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Abstract

In this work the corrosion behavior of Zn-Al-Mg hot-dip galvanized steel sheets
was investigated with the goal to get some insight into the corrosion mechanism
of said alloy. As reference material in all corrosion tests conventional hot-dip
galvanized, Galfan and Galvalume material was used. To achieve this goal
standardized corrosion tests as well as custom corrosion tests were used. The
standardized tests performed were the standardized salt spray test, the VDA
621-415 test, the VDA 233-102 test, the condensation atmosphere with constant
humidity test and the condensation climate with alternating humidity and air
temperature test. Additionally salt spray tests with a variation of the pH value,
the cation and the anion were performed. The corroded samples were visually
inspected and analyzed. Cross section cuts were investigated by SEM and EDX
to study the type and degree of the corrosive attack as well as to study the
formation of the corrosion product layers. The composition of the corrosion
products was analyzed with XRD, Raman and IR spectroscopy. In this way the
formation kinetics as well as the composition of the corrosion products could be
obtained. With all this information a corrosion mechanism for Zn-Al-Mg hot-
dip galvanized steel sheets was formulated and tested for its plausibility and
viability in every conceivable environment.
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Kurzfassung

In dieser Arbeit wurde das Korrosionsverhalten von Zn-Al-Mg schmelztauch-
verzinkten Stahlbänder untersucht mit dem Ziel einen Einblick in den Kor-
rosionsmechanismus dieser Legierungen zu bekommen. Als Referenzmaterial
wurde konventionell verzinktes, Galfan und Galvalume Material verwendet. Um
dieses Ziel zu erreichen wurden standardisierte sowie selbst entwickelte Ko-
rrosionstests verwendet. Die durchgeführten standard Korrosionstests waren
der Salzsprühtest, der VDA 621-415 Test, der VDA 233-102 Test, der Kon-
denswasserkonstantklimatest und der Kondenswasserwechselklimatest. Zusät-
zlich wurden Salzsprühtests mit verschiedenen pH Werten, Kationen und An-
ionen durchgeführt. Die korrodierten Proben wurden visuell inspiziert und
analysiert. Querschliffe wurden mittels REM und EDX untersucht, um die Art
und den Grad des korrosiven Angriffes festzustellen sowie um die Bildung der
Korrosionsprodukte zu untersuchen. Die Zusammensetzung der Korrosionspro-
dukte wurde mittels XRD, Raman und IR Spektroskopie analysiert. Auf diese
Weise wurde die Bildungskinetik und die Zusammensetzung der Korrosionspro-
dukte erhalten. Mit all diesen Informationen wurde ein Korrosionsmechanismus
für Zn-Al-Mg schmelztauchverzinkte Stahlbänder formuliert und seine Plausi-
bilität und Funktionsfähigkeit in jeder erdenklichen Umgebung untersucht.
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1 Introduction

Corrosion is the physicochemical interaction between a metal and its environ-
ment that results in changes in the properties of the metal, and which may lead
to significant impairment of the function of the metal, the environment, or the
technical system, of which these form a part. This interaction is often of an
electrochemical nature [1]. A study conducted by the U.S. Federal Highway Ad-
ministration from 1999 to 2001 showed that the total annual estimated direct
cost of corrosion in the U.S. is $ 276 billion, which is approximately 3.1 % of
the nations GDP [2]. Therefore it is very important to research both corrosion
control and corrosion prevention strategies.

In the steel industry the most common practice to prevent corrosion is galva-
nizing. Zinc coatings improve the corrosion resistance of steel in two different
ways. On the one hand the zinc coating offers a barrier protection. In barrier
protection the zinc coating will first corrode before the corrosive environment
reaches the steel. On the other hand the zinc coating offers galvanic protection.
Since zinc is less noble than iron, zinc will also corrode, if iron is exposed to
the corrosive environment and thereby protects the steel surface from corrosion.
Zinc coatings can be made by hot-dip galvanizing, electrodeposition and thermal
spraying [3].

Hot-dip galvanizing is the most common process of corrosion protection for
steel sheets. Ever increasing demands in the automotive and construction in-
dustries led to various new alloy systems, which showed better corrosion perfor-
mance than conventional zinc. This resulted in the development of Galvalume
(AZ), which was commercialized in 1972 [4]. Galvalume is an aluminum based
alloy containing 55 % Al 43.5 % Zn and 1.5 % Si. Galvalume has outstanding
corrosion protective properties. But on the downside it is almost unpaintable.
Therefore Galfan (ZA) was developed [5]. Galfan is composed of 94.9 % Zn 5 %
Al and 0.1 % mischmetal. It shows a better corrosion behavior than conventional
hot-dip galvanized steel (HDG), but is not as good as AZ. In paintability it is
worse than HDG, but better than AZ. But steelmakers wished for a material
with outstanding corrosion properties, that also had a good formability, good
joining characteristics and a good paintability. This resulted in the develope-
ment of Zn-Al-Mg coatings, which showed the most promising results.

Since customers aim to reduce coating weights as much as possible without
reducing the life of their products, understanding the corrosion mechanism of Zn-
Al-Mg coatings becomes more and more important, because reliable predictions
are needed.

The aim of this work is to resolve the corrosion mechanism of Zn-Al-Mg
hot-dip galvanized (ZM) coatings for steel sheets. In a previous work [6] on
this topic it was found, that ZM coatings form a protective corrosion product
layer consisting of the phase Zn6Al2CO3(OH)16·4H2O. This layer forms after a
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1 Introduction

relatively short time in both chloride and non chloride containing environments.
The goal of this work is to investigate the detailed corrosion mechanism of ZM.
There are three main topics to be investigated.

Firstly the detailed function of the protective layer is to be determined. This
comprises studies on the exact composition of the protective layer and also stud-
ies on the formation mechanism of the layer. Additionally the exact protective
mechanism of the corrosion product layer is to be determined.

Secondly the kinetics of the formation of the protective layer are to be studied.
The aim of this topic is to investigate how fast the layer forms and how long
it takes for the layer to achieve its full protective potential. Another question
to be resolved in this topic is how long the corrosion product layer retains its
protective function.

And thirdly the corrosion behavior of ZM in different environments is to be
investigated. This includes a screening study on the influence of various anions
and cations.

To achieve this goals various corrosion tests were conducted. The performed
corrosion tests include the standardized salt spray test (SST), as well as the
condensation atmosphere with constant humidity test (CH), the condensation
climate with alternating humidity and air temperature test (AHT) and cyclic
climate tests like the VDA 621-415 and VDA 233-102 test. Additionally var-
ious non standardized and self developed tests were conducted. The samples
corroded in those tests were analyzed with SEM, EDX, XRD, IR and Raman
spectroscopy.
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2 Theory

2.1 Production of hot-dip galvanized steel sheets

2.1.1 Hot-dip galvanizing

Today the continuous hot-dip galvanizing is the most important process for
producing galvanized steel. The main principle is unchanged since the devel-
opment of the Sendzimir process [7]. Basically hot-dip galvanizing is a process
to produce steel sheets coated with zinc. Figure 2.1 shows a modern hot-dip
galvanizing line.

Figure 2.1: Schematics of a hot-dip galvanizing line [8]

In the continuous hot-dip galvanizing process the steel coils are welded to-
gether. Then they are transported through the hot-dip galvanizing aggregate
with speeds up to some hundred m/min. At first the steel enters a mechanical
and alkaline cleaning section to remove oil and other contaminations. The oil is
on the steel to protect it from corrosion during the transport from the cold rolling
mill to the continuous hot-dip galvanizing line. Other contaminations may re-
sult from the transportation or from preceding processes. Alternatively the oil
and contaminations can be removed by moving the steel through a furnace with
an oxidizing atmosphere.Then the steel enters a furnace with a reducing atmo-
sphere usually containing nitrogen and hydrogen. In the furnace surface oxides
are reduced and the surface is thereby prepared for the actual galvanizing. In
this furnace the steel is also heated above the recrystallization temperature to
about 700 to 850 ◦C depending on the steel grade to remove the stress and strain
accrued by the cold rolling processes. After that the steel is cooled to about 20 ◦

above the zinc bath temperature of around 450 ◦C. Then the steel sheet enters a
zinc bath containing 0.2 wt% Al to prevent the formation of thick Zn-Fe phase
during galvanizing. When the steel leaves the zinc bath, it is coated by a layer
of molten zinc. The thickness of the zinc is regulated by air knives, which blow
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2 Theory

nitrogen or air on both sides of the steel strip to remove excess zinc. After the
galvanizing the steel can be temper-rolled and tension levelled. To enhace the
surface properties of zinc the steel sheets can be passivated, phosphated and
organically coated after the galvanizing. [3, 9, 10]

2.1.2 Alloy Systems

The following sections will give an overview of all existing hot-dip galvanizing
alloy systems, their advantages, disadvantages and their application fields.

2.1.2.1 Conventional hot-dip galvanizings

Figure 2.2 illustrates the Fe-Zn phase diagram. The primary phases formed
during long-time immersion in the zinc bath are ζ, δ, Γ1 and Γ. Additionally
there is an η phase, which is a solid solution of iron in zinc with an iron solubility
of 0.03 wt%. [3]

Figure 2.2: Fe-Zn phase diagram [11]

When the steel substrate is immersed in the liquid zinc bath several reactions
occur at the same time. There is wetting of the steel substrate by liquid zinc,
dissolution of the steel by zinc, isothermal solidification of Fe-Al-Zn intermetallic
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2.1 Production of hot-dip galvanized steel sheets

compounds, solid state diffusional phase transformations and solidification of the
liquid zinc alloy. [3]

Conventional zinc coatings contain 0.2 wt% aluminum. By adding aluminum
the formation of voluminous Fe-Zn phases is prevented. Since zinc would react
with iron the coating would consist of different Zn-Fe intermetallic phases. But
for the optimal galvanic protection it is neccessary for the zinc coating to be
comprised of almost only zinc phase. By adding more than 0.14 wt% aluminum
to the zinc bath the formation of a Fe2Al5Znx phase is promoted, which inhibits
the formation of more Fe-Zn phases. This aluminum addition is done to improve
the luster or reflectivity of the coating, to reduce the oxidation of the zinc bath
and to obtain a ductile coating by suppresing the formation of brittle Fe-Zn
phases [3]. Figure 2.3 illustrates a technical zinc 0.2 wt.% aluminium coating.
The zinc layer is comprised of zinc phase with an inhibition layer of Fe2Al5Znx

phase between the zinc and the steel substrate.

Figure 2.3: Technical Zn0.2%Al coating produced in a continuous hot-dip galvanizing
line

Generally all processes used to form cold-rolled steel can also be used to form
hot-dip galvanized steel. The friction forces are reduced compared to cold-rolled
steel because of the metallic coating. The ductility of the coating depends upon
the grain size, crystallographic orientation, temperature, coating thickness and
the phase composition of the intermetallic layer. One common problem when
forming galvanized steel sheets is galling. Galling occurs when zinc particles
bond to the tool surface. This can result in coating damage. Therefore it is
sometimes necessary to remove the zinc particles from the tools. This in turn
results in a lower efficiency of the process. [3, 9]

Another important characteristic of the coating is its weldability. Zinc reduces
the life of welding electrodes through alloying. The temperature at the interface
between the electrode and the coating is higher than the melting point of zinc,
which results in the formation of brass. [3]

Sometimes the corrosion properties of galvanized steel are not enough to suffi-
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ciently protect the steel from corrosion. In that case one can paint the galvanized
steel. Therefore the paintability of the coating is another important factor. To
increase the paint adherence to the coating the zinc is usually skin passed and
phosphated. Alternatively to the phosphating one can also use a chemical pre-
treatment. In the automotive industry the materials are usually e-coated after
the pretreatment. [3]

Hot-dip galvanized materials are used in the automotive industry for outer
and inner parts and components, in the building industry for a wide range
of components, in plant engineering as construction elements and casings for
machines and installations and as substrate for organic coatings by means of
the coil-coating process. [9]

2.1.2.2 Galfan

The Galfan coating contains 5 wt% aluminum and up to 0.1 wt% Mischmetall.
Mischmetall is an alloy of lanthanum an cerium. The Mischmetall addition
causes an increased wetting of the steel surface and thereby prevents bare spots.
The Galfan coating provides increased corrosion protection compared to hot-dip
galvanized zinc, good formability and good paintability. However the phosphata-
bility is reduced compared to hot-dip galvanized zinc. [12, 13]

Figure 2.4: Al-Zn phase diagram [11]
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2.1 Production of hot-dip galvanized steel sheets

Figure 2.4 illustrates the Al-Zn phase diagram. There are three phases in the
phase diagram. The η phase has a hexagonal closed packed structure. It is a
solid solution of zinc with a maximum Al solubility of 1.2 wt% at the eutectic
temperature of 381 ◦C. At room temperature the Al solubility in zinc is 0.03 wt%.
The β and β

′

phases are the Al rich and Zn rich portions of the fcc solid solution
of Zn in Al. The solubility of Zn in Al is 32.4 wt% at the eutectoid temperature
of 277 ◦C and 83.1 wt% at the eutectic temperature of 381 ◦C. [3]

Due to its composition near the eutectic point, Galfan exhibits a two phase
structure. At first a proeutectid η phase is solidified. After that the eutectic
composition of η and β phase is solidified in a lamellae structure. The in-
termetallic layer between the steel and the Galfan coating is extremely thin.
[3, 12, 13]

Figure 2.5 illustrates a technical Galfan coating. The coating layer is com-
prised of proeutectid η phase and binary eutectic of η and β phase with an
inhibition layer of Fe2Al5Znx phase between the coating and the steel substrate.

Figure 2.5: Technical Galfan coating produced in a continuous hot-dip galvanizing line

Due to the thin intermetallic phase and the very ductile coating the forma-
bility of Galfan is superior to that of hot-dip galvanized zinc. Also the Galfan
coating shows fewer cracks than the hot-dip galvanized coating. The weldability
of the Galfan coating is comparable to that of the conventional zinc coating. [9]

The phosphatability of Galfan is worse than that of hot-dip galvanized zinc.
This is due to the increased aluminum content. The aluminum forms an ox-
ide layer on the surface of the coating. This layer has to be removed during
phosphating to insure a proper zinc dissolution and in turn a zinc phosphate
precipitation. The way to achieve this is to increase the concentration of fluoride
ions in the phosphating solution.

The Galfan coating is used in the automotive industry as well as in plant
and mechanical engineering whenever a high degree of deformation, complex
geometries with small radii or a high corrosion protection is needed. Especially
Galfan is used in conditions where the corrosion protection of hot-dip galvanized
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2 Theory

zinc is not sufficient. [9]

2.1.2.3 Galvalume

The Galvalume alloy was developed for increased corrosion resistance versus hot-
dip galvanized steel [4]. It is an aluminum alloy containing 55 wt% Al, 43.5 wt%
Zn and 1.5 wt% Si. The silicon is added to prevent an exothermic reaction
between the liquid alloy and the steel substrate. In this way an intermetallic
layer formed of Fe-Al, Fe-Al-Si and Fe-Al-Si-Zn compounds is formed. Above the
intermetallic layer the Galvalume coating is comprised of aluminum dendrites, a
zinc rich interdenritic regions and a fine dispersion of Si particles. [3, 14, 15, 16]

Figure 2.6 illustrates a technical Galvalume coating. The coating layer is
comprised of aluminum dendrites, zinc rich interdendritic regions and a fine
dispersion of Si particles with an inhibition layer of Fe-Al, Fe-Al-Si and Fe-Al-
Si-Zn compounds between the coating and the steel substrate.

Figure 2.6: Technical Galvalume coating produced in a continuous hot-dip galvanizing
line

Regarding the formability Galvalume coatings are more brittle than conven-
tional coatings. They tend to crack at the intermetallic coating layer. However
usually the corrosion protection is not reduced due to cathodic protection by
the zinc phase. [9]

Galvalume is mostly applied in outdoor construction applications, where ex-
ceptional corrosion protection without an organic coating is needed. Other ap-
plications are in the plant engineering and mechanical engineering sector, where
the material is exposed to highly corrosive environments. [9]

2.1.2.4 Zn-Al-Mg coatings

In the 1980s a demand for alloys with an even higher corrosion resistance than
zinc aluminum alloys arose. This resulted in the development of zinc aluminum
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2.1 Production of hot-dip galvanized steel sheets

magnesium alloys. This research was mainly conducted in Japan and led to the
development of four different alloy. These alloys are Super Zinc [17] with Zn-
4.5%Al-0.1%Mg, Dymazinc with Zn-0.5%Mg-0.2%Al [18, 19, 20, 21], ZAM with
Zn-6%Al-3%Mg [22, 23, 24, 25, 26] and Super Dyma with Zn-11%Al-3%Mg-
0.2%Si [27, 28, 29, 30, 31, 32, 33, 34]. Of these alloys only ZAM and Super
Dyma are of commercial relevance today.

Because of the commercial success of these alloys European steel makers
started to develop their own alloy systems starting in the 1990s. At first re-
search efforts went into the development of physical vapor deposited (PVD)
zinc magnesium coatings [35, 36, 37, 38, 39, 40]. However these coating systems
were not successful particularly due to the costs of manufacturing. This lead
to the development of new hot-dip galvanizing alloys namely MagiZinc with a
composition of Zn-1.5%Al-1.5%Mg [41, 42, 43, 44, 45], ZMg EcoProtect with
a composition of Zn-1%Al-1%Mg [46, 47, 48], corrender with a composition of
approximately Zn-2%Al-2%Mg [49, 50, 51, 52, 53, 54, 55] and Magnelis with a
composition of Zn-3.5%Al-3%Mg [56, 57].

Figure 2.7: Zn-Mg phase diagram [58]

Figure 2.7 illustrates the Zn-Mg phase diagram. For technical zinc aluminum
magnesium coatings only the right side of the diagram is of relevance. Theoret-
ically Mg2Zn11 is the phase that should be the most stable magnesium phase in
zinc aluminum magnesium coatings with a magnesium content of up to 3 wt.%.
It should occur during cooling of the coating at 381 ◦C from a peritectic eu-
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2 Theory

tectic reaction betweeen the MgZn2 phase and the liquid phase. During the
production of zinc aluminum magnesium coatings the liquid coating layer on
the steel surface is supercooled. Due to the higher rate of nucleation in the su-
percooled liquid of the C14-type Laves phase MgZn2 compared to the Mg2Zn11

phase the metastable ternary eutectic reaction Zn/Al/MgZn2 is preferably gen-
erated compared to the thermodynamically prefered ternary eutectic reaction
of Zn/Al/Mg2Zn11. [31]

On the Asian market the coatings ZAM and Super Dyma gained wide accep-
tance on the market. Both materials have a microstructure of primary aluminum
phase in a ternary Zn/Al/MgZn2 eutectic [22, 31]. The European coating sys-
tems which have a lower aluminum content all have a microstructure of zinc
phase with ternary Zn/Al/MgZn2 eutectic. [44, 50, 47]

Figure 2.8: Technical Zink Magnesium coating produced in a continuous hot-dip gal-
vanizing line

Figure 2.8 shows a Zink Magnesium coating produced at voestalpine. The
coating has a composition of Zn-2%Al-2%Mg. One can see both the zinc phase
and the ternary eutectic regions.

The main advantages of the zinc aluminum magnesium coatings are their ex-
cellent corrosion performance [50] and their improved galling behavior compared
to conventional hot-dip galvanized steel [43]. The improvement in galling be-
havior is due to the increased hardness of the coating layer which is attributed
to the MgZn2 phase. The welding performance is comparable to that of the
conventional hot-dip galvanized steel, while the adhesive bonding properties are
worse than that of conventional hot-dip galvanized steel [43]. Riener et. al.
found out that the worse adhesive bonding performance is likely due to the
change in surface oxides compared to conventional hot-dip galvanized steel [55].
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2.2 Corrosion of hot-dip galvanized steel sheets

2.2.1 Corrosion of zinc

In aqueous conditions zinc can either passivate or corrode actively. If corrosion
occurs is mostly dependent on the pH value of the solution. The information if
zinc is passivated by a specific solution or not can be obtained by studying the
Pourbaix diagram for zinc. Figure 2.9 illustrates the Pourbaix diagram for zinc.
[10]

Figure 2.9: Pourbaix diagram of zinc [59]

Figure 2.9 shows that zinc tends to dissolve in water over the whole pH range
under evolution of hydrogen. Only in the region between line 6 and 7 Zn(OH)2

is stable. The formation of Zn(OH)2 can inhibit the dissolution of zinc. [10]
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Zn → Zn2+ + 2e− (2.1)

2H+ + 2e−
→ H2 (2.2)

2H2O + 2e−
→ 2OH− + H2 (2.3)

O2 + 4H+ + 4e−
→ 2H2O (2.4)

O2 + 2H2O + 4e−
→ 4OH− (2.5)

Equation 2.1 shows the dissolution of zinc. Equation 2.2 and Equation 2.4
show the hydrogen and oxygen reduction reaction in acidic conditions, while
Equation 2.3 and Equation 2.5 show the hydrogen and oxygen reduction reaction
in neutral to alkaline conditions. Both hydrogen and oxygen reduction can occur
during zinc corrosion. However the hydrogen evolution on zinc is inhibited due
to its large overpotential. [10]

The reactions illustrated by the Pourbaix diagram for zinc are only valid in the
absence of other chemical species with which zinc can form soluble complexes
or insoluble compounds. [10]

The ions that are most often present in corrosive environments are chloride,
carbonate and sulfate. Kannangara and Conway found that the presence of
carbonate ions can increase the corrosion performance of zinc in atmosperic
environments [60]. Figure 2.10 illustrates the effect of carbonate ions on the
Pourbaix diagram for zinc. [10]

Figure 2.10: Potential-pH diagram for the zinc - water - carbonate system at 298K.
[Zn2+] = 10−4 mol/dm3 (dissolved zinc species); [H2CO3] + [HCO−

3 ] + [CO2−

3 ] = 10−2

mol/dm3 (dissolved carbonate species) [60]

From Figure 2.10 it is apparent that the presence of carbonate ions extends
the possible passivation region of zinc to neutral pH values. [10]
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Figure 2.11 gives an overview of the stability of various zinc compounds in
chloride containing environments. One can see that insoluble zinc compounds
containing chloride ions are only stable at high chloride concentrations.

Figure 2.11: Equilibrium diagram for corrosion products of zinc in a chloride environ-
ment [61]

The equilibria of zinc with choride, carbonate and sulfate are illustrated in
Equation 2.6 to Equation 2.9.

5Zn2+ + 2HCO−
3 + 6H2O ⇀↽ Zn5(OH)6(CO3)2 + 8H+ (2.6)

2H+ + 2HCO−
3 + H2O + 5ZnO ⇀↽ Zn5(OH)6(CO3)2 (2.7)

2Zn(OH)2 + ZnCl2 ⇀↽ Zn5Cl2(OH)8 (2.8)

yZn(OH)2 + ZnSO4 + 4H2O ⇀↽ Zny+1SO4(OH)2y · 4H2O (y = 3 or 6) (2.9)

2.2.1.1 Corrosion in aqueous solutions

The difference of an aqueous solution compared to water is that there are ions
dissolved in an aqueous solution. As seen in the previous section this fact can
have a very strong influence on the overall corrosion performance. The main
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factors influencing the corrosion of zinc in an aqueous solution are the type of
dissolved species, the concentration of dissolved species, the pH value of the
solution and the temperature. [10]

The various dissolved ions can effect the corrosion in the following ways. They
can form complexes with zinc ions, increase the electrolyte conductivity, mod-
ify the composition, structure and compactness of corrosion products, form an
insoluble salt film on the surface, provide reactants for the anodic or cathodic
reactions and change the reaction kinetics through catalytic or inhibitive adsorp-
tion. The corrosion rate of zinc is mostly influenced by the dissolved anions.
Those can be classified into three groups. Anions that increase the solubility of
zinc (chloride and sulfate), anions that reduce the solubility of zinc and promote
the precipitation of zinc salts (phosphate and carbonate) and anions that react
with the zinc surface and can form passive films. [10]

Figure 2.12: Corrosion rate in distilled water as a function of pH (addition of NaOH
or HCl for pH adjustment) [62]

If there are no reducing or passivating agents present, the corrosion rate of
zinc is mainly influenced by the pH value of the solution. Figure 2.12 illustrates
the corrosion rate of zinc as a function of the pH value. In a pH range of 6
to 12 the corrosion rate of zinc is relatively low. This is mostly caused by the
formation of passive corrosion products on the surface. At higher or lower pH
values the corrosion rate increases vastly. If the pH value is lower than 4 zinc is
dissolved as a divalent cation. If the pH value is higher than 12 zinc is dissolved
as a zincate ion. In the passivating pH range the corrosion is more localized,
while in the active range the corrosion is more of a general type. [10]

2.2.1.2 Atmospheric corrosion

Atmospheric corrosion is the most important type of corrosion for zinc due to
its wide use for galvanizing steel. There are two different methods available to
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test the atmospheric corrosion behavior of zinc. On the one hand there is field
exposure testing and on the other hand there is simulated testing. From field ex-
posure experiments one can acquire real corrosion rates for a given atmosphere,
while from simulated testing one can acquire specific information on the effects
of the atmospheric variables. [10]

There are four different atmospheric conditions, namely rural, marine, urban
and industrial. The zinc corrosion rate varies greatly with the geographic loca-
tion and is lowest in dry, clean atmospheres. Seacoast atmospheres not in direct
contact to salt spray are mildly corrosive while in areas in direct contact to salt
spray the corrosion rate can be much higher. [10]

The corrosion resistance in this types of environments is largely determined
by the formed corrosion products. Generally the corrosion rate of zinc decreases
over time in atmospheric exposure, because of the formation of protective zinc
corrosion products. Normally the corrosion of zinc starts with the formation
of zinc hydroxide which then can be converted by carbon dioxide to basic zinc
carbonate. If the available carbon dioxide is not sufficient zinc oxide will form
instead of basic zinc carbonate. This compound has no barrier effect and will
not decrease the corrosion rate as much as basic zinc carbonate. [10]

Figure 2.13: Sequence of formation of the major corrosion products formed in four
different types of atmospheric environments [10]

Figure 2.13 gives an overview of the corrosion products formed on zinc in
different atmospheric conditions. One can see that basic zinc chloride (si-
monkolleite) is only formed in a marine environment. The only corrosion prod-
uct that is always formed is basic zinc carbonate (hydrozincite).
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2.2.2 Corrosion of Galfan

Pelerin et al. tested the Galfan coating in a conventional salt spray test after
ASTM. [13] They compared a 25 µm galvanized coating with a Galfan coating of
the same thickness. The conventional coating lasted 300 h before rust formation
and exhibited good edge protection. The Galfan coating lasted 670 h up to 5 %
red rust and showed good overall resistance as well as edge protection. This re-
sults in a more than two times better corrosion resistance than the conventional
material.

Aoki et al. performed a ten year outdoor exposure test in a rural, an industrial,
a marine and a severe marine environment [63]. They compared galvanized steel
with the Galfan coating. The coating layer of the galvanized coating had almost
been corroded away after ten years. In contrast the Galfan coating had at
least 10 µm of coating left even in the severe marine exposure site. They found
that on the Galfan samples not only zinc oxide and basic zinc carbonate was
formed but also zinc aluminum carbonate hydroxide. The zinc oxide was only
present in the severe marine environment. Those basic corrosion products form
a barrier layer and inhibit further corrosion. They think that the reason of
the enhanced corrosion stability of Galfan versus galvanized steel lies in the
stabilization effect of aluminum, which prevents the basic zinc carbonate from
reacting to zinc oxide.

2.2.3 Corrosion of Galvalume

Zoccola et al. investigated the corrosion performance of Galvalume [64]. They
performed salt spray tests as well as atmospheric exposure tests. In the salt
spray test the Galvalume coating lasted for 5500 h per 25.4 µm. In contrast
the conventional galvanized coating lasted for only 300 h. In the atmospheric
exposure tests it was found that the Galvalume coating lasts two to four times
as long as the galvanized coating. However for all but the severe environment
the cut edge protection of the galvanized coating was superior to that of the
Galvalume coating. In terms of corrosion mechanism it was determined that
the zinc rich phase in the interdendritic space is dissolved preferentially. Only
in this phase the coating offers full cathodic protection. After the zinc phase
is consumed the zinc corrosion products together with the aluminum dendrites
offer a barrier protection for an additional time. The aluminum, iron, zinc and
silicon containing inhibition layer also serves as a barrier layer.

Palma et al. performed atmospheric exposure tests in different environments
[65]. They found out that the corrosion performance of Galvalume is 1.7 to
4.5 times better than that of galvanized steel depending on the corrosiveness
of the environment. The spread between the two materials is more pronounced
the lesser the aggressiveness of the atmosphere. On the basis of the acquired
data a corrosion model was formed. At first the interdendritic zinc rich phase
is consumed. This in time leads to an interconnected network of attacked in-
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terdendritic regions. The aluminum dendrites remain in part uncorroded in the
corrosion product layer until the base metal is attacked.

Townsend and Borzillo conducted 30 years of atmospheric exposure testing
for Galvalume [66]. They found that in marine, industrial and rural sites the
Galvalume coating performs more than two times better than conventional gal-
vanized material with the same coating thickness. They also showed that the cut
edges of Galvalume remain protected and that the coating remains galvanically
active during these long term exposures.

2.2.4 Corrosion of Zn-Al-Mg coatings

Beginning in the 1980s Japanese steelmakers started to develop different Zn-
Al-Mg alloy coatings for hot-dip galvanizing. These alloys are Super Zinc [17]
with Zn-4.5%Al-0.1%Mg, Dymazinc with Zn-0.5%Mg-0.2%Al [19], ZAM with
Zn-6%Al-3%Mg [22] and Super Dyma with Zn-11%Al-3%Mg-0.2%Si [27]. The
following gives an overview of the collected literature on those alloys.

Tano et al. studied the influence of magnesium on the corrosion resistance
of hot-dip galvanized zinc-aluminum-magnesium coated steel [17]. They found
out that the addition of 0.1 wt.% magnesium to a Zn-4.5 wt.%Al coating signifi-
cantly increased the corrosion resistance. Also the surface of the coated material
lost its metallic luster and turned silverwhite, smooth and had a minimum of
grain boundary irregularities. It was also determined that the corrosion weight
loss of the new coating was only two thirds to two fifths of that of conven-
tional hot-dip galvanized coatings in outdoor exposure tests. The material also
performed better in humidity cabinet accelerated corrosion tests. It was also
found that the new coating seemed to promote the formation of simonkolleite
(Zn5Cl2(OH)8·H2O) instead of zinc oxide, which was attributed to cause the
better corrosion resistance.

Nishimura et al. developed a Zn-Al-Mg hot-dip galvanizing coating with a
composition of Zn-0.5%Mg-0.2%Al [19]. They found that the corrosion resis-
tance of this alloy is remarkably high in environments containing much salt but
slightly less remarkable in environments containing less salt. It was observed
that in a cyclic corrosion test the corrosion products formed on the Zn-Al-Mg
alloy were more compact than those on the conventional material. Also the
corrosion products on the Zn-Al-Mg alloy contained more chloride. Corrosion
product analysis by XRD revealed that the new alloy formed significantly more
simonkolleite and less zinc oxide than the conventional material. Comparable
results were found after 10 months of outdoor exposure with salt spray. Shindo
et al. found that the corrosion loss for the Zn-0.5%Mg-0.2%Al alloy in a promo-
tion exposure examination was 50 g/m2 compared to the conventional hot-dip
galvanizing which had a corrosion loss of 150 g/m2 after 3 months [18]. It was
found that the corrosion product layer was very thin and exact compared to
the Zn-0.2%Al alloy. Similar results were found in a cylclic corrosion test. It
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was also found that the formability of the new alloy is much better due to its
higher surface hardness. In another paper Shindo et al. noted that the higher
corrosion resistance of Zn-0.5%Mg-0.2%Al in laboratory tests is also applicable
for the actual environment [20]. They propose that the thin corrosion product
layer of simonkolleite is restricting cathode reactions. Nishimura et al. also
discovered that the Zn-0.5%Mg-0.2%Al material exhibited an unique formation
of corrosion products [21]. They found that there is an upper corrosion product
layer containing zinc oxide and magnesium and a lower corrsosion product layer
containing simonkolleite. This unique behavior is suggested to be contributing
to the high corrosion resistance of this material.

Tsujimura et al. observed that the corrosion resistance is drastically increased
with increased magnesium content [22]. Particularly they found a significant
increase between 2 and 3 % magnesium. Therefore they developed a Zn-6%Al-
3%Mg alloy. The most important difference of this alloy compared to the con-
ventional material is that the formation of simonkolleite in cyclic corrosion tests
is promoted, while that of zinc oxide and hydrozincite is retarded. This is at-
tributed to cause the higher corrosion resistance of this material compared to
conventional materials. They propose that simonkolleite can inhibit the cathodic
reactions, which zinc oxide cannot do since it is a n-type semiconductor. Also
the simonkolleite exhibited much more adhesion to the sample surface than the
zinc oxide and the hydrozincite. In later stages of corrosion it was found that the
alloy forms a protective film of zinc aluminum carbonate hydroxide. Yoshizaki
et al. investigated the atmospheric corrosion behavior of the Zn-6%Al-3%Mg
alloy [23]. It was discovered that after 5 years of outdoor exposure the alloy
formed a corrosion product layer of about 1 µm. In contrast a conventional
material of the same coating thickness was almost corroded. By XRD analy-
sis the composition of the corrosion products was found to be zinc aluminum
carbonate hydroxide with minor amounts of simonkolleite and hydrozincite. In
rural environments no simonkolleite was found and the difference between the
two materials was not as pronounced. The enhanced corrosion resistance of the
material is attributed to the inhibition of zinc oxide formation. Yamamoto et
al. investigated the corrosion resistance of pre-painted Zn-6%Al-3%Mg mate-
rial [24]. They showed that the edge creep is 2 mm after 1000 h of salt spray
test. This is less than half the edge creep observed on the conventional material.
The better performance of Zn-6%Al-3%Mg is explained by the morphology of
corrosion products. The alloy forms small dense corrosion products containing
magnesium. This in turn reduces the cathodic reaction of the steel considerably.
Shimizu et al. performed a five year outdoor exposure test comparing Zn-6%Al-
3%Mg with the Zn-0.2%Al alloy [26]. The investigated sample had both flat
and bent areas. In the bent areas the corrosion was much higher than in the flat
areas. However the Zn-6%Al-3%Mg alloy performed significantly better under
all conditions. Uranka et al. investigated the possibility of the application of
Zn-Al-Mg hot-dip galvanizings in the automotive industry [25]. They compared
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the Zn-6%Al-3%Mg alloy to samples electro-plated and treated with a trivalent
chromium pretreatment. They used three types of samples for the testing in a
cyclic corrosion test, samples with cut edges, drawn cup and samples with spot
welded areas. It was found that the Zn-6%Al-3%Mg coating performed better
in all kinds of conditions. It is thought that the corrosion products which cover
the exposed steel reduce the cathodic reaction.

Tanaka et al. researched a coating alloy with the composition of Zn-11%Al-
3%Mg-0.2%Si [27]. They subjected samples to a salt spray test and a cyclic
corrosion test. As a reference they used Zn-5%Al-0.1%Mg. In the salt spray
test the Zn-11%Al-3%Mg-0.2%Si alloy showed no red rust after 2000 hours,
while the reference showed red rust after 500 hours. In the cyclic corrosion
test the new alloy showed no red rust after 150 cycles, while the reference ma-
terial showed red rust after 60 cycles. After one year of outdoor exposure in
Okinawa the Zn-11%Al-3%Mg-0.2%Si showed about half the mass loss of Zn-
5%Al-0.1%Mg. It was found that the main corrosion product of this alloy is
simonkolleite. This simonkolleite contains magnesium and silicon and can sup-
press the cathodic reaction. Morimoto et al. measured the polarization of a
Zn-11%Al-3%Mg-0.2%Si coating [28]. They found out that both the anodic
and cathodic current is lower than that of a Zn-5%Al-0.1%Mg coating, which is
evidencing the better corrosion resistance of this material. Nomura et al. sub-
jected prepainted Zn-11%Al-3%Mg-0.2%Si material to different corrosion tests
[29]. In a salt spray test the new material showed less than half the creep from
the edge and scribe than the Zn-5%Al-0.1%Mg material. In the cyclic corrosion
test the materials showed the same tendencies. In an outdoor exposure test
with salt spray the Zn-11%Al-3%Mg-0.2%Si alloy showed less than a quarter of
the creep of the Zn-5%Al-0.1%Mg material. In an outdoor exposure test it was
found that the creep is decreasing over time for the Zn-11%Al-3%Mg-0.2%Si
material. With SEM and EPMA analysis it was found that the Zn-11%Al-
3%Mg-0.2%Si alloy stops the creep by forming corrosion products containing
zinc, aluminum and magnesium. Kimata et al. performed sheltered and non
sheltered outdoor exposure tests with the Zn-11%Al-3%Mg-0.2%Si material [30].
In both conditions the uncoated material performed significantly better than
Zn-5%Al-0.1%Mg and Zn-0.2%Al. It could be also shown that that prepainted
Zn-11%Al-3%Mg-0.2%Si material shows less red rust on cut edges than the
reference materials. Ueda et al. analyzed Zn-11%Al-3%Mg-0.2%Si that were
subjected to 10 years of outdoor exposure test [32]. It was found that the Zn-
11%Al-3%Mg-0.2%Si shows about half the edge creep after ten years compared
to Zn-0.2%Al. Also the conventional zinc coating showed significantly more red
rust on cut edges than the new material. As corrosion products simonkolleite,
gordaite and zinc aluminum carbonate hydroxide was found on the cut-edges of
pre-painted Zn-11%Al-3%Mg-0.2%Si. On the steel cut edge a magnesium rich
corrosion product was formed. Shimoda et al. performed five years of outdoor
exposure test [67]. It was found that the weight loss of Zn-11%Al-3%Mg-0.2%Si
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is about a quarter of that of conventional zinc. The Zn-11%Al-3%Mg-0.2%Si
alloy formed zinc aluminum carbonate hydroxide as the only corrosion product.

Motivated by the outstanding corrosion performance of the Japanese Zn-Al-
Mg alloys, European steelmakers started to develop their own alloys in the late
1990s and early 2000s. At first stood the development of PVD coated Zn-Mg
coatings [35]. However this process was later abandoned because the hot-dipping
process is cheaper. This resulted in the development of four different alloys,
namely ZMg EcoProtect [47], MagiZinc [42], ZinkMagnesium [49] and Magnelis
[57]. The following gives an overview of the collected literature on those alloys.

Sommer et al. researched the corrosion behavior of a Zn-1%Al-1%Mg alloy.
They found out that their alloy performs significantly better than the conven-
tional zinc coating in a salt spray test. They attributed this performance to
passivating corrosion products that can only form in the presence of magnesium
ions. Those corrosion products are supposed to inhibit the cathodic reaction on
the surfacce. Schulz et al. observed that the corrosion products formed on the
Zn-1%Al-1%Mg alloy are much denser than those formed on conventional zinc
coatings [48]. This leads to a slowed cathodic oxygen reduction reaction.

Vlot et al. reported an up to twenty times better performance of their Zn-
1.5%Al-1.5%Mg alloy compared to conventional zinc coatings [42]. Vlot et al.
also investigated the cosmetic corrosion of their material [45]. They found
that the Zn-Al-Mg coating performs significantly better in a VDA test after
20 weeeks. This can be explained by a buffering of the magnesium ions. After
the initial corrosion on the cut edges the magnesium ions buffer the pH value to
around 10 and form stable corrosion products with carbon dioxide. Sullivan et
al. investigated the initiation of the corrosion of the Zn-1.5%Al-1.5%Mg alloy
and found out that the MgZn2 phase is dissolved preferentially [68].

Volovitch et al. made cyclic corrosion tests with a Zn-3.5%Al-3%Mg alloy
[56]. They investigated the role of magnesium and aluminum. They propose
that magnesium prevents the reaction of simonkolleite to hydrozincite. This
is possible, because the magnesium ions react with the carbon dioxide, and
thereby stabilize the protective simonkolleite layer. If aluminum is dissolved,
because of the progressing corrosive attack, the aluminum ions from a zinc
aluminum hydrotalcite, which is a barrier for oxygen diffusion. Schouller-Guinet
et al. performed a cyclic corrosion test with ammonia exposure [57]. They
showed that the corrosion behavior of Zn-3.5%Al-3%Mg in ammonia containing
environments is up to eight times better than that of conventional zinc.

Schuerz et al. investigated the corrosion behavior of the Zn-2%Al-2%Mg alloy
[50]. They found out that the new alloy is more than ten times better than the
conventional material in a salt spray test. By analyzing cross section cuts they
detected an aluminum rich corrosion product layer, which was made responsible
for the better corrosion protection. This layer formed after relatively short
times. In a later study Schuerz et al. made an in depth investigation into the
corrosion products formed on the Zn-2%Al-2%Mg alloy [51]. It was shown by x-
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ray diffraction measurements that the protective aluminum phase is comprised
of zinc aluminum carbonate hydroxide. Luckeneder et al. also detected the
protective zinc aluminum carbonate hydroxide layer in a constant humidity and
an alternating humidity and air temperature test [53].

The following gives an overview of some literature on European alloys that
was not published by the manufacturer. Prosek et al. researched the atmo-
spheric corrosion of model zinc magnesium alloys [69]. They found out that
the beneficial effect of magnesium was strongest at 4-8 wt.%. In another study
Prosek et al. investigated the corrosion performance of a Zn-1.5%Al-1.5%Mg
alloy amongst other alloys [70]. The results showed that Zn-1.5%Al-1.5%Mg
performed three to four times better than conventional zinc coatings. In yet
another study Prosek et al. showed that zinc aluminum magnesium coatings
formed significantly more hydrozincite as a corrosion product than conventional
zinc coatings [71]. They also proposed that zinc aluminium magnesium alloys
form magnesium carbonate during corrosion, which prevents the formation of
zinc oxide.

Summarily one can say that the mechanism of the corrosion enhancement
of zinc aluminum magnesium hot-dip galvanized coatings compared to conven-
tional hot-dip galvanizings is as yet unknown. There is a variety of different
coating systems. However all of them seem to behave similarly in terms of cor-
rosion behavior. The zinc aluminum magnesium hot-dip galvanized coatings
seem to form a corrosion product layer that differs both in composition as well
as in density and morphology from the conventional materials. Most researchers
attribute the enhanced corrosion behavior to the formation of a simonkolleite
or zinc aluminium hydrotalcite layer on the surface during corrosion. This layer
seems to have exceptional corrosion protecting capabilities. However the actual
mechanism of the formation of this layer as well as the actual composition of
this layer still needs to be investigated.

21





3 Experimental

3.1 Corrosion Tests

3.1.1 Used samples

Tables 3.1 and 3.2 give an overview of the samples used for the corrosion tests.
This set of four materials was used for all corrosion tests.

Table 3.1: Overview of samples used for the corrosion tests

Material
Steel

Coating
Coating composition (wt.%)

substrate Zn Al Mg Si

Conventional zinc DX51D Z100MC 99.8 0.2 - -
Galfan S280GD ZA90MB 95.0 5.0 - -
Galvalume S280GD AZ150MB 43.4 55.0 - 1.6
Zn-Al-Mg alloy DX54D ZM90MB 96.0 2.0 2.0 -

Table 3.2: Overview of the coating thickness of the samples used for the corrosion tests

Material
Substrate

thickness (mm)
Average coating
weight (g/m2)

Average coating
thickness (µm)

Conventional zinc 0.55 100 7
Galfan 0.55 90 7
Galvalume 1 150 20
Zn-Al-Mg alloy 0.82 90 7

The conventional hot-dip galvanized material (HDG) was a Z100MC grade.
The Z stands for HDG material, the number refers to the average coating weight
on both sides and the letters MC indicate that the material was skin passed. The
coating weight of 100 g/m2 results in an average coating thickness of 7 µm. The
steel grade of the HDG samples was a DX51D according to DIN EN 10327:2004
[72] (material number: 1.0226). Figure 3.1 gives an overview of the HDG samples
before corrosion. In the SEM pictures one can see the zinc coating on the steel
substrate. There is only the zinc phase and an intermetallic Zn-Fe layer between
the zinc and the steel phase.

The Galfan coating (ZA) was a ZA90MB. The ZA stands for Galfan, the
number refers to the average coating weight on both sides and the letters MB
indicate that the material was skin passed. The coating weight of 90 g/m2 results
in an average coating thickness of 7 µm. The steel grade of the ZA samples was
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Figure 3.1: SEM images of conventional hot-dip galvanized sample before corrosion

a S280GD according to DIN EN 10326:2004 [73] (material number: 1.0244).
Figure 3.2 gives an overview of the ZA samples before corrosion. In the SEM
pictures one can see the zinc aluminum coating on the steel substrate. One can
see a structure of proeutectid η phase with a eutectic η and β phase.

Figure 3.2: SEM images of a Galfan coated sample before corrosion

The Galvalume coating (AZ) was an AZ150MB. The AZ stands for Galval-
ume, the number refers to the average coating weight on both sides and the
letters MB indicate that the material was skin passed. The coating weight of
150 g/m2 results in an average coating thickness of 20 µm. Unfortunately a
lower coating weight of this material was not available. The steel grade of the
AZ samples was a S280GD according to DIN EN 10326:2004 [73] (material num-
ber: 1.0244). Figure 3.3 gives an overview of the AZ samples before corrosion.
In the SEM pictures one can see the zinc aluminum silicon coating on the steel
substrate. Between the coating and the steel substrate there is a relatively thick
intermetallic layer of Fe-Al, Fe-Al-Si and Fe-Al-Si-Zn compounds. Above that
there is the coating comprised of aluminum dendrites, zinc rich interdenritic
regions and a fine dispersion of silicon particles.

The zinc aluminum magnesium coating (ZM) was a ZM90MB grade. The
ZM stands for ZM material, the number refers to the average coating weight on
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Figure 3.3: SEM images of a Galvalume coated sample before corrosion

both sides and the letters MB indicate that the material was skin passed. The
coating weight of 90 g/m2 results in an average coating thickness of 7 µm. The
steel grade of the ZM samples was a DX54D according to DIN EN 10327:2004
[72] (material number: 1.0306). Figure 3.4 gives an overview of the ZM samples
before corrosion. In the SEM pictures one can see the zinc aluminum magnesium
coating on the steel substrate. The coating layer is comprised of zinc dendrites,
binary zinc MgZn2 phase eutectic and ternary zinc aluminum MgZn2 phase
eutectic.

Figure 3.4: SEM images of a ZinkMagnesium coated sample before corrosion

All samples were cut to 15 times 10 cm. An identification sticker was placed
in the upper right corner of the sample. Then the samples were deoiled and
cleaned in an alkaline cleaning solution at 40 ◦C. After the cleaning the sample
edges were covered with an adhesive tape. Then the samples were placed 20
degrees out of the vertical axis in the corrosion tests.
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3.1.2 Salt spray test

3.1.2.1 Standardized salt spray test

A standardized salt spray test (SST) according to DIN EN ISO 9227:2006 was
performed [74]. The sodium chloride concentration was 50 ± 5 g/l. The tem-
perature in the chamber was 35 ± 2 ◦C. The pH value of the test solution was
set between 6.5 and 7.2 with hydrochloric acid or sodium hydroxide. The test
solution was collected with a funnel with an opening of 80 cm2. The collected
testing solution was always 1.5 ± 0.5 ml/h. The pH value of the test solution
was measured daily with a pH electrode. The chloride concentration of the test
solution was measured daily by titration after Mohr.

3.1.2.2 pH variations

Tests based on DIN EN ISO 9227:2006 [74] were performed to investigate the
influence of the pH value on the corrosion. For this series of tests the pH value
was set with sodium hydroxide or hydrochloric acid respectively to the desired
value. All other parameters remained as they are in the standardized salt spray
test. Table 3.3 gives an overview of the tested conditions and the test solution
compositions.

Table 3.3: Additions to set the pH value

pH value additions (mol/l)

1 0.097 (HCl)
3 0.0009 (HCl)
7 0.00001 (NaOH)
10 0.35 (NaOH)
12 0.85 (NaOH)

3.1.2.3 Cation variations

Tests based on DIN EN ISO 9227:2006 [74] were performed to investigate the
influence of cations on the corrosion. For this test various chloride salts were
used. The chloride concentration in the standardized salt spray test equals
0.86 mol/l chloride. Therefore the salts were used in concentrations that resulted
in the same total chloride concentration. All other parameters remained as they
are in the standardized salt spray test. Table 3.4 gives an overview of the test
solutions used in the cation variation experiments.
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Table 3.4: Solutions used for the cation variation experiments

Salt concentration (mol/l) pH

CaCl2·2H2O 0,43 5.5
MgCl2·6H2O 0,43 5.5
KCl 0,86 5.8
NH4Cl 0,86 4.9

3.1.2.4 Anion variations

Tests based on DIN EN ISO 9227:2006 [74] were performed to investigate the
influence of anions on the corrosion. For this test various sodium salts were used.
The chloride concentration in the standardized salt spray test equals 0.86 mol/l
chloride. Therefore the salts were used in concentrations that resulted in the
same total anion concentration. All other parameters remained as they are in
the standardized salt spray test. Table 3.5 gives an overview of the test solutions
used in the anion variation experiments.

Table 3.5: Solutions used for the anion variation experiments

Salt concentration (mol/l) pH

Na2SO4 0.86 5.5
Na3PO4 0.86 12.0
NaNO3 0.86 5.2
CH3COONa 0.86 9.3

3.1.3 VDA 621-415

A VDA 621-415 test was performed according to DIN EN ISO 11997-1:2006
[75]. The test contains 24 h of salt spraying. The sodium chloride solution has a
concentration of 50 ± 10 g/l and a pH value between 6.0 and 7.0. The collected
solution volume is 1 to 2 ml/h. After the salt spraying there is a phase of 40 ±

2 ◦C and 100 % relative humidity for eight hours. Then there is a phase of 23
± 2 ◦C and 50 ± 20 % relative humidity for 16 hours. This eight and 16 hours
phases are repeated another three times. After that there is a 48 hour phase
with 23 ± 2 ◦C and 50 ± 20 % relative humidity. This results in a test cycle of
one week. Table 3.6 and Figure 3.5 illustrate the test cycle.

3.1.4 VDA 233-102

A VDA 233-102 test was performed according to SEP 1850 [76]. The test con-
tains three 24 h cycles that are combined to a one week cycle. Cycle A contains
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Table 3.6: Overview of VDA 621-415 cycle [75]

Step Time (h) Temperature (◦C) Condition

1 24 35 ± 2 salt spray
2 8 40 ± 2 100 % relative humidity
3 16 23 ± 2 50 ± 2 % relative humidity
4 8 40 ± 2 100 % relative humidity
5 16 23 ± 2 50 ± 2 % relative humidity
6 8 40 ± 2 100 % relative humidity
7 16 23 ± 2 50 ± 2 % relative humidity
8 8 40 ± 2 100 % relative humidity
9 16 23 ± 2 50 ± 2 % relative humidity
10 48 23 ± 2 50 ± 2 % relative humidity

Figure 3.5: Overview of VDA 621-415 cycle [75]
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a salt spray phase, cycle B contains a phase at room temperature and humidity
for sample assessment and cycle C contains a phase with temperatures below
the freezing point. The weekly cycle is as following: ABACABB. The samples
are inserted into the test at the first assessment phase. The concentration of the
used and collected sodium chloride solution is 10 ± 1 g/l and the pH value has
to be between 6.5 and 7.2. The collected solution volume during salt spraying
has to be 3.0 ± 1 ml/h. Tables 3.7 to 3.9 and Figure 3.6 illustrate the test cycle.

Table 3.7: Overview of the cycle A of the VDA 233-102 test [76]

Time (h)
Cycle A

Temperature (◦C) rel. Humidity (%)

0 35 95
1 35 100
2 35 100
3 35 100
4 42.5 93.75
5 50 87.5
6 50 81.25
7 50 75
8 50 68.75
9 50 62.5
10 50 56.25
11 50 50
12 50 50
13 50 70
14 50 75
15 50 80
16 50 85
17 50 90
18 50 90
19 50 95
20 35 95
21 35 95
22 35 95
23 35 95
24 35 95
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Table 3.8: Overview of the cycle B of the VDA 233-102 test [76]

Time (h)
Cycle B

Temperature (◦C) rel. Humidity (%)

0 35 95
1 31.67 86.67
2 28.33 78.33
3 25 70
4 25 70
5 25 70
6 25 70
7 30 70
8 35 70
9 40 70
10 45 70
11 50 70
12 50 70
13 50 70
14 50 75
15 50 80
16 50 85
17 50 90
18 50 90
19 50 95
20 35 95
21 35 95
22 35 95
23 35 95
24 35 95
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Table 3.9: Overview of the cycle C of the VDA 233-102 test [76]

Time (h)
Cycle C

Temperature (◦C) rel. Humidity (%)

0 35 95
1 22.5 88.75
2 10 82.5
3 -2.5 76.25
4 -15 70
5 -15 X
6 -15 X
7 -15 X
8 -15 X
9 -15 X
10 -2 70
11 11 70
12 24 70
13 37 70
14 50 70
15 50 80
16 50 85
17 50 90
18 50 90
19 50 95
20 35 95
21 35 95
22 35 95
23 35 95
24 35 95
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Figure 3.6: Overview of VDA 233-102 cycle [76]

3.1.5 Condensation atmosphere with constant humidity

A condensation atmosphere with constant humidity test (CH) according to DIN
EN ISO 6270-2:2005 was performed [77]. The samples were put in a climate
chamber with 40 ± 3 ◦C and a relative humidity of 100 %. One cycle equals to
24 hours.

3.1.6 Condensation climate with alternating humidity

and air temperature

A condensation climate with alternating humidity and air temperature test
(AHT) according to DIN EN ISO 6270-2:2005 was performed [77]. The test
consists of a 8 h phase with 40 ± 3 ◦C and a relative humidity of 100 % and a
16 h phase with 18 to 28 ◦C and a relative humidity below 100 %. One cycle
equals 24 h and contains both phases.

3.2 Sample analysis

For the analysis of the cross section cuts a Zeiss Supra 35 SEM with an EDAX
Nova 600 EDX was used. All samples were sputtered with gold before the
analysis. Typically the samples were analyzed with the backscattered electron
detector at an accelarataion voltage of 15 kV. The corrosion products were
analyzed with XRD, RAMAN and IR. The XRD diffractograms were obtained
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3.2 Sample analysis

from a PANanalytical X’Pert PRO MPD diffractometer with a cobalt anode in
gracing incident geometry. The RAMAN analysis was carried out on a Horiba
Jobin Yvon LabRAM 300 while for the IR spectroscopy a Bruker Tensor 27
was used. For the IR analysis the corrosion products were scratched from the
sample surfaces and pressed with KBr into a tablet. The tablet was afterwards
measured in transmission geometry.
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4.1 Salt spray tests

4.1.1 Standardized salt spray test

4.1.1.1 Visual inspection of the samples

Table 4.1 gives an overview of the results of this corrosion test. While the AZ
and the ZM samples shows no visible red rust after 1000 h, the ZA sample fails
after 300 h and the HDG sample fails after 100 h. The time where the samples
fail in this test is defined by the appearance of red rust on more than 5 % of the
sample surface. Figure 4.1 depicts the samples that failed in the standardized
salt spray test. One can see that the AZ sample has almost no white rust and
looks almost metallic, while the ZM sample has a tarnished look with both white
and grey corrosion products scattered on the surface. The HDG and ZA sample
have significantly more white rust and also more red rust on the surface. All
samples exposed to a standardized salt spray test are depicted in the appendix.

Table 4.1: Time to failure in standardized salt spray test

sample time to failure

HDG 100 h
ZA 300 h
AZ > 1000 h
ZM > 1000 h

(a) HDG after

100 h

(b) ZA after 300 h (c) AZ after

1000 h

(d) ZM after

1000 h

Figure 4.1: Overview of samples after the standardized salt spray test
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4.1.1.2 SEM analysis of cross section cuts

Of the samples corroded in the neutral standardized salt spray test metallo-
graphic cross section cuts were made. These cross section cuts were analyzed
with SEM and EDX. In that way the samples were investigated to find out if
there was any base material attack during the corrosion test and how far the
coating material is corroded. In the following selected samples are presented.
The rest of the samples are depicted in the appendix.

Figure 4.2: SEM image of HDG sample corroded for 48 h in SST

Figure 4.3: SEM image of ZA sample corroded for 100 h in SST

Figure 4.2 shows the HDG sample corroded for 48 h and Figure 4.3 shows the
ZA sample corroded for 100 h. One can clearly see that the corrosion is well
advanced. Both samples have been selected because they were the last samples
of their kind, which showed no red rust on the surface. Though the samples
show no base metal attack, the whole corrosion layer has reacted to corrosion
products.
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Figure 4.4: SEM image of AZ sample corroded for 1000 h in SST

Figure 4.4 shows the corrosive attack of the AZ sample. One can see that the
attack did not touch the aluminum phase. Only the eutectic is corroded. Even
after 1000 h the sample looks very good with a relatively low corrosive attack.

(a) Less attacked area (b) Stronger attacked area

Figure 4.5: SEM images of ZM sample corroded for 100 h in SST

Figure 4.5 exemplarily shows the ZM samples corroded for 24 h to 100 h. One
can see that the MgZn2 phase is corroded preferentially. Overall the samples
show almost no attack of the zinc coating. After 100 h one can find areas where
the attack of the ternary eutectic advances. Also there are some corrosion
products visible on the surface of the coating. However the coating is still in a
very good shape.
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(a) Less attacked area (b) Stronger attacked area

Figure 4.6: SEM images of ZM sample corroded for 500 h in SST

Figure 4.6 exemplarily illustrates the ZM samples corroded for 200 h to 600 h.
Starting with 200 h one can see sample areas where the ZM coating has com-
pletely reacted to corrosion products. But about 90 % of the sample area remains
largely intact. In this sample areas the corrosion products on the sample surface
increase over time and the MgZn2 phase is corroded preferentially.

Figure 4.7: SEM image of ZM sample corroded for 1000 h in SST

Figure 4.7 exemplarily depicts the ZM samples corroded for 700 h to 1000 h.
Around 700 h all of the ZM coating is converted to corrosion products. After
that the amount of white corrosion products increases dramatically. This can
be seen in Figure 4.7 where the corrosion product layer is significantly larger.
However even after 1000 h the coating shows no base metal attack.

Figure 4.8 shows a ZM sample corroded for 300 h. One can see that the
left half of the Zn-Al-Mg coating has reacted to corrosion products, while the
right one remains intact. Above the original coating there is a second coating
comprised of corrosion products. In this layer there are dense light gray crystals
with a size of about 10 µm embedded in darker smaller crystals with needlelike
structure.
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Figure 4.8: SEM image of ZM sample corroded for 300 h in SST

Figure 4.9 illustrates the state of the ZM sample after 24 h together with an
EDX scan of the area. One can see that the metallic coating remains almost in-
tact. Only the ternary eutectic has been attacked. However there are almost no
corrosion products on the surface. Due to the attack of the MgZn2 in the ternary
eutectic a depletion of magnesium in the metallic coating can be observed.

Figure 4.10 and 4.11 feature cross section cuts prepared from a ZM sample
exposed to 1000 h of salt spray test together with their corresponding EDX scans.
Figure 4.10 depicts a sample area were the metallic coating is less attacked.
One can see that their is a part of a zinc dendrite remaining in the coating.
There is almost no magnesium remaining in the area, while aluminum seems
to concentrate in the initial coating. Also the coating is rich in chloride. This
leads to the assumption that the corrosion products in this area are almost solely
simonkolleite (Zn5Cl2(OH)8·H2O).

Figure 4.11 depicts a sample area were the metallic coating is more attacked.
In this area the metallic coating completely reacted to corrosion products. The
corrosion product layer is much thicker than on the less attacked sample area.
In contrast to the other area there is far less chloride in the corrosion products.
Instead there is more oxygen and carbon. As in the other sample area there
is almost no magnesium to be detected. The aluminum seems to be far more
distributed than in the less attacked sample area. This is probably the case,
because the aluminum in area 1 has not been dissolved and is still existing
in the form of aluminum dendrites in the area that initially was the ternary
eutectic.

39



4 Results

Figure 4.9: SEM image with EDX map of ZM sample corroded for 24 h in SST
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Figure 4.10: SEM image with EDX map of ZM sample corroded for 1000 h in SST
area 1
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Figure 4.11: SEM image with EDX map of ZM sample corroded for 1000 h in SST
area 2
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4.1.1.3 Analysis of corrosion products

Figure 4.12 shows the measured x-ray diffractograms of the ZM samples. Two
major corrosion products could be found. Simonkolleite (Zn5(OH)8Cl2·H2O)
is present on all samples. Its main reflex is at 13.03927 ◦ 2θ. Additionally on
some samples hydrozincite (Zn5(CO3)2(OH)6) could be found. The main reflex
of this corrosion product lies at 14.897 ◦ 2θ. One can see that with increas-
ing time in the corrosion test the amount of hydrozincite is increasing. After
about 300 h the MgZn2 phase is completely consumed. Traces of the zinc phase
could be detected even after 1000 h, however the biggest amount seems to be
consumed after 700 h. This corresponds well with the results obtained from the
metallographic cross section cuts. There also might be some traces of zinc ox-
ide in the samples that were corroded for longer times, however all zinc oxide
reflexes are superimposed by substances with a higher intensity. After about
700 h the intensity of the simonkolleite reflexes in starting to decrease. It seems
that the corrosion products on the sample surface react from simonkolleite to
hydrozincite and in later stages maybe to zinc oxide.

Figure 4.12: X-ray diffraction analysis of ZM samples after different times in the salt
spray test

Figure 4.13 illustrates the x-ray diffractograms measured for the HDG sam-
ples. In this case three major corrosion products are formed. Simonkolleite
(Zn5(OH)8Cl2·H2O) is present on all samples. Its main reflex is at 13.03927 ◦ 2θ.
Additionally on some samples hydrozincite (Zn5(CO3)2(OH)6) could be found.
The main reflex of this corrosion product lies at 14.897 ◦ 2θ. Finally there is
zinc oxide (ZnO) with its main reflex at 42.136696 ◦ 2θ. One can see that from
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the beginning there is way more hydrozincite in relation to simonkolleite. There
is also a significant amount of zinc oxide present on the samples from the be-
ginning. The amount of simonkolleite on the sample surfaces is decreasing and
after 72 h there are only traces remaining. The amount of hydrozincite is in-
creasing until 72 h and is starting to decrease afterwards. The amount of zinc
oxide increases steadily over time. This indicates that simonkolleite reacts to
hydrozincite and hydrozincite to zinc oxide. This reactions seem to occur faster
for HDG than for ZM.

Figure 4.13: X-ray diffraction analysis of HDG samples after different times in the
salt spray test

Figure 4.14 displays the measured x-ray diffractograms of the ZA samples.
In this case there are four corrosion products. There is simonkolleite (Zn5"-
(OH)8"-Cl2”−·H2O) with the main reflex at 13.03927 ◦ 2θ. There is hydrozincite
(Zn5(CO3)2(OH)6) with the main reflex at 14.897 ◦ 2θ. There is zinc oxide (ZnO)
with its main reflex at 42.136696 ◦ 2θ and there is zinc aluminum hydrotalcite
(Zn6Al2(OH)16"-CO3·4"-H2O) with its main reflex at 13.515 ◦ 2θ. One can see
that over time the simonkolleite amount is decreasing and the hydrozincite and
zinc aluminum hydrotalcite amount is increasing. Also after 300 h there are
measurable amounts of zinc oxide. The same reactions as on HDG and ZM
seem to occur. However they seem to react slower than ZM and faster than
HDG. Another difference is the existence of the zinc aluminum hydrotalcite
phase. This is likely due to the increased aluminum content in this type of
coating.

Figure 4.15 shows the x-ray diffractograms of the AZ samples. One can see
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that there are two corrosion products that are also formed on the ZA samples.
There is simonkolleite with the main reflex at 13.03927 ◦ 2θ and the zinc alu-
minum hydrotalcite (Zn6Al2(OH)16CO3·4H2O) with its main reflex at 13.515 ◦

2θ. Additionally there is aluminum, zinc and a aluminum hydroxide (Al(OH)3)
with its main reflex at 21.795 ◦ 2θ. Interesting is the fact that no hydrozincite
or zinc oxide are formed on this sample. This is likely because this coating is
aluminum based and not a zinc coating. All the zinc ions seem to be reacted
to simonkolleite and zinc aluminum hydrotalcite. One can also see that ini-
tially more simonkolleite is formed, while in later stages more zinc aluminum
hydrotalcite is formed.

Figure 4.16 and 4.17 depict the Raman spectra of selected samples corroded
in the standardized salt spray test. The samples were selected the following
way. If a material showed red rust before or at exactly 300 h, the last sample
that showed no traces of red rust was selected. If a material showed red rust
after 300 h, the sample at 300 h was selected. Figure 4.16 shows Raman spectra
that were measured in areas that looked visibly gray, while the Raman spectra
in Figure 4.17 were measured in areas that looked visibly white.

In the gray areas shown in Figure 4.16 simonkolleite could be identified as the
only corrosion product.[78] No simonkolleite was found on the AZ surface.

In the white areas shown in Figure 4.17 three corrosion products could be iden-
tified. The peaks in the area of 360 to 440 cm−1 are mainly caused by zinc oxide
and hydrozincite.[79, 80] The peak at 1062 cm−1 is caused by hydrozincite.[79]
The peak at 1077.2 cm−1 is caused by the zinc aluminum hydrotalcite phase.[81]

Figure 4.14: X-ray diffraction analysis of ZA samples after different times in the salt
spray test
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Figure 4.15: X-ray diffraction analysis of AZ sample after different times in the salt
spray test

Figure 4.16: Raman spectra of selected gray areas of samples corroded in the stan-
dardized salt spray test
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Figure 4.17: Raman spectra of selected white areas of samples corroded in the stan-
dardized salt spray test

Figure 4.18: Infrared spectra of selected samples corroded in the standardized salt
spray test

The Figure 4.18 shows the infrared spectra measured of selected samples cor-
roded in the salt spray test. Four corrosion products could be detected and
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identified. Simonkolleite was identified by the peaks at 3491 and 3449 cm−1.[82]
Hydrozincite could be identified by the peaks at 1508 and 1389 cm−1.[79] Zinc
oxide could be identified by the peaks at 3386, 2960, 2926 and 2854 cm−1.[83].
Lastly zinc aluminum hydrotalcite was identified by the peaks at 3476, 1626
and 1364 cm−1.[81, 84] One can clearly see that the major corrosion products
for HDG, ZA and ZM are simonkolleite and hydrozincite. In contrast the major
corrosion product for AZ is the zinc aluminum hydrotalcite.

4.1.1.4 ICP-OES measurements

Figure 4.19 illustrates the loss of magnesium on the ZM samples of the stan-
dardized salt spray test, which equals the fraction of magnesium remaining on
the samples after a give time. One can see that the magnesium content of the
samples is steadily decreasing from the initial value to about 30 % after 1000 h of
standardized salt spray test. This indicates that the MgZn2 is steadily dissolved
and at least part of the dissolved magnesium is washed from the sample. This
is in accordance with the fact that no magnesium corrosion products could be
detected.

Figure 4.19: ICP-OES measurements of magnesium on the samples of the standardized
salt spray test
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4.1.2 pH variations

4.1.2.1 Visual inspection of the samples

Table 4.2 and Figures 4.20 to 4.23 present the results of the pH variation salt
spray tests. The samples labeled as pH 7 are those exposed to the standardized
salt spray test. One can see that the coatings peform differently in acidic and
alkaline conditions. Generally the ZM samples perform better than the HDG
samples. In severely acidic conditions less white corrosion products are formed
as can be seen in Figure4.20. In mildly alkaline conditions shown in Figure 4.21
the samples perform similar to the standardized salt spray test. In severely
alkaline conditions displayed in Figur 4.22 and 4.23 the samples perform sig-
nificantly worse and form more white rust. However ZM is never worse than
HDG. All samples exposed to the pH variation salt spray tests are depicted in
the appendix.

Table 4.2: Time to failure in pH variation salt spray tests

condition HDG ZA ZM AZ

pH 1 100 h 300 h 900 h > 1000 h
pH 3 100 h 200 h > 1000 h > 1000 h
pH 7 100 h 300 h > 1000 h > 1000 h
pH 10 48 h 72 h 200 h > 300 h
pH 12 48 h 72 h 100 h > 300 h

(a) HDG after

100 h

(b) ZA after 300 h (c) AZ after

1000 h

(d) ZM after 900 h

Figure 4.20: Overview of samples after the salt spray test at pH 1
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(a) HDG after

100 h

(b) ZA after 200 h (c) AZ after

1000 h

(d) ZM after

1000 h

Figure 4.21: Overview of samples after the salt spray test at pH 3

(a) HDG after

48 h

(b) ZA after 72 h (c) AZ after 300 h (d) ZM after 200 h

Figure 4.22: Overview of samples after the salt spray test at pH 10

(a) HDG after

48 h

(b) ZA after 72 h (c) AZ after 300 h (d) ZM after 100 h

Figure 4.23: Overview of samples after the salt spray test at pH 12
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4.1.2.2 SEM analysis of cross section cuts

Of the samples corroded in the salt spray tests with a pH variation metallo-
graphic cross section cuts were made. These cross section cuts were analyzed
with SEM and EDX. In that way the samples were investigated to find out if
there was any base material attack during the corrosion test and how far the
coating material is corroded. In the following selected samples are presented.
The rest of the samples are depicted in the appendix.

Figure 4.24: SEM image of HDG sample corroded for 48 h in a SST at pH 1

Figure 4.24 shows the cross section cut of the HDG sample after 48 h of salt
spraying at pH 1. One can see that the metallic coating has completely reacted
to corrosion products. There is an aluminum enrichment visible on the sample.
This is likely because the zinc is dissolved preferentially, while the aluminum is
passivated. It could also indicate the formation of zinc aluminum hydrotalcite
(Zn6Al2(OH)16CO3·4H2O).

Figure 4.25: SEM image of ZA sample corroded for 100 h in a SST at pH 1

Figure 4.25 illustrates the cross section cut of a ZA sample corroded for 100 h
in a salt spray test at pH 1. One can see that the metallic coating is totally
corroded to corrosion products. The high aluminum concentration in the EDX
spectrum is explainable by the higher aluminum content in the coating.
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Figure 4.26: SEM image of AZ sample corroded for 900 h in a SST at pH 1

Figure 4.26 shows the cross section cut of a AZ sample corroded for 900 h in
a salt spray test at pH 1. One can see that only the zinc phase of the metal-
lic coating corroded to corrosion products, while the aluminum phase remains
passivated. A relatively large layer of corrosion products formed on the sample
surface.

Figure 4.27: SEM image of ZM sample corroded for 600 h in a SST at pH 1

Figure 4.27 displays the cross section cuts of the ZM sample corroded for 600 h
in the salt spray test at pH 1. One can see thatthe whole metallic coating reacted
to corrosion products. The corrosion product layer is however very dense.
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Figure 4.28: SEM image of HDG sample corroded for 72 h in a SST at pH 3

Figure 4.29: SEM image of ZA sample corroded for 100 h in a SST at pH 3

Figures 4.28 4.29 show the HDG sample after 72 h and the ZA sample after
100 h of salt spray test at pH 3. The metallic coating of both samples has
completely corroded to corrosion products. Again an aluminum enriched layer
is visible.

Figure 4.30: SEM image of AZ sample corroded for 900 h in a SST at pH 3

Figure 4.30 is relatively uncorroded. Both the zinc and the aluminum phase
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are relatively untouched. Only small amounts of the zinc phase are corroded
and their is a thin coating of corrosion products.

Figure 4.31: SEM image of ZM sample corroded for 1000 h in a SST at pH 3

Figure 4.31 illustrate the ZM sample corroded for 1000 h in a salt spray test
at pH 3. One can see that the attack spreads over the whole metallic coating.
But though most of the metallic coating is corroded to a corrosion product layer
one can see that there is no base metal attack even after 1000 h.

(a) Less attacked area (b) Stronger attacked area

Figure 4.32: SEM images of HDG sample corroded for 24 h in a SST at pH 10

Figure 4.32 shows a HDG sample that was corroded for 24 h in a salt spray
test at pH 10. One can see that the attack of the metallic coating of this sample
is vastly different at different areas. There are both areas where the coating is
almost unattacked, while in other areas the whole coating reacted to relatively
porous corrosion products. Remarkable for this sample is that the same material
shows red rust after an additional 24 h.
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Figure 4.33: SEM image of ZA sample corroded for 24 h in a SST at pH 10

Figure 4.33 shows a ZA sample corroded for 24 h in a salt spray test at pH 10.
This sample formed a corrosion product layer of a relatively dense morphology.
One can see that the coating layer contained more aluminum. This results in a
higher aluminum enrichment in the corrosion product layer.

Figure 4.34: SEM image of AZ sample corroded for 300 h in a SST at pH 10

Figure 4.34 displays the AZ sample corroded for 300 h in a salt spray test
at pH 10. One can see that the whole zinc phase has corroded to corrosion
products. Those corrosion products formed a corrosion product layer on the
surface. However the aluminum dendrites seem to be intact.
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Figure 4.35: SEM image of ZM sample corroded for 100 h in a SST at pH 10

Figure 4.35 shows the ZM sample corroded in a salt spray test for 100 h. One
can see that the attack of the coating layer is highly accelerated compared to
the acidic and standardized salt spray tests. The attack of the coating layer is
much more uniform compared to the standardized salt spray test. Also after
100 h the corrosion product layer becomes more porous and voluminous. One
can also see two distinct corrosion product layers.

Figure 4.36: SEM image of HDG sample corroded for 48 h in a SST at pH 12

Figure 4.37: SEM image of ZA sample corroded for 48 h in a SST at pH 12
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The Figure 4.36 and Figure 4.36 illustrate the HDG and ZA samples after
48 h of salt spray test at pH 12. One can see that the coating layer of the HDG
sample is completely corroded, while the ZA sample still has some metallic zinc
remaining in the corrosion product layer. Overall the corrosion product layer is
much more voluminous than the samples tested in a acidic or standardized salt
spray test.

Figure 4.38: SEM image of AZ sample corroded for 300 h in a SST at pH 12

The Figure 4.38 displays the AZ sample corroded for 300 h in a salt spray test
at pH 12. One can see that the zinc phase has been corroded to a great extent,
while the aluminum dendrites remained almost untouched.

Figure 4.39: SEM image of ZM sample corroded for 72 h in a SST at pH 12

Figure 4.39 shows the ZM sample corroded for 72 h in a salt spray test at
pH 12. One can see that the attack of the metallic coating is still more acceler-
ated compared to the other salt spray tests. Also the corrosion products formed
after 72 h are much more porous than in an acidic or neutral environment.

4.1.2.3 Analysis of corrosion products

Figures 4.40 to 4.43 give an overview of the measured X-ray diffractograms for
the pH values of 1, 3, 10 and 12. The diffractograms labeled with pH 7 are the
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ones that were made from the samples of the standardized salt spray test.

One can see that for all materials two corrosion products are formed. There is
Simonkolleite (Zn5(OH)8Cl2·H2O) with its main reflex at 13.03927 ◦ 2θ and zinc
oxide (ZnO) with its main reflex at 42.136696 ◦ 2θ. Additionally on all samples
except the HDG samples zinc aluminum hydrotalcite (Zn6Al2(OH)16CO3·4H2O)
with its main reflex at 13.515 ◦ 2θ was formed and hydrozincite (Zn5(CO3)2(OH)6)
with its main reflex at 14.897 ◦ 2θ is formed on all samples except the AZ ma-
terial. Also the AZ samples form significant amounts of aluminum hydroxide
(Al(OH)3) with its main reflex at 21.795 ◦ 2θ.

However there are remarkable differences between the different samples. One
can see for all materials that the amount of hydrozincite, zinc oxide and zinc
aluminum hydrotalcite increases from acidic to alkaline environments. Partic-
ularly there seems to be a pH stability range for the hydrozincite phase. This
stability range is different for every coating system. For HDG and ZA this range
is from severely acidic to neutral conditions, for ZM from mildly acidic to mildly
alkaline conditions and on AZ samples there is no hydrozincite. The lack of hy-
drozincite on the AZ samples can be explained by the increased amounts of zinc
aluminum hydrotalcite which is also a carbonate compound.

Additionally IR and Raman spectra were made of the same samples as the
XRD diffractograms. Those results are recorded in the appendix.

The Raman spectra in Figures C.67 to C.74 give an overview of the measure-
ments made of the different corrosion products on the surface of samples with
different pH values. The spectra labeled with pH 7 are the ones that were made
from the samples of the standardized salt spray test. The detected corrosion
products can be classified into two groups. The corrosion products measured in
gray areas on the samples are comprised of only simonkolleite.[78]

In the white areas three corrosion products could be identified. The peaks in
the area of 360 to 440 cm−1 are mainly caused by zinc oxide and hydrozincite.[79,
80] The peak at 1062 cm−1 is caused by hydrozincite.[79] The peak at 1077 cm−1

is caused by the zinc aluminum hydrotalcite phase.[81] One can see that there is
a tendency to less hydrozincite for samples tested in a severely alkaline condition.
One can also see that the zinc oxide at pH 12 is more crystalline which results
in the pronunciation of the peak at 437 cm−1.[80]

Figures C.75 to C.75 show the infrared spectra measured of selected samples
corroded in various pH variation salt spray tests. The spectra labeled with pH 7
are the ones that were made from the samples of the standardized salt spray test.
Four corrosion products could be detected and identified. Simonkolleite was
identified by the peaks at around 3491 and 3449 cm−1.[82] Hydrozincite could be
identified by the peaks at 1508 and 1389 cm−1.[79] Zinc oxide could be identified
by the peaks at 3386, 2960, 2926 and 2854 cm−1.[83]. Lastly zinc aluminum
hydrotalcite was identified by the peaks at 3476, 1626 and 1364 cm−1.[81, 84]
One can clearly see that the major corrosion products for HDG, ZA and ZM
are simonkolleite and hydrozincite. In contrast the major corrosion product for
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AZ is the zinc aluminum hydrotalcite. One can also see that the amount of
zinc aluminum hydrotalcite increases compared to hydrozincite if the pH value
is increased. This can be see by the development of the peaks between 1300 and
1700 cm−1.

Figure 4.40: X-ray diffraction analysis of HDG samples tested with different pH values

Figure 4.41: X-ray diffraction analysis of ZA samples tested with different pH values

59



4 Results

Figure 4.42: X-ray diffraction analysis of AZ samples tested with different pH values

Figure 4.43: X-ray diffraction analysis of ZM samples tested with different pH values
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Figure 4.44: ICP-OES measurements of magnesium on the samples of non standard-
ized salt spray tests with different pH values

4.1.2.4 ICP-OES measurements

Figure 4.44 shows the fraction of magnesium remaining on the samples after
given times in various salt spray tests with different pH values. The samples
labeled with pH 7 are from the standardized salt spray test. One can see that
the magnesium in the ZM samples is dissolved to a significant amount under
every pH condition. However there seems to be range from pH 3 to 7 in which
the magnesium dissolution is retarded. This coincides with the range of pH1 in
which the ZM coatings perform best.

4.1.3 Cation variations

4.1.3.1 Visual inspection of the samples

Table 4.3 illustrates the time to failure in the various salt spray tests with dif-
ferent cations. All collected pictures of the samples can be seen in the appendix.
One can see that the AZ material always performs significantly better. This is
due to the fact that its coating thickness is two and half times that of the other
materials. Otherwise ZM always performs better than ZA and ZA performs
better than HDG. The only exception is the NH4Cl test in which the HDG, ZA
and ZM materials perform in the same way.

Figure 4.45 illustrates the samples from the salt spray test with calcium chlo-
ride. Those samples show splotchy patches of white rust. In the areas not
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covered by white rust the samples look almost metallic save for the parts with
red rust. In contrast there are almost no corrosion products visible in the sam-
ples exposed to magnesium chloride depicted in Figure 4.46. This indicates that
those samples would last significantly longer than 500 h. The samples exposed
to potassium chloride look almost like those exposed to sodium chloride. How-
ever one can see in Figure 4.47 that the time to red rust is almost twice as
long compared to sodium chloride. Lastly the samples exposed to ammonium
chloride shown in Figure 4.48 all form almost no corrosion products save for red
rust.

Table 4.3: Time to failure in cation variation salt spray tests

condition HDG ZA ZM AZ

NaCl 100 h 300 h > 1000 h > 1000 h
CaCl2 48 h 72 h 200 h > 300 h
MgCl2 > 500 h > 500 h > 500 h > 500 h
KCl 200 h > 300 h > 300 h > 300 h
NH4Cl 300 h 300 h 300 h > 300 h

(a) HDG after

48 h

(b) ZA after 72 h (c) AZ after 300 h (d) ZM after 200 h

Figure 4.45: Overview of samples after the salt spray test with CaCl2
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(a) HDG after

500 h

(b) ZA after 500 h (c) AZ after 500 h (d) ZM after 500 h

Figure 4.46: Overview of samples after the salt spray test with MgCl2

(a) HDG after

200 h

(b) ZA after 300 h (c) AZ after 300 h (d) ZM after 300 h

Figure 4.47: Overview of samples after the salt spray test with KCl

(a) HDG after

300 h

(b) ZA after 300 h (c) AZ after 300 h (d) ZM after 300 h

Figure 4.48: Overview of samples after the salt spray test with NH4Cl
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4.1.3.2 SEM analysis of cross section cuts

Of the samples corroded in the salt spray tests with different cations metallo-
graphic cross section cuts were made. These cross section cuts were analyzed
with SEM and EDX. In that way the samples were investigated to find out if
there was any base material attack during the corrosion test and how far the
coating material is corroded. In the following selected samples are displayed.
The other samples can be found in the appendix.

Figure 4.49: SEM image of HDG sample corroded for 24 h in a SST with CaCl2

Figure 4.49 shows the HDG sample corroded for 24 h in a salt spray test with
CaCl2. One can see that the zinc coating has reacted to corrosion products.
These corrosion products are very voluminous and also seem to be very porous.
In the second EDX measurement a chloride enrichment was detected. In this
area the corrosion products seem to be more dense than in other areas.

Figure 4.50: SEM image of ZA sample corroded for 24 h in a SST with CaCl2

Figure 4.50 illustrates a ZA sample corroded for 24 h in a salt spray test with
CaCl2. In this case the metallic coating has reacted to corrosion products. The
corrosion products are denser than those found on HDG and the thickness of
the corrosion product layer is smaller.
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(a) Less attacked area (b) Stronger attacked area

Figure 4.51: SEM images of AZ sample corroded for 300 h in a SST with CaCl2

Figure 4.51 illustrates the AZ sample corroded for 300 h in a salt spray test
with CaCl2. One can see that the sample has two distinct areas with different
degrees of attack of the metallic coating. In some areas the zinc phase in only
partly corroded, while the aluminum dendrites seem to be untouched and the
corrosion product layer is very thin. In other areas the zinc phase is completely
corroded and the aluminum phase is partly attacked. Also the corrosion product
layer is much thicker.

Figure 4.52: SEM image of ZM sample corroded for 72 h in a SST with CaCl2

Figure 4.52 shows the sample of ZM corroded for 72 h in a salt spray test
with CaCl2. After 72 h the formation of different corrosion product layers is
complete. One can see a very dense gray layer above the steel substrate and a
white porous layer.
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Figure 4.53: SEM image of HDG sample corroded for 500 h in a SST with MgCl2

Figure 4.54: SEM image of ZA sample corroded for 500 h in a SST with MgCl2

Figures 4.53 and 4.54 show the HDG and ZA samples after 500 h of salt spray
test with MgCl2. One can see that the metallic coating of both samples reacted
to corrosion products. However there is no base metal attack detectable.

Figure 4.55: SEM image of AZ sample corroded for 500 h in a SST with MgCl2
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Figure 4.56: SEM image of ZM sample corroded for 500 h in a SST with MgCl2

Figure 4.55 displays the AZ sample after 500 h of salt spray test with MgCl2.
One can see that the zinc phase is partially corroded while the aluminum den-
drites remain untouched.

Figure 4.56 illustrates the ZM samples corroded in the salt spray test with
MgCl2 for 500 h. Even after 500 h there are areas were some zinc remains. This
is the main difference between HDG and ZM.

Figure 4.57: SEM image of HDG sample corroded for 100 h in a SST with KCl

Figure 4.57 shows the HDG sample corroded for 100 h in a salt spray test
with KCl. One can see that the whole metal coating has corroded to corrosion
products. There is a hole in the corrosion product layer. This seems to be a
preparation artifact. Again the corrosion products seem to be very porous.

67



4 Results

Figure 4.58: SEM image of ZA sample corroded for 300 h in a SST with KCl

Figure 4.58 shows the ZA sample after 300 h of salt spray test with KCl. In
this case there is a significant amount of zinc remaining in an uncorroded state.
Above the coating layer the formation of a thin dense coating layer is visible.

Figure 4.59: SEM image of AZ sample corroded for 300 h in a SST with KCl

Figure 4.59 illustrates the AZ sample corroded for 300 h in KCl. The sample
is almost not attacked. Only a thin corrosion product layer has been formed on
the sample.

Figure 4.60: SEM image of ZM sample corroded for 300 h in a SST with KCl
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Figure C.111 displays the ZM samples corroded for 300 h in a salt spray test
with KCl. One can see that the corrosive attack of the coating layer is relatively
small even after 300 h. At first the MgZn2 phase in the ternary eutectic regions
is attacked. A thin corrosion product layer is formed on the sample surface.
After 300 h the corrosion product layer seems to be very dense and the metallic
coating remains intact.

(a) Less attacked area (b) Stronger attacked area

Figure 4.61: SEM images of HDG sample corroded for 200 h in a SST with NH4Cl

Figure 4.61 shows a HDG sample corroded for 200 h in NH4Cl. This sample
has areas where the whole coating layer reacted to corrosion products as well as
areas where some metallic zinc remains on the samples.

Figure 4.62: SEM image of ZA sample corroded for 200 h in a SST with NH4Cl

Figure 4.62 illustrates the ZA sample corroded for 200 h in NH4Cl. This
sample formed a relatively dense corrosion product layer. In contrast to the
HDG sample, the ZA sample has no areas where the metallic coating remains.
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Figure 4.63: SEM image of AZ sample corroded for 200 h in a SST with NH4Cl

Figure 4.63 shows the AZ sample corroded for 200 h in a salt spray test with
NH4Cl. One can see that the sample is almost unattacked. Only a thin corrosion
product layer formed on the sample.

Figure 4.64: SEM image of ZM sample corroded for 200 h in a SST with NH4Cl

Figure 4.64 shows the ZM samples corroded for 200 h in a salt spray test
with NH4Cl. In this case the corrosive attack seems to be much more severe
compared to other experiments. Also remarkable is that although the MgZn2

phase is corroded first the attack does not seem to be retarded in any way and
the zinc dendrites are also attacked as time advances. The layer above the
coating on the sample after 200 h seems to be a preparation artifact. It contains
very much carbon.

The Figure 4.66 illustrates the ZM sample corroded for 500 h in a salt spray
test with MgCl2. One can see that different corrosion product layers formed.
They have differ in density and magnesium content. The corrosion products
that formed in the area of the inital metallic coating and those that form the
uppermost layer seem to contain significantly more magnesium than the layer in
between them. Interesting is the fact that all corrosion product layers contain
almost no chloride. This indicates that the corrosion products are comprised of
carbonate of zinc, aluminum and magnesium.
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Figure 4.65: SEM image with EDX map of ZM sample corroded for 72 h in SST with
CaCl2 71
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The Figure 4.65 shows an EDX map of the ZM sample corroded for 72 h in
CaCl2. One can see that the corrosion products have areas with a significant
carbon and caclium enrichment. This indicates the formation of calcium car-
bonate. The initial metallic coating completely reacted to corrosion products
and the corrosion product layer is very porous.

Figure 4.66: SEM image of ZM sample corroded for 500 h in a SST with MgCl2

4.1.3.3 Analysis of corrosion products

Figures 4.67 to 4.70 illustrate the measured x-ray diffractograms for the selected
samples of the salt spray tests with different cations. The samples labeled NaCl
are the measurements of the standardized salt spray test. One can see that
for all materials two corrosion products are formed. There is simonkolleite
(Zn5(OH)8Cl2·H2O) with its main reflex at 13.03927 ◦ 2θ and zinc oxide (ZnO)
with its main reflex at 42.136696 ◦ 2θ. Additionally the AZ, ZA and ZM samples
form zinc aluminum hydrotalcite (Zn6Al2(OH)16CO3·4H2O) with its main reflex
at 13.515 ◦ 2θ. Hydrozincite (Zn5(CO3)2(OH)6) with its main reflex at 14.897 ◦

2θ is formed on all samples except the AZ material. Also the AZ samples form
significant amounts of aluminum hydroxide (Al(OH)3) with its main reflex at
21.795 ◦ 2θ.

However there are remarkable differences between the different samples. Hy-
drozincite is not formed in a CaCl2 environment. Instead Calcium carbonate
is formed. The formation of calcium carbonate seems to capture all available
carbonate ions, which in turn seems to prevent the formation of hydrozincite.
Another interesting result is that the only stable corrosion product in a NH4

environment seems to be simonkolleite.
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Figure 4.67: X-ray diffraction analysis of HDG samples tested with different cations

Additionally IR and Raman spectra were made of the same samples as the
XRD diffractograms. Those results are recorded in the appendix.

The Raman spectra in Figures C.117 to C.124 give an overview of the measure-
ments made of the different corrosion products on the surface of samples with
different cations. The spectra labeled with NaCl are the ones that were made
from the samples of the standardized salt spray test. The detected corrosion
products can be classified into two groups. The corrosion products measured in
gray areas on the samples are comprised of only simonkolleite.[78]

In the white areas three corrosion products could be identified. The peaks in
the area of 360 to 440 cm−1 are mainly caused by zinc oxide and hydrozincite.[79,
80] The peak at around 1062 cm−1 is caused by hydrozincite.[79] The peak at
around 1077 cm−1 is caused by the zinc aluminum hydrotalcite phase.[81] An
interesting fact is that there are some traces found of hydrozincite, zinc oxide
and zinc aluminum hydrotalcite on the samples exposed to NH4Cl, which could
not be found with XRD. Also on all samples corroded in CaCl2 great amounts of
calcium carbonate were formed.[85] Figure C.125 shows an exemplary spectrum.

Figures C.126 to C.126 show the infrared spectra measured of selected samples
corroded with different cations. The spectra labeled with NaCl are the ones that
were made from the samples of the standardized salt spray test. Four corrosion
products could be detected and identified. Simonkolleite was identified by the
peaks at around 3491 and 3449 cm−1.[82] Hydrozincite could be identified by the
peaks at 1508 and 1389 cm−1.[79] Zinc oxide could be identified by the peaks
at 3386, 2960, 2926 and 2854 cm−1.[83]. Lastly zinc aluminum hydrotalcite
was identified by the peaks at 3476, 1626 and 1364 cm−1.[81, 84] In this case
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the dominant corrosion product is simonkolleite, which could be found on all
samples. Hydrozincite could only be measured on samples corroded in NaCl,
Mg2Cl or KCl. On the NH4Cl samples only simonkolleite could be detected.

Figure 4.68: X-ray diffraction analysis of ZA samples tested with different cations

Figure 4.69: X-ray diffraction analysis of AZ samples tested with different cations
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Figure 4.70: X-ray diffraction analysis of ZM samples tested with different cations

Figure 4.71: ICP-OES measurements of magnesium on the samples of non standard-
ized salt spray tests with different cations
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4.1.3.4 ICP-OES measurements

The Figure 4.71 shows the magnesium loss over time during the salt spray test
with different cations. One can see that the reference of NaCl, which is the
measurement of the standardized salt spray test, shows a linear depletion of
magnesium over time. In contrast there is no magnesium depletion in a MgCl2
environment. In the other three tested environments the magnesium depletion
is exponential. This indicates that there is nothing that prevents the magnesium
dissolution.

4.1.4 Anion variations

4.1.4.1 Visual inspection of the samples

Table 4.4 and Figures 4.72 to 4.75 give an overview of the samples corroded in
the salt spray tests with different anions. One can see that the AZ samples show
no red rust in any test and perform significantly better than all other materials.
This is likely due to the coating thickness which is more than double that of the
other samples. The rest of the materials perform slightly worse in the sodium
sulfate test compared to the standardized salt spray test and much worse in the
sodium acetate test. In contrast the samples perform significantly better in the
test with sodium nitrate. They also seem to perform much better in the sodium
phosphate test, however the environment is so alkaline that the steel substrate
could be passivated. This implicates that there is no visible red rust though
the coating layer is totally corroded to corrosion products. All samples can be
found in the appendix.

Figure 4.72 illustrates the samples corroded in the salt spray test with Na2SO4.
Overall the appearance of the samples is similar to the ones corroded in the stan-
dardized salt spray test. The white rust formation is slightly more pronounced
and after 200 h the ZM samples show round splotches of white rust. Figure 4.73
shows the samples tested in the salt spray test containing Na3PO4. Typical
for those samples is the lack of white rust. With longer testing time one can
see that the steel substrate in the bright gray areas that are tinges sloghtly
blue. Figure 4.74 give an overview of the sample tested in the salt spray test
with NaNO3. One can see that there is significantly less white rust formation
than in the standardized salt spray test. The AZ and ZM samples seem al-
most unattacked. There only some gray corrosion product on the ZM samples.
In Figure 4.75 depicting the samples exposed to CH3COONa one can see that
this environment is particularly corrosive. Particularly the ZM samples show
significantly more white rust formation and exhibit the first red rust after 200 h.
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Table 4.4: Time to failure in anion variation salt spray tests

condition HDG ZA ZM AZ

NaCl 100 h 300 h > 1000 h > 1000 h
Na2SO4 72 h 200 h > 300 h > 300 h
Na3PO4 > 300 h > 300 h > 300 h > 300 h
NaNO3 > 300 h > 300 h > 300 h > 300 h
CH3COONa 48 h 100 h 200 h > 300 h

(a) HDG after

72 h

(b) ZA after 200 h (c) AZ after 300 h (d) ZM after 300 h

Figure 4.72: Overview of samples after the salt spray test with Na2SO4

(a) HDG after

300 h

(b) ZA after 300 h (c) AZ after 300 h (d) ZM after 300 h

Figure 4.73: Overview of samples after the salt spray test with Na3PO4
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(a) HDG after

300 h

(b) ZA after 300 h (c) AZ after 300 h (d) ZM after 300 h

Figure 4.74: Overview of samples after the salt spray test with NaNO3

(a) HDG after

48 h

(b) ZA after 100 h (c) AZ after 300 h (d) ZM after 200 h

Figure 4.75: Overview of samples after the salt spray test with CH3COONa

4.1.4.2 SEM analysis of cross section cuts

Of the samples corroded in the salt spray tests with different anions metallo-
graphic cross section cuts were made. These cross section cuts were analyzed
with SEM and EDX. In that way the samples were investigated to find out if
there was any base material attack during the corrosion test and how far the
coating material is corroded. In the following selected samples are displayed.
The other samples can be examined in the appendix.
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Figure 4.76: SEM image of HDG sample corroded for 48 h in a SST with Na2SO4

Figure 4.76 shows the sample tested for 48 h in sodium sulfate. One can see
that the coating is partially corroded to corrosion products. However ther is
some zinc remaining on the sample surface. This is rather remarkable since the
sample shows the first red rust after an additional day.

Figure 4.77: SEM image of ZA sample corroded for 100 h in a SST with Na2SO4

Figure 4.77 exhibits the ZA sample corroded for 100 h in the salt spray test
with sodium sulfate. This sample formed an aluminum enriched corrosion prod-
uct layer with another voluminous corrosion product layer above it. One can
see that the metallic coating has completely corroded to corrosion products.

79



4 Results

Figure 4.78: SEM image of AZ sample corroded for 300 h in a SST with Na2SO4

Figure 4.78 shows the AZ sample corroded for 300 h in the salt spray test
with sodium sulfate. This sample formed a thin corrosion product layer above
the metallic coating. However below that layer the coating seems to be alomst
unattacked.

Figure 4.79: SEM image of ZM sample corroded for 300 h in a SST with Na2SO4

Figure 4.79 illustrates the corrosion of the ZM sample tested in the salt spray
test with sodium sulfate for 300 h. One can see that after 300 h a relatively
thick and dense corrosion product layer has formed on the samples. However
the sample is still relatively unattacked and the attack seems to be confined to
the MgZn2 phase.
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Figure 4.80: SEM image of HDG sample corroded for 300 h in a SST with Na3PO4

Figure 4.80 shows the HDG sample corroded for 300 h corroded with sodium
phosphate. One can see that the corrosion products are extremely voluminous
and dense. Under the corrosion products there still remains some zinc from the
coating.

Figure 4.81: SEM image of ZA sample corroded for 300 h in a SST with Na3PO4

Figure 4.81 gives an overview of the ZA sample tested for 300h in a test with
sodium phosphate. One can see that similarly to the HDG sample a dense,
voluminous corrosion product layer is formed. Remarkable for this sample is
that no aluminum containing corrosion products seem to have been formed.
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Figure 4.82: SEM image of AZ sample corroded for 300 h in a SST with Na3PO4

Figure 4.82 illustrates the AZ sample tested for 300 h with sodium phosphate.
One can see that the coating is relatively intact. Only a small amount of the
zinc phase is corroded and a comparatively thin corrosion product layer has
formed.

Figure 4.83: SEM image of ZM sample corroded for 300 h in a SST with Na3PO4

Figure 4.83 shows the ZM samples corroded for 300 h in a sodium phosphate
containing environment. After 300 h the metallic coating has been completely
consumed. The protection capabilities of the material seem to be still intact
due to the barrier layer of the corrosion products.
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Figure 4.84: SEM image of HDG sample corroded for 300 h in a SST with NaNO3

Figure 4.84 illustrates the HDG sample corroded for 300 h in sodium nitrate.
One can see that the whole metallic coating has reacted to a dense corrosion
product layer.

Figure 4.85: SEM image of ZA sample corroded for 300 h in a SST with NaNO3

Figure 4.85 shows the ZA sample corroded for 300 h in sodium nitrate. Sim-
ilarly to the HDG sample this sample shows a dense corrosion product layer.
However there is some aluminum in this corrosion product layer.

Figure 4.86: SEM image of AZ sample corroded for 300 h in a SST with NaNO3
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Figure 4.86 depicts the AZ sample corroded for 300 h in sodium nitrate. This
sample seems to be completely untouched by the corrosive environment.

Figure 4.87: SEM image of ZM sample corroded for 300 h in a SST with NaNO3

Figure 4.87 illustrate the ZM samples corroded for 300 h in a salt spray test
with sodium nitrate. One can see that in this experiment there is no real pro-
gression in the corrosion. It seems that there are two different areas on the
samples. Some areas are almost unattacked while in some few areas with de-
fects in the coating the coating completely reacts to corrosion products. However
a corrosion product layer has formed over both areas.

Figure 4.88: SEM image of HDG sample corroded for 24 h in a SST with CH3COONa

Figure 4.88 shows the HDG sample corroded for 24 h in sodium acetate. This
coating seems to be completely reacted to corrosion products. The corrosion
product layer seems to be relatively dense but thin compared to layer encoun-
tered in other tests.

84



4.1 Salt spray tests

Figure 4.89: SEM image of ZA sample corroded for 72 h in a SST with CH3COONa

Figure 4.89 depicts the ZA sample corroded for 72 h in sodium acetate. In this
case the whole coating layer was corroded to a very thick and dense corrosion
product layer. Also there is no aluminum enrichment in the corrosion product
layer.

Figure 4.90: SEM image of AZ sample corroded for 300 h in a SST with CH3COONa

Figure 4.90 shows the AZ sample corroded for 300 h in a test containing
sodium acetate. In this sample the zinc phase of the eutecticum has been par-
tially corroded and a relatively thick corrosion product layer has formed on the
sample surface.
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Figure 4.91: SEM image of ZM sample corroded for 300 h in a SST with CH3COONa

Figure 4.91 illustrates the metallographic cross section cuts corroded for 300 h
in a salt spray test containing sodium acetate. After 300 h the coating is totally
corroded. One can see a lower corrosion product layer approximately of the
thickness of the former coating and an upper corrosion product layer which is
much more voluminous. The lower corrosion product layer seems to contain
the whole aluminum, which indicates that the aluminum has not been dissolved
during the corrosion process.

Figure 4.92: SEM image of ZM sample corroded for 300 h in a SST with Na2SO4

Figure 4.93: SEM image of HDG sample corroded for 48 h in a SST with Na2SO4

Figures 4.92 and 4.93 show the ZM sample after 300 h and the HDG sample af-
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ter 48 h of sodium sulfate containing salt spray test. In this cross section cuts one
can see that the corrosion product layer formed on the sample is much thicker
and less dense than the metallographic cross section cuts indicated. There seems
to be a layer of needle crystals containing sulfur and below that a second layer
that was formed out of the initial metallic coating. In this layer there is more
aluminum, which indicates that the aluminum is not dissolved during the cor-
rosion.

Figure 4.94: SEM image of ZM sample corroded for 300 h in a SST with Na3PO4

Figure 4.95: SEM image of HDG sample corroded for 300 h in a SST with Na3PO4

Figures 4.94 and 4.95 show the ZM and HDG samples after 300 h of sodium
phosphate containing salt spray test. In this case the metallic coating of both
samples is almost completely corroded. The morphology of the corrosion prod-
ucts appears very different compared to the metallographic cross section cuts.
It is also readily apparent that both materials form different corrosion products.
The ZM sample seem to form huge needle like crystals that were mostly formed
horizontal to the sample surface. In contrast the HDG sample forms spherical
corrosion products which seem to hinder each other from covering the whole
surface.
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Figure 4.96: SEM image of ZM sample corroded for 300 h in a SST with NaNO3

Figure 4.97: SEM image of HDG sample corroded for 300 h in a SST with NaNO3

Figures 4.96 and 4.97 show the ZM and HDG samples after 300 h of sodium
nitrate containing salt spray test. One can see that the HDG sample is more
attacked than the ZM sample. However both sample form a very dense and
relatively thin corrosion product layer. In the case of the HDG sample a second
corrosion product layer with bigger needle like crystals seems to form.

Figure 4.98: SEM image of ZM sample corroded for 100 h in a SST with CH3COONa
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Figure 4.99: SEM image of HDG sample corroded for 24 h in a SST with CH3COONa

Figures 4.98 and 4.99 show the ZM sample after 100 h and the HDG sample
after 24 h of sodium acetate containing salt spray test. Again the HDG sample
is much more corroded than the ZM sample. The corrosion products of the two
samples also greatly differ from each other. The HDG sample form relatively
porous corrosion product layer. In contrast the ZM material form two corrosion
product layers. A lower corrosion product layer which seems to be very dense
and an upper which seems to be made up of needle like crystals that are mainly
oriented vertically. The upper layer also seems to be more porous than the lower
one.

Figure 4.100: X-ray diffraction analysis of HDG samples tested with different anions
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4.1.4.3 Analysis of corrosion products

Figures 4.100 to Figure 4.103 illustrate the measured x-ray diffractograms for
the selected samples of the salt spray tests with different anions. The samples
labeled NaCl are the measurements of the standardized salt spray test.

Figure 4.101: X-ray diffraction analysis of ZA samples tested with different anions

Figures 4.100 to 4.103 show the measured x-ray diffractograms for the se-
lected samples of the salt spray tests with different anions. On all samples
except those corroded in sodium phosphate and the AZ samples hydrozincite
(Zn5(CO3)2(OH)6) with its main reflex at 14.897 ◦ 2θ was found. Additionally
traces of zinc oxide (ZnO) with its main reflex at 42.136696 ◦ 2θ were found. Ad-
ditionally various corrosion products that were typical for the respective anion
were found.

In the sodium sulfate environment three additional corrosion products could
be found. Zinc hydroxy sulfate trihydrate (Zn4(OH)6SO4·3H2O) with its main
reflex at 11.025 ◦ 2θ and zinc hydroxy sulfate tetrahydrate (Zn4(OH)6SO4·4H2O)
with its main reflex at 10.125 ◦ 2θ could be found on all sample save for the AZ

material. Additionally zincowoodwardite ([Zn1−xAlx(OH)2]
[

(SO4) x

2

(H2O)n]
]

)

could be found on the ZM samples.

In the sodium phosphate environment the HDG, ZA and AZ materials only
form sodium zinc phosphate hydrate (NaZnPO4·H2O with its main reflex at
9.465 ◦ 2θ. In contrast the ZM material only forms disodium zinc phosphate
hydroxide heptahydrate (Na2ZnPO4OH·H2O) with its main reflex at 9.465 ◦ 2θ.
The fact that only ZM forms a different corrosion product implies that the
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conditions on the ZM surface significantly differ from those of other samples in
this environment. This could be the case because of magnesium ions or because
the surface pH value is different.

Figure 4.102: X-ray diffraction analysis of AZ samples tested with different anions

In the sodium nitrate environment only one additional corrosion product could
be identified. This is zinc hydroxy nitrate dihydrate (Zn5(OH)8NO3·2H2O) with
its main reflex at 10.425 ◦ 2θ.

In the sodium acetate environment only one additional corrosion product
could be identified. This is zinc hydroxy acetate dihydrate (Zn5(Ac)8(OH)2·-
2H2O) with its main reflex at 10.185 ◦ 2θ.

All those additionally anion specific corrosion products could not be found on
the AZ samples. The AZ material instead forms great amounts of zinc aluminum
hydrotalcite (Zn6Al2(OH)16CO3·4H2O) with its main reflex at 13.515 ◦ 2θ. This
is most likely due to the fact that on this samples there is much more aluminum
avaiable compared to the other coatings.

Additionally IR and Raman spectra were made of the same samples as the
XRD diffractograms. Those results are recorded in the appendix.

The Raman spectra in Figures C.170 to C.173 give an overview of the mea-
surements made of the different corrosion products on the surface of samples
with different anions. In the spectra measured for the samples corroded in
sodium sulfate one can see that the ZM and AZ material show the same peaks.
The peaks at 391, 447, 609, 969, 998 cm−1 can be explained by zinc hydroxy
sulfate trihydrate.[78] The peaks of the HDG samples all also appear in the ZM
and ZA samples to a much smaller degree. Those peaks could be caused by

91



4 Results

the zinc hydroxy sulfate tetrahydrate. The peaks detected in the AZ spectrum
strongly differ from the ZM and AZ samples. Since the AZ samples contain
much more aluminum those signals could be caused by zincowoodwardite, by
zinc aluminum hydrotalcite or by a compound which is a mixture of both. The
last two interpretations however are speculations, since no literature references
could be found regarding those compounds.

Figure C.171 depicts the Raman spectra measured on samples corroded in
sodium phosphate. In the x-ray diffraction experiment two phases could be
found on those samples. Sodium zinc phosphate hydrate was found on all sam-
ples except for ZM, while on ZM disodium zinc hydroxide heptahydrate was
found. Unfortunately no Raman data could be found for both compounds in
literature. However the results suggest that the obtained spectra are each pure
spectra of the respective compounds, because the peaks are identical except for
ZM where they are different. Also the cross section cuts show that the samples
are uniformly covered with the respective compound.

Figure C.172 shows the samples corroded in sodium nitrate. In this case solely
hydrozincite was measured.[79] This is of interest since there was measured some
zinc hydroxy nitrate dihydrate as well as some zinc aluminum hydrotalcite on
those samples.

Figure C.173 show the measurements for the samples corroded in sodium
acetate. There are two different kinds of substances measured on the surfaces.
The red and the cyan spectra show crystalline zinc oxide.[86] The other spectra
show a different compound. This compound could be zinc hydroxy acetate
diydrate, however no literature could be found to verify this assumption.

Figures C.174 to C.177 show the infrared spectra measured of selected samples
corroded with different cations.

In the samples corroded with sodium sulfate traces of zinc oxide with peaks
at 2926 and 2856 cm−1 could be found.[83] Additionally hydrozincite could be
identified by the peaks at 1505 and 1389 cm−1.[79], as well as zinc hydroxide
sulfate trihydrate with peaks at 1130, 1150 and 3425 cm−1.[78]

The samples corroded with sodium phosphate show two different sets of peaks.
Those peaks could result from sodium zinc phosphate hydrate was found on all
samples except for ZMor from disodium zinc hydroxide heptahydrate which was
found on ZM. However no references could be found to proof this theory.

In the samples corroded with sodium nitrate traces of zinc oxide [83] and great
amounts of hydrozincite could be found.[79] The traces of zinc hydroxy nitrate
dihydrate detected with x-ray diffraction could not be detected with infrared
spectroscopy as well as with Raman.

The samples corroded with sodium acetate show great amounts of hydroz-
incite with the respective peaks at 1508 and 1391 cm−1.[79]. Additionally they
show zinc hydorxy acetate dihydrate with the reflexes at 1553 and 3398 cm−1.[87]

In every testing condition safe for the sodium phosphate environment the AZ
samples shows slightly different peaks in the area around 1500 and 3400 cm−1.
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4.1 Salt spray tests

This can be explained by the formation of zinc aluminum hydrotalcite.[81, 84]

Figure 4.103: X-ray diffraction analysis of ZM samples tested with different anions

Figure 4.104: ICP-OES measurements of magnesium on the samples of non standard-
ized salt spray tests with different anions
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4.1.4.4 ICP-OES measurements

The Figure 4.104 shows the magnesium mass loss over time during the salt
spray tests with the different anions. One can see that there is no mass loss in
the sodium nitrate test and a huge mass loss in the sodium acetate test. The
sodium phosphate and sodium sulfate tests are comparable to the standardized
salt spray test.

4.2 VDA 621-415

4.2.1 Visual inspection of the samples

Table 4.5 and Figure 4.105 give an overview of the results of the VDA 621-415
corrosion test. The HDG and ZA samples both fail after 2 weeks, while the ZM
and AZ samples last for more than 10 weeks in this test. The results of this
test are comparable to the standardized salt spray test in that they both show
a more than ten times better performance of ZM versus HDG. As in every test
one has to keep in mind that the coating thickness of the AZ samples is more
than double that of the other samples. All samples can be examined in the
appendix.

Figure 4.105 shows all samples tested in the VDA test after the first red rust
formation or after 10 weeks. The HDG sample corroded in the VDA 621-415 test
shows significant amounts of red rust after 2 weeks. The ZA sample corroded
in the VDA 621-415 test behaves similar to the HDG sample. However the ZA
sample forms significantly less white rust than the HDG sample after 2 weeks.
The AZ sample corroded in the VDA 621-415 test forms gray rust as well as
some white rust. The samples become steadily more gray with time. The AZ
samples however do not show red rust within the test frame of 10 weeks. The
ZM sample corroded in the VDA 621-415 test shows gray and white rust. The
amount of white rust is increasing with time and the white rust also becomes
more voluminous. However the samples show no red rust in the time frame of
10 weeks.

Table 4.5: Time to failure in VDA 621-415 test

sample time to failure

HDG 2 w
ZA 2 w
AZ > 10 w
ZM > 10 w
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(a) HDG after 2 w (b) ZA after 2 w (c) AZ after 10 w (d) ZM after 10 w

Figure 4.105: Overview of samples after the VDA 621-415 test

4.2.2 SEM analysis of cross section cuts

Of the samples corroded in the VDA 621-415 test metallographic cross section
cuts were made. These cross section cuts were analyzed with SEM and EDX.
In that way the samples were investigated to find out if there was any base
material attack during the corrosion test and how far the coating material is
corroded. In the following selected samples are shown, the rest of the samples
can be found in the appendix.

Figure 4.106: SEM image of HDG sample corroded for 1 week in a VDA 621-415 test

Figure 4.106 shows the HDG sample after one week of VDA 621-415 test. The
metallic coating of the sample has completely corroded and formed a corrosion
product layer. Above the layer there is a second layer of corrosion products.
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(a) Less attacked area (b) Stronger attacked area

Figure 4.107: SEM images of ZA sample corroded for 1 week in a VDA 621-415 test

Figure 4.107 illustrates the ZA sample corroded for one week in the VDA 621-
415 test. One can see that this sample has two distinct areas. In the one area
the coating is relatively unattacked with corrosion products above the coating.
In the other areas the whole metallic coating reacted to a corrosion product
layer.

(a) Less attacked area (b) Stronger attacked area

Figure 4.108: SEM images of AZ sample corroded for 10 weeks in a VDA 621-415 test

Figure 4.108 shows the AZ sample after 10 weeks of VDA 621-415 test. On
this sample there are areas where the zinc phase has completely corroded while
in other the coating is almost unattacked.

(a) Less attacked area (b) Stronger attacked area

Figure 4.109: SEM images of ZM sample corroded for 10 weeks in a VDA 621-415
test

Figure 4.109 illustrates the corrosion in the VDA 621-415 test for the ZM
sample. Even after one week the sample shows areas where the coating has
completely reacted to corrosion products. The area with reacted coating layer
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is steadily increasing. However there are still uncorroded areas after 10 weeks.
The uncorroded areas are covered by a thin corrosion product layer containing
aluminum and magnesium.

Figure 4.110: SEM images of ZM sample corroded for 10 weeks in a VDA 621-415
test

Figure 4.111: SEM images of HDG sample corroded for 1 week in a VDA 621-415 test

In Figures 4.110 and 4.111 one can see the cross section polisher cuts made
for the ZM sample after 10 weeks and the HDG sample after one week. Both
figures depict strongly attacked areas of the samples. The corrosion products of
the ZM samples are very heterogeneous. There are huge simonkolleite crystals
embedded in a matrix of dense non chloride containing corrosion products. The
corrosion products of the HDG sample are very porous. They do not contain
chloride. In this sample the chloride seems to be concentrated in the areas that
initially were the metallic coating layer.
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4.2.2.1 Analysis of corrosion products

Figures 4.112 to 4.115 show the measured x-ray diffractograms for the samples
corroded in the VDA 621-415 test. Four major corrosion products could be
identified: simonkolleite (Zn5(OH)8Cl2·H2O) with its main reflex at 13.03927 ◦

2θ, hydrozincite (Zn5(CO3)2(OH)6) with its main reflex at 14.897 ◦ 2θ, zinc alu-
minum hydrotalcite (Zn6Al2(OH)16CO3·4H2O) with its main reflex at 13.515 ◦

2θ and zinc oxide (ZnO) with its main reflex at 42.136696 ◦ 2θ. The HDG and ZA
samples form mainly simonkolleite hydrozincite and zinc oxide. The AZ samples
form only simonkolleite and zinc aluminum hydrotalcite. The ZM samples form
mostly simonkolleite and hydrozincite. All materials have in common that the
amount of simonkolleite seems to be decreasing with advanced test time. Along
with the decrease of simonkolleite the other corrosion products seem to increase.
Generally the corrosion products are similar as in the standardized salt spray
test.

Additionally IR and Raman spectra were made of the same samples as the
XRD diffractograms. Those results are recorded in the appendix.

Figure C.192 shows selected Raman spectra of the samples corroded in the
VDA 621-415 test. Four corrosion products could be found. The peaks at 210,
255, 267 and 393, 734, 906 cm−1 are caused by simonkolleite.[78] The peaks at
495, 551 and in the area around 1060 to 1080 cm−1 are caused by hydrozincite
and zinc aluminum hydrotalcite.[79, 81] The peaks in the area of 360 to 440 cm−1

are mainly caused by zinc oxide.[80] Overall the same corrosion products could
be found as in the standardized salt spray test.

Figure C.193 gives an overview of the measured IR spectra for the samples
tested in the VDA 621-415 test. Four corrosion products could be detected.
Simonkolleite was identified by the peaks at 3489 and 3449 cm−1.[82] It is most
pronounced in the ZM and ZA samples. Hydrozincite could be identified by
the peaks at 1508 and 1389 cm−1.[79] Zinc oxide could be identified by the
peaks at 2960, 2926 and 2854 cm−1.[83]. Lastly zinc aluminum hydrotalcite was
identified by the peaks at 3472, 1626 and 1364 cm−1.[81, 84] The zinc aluminum
hydrotalcite seems to be the dominant corrosion product on the AZ samples,
while the other samples seem to be comprised of simonkolleite and hydrozincite.
In the order HDG, ZA and ZM the hydrozincite amount seems to decrease and
the simonkolleite amount to increase.
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4.2 VDA 621-415

Figure 4.112: X-ray diffraction analysis of HDG samples tested in a VDA 621-415 test

Figure 4.113: X-ray diffraction analysis of ZA samples tested in a VDA 621-415 test

99



4 Results

Figure 4.114: X-ray diffraction analysis of AZ samples tested in a VDA 621-415 test

Figure 4.115: X-ray diffraction analysis of ZM samples tested in a VDA 621-415 test
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Figure 4.116: ICP-OES measurements of magnesium on the samples corroded in a
VDA 621-415 test

4.2.3 ICP-OES measurements

Figure 4.116 illustrates the loss of magnesium on the samples tested in the VDA
621-415 test. One can see that the magnesium content seems to decrease linearly
with time similarly to the standardized salt spray test.

4.3 VDA 233-102

4.3.1 Visual inspection of the samples

Table 4.6 shows the results in terms of time to failure in the VDA 233-102
test. One can see that there is a clearer differentiation in corrosion performance
between the different materials compared to the VDA 621-415 test. The spread
in corrosion performance between HDG and ZM is only 2 compared to more
than 10 in the standardized salt spray test and the VDA 621-415 test.

Figure 4.117 gives an overview of the samples exhibiting the first red rust or
after 12 weeks in the VDA 233-102 test. The rest of the samples can be found in
the appendix. The HDG samples corroded in the VDA 233-102 test form slightly
less white rust than the samples in the standardized salt spray test or those in
the VDA 621-415 test. From week to week the white rust amount increases
and after 4 weeks in the test the samples fail. The ZA samples also form less
white rust in the beginning compared to other corrosion tests. The white rust
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formation is increasing with time. However there are still gray areas at the time
of failure after 7 weeks. The AZ samples corroded in the VDA 233-102 test form
a continuous gray corrosion product layer is formed. The AZ samples do not
fail within the test time of 12 weeks. This is likely due to the more than double
coating weight compared to the other tested coatings. The ZM samples corroded
in the VDA 233-102 test form a gray corrosion product layer in contrast to the
AZ samples. With the advance of time more and more white corrosion products
are formed until the samples are covered by two distinct corrosion product areas.
After 8 weeks the sample shows the first traces of red rust.

Table 4.6: Time to failure in VDA 233-102 test

sample time to failure

HDG 4 w
ZA 7 w
AZ > 12 w
ZM 8 w

(a) HDG after 4 w (b) ZA after 7 w (c) AZ after 12 w (d) ZM after 8 w

Figure 4.117: Overview of samples after the VDA 233-102 test

4.3.2 SEM analysis of cross section cuts

In the following the cross section cuts of selected samples are presented. The
other samples can be examined in the appendix.
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(a) Less attacked area (b) Stronger attacked area

Figure 4.118: SEM images of HDG sample corroded for 3 weeks in a VDA 233-102
test

Figure 4.118 depicts the cross section cut of the HDG sample after 3 weeks
of VDA 233-102 test. The samples exhibits two areas with different degrees of
attack of the metallic coating. In some areas the coating is almost unattacked
with a thin corrosion product layer, while in other areas the metallic coating
completely corroded to corrosion products.

(a) Less attacked area (b) Stronger attacked area

Figure 4.119: SEM images of ZA sample corroded for 6 weeks in a VDA 233-102 test

Figure 4.119 shows the the cross section cut of the ZA sample after 6 weeks
of VDA 233-102 test. The sample looks similar to the HDG sample. The main
difference is that the coating lasts almost twice as long as the HDG sample.

(a) Less attacked area (b) Stronger attacked area

Figure 4.120: SEM images of AZ sample corroded for 12 weeks in a VDA 233-102 test

Figure 4.120 illustrates the cross section cut of the AZ sample after 12 weeks
of VDA 233-102 test. The AZ sample also show areas with different degrees of
attack. In the areas with a lesser degree of attack the zinc phase is partially
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corroded. This implies that the attack is slightly more uniform than for the
HDG and ZA samples.

(a) Less attacked area (b) Stronger attacked area

Figure 4.121: SEM images of ZM sample corroded for 8 weeks in a VDA 233-102 test

Figure 4.122: SEM images of ZM sample corroded for 7 weeks in a VDA 233-102 test

Figure 4.123: SEM images of HDG sample corroded for 3 weeks in a VDA 233-102
test
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Figure4.121 shows the cross section cut of aZM sample after 8 weeks of VDA
233-102 test. One can see that the corrosive attack of the ZM material starts
relatively uniform. The MgZn2 phase is preferentially corroded until it is com-
pletely consumed. Up to 4 weeks there are no areas visible where the metallic
coating completely corroded to corrosion products. After that the differentia-
tion into areas with low attack and areas with strong attack of the coating layer
starts. Up until 8 weeks the corrosion products in the strongly attacked areas
become more porous and voluminous.

The Figure 4.122 and the Figure 4.123 illustrate the cross section cuts made
by cross section polishing of the ZM and HDG samples after 7 and 3 weeks in
the VDA 233-102 corrosion test. One can see that the corrosion product layers
are much thicker than implied by the metallographic cross section cuts. Also
interresting is the fact that the corrosion product layer of ZM is much denser
than that of HDG, which shows big pores in its corrosion product layer.

Figure 4.124: X-ray diffraction analysis of HDG samples tested in a VDA 233-102 test
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Figure 4.125: X-ray diffraction analysis of ZA samples tested in a VDA 233-102 test

Figure 4.126: X-ray diffraction analysis of AZ samples tested in a VDA 233-102 test
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Figure 4.127: X-ray diffraction analysis of ZM samples tested in a VDA 233-102 test

4.3.2.1 Analysis of corrosion products

In the x-ray diffractograms for the samples corroded in the VDA 233-102 test
in Figures 4.124 to 4.127 four major corrosion products could be identified:
simonkolleite (Zn5(OH)8Cl2·H2O) with its main reflex at 13.03927 ◦ 2θ, hydroz-
incite (Zn5(CO3)2(OH)6) with its main reflex at 14.897 ◦ 2θ, zinc aluminum
hydrotalcite (Zn6Al2(OH)16CO3·4H2O) with its main reflex at 13.515 ◦ 2θ and
zinc oxide (ZnO) with its main reflex at 42.136696 ◦ 2θ. The HDG form mainly
simonkolleite hydrozincite and zinc oxide. The ZA samples form all four cor-
rosion products. The AZ samples form only simonkolleite and zinc aluminum
hydrotalcite. The ZM samples form mostly simonkolleite and hydrozincite. All
materials have in common that the amount of simonkolleite seems to be de-
creasing with advanced test time. Along with the decrease of simonkolleite the
other corrosion products seem to increase. Generally the corrosion products are
similar as in the standardized salt spray test.

Additionally IR and Raman spectra were made of the same samples as the
XRD diffractograms. Those results are recorded in the appendix.

Figure C.206 shows selected Raman spectra of the samples corroded in the
VDA 233-102 test. Four corrosion products could be found. The peaks at 211,
255, 393 and 734 cm−1 are caused by simonkolleite.[78] The peaks at 491, 551
and in the area around 1060 to 1080 cm−1 are caused by hydrozincite and zinc
aluminum hydrotalcite.[79, 81] The peaks in the area of 360 to 440 cm−1 are
mainly caused by zinc oxide.[80] Overall the same corrosion products could be
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found as in the standardized salt spray test.

Figure C.207 gives an overview of the measured IR spectra for the samples
tested in the VDA 233-102 test. Four corrosion products could be detected.
Simonkolleite was identified by the peaks at 3489 and 3449 cm−1.[82] It is very
dominant in the HDG, ZA and ZM samples. Hydrozincite could be identified
by the peaks at 1508 and 1389 cm−1.[79] Zinc oxide could be identified by the
peaks at 2960, 2926 and 2854 cm−1.[83]. Lastly zinc aluminum hydrotalcite was
identified by the peaks at 3472, 1626 and 1365 cm−1.[81, 84] The zinc aluminum
hydrotalcite seems to be the dominant corrosion product on the AZ samples,
while the other samples seem to be comprised of simonkolleite and hydrozincite.

4.3.3 ICP-OES measurements

Figure 4.128 illustrates the loss magnesium on the samples tested in the VDA
233-102 test. The magnesium content seems to decrease linearly with time
similarly to the standardized salt spray test.

Figure 4.128: ICP-OES measurements of magnesium on the samples corroded in a
VDA 233-102 test
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4.4 Condensation atmosphere with constant humidity

test

4.4.1 Visual inspection of the samples

Table 4.7 and Figure 4.129 shows the results of the CH corrosion test. In this
test all materials seem to perform in the same way. No material shows any
red rust in the testing areas. White rust is only visible in the areas where a
sample touched the sample holder. Overall all samples form a more or less gray
corrosion product layer after 20 days, which visibly does not change even after
200 days.

Table 4.7: Time to failure in CH test

sample time to failure

HDG > 200 d
ZA > 200 d
AZ > 200 d
ZM > 200 d

(a) HDG after

200 d

(b) ZA after200 d (c) AZ after 200 d (d) ZM after 200 d

Figure 4.129: Overview of samples after the CH test

4.4.2 SEM analysis of cross section cuts

In the following the cross section cuts of selected samples are presented. The
other samples can be examined in the appendix.
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Figure 4.130: SEM image of HDG sample corroded for 120 days in a CH test

Figure 4.131: SEM image of ZA sample corroded for 120 days in a CH test

Figure 4.132: SEM image of AZ sample corroded for 120 days in a CH test

Figures 4.130 to 4.132 show cross section cuts of the HDG, ZA and AZ samples
after 120 days of CH test. One can see that a uniform thin corrosion product
layer has formed on the samples. On all three samples the corrosion product
layer is aluminum enriched.
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Figure 4.133: SEM image of ZM sample corroded for 120 days in a CH test

Figure 4.134: SEM images of ZM sample corroded for 120 days in a CH test

Figure 4.135: SEM images of HDG sample corroded for 120 days in a CH test

Figure 4.133 shows the cross section cut of a ZM sample after 120 days of CH
test. One can see that from the beginning a corrosion product layer is formed
while the metallic coating is almost untouched. Only in very few places the
MgZn2 phase is dissolved from the ternary eutectic.
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Figure 4.136: X-ray diffraction analysis of HDG samples tested in a CH test

Figure 4.137: X-ray diffraction analysis of ZA samples tested in a CH test
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Figure 4.138: X-ray diffraction analysis of AZ samples tested in a CH test

Figure 4.139: X-ray diffraction analysis of ZM samples tested in a CH test

The Figure 4.134 and Figure 4.135 illustrate the cross section cuts of ZM and
HDG samples after 120 days made by cross section polishing. The corrosion
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product layer of ZM seems to be much thinner and denser compared to that of
HDG. There is also an aluminum and magnesium enrichment in this corrosion
product layer. The corrosion products on HDG appear more voluminous and
seem to contain almost only zinc and oxygen.

4.4.2.1 Analysis of corrosion products

Two corrosion products could be identified in the x-ray diffractograms for the
samples corroded in the CH test illustrated in Figures 4.136 to 4.139: hydroz-
incite (Zn5(CO3)2(OH)6) with its main reflex at 14.897 ◦ 2θ and zinc aluminum
hydrotalcite (Zn6Al2(OH)16CO3·4H2O) with its main reflex at 13.515 ◦ 2θ. Since
both corrosion products are carbonates there seems to be a competition for the
available carbonate in the system. The amount of zinc aluminum hydrotalcite
seems to be directly proportional to the aluminum concentration in the metallic
coating. This is why the amount of this phase increases in the order of HDG,
ZM, ZA and AZ. Overall the intensity of the corrosion product reflexes is very
small, which indicates that there are few corrosion products on the surface. This
correlates with the impression from the cross section cuts.

Additionally IR and Raman spectra were made of the same samples as the
XRD diffractograms. Those results are recorded in the appendix.

Figure C.206 shows selected Raman spectra of the samples corroded in the
CH test. Three corrosion products could be found. The peaks around 550
and in the area around 1060 to 1080 cm−1 are caused by hydrozincite and zinc
aluminum hydrotalcite.[79, 81] The peaks in the area of 360 to 440 cm−1 are
mainly caused by zinc oxide.[80] Simonkolleite could not be detected because no
sodium chloride was used in this test.

Figure C.207 gives an overview of the measured IR spectra for the samples
tested in the CH test. Three corrosion products could be detected. Hydroz-
incite could be identified by the peaks at 1508 and 1389 cm−1.[79] Zinc oxide
could be identified by the peaks at 2960, 2926 and 2854 cm−1.[83]. Lastly zinc
aluminum hydrotalcite was identified by the peaks at between 3400 and 3500,
1626 and 1365 cm−1.[81, 84] The zinc aluminum hydrotalcite seems to be the
dominant corrosion product on the AZ samples, while the other samples seem
to be comprised of zinc aluminum hydrotalcite and hydrozincite. All samples
contain small traces of zinc oxide.

4.5 Condensation climate with alternating humidity and

air temperature test

4.5.1 Visual inspection of the samples

Table 4.8 and Figure 4.140 show the results of the AHT corrosion test. In this
test all materials seem to perform in the same way. No material shows any
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red rust in the testing areas. White rust is only visible in the areas where a
sample touched the sample holder. Overall all samples form a more or less gray
corrosion product layer after 20 days, which visibly does not change even after
200 days. However this corrosion product layer is even less pronounced than in
the CH test.

Table 4.8: Time to failure in VDA AHT test

sample time to failure

HDG > 200 d
ZA > 200 d
AZ > 200 d
ZM > 200 d

(a) HDG after

200 d

(b) ZA after200 d (c) AZ after 200 d (d) ZM after 200 d

Figure 4.140: Overview of samples after the AHT test

4.5.2 SEM analysis of cross section cuts

In the following the cross section cuts of selected samples are presented. The
other samples can be examined in the appendix.
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Figure 4.141: SEM image of HDG sample corroded for 120 days in a AHT test

Figure 4.142: SEM image of ZA sample corroded for 120 days in a AHT test

Figure 4.143: SEM image of AZ sample corroded for 120 days in a AHT test

Figures 4.141to 4.143 show cross section cuts of the HDG, ZA and AZ samples
after 120 days of AHT test. One can see that a uniform thin corrosion product
layer has formed on the samples. On all three samples the corrosion product
layer is aluminum enriched.
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Figure 4.144: SEM image of ZM sample corroded for 120 days in a AHT test

Figure 4.144 shows the cross section cuts of ZM samples after 120 days of
AHT test. One can see that a thin corrosion products layer start to form and
the MgZn2 phase is dissolved from the ternary eutectic in very small traces.

The Figure 4.145 and Figure 4.146 illustrate the cross section cuts of ZM and
HDG samples after 120 days made by cross section polishing. The corrosion
product layer of ZM seems to be much thinner and denser compared to that of
HDG. There is also an aluminum and magnesium enrichment in this corrosion
product layer. The corrosion products on HDG appear more voluminous and
seem to contain almost only zinc and oxygen. Compared to the CH test both
corrosion product layers appear to be thinner but denser.

Figure 4.145: SEM images of ZM sample corroded for 120 days in a AHT test
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Figure 4.146: SEM images of HDG sample corroded for 120 days in a AHT test

Figure 4.147: X-ray diffraction analysis of HDG samples tested in a AHT test

4.5.2.1 Analysis of corrosion products

Two corrosion products could be identified in the x-ray diffractograms for the
samples corroded in the AHT test illustrated in Figures 4.147 4.150: hydroz-
incite (Zn5(CO3)2(OH)6) with its main reflex at 14.897 ◦ 2θ and zinc aluminum
hydrotalcite (Zn6Al2(OH)16CO3·4H2O) with its main reflex at 13.515 ◦ 2θ. Since
both corrosion products are carbonates there seems to be a competition for the
available carbonate in the system. The amount of zinc aluminum hydrotalcite
seems to be directly proportional to the aluminum concentration in the metallic
coating. This is why the amount of this phase increases in the order of HDG,
ZM, ZA and AZ. Overall the intensity of the corrosion product reflexes is very
small, which indicates that there are few corrosion products on the surface. This

118



4.5 Condensation climate with alternating humidity and air temperature test

correlates with the impression from the cross section cuts. Compared to the CH
test the amount of hydrozincite is even smaller.

Additionally IR and Raman spectra were made of the same samples as the
XRD diffractograms. Those results are recorded in the appendix.

Figure C.206 shows selected Raman spectra of the samples corroded in the
AHT test. Three corrosion products could be found. The peaks around 550
and in the area around 1060 to 1080 cm−1 are caused by hydrozincite and zinc
aluminum hydrotalcite.[79, 81] The peaks in the area of 360 to 440 cm−1 are
mainly caused by zinc oxide.[80] Simonkolleite could not be detected because no
sodium chloride was used in this test.

Figure C.207 gives an overview of the measured IR spectra for the samples
tested in the AHT test. Three corrosion products could be detected. Hydroz-
incite could be identified by the peaks at 1508 and 1389 cm−1.[79] Zinc oxide
could be identified by the peaks at 2960, 2926 and 2854 cm−1.[83]. Lastly zinc
aluminum hydrotalcite was identified by the peaks at between 3400 and 3500,
1626 and 1365 cm−1.[81, 84] The zinc aluminum hydrotalcite seems to be the
dominant corrosion product on the AZ, ZA and ZM samples, while the HDG
sample seems to be comprised of hydrozincite and traces of zinc oxide.

Figure 4.148: X-ray diffraction analysis of ZA samples tested in a AHT test
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Figure 4.149: X-ray diffraction analysis of AZ samples tested in a AHT test

Figure 4.150: X-ray diffraction analysis of ZM samples tested in a AHT test
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5.1 Salt spray tests

In the following the results of the various salt spray tests shall be discussed.
For a better understanding of the following conclusions a short summary of the
results shall be given in the form of Tables 5.1 and 5.2. Table 5.1 gives an
overview of all the results of all corrosion tests performed. Table 5.2 gives an
overview of the major corrosion products detected on ZM by XRD, Raman and
IR spectroscopy.

Table 5.1: Results in terms of time to failure in the various corrosion tests

Experiment HDG ZA AZ ZM

SST 100 h 300 h > 1000 h > 1000 h
SST pH1 100 h 300 h 900 h > 1000 h
SST pH3 100 h 200 h > 1000 h > 1000 h
SST pH10 48 h 72 h 200 h > 300 h
SST pH12 48 h 72 h 100 h > 300 h
SST CaCl2 48 h 72 h 200 h > 300 h
SST MgCl2 > 500 h > 500 h > 500 h > 500 h
SST KCl 200 h > 300 h > 300 h > 300 h
SST NH4Cl 300 h 300 h 300 h > 300 h
SST Na2SO4 72 h 200 h > 300 h > 300 h
SST Na3PO4 > 300 h > 300 h > 300 h > 300 h
SST NaNO3 > 300 h > 300 h > 300 h > 300 h
SST CH3COONa 48 h 100 h 200 h > 300 h
VDA 621-415 2 w 2 w > 10 w > 10 w
VDA 233-102 4 w 7 w > 10 w 8 w
CH > 200 d > 200 d > 200 d > 200 d
AHT > 200 d > 200 d > 200 d > 200 d

5.1.1 Standardized salt spray test

A standardized salt spray test was conducted. The results showed that ZM
performs more than ten times better than HDG and more than three times
better than ZA. By analyzing cross section cuts it was found that the corrosion
of HDG is never stopped or inhibited and that very porous and voluminous
corrosion products form on the HDG material in this test. As the main corrosion
product zinc oxide (ZnO) could be detected with XRD.
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In contrast the ZM material shows a distinctly different corrosion behavior.
In the cross section cuts one can see that at first the MgZn2 phase is corroded
from the ternary and binary eutectic regions of the coating. A thin corrosion
product layer is formed on the surface, which seems to inhibit further corrosion.
However after 300 h the MgZn2 phase is completely comsumed and the corrosion
product layer becomes thicker. After that the zinc dendrites are attacked and
after about 700 h the whole metallic coating layer is corroded. Nevertheless
there is still some corrosion protection remaining, which indicates the formation
of a barrier layer of corrosion products. After that the corrosion product layer
becomes more and more porous and voluminous as the HDG corrosion products.
By XRD analysis the corrosion products could be identified as simonkolleite and
hydrozincite. In later stages also zinc aluminum hydrotalcite and traces of zinc
oxide could be found. These results were verified with IR spectroscopy.

Table 5.2: Corrosion product detected on ZM

Experiment Corrosion Products

SST Zn5(OH)8Cl2·H2O, Zn5(CO3)2(OH)6,
Zn6Al2(OH)16CO3·4H2O

SST pH1 Zn5(OH)8Cl2·H2O
SST pH3 Zn5(OH)8Cl2·H2O, Zn5(CO3)2(OH)6

SST pH10 Zn5(OH)8Cl2·H2O, Zn5(CO3)2(OH)6,
Zn6Al2(OH)16CO3·4H2O, ZnO

SST pH12 Zn5(OH)8Cl2·H2O, Zn5(CO3)2(OH)6,
Zn6Al2(OH)16CO3·4H2O, ZnO

SST CaCl2 Zn5(OH)8Cl2·H2O, CaCO3

SST MgCl2 Zn5(OH)8Cl2·H2O, Zn5(CO3)2(OH)6

SST KCl Zn5(OH)8Cl2·H2O, Zn5(CO3)2(OH)6

SST NH4Cl Zn5(OH)8Cl2·H2O
SST Na2SO4 Zn4(OH)6SO4·4H2O, Zn5(CO3)2(OH)6,

[Zn1−xAlx(OH)2]
[

(SO4) x

2

(H2O)n]
]

SST Na3PO4 Na2ZnPO4OH·H2O
SST NaNO3 Zn5(OH)8NO3·2H2O, Zn5(CO3)2(OH)6

SST CH3COONa Zn5(Ac)8(OH)2·2H2O, Zn5(CO3)2(OH)6,
Zn6Al2(OH)16CO3·4H2O

VDA 621-415 Zn5(OH)8Cl2·H2O, Zn5(CO3)2(OH)6

VDA 233-102 Zn5(OH)8Cl2·H2O, Zn5(CO3)2(OH)6

CH Zn6Al2(OH)16CO3·4H2O, Zn5(CO3)2(OH)6

AHT Zn6Al2(OH)16CO3·4H2O

This remarkable difference in the corrosion behavior of ZM and HDG could be
explained by the influence of magnesium, which is the only remarkable difference
between the coating layers. It was found that the corrosion products on HDG
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form at significantly more alkaline conditions than those that form on ZM. For an
overview of the stability regions of the involved corrosion products see Table 5.3.
One can see that simonkolleite and hydrozincite form at significantly lower pH
values than zinc oxide. Since those are the primary corrosion products found on
ZM versus zinc oxide which is found on HDG, this in turn leads to the theory that
Mg2+ ions buffer the pH value of the samples to a pH value that is alkaline and
somewhere in a range that allows for the formation of hydrozincite but prevents
the formation of zinc oxide. Xiong et al. investigated the MgO-CO2-H2O system
and found out that the most stable compounds of magnesium in a system with
high humidity, high chloride concentrations and atmospheric CO2 concentration
are hydromagnesite (Mg5(CO3)4(OH)2·4H2O) and Mg3(OH)5Cl·4H2O [88]. It
is possible that those two compounds buffer the pH value on the ZM surface
to a region that is beneficial to the formation of simonkolleite and hydrozincite
and thereby causing the formation of a stable inhibitive corrosion product layer.

Table 5.3: Stability regions of corrosion products relevant for ZM

corrosion product pH stability area reference

simonkolleite (Zn5(OH)8Cl2·H2O) 5.5-7 [61]
hydrozincite (Zn5(CO3)2(OH)6) 7-9 [60]
zinc oxide (ZnO) 9-13 [60]
hydrotalcite (Zn6Al2(OH)16CO3·4H2O) 9-12 [89]

In the following this theory is expanded to explain all processes observed
during the corrosion tests with chloride salts. There are 5 distinct steps in
the corrosion of ZM in chloride containing environments. The five steps are
illustrated in Figure 5.1 to 5.5.

In the first step depicted in Figure 5.1 the MgZn2 phase of the ternary and
binary eutectic is dissolved and forms an anode. The zinc areas form the counter
cathode. In this way magnesium and zinc ions are dissolved. Due to the cathodic
processes the sample becomes more alkaline.

On the zinc surface the following reactions may occur:

ZnCl2 + 8OH− + H2O ⇀↽ Zn5(OH)8Cl2 · H2O + 8Cl− (5.1)

3Mg2+ + 5OH− + 4H2O + Cl− ⇀↽ Mg3(OH)5Cl · 4H2O (5.2)

5Mg3(OH)5Cl ·4H2O +12CO2−
3

⇀↽ 3Mg5(CO3)4(OH)2 ·4H2O +9OH− +5Cl−

(5.3)

Mg5(CO3)4(OH)2 · 4H2O + 8OH− ⇀↽ 5Mg(OH)2 + 4CO2−
3 + 4H2O (5.4)
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Figure 5.1: First step of ZM corrosion

When the pH value increases simonkolleite is formed according to Equa-
tion 5.1. At the same time hydromagnesite is formed according to Equation 5.3.
The formation and decomposition of hydromagnesite follows the Equation 5.2
to Equation 5.4. By forming and decomposing hydromagnesite can buffer the
pH value to a pH range of 7 to 9.

Figure 5.2: Second step of ZM corrosion

In the second step of corrosion depicted in Figure 5.2 a continuous thin layer
of simonkolleite forms on the sample surface. However due to local potential
differences and failures in the corrosion product layer the attack is not stopped
completely. In the failure areas the aforementioned anode and cathode processes
keep going. This causes localized pH increases and decreases. In areas where the
pH is becoming acidic hydromagnesite is formed and the areas are neutralized.
In areas where the pH increases hydromagnesite is decomposed and the area
is neutralized. However in very acidic conditions the magnesium ions could be
dissolved as magnesium chloride and be washed from the system and in very al-
kaline conditions the magnesium ions could be precipitated as magnesium oxide.
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Both processes effectively reduce the available amount of buffering magnesium
ions in the system. Because of this the pH on the surface is starting to increase
but very much slower than on HDG.

Figure 5.3: Third step of ZM corrosion

This leads to the third step which is depicted in Figure 5.3. In this step the
magnesium is retarding the corrosion by buffering. Due to the imperfect buffer-
ing capabilities the simonkolleite layer is slowly decomposed to hydrozincite and
zinc oxide according to the Equation 5.5 to 5.7. Also there is the formation of
zinc aluminum hydrotalcite in severely alkaline areas, because only in this re-
gions aluminum can be dissolved. This step lasts until all the MgZn2 phase is
consumed.

Zn5(OH)8Cl2 · H2O + 2HCO−
3

⇀↽ Zn5(CO3)2(OH)6 + 3H2O + 2Cl− (5.5)

Zn5(OH)8Cl2 · H2O + 2OH− ⇀↽ 5ZnO + 6H2O + 2Cl− (5.6)

Zn5(CO3)2(OH)6 + 2OH− ⇀↽ 5ZnO + 6H2O + 2Cl− (5.7)

In the fourth step depicted in Figure 5.4 the relatively thick corrosion product
layer that was caused by the steps one to three acts as a barrier layer inhibiting
further corrosion. Since the MgZn2 was consumed at the end of step three there
is no further buffering. This leads to the decomposition of simonkolleite and
hydrozincite according to the Equation 5.6 and Equation 5.7. This slowly leads
to a condition where zinc oxide reaches the steel substrate.

When the zinc oxide reaches the steel substrate the last step depicted in
Figure 5.5 starts. The porous zinc oxide reaches the steel substrate, which effec-
tively enables the electrolyte to reach the steel surface. Since at this stage the
zinc dendrites are either isolated by protecting corrosion products or completely
corroded, there is no cathodic protection for the steel and it will corrode and
form red rust.
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Figure 5.4: Fourth step of ZM corrosion

Figure 5.5: Fifth step of ZM corrosion

If this theory is correct the corrosion performance of ZM versus HDG has to
significantly drop in environments, where the magnesium compounds are not
stable. This is the case in very alkaline conditions. Therefore pH variation
experiments were conducted. Also the presence of chloride seems important
because without the intermediate compound of Mg3(OH)5Cl·4H2O the reaction
from Mg2+ to hydromagnesite seems to be retarded and the direct reaction to
magnesium oxide seems to be preferred [88]. To investigate this different anion
and cation variation tests were performed. Finally the salt concentration and
the total absence of salt or humidity has to be investigated.

5.1.2 pH variation tests

In the pH variation tests a reduction in the corrosion performance of ZM versus
HDG was found for pH 1 as well as for alkaline pH values. The fact that the
samples at pH 3 and pH 7 perform best can be explained by the buffering of
the magnesium ions. Due to the mildly acidic conditions in the pH 3 test the
alkalization of the surface is reduced compared to the standardized salt spray
test. This in turn leads to a lower consumption of magnesium ions, because
the magnesium ions can more easily moderate the pH value to around 7 to
9. The fact that the pH value is in this region can be seen by comparing the
different corrosion product analysis for the different pH values. One can see
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that the corrosion product hydrozincite has a different stability area for the
different materials. While significant amounts of hydrozincite could be found
on the pH 1, pH 3 and the standardized salt spray test samples, less hydrozincite
could be found on the pH 1 sample of ZA and none on the ZM sample. This
leads to the assumption that the surface pH value is significantly different for
the different materials. When taking this into account one can say that the
surface pH value on ZM is lower than on ZA and even lower than HDG.

Another important factor is the behavior of ZM in severely acidic conditions.
In this case the surface pH seems to be so low that no hydrozincite can form.
Even the simonkolleite phase seems to be unstable on the anodic sites where the
pH value is even lower. As a result the inhibiting corrosion product layer can
not form and the corrosion is less retarded than in the standardized salt spray
test. However the spread between HDG and ZM in corrosion performance is
still 9, which shows that the corrosion is still inhibited albeit a bit less than in
the standardized salt spray test.

In case of the alkaline salt spray tests the ZM material performs significantly
worse than in the neutral or acidic conditions. This can be explained by the
high pH value of the test solution, which effectively causes more magnesium ions
to dissolve in turn to buffer the pH value. This leads to a faster consumption
of the MgZn2 phase and an acceleration in corrosion. Since mostly zinc oxide
is formed as a corrosion product in this condition the protective layer that is
inhibiting corrosion cannot form and the ZM material fails significantly faster.
The spread of ZM versus HDG falls to 4 at pH 10 and 2 at pH 12.

5.1.3 Cation variation tests

In the cation variation experiments four different cations were tested on their
influence on the corrosion behavior of ZM. CaCl2 showed a very strong influence
on the corrosion. It was found that the spread between the corrosion perfor-
mance of HDG and ZM fell to 4 compared to more than 10 in a standardized
salt spray test. Compared to other tests the samples in the calcium chloride test
formed very splotchy white corrosion products. Analysis of the cross section cuts
showed that the corrosion products formed on ZM were more porous than in the
standardized salt spray test. Analysis of the corrosion products revealed that
significant amounts of calcium carbonate were formed during corrosion. This in
turn seemed to capture all available carbonate, which prevented the formation
of hydrozincite and zinc aluminum hydrotalcite. Also the buffering mechanism
is impaired because no hydromagnesite can form on the samples. Those two
factors lead to a significant deterioration of ZM in a salt spray test with CaCl2.

In the salt spray test with MgCl2 all samples perform significantly better than
in the standardized salt spray test. Particularly the HDG and ZA samples show
significantly less white rust formation. The cross section cuts show that all
samples form dense corrosion product layers containing magnesium. This leads

127



5 Discussion

to the assumption that the buffering of magnesium ions is also functional when
the magnesium ions are applied from the outside of the system. In the main
reflex of hydrozincite in the x-ray diffractogram a small shift is visible. This
could be caused by the existence of some hydromagnesite on the samples.

The salt spray test with KCl revealed no particular insights. The samples
behave similar to those in the standardized salt spray test. This could be the
case because potassium and sodium ions react very similar with carbonate and
do not interfere with the buffering mechanism.

On the other hand the salt spray test with NH4Cl showed remarkable results.
All materials form almost no corrosion products and the time to failure seems
to be a direct function of the coating thickness. Only traces of simonkolleite are
detectable. An explanation is that the corrosion products are not stable in this
environment. Upon literature study it was found that zinc compound can be
dissolved as Zn(NH3)2+

4 and Zn(NH3)3Cl+ [90].

5.1.4 Anion variation experiments

The samples corroded in sodium sulfate and nitrate seem to react in the same
way as the samples that were exposed to chloride. Initially the MgZn2 phase is
corroded. This can be readily seen by the ICP-OES measurements conducted
with all samples. For all those samples zinc hydroxyl anion compounds are
formed on ZM samples, which are formed to a smaller extent on the HDG
samples. From the cross section cuts it is readily apparent that the so formed
corrosion product layers vary greatly in density, depending on the compounds
that form this layer. In this regard simonkolleite and Zn5(OH)8NO3·2H2O seem
to have the greatest effect. The zinc hydroxy sulfates seem to be less effective
in protecting the surface. One can clearly see the gaps in the huge zinc hydroxy
sulfate needles. All gathered information from the cross section cuts considered
the corrosion protection capabilities of ZM in a given solution seem to be a
direct function of the density of the corrosion product layer.

To a lesser degree this mechanism seems also to be valid for the samples
corroded in Zn5(Ac)8(OH)2·2H2O. However the sodium acetate solution is a
buffering solution, which seems to have a detrimental effect on the buffering
effect of the magnesium ions. This can be seen by the fact that in no other
solution the MgZn2 is corroded as fast as in this environment. Additionally the
spread of the performance of ZM versus HDG is uncommonly low and the drop in
the performance of ZM in sodium acetate versus ZM in sodium nitrate, sulphate
or chloride is much higher than it is for HDG. Another factor affecting the
corrosion performance of ZM in sodium acetate is that the Zn5(Ac)8(OH)2·2H2O
compound seems to form the most porous corrosion product layer.

Because of the drastically different pH value of the sodium phosphate solution
the corrosion products formed on those samples are vastly different. This is due
to the fact that the corrosion products that are formed on the other samples are
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not stable in this pH range. Instead NaZnPO4· H2O is formed on the HDG sam-
ples and Na2ZnPO4OH·H2O on the ZM samples. The formation of NaZnPO4·

H2O on zinc samples exposed to severe alkaline conditions in the presence of
phosphate ions was previously reported by De Pauli et al. [91]. This compound
seems to have some protective capabilities. However one can see in the cross
section cut for this sample that the spheres formed by this compound interfere
with each other and can therefore not cover the whole sample surface. One can
see that for HDG there is no zinc coating remaining. However because of the
pH of 12 the steel substrate seems to be passivated and there is no red rust for-
mation. This implies that the zinc coating is obsolete in this environment. On
the other hand the conditions on the ZM samples have to be different from that
on the HDG samples, because a different corrosion product is formed. In the
EDX measurements of the Na2ZnPO4OH·H2O corrosion products on ZM sam-
ples significant amounts of magnesium were found. It is therefore possible that
magnesium promotes the formation of this compound. Another possible expla-
nation for this phenomenon could be that magnesium ions are changing the sur-
face pH value compared to the HDG samples. However the Na2ZnPO4OH·H2O
corrosion products are much denser than the NaZnPO4· H2O corrosion prod-
ucts and therefore seem to cause the better corrosion protection of ZM in this
environment. Also there is remaining zinc coating visible on the ZM sample.

Overall it seems that the corrosion mechanism postulated for chloride contain-
ing environments is also valid for solutions containing other anions. In nitrate
and sulfate containing environments the only difference is that the correspond-
ing zinc nitrate or sulfate hydroxy hydrate is formed instead of simonkolleite.
While the protective capabilities of these three salt are different all three pro-
vide enough protection for the corrosion mechanism to function. In acetate and
phosphate containing environments the buffering effect could be hampered due
to the buffering capabilities of the ions to a detrimental pH value.

5.2 VDA 621-415

In the VDA 621-415 test the same reactions as in the standardized salt spray test
were observed. The main difference between the two test is that in the VDA 621-
415 test there is only one day of salt spraying per week in this test. This could
potentially result in the formation of less simonkolleite. This connection can be
explained by Figure 2.11. Only if the total zinc concentration is high enough
simonkolleite is formed. This however is essential for the corrosion protection
of ZM to show its full potential. Since great amounts of simonkolleite could be
found on the samples and the spread in corrosion performance for HDG vs ZM
is more than ten as in the standardized salt spray test. A difference that can
be observed compared to the standardized salt spray test is that the samples
dry up periodically. This seems to localize the anodes and cathodes. This can
be seen in the metallographic cross section cut where the areas with a higher
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attack look slightly worse than in the standardized salt spray test.

5.3 VDA 233-102

Compared to the standardized salt spray test and the VDA 621-415 test the
spread in corrosion performance is reduced from more than ten to 2. This can
be explained by the fact that less simonkolleite is formed on those samples. The
formation of simonkolleite is lessened because the overall salt concentration in
this test is far less than in the VDA 621-415 test. Also the sample dry up more
often and better than in the VDA 621-415 test. These two factors make the
test more aggressive and seem to lead to more localization in the corrosion of
ZM. Because with every drying of the protective corrosion product layer the the
layer gets cracks at which the corrosion can start preferentially after the next
wetting. This is the cause because the ZM samples show red rust much early
than in the VDA 621-415 test.

5.4 Condensation atmosphere with constant humidity

test

In this test almost no difference between the investigated materials is visible.
All materials show less corrosion than in the more accelerated tests. Compared
to the VDA 621-415 and VDA 233-102 tests the samples in this test never dry
up. As a consequence the corrosion product layer is not cracked upon drying up
and the corrosion is therefore less localized than in the VDA 233-102. For ZM to
exhibit its full corrosion protection some anions and carbonate is needed. In this
test the anions are missing but an abundance of carbonate is available through
the air. This results in a corrosion product layer that is totally different from
that of the aforementioned tests with chloride exposure. Due to the absence of
chloride the corrosion product layer is only comprised of hydrozincite and zinc
aluminum hydrotalcite. The formation of zinc aluminum hydrotalcite implies
that the surface pH value is initially much higher, which results in aluminum
dissolution. The formation of zinc aluminum hydrotalcite seems to be only
limited by the available aluminum ions. This can be seen by the fact that
the different materials form different amounts of zinc aluminum hydrotalcite
depending on the aluminum concentration in the metallic coating. Only the
excess of zinc ions seems to react to hydrozincite. Contrary to the corrosion
tests with sodium chloride exposure the corrosion on this samples seems to
almost totally halt after the formation of this carbonate layer.
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5.5 Condensation climate with alternating humidity and

air temperature test

In this test the samples show even less corrosion than in the CH test due to the
daily drying and wetting cycle. This can be explained by the fact that corrosion
will only occur if there is an electrolyte on the sample surfaces. During the
drying cracks in the corrosion product layer could occur. However the corrosion
product layer is very thin and compact. No evidence for any cracks and a
resulting localization of the corrosive attack could be found. The analysis of
the corrosion products revealed that the corrosion product layers in this test
contain even more zinc aluminum hydrotalcite and less hydrozincite. This can
be explained by the fact that there is even less excess zinc available after the zinc
aluminum hydrotalcite precipitation because of the lesser corrosion compared
to the AHT test.
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In this work the corrosion behavior of Zn-Al-Mg hot-dip galvanized steel sheets
was investigated with the goal to get some insight into the corrosion mechanism
of said alloy. As reference material in all corrosion tests conventional hot-dip
galvanized, Galfan and Galvalume material was used.

In a first step a standardized salt spray test was performed. It was found that
the ZM material has a more than ten times longer time to the appearance of red
rust than the other materials. By analyzing the corrosion products it was found
that the ZM material formed significantly more simonkolleite and hydrozincite
compared to HDG and that the formation of zinc aluminum hydrotalcite is
dependent on the amount of available aluminum in the metallic coating. Overall
the formation of thin dense protective corrosion product layers comprised of
simonkolleite and hydrozincite could be found on ZM, while HDG formed porous
zinc oxide.

Next the materials were tested in salt spray tests with different pH values
from very acidic to severely alkaline. The results showed that ZM always per-
formed better than HDG and that the spread between the two materials in
terms of corrosion performance is smaller in alkaline environments. The corro-
sion products formed at different pH values together with the literature for the
stability areas of the formed corrosion products indicate that the surfaces are
always more alkaline than the test solution. This effect is less on ZM surfaces
compared to HDG surfaces. Since the most remarkable difference between the
two coating layers is the magnesium concentration, it is a likely assumption that
the magnesium ions upon dissolution cause the lower pH value implicitly proven
by the formation of the corrosion products.

After this experiment the sodium chloride was exchanged for calcium, mag-
nesium, potassium and ammonium chlorides. In this experiment ZM always
performed better or equal to HDG. The results of this experiment showed that
the corrosion performance of ZM is explicitly dependent on the concentration
of available carbonate ions. This is why the corrosion protection can be hin-
dered by carbonate precipitation as calcium carbonate. Another effective way
to destroy the protective capabilities of ZM is to steadily dissolve the protective
corrosion product layers with ammonium chloride.

In another series of experiment the sodium chloride was substituted with
sodium sulfate, phosphate, nitrate and acetate. In this tests ZM always per-
formed better than HDG. It was found that in all of these environments pro-
tective corrosion product layers are formed. However depending on the anions
available the corrosion products are more or less porous, which effectively reg-
ulates the access of oxygen and electrolyte to the surface.

All of these experiments resulted in the formation of a corrosion mechanism
for ZM. The theory postulates that Mg2+ ions buffer the pH value of the sam-
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ples to a pH value that is alkaline and somewhere in a range that allows for
the formation of hydrozincite but prevents the formation of zinc oxide. Hy-
dromagnesite (Mg5(CO3)4(OH)2·4H2O) and Mg3(OH)5Cl·4H2O can effectively
buffer the pH value on the surface to about 7 to 9. This region is beneficial
to the formation of simonkolleite and hydrozincite and thereby causes the for-
mation of a stable inhibitive corrosion product layer. When all the magnesium
has corroded form the coating the buffering effect is slowly abating, because in
very alkaline or acidic regions on the samples magnesium ions are slowly but
steadily dissolved from the surface. This processes results in the formation of a
barrier layer of corrosion products that retards the corrosion for an additional
time compared to HDG until the corrosion products are decomposed to zinc
oxide at which point the material corrodes like HDG and soon thereafter fails.

Finally VDA 621-415, VDA 233-102, Ch and AHT tests were performed to
investigate if this corrosion mechanism is also feasible for environments that
come closer to the actual outdoor exposure. It was found that the cyclic drying
of the sample surfaces causes some localization of corrosion processes. However
the corrosion performance of ZM is still up to two times better than that of HDG.
In environments containing no anions with which ZM could form a corrosion
product layer, the corrosion product layer contains only carbonates but is as
effective as in other environments.
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A Used equipment

Salt spray test chamber: Erichsen 606/3
Salt spray test chamber: ascott CC1000t
Salt spray test chamber: Weiss S400
Salt spray test chamber: Erichsen 608/2000
Salt spray test chamber: Angelantoni DCTC 600P
Climate chamber: Weiss SC 1000
Climate chamber: Weiss WK 1000
Climate chamber: Liebisch KSE-300
Guillotine shears: Schröder HS
Camera: Olympus C-2040 zoom
SEM: Zeiss EVO 60
EDX: EDAX EVO 60
FE-SEM: Zeiss Supra 35
EDX: EDAX Nova 600
XRD: PANanalytical X’Pert PRO MPD
Raman spectrometer: Jobin Yvon LabRAM 300
Infrared Spectrometer: Bruker Tensor 27
Cross section polisher: Leica EM TIC 3X
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B Used chemicals

Sodium chloride, NaCl (CAS: 7647-14-5), PHARMASAL chemically pure
sodium chloride, ≥ 99.0 %, Salinen Austria AG
Calcium chloride dihydrate, CaCl2·2H2O (CAS: 10035-04-8), ACS reagent,
≥ 99.0 %, Sigma Aldritch
Magnesium chloride hexahydrate, MgCl2·6H2O (CAS: 7791-18-6), ACS
reagent, ≥ 99.0 %, Sigma Aldritch
Potassium chloride, KCl (CAS: 7447-40-7), ACS reagent, ≥ 99.5 %, Roth
Ammonium chloride, NH4Cl (CAS: 12125-02-9), pro analysis, Merck
Sodium sulfate, Na2SO4 (CAS: 7757-82-6), ACS reagent, ≥ 99.0 %, Sigma
Aldritch
Sodium phosphate, Na3PO4 (CAS: 7601-54-9), ACS reagent, ≥ 99.0 %, Sigma
Aldritch
Sodium Nitrate, NaNO3 (CAS: 7631-99-4), ACS reagent, ≥ 99.0 %, Sigma
Aldritch
Sodium acetate, CH3COONa (CAS: 127-09-3), ACS reagent, ≥ 99.0 %, Sigma
Aldritch
Calcium magnesium acetate, (CH3COO)2(Ca,Mg), Austrosafe CM Liquid 801,
Innostar
Hydrochloric acid, HCl (CAS: 7647-01-0), EMSURE, 32 %, Merck
Sodium hydroxide, NaOH (CAS: 1310-73-2), RECTAPUR, VWR
Ridoline C72, Henkel
Silver nitrate, AgNO3 (CAS: 7761-88-8), ReagentPlus, ≥ 99.0 %, Sigma
Aldritch
Potassium dichromate, K2Cr2O7 (CAS: 7778-50-9), ReagentPlus, ≥ 99.5 %,
Sigma Aldritch
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C Additional results

C.1 Salt spray tests

C.1.1 Standardized salt spray test

C.1.1.1 Visual inspection of the samples

Figure C.1: Overview of HDG samples after the salt spray test
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C Additional results

Figure C.2: Overview of ZA samples after the salt spray test
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C.1 Salt spray tests

Figure C.3: Overview of AZ samples after the salt spray test
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C Additional results

Figure C.4: Overview of ZM samples after the salt spray test
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C.1 Salt spray tests

C.1.1.2 SEM analysis of cross section cuts

Figure C.5: SEM image of AZ sample corroded for 100 h in SST

Figure C.6: SEM image of AZ sample corroded for 300 h in SST

Figure C.7: SEM image of AZ sample corroded for 600 h in SST
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C Additional results

Figure C.8: SEM image of AZ sample corroded for 1000 h in SST

(a) Less attacked area (b) Stronger attacked area

Figure C.9: SEM images of ZM sample corroded for 24 h in SST

(a) Less attacked area (b) Stronger attacked area

Figure C.10: SEM images of ZM sample corroded for 48 h in SST
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C.1 Salt spray tests

(a) Less attacked area (b) Stronger attacked area

Figure C.11: SEM images of ZM sample corroded for 72 h in SST

(a) Less attacked area (b) Stronger attacked area

Figure C.12: SEM images of ZM sample corroded for 100 h in SST

(a) Less attacked area (b) Stronger attacked area

Figure C.13: SEM images of ZM sample corroded for 200 h in SST
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C Additional results

(a) Less attacked area (b) Stronger attacked area

Figure C.14: SEM images of ZM sample corroded for 300 h in SST

(a) Less attacked area (b) Stronger attacked area

Figure C.15: SEM images of ZM sample corroded for 400 h in SST

(a) Less attacked area (b) Stronger attacked area

Figure C.16: SEM images of ZM sample corroded for 500 h in SST
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C.1 Salt spray tests

(a) Less attacked area (b) Stronger attacked area

Figure C.17: SEM images of ZM sample corroded for 600 h in SST

Figure C.18: SEM image of ZM sample corroded for 700 h in SST

Figure C.19: SEM image of ZM sample corroded for 800 h in SST
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C Additional results

Figure C.20: SEM image of ZM sample corroded for 900 h in SST

Figure C.21: SEM image of ZM sample corroded for 1000 h in SST
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C.1 Salt spray tests

C.1.2 pH variations

C.1.2.1 Visual inspection of the samples

Figure C.22: Overview of AZ samples after the salt spray test at pH 1
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C Additional results

Figure C.23: Overview of HDG samples after the salt spray test at pH 1

Figure C.24: Overview of ZA samples after the salt spray test at pH 1
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C.1 Salt spray tests

Figure C.25: Overview of ZM samples after the salt spray test at pH 1
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C Additional results

Figure C.26: Overview of HDG samples after the salt spray test at pH 3

Figure C.27: Overview of ZA samples after the salt spray test at pH 3
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C.1 Salt spray tests

Figure C.28: Overview of AZ samples after the salt spray test at pH 3
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C Additional results

Figure C.29: Overview of ZM samples after the salt spray test at pH 3
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C.1 Salt spray tests

Figure C.30: Overview of HDG samples after the salt spray test at pH 10

Figure C.31: Overview of ZA samples after the salt spray test at pH 10

Figure C.32: Overview of AZ samples after the salt spray test at pH 10
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C Additional results

Figure C.33: Overview of ZM samples after the salt spray test at pH 10

Figure C.34: Overview of HDG samples after the salt spray test at pH 12

Figure C.35: Overview of ZA samples after the salt spray test at pH 12
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C.1 Salt spray tests

Figure C.36: Overview of AZ samples after the salt spray test at pH 12

Figure C.37: Overview of ZM samples after the salt spray test at pH 12
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C Additional results

C.1.2.2 SEM analysis of cross section cuts

Figure C.38: SEM image of ZM sample corroded for 24 h in a SST at pH 1

(a) Less attacked area (b) Stronger attacked area

Figure C.39: SEM images of ZM sample corroded for 48 h in a SST at pH 1

(a) Less attacked area (b) Stronger attacked area

Figure C.40: SEM images of ZM sample corroded for 72 h in a SST at pH 1
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C.1 Salt spray tests

(a) Less attacked area (b) Stronger attacked area

Figure C.41: SEM images of ZM sample corroded for 100 h in a SST at pH 1

Figure C.42: SEM image of ZM sample corroded for 200 h in a SST at pH 1

(a) Less attacked area (b) Stronger attacked area

Figure C.43: SEM images of ZM sample corroded for 300 h in a SST at pH 1
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C Additional results

(a) Less attacked area (b) Stronger attacked area

Figure C.44: SEM images of ZM sample corroded for 400 h in a SST at pH 1

(a) Less attacked area (b) Stronger attacked area

Figure C.45: SEM images of ZM sample corroded for 500 h in a SST at pH 1

Figure C.46: SEM image of ZM sample corroded for 600 h in a SST at pH 1
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C.1 Salt spray tests

(a) Less attacked area (b) Stronger attacked area

Figure C.47: SEM images of ZM sample corroded for 24 h in a SST at pH 3

(a) Less attacked area (b) Stronger attacked area

Figure C.48: SEM images of ZM sample corroded for 48 h in a SST at pH 3

(a) Less attacked area (b) Stronger attacked area

Figure C.49: SEM images of ZM sample corroded for 72 h in a SST at pH 3
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C Additional results

(a) Less attacked area (b) Stronger attacked area

Figure C.50: SEM images of ZM sample corroded for 100 h in a SST at pH 3

Figure C.51: SEM image of ZM sample corroded for 200 h in a SST at pH 3

Figure C.52: SEM image of ZM sample corroded for 300 h in a SST at pH 3
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C.1 Salt spray tests

Figure C.53: SEM image of ZM sample corroded for 400 h in a SST at pH 3

Figure C.54: SEM image of ZM sample corroded for 500 h in a SST at pH 3

Figure C.55: SEM image of ZM sample corroded for 600 h in a SST at pH 3
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C Additional results

Figure C.56: SEM image of ZM sample corroded for 700 h in a SST at pH 3

Figure C.57: SEM image of ZM sample corroded for 800 h in a SST at pH 3

Figure C.58: SEM image of ZM sample corroded for 900 h in a SST at pH 3
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C.1 Salt spray tests

Figure C.59: SEM image of ZM sample corroded for 1000 h in a SST at pH 3

Figure C.60: SEM image of ZM sample corroded for 24 h in a SST at pH 10

Figure C.61: SEM image of ZM sample corroded for 48 h in a SST at pH 10
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C Additional results

Figure C.62: SEM image of ZM sample corroded for 72 h in a SST at pH 10

Figure C.63: SEM image of ZM sample corroded for 100 h in a SST at pH 10

Figure C.64: SEM image of ZM sample corroded for 24 h in a SST at pH 12
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C.1 Salt spray tests

(a) Less attacked area (b) Stronger attacked area

Figure C.65: SEM images of ZM sample corroded for 48 h in a SST at pH 12

Figure C.66: SEM image of ZM sample corroded for 72 h in a SST at pH 12
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C Additional results

C.1.2.3 Analysis of corrosion products

Figure C.67: Raman spectra of selected gray areas of HDG samples corroded in various
pH values

Figure C.68: Raman spectra of selected white areas of HDG samples corroded in
various pH values
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C.1 Salt spray tests

Figure C.69: Raman spectra of selected gray areas of ZA samples corroded in various
pH values

Figure C.70: Raman spectra of selected white areas of ZA samples corroded in various
pH values
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C Additional results

Figure C.71: Raman spectra of selected gray areas of AZ samples corroded in various
pH values

Figure C.72: Raman spectra of selected white areas of AZ samples corroded in various
pH values
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C.1 Salt spray tests

Figure C.73: Raman spectra of selected gray areas of ZM samples corroded in various
pH values

Figure C.74: Raman spectra of selected white areas of ZM samples corroded in various
pH values
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C Additional results

Figure C.75: Infrared spectra of selected HDG samples corroded in various non stan-
dardized salt spray tests with different pH values

Figure C.76: Infrared spectra of selected ZA samples corroded in various non stan-
dardized salt spray tests with different pH values
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C.1 Salt spray tests

Figure C.77: Infrared spectra of selected AZ samples corroded in various non stan-
dardized salt spray tests with different pH values

Figure C.78: Infrared spectra of selected ZM samples corroded in various non stan-
dardized salt spray tests with different pH values
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C Additional results

C.1.3 Cation variations

C.1.3.1 Visual inspection of the samples

Figure C.79: Overview of HDG samples after the salt spray test with CaCl2

Figure C.80: Overview of ZA samples after the salt spray test with CaCl2
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C.1 Salt spray tests

Figure C.81: Overview of AZ samples after the salt spray test with CaCl2

Figure C.82: Overview of ZM samples after the salt spray test with CaCl2
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C Additional results

Figure C.83: Overview of HDG samples after the salt spray test with MgCl2

Figure C.84: Overview of ZA samples after the salt spray test with MgCl2
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C.1 Salt spray tests

Figure C.85: Overview of AZ samples after the salt spray test with MgCl2

Figure C.86: Overview of ZM samples after the salt spray test with MgCl2
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C Additional results

Figure C.87: Overview of HDG samples after the salt spray test with KCl

Figure C.88: Overview of ZA samples after the salt spray test with KCl
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C.1 Salt spray tests

Figure C.89: Overview of AZ samples after the salt spray test with KCl

Figure C.90: Overview of ZM samples after the salt spray test with KCl

189



C Additional results

Figure C.91: Overview of HDG samples after the salt spray test with NH4Cl

Figure C.92: Overview of ZA samples after the salt spray test with NH4Cl
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C.1 Salt spray tests

Figure C.93: Overview of AZ samples after the salt spray test with NH4Cl

Figure C.94: Overview of ZM samples after the salt spray test with NH4Cl
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C Additional results

C.1.3.2 SEM analysis of cross section cuts

(a) Less attacked area (b) Stronger attacked area

Figure C.95: SEM images of ZM sample corroded for 24 h in a SST with CaCl2

Figure C.96: SEM image of ZM sample corroded for 48 h in a SST with CaCl2

Figure C.97: SEM image of ZM sample corroded for 72 h in a SST with CaCl2
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C.1 Salt spray tests

Figure C.98: SEM image of ZM sample corroded for 24 h in a SST with MgCl2

Figure C.99: SEM image of ZM sample corroded for 48 h in a SST with MgCl2

(a) Less attacked area (b) Stronger attacked area

Figure C.100: SEM images of ZM sample corroded for 72 h in a SST with MgCl2
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C Additional results

(a) Less attacked area (b) Stronger attacked area

Figure C.101: SEM images of ZM sample corroded for 100 h in a SST with MgCl2

(a) Less attacked area (b) Stronger attacked area

Figure C.102: SEM images of ZM sample corroded for 200 h in a SST with MgCl2

Figure C.103: SEM image of ZM sample corroded for 300 h in a SST with MgCl2
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C.1 Salt spray tests

Figure C.104: SEM image of ZM sample corroded for 400 h in a SST with MgCl2

Figure C.105: SEM image of ZM sample corroded for 500 h in a SST with MgCl2

Figure C.106: SEM image of ZM sample corroded for 24 h in a SST with KCl
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C Additional results

Figure C.107: SEM image of ZM sample corroded for 48 h in a SST with KCl

Figure C.108: SEM image of ZM sample corroded for 72 h in a SST with KCl

Figure C.109: SEM image of ZM sample corroded for 100 h in a SST with KCl
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C.1 Salt spray tests

Figure C.110: SEM image of ZM sample corroded for 200 h in a SST with KCl

Figure C.111: SEM image of ZM sample corroded for 300 h in a SST with KCl

Figure C.112: SEM image of ZM sample corroded for 24 h in a SST with NH4Cl
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C Additional results

Figure C.113: SEM image of ZM sample corroded for 48 h in a SST with NH4Cl

Figure C.114: SEM image of ZM sample corroded for 72 h in a SST with NH4Cl

Figure C.115: SEM image of ZM sample corroded for 100 h in a SST with NH4Cl
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C.1 Salt spray tests

Figure C.116: SEM image of ZM sample corroded for 200 h in a SST with NH4Cl

C.1.3.3 Analysis of corrosion products

Figure C.117: Raman spectra of selected gray areas of HDG samples corroded with
different cations
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C Additional results

Figure C.118: Raman spectra of selected white areas of HDG samples corroded with
different cations

Figure C.119: Raman spectra of selected gray areas of ZA samples corroded with
different cations
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C.1 Salt spray tests

Figure C.120: Raman spectra of selected white areas of ZA samples corroded with
different cations

Figure C.121: Raman spectra of selected gray areas of AZ samples corroded with
different cations
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C Additional results

Figure C.122: Raman spectra of selected white areas of AZ samples corroded with
different cations

Figure C.123: Raman spectra of selected gray areas of ZM samples corroded with
different cations
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C.1 Salt spray tests

Figure C.124: Raman spectra of selected white areas of ZM samples corroded with
different cations

Figure C.125: Exemplary Raman spectrum of CaCO3 on a ZM sample corroded for
72 h in CaCl2
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C Additional results

Figure C.126: Infrared spectra of selected HDG samples corroded in various non
standardized salt spray tests with different cations

Figure C.127: Infrared spectra of selected ZA samples corroded in various non stan-
dardized salt spray tests with different cations
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C.1 Salt spray tests

Figure C.128: Infrared spectra of selected AZ samples corroded in various non stan-
dardized salt spray tests with different cations

Figure C.129: Infrared spectra of selected ZM samples corroded in various non stan-
dardized salt spray tests with different cations
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C Additional results

C.1.4 Anion variations

C.1.4.1 Visual inspection of the samples

Figure C.130: Overview of HDG samples after the salt spray test with Na2SO4

Figure C.131: Overview of ZA samples after the salt spray test with Na2SO4
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C.1 Salt spray tests

Figure C.132: Overview of AZ samples after the salt spray test with Na2SO4

Figure C.133: Overview of ZM samples after the salt spray test with Na2SO4
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C Additional results

Figure C.134: Overview of HDG samples after the salt spray test with Na3PO4

Figure C.135: Overview of ZA samples after the salt spray test with Na3PO4
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C.1 Salt spray tests

Figure C.136: Overview of AZ samples after the salt spray test with Na3PO4

Figure C.137: Overview of ZM samples after the salt spray test with Na3PO4
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C Additional results

Figure C.138: Overview of HDG samples after the salt spray test with NaNO3

Figure C.139: Overview of ZA samples after the salt spray test with NaNO3
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C.1 Salt spray tests

Figure C.140: Overview of AZ samples after the salt spray test with NaNO3

Figure C.141: Overview of ZM samples after the salt spray test with NaNO3
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C Additional results

Figure C.142: Overview of HDG samples after the salt spray test with CH3COONa

Figure C.143: Overview of ZA samples after the salt spray test with CH3COONa
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C.1 Salt spray tests

Figure C.144: Overview of AZ samples after the salt spray test with CH3COONa

Figure C.145: Overview of ZM samples after the salt spray test with CH3COONa
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C Additional results

C.1.4.2 SEM analysis of cross section cuts

Figure C.146: SEM image of ZM sample corroded for 24 h in a SST with Na2SO4

Figure C.147: SEM image of ZM sample corroded for 48 h in a SST with Na2SO4

Figure C.148: SEM image of ZM sample corroded for 72 h in a SST with Na2SO4
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C.1 Salt spray tests

(a) Less attacked area (b) Stronger attacked area

Figure C.149: SEM images of ZM sample corroded for 100 h in a SST with Na2SO4

Figure C.150: SEM image of ZM sample corroded for 200 h in a SST with Na2SO4

Figure C.151: SEM image of ZM sample corroded for 300 h in a SST with Na2SO4

215



C Additional results

Figure C.152: SEM image of ZM sample corroded for 24 h in a SST with Na3PO4

Figure C.153: SEM image of ZM sample corroded for 48 h in a SST with Na3PO4

Figure C.154: SEM image of ZM sample corroded for 72 h in a SST with Na3PO4
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C.1 Salt spray tests

Figure C.155: SEM image of ZM sample corroded for 100 h in a SST with Na3PO4

Figure C.156: SEM image of ZM sample corroded for 200 h in a SST with Na3PO4

Figure C.157: SEM image of ZM sample corroded for 300 h in a SST with Na3PO4
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C Additional results

Figure C.158: SEM image of ZM sample corroded for 24 h in a SST with NaNO3

Figure C.159: SEM image of ZM sample corroded for 48 h in a SST with NaNO3

Figure C.160: SEM image of ZM sample corroded for 72 h in a SST with NaNO3
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C.1 Salt spray tests

Figure C.161: SEM image of ZM sample corroded for 100 h in a SST with NaNO3

Figure C.162: SEM image of ZM sample corroded for 200 h in a SST with NaNO3

Figure C.163: SEM image of ZM sample corroded for 300 h in a SST with NaNO3
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C Additional results

Figure C.164: SEM image of ZM sample corroded for 24 h in a SST with CH3COONa

Figure C.165: SEM image of ZM sample corroded for 48 h in a SST with CH3COONa

Figure C.166: SEM image of ZM sample corroded for 72 h in a SST with CH3COONa
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C.1 Salt spray tests

Figure C.167: SEM image of ZM sample corroded for 100 h in a SST with CH3COONa

Figure C.168: SEM image of ZM sample corroded for 200 h in a SST with CH3COONa

Figure C.169: SEM image of ZM sample corroded for 300 h in a SST with CH3COONa
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C Additional results

C.1.4.3 Analysis of corrosion products

Figure C.170: Raman spectra of areas of samples corroded with Na2SO4

Figure C.171: Raman spectra of areas of samples corroded with Na3PO4
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C.1 Salt spray tests

Figure C.172: Raman spectra of areas of samples corroded with NaNO3

Figure C.173: Raman spectra of areas of samples corroded with CH3COONa
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C Additional results

Figure C.174: Infrared spectra of samples corroded in various non standardized salt
spray tests with Na2SO4

Figure C.175: Infrared spectra of samples corroded in various non standardized salt
spray tests with Na3PO4
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C.1 Salt spray tests

Figure C.176: Infrared spectra of samples corroded in various non standardized salt
spray tests with NaNO3

Figure C.177: Infrared spectra of samples corroded in various non standardized salt
spray tests with CH3COONa
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C Additional results

C.2 VDA 621-415

C.2.1 Visual inspection of the samples

Figure C.178: Overview of HDG samples after the VDA 621-415 test

Figure C.179: Overview of ZA samples after the VDA 621-415 test
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C.2 VDA 621-415

Figure C.180: Overview of AZ samples after the VDA 621-415 test
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C Additional results

Figure C.181: Overview of ZM samples after the VDA 621-415 test

C.2.2 SEM analysis of cross section cuts

(a) Less attacked area (b) Stronger attacked area

Figure C.182: SEM images of ZM sample corroded for 1 week in a VDA 621-415 test
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C.2 VDA 621-415

(a) Less attacked area (b) Stronger attacked area

Figure C.183: SEM images of ZM sample corroded for 2 weeks in a VDA 621-415 test

(a) Less attacked area (b) Stronger attacked area

Figure C.184: SEM images of ZM sample corroded for 3 weeks in a VDA 621-415 test

(a) Less attacked area (b) Stronger attacked area

Figure C.185: SEM images of ZM sample corroded for 4 weeks in a VDA 621-415 test

(a) Less attacked area (b) Stronger attacked area

Figure C.186: SEM images of ZM sample corroded for 5 weeks in a VDA 621-415 test
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C Additional results

(a) Less attacked area (b) Stronger attacked area

Figure C.187: SEM images of ZM sample corroded for 6 weeks in a VDA 621-415 test

(a) Less attacked area (b) Stronger attacked area

Figure C.188: SEM images of ZM sample corroded for 7 weeks in a VDA 621-415 test

(a) Less attacked area (b) Stronger attacked area

Figure C.189: SEM images of ZM sample corroded for 8 weeks in a VDA 621-415 test

(a) Less attacked area (b) Stronger attacked area

Figure C.190: SEM images of ZM sample corroded for 9 weeks in a VDA 621-415 test
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C.2 VDA 621-415

(a) Less attacked area (b) Stronger attacked area

Figure C.191: SEM images of ZM sample corroded for 10 weeks in a VDA 621-415
test

C.2.2.1 Analysis of corrosion products

Figure C.192: Raman spectra of areas of samples corroded in a VDA 621-415 test
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C Additional results

Figure C.193: Infrared spectra of samples corroded in a VDA 621-415 test
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C.3 VDA 233-102

C.3 VDA 233-102

C.3.1 Visual inspection of the samples

Figure C.194: Overview of AZ samples after the VDA 233-102 test
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C Additional results

Figure C.195: Overview of HDG samples after the VDA 233-102 test

Figure C.196: Overview of ZA samples after the VDA 233-102 test
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C.3 VDA 233-102

Figure C.197: Overview of ZM samples after the VDA 233-102 test
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C Additional results

C.3.2 SEM analysis of cross section cuts

Figure C.198: SEM image of HDG sample corroded for 1 week in a VDA 233-102 test

Figure C.199: SEM image of HDG sample corroded for 2 weeks in a VDA 233-102
test

Figure C.200: SEM image of HDG sample corroded for 3 weeks in a VDA 233-102
test
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C.3 VDA 233-102

Figure C.201: SEM image of HDG sample corroded for 4 weeks in a VDA 233-102
test

(a) Less attacked area (b) Stronger attacked area

Figure C.202: SEM images of ZM sample corroded for 5 weeks in a VDA 233-102 test

(a) Less attacked area (b) Stronger attacked area

Figure C.203: SEM images of ZM sample corroded for 6 weeks in a VDA 233-102 test

(a) Less attacked area (b) Stronger attacked area

Figure C.204: SEM images of ZM sample corroded for 7 weeks in a VDA 233-102 test
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C Additional results

(a) Less attacked area (b) Stronger attacked area

Figure C.205: SEM images of ZM sample corroded for 8 weeks in a VDA 233-102 test

C.3.2.1 Analysis of corrosion products

Figure C.206: Raman spectra of areas of samples corroded in a VDA 233-102 test
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C.3 VDA 233-102

Figure C.207: Infrared spectra of samples corroded in a VDA 233-102 test
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C Additional results

C.4 Condensation atmosphere with constant humidity

test

C.4.1 Visual inspection of the samples

Figure C.208: Overview of HDG samples after the CH test
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C.4 Condensation atmosphere with constant humidity test

Figure C.209: Overview of ZA samples after the CH test
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C Additional results

Figure C.210: Overview of AZ samples after the CH test
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C.4 Condensation atmosphere with constant humidity test

Figure C.211: Overview of ZM samples after the CH test
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C Additional results

C.4.2 SEM analysis of cross section cuts

Figure C.212: SEM image of ZM sample corroded for 20 days in a CH test

Figure C.213: SEM image of ZM sample corroded for 40 days in a CH test

Figure C.214: SEM image of ZM sample corroded for 60 days in a CH test
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C.4 Condensation atmosphere with constant humidity test

Figure C.215: SEM image of ZM sample corroded for 80 days in a CH test

Figure C.216: SEM image of ZM sample corroded for 100 days in a CH test

Figure C.217: SEM image of ZM sample corroded for 120 days in a CH test
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C Additional results

Figure C.218: SEM image of ZM sample corroded for 140 days in a CH test

Figure C.219: SEM image of ZM sample corroded for 160 days in a CH test

Figure C.220: SEM image of ZM sample corroded for 180 days in a CH test
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C.4 Condensation atmosphere with constant humidity test

Figure C.221: SEM image of ZM sample corroded for 200 days in a CH test

C.4.3 SEM analysis of cross section cuts made by cross

section polishing

Figures C.222 and C.223 illustrate the cross section cuts of ZM and HDG sam-
ples after 120 days made by cross section polishing. The corrosion product layer
of ZM seems to be much thinner and denser compared to that of HDG. There
is also an aluminum and magnesium enrichment in this corrosion product layer.
The corrosion products on HDG appear more voluminous and seem to contain
almost only zinc and oxygen.

Figure C.222: SEM images of ZM sample corroded for 120 days in a CH test

Figure C.223: SEM images of HDG sample corroded for 120 days in a CH test
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C Additional results

C.4.3.1 Analysis of corrosion products

Figure C.224: Raman spectra of areas of samples corroded in a CH test

Figure C.225: Infrared spectra of samples corroded in a CH test
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C.5 Condensation climate with alternating humidity and air temperature test

C.5 Condensation climate with alternating humidity and

air temperature test

C.5.1 Visual inspection of the samples

Figure C.226: Overview of HDG samples after the AHT test
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C Additional results

Figure C.227: Overview of ZA samples after the AHT test
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C.5 Condensation climate with alternating humidity and air temperature test

Figure C.228: Overview of AZ samples after the AHT test
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C Additional results

Figure C.229: Overview of ZM samples after the AHT test
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C.5 Condensation climate with alternating humidity and air temperature test

C.5.2 SEM analysis of cross section cuts

Figure C.230: SEM image of ZM sample corroded for 20 days in a AHT test

Figure C.231: SEM image of ZM sample corroded for 40 days in a AHT test

Figure C.232: SEM image of ZM sample corroded for 60 days in a AHT test
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C Additional results

Figure C.233: SEM image of ZM sample corroded for 80 days in a AHT test

Figure C.234: SEM image of ZM sample corroded for 100 days in a AHT test

Figure C.235: SEM image of ZM sample corroded for 120 days in a AHT test
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C.5 Condensation climate with alternating humidity and air temperature test

Figure C.236: SEM image of ZM sample corroded for 140 days in a AHT test

Figure C.237: SEM image of ZM sample corroded for 160 days in a AHT test

Figure C.238: SEM image of ZM sample corroded for 180 days in a AHT test
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C Additional results

Figure C.239: SEM image of ZM sample corroded for 200 days in a AHT test

C.5.2.1 Analysis of corrosion products

Figure C.240: Raman spectra of areas of samples corroded in a AHT test
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C.5 Condensation climate with alternating humidity and air temperature test

Figure C.241: Infrared spectra of samples corroded in a AHT test
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