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Abstract 
 
In a previous project, mobile exposures in road environments have been performed in various 
areas of the world. A number of materials and coatings have been attached under trailers 
which travels long distances in different types of road environments. One of the materials, 
zinc, demonstrated various corrosion rates in different parts of the world. In this investigation 
two various accelerated corrosion tests have been performed at the laboratory of Swerea 
Kimab in order to realize parameter influence on zinc. Even though the corrosion rates are 
known, the relation to formed corrosion products has not been investigated earlier. In the 
present study, corrosion products on zinc have been analyzed using XRD and FTIR. The results 
from analyses of formed corrosion products have been evaluated together with measured 
corrosion rates, both from the mobile exposure and the accelerated tests, in order to try to 
understand under what conditions certain corrosion products are formed and how it affects 
the corrosion rate.  
A cold humid climate was found to be the most corrosive. In these environments, de-icing 
salts are used which promotes formation of simonkolleite and in a subsequent step; gordaite 
(if there is a not negligible deposition rate of SO2/SO4

2-) which is often observed as the end 
product in marine environments. 

  



 
 

Table of Contents 
 

1 Introduction .................................................................................................. 4 

1.1 Aims ............................................................................................................................. 4 

2 Literature Survey ......................................................................................... 5 

2.1 Fundamentals ............................................................................................................. 5 

2.1.1 Basics of Corrosion .............................................................................................. 5 

2.1.2 Corrosion Types ................................................................................................... 5 

2.1.3 Atmospheric Corrosion Rate ................................................................................ 7 

2.2 Corrosive Environments ........................................................................................... 8 

2.2.1 The Atmosphere .................................................................................................... 8 

2.2.2 Four Defined Environments ................................................................................. 9 

2.2.3 Automotive Environment .................................................................................... 10 

2.2.4 Classification of Corrosivity of Atmospheres ..................................................... 11 

2.3 Corrosion of Zinc ..................................................................................................... 12 

2.3.1 Natural Protection of Zinc .................................................................................. 12 

2.3.2 Corrosion Mechanism and Corrosion Products ................................................ 13 

2.3.3 The Effect of Pollutants on Corrosion of Zinc .................................................... 15 

2.3.4 Corrosion Sequence in Atmospheric Corrosion of Zinc ..................................... 16 

2.4 Corrosion Test Methods .......................................................................................... 18 

2.4.1 Accelerated Corrosion Testing ........................................................................... 18 

3 Experimental ............................................................................................... 20 

3.1 Evaluation Methods ................................................................................................. 20 

3.1.1 X-ray Diffraction (XRD) ..................................................................................... 20 

3.1.2 Fourier Transform Infrared Spectroscopy (FTIR) ............................................. 21 

3.1.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 

(EDS)..... .......................................................................................................................... .23 

3.2 Environmental Parameters ..................................................................................... 23 

3.3 Field Exposures ........................................................................................................ 24 

3.4 Accelerated Exposures ............................................................................................. 25 

3.4.1 Sample Preparation ............................................................................................ 25 

3.4.2 Exposures ............................................................................................................ 26 

3.4.3 After Exposures ................................................................................................... 27 

4 Results and Discussion ............................................................................... 28 

4.1 Environmental Parameters ..................................................................................... 28 

4.1.1 Climatic Parameters ........................................................................................... 28 

4.1.2 SO2 emissions ..................................................................................................... 31 



 
 

4.1.3 Use of Road Salt and/or Dust Suppressant ........................................................ 31 

4.2 Field Exposures ........................................................................................................ 33 

4.2.1 Evaluation of Corrosion Products Using XRD .................................................. 33 

4.2.2 Evaluation of Corrosion Products Using FTIR .................................................. 35 

4.2.3 Summary Field Exposures .................................................................................. 37 

4.3 Accelerated Exposures ............................................................................................. 39 

4.3.1 Evaluation of Corrosion Products Using FTIR .................................................. 39 

4.3.2 Evaluation of Corrosion Products Using XRD .................................................. 40 

4.3.3 Amorphous and Crystalline Corrosion Products ............................................... 42 

4.3.4 Metal Loss ........................................................................................................... 43 

4.3.5 Summary Accelerated Exposures ....................................................................... 44 

4.4 Correlation and Comparison .................................................................................. 46 

4.4.1 A: Humid and High Temperature ....................................................................... 46 

4.4.2 B: Humid and Low Temperature ........................................................................ 47 

4.4.3 C: Dry and High Temperature ........................................................................... 47 

4.4.4 D: Medium Humidity and Temperature ............................................................. 48 

5 Concluding Remarks .................................................................................. 49 

6 Future Work ............................................................................................... 50 

7 Acknowledgement ....................................................................................... 51 

8 References.................................................................................................... 52 



4 
 

1 Introduction 
 
Just like the atmospheric environment differs in corrosivity depending on where in the world 
you are located, so does the automotive environment, i.e. the environment close to roads. In 
e.g. Sweden, the automotive environment is quite aggressive due to the humid climate and 
widespread usage of de-icing salts which, as a result, is corrosive towards metals. One 
common way of protecting vehicles travelling the roads from corrosion damage, is to apply 
protective coatings on exposed parts. A widely used material for protective coatings is zinc 
because of its high corrosion resistance. 
This thesis is part of an on-going project at Swerea KIMAB AB; “Assessment of Corrosivity of 
Global Vehicle Environment”. In this project, field exposures of zinc and other metals have 
been performed. Uncoated metallic specimens, painted specimens, crevice specimens and 
bimetallic specimens were mounted on trailers travelling in different parts of the world. The 
uncoated zinc specimen showed different corrosion rates in different parts of the world. In 
this thesis, the uncoated zinc specimen were analysed for corrosion products in order to 
realize how corrosion products influence the corrosion rate. The different automotive 
environments were also studied to investigate whether any correlation exists between 
automotive environment and formed corrosion products. 
 

1.1 Aims 

 
The aim of this thesis is to analyse the field exposed zinc and accelerated exposed zinc for 
corrosion products and trying to correlate the findings to the measured corrosion rates and to 
the different exposure environments.  
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2 Literature Survey 

2.1  Fundamentals 

2.1.1 Basics of Corrosion 

 
Most metals are unstable in a natural or industrial environment. They revert to their most 
stable, natural form from which they were extracted i.e. minerals. This process is called 
corrosion.1 The prerequisites for electrochemical corrosion to take place are a conductive 
material (the metal), an ion conducting media (often water) and an anodic reaction and a 
cathodic reaction. The corrosion of the metal is driven by the coupled anodic and cathodic 
reactions which spontaneously take place at the interface between a metal and the aqueous 
environment. This process for zinc is seen in Figure 1. The anodic reaction is oxidation of Zn to 
Zn2+ and 2e-. The cathodic reaction is a reduction which uses the 2 electrons released from Zn, 
for example: ½O2 + H2O + 2e-  2OH-. 

 
 
 
There are other possible cathodic reactions, depending on the nature of the surrounding 
environment. The products from the cathodic and anodic reaction can combine to form 
corrosion products of varying stability and with different protective properties. Some metals, 
for example zinc, rapidly form a passive layer with the oxygen in the air. 
 

2.1.2 Corrosion Types 

 
Different types of corrosion can occur depending on the nature of the metal(-s) involved and 
the surrounding environment. Under this heading some corrosion types will be described 
shortly. The types of corrosion commonly occurring on zinc are; uniform corrosion, galvanic 
corrosion and pitting corrosion. 
 
Uniform Corrosion 
This is the most important type of corrosion for zinc. Characteristic for uniform corrosion is 
that the corrosion rate is approximately even over the entire exposed surface, since the 

Zn 

Zn2+ 

2e- 

½O2  
H2O 2OH- 

H2O 

Figure 1. The electrochemical corrosion cell for zinc. 
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anodic and cathodic areas are distributed evenly over the surface and not easily 
distinguishable.11 
 
Galvanic Corrosion 
Galvanic corrosion takes place when two metals of different nobility come in contact and 
there is an electrolyte present on the surface(s). The more noble metal acts as a cathode 
(which corrodes much slower) and the less noble metal acts as an anode (which corrodes 
faster), see Figure 2. The more noble metal is protected against corrosion at the expense of 
the less noble metal. Zinc is commonly the less noble metal when it comes into contact with 
another metal.8,11 

 
Figure 2. Schematic description of galvanic corrosion. 

Pitting Corrosion 
Pitting corrosion occurs on passivated metals, such as zinc, when exposed to aqueous 
solutions containing e.g. aggressive chloride ions (Cl-). The passive layer is locally destroyed by 
aggressive Cl- ions and the metal dissolves, leading to formation of a cavity (anodic area) while 
the still passivated areas of the metal acts as a cathode. As the pit grows it becomes depleted 
in oxygen and aggressive Cl- ions are attracted to the pit by the metal cations in solution. This 
leads to acidification and further pit growth.2,3 
 
Crevice Corrosion 
When a small crevice is created on a surface, for example in the small gap between two joint 
components, the metal in the crevice is subjected to a more aggressive environment because 
of oxygen depletion, acidification and/or increasing concentration of Cl- ions. When there is 
no oxygen available for re-passivation of the surface, the passive layer can be destroyed and 
the metal corrodes heavily in the crevice. The metal cat ions attract Cl- anions and the 
corrosion progresses much like pitting corrosion. The crevice acts as an anode and the rest of 
the surface acts as a cathode.3 
 
Selective Corrosion 
Selective corrosion occurs in alloys, the most well-known example being dezincification of 
brass. The zinc is then preferentially dissolved from the brass, leaving a porous structure of 
copper with poor mechanical properties behind.3 

 
 

Me 

Me2+ 

2e- 

½O2  
H2O 

2OH- 

H2O 

Less noble More noble 
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Deposit Corrosion 
The cause of deposit corrosion is commonly retention of water under the deposit, and since 
the water exchange is made difficult, a corrosive environment will be present, much like that 
which causes crevice corrosion. Deposition corrosion occurs for example under road mud on 
exposed parts of the car body or on gutters under accumulated leaves.11 

2.1.3 Atmospheric Corrosion Rate 

 
The corrosion rate of a metal is largely dependent on the properties of the corrosion products 
formed.4 The protective effect of a corrosion product depends on its conductivity, chemical 
composition, solubility, adherence and morphology, amongst others16. According to Leygraf 
and Graedel4, the corrosion product phases usually get a higher protective ability with 
increased exposure time, leading to a decrease in corrosion rate with time. This can be written 
as: 
 
       (1) 
where: 
M = corrosion damage 
A = a constant representing the initial corrosion rate 
t = time 
n = a measure of the protective ability of the formed corrosion product(s), usually 0.5≤n≤1 
 
If the corrosion product(s) have poor protective abilities, the n-value in the relationship (1) is 
close to 1 (a linear corrosion process) and for metals generating protective corrosion 
products, the n-value is commonly around 0.6. 
 
Environmental parameters are very important in estimating the corrosion rate. In the 
standard SS-EN ISO 9223:2012, dose-response functions describing corrosion attacks after the 
first year of exposure in open air are given. The corrosion rate depends on dry deposition of 
pollutants sulphur dioxide (SO2) and Cl-, temperature and relative humidity (RH). The dose-
response function for zinc is seen below.15  
 

               
                                

                            
 

     
                            

                       
  

 
N=114, R2=0,78 
 

Where; 
 
rcorr is the first-year corrosion rate of metal, expressed in μm/year; 
T is the annual average temperature, expressed in °C; 
RH is the annual average relative humidity, expressed in %; 
Pd is the annual average SO2 deposition, expressed in [mg/(m2d)]; 
Sd is the annual average Cl- deposition, expressed in [mg/(m2d)]. 
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2.2 Corrosive Environments 

 
In this section, the atmospheric parameters affecting the corrosion behaviour of zinc will be 
discussed. Only the outdoor atmospheric environment will be covered, since the indoor 
atmosphere is not relevant for this study.  

2.2.1 The Atmosphere 

 
Electrochemical corrosion can only take place if there is an ion transporting electrolyte 
present on the metal surface. As a consequence, the corrosion rate is very dependent on the 
RH of the air, since the time of wetness varies strongly with the amount of RH. Other 
atmospheric parameters affecting the corrosion of zinc are the presence of atmospheric 
pollutants such as Cl- and SO2, temperature and whether the zinc is exposed under sheltered 
or unsheltered conditions in outdoors field exposures4. 
 
Time of Wetness (TOW) 
TOW is a crucial factor in the corrosion rate of a metal; when the surface is dry the corrosion 
rate is often negligible. TOW is commonly defined as          u  n                  a u    s 
a     0  C while the RH exceeds or is equal to 80%.4 However, also below RH=80 % an 
electrolyte can be present and corrosion can occur. The amount of water on a surface is also 
dependent on airborne gases and particles; hygroscopic salts absorb water to produce a 
saturated solution at a certain critical value of RH. Precipitation (rain, snow, fog, cloud, dew) is 
of great importance when it comes to atmospheric corrosion. At lower temperatures, the air 
cannot hold as much water as at elevated temperatures, so when the temperature decreases 
at constant RH, water in the air falls out as dew. The dew point temperature, Td at a given 
temperature T of the air and constant RH, can be approximated using the relationship: 
 

   
         

         
                

  

   
         

Where; 
a= 17.271 °C 
b=237.7 °C 
 
Atmospheric Pollutants 
SO2 is, according to Leygraf and Graedel, perhaps the most important of the atmospheric 
corrosive gases. The greatest source of SO2 is fossil fuel combustion (anthropogenic) and 
volcanoes (natural). SO2 is deposited on the metal surface through dry deposition where it is 
oxidized into sulphate ions, SO4

2-, leading to acidification of the water film. SO2 can also react 
with the hydroxyl radical in the gas phase to from sulphuric acid, H2SO4, which then easily 
dissolves in the water film on a metal surface4. SO2 influences the composition of the 
corrosion products and increases the corrosion rate, since zinc is less stable in acidic 
environments5. Wallinder has shown that when the concentration of SO2 in the atmosphere 
has been reduced, so has the corrosion rate of atmospherically exposed zinc6, as visualized in 
Figure 3. However, the atmospheric concentration of SO2 is not decreasing globally. In 
developing countries, a rapid industrialization in combination with lack of emission control 
yields an increasing concentration of atmospheric SO2.4 
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Figure 3. Content of SO2 in atmosphere (left) and corrosion rate of atmospherically exposed zinc (right) 
6. 

 
Cl- is present in high concentrations near coastal areas and in some automotive environments 
due to the use of de-icing salts. It can be deposited on the surface of a zinc sample by dry or 
wet deposition of aerosol particles4. When deposited, the salt (mainly the Cl- ions7) increases 
corrosivity and the TOW. The TOW increases because of the salts hygroscopic nature and the 
capillary effect which induces condensation at a lower RH, and also because of the salts 
melting effect in cold climates which may keep the surface wet also below 0  C.8 The Cl- ions 
also incorporate themselves in the corrosion products, forming for example simonkolleite, 
Zn5(OH)8Cl2·H2O. 
 
Temperature 
The temperature affects the corrosion process in two different ways. On one hand the 
corrosion rate increases, as all chemical reactions do, with increasing temperature. On the 
other hand, the TOW decreases with increasing temperature, which decreases the corrosion 
rate.4 The corrosion rate is slow below freezing, since ice is a poor electrolyte. Corrosion 
generally    u s       n 0 an   5  C.9  
 
Sheltered or unsheltered exposure 
Under unsheltered exposures the sample is exposed to direct solar radiation and 
precipitation. This can give rise to different effects; on one hand, corrosive species can be 
washed away, thereby decreasing the corrosion effect. On the other hand, corrosive species 
can be added with precipitation (for example H+ and SO4

2- in acidic rain), thereby speeding up 
the corrosion and also partly dissolve the existing corrosion products which reduces corrosion 
protection.4 Several studies have shown that the corrosion rate of zinc is greater under 
unsheltered than sheltered conditions.8 

2.2.2 Four Defined Environments 

 
There are different types of atmospheres which yield different corrosion behaviour in zinc. 
There are four types of atmospheres commonly discussed in connection to corrosion; Rural, 
marine, industrial and urban. These are mainly characterized by differences in deposition 
rates of pollutants5,10.  
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Rural Atmosphere 
Relatively low amounts of pollutants with a deposition rate of SO2<10 mg/m2day and of 
NaCl<5 mg/m2day. Approximate corrosion rate of zinc: 0.2-2 µm/year.11  
 
Marine Atmosphere  
High amount of chlorides with a yearly average deposition rate of NaCl between 5 and 500 
mg/m2day and up to 1500 mg/m2day if the zinc sample is exposed to much sea spray. 
Approximate corrosion rate of zinc: 0.5-8 µm/year.11  
 
Industrial Atmosphere 
Can contain many different kinds of pollutants and has a high deposition rate of SO2, up to 
200 mg/m2day. Approximate corrosion rate of zinc: 1-16 µm/year.11  
 
Urban Atmosphere 
Relatively high amounts of SO2 and soot with a deposition rate of SO2 of 10-80 mg/m2day. 
Approximate corrosion rate of zinc: 1-16 µm/year.11  

 

2.2.3 Automotive Environment 

 
The automotive environment is quite aggressive because of the high pollution levels and 
presence of de-icing salts. The Society of Automotive Engineers (SAE) preformed under-
vehicle exposures of zinc coated steel. Zhang8 estimates, with data from the SAE test, the 
corrosion rate of the zinc coating to be about 8.5 µm/year. This is in the same range as zinc 
corrosion in an aggressive marine environment (0.5 – 8 µm/year)8. 
 
Road Mud 
There is a lot of particulate matter and dirt by roads (road mud), which can adhere to an 
exposed metal surface and give rise to deposit corrosion. When the road mud or dust is 
deposited on the surface it creates a longer TOW and environmental conditions much like 
those causing crevice- and pitting corrosion. The area under the deposit is depleted in oxygen 
and can act as anode while the undeposited surface acts as a cathode.11 
 
De-icing Salts 
De-icing salts are used in order to lower the melting temperature of snow and ice present on 
roads and thereby increasing the traction between the tires and the road.12 The most 
commonly used de-icing salt is sodium chloride (NaCl) but also chloride salts of calcium and 
magnesium are used.13 NaCl is an efficient de-icer down to -8°C, CaCl2 is efficient down to -
27°C and MgCl2 down to -15 °C. Both CaCl2 and MgCl2 are much more hygroscopic than NaCl, 
which will influence both its corrosive properties (creating a longer TOW) and its de-icing 
properties. The corrosive effect of chloride salts is commonly attributed to the Cl- ion but the 
cat ions also have a role to play and will affect the pH of the electrolyte as well as the chloride 
diffusion coefficient.14 The effect of these different salts on the corrosion of zinc is discussed 
in section 2.3.3. 
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2.2.4 Classification of Corrosivity of Atmospheres  

 
SS-EN ISO 9223:201215 is a standard describing the corrosivity of atmospheres. It contains a 
classification of the corrosivity of atmospheres towards many common metals based on the 
first year corrosion rate of the metal in the atmosphere. This classification for zinc corrosion 
can be seen in Table 1. 
 
 
Table 1. Classification of corrosivity of atmospheres according to SS-EN ISO 9223:2012.15 

Corrosivity 
category 

C1-Very 
low 

C2- Low C3- Moderate C4 - High C5-Very high CX - Extreme 

Corrosion 
of zinc, 
µm/year 

<0,1 0,1-0,7 0,7-2,1 2,1-4,2 4,2-8,4 8,4-25 

 
The standard also exemplifies the environment in the different classes of atmospheres, see 
Table 2. 
 
Table 2. Examples of the environment in the different atmospheres.15 

Corrosivity category Examples of typical outdoor environments 

C1 Dry or cold zone with very low pollution and TOW, for example 
certain deserts, Central Arctic/Antarctic. 

C2 Temperate zones with low pollution (SO2 < 5 µg/m3), for example 
rural areas, small towns. 
 
Dry or cold zone with short TOW, for example deserts, subarctic 
areas. 

C3 Temperate zone with medium pollution (SO2: 5 - 30 μg/m3) or some 
effect of chlorides, for example urban areas, coastal areas with low 
deposition of chlorides. 
 
Subtropical and tropical zone with low pollution. 

C4 Temperate zone with high pollution (SO2: 30 - 90 μg/m3) or 

substantial effect of chlorides, for example polluted urban areas, 
industrial areas, coastal areas without spray of salt water or, 
exposure to strong effect of de-icing salts. 
 
Subtropical and tropical zone, with medium pollution. 

C5 Temperate and subtropical zone with very high pollution (SO2: 90 - 

250 μg/m3) and/or significant effect of chlorides, for example 

industrial areas, coastal areas, sheltered positions on coastline. 

CX Subtropical and tropical zone with very high TOW, atmospheric 

environment with very high SO2 pollution (>250 μg/m3) including 

accompanying and production factors and/or strong effect of 
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chlorides, e.g. extreme industrial areas, coastal and offshore areas, 
occasional contact with salt spray 

 
 
 
 

2.3 Corrosion of Zinc 

 
 Zn ↔ Zn2+ + 2 e- (3) 
 
The standard potential for the zinc electrode, reaction (3), has been calculated to E0= -0.736 
VSHE. This means that zinc is quite ignoble and that the equilibrium in reaction (3) is displaced 
to the right i.e. dissolution of zinc.  

2.3.1 Natural Protection of Zinc 

 
Figure 4. Potential-pH diagram for the zinc-water system at 25 °C 

In Figure 4, the potential-pH diagram for the zinc-water system at 25 °C can be seen. The 
immunity region of Zn is below the water lines, meaning that zinc is unstable in water, that is: 
zinc will be oxidized and dissolve in the water. Between pH 9 and 12 there is a passivation 
region where the dissolved zinc ions form zinc hydroxide and -oxide, Zn(OH)2 and ZnO. 
Zn(OH)2 and ZnO are not soluble in slightly alkaline water and will precipitate upon formation, 
effectively protecting the metal surface5. In acidic conditions Zn mainly exists as Zn2+ and in 
alkaline conditions the predominant zinc species is Zn(OH)4

2-. In any natural atmosphere there 
is about 350 ppm of CO2 which will dissolve in the electrolyte forming CO3

2-, HCO3
- and H2CO3. 
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This will lead to the formation of zinc carbonate, ZnCO3 which quickly converts to insoluble 
basic zinc carbonate (hydrozincite), Zn5(CO3)2(OH)6. The hydrozincite layer has good 
adherence, low porosity and very low solubility, and will protect the surface efficiently5,8. The 
protective effect of a corrosion product depends on its conductivity, chemical composition, 
solubility, adherence and morphology, amongst others.16  This natural protection of zinc is 
responsible for the relatively low corrosion rate of zinc under atmospheric conditions, 
although it should be noted that Figure 4 is based on theoretical calculations. In Table 3, 
corrosion rates for zinc and carbon steel are compared in the different atmospheric 
environments; rural, urban, industrial and marine.  
 
Table 3. Corrosion rates for zinc and carbon steel.4 

Metal Corrosion Rate in Different Environments (µm/year) 

Rural Urban Industrial Marine 

Zinc 0.2-3 2-16 2-16 0.5-8 
Carbon steel 4-65 23-71 26-175 26-104 

 
Compared to carbon steel, the corrosion rate of zinc is 4-52 times slower. The difference is 
most noticeable in rural and marine environments. 
 

2.3.2 Corrosion Mechanism and Corrosion Products 

 
In clean dry air, zinc corrodes very slowly, forming an oxide film of ZnO on the surface. If there 
is moisture in air, the coupled electrochemical reactions described in reactions (4) and (5) 
and/or (6) take place.8 
 
 Zn + 2OH-        Zn(OH)2 + 2e-  (4) 
 2H+ + 2e-        H2 (5) 
 O2 + 2H2O + 4e-        4OH- (6) 
 
During the next few days and weeks, the hydroxide Zn(OH)2 either dehydrates to form zinc 
oxide (reaction (7)) or reacts with carbon dioxide dissolved in the water film to form zinc 
carbonate (reaction (8) or (9)).8 
  
 Zn(OH)2        ZnO + H2O (7) 
 5Zn(OH)2 + 2CO2       Zn5(CO3)2(OH)6+ 2H2O (8) 
 5ZnO + 2CO2 + 3H2O       Zn5(CO3)2(OH)6 (9) 
 
If pollutants, such as SO4

2- or Cl-, are present, zinc sulphates and/or –chlorides can form 
according to reactions (10) and (11).4 
 
 Zn(OH)2 (s) + 3Zn2+ + 4OH- + SO4

2-        Zn4SO4(OH)6·4H2O (10) 
 Zn(OH)2 (s) + 4Zn2+ + 6(OH)- + 2Cl-       Zn5Cl2(OH)8·H2O (11) 
 
Mixed corrosion products containing sulphate and chloride can also form in subsequent steps. 
To explain the corrosion products that form on zinc, the Hard and Soft Acid-Base principle can 
be used. Electron pair donating species are called Lewis bases and species accepting electron 
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pairs are Lewis acids. The hardness of the acid or base depends on how tight it holds its 
electrons, and hard bases preferably coordinate to hard acids and vice versa. Zinc is a Lewis 
acid of intermediate hardness and can coordinate with many different bases of which water, 
carbonate, chloride and sulphate seem to be the most important ones.10 There are many 
possible corrosion products of zinc. Some are more common than others and, depending on 
the environment to which the zinc sample has been exposed, some or all may be observed. 
Table 4 shows corrosion products detected when zinc has been exposed in natural 
environments. Many corrosion products formed on zinc under atmospheric conditions are 
crystalline8. 
 
 
Table 4. Corrosion products on zinc.4 

Substance Formula Crystal system 

Oxides and Hydroxides   

Zincite ZnO Cub. 

Wülfingite ε-Zn(OH)2 Orth. 

   

Sulfides   

Wurtzite β-ZnS Hex. 

   

Sulfites   

Zinc Sulfite ZnSO3·H2O Mon. 

   

Sulfates   

Zinkosite ZnSO4 Orth. 

Gunningite ZnSO4·H2O Mon. 

Boyleite ZnSO4·4H2O Mon. 

Bianchite ZnSO4·6H2O Mon. 

Goslarite ZnSO4·7H2O Orth. 

Zinc Hydroxysulfate Zn4SO4(OH)6·4H2O Tric. 

Gordaite NaZn4Cl(OH)6SO4·6H2O Hex. 

   

Chlorides   

Simonkolleite Zn5Cl2(OH)8·H2O Hex. 

Zinc Oxychloride Zn5Cl2O4·H2O  

Zinc Chlorosulfate Zn4Cl2(OH)4SO4·5H2O Mon. 

   

Carbonates   

Smithsonite ZnCO3 Hex. 

Zinc Carbonate ZnCO4·4H2O  

Zinc Carbonate Zn4CO3(OH)6  

Hydrozincite Zn5(CO3)2(OH)6 Mon. 

Zinc Carbonate Oxychloride Zna(CO3)b(OH)cOCl  

   

Nitrates   

Zinc Nitrate Zn(NO3)2  
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2.3.3 The Effect of Pollutants on Corrosion of Zinc 

 
Commonly, the accelerating effect of salts on the corrosion rate of metals is related to the 
salts hygroscopic nature (elongated TOW) and the fact that the anion can be involved in the 
corrosion product formation. Less attention has been given to the role of the cation. 
Prosek, Thierry, Taxén and Maixner 17 have studied the effect of sodium-, calcium- and 
magnesium chloride deposition on zinc surfaces under atmospheric conditions. Pure NaCl, 
pure MgCl2, pure CaCl2 and mixtures of MgCl2/NaCl and MgCl2/CaCl2 were dissolved in 
water/ethanol and deposited on zinc surfaces. All nine mixtures were prepared three times 
with different total concentration of chloride ions yielding final chloride surface 
concentrations of 700, 1400 and 2800 mg/m2. In Figure 5a the weight loss for zinc samples, 
with an initial total chloride surface concentration of 1400 mg/m2, after 28 days of exposure 
are shown. The panels contaminated with pure NaCl are clearly the most corroded, with a 
weight loss more than two times higher than any other. The panels treated with CaCl2 were 
much less corroded and MgCl2 seems to be the least corrosive of the salts. The mixtures of 
salt follow a clear trend with increasing corrosion rate as the Na+ and Ca2+ content 
respectively increases. 
In Figure 5b the weight loss dependence on surface chloride concentration for the pure salt 
depositions is shown. It can be seen that an increase in salt deposition leads to an increase in 
corrosion rate for all three cations, but the effect is stronger for Ca2+ and even stronger for 
Na+. The aggressiveness of the cations was determined to be in the order: 
 

Na+ > Ca2+ > Mg2+ 
 
Prosek et al.17 discussed several explanations for the different aggressiveness of the cations. 
The most probable explanation was the tendency of Ca2+ and Mg2+ to hydrolysis, forming 
hydroxyl complexes and releasing H+ to the solution which is acidified. At a lower pH (<8), 
simonkolleite is the favoured corrosion product over hydrozincite and cathodic areas are 
blocked when the simonkolleite precipitates.  

  
Figure 5a. Weight loss of zinc samples with an initial 
chloride surface concentration of 1400 mg/m2, after 
28 days of exposure. The bottom digits indicate the 
molar ratio between the cations. 17 

Figure 5b. Weight loss on zinc samples correlated to the 
chloride surface concentration. 17 

 



16 
 

 
 
Svensson and Johansson18,19 have studied the NaCl-induced atmospheric corrosion behaviour 
of zinc in pure air and in air containing SO2 at 70 and 95 % RH. NaCl was deposited on the zinc 
samples before exposure and the concentration of SO2 in the air was 0.78 ppm. The zinc was 
exposed in a 420 hours (22 °C) exposure to the different environments and RH. It was seen 
that at 70 % RH, SO2 weakly inhibited corrosion (compared to the pure air case) at moderate 
surface concentration of NaCl. SO2 also inhibited corrosion in the 95 % exposure, but at higher 
NaCl surface concentrations. In the pure air experiments (both RH’s), zinc oxide and 
simonkolleite was found on the samples with moderate to high concentrations of NaCl, and 
on samples with less NaCl, Cl- containing compounds were seen. In the SO2 experiments, zinc 
hydroxysulfate was also found, although sometimes only in trace amounts. On samples where 
SO2 had an inhibiting effect, gordaite was found and therefor suggested as responsible for the 
inhibiting effect of SO2 at moderate to high NaCl concentrations. The protective effect of 
gordaite was suggested to be caused by the decreased conductivity of the electrolyte as Na+ 
and Cl- precipitates from the solution and by the physical blocking of the cathodic and the 
anodic sites by the precipitated salt. 

2.3.4 Corrosion Sequence in Atmospheric Corrosion of Zinc 

 
The very instant a freshly prepared zinc surface is exposed to the air, a ZnO layer forms with a 
thickness of a few nanometres. If there is some humidity in the atmosphere a thin water layer 
will adhere to the surface and a zinc hydroxide (Zn(OH)2) layer then forms quickly, also with a 
thickness in the order of nanometres. The atmospheric CO2 now starts dissolving in the thin 
water layer and zinc hydroxide is soon transformed to hydrozincite (Zn5(CO3)2(OH)6)4. These 
three first steps take place in any natural atmosphere but the subsequent corrosion behaviour 
is determined by the atmospheric conditions and by how the samples have been exposed 
(sheltered or unsheltered). An overview of the corrosion products found on zinc exposed 
under sheltered conditions in the four commonly discussed environments can be seen in 
Figure 6. The corrosion sequence in the rural environment is very different from that of the 
       n    n  n s;     ak s a  u  a   n     f    any            s  n     u     an “    
na u al  n s” (i.e. the ones formed in an unpolluted environment) are seen. 
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Odnevall10 has studied the atmospheric corrosion of zinc and proposed the reaction scheme 
presented in Figure 7. The transformation from one phase to another is believed to occur 
either through a dissolution-reprecipitation process or through slow transformation in the 
solid state. Which of the paths that actually takes place depends on the nature of the 
corrosive species present in the atmosphere as well as on the RH. Odnevall exposed zinc in 
three sulphur species dominated atmospheres; rural, urban and industrial and in the chloride 
species dominated marine atmosphere. 
The rural atmosphere in which Odnevall exposed the zinc samples was, although relatively 
benign, dominated by sulphur species rather than chloride. After the initial formation of 
hydrozincite (Zn5(CO3)2(OH)6), the deposition of sulphur dioxide and other sulphur containing 
species enabled the formation of zinc hydroxysulfate (Zn4SO4(OH)6·4H2O). Zinc hydroxysulfate 
is the final corrosion product in the rural atmosphere, as long as the environment does not 
change radically. 
The corrosion sequence in the urban atmosphere started off in the same manner as in the 
study of the rural atmosphere; however, zinc hydroxysulfate was not the only end product in 
this case. Since there was some chlorine containing pollutants in the urban atmosphere, the 
corrosion products continued evolving by formation of zinc chlorosulfate 
(Zn4Cl2(OH)4SO4·5H2O) which was the second end product. In the urban atmosphere, the 
corrosion sequence going via the dashed arrow was also observed, see Figure 7. 
The industrial atmosphere where the samples were exposed had high deposition rates of 
sulphur- and chlorine containing species as well as frequent wetting and drying cycles. This led 
to quick formation (after 1 day) of zinc chlorosulfate, which was also the single end product. 

ZnO 
Zn(OH)2 

Zn(OH)2 
Zn5(CO3)2(OH)6 

ZnO 
Zn5(CO3)2(OH)6 
Zn5Cl2(OH)8·H2O 
Zn4SO4(OH)6·4H2O 
NaZn4Cl(OH)6SO4·6H2O 

Zn(OH)2 
Zn5(CO3)2(OH)6 
Zn4SO4(OH)6·4H2O 
 

Zn(OH)2 
ZnSO4·nH2O 
Zn5(CO3)2(OH)6 
Zn4Cl2(OH)4SO4·5H2O 
Zn4SO4(OH)6·4H2O 
 

ZnSO4·nH2O 
Zn5(CO3)2(OH)6 
Zn4Cl2(OH)4SO4·5H2O 
Zn4SO4(OH)6·4H2O 
 

Major compounds 1 day 1 week 1 month 

ZnSO4·nH2O 
Zn4Cl2(OH)4SO4·5H2O 
Zn4SO4(OH)6·4H2O 
 

Zn4SO4(OH)6·4H2O 
Zn4Cl2(OH)4SO4·5H2O 

Zn4SO4(OH)6·4H2O 

NaZn4Cl(OH)6SO4·6H2O 

 Zn5Cl2(OH)8·H2O 

 

1 year 

Figure 6. Corrosion product formation sequence in different environments under sheltered conditions. The black dots 
indicate at what time a compound was earliest detected.8,4 
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In the marine atmosphere, which was dominated by chlorine containing species, the initially 
formed corrosion product was simonkolleite (Zn5Cl2(OH)8·H2O). The marine atmosphere also 
included sulphur containing species, such as SO2 and Na2SO4, which were deposited on the 
zinc surface leading to the formation of gordaite (NaZn4Cl(OH)6SO4·6H2O) which proved to be 
the end product at the marine site. 
 
 

 
 
 
 

2.4 Corrosion Test Methods 

 
In the automotive industry, it is important to have knowledge about a materials corrosion 
resistance. In order to attain this knowledge, corrosion resistance tests have to be performed, 
field tests being the most reliable test method. In the automotive industry this includes both 
stationary and mobile exposures. Field tests are, however, time consuming and expensive, 
yielding the need for an alternative testing method. For this reason, accelerated corrosion 
tests have been developed which are less time consuming but also less reliable.20 

2.4.1 Accelerated Corrosion Testing 

 
In order to fully evaluate a materials behaviour in the atmosphere, long term exposures are 
necessary, preferably as long as the materials actual service life. With the goal of reducing test 
time but still obtaining valid results, accelerated corrosion tests were developed.9 One 
method of accelerating corrosion is the use of a cabinet test such as the salt spray test or a 
humidity cabinet test. The atmosphere in the humidity cabinet can be altered so that it 
contains corrosives, for example SO2 and/or NOx and NH3. There is a standard neutral salt 
spray test (ISO 9227) and many manufacturers of cars have their own accelerated tests; Volvo 

SO4
2- > Cl-  

SO4
2- not negligible Cl- not negligible 

Zn(OH)2 

Zinc hydroxide 

Zn5(CO3)2(OH)6 

Hydrozincite 

Zn5Cl2(OH)8·H2O 
Simonkolleite 

Zn4SO4(OH)6·4H2O 
Zinc hydroxysulfate 

Zn4Cl2(OH)4SO4·5H2O 
Zinc chlorosulfate 

NaZn4Cl(OH)6SO4·6H2O 
Gordaite 

SO4
2- > Cl-  

Cl- > SO4
2- 

Figure 7. General corrosion product formation sequence on atmospherically exposed zinc. 10 
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Car Corporation uses the VCS 1027, 149, General Motors uses the GM9540P etc. Normally 
these tests are of a cyclic nature with alternating wet and dry periods 

  



20 
 

3 Experimental 
 

3.1 Evaluation Methods 

 
Methods used for qualitative evaluation of corrosion products were X-ray Diffraction, Fourier 
Transform Infrared Spectroscopy and Scanning electron Microscopy and Energy Dispersive X-
ray Spectroscopy. 
 

3.1.1 X-ray Diffraction (XRD) 

 
XRD is a technique for analysing crystalline compounds. Both solid bodies and powder 
samples can be analysed. A sample is subjected to a monochromatic x-ray which, upon hitting 
the electrons in the crystal lattice, is scattered. The interplanar distance, d (giving the unit cell 
parameters), can be calculated from the measured scattering angle, θ, and the known 
wavelength of the x-ray beam, λ, us n  B a  ’s la : 
 

         
 
An   a    x la n n  B a  ’s la   s s  n in Figure 8. The intensity of the scattering is also 
measured. The scattering angles and associated intensities are then put together to a 
diffractogram. The contents of a sample can then be characterized by comparing the 
diffractogram with a database of known compounds.26 
 
In this work a D8-instrument from Bruker-AXS with a sol-x detector (energy dispersive) was 
used and x-rays were generated by a Cu anode yielding Cu-Kα radiation by the use of a Göbbel 
mirror. The database used for comparison was PDF-4+ from ICCD. 21 
 

 

Figure 8. Illustration of the scattering of an x-ray beam in a crystal lattice.21 
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3.1.2 Fourier Transform Infrared Spectroscopy (FTIR) 

 
FTIR is a technique for analysing both crystalline and amorphous compounds. The bonds 
within and between molecules vibrate at specific frequencies, and these frequencies can be 
analysed using infrared spectroscopy.  
En   y   ll      ansf         a   l  ul   la     n an  l      a n     f  l     n B   ’s 
frequency condition is satisfied:    
 

      
 
where;  
ΔE is the difference in energy between two quantized states, 
h  s Plan k’s   ns an   

is the frequency of the light  
 
Energy that do not fulfil Bohr´s condition will pass through the sample and be picked up by a 
detector. An energy-frequency (or wave number) graph can then be plotted. The vibrational 
spectrum of a molecule is a unique physical property, and is characteristic of the molecule. 
The contents of the unknown sample can be identified by comparing its spectrum to 
previously recorded spectra of known compounds. 
In this work both the KBr method and the microspectroscopy method were used. In the KBr 
method finely ground specimen was mixed with dry KBr powder in a mortar at a ratio of about 
1:350 specimen:KBr. The mixture was then compressed in a die forming a transparent pellet 
and a transmission spectra could be collected. In the microspectroscopy method a solid 
sample could be analysed without having to destroy the sample in the process. However, 
when using this method only a discrete area of the sample could be analysed at a time, and 
several different discrete areas had to be analysed in order to get a good overview of the 
sample.22 The FTIR spectrometer used in this work was a Bio-Rad FT S 175C, equipped with a 
DTGS detector. FTIR microspectroscopy was carried out using a Bio-Rad UMA 500 microscope 
with a MCT detector. 23 The previously recorded spectra used for comparison and 
identification are presented in Figure 9. 
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Figure 9. Reference spectra. From the top: Simonkolleite, Zinc chlorosulfate, Hydrozincite and Gordaite. 
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3.1.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDS) 

 
SEM is a technique that can be used for 
morphological studies of the sample surface and 
with EDS, elemental analyses can be performed. 
Electrons are produced by an electron gun and 
accelerated to an energy of between 0.1 and 30 
keV. The electron beam is focused into a fine spot 
and rastered over the specimen and the secondary 
electrons, created when the electron beam and 
specimen interact, are collected. This will yield an 
image of the sample surface. When the electron 
beam hits the specimen, x-rays are also produced, 
which is characteristic for each atom number. 
These are collected and a qualitative and 
quantitative elemental analysis can be performed 
for atoms with atomic number ≥ 6. A schematic 
image of the SEM instrument is seen in Figure 
10.10,24 
The equipment used in this work was a JEOL 7001F. 
 
 
 
 
 
 

Figure 10. Schematic image of the SEM instrument. 

3.2 Environmental Parameters 

 
The environmental parameters of interest are temperature, RH, precipitation, Cl- content in 
road mud, use of de-icing and/or dust suppressing salts, and content of SO2 in the 
atmosphere. Data from meteorological observatories, located in areas of the trucks driving 
routes, contain yearly mean values of temperature, RH and precipitation. Some of the trucks 
(i.e. those driven in Sweden, England, Russia and Korea) have been equipped with 
instrumentation collecting data on the climatic parameters temperature and RH and road 
mud has been collected in containers on the truck.  Data on de-icing salts have been compiled 
mostly from the report A survey on de-icing salt – Statistics on substances currently used and 
an overview regarding environmentally friendly and less corrosive options.14 It is difficult to 
find data on the atmospheric concentration of SO2 in different parts of the world. The online 
database EarthTrends, maintained by the World Resource Institute, have a database with 
estimation of emissions of SO2 for the years 1990, 1995 and 2000. The estimations have been 
produced by the Netherlands National Institute of Public Health and the Environment (RIVM) 
and the Netherlands Organization for Applied Scientific Research (TNO). Data sources are 
national and international organizations, independent research institutes, and the scientific 
literature.25 
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3.3 Field Exposures 

 
T      j    “Assessment of corrosivity of global vehicle environment” was described shortly in 
the introduction. Here follows a more thorough description of the project. 
Uncoated metallic specimens, painted specimens, crevice specimens and bimetallic specimens 
were mounted on trailers travelling all over the world. The specimens were mounted with 
plastic screws on to a plexi-glass sheet attached to an aluminium frame. The aluminium 
frames were then mounted on trucks in front of the rear wheel, either on the left side of the 
truck (for countries with right-side traffic) and vice versa for countries with left-side traffic. A 
picture of a mounted test rack can be seen in Figure 11. A stationary shielded field exposure 
was also conducted at a site with a marine atmosphere. 
 
  
 

 
Figure 11. Truck with test rack mounted in front of the rear wheels.  

 
Most of the zinc panels were scraped using a scalpel and the products were collected but 
some of the panels were simply rinsed and gently brushed in tap water. The corrosion rate 
was also determined.  
 
In this master thesis, the zinc panels were analysed for corrosion products. The products from 
the panels that had been scraped were analysed with X-ray powder diffraction and with FTIR 
spectroscopy in the form of KBr pellets. The panels that had not been scraped were cleaned 
thoroughly and then analysed as they were with X-ray diffraction. These panels were then 
scraped and analysed with FTIR spectroscopy in the form of KBr pellets, except for the panels 
from Korea and the marine site which were analysed with the microscopy method. 
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3.4 Accelerated Exposures 

 
The results from field exposure (corrosion rate and corrosion products formed) are to be 
correlated to the climate in which the respective panel has been exposed. In order to evaluate 
how different parameters influence the corrosion rate and formation of corrosion products, 
accelerated test were performed. Two sets of zinc specimen were exposed in a humidity 
cabinet in different cycles. Set one contained 5 samples and set two contained 6 samples. The 
reason for adding sample 12 in the second cycle is some calcium containing compounds found 
when analysing the field exposed samples. 

3.4.1 Sample Preparation 

 
Zinc sheets of size 50 x 18 mm were cut out and a hole (r=2 mm) was stamped out. The sheets 
were polished with mesh up to 1200 and rinsed with ethanol and then mounted on a rack 
with plastic screws. The sheets were prepared according to Table 5, with three replicas (a, b 
and c) for each sample number. When the samples were not being worked on, they were 
stored in a desiccator.  
 
Table 5. Preparation of zinc samples. 

Sample nr Preparation 

1 and 6 Blank 

2 and 7 NaCl 70 µg/cm2 

3 and 8 NaCl 70 µg/cm2 + mud 

4 and 9 NaCl 70 µg/cm2 + Na2SO4 7 µg/cm2 

5 and 11 NaCl 70 µg/cm2 + Na2SO4 7 µg/cm2 + mud 

12 NaCl 35 µg/cm2 + CaCl2 33 µg/cm2 

Carbon steel (CS) NaCl 70 µg/cm2 

 
NaCl was added from a 90/10 mixture of ethanol/water saturated with NaCl. 70 µg/cm2 
corresponds to a marine environment, according to Lindström.26 Na2SO4 was added from a 
water solution of Na2SO4. 7 µg/cm2 is a tenth of the NaCl deposition, which corresponds to 
the ratio for NaCl/SO2 deposition of about 20a. The mud was prepared in accordance with the 
Volvo Corporate Standard STD 1027,1375 but with no salt added in the mud mixture since the 
amount of salt on each sample was to be the same. The mud contains 90 % washed sea sand 
of grain size 0,1-0,3 mm, 9 % kaolin and 1 % active carbon. The NaCl/CaCl2 mixture was added 
from an 80/20 mixture of ethanol/water containing 2 parts NaCl and 1 part CaCl2. 
Three sheets of carbon steel were also prepared with NaCl, 70 µg/cm2, and put in as a 
reference for corrosion rate in both exposures.  
 
 
 

                                                      
a
 The NaCl deposition rate from a marine environment

26
 and the SO2 deposition rate from a rural environment

11
. 
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3.4.2 Exposures 

 
The samples were placed in a humidity chamber and exposed for 10 days (240 hours). 
Samples 1 to 5 were exposed in exposure 1 and samples 6 to 12 were exposed in exposure 2, 
see below. 
 
Exposure 1 
The cycle for exposure 1  s “T s   y l   n a     an         .1.1, Va  an  1” f    V l   
Corporate Standard STD 1027, 1375. It contains wet (RH=90%) and dry (RH=45%) periods at a 
constant high temperature of 35 °C as visualized in Figure 12. The wet period is 8 hours long 
and the dry period is 4 hours long. The drying time (when RH changes from 90 % to 45 %) is to 
be no longer than 0,5 hours. 
 

 
Figure 12. Cycle for exposure 1. 

 
Exposure 2 
For exposure 2, static conditions were chosen in order to simulate a very humid climate, with 
no or very few drying periods. It has a constant high temperature of 35 °C and a constant high 
RH at 90 % as can be seen in Figure 13. 
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Figure 13. Cycle for exposure 2. 

 

3.4.3 After Exposures 

 
After exposure in the humidity cabinet, the mud covered samples were rinsed in tap water 
and gently brushed in order to get rid of as much mud as possible. There was of course a risk 
of some of the corrosion products disappearing as well, however most corrosion products 
formed on zinc have quite poor solubility in water. The samples were then stored in a 
desiccator for at least 24 hours before weighing. After the samples had been weighed, they 
were analysed with XRD and FTIR. After these initial analyses the corrosion products were 
scraped off and collected in containers. The zinc samples were then pickled in Glycine and the 
carbon steel samples were pickled in Clarkes solution.  
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4 Results and Discussion 

4.1 Environmental Parameters 

4.1.1 Climatic Parameters 

 
Climatic data has been recorded at meteorological stations all over the world for 30 years. It 
should be noted that climatic parameters measured at meteorological observatories is a mean 
values from 30 years of measurement and does not truly represent the micro climate where 
the samples were exposed. The results from these measurements are presented in Table 6 as 
yearly mean values. 27 
 
Table 6. Climatic parameters from 30 years of measurements. 

Area Temperature, °C  RH, %  Precipitation, 
mm/year 

Sweden 6,7 79,8 516 

England 8,7 83,8 628 

Ohio 9,4 72,2 837 

Canada 6,4 80,0 1459 

Missouri 13,1 69,9 940 

Mexico 13,2 61,0 912 

Brazil 19,9 78,7 1401 

Argentina 17,6 72,9 1065 

Thailand 28,5 75,3 1323 

United Arab Emirates 27,2 60,7 95 

Russia 4,9 80,3 671 

Korea 10,5 71,4 1342 

BM a  6,7 79,8 516 
a Stationary field exposure at a marine site in Sweden. 
 
The different areas have been divided into categories depending on their climatic 
characteristics; dry, humid, low or high temperature. Three general categories are proposed; 
A: Humid (precipitation>1000 and/or RH>70) and high temperature (> 15°C); B: Humid and 
low temperature (< 10°C); C: Dry (precipitation<100 and RH<≈60) and high temperature. 
Naturally there are borderline cases as well; these will be placed in category D: Medium 
humidity and temperature. The different categories are visualized in Table 7. 
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Table 7. Climatic categories of areas. 

A: Humid and high temperature 
    RH>70% and T> 15 °C 

B: Humid and low temperature 
    RH>70% and T< 10 °C 

- Brazil 
- Argentina 
- Thailand 

- Canada 
- Sweden 
- England 
- Ohio 
- Russia 

C: Dry and high temperature 
    RH<65% and T>15 °C 

D: Medium humidity and temperature 

- United Arab Emirates - Missouri 
- Mexico 
- Korea 

 
Korea has much precipitation but too low RH and a bit too high temperature to fit in to 
category B. Mexico has too low temperature and a bit too much precipitation to fit in to 
category C. Missouri has too low RH and too high temperature to fit in to category B. 
 
For some areas, environmental parameters are available from direct measurements on the 
truck. These areas are Sweden, England, Korea and Russia. In Table 8 the on-truck 
measurements of RH, temperature and Cl- content in road mud from these countries are 
shown. On-truck measurements are closer to the actual micro climate that the metal 
experiences. Trucks driving in Sweden seem to have been exposed to the greatest amount of 
salt and trucks from England was subjected to the least amount of salt. The Na+ content in the 
road mud suggests that most of the Cl- ions derive from NaCl but also Ca2+, Mg2+, Cu2+ and 
SO4

2- ions, were detected in smaller amounts.  
 

Table 8. On-truck measurements of environmental parameters. 

Area Yearly mean (on-truck measurements) 

RH, % T, °C  Cl-, mg/ cm2,year 

Sweden 76,8 11,0 104 +/- 21 

England 77,7 10,7 1,4 +/- 0,3 

Russia 74,5 11,4 8,7 +/- 1,7 

Korea 70,8 14,1 11,7 +/- 2,3 

 
To get a closer look on the short-time variances in RH and temperature, 4 days of 
measurements from a mobile field exposure is visualized in Figure 14 and from a stationary, 
marine field exposure in Figure 15. 
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Figure 14. 4 days of measurement from a truck driven in Sweden. The black arrows indicate periods of 
quick increase in temperature where dew may precipitate on the zinc surfaces.  

 
Figure 15. 4 days of measurement from a stationary, marine field exposure in Sweden. 

 
The variations in temperature and RH are large; at one point the temperature decreases with 
20 °C in two hours, and the RH varies between 40 and 100 %. The variations in RH and 
temperature could have many possible explanations; heat from the truck, splashing from 
other vehicles, the different geographic locations of the truck (indoors, in tunnels etc.). When 
a cold zinc surface suddenly comes into contact with warmer, more humid air (when entering 
a garage, for example), the warm air will cool down below the dew point, so dew will 
precipitate on to the cold surface. When a film of dew forms on the surface, any pollutants 
present will dissolve and give rise to a very corrosive dew film. A dew film is, in general, much 
more corrosive than the film formed on a surface when it rains, since the rain will give rise to 
a more diluted solution and might also wash away the pollutants.28 In Figure 15, 4 days of 
measurement from a stationary field exposure in a Swedish, marine environment is visualized. 
(Note the different scale on the temperature axis, compared to Figure 14.) The RH in the 
stationary field exposure varies between 55 and 90 % and the temperature varies between 5 
and 9 °C. The variations in climatic parameters are much smaller here than in the mobile field 
exposure. 
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4.1.2 SO2 emissions 

 
Estimation of emissions of sulphur dioxide in different countries is shown in Table 9. 
 
Table 9. Estimation of emissions of SO2 for the year 2000. Compiled from EarthTrends 25. 

Area SO2, 1000 tonnes year 2000 

Sweden 335,6 

England 1621,6 

Canada 2953,9 

Mexico 2934,2 

Brazil 2852,7 

Argentina 456,4 

Thailand 1305,5 

United Arab Emirates 940,7 

Russia 9792,9 

Korea, North + South 5152,4 

United States 17866 

 
These are estimations and not measurements; however it can give an indication as to which 
countries are more heavily polluted than others. The emissions are estimated to be highest in 
the United States (no information was found regarding the separate states) and in Russia, 
while Sweden and Argentina are estimated to have the lowest emissions. The SO2 
concentration varies much and can locally be very high or very low in any country. 
 

4.1.3 Use of Road Salt and/or Dust Suppressant 

 
Climatic parameters are of great importance for the corrosion behaviour of a metal, and 
within a given temperature-humidity complex the most important factor is pollution levels 
caused by airborne salinity and SO2.15 In Table 10 the use of salt in specific areas in question is 
described.  
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Table 10. Use of salt for de-icing or dust supressing purposes. 

Area Salt use 

Sweden In 2005, Sweden used about 250.000 tons of NaCl.14 

England In 2002, Great Britain used 2.2 million tons of NaCl and CaCl2. 14 

Ohio In 2010 Ohio, USA, used almost 22 million litres of brine, over 3 
million litres of CaCl2, 155.000 litres corrosion inhibited CaCl2 and 
90.000 litres of Geomelt on their roads.29 

Canada In the winter 97/98 approximately 4.7 million tonnes of NaCl and 
110.000 tonnes of CaCl2 was used for road salt in Canada. In 
addition, about 103.000 tonnes of chloride salt (mainly CaCl2) was 
used for dust suppression in 2000.14 

Missouri In 2004/2005 Missouri, USA used 128.000 tonnes of NaCl, 7.3 million 
litres of NaCl brine and 772.000 litres of CaCl2 brine.30 

Mexico No information. 

Brazil No information. 

Argentina No information. 

Thailand No information. 

United Arab 
Emirates 

No information. 

Russia Few sources are available but Ziraz plc. state on their webpage that 
their product IceMeltTM is supplied to the Moscow City Council. 
IceMeltTM contains approximately 25 % CaCl2 and 75 % NaCl with 
added anticorrosion inhibition.14 

Korea Documented uses of road salt (including CaCl2). 31,32  

 
The countries for which no information regarding salt use has been found are the warmer 
countries, showing there is probably no widespread need for the usage of de-icing salts in 
these regions. However, salt can also be used for dust suppression but no information has 
been found regarding this. In the marine environment, salt comes from the sea water, which 
contains approximately 3.5 % salt. 
Another factor influencing the micro climate is the road mud which adheres to the zinc 
surface. A mud with hygroscopic properties (i.e. a mud that contains for example much 
hygroscopic salt) will keep the surface wet for a longer time, thereby increasing the corrosion 
rate.  
 
 
 
 
 
 
 
 
 
 



33 
 

4.2 Field Exposures 

 
Corrosion rates for the field exposed zinc are presented in 
Table 11. T     lu n “C    s    y  a     y”  n 
Table 11 was explained in Table 1.  
 
Table 11. Measured corrosion rates for zinc in the field exposures.  

Area Exposure time 
(months) 

Corrosion rate, 
µm/year 

Corrosivity 
category 

Sweden 12 3,6 C4 

England 12 4,1 C4 

Ohio 24 4,3 C4 

Canada 24 7,8 C5 

Missouri 24 7,8 C5 

Mexico 12 1,8 C3 

Brazil 12 1,9 C3 

Argentina 24 0,8 C3 

Thailand 12 0,5 C2 

United Arab Emirates 12 1,5 C3 

Russia 12 5,5 C5 

Korea 12 1,3 C3 

BMa 12 2,5 C4 
aStationary field exposure at a marine site in Sweden. 
 
The corrosion rate values range from Low in e.g. Thailand to Very high in e.g. Canada. The 
corrosion rate of panels from mobile exposures in Sweden is higher than that of panels 
exposed in the marine environment in Sweden. The panels from Ohio and Canada have been 
exposed for two years; hence the measured corrosion value has been divided by two to 
estimate the yearly corrosion rate. However, according to ISO 922433 the corrosion rate for 
uncoated zinc is highest during the first year of exposure. This means that the corrosion rates 
for zinc exposed in these four countries are likely to be underestimated and should possibly 
have a higher corrosivity category. 
 

4.2.1 Evaluation of Corrosion Products Using XRD 

 
Part of a typical XRD spectrum from a cleaned panel is presented in Figure 16. It is from the 
analysis of a cleaned panel from England. All the product layers on the panel have been 
analysed, which is verified by the fact that a strong zinc signal is visible. The broad signal seen 
just above 40 degrees is probably due to a problem with the detector. When this flaw has 
appeared in some of the spectra it has not been analysed. The zinc panels that were scraped 
were not rinsed before so the resulting XRD spectra contain many peaks from dirt, such as 
different forms of silicon oxide (quartz) and calcite. However, the panels that were cleaned 
and not scraped still contained some dirt. In  
Table 12 is an overview of the results from the analysis of XRD spectra from the different 
areas. The - sign indicates that that corrosion product is not present; the + sign indicates that 
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that corrosion product is present; and the ? sign indicates that the corrosion product may be 
present, but in very small amounts, that it is amorphous or that it could be confused with 
another compound giving rise to a similar signal. 
 

 
 
Figure 16. XRD spectrum of cleaned panel from England. 

 
Table 12. Corrosion products and other compounds discovered on the field exposed zinc, using XRD. 

Area Method of 
Analysis 

Simon-
kolleite 

Hydro-
zincite 

Zinc 
chlorosulfate 

Gordaite 

Thailand Powder ? - - - 

Brazil Powder ? ? - - 

Missouri Powder + - - ? 

Mexico Powder - - - - 

Canada Powder - - - - 

Ohio Powder + - - ? 

United Arab Emirates Powder + - - - 

Argentina Powder - - - - 

Sweden Solid + - - ? 

England Solid + - - + 

Russia Solid + - - + 

Korea Solid - - - - 

BMa Solid ? - - + 
aStationary field exposure at a marine site in Sweden 
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Gordaite was only confirmed in samples for which the analysis was made directly on the 
surface, not in any of the powder samples. 
 
The ? sign in the simonkolleite column indicates that there may be some simonkolleite 
present, but it may just as well be part of the noise. Due to the fact that the panels had been 
scraped and not washed before, there is a lot of noise in the spectra. The same goes for the ? 
sign in the Gordaite column. The mineral Gordaite only has one really strong peak in the XRD 
diffractogramso it is hard to confirm its presence with a great measure of confidence if there 
is much noise in the spectra disturbing the baseline. However, if the tree diagram in Figure 7 is 
studied it can be seen that in an environment with a high chloride content and not negligible 
content of SO4

2-, the expected end product is Gordaite. It should also be mentioned that when 
searching for compounds matching the peak at 6.7, Gordaite was the compound with the best 
match. Gordaite is likely to be a corrosion product in the cold and humid countries where road 
salt is used during winter and where the SO2 concentration in the atmosphere is not 
negligible.  As for hydrozincite, there is sometimes a hill around where the peak should be, 
indicating that the sample could contain hydrozincite but in an amorphous phase or in small 
amounts.  
 

4.2.2 Evaluation of Corrosion Products Using FTIR  

 
When all the FTIR spectra had been collected, they were analysed using a set of reference 
spectra. The reference spectra, with peak position labels, are shown in Figure 9. Two 
examples of sample spectra are shown in Figure 17. 
 

 

 
 
Figure 17. Spectra of samples from Ohio (top) and England (bottom). 

 
The sample from England was fairly clean and the corresponding spectrum was easily 
analysed; the corrosion products were mainly hydrozincite and simonkolleite. If the sample 
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contained only small amounts of a compound its presence could be difficult to verify, owing to 
the fact that many peaks had similar positions and to the fact that there was a lot of dirt in the 
samples. This is the case in the sample from Ohio. It contained much dirt and the 
corresponding spectrum was not easily analysed. The content of hydrozincite and 
simonkolleite was less than the content of dirt so hydrozincite does not give rise to easily 
defined peaks, but more of a shoulder on the side of another peak. Zinc chlorosulfate was 
found only in the sample from United Arab Emirates. 
 In Table 13          s  n     u  s f un       FTIR a      s n                  “M       f 
analys s” f    a   sample. The samples from Korea and the stationary marine exposure were 
not possible to scrape in order to make a KBr pellet so these were analysed with the 
microscopic technique.  
 
Table 13. Result from analysis with FTIR. 

Area Method of 
Analysis  

Simon-
kolleite 

Hydro-
zincite 

Zinc 
chlorosulfate 

Gordaite 

Thailand KBr pel. - - - - 

Brazil KBr pel. - ? - - 

Missouri KBr pel. ? + - - 

Mexico KBr pel. - - - - 

Canada KBr pel. - + - - 

Ohio KBr pel. + + - - 

United Arab Emirates KBr pel. - ? + - 

Argentina KBr pel. - - - - 

Sweden KBr pel. ? + - - 

England KBr pel. + + - - 

Russia KBr pel. ? + - ? 

Korea Microscope - ? - - 

BMa Microscope - + - + 
aStationary field exposure at a marine site in Sweden 
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4.2.3 Summary Field Exposures 

 
The field tested zinc was evaluated using XRD and FTIR. An overview of the corrosion products 
found using these two techniques is presented in Table 14.  
 
Table 14. Corrosion products discovered on the field exposed zinc. 

Area Corrosion products 
 

Hydrozincite Simon-
kolleite 

Gordaite Zinc 
chlorosulfate 

Sweden + + ? - 

England + + + - 

Ohio + + ? - 

Canada + - - - 

Missouri + + ? - 

Mexico - - - - 

Brazil ? ? - - 

Argentina - - - - 

Thailand - ? - - 

United Arab Emirates + + - + 

Russia + + + - 

Korea + - - - 

BMa + ? + - 
aStationary field exposure at a marine site in Sweden 
 
The - sign indicates that that corrosion product is not present; the + sign indicates that it is 
confirmed and the ? sign indicates that the corrosion product may be there, but in very small 
amounts, that it is amorphous or that it could be confused with another compound giving rise 
to a similar signal. The most common corrosion products found were simonkolleite and 
hydrozincite. Gordaite was found in some of the samples and in one sample zinc chlorosulfate 
was found. 
 
When analysing with FTIR, Gordaite was only discovered on the marine sample, using the 
microscopic method, even though it was seen on several of the samples using XRD. This is 
either because the amount of Gordaite in the other samples was relatively smaller or because 
Gordaite has very good adherence to the sample surface and does not come off when 
scraping the surface with a scalpel (the marine sample was the only Gordaite containing 
sample which was not analysed as a KBr pellet, but directly on the surface using the 
microscopic method). The same phenomenon was sometimes observed for simonkolleite. 
Simonkolleite was only found in countries that use road salt during the winter, with the 
exception of the United Arab Emirates where simonkolleite was also found. The United Arab 
Emirates has a yearly mean temperature of 27.2 °C and probably has no use for de-icing salt. 
However, simonkolleite cannot form unless Cl- is deposited on the surface meaning that there 
must be another source of Cl- in the United Arab Emirates such as dust suppression salts or 
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aerosols from the ocean. In the sample from United Arab Emirates zinc chlorosulfate was 
found using FTIR. This was not seen from the XRD analysis and according to Table 4 zinc 
chlorosulfate is crystalline. However there are several undesignated peaks in the 
diffractogram of which one or more could belong to zinc chlorosulfate. Another possible 
explanation is that zinc chlorosulfate in this case is more amorphous. 
 
Some interesting results from exposures in Sweden have been seen. The sample from the 
stationary exposures in the marine environment had lower corrosion rate than the sample 
from the mobile exposures. The automotive environment has been described as similar to the 
marine environment in corrosivity8, but here the automotive environment seems to be more 
aggressive than the marine. There was also a difference in the composition of found corrosion 
products on the sample from the stationary and mobile exposures respectively; the marine 
sample contained gordaite, but no simonkolleite was seen (all simonkolleite had transformed 
to the marine final corrosion product, gordaite) while on the sample from the mobile 
exposure, simonkolleite and small amounts of gordaite was seen (all simonkolleite had not 
transformed to gordaite). Zinc corrodes faster in an automotive than in a marine 
environment, but this does not mean that the corrosion products evolve faster. 
 
Method of Analysis 
Since all panels corroded to some extent, corrosion products must have formed on all of 
them, but in some of the samples, no or very little corrosion product was seen and in Canada, 
which has a very high corrosion rate, only hydrozincite was seen. A probable explanation for 
this is that the corrosion products on the exposed panel did not come off when the panel was 
scraped, only the road mud did. Naturally the scraping of samples has to be done carefully so 
the underlying, uncorroded metal is not damaged. When analysing directly on the panel 
surface all formed corrosion products can be analysed and therefore the results from these 
analyses is more reliable. Samples from Korea, Russia, Sweden and England were analysed 
with XRD directly on the panel and since the panel from Korea looked much less corroded 
than the other three, it was analysed with the FTIR microscopic method instead of as a KBr 
pellet. Even when analysed directly on the panel, the Korean sample did not show a lot of 
corrosion products and if scraped the result could possibly have been no found corrosion 
products, like in the sample from Mexico. 

  



39 
 

4.3 Accelerated Exposures 

 
The accelerated exposures were performed in order to investigate how different parameters 
influence the corrosion rate and formation of corrosion products. The results from these tests 
can then be helpful when trying to correlate the corrosion rates and corrosion products from 
the field tests to the environmental parameters. 

4.3.1 Evaluation of Corrosion Products Using FTIR 

 
FTIR spectra of samples from the accelerated testing are presented in Figure 18 and Figure 19. 
These spectra have also been compared to the reference spectra in Figure 9. 

 
Figure 18. FTIR analysis of samples 2-5. 

 
Figure 19. FTIR analysis of samples 7-12. 

The spectra in the figures are from the KBr pellet analysis. Many of the spectra look alike, each 
containing hydrozincite and simonkolleite. The mud covered samples (8 and 11), however, 
were harder to analyse, as they may contain some hydrozincite, but the peak positions were 
slightly shifted to the right. No simonkolleite was seen in the mud covered samples with the 
FTIR technique. 
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The samples were also analysed with the microscopic method before scraping. 10 – 15 
different locations on each panel were analysed. On one location on sample number 4, 
Gordaite was seen. The findings from the FTIR analysis are summarized in Table 15. 
 
Table 15. Corrosion products found after FTIR evaluation. 

 Sample number Simon-
kolleite 

Hydro-
zincite 

Gordaite Zinc 
chlorosulfate 

Ex
p

o
su

re
 1

 -
 

C
yc

lic
 

1 - Blank - - - - 

2 - NaCl + + - - 

3 - NaCl/Mud - ? - - 

4 - NaCl/Na2SO4 + + + - 

5 - NaCl/Na2SO4/Mud - ? - - 

Ex
p

o
su

re
 2

 -
 

St
a

ti
c 

6 - Blank - - - - 

7 - NaCl + + - - 

8 - NaCl/Mud - ? - - 

9 - NaCl/Na2SO4 + + - - 

11 - NaCl/Na2SO4/Mud - ? - - 

12 - NaCl/CaCl2 + + - - 

 

4.3.2 Evaluation of Corrosion Products Using XRD 

 
Examples of diffractograms of samples from the accelerated exposures are seen in Figure 20 
and Figure 21. On sample 2, simonkolleite was seen. There is also the same kind of flaw 
(around 33 degrees here) that was seen in, for example, the sample from England. Sample 4 
looks much the same, but has a small gordaite signal. The results from the XRD analysis are 
seen in Table 16. 
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Figure 20. Diffractogram of sample 2. 

 
Figure 21. Diffractogram of sample 4. 
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Table 16. Corrosion products found after XRD evaluation. 

 Sample number Simon-
kolleite 

Hydro-
zincite 

Gordaite Zinc 
chlorosulfate 

Ex
p

o
su

re
 1

 -
 

C
yc

lic
 

1 - Blank - - - - 

2 - NaCl + - - - 

3 - NaCl/Mud + - - - 

4 - NaCl/Na2SO4 + - + - 

5 - NaCl/Na2SO4/Mud + - - - 

Ex
p

o
su

re
 2

 -
 

St
a

ti
c 

6 - Blank - - - - 

7 - NaCl + ? - - 

8 - NaCl/Mud + - - - 

9 - NaCl/Na2SO4 + ? - - 

11 - NaCl/Na2SO4/Mud + - - - 

12 - NaCl/CaCl2 + - - - 

 
 
Simonkolleite was found on all of the chloride treated samples but hydrozincite was not seen 
on any of the surfaces when using the XRD technique. Gordaite was seen on the surface of 
sample 4 which had been pre-treated with NaCl and Na2SO4, but not on sample 9 which had 
also been pre-treated with NaCl and Na2SO4. 
 

4.3.3 Amorphous and Crystalline Corrosion Products 

 
SEM was used to get a visual of the surface morphology. In Figure 22 two SEM pictures of the 
sample 7 surface are displayed. 
 

 
Figure 22. SEM picture of surface of sample 7. Amorphous region (to the left) and crystalline region (to 
the right). 

In Figure 22, it can be seen that the corrosion product to the right show a very well defined 
crystal structure. According to the EDS measurement preformed on the crystalline area, it 
contains C, O, Cl and Zn in proportions somewhat corresponding to simonkolleite. On the 
other hand, to the left in the figure, an area with very poor crystalline structure can be seen. 
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The EDS measurement shows a composition containing C, O and Zn in proportions suggesting 
that the corrosion product might be hydrozincite. However, EDS measurements are uncertain 
and should be considered with some scepticism. From Figure 22 it is obvious that, to analyse 
with only XRD is not enough since the surface is not entirely crystalline. Hydrozincite for 
example is, according to Table 4, a crystalline corrosion product, but since it was not seen 
using the XRD technique, hence it must be amorphous or poorly crystalline. Also the zinc 
chlorosulfate is supposed to be crystalline, but according to the XRD analysis, there is no zinc 
chlorosulfate present in any of the samples. When analysing with FTIR however, much zinc 
chlorosulfate was seen in one sample. This, together with the SEM images, demonstrates the 
importance of using more than one analysing technique. 
 

4.3.4 Metal Loss 

 
In Figure 23, the metal loss for all zinc samples and the carbon steel reference are presented. 
All metal loss values are means of three samples, from which the standard deviations were 
calculated. Standard deviations are represented by vertical bars in Figure 23. 
 

 
Figure 23. Metal loss for zinc and carbon steel samples. 

 
When the zinc samples from exposure 1 were scraped with a scalpel in order to collect 
corrosion products, a bit of the underlying metal was scraped of as well due to the metal 
being softer than expected. This means that the metal loss values from exposure 1 are a bit 
exaggerated. It also explains the higher standard deviations for zinc samples from exposure 1. 
If samples from exposure 1 and exposure 2 are compared in pairs of the same preparation, i.e. 
1 to 6, 2 to 7 and so on, it can be seen that the metal loss is higher in 3 cases out of 5. 
However, the standard deviations for samples 2 and 7 are large enough that the relationship 
could be reversed and the same goes for samples 1 and 6. Also the carbon steel samples 
indicate a higher corrosion rate (more aggressive environment) for exposure 2. Somewhat 
contradictory, it has been shown that the corrosion current is highest during the drying period 
of a cyclic test (due to concentration of corrosives)34, meaning that a test with cyclic RH might 
be more corrosive than a test with constant high RH. However, the cyclic test in this work has 
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a short drying time in comparison to the total cycle time and wet time, which explains why the 
exposure with constant high RH is more corrosive than the cyclic exposure. 
 
The mud covered samples exhibited the highest corrosion rates in both exposures, no matter 
how they had been prepared before the addition of mud. From exposure 1; rcorr(3-NaCl/Mud) 
> rcorr(2-NaCl) and rcorr(5-NaCl/Na2SO4/Mud) > rcorr(4-NaCl/Na2SO4), and the relationship is the 
same for the corresponding samples from exposures 2. Two factors might explain the high 
corrosion rates. The first is the fact that the artificial mud prolongs the TOW. However, this 
does not explain the higher corrosion rate of sample 8 (NaCl/Mud) compared to sample 7 
(NaCl) found in the exposure with constant high RH. Since the NaCl deposited on the surface 
has a deliquescence point of about 75 %, an electrolyte layer will be present on the surface 
throughout the exposure. The mud layer must have another effect, except giving rise to a 
prolonged TOW. This effect is probably a case of deposit corrosion, where the mud 
hinders/slows down transport of oxygen to the surface, thereby making re-passivation after 
chloride attack more difficult. However, corrosion products were hard to identify when 
analysing the mud covered samples. The mud was washed of before analysis and it is possible 
that the corrosion products were washed of as well. 
 
From exposure 2 it is seen that The NaCl/CaCl2 sample is the second most corroded, it showed 
higher corrosion rate than both the NaCl sample and the NaCl/Na2SO4 sample. According to 
Prosek et.al17, Na+ is a more corrosive cation than Ca2+, so this result could be in contradiction 
to their findings. However, Prosek et.al. did not test mixtures of NaCl and CaCl2, only the pure 
solutions. 
 

4.3.5 Summary Accelerated Exposures 

 
A summary of the found corrosion products is presented in Table 17. 
 
Table 17. Summary of corrosion products found on samples from accelerated exposures. 

 Sample number Simon-
kolleite 

Hydro-
zincite 

Gordaite Zinc 
chlorosulfate 

Ex
p

o
su

re
 1

 -
 

C
yc

lic
 

1 - Blank - - - - 

2 - NaCl + + - - 

3 - NaCl/Mud + ? - - 

4 - NaCl/Na2SO4 + + + - 

5 - NaCl/Na2SO4/Mud + ? - - 

Ex
p

o
su

re
 2

 -
 

St
a

ti
c 

6 - Blank - - - - 

7 - NaCl + + - - 

8 - NaCl/Mud + ? - - 

9 - NaCl/Na2SO4 + + - - 

11 - NaCl/Na2SO4/Mud + ? - - 

12 - NaCl/CaCl2 + + - - 

 
The most common corrosion products found were hydrozincite and simonkolleite. Gordaite 
was found in sample 4 and no zinc chlorosulfate was found in any of the samples. Gordaite 
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was only found on the NaCl/Na2SO4 sample in the cyclic exposure and not on the alike treated 
sample from the static exposure. This indicates that Gordaite does not form on a constantly 
wet surface, or that drying periods are needed in order for it to precipitate. In exposure 1 the 
NaCl/Na2SO4 samples are less corroded than the NaCl treated samples and in exposure 2 the 
relationship is the opposite. This could indicate that the formation of Gordaite on the sample 
from exposure 1 help protect the surface. This result is in agreement with results from the 
study performed by Svensson and Johansson18,19 where it was found that: 1) Gordaite forms 
at high RH at high surface concentration of NaCl and at lower RH already at moderate surface 
concentration of NaCl and 2) Gordaite seems to have some protective properties. But as 
mentioned before, the measured corrosion rates on exposure 1 samples are less reliable than 
exposure 2 samples. Svensson and Johansson did not find any hydrozincite in any of their 
experiments but since they mostly used XRD for analysis, only crystalline compounds were 
detected and it has been seen in this work that hydrozincite is poorly crystalline. 
 
The cyclic exposure is less corrosive towards zinc than the static exposure. The most plausible 
explanations for this is the shorter TOW. Another explanation can be that the drying periods 
allowed for corrosion products to precipitate easier and thereby protecting the surface. 
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4.4 Correlation and Comparison  

 
The four different climatic categories, corrosion rates (with corrosivity category in 
parenthesis) and corrosion products for the associated countries are summarised in Table 18. 
In the Corrosion products column the found corrosion products are given with; 
S=Simonkolleite, H=Hydrozincite, G=Gordaite and ZC=Zinc chlorosulfate. 
 
Table 18. Summary of climatic parameters, corrosion rates and corrosion products from field exposure. 

Area Corrosion rate Corrosion products 

A: Humid and high temperature 

Brazil 1,9 (C3) Possibly some H and S 

Argentina 0,8 (C3) - 

Thailand 0,5 (C2) Possibly some S 

   

B: Humid and low temperature 

Canada 7,8 (C5) H 

Ohio 4,3 (C5) H, S and possibly some G 

Sweden 3,6 (C4) H, S and possibly some G 

England 4,1 (C4) H, S and G 

Russia 5,5 (C5) H, S and G 

 

C: Dry and high temperature 

United Arab Emirates 1,5 (C3) H, S and ZC 

 

D: Medium humidity and temperature 

Missouri 7,8 (C4) H, S and possibly some G 

Mexico 1,8 (C3) - 

Korea 1,3 (C3) H 

 

4.4.1 A: Humid and High Temperature 

 
The corrosion rates in this category are low to moderate. The climate is of a tropical nature 
which, according to ISO 922315 is favourable for corrosion to occur. However, ISO 9223 also 
states that for a tropical environment to be corrosive the environment has to have a certain 
pollution level (see Table 2). No information has been found regarding use of or deposition 
rate of Cl- and SO2/SO4

2- but the measured corrosion rates indicate that pollution levels in 
Argentina and Thailand are low. The sample from Brazil have a corrosion rate of more than 
two times higher than the other two, indicating a greater level of pollution in Brazil. The 
category A countries have high levels of precipitation which can wash away pollutants from 
the surface resulting in a lower corrosion rate. Very little can be said about the relation 
between the environment and formed corrosion products in this category since no presence 
of corrosion products was absolutely confirmed. 
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4.4.2 B: Humid and Low Temperature 

 
The corrosion rates found in category B are all high or very high. Hydrozincite and 
Simonkolleite are present in all the countries except Canada, where only hydrozincite was 
found. Gordaite (in small amounts) was confirmed in two countries and is possible in two 
more. Category B countries seem to have the characteristics of a marine environment; humid 
and, since it is cold, a high deposition rate of Cl- (from de-icing salts). The de-icing salts keep 
the surface wet for a longer time, due to its hygroscopic properties, and lead to formation of 
Simonkolleite. There must also be a non negligible deposition of SO2/SO4

2-, or Gordaite could 
not have formed. Category B countries seem to follow the red path in Figure 24, which is the 
same as for marine exposure. It was seen in Sweden that the automotive environment is more 
aggressive than the marine environment. This probably has several contributing reasons; 
higher salt load in the automotive environment, more aggressive climate with large 
temperature variation leading  to dew, and the effect of road mud. As seen from the 
accelerated exposures, mud accelerates corrosion. The automotive environment probably 
contains more mud than the marine environment. The fact that the marine sample was less 
corroded than the category B samples supports the view, presented by Svensson and 
Johansson18,19 that the corrosion product gordaite have protective properties, since gordaite 
(and no simonkolleite) was seen in the marine sample while simonkolleite (and small amounts 
of gordaite) was seen in some of the category B countries. 
 
 

 

Figure 24. Corrosion sequence of category B countries (red) and category C country (green). 

 

4.4.3 C: Dry and High Temperature 

 
The sample exposed in the dry and hot climate of the United Arab Emirates exhibits a 
moderate corrosion rate. According to Table 2, the environment in a C3 atmosphere could be 

SO4
2- > Cl-  

SO4
2- not negligible Cl- not negligible 

Zn(OH)2 

Zinc hydroxide 

Zn5(CO3)2(OH)6 

Hydrozincite 

Zn5Cl2(OH)8·H2O 
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Zn4SO4(OH)6·4H2O 
Zinc hydroxysulfate 

Zn4Cl2(OH)4SO4·5H2O 
Zinc chlorosulfate 

NaZn4Cl(OH)6SO4·6H2O 
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SO4
2- > Cl-  

Cl- > SO4
2- 
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either tropical or subtropical with low pollution levels, or temperate with medium pollution of 
SO2 or some effect of chlorides. In this case it is probably the latter, since the United Arab 
Emirates does not have a tropical or subtropical climate. Since both Simonkolleite and Zinc 
chlorosulfate was found in this sample, the corrosion sequence in the United Arab Emirates is 
comparable to that sometimes found in an urban environment( see green path in Figure 24).  

4.4.4 D: Medium Humidity and Temperature 

 
The corrosion rates in this category are moderate to high, with Missouri standing out of the 
group with more than four times the corrosion rate than any of the others. The Missouri 
sample has similar corrosion rate and corrosion products to the category B countries, but the 
climate is a bit to dry and warm to fit in. Missouri is one of the exposure sites using de-icing 
salts during the winter. Either this was a cold and humid year in Missouri, or the automotive 
environments in Missouri and category B countries are more alike than the background 
environments are, in the sense that despite the higher mean temperature and lower mean 
RH, Missouri might use as much de-icing salt during the winter as the category B regions do. 
 
When studying the climate categories in Table 18, it can be seen that the division does not 
entirely comply with the division as it should be done according to ISO 9223. The corrosion 
rates within a climatic category are alike but there are some variations. In order to make a 
better division, more detailed knowledge about the pollution levels (SO2/SO4

2- and Cl-) would 
be required. For trucks driving in Sweden, England, Russia and Korea the content of Cl- in road 
mud was measured and the salt load was falling in the order; Sweden > Korea > Russia > 
England. This does not reflect the corrosion rate in these countries which was in the order; 
Russia > England > Sweden > Korea. Commonly, the content of Cl- is strongly correlated to the 
corrosion rate of zinc but in this case we see no correlation.  Aside from Cl-, road mud typically 
contains silicon oxides and calcite (as seen in XRD analyses of field exposed samples) and 
other ions (detected when analyzing the road mud); Na+, Ca2+, Mg2+, Cu2+ and SO4

2-. 
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5 Concluding Remarks 
 
The automotive environment has been evaluated and compared to the background 
environment in several countries/regions over the world. The automotive climate was found 
to be more varied in temperature and RH than the background climate.  
The corrosion rate of, and corrosion products in samples from mobile exposures in these 
different regions have been compared and correlated to the different environments. Common 
corrosion products that were found were hydrozincite and simonkolleite. Less common 
corrosion products were gordaite and zinc chlorosulfate. The most corrosive automotive 
environment was found in cold, humid regions. It was seen that regions with a cold humid 
climate (using de-icing salts) yield a higher corrosion rate than a comparable (same type of 
background climate) marine environment. Regarding the development of corrosion products, 
the cold humid regions seem to follow the same type of corrosion sequence as a typical 
marine region; hydrozincite  simonkolleite  gordaite. 
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6 Future Work 
 
Future work should aim at understanding the corrosion behaviour of different materials in an 
automotive environment better and to get a better understanding of the surrounding 
environment, i.e. RH, Cl- etc, and to study the automotive environment closer and compare it 
to the background environment to see how the automotive environment differs and how this 
affects the corrosion process. All analyses of corrosion products should be done directly on 
the sample surface instead of on powder scraped off from the panels using a scalpel. This will 
yield more reliable results and reduce the risk of damaging the uncorroded surface when 
scraping corrosion products from the sample. 
It would be interesting to compare the results (correlation between measured corrosion rates 
and environmental parameters) for zinc to other metals exposed in different automotive 
environments to better understand the environmental effects on different metals.  
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