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Preface 

 

Nowadays trend in application of eco policy, more strict legislative and globalisation 

in economy together with research and development in emerging technologies such as 

nanotechnology bringing also new corrosion challenges into the power industry sector. New 

alloys and composite materials, eco-friendly energy systems, effective monitoring techniques 

and sophisticated prediction methods contribute on safer and more reliable operation of 

energy units. All up-mentioned circumstances required interdisciplinary approach to build 

perspective solutions with aim to minimize degradation process of components made from 

different materials used in power industry. In this special issue you can find papers dealing 

with application of nanotechnologies, corrosion monitoring techniques, materials 

characterisation but also several case studies from corrosion failures in power industry. All 

these information contribute on expansion of knowledge database, which is highly sufficient 

in the area with main aim to prevent against corrosion failures. 

 

Collective of authors: Editors & Maria Hagarova 
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I. Degradation of Solar Cells
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Abstract:  

Corrosion is one of the most decisive factors determining the lifetime of materials, especially of the 

surface layers. Monitoring corrosion rate and mapping the overall corrosion on the surface of solar 

cells become very important step in preventing failures in long-term atmospheric exposure. 

Electrochemical noise technique in no contact to the substrate setup (ENA NOCS) as non-

destructive technique was used to monitor potential and current and finally calculation of noise 

resistance ratio Rn was determined. The technique is already successfully executed on zinc and zinc 

alloy coatings [1] and organic coatings [2]. In this paper, the reliability of the corrosion monitoring 

system in adapting the technique to measure potential and current fluctuations on silicon based 

photovoltaic solar cells was verified. Tests were performed and finally compared on 

monocrystalline and polycrystalline silicon using different approaches (placement of sensor, 

intensity of light etc.)  
 

Graphical abstract: 
 

Non-destructive corrosion monitoring on solar cells 
 

1. Introduction 

 

Solar technology is among the fastest growing sectors and has become a very important field of 

research in this century. A lot of different types of solar panels have been developed through the 

years. Next to price, availability and toxicity of recourses, difficulty of the manufacturing process, 

the efficiency of the solar cell is also a very important property. Direct conversion of sunlight into 

electricity and heat is carried out on thin films of high purity materials equipped with suitable 

physical properties. These materials are very sensitive to external operational factors that cause 

degradation of optical, chemical and electrical properties. Gradual degradation of photovoltaic cells 

can be caused by solar radiation – e.g. LID,„light induced degradation“, chemical  and  
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electrochemical  degradation- e.g. snail trails, cell cracks or delamination, cleaning or pollution and 

thermal degradation, e.g. occurrence of hot spots. Corrosion on the surface of a solar cell may 

influence the overall efficacy [3]. Corrosion is one of the decisive factors influencing the lifetime of 

metallic materials, especially of surface layer due to the interaction with environment via humidity, 

presence of contaminants, ultraviolet radiation etc. Failure of materials should be prevented in case 

of solar cells under wide spectrum of atmospheric conditions and thus detection of quality of 

surface is very important. All types of degradation of solar photovoltaic cells modules are combined 

with each other and could cause permanent damage [4]. 

Most types of failures are caused by physical mechanism, such as fatigue, disconnection of wire 

contacts, junctions, welds etc. Here, corrosion play such an important support  role.  

Nowadays, trend in research and development in various kind of industry is to implement non-

destructive technique for monitoring of quality of coating materials or corrosion activity/passivity. 

A rather new, but very reliable method to measure the corrosion activity, mechanism of 

corrosion is electrochemical noise in special arrangement. One of the hybrid of ENA technique 

fulfilling criteria is electrochemical noise analysis (ENA) in no contact to the substrate setup 

(NOCS). The advantage of this type of electrochemical noise is that can be measured in freely 

corroding system. Previously, this method is already used to investigate the corrosion rate on zinc 

coatings and organic coating used in automotive industry [1,5]. The NOCS monitors potential and 

current in specific setup, using quasi sensor, where two electrodes are connected to a source and to 

the sample via special electrolyte [1]. By calculating the standard deviation of the measured 

potential and current, the noise resistance ratio Rn can be determined. This ratio gives an idea of the 

corrosion rate present on the conductive or nonconductive sample or quality of coatings on selected 

metallic surface.  

 

Atmospheric corrosion modelling 

Atmospheric corrosion can be attributed to three factors. First type is the influence of the 

atmosphere via humidity, temperature, pH, contaminants. There is also considerable influence of 

the surface material, its structure, chemical composition, solubility, hygroscopic properties and 

corrosion layer changes during exposition. The last parameter is the way the object is exposed such 

as shielding, radiance, time of exposure etc. All these influences on the corrosion rate can be 

modelled using artificial neural network (ANN). Here, historical data from previous corrosion 

measurements and atmospheric parameters are implemented in huge database and trained to predict 

mass losses of metallic materials [6]. One of the output can be interpreted using 2D maps. 

 
 
Fig.1   The 2D colour map of predicted corrosion mass loss [g.m

-2
] for metallic material (steel) 

during 10 years period in whole concentration range of SO2   [µg.m
-3

] as contaminant [6]. 
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Corrosion monitoring 

 

There exist a wide variety of methods to monitor the corrosion resistance of coatings on metals. 

Traditionally, coated metal plates were subjected to a cabinet test under special conditions 

(humidity, light intensity, salt etc.) to simulate exposition in short time. Evaluation of the occurred 

corrosion can be carried out e.g. by visual inspection and comparison with standard samples. To 

avoid of errors coming from subjective evaluation, one of approach is application of 

electrochemical approaches by measuring of corrosion resistance etc. Mansfeld et. al. used 

electrochemical impedance spectroscopy (EIS) and electrochemical noise analysis (ENA) for non-

destructive evaluation of corrosion processes. He determined relationship between the polarization 

resistance Rp obtained from EIS data and the noise resistance Rn determined by statistical analysis 

of potential and current noise data. ENA technique offer accurate, sensitive, robust, versatile and 

very fast results [7]. 

 

Electrochemical noise 

One of the numerous electrochemical techniques to analyze corrosion behavior of coatings is 

Electrochemical Noise Analysis (ENA) in NOCS setup as non-destructive technique using 3-

electrodes, of which one is working electrode and two are reference electrodes. By measuring the 

current between the two working electrodes at regular intervals, the potential and current data are 

obtained. The parameter representing the corrosion resistance is the noise resistance Rn, which is 

calculated as [2]:  

�� =
�����	


�����	�
 

 

Where Stdev E is the standard deviation of the potential and  Stdev I the standard deviation of the 

current. 

Next to the noise resistance, the technique also allows computation of the pitting index ratio. 

The pitting index ratio is calculated as:  

 

�
 =
�����	


���	

 

 

where RMS I is the root mean square value of the measured current i. By this pitting index ratio, the 

type of corrosion that is present on the sample can be determined [7].  

 

Experimental  

For measurements of electrical noise, an experimental setup was developed (Fig.2). Two 

electrodes are placed on the top of the sample in the sample holder filled with SARS solutions (0.01 

M HNO3, 0.001M NaCl and 0.001M (NH4)2SO4. These electrodes are connected to a source and 

whole set-up is protected against fluctuations from environment by a Faraday cage. 
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Fig. 1 Schematic representation of electric setup of NOCS ENA [1] 

 

Measurements of potential and current were realized separately in 2 minutes monitoring. For 

current measurements a resistance of 1 or 100 MOhms is added in the circuit, dependent on the 

order of magnitude of the current values. The measured data are processed in programme 

NoiseJazz2012 for statistical evaluation and visualization of corrosion activity/passivity [1].   

The technique was already successfully executed on zinc coatings and organic coatings on zinc. 

Here, the new challenge is to adapt the technique to measure potential and current fluctuations on 

silicon based solar cells. Due to the fact that corrosion rate is influenced by several factors such as 

humidity, light intensity, temperature, concentration of pollutants etc., tests were executed on 

polycrystalline sample at different light intensities. The blackbox measurement tends to have higher 

corrosion resistance compared to measurements at increased light conditions.   

 

Experimental 

Scanning electron microscopy 

Set of two series of samples were used, all composed of mainly silicon with thin metallic 

lines for transport of the electrons. These thin lines are mutually connected by thicker metallic 

strips. The SEM-images of the monocrystalline silicon-based solar panel are shown in Fig.2. 

Samples were detected by Scanning Electron Microscopy (SEM) and chemical analysis of the 

different parts were examined using Energy-Dispersive X-ray spectroscopy (EDX).  

An EDX analysis shows the chemical composition of specific parts of the sample. An 

overview of the different spectra of the metallic parts is depicted in Fig.2a. In Figure 2b, the 

chemical composition of the thick metal strip is shown. Next to a majority of tin, the metal band 

also contains presence of lead and oxygen. For the thin band, the chemical composition is similar.  

 

6 Corrosion in Power Industry



  

Fig.2a) SEM-image and 2b) EDX analysis of the boundary metallic part/monocrystalline 

silicon based solar panel 

  

Fig.3a) SEM-image (COMPO regime) and 3b) EDX analysis of the metallic part of 

monocrystalline silicon based solar panel 

Fig.3a  shows external surface of the metallic strips of the sample prior to the immersion in 

measuring solution. It clearly seen that precipitates with a different chemical composition were 

found. Their chemical composition consist mainly of Sn and O, but also around 1.4% of B was 

detected.  

Electrochemical noise 

The noise measurements have been carried out at ambient temperature and using low 

concentration chloride containing aqueous electrolytes.  The basis of measuring system was digital 

multimeter Keithley 2100 connected via LPHM07 unit and a personal computer. Resolution of the 

system was 1nA for current and 1µV for voltage measurements. The sampling rate was 10 Hz and 

in one test 2000 values were collected.  

After noise measurement, the data were processed using Matlab. The data of potential (after 

20 minutes) for the monocrystalline and polycrystalline material are shown in Figure 4a,b. The 

parallel position of the electrodes clearly formed more fluctuations in the potential. The 

monocrystalline material also reaches higher values for the fluctuations.  
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Figure 4 Values of potential noise after 20 minutes for a) monocrystalline and b) 

polycrystalline silicon solar cell (parallel vs. continuous direction). 

The current fluctuations of the monocrystalline and the polycrystalline silicon in parallel and 

continuous position of the electrodes are shown in Figure 5a,b. In the monocrystalline material, the 

fluctuations and values for the current for continuous and parallel are more or less the same. In the 

polycrystalline material however there is a clear difference. The fluctuations for the continuous case 

were much smaller. This occurs due to the fact that there is an easy conducting way through the 

metal band in the continuous set-up, so the electrons don’t have barrier in silicon material.  

Figure 5 Values of current noise after 20 minutes for a) monocrystalline and b) polycrystalline 

silicon solar cell (parallel vs. continuous). 

 

The values for Stdev E, Stdev I and Rn are given in Table 1. The largest noise resistance is 

found for the monocrystalline solar cell, and this in the parallel position. The parallel set-up is the 

better indicator for the corrosion rate of the silicon material, evidenced by the comparable values for 

the three solar cell in continuous position. The multicrystalline and polycrystalline give a lower 

noise resistance ratio for parallel than the monocrystalline, indicating a higher corrosion activity. 

Some preliminary measurements and analysis of ENA monitoring indicate that from Rn values 

detection can not only reveal corrosion activity, but in certain extent efficacy in charge transfer 

process is possible to assess. 
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Table 1 Standard deviations for potential and current vs. calculation of noise resistance ratio 

for mono and polysilicon solar cell in parallel and continuous set-up. 

 

Sample / Position Stdev E [V] Stdev I [A] Rn [Ohm] 

Mono / Parallel  3.79E-04 1.20E-08 31 660 

Mono / Continuous 1.34E-04 1.30E-08 14 832 

Poly / Parallel 4.59E-05 1.17E-08 3 904 

Poly / Continuous 2.41E-05 4.47E-09 5 383 

 

 

Conclusions:  

 A corrosion monitoring system based on no contact to the substrate setup of electrochemical 

noise analysis tested on the surface of silicon solar cells in pilot experiments showed big influence 

of light intensity on detection of corrosion activity on metallic components made of Pb and Sn. 

However, there is a need to look at other practical consideration of making non-destructive ENA 

measurements suitable for assessment of efficacy of charge transfer during long-term exposition.  

Due to the fact that there is an easy conducting way through the metal band in the 

continuous set-up in placement of corrosion monitoring sensor and electrons don’t have barrier in 

silicon material, the continuous set-up is not very suitable for correct representation of corrosion 

activity.   

There is a big potential to observe problematic parts of photovoltaic cells caused by 

chemical and electrochemical degradation by corrosion monitoring technique, all before visual 

inspection get results. 
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Abstract: Selective layers Al2O3-Ni were prepared by electrochemical way applying anodic 

oxidation of aluminium and electrolytical colouring. Anodic oxidation of aluminium was realised in 

sulphuric resp. phosphoric acid and colouring was carried out under periodic reverse current using 

different colouring electrolytes on nickel basis. The selective layers were studied and analysed with 

diverse methods before and after exposition to humidity effect. A way of the selective layer 

preparation is decisive to the final reaction with humidity and so to degradation of the material. 

 

Introduction 

Solar energy could be one of primary sources of energy because it is ecologically clean and is freely 

available to everyone over the long time periods. The most common use of solar energy includes its 

transformation in either thermal energy by means of thermal collectors or in electrical energy by 

means of photovoltaic collectors. Thermal collectors can be used for heating the sanitary water in 

private houses, blocks of flats, tourists’ objects, hospitals, schools or other buildings. Solar energy 

must be captured and converted. Solar collectors absorb the incident solar radiation, convert it into 

heat and transfer this heat to a coolant flowing through the collector. Flat plate solar collector 

consists of an absorber (Cu or Al) and a glazing, separated by an air layer. Optimization of solar 

heating system ensures maximal collected heat. Main parameters to be considered are related with 

both geometry and materials properties. There are three transfer modes: optical, radiative and 

convective. To maximize the energy collection the absorber of a collector should have a coating that 

has high absorptance for solar radiation (short wavelength) and low emittance for re-radiation (long 

wavelength). Such a surface is referred to as a selective surface. The absorptance of the collector 

surface for shortwave solar radiation depends on the nature and colour of the coating and on the 

incident angle [1]. 

Absorber of the classical flat collector on aluminium basis is the focus of our study. Up to now the 

selective layer Al2O3-Ni of the absorber is produced by two step electrochemical process. The 

process consists of anodic oxidation of the substrate in phosphoric acid electrolyte under direct 

current and electrochemical deposition of nickel under alternating current in colouring electrolyte 

on nickel basis with complexing agent sulpho- isophthalic acid (SIF). The selective layer Al2O3-Ni 

was formed employing in the second step for nickel electrodeposition periodic reverse current with 

an alternative of applying colouring electrolytes without complexing agents. The advantage of 

periodic reverse current is precise process parameter tailoring to prepare the layer/coating of 

requested quality [2]. The panels prepared in anodizing electrolyte sulphuric acid were prepared as 

well. The absorbers were afterwards exposed to humidity to study the selective layers quality. 

Experimental methods 

Aluminium finishes (Al 99.5%) with dimensions (3 x 8 x 0.1) cm were degreased in Aktigal 20 

gdm
-3

 (MAG Slovakia), etched in a solution containing 50 g dm
-3

 of sodium hydroxide 

(Mikrochem, Slovakia) and immersed in 400 g dm
-3

 nitric acid (Mikrochem, Slovakia). All pre-
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treatment operations were realized at 70 °C for 3 min. After each operation step a rinsing followed. 

Anodic oxidation was carried out in sulphuric acid and phosphoric acid electrolytes, respectively. 

The sulphuric acid electrolyte (180 g dm
-3

; Mikrochem, Slovakia) was applied at a current density 

of 1.5 A dm
-2

, temperature 20 ± 2 °C with cooling and agitation for 40 min. An aluminium oxide 

(alumina) coating was formed after this operation. The rinsing of the finishes for 30 min followed to 

wash out the residual sulphate ions from the formed film. Alumina coating was prepared applying 

the phosphoric acid electrolyte as well (180 g dm
-3

; Lachema, Czech Republic) a current density of 

0.35 A dm
-2

, temperature 20 ± 2 °C with cooling and agitation for 20 min. The finishes were 

coloured by periodic reverse current (PRC). PRC colouring control was realised by the power 

supply (pe86c plating electronic Germany) with a rectangular wave at frequencies 30 Hz and 50 Hz 

with the areas of anodic and cathodic cycle keeping constant. Variable parameters of the process 

were the values of peak anodic and cathodic current, time of cathodic and anodic cycles and off 

time. The applied colouring electrolytes were used with (SIF and C marked colouring electrolytes) 

and without (S and W marked colouring electrolytes) complexing agents. All chemicals used have 

been of analytical grade.  

After colouring the parameters L*a*b of the colour space were measured by spectrocolorimeter 

Spectrodense A 504009 Premium (Techkon, Germany). The calibration was done against the white 

standard. The condensation tests were performed in a condensation chamber (ZKO 1 Kovofiniš, 

Czech Republic) at temperature (35±2) °C. The relative humidity was constant (98±2) %. Three 

samples from each parameters series were tested simultaneously. The samples were insulated and 

tilted at an angle of 45 °to the horizon. The samples were exposed to humidity for up to 600 hours. 

IR spectra (FTIR Spectrometer Nicolet 5700, England) were collected after 80, 150, 300 and 600 

hours exposition time to study the degradation of the prepared Al2O3-Ni selective layers on 

aluminium substrate. AC impedance measurements were realised in an unstirred aerated 3.5 wt. % 

potassium sulphate solution at ambient temperature. The EIS measurements of the prepared 

selective layers were performed by Autolab with FRA software and evaluated by ZsimWin 3.21 

software. The as-deposited samples were immersed in the test solution for 10 min prior to this 

testing and before the measurements observe zero current potential (ZCP). An argento-chloride 

electrode (AgClE) and graphite were used as reference and counter electrodes, respectively. After 

humidity attack after 600 hours of exposition the ZCP and EIS measurements were carried out just 

for chosen samples treated in the sulphuric acid electrolyte for anodic oxidation. 

Afterwards, aluminium oxide formed by anodic oxidation was stripped in chrome-phosphorous acid 

at 80 °C for 10 min. Chrome phosphorous acid 35 cm
3
 of phosphoric acid (Metrochem, Slovakia) 

and chromium oxide (VI) (Lachema, Czech Republic) 20 g dm
-3

 was replaced after 20 dm
-2

 of the 

stripped area. Subsequently, the morphology, nickel content and distribution were studied by SEM, 

EDX and GDEOS analysis on the stripped finishes. The specimens’ morphology was analysed by 

scanning electron microscope Zeiss EVO 40 (Zeiss, Germany) at an acceleration voltage of 20 kV. 

Nickel content was realised by EDX measurements JEOL JXA – 840A (Japan) and nickel 

distribution on the surface by GDEOS measurements LECCO 2000 (USA). 

Results and discussion 

Selective layers Al2O3-Ni were prepared by two-step process. Firstly by anodic oxidation of 

aluminium in the sulphuric respectively phosphoric acid electrolytes a porous layer of anodic 

aluminium oxide was formed. Then the layer was coloured applying periodic reverse current and 

diverse colouring electrolytes on nickel basis. Nickel was electrodeposited in the pores of anodic 

alumina to reach required colour of the absorber plate. Coloured finishes were evaluated by 

spectrocolorimetry with L*a*b parameters. The parameters characterize any colour by a luminance 
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parameter L and two colour coordinates a, b which specify the point on the chromaticity diagram 

[3]. Parameter L represents the colour shade of the finishes and parameters a, b characterize the 

brightness of the finishes. The parameters of the ideal black body represent values 0*0*0. The L 

parameter is decisive for the coating quality at the tested conditions and results are summarized in 

Fig. 1.  

a) 

b) 

Fig 1 Values of parameter L for different specimens in dependence on diverse colouring electrolytes 

for the selective layers anodized in a) sulphuric acid, b) phosphoric acid electrolyte 

Fig. 1a) illustrates dependence of L values on colouring electrolyte for the finishes treated for 

anodic oxidation in sulphuric acid electrolyte. The values are recorded for as-deposited samples and 

after 600 hrs of humidity exposition. One can see the lowest value of parameter L was reached for 

samples coloured in the SIF colouring electrolyte. The quality of the selective layer coloured in C 

electrolyte type was not sufficient enough. All the tested coloured finishes indicate a drop of L 

value after 600 hrs humidity exposition. Fig. 1b) shows dependence of L values on colouring 
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electrolyte for the finishes treated for anodic oxidation in phosphoric acid electrolyte. Applying 

PRC there has been no option to colour the anodized substrate with the electrolytes containing 

complexing agent. The colouring electrolytes marked S and W were used, so the S colouring 

electrolyte was used applying two different frequencies (30 Hz and 50 Hz). Luminance parameter L 

of the commercial absorber reaches the value 14. It is clearly seen that values of parameter L for the 

prepared Al2O3-Ni selective layers are comparable for all studied colouring electrolytes. After 600 

hrs of humidity exposition the values of parameter L of all analysed specimens are growing. The 

results indicate the fitting values are obtained for the finishes treated in phosphoric acid especially 

in colouring electrolyte marked S applying frequency of PRC 30 Hz. Comparable values of 

parameter L are reached for finishes treated for anodic oxidation in sulphuric acid electrolyte and 

coloured in SIF electrolyte. Different behaviour of the specimens after humidity attack will be 

discussed later and is connected to the pores type formed after anodic oxidation. 

Fig. 2 shows a relation between parameter L and nickel content. Lower nickel content in the 

selective layer has an impact on higher values of the L parameter. The lowest nickel content was 

found in the selective layer based on C colouring electrolyte type 7 at %, the highest amount was 

found in selective layer with SIF colouring electrolyte 26 at %. Values of parameter L are 

corresponding to the values (51 and 19). 

 
Fig 2 Dependence of parameter L values on nickel content for the specimens anodized in sulphuric 

acid electrolyte  

Morphology of nickel on aluminium substrate after anodic alumina stripping is shown in Fig. 3. The 

finishes were analysed as deposited and after humidity exposition applying stripping procedure - 

dissolution of anodic alumina layer in chrome-phosphoric acid. There is a difference in nickel 

arrangement due to the pattern of pores formed by anodic oxidation in the diverse types of 

anodizing electrolytes. There are nickel fibres, heterogeneously arranged, spatial (Fig. 3a) and 

nickel nods, homogenously arranged on the surface of the aluminium substrate (Fig. 3b). The first 

ones are formed in the pores of anodic alumina in sulphuric acid electrolytes, the second ones in 

phosphoric acid electrolytes. 
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a)

 

b)

 
Fig 3 Morphology of nickel on aluminium substrate after stripping of anodic Al2O3 prepared in a) 

sulphuric acid, b) phosphoric acid electrolyte 

Depth profiles were recorded after stripping of anodic alumina as well. The measurements were 

realised for as deposited and exposed specimens. In general, GDOES measurements confirmed for 

all studied finishes a presence of nickel on the substrate surface regardless of anodizing electrolyte, 

colouring electrolyte, as-deposited specimens and the exposed specimens (Fig. 4). 

 
Fig 4 GDEOS record of the selective layer specimens 

Infrared spectroscopy was performed over the range 400-4000cm
-1 

(Fig. 5). ATR (Attenuated Total 

Reflectance) technique was used for collecting data. Identification of IR spectra was made after 

chosen exposition time (0, 80, 150, 300 and 600 h) to study humidity effect on the absorber plate. 

Fig. 5a) shows spectra of the tested samples after 0, 150 and 600 h exposition time applying 

sulphuric acid as oxidizing electrolyte. Absorption bands at 1064 cm
-1

 and 471 cm
-1

correspond to 

boehmite AlO(OH) [4]. In the range of 3000-3500 cm
-1

 OH vibrations were identified representing 

the presence of bound water in the coating. Generally, the degradation process of the samples is 

comparable for these types of the specimens. The vibration bands of boehmite and OH groups were 

analysed for samples coloured by PRC in C electrolyte already after 150 h of exposition time. The 

vibration bands for the rest of analysed samples appeared after 300 h exposition time. Fig. 5b) 

shows reflectance spectra of the coloured and exploited films applying phosphoric acid anodizing 

electrolyte after 0, 80 and 600 h exposition time. The coloured film has a reflectance between ~90 

and ~70 % and the exploited films between ~90 and ~60 %. Ni(OH)2 was identified through strong 
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bands at 440, 540, 725, 975 and 3640 cm
-1

 and weak ones at 830 and 864 cm
-1

. The sharp spike at 

3640 is not observed however the broad band at 3417 cm
-1

 appeared. Some authors observed bands 

around 332, 530 and 3636 cm
-1

 [5]. Band centred around 440 cm
-1

 is controversial since it can be 

assigned as translational or rotational lattice mode [5]. The broad signal about~3400 cm
-1

 is 

characteristic of bound OH groups and water and broad signal is due to lattice water incorporated in 

the porous film [6]. One can conclude that a structure of the coloured film reacting with humidity 

consists of Ni intercalated with water through H bonds and on the surface is adsorbed water as well. 

Similar structure was observed in [7]. 

a) 

b) 

Fig 5 IR reflectance spectra of the finishes oxidized in a) sulphuric acid, b) phosphoric acid 

electrolyte 

Zero Current Potential (ZCP) measurements show dependence on nickel amount for the analysed 

finishes (Fig. 6). The specimens were prepared with different colouring electrolytes on anodic 

oxidized aluminium substrate in the sulphuric acid electrolyte. As discussed/mentioned above the 

lowest nickel content has been in selective layer electrodeposited with C colouring electrolyte 7 at 

%, the highest amount was found in selective layer with SIF colouring electrolyte 26 at %. There is 

a linear dependence on nickel in the selective layer and ZCP. ZCP reached the highest value (-0.34 

V) for the samples with minimum nickel and vice versa the lowest one with maximum nickel 

content in the selective layer (-0.54 V). After 600h following hydration a reverse effect concerning 

the dependence of ZCP on nickel content appeared. This effect could be explained in a following 
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way. The samples as deposited consist of Al2O3 layer and Ni at the bottom of the pores. The Al2O3 

layer is in fact passive layer, so low nickel amount allows prevailing Al2O3 shift potential to higher 

values. On the other hand after hydration new hydroxide-oxide forms appeared and water molecules 

are inbuilt in the pores of anodic alumina as well as it is confirmed by IR measurements. These 

effects have shifted ZCP to reverse values. 

 
Fig 6 Dependence of ZCP vs Ni content for specimens anodized in sulphuric acid electrolyte and 

coloured by PRC in the different colouring electrolytes 

Prepared selective layers can be characterised also by the EIS. Concerning EIS measurements two 

types of the specimens are interpreted. Aluminium substrate was anodized in sulphuric and 

phosphoric acid, respectively, following colouring with S marked electrolyte. Quantitative analysis 

of the experimental impedance data was performed by the non-linear least square method using 

ZsimWin 3.21 software. The constant phase element (Q) was used instead of an “ideal” capacitor to 

describe the response of the selective layers. Generally, the use of Q is due to the distribution of the 

relaxation times as a result of the inhomogeneity present on the microscopic level at the 

oxide/electrolyte interface and static disorders such as porosity.  
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b) 

c) 

Fig 5 Bode plots of the finishes oxidized in a) sulphuric acid, b) sulphuric acid and exposed 

humidity, c) phosphoric acid electrolyte and coloured electrochemically in S marked electrolyte 

In the case of sulphuric acid the impedance spectra may be described by a simple equivalent circuit 

model of type R(QR)(QR) whose elements represent the different structural peculiarities of the 

porous and barrier layers (Fig. 7a). The calculated value for the equivalent circuit elements are 

characterised for thin narrow pores in upper layer and lower layer (barrier) with high electrical 

resistance (MΩ). 600 hours hydration exposition completely changes the shape of the impedance 

spectrum (Fig. 7b) which is typical for sealed anodic film [8]. 

In the case of phosphoric acid the impedance spectra may be described by a simple equivalent 

circuit model of type R(QR,) which is typical for unsealed anodic film (Fig. 7c). The calculated 

value for the exponent n to Q is 0.973±0.002 that is characteristic for relatively uniform surface 

with large pores [8]. 

All the obtained results are in a very good correlation indicating that primary role in the quality of 

the selective layer play the pore type formed after anodic oxidation. 20 µm high narrow pores in 

average of 20 nm are formed in sulphuric acid anodizing electrolyte. At the bottom of the pores 

nickel is deposited and upper pore walls are hydrated with humidity. The short 5 µm and wide pores 

in average of 30 nm are formed in phosphoric acid anodizing electrolyte. There is nickel 

electrodeposited on the surface in nods pattern and following reaction with humidity some 

intercalation products appeared forming Ni(OH)2.  
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Abstract. This work focuses on prediction of lifetime of metallic nanoparticles in heat exchange 
nanofluids. Copper, nickel and iron nanoparticles were studied in a 40 wt.% aqueous solution of 
potassium formate and propylene glycol. Materials were observed by means of mass loss exposure 
tests, linear polarization resistance and potentiodynamic measurements. Potassium formate solution 
is not a suitable bearing liquid for metallic nanoparticles. Propylyne glycol seems promising, 
however additional corrosion prevention needs to be applied.   

Introduction 

The use of nanoparticles as an agent enhancing heat transfer of liquids is studied all over the 
world. Nanoparticles mostly increase the heat transfer coefficient of a liquid [1-7] and also slightly 
increase viscosity [1, 5, 8]. Some works focus on metallic nanoparticles [6, 7, 9-11]. The problem is 
that metallic nanoparticles have a lower thermodynamic stability of metallic nanoparticles [12, 13]. 

An estimation of the lifetime of metallic nanoparticles in heat exchange liquids used for solar 
collectors was the aim of this work.  

Experimental 

Sheets of pure nickel, copper and carbon steel (size 5 x 5 cm) were used as samples of a 
“macrosurface”. Fe nanoparticles were obtained as a commercial product (Nano Iron Ltd). Cu 
nanoparticles were prepared by gas atomization of AlCu40 alloy and subsequent dissolution of 
aluminium matrix in a 20 wt.% solution of sodium hydroxide. Nickel nanoparticles were prepared 
by melt spinning of AlNi20 alloy and subsequent dissolution in NaOH. The size of the nanoparticles 
was:  

• Fe – 50 nm,  
• Cu – 25 nm, 
• Ni – 250 nm.  

These bearing liquids were tested:  
• 40 wt.% aqueous solution of potassium formate (HCOOK) and  
• propylene glycol (PG).  

Sheet samples were exposed to formate solution for 5 days and in propylene glycol for 189 days. 
A subsequent mass loss was estimated.  

Electrochemical measurements were carried out on both types of samples (sheets and 
nanoparticles) after 16 hours of exposure to an environment. Sheets were measured in a pressure 
cell with an exposed area of 10 cm2. Nanoparticles were immobilized on the surface of a paraffin-
impregnated graphite electrode (PIGE). The nanoparticle surface was estimated by weighing the 
electrode before and after the immobilization, assuming half of each spherical nanoparticle was in 
contact with the environment. A saturated calomel electrode (SCE) was used as a reference and 
platinum wire as a counter electrode. Linear polarization resistance was measured in the range of -
10 mV/EOC to +10 mV/EOC (EOC = open circuit potential) with a polarization sweep rate of 0.1 
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mV.s-1. Then the anodic potentiodynamic curve was measured in the range of -50 mV/EOC to +1000 
mV/SCE with a polarization sweep rate of 2 mV.s-1. All measurements were carried out four times.  

Results and Discussion 

The corrosion rate of copper and nickel in 40 wt.% HCOOK solution was quite high (Fig. 1) and 
a lifetime would be practically unacceptable in the case of using such a bearing liquid. Propylene 
glycol shows better results. The corrosion rates are at least two orders lower (Fig. 2). Calculated 
lifetimes are given in Fig. 2 as well, and in the case of big nickel particles it approaches the 
economically acceptable lifetime of two years.  

A comparison of electrochemical techniques in both bearing liquids is given in Figs. 3 and 4. 
Polarization resistances in HCOOK are approximately four orders lower when compared to 
propylene glycol (Fig. 3). Both materials are in an active state in HCOOK (Fig. 4). Nickel is suitable 
for passivation, but the corrosion rate would still be very high. Both materials are passive in 
propylene glycol (PG).  

The results of the polarization resistance of macrosurfaces (sheets) and nanoparticles are 
compared in Fig. 5. Only copper provides comparable dissolution rates as nanoparticles, while 
nickel and iron are much more reactive when compared to the macrosurface.  

 

 
Fig. 1 Corrosion rate of sheets in 40 wt.% HCOOK estimated by mass loss. 
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Fig. 2 Corrosion rate of sheets in propylene glycol estimated by mass loss and calculated lifetime of 

nanoparticles used in this work. 
 

 
 

 

Fig. 3 Polarization resistance of nickel and copper in both bearing liquids. 
 

Propylene glycol                               40 wt.% HCOOK 
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Fig. 4 Potentiodynamic curves of nickel and copper in both bearing liquids. 

 

 
Fig. 5 Comparison of polarization resistance of sheets and nanoparticles in propylene glycol. 
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Conclusions 

Aqueous solution of potassium formate is not a suitable bearing liquid for a heat exchange 
nanofluid due to its high aggressiveness.  

Propylene glycol is a promising bearing liquid. The lifetime of nanoparticles is still not sufficient 
for practical use and it should be prolonged by some additional corrosion prevention such as 
inhibitors, surface treatment, etc.  
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Abstract SVUOM specialists have participated in many activities concerning corrosion failure 

analysis or testing the materials/coatings for corrosion protection in power industry (e.g. temporary 

protection of various parts of power plants, long-term corrosion behaviour of weathering steels and 

mild steel with hot dip galvanised coating (HDG) and paint coatings of poles, reconstruction of 

parts of nuclear plants, etc.). There are many materials and corrosion protective coatings used for 

infrastructure of power industry – the SVUOM main interest is focused to distribution network. 

Introduction 

Nearly all materials exposed to atmosphere are susceptible to changes of their physical integrity 

(often using the terms physic-chemical transformations, corrosion, weathering) due to effects from 

their environment. The extent of the corrosion processes can be predicted, when the affecting 

parameters and the mechanisms of the processes are known. In reality this prediction capacity is 

very limited, because the full process of atmospheric corrosion is not understood in all details. With 

experimentally derived dose-response functions it is possible, however, to obtain a rough risk 

assessment for some materials. 

Background corrosion rate of metallic materials (carbon steel, weathering steel, zinc coating, 

aluminium) exposed at atmospheric environment may be predicted according to EN ISO 9223 and 

EN ISO 9224. Prediction models based on dose response (D/R) functions express the effects of 

environmental and climatic parameters on the corrosion of a material. These D/R functions had 

been used for mapping of corrosion loss of structural metals in the Czech Republic (CZ). 

The studies performed in SVUOM showed that the actual corrosion rate of structural metals 

quickly reacts on decreasing of SO2 [1]. The surfaces exposed in high polluted environment slowed 

the corrosion rate in case of SO2 pollution had been reduced in atmosphere. This significant change 

of SO2 in atmospheric environment of CZ occurred during short period 1990-95 when the SO2 

decreased from ca 40 – 90 µg.m
-3

 to 10 – 20 µg.m
-3

. The most significant changed occurred at 

industrial localities. 

Steel structures used in power industry infrastructure are exposed in atmospheric environment 

often with specific corrosion conditions that may significantly affect durability of corrosion 

protection (e.g. concentration of air pollutants, limited maintenance of structures, and chloride 

deposition in the road microclimate) [2].  Many structures and coatings showed long-term 

protective ability. On the other hand significant reduction of coatings lifetime still occurs due to 

several factors: 

- improper structural design, 

- defects in coatings, 

- specific corrosion stress. 

There is ca 160 000 km of the distribution network at the CZ. Corrosion protection of poles is 

performed by three systems:  

- structural material is weathering steel (in 1970´s there were built ca 4 000 poles and 130 

switching stations), 

- structural material is galvanised steel, 

- structural material is carbon steel with painting systems.  

In this paper the selected results of evaluation of power industry infrastructures from corrosion 

failure and durability point of view are presented. The field data are compared to prediction models. 
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1 Weathering steel structure durability 

The application of weathering steel for the poles and other infrastructure of power industry is the 

most extended use of this material in the CZ. Due to decreasing of air pollution the average 

corrosion rate of the weathering steel decreased too (Fig. 1). 

 

 

a) period 1970-1990  b) period 2005-2010 

Fig. 1 Corrosion loss of carbon (11523) and weathering (15217) steels in industrial atmospheres in 

different SO2 pollution level in the CZ 

 

In case the recommended design and other addition protective means had been applied during 

poles construction (painting the structures till ca 1 m from ground (Fig. 2a), painting the inner 

surfaces of laps (Fig. 2c, etc.), the durability of these structures increased as the protective patina 

layers with thickness ca 120 µm and suitable chemical composition had been formed on them [3, 4].  

 

additional corrosion protection without corrosion protection 

a  b  

c  d  

Fig. 2 Corrosion behaviour of weathering steel structures 
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The corrosion problems occurred in case of non-suitable design of poles (Figs. 2b and 2d). The 

additional corrosion protective means as special sealing and painting systems had been applied to 

these details but their efficiency and durability strongly depend on quality of surface treatment and 

carefulness of applications work – in the case of the most proper cleaned surface the durability of 

corrosion protection is 15 years [5]. With other surface treatment the corrosion of steel occurred 

after ca 5 years of exposure (Fig. 3).  The painting of total area of these structures is not suitable due 

to problems with continuity of the paint coatings (Fig. 4). When some discontinuities (mechanical 

damages, pores, cracks) are in the coating, the wetness is accumulated in these damaged points and 

the weathering steel corrodes. Some problems may also occur due to difficulty with surface 

treatment before application. Under the paint layer the active corrosion occurs when the patina layer 

had been mechanically removed before paint application and water diffusing through paint layer 

creates conditions non suitable for patina forming.   

 

a  b  

Fig. 3 Failure of paint systems applied on weathering steel structures after 5 years of exposure 

 

a  b  

Fig. 4 Paint system on weathering steel (total surface painting) after 11 years of exposure  

 

 

The durability of properly designed poles from weathering steel is higher than planned (30 years) 

and it should be increased by application of additional protective means in case of localised 

corrosion attack. In the CZ many weathering steel poles are exposed more than 40 years, without 

additional paints, and they are in good condition. 

2 Galvanised steel structure durability 

The galvanization of iron and steel products is chosen as corrosion protection of power industry 

infrastructure for its low cost, low maintenance demands, long life, sustainability and aesthetics. 

Rate of corrosion attack of construction materials including zinc coatings can be estimated from 

data of atmospheric corrosivity (EN ISO 9223, EN ISO 9224, EN ISO 14713) [6]. The actual 
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average yearly zinc corrosion mass loss in the CZ is 1.2 µm maximally. The corrosivity is in 

category C2 for rural and urban environments and in category C3 for industrial environments (Fig. 

5 – locality of field study is indicated). Currently zinc and zinc coatings lifetime is relatively high 

depending on their thickness in normal atmospheric environment in the CZ.  

 

a) in 1990  b) in 2001 

 
Fig. 5 Yearly corrosion loss of zinc (g.m

-2
) 

 

The HDG coatings on poles were controlled after 10, 20, 30 and 40 years in localities around 

Brno city (Fig. 6). The residual thickness of zinc coating was measured on selected profiles of these 

truss structures. As the lower phases of HDG coating with certain amount of iron (min. 10% Fe) 

were exposed to atmosphere the surface of structure shows the rusted appearance. After 40 years of 

exposure the residual zinc coating thickness were ca 100 µm on diagonals. For estimation of 

corrosion behaviour of HDG coating on these structures the original thickness values are very 

important information – these values differ according to thickness of profile wall, galvanisers, etc.. 

The reference structures were poles after ca 4 years of exposure which surface show still the gloss 

zinc coating with zinc blossom and no corrosion layers. This assumption may be a source of 

uncertainty of corrosion behaviour model (Fig. 7).  

 

   
Fig. 6 Examples of HDG coating surface on poles 

 

According to this field study the corrosion rate of HDG coating is ca 1.4 µm.a
-1

. This is in good 

fitting to long-term corrosion rate according to EN ISO 9224 (Table 1) if the model of initiate 

higher corrosion rate due to high SO2 is used. From measured values the decreasing of zinc coating 

corrosion since 1990 (ca 15 years of exposure) may be illustrated. In industrial localities of the CZ 

the decreasing of HDG corrosion rate would be significant. Other explanation for this higher 

durability of HDG coating is higher corrosion resistance of intermetallic iron alloyed lower layers 

of HDG coatings [7]. The accurate values for atmospheric environments are not estimated. The 
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expected service life to first maintenance is still ca 20 years to obtained residual HDG thickness 25 

– 30 µm for additional application of paint systems as duplex corrosion protection according to EN 

ISO 1461 (Table 1). 

 

    
  

Fig. 7 Decreasing of residual HDG coating on different elements of truss structure of poles 

 

 

Table 1 Corrosion loss of zinc according to EN ISO 9223 and EN ISO 9224 

 

corrosivity 

category 

yearly 

corrosion loss 

rcorr [µm] 

steady corrosion loss [µm] 

10 years 20 years 30 years 40 years  

C3 0.7 ~ 2.1 13.6 24.0 37.6 48.0 

C4 2.1 ~ 4.2 27.3 48.0 75.3 96.0 

 

The zinc corrosion failure due to mechanism of bimetallic corrosion had been found on gusset 

plates (joining armatures) of poles as the copper alloy cotter pins had been used (Fig. 8).  

 

a  b  

Fig. 8 Intensive corrosion of zinc coating in contact with copper ions 

 

Significant parts of power distribution network are conductors and overhead earth wires. 

Generally three conductors are required per AC 3-phase circuit, although single-phase and DC 

circuits are also carried on poles. Overhead electrical power transmission conductors, constructed 
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from aluminium wires centrally reinforced by galvanized steel strands, have been evaluated after 40 

and 50 years of exposure and specific types of corrosion form was identified. For each 

material/coating the long-term corrosion prediction model was proposed [6, 7]. Standard EN 50189 

relates to round galvanized steel wires used for construction of conductors of outdoor transmission 

lines. This standard specifies requirements for mass of zinc coating on wires (Table 2).  

 

Table 2 Mass and thickness of zinc coating for wire with given diameter 

 

diameter d [mm] 

class
 

A B C D E 

mass of coating [g.m
-2

] 

2,00 ≤ d < 2,25 215 430 175 550 215 

2,25 ≤ d < 2,75 230 460 190 640 250 

2,75 ≤ d < 3,20 230 460 190 640 250 

 

Phase conductors VVN consist from few layers of aluminium wires and cross lay strand from 

galvanised steel wires. There were evaluated two types of phase conductor with various exposures: 

- type 450AlFe8 exposed  for ca 40 years in industrial atmosphere with high corrosivity in period 

1973-1995 - the white corrosion products occurred on all wires of cross lay strands and 

corrosion of substrate steel occurred on 50% of evaluated areas with various intensities, 

- type 450AlFe6 exposed for ca 50 years in rural atmosphere with low corrosivity - the white 

corrosion products occurred on all wires of cross lay strands and corrosion of substrate steel 

occurred on 30% of evaluated areas with various intensities. 

 

The overhead earth wires from VVN lines are type 70FeZn consisting from 1+6+12 galvanised 

steel wires with diameter 2.10 mm. Evaluated wires were exposed for 20 years (since 1992) in 

locality with corrosivity degree C3/C2. The very thin grey layer of zinc corrosion products covered 

the majority of galvanised steel wires surface. Sporadically there were found small spots of 

substrate steel corrosion products on external surface of few wires, probably on areas of mechanical 

damage of wires.  There were also evident voluminous white layers of zinc corrosion products (Fig. 

9a). The surface of internal galvanised wires was covered by voluminous layer of white corrosion 

product and dust deposits (Fig. 9b).  

 

a  b  

Fig.  9 Appearance of galvanised overhead earth wires ((a) outer and (b) inner stands)  
 

There were not found phase η in residual layers of zinc coating which thickness varied from 50 

µm to locally totally corroded coating. The corrosion rate of zinc coating of all type of conductors 

and earth wires was estimated by the statistical treatment of measured values of residual thickness 

of zinc coating: 

- wires of inner strands – 2.5 – 4.0 µm.a
-1

, 

- wires of outer strands – 3.5 – 7.5 µm.a
-1

. 

 

Estimated corrosion rate of zinc coatings on wires is ca 3 to 5 times higher than corrosion rate of 

zinc according to standard EN ISO 9224. Increasing of corrosion rate of zinc coating is due to the 
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structure of rope, respectively rope winding/construction, which allows longer impact of wetness 

than on flat surfaces. The lower number of wires in ropes is better for corrosion resistance. 

3 Aluminium overhead conductors´ durability 

As mentioned above the conductors consist from 2 or 3 layers of aluminium wires. The 

evaluated conductors are described above, too.  

The surfaces of aluminium wires of outer strands are covered by layer of aluminium corrosion 

products; the inner strands´ surfaces are covered mainly with dust deposits. Dominant compounds 

are duct particles SiO2 and aluminium oxide Al2O3. As significant element of surface layers the 

sulphur had been identified.   

Uniform corrosion of aluminium ca 20 µm after 40 years exposure in industrial atmospheres is 

not the decisive mechanism of aluminium wires durability degradation. On investigated conductors 

the localised forms of corrosion had been found – pitting and intercrystalline corrosion (Table 3 and 

Fig. 10).  

Prediction of localised form of aluminium corrosion is difficult – there is only limited number of 

long-term studies of these forms of corrosion in specific atmospheric environments. The average 

values of pitting corrosion 50 µm correspond to published data of aluminium coupons exposed in 

industrial atmospheres [10]. The depth of pitting corrosion decreased with time of exposure. For 

intercrystalline corrosion there is no data available. The mechanical stress was supposed to be a 

dominant reason of premature breaking of conductor.   

 

Table 3 Depth of localised corrosion attack 

 

layer of stand corrosion form 
maximum depth [µm] 

50 years/450Alfe6 40 years/450AlFe8 

A (outer) 
pitting 200 200 

intercrystalline 150 n 

B (inner) 
pitting 300 150 

intercrystalline   60 200 

C (inner) 
pitting -   50 

intercrystalline - n 

 

 

a  b  

Fig. 10 Various forms of aluminium (a) uniform and (b) localised corrosion 

4 Painting systems´ durability 

For poles and other structures many different types of paints are applied during last ca 40 years. 

The corrosion protection was made by any types of coatings system. First it was paint system with 

minium primer (Pb3O4). Next applied system was 2-component epoxy coating. Contemporary one 

layer of corrosion products and deposits 
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component coatings based on acrylic or modified alkyd resin are commonly used. Complicatedness 

of the construction is eliminated using tree layers systems. 

 

There is any prediction model for degradation of painting systems such as developed for metallic 

materials – their service life is estimated on the results of accelerated laboratory corrosion tests 

according to ISO 12944-6. Durability of paint systems is defined in 3 categories: low (L) 2 to 5 

years, medium (M) 5 to 15 years and high (H) more than 15 years. The condition of the paint 

system applied can be assessed by use of ISO 4628-1, ISO 4628-2, ISO 4628-3, ISO 4628-4, ISO 

4628-5 and ISO 4628-6. It has been assumed that the first major maintenance of painting would 

normally need to be carried out for reasons of corrosion protection once the coating has reached Ri 

3 (rusting of 1% of structural surface) as defined in ISO 4628-3.  

Coating of paint systems are degraded mainly by chalking, cracking, peeling and rusting 

mechanism. Blistering had been found on painted poles and other infrastructure exceptionally. 

Some examples of paint failure are given in Fig. 11. In many cases the recommendation of Ri 3 

degree of rusting was not kept.  

 

 
   

  

Fig. 11 Examples of failure of painting systems 

 

 Due to changes of paint systems applied during ca 40 years the test of compatibility is necessary 

to perform before repainting. In case of low compatibility between the “old” and “new” paints, the 

new applied system maybe shows visual problem very quickly – immediately or after 24 hrs after 

application (Fig. 12).    

Conclusion 

Without the power industry, no other industrial sector could exist, that makes the power industry 

the largest in the world in terms of the number and value of projects and facilities. As aging 

infrastructure in the CZ and as the durability of this infrastructure planned as long-term as possible, 

the field investigation of long-term exposed structures is very important for decision making 

procedure for this strategic sector.     

The prediction models according to EN ISO 9223/9224 and other derived standards may be used 

for prediction of durability of metallic materials/coatings for power industry infrastructures exposed 

in atmospheric environments. There is necessary to verify these models in respect to structure 
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designs, specific microclimates, corrosion mechanisms and other factors influencing the corrosion 

stress.  

 

  

  
Fig. 12 Examples of non-compatible paint systems 
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Abstract: 

The paper deals with corrosion damage of steel pipes which were a part of the indirect cooling 

circuit of gas cleaning. The pipes were made of steel ASTM A106 Gr.B. The outer surface of pipes 

of the inside part of the circuit was affected by flue gases with mean temperature of approximately 

1200 
o
C. The pipes of the outside part of the circuit were exposed to outer environment with mean 

temperature of about 25 
o
C. The cooling water flowing in these pipes had mean temperature of 

about 20 °C and contained a corrosion inhibitor based on zinc chloride (with addition of 

hydrochloric acid, phosphoric acid and 2-phosphonobutane -1,2,4 – tricarboxylic (PBTC)). Flow 

rate of cooling water was 3700 m
3
/h, its total volume 1500 m

3
, and the pressure of cooling water 

was 600 kPa. The achieved thickening of cooling water was N=4. Side filtering was accomplished 

by a filter DPF 4000. The pipes of the cooling circuit were welded to each other, which initiated 

stress stimulating development of cracks on the outer surface of pipes in the heat-affected zone, 

Fig.1. The existing technological conditions resulted in formation of deposits on the outer pipe 

surfaces. Their presence changed thermal conditions in steel pipes. 

Introduction 

Failures of cooling circuits which are part of power industry equipment are frequently associated 

with loss of integrity of pipes and subsequent development of cracks at thermally most exposed 

sites. [1-3]. Initiation of cracks is related to a directed penetration of oxidation at planes of 

maximum tensile stress. The cracks parallel with the longitudinal axis of pipes are affected by 

excess tension due to internal overpressure; transverse cracks develop most frequently as a result of 

fatigue stress acting on the material undergoing thermal dilatation [4-6]. In both cases, the cracks 

act as concentrators of stress and potential sites of final failure of pipe walls. 

Analysed material 

The analysis of corrosion damage was carried out on steel pipes from the indirect cooling circuit of 

gas cleaning. The pipes were made from steel ASTM A106 Gr.B (0.25 % C, 0.27-0.93 % Mn,  

0.1 % Si). The outer diameter of pipes was 89.9 mm and wall thickness 7.6 mm. The indirect 

cooling circuit was put in operation in October 2011, and visible cracks on the surface of pipes were 

observed in June 2013. The surface of pipes of the outside part of the circuit was affected by the 

outer environment to which the pipes were exposed, i.e. atmosphere with mean temperature of 

approximately 25 °C. The temperature gradient between the outer environment and the cooling 

water flowing inside these pipes was max. 8 °C. The outer surface of pipes of the inside part of the 

circuit was affected by flue gases with mean temperature of about 1200°C. The cooling water 

flowing in these pipes had mean temperature of 20 °C and contained a corrosion inhibitor KURITA 

S-6200, which, has been supplied by Kurita Europe GmbH since 2010 [7]. The flow rate of cooling 

water was 3700 m
3
/h and the total volume of flowing water amounted was to 1500 m

3
. Pressure of 

the flowing water reached 600 kPa. The thickening factor of cooling water was N = 4 (the 
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recommended thickening factor is N = 4.5). Side filtering was accomplished by a twin-chamber 

filter DPF 4000.  

Methods of analysis of corrosion degradation of pipes 

The methods of analysis of steel pipe specimens included standard procedures commonly used for 

evaluation of corrosion attack on metal materials. The initial examination was based on 

macroscopic analysis of the character and extent of corrosive damage to pipes. In the second stage, 

we used microscopic analysis in order to reveal the structure of the analysed material and character 

of its corrosion degradation. The analysis was carried out using a light microscope OLYMPUS 

VANOX-T. In order to determine chemical composition of corrosion products deposited on surface 

of steel, we used energy dispersive X-ray analysis (EDX) employing an analyser INCA in 

association with a scanning electron microscope JEOL JSM 7000F. 

Results and discussion 

Fig. 1 shows a part of the cooling circuit, namely the outer surface of pipes affected by flue gases. 

This figure shows an uneven layer of massive deposits produced by reaction of the metal surface 

with flue gases. Additional analysis was carried out on material sampled from the pipe at the site 

shown in Fig. 1.  

 

 

 

Macroscopic analysis 

Fig. 2 shows the outer surface of pipe 2, which was affected by the environment in the facility 

where the circuit was installed. It was a covered production hall with mean annual temperature of 

approximately 25 °C. Fig. 3 shows the surface of pipe 2 with deposited corrosion products at the 

site of damage marked with an arrow in Fig. 2. 

Fig. 1 Outer surface of pipe affected by flue gases. 
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The inner surface of pipe 2 is depicted in Figs. 4 and 5. Corrosion products formed a relief, uneven, 

and relatively heterogeneous layer. In several places, one could be observed a network of minute 

cracks in the corrosion layer (at the site marked with an arrow in Fig. 5). 

Figures 6 and 7 show the surface of pipe 3, which was affected during operation by flowing flue 

gases of temperature approximately 1200 °C. The surface of this pipe was covered with thick, 

relief, corrosion layer, furrowed with parallel cracks running mostly transversally to pipe axis. The 

cracks developed due to the existence of thermal stresses resulting from thermal fatigue of the 

material in the corrosive flue gases environment. The way of joining the pipes (welding) within the 

assembly (Fig. 1), contributed to the stress by adding a tensile component associated with this 

corrosion-mechanical stressing. 

 

Fig. 2 Outer surface of pipe 2 (exposed to 

environment in production hall) 
Fig. 3 Detailed picture of the outer surface of 

pipe 2 at the site marked with an arrow in Fig. 2. 

Fig. 4 Corrosion layer deposited on  inner 

surface of pipe 2 

Fig. 5 Detail of  the corrosion layer with a 

network of minute cracks at the site marked 

with an arrow 
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Corrosion damage to the inner surface of pipe 3, Figs. 8 and 9 was shown by production of  

a corrosion layer with rough surface and presence of tubercles (marked with an arrow in Fig. 9). 

The development of tubercles, as a demonstration of oxygen corrosion, is associated with the action 

of oxygen and concurrent effect of aggressive salts added to cooling water in the system.  

 

   
 

 

Microscopic analysis 

Microscopic analysis was carried out on cross-section specimens prepared from the examined pipes. 

Fig.10 shows the outer surface of pipe 2, covered with a thin, approximately 100 µm layer of 

corrosion products at the site of damage to the metal coat (see Fig. 3). The inner surface of pipe 2 is 

depicted in Fig. 11. The corrosion layer is uneven. Corrosion penetrated into the steel to a 

maximum depth of about 100 µm. With regard to the thickness of the pipe wall (7.6 mm) the 

damage presented no significant corrosion risk. 

 

Fig. 8 Inner surface of pipe 3 

Fig. 7 Detail of corrosion layer (shown in 

Fig. 6) with minute cracks on pipe surface 

Fig. 6 Outer pipe surface (exposed to  

flue gases) 

Fig. 9 Detailed picture of the inner surface 

of pipe 3 with tubercles 

44 Corrosion in Power Industry



  

 

 

With regard to the extent of corrosion damage, only pipe 3 was analysed in an etched state. After 

etching, one could observe the course of cracks (Figs. 12 and 13) running from the surface into  

the steel structure. The maximum depth of cracks (in the examined specimen) approached 

approximately 2.3 mm, which constituted more than 30 % of the pipe wall thickness. The cracks 

followed a straight line (no branching was observed) which corresponded to corrosion damage – 

stress-directed oxidation – at relatively high levels of the tensile component of stress. The inner 

surface of pipe 3 exhibited corrosion damage characteristic of combined action of oxygen and  the 

chlorides and sulphates present in the circulating cooling water.  

 

  

 

 

 

 

Energy-dispersion (EDX) analysis of corrosion damage of pipe 3 

Because pipe 3 was most damaged by corrosion, the corrosion layer inside the crack of this pipe and 

on its surface was subjected to EDX analysis (Figs. 14 and 15). Analysed were also samples of 

corrosion products deposited on the outer surface of pipes which was affected by flue gases. 

Summary of results of analyses – including those not documented in this paper – is presented in 

Tab. 1. 

 

Fig. 10 Corrosion layer deposited on the 

outer surface of pipe 2 

Fig. 11 Corrosion layer on the inner surface 

of pipe 2, penetrating into steel to a 

maximum depth of 100 µm 

Fig. 12   Outer surface of pipe 3 with cracks 

penetreating into the steel 
 

Fig. 13  Inner surface of pipe 3 with 

deposited corrosion layer 
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The chemical composition presented in Table 1 shows that iron and oxygen were the dominant 

elements in corrosion products. They formed iron oxides which were produced in the process of 

high-temperature corrosion on the outer surface of pipe 3. Results of EDX analysis of the inner 

surface of pipe 3, presented in Table 2, show that corrosion layer on this surface consists mostly of 

Fe and O, which are part of produced oxides. They developed by reaction between cooling water 

and the inner surface of steel pipe. In addition to components such as Mn, Al, Si, and partially P and 

S, which are present in steel and water (part of the inhibitor), the corrosion layer, also contained 

components such as Mg, Ca, and P that were part of the cooling water.  

 

 

 

 

 

 

 

 

Inside the crack On crack surface 

Spectrum 4 Spectrum 5 Spectrum 7 Spectrum 8 

Element wt.% 

O 25.1 2.6 25.5 28.2 

Si 0.4 0.2 0.3 0.5 

S 2.7 0.9 0.5 0.2 

Cl 2.4 1.1 2.2 23.2 

K 0.2 - - - 

Ca 0.7 0.2 - - 

Fe 46.3 58.6 65.3 45.6 

Zn 22.3 14.4 6.3 0.7 

Fig. 14:  EDX analysis of corrosion layer: a) inside the crack, b) on crack surface 

a) b) 

Table 1 EDX analysis of corrosion layer deposited on the outer surface of  pipe 3 
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Conclusion  

Analyses were carried out on steel pipes from the cooling circuit designed for indirect cooling of  

a gas cleaning system. The character and magnitude of the attack on individual parts of steel pipes 

depended on their localisation in the circuit.  

The macroscopic, microscopic and EDX analysis of examined specimens allowed us to draw the 

following conclusions: 

 the outer surface of the analysed specimen 2, which was affected only by atmosphere in the 

production hall (not by flue gases) where the circuit was installed, was covered with 

corrosion layer which was produced by reaction between the environment and the steel 

surface: however, the extent and character of damage did not indicate important corrosion 

risk,  

 the outer surface of specimen 3, which was exposed to flowing flue gases, was covered by 

massive layer of corrosion products, with crack zones oriented perpendicularly to the pipe 

axis, 

 due to their composition, the flue gases were aggressive, which was manifested by chemical 

composition of deposited corrosion layer, produced by reaction between steel surface and 

flue gases. The biggest risk resulted from the presence of Cl, S, and alkaline metals, namely 

Na and K, and from Ca and heavy metals, such as Zn and Pb. The presence of these 

components supported development of volatile metal chlorides and low-melting eutectics in 

the deposited layer, which resulted in formation of deep furrows on steel surface, 

 Fe and O were the dominant components of corrosion products. They were present in the 

form of iron oxides, which produced  a heterogeneous layer unable to  protect surface of 

steel against further oxidation by flue gases, 

 in addition to surface corrosion, stress developed in the most strained parts of the circuit. 

Their origin was related to the way of joining the pipes in the circuit assembly 

(predisposition to the tensile component of stress), non-uniform temperature field on the 

outer side (non-uniform flow of flue gases) and temperature gradient with regard to the side 

that was in contact with cooling water flowing in the pipes.  

In comparison with the outer surface, the character of damage to the inner surface of pipes 

differed due to the action of cooling water on steel surface.  

 the inner surface of pipes was covered with a corrosion layer with localised tubercles (best 

visible on inner surface of specimen 3) which developed under the action of oxygen present 

in cooling water, in combination with other aggressive components, such as chlorides and 

sulphates, 

Element in wt. % Spectrum 82 Spectrum 83 

O 28.8 29.9 

Mg 0.4 0.7 

Al 0.3 0.3 

Si 1.1 1.2 

S 0.3 0.3 

Cl - 0.3 

Ca 2.8 2.7 

Fe 51.4 47.7 

P 2.6 2.9 

Mn 0.3 0.4 

Zn 12.1 13.7 

Tab. 2 EDX analysis of corrosion layer on inner surface of pipe 3 
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The following causes of corrosion attack on inner surface of cooling circuit pipes could be 

considered: 

- failure to comply with the recommended  chemical regimen of treatment of circulating 

cooling water,  

- low flow rate of cooling water,  

- higher temperature of the inner surface of pipe wall exposed to flue gases. 

Generally, these factors affect negatively the low-carbon, non-alloyed steel despite its anti-

corrosion protection based on the use of corrosion inhibitor. 
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Abstract. The paper is focused on the effect of multi-pollution of atmosphere on the construction 
materials degradation in the Slovak Republic. Corrosion increases the risk of failure, which has 
considerable impact on maintenance costs. The objective of the article is a creation of the proposal 
that should be used for processing of the corrosion maps for the various construction materials. It 
uses dose-response function that was developed based on long-term research. The corrosion map 
does not help to protect materials; however it can be useful for prediction of risks by design and 
analysis. The research done by the other researchers is taken into account also in our work. The 
results would be used as a basis for the beginning of a long-term research work.   

Introduction 

Degradation of not only metallic materials, but also other construction materials (concrete, glass, 
etc.) by chemical or physicochemical environmental treatment is an increasingly serious problem 
not only in Slovakia, but all over the world. The atmosphere and ultimately the hydrosphere could 
be particularly polluted by industrial activity, thus causing an increased corrosion aggressivity of 
atmosphere [1,2]. 

Almost all materials used for constructions or in engineering industry are subjected to corrosion. 
The result of this physicochemical reaction is a permanent change of the material that changes 
chemical, physical and mechanical properties. The actual exhibition of corrosion attack is usually 
very diverse and depends on the nature of metal, glass, polymers, composites, environment and all 
external and internal factors, which have an impact on the material [1,3,4]. 

Damage to structural materials caused by corrosion process will involve considerable costs for 
refurbishment. For example, the corrosion of structural steel is a major problem facing civil 
engineers engaged in the maintenance of aging infrastructure. Potentially corrosion rehabilitation is 
a very large market for those who would develop the expertise to deal with the problem [5]. 

For most materials, the corrosion mass loss is obvious, but if it causes significant structural 
damage, such as cracks, spalling, corrosion discoloration or other signs of deterioration in 
reinforcement concrete, or degradation of the concrete itself, it may raise the questions to what 
extent the damage is serious, what causes it and how to remedy the situation. There are many 
possible causes of distress; they include movement of the foundations, structural overloading, 
accidental damage, sulphate attack and alkali aggregate reaction, as well as the active corrosion [6]. 

Many countries show huge financial resources used for the reconstruction of interstate 
expressways, especially the bridges that are in winter subjected to a strong influence of chloride 
ions. Administrators of bridges situated near the sea shore have similar or even much bigger 
problems. Report on the costs of deicing (Transportation Research Board, 1991), the annual cost of 
bridge deck repairs was estimated to be $50 to $200 million, with substructures and other 
components requiring $100 million a year and a further $50 to $150 million a year spent on 
multistory car parks. In the United Kingdom, these costs are estimated at more than £ 600 million a 
year. The statistics for Europe, the Asian Pacific countries and Australia are similar [5]. 
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Last but not least, it is necessary to think about the historic buildings, such as churches, castles 
and palaces, statues, facades and roofs of buildings included in cultural heritage. For their protection 
and restoration are also spent considerable financial resources. 

In fact, corrosion is a major financial problem (significant financial costs for repairs), whether in 
infrastructure, construction, mechanical engineering or cultural heritage, it also causes the failure 
rate and reduction in reliability of structural elements that can lead to serious consequences like 
property damage or the loss of life. It is good to know the atmospheric environment to which the 
materials are exposed, in order to eliminate any economic consequences. This article describes a 
method for creating a theoretical map of corrosion for basic construction materials according to EN 
ISO 9223, acquired from long term research in nearby European countries. 

Long term research 

Air Pollution Monitoring. Actually, from the commonly available literature, it is clear that in 
developed industrial countries in the late 19th century aggressivity of atmosphere rapidly began to 
increase. Air pollution not only causes health problems but also damage to historic buildings, 
monuments and ultimately the ecosystem. Environmental policy came to the forefront in the 80s of 
the 20th century. Convention on Long-range Transboundary Air was signed on 13 November 1979 
in Geneva, leading to compliance with stricter criteria for industrial production. Those economic 
and environmental changes in many developed countries caused significant decreasing in 
concentration of SO2, and with it also the acidity of precipitation in the atmosphere. Degradation of 
materials in Europe caused by sulfur compounds is much lower today; despite the measures, air 
pollution is still a difficult problem, because many other factors causing increased corrosion loss of 
conventional materials are still used in human life [7-9]. It is important to constantly deal with 
effective strategies to reduce harmful substances in the air, side by side with the proposed solutions 
to solve the alarming climate of our planet. 
 

 
 
 
 

 
 
 
 
 
 

Fig. 1 Annual average of SO2 concentration in atmosphere in Slovakia 
 
Successfully established international agreements and protocols under the Convention on Long-

range Transboundary Air lead to many scientific considerations. One of the International Co-
operative Programs dealing with the influence of atmospheric pollutants on the degradation of 
various materials is ICP Materials, which, together with the European Monitoring Commission acts 
on the political level. The program was founded in 1985 in Stockholm and covers materials and 
cultural heritage [10]. The objective of this program is to quantitatively assess the impact of air 
multi-pollution, such as ozone, particulate matter, sulfur and nitrogen compounds and other 
substances, as well as evaluating parameters affecting atmospheric corrosion and pollution of major 
materials used in the construction and reconstruction of constructions and cultural heritage objects. 
Program intensively evaluates and describes the long-term corrosion to clarify the effect of 
pollutants on the environment and change of various materials. The results are used as a basis for 
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mapping areas with an increased risk of corrosion and contamination, and to calculate the cost 
incurred for damages caused by the degradation of materials.  

Exposure Stations. In order to achieve long-term objectives, some short term objectives were 
formulated within the ICP Materials. It is primarily important to maintain and develop an 
international network of atmospheric corrosion exposure stations, evaluate the corrosion 
degradation and air pollution effects on materials exposed in the network of exposure stations, while 
collecting environmental data parameters in the vicinity of these stations. 

Dose-response Functions. Based on long-term objectives dose-response functions were evolved, 
suitable for the calculation of maximum rate of corrosion, for the mapping of areas at increased risk 
of corrosion and to calculate the proportion attributable to air pollution. Given the obtained results 
could be at access to different materials and assess the impact of individual measured values of 
pollutants, it is possible to establish clear procedures of mapping areas with increased corrosion 
risk, facilitate mapping carried out by different institutions in different countries and develop new 
progressive materials or develop using of suitable materials. Some authors working on prediction of 
atmospheric corrosion using artificial neural network and developed more precise model compared 
to DRF [11]. 
 
Table 1 Dose-response functions of basic construction materials based on 8-year results from the 
exposure within ICP Materials (1987-1995) [16] and dose-response functions for basic construction 
materials based on 4-year results from the exposure within UN ECE ICP on Materials (1997-2001) 
[17].  

Carbon steel: 

ML = 29.1 + (21.7 + 1.39[SO2]
0.6Rh60e

f(T) + 1.29Rain[H+] + 0.593PM10)t
0.6 

f(T) = 0.15(T − 10), when T < 10°C; otherwise f(T) = − 0.054(T − 10) 

 

(1) 

Zinc: 

ML8-year = 1.4[SO2]
0.22e0.018Rhe f(T)t0.85 + 0.029Rain[H+]t 

ML = 1.82 + (1.71 + 0.471[SO2]
0.22e0.018Rhef(T) + 0.041Rain[H+] + 1.37[HNO3])t 

f(T) = 0.062(T − 10), when T < 10°C; otherwise f(T) = − 0.021(T − 10) 

 

(2) 

(3) 

Copper: 

ML8-year = 0.0027[SO2]
0.32[O3]

0.79Rhef(T)t0.78 + 0.050Rain[H+]t0.89 

ML = 3.12 + (1.09 + 0.00201[SO2]
0.4[O3]Rh60e

f(T) + 0.0878Rain[H+])t 

f(T) = 0.083(T − 10), when T < 10°C; otherwise f(T) = − 0.032(T − 10) 

 

(4) 

(5) 

Aluminum:  

ML8-year = 0.0021[SO2]
0.23Rhef(T)t1.2 + 0.000023Rain[Cl-]t 

f(T) = 0.031(T − 10), when T ≤ 10°C; otherwise f(T) = − 0.061(T − 10) 

 

(6) 

Results and Discussions 

In the 50s of the 20th century within the CSSR was founded The State Research Institute of 
Materials Protection (SVÚOM), which was involved in research on metal corrosion problems and 
issues, surface treatment of various materials together with the Czechoslovak Academy of Sciences. 
Within this research were also founded the exposure stations in Slovakia. After the division of the 
CSSR, those corrosion exposure stations in Slovakia were abandoned. The Czech Republic actively 
participates in the program ICP Materials and result of this collaboration are also corrosion maps of 
standard and advanced structural materials [12-14] used in the transport infrastructure, power 
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industry and vehicles in Slovakia. The main objective is to establish a new corrosion exposure 
stations according to the standard EN ISO 8565 [15]. Those stations would be used for monitoring 
the effect of the air multi-pollution on the various materials, as well as the exposure of samples of 
each material in the free atmosphere, i.e. they would be directly exposed to all climatic conditions 
and air pollution. 
 

Fig. 2 Annual average mass loss of Zinc for the first year of exposure (Eq. 2) 
 

Fig. 3 Simulated mass loss of Zinc for: (a) first year of exposure; (b) three years of exposure;                
(c) five years of exposure (Eq. 2) 
 

Fig. 4 Annual average mass loss of Zinc for the first year of exposure (Eq. 3) 
 

Actually, based on the dose-response functions, which were the result of 8 years of research in 
the exposure of the ICP Materials in some European countries (Sweden, Norway, Italy, Czech 
Republic, Switzerland, France, Great Britain, Germany, Austria) in 1987 - 1995 (Table 1) and 
depending on the amount of data pollution and climatological conditions provided by the Slovak 
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Hydro meteorological Institute (SHMÚ) maps were interpolated of weight loss for basic 
construction materials in Slovakia (zinc, copper, carbon steel, aluminum). Figure 2 and Figure 3 
show the preliminary maps of zinc weight loss prepared according to dose-response function (Eq. 
2). Some dose-response functions were affected by nitrogen compounds in the period 1997-2001 
(Table 1), that result for zinc (Eq. 3) was again used to create approximate maps of zinc weight 
losses (Fig. 4, Fig. 5). In the years 2002-2003, the further research should take into account only the 
one year of exposure materials, so the dose-response functions do not indicate the time value (Table 
2). From the last equation for zinc (Eq. 8) a corrosion map rate in µm, shown in figure 6, was 
created. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Simulated mass loss of Zinc for: (a) first year of exposure; (b) three years of exposure; (c) 
five years of exposure (Eq. 3) 
 

Table 2 Dose-response functions of basic construction materials based on 4-year results from the 
exposure within UN ECE ICP on Materials (1997-2001) completed with environmental 
measurements of HNO3 and particulate matter (2002-2003) [18]. 

Carbon steel: 

R = 6.5 + 0.178[SO2]
0.6Rh60e

f(T) + 0.166Rain[H+] + 0.076PM10 

f(T) = 0.15(T − 10), when T < 10°C; otherwise f(T) = − 0.054(T − 10) 

 

(7) 

Zinc: 

R = 0.49 + 0.066[SO2]
0.22e0.018Rh + f(T) + 0.0057Rain[H+] + 0.192[HNO3] 

f(T) = 0.062(T − 10), when T < 10°C; otherwise f(T) = − 0.021(T − 10) 

 

(8) 

 

 

 

 
 
 
 
 
 
 
 

Fig. 6 Annual average surface recession of Zinc for the first year of exposure (Eq. 8) 
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STN ISO 9223 September 1995 expired and was replaced by EN ISO 9223 in July 2012. This 
international standard specifies a system of classification of corrosion of atmospheric aggressivity 
and also defines the dose-response functions for standard metals (Table 3), which are needed for 
estimation of corrosion aggressivity based on corrosion decrease for the first year of exposure. For 
comparison a map of corrosion rate of zinc was interpolated (Fig. 7), according to equation (Eq. 10). 
 

Table 3 Dose-response functions for construction materials based on results from the exposure 
defined by EN ISO 9223 (2012) [19]. 

Carbon steel: 

rcorr = 1.77Pd
0.52e(0.020Rh + fSt) + 0.102Sd

0.62e(0.33Rh + 0.04T)                                 

fSt = 0.150(T - 10), when T ≤ 10°C; otherwise -0.054(T - 10) 

 

(9) 

Zinc:  

rcorr = 0.0129Pd
0.44e(0.046Rh + fZn) + 0.0175Sd

0.57e(0.008Rh + 0.085T)                                 

fZn = 0.038(T - 10), when T ≤ 10°C; otherwise -0.071(T - 10) 

 

(10) 

Copper: 

rcorr = 0.0053Pd
0.26e(0.059Rh + fCu) + 0.01025Sd

0.27e(0.036Rh + 0.049T)                                 

fCu = 0.126(T - 10), when T ≤ 10°C; otherwise -0.080(T - 10) 

 

(11) 

Aluminum: 

rcorr = 0.0042Pd
0.73e(0.025Rh + fAl) + 0.0018Sd

0.60e(0.020Rh + 0.094T)                              

fAl = 0.009(T - 10), when T ≤ 10°C; otherwise -0.043(T - 10) 

 

(12) 

 

 
 
 
 
 
 
 
 
 
 

Fig. 7 Annual average corrosion rate of Zinc for the first year of exposure (Eq. 10) 

Fig. 8 Corrosivity categories for the atmospheric environments by the first-year corrosion rate of 
Zinc: (a) equation (8); (b) equation (10) 
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Table 4 Parameters used in the dose-response functions 

Abbreviation Parameter description Unit Abbreviation Parameter description Unit 

t Time Years [O3] O3 concentration µg.m-3 

T Temperature °C PM10 PM concentration  µg.m-3 

Rh Relative humidity %  (<10µm)  

Rain Amount of precipitation mm year-1 ML Mass loss g.m-2 

[H+] Acidity of precipitation mg.l-1 R Surface recession µm 

[SO2] SO2 concentration µg.m-3 rcorr Surface recession µm 

[Cl-] Cl- concentration µg.m-3 Pd SO2 deposition mg/(m2.year) 

[HNO3] HNO3 concentration µg.m-3 Sd Cl- deposition mg/(m2.year) 

Conclusion 

In fact, establishing of the atmospheric corrosion exposure stations in Slovakia according to the 
standard EN ISO 8565 is related to the preparation of samples served for measurement of surface 
degradation and surface layers, including volumes of conventional and advanced structural materials 
under realistic conditions, as well as control samples and reference. It is also necessary to propose 
place for exposure racks with samples, depending on the type of atmosphere, classified by EN ISO 
9223 - urban, rural and industrial. To evaluate the results of the corrosion tests, it is necessary to 
characterize the atmospheric conditions at the exposure station. Therefore, the importance of 
cooperation with the SHMÚ is necessary and the location of the corrosion exposure stations near 
their stations is perspective because of climatological and air multi pollutant data-recording. 

When creating the final product, corrosion map for construction materials cooperation will be 
required with experts in the area of meteorology focusing on detection of pollutants in the 
atmosphere, as measured values of air pollution are relatively unstable and quantity of measuring 
stations, given the size and diversity of the Slovak relief is very low. 

In accordance with the climate and air pollution in Slovakia will be a long term objective to 
design and modify dose-response functions for individual construction materials, to focus the 
impact not only of sulfur, nitrogen, carbon, particles matter, ozone, but also on the impact of UV 
radiation and chloride content, not only in air or in precipitation, in general, but also focusing on 
areas close to the network of roads, especially bridge structures. 
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Abstract. Ti6Al4V titanium alloy is widely used for industrial and medical applications. Several 
techniques of surface treatment are used to improve their mechanical, fatigue or corrosion properties 
like shot peening or anodic oxidation. The effect of these techniques combination on corrosion 
resistance of the base material was examined in this study. For this purpose, electrochemical 
impedance spectroscopy tests were performed in 0.1M NaCl solution. Shot peening was carried out 
using ceramic balls Z850 (Φ 850 µm) at the Almen intensity of 0.13 mmA. Anodic oxidation 
process was performed on ground and shot peened surface in 7% H2SO4 acid solution at constant 
used voltage of 65 V. Significant improvement of corrosion resistance by the surface treatment of 
Ti6Al4V alloy by shot peening with following anodic oxidation was observed however the 
improvement was lower when compared to surface treated only by anodic oxidation. 

Introduction 

Ti6Al4V is one of the most used (α+β) titanium alloys. Ti6Al4V can be due to the good 
mechanical properties and corrosion resistance used for many applications, such as transportation, 
airspace industry, power industry and it is also useful for the medical applications [2,3]. The reasons 
for the use of this alloy are high strength and ductility [1]. The excellent corrosion resistance of 
titanium is attributed to the formation of protective oxide film formed on the metal surface in 
contact with air. But this natural oxide film is poor and thin having a thickness of 3–5 nm. 
Therefore, despite its high corrosion resistance in normal conditions, the natural oxide film exhibits 
poor tribological and tribocorrosion properties [3]. 

In order to overcome this problem, several surface modification techniques have been used to 
improve the corrosion and wear resistance of titanium alloys. These include thermal oxidation, ion 
implantation, plasma spray and anodic oxidation [4]. Anodic oxidation is a simple and effective 
technique allowing to enlarge the thickness of TiO2 oxide layer thus improving corrosion and wear 
properties of the surface [5]. 

Next conventional technique improving fatigue strength, hardness, fretting fatigue resistance and 
abrasion resistance of titanium alloys is shot peening [6]. Shot peening is a method of cold working 
in which compressive residual stresses are induced in the exposed surface layers of metallic parts by 
the impingement of stream of shots, directed at the metal surface at high velocity under controlled 
conditions [7]. 

The effect of combination of shot peening and anodic oxidation on corrosion properties was 
studied on 2024 Al alloy [8] with successful results, but there are no similar studies performed on Ti 
alloys although these techniques are separately well investigated. For these reasons, this paper is 
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focused on the investigation of corrosion resistance of Ti6Al4V alloy treated by shot peening 
followed by anodic oxidation and comparison with individually treated surface.  

Experimental material 

Ti6Al4V titanium alloy was used in this study as an experimental material. It was delivered in 
hot rolled state after heat treatment at 730°C / 1 hour. Chemical composition of the examined 
material is given in Table 1. The microstructure of tested alloy is bimodal (Fig. 1). It consists of 
elongated grains of α phase (white grains) with average grain size of 6.5 µm and β phase (gray 
grains) with average size of 4.8 µm. 

Table 1 Chemical composition of Ti6Al4V (wt. %) [9]. 
 

N C Fe O Al V Ti 

0.003 0.026 0.190 0.177 6.43 4.07 rest 

 

 
 

Fig. 1 Microstructure of tested Ti6Al4V alloy, etch. 10 ml HF, 5 ml HNO3 and 85 ml H2O 

Experimental methods 

Grinding on P500 emery paper followed by rinsing in demineralized water and hot air streaming 
was used as a pretreatment process before shot peening and anodic oxidation. 

Shot peening (SP) was performed on flat ground samples using ceramic balls Z850 (Φ 850 µm) 
with Almen intensity of 0.13 mmA. It was followed by air streaming and ultrasonic cleaning in 
demineralized water and ethanol in order to remove impurities from shot peening process. 

Anodic oxidation was carried out on ground surface and on the surface that was shot peened. The 
electrolyte used for the treatment was the solution of 7% of H2SO4 acid. Voltage of 65V was used 
for the treatment at the temperature of 12 °C and time 20 min [10].  

For the corrosion resistance measurements four batches of Ti6Al4V samples with different 
surface treatment were used. As a basic material samples with only ground surface were used. Then 
samples with surface treated only by shot peening or anodic oxidation were used. As a main sample 
batch for this study corrosion resistance of the samples with surface treated by combination of shot 
peening with anodic oxidation was examined. 

The corrosion resistance of particular treated samples of Ti6Al4V alloy was evaluated by 
electrochemical impedance spectroscopy (EIS). All the corrosion experiments were performed at 22 
± 1 °C in 0.1M NaCl solution simulating aggressive sea atmosphere. Stabilization time of open 
circuit potential after immersion of the sample into electrolyte was 15 minutes. Measurements were 
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performed at open circuit potential with AC voltage amplitude of 15 mV in frequency range from 
100 kHz to 1 mHz.  

Results and discussion 

Based on the EIS measurements on treated Ti6Al4V samples the values of polarization resistance 
Rp, expressing the corrosion resistance of the surface layer or layers, can be calculated from the 
measured Nyquist diagrams (Fig. 2). These obtained Rp values are given in Table 2. 

 

Zre (Ω.cm2)

0 2e+5 4e+5 6e+5 8e+5

-Z
i (

Ω
.c

m
2 )

0

1e+5

2e+5

3e+5

4e+5

5e+5

6e+5

ground P500
ground P500+SP 0.13mmA

Zre (Ω.cm2)

0,0
2,0e+7

4,0e+7
6,0e+7

8,0e+7
1,0e+8

1,2e+8
1,4e+8

-Z
i (

Ω
.c

m
2

)

0

1e+8

2e+8

3e+8

4e+8

5e+8

6e+8
ground P500 + SP + Anodic ox.
ground P500 + Anodic ox.

 

a) before anodic oxidation b) after anodic oxidation 
 

Fig. 2 Nyquist diagrams of Ti6Al4V samples after various surface treatments (0.1M NaCl) 
 

Table 2 Polarization resistance Rp of Ti6Al4V alloy samples after various surface treatments 
 

Surface 

treatment 

Grinding 

 

Grinding 

+ SP 

Grinding + SP 

+ Anodic oxidation 

Grinding 

+ Anodic oxidation 

Rp [MΩ.cm
2
] 1.1 1.4 1009.2 8821.4 

  
Polarization resistance values show, the surface treatment of Ti6Al4V alloy by shot peening and 

by anodic oxidation also improved the corrosion resistance of the base material. Rp increase caused 
by SP under specified conditions was merely slight (from 1.1 MΩ.cm2 for the ground material to 1.4 
MΩ.cm2 for surface treated by SP). This positive effect of SP on corrosion properties of the base 
material was caused by intensive plastic deformation of the surface by shot peening medium. 
Increased inner energy in near surface area generated more favorable conditions for proper creation 
of TiO2 natural oxide on the samples surface.  

Anodic oxidation performed on shot peened surface achieved massive increase of polarization 
resistance values about 3 orders of magnitude (1.1 MΩ.cm2 for ground surface compared to 1009.2 
MΩ.cm2 for surface treated by shot peening and anodic oxidation). This proved that shot peened 
surface enables the production of thicker and more compact TiO2 surface oxide layer by anodic 
oxidation what is very positive finding in terms of corrosion.   

However, the pretreatment by SP did not ensure the better conditions for process of anodic 
oxidation in order to reach better corrosion resistance when compared to the surface prepared only 
by grinding. This was revealed by almost 9-fold lower value of Rp compared to ground samples 
treated by anodic oxidation. This finding could be misleading, because the used parameters of 
anodic oxidation were the same for ground surface and for shot peened surface also. It is necessary 
to take into consideration that surface properties, potential and other parameters of shot peened 
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surface are different from the ground surface. Thus, separate individual research focused on 
optimization of anodic oxidation parameters on a shot peened surface is necessary in order to 
maximize the quality of formed TiO2 oxide layer and its corrosion and wear resistance.   

Conclusions 

On the basis of performed experiments can be concluded the following: 
- the highest value of the polarization resistance Rp was measured on the ground samples treated 

by anodic oxidation in 7 % H2SO4 solution for 20 minutes, 
- shot peening by ceramic balls at 0.13 mmA slightly improved the corrosion resistance of the 

Ti6Al4V alloy when compared to surface ground with P500 emery paper, 
- shot peening and following anodic oxidation of ground surface significantly improved the 

corrosion resistance of Ti6Al4V alloy samples. 
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Abstract. Article deals with analysis of production and characteristics of ceramic coatings applied 

using HVOF technology. It presents the results of research focused on quality evaluation of HVOF 

coatings on the basis of WC-Co and impact of Boron Nitride protective layer. HVOF coatings were 

exposed to hard tribocorrosive conditions. For determining of corrosive resistance of coatings 1M 

solution of NaCl, potentiodynamic tests and accelerated salt spray test were used. Experiment 

confirmed that using of Boron Nitride protective coating clearly improves corrosive resistance of 

the coating on the basis of WC-Co even in hard combined tribocorrosive conditions. Protective 

layer seals the pores in the structure of coating and thus prevents the formation of corrosion and 

subsequent depreciation of coating in various corrosive environments. Using of protective layer 

thus improves lifetime and reliability of spraying and the part itself. Improved lifetime positively 

influences also the economics of the operation of energetic equipment in which these coating are 

used. 

Introduction 

HVOF coatings are very hard metallic or hard particle-metallic binder functional coatings with 

very good corrosion resistance. However, porosity of thermal spray coatings can lead to decreasing 

their corrosion resistance in critical applications such as sink rolls in molten zinc. Sealing the 

thermally sprayed coatings can minimise their porosity from 1–2% to zero, therefore preventing the 

corrosive agents from penetrating to the substrate material. Sealing can either be done with different 

sealants, which are applied by painting onto the substrate, closing the open porosity of the coating 

surface, or by laser treatment [1]. In laser treatment, a thin surface of the coating is melted and 

resolidified into a compact, homogeneous, nonporous layer [2]. The morphology and composition 

of the laser treated cladding are transformed from the original sprayed structure [3]. Applying 

sealing agent increases the cost of the coating, however, if the protective effect of the sealant is long 

enough, it can be economically applied for critical mechanical parts subject to corrosion. 

The paper deals with results of research focused on the influence of sealing boron nitride on 

corrosion resistance and wear of coating WC-Co (Amperit 512.074). 

Materials and Methods 

In experimental part there was evaluated coating formed using WC-Co powder (88/12). WC-Co 

88/12 powder (agglomerated sintered) is a special product for applications where coated parts are 

exposed to molten non-ferrous metals such as Zn and Galfan used in continuous galvanizing lines. 

It has been specifically developed for deposition by HVOF systems. Sprayed coatings are low in 

porosity providing effective substrate protection. Provides higher corrosion resistance against liquid 
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metals compared to normal WC-Co grades. Chemistry characteristics of powder (in mass %): C 

max. 4, Co 10-12, W balance. Particle size 15-45 µm. Spraying parameters for JP-5000 spraying 

equipment: nozzle – 4 inch, Kerosene 22,7 l/h, Oxygen 792 nl/min, feed rate 75 g/min, stand-off 

380 mm. 

Studied coating was applied on the base material of grade STN 412020 (C15E). The test samples 

had a cylindrical shape with a diameter of 25 mm and a length of 50 mm. Coating was applied on 

the base of the cylinder. The surface of the base material was blasted before spraying by white 

corundum with grain size of 0.7 mm, air pressure 0.4 MPa, stand-off 300 mm, impact angle of 90 °. 

One group of coatings have been investigated as-sprayed (A), on the coating’s surface of the second 

group (B) was applied the sealing - boron nitride.  

Structure, composition and thickness of the coating was studied on metallographic sections using 

SEM. The hardness of the coating was determined using test equipment Shimadzu HMV-2E with a 

load of 980.7 mN (HV 0.1), hold time 15 seconds.  

The corrosion rate of the coating was determined by Tafel analysis using test device Potentiostat 

SP150 [4]. The corrosion rate depends on the kinetics of both anodic (oxidation) and cathodic 

(reduction) reactions [5,6]. According to Faraday's law, there is a linear relationship between the 

metal dissolution rate or corrosion rate, icorr (1): 
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           (1) 

 

where M is the atomic weight of the metal, ρ is the density, η is the charge number which indicates 

the number of electrons exchanged in the dissolution reaction and F is the Faraday constant, (96.485 

C/mol). The ratio M/n is also sometime referred to as equivalent weight. 

Calculation of corrosion rates requires the determination of corrosion currents. When reaction 

mechanisms for the corrosion reaction are known, the corrosion currents can be calculated using 

Tafel Slope Analysis. The relationship between current density and potential of anodic and cathodic 

electrode reactions under charge transfer control is given by the Butler-Volmer equation (2), (3): 
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where E is the applied potential and i the measured current density. The overpotential, η, is defined 

as the difference between applied potential and the corrosion potential Ecorr. The corrosion potential, 

Ecorr is the open circuit potential of a corroding metal. The corrosion current, icorr, and the Tafel 

constants ba, and bc can be measured from the experimental data. For large anodic overpotentials 

(η/ba  >> 1) the Butler-Volmer equation simplifies to the Tafel equation for the anodic reaction (4): 

 

� = log(��	

) + ��. log	(�)          (4) 

 

Analogously, for large cathodic overpotentials (η/ bc << -1) the Tafel equation for the cathodic 

reaction is given by (5): 

 

� = log(��	

) + ��. log	|i|          (5) 

 

The Tafel equations predict a straight line for the variation of the logarithm of current density with 

potential.  

Unsealed coating (A) was investigated under parameters for WC and sealed coating (B) under 

parameters for boron nitride. Tafel analysis was performed in 3.5% NaCl solution. Used parameters 

summarizes Table 1. 
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Tab. 1 Parameters used in Tafel analysis of the coating 

 A B 

equivalent weight 195,851 g/eq. 24,820 g/eq. 

density 15,630 g/cm
3
 3,450 g/cm

3
 

surface area 0,636 cm² 0,636 cm² 

 

 Tribological properties of the coating were determined by the pin-on-disc under the normal load 

of 1.5 N, a speed of 0.02 ms
-1

, static counterpart was WC ball with a diameter of 6 mm. Duration of 

test was 1 hour and was carried out in 1M NaCl solution. 

 

Results 

Microstructure of the coating is shown in Fig. 1 

 

      
Fig. 1 Structure and EDX analysis of the WC-Co coating 

 

 Fig. 1 shows that the coating consists of hard WC particles, which are surrounded by binding 

matrix of Co. Size of WC particles is up to 5 µm and are evenly spaced in the Co matrix. EDX 

analysis confirms the presence of the essential building elements in the coating. The average 

thickness of the coating observed on metallographic sections is 136 µm. Microhardness of the base 

material is 168 HV 0.1, and of the coating 1247 HV 0.1. Results of Tafel analysis are shown in 

Table 2. 

Tab. 2 Measured corrosion values 

 A B 

(x) Ecorr - 740,117 mV vs. SCE -697,775 mV vs. SCE 

(x) Icorr 10,900 µA 3,848 µA 

(x) bc 110,1 mV 85,9 mV 

(x) ba 200,0 mV 137,7 mV 

χ2 69,767 5 2 046,04 

corrosion rate 0,702 667 mmpy 0,142 421 mmpy 

 

 

 The corrosion rate of the unsealed WC-Co coating was 0.7 mm/year, application of sealant boron 

nitride led to decreasing of coating corrosion rate to 0.14 mm/year. The results of the pin-on-disc 

test - coefficient of friction and the mass loss of the coating are shown in Fig. 2 and Table 3.  

 

Tab. 3 Mass loss of the coating 

coating Initial weight [g] Weight after wear test [g] Weight change [g] 

A 18,3345 18,3352 + 0,0007 

B 19,2288 19,2226 - 0,0062 
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For unsealed coating was observed weight gain, which was probably caused by NaCl penetration 

into the pores in the coating structure. For sealed coating was found weight loss of the coating. 

 
Fig. 2 Course of friction coefficient of the coating 

 

Conclusions 

 Based on the experiment it can be concluded that the use of Boron Nitride sealant increases the 

corrosion resistance of coatings based on WC-Co even in harsh combined tribocorrosive conditions. 

Protective boron nitride seals the pores in the structure of the HVOF coating and thereby prevents 

corrosion and subsequent degradation of the coating in various corrosive environments. Use the 

protective boron nitride layer so extends the life and reliability as of the HVOF coating as of the 

mechanical part itself. Prolonged life has a positive impact on the economy of operation of 

equipment with HVOF coatings. 
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Abstract. Electrodeposition process of calcium phosphate (CaP) was performed on Elektron 21 
magnesium alloy and the influence on corrosion resistance of the alloy covered by CaP was 
investigated by electrochemical tests. The electrodeposition treatment was performed by potential 
controlled method in water solution consisting of Ca(NO3)2.4H2O, NH4H2PO4 and H2O2. Corrosion 
measurements were performed in 0.1M NaCl solution at laboratory temperature (22 ± 1 °C)  using 
electrochemical impedance spectroscopy. Electrodeposited surfaces had higher polarization 
resistance than only ground surface after all exposition time in 0.1M NaCl. 

Introduction 

     Magnesium alloys become more and more used in modern industry, due to their excellent 
strength/density ratio, making them in many cases attractive in strategic sectors such as the 
transport  and power industry. Moreover, many technological problems have been overcome, 
allowing the employment of some magnesium alloys also at relatively high temperatures.                
In particular, alloys containing elements of the rare-earths (RE) have been the object of intensive 
studies, both for technological applications and for scientific investigations [1,2,3]. 
     Elektron 21 is new magnesium based casting alloy containing rare elements (Nd and Gd) for   
aerospace application up to the 200°C. It has high strength, good corrosion resistance and excellent 
castability. Specifically, the EV31 alloy (formerly known as Elektron 21) has been introduced to 
special applications as substitute of the most known WE43 alloy, due to its improved corrosion 
resistance and reduced production costs [4]. One of the major disadvantages of Mg is the value of 
the standard potential (-2.36 V), which leads to high electrochemical reactivity and low corrosion 
resistance. Therefore, considerable efforts leads  to development of the new type of  Mg alloys and 
optimization of technology process [5,6,7,8]. 
     Aim of this study is evaluation of electrochemical properties of Elektron 21 magnesium alloy 
surface in 0.1M NaCl after grinding and after grinding followed by electrodeposition of calcium 
phosphate layer. 

Experimental material 

     An extruded magnesium alloy, Elektron 21, was examined. The alloy was purchased from 
Magnesium - Electron, Manchester, UK. The alloy’s chemical composition is given in Table 1. 
Microstructural investigation was performed by CARL ZEISS AXIO Imager.A1m light 
metallographic microscope using AxionVision Rel 4.5 software and AxioCam MRc5. The samples 
for metallographic observation were prepared by conventional metallographic procedures. For 
visualization of the magnesium alloy microstructure, etchant consisted of 0.5 % nital was used. 
The microstructure of the extruded sample (Fig. 1) is formed by polyedric grains of supersaturated 
solution of zirconium, RE and other alloying elements in magnesium.Areas of the Mg12Nd 
intermetallic phase are visible in the microstructure [9]. The average grain size is 14 µm. 
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Table 1 Chemical composition of tested Mg alloy 
 

Component Nd Gd Zr   Fe Cu Ni Zn Mg 

wt. % 2.90 1.3 0.32 0.002 0.001 <0.0005 0.32 balance 

 

 

 
Fig. 1 Microstructure of Elektron 21 alloy, light microscope, etch. 0.5 % nital 

Experimental methods 

     Prior to the electrodeposition of calcium phosphate, the samples were firstly ground with an 
emery paper of  P1000 to ensure similar surface roughness, then rinsed with ethanol, and dried 
using a stream of hot air. The formation of dicalcium phosphate dehydrate (DCPD) layer was 
performed by electrodeposition on the sample´s surfaces. The chemical composition of  electrolyte 
consisting of reagents 0.1 M Ca(NO3)2, 0.06 M NH4H2PO4 and 10 ml.l-1 H2O2 with a pH of 4.2 
using a laboratory apparatus VSP (producer BioLogic SAS France). A three-electrode system 
consisting of counter electrode (platinum electrode), reference electrode (saturated calomel 
electrode) and working electrode (sample) was used for electrodeposition process. 
Electrodeposition was performed with constant potential -1.8 V vs ESCE for 1 hour [10].  
     The surface morphology of treated samples was assessed in laboratories of the Department of 
Materials Engineering, FME, University of Žilina, by a microscope Nikon AZ100 with a digital 
camera using NIS Elements software. Electrodeposition under specified conditions led to the 
formation of a thin layer of calcium phosphate DCPD (Fig. 2). 
 

 
 

Fig. 2 Morphology of CaP layer on  Mg alloy surface 
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Results and discussion 

     Corrosion tests were performed by electrochemical impedance spectroscopy (EIS) for the 
evaluation of corrosion resistance of surface layers after exposure times from 5 minutes to 168 
hours in 0.1 M NaCl solution at laboratory temperature simulated sea atmosphere in certain extent. 
Corrosion electrochemical characteristics were measured and evaluated by 
potentiostat/galvanostat/frequency response analyser VSP from BioLogic SAS France. A saturated 
calomel electrode and  platinum electrode served as the reference and auxiliary electrodes, respectively. 
Treated and untreated Elektron21  samples formed the working electrode (a classical three electrode 
system) in such a way that only 1 cm2 area of the working electrode surface was exposed to the 
electrolyte solution in corrosion cell. Measurements were performed at open circuit potential with        
AC voltage amplitude of  5 mV in frequency  range from 100 kHz to 10 mHz. Measured Nyquist plots 
were analysed by EC-Lab software  using equivalent circuits shown in Fig. 3. 
 

                             
 
a) For Nyquist plots with one capacitive loop             b) For Nyquist plots with two capacitive loops 

 
Fig. 3 Equivalent circuits used for analysis of Nyquist plots 

 

     Fig. 3a  expresses the equivalent circuit used for Nyquist plots with one capacitive loop and    
Fig. 3b the equivalent circuit used for Nyquist plots with two capacitive loops. These equivalent 
circuits use various elements expressing the character of evaluated surface.The equivalent circuit in 
Fig. 3a represents the situation on the surface of sample when one layer of corrosion product exists. 
Fig. 3b represents the situation on the material surface when two layers of corrosion products exist 
(first layer is the double layer and second layer is the layer of corrosion products) or two different 
areas (first one with good adhesion to the surface and second one as corrosion products at the 
broken places of the layer with good adhesion to the surface) exist on the surface. In our case, RΩ is 
resistance of the solution, Rp1 and Rp2 are partial polarization resistances of various mechanisms in 
corrosion model (e.g. charge transfer, film resistance,...), Rp is mixed polarization resistance or sum 
of partial polarisation resistances (Rp1 + Rp2) and CPE1 and CPE2 are constant phase elements of 
mechanisms corresponding with Rp1 and Rp2, respectively. CPE1 in second equivalent circuit is 
constant phase element of the layer of corrosion products [10]. 
     Results from EIS measurements in the form of Nyquist plots are shown in Fig. 4 and Fig. 5 for 
Elektron 21 samples with ground surface and surface coated by DCPD, respectively. 
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Fig. 4 Nyquist plots of ground Elektron 21 samples after various exposure times 
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a) Overall view b) Detail of long exposure times 

Fig. 5 Nyquist plots of Elektron 21 samples with calcium phosphate coating after various exposure 
times  

 

     A very important characteristic best describing the resistance of the surface layer (or layers) of the 
certain material against corrosion is a polarization resistance Rp. Based on Nyquist plots analysis the 
values of polarization resistance Rp were obtained. The values of polarization resistances and other 
electrochemical characteristics gained after various exposure times on Elektron 21 magnesium alloy 
samples with out and with DCPD coating are listed in Table 2 and Table 3, respectively. 
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Table 2 Electrochemical characteristics of ground Elektron 21 samples after selected exposure 
times 

Exp. time RΩ (Ω.cm2 )                     CPE1(µF.sb1-1) b1 
 

Rp (Ω.cm2 )                     

5 min. 119 23.24 0.8603 776 
1 h. 121 13.99 0.9331 605 
2 h. 122 27.69 0.8855 583 
4 h. 123 47.21 0.9045 397 
8 h. 123 74.96 0.9414 349 

12 h. 129 70.12 0.9552 294 
24 h. 123 53.84 0.9363 238 
48 h. 124 48.20 0.8942 246 
96 h. 130 52.53 0.8476 262 

168 h. 129 47.31 0.8969 168 
 
 

Table 3 Electrochemical characteristics of Elektron 21 samples with DCPD coating after selected 
exposure times 

Exp. 
time 

RΩ 
(Ω.cm2 )                     

Rp1 
(Ω.cm2 )                     

Rp2 
(Ω.cm2 )                     

CPE1 

(µF.sb1-1) 
CPE2 

(µF.sb2-1) 
b1 b2 

 
Rp 

(Ω.cm2 ) 
5 min. 142 22580 - 23.10 - 0.6871 - 22580 

1 h. 145 22873 - 20.46 - 0.6791 - 22873 
2 h. 147 18714 - 20.07 - 0.6541 - 18714 
4 h. 148 16525 - 20.27 - 0.6981 - 16525 
8 h. 146 14550 - 18.88 - 0.6721 - 14550 

12 h. 137 7195 2400 21.41 0.000530 0.7357 1 9595 
24 h. 125 1724 1220 18.81 0.001220 0.8577 0.8829 2944 
48 h. 119 968 1609 16.42 0.000016 0.8391 0.8980 2577 
96 h. 122 729 - 42.89 - 0.9063 - 729 

168 h. 122 486 - 41.46 - 0.8767 - 486 

 
     Potential-controlled electrodeposition process under specified conditions resulted in a thin 
calcium phosphate dihydrate (DCPD) layer formation (Fig. 2) with the chemical composition 
CaHPO4.2H2O.  
     Already after 5 minutes exposure time of ground Elektron 21 samples in corrosive electrolyte 
representing 0.1 MNaCl solution occurred the formation of oxide (MgO) and hydroxide (Mg(OH)2) 
corrosion products on the surface layer which is represented by maximum value of polarization 
resistance (776 Ω.cm2). After this time there was just the decrease of this characteristic up to its 
minimum value of 168 Ω.cm2 measured after 168 hours of exposure. This decrease of Rp values was 
caused by the degradation of the surface layer formed by corrosion products followed by local 
denudation of the substrate. Moreover, there was an enlarging of the active sample surface 
participating in the corrosion process. Surfaces of Elektron 21 magnesium alloy samples with 
DCPD coating showed a substantial increase in polarization resistance values in comparison with 
ground samples after various exposure times. After 5 minutes of exposure in corrosive solution, the 
Rp of the samples coated by DCPD (22580 Ω.cm2) achieved 29-fold higher value compared to that 
of ground samples after the same exposure time. Maximum value of Rp was reached after 1 hour of 
exposure (22873 Ω.cm2). This value was 30 times higher than the maximum Rp value of the 
samples with ground surface. Corrosion process of Elektron 21 alloy with DCPD coating was 
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different to that of ground surface. As can be seen from Fig. 2, samples were not covered by DCPD 
coating uniformly and thus the formation of corrosion products appeared in the places with 
insufficient coverage after immersion to corrosive environment. This caused increase of the coating 
compactness, which resulted in an increase of its polarization resistance. However, immediately 
after immersing the samples to corrosive environment the reaction of DCPD with this environment 
also occurred, causing its gradual dissolution as reflected by decrease of Rp value                    
(18714 Ω.cm2) after two hours of exposure. Local breaks of the coating in which active corrosion 
process took place can be seen on the samples surface. The development of corrosion process in 
these local areas led to a gradual degradation of the DCPD surface layer associated with the further 
decrease of polarization resistance to a minimum value of 486 Ω.cm2 achieved after 168 hours of 
exposure in corrosive medium. Despite of losing the comprehensive protection capability of DCPD 
layer already after 12 hours of exposure, it was noted that the polarization resistance of the surface 
with DCPD layer was after 168 hours exposure in corrosive environment comparable with the Rp of  
ground surface after 4 hours exposure. It means that this surface layer provided higher corrosion 
resistance of the Elektron 21 surface layer at all of the selected exposure times. 

Conclusions 

On the basis of performed experiments, analysis of the results and their interpretations, we 
concluded the following conclusions: 

• Thin calcium phosphate dehydrate (DCPD) coating prepared by potential-controlled 
electrodeposition process under specified conditions forms the continuous layer composed 
of irregularly branched flake-like formations of a different size covering the entire surface.   

• The polarization resistance (Rp) value of Elektron 21 samples with DCPD coating       
(22580 Ω.cm2) reached after first 5 minutes of exposure in corrosive medium achieves     
29-fold higher value compared to that of ground samples (776 Ω.cm2) after the same 
exposure time. It represents a relevant improvement of surface layer corrosion protection.  

• Maximum value of Rp reached on samples with DCPD coating after 1 hour of exposure 
(22873 Ω.cm2) is 30 times higher than the maximum Rp value of the samples with ground 
surface (776 Ω.cm2). 

• Prepared DCPD coating provides significant corrosion protection in 0.1 M NaCl solution at 
22 ± 1 °C during 12 hours of exposition. Consequently, there is a gradual degradation of the 
coating and local corrosion processes as evidenced by decrease in polarization resistance 
values. 

• This surface layer provides higher corrosion resistance of the Elektron 21 surface layer 
compared to ground surface at all selected exposure times. 
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Abstract. Titanium is not only the most widely used biomaterial for medical implants, but with its 
very good mechanical properties, corrosion resistance and low density is also applied in many 
sectors of industry (aerospace, military, aviation, machinery, energetics, chemicals, etc.). In this 
paper it is described the influence of temperature on the electrochemical characteristics of Ti-6Al-
4V alloy. The surface was mechanically ground and polished by chemical-mechanical process. 
Basic electrochemical characteristics were determined by potentiodynamic tests in 0.1M NaCl 
solution at different temperatures. The obtained results were analysed by the Tafel-extrapolation 
method. Finally, a modified Arrhenius relation was used for determination of activation energy.  
The activation energy of ground and chemical-mechanical polished surface is nearly three times 
higher than activation energy of only ground surface. 

Introduction 

Titanium and its alloys have been frequently used for many engineering components due to its 
beneficial properties, such as low density, low modulus elasticity, excellent corrosion resistance and 
biocompatibility. Titanium and its alloys are preferred materials for hard tissue replacements 
because of their excellent mechanical properties, corrosion resistance and biocompatibility [1-3]. 

Generally, many of these alloys have endless possibility of application. More of the light non-
ferrous materials have considerable attention in automotive, aerospace and ship industries 
application to increase the fuel efficiency and to reduce the environmental pollution. Some of 
titanium alloys are used in the field of energy, like supporting structures of wind turbines or in 
devices that operate in the long-term contact with seawater. In engine applications, titanium is used 
for rotors, compressor blades, hydraulic system components and nacelles. For the chemical industry 
titanium material is an increasingly popular for production or simple stuffing chemical reactors 
operating in extreme conditions and requiring high corrosion resistance [4,5]. 

In fact, titanium oxides have found some areas of applications like converting solar energy, 
photocatalytic syntheses, photocatalytic degradation of certain organic pollutants and the electrolytic 
production of chlorine. The titanium 6Al-4V alloy represents for almost 50% of all alloys used in 
aircraft applications [6]. Ti-6Al-4V alloy is one of the most widespread and the most development 
heterogeneous alloy of the α + β type. Aluminum is stabilizer of the close-packed hexagonal alpha 
phase. On the other hand, vanadium is beta stabilizer of this body-centered cubic phase. Alloys of 
this kind of crystal structures have excellent mechanical properties, which can be increased by heat 
treatment. On the whole, α + β titanium alloys are not only heat treatable and weldable, but the 
strength levels are medium to high and they can be superplastically formed. On the other side, high 
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temperature creep strength is not as good as alpha alloys and cold forming may be limited, but hot 
forming qualities are normally good [7,8].    

The aim of this paper is to review the influence of temperature between 10°C and 80°C on the 
electrochemical characteristics of  Ti-6Al-4V alloy. Based on the requirements of industry, the main 
task was to compare two surfaces - grinded surface and polished surface, which were obtained by 
special process.  

Experimental method 

Ti-6Al-4V alloy with chemical composition listed in Table 1 was used in this study. The material 
was heat-treated at 768-772°C for 45 minutes. Microstructure of the investigated alpha beta 
experimental material (Fig. 1) was made by ZEISS AXIO OBSERVER Z1 light microscope using 
the program Axion Vision rel. 4.8. Two-phased microstructure is formed by close-packed hexagonal 
α-phase (light grains) and body-centered cubic β-phase (dark grains) [8]. Proportion of alpha phase 
is around 60%.   
 

Table 1. Chemical composition of Ti-6Al-4V 
Component Al V Fe C N H O Y O+N 

Wt.% 6.38 4.21 0.19 0.011 0.001 <0.002 0.15 <0.001 0.159 
 

Electrochemical characteristics are based on the electrochemical corrosion in conductive 
environments. They are used for establishing the electrochemical corrosion characteristics of 
materials in different corrosion conditions, for the basic examination of the mechanism of corrosion 
of materials as well as for controlling of the conditions in practice. Based on the results of 
electrochemical methods can be calculated the estimated corrosion rate of the material in the 
required environment, assume the sensitivity to different kind of corrosion, also corrosion cracking, 
etc. [9]. 

Electrochemical characteristics of Ti-6Al-4V alloy were evaluated by electrochemical tests in 
0.1M NaCl solution at 10 ± 0.5, 20 ± 0.5, 30 ± 0.5, 40 ± 0.5, 50 ± 0.5, 60 ± 0.5, 70 ± 0.5 and 80 ± 
0.5°C. The temperature in the corrosion cell was regulated by thermostat that operated on required 
temperatures. The electrochemical tests were carried out using a classical three electrodes cell with 
platinum as counter electrode, saturated calomel electrode SCE (+0.242V vs. SHE) as reference 
electrode and the sample as working electrode.  Potentiodynamic polarization measurements were 
performed on ground and polished samples using a modular 5 channels potentiostat VSP produced 

 

 

Fig. 1 Microstructure of Ti-6Al-4V, etched by 15ml HF, 30ml HNO3 and 50ml H2O  
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by BioLogic SAS France. The potentiodynamic curves were obtained at various temperatures in the 
potential range between -250 and +1200mV versus free potential after 5 minutes of initial 
immersion with constant voltage scan rate of 1mV.s-1. Measured sample area was 1 cm2. Schematic 
diagram of experimental setup is described elsewhere [10]. Based on the Tafel analysis performed 
by EC-Lab program V10.12, the following values were determined - corrosion potential Ecorr, 
corrosion current density Icorr, Tafel coefficients bc, ba and also the values of instantaneous 
corrosion rate vcorr. 

The ground surface was achieved with plane silicon carbide paper 180 grit emery for 3 minutes, 
then 500 grit emery for 2 minutes. For polished surface was subsequently used MD-Largo roll with 
DiaPro Allegro/Largo suspension for 10 minutes. The final third step for chemical-mechanical 
polishing was obtained by OP roll with a mixture of colloidal silica (OP-S) and hydrogen peroxide 
(30%) for 10 minutes, too.    

Results and discussion 

The obtained potentiodynamic polarization curves for ground surface plotted in semi-logarithmic 
scale in 0.1M NaCl solution are shown on Fig. 2a, the potentiodynamic curves for polished surface 
are shown on Fig. 2b. The measurements were repeated three times for each condition. Table 2 
listed the thermodynamic and kinetic characteristics for grinded surface for each temperature 
together with Tafel constants obtained from the polarization curves. The Tafel parameters of 
polished surface are summarized in Table 3.  
 

Table 2 Tafel analysis results for the ground surface of Ti-6Al-4V in 0.1M NaCl solution 

Temperature 

Electrochemical characteristics 

Ecorr vs Eref 

[mV] 
icorr 

[µA.cm-2] 
bc 

[mV] 
ba 

[mV] 

rcorr 

[mm.year-1] 

10°C -510 0.4 89 84 0.01 

20°C -503 0.3 85 90 0.01 

30°C -543 0.5 78 88 0.02 

40°C -392 0.5 81 86 0.02 

50°C -465 0.6 85 85 0.02 
60°C -399 0.8 78 89 0.03 

70°C -395 0.6 73 81 0.02 

80°C -429 0.8 76 91 0.03 

 
 

Table 3 Tafel analysis results for the polished surface of Ti-6Al-4V in 0.1M NaCl solution 

Temperature 

Electrochemical characteristics 

Ecorr vs Eref 

[mV] 
icorr 

[µA.cm-2] 
bc 

[mV] 
ba 

[mV] 

rcorr 

[mm.year-1] 

10°C -495 0.1 87 76 0.004 

20°C -373 0.1 88 79 0.004 

30°C -434 0.2 82 72 0.008 

40°C -417 0.2 93 80 0.008 

50°C -430 0.3 86 72 0.009 
60°C -440 0.6 90 99 0.022 

70°C -303 0.4 94 77 0.013 

80°C -280 0.5 129 91 0.016 
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Fig. 2 Potentiodynamic polarization curves of Ti-6Al-4V for ground (a) and polished (b) surface 
measured between 10°C and 80°C. 

 
The polished samples measured from 10 to 80°C showed more positive Ecorr value (from -495 to 

-280mV), compared with grinded samples, which showed an Ecorr value from -510 to -392mV 
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(Tables 2, 3). This result revealed that the chemical-mechanical polished surface is 
electrochemically nobler and hence thermodynamically more stable for each temperature.  

In terms of kinetics, the values of corrosion current densities for both surfaces were different. 
The values of chemical-mechanical polished surface were from 0.1 to 0.6 µA.cm-2, while the values 
of ground surface were from 0.3 to 0.8 µA.cm-2 (Tables 2, 3). These results demonstrated that the 
chemical-mechanical polished surfaces have a considerable effect on icorr. These results are 
important in comparing the corrosion rate, too. As seen in Table 2 and Table 3, the corrosion rate of 
ground surface is really higher (from 0.01 to 0.03 mm.year-1) than corrosion rate of polished surface 
(from 0.004 to 0.016 mm.year-1).  

The influence of the temperature for the rate of corrosion is based on Arrhenius relation  

k = A.exp(-Ea/RT)                                                                                                                         (1) 
  

where k is rate constant, A is pre-exponential factor, Ea is activation energy, R is the universal gas 
constant and T is the absolute temperature in Kelvin.  Based on this relation, icorr is the function of 
temperature [11] 

icorr = f (T) = A.exp(-Ea/RT)                                                                                                         (2) 
 

The activation energy for these corrosion processes showed the Fig. 3, where are the curves of        
ln icorr versus 1/T and characterized the sensitivity of ground and polished surfaces. The activation 
energy of ground surface was 7.98 kJ.mol-1 and the activation energy of chemical-mechanical 
polished surface was 21.87 kJ.mol-1. These results confirmed that the polished surface led to 
decrease of its corrosion activity. 

 
Table 4 Activation energy of grinded and polished surface of Ti-6Al-4V alloy 

Surface of alloy Ea [kJ.mol-1] 
ground 7.98 

polished 21.87 
 

T-1 [K-1] 

0,0028 0,0030 0,0032 0,0034 0,0036

ln
 i co
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Fig. 3 ln icorr versus 1/T plots for Ti-6Al-4V in 0.1M NaCl solution 
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Conclusions 

Based on the requirements of industry the electrochemical characteristics of Ti-6Al-4V alloys were 
measured. It was necessary to obtain the potentiodynamic polarization curves of ground and 
polished surfaces at various temperatures between 10°C and 80°C used a step of 10°C. The results 
of the Tafel extrapolation showed significantly lower corrosion current density and corrosion rate of 
chemical-mechanical polished surfaces of these titanium alloys compared to the grinded samples at 
all conditions.  

According to the Arrhenius equation, the activation energy of both surface conditions was 
calculated. Actually, the improvement of corrosion resistance of chemical-mechanical polishing 
surface of titanium alloy was proved by higher value of the activation energy (21.87 kJ.mol-1). The 
value of activation energy for grinded samples was approximately three times lower (7.98 kJ.mol-1).  
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Abstract: 

The study in this paper aimed on the corrosion properties of aluminium alloys used in the power 

industry. The corrosion characteristics were evaluated in the initial state and state after severe 

plastic deformation of aluminium alloy AlZnMgCu. Due to the frequent interaction of fatigue 

failure accompanied corrosive failure (e.g. aircraft wings, turbine blades etc.) fatigue characteristics 

of selected alloy were evaluated. Standard corrosion characteristics such as corrosion potential, 

polarization resistance, corrosion rate and the corrosion products were evaluated for both states of 

an alloy in distilled water and SARS during exposition reaching 6 months. 

Introduction: 

The aluminium alloys and their composites are potential materials for light weight structures, 

specifically for the aircraft industry. Around 60% of the total consumption of aluminium alloys in 

the aircraft industry served for turbine blades, aircraft engines, compressors and coatings for low-

and high-pressure turbine engines. These alloys must meet the high fracture toughness, high 

formability, high strength and hardness, excellent conductivity which makes them important in the 

energy sector [1-4]. Another requirement is a high fatigue resistance, resulting in a higher fatigue 

life of aircraft parts made of aluminium alloys. At a lower resistance to fatigue, failure could arise 

from an interaction of fatigue loading with corrosion degradation. Alloy EN AW 7075 has a 

relatively high resistance to corrosion, which can be enhanced by suitably chosen surface finish, 

respectively technology of anodizing [5-6].  

Due to the high demands of today's aircraft industry's this contribution is focused on the corrosion 

and fatigue properties of aluminium alloy EN AW 7075 in aqueous solutions consisting of distilled 

water as reference electrolyte and SARS as simulated acid rain solution. 

 

Experimental material and methods: 

An aluminium alloy EN AW 7075 (AlZn5.5MgCu) in two states with the chemical composition: 

89.4 % Al, 0.19 % Cr, 1.80 % Cu, 0.14 % Fe, 2.49 % Mg, 0.02 % Mn, 0.06 % Si, 5.74 % Zn was 

used as experimental material. The aluminium alloy in its initial state was heat-treated as follows: 

solution annealing, cold forming and natural aging. Subsequently, before the application of severe 

plastic deformation of the alloy subjected to solution annealing 470 °C / 6 h with quenching at room 

temperature. Intense plastic deformation was carried out by process ECAP at room temperature 

with 1 pass through the ECAP die. It was subsequently realized artificial aging at 120 °C/24 h. 

Metallographic analysis in the initial state and in the state after ECAP was performed by standard 

metallographic procedure. The sample surfaces were documented by light microscopy Olympus 

Vanox-T. EDX analysis of particles and corrosion products was realised by scanning electron 

microscope JEOL JSM-7000F and analyzer INCAx-sight. The corrosion potential of the aluminium 

alloy were measured against a saturated calomel electrode SCE in a solution of distilled water and 

SARS (0.01 mM HNO3; 1 mM NaCl; 1 mM (NH4)2SO4). The polarisation curves were measured 
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and corrosion potential, corrosion current density were evaluated by Tafel method and polarization  

resistance according to Stern method. Corrosion characteristics were monitored during 6 months 

exposure in these environments. The fatigue properties on samples were evaluated using the 

torsional load in initial state and state after ECAP at a frequency of 35 Hz. 

 

Results and discussion 

Microstructure and analysis of particles of the aluminium alloy in the initial state and the state after 

ECAP are documented in Fig. 1 and Fig. 2. Fig. 2 show microstructure after ECAP with presence of 

visible deformation bands, which occurred after one pass throught the ECAP die. These 

deformation bands pointed out uneven deformation along cross section the samples. According to 

EDX analysis are particles in both state based on AlFeCu, AlMgCuFeZn and AlMgCuZn. 
 

  

Fig. 1 Microstructure and EDX analysis of the aluminium alloy in initial state 
 

  

Fig. 2 Microstructure and EDX analysis of the aluminium alloy after ECAP  

and heat treatment 

 

The open circuit potentials measured in these environments are shown in Table 1 and are 

graphically illustrated in Fig. 3. From the dependence of the open circuit potential with time, it can 

be stated that the open circuit potential getting less negative values with increasing exposure time 

and aluminium alloy became passivated in distilled water. The highest protective efficacy was 

achieved in distilled water in both states to produce a solid protective layer on the surface of the 

alloy. An open circuit potential for aluminium 7075 in SARS environment is stable for whole 

exposure and there was no significant change in values of potential during exposure time and from 

the corrosion point of view surface was active. The surface of the samples is showed on Fig. 4. 
 

Table 1 Open circuit potential of aluminum alloy in both state / * distilled water ** SARS 

Material 

ESCE [mV] in initial state 

1  

[min] 

10 

[min] 

30 

[min] 

60 

[min] 

1200 

[min] 

1440 

[min] 

14400 

[min] 

175680  

[min] 

263520  

[min] 

EN AW 

7075 * 
- 736 - 501 - 410 - 387 -360 - 325 - 491 - 216 - 80 

EN AW 

7075 ** 
- 607 - 600 - 578 - 552 - 562 - 549 - 554 - 559 - 566 
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Material 

ESCE [mV] after ECAP  

1  

[min] 

10 

[min] 

30 

[min] 

60 

[min] 

1200 

[min] 

1440 

[min] 

14400 

[min] 

175680 

[min] 

263520 

[min] 

EN AW 

7075 * 
-615 -554 -500 -477 -306 -460 -178 -20 -54 

EN AW 

7075 ** 
-795 -803 -758 -694 -535 -546 -570 -376 -604 

 

 
Fig. 3 Dependence of corrosion potential ESCE on the exposure time of samples in distilled 

water and in SARS 

 

The surface after 6 months of the exposure in distilled water in case of samples A (initial state) and 

C (after ECAP) were covered with thin layer of corrosion products. In the case of surfaces exposed 

to distilled water, the products consist mainly of K, Ca, Cu, Zn and very low concentration of Cl. 

After exposure in SARS for samples B (initial state) and D (after ECAP) surfaces were covered 

with a thick layer of corrosion products with good adhesion. Conversely surfaces exposed to SARS 

in terms of solution elements are based on Fe, Cu, Zn, S, Cl. 

 
Fig. 4 The surface of samples  

in initial state / distilled water, after exposure 6 months 

 

On Table 2 are measured results E= (i=0), icorr according Tafel and Rp according to Stern method. It 

is clear from both Tafel and Stern methods that ECAP procedure activated surface of aluminium 

alloy 7075 and corrosion reaches app. 50 times higher values of corrosion rate in SARS than in 

distilled water and ECAP treated sample show 8 times higher values than initial state in the same 

solutions - SARS.  
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Table 2 The measured results obtained by Tafel and Stern methods 

State 0 [min] 263 520 [min] 

distilled water SARS distilled water SARS 

 

Initial 

E(i=0) [mV] - 532 - 629 - 511 - 512 

icorr [µA/cm
2
] 0.50 0.74 0.96 0.79 

Rp [kΩ.cm
2
] 76 26 210 79  

 

ECAP 

E(i=0) [mV] - 555 - 636 - 417 - 478 

icorr [µA/cm
2
] 0.58 1.15 0.13 6.24 

Rp [kΩ.cm
2
] 69 38 662 18 

 

The partial results of the oblique branches Wöhler curve is illustrated on Fig. 5. From the partial 

results of the oblique branches Wöhler curve, we can conclude that higher resistance to fatigue 

failure of the alloy is in state after ECAP. At a tension of approx. 300 MPa alloy withstand about 4 

000 cycles more. At lower tension approx. 170 MPa alloy withstand about 58 000 cycles more than 

in the initial state. The crack propagates from free surface to the inner space of the specimen where 

violation occurs in a direction perpendicular to the axis of the sample. 

  
Fig. 5 Diagonal branch of the Wőhler curve of EN AW 7075 

 

Conclusion: 

On the basis of the experimental program, we can state the following conclusions:  

• The microstructure after severe plastic deformation showed characteristic deformation bands.  

• The open circuit potentials for both states of the aluminium alloy 7075 obtained more positive 

values of potential (less negative values) after 6 months exposure in distilled water. On the 

other hand, the open circuit potentials in SARS solution, active state, Rp values were lower in 

distilled water. The layer of corrosion products on the surface of the samples in a distilled water 

was thinner than in SARS. 

• It is remove from both Tafel and Stern methods show that ECAP procedure activated surface of 

aluminium alloy 7075 and corrosion reaches app. 50 times higher values of corrosion rate in 

SARS than in distilled water. ECAP treated sample shows 8 times higher values than initial 

state at the same solutions - SARS.  

• Based on the partial results of fatigue tests, we can assume a higher fatigue life of the alloy in 

the state after severe plastic deformation. Failures of the samples were the same in both cases, it 

means fatigue failure took place in a direction perpendicular to the axis of the samples. 
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Abstract 

Corrosion is typical of the damage that occurs in ageing pressure vessels and pipelines used in 

industrial processes as a result of reactive products inside or aggressive environmental conditions on 

the outside. Motivation for this article is to summarize cases, causes, consequences and prevention 

in terms of prediction models for the explosion pressure from BLEVEs. The contribution deals with 

real scenarios of accidents associated with transport and storage pressurized facilities with corrosive 

flammable chemicals. While the LPG, propane and butane BLEVEs are well described in the 

literature, the information about corrosive and toxic flammable substances are rather scarce. The 

study presents the results of hazardous zone calculation for the event of ammonia corrosive non-

flammable chemical releases. For calculations of the BLEVE overpressure, AICHE´s Prugh´s and 

Baker´s models together with Effects 9.0.8. Rupture of vessels model were used for this study.  

Introduction 

BLEVE is an explosion resulting from the failure of a vessel containing a liquid at a temperature 

significantly above its boiling point at normal atmospheric pressure. The vessel rupture can be due 

to an excessive pressure or weakening of the vessel walls due to the active corrosion process. 

Corrosion is typical of the damage that occurs in ageing pressure vessels and pipelines used in 

industrial processes as a result of reactive products inside or aggressive environmental conditions on 

the outside. Corrosion is considered to lead at BLEVE which is a fairly well-known and well 

documented explosion phenomenon. A misconception is surprisingly prevalent that BLEVE occurs 

only with flammable chemicals. The fact is that one-fifth of all BLEVEs occur with non-flammable 

pressurized liquefied gases. Unfortunately no comprehensive database of all, or even most, of the 

BLEVEs that have occured exists. From the 88 of notable BLEVE incidents compiled by [1], it is 

possible to evaluate the approximate frequency of causative events, from which 2% belongs to 

mechanical failure caused by corrosion. This assessment is limiting to a sample size of 100 m
3
 and 

comprises only of some of the major accident that have occured across the world from 1926 

onwards. Abbasi et al., 2007 [1] illustrates the variety of toxic chemicals under which BLEVEs 

have occured in the last 90 years and the destruction that BLEVEs cause in terms of death and 

injured people. Among major BLEVEs with toxic dispersion, ammonia involved 10%. The scope of 

this contribution is to compare three existing models - Prugh´s [2] and Baker´s [3] and TNO´s 

Rupture of vessels [1] for predicting the overpressure of a vessel burst. 
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Previous studies 

Little research has been carried out on bursting vessels. The number of methods for calculating the 

effects is therefore limited. Most of the research deals with pressure vessels with ideal gases. Just a 

few studies have been devoted to vessels filled with non-ideal gases and liquids and very little 

studies have been devoted to non-flammable liquids. The most recent study has been published by 

Bubicco et al. [4]. This study have demonstrated that the two most used simplified methods for 

estimating the trend of overpressure vs. distance in case of gas explosions give rise to rather 

different profiles in the near field, which become closer in the far field, where the absolute values 

are lower. We adopted the thermodynamic method of Baker et al., [3] and Prugh et al., [2] 

according to [1] in conjunction with the SVEE estimate of explosion energy. According to the Fig. 

1, the results of the adapted models agree well with the results of [4]. 

 

Table 1 Distance (m) comparison of the TNO´s with developed Baker´s and Prugh´s. 

Initial 

pressure 

 

[bar abs] 

Vessel´s volume 

[m3] 

10  1000 

Baker Prugh Baker Prugh 

11.40 16.00
 a
 15.00 11.50

 a
 10.00 80.50

 a
 80.00 45.00

 a
 46.00 

9.84 15.00
 a
 13.00 10.40

 a
 9.00 76.20

 a
 77.00 42.00

 a
 43.00 

8.42 14.00
 a
 12.00 9.70

 a
 9.00 72.00

 a
 72.70 39.00

 a
 40.00 

6.00 11.75
 a
 10.75 8.25

 a
 7.00 61.00

 a
 63.70 32.50

 a
 34.00 

4.30 9.25
 a
 9.35 5.80

 a
 6.00 49.50

 a
 55.40 28.00

 a
 29.00 

a
 value

 
calculated by [4]  

Using the Baker’s method far and close range are treated differently; the energy of explosion is 

calculated by means of the Brode’s equation. When the explosion occurs at ground level, the 

calculated value of the energy is conventionally multiplied by 2 to take into consideration ground 

effects, like the reflection of the shock wave, even if this is just an approximation, which does not 

properly represent the complexity of a real explosion. The procedure by Prugh’s has some 

similarities with that of Baker described in the previous paragraph. Also in this case the maximum 

overpressure of the shock wave, i.e. the one at the contact surface between the expanding gas sphere 

and the air, has to be evaluated. In Prugh’s method, differently from Baker’s one, the explosion 

energy is calculated assuming an isothermal expansion of the ideal gas, which also is not a correct 

hypothesis in the case of ammonia under exam. 

Results and discussions 

The TNO´s rupture of vessel model is described for several different types of vessel ruptures leading 

to blast and fragmentation [1]. This model is more adequate than Prugh´s or Baker´s models. It is 

yet able to render more accurate predictions. This derives from the complexity of the physical 

phenomenon, the high number of parameters involved, the variability of the real geometrical 

configuration and of the physical conditions before the explosion, and so on.  In order to check the 

differences in the estimates obtained applying the two methods, a number of accidental scenarios 

have been simulated and the overpressure profiles as a function of the distance from the centre of 

the explosion have been reported and compared. The examined scenarios differ in terms of 

substance involved, total gas volume, operating conditions and geometrical configuration: in 

particular, a cylindrical and a spherical vessel have been considered, with volumes of 10 m
3
, 100 m

3
 

(cylindrical) and 1000 m
3
 (spherical), respectively. Fig. 1 shows the overpressure profiles as a 

function of the distance from the 10 m
3
 tank center, for the two models at different values of the 

burst pressure: since both models assume circular symmetry, the profiles are identical for any 

directions. 
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Figure 1 Comparison of the a) Baker´s (left) and b) Prugh´s (right) models with TNO for a 10 

m
3
 cylindrical ammonia vessel. 

 

It can be observed from Fig. 1a, b that for a given model, the local overpressure varies remarkably 

with the burst pressure for relatively small distances from the center of the explosion, while at larger 

distances a much lower difference in the overpressure is experienced, so that the influence of the 

burst pressure is much more important in the proximity of the exploding vessel, rather than at larger 

distances. At any given initial tank pressure, if the results of the two models at a given distance are 

compared, it can be noticed that TNO’s model always provides larger values of the overpressure, 

turning. The value of 30 kPa is usually assumed as the overpressure threshold giving rise to 

immediately lethal effects on humans, and to domino effects for structures. Therefore, the 

intersections of the pressure profiles with the horizontal line at 30 kPa will give an approximate 

safety distance, beyond which significant physical injuries and/or destructive damages to structures 

are not expected.  

Table 2: Distance (m) to 30 kPa for ammonia in 10, 100 and 1000 m
3
 vessels 

Initial 

pressure 

10 m
3
 100 m

3
 1000 m

3
 

Baker Prugh TNO Baker Prugh TNO Baker Prugh TNO 

100 29 25 45 63 54 90 106 118 156 

50 23 19 40 49 41 88 83 88 140 

25 18 14 35 39 30 75 66 65 120 

10 13 9 30 28 20 64 47 43 102 

5 10 6 26 21 14 56 36 31 89 

According with the presented calculations, i.e. with the more conservative approach of the TNO’s 

method, the threshold distances calculated by this procedure always provide larger distances with 

respect to the Prugh’s ones, by a 40 % average and 30% average with respect to the Baker’s, 

respectively (see Table 2). If the same analysis is carried out for the larger vessels (100 m
3
 

cylindrical and 1000 m
3
 spherical), it can be found that the above considerations apply as well, the 

differences between the two approaches being even more apparent, since the overpressures 

calculated by the Baker’s method are always higher than Prugh’s ones, independently on the initial 

pressure and in the whole range of distance analyzed. Also for the threshold distances, the 

difference is more apparent for the large vessels than for the small one, since the values provided by 

the Baker’s method are more than double those calculated by Prugh’s one (see Table 2) for the 100 

m
3
 cylindrical tank and about 80 % in the case of the 1000 m

3
 spherical one. 
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Summary 

This paper presented preliminary studies on the potential of BLEVE overpressure hazard. The 

magnitudes of the forces which are generated in a pressure vessel containing ammonia have been 

calculated. Even do-how manuals produced by coordinating agencies – such as Netherlands 

Organization for Applied Scientific Research and the Centre for Chemical Process Safety – describe 

different consequence assessment methods with little commentary on their relative merits. Due to 

the fact that industry and regulatory agency used legitimate consequence analysis model risk 

assessment conducted by an industry and a regulatory agency may differ widely from each other. 

The study cases demonstrate that the two most used simplified methods for estimating the trend of 

overpressure vs. distance in case of gas explosions give rise to rather different profiles in the near 

field, which become closer in the far field, where the absolute values are lower. From this point of 

view, the results are particularly interesting at distances in the range of the usual equipment spacing. 

Baker’s method estimates are invariantly more conservative: the observed differences are also 

function of the initial pressure, of the vessel size and of the substance under exam. 

Conclusion 

Theoretical investigations of three methods for calculating the physical effects of explosions of 

vessels containing pressurized liquids have been carried out with several volumes (10 m
3
, 100 m

3
 

and 1000 m
3
) and burst pressures of the vessel (100 kPa, 50 kPa, 25 kPa, 10 kPa, 5 kPa). 

Overpressure profiles calculated with both methods are closer for Baker´s and Prugh´s method than 

for more precise TNO´s method. It can be concluded that both models can be used to estimate, with 

reasonable accuracy, the overpressure field at a certain distance from the explosion center, while 

their simplifying assumptions do not allow getting reliable values close to the vessel. In such cases 

Baker’s method can be used for rough estimates, but where accurate data are needed, more 

sophisticated techniques such as TNO´s model should be used.  
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