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ABSTRACT 
At present the automotive industry is due to an EU directive, replacing hexavalent 
chrome on vehicles. This is an extensive job as hexavalent chrome is used all over 
the vehicle and to large extent on fasteners (screws, nuts, rivets etc.). Chrome (VI) 
is used as a passivating layer on mainly zinc-iron. When replacing the hexavalent 
chrome with a chrome (VI) free product, the passivating properties are reduced. 
One of the alternatives is to replace the zinc-iron coating with a zinc-nickel coating. 
This coating shows great promise from the corrosion resistance point of view. 
Zinc-nickel is a cathodically protecting coating, and will in principle dissolve to 
protect the substrate from corrosion. It is therefore important to understand how, 
and at what rates nickel is released from zinc-nickel coatings when exposed to a 
chloride-rich automotive environment. The potential environmental impact of nickel 
needs to be evaluated before Scania can introduce this alternative as corrosion 
protection. Tests by Scania have previously shown that contact allergy is not an 
issue for zinc-nickel coatings with Cr (III) passivation.  

Nickel release rates corresponding to 0,12 mg m-2yr-1 for zinc-15 % nickel coatings 
at a pH of 4,2 were determined from an accelerated corrosion test. Based on 
these values, less than 1 kg of nickel per year would be released from the Scania 
rolling stock if Scania were to introduce zinc-nickel coatings preferably on 
fasteners. This value is low compared to other sources of nickel release. In order 
to evaluate the toxicity of the released nickel, information about the chemical 
speciation, i.e. chemical forms, is needed.  

Total or dissolved metal are not good predictors of ecotoxicity of metals. Chemical 
speciation and bioavailability must be incorporated in toxicity testing. Total or 
dissolved metal may be used as a worst case approximation.  
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1 INTRODUCTION AND BACKGROUND 
At present the automotive industry is due to an EU directive, replacing hexavalent 
chrome on vehicles. This is an extensive job as hexavalent chrome is used all over 
the vehicle and to large extent on fasteners (screws, nuts, rivets etc.). The End of 
Life Vehicle directive (ELV) bans the use of hexavalent chrome, cadmium, lead 
etc. from the production of vehicles below 3,5 metric tons in weight from 1 July 
2007. Since passenger cars account for the great volumes of chromated parts, 
Scania will be forced to replace hexavalent chrome although there are no legal 
restrictions for the use of chromates on heavy vehicles. Replacing hexavalent 
chrome is in-line with the environmental policy of Scania.  

Chrome (VI) is used as a passivating layer on zinc-alloys, mainly zinc-iron. The 
chromate passivating layer offers good corrosion protection properties, to the fact 
that chrome (VI) is very active and can migrate over the surface, thus providing 
self-healing properties. Due to that reactivity, hexavalent chrome is also toxic and 
carcinogenic. When replacing hexavalent chrome with a chrome (VI) free product, 
the passivating properties are reduced. One of the alternatives is to replace the 
zinc-iron coating with a zinc-nickel coating, which has for long been used in 
Germany and France. This coating shows great promise from the corrosion 
resistance point of view. Zinc-nickel is a cathodically protecting coating, and will, in 
principle, dissolve to protect the substrate from corrosion. It is therefore important 
to understand how, and at what rates nickel is released from zinc-nickel coatings 
when exposed to a chloride-rich automotive environment. The potential 
environmental impact of released nickel is also of importance for Scania.  

Potential adverse environmental effects of nickel will be discussed based on 
obtained release rates, and literature data on ecotoxicologal aspects related to 
nickel and its various forms. The environmental fate of nickel and bioavailability 
are important factors for risk assessment. General information about the process 
of risk assessment of metals will be discussed as there are many factors to be 
considered, and to present the complexity of characterisation of risks related to 
metals. 

1.1 Work outline 
The potential adverse effects of nickel in its various forms will be evaluated from 
literature data. Known nickel release from various materials, environmental 
concentrations and material flows will be used to set the obtained metal release 
data into perspective. 
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The Scania Indoor Corrosion Test (SICT) is a method of accelerated corrosion 
testing where atmospheric, automotive, conditions are simulated by exposure to 
chlorides at cyclic conditions. The SICT was used to expose zinc-nickel samples in 
order to evaluate the corrosion process and to provide metal release data. The 
metal release of stainless steel (SS2343 = ASTM 316) was used as a reference. 
Metal release rates were determined by atomic absorption spectroscopy (AAS). 
Inductively coupled plasma (ICP) was used for samples of low metal 
concentration.  

Polarisation resistance measurements with impedance techniques were employed 
to monitor corresponding corrosion rates and changes in surface conditions during 
corrosion. As a complement to the electrochemical measurements, scanning 
electron microscopy (SEM) and x-ray photoelectron spectroscopy (XPS) were 
used for morphological studies and elemental and compositional analyses of the 
surface.  

1.2 Objective 
The objective of this thesis is to estimate release rates of nickel from zinc-nickel 
alloys in chloride-rich automotive environments. The aim is also to investigate 
environmental aspects of the released nickel.  
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2 TEST MATERIAL 
Electrodeposited zinc-nickel coatings, with and without Cr (III) passivation, on cold 
rolled steel were examined in this study. Two alloys were examined: one 
containing 11 % Ni and one containing 15 % Ni, the latter is reported to have 
improved corrosion properties. The optimum nickel concentration is reported to be 
in the range of 12 to 15 %. Cold rolled steel plates (10x20 cm) were electroplated 
with a zinc-nickel coating at industrial conditions. The 11 % Ni coatings were 
plated at Proton Finishing in Forsheda. The 15 % Ni coatings were plated at 
another occasion at Zinkano in Hova. Electrodeposition was made in an alkaline 
bath containing 9,5-11,5 g Zn/L, 0,9-1,25 g Ni/L, and NaOH in concentrations of 
120-150 g/L. The operating temperature was 20-25°C and the current density in 
the range of 1,5-3,0 A/dm2. All chemicals were provided by Atotech. After plating, 
the nickel content and the coating thickness was measured with x-ray 
fluorescence (XRF), by the manufacturer. Subsequently, after zinc-nickel 
deposition, half of the 11 % Ni samples were Cr (III) passivated. The nickel content 
was reported to be 11,4 % for the first batch and between 15 and 16 % for the 
second batch. The nickel content in the first batch is somewhat lower than the 
optimal due to problems in manufacturing. A second batch with higher nickel 
content was therefore produced. The spread of the values in the second batch 
may be due to that the panels were not symmetrically mounted in the plating 
process. In this second batch, Cr (III) passivate was not applied since sufficient 
information on the effects of a passivate layer was gathered from the first batch. 
The coating thickness was approximately 8 µm in both cases.  

There was no need for further sample preparation, such as sealing of the edges, 
since the zinc-nickel coating and the possible passivate were deposited on steel 
plates already cut to shape. Thus, the edges were covered by the coating. 

In figure 2.1, different alternatives for additional protective coatings upon the zinc-
nickel coating are schematically presented.  
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Topcoat: 
>2 µm 

 
 Sealer: 
 <2 µm 

Topcoat 
 

Sealer Cr(III) Passivate:
0,2-0,5 µm Zn-Ni: 

8 µm Cr(III) Passivate Cr(III) PassivateCr(III) Passivate

 

Figure 2.1: Various combinations of additional protective layers upon the Zn-Ni coating. A sealer is 
often inorganic and silicate based whereas a topcoat organic. 

 

As a reference for metal release rate, stainless steel of quality SS2343 
(ASTM 316) was used. The typical composition for this steel grade is given in table 
2.1. As-received stainless steel plates (of unknown surface finish) were cut to size 
(9,9x17,9 cm) and degreased in ultrasonic bath before indoor corrosion testing. 
Stainless steels are generally considered to have high corrosion resistance and 
low release rates of metals. Most stainless steel alloys contain nickel and are 
common construction materials. In particular, one of the most common stainless 
steel alloys for construction is SS2343, which is widely used in marine 
environments, and areas with high traffic density or industrial areas with high 
pollution (Herting et al. 2005).  

Table 2.1: Typical chemical composition (wt-%) of stainless steel SS2343.  

C N Cr Ni Mo Fe 
0,04 – 16,9 10,7 2,6 69,8 
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Due to scarce or no literature data on nickel release from zinc-nickel alloys, a 
comparison with stainless steel would be appropriate. Some reports on metal 
release from stainless steels in atmospheric and marine environments exist that 
can be used for comparative purposes. Metal release rates of nickel, chrome and 
iron from stainless steels are evaluated in for example, Odnevall Wallinder et al. 
(2004), Herting et al. (2005) and Chiba et al. (1997).  

It must be stressed however, that the corrosion mechanisms and processes are 
completely different for stainless steels and zinc-nickel coatings. Zinc-based 
coatings on steel are cathodically protecting and will dissolve to protect the 
substrate whereas the corrosion resistance of stainless steels is obtained from the 
passivating properties of an oxide film.  
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3 EXPERIMENTAL 
In this section, experimental methods and techniques used in this study will be 
presented and described.  

3.1 Cyclic corrosion testing 
Corrosion testing is a vital part in the development of more corrosion resistant 
solutions in the automotive industry. Examples of laboratory corrosion tests are 
immersion tests, cabinet tests and cyclic tests. Laboratory test results are obtained 
in shorter times than field tests. Corrosion corresponding to several years in a field 
environment can be accelerated in a couple of months. One must keep in mind 
that laboratory tests are not conducted in the actual environment and that a real 
environment is much more complex than the corresponding laboratory 
environment. Acceleration may also result in different corrosion mechanisms. 
Laboratory tests are thus not as reliable as field tests. Test parameters must be 
chosen carefully in order for the accelerated corrosion test to obtain useful 
information.  

Cabinet tests have been developed to simulate atmospheric corrosion. The most 
widely used cabinet test is the neutral salt spray (fog) test which basically consists 
of a fog of salt solution, i.e. 100 % relative humidity, within the chamber at a 
constant temperature. There are modifications of the salt spray test, such as the 
SWAAT test with acidified saltwater. Common for all cabinet testing is that the 
relative humidity is constant at 100 %. Controversy exists over the validity of these 
tests due to that the corrosion mechanisms are not the same as those observed in 
automotive conditions. 

To simulate atmospheric corrosion, cyclic corrosion testing is the most commonly 
used laboratory testing method in the automotive industry. The cyclic testing was 
developed as an attempt to mimic more accurately the corrosion behaviour 
observed in real conditions. The automotive environment is simulated by 
introducing a combination of conditions which exist at real conditions. Generally, 
the cycle consists of a humid phase, with chlorides present, and a low humidity 
phase allowing the samples to dry. Although the simulation of the corrosion is 
more realistic compared to salt spray, it is not certain that the corrosion 
mechanisms are the same as in real conditions. The laboratory environment is a 
simplification of the much more complex automotive environment. Also, alteration 
of the parameters is essential to obtain accelerated corrosion, since the humidity 
phases are more frequent and the temperature is higher compared to real 
conditions. All testing parameters must be well balanced to provide a good 
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acceleration without affecting the corrosion mechanisms too much compared to 
field conditions. 

Most automotive manufacturers have their own standard for cyclic corrosion 
testing, and also Scania. The Scania standard and details for the test procedure 
within this study will be discussed in the following. 

3.1.1 Scania Indoor Corrosion Test 
The Scania Indoor Corrosion Test (SICT) method is a way of determining the 
atmospheric corrosion resistance using an accelerated test. The testing is 
according to Scania standard STD4233 (Scania 2002) which is based upon Volvo 
STD 1027, 1375, issue 2, VICT – Volvo Indoor Corrosion Test. The accelerated 
corrosion test method has been developed to simulate corrosion processes 
occurring on vehicles in a road environment where sodium chloride constitutes a 
dominating corrosive component. 

In this master thesis work, the SICT (Scania Indoor Corrosion Test) method was 
used to perform an accelerated corrosion test on zinc-nickel coatings in order to 
estimate metal release rates, corrosion rates, and changes in polarisation 
resistance at different stages of corrosion. Testing according to this standard may 
be described in short as follows (Scania 2002): 

• The test objects are placed in a test chamber permitting cycling of the 
relative humidity between two defined levels. The temperature is 
maintained at a constant level during the humidity cycling. 

• The controlled exposure to humidity is discontinued twice a week by 
immersion alternatively spraying of the test objects using acidified salt 
solution. 

• Acidified salt solution is applied by means of spraying or, as an alternative, 
by manual immersion to ensure salt exposure and the possibility for soluble 
corrosive products to be removed from the test objects. 

• The immersion step is followed by a period of wet conditions, keeping the 
test objects wet after which cycling of the humidity level is resumed. 

The steps are schematically illustrated in figure 3.3. Details of the standard 
relevant to the present test will be explained in the following paragraphs: 
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3.1.2 Test procedure 
The applied test procedure at Scania is manual immersion (called type B in the 
Scania standard) of test objects into salt solution. In order to measure the metal 
release rates the test objects are immersed in individual containers, see figure 3.1. 
The samples are immersed in the salt solution twice a week during one hour.  

 

Figure 3.1: Test setup for manual immersion of samples. The samples are immersed in individual 
containers so that the metal release can be measured. 

 

After immersion, the test objects were arranged on a board for climate cycling in 
the SICT chamber. The inclination of the samples from the horizon was 
approximately 65°. The arrangement of the samples is shown in figure 3.2.  

The test objects were exposed for a period of 9 weeks in the accelerated corrosion 
test. This exposure time corresponds to three to five years of corrosion in a real 
environment, which implies an exposed part of a truck. The correspondence 
between laboratory corrosion rates and field corrosion rates is loosely correlated. 
Experience has shown that this can be used as a general guideline. There are 
however shortcomings in doing this, for example, the correspondence are different 
for different materials. No comprehensive studies on the correlation between 
laboratory and field corrosion rates have been performed by Scania. 

After the SICT experiment, the metal concentration of zinc, nickel, iron, and 
chromium, was measured in each container using atomic absorption spectroscopy 
(AAS). Using the volume of the containers of 2,5 L, and the surface area of the 
samples of about 0,04 m2, the specific metal release could be calculated. The 
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corrosion rates of the samples were also determined based on mass loss of the 
test objects.  

Weekly measurements using electrochemical impedance were made on one of the 
exposed panels from which a test coupon was cut. The cut edge was sealed with 
superglue. No metal release measurements were made for this panel.  

The zinc-nickel panels were 10x20 cm and the stainless steel panels were 
9,9x17,9 cm in size. Both sides of the test objects were used for metal release 
measurements.  

 

 

Figure 3.2: Arrangement of test objects for climate cycling in the SICT chamber. 

 

During the first SICT-test, the pH in the containers increased from the initial value 
of 4,2 to over 7 after 9 weeks of exposure. This was not noticed until after the 
experiment. Increase in pH in the solutions is probably due to increased 
concentration of OH- in the solution. Hydroxide ions are generated from the 
cathodic reaction: . The higher pH certainly decreases 
the metal release rate, the extent of the effect was not investigated. Another 
experiment was therefore made where the pH was adjusted to 4,2 with sulphuric 
acid after every immersion. This time, zinc-15 % nickel panels were used due to 
that the 11 % Ni panels were all used, and new samples with exactly same nickel 
content could not be produced. Therefore, another alloy composition was chosen 
to determine if any differences in metal release rate could be observed between 
the two alloys. Sulphuric acid was used since it was the same acid as for the initial 

−− →++ 2OH2eOH1/2O 22
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pH adjustment. As reference, zinc-15 % nickel panels were also exposed without 
adjustment of the pH, where the pH increased from 4,2 to 7,5 during the 9 weeks 
of exposure.  

Zn-11 % Ni coatings were used in the first experiment. For the second experiment, 
new samples had to be produced. This study comprises panels of higher nickel 
content (Zn-15 % Ni) in order to compare the corrosion resistance of different alloy 
compositions.  

3.1.2.1 Climate cycle 
The climate cycle is 12 hours. The temperature is constant at 35°C. The humidity 
however is cycled between two levels (45 % and 90 % relative humidity) with 
controlled humidity transitions. In the following, the design and different steps of 
the climate cycle are presented with reference to figure 3.3.  
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Figure 3.3: The climate cycle of the SICT method. The dotted lines mark the accuracy of the 
humidity. Roman figures mark the different steps of the cycle. 

 

I. 7 h exposure at 90 % relative humidity and 35°C constant level  

II. Continuous and linear change of the relative humidity from 90 % to 45 % at 
35°C during 1,5 h.  
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III. Exposure during 2 h at 45 % relative humidity and 35°C constant level 

IV. Continuous and linear change of the relative humidity from 45 % to 90 % at 
35°C during 1,5 h. 

Twice a week, the cycle is interrupted, and step one is replaced by the following 
steps: 

V. Manual immersion in salt solution. The test objects are stored during one 
hour in the prescribed solution.  

VI. The excess fluid is let to run off from the samples back into its container of 
salt solution. It is important that the fluid either runs off back into the container 
of salt solution or remains on the surface of the test object. Fluid elsewhere 
would result in inaccurate metal release measurements. The test objects are 
then replaced into the test chamber at a relative humidity of 90 % and 
exposed at wet conditions for at least 7 hours before the subsequent drying 
phase causes the test objects to dry. 

3.1.2.2 Salt solution 
The aim of the salt solution is to simulate the road side environment, where 
chlorides are present. 

The salt solution was prepared by dissolving sodium chloride in deionised water to 
a concentration of 1,0 ± 0,1 % by weight. The solution is acidified to a pH of 4,2 by 
addition of sulphuric acid (H2SO4). Small amounts of sulphate were added through 
the addition of sulphuric acid. However, considering the high chloride ion 
concentration in the solution this is considered to have an insignificant effect on 
the corrosion.  

The salt must be practically free from copper and nickel, and should not contain 
more than 0,1 % by weight sodium iodide counted on dry salt. The total level of 
contamination, counted on dry salt, must not exceed 0,4 % by weight.  

According to the standard procedure, the solution is preferably renewed before 
each immersion event. However, since the metal concentration is measured in the 
solution after the experiment the solution can not be renewed. Between immersion 
events, the containers are covered with plastic foil to minimise external 
contamination.  
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3.2 Field study 
Zinc-11 % nickel coated samples, with and without Cr (III) passivation, were 
subject to a field test. The samples were mounted on a truck, in front of the rear 
wheel on the driver side of the truck. The exposure lasted from June to December 
2005. The samples were sealed on one side with tape and mounted on a Plexiglas 
sheet, mounted in a frame on the truck. The samples were mounted to be exposed 
to splashes and dirt from the road environment. The truck travelled regularly 
between Stockholm and Gothenburg during the exposure period.  

The field study was made to relate the corrosion process of samples exposed in 
the indoor corrosion test to samples exposed in real conditions. The mass loss of 
the samples was determined, and the surface morphology examined.  

3.3 Scanning electron microscopy 
The scanning electron microscope (SEM) is a type of electron microscope capable 
of producing high resolution images of a sample surface. Besides the good spatial 
resolution, the SEM also has excellent depth of field, which makes the SEM a 
good tool for examining surfaces that are not perfectly even, such as a corrosion 
product layer.  

Using energy-dispersive analysis (EDS) of the x-rays emitted from the sample, the 
SEM is also a tool for chemical analysis of a sample surface.  

3.3.1 Theory 
The specimen, placed in vacuum, is scanned by an incident electron beam, 
typically with energy from a few kilovolts up to 50 kV. The specimen will interact 
with the incident beam resulting in various secondary emissions from the 
specimen but also some inelastically scattered electrons will be backscattered out 
of the specimen. The electron beam scans the surface in a raster and information 
is gathered in each point. The image is created pixel by pixel from the electron 
beam to the monitor. The backscattered or the secondary electrons are detected 
at each point that the beam passes and an image is created. Some SEM are 
equipped with other detectors, such as an Auger electron detector. (Goodhew, 
Humphreys and Beanland 2001)  

Of the other radiations caused by interaction with the incident beam, x-rays are 
primarily used for chemical analysis. Two things can be determined from the x-ray 
spectrum emitted from the specimen. By measuring the wavelength, or energy, of 
each characteristic x-ray, qualitative analysis can be carried out, i.e. determination 
of which elements that are present on the surface. Measurement on how many x-
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rays of any type are emitted per second can tell how much of the element that is 
present, i.e. a quantitative analysis. The detection and counting of x-rays are made 
with an energy dispersive spectrometer, EDS. (Goodhew, Humphreys and 
Beanland 2001)  

3.3.2 Procedure 
For scanning electron microscopy, a Philips XL30 was used. Scanning electron 
microscopy was used for imaging and chemical surface analysis. For EDS, the 
accelerating voltage of 20 kV was used. Morphology figures were made using 
backscattered electron imaging.  

3.4 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy, XPS, is also known as ESCA (Electron 
spectroscopy for chemical analysis). XPS is a powerful tool for chemical surface 
analysis. It is well suited to determining composition and chemical bonding state in 
the outermost layers near the specimen surface, typically 1 to 5 nm.  

3.4.1 Theory 
A solid sample maintained at ultra-high vacuum is irradiated with x-rays. 
Monochromatic x-rays are used to excite photo-electrons whose energy carries 
information about the nature of the atoms in the specimen. The characteristic 
kinetic energy of the photo-electron is given by the energy of the x-ray photon, 
which is totally absorbed in the process, minus the characteristic binding energy of 
the electron which is emitted.  

Since photo-electrons can only escape from near the surface, the chemical 
information which they carry is specific for the top few atomic layers. Photo-
electron energies are also sensitive to the state of bonding of the atom which they 
come, for instance, metallic zinc can be distinguished from zinc in an oxide. XPS 
does not, however, offer good spatial resolution because the exciting beam of x-
rays covers a wide area and cannot readily be focused. (Goodhew, Humphreys 
and Beanland 2001) 

3.4.2 Procedure 
The XPS measurements were performed at the Institute for Surface Chemistry 
(YKI) in Stockholm by Inger Odnevall Wallinder.  
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3.5 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is used as a measure of the 
electrochemical activity on a surface. The rapid and accurate measurement of 
electrochemical phenomena is of considerable importance for evaluation of 
corrosion properties and surface treatments. Nowadays this technique is used for 
a large variety of applications, for instance evaluation of: (Annergren 1996) 

• Electrochemical reactions 

• Corrosion studies 

• Oxide characterisations 

• Paint systems 

• Batteries 

• Biological systems 

• Quality control 
 

Because the processes under consideration are electrochemical, it is possible to 
analyse them using electrical methods. The advantages of this approach are a 
relatively short measuring time, high accuracy, and the possibility to monitor the 
process continuously. However, the system has to be perturbed from its 
equilibrium state by an external signal, which changes the properties of the 
system.  

The AC technique is useful because it allows small signals, which are non 
destructive of the sample, to be used and allows for measurements on low 
conductivity media.  

3.5.1 Theory 
In corrosion studies, the technique involves disturbing a steady-state system by 
applying a small varying signal. As a consequence, the system will relax and reach 
a new steady-state. The relaxation will cause a time dependency that can provide 
information about the system. (Annergren 1996) 

If the applied potential is sinusoidal, then the subsequent current will also be 
sinusoidal. In EIS, the frequency is varied over a wide range, so to differentiate 
between capacitive and resistive processes on the sample surface. The 
relationship between the applied potential and the current flow is known as the 
impedance. The impedance is defined by its amplitude and the phase shift with 
respect to the applied perturbation. For simplification of the mathematics, the 
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impedance is expressed as a complex function. As a complex function, the 
impedance is defined as: 

( ) ( ) ( )ϕωω jZZ exp=  

where ω is the angular frequency, φ is the phase angle and j2=-1.  

The complex impedance at every frequency can be graphically represented in a 
Nyquist diagram in which the x-axis is real part of the impedance (pure resistance) 
and the y-axis is the negative imaginary part of the impedance (pure capacitance). 
Another way to present the data is a Bode plot where the absolute value of the 
impedance and the phase angle are plotted versus the frequency.  

 

Figure 3.4: Schematic standard setup for electrochemical impedance spectroscopy. (Annergren 
1996). Reprinted with permission from Annergren 2006. 

 

A typical instrumental setup is shown in figure 3.4 above. 

3.5.2 Procedure 
A Solatron 1287 electrochemical interface together with a Solatron 1260 
Impedance/Gain-phase analyser was used to carry out the impedance 
measurements. For controlling the hardware, the CorrWare v. 2.8c and ZPlot v. 
2.80 software were used. ZView v. 2.80 was used to analyse the results. A three 
electrode cell was used. The frequency was altered from 10 000 Hz to 0,01 Hz at 
9 steps per decade. The AC amplitude was 15 mV.  

Impedance measurements were made after every week in SICT to determine 
instantaneous properties and polarisation resistance of the zinc-nickel coating at 
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different stages of corrosion. Samples were mounted in a cell together with a 
platinum counter electrode and an Ag/AgCl reference electrode with saturated KCl 
solution. Salt solution, 1 % NaCl, with a pH of 4,2 was used as electrolyte, 
identical to the solution in the SICT experiment. The exposed area of the sample 
was 1 cm2. Before measurements, the cell was allowed 30 minutes to stabilise and 
to reach the open circuit potential (or corrosion potential). 

3.6 Mass loss measurements 
The mass loss of the samples after exposure to corrosive environment, i.e. the 
amount of oxidised metal was determined by removal of the corrosion products 
and subsequent weighing. The samples were initially weighed on a four decimal 
scale. The scale was allowed to stabilise for 30 seconds before reading the result. 
After exposure to corrosive environment the corrosion products were removed by 
pickling and the samples were reweighed.  

The samples were ultrasonically pickled in glycine (NH2CH2COOH) at room 
temperature. Glycine is used for pickling of corrosion products on zinc and zinc 
alloys according to ISO 8407, C.9.1. 250 g of glycine was added to 1 L of 
deionised water to prepare a saturated solution. The samples were pickled one 
minute at the time and after pickling they were rinsed in deionised water in an 
ultrasonic bath for 1 minute and finally rinsed in ethanol for 1 minute. Samples 
from the indoor corrosion test were pickled without any preceding preparation. 
Field samples were covered in dirt. As a consequence, the field samples needed 
to be cleaned in acetone in an ultrasonic bath and thereafter in xylene prior to 
pickling in order to remove organic components.  

After pickling the samples were weighed. The samples were examined in light 
optical microscope to determine if the pickling procedure had removed all 
corrosion products. If corrosion products remained on the surface, the pickling 
procedure was repeated.  

The corrosion rate was calculated using the mass loss data together with the 
geometric surface area of the samples. 

3.7 Atomic absorption spectroscopy 
Atomic absorption spectroscopy (AAS) is used for the qualitative and quantitative 
determination of elements dissolved in liquid. The sensitivity is typically in the mg/L 
(ppm) range for flame atomisation and µg/L (ppb) range for atomisation in graphite 
furnace.  
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3.7.1 Theory 
Spectroscopic determination of atomic species can only be performed on a 
gaseous medium in which the individual atoms are well separated from each 
other. The first step in atomic absorption spectroscopy is therefore atomisation, a 
process in which the sample is converted into gaseous atoms. Two methods are 
available to atomise samples for absorption spectroscopy, namely atomisation by 
flame and electrothermal atomisation in graphite furnace. Within this study, only 
atomisation by flame was used. 

The sample solution is converted into an aerosol using a pneumatic nebuliser, and 
then fed into a flame. In the flame, the test solution is atomised into a vapour. Light 
of a specific wavelength from a hollow-cathode lamp is directed through the gas. 
The gas, i.e. the element of interest, will absorb some of the light from the cathode 
lamp thus decreasing the intensity, in proportion to the elemental concentration. 
The light that has passed the atomised sample is isolated with a monochromator 
and finally detected. The change in light intensity is in relation to the concentration 
of the element analysed. (Rouessac and Rouessac 2000, Skoog, West and Holler 
1996)  

3.7.2 Procedure 
Atomic absorption spectroscopy measurements were performed at KTH, dep. 
Material Science, div Corrosion Science, by Gunilla Herting and Klara Midander. 
The instrument used was a Perkin Elmer AAnalyst 800, all samples were atomised 
by flame for all elements. Detected elements were Ni, Zn, Fe and Cr, with 
detection limits of 0,012; 0,006; 0,009 and 0,012 mg/L respectively. The detection 
limit is calculated as three times the standard deviation of five replicates of a blank 
solution. The background concentration was deducted from the sample values in 
cases where it comprised more than 5 % of the sample value. Sample solutions 
were acidified to a pH of approximately 2 in order to dissolve any metal complexes 
that might have formed in the containers. Acidification was made with HCl 
(32 %vol). 

After measurements, the metal release was calculated based on the metal 
concentration in the liquid, the volume of the test solution, and the surface area of 
the metal sample.  
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4 LITERATURE STUDY 
In this section, the automotive environment, means of corrosion protection, and 
ecotoxicity of nickel will be discussed.  

The automotive environment is very corrosive and the materials exposed to this 
environment have to be very corrosion resistant. Zinc-nickel coatings are 
cathodically protecting and will, in principle, dissolve to protect the steel substrate. 
There are concerns for potential adverse effects of nickel released to the 
environment, and also for the risk of contact allergy during assembly. Potential 
adverse effects of nickel to ecosystems have been studied in literature. 

Nickel is a naturally occurring element, and life has evolved in the presence of 
nickel (and other metals). As a consequence, the assessment of potential adverse 
effects of metals on ecosystems requires a different approach than for man-made 
organic substances. The proper process of performing an environmental risk 
assessment of a metal will be discussed and the different steps will be explained. 
The aim is to demonstrate the complexity of assessing potential adverse effects of 
metals.  

4.1 Corrosion on trucks 
The automotive environment is very harsh. Chlorides and accumulation of dirt can 
form a severe corrosive environment. An increasingly corrosive automotive 
environment and longer warranty periods increases requirements of corrosion 
protection. Furthermore, light weight constructions are made for fuel economy and 
higher loading capacity. Light weight constructions are thinner, hence more 
sensitive to corrosive attack. Corrosion protection is of essence and careful 
deliberations must be made before introducing new materials. The environment 
and means of corrosion protection will be discussed in the following paragraphs. 
The discussion will focus on zinc-iron coatings in use today and its possible 
replacement with zinc-nickel alloys. 

4.1.1 The automotive environment 
The aggressiveness of the automotive environment has increased over the past 
50 years due to the increased use of road salts for de-icing purposes and for dust 
control. Atmospheric pollutants such as sulphur dioxide nitrogen oxides, hydrogen 
sulphide, ammonia (SO2, NOX, H2S, NH4 respectively) and particulate matter are 
known to have an effect on the corrosion of metals. As a result of oxidation and 
hydrolyses, the SO2 molecule converts to sulphuric acid when striking the metal 
surface. Nitric acid forms on the metal surface from NOX. Although emissions have 
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decreased since the 1980’s, the levels for SO2 and NOX are still quite high 
(Baboian 1996).  

The combination of increased salts and emissions has made the corrosivity of the 
automotive environment much more severe in recent years. In fact, synergistic 
effects of road salts and acid precipitation have been reported. The combined 
effect of chlorides and acids can be much worse than the added separate effects. 
Salts and acid precipitation are the major components in automotive corrosion. 
The presence of chlorides increases the conductivity, can break down protective 
corrosion products, and promotes pitting. Emissions of gaseous pollutants lead to 
formation of sulphuric and nitric acid which introduce reactive ions, increase the 
conductivity and lower the pH. (Baboian, 1993, Piepho et al.1991) 

Rain and snow are important for providing moisture to the automotive 
environment. Atmospheric moisture, fog and dew are also important. However, 
moisture alone does not cause serious corrosion problems on cars. Aggressive 
corrosive constituents include chlorides and pollutants. The most severe 
environments are in the snow-belt area where de-icing salts are used and along 
coastal areas with warm, humid and salt containing atmospheres. Another factor is 
the highly corrosive environment produced by the accumulation of dirt, vegetation, 
and other debris in entrapment areas. The accumulated dirt holds moist and the 
areas are almost constantly wet, leading to accumulation of salts and acids. The 
corrosion process is similar to the phenomena observed in crevices, with 
autocatalytic rapid deterioration. (Baboian 1996) 

The combination of natural (rainfall, snow humidity) and anthropogenic (salts and 
emission) environments provides a unique corrosive environment for cars and 
trucks. As a result, the automotive industry has to improve the corrosion protection 
of various components exposed to the environment. Improved corrosion 
resistance is achieved by the selection of corrosion resistant materials or by the 
use of coatings. Steels are often coated with zinc or zinc alloys.  

This development of the environment has made it necessary for the automotive 
industry to improve corrosion protection.  

4.1.2 Zinc-nickel alloy coatings as corrosion protection 
Zinc-nickel coatings are electrodeposited from alkaline electrolytes and contain 
usually between 10 to 15 wt% nickel. A schematic illustration of the coating is 
shown in figure 2.1. In this range of composition, the material consists of a single-
phase, the gamma (γ) phase. Zinc-nickel coatings are cathodically protecting, 
which means that they are less noble than the steel substrate and will dissolve to 
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protect the steel. Nickel is added to the zinc since it provides better barrier 
protection of the coating. The best barrier protection is provided in the nickel range 
of 11 to 15 % by weight (Lambert and Hart 1986). The optimum nickel content for 
corrosion protection properties is reported to be in this range. At nickel 
concentrations higher than 15 %, the zinc-nickel alloy no longer has sacrificial 
properties to the steel (Bishop et al. 2005).  

Bishop et al. (2005) reports that zinc-nickel coatings have a tendency to quickly 
produce a type of white corrosion – a grey veil, or white haze - which does not 
correlate well to the appearance of red corrosion products as do the white 
corrosion products of zinc. The white haze is seen in black zinc-nickel coatings. 
Furthermore, the authors assert that despite the appearance of a grey veil the 
zinc-nickel test samples (12-14 wt% nickel) endured cyclic corrosion testing (VDA) 
in excess of 96 cycles. This was generally more than 70 cycles after the 
appearance of a white haze. In comparison, zinc and zinc-iron coatings did not 
achieve more than 20 cycles after the appearance of white corrosion products. 
The white corrosion on zinc or zinc-iron is much more voluminous than the white 
haze. For Scania, there might be a problem to obtain coatings that meet the colour 
requirements, especially since black coatings are used to a great extent. The white 
haze has no effect on performance or corrosion protection. 

Several corrosion mechanisms for electrodeposited zinc-nickel have been 
suggested in the literature. Common for all reports is that zinc-nickel is considered 
to have superior corrosion resistance compared to zinc.  

One suggested mechanism is that zinc-nickel corrosion leads to a composite 
barrier layer consisting of a nickel rich metallic phase and zinc corrosion products 
(Lambert et al. 1983). Initially, the zinc-nickel behaves sacrificially to the steel 
substrate, by anodic dissolution. At later stages of corrosion, zinc is preferentially 
oxidised forming zinc rich corrosion products, and cracks are formed in the metal 
coating. The remaining coating is enriched in nickel thus more noble, and zinc rich 
corrosion products are deposited on the surface. The coating becomes less 
galvanically protective and its barrier effect becomes the dominating factor for 
corrosion protection. Zinc-nickel is reported to have superior corrosion resistance 
compared to unalloyed zinc. The alloy shows an initially lower corrosion rate due 
to slower anodic dissolution and at later stages a barrier effect due to the corrosion 
products formed.  

Another corrosion mechanism, suggested by Fabri Miranda et al. (1999), is that a 
fine-cracked structure is observed in the zinc-nickel coating. The authors state that 
barrier protection is difficult to assume for a surface totally cracked. Instead, the 

 



 

  Dokumentnamn/Document name  Info klass/Info class 

  REPORT  I 
  <L>-artikel/<L>-part  Kod/Code 

   S 05673 + S 05981 
Godkänd/Approved by  Lagringsdata/File Reg nr/Reg. No. ECO nr/ECO No. 

UTMK, Eva Iverfeldt, EIV   R:\Tz\Tzm\Publika\Rapport\ R2005-0630 370936 
Utfärdare (tjänsteställebeteckning, namn)/Issued by Telefon/Phone Datum/Date Utgåva/Issue Sida/Page 

UTMK, Johan Åslund, UJA  82966 2006-03-01 1 21 (75) 

 

corrosion protection is explained by preferential corrosion of zinc, resulting in 
cathodic protection. Along with the continuous crack formation, fresh surfaces are 
created, which continuously promote anodic dissolution of zinc, and hence 
cathodic protection of the steel on a long-term perspective. 

One of the two theories mentioned above does not necessarily exclude the other. 
It is possible that there is a barrier layer of protective corrosion products deposited 
on top of the cracked zinc-nickel structure. It is also possible that the supposedly 
protective corrosion products are not fully covering the surface with a corrosion 
protection partly obtained from barrier protection (corrosion products) and partly 
obtained from cathodic protection (anodic dissolution). 

For increased corrosion protection, a Cr (III) passivate layer can be added on top 
of the zinc-nickel coating. This combination is compliant with the ELV directive. 
The layer is thin, 70-400 nm with a specific coating weight of 40 mg/m2. For black 
coatings, the passivate layer is necessary since the colour is added in the 
passivation layer. As a consequence, black passivation layers are up to three 
times as thick as silvery coatings.  

For further corrosion protection, a sealer or a top coat can be applied on zinc-
nickel with Cr (III) passivate. Sealers are often silicate based and less than 2 µm in 
thickness. The sealer fills possible cracks in the Cr (III) passivate and expand little 
during drying. The corrosion is delayed, since a sealed surface prevents corrosive 
media from reaching the zinc-nickel coating. With a sealer, there is also the 
possibility of integrating lubricants for friction control. A top coat is organic and 
thicker than a sealer. Schematic illustrations of the different combinations are 
presented in figure 2.1.  

4.1.3 Current means of corrosion protection at Scania 
Parts that are to be considered for the introduction of zinc-nickel are currently 
treated with zinc-iron with a chromate [Cr (VI)] passivation layer. These parts are 
mostly fasteners (screws, nuts, rivets), but also bars and other parts. Hexavalent 
chromium has excellent corrosion protection properties. Chromate is very active 
and can migrate over the surface to cover defects or scratches that occur, i.e. the 
chromate has self healing properties for the surface. The negative effects of the 
activity of chromate are that it is a carcinogenic substance and that it causes 
contact allergy. Hexavalent chromium is listed in the ELV directive, and will 
consequently be banned for vehicles below 3,5 tons in weight from the first of July 
2007.  
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Zinc-iron coatings are 8-12 µm thick and the iron content is less than one percent. 
The coatings are electroplated in cyanide free alkaline baths using conventional 
zinc equipment. Iron is dispersed in the coating, which means that zinc-iron 
coatings are not “true” alloys as zinc-nickel (in the given composition range). 
Scania uses black coatings to a great extent. In this type of coating the black 
colour is obtained from finely dispersed metallic iron and iron oxides in a green 
chromate matrix. The thickness of the chromate layer varies from 0,01 to 1 µm. A 
schematic illustration of zinc-iron coatings with hexavalent chromium passivation is 
shown in figure 3.4. It is possible to apply Cr (III) passivation on zinc-iron, but the 
corrosion resistance has been shown to be insufficient for trucks with open chassis 
and high demands of surface finish.  

 

Figure 4.1: Schematic illustration of the currently used zinc-iron coating with Cr (VI) passivation. 

 

For high strength fasteners, electrodeposited coatings such as zinc-iron or zinc-
nickel are not suitable. This is because of the risk of hydrogen embrittlement. 
Hydrogen embrittlement can sometimes be avoided by subsequent heat treatment 
in controlled atmosphere, but heat treatment is not always sufficient and there is 
always a risk of hydrogen embrittlement although heat treating. Using another 
material is an easier and cheaper way of dealing with the problem. For these 
parts, a flake coating is used. The coating, 6-10 µm thick, consists of zinc or 
aluminium flakes in a silicate based matrix. Flake coatings are also ELV compliant 
but they are more expensive compared to electroplated zinc-nickel coatings.  

Other surface treatments are for example pure zinc, hot dipped galvanized, which 
is used on the cab. Zinc flake and pure zinc surface treatments with will not be 
discussed further since zinc-nickel cannot replace them.  

 
Steel substrate 

Cr(VI)
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4.2 Nickel sensitisation and contact allergy 
Nickel has for long been recognised as an element that may, when in direct 
contact with the skin, cause a variety of allergic reactions ranging from mild 
irritation to severe eczema. Medical studies have shown that at least 10 per cent 
of European women and 1 per cent of men suffer from nickel allergy from items, 
particularly jewellery, worn next to the skin (LGC Limited 2003). 

Sensitisation is the progressive amplification of a response following repeated 
administrations of a stimulus. This implies that after prolonged contact with a metal 
(nickel), individuals may be sensitised, and once sensitised, subsequent direct and 
prolonged contact with items that release nickel can elicit an allergic reaction 
(eczema). Metals from metal products that are in contact with the skin are 
dissolved in sweat. When these metal ions penetrate the skin, antibodies are 
generated by the lymph cells. The antibodies then react to the metal ions and 
eczema is produced on the skin (Chiba et al. 1997).  

The European Directive 94/27/EC, called the nickel directive, was adopted in 
1994, and seeks to prevent nickel sensitisation by restricting the use of nickel and 
its compounds in products that come into close and prolonged contact with the 
skin. It is stated in the directive that nickel and its compounds may not be used, in 
products intended to come into direct and prolonged contact with the skin, if the 
rate of nickel release from the parts is greater than 0,5 µg/cm2 and week. An 
amendment to the nickel directive was approved 15 July 2004. The directive 
(2004/96/EG) concerns only jewellery which are inserted into pierced ears and 
other pierced parts of the human body, and implies that the migration limit of nickel 
is lowered to 0,2 µg/cm2 and week. The new legislation is valid since 1 September 
2005.  

According to a leaching test performed on the account of Scania, zinc-nickel 
coatings with Cr (III) passivation conform with the requirements for avoiding 
contact allergy. Only a few tests on leaching of nickel from zinc-nickel coatings 
have until now been performed by Scania. For example, the release of nickel from 
zinc-nickel coated washers submerged in artificial sweat is less than 0,5 µg/cm2 
and week (Scania 2005). Thus, the risk of contact allergy does not seem to be a 
problem for handling of zinc-nickel coatings with chrome(III) passivation. 

For nickel containing parts on trucks and vehicles, direct and prolonged skin 
contact may occur during assembly as a result of repeated handling of fasteners. 
This is not a concern since the zinc-nickel coatings meet the requirements for 
contact allergy. Skin contact with nickel containing parts on the truck, in use, is 
rare. It is rather the question of any potential environmental adverse effects that is 
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a concern for a truck in use. This question will be discussed within the scope of 
this master thesis. 

4.3 Corrosion rates and metal release rates 
Any metal or alloy exposed to the environment will corrode to some extent. The 
corrosion products usually form a surface layer on the metal. Depending on the 
type of material and the corrosive environment, the composition and protective 
characteristics of the corrosion products will vary. The rate at which a metal 
corrodes is defined as the amount of metal that is oxidized per unit area in a given 
time, i.e. the mass loss of the metal per unit area in that given time. During 
precipitation events, or water splashes in a road environment, the corrosion 
products will dissolve to some extent and be released from the surface. The metal 
release rate (or runoff rate) is the amount of metal that is released per unit area in 
a given time. The corrosion process occurs at the interface between the metal and 
the corrosion products whereas the metal release process takes place at the 
interface between the corrosion products and the atmosphere. The difference is 
schematically illustrated in figure 4.2, for the case of copper and zinc. (Bertling 
2005, Odnevall Wallinder et al. 2004).  

 

 

Figure 4.2: Schematic illustration on differences between the corrosion and the metal release 
process (Bertling 2005). 

 

As the thickness of the corrosion product layer increases, the corrosion rate will 
usually decrease as a result of the protective properties of corrosion products 
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formed, i.e. the corrosion product layer reduces the possibility for corrosion 
species to diffuse towards the metal surface (Graedel 1987).  

Corrosion and metal release rates are generally ruled by different physical, 
chemical and electrochemical processes, and are not necessarily equal or even 
proportional (He et al. 2001, Odnevall Wallinder et al. 2000). Corrosion rates are 
characterised by initially high rates decreasing with time. Metal release rates show 
lower and more time-independent values, at least over long time periods, on a 
time scale of years. With time, the rates might become equal when steady state 
conditions are reached with a constant thickness of the corrosion product layer.  

4.4 Nickel in the environment 
Nickel is the twenty-fourth element of abundance in the earth’s crust. Nickel exists 
in less than 0,008 % of the crust, and it is widely distributed in the human 
environment.  

The world supply of primary nickel in 2004 was approximately 1 200 000 tons. 
Nickel is a constituent in more than 3000 alloys and 70 % of the nickel production 
is used to make stainless steels, 11 % of the world supply is used for plating, most 
of which is hard-plating for indoor use. (INCO 2004). 

Divalent nickel compounds are relatively non-toxic for plants, fishes and mammals. 
In humans, water-soluble nickel compounds can cause contact allergy. Human 
exposure to inorganic nickel compounds usually occur via inhalation of dusts or 
fumes (in mining, smelting, plating and other industrial operations). Inhalation of 
insoluble nickel compounds, such as oxides or sulphides, may increase respiratory 
tract cancer. Nickel carbonyl is volatile, and an extremely toxic vapour. 
(Sunderman and Oskarsson 1991) 

Adverse effects of nickel to humans, such as contact allergy, have for long been 
known. The evaluation of adverse effects on the environment, from metals in 
general and nickel in particular, is much more recent. One of the longest standing 
international programmes for assessing the effects of chemicals, including metals, 
on man and the environment is the Environmental Health Criteria (EHC) 
programme, which was initiated in 1973. While the first EHC (on mercury), 
published in 1976, focused entirely on human health aspects, later EHCs also 
treated environmental aspects. The EHC for nickel, number 108 from 1991, 
included a comprehensive section of environmental exposure and environmental 
effects. (Landner and Reuther 2004) 
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The key to ecotoxicology is that trace metals, including trace elements, occur in 
many different forms (species), and only a few of these are bioavailable, i.e. 
available for uptake by a plant or an organism. The most important break-through 
in the past decades in the general understanding of toxic and other adverse 
effects of trace metals on biota in aquatic and soil ecosystems is the relatively 
recent acceptance of the bioavailability concept of metals in the environment. 
(Landner and Reuther 2004) 

Life has evolved in the presence of metals, and the assessment of the potential 
adverse effects of metals on ecosystems requires a different approach than those 
presently used for man-made organic substances. In the following, important 
issues regarding the assessment of metals and their possible adverse effects will 
be discussed. Important concepts will be defined and explained. 

4.5 Ecotoxicity and bioavailability 
Ecotoxicity is complex. Ecotoxicity is short for ecological toxicity and refers to the 
damaging action from a substance upon an ecosystem. There are many aspects 
that need to be considered when testing for ecotoxicity, such as varieties in 
aquatic and terrestrial media, forms of life, and ecotoxic endpoints. Ecotoxic 
testing is performed to estimate at what dose a substance is toxic, whereas a risk 
assessment refers to the determination of the potential risk of that substance in 
known concentrations to impose a threat to the environment (risk assessment will 
be discussed further below and in the following chapter). Neither ecotoxic testing 
nor a risk assessment are performed in this project due to the complexity of 
relating release rates of nickel from zinc-nickel coatings to environmental 
concentrations of nickel. Trucks travel great distances every year and even an 
immediate release concentration to the environment that the truck passes is 
difficult to estimate. Considering seasonal variations in precipitation, dilution 
factors at the release situation and possible retention and precipitation of the 
released nickel, it is virtually impossible to estimate an environmental 
concentration at the release situation. A more straight forward way to estimate if 
released nickel from zinc-nickel coatings will constitute a significant amount, on a 
relative scale, is to compare possible annual release quantities from a truck with 
known concentrations in the environment, and to metal fluxes.  

Still, there is a need to identify and explain some of the terms and concepts that 
are comprised in the concepts of risk assessment and ecotoxicity in order to 
understand the procedures and ways of reasoning when performing environmental 
risk assessments and ecotoxicity testing. 
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As already stated, ecotoxicity refers to the harmful effects of a substance to 
organisms or ecosystems in the natural environment. There are many ecotoxic 
endpoints that can be assessed, such as growth inhibition, mobility or reproductive 
effects, and mortality. The lethal concentration killing 50 % of the population is 
known as the LC50 value. For all other endpoints the effective concentration is 
used, e.g. the concentration causing growth inhibition (or other harmful effect) of 
10 % of the population is denominated the EC10 value. (Nickel Institute 2000, 
Odnevall Wallinder et al. 2004). 

Bioavailability refers to the rate and extent of uptake by a plant or an organism 
Bertling 2005). Another way of defining bioavailability is the fraction of the total 
chemical in the surrounding environment which is available for uptake by 
organisms (Ruus et al. 2005). Bioavailability of nickel is the parameter that is 
associated with toxicological effects of nickel containing substances (Skeaff et al. 
2002; Nickel Institute 2000). Janssen et al (2003) state that one of the main 
shortcomings of present procedures when evaluation metal toxicity and its 
implications for risk assessment procedures is the inadequacy, or total lack, of 
incorporating the concept of metal bioavailability. The authors also assert that 
neither total nor dissolved aqueous metal concentrations are good predictors of 
metal bioavailability and toxicity with reference to Campbell (1995), Bergman and 
Dorward-King (1997), and to Janssen et al. (2000). It is rather the bioavailable 
fraction of metals and metalloids that present toxicity and that this fraction is 
always less than the total dissolved concentration, sometimes by several orders of 
magnitude (Allen 1993, Skeaff et al. 2002). It seems logical that the bioavailable 
fraction of metal, which is available for uptake by organisms, is the fraction that is 
associated with toxicity. Initial water quality criteria (WQC) developed by e.g. the 
US EPA were overly protective. The criteria were based on ecotoxicity testing 
performed in laboratory environment in waters with less capacity to bind metals 
than natural waters. The criteria did not consider environmental interactions of 
released metals and, as a result, all released metals were treated as bioavailable 
and toxic (Bergman and Dorward-King 1997). These initial criteria should be 
regarded as worst case approximations. When defining ecotoxicity it is of essence 
to incorporate the bioavailability, the bioavailable fraction and environmental 
interactions of a metal. Total or dissolved metal or should not be related to toxicity. 
Due to this common misconception, ecotoxicity and bioavailability are defined in 
this thesis. 

Highly bioavailable soluble nickel salts, such as NiSO4 of NiCl2, can be added to 
aquatic test media in order to evaluate their own toxicity, but their toxicity is not 
related to that of sparingly soluble nickel compounds such as metallic nickel or 
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nickel alloys because there are large differences in solubility, metal release rate 
and corrosion rate that affect their bioavailability (Nickel Institute 2000).  

However, bioavailability does not necessarily imply toxicity. A metal must be 
bioavailable (available for uptake by a plant or an organism) in order to be toxic, 
but since metals such as copper, zinc, nickel, and molybdenum are nutritionally 
essential, bioavailability does not necessarily imply toxicity. The most important 
bioavailable form of nickel is the divalent ion Ni2+ (Nickel Institute 2000), and the 
most important nickel(II) complexes of the divalent ion are Ni(H2O)6

2+ (hydrated), 
Ni(NH3)6

2+, and Ni(CN)4
2- (Walterson 1999). In natural waters, at a pH range from 

5 to 9, the hydrated divalent ion is the dominant form. In this pH range, nickel may 
also be adsorbed to iron and manganese oxides, or form complexes with inorganic 
ligands, such as OH-, SO4

2-, Cl-, or NH3 (IPCS 1991). 

The bioavailability of a metal is influenced and controlled by a number of physical 
and chemical factors. Examples of such parameters are: particle size, surface 
area, and media variables such as pH, water hardness, redox potential, and 
organic or inorganic ligands. All such factors must be considered to correspond to 
those in the natural environment when testing for ecotoxicity (Nickel Institute 
2000). Free, bioavailable metal ions are thermodynamically unstable and are likely 
to react with for instance natural (dissolved) organic matter. In a natural 
environment, metal ions can also be retained by soil, resulting in a lower 
bioavailable fraction of the metal. Odnevall Wallinder et al. (2004) report of high 
retention capacity of chromium and nickel in soils. The retention is fast and low 
amounts of metal become remobilised during a rain event. A major flaw in many 
ecotoxicity tests is that these factors are neglected; test media used in standard 
ecotoxicity tests tend to maximize the bioavailability of metals and thus do not 
reflect metal bioavailability in natural waters (Janssen et al. 2000, Campbell 1995). 
The results from tests with such media do not represent toxic metal concentrations 
in nature. Natural conditions are difficult to simulate and even if trying to mimic 
natural conditions in a toxicity test, all parameters might not correspond to the real 
environment. 

Speciation (chemical form) is a major determinant in bioavailability (Allen 1993). 
The free metal ion of transition metals can form complexes with a number of 
inorganic ligands such as OH-, HCO3

-, NH3
-, and organic ligands such as oxalic 

acid and EDTA. The hydrated divalent Ni ion (Ni(H2O)6
2+) shows strong affinity for 

organic complexing agents (e.g. Natural Organic Matter, NOM, or Dissolved 
Organic Matter, DOM) and is therefore only present in low concentration in natural 
systems (Nickel Institute 2000). The complexing of the Ni ion results in a lower 
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concentration of the free ion, which leads to a lowered bioavailable fraction of the 
element.  

The concepts of persistence, bioaccumulation, and toxicity are applied to the 
hazard identification when performing an environmental risk assessment of a 
chemical substance. Persistence is for organic substance defined as the continued 
existence of the substance itself before degradation to its elemental forms. 
Bioaccumulation is the accumulation of a substance in biological matter. 
Bioaccumulation can lead to toxic concentrations in plants or biological tissue even 
though the environmental concentration is below known toxic concentrations. 
Toxicity for a substance is based on quantity of the substance and not completely 
of the intensive properties of the substance itself. 

The three concepts were originally developed as a screening-level criteria to 
identify the hazards that organic substances may present to the environment. The 
concepts were developed in response to concerns arising from damage to wildlife 
species caused by herbicides and pesticides. The criteria have become valuable 
to regulators in order to distinguish among potentially hazardous organic 
substances and substances that pose little threat to the environment. Persistence 
for organic substances is related to the presence of the substance itself, and 
whether that substance continues to exist or is degraded. For inorganic metal 
compounds however, the terms of persistence and bioaccumulation are not 
applicable in the same way as for organic substances. Metals are persistent in the 
periodic table sense, but not necessarily bioavailable. Persistence of metals needs 
to be taken as a measure of continued bioavailability (Skeaff et al. 2002). 
Bioaccumulation is not a valid criterion for metals that are essential to elements, 
plants and organisms. Organisms need to accumulate these essential elements in 
order to survive and to live healthy. Bioaccumulation of essential elements can 
therefore not be related to negative effects. Essentiality refers to the use of an 
element that an organism needs in order to live in a healthy state. Essential 
elements may be toxic at higher concentrations. Adverse effects may therefore 
occur at low doses as well as at high. Organisms, plants, and animals have a way 
of to some extent, regulate the body burden of an essential element. These 
regulatory processes are denominated homoeostasis. Nickel is an essential metal 
to many organisms and these organisms would suffer if they did not have the 
ability to accumulate and utilise nickel (Nickel Institute 2000, Landner and Reuther 
2004). Landner and Reuter (2004) asserts that nickel is essential for plants, 
bacteria, humans and other mammals but toxic at higher concentrations to most 
plants and fungi, moderately toxic to mammals, and may induce allergic effect in 
humans. Others assert that it is not proven that nickel is essential to humans. The 

 



 

  Dokumentnamn/Document name  Info klass/Info class 

  REPORT  I 
  <L>-artikel/<L>-part  Kod/Code 

   S 05673 + S 05981 
Godkänd/Approved by  Lagringsdata/File Reg nr/Reg. No. ECO nr/ECO No. 

UTMK, Eva Iverfeldt, EIV   R:\Tz\Tzm\Publika\Rapport\ R2005-0630 370936 
Utfärdare (tjänsteställebeteckning, namn)/Issued by Telefon/Phone Datum/Date Utgåva/Issue Sida/Page 

UTMK, Johan Åslund, UJA  82966 2006-03-01 1 30 (75) 

 

generally held view is however that nickel is probably an essential element for 
humans as well. Biomagnification is the process where tissue concentrations of a 
bioaccumulated substance increase as the substance passes up the food chain at 
least two trophic levels. Nickel is not known to biomagnify (NiDI and Nipera 1997). 

4.6 Methodology for performing a risk assessment 
A risk assessment is the comprehensive evaluation of the effects of a substance 
released from one or many sources to the environment. The essence of a risk 
assessment is to compare predicted environmental concentrations with 
concentrations predicted to have no adverse affect on some sensitive biologic 
species. If the predicted release results in concentrations lower than known 
adverse effects concentrations, a risk is not identified. 

The purpose of an environmental risk assessment is to evaluate whether or not a 
substance released from a source imposes a potential threat to the environment. 
Such an assessment requires adequate data and understanding of parameters 
determining release of the substance, and its environmental fate combined with 
environmental effect data (Bertling, 2005).  

A European risk assessment for nickel metal and nickel compounds is underway. 
Regulations on which substances that should undergo risk assessment are treated 
in the council regulation (EEC) 793/93 on the evaluation and the risks of existing 
substances (also known as the existing substances regulation). The assessment 
of nickel is part of a greater work in the evaluation of the potential risks to the 
environment and human health posed by chemical substances. Nickel is included 
since it is a high production volume chemical. The existing chemicals are divided 
in priority lists in order to determine which chemicals that need immediate attention 
because of their potential effects on man or the environment. Factors taken into 
account when drawing up the priority lists are for example: the effects of the 
substance to man or the environment, the exposure of man or the environment to 
the substance, and the lack of data on the effects of the substance on man and 
the environment. There are currently four priority lists. Nickel and nickel sulphate 
are on the third priority list and nickel carbonate, nickel dichloride and nickel 
dinitrate are on the fourth priority list.  

The Danish EPA (Environmental Protection Agency) is the Rapporteur for the risk 
assessment report on nickel and nickel compounds. The word Rapporteur is used 
in international and European legal and political contexts to refer to a person 
appointed by a deliberative body to investigate an issue or a situation, and report 
back to that body. In 2006 an effects assessment draft report will be ready, a draft 
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report of environmental exposure already exists. The two parts will be merged to 
an environmental risk assessment of nickel and nickel compounds. The current 
draft report on environmental exposure of nickel cannot be cited without 
permission from the Danish EPA, it does not however contain information relevant 
to Scania. The environmental exposure draft report is a compilation of nickel 
releases from different sectors to the environment. The environmental effects of 
the released nickel will be evaluated in the environmental effects report and in the 
final risk assessment report for nickel and nickel compounds.  

The assessment of the risks of a 
substance consists of four steps 
(ECB, 2003): 

1. Hazard identification

2. Dose-response 
Effects assessment 

1. Hazard identification 3. Exposure assessment

2. Dose-response assessment 

3. Exposure assessment 4. Risk characterisation 

Figure 4.3: The risk assessment paradigm, the 
interrelationship between the four steps of risk 
assessment 

4. Risk characterisation 

 

The interrelationship between the four steps is shown in figure 4.3. The four steps 
are described below. In the European risk assessment of nickel, a draft report of 
step one and two will be ready in late 2006, a draft report of step three already 
exists.  

Hazard identification is the determination of the adverse effect that a substance 
has the inherent capacity to cause, such as growth inhibition, reproductive effects, 
or cancer. The intrinsic properties of a substance are the sole basis for its hazard 
identification, i.e. level of exposure to the substance is not considered but rather 
the intensive properties of the substance itself (Skeaff et al. 2002).  

Dose-response assessment provides an estimation of the relationship between 
dose, or level of exposure to the substance, and the incidence and severity of an 
effect, where appropriate. For example, essential metals are beneficial in small 
amounts, and toxic in larger amounts. It is therefore important to estimate at what 
levels of exposure substances are toxic to different species.  

Exposure assessment is the estimation of the concentration or dose to which 
environmental compartments (e.g. aquatic environment, terrestrial environment, or 
atmosphere) are or may be exposed to. Together, the two steps of hazard 
identification and dose-response assessment leads to the effects assessment: The 
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possible adverse effects from a substance to organisms, plants, and humans are 
merged together with data on at what level of exposure the adverse effects occur.  

The effects assessment and the exposure assessment are often performed in 
parallel and are followed by a risk characterisation. Risk characterisation is the 
estimation of the risks for adverse effects of an ecosystem due to actual or 
predicted exposure to a substance. In short, the risk assessment is comprised of 
an exposure assessment and an effects assessment, which are often performed in 
parallel. These steps are followed by a risk characterisation. In essence, the 
highest concentration in the environmental compartment (Predicted Environmental 
Concentration, PEC) determined by the exposure assessment is compared with 
the concentration below which no unacceptable effects on organisms will occur 
(Predicted No Effect Concentration, PNEC), which is derived from the effects 
assessment. Further details on how the concentrations are determined are given 
below. 

4.6.1 Exposure assessment 
The exposure assessment methodology is designed to take a cautious reasonable 
worst case scenario estimate of exposure where measured data are lacking. 
However, it is possible to improve the risk assessment by refining the exposure 
scenarios. For example, the total metal concentration in runoff water at the 
immediate release situation is initially measured or calculated. If this concentration 
is below known concentrations causing adverse effects on the evaluated system, 
the assessment can be finalised without further work. If not, dilution factors and 
changes in chemical speciation upon environmental entry can be considered. This 
might result in a lower value of exposure to the environment that is below known 
concentrations of adverse effects. Another example of improving a risk 
assessment is to develop better models by generating more measured data and to 
use these data to feed back into model calculations (ECB, 2003). 

The PEC (Predicted Environmental Concentration) value is derived from available 
monitoring data and/or model calculations i.e. the measured or estimated release 
to the environment and the properties of the substance (for example chemical 
speciation). This result in a series of PEC values at each industrial site, and also 
over a defined region. These PEC values add up metal concentrations, from 
different sources (for example industrial sites), to a local predicted environmental 
concentration over a larger region. Representative measured data where available 
is used to refine or replace the modelled data.  
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Between the immediate release situation and environmental entry, the 
concentration and the chemical speciation of a substance may change due to 
dilution with urban storm water, and different retention processes. This implies that 
even if the concentration of a substance at the immediate release situation is high 
enough to cause adverse effects on some organisms, dilution and retention 
processes may decrease the concentration before the recipient is reached. 
Possibly, the concentration of the substance when reaching the recipient is lower 
than known concentrations of adverse effects, and thus adverse effects do not 
occur. It is therefore important to incorporate dilution factors and retention 
processes in the vicinity of the release situation. 

4.6.2 Effects assessment 
From the effects assessment the lowest metal concentration causing adverse 
effects on the evaluated system (PNEC, Predicted No Effect Concentration) is 
determined or predicted. The PNEC value is derived, using chronic (relatively high 
exposures over a short duration leading to sudden and often severe toxicity) or 
acute (low doses over long duration with delayed toxicity onset and with long toxic 
response continuance) toxicity data, for species representative for the 
environmental compartment under investigation.  

Determination of the PNEC is performed by adding sensitive biota (green algae or 
Daphnia Magna) to metal spiked water. Preferably, the water is not pure laboratory 
water but water similar to natural waters, i.e. the water should contain natural 
organic carbon, natural dissolved matter, calcium etc. The adverse effects from 
the metal spiked water, e.g. growth inhibition or death, are evaluated after a 
certain period of time, often 72 or 96 hours. The PNEC is based on a species-
sensitivity distribution of available ecotoxicity data, with a criterion at a specific 
protection level (often 95 % of the species).  

For essential elements, risk management must not lead to metal concentrations 
below natural levels or cause deficiency symptoms. Since natural background 
levels of metals in the environment vary due to local environmental conditions, the 
PNEC value should be added to the site-specific background concentration, in 
order to avoid deficiency levels, and to account for natural variations in metal 
concentrations in the environment (Landner and Reuther 2004).  

4.6.3 Risk characterisation 
Within the risk characterisation, adverse effects are identified by comparing the 
PEC-concentration and the PNEC-concentration. If the predicted environmental 
concentration (PEC) of bioavailable metal exceeds the predicted no effects 
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concentration (PNEC), i.e. if PEC>PNEC, adverse effects are likely to occur. If the 
PEC/PNEC ratio is less than 1 (PEC<PNEC), no adverse effects are anticipated.  

Since both the exposure assessment and the effects assessment are initially 
based on a worst case scenario, very often a risk is identified where data are 
lacking. In these cases the first considerations would be whether more measured 
data would refine the exposure scenario by showing that actual exposures are 
below a level of concern, or whether large uncertainties in the effects assessment 
are forcing too low PNEC-concentrations due to a large margin of safety. In the 
latter case, to reduce the uncertainties, one could perform additional testing such 
as long term ecotoxicity tests for the most sensitive aquatic species or mammalian 
metabolism studies. If more reliable data with less uncertainty are produced, the 
uncertainty factor can be reduced, thus providing a new and more reliable PNEC 
value which might be higher than the previously established (ECB 2003). 

If adverse effects are considered likely to occur, and if further refinement is not 
possible or is considered not to influence the conclusion, a risk management 
procedure may be initiated.  

 

 



 

  Dokumentnamn/Document name  Info klass/Info class 

  REPORT  I 
  <L>-artikel/<L>-part  Kod/Code 

   S 05673 + S 05981 
Godkänd/Approved by  Lagringsdata/File Reg nr/Reg. No. ECO nr/ECO No. 

UTMK, Eva Iverfeldt, EIV   R:\Tz\Tzm\Publika\Rapport\ R2005-0630 370936 
Utfärdare (tjänsteställebeteckning, namn)/Issued by Telefon/Phone Datum/Date Utgåva/Issue Sida/Page 

UTMK, Johan Åslund, UJA  82966 2006-03-01 1 35 (75) 

 

5 RESULTS AND DISCUSSION 
In the following sections, the corrosion mechanism of zinc-nickel electrocoated 
steels exposed in field and in accelerated corrosion testing is presented and 
discussed. Further, quantitative results from the Scania Indoor Corrosion Test and 
a field study, i.e. corrosion rates and metal release rates of nickel, zinc, iron and 
chromium from zinc-nickel coated steels, are presented and discussed. The 
results of metal release are based on an accelerated test. No information about 
chemical speciation, i.e. the chemical form, will be presented. An estimation of the 
possible use of nickel in the Scania production, and of the release of nickel from 
the rolling stock of Scania is made. 

In brief, the metal release of nickel when the zinc-nickel coatings corrode 
correspond to 0,12 mg m-2yr-1 for Zn-15 % Ni coatings at a pH of 4,2. Zinc is 
preferentially released to nickel. The corrosion products are zinc rich whereas the 
remaining zinc-nickel coating is enriched in nickel. Metal release rates of nickel 
from Zn-15 % Ni coatings are comparable to those of ASTM 316 stainless steel. 
The estimated total release of nickel from zinc-nickel coatings of the rolling stock, 
if these coatings were to be used at Scania, would be less than 1 kg which is low 
compared to other sources of nickel release.  

5.1 The corrosion process 
For pure zinc, a thin layer of zinc oxides (ZnO) and hydroxides (Zn(OH)2) are 
formed on the metal surface in contact with air within seconds or even parts of a 
second. In the time range of hours, zinc carbonates, Zn(CO3)2(OH)6, are formed. 
In chloride environments, basic zinc chlorides and possibly basic zinc chloro-
sulphates are formed after longer times of exposure (Bertling 2005). On a pure, 
freshly polished, nickel surface, a thin film of NiO and Ni(OH)2 is formed within 
hours of exposure. If sulphur is present, nickel sulphates are formed after a few 
days (Odnevall and Leygraf 1997). It will be shown that nickel is not present to a 
significant extent in the corrosion products of a zinc-nickel coating. It is probable 
that, similar to the case of pure zinc or nickel, some sort of oxide, hydroxide or 
carbonate is quickly formed on the surface of a zinc-nickel alloy. The relative 
amount of different elements in the corrosion products is determined within this 
study, although the exact chemical species (oxides, hydroxides, carbonates, etc) 
of the corrosion products is not determined.  

Characterisation of the corrosion process is important in order to fully understand 
the behaviour of zinc-nickel alloys at different stages of corrosion. Electrochemical 
impedance spectroscopy (EIS) in different stages of corrosion indicates which 
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processes that are active on the surface. For example, EIS can show if the 
corrosion products have protective properties, as barrier protection, or if they are 
porous with less barrier effects. As a consequence, electrochemical impedance 
spectroscopy is a good complement to surface analysis such as scanning electron 
microscopy or x-ray photoelectron spectroscopy. Surface analysis is used for 
imaging and for chemical information about the corrosion products. The chemical 
composition of the corrosion products provides an indication of the composition of 
the metal release.  

5.1.1 Electrochemical impedance spectroscopy 
The corrosion process in SICT was monitored by electrochemical impedance 
spectroscopy after every week of exposure. Spectra showing the essential 
characteristics of the process for 11 % Ni and 15 % Ni coatings are shown in 
figure 5.1 and figure 5.2 respectively. Generally, the size of the impedance curves 
is increasing up to 5 weeks for the Zn-11 % Ni coating and during the entire 
experiment of 9 weeks for the 15 % Ni coating, indicating increasing corrosion 
resistance. For 11 % Ni, the increase up to 5 weeks is followed by curves 
decreasing in size until the end of the experiment. The different behaviour 
between the two different compositions is related to better barrier protection of the 
15 % Ni alloys. Although the corrosion resistance decreases in the end of the 
experiment, the zinc-nickel coating still provides cathodic protection to the steel 
substrate. The size of impedance curves of steel would be much smaller, less than 
100 Ωcm2 if corrosion of iron was taking place.  
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Figure 5.1: Nyquist plot for different stages of SICT exposure, for Zn-11 %Ni coatings. The image 
to the right is an enlarged part of the left. The corrosion resistance increases up to 5 weeks in SICT 
followed by a gradual decrease until end of experiment.  

 

The Zn-15 % Ni coatings present similar progress as the Zn-11 % Ni coatings but 
not in the same time interval. The corrosion process of the Zn-15 % Ni coatings 
(shown in figure 5.2) is slower, with increasing size of the impedance curves 
basically during the entire experiment of 9 weeks, compared to 5 weeks for the 
11 % Ni coating.  

Unexposed samples present almost semi-circular curves, indicating that only one 
process (charge transfer) is active on the surface. After only a week in SICT, a 
change in the high frequency part of the curve can be detected. After 5 weeks of 
exposure, the high frequency part is more prominent, and a linear part is observed 
to the right of the high frequency part, i.e. for lower frequencies, especially for the 
15 % Ni alloy. The linear part is due to diffusion through the corrosion products. 
The SEM study show indication of a thick corrosion product layer 
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Figure 5.2: Nyquist plot showing different stages of SICT exposure for Zn-15 % Ni coatings. The 
image to the right is an enlarged part of the left. The material shows similar behaviour as Zn-11 % 
Ni, although the process is process is slower. Increasing corrosion resistance is observed during 
the entire SICT experiment of 9 weeks. 

 

The development of the new time-constant in the high frequency region if shown in 
Figure 5.3. The development of a new time constant is the result of more 
processes becoming active on the sample surface. In particular, the high 
frequency time constant is related to a capacitive process on the sample surface 
with a large difference in potential. The formation of a very thin non-conductive film 
is an example of such a process. This film is likely too thin to detect in SEM, 
however, XPS measurements indicate that the corrosion products in the initial 
stages of corrosion contain mostly carbon, oxygen and zinc. Thus, this thin film 
could possibly be composed of for example zinc hydroxides or carbonates, but 
further investigations are necessary to determine the chemical bond between 
species in the corrosion products.  

During the following weeks, the high frequency time constant becomes more 
prominent, probably due to growth of the corrosion product film. For the Zn-15 % 
Ni coating, the development and growth of the time constant is slower than for the 
11 % Ni coating. The occurrence of the time constant is almost immediate for both 
materials, but the growth and a more prominent high frequency time constant is 
observed after 4 weeks in SICT for the 11 % Ni material whereas after 6 weeks for 
the coating containing 15 % nickel.  
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A slight decrease of the size of the impedance curve can be observed after the 
second week in SICT. Decrease of the size is a sign of activity on the surface. The 
formation of a fine-cracked structure of zinc-nickel coatings after a corrosive attack 
is mentioned in the literature (Fabri Miranda et al. 1999, Lambert et al. 1983) and 
also observed in this study. Cracks in the structure results in a larger anodic area 
(exposed area of the zinc-nickel coating), and hence anodic dissolution of zinc. 
Thus, formation of a fine-cracked structure might be the factor causing the 
decrease of the corrosion resistance.  
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Figure 5.3: Nyquist plot for a Zn-11 % Ni coating unexposed and exposed 1 and 2 weeks in SICT.  

 

After the second week in SICT, the curves increase in size up to 5 weeks for the 
11 % Ni coating and during 9 weeks (end of experiment) for the 15 % Ni coating 
(as shown in figure 5.1 and figure 5.2). In this phase, zinc is dissolved and 
protective corrosion products are formed. The layer of corrosion products grows 
thicker with prolonged corrosive attack, see section 5.1.3, surface morphology. It is 
probable that protective corrosion products fill up the cracks that are formed in the 
coating, preventing a decrease in corrosion resistance due to crack formation. 
SEM studies show that the corrosion product are zinc rich. 

During the entire corrosion process, the appearance of the curves changes from 
perfect semicircles of unexposed samples to more flat, depressed, curves of 
exposed samples. Scanning electron microscopy studies show that additional 
corrosion products form on top of the thin layer. These corrosion products form 
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locally and exist to some extent already after the first week of exposure in SICT. 
The corrosion products are rough and porous, gradually covering the surface with 
further corrosive attack. Cracks in the corrosion product layer were detected with 
SEM, both in the smooth layer of corrosion products and in the rough corrosion 
products. The rough corrosion products and cracks in the corrosion products give 
rise to the flat, depressed impedance curves. 

The high frequency time constant becomes more prominent at the same time as 
the size of the impedance curves is increasing. The impedance curves can not be 
classified with values since a full equivalent circuit analysis has been made. There 
are many time constants and a single value from such a curve would not be 
representative. Therefore, the general impression of the size of the impedance 
curves is used as an indication of changes in the surface. The growing high 
frequency time constant is further evidence for that it is related to a thin layer that 
covers the surface and grows in thickness. When the previously mentioned rough 
and porous corrosion products cover the entire surface, the high frequency time 
constant becomes less prominent. The porous corrosion products become 
dominating in the Nyquist plot when covering sufficient part of the surface layer.  

For the 11 % Ni coating, the high frequency time constant becomes less prominent 
at approximately the same time as the increase in size of the impedance curves 
ends, i.e. after 5 weeks in SICT. The corrosion product layer starts to deteriorate 
locally at this time. The decrease in size of the impedance curves is coupled to 
deterioration of the corrosion products, and to some extent also the deterioration 
of the zinc-nickel coating itself. Most of the corrosion products however, are intact 
at the end of the experiment and the steel substrate is still well protected. 

The 15 % Ni coating shows little sign of deterioration of corrosion products, hence 
no decrease in the size of the impedance curves. The high frequency time 
constant is present until the end of the experiment. This could be related to that 
rough corrosion products have not grown enough to cover the entire surface 
during the time of corrosive attack. Figure 5.4 (left) shows a zinc-15 % nickel 
coating after 6 weeks of exposure in SICT, where rough corrosion products are 
observed on the surface. Figure 5.4 (right) shows a pickled zinc-15 % nickel 
coating after 6 weeks of exposure in SICT, revealing the cracked structure of the 
zinc-nickel coating.  
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Figure 5.4: Backscattered electron images of zinc-15 % nickel after 6 weeks of exposure in SICT. 
The left figure shows rough corrosion products which do not cover the entire surface. The right 
figure shows a pickled sample revealing the cracked structure of the zinc-nickel coating. 

 

It can be concluded that the corrosion process for the Zn-15 % Ni coating is slower 
than for the Zn-11 % Ni coating. Since no decrease in corrosion resistance (size of 
impedance curves) is observed for the 15 % Ni coating, it is difficult to compare 
the corrosion rates of these two materials to each other, except for that the 15 % 
Ni coating has increasing corrosion resistance for a longer period of time thus 
superior corrosion protection. Furthermore, the development and growth of the 
high frequency time constant is much slower for the 15 % Ni coating than for the 
11 % Ni coating. It is still present after end of SICT experiment (9 weeks) for the 
15 % Ni coating whereas it becomes less prominent after 5 weeks for the 11 % 
coating. 

However, the similar behaviour (except for the time aspect) in electrochemical 
impedance spectroscopy indicates that the same, or at least a similar, corrosion 
process occurs for both coatings exposed to corrosive attack.  

It seems as the additional nickel in the Zn-15 % Ni coating provides for better 
protective corrosion products and better barrier protection.  

5.1.2 Polarisation resistance 
The polarisation resistance is a measure of the corrosion resistance of a material. 
It represents the resistance to polarisation away from the equilibrium potential. The 
polarisation resistance is obtained by fitting a curve in the Nyquist diagram with 
help of an equivalent electrical circuit. The fitted curve is then extrapolated to the 
x-axis in the low-frequency region. The x-axis in a Nyquist diagram represents the 
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real part of the impedance, which is the pure resistance. The value (in Ω cm2) 
where the curve crosses the x-axis is denoted the polarisation resistance. Another 
definition of the polarisation resistance is the value of the resistor Rp of the 
equivalent circuit shown in figure 5.5, i.e. the Rp-value.  

The curve fit is based on a simple electrical circuit, shown in figure 5.5. The 
corrosion process is more complicated than this circuit; the impedance curves 
have at least three time constants. Therefore, the polarisation resistance values 
should be used with caution, with consideration of trends rather than individual 
values. 

R1 RP

CPe

 

Figure 5.5: Equivalent circuit used for curve fitting of an impedance curve in the Nyquist plot. 

 

The polarisation resistance after every week in SICT is presented in figure 5.6, for 
Zn-11 % Ni and Zn-15 % Ni with and without Cr (III) passivation. Unexposed 
samples are denoted 0 weeks in SICT. Mean values of at least two measurements 
are presented with the obtained minimum and maximum values as error bars.  

As mentioned, for the 11 % Ni coating, there is initially a slight decrease in 
polarisation resistance due to the formation of a fine-cracked structure of the Zn-Ni 
coating, hence resulting in an increased anodic area. Formation of protective and 
zinc rich corrosion products give cause to the subsequent increase of the 
corrosion resistance. Finally, decreasing polarisation resistance is observed as an 
effect of localised deterioration of corrosion products.  

The initial decrease is not observed for the Zn-15 % Ni coating. The fine-cracked 
structure is however present also in these samples. It is therefore probable and 
likely, that there is an initial decrease but only during a short period of time and 
therefore not observed with weekly measurements. The polarisation resistance is 
increasing during the extent of the experiment, with the exception after 8 weeks. 
No explanation is given for this discrepancy. Instead, the trend of increasing 
values is emphasized. This implies that the 15 % Ni coating provides better 
corrosion resistance compared to the 11 % Ni coating. Improved corrosion 
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properties is the result of more protective corrosion products and hence an 
improved barrier protection.  

Samples with Cr (III) passivation (both 11 % and 15 % Ni) present an initial 
decrease in polarisation resistance. The passivating layer contains defects, and 
after corrosive attack, the zinc-nickel coating will be exposed locally. This could be 
a reason for the initial decrease in polarisation resistance. Since the corrosion is 
localised to a great extent, the Rp-values are sometimes wide ranging depending 
on the specific sample surface for measurement. There is however, a trend that 
the polarisation resistance increases for passivated coatings, both 11 % nickel and 
15 % nickel, most likely due to protective corrosion products. 

In figure 5.6, the weekly polarisation resistance together with the corrosion 
potential is plotted in a separate window for each of the examined coatings for 
better view of trends. The corrosion potential is also known as the open circuit 
potential, OCP.  
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Figure 5.6: Polarisation resistance and open circuit potential after every week in SICT. 0 weeks 
denotes unexposed samples. Mean values of at least two measurements with minimum and 
maximum values as error bars are presented. Note the different scale in the top right plot. 

 

The polarisation resistance has already been discussed. The open circuit potential 
for both samples without Cr (III) passivate is increasing during the entire 
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experiment. Experiments by Lindström (2006) on the corrosion mechanism of the 
same materials in aqueous, chloride-rich environment show that the open circuit 
potential increases to a value of -0,5 V vs. Ag/AgCl, before the appearance of red 
rust. This stage is not reached within 9 weeks of exposure in SICT, i.e. a time 
period that corresponds to 3 to 5 years of corrosion in a road environment. The 
trend of an increasing open circuit potential with time was also observed for both 
Cr (III) passivated samples. 

5.1.3 Surface morphology 
For as-received Zn-Ni coatings, 11 % and 15 % Ni, a fairly smooth surface with 
nodular features was observed. No or very few cracks in the structure seemed to 
be present. EDS analysis revealed the surface layer to be composed of 
approximately 84 wt% zinc, 11 wt% nickel, and 4 % iron (see table 5.1). The nickel 
content was in concordance with data from the manufacturer (11,4 wt%, measured 
with XRF). Compositional EDS analyses of the surface layer on the 15 % nickel 
samples differ somewhat more compared to the reported nickel composition of 15 
to 16 wt% (13,5 wt%). Some differences in the analytical results are expected 
since the EDS technique is not as accurate as the XRF. The detection of iron is 
likely to originate from the underlying steel substrate and not from the coating 
itself, due to a too large information depth from the incident electron beam. The 
measured ratio between zinc and nickel was approximately 7,5 for the 11 % nickel 
sample and 6,3 for the 15 % nickel sample. According to the manufacturer, this 
ratio would be 8,1 and 5,7, respectively.  

Table 5.1: Chemical composition measured in SEM for unexposed, Zn-Ni coated steel. Area 
analysis and acceleration voltage of 20 kV were used.  

 Zn Ni Fe O C Zn/Ni 
Zn-11 %Ni 83,5 11,1 4,1 0,6 0,7 7,5 
Zn-15 %Ni 84,6 13,5 0,9 - 0,7 6,3 
 

A typical surface appearance for an unexposed zinc-nickel coating (left: 11 % 
nickel, and right: 15 % nickel) is shown in figure 5.7. The SEM image was made 
using backscattered electron imaging with an acceleration voltage of 20 kV. 
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Figure 5.7: Backscattered electron images showing typical unexposed surface of a Zn-Ni coating 
(left: 11 % Ni, right: 15 % Ni). The two samples present similar morphology.  

 

A detailed interpretation of the surface morphology, in relationship with the 
previous discussion on electrochemical impedance measurements, of the Zn-
11 % Ni coating will be presented in the following paragraphs. The behaviour of 
the coating with 15 % nickel is similar although the corrosion process is slower. 
The corrosion process of the 15 % nickel coating will be discussed briefly. 

5.1.3.1 Coatings with 11 % nickel 
In the early stages of corrosion; after one week (two cycles) in accelerated 
corrosion testing, some cracks are formed in the structure. A smooth layer of 
corrosion products has formed on the surface as well as few regions of irregular, 
more voluminous and porous corrosion products. The smooth layer is probably 
initially formed covering the entire surface. As the corrosion process proceeds, the 
layer grows in thickness and locally, more voluminous corrosion products are 
formed, and fine cracks are formed in the corrosion products layer. Fabri Miranda 
et al. (1999) assert that the cracks go through the zinc-nickel coating as well as 
through the corrosion products. The authors also claim that the fine cracks are 
present in as-electrodeposited conditions and that they are not developed as a 
consequence of any corrosive attack. This is consistent with Lambert and 
Townsend (1986) who also report that cracks exist in as-deposited coatings and 
increases with the nickel content in the range of 9 to 15 %. In this study, only few 
cracks were observed in as-deposited conditions.  

Except for the formation of fine cracks, parts of the corroded (1 week in SICT) 
surface appear to be similar to the unexposed sample. EDS analyses show 
however that the surface composition has changed. The exposed sample contains 
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oxygen, and the ratio between zinc and nickel has increased from 7,5 to 8,6. This 
indicates that zinc rich corrosion products have formed on the metal surface. For 
certain areas of the sample with more corrosion products, the zinc-nickel ratio is 
even higher: 11,8 or more. Figure 5.8 shows the smooth corrosion product layer 
containing fine cracks (in bright areas of the figure), and regions with more 
voluminous and irregular corrosion products (dark areas).  

 

Figure 5.8: Backscattered electron image of a Zn-11 % Ni coating after one week of exposure in 
SICT. The surface is covered with a smooth layer of corrosion products (bright areas with cracks), 
and more voluminous, irregular corrosion products (dark areas). The corrosion product layer is zinc 
rich. 

 

Typical chemical compositions of different areas of a zinc-11 % nickel sample 
exposed in SICT for one week are presented in Table 5.2.  

Table 5.2: Chemical composition measured in SEM for samples of Zn-Ni coated steel exposed one 
week in SICT. The compositions are typical for bright and dark areas respectively in figure 5.8. 
Area analysis and acceleration voltage of 20 kV were used.  

 Zn Ni Fe O C 
Zn-11 %Ni little corrosion products 70,1 8,2 3,9 17,9 - 
Zn-11 %Ni much corrosion products 64,1 5,4 3,4 27,0 - 
 

The irregular and porous corrosion products grow with time, and cover more and 
more of the surface. After 6 to 7 weeks of exposure in SICT, the surface is 
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predominantly covered by these corrosion products in which cracks can be seen. 
The rough topography of the surface and possibly also the cracks explain the 
depression of the impedance curves observed at this stage of corrosion (cf. figure 
5.1 or figure 5.2). Figure 5.9 shows a Zn-11 %Ni sample exposed for seven weeks 
in SICT. The ratio between zinc and nickel is approximately 16,8 for this sample, 
originally, the ratio was 7,5.  

The results show that the surface layer of corroded samples is enriched in zinc, 
due to corrosion product formation, whereas nickel is enriched in the underlying 
zinc-nickel coating.  

 

Figure 5.9: Backscattered electron images of a Zn-11 %Ni sample exposed 7 weeks in SICT. The 
majority of the surface is covered with porous, zinc rich corrosion products. An inset enlargement 
shows cracks in the corrosion product layer.  

 

Up to 7 weeks in SICT, the corrosion products build up and form a surface 
covering layer on top of the zinc-nickel coating. Additional exposure to the 
corrosive environment results in that the corrosion product layer starts to 
deteriorate locally, see figure 5.10. However, the deterioration of the corrosion 
products occurs locally and to a minor extent from 7 weeks of exposure until end 
of experiment at 9 weeks of exposure. The crack formation has caused part of the 
corrosion product layer to detach, revealing the underlying zinc-nickel coating with 
a fine-cracked structure.  
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Figure 5.10: Backscattered electron image of a Zn-11 %Ni sample exposed 7 weeks in SICT. The 
corrosion product layer is locally deteriorated revealing the underlying Zn-Ni coating. The Zn-Ni 
coating shows a fine-cracked structure. Deterioration of corrosion products does not occur to a 
great extent, most of the surface is intact. 

 

The underlying zinc-nickel coating was determined to be enriched in nickel, see 
table 5.3. The preferential corrosion of zinc yields a zinc rich corrosion product 
layer whereas nickel remains in the original zinc-nickel coating. The nickel content 
in the corroded zinc-nickel coating is proportionally higher compared to in the 
unexposed coating, whereas it is lower in the corrosion products formed.  

Table 5.3: EDS analysis of parts of sample in figure 5.10, and unexposed composition as 
reference. Note that the corrosion products are zinc rich whereas the zinc-nickel coating is 
enriched in nickel after corrosive attack. Area analysis and acceleration voltage of 20 kV were 
used. 

 Zn Ni Fe O C 
Unexposed Zn-11 % Ni 83,5 11,1 4,1 0,6 0,7 
7 weeks in SICT, corrosion products 64,3 3,8 3,8 28,1 - 
7 weeks in SICT, Zn-Ni layer 49,5 27,0 12,8 10,7 - 
 

During the last two weeks (week 8 and 9) of the SICT test, no large changes in the 
deterioration of the corrosion product could be observed. After the SICT test 
termination, the Zn-11 % Ni coatings show fairly intact corrosion product layers 
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with a similar surface morphology as observed after 7 weeks of exposure. The 
main difference is an increase in thickness of the corrosion product layer with a 
zinc/nickel ratio up to 50. This indicates the presence of a thickened, zinc rich, 
corrosion product layer, during this time period.  

X-ray photoelectron spectroscopy, XPS, measurements show the composition in 
the outermost surface layer. With the analysis depth of typically 3 to 5 nanometres, 
the method allows for analysis of corrosion products only without interference from 
the underlying metal substrate. The results for a Zn-11 % Ni coating exposed for 2 
and 9 weeks in SICT and an unexposed reference are presented in table 5.4 
below.  

Table 5.4: Surface composition (weight-%) from XPS of unexposed and exposed Zn-11 % Ni 
coatings. Nickel is not present in the outermost surface layer of the sample. 

 C-C,H C-O O Zn Na N-NH4 Cl-Cl-

Unexposed Zn-11 % Ni 22,2 19,0 36,3 20,4 2,1 0,0 0,0 
2 weeks in SICT 16,2 7,1 34,9 34,5 0,9 0,3 6,1 
9 weeks in SICT 12,1 14,5 38,3 29,2 3,1 0,0 2,8 
9 weeks in SICT  
Pickled, glycine 3 min 19,7 17,4 35,4 10,4 0,0 16,1 0,9 

 

The unexposed sample contains carbon, oxygen, and sodium in the surface, 
probably as a result of contamination during sample preparation. Since the 
unexposed sample is partly corroded, it is possible that the detected carbon and 
oxygen is a result of oxides, hydroxides and carbonates formed within parts of a 
second after contact in air. The surface, i.e. the corrosion products, contains more 
zinc for exposed samples compared to in the unexposed panel. The corrosion 
products are thus zinc rich. Nickel is not present in the outermost sample surface 
layer, neither on exposed samples nor on the unexposed panel. This is consistent 
with the theory that nickel is enriched in the zinc-nickel layer. If not present in the 
corrosion products, nickel will not be subject to large amounts of metal release. 
The fact that nickel is not present on the unexposed sample surface is probably 
due to the almost instantaneous formation of a very thin, zinc rich, corrosion 
product layer, in agreement to zinc oxide and zinc hydroxide formation on pure 
zinc.  

One sample presented in table 5.4 was pickled for 3 minutes in glycine for removal 
of zinc-rich corrosion products. Carbon and oxygen species are still present on the 
sample surface after pickling in similar quantities as the exposed samples. This 
may indicate that not all corrosion products are removed during the pickling 
procedure. Furthermore, there is a significant amount of nitrogen on this sample 
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originating from the pickling solution (glycine, NH2CH2COOH). Even though 
corrosion products still remains on the surface, the majority has been removed 
during pickling. No nickel could be detected on the pickled sample, possibly due to 
the formation of a thin layer of zinc oxide/hydroxide formed after pickling. 
Therefore, no conclusions were drawn for the pickled sample.  

After nine weeks in SICT, the samples did not show any visual sign of red rust, 
with few exceptions along edges or dots of red rust visible in the optical 
microscope. If no red rust exists (examined by visual inspection) after nine weeks 
of exposure in SICT, the sample meets the toughest requirements at SCANIA for 
corrosion. The SICT test is therefore terminated after nine weeks. In a Master of 
Science Thesis by Lindström (2006), the corrosion mechanism of the same 
material was evaluated after immersion in aqueous, chloride rich environment. The 
corrosion process was examined until formation of heavy red rust that was visible 
to the naked eye. Lindström reports that with further corrosive attack, more of the 
corrosion product layer detaches and ultimately, the zinc-nickel coating itself is 
detached from the steel substrate. Galvanic protection is still obtained, although 
parts of the zinc-nickel coating is absent, exposing the bare steel.  

Removal of the corrosion products by pickling (glycine, approx 3 min) reveals the 
underlying fine-cracked zinc-nickel layer, shown in figure 5.11.  

 

Figure 5.11: Backscattered electron image of the Zn-11 % Ni coating exposed 4 weeks in SICT 
and pickled 3 min in glycine. The fine-cracked structure of the zinc-nickel coating is evident.  
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As previously discussed, the zinc-nickel coating is enriched in nickel, compared to 
the original composition. The nickel content is approximately twice the original 
content after 4 weeks of exposure. After 9 weeks in SICT, the nickel content in the 
zinc-nickel has increased from 11 wt% to almost 40 wt%. 

Pickled samples of the coating with 15 % Ni show the same cracked structure 
although not as fine-cracked. Compared to the Zn-11 %Ni coating, the Zn-15 %Ni 
coating show only a slight increase (a few percentage units) of the nickel content 
during 9 weeks of exposure in SICT. 

5.1.3.2 Coatings with 15 % nickel 
The 15 % Ni coatings show similar morphology as the 11 % Ni coatings, also after 
longer exposure periods to the corrosive environment of the SICT chamber. Figure 
5.12 shows two backscattered electron images of a 15 % Ni coating exposed for 9 
weeks in the accelerated corrosion test. Figure 5.12 (left) shows areas of the 
surface that are covered with irregular, voluminous and rough corrosion products. 
This morphology is similar to what was observed on the 11 % Ni coating after 4 to 
6 weeks in SICT. Figure 5.12 (right) shows corrosion products with crystalline 
features. This type of corrosion products was not observed for the 11 % Ni 
samples.  

 

Figure 5.12: Backscattered electron image of a Zn-15 % Ni coating after 9 weeks in SICT. The 
entire surface is not covered with rough corrosion products, even after end of experiment. The right 
picture shows corrosion products with crystalline forms. This type of corrosion products are not 
observed in the 11 % Ni samples. 
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5.1.3.3 Coatings with Cr (III) passivate layer 
Samples coated with a Cr (III) passivate layer show very little sign of corrosion up 
to 5 weeks of corrosion in SICT. Corrosion on these samples was to a large extent 
localised. Perhaps corrosion was initiated at defective area of the passivate layer. 
Zn-11 % Ni coatings with a passivate layer exposed in SICT are shown in figure 
5.13, after 5 weeks in SICT (left) and the after 9 weeks (right). 

Up to 5 weeks of exposure, the passivated coatings seem quite unaffected, except 
for the formation of a cracked structure. Corrosion seems to be preferentially 
localised. The polarisation resistance was virtually unaffected during the first 
weeks and increased from 4 weeks of exposure up to 9 weeks, during which rough 
corrosion products were formed. This type of corrosion products were also 
observed for coatings without passivation.  

 

Figure 5.13: Backscattered electron image of a Cr (III) passivated (11 % Ni) sample exposed in 
SICT during left: 5 weeks, right: 9 weeks. Initially, corrosion is slow and localised, followed by a 
corrosion process quite similar to the corresponding samples without passivation. After 9 weeks 
rough corrosion products are formed. 

 

Surface areas not covered with rough corrosion products seemed to be less 
corroded for passivated samples. This is likely due to an intact passivating layer 
that protects these areas. Areas with more corrosion products were related to 
defects in the passivate layer. In all, the presence of a passivate layer delays the 
initiation of the corrosion process of the zinc-nickel coating. 

5.2 Conformity between field test and SICT test 
Field samples were mounted on a truck from June to December, 2005. After 
exposure, the samples were covered with a thick layer of dirt from exposure to the 
outdoor environment. The dirt contained a wide range of elements such as C, O, 

 



 

  Dokumentnamn/Document name  Info klass/Info class 

  REPORT  I 
  <L>-artikel/<L>-part  Kod/Code 

   S 05673 + S 05981 
Godkänd/Approved by  Lagringsdata/File Reg nr/Reg. No. ECO nr/ECO No. 

UTMK, Eva Iverfeldt, EIV   R:\Tz\Tzm\Publika\Rapport\ R2005-0630 370936 
Utfärdare (tjänsteställebeteckning, namn)/Issued by Telefon/Phone Datum/Date Utgåva/Issue Sida/Page 

UTMK, Johan Åslund, UJA  82966 2006-03-01 1 53 (75) 

 

Na, Cl, Al, Si etc. Dirt and corrosion products were removed with acetone, xylene 
and subsequently with glycine in ultrasonic bath. After removal of dirt and 
corrosion products, revealing the zinc-nickel coating, it was obvious that the field 
samples showed little sign of corrosion. In figure 5.14, SICT samples (9 weeks 
accelerated indoor corrosion) are shown next to field samples (6 months 
exposure).  

 

SICT 9 weeks SICT 9 weeks Field 6 months Field 6 months 
Zn-11% Ni Zn-11% Ni + Cr(III) Zn-11% Ni Zn-11% Ni + Cr(III) 

 

Figure 5.14: Zn-11 % Ni coatings with and without Cr (III) passivation exposed in SICT and in field. 
Field samples are pickled for removal of dirt (and corrosion products) and are much less corroded 
than SICT samples.  

 

Samples exposed to the accelerated indoor corrosion test are severely corroded 
whereas the field samples show little sign of corrosion. The dark spots on the field 
sample without passivation are areas with a higher density of fine cracks. The 
cracks are resulting in less reflected light, thus the surface appears darker. The 
field sample coated with Cr (III) passivation was hardly affected at all. In fact, the 
pickled reference (unexposed) was very similar to the passivated field sample. 
Light optical images of Cr (III) passivated zinc-nickel exposed in field (left) and 
unexposed (right) are shown in figure 5.15. It is likely that, if exposed during longer 
time at field conditions, this sample would present similar attacks of localised 
corrosion as was observed for the Cr (III) passivated SICT sample does.  
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Field sample Unexposed reference 

Figure 5.15: Light optical image of Zn-11 % Ni coatings with Cr (III) passivation exposed in field 
(left) and unexposed (right). The samples are pickled for 3 min in glycine. 

 

Corrosion products formed on samples exposed in field were covered with a thick 
layer of dirt, and could hence not be analysed directly after field exposure. In order 
to expose any corrosion products formed, an attempt was made to remove the dirt 
by immersing the samples in acetone in ultrasonic bath and subsequently in 
xylene. This procedure removed some of the dirt but a large quantity still remained 
on the sample surface. The samples were then carefully pickled for 30 seconds in 
glycine in order to remove the dirt. The attempt of removing the dirt with the 
corrosion products left on the surface was not successful. The pickling procedure 
removed either dirt and corrosion products or none of the above. Figure 5.16 
shows a pickled field sample with surface areas with remaining dirt and other 
areas with the zinc-nickel coating. 
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Figure 5.16: Backscattered electron image of a field sample after pickling (glycine, 90 s). The zinc-
11 % nickel coating presents a cracked structure. Darker parts of the picture are dirt from field 
exposure. Corrosion products are either covered with dirt or removed by pickling.  

 

Although the corrosion products cannot be analysed, some conclusions could be 
drawn regarding the corrosion mechanism of the corroded field samples. The zinc-
nickel coating was slightly enriched in nickel. The nickel content in the coating has 
increased from the original level of approximately 11 % to 13-19 % depending on 
area of analysis. The zinc-nickel coating was also fine-cracked, similar to the 
findings in the indoor corrosion test.  

In all, the conformity between laboratory and field data seems to be good. The 
same fine cracked structure and also a nickel enrichment of the zinc-nickel coating 
was observed for both methods. A longer exposure period of the field test is 
essential in order to relate the corresponding field exposure time period to the 
accelerated indoor corrosion test. 

5.3 Metal release rates and corrosion rates 
Metal release rates were determined from samples exposed to the accelerated 
corrosion test. Analyses were made on the following elements: nickel, zinc, iron, 
and also chromium for passivated samples. Based on mass loss, corrosion rates 
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were determined for samples exposed in accelerated corrosion testing and for field 
samples.  

5.3.1 Metal release in SICT 
After the accelerated corrosion experiment, the concentration of released metal 
into the immersion containers was determined by atomic absorption spectroscopy. 
Elements analysed were zinc, nickel, iron, and also chromium for the samples with 
Cr (III) passivation. Detection limits in AAS were 0,006; 0,012; 0,009; and 
0,012 mg/L for Zn, Ni, Fe, and Cr respectively. The detection limit for nickel in ICP 
was 0,5 µg/L. The amounts of released of zinc, nickel, iron, and chromium are 
presented in figure 5.17 after 9 weeks in SICT for the Zn-11 %Ni and the 
Zn-15 % Ni coating. Release rates of nickel and iron from stainless steel, ASTM 
316 are included for comparison, chromium was not analysed. The surface area 
used was 0,0398 m2 for Zn-Ni samples and 0,0353 m2 for stainless steel samples, 
calculated on both sides of the panels excluding a small hole for suspension.  

Metal release after 9 weeks in SICT
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Figure 5.17: Specific metal release after 9 weeks in SICT (Scania Indoor Corrosion Test). Data are 
presented as mean values and standard deviation. Note that the zinc columns are divided by 100 
and the iron columns by 10. Release of iron from the 15 % nickel coatings and from the 11 % nickel 
coating with Cr (III) passivation were below detection limit. Release of chromium from stainless 
steel was not analysed. 
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Data are presented as mean values and standard deviations. Table 5.5 shows the 
nickel release after 9 weeks exposure in SICT, i.e. the same values as in figure 
5.17. The total amount of metal release after the accelerated corrosion test range 
for the Zn-11% Ni coatings from 300 to 350 mg/m2 for zinc, and from 1,2 to 
1,6 mg/m2 for nickel. The mean release for iron is 1,8 mg/m2 for samples with a 
Zn-Ni coating only, samples with Cr (III) passivation are all below detection limit 
except for one outlier. The release of chromium is approximately 1,2 mg/m2. Three 
outliers have been removed; statistical determination and details will be discussed 
later in this chapter. The difference between the two nickel columns is not 
significant at the level of 95 %, that is, the release of nickel is not significantly 
different for zinc-nickel coatings with and without Cr (III) passivation, details and 
calculations will be presented in this chapter.  

Table 5.5: Metal release [mg m-2] after 9 weeks of exposure in SICT. Mean values and standard 
deviation.  

Metal release [mg m-2] Zn Ni Fe Cr 
pH 7: Zinc-11 % nickel 346±36 1,18±0,69 1,8±1,5 N/A 
pH 7: Zinc-11 % nickel + Cr (III) 300±16 1,62±0,28 - 0,76±1,02 
pH 7: Zinc-15 % nickel 618±3 0,33±0,02 - N/A 
pH 4,2: Zinc-15 % nickel 242±1 0,20±0,02 - N/A 
pH 4,2: ASTM 316 stainless steel N/A 0,53±0,03 8,4±0,3 Not analysed 

 

The effect of pH on the metal release is evident from figure 5.17. For the Zn-
15 % Ni coatings the metal release of zinc and nickel was clearly higher when the 
pH was held at a constant level of 4,2 (denoted pH 4,2) compared to when no 
corrections of the pH were made. When no adjustments were made, the pH 
increased from 4,2 to around 7 after 9 weeks in SICT. Approximately, the metal 
release of zinc and nickel was twice as high when the pH was controlled at a low 
level. Measured metal release data for zinc-11 % nickel (where the pH was 
uncontrolled) would most probably be higher if the pH was held constant at 4,2, 
possibly in the same proportion as for the 15 % Ni alloy. 

The nickel release was significantly less from the 15 % Ni coatings compared to 
the 11 % Ni coatings, irrespective of controlled pH. As previously mentioned, the 
15 %Ni coating provides higher polarisation resistance and corrosion products with 
better barrier protection. This is reflected in the nickel release. The zinc release 
however, is similar for the two alloys, i.e. zinc is preferentially released compared 
to nickel.  
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The accelerated corrosion test is estimated to correspond to three to five years of 
corrosion in a real road environment that is on a truck. No comprehensive studies 
have been made on the correlation but 3 to 5 years is used as a general guideline 
for 9 weeks of SICT exposure. It must be stressed that this correlation is a rough 
estimation. By dividing the obtained metal release values by three to five years, 
the annual metal release rate is approximated. Data are compiled in table 5.6.  

Table 5.6: Annual metal release rates [mg m-2yr-1] derived from SICT.  

Annual release rate [mg m-2yr-1] Zn Ni Fe Cr 
pH 7: Zinc-11 % nickel 60-130 0,10-0,62 0,06-1,12 N/A
pH 7: Zinc-11 % nickel + Cr (III) 60-105 0,27-0,63 - 0-0,59
pH 7: Zinc-15 % nickel 50-80 0,04-0,07 - N/A
pH 4,2: Zinc-15 % nickel 120-200 0,06-0,12 - N/A
pH 4,2: ASTM 316 stainless steel N/A 0,10-0,19 1,6-2,9 Not analysed 

 

It is evident that zinc is preferentially released compared to nickel. The proportions 
between the released elements differ from their nominal proportions in the applied 
coating. In the unexposed zinc-nickel coating, the zinc content is about 89 %, the 
metal release however, contains more than 99 % zinc.  

As stated earlier, metal release is the amount of metal released from the corrosion 
product layer during precipitation (or splashes in a road environment). As seen, 
the corrosion products are zinc rich and this is in agreement to the high zinc 
content in the metal release, and also with the enrichment of nickel in the coating.  

In figure 5.18, the metal amount of release from zinc-15 % nickel coatings and 
from ASTM 316 stainless steel is shown in detail. Metal release after 3, 6 and 9 
weeks in SICT is shown for the 15 % nickel samples.  
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Effect of exposure  time  and pH to metal re lease
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Figure 5.18: The metal release is higher when the pH is held low at a content level of 4,2. The 
nickel release of the zinc-15 % nickel coating is comparable to the release from ASTM 316 
stainless steel. The nickel release from the 3 and 6 week samples were below detection limit in 
AAS and not measured in ICP. Note that iron values are divided by 10. 

 

The nickel release from zinc-15 % nickel coatings is similar to that from ASTM 316 
stainless steel exposed in SICT. Iron is predominantly released from the stainless 
steel. The release data for the 3 week samples with controlled pH was removed 
due to unreliable values as a result of a mistake during acidification. For the 
samples without control of pH, a trend of decreasing metal release rate can be 
distinguished. This can be related to the increasing polarisation resistance seen in 
EIS with formation of protective corrosion products.  

The release of nickel from the zinc-nickel coatings is low; 0,1-0,6 mg m-2year-1 for 
the Zn-11 % Ni coatings (at a pH of 7) and even lower, 0,06-0,12 mg m-2year-1 for 
the Zn-15 % Ni coatings (at a pH of 4,2). To set this data into perspective, a 
comparison with other materials would be suitable. There are no long term studies 
made on metal release of nickel from electrodeposited zinc-nickel coatings on 
steel, and many galvanising zinc based coatings do not contain nickel. Therefore, 
a comparison with stainless steels would be in order. Stainless steels contain 
nickel, are widely used as construction material and the corrosion resistance is 
well known. However, one should keep in mind that the corrosion processes and 
mechanisms differ between stainless steels, which obtain there corrosion 
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resistance from a protecting passive film, and zinc-nickel alloys in cathodically 
protective coatings that dissolves to protect the metal substrate.  

The metal release from SS 2343 (also known as ASTM 316) in SICT, in the same 
conditions as for the zinc-nickel coatings, was 0,10-0,19 mg m-2year-1 for nickel 
and 1,6-2,9 mg m-2year-1 for iron. Release of chromium was below detection the 
limit of the AAS and not analysed in ICP. The metal release values are lower, but 
of the same order of magnitude as release data from a study by Odnevall 
Wallinder et al. (2004). Nickel release from stainless steel exposed to atmospheric 
corrosion has been reported to be 0,1-0,55 mg m-2year-1 for grade 304 and 0,3-
0,8 mg m-2year-1 for grade 316 (Odnevall Wallinder et al. 2004). In the same study, 
release of iron range from 10-140 mg m-2year-1 and 10-200 mg m-2year-1 for grade 
304 and 316 respectively. The environmental conditions in this study are not 
similar to a road environment, the study is made under atmospheric conditions and 
there are no chlorides present, thus a less corrosive environment. In a study of 
released amounts of nickel, chromium and iron from stainless steels in a sodium 
chloride solution (0,9-10 wt% NaCl), stainless steels were immersed for a period of 
120 days (Chiba et al. 1997). The solution is assumed to be neutral as the pH is 
not mentioned. The nickel release was measured after 120 days of immersion 
(Chiba et al. 1997). Extrapolated from 120 days to one year of immersion, the 
nickel release ranged between 75-120 mg m-2 for both grade 304 and grade 316. 
These immersion tests are considered to be more corrosive compared to the 
Scania Indoor Corrosion Test. There are uncertainties in extrapolating the data 
linearly from four to twelve months, and this may result in unreliable values that 
are not comparable with a real exposure in that environment.  

In a study of runoff rates of zinc induced by atmospheric corrosion in an urban 
environment (Stockholm), the yearly runoff rates of total zinc range from 0,07 to 
3,5 g/m2 for a large number of commercially available zinc-based building 
materials. In particular, runoff rates from bare Zn sheets (99,97 % Zn) and hot-dip 
galvanised steel were 2,1 and 2,7 g m-2yr-1 respectively. Zinc-aluminium coatings 
present lower runoff rates of 0,8 to 1,6 g m-2yr-1 and the lowest rates presented are 
from various zinc coatings with a top coating system (Karlén et al. 2001). Another 
study reports of zinc runoff from galvanised steel materials exposed in an 
industrial/light marine environment at the Port Talbot weathering site. Bare zinc 
(99,95 wt-% Zn) and electrocoated zinc (100 % Zn) have the highest runoff rates 
of 2,78 g m-2yr-1 and approximately 2,2 g m-2yr-1 respectively, followed by general 
galvanised steels, i.e. hot-dip galvanised steel (Zn-0,15 wt% Al), and iron-zinc 
intermetallic galvanised steel with runoff rates of 1,52 g m-2yr-1 and approximately 
1,3 g m-2yr-1 respectively. Zinc-aluminium coated steels have lower runoff rates, for 
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example Galfan (Zn-5 wt% Al) with 0,96 g m-2yr-1. Galvanised materials with a top 
coat have the lowest runoff rates, down to 0,21 g m-2yr-1 (Sullivan and Worsley 
2002). There are no data on runoff rates from zinc-nickel coatings on steel in these 
studies. 

The chrome(III) passivating layer (transparent) is very thin, 70 to 400 nm. The 
specific weight of the passivating layer is approximately 40 mg/m2. Black Cr (III) 
passivation can be up to three times as thick, i.e. up to 1,2 µm, with a specific 
weight of 120 mg/m2. Even if the entire layer of Cr (III) is released, there would be 
small amounts in total. 

In this study, there has been no evaluation of the chemical speciation of the 
released metal. To use metal release values in an environmental risk assessment, 
information about the bioavailable fraction of metals is needed. These values of 
total metal release can however be used in a worst case approximation. Predicting 
an environmental concentration from the metal release values would be difficult 
since the material would be placed on a large number of trucks travelling great 
distances. 

Three outliers have been removed from mean value calculations; one for each 
zinc column (520 and 574 mg/m2 for Zn-11 % Ni and Zn-11 % Ni with passivation 
respectively), and one for iron for a Zn-11 % Ni sample with Cr (III) passivating 
layer (5,5 mg/m2). It is the same Cr (III) passivated sample that yields outliers in Zn 
and Fe. The coating on this sample is probably defective, perhaps from 
manufacturing, over a part of the sample, approximately a semi circle with a 
diameter of 5 cm. Unexposed it was discoloured and after corrosion testing red 
rust formed over that area. All other passivated samples released concentrations 
of iron below detection limit for iron. The sample with Zn-Ni coating only is not 
visually different from the parallel samples. The three values are statistically 
determined to be outliers using a Grubb’s test. The calculation for a Grubb’s test 
is: G=│suspect value-mean│/SD, where the mean and the standard deviation are 
calculated with the suspect value included. The critical value of G for a sample 
size of 12 and a significance level of 5 % is 2,41. If the calculated value of G 
exceeds the critical value, the value is rejected at that significance level (Barnet 
and Lewis 1994). The G values for the suspected values are 2,62 and 3,12 for the 
two Zn columns, and 3,18 for the Fe column. Hence, the three values are rejected 
at the level of 5 %. 

The difference between the two zinc columns for the zinc-11 % nickel samples is 
significant at the significance level of 5 %. The difference between the two nickel 
columns however, is not significant at this significance level. A statistical t-test was 
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used to decide whether the difference between the two sample means was 
significant, that is to test the null hypothesis, H0: µ1=µ2. To do so, the statistic t was 
calculated. The critical value for t, for a confidence interval of 95 % and 20 
degrees of freedom, is 2,09. The value is assumed to be equal for 22 degrees of 
freedom. For zinc, the calculated t value is 3,71 (20 degrees of freedom), and thus 
the difference is significant for a 95 % confidence interval (and even for a 99 % 
confidence interval). For nickel, the t value is 1,94 (22 degrees of freedom), and 
thus the difference between release of nickel from samples with and without 
Cr (III) passivation is not significant (Miller and Miller 2000).  

The inclination from the horizon of the samples in the SICT test is approximately 
65°. It has been reported that for zinc and copper exposed in atmospheric 
conditions, the metal release decreases with increased inclination from the 
horizon. The metal release can be up to 6 times as high for a panel with 7° 
inclination compared to a panel with 90° inclination. The effect is mainly explained 
as a panel with higher inclination from the horizon is exposed to less precipitation 
(Odnevall Wallinder et al. 2000). Since the samples in the SICT test are manually 
immersed in liquid, the inclination should not have the same effect on the metal 
release.  

The major sources of error for the metal release experiment are: 1) Some liquid is 
evaporated during the experiment, and some was removed with the samples after 
every immersion. Correction of the water level in the containers was made with 
distilled water since the majority was assumed to be evaporated. 2) The 
correlation for metal release in an accelerated test and in a road environment has 
not been evaluated. It is not certain that the very same corrosion process will 
occur during exposure in a road environment. For example, dirt in a real road 
environment may adhere to the surface and either protect the surface as a barrier 
or accelerate the corrosion by binding moist. The estimated corresponding time of 
9 weeks in SICT and three to five years in a road environment is a general 
estimation for metals. In order to get a better estimation, a long term correlation 
should be made with the given material in a determined field environment. 

5.3.2 Corrosion rates 
Corrosion rates based on mass loss have been determined for samples exposed 
in field and in SICT. Unfortunately, the pickling procedure to remove corrosion 
products removed some of the zinc-nickel coating itself, especially for heavily 
corroded samples. Since the coating detaches, stable weight loss can not be 
obtained until both corrosion products and zinc-nickel coating are removed. The 
pickling procedure was instead terminated after the first sign of removed zinc-
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nickel coating, evaluated in light optical microscope. As a consequence, the 
corrosion rates determined should be considered only as an indicative measure of 
the mass loss. 

The specific mass loss based on the weight of unexposed samples for different 
materials and exposures is shown in figure 5.19. Duplicate samples are shown for 
each type. The mass loss of the field samples is not comparable to the mass loss 
of the samples exposed in SICT, since the exposure time differs. A rough estimate 
is that 9 weeks in SICT corresponds to 3 to 5 years in field. The field samples 
were only exposed for 6 months. Furthermore, mass loss data for the SICT 
samples are very insecure.  
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Figure 5.19: Mass loss from different exposures. Mass loss data for field and indoor exposure are 
not comparable from this figure. The values are uncertain because the pickling procedure removes 
besides from corrosion products some of the zinc-nickel coating itself.  

 

The reference samples present almost linear mass loss and little sign of removed 
zinc-nickel coating. The mass loss of the reference is deducted from the other 
samples. The field samples present some tendency of the zinc-nickel coating 
being detached. Examination in light optical microscope shows that most corrosion 
products are removed. Since little of the zinc-nickel coating is detached during the 
pickling procedure, there was no need to continue pickling, but the mass loss 
values for the field samples are fairly reliable.  

For the heavily corroded samples from SICT, much of the zinc-nickel coating is 
detached resulting in that a stable weight is not obtained. Large parts of the 
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coating are detached, and much of the corrosion products are remaining. On these 
samples there are some spots of red rust which are not removed by the pickling 
procedure. A pickling solution suitable for removing the iron corrosion products 
would be too aggressive on the zinc-nickel coating. Mass loss data for the SICT 
samples are not reliable since the corrosion products cannot be removed with 
glycine without removing parts of the zinc-nickel coating itself.  

5.4 Possible use of nickel in Scania production 
A rough estimate of the use of nickel in the Scania production, due to the use of 
zinc-nickel coatings on fasteners would be 3 300 kg per year, of which amount, 
2 000 kg per year would be exposed to the environment. Based on experimental 
metal release data, the annual nickel release from all Scania vehicles in use would 
be less then one kilogram from zinc-nickel coatings. A detailed statement of the 
calculations and approximations made will follow: 

If Scania was to introduce zinc-nickel coatings on fasteners and screws as 
corrosion protection instead of using zinc-iron coatings with a chromate [Cr (VI)] 
passivating layer, there would be an additional contribution of nickel in the Scania 
production. The amount of zinc in use would be constant or even less due to that 
the zinc content in zinc-iron coatings is more than 99 % whereas approximately 
85 % in zinc-nickel coatings, furthermore coatings of zinc-iron are thicker than 
zinc-nickel in some applications. Hence, nickel is the element of interest when 
estimating the amounts in use. 

To calculate the possible amounts of nickel in use, the number of fasteners and 
their surface area is required, and also the thickness and density of the zinc-nickel 
coating. Two surface areas are estimated; the total surface area of the fasteners 
yields the amount of nickel in production, and the surface area that is exposed to 
the surrounding environment, which together with metal release data yields the 
potential metal release from Scania vehicles during a given time. A rough 
estimation will be presented in the following. It is difficult to estimate the amount 
exactly, since there are a large variety of fasteners in different dimensions and all 
fasteners might not be suitable for zinc-nickel coatings (due to for example the risk 
of hydrogen embrittlement when electroplating and that the coatings are too brittle 
to be used on rivets). At the most however, zinc-nickel coatings would be used on 
all screws, nuts, and washers which are currently coated with zinc-iron. Data on 
the number of screws, nuts, and washers is collected from Scania Guide 010, 
which is linked to the Aros system at Scania, and in which the annual demand of 
different fasteners is listed. The list concerns the total European and South 
American production, including spare parts, of trucks, buses, and industrial & 
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marine engines, of which the majority is trucks. The annual production at Scania is 
53 249 trucks and 5 712 buses, which is stated in the annual report (Scania 2004). 
The annual demand of Zn-Fe fasteners is approximately 107 million screws (75 % 
of total screws), 38 million nuts (60 % of total nuts), and 16,5 million washers 
(75 % of total washers). The screws vary in thread from M3 to M30 and in length 
from 5 mm to 248 mm. 

All screws are assumed to have a hexagon head, which is the largest head, which 
yields in a slight overestimation, although assuring that the estimation is not too 
low. When calculating, the threaded part is approximated as a cylinder with the 
diameter, d1, and the hexagon head is also approximated as a cylinder although 
with the diameter, d2. Nuts are most often hexagonal, sometimes attributed with a 
flange. For simplification, screws and nuts of dimensions that are not integral 
values of the M-system (e.g. English threaded) are considered to have the 
following larger integral M dimension. 

The surface area of a screw is approximated as follows, with reference to the 
below figure: 

 

Figure 5.20: Approximation of the total surface area of a screw and the surface area of the screw 
head. 
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The screw head is assumed to be round and the thread is neglected. After 
examining screws the diameter of the head is estimated to be 8 mm bigger than 
the diameter of the thread. This is a fairly good estimation for at least the range M6 
to M14, which covers the majority of the screws. The height of the head is 
assumed to increase proportional to the dimension as: ( )mmh d

102
115 += , which is 

assumed for the height to vary between approximately 5 mm to 20 mm. The 
surface area of the head is presented to estimate the exposed part of the screw, 
which is the area that, depending on placement, might corrode. 

With a similar approach the surface area of nuts is estimated. The nuts are 
assumed to be round, and with the same outer diameter and height as the screw 
head of same dimension, although with a through hole. In this estimation, nuts, 
except for the internal thread, are assumed to be exposed to the environment 
although many of them, in reality, are covered by caps. For washers, the inner and 
outer diameter is given in the Guide 010 and the surface area can easily be 
calculated. The mantle area is neglected. Washers are assumed to be exposed to 
the environment. 

The results of the estimated areas are presented in the table below. The exposed 
surface area is considered as a worst case scenario since, for example, the total 
surface area of washers, and contact areas of screws and nuts are included. 

Table 5.7: Estimated surface area (m2) of annual demand of fasteners. 

 Total surface area 
of annual demand 

[m2] 

Exposed surface 
area of annual 
demand [m2] 

Screws 229 697 97 862
Nuts 118 953 104 582

Washers 13 541 13 541
 363 000 216 000
 

The specific weight of Zn-Ni coating is typically 60 g/m2, of which 9 g/m2 is nickel. 
This is based on a composition of Zn-15 %Ni, and a coating thickness of 8 µm and 
densities of zinc and nickel of 7 140 and 8 910 kg/m3, respectively (Jones and 
Atkins 1999).  

Calculated on the total surface of these fasteners, the annual demand of nickel 
due to zinc-nickel coatings is 3 300 kg, of which 2 000 kg is assumed to be 
exposed to the environment. Per produced vehicle the amount of nickel in use 
would be 55 and 33 g respectively.  
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Stainless steels of grade ASTM 316 (SS 2343 and SS 2347) are common 
construction steels, and the nickel content of these steel grades is typically 10 to 
11 %. For seawater applications of stainless steel, grades with a high content of 
alloying elements are used (e.g. grade SS 2378, SS 2562, and ASTM S32654). 
These grades contain up to 25 % nickel (Outokumpu Stainless 2005). The amount 
of nickel from zinc-nickel coatings on a truck is estimated above (55 g per truck). 
This amount of nickel on a truck is equivalent to the nickel content in 500 to 550 g 
of stainless steel (grade 316). 

5.4.1 Estimations of metal release from trucks and buses 
A worst case scenario for metal release of nickel would be assumed if the exposed 
area was combined with metal release data from corrosion testing, and assuming 
that all fasteners are located in an as corrosive environment as the metal release 
test. The SICT corrosion test simulate a severe corrosive environment and in 
reality. Many of the fasteners on a vehicle would not release as much metal since 
that they are located in a less corrosive environment, such as parts in the engine 
room where moist, salt, and dirt cannot reach. It is also assumed that all vehicles 
travel in a corrosive environment where road salts are used. Using the mean metal 
release of 0,12 mg Ni m-2 yr-1, as measured (for zinc-15 % nickel coatings at a pH 
of 4,2) in SICT corrosion testing, the yearly nickel release is approximately 
0,4 mg Ni per truck. With a life time of seven years for a truck or a bus, there 
would be slightly over 400 thousand Scania vehicles running continuously in the 
world (the rolling stock). Hence, the total yearly nickel release from the rolling 
stock would be much less than one kilogram (0,2 kg). This should be considered 
as a rough estimate, but even with an uncertainty factor of, say ten, the release 
would be low. Nickel release rates were also determined for Zn-11 % Ni coatings, 
but the pH was uncontrolled in that experiment. The pH increased from 4,2 to 
approximately 7 during the accelerated corrosion test. The mean nickel release 
rate of Zn-11 % Ni at a pH of around 7 was 0,54 mg Ni m-2 yr-1. The total annual 
nickel release from the Scania rolling stock would be 0,8 kg using this value. 
These data are not representative for a road environment however. 

Vehicles such as trucks and buses travel great distances every year. The climate 
and precipitation is varying between seasons and also between different countries. 
The concentration of metals in the immediate release situation is most likely 
diluted before interacting with the environment. The contribution of nickel from 
zinc-nickel coatings to the environmental concentration is therefore very difficult, or 
even impossible, to estimate. In order to get the nickel release into perspective, a 
comparison with known sources of nickel release is more appropriate.  
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The mean concentration of nickel in the groundwater of Stockholm is reported to 
be 9,58 µg/L (median 7,03 µg/L), It is also reported that the enhancement of the 
mean or median concentration of nickel in the Stockholm aquifer is small 
compared to corresponding values from forest ecosystems (nation-wide). The ratio 
between the mean concentration in Stockholm and that of forest ecosystems is 1,5 
(the ratio for median values is 3,2) (Landner and Reuther 2004). Furthermore, the 
authors assert that the concentration in the groundwater correspond to a storage 
of 590 kg Ni in lake Mälaren. In the same report, the total stock of nickel in 
Stockholm is reported to be 2 500 tons with a net growth rate of 6,4 % per year. 
Nickel levels in groundwater and surface water in the USA range between 3 and 
10 µg/L, and in drinking water nickel levels generally range from 0,55 to 25 µg/L 
and average between 2 and 4,3 µg/L (ATSDR 2005).  

The World Health Organization, WHO, has recently increased their guideline value 
for nickel in drinking water to 130 µg/L. Earlier, the recommended maximum nickel 
concentration in drinking water of 20 µg/L (WHO 2004). In the latest edition of 
“Nickel in drinking water” however, the WHO recommends a higher value than 
their earlier guideline value as it is based on a better reproductive study with less 
uncertainty. The most recent recommendation is based on a tolerable daily intake, 
TDI, of 22 µg/kg body weight. A general toxicity value of 130 µg/L is determined 
from this TDI assuming a 60 kg adult drinking 2 litres of water a day and allocating 
20 % of the TDI to drinking water. For nickel sensitive individuals, a value of 
70 µg/L is recommended (WHO 2005). The US EPA (Environmental Protection 
Agency) recommends that drinking water levels of nickel should not be more than 
0,1 mg/L (=100 µg/L) (ATSDR 2005). The Occupational Safety and Health 
Administration (OSHA) in the USA has set an enforceable limit of 1,0 mg nickel/m3 
for metallic nickel and nickel compounds in workroom air to protect workers during 
an 8-hour shift over a 40-hour work week (ATSDR 2005).  

The mean nickel concentration in precipitation during the decade preceding the 
referred report, at an “unaffected” measuring station in northern Sweden, varied 
between 0,11 and 0,35 µg/L. This implies that the natural precipitation over 
Sweden varied between 65 and 166 µg Ni/m2 and year. The surface area of 
Sweden is 460 000 km2. Thus, the annual natural precipitation of nickel over 
Sweden is estimated to between 30 and 76 tons (Walterson 1999). 

In Walterson (1999), metal release data of chromium, nickel, and molybdenum 
from traffic in Sweden are compiled. The study show, for example, that annually 
for nickel 370 to 8 900 kg is released from runoff from asphalt, 1 740 kg from tyre 
wear, approximately 12 tons from wear of asphalt, and 1 tonne due to wear of 
railway track. Metals in road side dust that are released from wear are assumed to 
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exist in a water-insoluble, particle bound form. It is therefore likely that a large 
share of metals generated from traffic in urban areas end up in street sweeping 
waste, or as sludge in storm water pipes, and as other forms of solid waste. 

One of the largest sources of nickel in urban wastewater in the Stockholm region 
is from chemicals used in wastewater treatment plants (Sörme and Lagerkvist 
2002). In wastewater treatment plants, nickel (amongst others) is a by-product in 
the chemical coagulant used for sulphur purification. Henriksdal and Bromma 
wastewater treatment plants are the two major treatment plants in Stockholm, with 
approximately 970 000 connected persons. These two plants contributed with 
480 kg of nickel to the wastewater in Stockholm in 2004, in the process of water 
treatment. Two thirds of the release of nickel is to water and one third remains in 
sludge (Stockholm Water 2005). However, the nickel concentration in the released 
water is very low, in the nanogram (ng) per litre range, considering the great 
volumes of wastewater passing through the system. 

In all, it is difficult to estimate the contribution of nickel to the environmental 
concentration or the environmental effect of that nickel. When set into perspective 
however, the possible amount from zinc-nickel coatings seems to contribute little 
compared to other anthropogenic (derived from human activities) sources.  

 



 

  Dokumentnamn/Document name  Info klass/Info class 

  REPORT  I 
  <L>-artikel/<L>-part  Kod/Code 

   S 05673 + S 05981 
Godkänd/Approved by  Lagringsdata/File Reg nr/Reg. No. ECO nr/ECO No. 

UTMK, Eva Iverfeldt, EIV   R:\Tz\Tzm\Publika\Rapport\ R2005-0630 370936 
Utfärdare (tjänsteställebeteckning, namn)/Issued by Telefon/Phone Datum/Date Utgåva/Issue Sida/Page 

UTMK, Johan Åslund, UJA  82966 2006-03-01 1 70 (75) 

 

6 CONCLUSIONS 
The general conclusions from this work are summarised below; 

• The nickel release rates from zinc-nickel coatings correspond to 
0,11 mg m-2yr-1 for Zn-15 % Ni coatings at a pH of 4,2. At a pH of around 7, 
nickel release rates correspond to 0,07 mg m-2yr-1 for Zn-15 % Ni coatings 
and 0,54 mg m-2yr-1 for Zn-11 % Ni coatings.  

• Based on these values, less than one kilogram nickel per year would be 
released to the environment from the Scania rolling stock (400 000 trucks in 
use). Compared to the flow and stock of nickel the nickel release is low. 
Henriksdal and Bromma wastewater treatment plants release 480 kg Ni yr-1 
to wastewater and sludge in Stockholm.  

• Zinc is preferentially released to nickel from zinc-nickel coatings.  
• The corrosion products are zinc rich whereas nickel is enriched in the 

remaining zinc-nickel coating. 
• The corrosion resistance is higher for a Zn-15 % Ni coating than for an 

11 % Ni coating, and the nickel release is lower for the coating with higher 
nickel content. 

• The nickel release of the Zn-15 % Ni coatings is in the same order of 
magnitude as nickel release from ASTM 316 stainless steel.  

• The metal release is increasing with decreasing pH. 
• Similar corrosion mechanism between SICT (Scania Indoor Corrosion Test) 

test and field test has been observed although the corrosion process is far 
more advanced in the SICT samples.  

• For zinc-nickel with a Cr (III) passivating conversion layer, localised 
corrosion is observed. 

• Information about chemical speciation and the bioavailable fraction of 
released metal is essential in order to assess the toxicity and ecotoxicity.  

• Adverse effects of nickel are not fully understood. 
o For humans, reported effects are wide ranging from harmful (contact 

allergy) to beneficial (probably essential). 
• There are few studies on environmental effects of nickel.  

o Total or dissolved metal concentrations are not good predictors of 
metal toxicity. 

o Bioavailability and chemical speciation of metal compounds must be 
incorporated in toxicity testing.  

o For essential elements, local environmental conditions must be 
considered, and risk management procedures must not lead 
recommended concentrations below background levels, causing 
deficiency symptoms.  
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