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ABSTRACT 
Real world modeling has become a very useful tool when new designs and applications are 
tested before they are introduced on the market. A field that recently has discovered the 
possible use of modeling is reliability prediction. The reliability and lifetime of a component 
has until recently been based on months and years of testing. In order to shorten the test time 
it is possible to simulate the environmental effect on the components. Another advantage of 
modeling is that changes of large systems where many different components work together 
can easily be studied. Without modeling the reliability has to be tested over and over again if 
the system is redesigned since it is impossible to know how the new change will affect the 
reliability. 

Since electronic circuits are being made smaller and smaller with the increasing demand of 
faster technology the circuits are very vulnerable to corrosion. A trend in the automotive 
industry is also to move the electronic devices from the benign environment in the cab to the 
hash environment on the driveline or the chassi. The most common way to protect the 
electronics from the hash environment is to put it into a protective covering, also called 
Electronic Control Unit (ECU). Even though the ECU is sealed, water can still enter the ECU 
in several ways and cause serious damages by corrosion. The corrosion rate of a component is 
among others depending of the environmental humidity and temperature. Knowing the 
humidity and temperature are therefore very important to be able to eliminate corrosion 
problems. In order to achieve a better understanding of the physics behind the failure and to 
improve the reliability of the ECU a model of the temperature and humidity penetration is 
built in this thesis.  

There are several components in the ECU which all responds differently to water vapour. By 
measuring the humidity penetration in the ECU while components were added one by one, the 
physical properties of the components could be determined. Some properties were also 
determined through additional solubility measurements. The humidity penetration of the ECU 
is then predicted by inserting these properties into mathematical models in Simulink©.  

The conclusion is that it is possible to model the humidity penetration and the temperature 
changes in the ECU. After the physical properties of the components were determined, the 
diffusion model agreed well with measurements. The numerical method used in this thesis has 
been found to be fast and stable. The length of the time-steps has been varied from a couple of 
minutes to more than an hour in the numerical model. A few physical properties has to be 
examined more in detailed and the model is then going to be a good foundation on which 
corrosion and other damaging processes can be modelled. 

 

Keywords: computer modelling, physics of failure, humidity penetration, absorption, 
adsorption, diffusion, sorption, reliability prediction, numerical methods, temperature 
modelling, polymer, Electronic Control Unit, water, automotive, electronics. 
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1 BACKGROUND AND PURPOSE 
Ever since the electricity was invented old fashion mechanical solutions have been replaced 
by new electronic solutions. The automotive industry is one large field in which the use of 
electronic solutions increases with the user’s demand of comfort and improved performance. 
The increasing use of electronic components make us also very vulnerable to electronic 
breakdowns and the reliability of the components are therefore important to know. 

Humidity penetration in electronic control units, contacts, sensors etc. causes each year 
damages for huge amounts of money and it would be every company’s dream to get rid of 
these problems. The department of Testing and System Development at Scania CV AB in 
Södertälje has the responsibility to secure that the electronic and electromechanical 
components in the truck have a high reliability. Mainly this is done through reliability and 
environmental testing, see Reigo (00) for the definitions. Reliability testing is a very time-
consuming process and in order to shorten the test time and achieve a better understanding of 
the failure mechanisms computer modeling of the physics behind the failure could be used. 
Since the electronic circuits are being made smaller and smaller with the increasing 
requirement of faster technology the circuits are very vulnerable to corrosion. The corrosion 
rate of a component is among others depending of the environmental humidity and 
temperature. Knowing the humidity and temperature are therefore very important to be able to 
eliminate the corrosion problem. In order to solve these problems and thereby increase the 
reliability of the electronics, Scania is working on a handbook in reliability simulations of 
electronic control units. The purpose of the handbook is to describe the failure modes of the 
ECU mathematically and see how the environment and differences in design parameters 
affect it.  Both the environment and the design parameters are mathematicaly described with 
stochastic variables. The whole reliability model with all of the stochastic variables can be 
seen in Figure 1. 
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Figure 1: The stochastic variables in the reliability model [Reigo (00)]. 
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For further explanations of individual blocks and reliability modeling the reader is referred to 
Reigo (00). 

The purpose of this thesis is to give a full and detailed model of the temperature distribution 
and the humidity penetration of an ECU, marked as the two shaded boxes in Figure 1. The 
ECU studied in this thesis is a closed metal box containing a circuit board that controls most 
of the engine processes. The ECU is placed on a truck engine where it is exposed to a varying 
humidity and temperature due to the shifting weather and the daily working engine. In order 
to understand the physics behind the humidity penetration, phenomenon as absorption and 
adsorption are studied in this thesis. Absorption is a process where molecules goes through or 
accumulates inside of a material and adsorption describes the bonding of molecules onto 
certain surfaces. Since the model used to simulate the humidity penetration is based on 
physical properties and assumptions, some of the unknown parameters are also measured in 
this work.  

The final humidity and temperature model is supposed to be a good foundation to a future 
work where corrosion and other damaging processes are modeled. When a final model is 
reached for the total system in Figure 1, different parameters affect on the reliability can be 
analyzed, which hopefully leads to future reliability improvements.  
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2 HUMIDITY PENETRATION AND 
PROPERTIES 

Water vapour can penetrate a material in two ways, either by entering small cracks and slits or 
by going right through the material. The later case is called diffusion. This thesis will not treat 
the penetration through cracks since the materials involved hardly possess such defects. The 
considered ECU is qualitatively a closed box with three ways humidity can pass through; the 
gasket between the lid and the housing, the connector and the Gore-Tex filter. Each of these 
cases will be discussed thoroughly. 

There is always water inside the ECU. These water molecules can be found in four different 
states, as water vapour in the air, absorbed in polymers, condensed as liquid water or bounded 
to surfaces inside the ECU. The last case is called adsorption and will be discussed below. 

2.1 Adsorption Theory 
Adsorption is a process where molecules from the gas phase or from a solution are bonded to 
a solid or liquid surface. The molecules that bond to the surface are called adsorbate and the 
material they are bonded to is called adsorbent.  

Considering metals, the adsorption of water affects the corrosion rates in atmospheric 
conditions. Knowledge of water adsorption is therefore important in understanding the 
atmospheric corrosion process. 

The adsorption phenomenon depends on the adsorbed gas and the material of the surface. This 
section is limited to a study of water adsorption on metals and does not consider surfaces at 
which H2O dissociates. Under these circumstances the water molecule mainly bonds to the 
surface through the oxygen atom. When the oxygen atom bonds to a surface atom there will 
be a net charge transfer to the surface. This sharing of the electrons makes the bonding to the 
surface a favourable option for the water molecule. [Thiel et al. 87]  

A general case of adsorption is illustrated in Figure 2.1. First the gas molecules bond to the 
surface and form a nearly uniformed layer over the whole surface. Each layer is called a 
monolayer. When one layer is adsorbed the molecules bonds to the first layer of molecules 
and forms another layer of molecules. This process can go on and build several layers of 
molecules, which is called multilayer adsorption. A layer must not be completely uniform 
before other molecules can bond on top of it, they can be arranged as Figure 2.1b. [Richard 
96] 

(a) (b)
 

Figure 2.1 An illustration of (a) monolayer adsorption, and (b) 
multilayer adsorption [Richard 96, edited by author]. 

To form these multilayers of water, the molecules bond to each other through hydrogen 
bonds. Figure 2.2 shows how the molecules may bond to each other and to the surface [Thiel 
et al. 87]. 
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Hydrogen atomOxygen atom

 

Figure 2.2 A possible arrangement of water molecules in a hydrogen-
bonded surface cluster [Thiel et al. 87, edited by author]. 

The fact that molecules uses one bonding technique between each other and another towards 
the surface, makes it possible to separate the adsorption into two cases: chemisorption and 
physisorption. In chemisorption there is a chemical bond between the adsorbate and the 
surface (i.e. sharing of electrons between oxygen and the metal surface). This type of bonding 
is very strong and typical chemisorption energies are 60-400kJ/mole for simple molecules. In 
physisorption there is no direct bond, only an interaction between the water molecules, this 
type of interaction is weaker than the chemical bonding and physisorption energies of 8-
40kJ/mole are common. Note that there is a smooth transition from chemisorption to 
physisorption. It is therefore impossible to discriminate between the two types of bonding for 
every single molecule. [Richard 96] 

The first layer of molecules can only bond on top of the surface atoms at so-called adsorption 
sites. The formation of these adsorption sites affects the bonding strength. The molecules in 
the second layer are linked by two or three hydrogen bonds to the first layer molecules. From 
an energy aspect it is more advantageous for the water molecules to form the same lattice as 
crystalline ice when they are adsorbed at a metal surface. The second layer that is adsorbed 
will therefore be much more stable if the lattice of the metal is similar to crystalline ice. 
[Marcus et al. 95]  

Figure 2.3 demonstrates how some metals adsorb various amount of water. 

 

Figure 2.3 Water adsorption on several metals exposed to moisture. [Phipps et al (79)] 

The adsorption rate of the first layer is almost independent of the metal, while the lattice 
matching have an influence on the stability of the following layers. Other factors that affect 
the amount of water adsorbed are the roughness of the surface and the presence of pollution 
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particles or an oxidation layer [Eichhorn et al. 88] or [Aastrup et al. 99]. Further details are 
given in section Roughness, Oxidation and Contamination.  

Brunauer (45) proposed that one could classify the different kinds of behaviours seen during 
the adsorption of gases on solids into five general forms shown in Figure 2.4. 
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Figure 2.4 Five types of adsorption isotherms described by Brunauer [Richard 96]. 

Type I isotherms are characteristic for monolayer adsorption while type II and III are more 
characteristic for multilayer adsorption. In type III there is very little adsorption initially, but 
once a small droplet or island of adsorbate nucleates on the surface, additional adsorption 
occurs more easily because of strong adsorbate-adsorbate interactions. Type IV and V, that 
looks like type II and III initially, usually occurs when multilayers of gas adsorb onto the 
surface of the pores in a porous solid. The adsorption continue until the thickness of the layer 
fills up the pores and no more gas can be adsorbed. [Richard 96] 

Adsorption of Water on Non-Polar Surfaces 
Metals have polar surfaces and can therefore easily bond other polar molecules, such as water, 
by sharing electrons with the adsorbed molecule. At non-polar surfaces (e.g. polymers) all 
necessary sharing of electrons take place between the atoms in the adsorbent. Without going 
any deeper into the world of chemistry it can be said that all of the surface atoms are satisfied 
with the number of electrons surrounding them and do not want to share more electrons with 
other molecules. The polarity of the polymers differs a lot, since the polymers can contain 
polar molecules or atoms that will increase the polarity. Some polymers can therefore adsorb 
water in a measurable quantity. The adsorption of water on polymers is not investigated 
further since it is small amount compared to the adsorption on the metals.  

1.1.1. Modelling the Adsorption 

In order for multilayer adsorption to take place, some conditions have to be fulfilled. The 
temperature of the vapour has to be below its critical temperature Tc, meaning the temperature 
above which it is no longer possible to liquify the substance in question by increasing the 
pressure. The adsorption should also take place at isothermal equilibrium. By isothermal it is 
meant that the temperature change is slow enough to allow the gas to adapt the new state. At 
these conditions, adsorption is not exhausted after filling the first layer, and proceeds up to 
multilayer formation. [Cerofolini et al. 98] 
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BET-Model 
There have been several ideas in how to make a theoretical model of the adsorption. One of 
the most famous models is the BET-model that was developed by Brunauer, Emmett and 
Teller in 1938 as an extension of the original work of Langmuir. The model is a generalisation 
of Langmuir’s theory for monolayer adsorption to multilayer adsorption. Due to Cerofolini et 
al. (98) the hypotheses on which the BET theory is built are the following: 

• The adsorbate is described by classical statistical mechanics. 

• The gas is assumed to be ideal. 

• The surface is homogenous and flat, and is characterised by Nm identical sites. 

• Adsorption takes place both on surface sites and on top of molecules that already are 
adsorbed but not “in-between” positions. 

• Only the first layer interacts with the surface, all other n-1 layers have interparticle 
interaction with the same energy as would apply in the liquid state, and involving only 
nearest neighbours in the vertical stack of adsorbed molecules in each site. 

• Adsorbed molecules do not interact laterally. 

Based on these assumptions Brunauer et al. (38) derived a model for the surface coverage. 

( ) ( )( )( )00 /11 ppcpp
pcm

m m

−+−
⋅⋅

=  (eq. 2.1) 

m = mass of adsorbate per square meter at partial pressure p 
mm = mass per square meter of one monolayer of the adsorbate 
p0 = saturation pressure of the gas (vapour pressure) 
p = partial pressure, p/p0 = relative pressure 
c = constant for the gas/solid combination 

The volume adsorbed is used in the equation presented in Brunauer et al. (38), but since the 
mass is proportional to the volume and is easier to measure in experiments, the mass m is here 
used instead. The coefficient c can be calculated with (eq. 2.2) if the heat of adsorption and 
the heat of liquefaction are known. 

( ) RTEE Le
z
zc /

2

1 1−=  (eq. 2.2) 

EL = heat of liquefaction 
E1 = heat of adsorption 
R = molecular gas constant 
T = temperature in Kelvin 
z1, z2 = the partition functions in the first an upper layer 

It is easily understood that a high c value means a larger difference in E1 - EL, which means 
that the adsorbent looses energy when it is bonded to the surface. This supports a rapid uptake 
of molecules. In Rudziniski et al. (97) it is said that if c >> 1 then the BET isotherm is of type 
II, higher layers are occupied only when the first layer has been filled almost completely. If c 
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< 1 or c ≈ 1 then it is a type III isotherm, adsorption in the first layer occurs in competition 
with adsorption in higher layers. 

Because of the assumptions that are made in the BET model, the model is a simplification. In 
Cerofolini et al. (98) there is mentioned some examples of what the model does not take into 
account: 

• The surface of a solid is not uniform due to surface steps, cracks, edges, vacancies and 
other defects, impurity atoms at the surface, etc., thus uniform adsorption energy is 
unlikely to occur 

• Adsorbed molecules are likely to interact with each other and form clusters before a 
second layer can adsorb. 

• The heat of adsorption is likely to change gradually as additional layers build up rather 
than in a single step. 

Each of these contradicts or questions one of the underlying assumptions that form the basis 
of the BET equation (eq. 2.1). Despite these objections the BET isotherm do fit very well to 
experimental data for many systems over a significant pressure range. For systems where 
there are three or less layers it seems that some of the above objections cancel each other 
sufficiently to make the BET isotherm the most generally used model for estimating the 
surface area, which is important to know when the thickness of the adsorption layer is 
estimated. [Rudzinski et al. 97] 

The BET-model has though a major problem when multilayer adsorption is modelled. It does 
not take into account surface tensions. The vapour pressure of a curved boundary is greater 
than the vapour pressure of a flat surface. This gives that the BET-model is not quite as good 
as other models for systems with thick layers. [Richard 96] 

The Frenkel-Halsey-Hill Isotherm (FHH) 
To get a better prediction for multilayer adsorption, another model has to be chosen. A very 
interesting and frequently used model is the one that Frenkel-Halsey-Hill made, the FHH-
model. In [Pfeifer et al. 89] the FHH-model is based on the following arguments.  

• Most adsorbates must have a distribution of adsorption energies for the first layer of 
adsorbed gas. 

• The adsorbate should show some interactions as a monolayer is approached. 

• In the multilayer region of the adsorption isotherm the adsorption energy decreases 
gradually towards the heat of liquefaction rather than in a step function after the first 
layer, as assumed in the BET model. 

These assumptions lead to an equation of the form: 

( )

s

m pp
dmm

/1

0 /ln ⎥
⎦

⎤
⎢
⎣

⎡
=  (eq. 2.3) 

where s is an exponent related to the nature of the gas-solid interaction and b is a coefficient 
chosen to reproduce the monolayer coverage. The remaining variables are the same as in (eq. 
2.1). The constants d and s should be determined for each gas-solid system since they vary 
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with the net heat of adsorption and the way the heat decays as the first layer fills and multiple 
layers are adsorbed.  

The FHH-model is a three-parameter equation and all parameters can not be determined from 
a single measurement. To solve this problem, mm is usually determined from the BET-model 
where the coefficient also is used. 

According to Rudzinski et al. (97) the FHH-model provides an adequate description of 
multilayer adsorption for most experimental data. Experiments done by e.g. Lee et al. (97) 
confirms that the FHH-model fit data quite good in almost the whole humidity range.  

Roughness, Oxidation and Contamination 
So far, the adsorption at clean and polished surfaces has been studied. There are though three 
important parameters that affect the adsorption. The first parameter that affects the adsorption 
is oxidation. Most metals that are in contact with oxygen, which surrounds us in the air or as 
oxygen atoms in water molecules for example, reacts and create an oxidation layer. The 
industrialised society of today makes pollution particles a common part of the air and a 
surface that is in contact with the air is often contaminated, which is the second parameter.  

The last thing that has influence on the adsorption is the roughness of the surface. The surface 
of a metal has a varying degree of roughness depending on the kind of manufacturing method 
and treatment. The roughness has an important role when the amount of water adsorbed on a 
surface is estimated. If a surface is very rough the active surface (i.e. the unwrapped surface 
area) will be much larger than the macroscopic area, and there will be more occupation sites 
for the adsorbate. The roughness also increases the heats of adsorption, since the H2O 
molecules that are adsorbed on a stepped or corrugated surface probably occupy positions at 
the tops of the ridges or steps where the metal atoms are most exposed. This will increase the 
metal ability to accept electrons from the H2O molecules, which leads to a stronger binding to 
the surface. [Thiel et al. 87] 

If the surface has an oxidation layer or is polluted the amount of adsorbed water increases 
even more. Contamination and oxidation creates a very porous surface, which increases the 
area on which water molecules can be chemisorbed to. Kochsiek (82) confirmed this by 
measuring the adsorption at surfaces with different kind of treatments, see Figure 2.5. 

 

Figure 2.5 Change in water adsorption m, on: 1, an untreated and 2, a polished aluminium 
surface as a function of the relative humidity of air [Kochsiek 82]. 
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The adsorption at the polished surface in Figure 2.5 fits the FHH-model very well. The 
adsorption at the untreated surface, which is very rough and has an oxidation layer, fits neither 
the BET nor the FHH-model, instead it increases almost proportional to the relative humidity. 
Since the degree of roughness, oxidation and contamination varies much with the 
environment, manufacturing method and the kind of metal, it is unlikely to find an adsorption 
model based on physically properties. The roughness of the surface has though a great 
influence on the amount of water adsorbed and by knowing the roughness of a surface one 
can get a good estimation of the amount of water adsorbed on it. The roughness of a surface 
should be measured at atomic level to estimate the active surface, but no such equipment was 
accessible during the thesis work so a measurement with stylus instruments was used to 
estimate the macroscopic roughness. The roughness can be described with some quality 
parameters such as: Rz, Ra, Rp, Rt and Rmr, see appendix D. Each parameter describes a 
property of the surface and two commonly used parameters are Rz and Ra, that are described 
below. 

Ra = Arithmetic mean deviation of the assessed profile. Meaning that Ra is the average value 
of the height coordinates for the sampling lengths included in the evaluation length. 

Rz = Maximum height of profile. The average value of the individual distances obtained 
between the highest profile peak and the deepest profile valley within the sampling 
lengths included in the evaluation length. 

The parameters Ra and Rz are based on the international standard ISO 4287-1. 

1.1.2. Other models 

There are several other models that predict the adsorption but most of them are not as reliable 
and frequently used as the BET- and FFH-model. In Table 1 some of the models are listed. 

Table 1 A comparison of the advantages and disadvantages of several 
adsorption isotherms [Richard 96]. 

Isotherm/scientist Advantage Disadvantage 
• Freundlich, Toth Two parameters No physical basis for equation 

• Multisite Many parameters Good for inhomogeneous surfaces. 
Wrong physics for crystals 

• Tempkin Fowler, Slygin-
Frumkin 

Account for adsorbate/ adsorbate 
interactions in an average sense 

Does not consider how the 
adsorbate layer is arranged 

• Lattice gas 

Complete description of 
adsorbate/adsorbate interactions for 
commensurate layers  
Predicts arrangement of adsorbed 
layer 

Requires a computer to calculate 
isotherm 
Assumes commensurate adsorption
Parameters used in the model are 
difficult to determine 

1.1.3. Time Dependence of Adsorption 

The adsorption is a rapid process compared to the diffusion and within a few hours a stable 
water layer has usually formed at a metal surface. The adsorption rate varies quite a lot with 
temperature and humidity according to measurement made by Bazán et al. (99). They 
measured the adsorption at zinc surfaces and found that the time to adsorb 90% of the 
expected mass varied from 1 to 20 hours depending on temperature and humidity. Due to 
Bazán et al. (99) the adsorption process is expressed by the following differential equation. 
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ads

ads  (eq. 2.4) 

mads = mass adsorbed water 
m0 = mass adsorbed when the adsorption is stable 
kads = temperature and humidity dependent rate constant for the adsorption process 

The measurement made by Bazán et al. (99) indicates that the adsorption rate decreases with a 
decrease in temperature and humidity. 
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2.2 Absorption Theory 
To understand how the problem with water inside the ECU occurs one has to consider the 
process that propels the penetration of water into the ECU, the diffusion process. Absorption 
is the phenomenon that particles penetrate a homogenous material. The particles that penetrate 
are referred to as penetrants. The materials that are penetrated are in this thesis different types 
of polymers. A polymer is a chain of monomers, there can be as many as 10.000 monomers in 
one polymer [Albertsson et al. 99]. These monomers can be very different but they are always 
constituted of a carbon chain. There are often elements of CH2 in this chain, but it could be all 
kind of different groups involved. Polymer strings can be extremely long, their size can 
actually be of the magnitude of mμ  [Terselius 91]. These strings curl around each other, 
throwing the polymers into disorder. They can also bond with each other and even with 
themselves, making loops of their own. Other molecules, of considerable less size, can 
penetrate this system of polymers. Only penetration of water molecules is considered in this 
thesis. The water molecule possibilities to penetrate will depend greatly on which kind of 
polymer that is considered. The different diffusion categories are described later in this 
chapter. 

The concentration of penetrants in the material will always endeavour to reach a steady state 
condition. When this is achieved the concentration inside the material will remain unchanged. 
If the partial pressures of the penetrating molecules are not equal at different surfaces of the 
material a flow through it will occur. This flow will depend on the material, the temperature, 
the concentration of penetrants in the material, the geometry of the material and the partial 
pressure gradient over it. Before the steady state has been reached it is of course of great 
interest how the diffusion proceeds. How many penetrants that pass through the material as 
well as the current situation inside the material are determined by the diffusion properties. 

2.2.1 Henry’s Law 

For many materials Henry’s law is an applicable relation between the partial pressure p, and 
the concentration C, in the material. It was derived inductively and looks like: 

SpC = , (eq. 2.5) 

where S is the solubility of the material. The solubility is a measure of how easily the 
penetrants get solved in the material. Observe that this relation is only applicable at steady 
state. At the surface of the material the concentration can often be assumed to reach steady 
state instantly. Then Henry’s law is an adequate method for calculating the surface 
concentration, the boundary condition. 

2.2.2 Fick’s Second Law- The Diffusion Equation 

From random walk arguments Fick derived  

x
CDFx ∂
∂

−=  (eq. 2.6) 
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where F is the flow of particles per unit of time and unit area, D is the diffusion coefficient 
and C is the concentration at point x at the x-axis. This is Fick’s first law in one dimension. 
Fick’s first law in three dimensions follows from symmetry reasons. 

∧∧∧

∂
∂

−
∂
∂

−
∂
∂

−= z
z
CDy

y
CDx

x
CDF zyx  (eq. 2.7) 

Below the one-dimensional case is especially considered. A plate with no diffusion in the y- 
and z-directions is assumed. A segment of the plate is shown in Figure 2.6. The cross-section 
area of the segment is denoted by A. 

 

Figure 2.6 A segment of a plate. 

In the time t∂  the number of particles in the segment will change according to (eq. 2.8). 

( ) ( ) tFFAtAFAFCAdx ∂−=∂−=∂ 21212  (eq. 2.8) 

where F1 and F2 are the flow through the surfaces at x-dx and x+dx respectively. F1 and F2 
can be rewritten using their Taylor expansions. 

( ) ( )dx
x
xFxFF

∂
∂

= ∓2,1  (eq. 2.9) 

Next step is to insert (eq. 2.9) into (eq. 2.8). 

( )
x
xF

t
C

∂
∂

−=
∂
∂  (eq. 2.10) 

The famous Fick’s second law is now derived by inserting (eq. 2.6). 

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

∂
∂

=
∂
∂

x
CD

xt
C  (eq. 2.11) 

Fick’s second law is also called the diffusion equation. The one-dimensional diffusion 
equation, (eq. 2.11), transforms into (eq. 2.12) when diffusion in three dimensions is 
considered. 
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 (eq. 2.12) 
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The material is assumed to be isotropic, which means that D is equal in all directions. Some 
materials are actually not isotropic and D is then dependent of direction. 

In some cases it may be more practical to use cylindrical or spherical coordinates. Fick’s 
second law then takes the form of (eq. 2.13) for cylindrical coordinates and (eq. 2.14) for 
spherical coordinates. 
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(eq. 2.14) 

The diffusion equation, or Fick’s second law, may be written in general vector form as 

( )gradCDdiv
t
C
=

∂
∂  (eq. 2.15) 

independent of the system of reference. 

When using a constant diffusion coefficient D these equations are considerably simplified. 
Actually it is possible to find an analytic solution, given constant boundary conditions, using 
infinite series of trigonometric terms. As will be shown later there are some materials in this 
thesis that are adequately described by a constant diffusion coefficient. In the general case D 
is a function of concentration as well as of mechanical properties such as stretching of the 
material and expansion due to increase in temperature. Though there are no analytic solution 
for the general case there are several methods to numerically solve the diffusion equation for 
these more complicated cases. 

Fickian and Non-Fickian Diffusion 

Diffusion is often referred to as Fickian or Non-Fickian diffusion. As the names indicate a 
diffusion process that obeys Fick’s second law is Fickian. Even if the diffusion coefficient is 
concentration dependent the process is still Fickian. In the case where the diffusion coefficient 
is a constant the term pure Fickian diffusion is sometimes used. When the material changes its 
structure slowly enough that the time dependent factor must be used, the diffusion process is 
referred to as Non-Fickian. In this case the diffusion process does not obey Fick’s second law. 

2.2.3 Polymer Classifications 

From a diffusion perspective there are great dissimilarities between different types of 
polymers. One type of polymer can even possess very different properties of its own when 
studying the diffusion at different temperatures and penetration concentrations. Polymers 
might be classified into thermosets, rubbery polymer or glassy polymer. The process of 
making a thermoset is irreversible. The polymer strings are cross-linked and are then 
indivisible. Thermosets will be discussed briefly bellow while more attention will be 
dedicated to the other classes. A polymer that is not a thermoset can change between being a 
rubbery polymer and a glassy polymer. The most obvious change of a polymer appears when 
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it crosses its glass transition line. Compared to glassy polymer the polymer strings in rubbery 
polymers are more mobile, and the whole structure is softer and less brittle. This will effect 
the diffusion as well as other properties. 

Figure 2.7 Polymer behaviour as a function of temperature and 
concentration [Hopfenberg and Frisch 69, edited by author]. 

 

a) Case I diffusion in glassy state. 
b) Concentration dependent D in glassy 

state. 
c) Anomalous diffusion 
d) Case II diffusion 
e) Case II diffusion with crazing 
f) Highly swelling rubber polymer 
g) Concentration dependent D, in rubbery 

state. 
h) Case I diffusion in rubbery state. 

The different behaviours of polymers are illustrated in Figure 2.7. The thick line with the 
indication Tg represents the glass transition temperature. The state of polymers above 
respectively below this line is called rubbery and glassy state. 

The theories behind a couple of models of diffusion will be presented below for the different 
states of polymers. The limit between glassy polymers and rubber polymers is rather distinct. 
On the other hand, the transition from one area to another in the glassy state can be more 
difficult to distinguish. The diffusion behaviour changes between different areas, but the 
transition is not immediate, rather continuously changing. Penetrants can not pass through a 
permeable material unless they exhibit enough energy. This energy is called the activation 
energy, and is needed to clear a path between two polymer chains. If the penetrant is small 
enough it can squeeze itself between the chains and the penetration energy is strongly 
reduced. 

2.2.4 Rubbery Polymers 

The area in Figure 2.7 that inhabit the simplest diffusion behaviour is area h. The inner 
structure of a rubbery polymer can be seen as moving strings that allows the penetrants to find 
paths through the material. The polymer adjusts quickly to changes in the surrounding 
environment. When the temperature changes the rubber polymer adjust its volume and 
quickly reaches a new equilibrium. The diffusion is fast and the penetrants only interfere 
marginally with each other. This leads to a concentration independent diffusion coefficient. 
Fick’s second law, (eq. 2.11), in one dimension can be rewritten by taking D out of the 
differentiation. 

2
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∂  (eq. 2.16) 
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When the concentration in a permeable material is lower than its saturation concentration it 
will sorb water until the concentration reaches the saturation level. The mass gain of the 
material against the time is referred to as the sorption curve. The total amount of sorbed water 
in pure Fickian diffusion is proportional to t0.5 until the concentration is getting close to the 
saturation level. [Vieth 79] 

It is not always true that the diffusion coefficient for rubber polymers is concentration 
independent. When the concentration becomes large enough the polymer gets plasticized. 
This occurs in area g in Figure 2.7. Microscopically the high concentration causes the 
polymers to expand and thereby lowering the resistance towards diffusion. The earlier 
constant diffusion coefficient, with respect to concentration, now becomes concentration 
dependent. One common way to describe this is the following equation. 

C
C eDD γ

0=  (eq. 2.17) 

where γ is a material dependent constant and DC0 is the diffusion coefficient at zero 
concentration. There is no physical interpretation of γ  that is generally excepted. 

By empirical reasons Hanspach et al. (92) suggested that (eq. 2.18) instead should be used to 
model the concentration dependence of the diffusion coefficient. 

2
210 CCDD C γγ ++=  (eq. 2.18) 

where γ1 and γ2 are proportional to the volume expansion coefficient e, and to the square of 
the volume expansion coefficient respectively. The volume expansion is proportional to the 
amount of sorbed water. 

eCVV += 0  (eq. 2.19) 

where V0 is the original free volume of the unswollen polymer. 

Sano et al. (92) proposed the following generic equation for describing the concentration 
dependence. 

σKDD 0=  (eq. 2.20) 

where D0 and σ are material dependent constants and K is the mass fraction of water in the 
polymer. It is not clear which model that should be used. All these models might be used 
depending on which one that best fits for one specific experiment. 

At even higher concentrations the polymer enters area f in Figure 2.7. In this area the rubber 
polymer is highly swollen, due to mechanical stresses. The volume will increase and the 
polymer will be able to contain a larger amount of water. At this level the changes is not 
instant, and the system needs some time to adjust and find a new equilibrium state. The 
diffusion process is no longer Fickian. Blackladder et al. (74) introduced the relaxation time 
τ  for the concentration at the surfaces. 

( ) ⎟
⎠
⎞⎜

⎝
⎛ −−+=

− τ
t

ifi eCCCC 1  (eq. 2.21) 

Ci is the initial concentration at the surface, while Cf is the final concentration when ∞→t . 
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2.2.5 Glassy Polymers 

A difference between the glassy state and the rubbery state is that the glassy polymer is much 
more stable. Diffusion in the glassy state is more complicated than in the rubbery state. Glassy 
polymer diffusion may be divided into five different classes. Thus the glassy state is a more 
difficult state to model properly. At low concentrations the glassy state does not differ from 
the rubbery state. Hence a polymer in area a inherits the same diffusion behaviour as in area h 
in Figure 2.7. 

Dual Sorption 
When the concentration increases the diffusion behaviour changes and a constant diffusion 
coefficient is not adequate to describe the process. Barrer et al. (58) suggested that the dual 
sorption model should be used in area b Figure 2.7. The dual sorption model takes into 
consideration that a polymer in glassy state is not a homogenous mass of polymers. This idea 
was stated by Meares (54). He claimed that the glassy state contains small holes called 
microvoids, see Figure 2.8, in which penetrants can be adsorbed. 

 

Figure 2.8 Microvoids with trapped solute molecules. The • is the solute molecules trapped in the microvoids 
while the o represent solute molecule dissolved in the polymer [Hedenqvist 96]. 

The dual sorption model consists of two modes. The first is the Fickian mode and the second 
mode is obtained by considering the amount of penetrant molecules that will be trapped in the 
microvoids, adsorbed to the surface inside the voids. This second mode is called the Langmuir 
mode, and the concentration CH is described by the Langmuir isotherm: 

bp
bpCC H

H +
′

=
1

 (eq. 2.22) 

The dissolved molecule concentration CD, is linearly dependent of the partial pressure. It 
follows Henry’s law. The total concentration is the sum of these two. 

bp
bpCSpCCC H

HD +
′

+=+=
1

 (eq. 2.23) 

where the constant HC′  is the void saturation constant and b is the voids affinity constant. 
Looking at the two pressure limits the total concentration becomes linear in both cases. 

For bp<<1 and bp>>1 (eq. 2.23) reduces to  
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When the pressure, and thereby concentration, increases the material begins to plasticize, in 
the same manner as for the rubbery state. This plasticisation increases the solubility in the 
same way as it increases the diffusion coefficient in the rubbery state. That is commonly 
written as 

CSeSS γ
0= , (eq. 2.25) 

where Sγ  is a material dependent constant. 

The effect of the Langmuir isotherm is shown below. 
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Figure 2.9 Isotherms for two different diffusion behaviours [Hedenqvist 96, edited by author]. 

The four main line segments are: 

I  Henry’s law is applicable 
II  Plasticisation occurs 
III  Dual sorption 
IV  Plasticisation occurs 

The isotherm with line segments I and II is thus an isotherm for a case I diffusion and the 
other isotherm is for dual sorption, which can take place in area b in Figure 2.7. The two 
linear behaviours for the dual sorption isotherm, predicted by (eq. 2.24), are obvious in Figure 
2.9. First the concentration is linear until it declines a bit and accept the next linear behaviour. 
Finally it increases due to plasticasation effects. At low concentration the rubbery isotherm is 
linear since it obeys Henry’s law, (eq. 2.5). 

In area d in Figure 2.7 the so-called Case II and anomalous diffusion occurs. The relaxation 
time in case II diffusion is much slower than the diffusion rate, which means that the 
penetrants will have difficulties finding a way through the polymer. A queue of penetrants 
will build up and they will move through the polymer as a united front. The velocity of this 
front is the only parameter needed to describe the diffusion process. Thus the amount of 
sorbed water will be proportional to the time t until the front reaches the other surface and 
steady state is achieved. 
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Area e in Figure 2.7 is quite extreme. When a polymer material enters this area the situation is 
critical for the material. The mechanical stresses will tear the material apart. Cracks and holes 
will arise. In this situation it is extremely difficult to model the diffusion since these 
unpredictable cracks will influence the result in such great proportions. 

All areas have now been explained except area c in Figure 2.7. This tricky state is called 
anomalous. In case I diffusion the amount of sorbed water is proportional to t0.5, while in case 
II it is proportional to t. In anomalous diffusion, which lies between case I and case II in 
Figure 2.7, the amount of sorbed water is proportional to kt , where k is a number between 0.5 
and 1. The concentration becomes time-dependent on the surface due to mechanical stress-
factors. The material needs time to relax and find a new equilibrium. The approach towards 
the final equilibrium of the concentration at the surface could be described by (eq. 2.26). Ci is 
the initial concentration while Cf is the final concentration when ∞→t . The relaxation time 
τ  determines how fast the concentration reaches equilibrium. [Crank 75] 

( ) ⎟
⎠
⎞⎜

⎝
⎛ −−+=

− τ
t

ifi eCCCC 1  (eq. 2.26) 

Crank (53) suggested that the change in diffusion in this anomalous case consists of two parts, 
one rapid effect and one slow effect.  

si DDD +=  (eq. 2.27) 

The fast effect, Di, depends on the concentration exponentially, i.e. 
C

i eDD α
0= , (eq. 2.28) 

where D0 and α  are constants. Thus the fast effect, Di, has no explicit time-dependence, the 
change in Di with respect to time is only an effect of the time dependence of the 
concentration. 

Suppose that the concentration is increasing. Because of the slow effect Ds, D will continue to 
increase until it reaches another value, Df. 

C
f eDD λ

0=  (eq. 2.29) 

Since it is an increasing procedure for D the constant λ  must be larger than α . 

Assuming that this increase towards Df is of first order (eq. 2.30) is valid. 
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Here χ is also a function of C, as (eq. 2.31) shows, where 0χ  and δ  are constants. 

Ceδχχ 0=  (eq. 2.31) 

The final result of this discussion is the following relationship. 
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This method has the disadvantage of containing five different parameters that must be 
determined. But it has been proved to successfully describe the so-called sigmoid curves, see 
Figure 2.10. 

 

Figure 2.10 Non-Fickian behaviour compared with Fickian behaviour. [C. E. Rogers 65, edited by author] 

The dotted curves in Figure 2.10 are the desorption curves. With desorption is meant that that 
the total amount of penetrants is decreasing. The figure shows the hysteresis of the system. A 
system inherits hysteresis when the state of the system is changed after it is put through both a 
process and the reversed process. There is not much hysteresis in the Fickian case and the 
curves follow each other nicely. Pseudo-Fickian behaviour has been found to adequately 
describe some Fickian systems that starts to level out a little bit early. The sigmoid curve is 
interesting. When the system is allowed to sorb penetrants after having desorbed them the 
curves does not follow each other at all. The desorption curve levels out early and at 
approximately 50% of equilibrium sorption the two curves crosses each other. Sigmoid curves 
can occur when the surface concentration is time dependent and changes at the same rate as 
the diffusion flow [Crank 75]. 

In the Two-stage case, the curve first starts up and reaches a quasi-equilibrium from which it 
can only continue after the concentration at the surface has had time to “catch up”, according 
to (eq. 2.26). 

Semi - Crystalline Polymers 
So far only amorphous polymers have been considered. A polymer is called amorphous if its 
structure is not crystalline. A few chains may form a crystal structure, which means that they 
are bounded close together. Some polymers contain a mixture of amorphous polymer and 
crystals, called semi crystalline polymers. The close packed crystal structures do not allow 
any diffusion through them. Thus the penetrants will have to find a way around the crystals. 
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Figure 2.11 Example on a possible way through a semi-crystalline material. [Vieth 79, edited by author] 

As is obvious in Figure 2.11 the path becomes considerable longer with these crystalline 
parts. A short cut, which penetrants can pass through, can be created when a polymer string is 
pulled out of a crystal [Hoffman et al. 66]. Of course the diffusion coefficient will decrease 
when adding these crystalline parts, (eq. 2.33) describes this. 

τβ
amorphD

D =  (eq. 2.33) 

where Damorph is the diffusion coefficient the material would have without any crystalline 
parts. The constant τ is the geometric factor for crystals. It is simply a measure of how much 
longer the path for the penetrants becomes, and hence it depends upon the amount of 
crystallisation as well as the structure of the crystalline parts. If all of the crystalline parts lies 
in the diffusion direction they would not elongate the path for the penetrants as much as if 
they lie perpendicular to the path. Several explanations are available for the parameter β, the 
immobilisation factor. Michaels et al. (64) stated that the immobilisation factor describes the 
damping of the diffusion caused by the decrease of area for the penetrants to pass, and 
therfore is the size of the penetrants the most significant factor for β. It is not as easy to give a 
method for calculating β. In many cases it is a very good approximation to put β = 1. This is 
possible when the crystallinity is small, or that the penetrants are small enough that they still 
can diffuse between crystals. 

 

Figure 2.12 Properties of crystals when seeing them as oblate spheroids. 

Michaels et al. (61) derived an expression, for calculating τ. They described all crystals as 
oblate spheroids with parameters w and l defined in Figure 2.12. 

3
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(eq. 2.34) 

X is the expression 
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where va is the volume fraction amorphous polymer. With the help of a microscope the 
material can be analysed, and the parameters va, w and l can be determined. Using equation 
(eq. 2.34) and (eq. 2.35) τ  can easily be calculated. 

2.2.6 Thermosets 

Some polymers are due to special treatment thermosets. A thermoset is a polymer that 
consists of carbon chains that are bounded strongly to each other by cross links. These 
polymers do not melt and the chain structure will be intact until the temperature is high 
enough to chemically break it down. Epoxy is an example of a thermoset. Wong et al. (85) 
found that epoxy can be described by a concentration dependent diffusion coefficient. One 
interesting feature was that the film thickness influenced the diffusion coefficient. But if the 
films where thicker than 0.76 mm this effect could be neglected. The epoxy had an anomalous 
sorption – desorption curve in the way that the diffusion coefficient was higher for desorption 
than for sorption. The epoxy inherited hysteresis, as the cases a and d in Figure 2.10. After 
exposing the epoxy to a full desorption – sorption cycle the diffusion coefficient for sorption 
was actually larger than it was the first time. This is caused by the penetrants in the first 
sorption process that changes the material’s molecular structure. The material is stretched and 
therefore sorbs water more easily. This change in the material will diminish with time. How 
fast this resiliency takes place is describe by the so-called relaxation time. 

Laoubi et al. (90) found good agreement between theory and experimental data using a 
constant diffusion coefficient. They also got a higher diffusion coefficient after one sorption – 
desorption cycle. 

Bonniau et al. (81) states that Henry’s law is applicable. The diffusion process turned out to 
be dependent on which hardener that was used when manufacturing the epoxy. They tested 
three different hardener for epoxy, and found that diffusion in one of the epoxy films could be 
explained by a constant diffusion coefficient. For the second epoxy the dual sorption model 
was needed to get good agreement to the measurement data. The third and last epoxy did not 
survive the tests. In the beginning it absorbed water in a Fickian way. But instead of reaching 
a saturation level the epoxy at the surfaces became target for erosion. This occurred at 40 
degrees Celsius and above. The material got microcracks as well. These damages are of 
course irreversible. 

The results from these experiments differ from a constant diffusion coefficient to the extreme 
where the epoxy is destroyed by cracks and erosion. The dual sorption model that Bonniau et 
al. (81) found for one of their cases was supported by an experiment of Apicella et al. (88). It 
seems though that it is hard to conclude which model is the best in general for epoxy. 

2.2.7 Steady State 

If there is a partial pressure gradient of a penetrant over a permeable material there will 
eventually be a steady flow of penetrants through it. For materials with concentration 
independent diffusion coefficients in steady state the permeability P can be defined as 
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(eq. 2.36) 

where A is the area of the surface and F is the steady state mass flow of particles through a 
unit area in a unit time. The denominator is the partial pressure gradient over the material. The 
permeability P can also be expressed in another way with the solubility S and the diffusion 
coefficient D by using Henry’s law, (eq. 2.5). 

DSP =  (eq. 2.37) 

When P is determined for a material it can be used to predict the flow through it given the 
area and the partial pressure gradient. 

x
p

Δ
Δ

−= APF  (eq. 2.38) 

This relationship is only valid when the diffusion coefficient is concentration independent.  

Many materials have a concentration dependent diffusion coefficient. The steady state flow 
through a material with an exponential concentration dependent diffusion coefficient was 
derrived by Reigo (00) to be 

( )210 CCc ee
x
AD

F γγ

γ
−

Δ
=  (eq. 2.39) 

 

2.2.8 Temperature Dependence - The Arrhenius Equation 

The diffusion coefficient, D, can be a function of the temperature whether it is dependent of 
the concentration or not. In small temperature intervals the Arrhenius equation is usually used 
to describe this temperature dependence of the diffusion coefficient.  

RT
ED

eDD −= 0  (eq. 2.40) 

where R is the universal gas constant, ED is the activity energy for diffusion and D0 is the 
constant of diffusion at infinite temperature. The constant ED is thus a measure of the 
temperature dependence of the diffusion. Actually even ED might be temperature dependent. 
Empirically Amerongen (49) expanded (eq. 2.40) to larger temperature interval by adding a 
temperature dependence on the derivative and derived the following equation. 

RT
E

R
a

eTDD
T 0

0
−′=  (eq. 2.41) 

The constant 0D  is changed to 0D′  which is just a modified constant for this substitution, aT is 
the temperature dependence factor for the activation energy and E0 is the activation energy at 
zero degrees Kelvin. 

The permeability P and the solubility S can also vary with the temperature. Amerongen (49) 
states the same relation for the temperature dependence as for D. 
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RT
EP

ePP −= 0  (eq. 2.42) 

and 

RT
ES

eSS −= 0  (eq. 2.43) 

where P0 and S0 are constants, EP is the activation energy for permeability and ES is the heat 
of solution. They are both approximately constant in small temperature intervals. For 
penetrants that easily condense the heat of solution is often negative, meaning that the 
solubility will decrease with increasing temperature. Since water does condense easily this is 
behaviour is expected to take place. 

The Arrhenius equation is not always the best description of the temperature dependence, 
other relations may be used as well. 

2.2.9 Sorption in a Plane Sheet 

When the diffusion coefficient is constant an analytic solution to Fick’s second law is 
available. This is constituted by an infinite series of trigonometric terms [Crank 75]. If a 
plane sheet is exposed to higher humidity than it inherits it will start to sorb water. Assume 
that the sheet fulfils three requirements. 

1) The initial humidity concentration in the sheet is uniform 
2) The surface concentration is constant during the time of sorption 
3) The mass of the water uptake is of negligible magnitude compared to the mass of the sheet 

The relation between the sorbed mass at time t, Mt, and the sorbed mass when the sheet has 
reaches equilibrium, ∞M , can be written using infinite series of integrated error functions. 
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−+= ∑
∞

=

−

∞ !

2
1

2
1

124
n

nt

Dt
nlierfcDt

lM
M π  (eq. 2.44) 

where l is the thickness of the sheet. The sum of error terms will be negligible in the 
beginning of sorption. Therefore an easier expression can be settled for the beginning of 
sorption. 

π
Dt

lM
M t 4

=
∞

 (eq. 2.45) 

This implies that the mass uptake is proportional to the square root of the time. By plotting the 
fractional mass uptake by the sheet against the square root of the time the diffusion coefficient 
can be calculated from the slope. 
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2.3 Water Transfer in Gore-Tex 
Gore-Tex laminates consist of various fabrics with a microporous polytetraflouroethylene 
(PTFE) Gore-Tex film. The film is expanded to produce pore volumes of 82% with the largest 
pore being 0.2 μm. The combination of the natural hydrophobicity of the PTFE, the very 
small pore size and the large number of pores allows the Gore-Tex film to discriminate 
between water as a gas and water as a liquid. The molecules of gaseous water can easily flow 
through the Gore-Tex film since they are about 700 times smaller than the pores in the film. 
Due to the free energy considerations liquid water consists in its smallest configuration as a 
macro droplet that is many thousands time larger than the pores and is effectively stopped 
from going through the Gore-Tex film. [Tanner 79] 

As been discussed in the absorption theory the water vapour pressure wants to equalise at both 
sides of the film. Gordon (75) writes that there are two different kinds of mechanisms that 
control the flow of water in the Gore-Tex laminate. When there is a difference in total 
pressure across the leak path it is said to be a viscous flow. If the partial pressure is different 
on the two sides of the Gore-Tex laminate the flow is referred as a diffusive flow. The two 
kinds of flows can be considered separately since they have a weak dependence. The rate at 
which the vapour molecules will diffuse is expressed by Fick’s law of diffusion [Tanner 79]. 

D
D R

ACF ⋅Δ
=  (eq. 2.46) 

FD = Quantity of moisture transmitted by diffusion per second 
ΔC = Difference in absolute moisture concentration 
A = Area 
RD = Water vapour diffusion resistance of the material 

The direction of the flow is determined by the concentration gradient ΔC. The diffusion 
resistance RD is temperature dependent and increases as temperature drops. This dependency 
is described by Osczevski (96) and is explained by the reasoning that a molecule needs certain 
energy to diffuse through the Gore-Tex and as temperature drops fewer water vapour 
molecules will have sufficient energy to diffuse. Osczevski (96) gave that the temperature 
dependence of RD has the form: 

TR
D eRR ⋅⋅=

ε

0  (eq. 2.47) 

R0 = Diffusion resistance coefficient 
ε = Activation energy for the diffusion 
R = Universal gas constant 
T = Temperature 

The ideal gas law determines the viscous flow in the Gore-Tex laminate. A viscous flow 
through the Gore-Tex will occur when there is a pressure difference over it. This flow will 
quickly eliminate the pressure difference. The viscous flow through the Gore-Tex filter can be 
assumed to be infinite. With this assumption there will never be any difference in pressure 
over the Gore-Tex filter. A change in the pressure outside the ECU will cause a flow through 
the Gore-Tex such that the pressure in the ECU is the same as outside. Observe that this flow 
is only dependent of the total pressure, not the partial pressure. At the conditions studied in 
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this thesis the ideal gas law is a good approximation and yields during the whole pressure 
change procedure. The flow of particles due to the pressure change is described by (eq. 2.48) 

t
p

Tk
V

t
n

B

p

∂
∂

=
∂

∂
 (eq. 2.48) 

where np is the number of molecules during the pressure change, V is the volume, kB is 
boltzmanns constant and p is the partial pressure. The temperature inside the ECU can change 
and thereby cause a change in the pressure. This effect can also be expressed with the ideal 
gas law. 

t
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pV

t
n

B

T

∂
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−=
∂
∂

2  (eq. 2.49) 

where nT is the number of molecules during the temperature change and T is the temperature 
inside the ECU. The pressure is assumed to be the same inside and outside the ECU while the 
temperature can be different. Since (eq. 2.48) and (eq. 2.49) describes the flow of air and not 
of humidity they must be multiplied with a factor that describes the relative density of water 
in the air to finally end up with the flow of water vapour. The total viscous flow into the ECU 
through the Gore-Tex is the sum of these two equations. 
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where FV is the quantity of moisture transmitted by viscous flow and the factor θV describes 
the relative water vapour density in the air that flows through the Gore-Tex. 
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ρ

ρ
ρ
ρ

θ  (eq. 2.51) 

where ρ is the density.  

The total flow F is the sum of FD and FV. 
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2.4 Thermal Transport Theory 
Since the diffusion process is dependent of the temperature it is of great interest to examine 
and model the temperature distribution in the system. Sometime the temperature changes 
rapidly but since the diffusion process is very slow it is chiefly the equilibrium state that is 
interesting. The system is therefore always in a quasi equilibrium state and it is a good 
approximation to assume that the materials have the same temperature at every point. This 
means that heat will be transferred between different materials, while the transport of the heat 
in one material is never considered. This method will be applicable since the materials with 
low thermal conductivity are relatively thin, thus the slow rate of change in temperature will 
scarcely cause any temperature gradient of magnitude. In the air inside the ECU this is though 
not the case. The thermal conductivity of air is about 10.000 times less then for Aluminium 
for instance. This low thermal conductivity in combination with the quite big volume of air 
makes the heat transfer through the air slow. In the transient state the model will therefore 
experience some error that will decrease as the temperature T stabilises in the air. The heat 
transfer from material 1 to material 2 is described by (eq. 2.52). 

( )12 TTAQ T −−= α  (eq. 2.52) 

where A is the cross section area between the two materials and αT is the heat transfer rate 
between them at given conditions. Assuming that Q is a positive heat flow into a material, this 
heat will increase the temperature inside the volume. The energy it takes to increase the 
temperature of the material is 

TCE VΔ=Δ  (eq. 2.53) 

where CV is the heat capacity of the material. To obtain the net inflow of energy into the 
material the total outgoing heat flow has to be subtracted from the total incoming heat flow. 
By dividing both sides of (eq. 2.53) with the time-step tΔ  and letting 0→Δt  an equation for 
the change in temperature is derived. 

V

outin

C
QQ

t
T −
=

∂
∂  (eq. 2.54) 

By using (eq. 2.52) and (eq. 2.54) a thermal model can be designed. In this thesis the Matlab© 
toolbox Simulink© is used to model all components involved in the system. Since the transient 
phase is not included the model will respond to changes too fast. 

When an ECU is used in practise it is internally heated by some power consuming 
components. To include this internal heating a few power resistors is mounted on the cooling 
flange inside of the ECU. These power resistors can be used to add an inner effect in the 
ECU. In the model this inner effect is inserted by adding the effect Qin for the cooling flange.  

Comparisons between the model and reality are illustrated in Figure 2.13 - Figure 2.15. In 
Figure 2.13 an empty ECU with sealed connector is used to isolate the thermal properties of 
the housing and lid only. In the other two cases a complete ECU with the connector is used. 
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Figure 2.13 The temperature inside an empty ECU with sealed contacts-outlets 

while the surrounding temperature is increasing. 
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Figure 2.14 The surrounding temperature is kept fairly constant while an inner 

effect of 4.2 Watt is used, the ECU is intact. 
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Figure 2.15 The temperature outside the ECU is decreasing, and an inner effect 

of 4.2 Watt is used. The ECU is intact. 
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As expected the largest errors occur at points where the conditions alter most rapidly. When 
the system is heated the model predicts an air temperature of about one half degree Celsius 
higher than the measured values. One must then bear in mind that the temperature is measured 
in the middle of the ECU. The temperature in the air will be slightly higher close to the 
cooling flange than in the middle, the average temperature in the air is therefore a bit lower 
than the measured one. These faults are only within a short time span and they are still not as 
considerable large that they cause any large errors. The diffusion process is much slower than 
these time spans and these effects can be neglected. Thus the model agrees with the reality 
accurate enough to be used for the diffusion models. 
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2.5 Numerical Methods 
A solid numerical method has to be used to be able to create a useful computer model. Speed 
is one factor that is considered, but the most important factor is of course that the numerical 
model is stable and accurate. One commonly used method for diffusion and heat transfer 
problems is the Crank-Nicholson method. The method is often stable and quite fast as well. 

2.5.1 Crank-Nicholson Method 

The concentration in the discretion of Fick’s second law is denoted by n
jC , where j is the 

position index and n is the time index. It is possible to choose several methods for rewriting 
the diffusion equation. 

⎟
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x
CD

xt
C  (eq. 2.55) 

The Crank-Nicholson scheme is founded on the idea of dividing the right side of (eq. 2.55) 
into two parts. One part using the current values while the other part uses the values at the 
next time step, i.e. 

1
1

2
1

2
1 +

+

+=
Δ

− nn
n
j

n
j ff

t
CC

. (eq. 2.56) 

In this case ⎟⎟
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Adding the Crank-Nicholson scheme the complicated (eq. 2.58)-(eq. 2.60) is derived. 
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These equations can be rearranged to become easier to understand. Moving all terms with 
index n+1 to the left side and the free terms with index n to the right side (eq. 2.61) is derived. 
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If the diffusion coefficient is a given function of the concentration, the left side depends only 
on three variables, 1
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(eq. 2.61) is just a known number. Now introducing the coefficients a, b, c and F as 
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(eq. 2.62) 

makes (eq. 2.61) nice and short. 
n
j

n
j

n
j

n
j

n
j

n
j

n
j FCcCbCa =++ +

+
++++

−
+ 1

1
1111

1
1  (eq. 2.63) 

This reasoning do not apply at the boundaries, i.e. (eq. 2.63) only applies for 2 ≤ j ≤ N-1. 

In matrix form (eq. 2.63) is written as 
nnn FCE =++ 11 , (eq. 2.64) 
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 (eq. 2.65) 

Here the boundary concentrations are assumed to be constant. If this is not correct the 
boundary values have to be modified and the equation gets more complicated. The general 
case is described in section 2.5.3. 
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2.5.2 Sorption at the Boundary 

The behaviour of the boundary values is material dependent. Henry’s law can usually be used 
to describe the boundary conditions for rubbery polymers, while a more advanced model must 
be used for some other materials. 

General Case 
The flux F into a material is proportional to the difference in concentration at the surface of 
the material and the surroundings. 

( )10 CCFF out −=  (eq. 2.66) 

where F0 is a coefficient of moisture transfer, Cext is the external concentration and C1 is the 
concentration at the surface. With the same discussion as when Fick’s second law was derived 
the change in the amount of particles in a segment at the surface is 
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With a couple of replacements, 
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(eq. 2.67) can be rewritten into the more useful form 
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++−++=+ ++ . (eq. 2.69) 

Henry’s Law 

For some materials Henry’s law is adequate enough to use at the surface. Then the boundary 
concentrations are proportional to the partial pressure and (eq. 2.64) and (eq. 2.65) can be 
used, setting C1 and CN in nF  as 

NN SpC ,1,1 = . (eq. 2.70) 

For rubbery polymers this is an applicable method. When this type of boundary condition is 
used the boundary concentration will be constants if the surrounding partial pressure is 
constant. Then (eq. 2.64) and (eq. 2.65) can be used to numerically describe the process of 
diffusion into a plate. 

 



Oscar Björnham and Tobias Sundqvist 
Measuring and modelling of humidity penetration in an electronic control unit 

 

 36

2.5.3 Model for a Plate With General Boundary Condition 

By using (eq. 2.69) in (eq. 2.65) the whole plate can finally be written in matrix form as 
nnn FCE =++ 11 , (eq. 2.71) 
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 (eq. 2.72) 

The modifications from (eq. 2.65) are that there are now two 1 at the boundaries in the matrix 
and nF  is not constant for the boundaries. The new values are as follows. 
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As before the a, b, c and F (for 2 ≤ j ≤ N-1) are defined as 
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(eq. 2.73) 

All the coefficients an+1, bn+1, and cn+1 depends on the unknown concentrations at time n+1. 
By using functional iteration this can be solved. Functional iteration is used by first “guess” 
the matrix 1+nE , then the new 1+nC  is used to calculate a better 1+nE . This is repeated until the 
error is less than some limit. There are several ways to choose the first 1+nE . One easy and fast 
way is to take one explicit step, e.g. without using Crank-Nicholson method. These numerical 
methods are implemented in Matlab© toolbox Simulink© to build up models for the ECU. 
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3 THEORETICAL DISCUSSION OF ECU MODEL 
An ECU is very complicated compounded of a large number of different components, that 
must be modelled in a proper way. Of course some components are of greater importance than 
others. Size as well as material and position in the ECU are all factors to be considered. 
Special attention is focused on the most important parts when modelling the ECU. The 
material and the physical property of each component are determined in this chapter. The 
theories in chapter 2 are then used to determine the correct absorption and adsorption model 
for each component. Some materials do not absorb or adsorb water sufficiently much to be 
accounted for and if nothing has to be discussed the model for those materials are not 
mentioned. 

3.1 Materials and Models 
Different possibilities have now been evaluated when it comes to adsorption and absorption. 
The components in the ECU must be examined to be able to model their effects on the system 
properly. When there are many microelectronic components involved as in this case it is 
necessary to adopt some approximations. First of all no individual attention is paid to 
components that are very small in comparison to larger ones. Some of them might be included 
anyway, since a large number of these small components do effect the results. All the small 
components of the same kind will be substituted by one large component with the same 
effective properties regarding adsorption and absorption. 

The next approximation concerns metal objects. There is practically no diffusion at all in 
metals, object of metal will therefore be excluded in the diffusion models. On the other hand 
the metal surfaces contribute the most to adsorption. There are large metal surfaces in the 
ECU that will be examined closer for this purpose. 

When modelling the different components the material as well as the geometry of the object is 
very important. The volume decides how much humidity a component can absorb and the 
magnitude of the surface decides how much humidity a component can bond by adsorption. In 
the process to absorption saturation the geometry will decide how fast, and to some extent in 
which way, the concentration changes in the material. Scratches, holes and general roughness 
will increase the active surface on the metals, allowing more molecules to adsorb at the 
surface. 
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a

b

 

Figure 3.1 The lid with gasket. 

c

d
 

Figure 3.2 Empty housing from above. 

e

f
 

Figure 3.3 Contacts with gasket 

These pictures show the ECU, with 
components, and the contact towards the 
harness. 
a) Gasket between the lid and the housing 
b) Lid 
c) Housing 
d) Gore-Tex filter  
e) Connector cover (ECU) 
f) Gasket surrounding connector 
g) Connector cover (Harness) 
h) Isolation sealing 
i) Electrolyte capacitors 
j) Stabilisation paste 
k) IC-circuits 
l) Screw support 
m) Printed wire board (PWB) 
n) Cooling flange 
o) EMC-shield 

 

g
h

 

Figure 3.4 Contact towards the harness. 

o i
j
k

l

m

n

Figure 3.5 View over the printed wire board (PWB) 
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3.1.1 Gasket Between the Lid and the Housing (a) 

One possible way for water vapour to penetrate the ECU is through this gasket. It consists of 
silicone, which is a soft rubber polymer and is modelled with Fickian diffusion, possibly with 
weak concentration dependence as well as temperature dependence. When the lid is mounted 
on the housing the gasket has the dimensions shown in Figure 3.6. 

 

Figure 3.6 Cross-section showing the form of the gasket between the lid and the housing. 

The gasket has not the same conditions for diffusion at all sides. Figure 3.6 shows the form of 
the gasket at the connector side. At this side the humidity must enter between the two metal 
surfaces as the white arrow shows. Since the ECU does not look the same at the contact side 
as on the other three sides, the conditions for diffusion varies. The form of the gasket is equal 
at all sides, but the metal will open up in different ways. In Figure 3.7 below the two different 
cases are illustrated. 

 
Figure 3.7 Comparison between the gasket at the contact side (b) and the other sides (a). 

The outside of the ECU is on the right side of the gasket and hence the left side is the inside of 
the ECU. The very tiny entrance area in case b makes diffusion much slower at the contact 
side than on the other three sides where humidity can enter the gasket in a considerable larger 
area. The length of the gasket on the three similar sides is 50.7 cm. At the corners the gasket 
is of case b kind. The total case b length is 21.7 cm. Even though there will not be much 
humidity entering the case b gasket there will be diffusion within the gasket. 
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The geometry of the gasket is difficult to simulate diffusion in. The solution to this problem is 
to let a rectangular block of the same thickness, but with a modified area substitute this 
gasket. The area is modified in such way that the steady state permeability through the gasket 
remains unchanged. This substitution is possible to execute by using the Matlab© toolbox 
Femlab©. The height of the substituting block is 1.49 mm when the thickness is held at 6.0 
mm. 

The diffusion behaviour of the silicone material was examined by a sorption test as described 
in Appendix B. From this test both the solubility and the diffusion coefficient could be 
calculated. The results are accounted for in chapter 4.2.1 Solubility and Diffusion Coefficient. 

3.1.2 Lid (b) 

The lid is made of cold-pressed aluminium that is zinc alloyed to reduce the oxidation. The 
zinc layer is thick and the surface can be considered as zinc. The area of the lid is 0.036 m2 
and the surface roughness is somewhere between the roughness of the cooling flange and the 
housing, see Table 2. Zinc produces a stable oxide layer upon the surface and according to 
Richard (96), both ZnO and Al2O3 have a very rapid uptake of water. This means that the 
adsorption on the lid is likely to behave as on the housing but due to the manufacturing 
method the amount of water adsorbed is probably much smaller on the lid. 

3.1.3 Housing (c) 

The housing has been cast in one piece and consists of aluminium. The surface has not been 
exposed to any polishing or coating which means that it is quite rough and has an oxidation 
layer covering it. The total area inside of the housing that can adsorb water is 0.052 m2. 

Kochsiek (82) has studied the adsorption on different surfaces, e.g. aluminium. Kochsiek (82) 
found that on a mechanically polished surface with no detectable oxide layers. Ra ≈ 0.05 μm 
and Rz ≈ 0.2 μm, which is significant smoother than an untreated surface. To estimate if the 
surface in the ECU is similar to the surface that Kochsiek (82) studied, a roughness 
measurement of its surfaces was made. 

Table 2 Roughness measurement on the ECU. 

Material Ra (μm) Rz (μm) 
EMC-shield on connector (Cold-pressed, tin alloyed) 0.06 0.78 
Cooling flange (AlMg2Mn0,3W16) 0.10 0.84 
Solder pads (Sn) 0.13 0.65 
Lid (Cold-pressed aluminium, zinc alloyed) 0.50 2.67 
Housing (Cast AlSi12Cu) 1.12 6.76 

The factors Ra and Rz agree with the machining method used in STD28 and no further 
treatment has been performed to get a smoother surface after the fabrication. 

As can be seen in Table 2 the surface of the housing is very rough compared to the polished 
surface Kochsiek (82) studied. The adsorption on the surface is therefore likely to behave as 
the untreated case in Figure 2.5. This means that it will be a large amount of water adsorbed 
in almost the whole humidity range and the FHH-isotherm or an adopted polynomial model is 
most useful. 
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3.1.4 Gore-Tex Filter (d) 

Behind the cover that is riveted on the housing in Figure 3.2 is a nylon fabric copolymer. In 
this thesis it is replaced by a Gore-Tex filter. The reason for this replacement is that Gore-Tex 
is more interesting in future applications. The area of the Gore-Tex filter in the ECU is 
73.9⋅10-6m2. There have been several studies of the flow of water through Gore-Tex filters, 
see e.g. Osczevski (96) or Tanner (79), and the diffusion through the Gore-Tex filter is 
modelled by the equations in section 2.3 Water Transfer in Gore-Tex.  

3.1.5 Connector Cover (e and g) 

Nylon is used as connector cover material. A more detailed description of this nylon is 
polyamide 6.6 with glass fibre intermixed. Glass fibre has the same effect on diffusion as 
crystals in the amorphous glassy polymer. Hunt (80) tested the diffusion properties of 
polyamide 6.6. He found that there where no anomalous effects and polyamide could be well 
described with a concentration dependent diffusion coefficient. Moreover he found that 
Henry’s law is applicable at least for concentrations below 50%. The large amount of glass 
fibre must of course be included too, and the connector cover material can be classified as a 
semi-crystal glassy polymer. 

Actually it is not the same connector cover material in the harness contact as in the ECU. In 
the harness contacts it is polyamide 6 that inherit qualitatively the same physical properties. 
The connector cover in the ECU has 50% glass fibre compared with the lower 30% glass fibre 
on the harness connector cover. The percent glass fibre given above is by weight. 
Recalculating it into per cent of volume and using spherical geometry the factor τ in (eq. 2.33) 
can be calculated. Hanspach et al. (92) tested the diffusion through polyamide 6. The result 
was that polyamide 6 could be well described by a concentration dependent diffusion 
coefficient. Recalculating their results and putting the concentration and temperature 
dependence together the following expression for the diffusion coefficient is derived. 

( ) RT
ED

eCDD −
+= 2

20 γ  (eq. 3.1) 

where 

D0 = 2.1⋅10-5 m2s-1 
γ2 = 1.77⋅10-7 m8kg-2s-1 

ED = 4.73⋅104 Jmol-1. 

Assuming that Henry’s law is applicable for all concentrations the solubility can be calculated 
to be S = 7.8⋅10-3 kgJ-1. Since polyamide 6 and polyamide 6.6 are similar materials this model 
is assumed to be useful for polyamide 6.6 as well. 

3.1.6 Gasket Surrounding the Connector Covers (f) 

The connectors are insulated by a gasket made of NBR, nitrilbutyl rubber, which is a rubbery 
polymer. The water vapour permeability of NBR is four to five times lower than for silicone 
at room temperature [APA 98]. Humidity from the surrounding has two different ways to 
penetrate the contact. Either through the isolation sealings and a thin wall of polyamide 6.6 or 
through a very thin slit between the connector cover and the housing and then through the 
NBR gasket. The isolation sealings (h) is made of silicone and the thickness are of the same 
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order as for the NBR-gasket. The area is far more generous for passage through isolation 
sealings and polyamide 6.6 than for the thin slit and the NBR passage. This concludes that the 
water vapour transmission through the slit/NBR can be neglected. The gasket is though in 
contact with the air inside the ECU. The absorption will therefore influence the system in the 
ECU. NBR will be modelled with a constant diffusion coefficient approximately 4 times 
lower than the silicone gasket. 

3.1.7 Isolation Sealing (h) 

On each harness contact there are 35 holes available for cords. Sealings are used to isolate and 
stabilise the contacts. They are cylindrical with a diameter of 4.6 mm and a height of 8.0 mm. 
These sealings are the only obstacle between the humidity outside and the connector cover 
(e). Rubbery polymer can most often be described by Fickian diffusion. An experiment where 
done to examine the permeability properties of these sealings. The results are given in 
Appendix C. 

3.1.8 Electrolyte Capacitors (i) 

The outer shelter is made of impenetrable metal except for the bottom part. At the bottom part 
there is a rubbery plate with a thickness of 5 mm on the larger capacitors and 6 mm on the 
smaller. Inside these cylinders there is mostly highly compact metal plates. It will be assumed 
that the amount of water inside the electrolyte capacitors is of insignificant order of 
magnitude. On the larger capacitors the diameter is 10 mm while the smaller capacitor has a 
radius of 7 mm. These plates remind of NBR and will be modelled in the same way. The 
plates are assumed to be able to absorb some water while the small volumes inside is 
neglected. 

3.1.9 Stabilisation Paste (j) 

The stabilisation paste is made of silicone as the gasket between the housing and the lid. The 
diffusion process is examined by the same sorption test as for the gasket. See Appendix B for 
detailed information concerning the sorption test. Results from the test are accounted for in 
section 4.2.1 Solubility and Diffusion Coefficient. The geometric form of the paste is very 
hard to describe. A rough approximation is needed to model the stabilisation paste. The 
volume of the paste in the ECU used in the measurements is 13.7 cm3. 

3.1.10 IC-Circuits (k) 

The IC-circuits, or more shortly just IC, on the printed wire board (FR-4) consists of fused 
silica mixed in epoxy. 

Table 3 Content of the body material of the IC-circuits. 

Material Amount (Weight percent) 
Fused silica 70% 
Epoxy 30% 

A cross-section of an IC is shown in Figure 3.8. The different substances are well mixed and 
can be seen as a genuine material of its own. The fused silica can be seen as small 
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impermeable spheres that render the diffusion more difficult. All diffusion will take place in 
the epoxy, which is a thermoset. 

 

Figure 3.8 Cross-section of an IC. 

It is not clear which model that best describes diffusion in epoxy. The model will however 
have a reduced diffusion coefficient due to the large amount of silica in the IC. Apicella et al. 
(88) found that epoxy filled with 60% quartz powder can sorb 0.36% of its weight at 20°C. 
The sorption curve follows the Arrhenius equation and can be summarised as (eq. 3.2). 

RT
ES

eSS −= 0  (eq. 3.2) 

where S0 = 1.24⋅10-7 kgJ-1 and ES = -2.43⋅104 Jmol-1. From the same experiment the diffusion 
coefficient can be derived as 

RT
ED

eDD −= 0  (eq. 3.3) 

where D0 = 7.773⋅10-8 m2s-1 and ED = 3.243⋅104 Jmol-1. The diffusion where concentration 
independent. The amount of fillers is in the same order as for the IC-circuits in Apicella et al. 
(88) and the result is therefore applicable. 

Plastic Screw Support in the Middle of the PWB (l) 

This plastic piece carries no particularly name, and will be referred to as the screw support. It 
is made of polyamide 6.6 with 30% glass fibre. The same model is used for the screw support 
as for the connector covers. 

3.1.11 Printed Wire Board – FR-4 (m) 

All components in the ECU are attached to the printed wire board (PWB). It is a FR-4 and 
consists of a glass fibre weave that is surrounded by epoxy. Within the board there are four 
conducting layers of copper which separates the glass fibre epoxy weave into three layers as 
Figure 3.9 reveals. 
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Figure 3.9 Cross section of FR-4. 

The middle layer is approximately twice as thick as the other two. The area of the FR-4 is 
16.6×17.4 cm2 and the thickness is 1.67 mm, 20% of the thickness is the conducting copper 
layer. Thus the middle epoxy has a thickness of 0.67 mm and the thinner layers have 
thickness of 0.33 mm. 

Since the board consists of two different polymers a closer look on the structure is needed. 
One sub-layer of glass fibre and one sub-layer of epoxy build each layer in the board. The 
glass fibre layers can be seen as major crystals in the sense that no water vapour will be 
solved inside the glass fibre layer. All diffusion will take place in the epoxy layer. Epoxy is a 
thermoset and will therefore solute water vapour in accordance with the theories for 
thermosets described earlier.  

Due to the conducting copper layer uppermost and in the bottom of the board, the water 
vapour is only going to enter the epoxy at the edge of the board. Since the entering area is 
very small compared to the length of the card it will take a considerable time for the 
penetrants to reach the innermost region. The system can actually need several months to 
reach equilibrium [Seah et al. 86]. This means that the stabilisation time for the diffusion will 
be extremely extended compared to earlier cases. 

As the water vapour enters and leaves the board as time goes by, the epoxy layer will expand 
and contract and finally some exhaustion is going to occur at the edge of the board. The edges 
are then going to behave as is shown in Figure 3.10. 

 
Figure 3.10 Surface decohesion of the FR-4 [Seah et al. 86, edited by author]. 

At the edge of the FR-4 the layers will loose contact with each other. This phenomenon 
drastically increases the area of which the penetrants can enter, and hence the diffusion will 
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increase. The diffusion might be enhanced with as much as a factor of 5. Since the cross-
section area inside of the epoxy are smaller than at the edges, the increased diffusion rate will 
fade away as the concentration inside the epoxy increase. [Seah et al. 86]  

Diffusion in the Epoxy Resin 
An experiment was done in 1986 with focus on diffusion and mass uptake in the epoxy layers 
in a FR-4. This experiment was performed by Seah et al. (86), following results and 
discussion are taken from that experiment. The weight uptake of water vapour in epoxy at low 
concentrations can be expressed as follows. 

( )
π
Dt

Lw
tw

TOT
∗=

Δ
Δ 4  (eq. 3.4) 

where Δw(t) and ΔwTOT are the weight uptake of water vapour at time t and at equilibrium 
respectively. As in the case with rubbery polymer the uptake is proportional to t . In one 
dimension ∗L  is simply the length of the material. In three dimensions ∗L  must be modified 
with respect to the geometry of the material. In the case of plates ∗L  is given by (eq. 3.5). 

zyx LLLL
1111

++=∗  (eq. 3.5) 

where Lx, Ly and Lz are the length of the plate in respective direction. This means that xLL ≈∗  
if Lx is the thickness of the plate since its thickness is considerably smaller than the other two 
lengths. This means that (eq. 3.4) is basically the same as for water uptake with one-
dimensional Fickian diffusion. The experiment confirmed that the epoxy layers follows the 
theory above. The results where accurate, as Figure 3.11 shows. 

 
Figure 3.11 Weight uptake against t.  

In the beginning there is a bulge that can be assigned to the larger area of the material caused 
by the decohesion in Figure 3.10. The damping effect at high t is simply because the material 
approaches saturation. For 25° C the slope has the value 0.5 as expected from (eq. 3.4). For 
higher temperatures the slope increases. Seah et al. (86) dedicates this effect to temperature 
stabilisation issues or real chemical effects. 

The diffusion coefficient for two different temperatures was extracted from the experiment. 
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1214
25

103.3 −−
=

⋅= smD
CT o  (eq. 3.6) 

1212
100

109.4 −−
=

⋅= smD
CT o  (eq. 3.7) 

The Arrhenius equation, (eq. 2.40), was used to calculate the activation energy for diffusion to 
be 

16.61 −= kJmolED  (eq. 3.8) 

with a diffusion coefficient of 

123
0 1008.2 −−⋅= smD . (eq. 3.9) 

Seah et al. (86) did only give one result for the sorption of the FR-4. They found that the 
solubility at 25°C was S = 4.2⋅10-3 kgJ-1. The temperature dependence is supposed to be the 
same as for the epoxy in the IC-circuits. Adding that heat of solution gives the equation for 
the solubility. 

RTeS
24300

71034.2 −⋅=  (eq. 3.10) 

3.1.12 Cooling Flange (n) 

The area of the cooling flange is 0.0190 m2 and it consists mainly of aluminium. Since the 
surface is quite large and made of almost the same material as the housing one may expect the 
surface to adsorb a measurable amount of water. But since the surface is much smaller and 
smoother than the surface of the lid and the housing, see Table 2, the adsorption contribution 
from the cooling flange is neglected. 

3.1.13 EMC-Shield on the Connector (o) 

The surface of the shield consists of tin and is very smooth compared to the surface of the 
housing or the lid, see Table 2. Due to the smoothness of the surface and the fact that the 
surface area is more than ten times smaller than the area of the housing and the lid, the 
adsorption on the shield can be neglected. 

3.1.14 Remaining Components on the ECU 

The solder pads, where all of the circuits are attached, are not marked in Figure 3.1 - Figure 
3.5. The solder pads consist of tin and the total area is comparable with the area of the EMC 
shield on the contacts. Since the solder pads are made of the same material and are equally 
smooth as the EMC shield on the connector; see Table 2 their adsorption can be neglected of 
the same reason as the EMC shield. 

Beside the three electrolyte capacitors there is a Vacuumschmelze (VAC). This component 
will be totally neglected since it is made of a very compact material that will hardly allow 
diffusion at all. 



Oscar Björnham and Tobias Sundqvist 
Measuring and modelling of humidity penetration in an electronic control unit 

 

 47

3.2 Numerical Model of the ECU 
The numerical method presented in section 2.5 Numerical Methods is implemented in 
numerical models of the system. It is the core of functions that builds up the whole model. 
There are two main categories of components, those that are in contact with the surroundings 
and those that are only in contact with the air inside the ECU. Humidity can penetrate the 
ECU in three different ways, through the contacts, the silicon gasket and the Gore-Tex. These 
components are therefore coupled to the surrounding humidity. The rest of the components 
are only in contact with the inside of the ECU. The components on the connector are only in 
contact with the surroundings. 

Contacts

Silicon
gasket

Gore-Tex

Humidity 
inside the ECU

Diffusion in
components
in the ECU

Adsorption in
the ECU

Surrounding
humidity

 

Figure 3.12 Schematic sketch of the humidity flow of the entire system. 

The numerical model of the humidity flow in the system follows the scheme Figure 3.12. The 
model was created in Simulink©, which is a block based simulation (BBS) program. Models 
are created visually for easier overview and modification. In Simulink© ode45 was used as 
solver, ode is short for ordinary differential equations. It is an explicit Runge-Kutta(4,5) 
method. It only requires the solution in the proceeding time-step to solve the system. The 
solver uses variable time-step to speed up the simulation without loosing accuracy. 
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4 MEASUREMENTS AND RESULTS 
The models determined in chapter 3 are used in this chapter to estimate the physical properties 
of the components. The different measurements made and methods used are briefly described 
below. The results from these measurements are then presented together with results from the 
numerical model. 

4.1 Experimental Design and Execution 
In all measurements, when nothing else is mentioned, the following experimental design was 
used. One pressure sensor and one temperature-humidity sensor were screwed into two 
threaded holes in the housing to measure the conditions inside the ECU and two identically 
sensors were placed outside. The ECU was placed inside of a climate chamber where the 
temperature and the humidity were controlled. The signals from the sensors were analysed 
with LabVIEW© and stored in a file, see Appendix E for a more detailed description of the 
experimental design. 

4.1.1 Temperature Model 

The pressure and temperature-humidity sensors were not used in this measurement, instead 
five thermocouples of type K were placed on different locations in the ECU. A thermocouple 
is a wire with a temperature dependent resistance. The resistance give rise to a temperature 
depending voltage when a constant current is applied on the thermocouples, this voltage was 
then transformed to a temperature by an instrument called Flukes Hydra, which was also used 
to collect data. The temperature change inside of the ECU was measured in a complete ECU 
and in an empty ECU. The temperature outside the ECU was controlled with a climate 
chamber. Some power amplifiers on the circuit board internally heat the ECU when the ECU 
is in use. Attaching four power amplifiers on the cooling flange simulated this internal 
heating. Applying a certain effect to the power resistors with a battery eliminator then 
increased the temperature inside of the complete ECU. 

4.1.2 Adsorption Inside the ECU 

The amount of water adsorbed in the range 0-100°C is dependent of the relative humidity and 
not of the temperature explicitly. By raising or lowering the temperature the relative humidity 
can be controlled inside the ECU without affecting the adsorption in any unwanted way. 
When the relative humidity is altered the amount of adsorbed water change. This change is 
detectable when comparing the expected values of the relative humidity when no adsorption is 
present. From this comparison the adsorption can be calculated as a function of relative 
humidity. 

To minimise the error in the experiment all components inside the ECU was removed. The 
holes for the Gore-Tex and the contacts where welded. Nothing else than an empty ECU with 
the gasket between lid and housing where left. The rate of adsorption is far faster than 
diffusion through the gasket. Diffusion can therefore be neglected and the empty ECU can be 
seen as a metal box containing a constant volume of air and a constant amount of water. 
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The temperature inside the ECU was held at 70°C and the humidity was initially 6%RH 
where there are almost no adsorption. The temperature was then lowered stepwise and the 
humidity was measured. This procedure was carried on down to 10 degrees and then the 
temperature was raised to 70°C again to check that the amount of water inside the ECU had 
not changed, see Figure 4.1. To minimise the flow of water in and out of the ECU by 
diffusion the humidity outside the ECU was adjusted to be similar to the humidity inside. 
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Figure 4.1 Stepwise decreasing of the temperature and an increase in humidity as a 

consequence of the temperature change. 

4.1.3 Diffusion in the Silicon Gasket 

To estimate the amount of water that penetrates the silicon gasket, another measurement was 
made on the same ECU that was used in section 4.1.2. This time the temperature was held 
constant at 25°C and the ambient humidity outside the ECU was initially higher than inside. 

In the numerical model it is necessary to know the initial condition. The ECU was exposed to 
the initial condition a couple of days with the lid off to ascertain the humidity in the gasket. 
Then the ECU was sealed and the humidity inside the chamber was raised to 85%RH. The 
humidity inside of the ECU was at first 30%RH and the measurement kept going until the 
humidity inside the ECU reached 70%RH. 

The measurement was then repeated with a temperature of 50°C and 70°C. In these 
measurements the humidity was lower than above for practical reasons. 

4.1.4 Flow Through a Gore-Tex Filter 

In this measurement, a Gore-Tex filter was attached to the ECU used in section 4.1.2. The 
gasket between the lid and the housing was still present and some moisture penetrates the 
gasket at the same time as moisture flows through the Gore-Tex filter. Since the flow through 
the gasket already is known it can be subtracted from the total flow of moisture. The flow 
through the Gore-Tex filter was measured at the temperature 25, 50 and 70°C. 

4.1.5 Diffusion in the Contact 

To determine the diffusion through the contacts an aluminium plate was welded on top of the 
housing. The volume of the ECU after the reconstruction was 2.6dm3. The hole for the Gore-
Tex was welded, and all components inside the ECU were removed. A metal box with only 
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the contacts for the humidity to penetrate was then left. The measuring procedure was the 
same as in section 4.1.3 but the diffusion is only measured at 25°C and the initial humidity is 
40%RH inside of the ECU and 85%RH outside. 

4.1.6 The Diffusion in the Whole ECU Without Gore-Tex 

The circuit board and its components are mostly made of polymeric materials and these 
materials absorb water when they are in contact with water vapour. This absorption effect is 
studied in this measurement when the diffusion in the whole ECU is measured. The only 
change of the complete ECU is the welding of the Gore-Tex hole. The measuring procedure is 
the same as in section 4.1.3 but the diffusion is only measured at two temperatures, 25 and 
70°C. 

4.1.7 The Diffusion in the Whole ECU With Gore-Tex 

The flow is studied on a complete ECU. The measurement is made to see if the flow of water 
vapour into the whole ECU agrees with a model that includes all parts of the ECU. The 
measurement procedure is the same as in section 4.1.3. 

4.1.8 Humidity Change Due to Internal Heating 

Some material properties, e.g. solubility, are dependent of the temperature. To test this the 
temperature was quickly changed in the ECU. Four power resistors where attached to the 
cooling flange. The humidity outside the ECU was held at 50%RH. The same stabilisation 
procedure as in section 4.1.3 was used to ensure the initial concentration in the components. 
The temperature outside the ECU was initially 25°C and held constant at that temperature 
during the experiment. To increase the temperature the power amplifiers were supplied with 
35W, which caused a temperature increase of 11°C. 

4.1.9 Diffusion in the Isolation Sealings 

A certain experimental design was built to examine the diffusion through the isolation sealing 
in the connector towards the harness. 80 holes were drilled in a stainless steel container and 
the isolation sealings were plugged into these holes. The pressure and the humidity-
temperature sensors were screwed into two holes in the container. The diffusion was then 
measured in the same way as in the other diffusion measurements, see Appendix C for more 
details and result. 

4.1.10 Sorption Measurement 

Silicon is a material with high diffusion coefficient compared to other polymers. The ECU 
consists of two types of silicon materials, the stabilisation paste and the gasket between the lid 
and the housing. Since there is a large amount of stabilisation paste inside of the ECU this 
paste is expected to be the dominating absorber at rapid humidity changes. To estimate the 
sorption and the diffusion coefficient of the silicon materials an experimental design was 
designed. A sheet of the silicon was mounted on a metal hook inside of a plastic jar. The 
humidity inside of the jar was controlled with different salt solutions. The weight gain of 
these sheets was used to calculate the sorption and diffusion coefficients for respective 
material. See Appendix B for more details. 
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4.2 Results 
The results from the different measurements described in section 4.1 Experimental Design 
and Execution are accounted for below. In most cases there are also a comparison with 
numerical models for the current case. 

4.2.1 Solubility and Diffusion Coefficient 

From the sorption experiment described in Appendix B both the solubility and the diffusion 
coefficient can be calculated. This experiment was performed on two silicones, Wacker 
Elastocil® E4 and Dow Corning® 744. The first silicone is the same as the gasket between the 
housing and the lid while the second one is used as stabilisation paste on the FR-4 inside the 
ECU. Good agreement between measurement and numerical solution where obtained when 
using constant diffusion coefficients. 
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Figure 4.2 Sorption for the Wacker silicone against the square root of time. 

The slope at the beginning of the sorption process is shown in Figure 4.2. Using (eq. 2.45) the 
diffusion coefficient can be calculated with the help of the slope. The same procedure is valid 
for both silicones. 

DWacker = 1.36⋅10-9 m2s-1 

DDow = 1.54⋅10-10 m2s-1 

These materials differ with one magnitude in their diffusion coefficient, but that does not 
mean that the difference in the permeability is that large. The permeability is the product of D 
and S as (eq. 2.37) shows. For rubbery polymers Henry’s law is often applicable. By 
comparing the steady state mass gain of a material at different partial pressures the solubility 
can be calculated using Henry’s law. 

SpC = , (eq. 4.1) 
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Figure 4.3 Concentration as a function of partial pressure for the Dow Corning 
silicone. The line is a linear regression and thereby the solubility of the material. 

Figure 4.3 shows the slope, and hence the solubility, for the Dow Corning silicone. The same 
method is also available for the Wacker silicone. Both measurements indicated that Henry’s 
law applies and therefore the solubilities could be calculated. 

SWacker = 4.58⋅10-4 kgJ-1 

SDow = 1.03⋅10-3 kgJ-1 

Since both the diffusion coefficient and the solubility is determined, (eq. 2.37) can be used to 
determine the permeability of the two silicones. 

PWacker = DWacker⋅SWacker = 6.23⋅10-13 kgm2s-1J-1 

PDow = DDow⋅SDow = 1.59⋅10-13 kgm2s-1J-1 

The results clearly show that silicone materials can behave very differently and a high 
diffusion coefficient does not necessarily mean a high permeability. 

4.2.2 Adsorption Measurements 

The adsorption inside the ECU was found to behave as Figure 4.4 shows below. 
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Figure 4.4 Adsorbed amount of water inside the ECU with a polynomial fit vs. 
%RH, the maximum error in the measured data is seen as vertical lines. 

As predicted in section 1.1.1 under Roughness, Oxidation and Contamination neither BET nor 
the FHH-model could be adapted to the adsorption inside of the ECU due to the porous 
surface. Another reason to the misfit of BET and FHH-model could be that the adsorption 
seen in Figure 4.4 is the total adsorption of two different surfaces. With the experimental 
design used to measure the adsorption it was impossible to differ the adsorption on the lid 
from the one on the housing. Since no more detailed measurement could be made on the 
adsorption inside of the ECU a polynomial is used to fit the adsorption. The adsorption in 
Figure 4.4 seems to be a compromise of Brunauers type III, IV and V isotherms. This agrees 
with the measurements Kochsiek (82) made on an untreated aluminium surface where the 
adsorption continues after the pores have been filled with water. The polynomial used to 
simulate the adsorption is seen in Figure 4.4 and its equation is: 

HHmads ⋅+⋅−= 574.15375.7 2  (eq. 4.2) 

H = relative humidity 
mads = mass adsorbed in mg 

The water adsorption on the housing was also investigated in Aastrup (00) with Infrared 
Reflection Absorption Spectroscopy (IRAS). The result from this measurement is seen in 
Figure 4.5. 
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Figure 4.5 The water adsorption on the aluminium housing as a function of %RH. [Aastrup 00] 
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In order to compare the result found by Aastrup (00) with the one in Figure 4.4 some 
assumptions has to be made concerning the adsorption on the lid. Both zinc and aluminium 
has a surface with a thick oxidation layer and it is likely for both to adsorb a measurable 
amount of water. It is probably less amount of water adsorbed on the lid compared to the 
housing since the active surface of the housing is larger. Due to the amount of water adsorbed 
at the lid, the adsorption on the housing will differ and two boundaries for the adsorption are 
investigated in Figure 4.6.  
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Figure 4.6 The concentration of mass on the surface of the housing in two different cases, a) no 
adsorption on the lid, b) the adsorption on the lid is the same as on the housing. 

In Figure 4.6 there are two scenarios investigated. Case a) where the adsorption at the lid is 
set to zero, which gives a maximum adsorption on the housing, and case b) where the 
adsorption at the lid is the same as on the housing. This means that the adsorption on the 
housing is somewhere between 9-15 μg/cm2 and the adsorption on the lid is 0-9 μg/cm2 at 
80%RH. 

The adsorption found in Figure 4.6 is initially higher than the adsorption in Figure 4.5. This 
can depend on several things. The adsorption measured by Aastrup (00) was performed on a 
small sample of the housing and the adsorption can behave different on the surface of the 
housing. The adsorption in Figure 4.6 is based on the fact that there is almost none or the 
same adsorption on the lid as on the housing. If the adsorption on the lid were more rapid than 
on the housing initially, the adsorption on the house would be lower than predicted in Figure 
4.6. The adsorption found in Aastrup (00) agrees with the high adsorption at 60 to 80%RH 
and (eq. 4.2) seems as a likely model to use for the adsorption. 

The time dependence of the adsorption is discussed in section 1.1.3 Time Dependence of 
Adsorption. This phenomenon is seen in Figure 4.1 when the humidity just has increased. The 
humidity inside of the ECU climbs up to a high humidity due to the temperature change and 
then it slowly decreases down to a stable value. Since kads in (eq. 2.4) depends on both the 
temperature and the humidity it could not be estimated since the method to measure the 
amount of water adsorbed involved a change in both humidity and temperature. During the 
measurements the adsorption layer was stabilised after 5 to 6 hours for all temperatures. This 
seems strange at first since kads is temperature dependent and should decrease as temperature 
drops [Bazán et al. 99]. But kads should also increase with the increasing humidity that 
follows by the temperature decrease and those two changes seem to cancel each other. 
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4.2.3 Gasket 

The water vapour transmission (WVT) into the empty ECU where tested at three different 
temperatures. By measuring the humidity inside and take into calculations the adsorption 
present at the current temperature the WVT of the gasket can be estimated. It is received by 
comparing the change of humidity inside with numerical models for the system. The flow 
through the gasket is assumed to obey (eq. 2.39) if it is concentration dependent. When the 
exponent is small the equation can be Taylor expanded into (eq. 2.38). It can therefore be 
difficult to separate between the solubility and the diffusion coefficient. The product S⋅D is 
varied as well as the exponential coefficient γ  for the concentration dependence. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 20 40 60 80 100 120 140

Time [hour]

M
as

s o
f w

at
er

 in
 th

e 
E

C
U

 [g
ra

m
]

Mass T=70
Simulation T=70
Mass T=50
Simulation T=50
Mass T=25
Simulation T=25

 

Figure 4.7 Measured data plotted against numerical solutions. 

Good agreement where achieved when using exponential concentration dependence for the 
diffusion coefficient. The product S⋅D is adjusted for each temperature to reach the good 
agreement as is shown in Figure 4.7. It is necessary to include both temperature dependence 
as well as concentration dependence. At all temperatures the exponent γ  is kept constant at 
0.045 m-3kg-1. The concentration dependence can then be expressed as follows. 

( ) ( ) CeTDTCD 045.0, =  (eq. 4.3) 

Both the solubility and the diffusion coefficient are dependent of the temperature. It is 
impossible to separate these two dependencies from each other when studying WVT. The 
results achieved by comparing results at different temperatures are therefore the temperature 
dependency of the product of S and D. 

Table 4 Temperature dependence on the WVT. 

Temperature [°C] D(T)⋅S(T) [kgm2J-1s-1] 
25 3.232⋅10-13 

50 2.762⋅10-13 

70 1.841⋅10-13 

The Arrhenius equation is not applicable for the values accounted for in Table 4. Instead a 
polynomial of second degree can be used to estimate the temperature dependence in this 
interval. 
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Figure 4.8 Temperature dependence of the diffusion coefficient 
plotted with a polynomial curve fit of second order. 

Adding the concentration dependence of the diffusion coefficient and the temperature 
dependence of the WVT a full description is achieved. 

( ) ( ) ( ) CeTSTCD 045.0217-14-12- T106.155- T103.634 +105.040 -, ⋅⋅⋅=⋅  (eq. 4.4) 

Observe that this equation is adjusted to results between 25 and 70°C, it should not be 
assumed that it holds for temperatures outside this range. The results from the sorption 
measurements for the same material suggest a result almost twice as big. There is nothing 
strange about this since the methods of manufacturing the material have great influence on the 
diffusion properties. The somewhat difficult geometry of the gasket makes it hard to separate 
different parameters, e.g. the magnitude of the diffusion coefficient from the area for instance. 
It is the total WVT that can be measured, and from the assumption of the geometry the 
diffusion coefficient is given as (eq. 4.4). More details are given in Appendix A.  

4.2.4 Connector 

As earlier mentioned there are three ways for humidity to penetrate the ECU. The gasket 
between the lid and the housing is one way. The other ways are through the Gore-Tex and the 
connector. The results in Figure 4.9 clearly show that the water vapour transmission through 
the connector is much smaller than the transmission through the gasket. The two cases had 
approximately the same conditions. The temperature was held constant at 25°C and the 
difference in relative humidity at the start was about 50%. 
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Figure 4.9 Comparison between the water vapour transmission 
through the gasket and the contacts. 

Since the connectors have such low WVT the slope in Figure 4.9 is almost parallel to the x-
axis. The slope in the beginning is most interesting since the two cases have the same 
conditions from the start. As mass of water increase the partial pressure difference over the 
gasket decreases and therefore the slope is waning. The slope in the beginning differs with a 
factor larger than 60. Concluding this the transmission of water vapour in and out of the ECU 
through the connector can be neglected in comparison with the gasket. 

Finally the water can penetrate the ECU through the Gore-Tex. 

4.2.5 Gore-Tex 

The flow through the Gore-Tex filter was measured at constant temperature and pressure. 
This means that the viscous flow is very small and the flow that is measured is mainly the 
diffusive flow. According to (eq. 2.46) the diffusive flow will be proportional to the 
difference in moisture concentration between the outside and inside of the ECU. The result 
from the Gore-Tex measurement at 70°C is shown in Figure 4.10. 
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Figure 4.10 The flow of water through the Gore-Tex filter vs. the difference in 
moisture concentration inside and outside the ECU at 70°C. 
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The diffusive flow measurement agrees with the predicted linearity between the flow through 
the Gore-Tex filter and the difference in moisture concentration. From (eq. 2.46) the diffusive 
resistance RD is calculated to be 1590 sm-1 at 70°C. 

According to (eq. 2.47) the diffusive resistance is depending on the temperature and ln(RD) is 
proportional to T-1 if the dependency described by Osczevski (96) is applicable. The diffusive 
flow through the Gore-Tex was measured at 25, 50 and 70°C and the result is shown in Figure 
4.11. 
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Figure 4.11 The temperature dependence follows the exponential 
function (eq. 2.47) as predicted.  

The result agrees with the (eq. 2.47) and the activation energy ε is determined to be 21 
kJmole-1. The temperature dependence of the diffusive resistance is 

TR
D eR ⋅=

21200

961.0  (eq. 4.5) 

The diffusive resistance and the activation energy found above agree well with the result 
found in Osczevski (96). 

4.2.6 Complete ECU 

The three different ways for humidity to penetrate the ECU have now been examined. The 
next step is to apply this knowledge to the case with a complete ECU. Inserting the printed 
wire board with all of its components does bring a lot of new parameters. In this thesis it is 
impossible to test every one of them individually. Models with their parameters are presented 
in section 3.1 Materials and Models. All of these models and parameters are given by external 
sources. It is impossible to know for sure that these models will actually fit for similar 
materials in the ECU. The results from experiments are compared with numerical models 
based on previous results for humidity penetration with models for the new components 
added. The components inside the ECU have great influence on the change of humidity. 
Figure 4.12 shows the increase of partial pressure with respect to time at 25°C for the case 
with a complete and an empty ECU. 
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Figure 4.12 Partial pressure in a complete respectively empty ECU at 25°C. 

The increase rate of the partial pressure is strongly reduced when the ECU is complete 
compared with the empty ECU. This reduction can not be fully explained in a numerical 
model with the parameters used in section 3.1. One or more of the values for the diffusion 
models is obviously not valid and must be adjusted. The stabilisation paste is most likely to 
affect the moisture uptake in the ECU and by multiplying the sorption by a factor of 4.1 good 
agreement is achieved. If this adjustment is made the model shows good agreement with the 
measurements in both cases when the Gore-Tex filter is present and removed as Figure 4.13 
and Figure 4.14 show. Note that it may be other parameters that should be adjusted. This is 
though one possible explanation of the disagreement.  
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Figure 4.13 Adjusted model compared with measurement for a complete ECU without Gore-Tex. 
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Figure 4.14 Adjusted model compared with measurements for complete ECU with Gore-Tex. 
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5 CONCLUSIONS 
The corrosion damages on electronic components protected by sealed boxes can be reduced if 
the ways, which water penetrates the box is understood. The Department of Testing and 
System Development at SCANIA CV AB in Södertälje is constantly working on 
improvements of the electronic system in the trucks. In order to improve the reliability of their 
Electronic Control Unit (ECU) even further, the humidity penetration of one ECU is 
examined in this thesis. The underlying physics and theories behind the humidity penetration 
are described and the material type and properties of all important components in the ECU are 
determined. By measuring the temperature and the amount of water that penetrates the ECU a 
model for the humidity penetration and the temperature variation is designed. 

The model was built by measuring the humidity penetration of an empty ECU at first and then 
stepwise measuring the humidity as more and more components were added until the ECU 
was complete. The physical properties and theories, which the model is based on agreed well 
with the measurements. The only disagreement took place in the last step of the measurement, 
when the printed wire board was added to the system. Several components are attached to the 
printed wire board, which adds a lot of changes to the model in the last step. The difference 
between measurements and the model could be well explained by altering one or more 
parameters. If the solubility of the stabilisation paste was increased, the model agreed well 
with the measurement and also resulted in a good model when the Gore-Tex is removed. This 
concludes that the fault in the model lies in some parameter for the components on the printed 
wire board, most likely the stabilisation paste since it absorbs a lot of water and has great 
influence of the system. The numerical method on which the model is based on has been 
found to be fast and stable. The length of the time-steps has been varied from a couple of 
minutes to more than an hour for the diffusion model. 

Before any measurements were made it was believed that the connector would let through a 
measurable amount of water. The flow through the connector was though found to be 
negligible compared to the other flows. The diffusive flow through the Gore-Tex has been 
examined in the model and showed good agreement with the measurements. The physical 
properties of the silicones; Wacker Elastocil® E4 and Dow Corning® 744 were estimated and 
they differed 1-3 times with the final model. This is though a good agreement since the 
properties of the material vary a lot with material and manufacturing method Comyn (85). The 
material properties of the other components could not be obtained and the properties found for 
those components could therefore not be compared. 

Something seems though have happened with the sensors used in this thesis. In a later 
performed measurement the signal humidity sensors measured 6-10% wrong. However it is 
unlikely that this fault was present during the tests presented in this thesis, since such a large 
error is not difficult to detect. It can though not be excluded that the sensors inherited larger 
error than expected. If an error caused by this is present in the results it is most likely that it 
only affects the latest tests. It is possible that this is the reason to the mismatch between the 
model and the measurements in the last step when the full ECU was tested. 

The model found in this thesis is going to be a very useful tool when studying how new 
design solutions affect the humidity inside of the ECU and thereby maybe reduce the 
corrosion problem. The best way to solve a problem is though not to find a good solution it is 
often better to eliminate the problem. It is therefore interesting to examine the basic problem 
that has given rise to this thesis, namely the corrosion. The corrosion is caused by a high 
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humidity and if there were no humidity there would be no corrosion. After reading this far it 
should be obvious that the water vapour cannot be shut out by a sealed ECU since the water 
penetrates the gaskets and assembles inside of the ECU. Today a Gore-Tex filter is used to 
avoid that water is accumulated inside of the ECU. The water vapour is then allowed to 
slowly breathe through the Gore-Tex filter and fast humidity fluctuations and condensation 
inside of the ECU are avoided. Since the wires on the printed wire board starts to corrode 
above a certain humidity limit the printed wire board are protected from corrosion by a 
laminate layer.  

An interesting idea to get rid of the corrosion is by using a drying agent inside of the ECU. 
The drying agent then absorbs the water that enters the ECU and the humidity inside is 
thereby kept below the limit where the metal starts to corrode. Of course the Gore-Tex filter 
has to be removed if a drying agent is used since the water that enters the ECU has to be 
minimised. In Appendix F some calculations are made to investigate the use of a drying agent 
inside of the ECU. It seems that a small amount of drying agent is enough to keep the ECU 
dry for ten years and perhaps this is a way to avoid high humidity for a long period of time. 
Since the solution of using a drying agent is dependent of the amount of water that enters the 
ECU, the ECU can be redesigned to reduce the amount of water that penetrates the gasket 
between the house and the lid. If the housing is redesigned, e.g. as it is designed at the 
connector side, see Figure 3.7 case b, almost no water will penetrate the gasket. The flow is 
reduced even more if the material in the gasket is replaced with a material that has lower 
permeability. Further investigations are though needed to see if the use of a drying agent is a 
good idea. 
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6 FUTURE WORKS 
As always when a new field is researched there are a lot of things you want to examine further 
or in more detailed. But since time is very limited in these kinds of works, some sort of 
delimitation has to be made. In the last measurement the printed wire board with all of its 
components are added to the system. This means that there will be several new contributions 
to the model, which makes it difficult to sort out which contribution that belong to a certain 
component. To receive a more exact model a more elaborate examination should be done on 
the materials attached to the printed wire board. By dividing this system of components into 
individual samples the parameters can be determined, localising the parameters that need to 
be corrected. 

The thermal model worked excellent for slow external and internal temperature changes but 
more tests has to be performed to validate the thermal model in combination with the 
diffusion model when the ECU is internally heated. The final model has not been tested in 
cases where temperature changes periodically, simulating the temperature daily cycling for 
instance, which is one of the main purposes of the model. In future work this humidity and 
temperature distribution model is supposed to be a good foundation on which corrosion and 
other damaging processes can be modelled. Hopefully this will increase the reliability of the 
ECU and make it easier to find new design solutions and correct problems that occur. 



Oscar Björnham and Tobias Sundqvist 
Measuring and modelling of humidity penetration in an electronic control unit 

 

 64

7 NOMENCLATURE 
α  Determines the concentration dependence for the fast component in Non-

Fickian diffusion. 

αT Heat transfer rate 

β Determines the final value of the diffusion coefficient for the diffusion in 
Non-Fickian state. 

β´ Immobilisation factor 

γ, γ1, γ2, γS Material dependent constant determining the concentration dependency 

δ Constant describing the concentration dependency in Non-Fickian diffusion 

Δw, ΔwTOT Weight uptake at time t and at equilibrium respectively 

ε Activation energy for the diffusion 

θV Relative water vapour density 
λ Determines the concentration dependence for the final value in Non-Fickian 

diffusion. 

σ Material dependent constant 

τ Relaxation time 

τ´ Geometric factor 

χ Time dependent function for Non-Fickian diffusion 

0χ  Constant describing the speed towards equilibrium in Non-Fickian diffusion 

a Activity 

aT Temperature dependency factor for the activation energy 

A Area 

b Voids affinity constant 

c Constant for the gas/solid combination 

C Concentration 

C1, C2 Concentration at surfaces 

CD The term for dissolved concentration in the dual sorption model 

Cext External concentration 

Cf Final concentration 

CH Langmuir term of dual sorption model 

C´H Concentration in the Langmuir model 

Ci Initial concentration 

CV Heat capacity 

d Constant for a gas-solid system 
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D Diffusion coefficient 

Damorph Diffusion coefficient in amorphous polymer 

D0 Diffusion constant 

D´0 Modified diffusion constant 

DC0 Diffusion coefficient at zero concentration 

Di Fast effect of the diffusion in Non-Fickian diffusion 

Df Final value of the diffusion coefficient in Non-Fickian diffusion 

Ds Slow effect of the diffusion in Non-Fickian diffusion 

ED Activation energy for diffusion 

E1 Heat of adsorption 

EL Heat of liquefaction 

F Flow of particles 

F0 Coefficient of moisture transfer 

FD Quantity of moisture transmitted by diffusion per second 

FV Viscous flow 

Fx, Fy, Fz Flow of particles in respectively direction 

H Relative humidity 

HD Enthalpy of dissolution 

kB Boltzmann´s constant 

K Mass fraction 

kads Temperature and humidity dependent rate constant for the adsorption process 

l Dimension factor for crystals 

L*, Lx, Ly, Lz Dimensions of the printed wire board 

m Mass 

m0 Mass of water adsorbed when the adsorption is stable 

mads Mass of water adsorbed 

mm Mass per square meter of one monolayer of the adsorbate 

Mt Sorbed mass at time t 

M∞ Sorbed mass at equilibrium 

np number of molecules during a pressure change 

nT number of molecules during a temperature change 

p0 Saturation pressure of the gas (vapour pressure) 

p Partial pressure 

P Permeability 

P0 Permeability constant 
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Q Heat flow 

Qin, Qout Heat flow in and out of an object respectively 

r, θ , z Cylindrical coordinates 

r, θ , φ  Spherical coordinates 

R Universal gas constant 

R0 Resistance coefficient 

Ra Arithmetic mean deviation of the assessed profile. 

RD Water vapour diffusion resistance of the material 

Rz Maximum height of profile. 

s Constant related to the gas-interaction 

S Solubility 

S0 Solubility constant 

T Temperature 

t Time 

va Volume fraction amorphous polymer 

V Volume 

w Dimension factor for crystals 

X Function for calculating τ´ 
x, y, z Cartesian coordinates 

zyx ˆ,ˆ,ˆ  Unity vectors in a cartesian coordinate system 

z1, z2 Partition functions in the first and upper layer 
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9 APPENDIX 
 

Appendix A. (Error Analysis) 
In this thesis a model of the real world is designedfrom measured data. All of the collected 
data are of course not exact since every sensor has certain accuracy. In the accuracy for each 
unit the hysteresis, span change, offset change and changes due to temperature, humidity and 
pressure are all counted for. Below follows an analysis of the units used in the thesis. 

Temperature 
The data sheets from the manufacturer states that the temperature is measured with an 
accuracy of ±0.3°C in the range –50 to 150°C for this kind of sensor. 

Humidity 
The humidity sensor measures the humidity in the range 0 to 100%RH with an accuracy of 
±2%RH at 25°C. Above that a temperature effect increases the error with ±0.03%RH per 
degree that differs from 25°C. This means that at 70°C there is a total error of ±(2+0.03⋅45) = 
±3.35%RH. 

The signal from the humidity sensors where later measured to be unstable. Two separate 
calibrations with four days interval gave results that differed 6-10% from the original 
calibrated values. This phenomena was discovered in the final part of the measurements and is 
not expected to have been present except maybe in the latest experiments with the complete 
ECU. Though a smaller error might have been present a longer time. 

Pressure 
The pressure is measured in the range 0 to 20 kPa with an absolute pressure gauge, which has 
an accuracy of ±660 Pa. 

PCI-card 

The data acquisition board used to collect data has a resolution of 12 bits in the range -5 to 5 
V. Since the output voltage from the sensors used in this thesis varies between 0 to 10 V the 
PCI-card has to be reconfigured. Due to this change of measuring range the resolution is 
reduced to 11 bits. This means that the signal can be measured with 

%05.0100
2
1
11 =⋅ accuracy. This means that the accuracy of the PCI-card is much larger than 

the accuracy of the sensors and the error from the PCI-card is therefore neglected. 
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Appendix B. (Sorption Experiment) 
To be able to evaluate the results from a sorption measurement the material must have a 
simple geometry. When using the geometry of a plate with thickness significantly smaller 
than the other two sides, the one-dimensional diffusion theory may be used [Seah et al. 86]. 

The sorption was measured by the experimental design in Figure 9.1. 

Balance for weightning

Sample

Salt solution

Humidified air

 

Figure 9.1 Experimental design of the sorption measurement. 

The sample was mounted on a metal hook and placed inside of a plastic container. A little 
hole was made at the top of the lid in such way that the hook with the little metal plate could 
move freely up and down. The humidity inside of the container was controlled with a salt 
solution. The sorption is measured by weighting the sample with a scale at different humidity. 
The accuracy of the scale was 0.1 mg. The salt solutions used in the measurement are shown 
in Table 5. 

Table 5 Salt solutions used in the measurements 
and the corresponding humidity at 19°C. 

Salt Humidity 
LiCl 11.2% 
Na2Cr2O7 55.2% 
NaCl 75.4% 

Since the humidity varies with temperature in each salt solution it was necessary to have a 
stable temperature during the measurement. The humidity in Table 5 yields for 19°C. 
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Appendix C. (Permeability of Isolation Sealing) 
The permeability of the isolations sealing in the contact was measured with the experimental 
design shown in Figure 9.2. 

 

 

Figure 9.2 Experimental design of the permeability measurement of the isolation sealing. 

The container is made of stainless steel and its volume is 1.33 dm3. In the bottom of the 
container the pressure and temperature-humidity sensors are screwed into two holes. On top 
of the container 80 isolation sealings are plugged into holes with a diameter of 4.6 mm. The 
length of the isolation sealings is 8.0 mm. The rest of the container is sealed and the only way 
the water can enter the container is through the isolation sealings. Initially the humidity was 
controlled with a climate chamber to be below 30%RH inside of the container. The humidity 
was then raised to 83% RH in the climate chamber and the humidity increase due to 
absorption was measured inside of the container. The temperature was held constant at 25°C 
during the measurement. 
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Figure 9.3 Humidity change inside of the container as a function of time. 

By calculating the mass change inside of the container, the permeability can be calculated 
with (eq. 2.36). The permeability of the sealing material was found to be 4.3⋅10-13 kgm2J-1s-1. 

 

Holes with isolation sealings  

Volume of air 

Humidity, temperature 
and pressure sensors 
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Appendix D. (STD28) 
 

Bearbetningsmetoder
Machining methods

Läppning Lappning
Hening Honing
Polering Polishing
Tryckpolering Pressure polishing
Elpolering (elektropol.) Electro-polishing
Trumling (skäggning) Tumbling
Elektrokemisk bearbetning Electro-chemical treatment
Gnistbearbetning EDM treatment
Slipning Grinding
Elslipning (elekroslipning) Electro grinding
Drifting Broaching
Brotsching Reaming

Diamantsvarvning Diamond turning
Svarvning Turning
Arborring med diamant Diamond boring
Arborring Boring

Fräsning, ändplans- Endplane milling
Fräsning, vals- Roll milling
Borning, spiral- Twist drilling
Borrning, långhåls- Deep hole drilling
Hyvling Planing
Sågning Sawing
Strängpressning Continous extrusion
Dragning Drawing
Kallvallsning Cold rolling
Varmvalsning Hot rolling
Smidning Forging
Pressgjutning Pressure casting
Precisionsgjutning Precision casting

Permanent formgjutning Permanent mould casting
Sandgjutning Sand casting

Ytjämnhetsvärden
Surface roughness values

0.012   0.05     0.2      0.8      3.2     12.5        50
        0.025  0.1   0.4    1.6     6.3     25Ra

0.1  0.4   1.25     4    12.5     50     200
 0.2   0.7   2.2     8     25     100Rz

Tabell 2 Ytjämnhetsvärden vid olika Table 2 Surface roughness values at
bearbetningsmetoder different maching methods

μm

Utgåva/Issue Sida/page
4 6

STANDARD STD28

= Normalt utfall / Normal cases

= Mindre vanligt utfall / Less common cases
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Appendix E. (Experimental Design) 
 

 

Figure 9.4: Experimental design 

The temperature and the humidity can be controlled in the climate chamber in which the ECU 
and all of the sensors are placed. The absolute humidity inside of the climate chamber cannot 
be much lower than the humidity that surrounds the climate chamber. This means that the 
relative humidity is about 35%RH at 25°C and 5%RH at 70°C. The power resistors are 
attached to the cooling flange and parallel coupled to each other. They are supplied with a 
battery eliminator, #6, which are controlled by the PCI-card. The two pressure sensors, #2, are 
supplied with 10V from the PCI-card. The temperature and humidity sensors, #3, are supplied 
with 24V by a battery eliminator. All of the in and output signals that are connected to the 
PCI-card are analysed and controlled by a LabVIEW program, which also stores the signals in 
a data file. 

A detailed description of all components that are used in the measurements is listed below. 

#1. Power resistor 
  Maximum power: 30 W 
  Min. cooling at 30 W: 4.17°C/W 
  Supply voltage/current: 0-30 V /0-5 A 
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  Resistance: 47 Ω 
 
#2. Pressure gauge 
  Working range: 0 to 2 Bar 
  Output signal: 0-100 mV 
  Allowed ambient temp.: -20 to +105°C 
  Accuracy 0.008 Bar  
  Absolute gauge 
  Supply voltage: 10 V (max 15 V) DC 
 
#3. Temp. & humidity sensor 
  Working range, temp: -50 to 150°C 
  Working range, humidity: 0 to 100%RH 
  Output signal:  sends the signal to #4 
  Accuracy: 2%RH 
   0.4°C 
 
#4. Coupling house for temp. & humidity signal 
  Allowed ambient temp.: -40 to +60° 
  Output signal temp.: 0-10 V 
  Output signal humidity: 0-10 V 
  Supply voltage: 24 V DC/AC 
 
#5. PCI-card 
  Family: 6025E 
  Analog Inputs: 16 SE/8 DI 
  Accuracy in and out: 12 bits 
  Sampling speed in: 200 kS/s 
  In signal: ±0.05 to ±10 V 
  Analog outputs: 2 
  Sampling speed out: 10 kS/s 
  Output signal: 0 to 10 V, 5 mA 
  Digital I/O: 32 
  Port out: 100 Pins 
 
#6. Battery eliminator controlled by PCI-card 
  Control signal: 0-5 V 
  Output signal: 0-30 V, 0-5 A 
 
#7 Shielded coupling box 
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  Number of couplings: 100 
 
#8 Shielded cable 
  Number of conducts: 100 
  Length: 2 m 
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Appendix F. (Drying Agent) 
The amount of water absorbed by a drying agent increase with increasing relative humidity. A 
drying agent, e.g. Trocken perlen©, can absorb 0.3 gram of water per cm3 at 50%RH. If the 
Gore-Tex filter is removed, the amount of drying agent that is needed to keep the ECU dry for 
several years depends on the flow of water through the gasket between the lid and the 
housing. The flow through the connector was found to be negligible, see Figure 4.9 compared 
to the flow through the gasket. To estimate the amount of water that enters the ECU when it is 
used on a truck some assumptions are needed. 

The amount of drying agent inside of the ECU is adjusted to keep the humidity lower than 
50%RH for ten years. The mass of water in the air is about the same during the day and night 
and if the environmental temperature is 25°C the humidity is in worse case 90%RH and this 
corresponds to 0.02 kg water per m3 air. Initially there is almost no water inside of the ECU 
and due to the water concentration difference the humidity inside will increase slowly towards 
the humidity outside. Since the drying agent can absorb more and more water as the humidity 
increases, the mean humidity inside of the ECU will be about 35%RH. This corresponds to a 
water flow of 6.5⋅10-11 kgs-1. In ten years it will flow 20 gram of water into the ECU. 

Another thing that has to be counted for is the volume expansion inside of the ECU when it is 
heated. If the ECU is 20°C and is heated to 90°C then the pressure inside of it will rise and the 
dry air inside will slowly leak out until the pressure inside is the same as outside. The 
opposite happens when the ECU is cooled off, the humidified air outside leaks into the ECU 
and increases the amount of air inside. If the mean humidity inside of the ECU is the same as 
above an amount of 10 gram of water will flow into the ECU in ten years if the ECU cools 
down once a day and 5 days a week. 

Due to the leak rate and the thermal expansion the amount of water that flows into the ECU in 
ten years is 30 gram. 100 cm3 drying agent is then needed to keep the ECU dry for this period. 

 


