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Abstract 
The military vehicle, Pansarterrängbil 203 (PATGB 203) demonstrates a fault. There are 
some components in a coolant circuit that fail due to corrosion while others are unaffected. 
One of the affected components that will be investigated in this report is the water heater. 
The subject of this technical investigation has been an issue for FMV, Swedish Defence 
Materiel Administration since a decade. While seeking out the cause of the coolant circuit 
failing, this investigation aim to analyzing the underlying problems considering material, 
factors of corrosion and organization. 

In order to establish the origin of material and appearance of corrosion, experiments were 
performed. The experiments showed that the original material is an Al-Si alloy. The 
micrographs indicated varying stratification of the corrosion throughout the unit. The 
corrosive deposits consisted mainly of oxygen, silicon, aluminum and sodium. 

Consequently, the protecting passive oxide layer is compromised, which results in a direct 
connection between the coolant and the underlying material. This direct connection gives rise 
to the development of corrosion in the material. Clear underlying causes of the corrosion 
were not found but the most probable suggest on galvanic corrosion accelerated by a stray 
current. Properly grounding the components decreases the stray current in the system and is 
essential to avoid corrosion. If grounding the components is not sufficient, additional checks 
of the coolant with attention to the pH-value and the function of corrosion inhibitors may 
indicate corrosion at an earlier stage.  
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1 Introduction  

1.1 FMV 
Swedish Defense Materiel Administration hereinafter FMV is situated all over the nation, 
while providing service and support for Swedish Armed Forces hereinafter FM. While 
providing service and support, the authority has the lifecycle and design responsibility for 
different materiel systems used by FM. FMV also have the responsibility for acquiring and 
purchasing materiel and services for FM. As pictured in figure 1, the FMV organization is 
divided into several functional divisions [1]. 
 

 
Figure 1. How the organization of FMV is structured. Storage, Service and Workshop is one of the six 

divisions [2].   

The figure above shows the different divisions, hence Storage, Service and Workshop is the 
subject of interest while maintaining FM vehicles. They are also responsible for repairing 
broken vehicles and managing spare parts. Spare parts and replacement products are 
provided upon request at several repair depots throughout Sweden [3]. Besides repairing 
damaged units, doing regular checkups on the vehicles is another important mission of FSV. 
Maintaining important and qualitative checkups of relevance for the vehicle is decided by a 
Life Cycle Support Analysis department at FMV.  

1.2 Background 
The military vehicle, Pansarterrängbil 203 (PATGB 203) demonstrates a fault. There are 
some components in a coolant circuit that fail due to corrosion while others are unaffected. 
Ever since being put into service the problem with corrosion in the coolant circuit is still 
unaddressed. The components itself are fully working but the problem of corrosion appears 
when they are connected in the system of PATGB 203. The primarily affected components are 
the oil cooler, the engine and the water heater manufactured by Eberspächer as shown in 
figure 2. A damaged oil cooler could result in oil leakage. A corroded water heater has to be 
replaced which results in additional costs for FMV. 
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Figure 2. Corroded parts of the water heater (a) Heat exchanger; (b) Flame tube 

 
Upwards of 40 water heaters have been judged as damaged over the past 10 years. The cost of 
a new water heater is 20.000 SEK. This is only materiel cost, the replacement and work time 
in the workshops are not included and by finding a solution to the corrosion problem a 
significant cost would eventually be saved. 
 
This has not yet been researched even though a solution is urgently needed. The unique 
research question has not been addressed until now and reasons behind corrosion problem 
has not been addressed earlier [3]. 

1.3 Purpose 
The primary aim of this report is to analyze the underlying causes of why some water heaters 
fail and others do not in the PATGB 203.  In order to understand the problem, the alloy 
comprising the water heater and the appearance of the corrosion will be investigated. 

1.4 Problem 
● How is the material affected by corrosion? 

● What are the underlying causes to the corrosion in the water heater? 

● Why are some water heaters affected and others unaffected? 

● How could the problem of corrosion be solved? 

1.5 Method 
This problem will be researched considering the structures, properties and performance of 
the water heater. A summary regarding relevant corrosions types will be researched. A more 
detailed review about relevant types of corrosions related to the PATGB 203 will also be 
made. 
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This study will be provided with interviews where the interviewees will be given background 
information about the problem. A semi-structured interview will be conducted with the aim 
to elicit more comprehensive answers from the respondents. Information about aim, 
confidentiality and how the data will be used will be issued beforehand in order to adhere to 
the ethical codex of scientific research. The interviews are primarily done for a better 
understanding of the background problem. They may also appear as a complement to other 
research to supplement other references.  

A metallurgical analysis including micrographs and compositional analysis will be conducted 
in order to ascertain the composition of the water heater and the onset of corrosion. Since 
Eberspächer does not hand out any information about the material of the water heater due to 
confidentiality [4],further research in this study will be based on the experimental results.  

The literature review begins by describing the design of the PATGB 203 and the construction 
of the coolant circuit. In addition, the original material of the flame tube in the water heater 
will be defined to evaluate it’s properties. The experimental results will be analyzed to 
evaluate the relevant types of corrosion.  These results will be integrated to the sections 
discussing the impact on the water heater and associated cooling circuit.   

1.6 Limitations 
The main focus is to identify the type of corrosion in the water heater by analyzing the 
composition and microstructure of the unit by an experimental method. Investigating the 
water heater is primarily done due to the frequent appearance of corrosion in this 
component. The water heater is comprised of several parts as shown in figure 4. This report is 
based on experiments conducted on the flame tube as pictured in figure 1. The material of the 
flame tube has a high content of corrosion and was chosen for this investigation. 

Sections of the specifications of the water heater and the coolant system are confidential. 
However, the FMV has the requisite intellectual property rights (IPR) for the PATGB system 
which makes this study possible. The warranty for the system has long expired and the 
original manufacturers have no further obligations to fulfill relative to FMV [5].  

Another reason why the water heater was chosen is because it is designated by the FMV as a 
replacement unit and not a spare part. That means if a water heater stops working and 
cannot be repaired by the user, the operating entity will be forced to send the entire vehicle to 
the workshop in Skövde, Sweden for repair [6]. In addition, only one water heater was 
investigated since it was a representative part of the corroded series. The received component 
has similar visual corrosion and identical geometry as the other corroded water heaters.  

Due to the limited time of this study, measuring the coolant and the stray current were not 
accomplished. Finally, equipment’s in terms of the Scanning electron microscope (SEM) and 
the Light optical microscope (LOM) were chosen for the experiment. Previous knowledge 
from the introduction courses and the access at the department were considered in choice of 
method. 
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2 System of PATGB 203 

2.1 PATB 203 
A great deal of the information used regarding the PATGB 203 is based on a similar model, 
Pansarterrängbil 202 (PATGB 202). The two models are equipped with identical engines and 
cooling systems. The manuals for the PATGB 202 are therefore a relevant reference for this 
study. 

The PATGB 203 is a six-wheel troop carrier that is used in international operations for 
surveillance and escort. It is a Finish product, manufactured since 1997 by the company 
Patricia Vehicle OY [7]. The vehicle weighs 22.500 kg and measures 7.68 m in the length, 
3.36 m in the width and is 3.32 m height and is illustrated in figure 3 [8].  

 
Figure 3. PATGB 203 in action [7].  

 
FM has more than 80 model PATGB 203s that are deployed across the globe. The models of 
PATB 203 need to be maintained, which is proceeded locally or at the workshop in Skövde, 
Sweden, depending on type of maintenance checks. There are two types of routine 
maintenance checks, which are performed at different time intervals. The first is a standard 
monthly inspection carried out by the soldiers at the current location. This includes a routine 
check of the fluids and assessment of leakage. The freezing point of the coolant is also 
measured. Additionally, a yearly inspection and evaluation is performed by trained 
mechanics. This is a more comprehensive inspection of the entire vehicle. Every fourth year 
the coolant is changed [6].  
 
Since the PATGB 203 is operating in diverse environments, it results in varying conditions 
for the engine and the cooling system. When the vehicle is located in a setting where the 
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temperature is above 5ºC it is not necessary to operate the water heater. However, if the 
vehicle is situated in a surrounding where the temperature is below -5ºC it is important to 
heat up the coolant before engine use. A heated coolant in the circuit both facilitates starting 
and reduces the wear on the engine [9]. 

2.2 The coolant circuit 
In extreme environments where the temperature is below -20ºC it becomes difficult to start 
the PATGB 203 immediately as the engine is too cold. When the external water heater is 
connected to the coolant circuit as pictured in figure 4, it results in an increased coolant 
temperature. The external water heater is driven by diesel fuel and runs independently from 
the engine [10]. 

Figure 4. The coolant circuit in PATGB 202 [11].  
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Figure 4 illustrates the cooling system which consists of both a standard cooling circuit, 
shown in green as well as an additional heating circuit shown in orange.  This is a closed 
system. The coolant flows through the entire system regardless of the operation of the heater. 
In order to preheat the coolant, the water heater, component no. 13, needs to be started [11]. 

The components in the green system are used to keep the engine from overheating. The oil 
cooler, component no. 10, is used to regulate the temperature of the oil. It is also made of 
light metal and is one of the components that are affected by corrosion. There is a cumulative 
trend regarding the corrosion in the coolant circuit. When one component is altered, others 
nearby will also start to corrode. Other related components are the engine, which is made of 
cast iron, and the thermostat, component no. 8. The engine is not numbered, but is the 
largest component shown in figure 4 [12]. 

2.2.1 The coolant 
The coolant contains a mixture of tap water and the FMV’s standard antifreeze, “Q8 Glykol 
Super” in a proportion of 50/50 of each product [13]. Though this coolant is a standard 
product used in many vehicles in the fleet, the components in the coolant circuit of the 
PATGB 203 are significantly more affected by corrosion [3].  

The antifreeze is based on monoethylene (1,2-Etandiol), as represented in table 1. 
Monoethylene is a glycol that both increases the boiling point and lowers the freezing point of 
the water, which enables the solution to be used as a coolant over a wide temperature range 
[13]. To lessen the effects of corrosion, inhibitors are added. There are numerous inhibitors 
that can be used but the ones in “OKQ8 Gykol Super” are confidential [14, 15]. Over time, the 
quality of the inhibitors is diminished and the corrosion in the cooling system accelerates 
[16].  

Table 1. Composition of OKQ8 Glykol Super [17]. 

Substance  Weight %  

1, 2-Etandiol   > 90   

Sodium -2-ethylhexanoate   < 5   

Corrosion inhibitors  > 5 

 

2.3 The water heater 
The water heater in question, model DW9 from Eberspächer, is used independently to 
preheat the engine’s coolant before use. The component under investigation is the flame tube 
as shown in figure 5. The function of the flame tube is to transfer the heat generated in the 
combustion chamber to the coolant via the heat exchanger [18]. 
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Figure 5. The water heater of model DW9 [18]. 

As the figure 5 highlights above, the inlet of the combusted gases will then progress through 
the heat exchanger and heat up the coolant. The temperature of the coolant will increase and 
thereby heat up the engine [18]. Local temperatures of the coolant in the water heater are 
regulated to 85ºC. The water heater starts running at full effect, which is 9500 watts, and 
decreases gradually. When the temperature reaches approximately 75-80 ºC, an electronic 
thermometer, which is connected to the heater, will send pulses to a circuit card. The pulses 
trigger a decrease in the effect of the water heater. If the temperature of the coolant increases 
further, the water heater will shut down for about two minutes. The water heater will 
continue to run at lower efficiency to maintain an optimal coolant temperature [10]. 
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3 Corrosion 

3.1 Aluminum-Silicon alloys 
The material of the water heater was experimentally determined to be an aluminum-silicon 
alloy, as noted in table 2. These elements are added to make the aluminum (Al) harder and 
stronger as pure Al has a low yield stress. Silicon (Si) is the most common alloy element 
among aluminum casting alloys. By adding silicon to the aluminum it enhances the fluidity, 
casting characteristics as well as yielding a higher hot tear resistance [19]. Main usage of this 
alloy is the transportation, construction and electrical industries. The properties of the alloy 
are a result of the melt treatment, the proportional composition and the casting process. Due 
to the properties of the alloy, it is an attractive alternative to replace cast iron in engine parts 
[20, 21].   

However, to a larger proportion of silicon, smaller numbers of different elements, such as 
manganese and iron, also appear in the alloy. By adding manganese to the alloy, the material 
manifests a higher ambient strength, enhanced creep resistance and promotes dynamic 
strain aging. In addition, the manganese neutralizes the iron in the alloy. As the base 
aluminum may be acquired from secondary resources, the amount of iron will increase in the 
alloy. The iron tends to form compounds with other elements in the alloy, consequently, it 
forms intermetallic phases of varying types. The intermetallic phases have covalent bonding 
rather than metaling bonding, which results in a crystalline structure [22, 23]. As shown in 
figure 6, the phases are varying due to factors such as material composition and temperature. 
Aluminum in it’s liquid stage is highly soluble with iron whereas in a solid state it has a low 
solubility. Intermetallic phase particles increase the tendency for localized corrosion due to 
galvanic coupling between the intermetallic phases and the aluminum matrix [24].  
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Figure 6. Binary phase diagram of an Al-Si alloy system [25]. 

Figure 6 presents a phase diagram where a eutectic point is measured to 12.6 at% at a 
temperature of 577°C. At this stage a eutectic reaction appears where the liquid phase 
transmutes to a two phase of alpha-Al and Si. The different phases are defining the structure 
that gives the composition it’s unique properties. Aluminum and its alloys are light in weight, 
corrosion resistant, easy to produce and are good electrical and thermal conductors [19]. 

3.2 Corrosion 
Corrosion is an electrochemical process that occurs in the metal. The underlying cause of 
corrosion is that the metal is not stable in it’s surrounding environment. The prerequisites for 
an electrochemical process to take place are the presence of an anode, a cathode and an 
electrolyte. At the anode, oxidation occurs by the metal and at the cathode, a reduction of a 
substance is made. An electrolyte is a liquid that electrically couples the anode and cathode. 
This is possible due to the content of dissolved ions, which are capable of conducting an 
electrical current. Anodic and cathodic reactions occur in a coupled manner at the interface 
between the metal and the aqueous environment [26]. 

The most common anodic and cathodic reactions for the corrosion processes are: 

Me → Men+ + ne- (anodic reaction), where Me is a metal and n is a free variable. 

O2 + 2H2O + 4e-→ 4OH- (cathodic reaction). 

At low pH environments the cathodic reaction as shown in figure 7 is: 2H+ + 2e- → H2 (g) 
[27]. 
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Figure 7. Electrochemical reaction in an acid solution [28]. 

 
Compared with figure 7, aluminum loses three electrons that are picked up by 3H+.  

The anodic reaction for aluminum is: Al → Al3+ + 3e- 

The cathodic reaction for aluminum is: Al + 3H2O → Al(OH)3 + 3/2H2 

or Al + 3H+ → Al3+ + 3/2H2 

Aluminum is one of the most electronegative materials. More negative potential gives greater 
access of electrons, which means that the aluminum will suffer anodic dissolution or 
corrosion [29]. This should mean that pure aluminum would corrode in contact with many 
other metals in its standard electrode potential. The main corrosion resistance of aluminum 
and its alloys is because of a passive oxide layer on the surface, Al2O3 which has an oxide 
formation reaction as 2Al + 3/2O2 → Al2O3 [30]. 

The reaction rate of the corrosion is controlled by the diffusion through the oxide scale [31]. 
As the equation in (1) clarifies, the diffusion rate is a function of the temperature. By 
increasing the temperature with a couple degrees, the diffusion accelerates dramatically. A 
higher value of the diffusion urges the corrosion rate. Consequently, the corrosion is 
increasing with a higher temperature [32].  

 

Qd - activation energy [J/mol] 

R - gas constant 8.31 [J/mol∙K]  

D0 - Diffusion coefficient [m2/s] 

 

(1) 
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3.3 Corrosion Types 
Different types of corrosion can occur depending on the metal and the environment. The 
types of corrosion that are relevant in this report are uniform corrosion, galvanic corrosion 
and stray current corrosion. The main component in this case is aluminum and these kinds of 
corrosion are relevant to this specific material. Another type of problem that could appear in 
aluminum is pitting corrosion. However, since the specimen in question did not contain any 
deep pitting, this type of corrosion has been excluded from our study [30, 33]. Furthermore, 
the environment in this circumstance is varying due to the temperature, different electrode 
potentials of the metals and basicity of the coolant. Because of these underlying problems it 
may result in some types of corrosion described below.  

3.3.1 Uniform Corrosion 
Uniform corrosion has approximately the same corrosive rate over the whole metal surface 
and develops small pits in the micrometer range. The passive oxide layer of the aluminum 
surface protects the metal in environments where the pH value is between 4 to 8, but in an 
acidic or alkaline medium, the uniform corrosion commonly appears. The dissolution rate of 
the oxide layer is higher than the formation rate in this case [30]. 

3.3.2 Galvanic Corrosion 
Galvanic corrosion occurs when two dissimilar metals are in contact either physically or 
electrically. The less noble metal works as an anode and the most noble metal works as a 
cathode as shown in figure 8. The anode, which is the metal with the lower potential, is where 
the corrosion occurs while the cathode remains relatively undamaged. The difference in 
potential between the two metals has to be more than 100 mV for galvanic corrosion to 
appear [30]. The engine in this case is made of cast iron and consists mostly of iron (Fe). As 
the figure 8 shows below, the aluminum has an electrode potential of -1.622 V and iron has 
an electrode potential of –0.447 V. Therefore, the difference of potential between the two 
metals is more than 100 mV, which allows galvanic corrosion to occur.  

The amount of the galvanic corrosion depends on several factors, including the difference in 
electrode potentials, the electrolyte, the difference between the metals' surface areas, the 
distance between the metals and the temperature. An increase in corrosion can be attributed 
due to many factors. These include an increase of conductivity of the electrolytes, greater 
differences of potential of the metals and decreased distance between the metals. The amount 
of corrosion also increases if the cathode has a larger surface area than the anode. 
Additionally, an increase in the ambient temperature can lead to a relative change of the 
potentials between the metals, which result in an acceleration of the galvanic corrosion [34]. 
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Figure 8. Table of the standard electrode potentials [34]. 

3.3.3 Stray current corrosion  
Stray current corrosion refers to corrosion caused by an uncontrolled electric current. The 
stray current flows through the coolant in search of electrical ground and can rapidly increase 
the corrosion rate. The source of stray current could be different types of poorly grounded 
electrical components in the vicinity of the corroded components. The most common sources 
in vehicles are the radiator cooling fans or the battery [33].  
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3.4 Protection against corrosion 
Anodization is a method to increase protection against corrosion. It is an electrochemical 
surface treatment where the oxide layer of the surface becomes thicker than usual. The 
protecting layer is dense, hard, electrically insulating and wear resistant [30, 35].  

Another solution to protect metal against corrosion is cathodic protection. By adding an 
additional metal with a more electronegative potential, the resulting alloy becomes anodic 
while the protected metal cathodic [36].  

  



14 
 

4 Summary of fact finding 

Throughout the chapters, the literature highlights the following aspects to be addressed as 
indicated in figure 9. 

Figure 9. The aspects of problem are linked together, framed by the organization. 

Investigating the problem of corrosion in the water heater, the system needs to be defined as 
more than one component affected by corrosion. The initial literature review including the 
four aspects, seen in figure 9, found the structure of the upcoming discussion of the problem. 
The material of the water heater suggests an Al-Si alloy where the importance of 
understanding the properties of the material is prioritized. A confirmation of this alloy will be 
done in the experiment. By having detailed information regarding the material, a more 
precise study of corrosion will be integrated. Different kind of factors related to corrosion in 
this case are the coolant, the temperature, the impurities in the alloy, stray current in the 
circuit and the electronegative potential differences. The methods of protection are framed by 
the resources of FMV, such as how the maintenance checks and intervals are performed. New 
suggestions of protection methods results in a new way of working at FSV and FM, which also 
affect the organization of FMV. Protection against these types of causes suggests on cathodic 
protection and anodization.   
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5 Experimental  

The aim of the experimental part of this study is to identify the material of the flame tube and 
the appearance of the corrosion. To accomplish this, the composition of elements and 
microstructure were studied with a Scanning electron microscope (SEM) and Light optical 
microscope (LOM). The decision to only study the flame tube is due to the fact that this 
component visually exhibits the most corrosion, which can be observed in figure 2. 

5.1 Microscopes  
There are mainly two different types of microscopes that are used for metallurgical 
investigation. LOM is an optical device, which examines the microstructure with an effective 
magnification up to 100x. The model used was the Olympus PMG 3, equipped with a camera 
from Lecia Microsystems. 

SEM is a method using electrons to scan the surface of the sample. It allows for a higher 
effective magnification and a more detailed image than the LOM. The model used was the 
Hitatchi S-3700N, equipped with a Bruker EDS analyzer. 

The EDS (Energy-dispersive X-ray spectroscopy) makes it possible to analyze the 
composition of elements. An electron beam directed at the sample. The atoms of the sample 
interact with the electrons and emit a unique amount of energy in the form of x-rays [37]. 

5.2 Sample preparation 
In order to use the microscopes, a sample preparation is necessary to be able to observe the 
structure of the material. It includes the following steps: 

1. Sectioning 

2. Mounting 

3. Grinding 

4. Polishing 

5. Etching 

Firstly, a sample of the water heater was cut out from the bottom part of the flame tube. The 
bottom part was chosen due to the geometric advantage for sawing, a) in figure 10. The 
sample is then sized and mounted in a conductive resin, b) in figure 10. 
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Figure 10. (a) The red ellipse shows where the sample was cut from the part; (b) The sample 

mounted in conductive resin (25 mm in diameter). 

Afterwards, the sample was grinded and polished to produce a surface free from any damage 
caused by the sectioning. Four different grit sizes (240, 320, 600 and 1200) were used in 
graduated steps starting from the coarsest to the finest. A diamond polishing grease was then 
used for polishing to achieve an even smoother surface. 

Finally, the last step was etching. This was required only for the microscopy in LOM. It is a 
chemical process that generates a greater contrast between microstructural features on the 
sample surface. 

5.3 Collecting deposit 
A mixture of red and white deposits in the form of loose powder was collected from the 
surface of the flame tube, seen in figure 11. The deposits were dried in a desiccator to remove 
moisture. The deposits were then put on a sample holder and analyzed by SEM and EDS. 

 
Figure 11. The deposit prepared for the SEM and EDS analysis. 
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6 Results 

Various aspects of the material and corrosion were found by doing the experiment. The 
microstructure together with composition analysis from the EDS reveals what alloy the flame 
tube is made of. Intermetallic phases and layers of corrosion were found by doing 
micrographs with the SEM. Finally, a compositional analysis of corrosion deposit was made. 

6.1 Material 

6.1.1 Composition 
As shown in table 2, the composition analysis from the EDS indicates that the material of the 
flame tube consists of mainly aluminum and silicon with small amounts of manganese, iron 
and copper. 

Table 2. Composition range in weight % of the material made with EDS. The values are mean values 
of four analyzed areas of the material. 

Al Si Mn Fe Cu 

85.27 13.42 0.36 0.80 0.20 

 
By doing composition analysis of characteristic points, seen figure 12 and table 3, phases rich 
of iron were found. The other points show a deficit of iron but contain higher amounts of 
silicon respectively and aluminum. As figure 12 indicates, the lightest phases (no. 2) are rich 
of iron while the medium dark parts (no. 3) are rich of silicion. Finally, the darkest parts (no. 
4) are rich of aluminum.  
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Figure 12. SEM-micrograph of the material at 2000x magnification. The points 2, 3 and 4 show where 

the EDS analysis was made. Point 2 contains the most iron, point 3 the most silicon and point 4 the 
most aluminum. 

 
Table 3. Composition range in weight % of the phases, seen in figure 12. The analysis was done one 

time at each phase with EDS. 

Point Al Si  Mn  Fe 

No.2 49.63 11.77 17.24 20.93 

No.3 43.10 55.27 - - 

No.4 93.06 3.51 - - 

 

6.1.2 Micrographical 
The microstructures vary with the location of the sample. Most differences appears when the 
microstructure of the outer part is compared with the central part as shown in figure 13. The 
most variances were noted when comparing the microstructures of the outer part with the 
central part. 

 

 



19 
 

 
Figure 13. The arrows show the parts the LOM-analysis were made. (a) the outer part; (b) the central 

part.  

 
The micrographs in figure 14 shows Al-dendrites and eutecticum. The outer part of the 
material shows less Al-dendrites and eutecticum in comparison to the central part. 

 
Figure 14. LOM micrograph at 100x magnification of (a) the outer part; (b) the central part. The white 

areas are Al-dendrites and the grey areas are eutecticum.   

6.2 Corrosion 

6.2.1 Composition 
The deposit in form of loose powder consists mainly of oxygen, aluminum and silicon as 
indicated in table 4. There are also a significant amount of sodium and small amounts of iron 
and potassium. 
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Table 4. Composition ranges in weight % of the deposit in in form of loose powder. The analysis was 
done one time with EDS. 

O Al Si  Na Fe   K   

52.58 18.82 19.89 5.25 1.48 1.39 
 

 

6.2.2 Micrographical 
 

 
Figure 15. The arrows show which parts of the sample the SEM-analysis were made. (a) the side 

closest the combustion flame; (b) the side farthest the combustion flame. 
 

The SEM analysis showed a thicker layer of corrosion as pictured in figure 16 at the side 
closest to the combustion flame, where the coolant had a higher temperature. The depths of 
the layers at within each side are approximately homogeneous. 
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Figure 16. SEM micrograph at 500x magnification of (a) the side closest the combustion flame; (b) the 
side farthest the combustion flame. 
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7 Discussion 

As chapter 4, summary of fact finding describes, the discussion of the problem will be based 
on four aspects: the material, corrosion, the water heater and protection against corrosion. 
The discussion begins with the material and corrosion of the water heater, based on the 
experimental results and the literature review. Additionally, the discussion will evaluate the 
various factors and highlight the most relevant corrosion types in this study. Besides 
discussing the different factors, a review on why certain units fail while others do not and 
protection against corrosion will be included. Finally, the organization regarding aspects of 
economy, environment and social are considered.  

7.1 Material 
As table 3 shows, the material is an alloy dominated by aluminum and silicon. Both the 
compositional analysis from the EDS and the micrographs from the LOM confirm this. The 
compositional analysis from the EDS illustrates a composition of 85.3 wt % Al and 13.4 wt % 
Si. The LOM micrographs in figure 14 highlight the Al-dendrites, which contradictorily to the 
EDS result indicate a hypoeutectic composition of the material. A hypoeutectic alloy consists 
of less than 12.6 wt % Si as indicated in figure 6 [25]. Al-dendrites precipitate in the two-
phase area (Liquid + Solid) and this is only possible in a hypoeutectic alloy. In conclusion, the 
data from the LOM micrographs are weighted more heavily in this study.  

The microstructure in figure 14 varies depending on where the sample was analyzed, shown 
in figure 13. The inner part of the sample contains more Al-dendrites compared to the outer 
part and these differences cannot be influenced by the use. A temperature of 577 °C is the 
minimum temperature for precipitation of Al-dendrites as shown in figure 6 [25]. When the 
vehicle is running, it is impossible for local temperatures in the water heater to attain this 
value. Therefore, the Al-dendrites and the eutecticum must have been formed as a 
consequence of the original production process and not of use. During the production of the 
alloy, the central part of the sample could have a lower cooling rate than the outer part due to 
the longer appearance of the alloy in the two phase area of figure 6 [25]. A longer time in this 
area results in an increased Al-dendrite growth, both in amount and size.  

The micrograph of the alloy in figure 12 also indicates intermetallic phases, rich of iron. As a 
consequence, the amount of iron could also be one aspect of the production problem. The 
iron most likely appears as a result of aluminum procured from secondary usage [23].  

7.2 Factors of corrosion 
Normally, Al-Si alloys are corrosion resistant due to the protection by the passive oxide layer 
[30]. Therefore, more unusual factors must attribute to the destruction of the oxide layer in 
this case of corrosion in the PATB 203. The factors taken into account earlier in this report 
will also be discussed in this section, which are temperature, coolant composition and the 
electrical connection to different metals. 

7.2.1 Temperature 
The difference in thickness of the deposit layer, as seen in figure 16, clearly shows a 
temperature dependence of the corrosion. The side closest the combustion flame is hotter, 
see figure 15, which allows for a higher rate of diffusion as equation (1) show. On both sides, 
the deposit layer is distributed homogeneously without any pits.  
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7.2.2 The coolant 
The only possible electrolyte in the cooling circuit of the PATGB 203 is the coolant. The EDS 
analysis, as shown in table 4, indicate a significant amount of sodium, which could originate 
from tap water. Higher amounts of salt result in a more conductive electrolyte, which 
increases the corrosion [26]. The source of the sodium could also be the sodium-2-
ethylhexanoate in the antifreeze additive, shown in table 1. The qualities of the added 
inhibitors decrease over time, which could also impact the corrosion [16]. 

7.2.3 Impurities 
As figure 12 present, intermetallic phases occur in the sample. A higher instance of iron in the 
alloy results in more intermetallic phases. A difference of electronegative potential between 
the intermetallic phases and the matrix increases sensibility of galvanic corrosion [24].  

7.2.4 Different metals in electrical contact 
Various components of the cooling circuit of the PATGB 203 are connected by the electrolyte, 
as seen in figure 4. The components are made of different metals, which manifest a difference 
in electronegative potentials. This allows galvanic corrosion to occur with the coolant acting 
as an electrolyte. 
 
The most likely cathode is the engine, which is made of cast iron. It has a more 
electronegative potential than the water heater and is constantly in contact with the coolant. 
The difference of the electrode potential between the aluminum and the cast iron is measured 
to be 1215 mV by the data in figure 8. This certainly fulfills the criteria for galvanic corrosion, 
which begins to manifest itself at a 100 mV difference of potential. The surface area of the 
engine is larger relative to the surface area of the water heater, which is also a factor, which 
increases corrosion. In comparison to the other components in the cooling circuit, as shown 
in figure 3, the distance between the water heater and the engine is relatively close, thereby 
increasing the likelihood of galvanic corrosion [34].  
 
Galvanic corrosion appears to be the most likely cause in this case based on indicated 
conditions. This system presents all of the requisite conditions as proved in this study.  

7.3 Affected and unaffected water heaters 
Not all vehicles of this series exhibit corrosion. For variety of reasons, some vehicles are more 
affected than others. Firstly, some water heaters operate more frequently than others. As a 
result, the coolant attains a higher temperature over a longer time. Secondly, the amount of 
salt from the tap water in the coolant solution may vary. One cause is geographical, salt 
content in tap water varies from place to place. Coolant containing higher amounts of salt is 
more conducive to onset of corrosion. Thirdly, the aluminum used to make the alloy can 
contain varying amounts of iron from batch to batch. Water heaters produced from batches 
with a high amount of iron may account for increased corrosion due to the higher rate of 
intermetallic phases. However, one water heater was investigated in this study and therefore 
only one batch.  
 
The visual amount of corrosion in a failed water heater compared to a fully working 
differentiates significantly. The problem of corrosion in PATGB 203 is not consistent, 
therefore must the affected water heater contain some additional factors increasing the 
galvanic corrosion. A stray current in the coolant circuit will increase the onset of galvanic 
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corrosion significantly [33]. Therefore is stray current most likely the cause of why some 
heaters corrode and others not. However, this study did not analyze any data on stray 
currents in the vehicles.   



25 
 

7.4 Solutions 
One solution to protect the water heater against corrosion is by anodizing, which increases 
the thickness of the protecting oxide layer of the alloy [30, 35]. However, this method is just a 
temporary solution as the diffusion of ions through the oxide layer will eventually reach the 
surface. 

The result from the EDS analysis of the deposit, in table 4, shows a significant content of 
sodium. This suggests on salt in the coolant with the origin from the tap water. Therefore, 
using deionized water instead of regular tap water could decrease the ability of the electrolyte 
to conduct a current, which decreases the corrosion. 

Another solution to protect the metal against galvanic corrosion is by a method called 
cathodic protection. By adding a sacrificial anode to the protected surface of a component, it 
will result in a corrosion of the added anode instead of the component [36]. As figure 8 
suggests, magnesium (Mg) could be a viable metal to compose this anode. Magnesium, which 
has an electronegative potential of -2.372 V will be a much more attractive metal for galvanic 
corrosion oppose to the aluminum with a potential of -1.662 V. This external component 
would be easier to exchange than a damaged water heater. This could be implemented during 
scheduled maintenance as a spare part solution to the problem.  

7.5 The Organization 
Roughly half of the 80-100 Swedish PATGB 203 in service exhibits this problem. This, of 
course, decreases the efficient use of the vehicle to the detriment of national defense. As a 
result, this affects the organization with account to the economy, environment and social. 

The failure of an affected PATGB 203 results in extra costs for storage, repair and 
replacement. Unfortunately, exchanging the corroded components is the only present 
solution. Regardless of where the vehicle is stationed, it must be returned to the workshop in 
Skövde, Sweden for repair.  

As mentioned earlier, the costs to replace one defected water heater is estimated to be 20.000 
SEK. This exchange requires a trained mechanic with additional costs. It is a complicated and 
time consuming process as the entire engine must be lifted out of the vehicle in order to 
perform the procedure. Aside from the costs of the workshop in the form of wages, taxes and 
storage, logistic costs must also be taken into account. These expenses differ whether a 
component is sent from northern parts of Sweden or from an international mission in the 
Middle East or Africa [6]. A corroded water heater has a shorter life span than normal. This 
results in a negative economic effect on the vehicle as a whole.  

The PATGB 203 is first and foremost a military vehicle and therefore must be reliable across 
any number of circumstances such as transportation and medical missions. Although the 
FMV, a Swedish component for national defense, is the prime operator of this vehicle, it is 
also used to support humanitarian aid. This study was conducted in order to locate a problem 
in a non-injurious piece of machinery, and as such the results provided to the FMV are given 
freely. 
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7.6 Ethics  
In the aspect of the ethical codex of scientific research, every interviewed person accepted 
this study to use the conducted information and publish their name.  

7.7 Source of errors 
The experimental tests do not give any clear indication as to what specific type of corrosion is 
at work in this case. Since the affected water heater is a replacement unit, it becomes difficult 
for a mechanic to find a root cause to this problem [6]. Many possible causes of corrosion 
have been discussed in this report but more measurements and statistical surveys are needed 
in order to identify the actual underlying cause.  
 
Conflicting evidence was seen between the results of the EDS and the LOM regarding the 
composition of the metal. The source of this discrepancy must be the EDS due to the fact that 
Al-dendrites cannot form in the alloy as the EDS indicate. 
 
Personal communication with a person familiar with the problem, technical major Lars 
Unnerfelt at the FMV, was used mainly for the background information. Disadvantages are 
the objectivity of the interviewee due to his position in relation to the problem. Impartial 
sources such as books and articles were used for the literature survey. Personal 
communication was only used to fill in the gaps of the literature when information lacked.  
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8 Conclusions 

● The material in the flame tube is an alloy containing mainly aluminum and silicon. 
Smaller amounts of manganese, iron and copper are also present.   

● The protecting passive oxide layer is damaged, which results in a direct connection 
between the electrolyte and the underlying material. A direct connection aids in the 
development of corrosion of the material. Additionally, the experimental data 
indicates a homogenous spreading of the corrosion rather than confined pitting spots. 

● The results from the experiment together with the literature review did not give any 
clear indication regarding the corrosion. However, certain causes are more probable 
than others. 

● The main underlying cause to this problem suggests on galvanic corrosion. The 
different metals in the coolant circuit create differences in electronegative potential. 
The component that most likely functions as the cathode is the engine block due to 
the greater electronegative potential of the iron and the relative surface area. 

● The main reason why only some components are affected by corrosion suggests on 
stray current leakage, which accelerates the galvanic corrosion throughout the system. 
The source could be any number of the electrical components of the PATGB 203 
coolant circuit. Furthermore, frequency of the water heater operation, the amount of 
salt in the coolant and the rate of intermetallic phases could also induce corrosion in 
the water heater.  

● Properly grounded components decrease the stray current in the unit. This is a basic 
protective technique and should be done to circumvent the onset of corrosion. If 
grounding the component is not sufficient, adding a sacrificial anode to the protected 
surface will result in corrosion of the added anode as opposed to the component. 
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9 Suggestions for further work 

If the corrosion persists after trying the solutions, mentioned in 7.4 Solutions, further 
investigation and study is required. Suggestions for further research are described below. 

Data concerning the corrosion problem of the PATGB 203 is insufficient. By doing a 
statistical survey over the damaged specimens it could be possible to ascertain a connection 
between the corroded components in the coolant circuit. It is a suggestion the survey to cover 
data including geographical use, frequency of water heater use and stray current 
measurements.  

Secondly, as the experimental data indicated in this study, intermetallic phases occur as a 
result of iron in the alloy. Comparing a corroded water heater with a non-corroded specimen 
will give comparative results. Should one unit exhibit greater amounts of intermetallic 
phases, this would suggest a manufacturing problem at Eberspächer. Changing the alloys’ 
composition to lower the overall iron content appears necessary. This can be achieved by 
using a material with a lower frequency of secondary usage. 

Thirdly, the components itself are fully working but the problem of corrosion appears when 
they are connected in the cooling system of PATGB 203. Additionally, this problem does not 
occur in other models with similar components. Therefore, this suggests on an evaluation of 
making a redesign of the cooling system with account to placement, material and choice of 
the components.  

Finally, while conducting a detailed investigation towards the coolant, the aspects including 
the pH value, the salt content and the amount of corrosion inhibitors present in the 
antifreeze need to be established. A change in the coolant mixture may be indicated. 
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2. Material at magnification 2000x.  
 

 

  



 
 

3. Material at magnification 50x 
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