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Abstract
This project analyses the impact in the mechanical properties of Polyoxymethylene (POM) of
three different blends of biodiesels: B0 with 0% of Rapeseed Methyl-ester (RME), B20 with
20% of RME and B100 with 100% of RME. Polyoxymethylene specimens have been subjected
to an accelerated aging during 1600 hours at 85ºC. This is the equivalent to 20 years of life time.
In addition, a thermal oxidation in air at the same temperature has been performed to check the
impact of the temperature in the final degradation.
Three different methods have been performed to calculate the diffusion rate, however and one of
them has been selected for its reliable results. The second Fick´s law have been chosen to model
the diffusion. The diffusion rate has been calculated for the B20 and B100 blend due to the B0
blend has a non-constant diffusion rate. B20 shows also some divergence while B100 fits the
Fickian behaviour.
A Finite Different approximation method has been used to predict the concentration profiles of
the diffusion process of B20 blend. They have been compared with the results of the IR
Microscope, with a clear misalignment between the expected and the actual values.
Tensile tests have been done in different stages of the test to check the stress-strain behaviour of
the specimens for each aging type. The most relevant parameter of degradation is the Elongation
At Break (EAB), which decrease considerably a cause of the embrittlement. A study of the real
stress-strain has been also done to assure the real behaviour of the material.
A fracture surface study through Scanning Electron Microscope (SEM) and Light Microscope
has been done to assure the brittle behaviour with the aging and the changes in the structure of
the material.
The swelling behaviour has been also modelled, and the bases for a future FEM analysis have
been exposed.
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1 Introduction
Automotive industry is one of the most challenging and changing industries; the need of new
models, new markets, high competition, quality guaranties and the increase of petrol prices,
make reducing the speed of design and production necessary (McKindsey&Company, 2013).
Therefore, manufacturers have to be able to assure the life time of their vehicles. When the
requirement formulation is established, the worst market and type of customer is considered, in
order to assure the quality and durability of the current component in each situation (Jimenez ,
2014).
One of the largest challenges that the automotive industry faces, is the dependence of petrol fuels
and the increase of prices and consumption. This makes manufacturers search for other mobility
concepts or fuel sources (McKindsey&Company, 2013). Alternative fuels from natural sources
play a special role due to they are able to be used with small changes in the motor (Knothe, et al.,
2010). Nowadays, biodiesel is used for blending with conventional diesel fuels in proportions up
to 7 or 10% (denoted as B7 and B10, respectively), even B100 which is pure biodiesel.
(Böhning, et al., 2014).
Therefore, new fuels allow new interaction with the car components. Consequently this can
cause problems with the durability of these components which are more reactive with the
characteristics of these new fuels. Plastics are widely used in cars, making up around 120 kg on
average and it is predicted that this will increase in the future (Herrero & Maiza, 2006).
Consequently, polymeric materials used in fuel systems have to be tested in this new
environment. Manufacturers need to predict the behaviour and degradation of all the components
to achieve the lifetime goals and do so at the minimum time and cost.
Polyoxymethylene (POM) is a type of polymer widely used in fuel systems due to its high
hardness, high dimensional stability and chemical resistance. However, in previous studies, POM
shows a higher degradation in presence of biodiesel blends (Ullah, 2013) (Eriksson, 2008). This
degradation must be characterized in order to predict the behaviour of the material when it is
used in its real environment.
Since empirical tests are expensive, the creation of predictive models can reduce cost and time of
resolution.

2 Purpose
The purpose of this project is to predict the degradation of the mechanical properties of the
Polyoxymethylene with the absorption of the biodiesel. The aim is to create a model considering
different parameters, such as temperature, biodiesel blend and aging time. The values of these
three variables have been set up according to the previous work and the time limitations.
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The model needs some empirical work and data at the beginning to construct the model and at
the end to check its accuracy. Some of this data has been found in previous works; however,
extra data has to be calculated during this thesis work.
In previous works, the effects of the B20 blend have been studied as a total. However, in order to
create a model which predicts the end of the life, these different effects must be characterized
separately.
Oxidation is one of the main sources of degradation of POM (Richaud, et al., 2013); therefore,
the presence of biodiesel, acids and peroxides accelerates this oxidation. This means, that there
exists thermo-oxidation of the polymer by itself, oxidation of the biodiesel blend and cooxidation governed by the diffusion. Since in the previous works the co-oxidation and the fuel
oxidation have been studied, in order to complete the scheme, the thermo-oxidation must be
studied as well as the behaviour of the polymer with pure MK1 and RME.
In addition the saturation of the polymer was not clearly reached in previous works, so it is
necessary to calculate it to determine the diffusion of the biodiesel inside of the polymer.
Finally, all these relations must be joined to model the actual behaviour of the aging process in
presence of biodiesel, relate it with the degradation degree and consequently, with the lost
strength and elongation at break.

3 Literature Study
This project joins some different fields of science, such as chemistry, material engineering,
fracture mechanics and mechanical engineering, so a diverse literature has been reviewed to give
an overall approach to this project. The theoretical knowledge necessary to perform this study is
exposed in this section.

3.1 Previous work
This project follows a series of previous works. The first of these works (Wäring & Svanberg,
2012) the chemical reaction and products of the mix of a vegetable oil, Rapeseed Methyl Ester
(RME) and a Swedish standard petrol diesel “Miljöklass 1” (MK1). The second work studied the
properties of POM at presence of biodiesel in blends B0, B10, B20, B30, B50, B70 and B100.
The aging time, 1600 h and the temperature, 85oC were calculated to simulate a life time of 20
years; this is the life time expected by the manufacturer (Eriksson, 2008). The conclusion
obtained from this study was that the most aggressive blends are around the 20 per cent of RME
(B10, B20 and B30), where a certain surface degradation and loss of tensile strength is found.
The second work focuses on the chemical aspects of the relation between polymer and biofuel.
Two different kind of atmosphere and stabilization time of the blends were used to analyses the
quantity of sub products both with and without the presence of the polymer. This work gives
some information about the substances involved in the aging process, such as Carboxyl acids and
3

Peroxides, as well as the penetration and swelling of the material (Ullah, 2013). However, the
relation between them and their effects on the polymer still has to be clarified.

3.2 Polyoxymethylene (POM)
Polyoxymethylene is a kind of semi-crystalline thermoplastic polymer which is widely used in
high resistant and precision components (Osswald & Menges, 1995). Its structural unit is
formaldehyde; for this reason, this polymer is also known as Polyacetal or Polyformaldehyde.
This polymer can be found in two different distributions of the structural unit: Homopolymer and
Copolymer. The Homopolymer molecule repeats the formaldehyde group without any
interruption; each carbon atom is linked to two oxygen atoms. The Copolymer molecule,
however, have some random links carbon-carbon. Figure 1 shows the two different structures of
Polyoxymethylene.

Figure 1 POM Homopolymer and Copolymer structures. Red circles show the
carbon-carbon bonds.

3.2.1 Polyoxymethylene Homopolymer
This polymer is obtained by polycondensation of aqueous solutions of formaldehyde. This
polymer has a high tensile strength, great surface hardness, high crystallinity and more resistance
to organic solvents.
However, Homopolymer is weak against inorganic solvents such as strong acids or oxidizing
agents. It also has a tendency to depolymerize liberating formaldehyde groups from the end of
the chain (Ullah, 2013).
3.2.2 Polyoxymethylene Copolymer
The copolymer has similar characteristics to homopolymer, but with a lower crystallinity rate,
tensile strength, rigidity, softening point and melting points. In other hand, the resistance to
alkali, hot water and other chemical such as fuels, among a long life under high temperature,
makes this material more attractive than homopolymer for some applications (Lüftl, et al., 2006).
Copolymers are less able to depolymerization, due to the carbon-carbon bond stopping the
formaldehyde formation. In addition, they present a better acceptance of additives, which makes
them more suitable to improve their characteristics (Fayolle, et al., 2008).
4

The polymer used in this work is a commercial POM copolymer named Hostaform® 13031 XF
with special additives for fuel exposure resistance (Ticona GmbH, 2006). Their mechanical
properties are exposed in Appendix 1.

3.3

Biodiesel

Animal fats of vegetable oils have been studied as fuels since early 20th century, but it was
during the petrol crisis in the 1970’s when the development of these alternative fuels became
more popular (Knothe, et al., 2010).
The major of animal fats and vegetable oils are basically triglycerides, composed by long chain
acids called fatty acids. To convert these fats and oils into biodiesel a process called
“transesterification” is necessary where the fats or acids are mixed with an alcohol, commonly
methanol. The result is “Fatty Acid Methyl Esters” (FAME) which is biodiesel and Glycerol.
The transesterification process is shown schematically in Figure 2.

Figure 2 Transesterification process scheme. R symbolize a mix of vary fatty acids chains. (Knothe, et al., 2010)

The biodiesel used in this project is a mix of Rapeseed Methyl Ester (RME) and a Swedish
standard petrol diesel MK1. The characteristics of both are exposed in the following subparagraphs.
3.3.1 Miljöklass 1 (MK1) Swedish diesel standard
The MK1 diesel standard was created to reduce contamination and emissions. It reduces the
emissions of sulphurs, aromatics, NOx compares with the European standard for diesel EN 590
(Danielsson & Erlandsson, 2010).
This diesel has a lower density, less viscosity and higher cetane number, which increase the
ignition quality and reduce the NOx emissions. The main properties of this fuel are given in
Table 1.

5

Table 1 Properties of MK1 (Danielsson & Erlandsson, 2010)

Fuel property

MK1, 2010 (SS 155435)
Specifications
Unit

Analysing method

Cetane number
Density at 15 0C
Sulphur
Aromatics
PAH
Viscosity at 40 0C
FAME

≥ 51
800 – 830
≤ 10
≤5
≤ 0.02
1.4 – 4
5

ISO 5165
ISO 5165, ISO 4264
SS 15 51 16
ISO 3675, ISO 12185
SS 15 51 16
ISO 3104
EN 14078

kg/m3
mg/kg
% Vol.
% Vol.
cSt
% Vol.

3.3.2 Rapeseed Methyl Ester (RME)
This FAME comes from rapeseed oil transesterified with methanol. This biodiesel is relatively
simple to produce and improve the lubricant properties of petrol diesel. However, due to the use
of nitrogen fertilizers on rapeseed plantations, the NOx emissions can increase considerably. The
properties of this biofuel are exposed in Table 2
Table 2 Properties of FAME (Preem AB, 2012)

Fuel property

Fame-Se (IBC.12032.FAME)
Specifications
Unit

Analysing method

Cetane number
Density at 15 0C
Sulphur
Water Content
Oxidation stability
at 110oC
Viscosity at 40 0C

52.3
882
4
75
9

Kg/m3
mg/kg
% mg/kg
hours

ISO 5165:1998
ISO 12185:96/C1:01
EN ISO20884:2004
EN ISO 12937:2000
EN 15751:2009

4.421

mm2/s

ISO 3104

3.4 Polymer degradation
Polymers are materials susceptible to degradation over time. This is a slow and irreversible
alteration of its physical and chemical properties. There are two main consequences of aging:
physical and chemical.
Chemical aging comes from the reactions between the polymer and the environment. Three
different effects can be divided into thermochemical aging, photochemical aging and aging in
presence of reactive agents. Concerning to the thermochemical aging, it may also be produced by
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anaerobic aging or thermo-oxidation. On the other hand, physical aging can come from the free
volume relaxation or solvent absorption and migration of additives (David, 2009).
From all these sources of degradation, only some of them are present in our case, these are:
thermo-oxidation, presence of reactive agents, free volume relaxation, solvent absorption and
migration of additives. However, the study of all of them is out of the delimitations of this
project, hence only thermo-oxidation, solvent absorption and presence of reactive agents aging
sources are studied separately.
The factors that really degrade de polymer and comes from any of the previous sources are
shown in Figure 3 (Eriksson, 2008):

Acids
Thermal
depolymerization
at 270oC in
manufacture

Oxidation

Thermal or base
depolymerization

Degradation
Factors

Fatigue Loads

Figure 3 Degradation Factors

During the next sub-paragraphs, the relation between sources and factors are exposed and related
between them.
3.4.1 Thermo-oxidation
One of the most critical reasons of polymer degradation is oxidation. The union of high
temperatures and oxygen presence can lead to a process accelerated oxidation. The formation of
hydro-peroxides (POOH) seems crucial in this process, due to they are responsible of one part of
the oxidation process (Fayolle, et al., 2008). These reactive induce on the polymer radical chain
scission and depolymerization. At a consequence, a mass loss is produced with a progressive
embrittlement (Fayolle, et al., 2009).
POM has a semi-crystalline structure, where the amorphous phase transmits the forces between
the crystalline phases (Celina, 2013). This amorphous phase is also more permeable than the
crystalline, hence the oxidation process are performed mainly in this phase. This oxidation leads
a chain scission process on the amorphous phase, as well as an embrittlement resulting from the
destruction of the entanglement network (Fayolle, et al., 2008). In semi-crystalline structures as
7

POM, this chain scission also produces a secondary crystallization (chemi-crystallization), which
increase the crystallinity rate and makes more brittle the polymer (Richaud, et al., 2013)
(Fayolle, et al., 2009). This also makes decrease the interlamellar distance between the
crystallized parts.
This process can be quantified, due to the embrittlement is related with the molar mass. For each
POOH one formate (the unit monomer of POM) and one chain scission is produced. Therefore,
the molar mass decreases (Fayolle, et al., 2008). Consequently, there is a critical molar mass
(Mc), for the ductile-brittle transition. The value of this Mc for POM is established in 70 Kg/mol
(Fayolle, et al., 2008).
The process from oxidation till embrittlement is schemed in Figure 4.

Oxidation

Chain Scission

Reduction of
interlamellar
distance

Embrittlement

Chemicrystalization

Figure 4 Steps from oxidation till embrittlement of semi-crystalline polymers

3.4.2 Solvent Sorption and Diffusion.
Penetration of the polymer is the first step for aging in presence of biodiesel, therefore is the key
factor for any quantitative analysis of aging. The interactions due to absorption between the
polymer and the biodiesel have some different aspects, since there is not only one solvent. These
different interactions are schematized in Figure 5.
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Due to the reduced time of this project, all the interactions of the scheme will not be studied,
such as whose related with the additives extractions. Focusing on the chemical interactions,
different kind of reactions are performed, and consequently, different sub-products are obtained.
These sub-products are POOH, Carboxyl acid, water and acetate, being the latter one the
monomer coming from the depolymerization process (Ullah, 2013) (Böhning, et al., 2014). All
this products are susceptible to diffuse inside of the polymer, so a very complicated scenario of
mass diffusion is found.

Fuel Absorption
by Polymer
Stress
Cracking
Direct effect
on polymer
properties
Physical
Interactions

Chain
Scission

Transition
Properties

Polarity
Change
Polymer Fuel
Co-Oxidation

Stabilizer
Loss
Additives
Extraction

Polymer
Oxidation

Chemical
Interactions

Fuel
Oxidation

Other
Additives

Figure 5 Possible polymer-fuel interactions (Richaud, et al., 2013)

Considering this scenario, it is necessary to make some assumptions in order to simplify the
problem, and be able to describe the diffusion process.
In a first approach, it is possible to apply the second Fick´s low for unsteady-state; when the
concentration changes in function of the time (Crank, 1975):

[

]

(1)

Where c is the concentration, t is the time, x is the distance from the surface and D is the
diffusion rate coefficient. Since this diffusion process is considered Fickian (Böhning, et al.,
2014) (Richaud, et al., 2013), the diffusion coefficient can be calculated for a plane sheet with
thickness l through mass absorption experiments, using the following expression proposed by
Crank (Crank, 1975),
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∑

(

)

{

(

)

(2)

}

where Mt is the mass at time t and M∞ is the mass at saturation state. Then, D can be calculated
plotting Mt/ M∞ as function of t1/2 from the linear part of the graph (Karimi, 2009). This method
needs to calculate the total mass uptake, this means saturate completely the specimens.
Furthermore, differentiate between the different molecules is not possible with this method.
However, using the Infrared Spectroscopy, the different components can be differentiated in
function of the time. Considering mass increasing proportional to spectroscopy absorbance, it is
possible to calculate the diffusion of one of the components.

3.4.3 Presence of reactive agents. Chemical reactions.
Between biodiesel and polymer, as Figure 5 shows, there are some chemical reactions which
consist of oxidation basically. This chemical oxidation is added to the thermal, creating more
oxidizing products, such as POOH and carboxyl acids.
Considering as single sub product from oxidation POOH, the chain scission rate is related with
this product as (Richaud, et al., 2013):

[

]

(3)

Where γ is a yield calculated empirically and k is the constant of the equation. In this equation is
not considered the presence of antioxidant and additives. Furthermore, the chain scission rate can
be related with the number average molar mass (Mn) by:

(4)
Where Mn0 is the number of average molar mass before the aging. The chain scission process
continues until one critical number of average molar mass Mc, in which the material becomes
brittle. Then, the effects coupled of diffusion and reaction makes possible know the average
molar mass in each layer, and therefore when it becomes brittle, that can be taken of an end life
design parameter.
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3.5 Mechanical Degradation
Mechanisms exposed in the previous paragraph drives to a degradation of the mechanical
properties. Between all the possible consequences of this degradation, the critical for fuel system
usage is the embrittlement, which can lead a premature collapse of the material under unexpected
loads or even thermal dilatations (Richaud, et al., 2013).
3.5.1 Embrittlement Mechanism
Polyoxymethylene is considered a semi-crystalline polymer due to it presents two different
phases: crystalline and amorphous. Figure 6 shows a simplified structure of ta semi-crystalline
polymer, when the crystalline part has a defined orientation, while the amorphous presents a
random molecular orientation. The amorphous phase is more permeable due to its lower degree
of molecular organization, so the penetrants are mainly placed in this phase. Hence, the oxidation
affects mainly this phase, shortening (depolymerization) and cutting (random chain scission) the
molecules chains (Böhning, et al., 2014).

Figure 6 Simplified structure of a semi-crystalline polymer.

The mechanical behaviour is strongly linked to the ratio and status of these two phases. The
crystalline part is harder but brittle; conversely, the amorphous is more ductile. Thus, the
amorphous phase acts like a mesh which joins the grains and conglomerates the material.
Consequently, a degradation of this amorphous phase drives a process of losing of cohesion
between crystals and a progressive embrittlement (Fayolle, et al., 2009).
This embrittlement of the material due to the degradation of the amorphous phase comes from
two different phenomena: the loosing of material and the recrystallization. The loosing of
material is produced in the depolymerization, where the monomers dislodged in the process are
expulsed by the penetrant molecules. These monomers can also move from the amorphous phase
to the crystalline, increasing the ratio of crystallinity, this is, the percentage of crystalline phase
in the material. This “recrystallization” induces changes in the mechanical properties of the
material, making them closer to the crystalline part: hardener and embroilment. Recrystallization
can also be produced in an oxygen atmosphere aging, at high temperature (Lüftl, et al., 2006).
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Random chain scission, which mechanism was exposed in paragraph 3.4, does not lead any loose
of material or recrystallization; however reduce the molar mass, which reduce the ductility of the
entanglement amorphous phase.
3.5.2 Fracture Behaviour
Since POM is a thermoplastic polymer, its fracture behaviour under tensile stress at low speed is
considered ductile (Engel, et al., 1981). The case of study of this research is found when the
material adopts a brittle behaviour, in order to predict its possible failure. Consequently, the
study of the differences of this two different fracture behaviour is necessary to assure the
degradation process.
A material is considered as ductile if presents a significant plastic deformation before fracture,
while brittle materials present a little ductile deformation. This is directly related with the
amount of energy that the material can absorb before collapse.

Stress

Ductile and brittle behaviour in a stress-strain curve are represented in Figure 8 (Caceres, 2004).
Ductile behaviour shows a higher strain before collapse, with an extensive plastic deformation
zone but lower yield point and maximum stress. In contrast, ductile behaviour presents higher
yield points and maximum stress but a short fracture propagation time.

Strain
Figure 8 Brittle and Ductile stress strain curves.
(Caceres, 2004)
Figure 7 Ductile and brittle fracture surfaces
(Kopeliovich, 2014)

The resultant surfaces after collapse are also characteristics in the two different fracture
behaviours. In the ductile fracture, since the elongation at break is higher, the specimen presents
necking and a surface formation “cup-and-cone”. Conversely, the brittle fracture presents a flat
surface perpendicular to the stress direction. Figure 7 shows the two different fracture surfaces.
This difference is also related with the cohesive level of molecules and grains; if the fracture is
performed through the grains and there exists movement between molecules is considered
12

transgranular, whilst in the intergranular fracture the crack propagation is performed along the
grain boundaries. Intergranular fracture can be produced when the boundaries have been
weakened or embrittled, so mostly of brittle fracture presents this kind of surface (Andrews,
1968).

4 Theory
During this paragraph, the theoretical and mathematical base of the project is exposed.

4.1 Accelerated Aging
Ageing tests purpose is to subject the material to an extreme environment for a short period. This
corresponds to the strain which the car had been exposed to during its entire lifetime. For a
Volvo car, the lifetime of its components is around 20 years. Test period was set up to 1600
hours, for reasons of time. The check point intervals are around 400 hours, which is equivalent to
about 4 years. The temperature in the aging vessels was at 85° C, at atmospheric pressure
(Eriksson, 2008).
This aging time has been calculated using the Arrhenius law. This expression checks the
dependence of the velocity constant with respect to the temperature.

( )

(5)

Where k(T) is the kinetic constant (s-1), A is the exponential factor (s-1), Ea is the activation
energy (J/mol), R is the molar gas constant (J/mol K) and T the absolute temperature (K). The
accelerated aging calculation for this project has been taken from (Eriksson, 2008).

4.2 Diffusion
Diffusion is a complex processes where are involved different aspects, such as temperature,
chemical and physical reactions between penetrant and matrix materials, among others.
However, many diffusion processes found in engineering behaves in the same way.
Equation 1 shows the second order differential equation that models the Fickian diffusion for one
dimensional problem. This relation is also used in temperature transmission. In order to solve
analytically this equation, the boundary conditions and the initial values must be fixed.
Considering the case of a one-dimensional example, where time takes positives values and space
goes from 0 to L and the initial temperature distribution is f(x) the scheme solution is:
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{

(
(
(

)
)
)

(6)
( )

where c(x,t) is the concentration at a certain time and position, D is the diffusion coefficient, x is
the position and t is the time. With this scenario, the concentration can be predicted for each time
and position.

4.3 Numerical Analysis formulation
The solution can be also estimated using numerical approximations, reducing the calculation
time. The finite difference method is often used in diffusion problems. The three main aspects of
this method are:
1. Time and the space are discretized in steps ∆x and ∆t respectively. Then a mesh can be
constructed where nodes have coordinates (xi, tj).
2. The differential equations are replaced by their finite differences consequently a system
of algebraic equations is obtained.
3. This equations system is solved then for each node and values c(x,t). The value of the
concentration in the node (xi, tj) is noted as

.

Using an explicit mode, the first order and second order partial derives are changed by,

(7)

(8)

Considering the formulation of Equation 1, with the introduction of a factor

the

concentration of any node can be calculated with the ones from the previous point through the
expression:
(

)

(9)

This explicit method has an approximation error of O (∆x+ ∆t2), but the convergence depends on
the values of this is, the time and distance steps (Millán, et al., 2011).

14

4.4 Tensile Test, True Stress and Instability.
During the tensile test, the stress-strain shows the relation between the force applied in the
specimen and the elongation produced, which is named “Engineering Stress- Strain Curve”.
However, the cross section of the specimen decreases with the elongation, so the real stress
should be calculated considering this area decrement. The relation obtained considering this
aspect is called “True Stress-Strain Curve”.
This true stress can be calculated from the engineering stress. Assuming that the material volume
remains constant, the true stress and true strain expressions are:
(

)

(10)

(

)

(11)

Taking logarithms of these values and represented, the slope of the line obtained is called strain
hardening parameter, n, and represents how the material harder because of the strain. During the
performance of the tensile test, there is a moment where the increment of stress due to de
decrement of the cross-sectional area is higher that the load capability of the metal due to the
hardening of the strain. This point is called tensile instability.
Considering the force applied constant,
volume, we can reach the expression,

that P=

A, and the constancy of materials

(12)
Then, instability occurs when ε=n. (Cáceres Valencia, 2010)

5 Experimental & Methods
During this chapter, the experimental setups and methods of the different experiments are
exposed.

5.1 Accelerated Aging
Durability tests intend to assure the products or components function and properties during the
whole life time period. However, the simulation of this durability tests must be performed in a
shorter time than the life time of the product. This is possible exposing in a more aggressive
environment, accelerating the aging.
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In this work, two different kind of aging have been performed: one with the presence of the
different blends of fuel at 85 oC, and the other in air at the same temperature.
5.1.1 Aging in Biodiesel
The aging in fuel has been performed with the three different blends: B0 with no content of
RME, B20 with 20% of RME and B100 which is pure RME. Three vessels has been filled with
each blend and set up on a hot plate. A magnetic shaker for moving the fuel and a cooling system
for condensate the vapours has been also arranged to the vessels see Figure 9.

Figure 9 Dog-bone Test Specimen

Figure 10 Aging in fuel set up

The fuel blends have been changed once per week to simulate the tank refuelling. This also
avoids a high oxidation of the fuel, and consequently higher aggressiveness. The vessels are
considered open; this is, in contact with air. However, this air interchange only occurs in some
moments of the tests, so it can be considered that the air access is limited. The vessels are also
surrounded by aluminium paper to avoid the effects of the photo-oxidation and create a better
thermal insulation from the environment.
There exist two different geometries of test specimens: dog-bone shaped bars for the tensile test
and diffusion analysis see Figure 10, and one dog-bone bar for each blend, cut in four pieces to
track the mass and volume changes.
The specimens were located hanging from the cap of the vessel, totally immersed in the fluids
and separated from the each other to avoid penetration interferences. The specimens are also
located from the bottom a certain distance to avoid the direct contact with the heating plate.
Due to the lack of material during the experiment, the tensile bars have been introduced in
different dates, as soon as they arrived.
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5.1.2 Thermal Aging
The thermal aging consists on placing the specimens in an oven, where they are exposed to air
currents at 85 oC. There are five specimens for each aging time: 400, 800, 1200 and 1600 hours.
The specimens are hanging from a grid to avoid contact with the each other and with the oven
surface, see Figure 11.

Figure 11 Thermal aging set up

5.2 Diffusion Rate Calculation
The diffusion rate can be calculated from different methods. One of the most widely used is the
calculation of the mass gain compared with the saturation proportion, as paragraph 3.4.2 shows.
(Böhning, et al., 2014) (Crank, 1975) (Richaud, et al., 2013). However, in order to check other
ways to solve the problem, some other tests have been performed. Three of these methods intend
obtain the changes in mass for calculating the diffusion coefficient, and the other for calculating
the concentration respecting to the deepness.
Some of them have been tested before only in B20 to check their accuracy.
5.2.1 Mass gain
For this experiment, one dog-bone tensile specimen has been divided into four units for each fuel
blend, see Figure 12. The pieces were hanged from the top, avoiding any contact with the vessel
surface, nether the other pieces.
Once per week, the pieces are taken out from the vessel, dried, and cleaned with ethanol 99% to
eliminate the surface deposits. Then, the pieces are reposed until the room temperature is reached
to measure the weight and the volume. The weight is double measured in a balance with a
precision of 0.00001 g, and with the density balance with precision 0.0001 g.
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Figure 12 Detail of Mass Uptake Specimens and their colour differences due to de aging.

The volume is calculated measuring the weight inside and outside of a reference liquid with a
known density. The fluid used is ethanol 99% with a density of 0.78934 g/cm3. This device gives
values of weight, volume and density of each piece. Then the pieces are hanged and immersed in
their respective vessels.
The diffusion rate is calculated plotting the square root of the time versus the relative uptake
mass. Diffusion rate D is then calculated from the slope of the straight-line through equation 13:

(

√

)

(13)

5.2.2 IR analyse of cut slices
The infrared spectroscopy (IR) is a technique widely used to analyse the composition of organics
components. This procedure consists on cut slices from the specimen and analyse them in the IR
to check the concentration in any layer. In this case, the layers are examined using the Attenuated
Total Reflection (ATR) technic, which permits analyse the composition putting in contact the
ATR crystal with the surface of the sample.
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Since diffusion occurs in the three dimensions, in order to study its behaviour in one dimension,
the direction of cutting the slices must be chosen carefully. The principal selection reason is to
dismiss the border effects. The direction under study should be the thinner one, because is the
one that will reach first the saturation.

Figure 13 Dismissed zones of the specimen for IR analysis

For dismiss the border influence, the four middle millimetres of the specimen are selected (see
Figure 13). The visible face in the picture is considered the layer one or surface, hence the
following slices are cut in that direction.
The device used for doing the slices is a Microtome Leica SM 2000R, see Figure 14. This device
consists in a sliding blade, which steps can be controlled. In addition, to avoid relative movement
between the specimen and the blade due to the cutting forces, a special aluminium fixture was
designed, see Figure 15. The aluminium fixture is set up horizontally and the angles of the blade
are adjusted and tested before start cutting the slices. This adjustment is important to relay the
results, due to the slices must be completely perpendicular to the surface; to the main direction of
the diffusion gradient.
The slides are cut with 45µm of thickness approximately and then analysed in the ATR until the
half of the thickness of the specimen is reached.
A secondary analysis with the ATR device has been made measuring the concentration only in
the surface of the whole specimen, once cleaned with ethanol. This analysis was made at the end
of the project.
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Figure 14 Microtome Leica SM 2000R

Figure 15 Special fixture detail for microtome

5.2.3 IR analyse of 100 µm slices.
Equation (2) needs the saturated concentration for calculating the diffusion rate. Since diffusion
process can be extremely slow, the specimen could not reach the saturation during the test
duration.
Hence, the decision to find this saturation was to immerse a certain number of 100 µm slices and
analyse them in the ATR during some time intervals, to check how fast this penetration occurs,
and when the max concentration is reached.

Figure 16 Detail of the penetration test in 100 µm slices

The slices were immersed inside of each vessel individually in bottles with a magnetic shaker
inside to make more homogeneous the penetration, see Figure 16. Then, every certain time, one
slide is extracted, dried and analysed in the ATR.
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5.2.4 IR Microscope
The diffusion equation depends on time and distance. Only the method exposed on paragraph
5.2.2 can analyse the concentration for each coordinate, as well as for each time. However, the
precision of pointing with the laser beam can be the source of some wrong results.
The IR device coupled to a microscope allows analyse with a high precision different layers of a
same material. Hence, one single transversal slide is required to analyse the concentration of the
whole specimen.
The IR microscope can perform two different kind of mapping; linear analysis or area analysis.
The area analysis which gives for each peak the absorbance of each point selected within a
certain area, while the linear analysis gives the peaks through a linear path created over the
surface.

5.3 Swelling
Swelling can create tensions in the material, and coupled with thermal expansion and
degradation, could lead to a fail of the material. The swelling has been tracked in both thermal
and fuel aging tests. The thermal expansion coefficient in every direction is given by the supplier
see paragraph 10.1.
The volumetric differences are measured through the volumetric balance as was previously
explained in paragraph 5.2.1. For the thermal test, the same number of pieces has been weekly
measured and weighted in the balance. Hence, values of weight, volume and density have been
found for each experiment.

5.4 Tensile
The impact of the aging on the mechanical properties is analysed through the tensile test. This
test gives information about how the aging affects the relation stress-strain of the material. This
test has been performed according to the Volvo Standards, see Appendix 10.2. One test for each

Figure 17 Tensile test elongation measurement with photo-cells
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fuel blend and for the thermal has been performed at 400, 800, 1200 and 1800 hours.
The test has been performed for both thermal and fuel aging. For thermal aging, five test bars has
been tested for each aging time, while 3 test bars has been tested for each fuel blend and aging
time. The elongation has been measured with photocells into shining dots pasted in the specimen,
with a distance of 50 mm between them; see Figure 17 and Figure 19.

Figure 18 Scanning Electron Microscope

Figure 19 Tensile Test Setup

5.5 Fracture investigation
The fracture surfaces from the tensile test have been also studied through visual analysis. Two
different microscopes have been used for this purpose: a scanning electron microscope (SEM)
and an optic microscope see Figure 18.
The specimens used in the SEM have been covered with a layer of gold for improving the image
quality, as well as visualization with any cover. This analysis has been performed to check
changes in the structure of the polymer, on the fracture surface of the dog bone shape specimens,
see Figure 24 and Figure 25.
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The whole fracture surface has been checked with a current optical microscope see Figures 20 to
23.

Figure 20 B0 1600h specimen fracture surface

Figure 21 B20 1600h specimen Fracture Surface

Figure 22 Thermal 1600 h specimen fracture surface

Figure 23 Reference Specimen Fracture Surface

Figure 24 SEM image B20 400h X1000

Figure 25 SEM image B20 800h X1000
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6 Results
During the following chapter the results of this project are exposed. The analysis and the
discussion of this results will be done in following paragraphs, hence here is exposed only the
relevant data.

6.1 Diffusion Rate Calculation
Between the different methods used, the mass gain and the slices analysis have been performed
to calculate the diffusion rate, while the IR microscope intends check the results of the model.
6.1.1 Mass gain
The mass gain analysis has been performed during the period covered within 1600 h; however,
for some specimens used in IR analysis, the aging time is larger.
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Figure 26 Mass gain of B0, B20 and B100

Figure 26 show the mass uptake in parts per unit. Trend lines have been added to each fuel blend.
They have been selected according with the suitability to the empirical data; this is when the
deviation is higher than 0.95.
The mass uptake must be processed in order to calculate the slope needed for the D coefficient,
so the time is expressed as its square root, and the mass is divided into the steady-state mass, see
Figure 27. This steady-state mass is estimated with the mathematical expressions previously
found in the mass uptake.
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Diffusion Rate Calculation
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Figure 27 Diffusion Rate Calculation

The diffusion rate calculated are D20= 6.71231· 10-9 and D100= 5.40279· 10-9 (cm2/s) for B20 and
B100 respectively.
The purpose of reducing the thickness of the layers is to find the saturation concentration faster.
These layers have been cut and introduced in fuel for a certain time. First, experiments with
layers of 45 µm. The experiments have been performed only with B20 blend. Figure 28 shows
two of the specimens tested.
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Figure 28. 45µm Mass Uptake Test
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6.1.2 IR analyse of 100 µm slices.
This test had the same purpose than the mass uptake, but using the absorbance of the IR tested
rather than the differences in the mass. This slices placed in different vessels and tested in
different times their aging. Figure 29 shows one of the specimens tested.
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Figure 29. 100µm absorbance changes versus time

6.1.3 IR Microscope
The microscope analysis permits analyse the spectral composition of a thin layer of the
specimen. Hence, this tool allows proving that the penetration predicted from the model is
related with the actual behaviour.
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Figure 30 Concentration Profiles of B20
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For each aging time, the absorbance of each coordinate is normalized with respect to the one in
the first layer. Hence, the first layer is considered as the saturation absorbance. Figure 30 shows
the concentration profile of B20 in three different aging times.

6.2 Tensile
The tensile test has been performed for the two aging test of this project; thermal and fuel aging.
A different number of specimens have been tested in each test due to the availability of sampling
material.

Figure 31 Tensile test for 1600 aged specimens. Reference is the red specimen, B100 is the orange, B0 is the green
one and B 20 is the blue specimen.

Figure 31 shows the performance of the tensile test in a reference sample compared with three
different samples all aged 1600 hours in B100 (orange), B20 (blue) and B0 (green).
Figure 32 shows the path followed by the samples aged in B20 in different aging times. Since the
most critical character is the elongation at break (EAB), the different values of this parameter

Figure 32 Tensile test for B20 aged specimens. Reference is red, 400 h is green, 800 h is blue, 1200 h is orange, 1600 h is
purple
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have been plotted respecting to de time to found the relation between them, as well as the second
order approximation for B20 case, see Figure 34.
However, this graph represents the engineering stress-strain. The real behaviour of the material,
considering the reductions of areas, is showed through the real stress-strain curve. Figure 35
shows the difference of behaviour of the real and engineering stress in the case of a sample aged
in B20 during 1600 hours, while Figure 33 shows curves for B100 at 1600 hours also.
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Figure 34 Elongation at break of each aging type
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Figure 33 Real & Engineering stress-strain curve of a 1600h aged sample in B100
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Figure 35 Real & Engineering stress-strain curve of a 1600h aged sample in B20

6.3 Swelling
The volume changes of the material due to the acquisition of fuel can produce also tensions in
the material, coupled with the thermal expansion and the degradation of the material can lead a
failure in the material.
The volume changes have been measured in both, thermal and fuel aging. In addition,
approximated functions have been fitted to assign to each aging time a certain level of volume
increment.
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Figure 36 Volume changes of each aging type
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6.4 Model
The diffusion rate calculated previously is then used to estimate the possible concentration
configuration respecting to the time. The code gives the concentration of each point for each time
step and node in one dimension, and they are plotted for compare them, see Figure 37.
The half of the thickness has been selected due to the symmetry of the problem.
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Figure 37 Estimated concentration profile for B20

6.5 Fracture Surfaces Investigation
The fracture surfaces from the tensile test have been also studied. In addition, SEM images have
been taken in order to check how the internal structure of the material behaves with the
degradation in a tensile failure.
Figures 20 to 25 show the fracture surface of the most relevant cases, as well as the changes in
the structure of the material in two different aging points in the B20 aging.

7 Discussion
During this chapter the results are analysed and compared with other results from previous
papers and projects.

7.1 Diffusion Rate Calculation
The diffusion rate three different methods have been performed: mass gain of blocks, mass gain
in thin slices and the absorbance changes in thin slices. The final values have been calculated
using the mass uptake of the blocks.
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Figure26 shows the mass gain in B0, B20 and B100. The B20 and B100 curves show a logical
path where a steady state point seems to be reached. For the same aging time, B20 seems to raise
the steady state earlier than B100. The mathematical approximations fitted to these two curves
can give an idea when this point can be reached. In the case of B20, using a logarithmic
expression, the differences between points can give an idea of when the steady state point can be
considered, while in B100 can be calculated equating to zero the first derivative of the second
degree expression found. This values have been fixed in 0.011 (parts per unit) in the case of B20
and 0.0114 (parts per unit) in the case of B100.
The shape of the B0 curve shows a loose of material after a while, and the mass decreasing rate
increments with the aging time. This behaviour can be produced for the loss of additives, which
are expulsed by the diesel. This leads to a more complex behaviour that is out of the studies of
this project.
Figure 27 plot the normalized mass versus the square roof of the time. The result should give a
straight line if the diffusion is Fickian. Hence, B0 is clearly not Fickian while B20 seems to
fluctuate slightly. This can be produced for a high temperature of the accelerated aging or for a
more complex diffusion-reaction process. In addition, the correlation parameter R2 gives an idea
of the goodness of the fitting, and it has values of 0.9447 for B2 and 0.9978 for B100. This
suggest that in the case of B100 the diffusion process can fits the Fick´s law while in the case of
B20 samples, some misalignment between the model and the empirical data can occur.
The D coefficients have been obtained for the B20 and B100 blends, being equal to D20=
6.71231 · 10-9 cm2/s and D100= 5.40279· 10-9 cm2/s. These coefficients are within the range
obtained in other previous studies, see (Böhning, et al., 2014), (Richaud, et al., 2013). These
studies use Polyethylene (PE) instead POM, which is less dense, but the diffusion rates obtained
agree with the ones obtained in this project at 85ºC.
The analysis of the Figure 28 shows that in the 45 µm mass gain test, a steady state has been
reached, since the thickness is quite smaller. However, the percentage of gain mass is
considerably different in every sample tested, as well as the shape of the curve. Hence, since the
goal of this test is the same than the previous one, these results have been dismissed for this
purpose.
Figure 29 shows the changes in absorbance of the 100 µm slices. The purpose of this analysis is
also to calculate de diffusion coefficient but through the concentration of penetrant. This test, as
the 45 µm mass gain test, has been performed only in B20 blend. Since in the previous works,
the carboxyl peak seems to be the responsible of the degradation, it has been assumed that the
concentration of the penetrant is proportional with the mass gain. Hence, the diffusion rate
should be calculated in the same way as in the mass gain tests.
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However, the absorbance profile in the entire specimen tested looks irregular and with difference
shapes between them. In addition, since the specimens are dried in paper before each analysis
and submersion, the paper could desorb penetrant, giving spurious values in the IR.
The IR spectrometer coupled with a microscope, can give an adequate resolution to analyse the
composition of thin layers along the thickness of the material. Hence, it can be used for check the
concentration at each point, and then give an idea about the penetration profile.
Figure 30 shows the different penetration profiles found at different aging times. The shape goes
from a higher concentration at the surface, decreasing fast until a plateau concentration
maintained until the middle point is reached. The values of concentration have been normalized
assuming that the absorbance in the surface is the saturation absorbance. This result is later
compared with the model.

7.2 Tensile
The tensile test gives information about how the change in the material affects its mechanical
properties. Consequently, its information handling is crucial for durability assure of the devices
where the material is used.
Figure 31 illustrates the changes in the stress-strain behaviour of the three different fuel aging
tests and the thermal test at 1600 h of aging. The curve shows that the Young modulus decrease
slightly in all of them, but the most critical parameter is the EAB. In the case of B100, the EAB
decreases slightly. However, for B20 and B0, this reduction is drastic, decreasing fewer than
15% in the case of B0 and around 3-4% in the case of B20. In addition, in B20 and B0 a
reduction of the ultimate force is found, being lower in the case of B20.
Since B20 is the most interesting case, it has been studied in all the different aging times in
Figure 32. After the 800 h a drastic change in the properties is noticed, being the reductions
lower until they stabilize around the 3%. This result is in concordance with (Fayolle, et al.,
2009). Other aspect of the degradation is that the degradation follows the path of the curve. This
makes easier track the EAB and relates it with the aging time. This degradation behaviour
corresponds with an oxidation of the material.
These differences can also be noted in the Figure 34, where the EAB has been plotted versus
time. The reference EAB is 30% according to the supplier data, but it have been found during the
experiments that is higher, rising even the 70% of the most of the cases. However, the average is
placed at 40%. Hence, in the case of B100 the reduction of EAB is minimal. Thermal aging also
affects the EAB but is still small enough compared with the B20 and B0, being B20 the most
aggressive reduction.
For modelling purposes, a second order polynomial function has been fitted to relate the EAB in
function of time. This function is only valid until 1600 hours, which is the life-time intended.
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The process of the real strain is relevant for those which have a higher EAB, as Figure 33, where
a difference of around 5% in elongation and 20 N/mm2 in maximum stress. However, in the case
of B20 at the ultimate this difference is insignificant, see Figure 35.

7.3 Swelling
Considering that no mechanical loads act in the material, the thermal expansion and the swelling
are the loads, together with the degradation, that can lead the failure of the component. Hence, in
a simulation for predicting this failure these three aspects must act together.
For this reason, mathematical expressions which couple volume change and time have to be
found. In the case of B0, the volume decrease in the same manner than the mass. This is caused
for a loss of material. However, in the case of B20 and B30 the volume increases not in a linear
path. One logarithmic expression for B20 and one for B100 have been fitted. These expressions
are only valid for the range under study.

7.4 Model
The model intends to predict the concentration in each coordinate depending on the time. This
model has been only tested in the case of interest; B20 blend degradation. An IR inspection has
been performed and the results, compared with the model prediction are shown in Figure 38. The
model predicts a gradual Fickian diffusion profile while the empirical data suggest a plateau in
the middle part. Therefore, the model do not fits the empirical data behaviour.
However, the predicted profiles are in accordance with other papers, such as (Passiniemi, 1995)
(Celina, et al., 2000). But all these works treat about pure thermo-oxidation in some cases, or in
presence of pure biodiesel in others. Hence, the B20 blend which is the most aggressive can
produce any other interaction and accelerate the oxidation, among modify the diffusion
behaviour. The temperature of the accelerated aging can be also a source of spurious behaviours
of the diffusion.

33

Model vs Empirical Data
Normalized Concentration

1,2
1
0,8
400 h

0,6

1600 h

0,4

400 h real

0,2

1600h real

0
0,21 0,23 0,25 0,27 0,29 0,32 0,34 0,36 0,38 0,40
Distance (cm)
Figure 38 Model vs Empirical Data of fuel penetration

7.5 Fracture analysis
The analysis of the surfaces in Figures 20 to 23, shows the difference between the radial fracture
in fan-shaped ridges of a typical ductile fracture in the reference sample, Figure 23, compared
with the sharped fractures of the rest of examples, where signed of crack initiations can be
noticed. This is according to the embrittlement theory exposed before.
The analysis of the SEM images gives an idea about the size of the grain, appearing on the most
aged sample at 800 h bigger structures than in the 400 h aged specimen, at the same
magnification, see Figures 24 and 25. This is in concordance with the chemi-crystallization and
the grain growing, where the monomers from the amorphous phase moves to the crystallinity
part.

8 Conclusions
The aim of this project was to create a FEM model for simulating the mechanical degradation of
POM in contact with different blends of biodiesel. However, some of the previous tests had to
been repeated, and some problems in the instrumentation did not make possible performed in the
time scheduled for this project. Hence, the basic relations has been founded for a future
application in a tri-dimensional FEM model
The Fuel Delivery Module (FDM), which is the component fabricated with POM and is
immersed during its whole life time in fuel, is not subjected to very high mechanical loads.
However, this component suffers a certain chemical attack which reduced its mechanical
properties, mainly the elongation at break. Hence, a thermal or a swelling expansion can generate
stress and lead the failure of the material. Therefore, a model which considers the degradation,
the thermal expansion and the swelling could predict the failure in any part of the component
with independence of the shape. Consequently, it is mandatory to have a good understanding of
the degradation mechanism to found the sources and model it.
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The mechanical degradation of POM is mainly produced by oxidation. This oxidation affects the
amorphous parts of the material, leading chain scissions and depolymerization processes. This
entanglement amorphous network is responsible of the ductile behaviour of the material, keeping
connected the crystalline parts. The shortening of the chains reduces the ductile behaviour, while
the monomers produced during the depolymerization can be included in the crystalline part. This
process is called “chemi-crystallization” and consists on the increment of the crystalline
proportion in the material. The consequence of this increment is the considerable increment of
the embrittlement. This has been noticed also through the visual analysis of fracture surface and
structure of the different blends.
This oxidation affects only to the amorphous phase due to it has more gaps for penetrants.
Therefore, the oxidation process is regulated by the diffusion and is the first aspect of the model
to be predicted. Then, the diffusion behaviours in POM of three different blends of biodiesel
have been studied. The Fickian diffusion has been elected to model this behaviour, considering a
constant diffusion rate D.
Three different methods to calculate D have been tested, but only mass gain with blocks gave
adequate results of the sorption behaviour. These mass gain processes shows that the B0 and B20
blend have not a Fickian diffusion behaviour at the test temperature 85ºC, while B100 sorption
behaviour shows a Fickian behaviour. However, the diffusion coefficients of B20 and B100 have
been calculated.
In addition, an IR analysis of the surfaces to check the concentration in function of the time has
been performed with spurious results. The results of this test are also imprecise because they
have a strong dependence of the penetration of the beam, so they cannot be used for relate
surface concentration with the mechanical degradation.
The penetration studies performed with the IR microscope can analyse the penetration of the fuel
inside the polymer with an adequate accuracy. Since the most interesting case of study is the
blend B20, the IR microscope analysis has only performed in these specimens. A concentration
profile is obtained for different aging times.
The diffusion model consists on a one-dimensional finite difference model, is compared then
with the profiles obtained in the IR microscope analysis. The comparison of these profiles shows
a difference, so the model cannot be accepted. The reason is a more complex diffusion behaviour
than the one expected.
Tensile tests shows the mechanical behaviour of POM when is immersed in different blends. The
effects in air at 85 ºC have also been studied to check how this accelerated aging temperature
could affect the aging. The results obtained is that during the aging time, the effects of the
temperature are not important compared with the chemical degradation, however a slight
increment of the yield stress point as well as certain reduction of the elongation at break have
been noted.
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Concerning the fuel aging, the B0 and B20 seems more aggressive than B100; even when the
volume and mass gain curves shows that the B100 blend is still penetrating the material, no
important changes have been noticed. In the case of B0, de decrement of the EAB decreases until
a plateau, while is still losing weight and volume.
In the case of B20, the most aggressive behaviour is founded. The EAB decreases rapidly until
3% before 800 hours. The diffusion behaviour is closed than Fick’s law, so that suggest that in a
lower temperature, the law can be fulfilled. Hence, a model using the Fick’s law seems to be
possible changing the accelerated aging parameters.
Once obtained the EAT, swelling and thermal expansion expression depending on the time, they
could be calculated in every element of the specimen for each time step. The finite different
method is dependent on the time step, number of elements and diffusion coefficient size for
being stable. Hence, a FEM method should be used to analyse more complicated shapes and with
more stability on the results.

9 Further work
This work can be the base to further project which can complete the work started here. Some of
these ways to continue this work are:








Use a FEM method in a commercial program, such as Abaqus. This program lets
couple thermal and swelling expansions for calculating the deformations, as well
as changes the material properties according to the aging empirical results.
Improve the IR microscope mapping for obtaining a better results in the
penetration investigation. Create a protocol to obtain diffusion and penetration
values and model validation profiles for model other degradation behaviour in
different materials and penetrants.
Study the diffusion in other temperatures, as well as other biodiesel blends from
other markets.
Create predictive models of degradation using chemical reactions, the chain
scission ratio, and critical molar mass, among others.
In the case of future absorption studies, the usage of 2 mm thickness is
recommended to avoid border interferences.
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10 Appendixes
10.1 Thermal Expansion Coefficient (Ticona GmbH, 2006)

10.2 Tensile Test Volvo Standard
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11 List of Notations
BX
FAME
MK1
NOx
POM
POOH
IR
ATR
RME
PE
EAB

Biodiesel blend with X% of RME
Fatty Acids Methyl Esters
Miljöklass 1 .Swedish diesel standard
Mono Nitrogen Oxides
Polyoxymethylene
Hydro-peroxides
Infra-Red
Attenuated Total Reflection
Rapeseed Methyl Ester
Polyethylene
Elongation at break
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