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Abstract 

 

For decades, phosphating has been considered state of the art for pretreating car bodies in 
order to promote corrosion resistance and paint adhesion. Although it offers excellent 
corrosion protection, the phosphating process has drawbacks. These drawbacks include limits 
on how much aluminium can be used in a car body, high process costs due to heating the 
process baths, and high costs for wastewater treatment. The phosphating process also utilizes 
toxic metals, such as nickel, which are on the REACH list. Since the early 2000’s, 
commercial alternatives to phosphate pretreatment have been available. These technologies 
are based on zirconium chemistry and have addressed the drawbacks with the phosphating 
process. There is limited knowledge regarding the paint delamination and corrosion behavior 
of automotive materials pretreated with these replacement technologies. In this work, the 
behavior of these zirconia-based technologies has been studied and compared to traditional 
phosphating. Utilizing an accelerated corrosion exposure regime, both short and long term 
exposures in atmospheric conditions have been used. Hot dipped galvanized (HDG) steel was 
used as a substrate. The resulting corrosion products have been analyzed using X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive spectroscopy 
(EDS). It was found that the paint delamination mechanism did not differ between the 
different pretreatment technologies when using the current exposure method. The main 
corrosion product found was simonkolleite (Zn5Cl2(OH)8•H2O). It was also found that the 
scribe was the area of cathodic activity and that the zinc was dissolved anodically. 
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1. Background 
 Environmental legislations are forcing car manufacturers to develop vehicles which are more 
energy efficient.  In order to decrease fuel consumption and CO2 emissions, the automotive 
industry is striving to reduce body weight by using lightweight materials, i.e. aluminium. 
However, today’s commercial pretreatment process (zinc phosphating) has difficulty 
handling increased amounts of aluminium due to poisoning and increased quantities of sludge 
in the bath. Moreover, there are environmental issues with the existing zinc phosphating 
processes. These issues involve the sludge that is created, as well as the health-issues 
associated with heavy metals, especially nickel, in the process. Additionally, energy and 
water consumption are high for the zinc phosphating processes. 

 

In recent years, alternatives to phosphate have emerged on the market.  One of the most 
promising technologies relies on mixtures of mainly zirconiumhexafluorides and silicone 
compounds. Some of the ingredients in the pretreatment mixtures are proprietary. In addition 
to containing fewer heavy metals, these technologies consume less water and energy. The 
new technologies also provide the possibility to pretreat aluminium and magnesium.  

 

Knowledge about how these technologies work in the automotive pretreatment process, as 
well as how these technologies behave under a car’s paint layers is scarce. What is known 
about the new pretreatment technologies is that they theoretically have an ability to offer 
good corrosion protection and good paint adhesion. Also, in laboratory testing, the Next 
Generation Pretreatments (NGP) give approved corrosion results. Though, they do not reach 
the performance level of zinc phosphating for steel. What is relatively unknown is how 
NGP´s perform on a car after a few years in operation. Some results seem to indicate that 
corrosion problems, which are not captured in lab testing, may occur in the field. 

 

The lesson learnt from history is that there is a paramount risk with new pretreatments.  In the 
mid-1970’s, the introduction of new car body pretreatments and paint procedures resulted in 
almost catastrophic problems with corrosion. These problems affected most car 
manufacturers. 

 

The scope of this thesis is to compare and contrast the corrosion behavior of thin film treated 
and phosphate painted galvanized steel for automotive applications. The samples were 
exposed to cyclic corrosion conditions in a laboratory environment. The results are compared 
with regards to morphology of the resulting blisters, as well as corrosion products. 

   



2 

 

   



3 

 

2. Theory 
Iron and zinc rank first and fourth among metals produced globally [1]. Steel is the main 
construction material used by the automotive industry [2]. Since the late 1970’s, the use of 
zinc coated steel cars has increased. Today, zinc coating is the dominant application for car 
bodies [3].  Zinc coating on steel supplies cathodic protection due to the lower corrosion 
potential of zinc [4]. 

 
2.1 Corrosion 

Corrosion of metals and alloys in aqueous solution is usually an electrochemical process [4]. 
The corrosion cell contains an anode and a cathode, which are connected   electronically, as 
well as by an ionically conducting medium (an aqueous electrolyte). This is exemplified in 
equations 2.1 and 2.2 for zinc metal in a solution. 

ܼ݊ሺݏሻ → 	ܼ݊ଶାሺܽݍሻ ൅ 	2݁ି Anodic reaction (2.1) 

1/2	ܱଶሺܽݍሻ ൅ ଶܱሺ݈ሻܪ ൅ 2݁ି →  ሻ Cathodic reaction (2.2)ݍሺܽିܪ2ܱ

The cell reaction becomes: 

ܼ݊ሺݏሻ ൅ 1/2	ܱଶሺܽݍሻ ൅ ଶܱሺ݈ሻܪ → ܼ݊ଶାሺܽݍሻ ൅  (2.3) ିܪ2ܱ

The oxygen reduction reaction (2.2) has been shown to be the case for clean metal surfaces. 
On oxidized surfaces, stable intermediate products, such as superoxide ion radicals (ܱଶ

ି) and 
peroxyl ions (ܱܪଶ

ି), have been reported by Wroblowa et al [5]. 

For a cell reaction to be thermodynamically allowed, the change in Gibbs free energy G 
must be <0. 

Because  

G = -nFE (2.4) 

where n is the number of electrons, F is Faraday’s constant, and E is the cell potential in 
volts. This implies that, for a reaction to be spontaneous the cell potential, E has to be 
positive.  

From equation 2.4 the Nernst equation can be derived. For a general half-cell reaction	ܯ௡ା ൅
	݊݁ି ⇋   Nernst’s equation at 25°C can be written as ,ܯ

݁ ൌ ݁° ൅ ቀ
଴.଴ହଽ

௡
ቁ logሾܯ௡ାሿ	(2.5) 

Here e is the equilibrium potential and e° is the standard half-cell potential. If the sum of the 
cathodic half-cell potential, ec, and anodic half-cell potential, ea, is positive, the reaction will 
proceed spontaneously to the right. If the potential is negative, the reaction will proceed 
spontaneously to the left. By using the Nernst equation, it is possible to construct potential/ 
pH diagrams, so called Pourbaix diagrams. These diagrams demonstrate the spontaneous 
direction of the reactions under given conditions. Pourbaix diagrams for zinc are shown in 
Figure 3.1 together with predominance diagrams for the Zn-Cl and Zn-pH systems [6]–[8]. 
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Figure 2.1 In the top row, the predominance diagrams for the Zn-Cl and Zn-pH systems are 
shown [7], [8]. The Zn Pourbaix diagram is shown at the bottom [6]. 

 
2.2 Atmospheric corrosion 

Atmospheric corrosion is the corrosive degradation of materials when exposed to 
atmospheric conditions. It is usually an electrochemical process with anodic and cathodic 
reactions, as described above. The atmosphere primarily consists of N2 (78,08%) and O2 
(20,95%), as well as CO2 (390,5 ppb). There are also traces of the noble gases He, Ar, Kr, 
Ne, and Xe. [9], [10]. O2, CO2 and H2O play major roles in the atmospheric corrosion of Zn. 
Other minor compounds found in the atmosphere, and which  may influence corrosion, are 
O3, H2O2, SO2 , H2S, COS, NO2, HNO3, NH3, HCl, Cl2 , HCHO, and HCOOH, whose total 
amount in the atmosphere is below 10 ppb. Depending on temperature and relative humidity, 
the water  vapor concentration in the atmosphere varies between 100 ppm and 10000 ppm 
[10]. 
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Due to the variations in concentration of pollutants, the atmosphere can be classified into 
different types: rural, industrial and urban [11]. In table 2.1, the different classifications are 
presented together with the concentrations of pollutants.  

Table 2.1 Pollutants in the atmosphere. All pollutant concentrations are given in (g*m-3) 
except for “Particles (Dust deposits)” and “Soot” which are given in (mg*m-2*y-1) [11] 

  
 SO2 NO2 HNO3 O3 H2S Cl2 

Particles - 
PM10 

Particles (Dust 
deposits) 

Soot 

A
re

a 

Rural 2-15 2-25 0,1-0,7 20-90 N/A N/A  10-25 450-1500 <5 

Industrial 50-400 N/A 0,5-4 20-90 N/A N/A 30-70 1000-6000 ≤75 

Urban 5-100 20-150 0,5-4 20-90 20-250 ≤20 30-70 1000-6000 ≤75 

 

Water molecules adhere to metals and oxides exposed to the atmosphere. The number of 
molecule layers depends on the relative humidity in the environment [10]. In atmospheric 
corrosion, it is more relevant to consider liquid water. Water can be deposited by 
condensation, fog, rain, splashing, as well as by deliberately cleaning and rinsing a surface 
using water. Pure water will not result in significant corrosion due to the low concentrations 
of ions [4], [12]. In order for significant corrosion to occur, pollutants need to be introduced 
to the water layer. This can be done by either wet deposition or dry deposition. Wet 
deposition occurs when pollutants are dissolved in the water deposits. Dry deposition occurs 
when the pollutants deposit as gas molecules or other pollutants. Dry deposition occurs most 
often in indoor environments, whereas wet deposition occurs in the outdoor environment. The 
effects of pollutants on the corrosion of zinc have been studied by a number of authors [7], 
[8], [13]–[16]. Selected results from Svensson’s thesis are summarized in figure 2.2, which 
shows the corrosion rates at 95 %RH following four weeks of exposure. The figure shows 
that the addition of SO2 in the atmosphere increases the corrosion rate of pure zinc when 
compared to pure air, NO2 and O3. There are also synergetic effects reported when mixing the 
pollutants, as seen in figure 2.2 [17].  
 
The outdoor atmospheric conditions vary periodically with regards to temperature and 
humidity [18]. This causes the material surface to alternate between wet and dry [19]. The 
dehydration of electrolytes saturates the electrolyte with pollutants and facilitates the 
precipitation of corrosion products. These corrosion products can passivate the metallic 
surface. 
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Figure 2.2 The corrosion rates of zinc when exposed to different pollutants [17]. 

 
2.3 The influence of NaCl on the corrosion of zinc 

The most important corrosion accelerator in automotive corrosion is NaCl, which is used in 
deicing and dust binding applications on road surfaces. The effect of NaCl on the corrosion of 
zinc has been described in a number of works, for instance Svensson’s thesis [17] and by 
Lindström et al [8]. The deliquescence point for NaCl is 75% RH, meaning that for humidity 
≥ 75% RH deposited salt crystals will form a solution establishing electrochemical corrosion 
cells. The aqueous ions are transported by the potential field that arises between the anode 
and cathode. The anions are transported towards the anode and the cations are transported 
towards the cathode. Thus, the anode is enriched in chloride and cathode in sodium. The 
corrosion products found on zinc in NaCl containing environments are simonkolleite, 
Zn5Cl2(OH)8·H2O), but also ZnO [7], [20], [21]. Environments containing other pollutants 
are known to produce different corrosion products on zinc. A selection is presented in Table 
2.2. There is a positive temperature dependency for the corrosion rate of zinc in NaCl 
containing environments. This corrosion rate was reported to increase 10 times in the 
temperature range between 4 and 38°C [7]. When zinc is subjected to cyclic corrosion 
conditions in a NaCl containing environment, the corrosion product composition changes as 
the cycles are altered. Zhu et al showed that as the dry periods got longer the corrosion 
products on open zinc surfaces were dominated by simonkolleite [22]. 
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Table 2.2 Corrosion products formed on zinc metal in different environments.  

Corrosion products detected Environment RH (%) Reference 

Zn5Cl2(OH)8·H2O 

NaCl, NaCl + SO2, 
NaCl + NO2, NaCl 
+ SO2 + NO2, NaCl 

+CO2 

70 and 95 [7], [8], [21] 

Zn3CO3(OH)6·H2O NaCl + CO2  95 [7], [8] 

Zn5(NO3)2(OH)6·2H2O HNO3 65 [15] 

ZnSO4·3Zn(OH)2·4H2O NaCl + SO2 70 [21] 

ZnO 
NaCl, NaCl + SO2, 
NaCl + NO2, NaCl 

+ SO2 + NO2 
70 [21] 

ZnSO4·3Zn(OH)2NaCl·6H2O 
NaCl + SO2, NaCl 

+ SO2 + NO2 
70 [21] 

2.4 Zinc coated steel 

Coating steel with Zn provides the steel with galvanic protection whereby the Zn dissolves 
preferentially due to the higher nobility of iron compared with zinc. There are several 
processes for applying a zinc coating to steel, such as hot dip galvanizing (HDG), 
electroplating, spraying, and painting. This thesis focuses on HDG material. HDG steel is 
produced by dipping the steel in molten zinc. Aluminium is used as an alloying element to 
promote the formation of a Fe2Al5-XZnX layer at the Zn – steel interface, thereby preventing 
the diffusion of Fe into the zinc layer. Alloying with aluminium also results in formation of 
aluminium oxide at the surface of the coating, as well as aluminium enrichment in the grain 
boundaries. The zinc grains are preferentially oriented with the basal plane (0002) normal to 
the surface[23]. In order to promote the retention of lubricants and corrosion inhibitors, the 
zinc coated sheet is often imprinted using rollers with a specific texture, such as an electron 
discharge texture (EDT) or an electron beam texture (EBT)[24], [25]. The mechanical 
deformation of the zinc layer causes it to partly recrystallize, which results in smaller sized 
grains in the depressed areas when compared to the plateau areas [23]. A typical thickness of 
the zinc coating for automotive exterior panels is 7,5 m [26]. 

 
2.5 Corrosion protection of automotive sheet metal 

The paint systems used to coat the car body are comprised of several layers. In this section, 
the different layers and their functions will be described for automotive outer panels. The 
outer panel on a conventional automotive structure consists of galvanized steel sheet, see 
section above. The different layers are schematically shown in Figure 2.3. 
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Figure 2.3 Schematic view of the layers composing a traditional automotive paint system. 

The first layer applied on the car body is a conversion coating. This layer is designed to 
provide corrosion protection, as well as to promote adhesion of the subsequent paint layers. 
The conversion coating most widely used is phosphating. On top of the conversion coating, 
an electrophoretic paint is applied by a dipping process. This electrophoretic paint provides 
additional corrosion protection. The following paint layers are applied by spraying. The 
primer surfacer adds mechanical toughness and stone chip resistance. Subsequently, a 
basecoat containing pigment is applied. In certain cases, metallic and/or mica flakes are 
added for decorative effect. The final coating is a clearcoat designed to resist scratches and 
give UV protection to the coatings below [27].  

2.5.1 Phosphating

 

Figure 2.4 Schematic view of an automotive dip phosphating line. 

Phosphating is applied in a continuous process consisting of seven steps. In Figure 2.4, a dip 
line process is shown. The process steps are: degreasing, rinse, activation, phosphating, rinse, 
passivation, and final rinse [28].  

 
2.5.2 The phosphating step 
The main step in the phosphating process is carried out in a phosphating bath where the 
coating is precipitated onto the car body. After nearly one hundred years, the use of 
phosphated steel is widespread in the automotive industry [28]. The phosphated surface is 
morphologically characterized by micrometer sized crystals and is applied by either a spray 
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or a dip process [28], [29]. The phosphating solution contains dilute phosphoric acid 
combined with different additives which are intended to control the morphology of the 
coating, as well as the surface coverage. The phosphate solution is tailored according to the 
material mix of the car body to be phosphated [30].  
 
The general deposition of the phosphate layer on galvanized steel is described below. The 
substrate is dissolved at low pH in the phosphate bath. At micro cathodic sites, hydrogen is 
evolved. This increases pH and causes phosphate to precipitate. In the case of zinc the 
phosphate formed is ܼ݊ଷሺܲ ସܱሻଶ ∙  ଶܱ (hopeite). The reaction is summarized in equationܪ4
3.6 [28], [31].  

3ܼ݊ଶାሺܽݍሻ ൅4ܪଶܱሺ݈ሻ ൅	2HଶPOସ
ିሺܽݍሻ → ܼ݊ଷሺܲ ସܱሻଶ ∙ ሻݏଶܱሺܪ4 ൅  (3.6)		ሻݍାሺܽܪ4

The size of the crystals is in the range of a few micrometres up to 100 m. In modern 
automotive applications, a tri-cationic phosphate containing Zn, Ni and Mn ions is used. 
These form a doped hopeite ܼ݊ଷି௫݁ܯ௫ሺܲ ସܱሻଶ ∙  ଶܱ where Me is Ni and/or Mn. Theܪ4
addition of Ni2+ and Mn2+ increases the crystal growth rate and the corrosion resistance. [28].  
 
The surface coverage of the phosphate coating is in the range of 98,5-99,5% [32]. The 
adhesion mechanism between the phosphate layers and the subsequent paint layers is of a 
“lock and key” fashion. This, in combination with the barrier properties of the coating, is the 
main contribution of phosphate to the corrosion resistance [33].  

 
2.5.3 The activation step 

In order to achieve a uniform phosphate coating, an activation of the metal surface is 
performed in process step 3 (Figure 2.4). Activation is achieved by colloidal titanium 
phosphate, which acts as nucleation sites for the phosphate crystals. The enhanced nucleation 
gives a higher surface coverage and smaller crystal size [34]. 

 
2.5.3.1 Degreasing  

As the car body leaves the stamping and assembly plants, oil, grease, particles and oxides are 
present on the surface.  As such, cleaning the surface is essential for phosphating. Degreasing 
is the first step in the phosphating process (see Figure 2.4). Cleaners for automotive 
applications are often composed of an organic and an inorganic component and used at an 
alkaline pH. The organic component is often a non-ionic surfactant and the inorganic 
compound can be borate or silicate. The high pH causes hydrolyzation of oils present on the 
surface. The surfactants remove any mineral oil which was not hydrolysed by the high pH. 
The borates and silicates act as a corrosion inhibitors, bath stabilizers and pH buffers [35].  
High agitation and good penetration in hidden areas of the car body are needed in order for 
degreasing reach its maximum potential. For this reason, the degreasing step is often a 
combination of high pressure spray and dip treatments as seen in Figure 2.4 [28], [36].  
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2.5.3.2 Rinsing 

After the major steps in the phosphating process, rinsing is essential.  Rinsing interrupts 
ongoing reactions on the surface and prevents the transference of chemicals from one bath to 
the next;  thus, avoiding contaminating the baths downstream in the process [30].  

 
2.5.4 Paint system 

2.5.4.1 Electrophoretic coating 
 

 

Figure 2.5 Schematic of E-coat application line 

 

The electrophoretic coating (E-coat), which provides additional corrosion resistance, is the 
first paint coat applied after pretreatment. E-coatings have been used in the automotive 
industry since the 1960’s. This process is performed in a dipping line (Figure 2.5) by using an 
E-coat with charged paint particles. The car body is biased towards the E-coat bath, allowing 
the paint to adhere to the car body, as well as to allow the paint to penetrate into crevices (the 
ability to penetrate into crevices is generally called throwing power). The first E-coats used 
were anodic. Due to better corrosion performance, the E-coat has been changed to a cathodic 
type, which is still state of the art in the automotive industry.  
 
The E-coat bath is an aqueous solution with three main components: 

 charged pigment droplets with special solubilized resin  
 an aqueous polymer solubilized with acid 
 coalescing solvents 

After E-coating, the body is transported to an oven where the coating is allowed to crosslink 
at 180°. The thickness of the E-coat is usually 25m [26]. The E-coat is sensitive to UV 
radiation and needs to be protected by additional coatings in exposed areas.  

 
2.5.4.2 Primer surfacer, basecoat and clear coat  

 Typically, three additional coatings are applied after E-coating. In order, these are:  primer 
surfacer, basecoat and clearcoat. Each coating has its own specific function; although, they all 
act together to create a barrier in order to prevent water or ions reaching the metal surface. 
The three coatings are applied by manual spraying or by robotic spray application. The 
current trend within the automotive industry is to decrease the number of coatings for 
economic reasons [27].  
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Primer surfacer 

The primer surfacer hides any imperfections that are still present after E-coating. The 
thickness of this coating is in the range of 30-40 m. The primer surfacer also increases the 
overall stone chip resistance of the paint system.  A primer surfacer is important as it helps to 
prevent stone and other debris, which are propelled against the vehicle during operation, from 
damaging the coating down to the metallic substrate. Such damages can lead to corrosion 
[26]. 

 
Basecoat 

The basecoat contains the pigment that gives the car body its color. It is in this layer that 
additions of aluminium or mica flakes can be made to give the paint a metallic or pearlescent 
finish. Other functionalities include UV barrier properties to protect the E-coat and surfacer 
from UV radiation. The layer thickness of the basecoat is usually 15-25 m. Due to stricter 
emission regulations regarding volatile compounds, solvent based basecoats are being 
replaced by water based ones [26], [27].  

 
Clearcoat 

A clear coat is applied to give the final appearance. It serves to protect against scratches, as 
well as  to provide a barrier  against UV radiation and chemical degradation of the underlying 
layers. The thickness of the clearcoat is usually between 35-50 m [26], [27]. 

 
2.5.5 Thin film pretreatments 

The relatively high cost of the phosphating process has sparked an interest in finding suitable 
replacement. The high cost for the phosphating process is due in part to high energy 
consumption, as well as to the complex wastewater treatment required due to usage of heavy 
elements such as Ni and Mn.  

 
2.5.5.1 Zr and Ti based pretreatments 

The Zr and/or Ti based pretreatments result in the formation of a thin conversion coating 
consisting of Zr or Ti oxide, or a Zr/Ti mixed oxide. These types of coatings have been 
studied by Adhikari et al, by Lunder et al, by Nordlien et al and by George et al [37]–[41]. 
Nordlien, George and Lunder used aluminum AA6066 substrates, and Adhakiri used cold 
rolled steel as substrates. The conversion coating can be applied in a dip or spray process by 
applying a H2ZrF6 and/or H2TiF6 containing solution. Similar to the phosphate coating, the 
Zr/Ti based process relies on cathodic nucleation to deposit on the substrate  [42]. The 
deposition mechanism on aluminum is described below [40]. The deposition mechanism on 
CRS (Cold Rolled Steel) and HDG substrates is believed to be similar to the deposition on 
aluminium.   
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Dissociation of the acid (equation 2.6). 
 

଺ܨݎଶܼܪ ⇒ ାܪ2 ൅ ଺ܨݎܼ
ଶି ሺܽݍሻ (2.6) 

  

The acid promotes the dissolution of the metal, in this case aluminium (equation 2.7) 
 

ሻݏሺ݈ܣ ⇒ ሻݍଷାሺ݈ܽܣ ൅ 3݁ି	 (2.7) 
 

The aluminium forms fluoride complexes releasing Zr4+ ions into the solution (equation 2.8) 
 

ሻݍଷାሺ݈ܽܣ ൅ ଺ܨݎܼ
ଶିሺܽݍሻ ⇒ ሻݍସାሺܽݎܼ ൅ ଺ܨ݈ܣ

ଷିሺaqሻ (2.8) 
 

At local cathodic sites on the aluminium surface, consisting of noble inclusions in the 
material or impurities, hydrogen evolution occurs (equation 2.9) 
 

ାሺaqሻܪ2 ൅  ଶሺgሻ (2.9)ܪ⇒2݁ି
 

The resulting increase in pH causes precipitation of hydrated Zr oxide (equation 2.10) occurs 
first on the nucleation sites; and then, forms a film over the surface. The resulting ZrO2 layer 
has varying thickness and can be described as consisting of Zr oxide islands in a thin Zr oxide 
film. 
 

ሻݍସାሺܽݎܼ ൅ ଶܱሺ݈ሻܪ3 	⇒ ଶܱݎܼ • ሻݏଶܱሺܪ ൅  ሻ (2.10)ݍሺܽ	ାܪ4
 

The thickness and uniformity of the pretreatment layer depends on the distribution of 
intermetallic phases in the alloy [40].  
 
To increase the density of cathodic sites the addition of Cu and Fe ions to the H2ZrF6 bath 
have been studied by Lostak et al and Adhikari et al [37], [43]. The addition of Cu ions 
increases the amount of deposited ZrO2•H2O on both Zn and Fe substrates [37]. During 
pretreatment of HDG, deposition of metallic Cu and Fe is believed to occur during the 
dissolution of Zn according to equation 2.11 and 2.12 [43]. 
 

3ܼ݊ሺݏሻ ൅ ሻݍଷାሺܽ݁ܨ2 → 3ܼ݊ଶାሺܽݍሻ ൅  ሻ (2.11)ݏሺ݁ܨ2

 

ܼ݊ሺݏሻ ൅ ሻݍଶାሺܽݑܥ → ܼ݊ଶାሺܽݍሻ ൅  ሻ (2.12)ݏሺݑܥ
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The pretreatment layers are sensitive to surface contamination, i.e. inadequate cleaning. Other 
sensitive factors for the coating deposition are bath parameters, where excessive 
concentration of fluoride, iron and aluminium can result in irregular coating deposition [44].  

 
2.5.5.2 Silane based films 

The group of monomeric organosilicon molecules discussed below will be referred to as 
silanes, as this is the term used in the relevant literature. Silane films are formed from silane 
monomers in a solution. These monomers are of two basic types; mono-silanes and bis-
silanes, where the first have one functional group attached and the latter has two functional 
groups attached. The basic structure for the silane monomers are presented below (2.13-2.15). 
The silane monomers undergo hydrolysis according to the equation 2.16. The hydrolyzation 
enables the silanes to attach to the hydroxylized oxide film present on the metallic substrate 
by condensation (2.18). Condensation (2.17) also promotes the gelation and precipitation of 
the silane film. Both the condensation and hydrolysis reaction rates are pH dependent. Thus, 
high rates of condensation and gelation occur when the concentration of OH- is high. The 
hydrolyzation is dominant at low pH [45]. It has been shown that the condensation and 
hydrolysis reactions have a rate minimum at pH 7 and pH 4,3 respectively. This is valid for 
gamma-aminopropyltriethoxysilane (APS), gamma-3-methacryloxypropyl-trimethoxysilane 
(MPS), gamma-glycidoxypropyltrimethoxysilane (GPS) and gamma-
ureidopropyltrimethoxysilane (UPS) [46]. It has been shown that to minimize condensation 
and subsequent gelation of silanes the silane concentration should be below 1 wt% [47]. 
Arkles et al have also shown that long carbon chains of the alkoxy group contribute to a 
slower condensation rate. 

 

ሺܴ െ ܱሻଷܵ݅ሺܪܥଶሻ௡ܻ  (2.13) 

ሺܴ െ ܱሻଷܵ݅ሺܪܥଶሻ௡ܻሺܪܥଶሻ௡ܵ݅ሺܱ െ ܴሻଷ (2.14) 

ሺܴ െ ܱሻଷܵ݅ሺܪܥଶሻ௠ܵ݅ሺܱ െ ܴሻଷ (2.15) 
 

Where 

 

ܴ ൌ  ହሻܪଶܥሺെ	݈ݕ݄ݐ݁	ݎ݋ଷሻܪܥሺെ	݈ݕ݄ݐ݁݉

ܻ ൌ െܥଷܪ଺ܰܪଷ,െܰܪ	ݎ݋ െ ܵସ 

 

The silane films can consist of a single silane or a mixture of several silane compounds. The 
most commonly used silanes are listed below ([45]). 
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Table 2.3 Summary of most commonly used silanes, their chemical formula and 
classification 

Name Structure Type 

Vinyltriacetoxy silane CH2=CH-Si(OCOCH3)3 Mono-silane 

Bis-1,2-(triethoxysilyl) ethane (C2H5O)3Si-CH2CH2-Si(OC2H5)3 Bis-silane 

Bis-[trimehoxysilylpropyl]amine 
(CH3O)3Si-(CH2)3-NH-(CH2)3-
Si(OCH3)3 Bis-silane 

Bis-
[trimethoxysilylpropyl]tetrasulfide 

(CH3O)3Si-(CH2)3-S4-(CH2)3-
Si(OCH3)3 Bis-silane 

 

   

ሺܴ െ ܱሻଷܵ݅ሺܪܥଶሻ௡ܵ݅ሺܱ െ ܴሻଷ ൅ ଶܱܪ6 ⇋ ሺܱܪሻଷܵ݅ሺܪܥଶሻ௡ܵ݅ሺܱܪሻଷ ൅ 6ܴ െ  (2.16) ܪܱ

 

െܵ݅ െ ܪܱ ൅ ܱܪ െ ܵ݅ ⇋ െܵ݅ െ ܱ െ ܵ݅ െ ൅ܪଶܱ (2.17) 
  

െܵ݅ െ ܪܱ ൅ ܱܪ െ݁ܯ ⇋ െܵ݅ െ ܱ െ݁ܯ ൅  ଶܱ (2.18)ܪ

 
The partially polymerized silanes adhere to the metallic substrate by hydrogen bonds and 
form a viscous gel on the substrate surface. When the film is dried, the silanol and metal 
hydroxide groups condense to form metalo-siloxane bonds (equation 2.18) shown in Figure 
2.6 [48]. Further condensation occurs in the film, which results in a crosslinked network. The 
temperature to obtain maximum curing ranges from room temperature to 100°C [45]. After 
curing, the film thickness is in the range of 50 nm – 500 nm. Thick films have some 
unfavorable characteristics, such as brittleness and cracking. 

 

Figure 2.6 Deposition and formation of silane network in a metal surface [48].  
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Impedance measurements suggest that the resulting films consist of several layers. Thus, it 
has been suggested that close to the metal-silane interface there is a layer containing ܵ݅ െ
ܱ െ݁ܯ and ܵ݅ െ ܱ െ ܵ݅ bonds with a thickness of about 5 nm. Further out, the layer 
contains ܵ݅ െ ܱ െ ܵ݅ and unhydrolyzed ܵ݅ െ  bonds. The top layer contains bonds ܪܱ
between the silane network and the paint layer [45], [49]. A schematic representation of the 
layer can be seen in  Figure 2.7.  

 

Figure 2.7 Schematic representation of the silane layers on aluminium substrate. 

 
2.5.6 Commercial thin film pretreatment processes – mixed Zr- and Si technology 

films 

Commercially available thin film coatings often combine the Zr/Ti technology and a silicone 
based technology in the same process. Studies have shown that after application, the resulting 
coatings have an increased concentration of Zr closest to the metallic surface and an increase 
in Si concentration furthest from the substrate [50]. The resulting coating thickness is 
between 20 and 100 nm [39] Although the phosphate conversion coating and the thin film 
conversion coatings differ in chemistry, the set up for the process is similar. However, the 
activation step needed for phosphating (see Fig. 2.4) is omitted and silicate containing 
cleaners cannot be used [36], [51].  

 
2.6 Underpaint corrosion and delamination on phosphated HDG 

Several delamination and corrosion mechanisms have been proposed for zinc phosphate 
(ZnPh) pretreated HDG steel which has been coated with a polymer coating during cyclic 
corrosion tests. The common morphology of the corrosion blisters that propagate from 
damage that penetrates both paint and zinc layers is shown in Fig. 2.8. Typically, a primary 
blister is formed; sometimes, secondary, tertiary or even higher order blisters also form. 
Blistering has been described in a review paper by Amirudin at al [52]. Three different modes 
of paint delamination have been distinguished for HDG steel: 

1. Cathodic delamination 
2. Anodic undermining 
3. Anodic undermining and mechanical delamination 
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Figure 2.8 Schematic view of a primary blister surrounded by secondary blisters propagating 
from a damage in the paint. 

2.6.1 Cathodic delamination 

It has been proposed by several authors, including Fürbeth and Stratmann and Granata [53]–
[58], that the delamination mechanism of painted galvanized steel is cathodic. The cathode is 
supposed to be at the corrosion front in the interface between zinc and the polymeric coating 
with and a trailing anode or an anode situated in a coating defect [52]. Oxygen transport to 
the cathode  occurs through the polymeric coating or in the interface between paint and zinc 
[59]. It can be noted that the systems used to show these mechanisms were model samples 
using non pigmented polymeric coatings [60] without any pretreatment of the metal surfaces 
prior to application of the coating. 
 
Several mechanisms for coating disbonding have been proposed.  Degradation of the 
polymeric coating near the zinc/coating interface due to high pH is often shown. [52]. As is a 
degradation of the phosphate coating [61]. Granata proposed a mechanism with a mechanical 
component that can occur in using cyclic conditions [56]. The mechanism proposed consists 
of four parts and is shown in Figure 2.9: 

1. Initial cathodic reduction of oxygen at the zinc/paint interface, increasing the pH and 
weakening paint-phosphate and phosphate-zinc bonds. 

2. During the drying portion of the cycle, corrosion products precipitate and apply 
mechanical stresses on the paint film. 

3. Mechanical delamination of the paint/zinc interface occurs allowing oxygen to access 
the newly exposed area.  

4. Further oxygen reduction occurs and mechanical delamination of the paint advances 
the corrosion. 
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Figure 2.9 Illustrations of  the mechanism proposed by Granata for cathodic coating 
delamination [56].  

2.6.2 Anodic undermining 

In anodic undermining, the cathodic area is located in damage in the paint, i.e. a scribe that 
cuts through the paint system and zinc coating, or at a cut edge. In this scenario, which has 
been suggested by a number of authors [62]–[67], oxygen reduction takes place on the 
exposed steel surface.  The corresponding anodic reaction takes place in the zinc coating 
causing dissolution. Zinc dissolution takes place beneath the ZnPh pretreatment layer and is 
not directly affected by the pretreatment. Anodic undermining was demonstrated by Nazarov 
in a NaCl(aq) thin electrolyte by inducing a damage to the steel on a galvanized substrate.  

 
2.6.3 Anodic undermining and mechanical delamination 

This mechanism is similar to the anodic undermining described above. In this case, the 
osmotic pressure of the electrolyte helps to delaminate the paint. Thus, the anodic dissolution 
causes accumulation of ZnCl2 (aq) under the paint film. By osmosis water diffuses into the 
blisters. The resulting volume increase causes delamination of the weakest interface ahead of 
the corrosion front supplying fresh anodic sites to the corrosion cell [52], [61].  
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3. Analysis methods 

3.1 Scanning Electron Microscope (SEM) 

The SEM uses electrons to observe and gain information from samples. The electrons are 
emitted from an electron gun, which can either be of a field emission or thermionic type. The 
thermionic type heats up a filament, which is often made of W or LaB6, until it emits 
electrons. In a field emission gun the electrons are extracted by applying high voltage over a 
sharp tungsten tip. The electrons emitted from the electron gun are accelerated by a high 
voltage bias. In an SEM, the accelerating voltages typically range from <0,2 keV to 30 keV. 
The electrons travel through the microscope column and are focused onto the sample via 
magnetic lenses into a small probe. The probe is then scanned across the sample by scanning 
coils. In Figure 3.1, a schematic image of the construction of a SEM. 
 
When the electron beam hits the sample the electrons will penetrate into the material. The 
depth of penetration will depend on the energy of the electrons, and the density of the 
material. The volume that is created by the penetrating electrons is referred to as interaction 
volume. This volume increases as the electron energy increases and as the density of the 
material decreases. A simulation of the interaction volume at different accelerating voltages 
and with different materials was performed using Casino v.2.48 software. The results of this 
simulation are shown in Fig. 3.2.  
 
Several signals are emitted from the sample as the electron beam hits the material; they are 
summarized in Figure 3.3. The most commonly used signals are secondary electrons (SE), 
backscattered electrons (BSE) and characteristic X-rays. The secondary electrons are used to 
obtain topographic contrast. The electrons are detected with a secondary electron detector. 
This detector has a grid where a bias is applied to increase the collection of the electrons. The 
secondary electrons have a low energy, typically less than 50 eV. The low energy of the 
electrons permits only electrons generated close to the surface to escape the sample and be 
detectible. The backscattered electrons are used for Z-contrast. This means that the contrast 
seen in the images will depend on the mean atomic weight of the imaged region. Areas of the 
sample with a lower mean Z-number will appear darker than areas with higher mean Z-
number. The backscattered electrons can have energies up to the energy of the incident beam. 
The high energy of the BSE electrons results in images with lower surface sensitivity and 
resolution as the electrons are emitted from a larger portion of the excitation volume [68].  
 
The SEM imposes certain constraints on the investigated samples. The samples need to be 
conductive; otherwise the samples will charge up and degrade the image. The samples to be 
observed also need to withstand the vacuum conditions present in the chamber. To be able to 
observe nonconductive samples, such as certain corrosion products, one can coat the samples 
with a conductive coating, e.g. gold or carbon. One can also introduce a gas into the specimen 
chamber. The gas molecules will be ionized by the electron beam and create a path for the 
built up charge on the sample to dissipate. The increased pressure in the chamber will have 
adverse effects on the resolution of the image due to spreading of the beam.  
 
Two different scanning electron microscopes were used in this work, a FEI Quanta200 FEG-
ESEM and a Zeiss EVO Ma15 with a LaB6 cathode. 
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Figure 3.1 Schematics of a SEM 
 

 
 
Figure 3.2 The interaction volume as a function of Z and kV.  
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Figure 3.3 Schematic representation of some of the signals resulting from the electron – 
sample interactions.  
 

3.2 Energy Dispersive Spectroscopy (EDS) 

One of the signals generated from the sample as the electrons interact with it is X-ray 
radiation, see Fig. 3.3. Bremsstrahlung is generated when a charged particle, e.g. an electron, 
is decelerated. The energy of the bremsstrahlung is a continuum up to the energy of the 
incident electron beam. This continuum can be seen as a background signal in the EDS 
spectra. Characteristic X-rays are created when an incoming electron knocks out an electron 
from the inner shells of an atom. The vacancy created is then filled with an electron from a 
higher energy shell; the electron releases the excess energy in the form of an X-ray quanta. 
The energies for these transitions are specific for each atomic species, making it possible to 
determine the qualitative composition of the sample investigated. The intensities of the 
emitted photons are proportional to the composition of the sample; thus, making it possible to 
quantifiably determine the composition of the sample. The lateral resolution of the EDS 
analysis is determined by the width of the interaction volume [69]. 
 
For this work, two different EDS systems were employed, Oxford X-Max 80 mm2 detector 
with INCA software package, and a BRUKER XFlash 6|60 detector with Quantax 1.9 
software package. 

3.3 Focused Ion Beam milling (FIB) 

The focused ion beam (FIB) milling technique employs heavy ions to remove material from 
the sample. The ion beam can be focused to a small spot and scanned over the sample surface 
similarly to the SEM. This makes it possible to remove material in a very well defined 
fashion. The FIB technique is used to prepare cross sections for imaging in a SEM, as well as 
thin lamellae for TEM and STEM observation.  
 
The equipment used to prepare the cross section in this thesis was a FEI Versa 3D equipped 
with a Ga source.  
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3.4 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is used to determine the crystallographic characteristics of a sample. 
The X-ray diffraction pattern is obtained by using a diffractometer, which uses an X-ray tube 
in order to generate X-rays that hit the sample and are reflected towards a detector. 
 
The X-rays interact with the sample and are scattered by the atoms in the material. There is a 
multitude of scattering processes that occur when the photons interact with the sample [70] 
For crystal diffraction, it is convenient to see the scattering as reflection from atomic planes 
in the crystal, due to the wave nature of the X-ray photons, see Figure 3.4. Using Bragg’s 
law, equation 3.1, the spacing of the atomic planes in the crystal can be determined by 
measuring where the peaks appear in the diffractogram.  
 

ሻߠሺ݊݅ݏ2݀ ൌ  (3.1) ߣ݊

 
Here  is the angle between the incoming X-ray beam and the sample surface,  is the 
wavelength of the radiation, n- is an integer (diffraction order), and d is the interplanar 
spacing. The planes with the largest spacing will thus have a reflection at the smallest angles 
[71]. By comparing the peak positions to reference spectra, the analyzed, crystalline 
compound can be identified. 

 

 
Figure 3.4 Schematic figure of the geometry of the scattering of X-rays from atomic planes. 

 

3.5 Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR spectroscopy was used as a complement to SEM/EDS for identification of corrosion 
products. For local investigations, a Varian 6000 spectrometer equipped with a UMA 500 
microscope using a 50m2 aperture was used. The spectra were collected in the region 4500 – 
450 cm-1. Bulk characterization was performed by an Attenuated total reflection (ATR) 
accessory attached to a Perkin-Elmer Frontier machine. 
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4. Experimental 

4.1 Material 

4.1.1 Substrate 

Commercial grade EDT structured hot dipped galvanized steel with a zinc coating thickness 
of 7 m was used. The size of the samples was 10 x 20 cm. The composition of the zinc 
coating is presented in Table 4.1, which is taken from paper 2, and was measured by EDS. 
The results were obtained at 7,5keV and 20keV corresponding to a more surface sensitive 
and to a more bulk-like composition, respectively. Carbon is not presented in Table 4.1, 
although it was included for the calculation performed by the software. This was due to the 
deposition of carbon on the samples during the analysis period. The measurements were 
obtained after degreasing the samples in an ultrasonic bath. This occurred in three steps using 
heptane, acetone and ethanol. The appearance of the substrate is shown in Figure 4.1, 
designated as “degreased,” showing the structured zinc surface with plateaus and troughs.  

Table 4.1 Composition of the HDG substrate. The data is an average of 80 analyses for 7,5 
keV and 100 analyses for 20 keV. The results are presented as at %. The label “trace” means 
< 0,05 at % 

Acc. Voltage O Al Si P S Ca Fe Ni Zn Zr 

7,5 keV 10,4 3,6 0,1 --- --- --- --- --- 85,9 0,1 

20keV 8,0 2,9 0,1 0,1 0,1 0,1 1,3 0,1 87,3 Trace 
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Figure 4.1 Overviews of the samples used for this work.   

4.1.2 Pretreatments 

Four different pretreatments were investigated: two different thin film pretreatments 
designated  and , zinc manganese phosphate and “only degreased”. The  pretreatment 
was applied at a spray application line. The panels were hung on hooks and run through the 
pretreatment line, as shown in Figure 4.2. The  pretreatment was applied by dipping during 
running production at an automotive plant. The panels were mounted in the window frame of 
the car bodies going through the pretreatment line 
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Figure 4.2 Samples coming out from a spray pretreatment line. 

The conventional zinc manganese phosphated samples were pretreated at the Torslanda plant 
(VCT) at Volvo Car Corporation in Gothenburg, Sweden by dipping. The panels were 
mounted on fixtures hung from the back of V/XC70 car bodies, Figure 4.3. The “degreasing” 
pretreatment was performed in the lab by submerging the samples in three different solvents, 
heptane, acetone and ethanol, for 5 minutes. Ultra-sonic agitation was used. After each step, 
the samples were dried using a hairdryer. 

 

Figure 4.3 Samples mounted on car body. Similar setups were used for phosphating of 
samples and for E-coating. 
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4.1.3 Paint system 

All samples were E-coated at the paint shop at the VCT plant. The samples were mounted in 
fixtures that were hung on the back of V/XC70 car bodies, Figure 4.4).  
 
The surfacer, basecoat and clearcoat were applied in the lab. The total paint thickness was 
131 m on average.  

4.1.4 Scribing 

In accordance with Volvo Car Standard 1021,29, the samples were scribed using a flat tool 
with a width of 0,5 mm (see Figure 4.5)  [72]. The scribe was performed to induce damage that 
reached down to the steel, see Figure 4.6. The purpose of this was to initiate underpaint 
corrosion. It should be noted that, during the scribing process, the “only degreased” sample 
showed signs of paint chipping off from the substrate close to the scribe. 
 

 

Figure 4.5 Scribing the samples using a scribing tool. 
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Figure 4.6 Schematic cross section of a sample. Layers not to scale. 

4.1.5 Corrosion exposure 

The samples were exposed for three weeks to a cyclic accelerated corrosion test procedure 
developed by Volvo Car Corporation, ACTII [73]. The corrosion test operated in 168h cycles 
and included cycling of temperature (25-50°C) and humidity (70-95% RH). During the wet 
periods, rain was simulated three times by spraying a 0.5 wt% NaCl solution on the panels. 
The weekly cycle is shown in Figure 4.7. The last “rain” in each cycle was substituted by 
spraying the samples by hand with an aqueous solution, containing 0,321M KCl and 0,107M 
NaCl. The addition of KCl was used because potassium does not have any overlapping peaks 
in the region of interest in the EDS spectrum, as opposed to sodium that has an overlap with 
the Na K and Zn L peaks. The chemistry of the potassium is expected to be similar to the 
sodium in this context. Selected samples were subjected to the cyclic test for 504 and 2184 
hours. 
  

 

Figure 4.7 Overview of the weekly ACTII cycle [73].  

4.1.6 Post exposure analysis 

Before paint removal 

After removing the samples from the corrosion cabinet, imaging by optical stereo microscope 
(Wild M8) was performed. The corrosion blisters were measured using image J software. 

Corrosion products that had leaked out from the blisters were scraped off with a scalpel and 
analyzed with FT-IR ATR (Perkin Elmer Frontier) in the wave number range 4000 – 450 cm-

1. The spectra were analyzed with Spectra software and compared to standards.  
 

Evaluation of underpaint creep 

The determination of underpaint creep was performed according to the Volvo Car 
Corporation standard VCS 1021,29 [72]. The underpaint creep is determined by dividing the 
scribe into five segments of equal length, disregarding 10 mm at each end, see Fig. 4.8. The 
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paint creep is then determined by averaging the values of the total delamination in each 
segment. As shown in eq. 4.1, the scribe itself was not counted.  

 

Fig. 4.8 Schematic view of segmentation of scribed, corroded samples for underpaint creep 
determination.  

݁ܿ݊ܽݐݏ݅݀	݌݁݁ݎܿ	ݐ݊݅ܽ݌ݎܷ݁݀݊ ൌ
∑ ሺ௫೙ି௛ሻ
ఱ
೙సభ

ହ
  (4.1) 

 

Cross sections 

Cross sections were prepared selected samples. The samples were cut into smaller pieces 
using a band saw and embedded in epoxy resin (Epofix, Struers) in a vacuum chamber. They 
were left to cure overnight. The embedded samples were then ground until they were planar 
using SiC paper and polished to 1 m finish using diamond spray (DP-Spray, Struers) and an 
oil based lubricant (DP-Yellow, Struers). The polished samples were then imaged using 
SEM, see below. 
 

Paint removal 

Using a band saw, 1 x 1 cm squares that included the scribe and representative blisters were 
cut from the samples.  The paint system was then removed using n-methylpyrrolidon (Merck, 
Germany) at 80-90°C until the paint was removed from the substrate. The samples were then 
rinsed with ethanol and dried using a hairdryer.  
 

XRD 

After paint removal, the samples were investigated using a Bruker D8 X-ray powder 
diffractometer. The X-ray source was fixed at 2° and the detector was scanned between 10° -
80°. The diffractograms were compared to pdf-cards using Bruker EVE software in order to 
determine the crystalline products present. 
 

SEM/EDS investigation 

Prior to corrosion exposure, the pretreated samples were imaged using a Leo Ultra 55 FEG-
SEM using an accelerating voltage of 7,5 keV. The samples were then analyzed using a 
Bruker Quantax 6|60 EDS detector and Esprit 1,9 software. The EDS system was attached to 
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a Zeiss EVO MA15 SEM with a LaB6 emitter. The EDS analysis was performed using an 
accelerating voltage of 7,5 and 20 keV  over 80 and 100 areas (approximately 1,5 x 1 mm 
each), respectively. Some areas were removed as they were contaminated by fibers and 
particles.  
 
The corrosion blisters were imaged from a top down perspective using both a FEI Quanta 200 
FEG-SEM and the previously mentioned Zeiss EVO machine. In order to avoid coating the 
samples, the imaging was performed at 0,6 Torr pressure to neutralize charge up. The 
accelerating voltage used was 20 keV. EDS analysis was performed using both an Oxford 
XMax 80 detector with INCA software attached to the FEI machine, as well as  the 
previously mentioned Bruker system. All EDS analyses were done by standardless methods. 
The acquisition time using INCA was 60 seconds per spectra. The spectra obtained by the 
Bruker system were obtained until the number of counts reached 1 000 000.  
 
The polished samples were imaged and analyzed by EDS at 0,6 Torr and 20 keV. Ag paint 
was applied around the area of interest and care was taken to achieve electrical contact with 
the steel substrate.  
 

FT-IR 

Local FT-IR analysis near the corrosion front was performed using a Varian 7000 
spectrometer equipped with a UMA 500 microscope. The size of the aperture and, thus, the 
analyzed area was 50x50 m. The wave number range was 4500 – 450 cm-1. The data was 
analyzed using Perkin Elmer Spectrum software. 
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5. Results  

5.1 Blister morphology and underpaint creep 

  

Fig. 5.1 The extent of underpaint corrosion for samples exposed for 504h and 2184h, 
showing the standard deviation of the results. 

 

The underpaint delamination distances are shown in Fig. 5.1 for both 504h and 2184h 
exposures. With the exception of the  material, which had larger delamination than other 
materials after 504h of exposure, all samples showed similar delamination. 
 
The optical micrographs in Fig. 5.2 illustrate the entire scribe after the corrosion exposure for 
504h (left side) and 2184h (right side). The underpaint corrosion attack manifested itself as 
blisters. On all four types of samples the blisters were roughly semicircular and centered on 
the scribe. After 504h the blisters on the phosphated material exhibited a characteristic 
morphology wherein a central or primary blister was surrounded by several secondary 
blisters. In contrast, the two thin film pretreated samples and the “only degreased” material 
did not form secondary blisters at this stage, see left side of Fig. 5.2. 
 
Similar blistering was also observed after 2184h, see the right hand side of Fig. 5.2. The main 
difference was that all materials exhibited secondary blistering at this stage. However, 
secondary blistering was absent on the larger blisters on the “only degreased” material. It 
may be noted that more red rust had formed in the scribe after 2184h compared to 504h. 
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Figure 5.2 Light optical micrographs of the scribes of all samples, after 504h (left) and 
2184h (right) corrosion exposure. 
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5.2 Analysis of the scribe 

In Fig. 5.10, the scribe of a  sample after 2184h exposure is shown. The SEM micrograph is 
overlaid with the element map for sodium. One can see that, in some areas, the scribe have an 
enrichment of sodium. This was the case for all samples. 
 
The sodium enrichment in the scribe indicates the presence of a cathodic area where oxygen 
reduction occurs. The cathodic areas do encompass only parts of the scribe rather than the 
entire area.  

 

Figure 5.10 A micrograph of the scribe area of an pretreated material after 2184h exposure 
with the sodium signal overlaid in red. 

 

5.3 Analysis of the corrosion blisters 

 

After exposure, all sample types exhibited white areas on the paint surface in the vicinity of 
the scribe, see Fig. 5.2. Analysis by FT-IR ATR showed that, in varying proportions, the 
deposit consisted of hydrozincite and simonkolleite, see Fig. 5.3.  
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Figure 5.3 FTIR-ATR analysis of white corrosion products on the paint surface (the two 
upper spectra). The two bottom spectra (dotted and dashed) are reference spectra for 
hydrozincite and simonkolleite respectively.  
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Figure 5.4 Light microscopy images of the corroded samples (504h exposure on the left hand 
side and 2184h on the right hand side) and corresponding SEM images after paint removal. 
The samples were phosphated,  and  pretreated and “only degreased”, respectively. The 
two rows of images of the “only degreased” samples show large and small blisters, 
respectively. The (horizontal) scribe is at the bottom of the SEM micrographs and the extent 
of the blistered area is indicated by the thick white line. *In the bottom row SEM image 
(small blister, only degreased exposed for 504h), the scale bar corresponds to 300m. 
 

The two columns to the left in Fig. 5.4 show samples exposed for 504h, before and after paint 
removal. The two columns to the right show samples exposed for 2184h. EDS data from the 
regions indicated in Fig. 5.4 are presented in Tables 5.1 and 5.2. The analysis suggests that 
the main corrosion product in the blister is simonkolleite. It is worth mentioning that no 
sodium was detected in the blistered area on any samples. The lack of sodium and presence 
of chlorine near the corrosion front suggests that the zinc has dissolved by an anodic process 
with the cathodic process occurring in the scribe, as mentioned previously. One can also 
argue that the blister is separated from the environment not only by the paint layer, but also 
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by a porous mass of corrosion products. This porous mass of corrosion products prevents the 
mixing of the electrolyte in the scribe with the electrolyte in the blister, as evidenced by the 
lack of sodium inside the blister. It is suggested that this separation between the environment 
inside the blister and the environment outside the blister causes an osmotic pressure to build 
up, resulting in the observed semicircular blisters. 
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Table 5.1: EDS analysis of blistered areas after 504h of exposure. The areas analyzed are 
indicated in Fig. 5.4. For all materials, “area 4” represents a non-corroded part of the surface, 
far from the blister. The carbon content is not included.  

 

        ZnPh 

Area  1  2  3 4    Area 1 2 3 4 Area 1 2  3  4

O  48,2  48,5  48,1  4,7    N 4,4 4,6 4,3 ‐‐‐‐ O 53,3 53,9  56,6  55,6

F  0,1  0,1  0,2  ‐‐‐‐    O 46 46 45 19 Al 0,6 0,8  0,8  0,6

Al  0,9  0,9  1,1  3,3    F ‐‐‐‐ ‐‐‐‐ ‐‐‐‐ 0,3 Si trace  trace  trace  0,2

Si  0,2  0,2  0,1  0,4    Al 0,7 0,8 1,4 2,9 P 2,2 4  8,8  14,4

P  ‐‐‐‐  ‐‐‐‐  ‐‐‐‐  0,4    Si ‐‐‐‐ trace trace 0,2 Cl 11,4 10,8  6,5  ‐‐‐‐

S  trace  ‐‐‐‐  trace  1,3    P ‐‐‐‐ ‐‐‐‐ ‐‐‐‐ 0,4 Ca trace  trace  trace  ‐‐‐‐

Cl  15,6  15,1  14,8  ‐‐‐‐    Cl 15,4 14,5 13,4 0,3 Ti trace  trace  0,1  0,2

Fe  3,4  3,2  2,8  ‐‐‐‐    Fe 2,3 2,1 2 1,4 Mn 0,2 0,3  0,8  1,7

Ni  0  0  0 0,2    Zn 31,2 31,8 33,8 73,7 Fe 2,8 2,2  1,7  0,7

Zn  31,5  32  32,8  73,5    Zr trace 0 0,2 1,7 Ni 0,1 0,1  0,2  0,4

Zr  0  0  0,1  0,7    Zn/Cl 2 2,2 2,5 273 Zn 29,3 27,7  24,4  26,2

Zn/Cl  2  2,1  2,2  N/A      Zn/Cl 2,6 2,6  3,7  N/A

                 

                 

"Degreased" (large blister)    "Degreased" (small blister)    

Area  1  2  3 4    Area 1 2    

O  49,9  49,4  46,9  8,4    O 47,3 44,2    

Al  0,8  0,9  1,1  3,1    Al 1,4 1,6    

Si  trace  0,1  trace      Si 0,1 0,2    

P  0,1  0,1  0,2  0,2    S  trace  trace                 

S  trace  trace  trace      Cl 13,4 12,3    

Cl  15,4  14,9  14,1      K 0,1 0,1    

Fe  1,6  1,6  1,5  1,5    Ca 0,1 trace    

Ni  trace  trace  trace      Ti 0,1 0,1    

Zn  32,1  33  36,2  86,8    Fe 1 0,8    

Zr        trace    Ni trace trace    

Zn/Cl  2,1  2,2  2,6  N/A    Zn 36,5 40,5    

            Zr trace 0,1    

            Zn/Cl 2,7 3,3    

 



37 

 

Table 5.2: EDS analysis after 2184h exposure. The areas analyzed are indicated in Fig. 5.4.  
“Area 4” represents a part of the surface showing no corrosion, far from the blister. The 
carbon content is not included 

Pretreatment     Pretreatment      ZnPh 

Area  1  2  3  4  Area 1 2 3 4 Area 1  2  3 4

N  4,4  4  4,1  5,1  N 4,7 4,4 4,6 4,5 O 49,7  50,9  52,1 54

O  48,8  48,9  46,8  15,9  O 46,8 46,6 44,8 19,8 Al 0,2  0,3  0,2 0,5

Al  0,2  0,5  0,7  2,9    F  trace  0,1  trace  ‐‐‐‐    Si  trace  trace  0,1  0,1 

Si  0,1  trace  trace  0,1  Al 0,4 0,6 0,9 3 P 1,3  3,4  5,4 13,8

P  trace  0,1  0,1  0,2  Si 0,1 0,1 0,1 0,4 Cl 14,4  12,5  10,8 0,4

S  trace  Trace  0,2  ‐‐‐‐  P ‐‐‐‐ ‐‐‐‐ ‐‐‐‐ 0,3 K 0,1  0,2  0,2 trace

Cl  13,3  12,3  10,6  ‐‐‐‐  Cl 14 13,2 12,9 ‐‐‐‐ Ti 0,1  0,1  0,2 0,2

Fe  2  1,7  1,9  1,8  Fe 1,6 1,3 1,6 1,2 Mn 0,1  0,1  0,3 1,5

Ni  ‐‐‐‐  ‐‐‐‐  ‐‐‐‐  0,1  Ni ‐‐‐‐ ‐‐‐‐ ‐‐‐‐ trace Fe 1,2  1,3  0,7 0,8

Zn  31,3  32,5  35,7  73,1  Zn 32,4 33,7 34,8 69 Ni 0,1  0,1  0,1 0,4

Zr  ‐‐‐‐  ‐‐‐‐  ‐‐‐‐  0,7  Zr 0 0,1 0,3 1,7 Zn 32,9  31,1  29,7 28,4

Zn/Cl  2,4  2,6  3,4  N/A  Zn/Cl 2,3 2,6 2,7 N/A Zn/Cl 2,3  2,5  2,7 72,2

               

               

"Degreased" (large blister)  "Degreased" (small blister)      

Area  1  2  3  4  Area 1 2 3 4      

O  47,9  46,9  45,1  8,4    O  46,7  46,8  44,7  8,4             

Al  0,6  1  1,1  2,8  Al 0,2 0,4 0,4 2,8      

Si  ‐‐‐‐  0,2  traces  0,3  Si 0,1 0,3 0,1 0,3      

Cl  15,9  15,5  15  0,5  Cl 14,2 14,5 13 0,5      

Ti  trace  trace  ‐‐‐‐  trace  Ti 0,1 trace 0,1 trace      

Fe  1,7  1,6  1,6  1  Fe 1,4 1,2 1,2 1      

Ni  ‐‐‐‐  trace  trace  trace  Ni trace ‐‐‐‐ ‐‐‐‐ trace      

Zn  33,8  34,8  37,1  86,9  Zn 37,4 36,8 40,4 86,9      

Zr  trace  trace  trace  0,1  Zr ‐‐‐‐ trace ‐‐‐‐ 0,1      

Zn/Cl  2,1  2,2  2,5  180,8  Zn/Cl 2,6 2,5 3,1 180,8      
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In the center of the blistered area of the ZnPh pretreated materials, corrosion products form 
agglomerates consisting of <0,5 µm thick plate-like crystals, see Fig. 5.5. The other materials 
exhibited alternating large and small crystals, as seen in Fig. 5.5. Despite the difference in 
morphologies, EDS data showed that the corrosion products were indeed simonkolleite.  

 

Figure 5.5 Higher magnification SEM micrographs of the central part of blister. 

The X-ray diffractogram shown in Fig. 5.6 corroborated the results obtained from the EDS 
data by showing that the main crystalline corrosion product was simonkolleite 
(Zn5Cl2(OH)8•H2O). On the  and “only degreased” samples after 504h exposure, there was 
an unidentified peak 2θ=12.35°. This peak was stronger for the “only degreased” material 
than for the  pretreated ones. After 3 months in a desiccator, the peak had decreased 
substantially in intensity. The peak was not present on samples exposed for 2184 h.  
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Figure 5.6 XRD diffractograms after corrosion exposure and paint stripping. 
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5.4 Investigation of the corrosion front 

Fig. 5.7 shows micrographs of the corrosion front for all materials, as well as a mapping of the 
Cl signal. The left column shows samples exposed for 504h; the right one shows samples 
exposed for 2184h. After 504h, the images at higher magnification (middle column), as well 
as the Cl maps (right column) show grain boundary corrosion for the ,  pretreated, and “only 
degreased” materials. The preferential attack of grain boundaries in the zinc layer produces an 
archipelago-like structure. This structure is mostly visible in the troughs. This is due to the 
higher number of grain boundaries in the troughs as compared to the plateaus. In the 
micrographs with higher magnification, one can also observe the presence of metallic zinc 
grains, which are embedded in the corrosion products and visible as light gray spots. The nature 
of the corrosion front on the phosphated material was obscured by the phosphate layer. The 
smaller blisters on the “only degreased” material do not show any grain boundary corrosion, 
but rather a gradual transition between the corroded and  non-corroded areas, as evidenced by 
the gradual change in chlorine signal in Fig. 5.7. Corrosion fronts of the materials exposed for 
2184h are shown in the right column of Fig. 5.7. The images show that the corrosion front 
morphology is similar. Although, it is slightly more blurred when compared to the material 
exposed for 504h.  
 

Fig. 5.8 shows FIB cross sections at the corrosion front (corresponding to the border between 
the blister and the non-corroded surface) for the  pretreated material. Both troughs and 
plateaus are represented. The face of the remaining zinc layer is V – shaped in the through 
region (upper image) and is wedge shaped in the plateau region (lower image).  
 
A detailed investigation of the corrosion front shows that the dissolution rate of zinc is not the 
same across the entire face of the zinc layer that has been exposed to the electrolyte. Thus, 
the corrosion propagates predominantly through the grain boundaries, as well as in the 
zinc/steel interface. It also appears that, for the trough regions, the corrosion also propagates 
predominantly in the zinc/pretreatment interface (Fig. 5.8, upper image). This dissolution of 
zinc by the chloride containing electrolyte will form ZnCl2 (aq), which further promotes the 
dissolution of zinc. The grain boundary corrosion results in an archipelago-like structure, as 
seen in figure 5.7, especially for the thin film pretreated materials.   
 
In Fig 5.8, one can see that the corrosion products are of the same thickness as the non-
corroded zinc coating. This suggests that there is no pressure from the expanding corrosion 
products on the paint system at the corrosion front. This shows, together with the lack of 
corrosion products on top of the zinc, that the paint layer does not delaminate prior to the 
passing of the corrosion front. It delaminates after the front has passed. The delamination of 
the paint layer must occur when the zinc coating has corroded completely. A suggested 
scheme for the anodic dissolution  is presented in Fig. 5.9. 
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Figure 5.7 Micrographs showing representative images of the corrosion front after 504h and 
2184h exposure for the two thin film pretreatments α and β, for ZnPh, and for the “only 
degreased” material. The corresponding EDS Cl maps are in the right hand column. The scale 
bar for the Cl map for ZnPh after 2184h exposure corresponds to 225 m. 
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Figure 5.8 Cross sections at the corrosion front of the  - pretreated material after 504h 
exposure. The top image shows a trough in the zinc coating while the bottom image shows a 
plateau. The corrosion products show darker contrast. 
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Figure 5.9 Proposed scheme for anodic undermining of paint on HDG steel during ACTII. 
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Figure 5.10 FT-IR spectra from a  pretreated sample α (A) and ZnPh (B) after 504h 
exposure. In diagram A, the a and b spectra are at and behind the corrosion front, 
respectively. In diagram B, spectrum a is ahead of, b is at and c is behind the corrosion front. 
 
FT-IR spectra collected by FT-IR microscopy at different locations on all samples after 
corrosion exposure are shown in Fig. 5.10. The spectra obtained for the  pretreated sample 
are representative for all thin film and for the “only degreased” materials (Fig. 5.10A). The 
results show that the dominant corrosion products in the central part of the blister are 
simonkolleite for all samples. For all samples except ZnPh, the spectra suggest the presence 
of  -Zn(OH)2 at the corrosion front (immediately in front of the blister) [74]. The spectrum 
obtained from the phosphated sample, Fig. 5.10B, shows a gradual change from 
simonkolleite to hopeite [75] as we move across the corrosion front into the non-corroded 
area.  
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simonkolleite to hopeite [75] as we move across the corrosion front into the non-corroded 
area.  
 
The detection of  -Zn(OH)2 indicates that a cathodic reaction has occurred at or near the 
corrosion front. This would be at variance with the previously suggested corrosion scenario 
with anodic dissolution of zinc at the corrosion front and reduction of oxygen in the scribe. A 
possible explanation is that there is a decoupling of the main cathode in the scribe during the 
dry periods (RH=70%) in the ACTII cycle. The electrolyte inside the blister responds slowly 
to the changes of the environment outside the blister and, presumably, still contains a liquid 
electrolyte during the dry part of the cycle. It is possible that the cathodic reaction is the 
reduction of small amounts of oxygen that is dissolved in the electrolyte. This reduction is 
occurring at or near the corrosion front. Alternatively, the decoupling of the main cathode in 
the scribe causes the polarization of the zinc to decrease to such an  extent that hydrogen 
evolution becomes possible, see Pourbaix diagram in Fig. 2.1. A suggested scheme for this is 
presented in Fig. 5.11. 
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Figure 5.11 Proposed scheme for corrosion during the dry periods of the ACTII cycle.  
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6. Conclusions 

This thesis focuses on the corrosion behavior of painted automotive galvanized steel during 
cyclic corrosion exposure. Four different pretreatments are compared; the traditional Zn-
phosphating, two commercially available Zr-based pretreatments,  and , and materials that 
where only degreased. The samples were exposed in a cyclic corrosion chamber for 504h and 
2184h, respectively. The following conclusions have been drawn: 

 
 The initial delamination mechanism was anodic undermining for all four investigated 

surface treatments, the Zn coating suffering anodic dissolution, and the exposed steel 
scribe acting as the cathode. 

 The zinc layer suffered grain boundary corrosion on the thin film pretreated materials 
and on the “only degreased” samples. 

 The face of the corroded zinc was wedge shaped. In the plateau areas of the HDG 
substrate, zinc corroded preferentially at the Zn/Steel interface. In the through areas, 
both the Zn/Steel and Zn/pretreatment interfaces were preferentially attacked. 

 The main solid corrosion products were simonkolleite and hydrozincite. In addition, 
-Zn(OH)2 was detected close to the corrosion front on all samples except the 
phosphated ones.  
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7. Outlook 

Many questions remain open for future studies to answer. One of the most important 
questions is in regard to the correlation between the laboratory exposures and field 
exposures, which are currently being conducted. Furthermore, the questions regarding 
what role the adhesion between the paint system and substrate play in the current 
exposure regime are unanswered.  
 
There are also many unanswered questions regarding the thin film pretreatments 
themselves. These questions exist, for instance, in regards to the stability of the 
pretreatment layers during corrosion. Also, it is unclear whether or not morphology and 
composition of the pretreatment layer can be linked to the corrosion performance.  
Questions regarding the environment inside the corrosion blisters during the cyclic 
exposure conditions, as well as the nature of the corrosion front are still left unanswered.  
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