where 
 

fff tεδ =           mmm tεδ =           TTT tεδ =  (7) 
 
and a thickness t corresponding to the volume fraction V, the strain, εT, of the composite can 
be derived 
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mmffT VV εεε +=  (8) 

  
From use of Hooke’s law neglecting Poisson contraction and Equation 6, transverse elastic 
modulus can be calculated 
 

m

m

f

f

T E
V

E
V

E
+=

1  (9) 

 
The prediction of the transverse modulus by Equation 9 tends to be much lower than 
experimental measurements. This is due to the assumption of uniform stress in both matrix 
and fiber, which is not true for a material with stiff fibers in a continuous matrix. [8] 
 
Halpin-Tsai equations 
A better prediction of the transverse modulus is Equation 10, which was worked out by 
Halpin and Tsai and fits fiber volume fractions between 45 and 65%. 
 

fV1
1

η
ξη
−

+
= f

m

T V
E
E  (10) 

 
where 
 

ξ
η

+

−
=

m

f

m

f

E
E

E
E 1

 (11) 

 
The parameter ξ is a fitting parameter and is suggested by Halpin and Tsai to be 2 for fibers 
with a circular cross section and  
 

b
a2=ξ  (12) 

 
for fibers with a rectangular cross section where a is the length in the load direction and b is 
length of the other side. 
  

2.1.6.2. Random and one-direction short fibers 
Composites with approximately random fibers are the most common type (fiber reinforced 
injection molded products). The fibers in a random composite are short. In practice it is hard 
to fabricate a matrix with totally random fibers due mostly to flow that tends to align fibers. In 
a thin sheet mechanical properties will be close to isotropic in the plane. A thin plate is in this 
case one where fiber length is significantly longer then the thickness. For a thicker material, 
on the average, the properties are the same in every direction.  
The strength along the fiber direction is often many times the strength in the transverse 
direction. This means that the fibers oriented along and close to the load direction, in a 
composite with random fibers, take a great deal of the load, these are only a small fraction of 
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the fibers in a random composite. This means that not all fibers are utilized as much when a 
load is applied.  
In composites with a non-perfect bonding, stress singularities at the fiber ends will play a vital 
role. There are several possible failure modes that have been identified, such as matrix 
cracking perpendicular to the fiber, fiber-matrix interfacial failure and plastic yielding of the 
matrix. In most composites the interfacial strength is much lower than the matrix strength, 
which leads to debonding before matrix failure. When the bond is broken, shear stress transfer 
will mainly occur by friction.  
 

2.1.6.3. Voids  
In a large investigation Judd and Wright concluded that regardless of matrix or fiber type or 
surface treatment of fiber, the inter laminar shear strength of the composite decreases with 7% 
for each % of voids, up to a content of 4% voids. [9] 
The two main reasons that voids occur are from insufficient wetting or presence of volatiles 
trapped in the composite. The amount of voids can be calculated as 
 

)(1 fmv VVV +−=  (13) 
 
where, Vv, is the volume fraction of voids. 
 

2.2. Fibers 
There are two groups of fibers, man-made fibers and natural fibers. The man-made fibers are 
generated from something that was not a fiber from the beginning. The natural fibers are 
provided by nature and they are already in a fibrous form.  
 

2.2.1. Man-made fibers 
Man-made fibers can be divided in two subgroups: 

1. For Natural polymer fibers the forming parts are substances from nature, which are 
transformed into fibers. An example is viscose fibers (regenerated cellulose). The 
provided substances from nature are either cellulose or proteins. They are also called 
regenerated fibers.   

2. The Synthetic fibers are entirely man-made fibers. Synthetic fibers are produced from 
simple chemicals, for example coal and oil. These chemicals are transformed into 
polymer raw materials, which in turn are transformed into fibers. Some examples of 
this type of fibers are polyester, polyamide and polypropylene. [10] 

 

2.2.2. Natural fibers 
Natural fibers can be divided in three subgroups: [10] 

1. Vegetable fibers are all based on cellulose. The most important textile vegetable fiber 
is cotton. Examples of other vegetable fibers are flax and sisal.  

2. Animal fibers are based on proteins. Examples of this type of fibers are wool and silk. 
3. Mineral fibers are of limited use in the textile trade. Glass, which is made from silica 

sand, is the only inorganic (mineral) fiber widely used in commercial applications. 
Fibers of asbestos formerly used for insulation and fireproofing, were found to be 
cancerogenic and are no longer used. [11] 

 13 



2.2.2.1. Vegetable fibers 
These fibers are classified by the part from where they are formed: [10] 

1. Bast fibers form fibrous bundles in the inner bark of the stems of two seeds leaf plants, 
dicotyledonous plants. These fibers are used in all sorts of applications from fine 
woven textiles to cordage. Examples of this type of fibers are flax, hemp, and jute. 
The strands could run the entire length of the stem and consists of fibers that are glued 
together by natural substances. The strands of cellulose fiber in plants contain varying 
amounts of other natural substances such as lignin, pectin, hemicellulose, wax and 
gum. It is the amount of these substances and the ease to remove them from the fibers 
that determines the usefulness of these vegetable fibers to the textile industry. [12] 

 
2. Leaf fiber or Vascular fibers are found in the leaves and the stems of one seed leaf 

plants, monocotyledons. These fibers run in hawser-like strands through the length of 
the leaf and they are the ones that strengthen and maintain the shape of the leaves. 
These leafs are normally used to make ropes and cordage and for producing textile 
fabrics. They are of commercially great value. The leaf fibers are normally coarser 
than the bast fibers. Examples of this type of fibers are sisal, henequen and Manila 
hemp.  

 
3. Seed fibers and fruit fibers including true seed-hairs and flosses. Seed fibers are the 

soft hairs that often are attached to seeds and fruits of plants. Cotton and kapok are 
two examples of this fiber type. 

 

2.2.2.1.1. Flax 
Flax was probably the first fibers used by man to make textiles at least in the Western 
Hemisphere. This is known, since specimens of flax have been found in tombs of ancient 
Egypt and it has been shown in biblical writing that spinning and weaving of flax was well-
advanced thousands of years ago.  
 
The name of the plant from which the flax originates, is called Linum utitatissimum. This is 
an annual plant that grows in many sub-tropic regions of the world and therefore in many 
different temperatures regions. It is a versatile plant, supplying both fiber and seed for 
industrial uses. The flax plant reaches 90-120 cm. It has a single slender stem that lacks of 
side branches apart from those, which bear the flowers. The crop is pulled when the plants 
have flowered and the seed have begun to ripen. The stem consists of about one quarter of 
fibers. To release the bast fibers from the cellular or woody tissue of the stem, a retting 
procedure is normally used. This is a natural decomposition process, which consists of 
controlled rotting. Thereafter it is the “breaking” where the straw is passed between fluted 
rollers, to break the woody core into fragments without damaging the fibers running through 
the stems. Then there is the scutching process that separates the fiber from the unwanted 
woody matter. The individual flax fibers are adhering to each other and forming long strands 
of bundles. Therefore the heckling is performed to separate the coarse fiber bundles into finer 
bundles. The commercial flax is in the form of bundles of individual fiber cells held together 
by a natural binding material, since the scutching and hackling do not tend to separate the 
fiber strands into their individual fibers. [10], [13] 
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Figure 5 A field with flax. 

 
Flax fibers are natural cellulosic, multi-cellular fibers. Within the stalk the flax fibers in 
filament form are stretched out from the root to the tip of the stalk. The filaments (fiber 
bundles) are easy to split in length direction. They consist of a number of parallel fine 
textured elementary fibrils, which are linked together with pectin. Each fiber bundle consists 
of 10-50 elementary fibrils. For the commercial flax the individual fiber cells have a mean 
diameter of 0.02 mm and a length that vary from 6-65 mm. Flax fibers are stronger than 
cotton fibers but has lower flexibility. These fibers are very inextensible, have high rigidity 
and resist bending. Flax has the highest heat resistance of all commonly used textile fibers, 
which is why a sheet of linen feels so cool. It does not decompose until 120°C, at this 
temperature the fiber starts to discolor, nevertheless it is necessary with prolonged exposure 
for degradation to begin. When it is exposed to sunlight it gradually loses strength. Flax has 
good resistance to alkaline solutions and can withstand dilute weak acids, but hot dilute acids 
or cold concentrated acids will attack it. Flax fibers are slightly more resistant to rotting and 
weathering than cotton fiber, and dry flax is highly resistant to mildew. Under conditions of 
warm temperatures, dampness, and contamination, mildew will attack flax fiber. [10] 
 
World production of flax fiber has declined from a few decades ago, but particular countries 
with a long history of flax, e.g., Russia and former Soviet countries, China, and Western 
Europe, are still strong in production and areas cultivated. The highest quality flax arrives 
from Belgium, Northern France and the Netherlands. The flax from Russia is normally 
weaker but the fibers are much finer. Flax is used to produce leather-working thread, sewing 
thread and towels. Waste flax is made into high-grade banknote, writing and cigarette paper.  
 

2.2.2.1.2. Sisal  
Sisal was used for making of cloths for the ancient Mexicans and Aztecs. Agave sisalana is 
the plant from which this leaf-fiber originates. Sisal has gained its name from the port in the 
Yucatan peninsula of Mexico, from where the earliest exports of these fibers took place. It 
became known to commerce as sisal or “sisal hemp”. The accepted botanical or Latin name of 
the sisal plant is Agave sisalana Perrine. Sisal is a species of the genus Agave. The origin of 
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this plant is Central America, but today the sisal plant also exists in East Africa, Mexico, 
Haiti, Brazil and in other regions of South America. [14], [13] 
 
The sisal plant has huge leaves almost from the ground. These leaves are firm, fleshy and 
coated with wax, and form rosette on a short trunk. The leaves could be armed with either 
spines along their margins, which is the most common one, or with fine fiber like filament. 
Another possibility is to be entirely smooth-edged. The first leaves are harvested when the 
plants are between 2½ and 4 years old. Thereafter they are harvested in intervals until the 
plant eventually dies, which happens after 6-7 years. The sisal plant sends out a flower stalk 
that is around 6m high. When this stalk has flowered, the plant produces tiny buds, which 
develop into small plants that falls down and take root, while the parent plant dies. A leaf may 
contain 1000 fibers and a good plant may yield 400 leaves during its lifetime. The outer fully 
developed leaves are cutaway and treated in machines that crape the pulpy materials from the 
fibers. Thereafter the fiber is washed, dried and bleached in the sun, or oven dried. The sisal 
strands are held together by natural gums and consists of many individual fibers. These fibers 
are strong and coarse. Commercially they have a length of 60 to 120 cm. The fibers have a 
creamy white color, if the processing has been careful.  
 

 
Figure 6 A field of growing sisal. [14] 

 
Sisal is one of the most valuable cordage fibers. It is also used extensively to make baler and 
binder twine, and for sacks, paper filters and other industrial uses. It is widely used for marine 
ropes and hawsers. Sisal is also attractive in some textile uses, like ladies hats, due to its high 
strength, luster and good color.  
 
Sisal used in ropes are usually basic dyed, whereas for sisal in matting is either direct or acid 
dyed. The light fastness is poor and less satisfactory for basic dyed products that for direct or 
acid dyes. The sisal has good affinity for direct cotton and acids dyestuffs. This provides 
attractive shades of good light fastness [14] 
 

2.3. Cellulose 
Anselm Payen first recognized the existence of cellulose as the common material of plant cell 
walls in 1838. By photosynthesis 150 billion tons of cellulose is built up each year and about 
the same amount is decomposed, mainly through molder or burning. Cellulose is a complex 
carbohydrate consisting of 3000 or more glucose units. As basic structural component of cell 
walls cellulose comprise about 1/3 of all vegetable matter. In nature, cotton is the purest form 

 16 



of cellulose containing 90%, in wood half is cellulose. With these numbers is it not hard to 
realize that cellulose is the most abundant of all naturally existing organic compounds.  
Of great economic importance, cellulose is processed to produce papers, fibers and is 
chemically modified to yield substances used in the manufacture of for example plastic and 
photographic film.  [15] [16] 
 

2.3.1. Cellulose esters 
Cellulose acetate (CA), cellulose acetate propionate (CAP) and cellulose acetate butyrate 
(CAB) are all thermoplastic materials made through esterification of cellulose. For industrial 
use the cellulose comes from cotton and wood pulp. In cotton it is the shorter fibers, not used 
in textile industry that are used to make cellulosic derivatives.  
The first person that got credit for preparing cellulose acetate is Schützenberger in 1865. The 
method used was to heat cotton with acetic anhydride, in sealed tubs at 130-140oC. The 
reaction lead to a white amorphous polymer which had been severely degraded and the 
process were hard to control. Further studies made by Lieberman, Francimont and others have 
led to techniques for controlled acetylation, under less severe conditions. [17] 
 
Today there is two major methods of acetylation, the homogenous technique where the 
acetylated cellulose dissolves into a solvent, and the heterogonous acetylation in which the 
fiber structure is kept intact. In a heterogeneous acetylation all molecules will not be 
acetylated since they are in bulk form, the heterogeneous process will give the best 
acetylation and it is the one further discussed.  
 
In order to produce cellulose acetate by heterogeneous acetylation there are three steps. 
 
- Pretreatment of the cellulose   
- Acetylation 
- Hydrolysis 
 
The pretreatment opens up the cellulosic matter to get an improved substitution and to speed 
up the main acetylating reaction. There are a number of pretreatments that can be made but 
the most widely used is exposure to glacial acetic acid. 
 
Acetylation is normally done with a mixture of three components, an acylating agent, a 
catalyst and a diluent. When making cellulose acetate the acylating agent is acetic anhydride, 
it yields an acetyl derivative by embracing the hydrogen from a hydroxyl group.  The reaction 
between the cellulose molecule (R . OH) and the acetic anhydride looks like follows,   
 
R . OH + (CH3CO)2O → R . O . COCH3 + CH3 . COOH   
 
The by-product is acetic acid (CH3 . COOH ) and COCH3 is the acetyl group in the cellulose 
ester ROCOCH3. This special case of acetylation when an ester is formed is also called 
esterification. Each glucose unit in the cellulose molecule has three OH groups where acetyl 
groups can be situated. Degree of substitution, DS, is the number of hydrogen molecules, in 
the OH groups, that have been substituted for other molecule(s). After complete esterification, 
i.e. one acetyl group on each possible location, the DS is 3, and the product is now called 
primary cellulose acetate or triacetate, referring to the DS.   
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To avoid degradation of the cellulose, catalysis is used to enable reaction at a lower 
temperature. Acetic acid is commonly used for this purpose, either alone or with another 
chemical. Acetic acid may be added in the beginning but since it also is formed during the 
acetylation process this may not be a necessity. Methylene chloride is often used together 
with the acetic acid with the advantage of keeping the reaction temperature down. With a 
boiling temperature of 40˚C, methylene chloride removes excessive exothermic heat when 
boiling, and bubbles formed stirs around, enhancing the mixing.  
 
Hydrolysis is the third and last step. In this ripening process the DS is decided, hydrolysis is a 
“reverse” esterfication, which is done by adding water or dilute acetic acid. Because 
hydrolysis is easier controlled than acetylation, the DS is controlled more exact.    
 
In general, cellulose acetates with substitution numbers less than 2.2 are biodegradable in soil 
and marine environments and are suitable for composting. Those with a degree of substitution 
ranging from 2.2 – 3.0 are less biodegradable. [18] 
 

 

 

Figure 7 Different cellulose esters chemical structure. Depending on the molecule(s) replacing R, Cellulose, CA, 
CAP or CAB, with varying DP can be formed. [19] 

 
Using other organic acids than acetic anhydride will lead to different side chains and different 
properties of the cellulose ester. In Figure 7 the chemical structures of cellulose and some 
esters are shown, replacing R with hydrogen will give the structure of cellulose and R 
replaced with an acetyl group generates CA. Acetylation with two acids at the same time, lead 
to the mixed esters, cellulose acetate propionate, CAP, and cellulose acetate butyrate, CAB, 
when adding propionate, (the propionyl group), or butyrate, (the butyryl group), respectively. 
The propionyl and butyryl side chains are larger than the acetyl group and gives the CAP and 
CAB lower density, slightly lower heat distortion temperature and slightly better flow than 
CA. Cellulose esters with shorter side chains than CAB, CAP tend to be harder, stiffer and 
have higher tensile strength. [17] 
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The greatest areas for CAP today are eyeglass frames. In the early 1930’s it was used to 
produce amateur motion picture films, sheet films and x-ray film. Although nowadays film is 
not made from CAP due to its tendency to degrade. 
  

2.3.2. Thermal degradation of cellulose  
A number of different thermal degradation reactions are known to occur with cellulose at 
different temperatures. Degradation at lower temperatures (as in ageing of cellulosic 
materials) is often predominantly thermo-oxidative, turning cellulose into CO2 and H2O, 
and/or hydrolytic, breakage by hydrolysis. As expected, ageing of cellulose is usually a 
function of humidity, light, oxygen availability, etc., in addition to temperature. At higher 
temperatures (>200° C) water is lost, first from that absorbed by the cellulose and then by 
elimination from the cellulose hydroxyls. At even higher temperatures (>250° C), several 
competing pyrolytic, turning in to coal, reactions begin to take over. [20] 
 

2.4. Plasticizer 
Plasticizers are substances added to plastic compounds to separate the molecular chains. 
Normally they reduce the intermolecular forces in a resin, which permits the macromolecules 
to slide over one another more freely. The plasticizers improve the flexibility, extensibility 
and processability of the polymer, meanwhile they also reduce the melting temperature, 
elastic modulus and second order transition temperature of polymers. [21], [22] 
 
Plasticizers are one of the most important additives. They hold 65% of the world market for 
plastic additives, which accounts for 4.9 million tons. There are more than 300 different types 
of plasticizers of which between 50 and 100 are in commercial use. Phthalates are the most 
commonly used type of plasticizers. Today plasticizers are used in many different polymers 
for example polyvinyl acetate (PVA), acrylic polymers, cellulose acetate (CA) and most 
important of them all poly (vinyl chloride) (PVC), which uses about 90% of all plasticizers. 
[23], [24]  
 
Most plasticizers are nonvolatile organic liquids or low-melting point solids with a molecular 
mass of at least 300. These liquids are colorless and odorless with either low or high viscosity. 
They should possess forces attractive to the polymer, even if these forces should be smaller 
than the forces between the polymer chains. Due to their size, they dissolve into the polymer 
very slowly at room temperature. Hence, they have to be blended with the polymer at high 
temperatures or in the presence of volatile solvents, which have to be removed at some stage 
of the operation. They need to have a solubility parameter close to the one of the polymer. If 
the polymer has any tendency to crystallize, the plasticizer should be capable of some specific 
interaction with the polymer. The plasticizer should not be a crystalline solid at the ambient 
temperature unless it is capable of specific interaction with the polymer. [21], [22], [25] 
 

2.4.1. Different ways to plasticize a polymer 
A plasticizer separates the polymer chains, and by doing so, the intermolecular bond strength 
decreases, making the resin softer. Plasticizers are only absorbed in the amorphous region of 
the polymer. There are two ways to plasticize a resin, either externally or internally. [26], [21] 
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The simplest way to plasticize a material is with an external plasticizer. The external 
plasticizer molecules insert themselves between the polymer molecules and reduce but not 
eliminate the polymer-polymer contacts and generate free volume, since the polymer chains 
are separated. The external plasticizer is bound physically by dipole bonds, rather than 
chemically by covalent bonds as the internal plasticizer. This type of plasticizer does not alter 
the fundamental chemical character of the plasticized material. The main advantage is that the 
degree of flexibility could be regulated for the plasticized material according to the type and 
amount of plasticizer added. A disadvantage is that in some cases an undesirable extraction of 
the plasticizer from the plasticized material might occur. When an extraction occurs the 
polymer chains approaches each other and the plastic becomes harder. 
 
For internal plasticizers long pendant groups are attached to the polymer main chain 
permanently by copolymerization of two homopolymers. The first one has a high glass 
transition temperature, Tg, and other one has a considerably lower Tg. The long pendant 
groups attached occupy a lot of space between the main chains, which result in a separation of 
the backbone structure of these chains. An advantage with this type of plasticizer is that no 
extraction occurs, due to the stable chemical linking between rigid and flexible segments. 
These plasticizers are used far less than the external plasticizers.  [21], [26], [22] 
 

2.4.2. Plasticizer types 
It is an enormous variety of chemicals used as plasticizers and many of them are derived from 
oil. Phthalates have the dominant position with around 70-75% of the market and they largely 
cover the demands of the plastics processing industry. One example of phthalatic plasticizers 
is dioctyl phthalate, DOP, which is largely used as a plasticizer for PVC. One disadvantage 
with phthalates is that they migrate to the surface of plastics and might evaporate or leach into 
the surrounding environment. This migration leads to brittleness in the plasticized polymer 
and therefore the phthalates usefulness is limited. Petrochemical plasticizers only improve the 
flexibility. Therefore, other additives are necessary to obtain stability in light and heat. 
Metallic stabilizers are usually used, such as cadmium, barium or lead. These stabilizers are 
highly toxic and therefore highly unsuitable for many applications, especially the food 
packing and medical uses. 
 
A more environmentally friendly class of plasticizers is the ones derived from vegetable oils. 
These plasticizers are competitive in food and medical applications where low levels of 
metallic stabilizers are required. The most useful plasticizer in this class is soybean oil, ESO. 
It is used as a plasticizer in flexible PVC. 
 
One type of vegetable oil plasticizers is ester. An ester is formed from reaction of an alcohol 
and a fatty acid. Fatty acids are the main component of vegetable oils. Several fatty acids are 
important in plasticizer market, since esters of fatty acids can be formulated to produce 
plasticizers with a range of desirable properties. Vegetable oil plasticizers cost more but offer 
benefits that make them economically favorable, since they provide both cost and toxicity 
benefits. A disadvantage with the vegetable oil plasticizers is that a large amount of 
plasticizer added might not mix properly into the plastic formulation or may cause brittleness. 
[24] 
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2.4.3. Citric Esters 
Citrate plasticizer esters include triethyl citrate, acetyl triethyl citrate, tributyl citrate, acetyl 
tributyl citrate and tri-(2-ethylhexyl)-citrate. These citric esters are recommended for films 
and flexible tubing that come into contact with food, since they have favorable physiological 
properties. The citric esters are interesting due to their favorable physiological properties. 
They are used to plasticize vinyl resins. Triethyl citrate and triethyl acetyl citrate are one of 
few plasticizers that have good solvency with cellulose acetate (CA) and therefore also with 
cellulose acetate propionate (CAP). These two plasticizers have a slight difference in 
volatility and water sensitivity compared to diethyl phthalates, which are the competitors to 
these two plasticizers. Triethyl citrate has applications in the food industry. [21], [25] 
 

2.4.4. Aliphatic dicarboxylic acid esters 
These plasticizers have high plasticizing effectiveness and take up about 2% of the market. 
This type of plasticizer has low viscosity and low solvating power and therefore it is only 
suitable for the manufacturing of low viscosity plastisols. The most widely used aliphatic 
dicarboxylic acid esters, are the adipates due to their low relative cost and good balance of 
properties. One example of an adipate is dioctyl adipate, DOA or as it is also called di(2-
ethylhexlyl)adipate. DOA is a light colored, oily liquid generally used as a plasticizer, mainly 
for PVC. It has good plasticizing effect and is light stable. DOA features flexibility at low 
temperatures, good electrical properties, good resistance to weathering, and good stability to 
heat. DOA is widely used to produce clear films for food packaging applications. [27], [28], 
[21] 
 

2.5. Rheology 
Rheology can be defined as the science of the flow and deformation of materials. [29] 
Viscosity, a measure of flow resistance, depends primarily upon the temperature and 
hydrostatic pressure. But for the case of polymeric fluids it is more complicated, due to their 
non-ideal behavior. Flow intervenes in nearly all cases. It is important in different molding 
processes, such as injection molding, compression molding, also in calendering, cold forming, 
mill rolling, extrusion and when spinning fibers. [29], [30] 
 
A liquid could behave in a Newtonian or a non-Newtonian way. A Newtonian liquid is an 
ideal liquid that has a constant viscosity, and therefore is independent of the shear rate. Non-
Newtonian Fluids can be classified according to viscosity behavior, such as Shear-Thinning 
(Pseudoplastic) Fluids and Shear-Thickening (Dilatant) Fluids. Pseudoplastic liquids have a 
decreasing viscosity with increasing shear rate, whereas dilatant liquid has an increasing 
viscosity with increasing shear rate. An example of a dilatant fluid is a wet beach. [31], [32]  
 

2.5.1. Newtonian liquid 
If the fluid behaves as a Newtonian fluid the following formula can be used: 
 

γ
τη
&

=  (14) 
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where η is the constant viscosity, τ the shear stress and γ& is the shear rate. If shear stress is 
plotted vs. shear rate a straight line is obtained and the slope of the line is the viscosity. [32] 
 

2.5.2. Pseudoplastic  
Most polymer melts show a pseudoplastic behavior. These polymers show at low shear rates 
almost a linear shear stress-shear rate behavior with a constant viscosity, which is called the 
zero-shear-viscosity, ηo. At these low shear rates the molecules have time to arrange 
themselves in conformations similar to the unperturbed chains. At high shear rates the 
viscosity decreases linearly with an increasing shear rate in a log-log diagram. The resistance 
to flow is great due to numerous chain entanglements. When higher shear rates are applied the 
molecules are aligned along the shear rate direction and the entanglement concentration 
decreases compared to the initial state. In this region the shear stress depends on the shear rate 
according to the power law expression Ostwald-de Waele. The equation is given below: [32] 
 

nKγτ &=  (15) 
 
where K and n are constants. For a Newtonian liquid, n=1 and K=ηo.  The apparent viscosity 
is obtained by inserting the Ostwald-de Waele equation into the viscosity equation and is 
shown below: 
 

1−= nKγη &  (16) 
 
The n values are smaller than unity for pseudoplastics. 
 

2.5.3. Temperature dependence 
The viscosity changes greatly with temperature for most polymers. The Arrhenius equation is 
a good approximation of the viscosity for Newtonian liquids and for polymer fluids at 
temperatures above the glass transition temperature or the melting point.   

 

RT
E

Ke=&η  (17) 
 
K at a given shear stress is a constant characteristic of the polymer and its molecular weight, 
E is the activation energy for the flow process, R is the gas constant, and T is the temperature 
in Kelvin.  
Normally the activation energy is in the range of 5000-50000 cal/mole. The activation energy 
is strongly dependent on whether the viscosities at various temperatures are evaluated at 
constant shear stress or at constant shear rate.  
 
For amorphous polymers for temperatures between the glass transition temperature, Tg, and 
up to 100°C above their Tg a better equation than the Arrhenius equation is the Williams-
Landel-Ferry or W-L-F equation.  
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The viscosity at Tg at low shear rates is ηg , T is the temperature in  Kelvin, ρ is the density at 
that temperature and ρg is the density at Tg. [30] 
 

2.5.4. Role of entanglements 
The main reason for the non-Newtonian behavior of a polymer melt is the orientation of 
molecular segments by the flow field. It is this orientation that gives rise to elasticity in the 
melt, and it is measured as an elastic modulus. The entropy of a system is reduced by the 
orientation. Molecular entanglements only exist above a critical molecular weight, Me. These 
entanglements act as temporary cross-links and enhance the flow field from orientating 
molecular segments. At low shear rates the stress is not enough to orient the molecules and 
therefore the entanglements have time to slip and become disengaged. At higher shear rates 
the entanglements do not have time to slip and disappear and therefore the segments between 
entanglements become oriented. At this stage there is a steady state with equal formation and 
destruction of entanglements. It is either the shear flow or the extensional flow that orients the 
molecules. In many cases it is the extensional flow that is especially effective in creating 
elasticity in polymer melts. [30] 
 

2.5.5. Dynamic properties 
The angular frequency,ω, for dynamic or oscillatory measurements on polymer melts, 
becomes analogues to the shear rate in regular rheological measurements. A dynamic shear 
modulus G  and a loss modulus or imaginary moduli G′ ′′  are measured. The Equation 19 
given below could relate the dynamic viscosity to the loss modulus: 
 

ηω ′⋅=′′G  (19) 
 
The non-Newtonian behavior develops at high frequencies and at large amplitudes. The non-
Newtonian behavior is delayed to higher frequencies if steady-state flow is superimposed on 
the oscillatory motion of a dynamic test. This is due to destruction of the molecular 
entanglements by the steady-state flow. [30] 
 

2.5.6. Master Curve 
A lot of data is needed to characterize the flow properties of a polymer, due to the great 
sensitivity of polymer viscosity to both temperature and shear rate. Therefore a prediction of 
the viscosity from a small amount of experimental data is of great need and also to be able to 
compare the behavior for different polymers. This is done by superposition rules, where one 
curve is shifted relative to another curve. A master curve is obtained when the superimposed 
curves form a single curve. [30] 
 
One method to predict flow behavior at various temperatures by means of a shear rate-
temperature superposition is proposed by Mendelson. His method consists of plotting shear 
stress,τ , as a function of shear rate, γ& , for several temperatures to obtain curves in a log-log 
plot. At a given shear rate the apparent viscosity could be calculated from these curves with 
the Equation 20 given below: 
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The shear stress and shear rate are both calculated at the capillary wall. 

 
Figure 8 Shear stress versus shear rate, for three temperatures. [30] 

A reference curve is chosen at a convenient temperature, for example 200°C, as in Figure 8. 
The remaining curves are then shifted horizontally along the shear rate axis to superpose the 
reference curve. Curves for temperatures above the reference temperature are shifted to the 
left, while the one with lower temperature are shifted to the right. In Figure 9 the resulting 
master curve is shown.  
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Figure 9 Master curve for 200°C. [30] 

 
The shift factor, aT, is the amount of that which has been shifted along the shear rate axis, for 
example a shift factor of 10 means that the curve is shifted one decade along the shear rate 
axis. The shift factor is given by the Equation 21 below: 
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where the )(referenceγ& is the shear rate for the reference curve at a constant shear stress and 
the )(Tγ& is the shear rate for the same value of shear stress at a temperature T. The shear 
factor could also be given by: 
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where K1 is a constant, E is the activation energy for flow evaluated at constant shear stress, R 
is the gas constant and T is the temperature at the given shear rate.  
 
The master curve could be used to do the reverse calculation to find out the flow behavior at 
any arbitrary temperature or to estimate the behavior of a polymer of different molecular 
weight but similar structure with a minimum of information. Often the shift factors are 
independent of molecular weight and therefore this is a very powerful technique. [30] 
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2.5.7. Carreau 
A modified Carreau model can be fitted to the viscosity data. The Carreau model is given by 
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where η is shear viscosity and γ&  shear rate. Fac, tnat, expom, a, and alfa are constants. Fac 
corresponds to the zero shear rate viscosity (low shear rate plateau), tnat position the onset of 
shear thinning along the shear rate axis, expom determine the asymptotic slope in the shear 
thinning region and a regulates the shape of the gradual transition from the constant zero 
shear rate viscosity to the shear thinning power law behavior at high shear rates. The 
temperature dependence is given by α through an Arrhenius approximate law for the 
temperature shift factor aT. To is an arbitrary reference temperature.  
 

2.5.8. Rheological measurements 
A great variety of instruments exist to measure the viscosity and other rheological properties 
of liquid and molten polymers. Mostly instruments measure the rheological properties as a 
function of temperature and shear rate. The rheological properties measured are usually shear 
viscosity, primary and secondary normal stress differences. 
 

2.5.8.1. Capillary rheometer 
A polymer liquid is forced by a piston or by pressure from a reservoir through a capillary. 
There is a certain amount of polymer liquid that comes from the capillary per unit of time and 
at a given pressure drop, these data are used to calculate the viscosity. Some advantages with 
the capillary rheometer are that it is easy to vary the temperature and shear rate, it is easy to 
fill the instrument with polymer, which is important because most polymer melts are too 
viscous to pour quickly and without difficulty even at high temperatures.  The flow geometry 
and shear rates are similar to the ones in extrusion or injection molding. The main 
disadvantage is that the shear rate varies across the capillary instead of being constant. 
Another disadvantage is that there needs to be a number of corrections in order to get accurate 
values of viscosity. [30] 
 
For the capillary rheometer the shear stress (τw) and apparent shear rate ( awγ& ), both at the 
capillary wall, can be calculated from the following formulas: 
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where Rc is capillary radius, L is capillary length, ∆P is pressure drop over capillary and Q the 
volumetric flow rate through the capillary. The steady state shear viscosity is given by 
Equation 27 below: 
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2.5.8.2. Cone and Plate rheometer 
 

 
Figure 10 A description of a cone and plate rheometer. 

 
The cone and plate rheometer can either operate under steady-state conditions or oscillatory 
conditions. See Figure 10.  
There are two major types of cone and plate rheometers for steady-state conditions, one 
operating under constant stress and the other under constant rate. This instrument may also be 
used to measure elastic response of melts. The polymer liquid is placed in the space between a 
linearly concentric cone and a flat circular plate. 
 
The constant stress type is mechanically simpler. The torque is applied by direct loading and 
the deformation measured from a simple scale. This rheometer is cheap and is therefore 
especially used as a learning tool. 
 
The constant rate rheometer that is preferred in most commercial instruments have one 
rotating face, which is rotating at a series of predetermined rates, while the torque is measured 
on the opposite face. This method has an advantage compared with the constant stress type, if 
only viscosity is measured, which is that when the system reaches steady flow, the torque 
output is a constant reading. The constant shear rate throughout the liquid is a great 
advantage, especially with molten polymers. Other advantages are a very small sample size, 
which also results in less heat build-up at high shear rates compared to a coaxial cylinder 
apparatus, and also the ease of loading and cleaning the apparatus. The apparatus could be 
moderated to measurements normal stresses in addition to the viscosity. [29] 
 
There are several disadvantages: the limitation to low shear rates, the necessity of accurate 
space between the cone and the plate to obtain accurate values, the tendency of secondary 
flow development and that the polymer crawls out of the instrument so that accurate measures 
are impossible.  
 
The complex dynamic viscosity (η*) as a function of the angular velocity (ω) is measured by 
an oscillatory experiment, using for example a cone and plate device. Another arrangement 
might be two rotating eccentric discs by which the melt is subjected to periodic sinusoidal 
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deformation. The angular frequency for a dynamic rheometer is directly analogous to the 
shear rate of a steady-state viscometer. [32], [30] 
 
The momentary homogenous shear stress in the melt between the cone and plate and the 
homogenous shear strain are given by: 
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respectively where φ is the momentary twist angel of the cone in respect to the stationary plate 
and M the momentary twist torque applied to the cone. The magnitude of the complex 
viscosity is given by 
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where the subscript “0” indicate amplitude values (maximum values) during the sinusoidal 
deformation. 
 

2.6. Nonwoven 
Nonwoven fabric is a structure produced by bonding, interlocking of fibers, or both. This is 
accomplished by mechanical, chemical, thermal or solvent means and also by combination of 
these. The term does not include paper or fabrics that are woven, knitted, tufted or of those 
made by wool or other felting processes. [5] 
 
Because of the variety of nonwovens, they are used in many different areas for example for 
clothes and in the household. Examples for usage in the household are bedspreads, napkins, 
washcloths, wipes etc. Some types of nonwovens have an ability to absorb fluids, which has 
led usage of nonwovens in diapers and incontinence devices. In the automotive industry 
nonwovens are used as support for tufted floor carpets, seat covers and interior door panel. 
[33] 
 
The four steps in making a nonwoven are the following: [5] 
 
The first step is to select fiber and binder material for the nonwoven. Fibers and raw material 
are chosen depending on, cost, processability, environmental issues and/or desired end use 
properties of the nonwoven. The purpose of binders is to adhere fibers and for example act as 
flame retardant, softener, water repellent and antistatic agent. The binders are chosen 
depending on desired properties for the nonwoven.  
 
Web formation consists of creating a loose fibrous web by laying down the fibers. The loosely 
held fibrous structure is after this stage weak, but it decreases with fiber length.  
 
Web consolidation consists of by some means strengthen the lose web by one of the many 
techniques that can be used.  
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Web finishing and converting is the last step where treatments can change porosity, 
breathability, absorbency and repellency. This is not a necessary step and therefore the 
nonwovens are often ready after web consolidation. 
 

2.6.1. Web formation  
First fibers and binder have to be chosen in order for a web to be formed.   
There are several methods for web formation, and the three main types are 
 

- Wet laid 
- Dry laid 
- Melt spun 

 
The most common way of classifying the nonwovens are by the way they are produced.  
 

2.6.1.1. Wet-laid system 
When producing nonwovens with wet-laid technique, fibers are suspended in water and 
thereafter the machines separate water from fibers and generate a uniform sheet material. 
Then these sheets are dried and bonded, which produces rolls of nonwoven. See Figure 11 for 
a schematic explanation.  
 
Machines that use wet laid technique are similar to those used for making paper. A major 
difference between papermaking and nonwoven production is that the fibers for paper are 
beaten, fibrillating their ends improving fiber-to-fiber connections. Since this is not done 
when producing nonwovens, this gives a softer product, but requires further work to increase 
web strength.   
 
Wet-laid systems are expensive investments, due to machinery costs. Since fiber content in 
the water, before entering the machine, seldom exceeds 0,1%, a lot of water is needed, 
producing 1000 kg wet laid product, 2 to 4 million liters of water needs to be pumped and 
recycled. Drying the nonwoven is also an energy consuming process. But there it is not only 
disadvantages with wet-laid production. Because of the wide forming width and a fast process 
that could be over 120 m/min 100 to 1000 times more product is produced than for dry-laid 
systems.  
 
The fibers in wet laid machines are short. Normally machines can handle fibers up to 13 mm 
in length. In general fibers must be cut before used. Commonly used fibers that do not have to 
be cut are wood pulp fibers.  
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Figure 11 Schematic picture of wet-laid fabrication of nonwoven, starting with a fiber/water mix that is dried 
and bonded into a nonwoven. [34] 

 

2.6.1.2. Dry-laid system  
There are two major dry-laid systems; an air laid random system and a carded system. These 
systems are cheaper to buy and run, but produce less material compared with a wet-laid 
system, although unique properties are given to dry-laid nonwovens. Well known textile 
processes are used and the first step is to open up the fibers with a saw tooth unit, called an 
opener, it pulls the tufts apart and separate fibers from impurities. 
A secondary step is needed to enhance bonding, this could be needle punching, using water 
jets or thermal bonding etc. 
  

2.6.1.2.1. Air-laid random systems 
In this type of dry-laid techniques the fibers are first going through the saw toothed section, 
and then by using strong air currents, fibers are directed against a permeable screen moving 
either vertically, horizontally or cylindrically. The fiber web then sticks on the screen and are 
thereafter removed and further bonded. 
 

2.6.1.2.2. Carded systems   
In the carding machine fibers are mixed and aligned by a series of aligned rolls covered with 
needles. Out comes a thin web that is gathered on a doffer roll, building up a thicker web. See 
Figure 12. In more advanced machines the web can be formed with different fiber orientation 
in different layers. This is easiest done with several carding machines in a row. 
 

 
Figure 12 Carding machine, which mix and align fibers. [34] 
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2.6.1.3. Melt-spun System 
Two main processes have been developed for melt spinning nonwovens, spunbonded and 
melt blown. These techniques are for producing nonwovens from materials that melts and 
therefore natural fibers cannot be used.  
Normally in spinning, fibers are kept apart to avoid tufts, but when making nonwovens with 
the spunbonding technique, tufts are at the end wanted. Using static repulsion and air currents 
improving mixture of fibers before the melt-spun material is laid on a belt. The web is led into 
a special heated roll, producing the desired final web properties. 
The production of melt blown nonwovens is similar to making cotton candy. Polymer is fed 
into a small slit and on both sides of the polymer high-velocity air is used to stretch and 
produce short fibers of the polymer. Fibers collected have a very fine structure and are for 
example used for facemasks in operation rooms. For the melt blown process there is no need 
of further bonding step. It is used in combination with the spunbond process because of its 
low strength. [5], [33] 
 

2.6.2. Web Consolidation 
In the consolidation step there are three main techniques, mechanical bonding, thermal boning 
and chemical bonding. 
  

2.6.2.1. Mechanical bonding 
This is bonding by entangling the fibers by mechanical means, see Figure 13 for schematic 
picture.  
Needle punching is the process where a lot of needles, up to 150000, are punched through the 
web. On the way up barbs on the needles causing fibers to entangle. The degree of 
entanglement can be varied by needle configuration, needle length, barb shape and web 
advance rate.  
 

 
Figure 13 Needle punching, which is done to increasing ease of handling or as a final step in a nonwoven 
production. [34] 

 
Hydroentangling, also called spunlacing consist of high-pressure water jets that entangle the 
fibers instead of needles. Usually this method is used for air laid or carded webs. The web is 
put on a perforated belt, and the water jets causing the web to entangle according to the 
perforation in the belt. Water jets can also be used for cutting the web in different shapes. 
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2.6.2.2. Chemical bonding 
With this technique the web could be either sprayed or saturated with a polymer enhancing 
web strength. The spray process produces webs with low strength and high bulk, while a 
saturated web have a continuous matrix giving rigidity, stiffness and thinness.  
 

2.6.2.3. Thermal bonding 
For this production type of nonwovens, thermoplastic fibers are used in the web and they are 
melted and solidified to generate a strengthened web. This can be achieved by heat and 
pressure through calender rolls or in a hot or cold press. It can also be achieved in an oven, 
with a radiant heat source or an ultrasonic wave source. Webs made through all three main 
web formation techniques can be used. Bonding in spots is also a possibility, which gives a 
flexible structure that allows the nonwoven to bend in the non-bonded points. An equally 
distributed bonding gives a stiff and harsh structure. An alternative is to achieve bonding in 
discrete points in a pattern, for example by using a heated engraved roller.  
Temperature when performing thermal bonding should be above the softening temperature for 
the binding component and below temperatures where principal fibers melt or where they are 
being damaged in other ways. [5], [33] 
 

2.6.3. Finishing of Nonwovens 
The majority of nonwovens do not go through the finishing step, but special requirements can 
be satisfied with finishing processes. There are two categories, mechanical and chemical 
finishing. 
 

2.6.3.1. Mechanical finishing 
The calendering process consists of passing a web through series of cold or hot rolls, which 
affects softness, glossiness and special surface texture and also a more dense web can be 
obtained. Brushing, causing the surface fibers to rise, can give a nonwoven a fur-like look. 
Embossing can be used to get a special pattern. Lamination of different layers of nonwoven is 
also a possibility.  
 

2.6.3.2. Chemical finishing 
Nonwovens can be printed, be given anti-microbial finish, another fabric can be applied 
giving a more decorative appearance. Bleaching and coloring can also be done to the 
nonwoven. These operations are often performed before forming the web, since it is difficult 
to perform them on an already produced nonwoven. [5], [33] 
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3. Techniques 

3.1. Extrusion 
Extrusion is one of the simplest techniques that can be used for mixing materials. Screw 
extruders dominate the modern industry. Examples of products produced by extrusion are 
tubing, pipes, profiles such as window frames, film, sheet, monofilament, parisons for 
extrusion blow molding and insulated wire for electrical use. Many different materials are 
formed by extrusion into profiles, for example polymers, metals, ceramics and food such as 
pasta, sausages, cereals and confectionery. [35], [36] 
 

3.1.1. Function of an extruder 
The word extrude means push out and this is a good explanation of what happens in an 
extruder. It consists of converting solid feedstock into a homogenous melt and to pump it at a 
uniform rate through a die, which creates an extrudate of constant cross-section. [35], [36] 
 
There are two basic categories of extruders, continuous and discontinuous extruders. An 
example of a continuous extruder is a screw extruder and an example of a discontinuous is a 
batch extruder. The continuous extruders can have one or two screws. 
 
Polymers are extruded either in solid state or in molten state. Most commonly the polymer is 
extruded in the molten state. This process is called plasticating extrusion, since the extruder 
prepares a highly plastic polymer melt in addition to the pumping action of extrusion. In melt-
feed extrusion the extruder is fed with molten polymer directly from the reactor and in this 
case the extruder acts more as a melt pump developing the pressure needed to force the 
polymer melt through the die. In solid-state extrusion no plastication occurs. This extrusion 
form is used to produce oriented high-strength profiles from polymer billets.  
 
 

 
Figure 14 The components of an extruder. 

See Figure 14 for the different parts explained below. 
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The hopper is where the polymer is fed to the extruder. Gravity feed from the hopper is the 
most common feed. In some extrusion processes dosing units are required to obtain an 
accurate and consistent rate of feed. The feed throat, which is the connection between the 
hopper and the extruder, is normally cooled by circulating water, to avoid the polymer from 
melting into lumps in the hopper, which would block the feed flow. [35], [36] 
 
It is the unit that encloses the screw inside. The screw barrel has four main functions 
pumping, heating, mixing and pressurizing the melt.  
 
In order to melt the granules, heat is generated either internally by friction or by applying 
external heat from heaters wrapped around the barrel. It is necessary to control the heat supply 
because if the material becomes too hot it may decompose, degrade or become too fluid. If 
too cold it will be insufficiently plasticized, variations in temperature will also cause 
variations in flow rate. To prevent over heating of the barrel many extruders are equipped 
with a cooling system trough which cold water or forced draught air may be circulated. [35], 
[36] 
  
The screw is located within the barrel with a precise concentric fit, and a small radial 
clearance. The screw has many functions, such as to transport the solid feedstock, to compress 
and melt the solid and to homogenize, meter and generate sufficient pressure to pump the melt 
against the resistance of the die. The screw works on the Archimedean principle and it can be 
rotated at different speeds. The polymer is pushed along the barrel by the forward edge of the 
flight. The channel depth changes differently depending on the manner by which the polymer 
plasticates. It could melt abruptly as for Nylon 6,6 or it can melt slowly as for branched 
polyethylene, PE or the polymer could pass through glass transition temperature and therefore 
plasticate slowly. 
 
There are three zones of a conventional plasticating extruder, feed, compression and metering 
zone. These zones are related to the geometry of the helical screw channel. The function of 
the feed zone is to collect granules from the feed hopper and transport it up the screw channel 
at a constant rate. The feed zone has high flights to give a high channel volume, which is 
constant along the length of the zone. The second zone is the compression zone, where the 
channel depth decreases, and therefore the channel volume also decreases. In this zone the 
shearing action of the screw melts the granules and pressure start to build up. The 
compression section is adjusted by geometry and position, to match the melting 
characteristics of the polymer. The third and last zone is the metering zone, and has the 
function to homogenize and pump the melt to the die. This zone has shallow flights and a 
constant channel volume. 
 
A lot of extruders have a breaker plate and a screen-pack assembly. These are situated 
between the barrel and the die. It forces the polymer melt to change flow motion from the 
rotating motion induced by the screw, to a linear flow. The change of flow is done to avoid 
distortion of the extrudate. It also helps to further increase backpressure and it provides 
support for a screen pack, which is situated on the upstream side of the breaker plate. [35] 
 
The die shapes the melt into its desired profile. The shape of the extrudate depends on many 
factors, such as the degree of shrinkage upon cooling, the level of die swell, and deformation 
of the extrudate due to post-extrusion processes, such as draw down and secondary shaping or 
“sizing” processes. 
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When molten polymer emerges from a die many of its molecules will have been oriented in a 
direction parallel to the axis of the die orifice. When no longer constrained by die wall the 
molecules tend to recoil causing an expansion of the extruded cross-section. This 
phenomenon is known as die swell. The right shape is obtained by pulling the exiting product 
during cooling.  [35], [36] 
 
There is a wide range of equipment that handles the molten extrudate when exiting the die, so 
as to ensure a precise cooling to the right shape and to required molecular orientation. The 
extrusion process manufactures an endless product with a constant cross section. The endless 
product can be cut, sawed, chipped, rolled or in other ways reduced to obtain a portable 
length. 
 
There are a lot of factors that determines an extrusion process, thermal and rheological 
properties of the polymer die design, the geometry of the extruder and the settings of the main 
operating variables of the extruder, which means barrel temperature profile and frequency of 
the screw rotation. 
 
The extruder productivity depends on screw dimensions, die dimensions and screw speed. 
Some factors that will increase the productivity are increased screw speed, increased screw 
diameter, the helix angle up to a maximum about 30 degrees and an increase in die diameter. 
 

3.1.2. Twin extruder 
Twin-screw extruders contain two Archimedean screws within one single barrel. There are 
variations of designs mainly in the intermeshing degree between the screws and in the screw 
rotation, co-rotation or counter rotation. Fully intermeshing screws can have flight profiles 
that of each screw fit closely into the channel profile of the other, this is called a conjugated 
profile. As the degree of conjugation increases the degree of positive displacement transport 
increases. Twin-screw extruders used for profile extrusion always have high degree of 
conjugation and therefore it has a high efficiency. On the other hand twin-screw extruders 
used for mixing have a low degree of conjugation, since higher degrees of conjugation tend to 
decrease the mixing efficiency. There are many processing advantages for a twin-screw 
extruder compared to a single screw extruder. An example is superior feeding characteristics 
together with a more positive pumping action that result in shorter and more closely 
controlled residence times for the melt in the extruder. As a result twin-screw extruders 
provide better processing for thermally unstable polymers, for example polyvinyl chloride, 
PVC or for materials that are difficult to feed, such as powders or highly filled compounds. 
[35] 
 

3.2. Fiber Spinning 
The fundamental purpose of spinning is to produce fibers by transforming a solid polymer to 
a liquid, extrude it through thin holes in a spinneret, and to solidify the jets leaving the 
spinneret, without loss of shape. [37] 
 
There are three different types of spinning, melt, dry and wet spinning. Both dry- and wet 
spinning includes dissolving the polymer in a solvent and could therefore be summarized with 
one name, solution spinning. [38] 
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The spinning velocities could vary a great deal, example, for thick monofilaments in liquid 
bath the range is between thirty to a hundred meters per minute, and for thin monofilaments in 
gaseous medium it is several thousand meters per minute. [39] 
 

3.2.1. Melt spinning 
Melt spinning is the most convenient and most economic method for manufacturing fibers, 
due to the simplicity of the method, the high spinning rates and no addition of additives, like a 
solvent or a precipitation agents etc. The only limitation for this spinning system is that the 
material used, needs to be fusible and needs to form thermally stable spinnable melts. The 
lowest temperature used when spinning is the melt temperature of the polymer and the highest 
one is just before the beginning of polymer degradation. This temperature range should be at 
least 30°C to provide a good working range of melt-viscosities and to assure that the molten 
polymer could be kept in the spinning machine for a reasonable amount of time. [37], [39] 
 
Materials that are typically used for melt spinning are linear polyolefines, polycondensation 
polymers, such as polyamides and polyesters, and inorganic glasses. [39] 
 
The melt spinning process begins with melting the material that will form the fibers. 
Depending on polymer, prior drying might be needed. The material is usually solid polymer 
in granular form, also called chips. This form is preferred, since it flows well and melts easily. 
A screw extruder or a grid melter melts the polymer. It is heated to a temperature well above 
the melt temperature (Tm). The liquid is passed through a metering pump to obtain an accurate 
and steady flow to the spinneret. Thereafter it is passed through a filtration pack, which in 
most cases are made up of layers of graded alumina, sintered porous metal plates or purified 
sand supported between discs of fine metal gauze. The purpose of this filter is to remove 
small solid pieces that might block the spinneret or induce defects in the filaments during later 
processing or use. The pieces are normally unmelted polymer or degraded solid polymer. 
Then the liquid polymer is extruded through the spinneret and is converted from melt to 
continuous filaments. This imposes the shape and to some extent the structure of the 
filaments. The spinneret is a metal plate that can withstand high pressures. The holes are 
arranged in precise patterns, usually on the circumference of a concentric circle, since it 
allows even cooling of the filaments. For melt and dry spinning the spinneret is normally 
made of stainless steel or nickel alloys. For wet spinning the spinneret plate is of thinner 
metal, platinum or tantalum alloys, since it might have to withstand corrosive liquids and does 
not experiences very high pressures. The capillary, which is the actual hole of the spinneret, 
have a diameter of 0,1-0,8 mm and it may be a few millimeters long. 
 
The solidification mechanism is the next step in the fiber spinning process. It is an important 
operation, since crystallization and molecular orientation occurs at least to some extent in this 
zone. Here, the filaments enter a 2-5 meter long cooling chamber. Monofilaments, 
multifilament yarns and staple fibers are normally cooled by a cold gaseous blast of usually 
air or water vapor. During the solidification process hot drawing is performed. Meanwhile the 
filaments are solidified, they are pulled downwards towards the take-up section. This results 
in a tension in the molten filament that provides a stretching action, which diminishes the 
diameter of the filaments. [38], [37] 
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3.2.2. Treatments for spun fibers 
The drawn fibers could be subjected to different types of finishing operations, such as 
washing, heat setting, spin finish appliance, winding on bobbins or cutting for staple fibers. 
Which finishing operations performed is dependent on which polymer and process used and 
also the intended quality of the product. 
 
Spin finish could be applied at different stages of the process. The main purposes to apply 
spin finish are to supply lubrication to the yarn for the processing that follows over the guides 
and the rollers, to facilitate drawing, nearly always to improve textile processing of a fibrous 
product and to prevent electrostatic charging, otherwise mutual repulsion and separation of 
filaments and subsequent snagging would occur. The spin finish is usually applied when the 
filaments are cooled and it could be done either by making contact with the surface of a 
rotating wet roller or by a capillary feed device. Spin finish is mainly composed of oil 
lubricants emulsified in water. [38], [37] 
 
Cold drawing is achieved by wrapping yarn several times around draw rollers. These rollers 
are in sets of two and each set has a higher speed than the previous set. Normally the first set 
of rollers is heated above the glass transition temperature, Tg, to improve the molecular 
mobility within the fibers. This decreases the relaxation time and therefore better drawing is 
obtained. The next set of rollers has a higher temperature than the previous one to counteract 
the relaxation and residual shrinkage. The draw ratio depends on the polymer used for 
spinning. In most melt spinning operations the degree of stretch is of the order of 3 times, 
which means that the velocity of the initially cooled, or solid, fiber is about three times the 
average velocity of the melt coming out of the spinneret. Drawing affects the strength, 
elongation and uniformity. Drawing efficiency depends on the applied speed and temperature 
and also by the extent of any orientation from the spinning process. Almost all fibers are 
drawn because it improves the physical properties. [40], [38], [37], 
 
The fibers are wound-up by bringing the filaments into contact with a guide that traverses 
across a bobbin back and forth to assure a stable cylindrical build up of filaments. This 
cylinder is surface driven, to maintain constant linear wind up speed when the diameter 
increases. [38], [37] 
 
Staple fibers are first spun or collected together of many thousands of continuous filaments 
from the spinning machine. This bundle of parallel filaments is called tow. One method 
consists of opening out to the tow to a sheet of filaments, drawn or stretched between heated 
rollers and then continuously cut by a revolving knife. 
 
Another method to make staple is to stretch the tow between two sets of rotating rollers with 
sharp edges until the filaments break.  
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Figure 15 Schematic description of the melt spinning process. [41] 

3.2.3. Solution spinning 
Solution spinning is used in two cases. The first one is if the polymer is decomposed before or 
close to their melting temperature. The second case is if the polymer does not form thermally 
stable viscous melts, but it can be dissolved in a high enough concentration of a low-
molecular liquid, a solvent. The polymer is usually dissolved in batches. There are two 
solution-spinning systems dry spinning and wet spinning. [39] 
 

3.2.3.1. Dry Spinning 
Dry spinning is the most similar solution spinning system to melt spinning. It is applied when 
the polymer could be dissolved in a volatile solvent. [38] 
 
The ultimate solvent for dry spinning should have a low boiling point and low latent heat of 
evaporation. It should also be cheap, easily be available in pure form, inert, thermally stable 
and non-toxic. Examples of solvents are ether, acetone, lower alcohols or tetrahydrofuran. 
 
Nowadays dry spinning is widely used to produce fibers from polymers, for example cellulose 
acetate, polyvinyl chloride, polymers and copolymers of vinyl chloride and acrylonitrile. Dry 
spinning is used for continuous filament yarns. It is not used for staple fibers. The 
disadvantages of dry spinning is that it is slower than melt spinning, the solvent has to be 
recovered, and it is not capable of mass throughput as wet spinning. [37], [39] 
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Figure 16 Dry spinning process description. [41] 

 
For dry spinning the solid polymer is dissolved in a solvent and form a polymer solution, 
 instead of being melted as for melt spinning. Another difference is that the filaments formed 
in the spinneret enter a 5-6 meters long tube with circulating hot gas, which is either inert gas 
or air. The purpose of this gas is to supply enough energy to evaporate the solvent from the 
surface of the polymer. The inlet gas temperature varies from 100ºC to 250ºC depending on 
the polymer and solvent. 
 
Recovery of a sufficiently large amount solvent is important, especially form an economic 
point of view. The vapor is condensed out from the carrier gas and then absorbed on carbon 
columns or extracted by water or other liquid columns. These systems are closed circuit 
spinning system, where the gas circulates in a loop. The systems are the spinning tube and the 
other is the condenser system that recovers the solvent. [37] 
 

3.2.3.2. Wet spinning 
Wet spinning is used for polymers that do not melt or only dissolve in non-volatile or 
thermally unstable solvents. The wet spinning systems use extraction of solvent by another 
liquid. 
 
This spinning method is used for polymers such as cellulose, proteins, polyvinyl alcohol, 
polyacrylonitrile and polyvinyl chloride. [39] 
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There are many different technical designs for a wet-spinning process. The precipitation bath, 
or as it is also called coagulation bath, could be placed either horizontally or vertically. The 
filaments are directly extruded in the liquid bath. This bath contains low-molecular-weight 
substances. The spinning bath is usually short about 1 meter. The bath temperatures rarely go 
above 150ºC. It does not dissolve the polymer, but it is miscible with the solvent. [37] 
 
In wet spinning the solvents and chemicals have to be recovered from the spinning bath and 
the wash water. 
 

 
Figure 17 Wet spinning process description. [41] 

 

3.2.4. Bicomponent fibers 
A bicomponent fiber is a fiber combining two extruded polymers from the same spinneret. 
These fibers can be combined in many different ways and there are four categories of 
bicomponent fibers. [43] 
 

- Side-by-side, where to polymers is side by side along the length of the fiber. 
- Core sheath, one polymer (core) is fully surrounded by the other (sheath). 
- Islands in the sea, the islands are a multiple continuous regions within the sea. 
- Matrix fibril, a variant of island in the sea, but here are the islands not continuous 
along the fiber they are short fibrils embedded in a matrix. 

 

 
Figure 18 Principal figures of bicomponent fibers in two different cross sections, from left to right, side-by-side, 
core sheath, island in the sea and matrix fibril. 
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The principal difference in making a bicomponent fiber instead of a single component fiber is 
how the melt is fed to the spinneret. Spinning a bicomponent fiber craves feeding to the 
nozzles by two extruders, the exception is matrix fibril which uses short fibers that is mixed 
together with the polymer before spinning, the two melts are combined in different steps in 
the nozzles. To finally in the last one get their final shape. [43] 
 
Interface adhesion is something to consider since, polymers might not generate a sufficient 
bonding and therefore special treatment is needed in order for fibers to adhere. Side-by-side 
bicomponent fibers are in general the ones most sensitive to bad adhesion, because adhesion 
plays a greater role in a side-by-side fiber than in the others. Coupling agents can be used for 
all different bicomponent fibers in order to enhance interfacial adhesion.  
 

3.2.4.1. The use of bicomponent fibers 
The reason of making bicomponent fibers is to create fibers with unique properties that 
monocomponent fibers do not have. In the mid 1960’s DuPont was the first to introduce a 
bicomponent fiber for the market, which was a side-by-side fiber that consisted of polymers, 
which had different levels of shrinkage, leading to a helical shaped polymer resembling wool. 
Another use of bicomponent fibers is as melt fibers in nonwovens. Then a core sheath fiber is 
used, with a core that have a lower melt point then the sheath. This will, if there is sufficient 
adhesion between fibers, hinder the sheath polymer to shrink when the heat is elevated, which 
leads to adhesion of primary fibers over a greater area. A core sheath fiber could also be made 
to protect a strong fiber core that is sensitive to i.e. chemicals or humidity. A reason for island 
in the sea and matrix fibril fibers, are to create a composite fiber stronger then the matrix it 
self. [43] 
 

3.3. Test methods 

3.3.1. Tensile test 
The tensile test is the most common test used to determine the mechanical properties of 
materials. In this test, a piece of material is clamped in the tensile test machine and pulled 
until failure. During the test, the crosshead will move downwards with a constant rate, 
meanwhile the specimen elongation and applied load is measured. Some advantages of the 
tensile test are that it is simple, relatively inexpensive, and fully standardized. Load cells have 
different abilities to measure loads. Some can handle big loads and some are more sensitive 
and measures small load better.  [44] 
The stress is calculated from force and cross section area as described in Equation 31. 
  

A
F

=σ  (31) 

 
where σ is the stress, F the force and A the cross sectional area. 
 
Strain is calculated from the equation below: 
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where ε is the strain, L the length of the specimen and L0 the initial length of the specimen. 
 
A stress-strain curve can be obtained by plotting the stress versus the strain as the name 
describes. For an example see Figure 19. From this curve yield stress, ultimate tensile stress, 
and Young’s modulus, E, for a material could be determined.  [45] 
 

                                
Figure 19 To the left a tensile test machine and to the right a stress-strain curve for a polymer obtained from a 
tensile test data. [46] 

 

3.3.2. Three point bending 
Three-point bend test is a test where the specimen is supported at two points and a load is 
applied at a point halfway from one of the supports. With this test the modulus and peak stress 
for a material can be obtained. In three-point bending the specimen is placed on two supports 
and the third point is a loading point, in the middle between the supports. The stress is 
calculated from applied force and specimen dimensions, and the strain from the elongation 
and initial length of the specimen. A stress-strain curve is obtained by plotting stress versus 
strain. From this curve the elastic modulus is obtained. The quantities needed to determine the 
elastic modulus from a bend test are the width and thickness of the specimen, the loading 
span, which is the distance between the supports, the load, and the vertical deflection at the 
midpoint. [47]   
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Figure 20 Three point bending, a mechanical test for evaluation of modulus and strength. 

 

3.3.3. Impact test 
An impact test is done in order to evaluate toughness. The specimen is either standing up like 
a fence post, called izod impact test, or lying down between two vertical bars, called charpy 
impact test. In the test machine a pendulum with known weight and starting height is released. 
It swings down and hit the specimen and the difference in height between the starting height 
and the height it reaches on the other side of the specimen is a measurement on how much 
energy the specimen did absorb.  
 

 
Figure 21 Impact test machine, measures energy absorption by specimen. [48] 
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4. Experimental part 

4.1. Materials  

4.1.1. Matrix binder fiber 
Cellulose Acetate Propionate, CAP, is a chemically modified derivative of cellulose. It is a 
cellulose ester, and was used to produce the matrix binder fibers. Two different types of CAP 
with different viscosities were used. The properties for the two types are shown in Table 2. 
Mainly CAP-482-20 was used, since the purpose of the CAP 504-0.2 was only to reduce the 
viscosity without decreasing the glass transition temperature. Eastman Chemicals provided 
the Cellulose Acetate Propionate.   
 
Table 2 Properties for the two CAP material used. [49] 

Grade CAP-482-20 CAP-504-0.2 
Form Powder Powder 
Acetyl Content 1.3 wt % 0.6 wt % 
Propionyl Content 48 wt % 42.5 wt % 
Hydroxyl Content 1.7 wt % 5 wt % 
Melting Point 188-210°C 188-210°C 
Acidity as Acetic Acid  0.01 wt %  
Ash Content 0.017 wt %  
Refractive Index 1.475  
Glass Transition Temperature (Tg) 147°C 159°C 
Specific Gravity at 20°C/25°C  1.22  
Wt/Vol at 20°C  1.22 kg/L 1.26 kg/L 
Tukon Hardness 23 Knoops 20 Knoops 

Viscosity 20.0 sec 0.2 sec  
(0.76 Poise) 

 

4.1.2. Plasticizer 
The plasticizer TriEthyl Citrate, TEC was used to soften and improve the processing of the 
CAP. TEC is an environmentally friendly plasticizer. As a reference the plasticizer Dioctyl 
Adepate, DOA was used, since it is a standard plasticizer for CAP. The properties of these 
plasticizers are shown in Table 3 below.  
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Table 3 Material properties for plasticizers used in this study. [49] 

Property TEC DOA 
Molecular Weight 276 370 
Empirical Formula C12H20O7 C22H42O4
Form Liquid Liquid 
Refractive Index  1.4472 
Specific Gravity at 
20°C/20°C  

1,1 0.927 

Wt/Vol at 20°C   0.924 kg/L 
Boiling Point at 760 mm Hg  394°C 417°C 

Freezing Point  <-70°C 
Solubility in Water, at 25°C  slight <0.01 g/L 
 

4.1.3. Fibers 
Natural fibers were used as reinforcement in the composites. Two types of flax fibers has 
been used “Green Car” flax, which was mainly used and Linlolitas flax delivered by Linolitas 
from Latvia. Sisal fibers were also used to a small extent. Not much is known about these 
fibers. The only information known is the information obtained by characterization of these 
fibers and it is presented further on in this study. 
 

4.2. Extrusion 
The cellulose acetate propionate powder was blended with liquid plasticizer by means of a 
high speed-rotating mixer, which consisted of a hook on a drilling machine, for about 60 
seconds at room temperature. The dry blends were then melt-homogenized in either a counter-
rotating 25 mm Brabender double screw extruder or in a 25 mm ZSK co-rotating double 
screw extruder (Werner & Pfleiderer). The reason for shifting between the two different 
extruders was a gearbox failure on the Brabender extruder. This failure was not related to the 
specific material compounded. Finding process temperature is a fine line in between high 
enough temperature to melt the polymer and low enough to avoid degradation. Longer time in 
the extruder also enhanced possibility of degradation.  
  
To determine the optimal extrusion process temperature for the mixture of cellulose acetate 
propionate and plasticizer, the temperature was varied from 180°C to 220°C. The process 
temperature and extrusion speed for different mixtures of CAP and plasticizer are shown in 
Table 4. 
 
The mixture was sticky and formed lumps, which clogged the feeding-hole to the screws and 
therefore the mixture was fed in two different ways. For the Brabender extruder the mixture 
of polymer and plasticizer was fed to the extruder by pushing down the mixture with a plastic 
stick. For the Werner and Pfleiderer no plastic stick was used, since the extruder had a feeding 
unit that was used. It provided an even feed rate. The strands were extruded on to a conveyor 
belt for air-cooling and subsequent pelletizing was made to achieve a material suitable for 
melt spinning. The materials were not dried before extrusion. 
 
There was a speed difference between the two extruders, since they had different capabilities 
of material throughput. To maintain reasonable momentums, the Brabender could not have 
higher speeds than the one listed in the table below. The Werner and Pfleifer extruder could 
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have higher speeds, since the throughput of material was larger. The temperatures had also to 
be varied to obtain optimal extrusion. This is due to the difference in plasticizer amount, 
leading to different viscosities at the same temperature.  
 
Table 4 The extruder settings for different amount of plasticizer. 

Blend Extruder Temperature 
at die [oC] 

Speed 
[rpm] 

90% CAP 482-20 10% TEC W&P 220 100
80% CAP 482-20 20% TEC Brabender 200 50
70% CAP 482-20 30% TEC Brabender 200 50
80% CAP 482-20 20%DOA W&P 210 100
60% CAP 482-20 30% CAP 
482-0.2 10% TEC 

Brabender 200 50

 
Some smoke from the extruded strands was noted during extrusion. The smoke is believed to 
consist of small amounts of plasticizer evaporating from the strands leaving the die plate.  
 

4.3. Spinning 
Spinning was performed on an ESL Labspin II, which is a melt spinning machine for making 
both mono- and bicomponent fibers. See Figure 22 for machine description. The spinning 
machine has two sets of feeder, extruder and metering pump where the temperature and the 
pressure can be varied individually. The spinneret used had 48 holes with six-lobal form seen 
in Figure 22. Since only monocomponent fibers were spun, both sets contained the same 
polymer and equal settings were used.  
 
 

 
Figure 22 To the left spinning machine. 1.Feeding tower 2.Extruders 3.Metering pump 4.Spinneret 5.Air quench 
6.Spinn finish application 7.Take of roller 8.Sets of draw rollers 9.Take of winder. To the right the six-lobal hole. 
[50] 
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The material was extruded and pumped through the spinneret and thereafter pulled during 
quenching by cold air forming thin fibers. Attempts were made to stretch fibers in the solid 
state on the draw rollers but it was difficult, since the fibers broke close to the spinneret or 
entangled on the rollers.  
Different draw ratios were tested but none were possible. Finally the fibers were only 
stretched over the bottom rollers and then collected on a bobbin by the take up winder. The 
winder speed was set depending on the stretch ratio.  
 
 
Table 5 The spinning settings for CAP with different amount of plasticizer. 

 10% TEC 20% TEC 30% TEC 20% DOA 
Temperature in Zone 1 [oC] 205 195 195 195 
Temperature in Zone 2 [oC] 225 205 205 205 
Temperature in Zone 3 [oC] 235 210 210 210 
Temperature at diehead & 
pump  [oC] 

240 210 210 210 

Die head pressure 1 [psi] 380 - 175 - 
Die head pressure 2 [psi] 430 - 165 - 
Take off roller [m/min] 200 200 200 200 
Bottom roller [m/min] - 225 225 225 
Winder [rpm] 480 480 480 480 
Blower [%] 0 80 80 80 
Spin finish [rpm] 2 3 3 3 
Set point for pump [rpm] 8 8 8 8 

 
The spinning parameters used are shown in Table 5 above. To obtain as similar fibers as 
possible the same conditions were applied for mixtures with 20% TEC and DOA and also 
30% TEC. There were some complications when spinning CAP with10% TEC. The fibers 
solidified too early, nearly at once when exiting the spinneret and they could not be stretched 
at all, instead they ruptured close to the spinneret plate. Therefore the fan was turned off. 
However, it still resulted in rupture close to the spinneret plate. Due to these problems the 
temperature was increased in several steps. Then the fibers could be stretched in the same 
manner as the fibers from CAP with higher TEC concentrations.  
 
The fibers were cut to staple fibers by razorblades mounted in a circle with their sharp edges 
pointing outwards, see Figure 23. The spacing between the razor blades was 50 mm, which 
results in 50 mm fiber length. The long continuous fibers were unwounded from the bobbin 
onto this rotating circle with razor blades. The fibers were cut when a sufficiently large 
amount of fibers had been wound up on the circle. Then the fibers were pushed towards the 
sharp edges of the razor blades and cut to short fibers. 
  

 47 



 
Figure 23 The machine used for cutting staple fibers. 

4.4. Rheology/viscosity measurements 

4.4.1. Capillary 
Capillary rheometer data on melt-homogenized samples were obtained by means of the 
Rheoscope 1000 device manufactured by Ceast. The temperatures used were 180, 200 and 
220°C. The material, in forms of pellets, was placed in a chamber over the capillary and a 
hand held piston was used in order to press out the air. In the chamber, the material was 
heated to test temperature. When test temperature was reached a mechanical piston pressed 
the material through the capillary. The piston rates were manually varied in 8 steps between 
1-200 mm/min. The rate was changed when the viscosity had a stabilized value. The capillary 
length and diameter were 40 and 1 mm respectively. No corrections for inlet pressure losses 
or shear thinning were made and shear viscosity is reported vs. apparent shear rate. The 
materials tested were CAP-482-20 with 10,20 and 30% TEC plasticizer, 20%DOA plasticizer 
and CAP-482-20 with CAP-506-0.2 and TEC plasticizer.  
 

4.4.2. Cone and plate 
A Bohlin cone-and-plate rheometer (CS Melt) was used to measure the magnitude of the 
complex viscosity( | η*| )  vs. angular frequency (ω) of the melt-homogenized mixture of 
polymer and plasticizer. The materials investigated were the same as for the capillary 
rheometer and so were the test temperatures, i.e. 180, 200 and 220°C. The cone angel β was 
5,4° and the cone and plate diameters were 25 mm. The shear strain amplitude φ0/β during the 
sinusoidal deformation was kept low enough (1-3%) to ensure a linear viscoelastic response 
(η* was always independent of shear strain amplitude). Material, in the form of pellets, was 
placed in between the cone and the plate. The cone was pushed down closer to the plate to 
create a small pressure, meanwhile the pellets melted. When the test temperature was reached, 
leftovers of melted polymer were removed. Then the cone and plate were approached into 
place and the test begun. The rotation of the cone was monitored by the computer, which 
varied the angular frequency in the interval 0,19 – 190 rad/s (0,03 – 30 Hz). The computer 
registered the viscosity, shear stress and shear strain.  
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4.5. DMTA 
Dynamic mechanical analysis on compression-molded samples from pellets was performed 
on a DMTA IV (Rheometric Scientific) mechanical spectrometer, to determine the glass 
transition temperature. The cross section of the specimens varied between 4 - 6 mm2, with a 
thickness of about 1 mm. The specimen was clamped in the test rig according to Figure 24. 
Clamp torque was 30 cNm. The specimens were subjected to oscillating single point 
cantilever bending at strain amplitude of 0,1% at 1 Hz, meanwhile the temperature was 
increased. It was increased from 20°C to 150°C, with a heating rate of 5°C/min. Both the 
elastic in phase (E’) and the viscous 90° out of phase part (E”) of the complex bending 
modulus (E*), tan(δ) (= E”/E’) and the temperature was registered by a computer. The glass 
transition temperature (Tg) was taken as the temperature of peak tan(δ).  
 
In this type of experiment the sample is deformed sinusoidally and the stress will also 
oscillate sinusoidally at the same frequency, but in general be shifted by a phase angel δ with 
respect to the strain wave.  
 

 
Figure 24 Single cantilever bending test, the drive shaft in the middle deforms the specimen by motion. [51] 

 

4.6. Fiber properties measurements 
Mechanical properties and diameter of fibers were determined in a vibroscope and a vibrodyn 
from Lenzig AG. First the fibers were mounted in the vibroscope to determine the dTex, 
which is the weight in gram per ten thousand meters. One end of the fibers was clamped in 
the machine and in the other end a weight was hung to straighten out the fiber and also to 
obtain a self-oscillation in the fiber. When the fiber start to self-oscillate the dTex value is 
registered by a computer and the fiber is moved to the vibrodyn. There it is clamped and 
pulled until fracture. The strength is plotted versus the elongation and the modulus is obtained 
from this plot. This test was performed for 20-25 for each type of fiber. The gauge length was 
20 mm and the speed with which the fibers were pulled was 20 mm/min. The fibers tested are 
the matrix binder fibers with CAP and different amounts of TEC plasticizer, 10, 20 and 30%. 
It is also performed for the different flax types flax “Green Car” and flax from Linolitas and 
for sisal.  
 
Some flax “Green Car” fibers were pressed for 2 minutes in 200°C without any matrix binder 
fibers. This was done to investigate if the flax fibers degrade or loose in mechanical properties 
during pressing. These fibers were also tested as described above and also for these fibers 20-
25 were tested.  
 

4.7. Plaque manufacturing 
The composite was manufactured by mixing, carding, punching and compression molding 
mixtures of fibers and melt fibers. To be able to investigate the properties of the composite 
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composites were tested in a tensile test machine, a three-point bending machine and an impact 
test machine. 
  

4.7.1. Mixing 
The mixing of natural fibers and CAP binder fibers plasticized with TEC was performed in a 
big barrel about 0,75 m high and with a diameter of 0,48 m. On the tip of the rod in the barrel 
four wires with plastic coating are attached in order to mix the fibers. See Figure 25. To 
facilitate a homogenous mixture, the melt fibers were first mixed separately for about 30 
seconds and then they were mixed with the fibers. The mixing was performed by rotating the 
rod at 50Hz, meanwhile compressed air was blown through the mesh lid. The air lifted all 
fibers and the rod tossed them around. The mixing procedure took about 2 minutes.  
 
 

 
Figure 25 Fiber mixing equipment. 

 

4.7.2. Carding 
Carding is the process where a nonwoven is produced from the fibers and melt fibers. Here 
the blend gets its final mixture. The machine used was a Cormatex CC/400 from Italy. See 
Figure 26. The carding process orients the fibers along one direction, machine direction 
(MD), and the direction transverse to the fibers, is the cross direction (CD). 
 
The mixture was fed to the carding machine that produced a thin mat of the mixture. This mat 
was wound up on a roller, which produced a web with many thin mat layers. The final length 
of the web was about 100 cm, with a width of about 40 cm.  
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Figure 26 Carding machine. 

 

4.7.3. Punching 
From the carded web, squares with sides varying from 125 to 150 mm, were punched out. A 
metal square with one sharp and one dull side were laid on the web and a press pushed the 
metal square with the sharp side down, through the web.  
 
Each plate had a target density, which was obtained by adding or removing layers from the 
punched square. This was done by weighing the square, since both target density, thickness 
and surface area were known.  
 
Wanted final thickness is 3 mm. From knowing the final volume, layers were added or 
removed to achieve the desired weight. 
  

4.7.4. Compression molding 
Compression molding was performed in two ways, hot or cold. Hot compression molding was 
performed in a hot tool. The cold compression molding was performed by preheating the web 
by air passing through and then pressing in a cold tool.  
 
For the hot compression molding a J. Wickert & Söhne press from Germany was used. The 
web was placed on a piece of Teflon in between two distances and on top another piece of 
Teflon was placed. The Teflon was used to avoid the webs to stick to the hot press tool. The 
distances/inserts had a thickness of 3 mm to obtain the desired thickness of 3 mm. This was 
placed in between the heated press plates and pressed. Thereafter it was cooled under pressure 
of a big metal piece, to maintain its thickness. Press times and temperatures were varied and 
are described further on. 
 
For the cold compression molding a Compac Hydraulic A/S press from Denmark was used. 
The web was put in an oven to be heated by through passing hot air. After 1,5 minutes the 
web was taken out and put in the cold press for 2 minutes, meanwhile the web cooled. The 
pressure used was 4,4MPa. For easier handling these webs were needle punched before the 
compression molding was performed.  
 
When manufacturing plates from pellets of plasticized polymer for DMTA measurements, the 
Compac Hydraulic A/S press was used. It was heated to a temperature of 200°C. The pellets 
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were placed in the press and the press plates were approached to each other to melt the pellets 
for 1 minute. Then the melt was pressed for 2 minutes under a pressure of 4,4MPa. The 
pressure was maintained during cooling, which was performed by passing a mixture of cold 
water and cooling which was performed by passing water and compressed air through the 
press. When the press tool was cold, the pressure was removed and the pressed plate could be 
taken out.  
 

   
Figure 27 To the left a tool for hot compression molding by J. Wickert & Söhne and to the right the compression 
molding tool used for cold molding and for pressing plates from pellets by Compac Hydraulic A/S.  

 

4.8. Variation in processing parameters 
When producing the plaques the density, press temperature, press time were varied to 
determine the influence of these parameters. The amount of reinforcement and different types 
of fiber reinforcement were also altered.  
 
First pressure temperature was varied. This was performed in the press for hot compression 
molding. It was performed on the mixture of 70% flax “Green Car” and 30% CAP with 
different amount of TEC plasticizer. The density was set to 400kg/m3 and the press time was 
2 minutes. The lowest press temperature was decided regarding to glass transition temperature 
for each mixture. First CAP with 30% TEC was pressed. The lowest temperature was 
determined to be 40°C above Tg, i.e. 110°C and then the press temperature was raised in steps 
of 30°C up to a temperature of 230°C. One plate was pressed at each temperature. Thereafter 
CAP with 10 and 20% TEC was pressed and also CAP with 20% DOA. These were fitted in 
the same temperature steps and therefore their first press temperature was only 30°C above 
the glass transition temperature. The specimens obtained from these plaques were later tested 
in cross-direction, since it is more decisive than MD, when comparing adhesion, in the tensile 
test machine described further on. 
 
Press time was then varied. In this case two mixtures with 70% flax “Green Car” and 30% 
CAP with either 10% or 30% TEC were performed. The target density was kept at 400kg/m3 
and the press temperature was 200°C. The press time was varied in steps of 1 minute from 1 
to 3 minutes. These specimens were also tested in cross-direction in the tensile test machine. 
 
The density was also varied with a mixture of 70% flax ”Green Car” and 30% CAP with 30% 
TEC. The press temperature was 200°C and the press time was 2 minutes. This was done 
before the compression molding but after punching out the plaques. Since the desired 
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thickness was 3 mm and both dimensions of plaque and target density were known, the 
weight could be calculated. The plaques were weighed and layers were added or removed to 
obtain the desired weight. These specimens were tested both in tensile test and three-point 
bending test in both directions. 
 
The plaques were weighed and thickness was measured to be able to obtain the real density 
from calculations. Specimens were either cut out by a paper cutter or sawed by a band saw 
depending on density. Five or six samples were obtained from each plaque. Each specimen 
had a width of 20 mm and a length between 125 and 150 mm depending on plaque size.  
 
Different mixtures were also produced and tested in the tensile machine in both machine and 
cross direction. The mixtures produced were 50% flax “Green Car” 50% CAP with 30% TEC, 
25% flax “Green Car” 25% sisal 50%CAP with 30% TEC and 70% flax from Linolitas and 
30% CAP with 30% TEC.  
 
A trial to obtain a web with 50% sisal 50% CAP melt fibers was made, but it was not 
possible, since the sisal fibers were too short and therefore the entanglements were not 
sufficient to withhold the web. Instead the mixture of, 25% sisal, 25% flax “Green Car” and 
50% CAP were produced. It was done to investigate if adhesion could be improved by sisal as 
reinforcement, since the surface energy is higher for sisal fibers than for flax fibers.  
 

 
Figure 28 Resulting bounded plaque, ready to be cut into specimen. 

 

4.9. Mechanical tests 
In order to evaluate all these specimens tensile test and three-point bending test was 
performed. Prior to testing the specimens were conditioned at 23°C/50%RH for at least 24h 
prior to testing and tested in the same climate.  
 

4.9.1. Tensile test 
Tests were performed on a MTS 20/M tensile test machine, according to standard ISO 527. 
The grip separation was 65 mm, and crosshead speed was set to 10 mm/min. 5 to 6 specimens 
were tested and average value of tensile strength, modulus, elongation were computed. For 
the low densities between 200-600 kg/m3 the 1 kN load cell was used and for the rest of the 
10 kN load cell was used to pull the specimens.  
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Figure 29 Tensile testing of specimen. 

 

4.9.2. Three point bending test 
Three-point bending has been used to analyze the modulus and peak stress of specimen. 
According to standard ISO 178, the test was performed on an Instron 4502 at a rate of 5 
mm/min until a displacement of 30 mm was reached. The span between supports was 60 mm. 
Radius of the loading nose was 6 mm and those of the support 10 mm. Stress-strain curves 
were computed and strength and modulus were calculated. Tests were performed in both 
machine direction MD and cross direction CD. 
 
 

 
Figure 30 Three-point bending. 

 

4.9.3. Impact test 
Charpy impact test were performed on a Zwick machine from Germany. Unnotched 
specimens with 70% flax “Green Car” and 30% CAP with 30% TEC and a target density of 
1200 kg/m3 were tested. The distance between supports was 62 mm. The specimens’ length 
was around 80 mm. Cross sections were around 30 mm2. The pendulum had an energy of  
10,8 J. Six specimens were tested and none of them broke into two pieces.  
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4.10. Scanning Electron Microscope, SEM 
The adhesion between the fibers and the melted matrix binder fibers was investigated with the 
Scanning Electron Microscope, SEM JEOL T300.  The mixtures investigated were 50% flax 
“Green Car” 50% CAP with 30% TEC, 25% flax “Green Car” 25% sisal 50%CAP with 30% 
TEC and 70% flax from “Green Car” and 30% CAP with 30% TEC. Also untreated flax 
“Green Car” fibers and sisal fibers were investigated to be able to determine differences 
between untreated fibers and the ones in the composite. One sample of each mixture or each 
fiber type was investigated. Small pieces were cut out for each mixture. These small pieces 
were split in half with the help of a scalpell. They were mounted on sample holders, where 
they were glued by carbon tape. These sample holders were mounted in a ion-sputtering 
machine JFC-1100 that under vacuum applies a thin sheet of gold on the samples. Thereafter 
one sample at the time was put inside the SEM machine chamber and vacuum was achieved. 
Then the investigation was performed.  
 

4.11. Tests performed by Volvo Car Corporation 
Volvo Car Corporation performed some tests on our behalf. These tests investigated 
emissions, volatile organic compound emissions and ageing of the material.     
 

4.11.1. Fogging 
Test was performed according to Volvo standard STD 1027.2719. The requirements from 
Volvo are 1,5mg. Fogging signifies the tendency of an interior trim material to emit 
substances, under the influence of heat. The emitted substances form depositions on primary 
windscreens and rear windows, which can lead to reduced visibility.  
A fogging test consists of placing a test piece with a diameter of 80 mm in a beaker. An 
aluminum foil is put on top of the beaker with a sealing ring in between. A glass plate is 
placed on top of the foil. The beaker is placed in a bath, with a maximum heat of 130˚C, and 
for at least 6 h. From weighing the aluminum foil before and after the test the emissions from 
the test piece is determined. This value is called a fogging value and is the extra eventual 
weight increase of the aluminum foil after testing. 
 

4.11.2. TVOC  
This test method determines emissions of organic compound (TVOC = total volatile organic 
compound), emitted from all non-metallic materials. The measurements of materials emitted 
are done during a test cycle of about 20 minutes, after a preheating treatment during 5 h.  
Volvo requirement for total emission is 50 µg C/g (µg carbon per g sample). 
Test was performed according to Volvo standard STD 1027.2714.  
 

4.11.3. Smell   
The test for smell evaluation is performed by a panel that smell both dry and wet material. 
This panel then rates the smell from1-5, where 1 is no smell and 5 is unbearable.  
Requirement for smell from Volvo is 3.  
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4.11.4. Ageing  
Ageing was performed for 1000 h in 75°C. Afterwards color change, odor and deformation 
was analyzed.  
The requirements from Volvo are that no visible deformation or cracks are allowed, no odor is 
allowed, which is a subjective assessment and the color change can maximally be classed as a 
4 on a scale with 5 grades, where 5 refers to as “no change”  
 

 56 



5. Results and Discussion  
 
In order to characterize the CAP plasticized with different amounts of TEC, rheological 
properties were determined by measurements with capillary rheometer, cone-and-plate 
rheometer and DMTA machine.  

5.1. Melt viscosity 
The magnitude of the complex viscosity vs. angular frequency and the steady state shear 
viscosity vs. shear rate for CAP-482-20 with 10, 20 and 30% TEC are reproduced in Figure 
31.  
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Figure 31 Magnitude of complex viscosity vs. angular frequency and shear viscosity vs. shear rate for 10, 20 
and 30% TEC in CAP-482-20 at 180, 200 and 220 ºC. Solid line is the Carreau model. 
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It can be seen that the Cox-Merz rule holds true, that is, the shear rate dependence of the 
steady state viscosity is approximately equal to the frequency dependency of the magnitude of 
the complex viscosity for ωγ =&  where the angular frequency is in units of radians per second. 
This is the normal behavior of polymer melts and facilitate the use of oscillating 
measurements for predicting steady state shear viscosity, which is governing the flow 
behavior in polymer processing equipment. 
A modified Carreau model was fitted to the viscosity data (solid lines in Figure 31). 
Carreau constants generated are gathered in Table 6. 
 
Table 6 Carreau constants 

 10% TEC 20% TEC 30% TEC 20% DOA
fac 14000 1250 600 1200
tnat 0,3 0,04 0,1 0,04 

expom 0,29 0,3 0,47 0,3 
a 0,9 0,7 1,5 0,7 

T o  [ o C] 200 200 200 200
α 0,08574 0,069314 0,069315 0,088598  
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Figure 32 Carreau viscosity model for different plasticizer levels and plasticizer types in CAP-482-20 at 200 °C. 

 
Figure 32 shows the effect of plasticizer on viscosity and compares the viscosity function for 
20% TEC with 20% DOA in CAP-482-20. It can be seen that the viscosity decreases with an 
increase in plasticizer content and the lowering effect on viscosity is the same for TEC and 
DOA. 
 
The plasticizer effect is further illustrated in Figure 33 showing the shear viscosity at zero 
shear rate and the viscosity at the shear rates 1000 and 10 000 s-1 as a function of plasticizer 
concentration. 
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Figure 33 Steady state shear viscosity at 200°C for different shear rates as a function of plasticizer 
concentration. TEC in CAP-482-20. 

 
The amount of plasticizer has a huge effect on lowering the zero shear rate viscosity, 
especially between 10 and 20% plasticizer.  
It seems likely that the zero shear rate viscosity can be important for the wetting behavior of 
fiber mixtures made from plasticized CAP and natural fibers, since the shear rates during 
compression molding are indeed close to zero. Figure 34 shows the combined effect of 
plasticizer and temperature on the zero shear rate viscosity as calculated from the Carreau 
model with constants from Table 1. It must be kept in mind that the temperature dependence 
of the Carreau model was checked down to 180°C only. Therefore the viscosity at the lowest 
temperatures indicated in Figure 34 may be incorrect (too low). 
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Figure 34 The combined effect of plasticizer and temperature on the zero shear rate viscosity of CAP-482-20. 
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Figure 35 compares the viscosity of CAP-482-20 when blended with 30% CAP-504-0.2. The 
concentration of TEC was 10%. The figure shows a reduction in viscosity, which was 
expected since the molecular weight of CAP-504-0.2 is lower than CAP-482-20. The 
intention is to be able to lower the viscosity without lowering the glass transition temperature 
at the same time. However, the blend was found to be brittle at room temperature and was 
therefore not investigated further. 
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Figure 35 Shear viscosity at 200 °C of CAP-482-20 (σ) and CAP-482-20 mixed with 30% CAP-504-0.2 (♦). 
Both mixtures also have 10% TEC plasticizer. 

5.2. DMTA -Dynamic mechanical thermal analysis  
Figure 36 shows DMTA curves of compression-molded specimens from melt homogenized 
CAP-482-20 with different amounts of plasticizer. The modulus (E´) and peak tan(δ) 
temperature (Tg) decreases with increasing amount of plasticizer as expected. 
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Figure 36 DMTA curves of CAP-482-20 plasticized with 10, 20 and 30% TEC. 

 60 



 
The glass transition temperature is taken as the temperature at peak tan (δ) and is shown in 
Figure 37.   
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Figure 37 Glass transition temperatures vs. plasticizer concentration for CAP-482-20. 

 
Tg decreases approximately linearly with TEC concentration in the studied concentration 
range. It is seen that TEC is a more efficient plasticizer compared to DOA in reducing Tg for 
the same amount of plasticizer.  
 

5.3. Fiber Properties 
The mechanical properties of the melt spun CAP fibers are shown in Table 7. 
Table 7 Characteristics of CAP-482-20 fibers with different amounts of TEC. 

TEC 
[%] 

Titer 
[dTex] 

Diameter 
[mm] 

Tenacity 
[cN/tex] 

Stress at 
break 
[MPa] 

Elongation
[%] 

Modulus 
[cN/tex] 

Modulus 
[GPa] 

 
10 47,1 

± 6,00 
0,070 

 
5,1 

± 0,22 
62 

{36}* 
54,5 
± 2,40 

148 
± 8,94 

1,80 
{1.6}* 

20 40,3 
± 5,28 

0,065 
 

3,8 
± 0,49 

46 
{21}* 

56,2 
± 13,75 

118 
± 8,37 

1,43 
{1.1}* 

30 40,1 
± 2,71 

0,065 
 

1,3 
± 0,15 

16 
{8}* 

40,1 
± 7,45 

74 
± 5,16 

0,90 
{0.35}* 

* Values measured on compression-molded samples for comparison. ± is for the standard deviation. 

 
Melt spinning was possible for CAP with 10-30% TEC. Both tenacity (strength) and modulus 
(stiffness) decreases with increasing TEC concentration. Tenacity of standard synthetic fibers 
(Polypropylene, Polyamide, Polyester) is in the range 40-80 cN/tex. As can be seen from the 
table the CAP fibers are very weak (1-5 cN/tex) in comparison to standard fibers used in the 
textile industry. This is due to the amorphous structure of CAP and that solid-state drawing is 
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not possible with this material. The high tenacity of standard fibers is related to the structuring 
of the crystalline phase into highly oriented fibrils. By comparing the CAP fiber properties 
with the corresponding properties of unoriented samples, see values within parenthesis in 
Table 7, it is clear that there is only a weak orientation despite the uniaxial melt drawing 
during fiber spinning. The fiber strength is only twice as high as the unoriented strength. For 
crystalline polymers used for fiber spinning the fiber strength is more than 10 times higher 
than the unoriented material. 
However, the strength of a melting fiber is of less importance since the fibers main task is to 
melt and provide bonding between the matrix fibers and not strengthen the composite by its 
fibrous structure. However, for bi-component binder fibers, where the task of the fiber core is 
to provide additional strength to the network of fibers, the strength is very important. Due to 
the low strength it can be concluded that bi-component binder fibers based on CAP is a less 
meaningful option. 
 
Corresponding data on flax and sisal fibers used in the present work are given in Table 8. A 
density of 1450 kg/m3 was used for conversion from “textile” to “engineering” units.   
 
Table 8 Characteristics of different flax fibers 

Flax Titer 
[dTex] 

Average  
Length 
[mm] 

Tenacity 
[cN/tex] 
(MPa)* 

Elongation 
[%] 

Modulus 
[cN/tex] 
(GPa)* 

Flax (“Green 
Car”) 

22,1 
± 12,36 

72  
± 36 

50,7 
± 17,66 
(735)* 

2,4 
± 0,51 

1767 
± 957,19 

(25)* 
Flax (Linolitas) 37,3 

± 15,74 
59 

 ± 32  
 

29,6 
± 17,78 
(430)* 

2,1 
± 0,41 

1231 
± 423,53 

(19)* 
Sisal 62,3 

± 18,23 
71 

 ± 23 
 

30,9 
± 7,23 
(448)* 

2,8 
± 0,82 

903 
± 573,12 

(15)* 
* Engineering units. ± is for the standard deviation. 

It can be seen that the properties are varying quite a lot. The flax with best properties is the 
“Green Car” flax, since it has a higher tenacity and also a higher modulus. The difference in 
mechanical properties could be due to different processing, such as different retting processes, 
and differing agricultural growth conditions of the flax plants.  
It is very difficult to be sure if only one single fiber is tested or if a bundle is tested due to 
fibers twisting around each other, and therefore the mechanical properties shown in the table 
above might not be entirely accurate in representing the single fiber property. However, they 
do represent the fiber morphology as used in the composites. The “Green Car” flax was used 
in most of the present work. The “Linolitas” flax and the sisal fibers were only used in a few 
high-density composites. 
 
The influence on “Green Car” flax fiber properties when heat-treated at 200°C for 2 minutes 
is shown in Table 9. 
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Table 9 Mechanical properties for flax ”Green Car” fibers untreated and after being pressed for 2 minutes in 
200°C. 

 Tenacity 
[cN/Tex] 
(MPa)* 

Elongation 
[%] 

Modulus 
[cN/Tex] 
(GPa)* 

Untreated flax “Green Car” 50,7 
 

(735) 

2,7 1767 
 

(26) 
Flax “Green Car” pressed 
for 2min in 200°C 

35,2 
 

(510) 

2,4 1233 
 

(18) 
*Engineering units 
 
It can be seen that the flax is degraded during compression molding since both the strength 
and modulus decrease, with about 30%.  
 

5.4. Mechanical properties of compression molded composites 
All the mixtures presented in this section are mixtures by weight. 
 

5.4.1. Effect of molding temperature 
The bonding behavior was studied by subjecting low density composites (400 kg/m3) of 70% 
“Green Car” flax and 30% CAP by weight with different amounts of plasticizer to tensile test 
in cross direction. It is assumed that the wetting and development of adhesion between the 
flax fibers and the molten CAP fibers can be more critically studied in the cross direction 
since the bonding effect is not masked by inter fiber interactions. Figure 38 shows the CD 
strength as a function of molding temperature for different plasticizer concentrations of the 
CAP binder fibers.  
 

 63 



0
0,5

1
1,5

2
2,5

3
3,5

4
4,5

5

100 120 140 160 180 200 220 240

Temperature [oC]

Pe
ak

 S
tre

ss
 [M

P
a]

10% TEC
20% TEC
30% TEC
20% DOA

 
Figure 38 Tensile strength dependence on molding temperature for composites of 70% flax and 30% CAP melt 
fibers. The CAP fibers were plasticized with TEC and DOA as indicated. Error bars at 170 and 215°C for CAP 
with 20% DOA indicate the typical standard deviation. The composites were tested in the cross direction. 
Molding time was constant at 2 minutes. 

  
It can be seen that the higher molding temperature, the higher strength is developed. The 
plasticizer type and content also influence the resulting strength.  
A speculative explanation of the results presented in Figure 38 involves two competing 
mechanisms. These two mechanisms are related to the ease of flow of the molten CAP, that 
is, to the zero shear rate viscosity, and to the mechanical strength of the plasticized polymer. 
The argument is further based on that the adhesion in the composite is mainly due to 
mechanical interlocking between the flax fibers and the CAP matrix and that chemical 
adhesion can be ignored.  
Some support to the proposed “viscosity/strength” mechanism is obtained by plotting the CD 
strength vs. the zero shear rate viscosity as calculated at each molding temperate and for each 
TEC concentration by using the Carreau constants and temperature dependence in Table 6 
Carreau constants. This is done in Figure 39. 
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Figure 39 Tensile strength dependence on zero shear viscosity. The solid lines are logarithmic regressions. The 
solid data points correspond to a molding temperature of 200°C. 

 
Figure 39 shows that the CD strength follows a logarithmic dependence on the zero shear rate 
viscosity for each plasticizer concentration. In theory the microstructure formed by molten 
CAP interpenetrating the flax fibers, as a result of flow, should be the same for the differently 
plasticized materials at a given viscosity since the forces within the consolidating composite 
should be similar irrespective of the temperature. It is then natural to assume that the forces 
needed to disengage the flax fibers should be determined by the stiffness and strength of the 
“binder” holding them together. This seems to be the case for molding conditions producing 
viscosities lower than ca. 10.000 Pas. Here, the strength of the composite appears to follow 
the strength of the binder (strength decreases with increasing plasticizer concentration in the 
CAP fibers), see Table 2 for strength data on differently plasticized CAP. At higher 
viscosities (lower temperatures) the curves for 20 and 30% TEC appear to merge and the 
logic is less clear. It must be pointed out that the Carreau constants (Table 1) used for 
calculating the zero shear rate viscosity in Figure 9 are determined from data in the 
temperature range 180-220°C. It is known from the literature that the approximate Arrhenius 
correlation is valid over a limited temperature range only and that a stronger temperature 
dependence can be expected when the melt temperature comes closer to the glass transition 
temperature. A possible influence of chemical adhesion has been ignored in the argument 
delivered above. Both the chemical structure and amount of plasticizer may influence this 
type of adhesion. However, based on micrographs of fracture- and cut surfaces, this type of 
adhesion is believed to be of minor importance, which will be further investigated further on 
in this study. It is interesting to note that the difference between 20% DOA and 20% TEC as 
seen in Figure 8 tends to diminish if plotted like in Figure 9. 
 
A blooming to the surface of a slightly sticky compound was noted at the highest 
temperatures (215 and 230°C). The composites formed at the highest temperatures also 
showed a stronger smell upon de-molding. The nature of the “wet” surface was not 
investigated further. The maximum recommended molding temperature is therefore about 
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200°C. The solid data points in Figure 9 are for the molding temperature of 200°C. At this 
molding temperature the 20% TEC concentration in CAP binder fibers appear to be optimal 
and thus represents a suitable trade off between low enough viscosity and high enough 
strength. 
 

5.4.2. Effect of molding temperature 
Cross direction strength of low density composites (400 kg/m3) was measured after different 
molding times at 200°C and the result is shown in Figure 40. 
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Figure 40 CD tensile strength as function of molding time for low density composites of 70% “Green Car” flax 
and 30% plasticized CAP (10 and 30% TEC). Molding temperature was 200°C. 

 
It is difficult to draw any safe conclusions from Figure 10 due to the limited number of data 
points. It is clear that the strength should decrease when molding time approach zero. It is also 
likely that a prolonged molding time should result in a saturation effect. This type of behavior 
is seen for CAP with 10% TEC. The composite with CAP containing 30% TEC appears to 
have reached the plateau already at the shortest molding time (1 minute). The steep increase 
between 2 and 3 minutes is hard to explain and need to be verified by more measurements. 
 

5.4.3. Effect of density 
Composites consisting of 70% “Green Car” flax fibers and 30% CAP melt fibers plasticized 
with 30% TEC were compression molded at 200°C to different final densities by adjusting the 
amount of carded pre-preg placed in the press (mould plate separation was held constant at 3 
mm). The molding time was 2 minutes. The final density was calculated from the weight of 
the molded plaque and its dimensions. MD and CD strength in terms of the peak stress from 
the tensile tests are reproduced in Figure 41 along with the tensile modulus. 
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Figure 41 Strength and modulus dependence on density from tensile test. 

 
It can be seen that the composites have significantly higher strength and modulus in the 
machine direction than in the cross direction. This is of course related to the fiber orientation 
effect of the carding operation. As expected, both the strength and the modulus increase as the 
density increases.  
The corresponding data from the three point bending test are shown in Figure 42. 
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Figure 42 The strength and modulus dependence on density from three point bending test. 
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A peculiar finding is that both the MD and CD Moduli for the high density composite (ca. 
1200 kg/m3) are twice as high in tensile compared to bending. For lower densities this 
difference is smaller. There is also a similar deviation for MD strength at low densities (200-
600 kg/m3) where the tensile strength is twice as high as the bending strength. This difference 
is only some 20% at the highest density (1200 kg/m3). One speculation is that the composite 
is in layers and when testing in three-point bending the outer layers have larger influence on 
the results than the inner layers, whereas for the tensile test the result is an average of all the 
layers.  

5.4.4. Effect of flax type 
A high density composite (1200 kg/m3) was prepared from the Linolitas flax and compared to 
the “Green Car” flax and the strength and stiffness comparison is shown in Figure 43 and 
Figure 44. 
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Figure 43 Tensile strength comparison of high density composites made from “Green Car” flax and Linolitas 
flax. Flax/CAP(30% TEC) ratio was 70/30 by weight and density ca. 1200 kg/m3.  
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Figure 44 Tensile modulus comparison of high density composites made from “Green Car” flax and Linolitas 
flax. Flax/CAP(30% TEC) ratio was 70/30 by weight and density ca. 1200 kg/m3. 
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From Figure 43 it is seen that the “Green Car” flax produces the strongest composite in the 
machine direction and the weakest in the cross direction. The slightly higher CD strength for 
the Linolitas flax could be due to a slightly more random orientation of fibers in the 
composite. When carding both the mixtures, the “Green Car” flax could be more oriented than 
the Linolitas flax, since the “Green Car” flax has longer fibers. The CD strength is promoted 
as it usually is dominated by the matrix strength, that is, the CAP phase. The strength of the 
flax fibers affects the composite strength in machine direction. As seen from Table 8 the 
“Green Car” flax is stronger than the Linolitas flax, and therefore the composite with “Green 
Car” flax has a higher MD strength. Figure 44 shows that the differences in tensile moduli are 
small despite the different flax moduli. See Table 8. This is difficult to explain, since the 
moduli are expected to differ in the same range as the fiber modulus. If the Linolitas flax 
fibers are more randomly organized the modulus should have a lower value, since only a 
slight change in fiber angle in relation to the direction of applied load reduces the modulus 
significantly. One might think that there is better bonding between the CAP and the Linolitas 
flax fibers, but this is normally shown in strength and not in modulus. One explanation might 
be that the fibers are differently affected when carded or when compression molded.  
 
For an in-plane isotropic fiber distribution the corresponding properties would be intermediate 
to the MD and CD values presented in Figure 43 and Figure 44.  
 

5.4.5. Effect of fiber content and fiber type 
High-density composites (1200 kg/m3) were prepared for either 70% “Green Car” flax fiber 
content or 50% “Green Car” flax fiber content. Composites were also prepared with 50% 
fiber content but two different mixtures of fibers, either 50% “Green Car” flax fiber or 25% 
“Green Car” flax and 25% Sisal fibers. The CAP was plasticized with 30% TEC. The strength 
and stiffness for these different composites are shown in Figure 45 and Figure 46. 
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Figure 45 Tensile strength for different amount of flax fibers and for a mixture of sisal and flax fibers. High-
density composites (ca. 1200 kg/m3). 
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There are no significant differences in strength between the two mixtures with flax and sisal 
or only flax, in the cross direction. Since no significant difference in strength can be seen in 
Figure 45 above, it can be assumed that the bonding is not better for the mixture of sisal and 
flax fibers compared to the one with only flax fibers.  
 
The strength in machine direction is lower for the composite with a mixture of fibers than for 
the one with only flax fibers. This might be caused by lower strength of the sisal fibers that 
would result in lower total strength for the composite, since it is the reinforcement that 
provides the strength. In the cross direction it is mostly the bonding between the fibers that 
influence the strength. Sisal fibers have higher surface energy and therefore are expected to be 
better wet, which could lead to better bonding between fiber and matrix. But these strength 
values are similar for the composite with fiber mixture and the one with only flax, which 
indicates no improvement in bonding.   
When comparing fiber content it can be seen that the strength increases in the machine 
direction, whereas it decreases for the cross direction. The increase is due to the increase in 
the amount of flax fibers, which is the source of the strength.  For the cross direction the 
strength measured is more influenced by the bonding that the matrix binder fibers provide to 
the structure. The amount of matrix binder fibers is reduced when increasing flax fiber and 
therefore the strength decreases.  
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Figure 46 Modulus for different amount of flax fiber and for a mixture of sisal and flax fibers in both directions. 
High-density composites (ca. 1200 kg/m3). 

 
Same assumptions are made as for Figure 46 as for the strength in Figure 45. 
 

5.4.6. Effect of compression molding type 
Composites with a density of 600 kg/m3 were prepared with a mixture of 70% “Green Car” 
flax fibers and 30% CAP with 30% TEC. A comparison in strength and stiffness between hot 
compression molded and cold compression molded composites can be seen in Figure 47 and 
Figure 48. 
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Figure 47 Effect on strength with different compression molding types for a composite with a mixture of 70% 
Flax “Green Car” and 30% CAP with 30% TEC, a density of 600kg/m3, pressed for 2min in 200°C. 
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Figure 48 Effect on modulus with different compression molding types for a composite with a mixture of 70% 
Flax “Green Car” and 30% CAP with 30% TEC, a density of 600kg/m3, pressed for 2min in 200°C. 

  
Figure 47 and Figure 48 shows a decrease in both strength and modulus when cold 
compression molding compared to hot compression molding.  
When heating the plates in the oven to perform cold compression molding, it can be seen that 
a lot of smoke arises, which is probably due to TEC exudation from the CAP matrix binder 
fibers. This leads to an increase in viscosity and in glass transition temperature, which implies 
less bonding, and therefore reduced strength and modulus. 
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5.4.7. Impact testing 
The average absorbed energy was 69 kJ/m2 in MD, and 54 kJ/m2 in CD. Impact strength was 
measured on high density composites (ca. 1200 kg/m3) of 70% flax and 30% CAP plasticized 
with 30% TEC. Three specimens are not enough and more tests have to be done in order to 
make a final statement about the impact strength. None of the test specimens broke into two 
pieces, and they did not spread any splinters, i.e. to break the specimen higher energy is 
needed. The fact that no splinters came lose is a good feature in a car trim part, in case of an 
accident. As a comparison it can be mentioned that the impact strength of injection molded 
composites with 50% flax and 50% CAP (20% TEC) was about 10 kJ/m2. 
 

5.5. Composite calculations 
The moduli were calculated with help from composite theory. For the longitudinal modulus 
Equation 4 was used and Equations 10 and 11 for the transverse modulus. These values and 
the experimental values of the modulus are shown in Table 10. 
 
Table 10 Calculated and experimental modulus values for different mixtures of flax in both longitudinal 
direction i.e. machine direction, MD and transverse direction i.e. cross direction, CD.  

Theoretical Experimental  
Composite mixtures EMD [GPa] ECD [GPa] EMD [GPa] ECD [GPa] 

50% Flax “ Green Car” 50% 
CAP with 30% TEC 

13,26 3,11 9,62  6,14 

70% Flax “Green Car” 30% 
CAP with 30% TEC 

18,20 5,50 12,97 5,85 

70% Linolitas flax 30% CAP 
with 30% TEC 

12,76 5,00 12,37 6,48 

 
The experimental values differ a lot from the theoretical values.   
 
An explanation might be that the assumptions are too simple. The fibers might not be totally 
unidirectional, but a bit randomized, which naturally affects the results. The difference 
between longitudinal and transverse strength is smaller for random fibers than for 
unidirectional fibers.  
 
Since the composite is not fully dense, it will contain voids. Voids are also a reason for 
strength reduction. The highest density produced was 1200kg/m3, while the maximum 
obtainable theoretical density is 1381kg/m3. This implies that the composite with the density 
of 1200kg/m3 contains about 13% of voids, which could cause a reduction in strength. 
 
Another reason for the difference in theoretical and experimental strength could be the 
decrease in strength and modulus for the “Green Car” flax fibers when compression molding. 
The theoretical values were recalculated with the values from the heat-treated “Green Car” 
flax fibers as can be seen in Table 11. 
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Table 11 Recalculated theoretical values with the values for the heat-treated flax “Green Car”. 

Theoretical Experimental  
Composite mixtures EL [GPa] ET [GPa] EL [GPa] ET [GPa] 

50% Flax “ Green Car” 50% 
CAP with 30% TEC 

9,39 2,94 9,62  6,14 

70% Flax “Green Car” 30% 
CAP with 30% TEC 

12,79 5,00 12,97 5,85 

 
It can be seen that the theoretical values are much closer to the experimental values in this 
case. An explanation might be that heat-treatment during compression molding influence 
different flax types in a different ways. In this case the “Green Car” flax inthat case more 
influenced by the heat treatment, whereas the Linolitas flax are not so influenced. If this is the 
case it could explain why the experimental and theoretical strength and stiffness values are so 
close.  
 

5.6. Scanning Electron Microscope – assessment of adhesion 

5.6.1. Study on fibers  
A study of untreated “Green Car” flax fibers and Sisal fibers were made. It was done to 
facilitate the study of the fractured and cut surfaces described further on, since the fibers in 
the composite could be compared to the untreated fibers.  

5.6.1.1. Untreated “Green Car” flax fibers 
Figure 49 show SEM micrographs of the “Green Car” flax. 

   
Figure 49 The picture on the left shows “Green Car” flax fibers with a magnification of 50x and the picture on 
the right shows an enlargement of a fiber bundle (magnification 1000x). 

 
The untreated flax fibers are either in single fibers or bundles as seen in the SEM. The fibers 
seem to be covered with white flakes in different sizes. These are probably dust particles or 
remains from pectin that “glues” the fibers together in bundles.  
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5.6.1.2. Untreated sisal fibers 

 
Figure 50 Sisal in fiber bundles and single fibers with a magnification of 50x. 

 

   
Figure 51 The picture to the left shows a sisal fiber bundle with the magnification of 200x and the picture on the 
right is an enlargement to investigate the surface of the fibers. The magnification is 1000x. 

 
As seen in the SEM the untreated sisal fibers are also either single fibers or bundles. It seems 
like they are also covered with the same type white flakes, which probably is dust or pectin 
remains. It seems that more sisal fibers are in bundles than flax fibers.  
 

5.6.1.3. Comparison between flax fibers and sisal fibers 
When comparing the flax fibers with the sisal fibers from the SEM pictures with 50 times 
magnification in Figure 49 and Figure 50, it seems that there are more straight fibers among 
the sisal fibers than among the flax fibers. But when looking more closely at the flax fibers, 
the “thick” fibers are straight even among these fibers. The thick fibers are when looking with 
a higher magnification, fiber bundles. So the conclusion that might be drawn from these SEM 
pictures is that the fiber bundles are straighter than single fibers, and that sisal fibers have 
more bundles and therefore more straight fibers than flax fibers do.  
When looking at the SEM pictures at single fibers and comparing both types of fiber there 
seem to be no significant difference, but when comparing fiber bundles there seem to be more 
white flakes on the sisal fiber bundles than on the flax fiber bundles.  
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5.6.2. Study on fracture and cut surfaces  
To investigate the adhesion between matrix and fibers, high-density composites (1200kg/m3) 
were looked upon in the SEM. Two different mixtures were investigated either 50% Green 
Car flax or 25% “Green Car” flax 25% Sisal and both composites contained 50% CAP 
plasticized with 30% TEC.  
 

5.6.2.1. Composite with “Green Car” flax fibers as reinforcement 
In this case the SEM pictures appear to show fibers in CAP and imprints of where fibers seem 
to have been, which would indicate that the bonding between the fibers and the matrix is bad.  
 

   
Figure 52 To the left the holes from fibers can be seen with a magnification of 750x. To the right an enlargement 
of these imprints for further investigation of the imprints surface. The magnification is 1000x. The mixture is 
50% Flax “Green Car” 50% CAP with 30% TEC and the density is 1200kg/m3.  

 
Figure 52 show bad bonding between the matrix and the fibers, since imprints can be seen, 
where fibers probably have been. These imprints are very smooth which indicates a bad 
bonding. Good bonding would have caused either parts of fibers still stuck to the matrix or at 
least plasticized parts in the imprints that would indicate a resistance of letting the fiber go.  
 

   
Figure 53 To the left fibers encapsulated by CAP with a magnification of 1000x and to the right an enlargement 
to investigate the adhesion between the fibers and the CAP matrix with a magnification of 2000x. The mixture is 
50% Flax “Green Car” 50% CAP with 30% TEC and the density is 1200kg/m3.  

 
Figure 53 shows a cut surface through the specimen. Even though the scalpel used to cut, 
might have damaged the surface, it should be possible to investigate the bonding quality 
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between the fiber and the matrix. In Figure 53 seems like fibers are embedded in the matrix. 
The bonding though seems to be bad, since there is spacing between the matrix and the fiber. 
 
The fibers were looked upon more closely also to investigate the bonding further. This is 
shown in the picture below. 
 

 
Figure 54 A fiber partly embedded in CAP with a magnification of 2000x. The composite had a mixture of 50% 
Flax “Green Car” 50% CAP with 30% TEC and a density of 1200kg/m3. 

 
Figure 54 shows a fiber partly embedded in CAP. The apparent white flakes on the fibers 
might be CAP matrix but since the flax fibers have dust and pectin remains on them naturally 
it is difficult to determine whether it is CAP that has wetted the fibers or if it is dust or pectin 
remains. It might even be a bit of both, but a much more thorough investigation needs to be 
performed to be able to determine the content of these white flakes. 
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5.6.2.2. Composite with “Green Car” flax and sisal fibers as reinforcement 

 
Figure 55 A fiber encapsulated in CAP, but with spacing between the matrix and the fiber. The magnification of 
the picture is 1000x. 

 
Since the sisal fibers have higher surface energy than flax fibers, it was expected that these 
fibers would bond better to the matrix. Figure 55 though indicates a bad bonding, due to 
spacing between the fiber and the matrix. Although it is impossible to know of what kind of 
fiber that is shown in the picture above, it could be either flax or sisal. Therefore only a 
speculation can be made that it is bad bonding between both fiber types and matrix.  
 

5.7. Results from tests made by Volvo Car Corporation 
 
Table 12 shows results from tests preformed by Volvo Car Corporation (VCC) on 
compression molded 3 mm thick plaques. Mould temperature and time were 200°C and 120 s 
respectively and density 400 kg/m3. All specimens did not go through all tests thereof gaps in 
the table.  
 
Table 12 Test results from Volvo Car Corporation on compression molded samples. 

Material Gravimetric 
fogging (mg) 

TVOC 
(µg C/g 

material) 

Smell Ageing 
(75°C, 1000 h) 

70% flax, 30% 
CAP with 10% 
TEC 

46,5 21,2 - - 

70% flax, 30% 
CAP with 20% 
TEC 

- 17,7 Dry = 3 
Wet = 3,5 

Pass, color and odor. 
In deformation the 
piece became harder. 

70% flax, 30% 
CAP with 30% 
TEC 

204 20,5 - - 
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The result from TVOC was well below the VCC requirement of maximum 50 µg C/g 
material. The smell from the dry sample was found not too bad and passed while the wet 
sample smell a little bit worse. After ageing the piece passed both the color and the odor test, 
subjective hand test showed that it became harder which could be a problem for an interior 
trim part. 
 
The fogging results showed a fogging value of 46,5 mg and 204 mg respectively, which is far 
from the highest value of 1,5 mg, tolerated by VCC. The sample with a fogging result of 204 
mg, was suspected not to be completely dry and some of the weight might be water. The 
substance contributing to the greater part of the fogging was TEC as shown by chemical 
analysis performed by VCC.  
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6. Conclusions 
 
The rheological properties for the plasticized CAP where satisfying. The viscosity decreased 
with increasing temperature, amount of plasticizer and shear rate. The glass transition 
temperature, Tg was clearly affected by the amount of plasticizer added.  Tg decreases 
approximately linear with TEC concentration in the studied concentration range (10-30%).  
 
Melt spinning was possible for CAP with 10-30% TEC. The fibers spun from CAP-482-20 
show a decrease in both tenacity (strength) and modulus (stiffness) with increasing TEC 
concentration. The CAP fibers are very weak in comparison to standard fibers used in the 
textile industry.  
 
The mechanical properties for the produced composites showed satisfying results. The 
strength increased with increased molding temperature and also for increased density. The 
strength probably was fully developed already after 1-2 minutes. The optimal strength was 
obtained for a composite containing CAP with 20% TEC at 200°C.  
 
The mechanical properties can be varied quite a lot depending on fiber type and content used 
and also depending on compression molding type used. Hot compression molding is better 
when considering only strength and stiffness of composite.  
 
A SEM investigation of fracture and cut surfaces revealed that the bonding between the flax 
fibers and the CAP matrix is purely mechanical and there are no indications of chemical 
adhesion. It also revealed that the adhesion is quite bad, due to spacing between fibers and 
matrix.  
 
The composites were approved in TVOC, smell and ageing tests. But the results from the 
fogging test show too high values of emission. Therefore the main conclusion is that this 
composite cannot be used for car interiors, since it is the TEC plasticizer that causes all the 
emissions when it exudes from the CAP.  
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7. Recommendations for future work 
 

• Investigate new environmental friendly plasticizers such as Soya bean oil.  
 

• Produce composite with PP matrix binder fibers, since PP is the polymer used on the 
market today. Comparing these properties with the composites made with CAP.   

 
• The possibilities of increasing adhesion between fibers and matrix, to increase 

mechanical properties of composite, should be investigated. Maybe the adhesion could 
be increase by washing the fibers, minimizing contamination and coating, or 
enhancing surface energy by matrix or fiber treatments. 

 
• Further investigations concerning producing this type of composites by cold 

compression molding, since it is time saving and better from an economical point of 
view for the industry.  

 
• The time needed to compression mold a plate needs to be further investigated, since 

the results are quite varying.  
 

• Further investigations of the influence of heat-treatment on the natural fibers. If the 
natural fibers are affected differently or all more or less the same.   
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