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Abstract

This thesis explores the possibility of alternatives to copper lining inside the water heater 

tank in water heaters. The need for an alternative is based on the increasing copper prices the 

recent years. The aim of this thesis is to compare three different materials, stainless steel, 

copper and a nickel coated plain carbon steel. This comparison is based on a basic corrosion 

test and a literature survey to render a merit value for each environment/metal interface. The 

testing solution consists of 100ppm Cl- concentration the specimens are tested in three 

different pH levels and at three different temperatures. The specimens have their weight 

measured before and after the test. 

The 15µm thick nickel coating was performed by Ferroprodukter AB, composing of 9% P 

and 91% Ni. The copper and stainless steel specimens are both from Thermia’s actual water 

heater tank. The copper lining is made of pure copper and the stainless steel hull is made of 

ferritic stainless steel. 

The results from the corrosion test are measured in weight change by modulus, |Δw|/w, for 

the comparison of the three materials.  It was found that stainless steel was the worst 

material, performing better at higher temperatures and higher pH , but overall performance is 

far from copper and nickel’s corrosion properties. The nickel coating and copper specimen 

showed comparable results and perform more or less equally well. Regarding identification 

of corrosion mechanics, it may consist of either pitting and general corrosion damage or a 

mixture of both. To avoid the fact that weight change may be both negative and positive, the 

solution to this was to incorporate a merit value based on the absolute value of the weight 

change, divided by the initial weight of the specimen. 

In conclusion, stainless steel total weight change by modulus accumulates to 16.072g, nickel 

coated specimen accumulates a weight change by modulus equal to 8.544g, important note: 

two of the nickel coated specimen account for ~72.4% of the total weight change by modulus 

which then accumulates to 2.36g. Copper’s total weight change by modulus was 2.937g thus 

the lowest. However, disregarding from the 90°C regime; stainless steel scores 13.496g, 

copper 2.151g, and nickel 1.095g.
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1 Literature Survey and introduction

1.1 Boiler

The boiler comprises of a water tank with one inlet for cold water from the municipal water 

provider and one outlet for hot water for domestic or industrial use.

To heat the water inside the water heater, a helix of copper is mounted inside the water tank. 

This copper helix is connected to a heating source, could be electric district or other source. 

To govern the water temperature there is a thermostat mounted to maintain a temperature of 

60°C. There is also security pressure valve to limit the critical pressure inside the tank to 9 

bars. 

Fig 1 [10] A schematic  of  a water heater

 

The outside of the tank is insulated to lower the heat loss to its surrounding. To prevent 

corrosion, the inside of the tank has some sort of lining, plating, or protective oxide layer.
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1.1.2 Materials used

The most common material used today are; stainless steel, copper lining, and porcelain 

enamel. At Thermia, the main material used is copper.

1.1.3 Problems

There are several issues with the current setup. 

• The price of copper has increased drastically in the latest years

• Construction issues due to coppers poor weld ability, which leads to an expensive 

solution.

• Reports of early failures of the copper helix.

1.1.3.1 Water types

Regarding corrosion by water on materials, there are three main classes of water: drinking 

water, industrial- and municipal- wastewater. 

1.1.3.1.1 Industrial waste water

Industrial wastewater is potentially the most corrosive water type depending of how it’s 

contaminated.  Ferritic stainless chromium steel was observed in a biological sewage 

treatment plant [3]. The water contained 1100-3080 mg/l chlorides and strong corrosion was 

observed, especially at welding seams. 

Another severe example according to [3] were a heat exchanger in an oil refinement facility, 

were the austenitic chromium-nickel-molybdenum steel AISI 316 failed due to stress 

corrosion cracking after less than six months of service. The AISI 316 were subjected to the 

environment described in Table 1.

            H2S               Cl-                Mercaptans*      pH        Temp                 Pressure
                                                                                          Inlet:30ºC

        5000 ppm      10-30 ppm          90ppm               7    Outlet: 100ºC         1 MPa

   Table 1 * sulfur-containing organic compound
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Copper-nickel alloys are prone to fail if subjected to waters containing hydrogen sulfide, 

sulphides and ammonia or ammonium compounds [3]. 

Nickel-chromium alloys such as Hastelloy® and Inconel® has proved to be resistant to 

operating conditions of 1000mg/l chloride as heat exchanger in a wet oxidation unit. Testing 

time was 5 years [3]. Both alloys showed signs of corrosion attack when tested at 3000mg/l 

chloride content. 

1.1.3.1.2 Municipal waste water

Municipal wastewater [3]

• Sanitary sewage

• Storm water 

• Infiltrating water

• Combined water

• Cooling water

The main issue regarding municipal wastewater is chloride content; witch increases the risk 

of pitting. Regarding stainless steels, increasing molybdenum content increases the resistance 

to pitting [3]. Chromium only reduces the risk of pitting if chromium content is more than 18 

mass percent [3], nickel, and manganese have a negligible influence on pitting. 

Corrosion attacks by various bacteria’s or biogenic corrosion must also be taken into account. 

Copper is nearly immune to biogenic corrosion, passing both stainless steel and nickel’s 

ability to withstand biogenic corrosion. 

When handling wastewater flow rates and aerobic conditions, it is important to monitor in 

order  to avoid lime deposits. A lime deposit also increases the risk of pitting. 

1.1.3.1.3 Drinking water

Copper, stainless steel and nickel are completely resistant to uniform corrosion in drinking 

water. However, pitting corrosion, corrosion fatigues is examples of corrosion modes 
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occurring for these metals for special conditions. Of the three water types, drinking water is 

the least corrosive water type. 

1.1.3.2 Welding issues

The current welding problems on the tanks with copper lining results in an expensive 

welding solution, which could be avoided if an alternative is found.

The first step is to solder the copper lining to the inside of the tank cylinder. The cylinder is 

then open in both ends. Next step in the process is to weld the top and bottom part of the tank 

to the cylinder. This is where the problem arises, the welding temperature required to weld 

the top and bottom parts to the main shell is too high for the copper lining. If one would place 

the weld directly on to the seam between the top or bottom part and the main cylinder, the 

copper lining would be damaged due to high temperature. 

1.1.3.3 Current solution

The current solution is to mount a strip of carbon steel on top of the seam and weld the 

carbon steel strip to join the top or bottom parts to the main cylinder.  This is a very 

expensive procedure and has needed to be addressed for a long time.

1.1.4 Possible solutions

Thermia have been looking into the possibility to change the copper lining and/or the 

stainless steel tank to chemical nickel coating. This method would be better than the current 

materials in both the price and manufacturing aspect. 

            Ni          P                C             O          N
 

Ni/P  min 85%   1.5-14%  0.4%      balance  balance

Table 2.Nominal chemical composition of nickel coating alloy in wt%.
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The nickel coating should contain at least 10% wt phosphor; this increases the corrosion 

resistance [5]. The coating should also be preferably 30-35 μm thick, a thicker coat will only 

be more resistant to uniform corrosion and wear [5]. The coat will still have the same pitting 

and crevice corrosion resistance at 30-35 μm as a thicker coat.

However there are two problems regarding this nickel coat, how high corrosion resistance 

can be achieved compared to existing solutions, and how the heat transfer of the helix is 

affected by a change to nickel coating. 

1.1.5 Reasons for materials selection

 By tradition, Thermia has used copper in their water heaters since they started 

manufacturing them. Copper has very good corrosion properties towards drinking water and 

has been used extensively in both domestic, municipal transportation and storage water 

installations. The corrosion properties are due to a thick oxide layer forming on the surface 

called passive layer.

Water heaters with a tank made of ferritic stainless steel, F18TM, show the same corrosion 

properties as copper, however the passive layer of stainless steel is much thinner than 

copper’s. This makes stainless steel more prone to pitting corrosion attack than copper, 

depending on alloying elements. Elements such as molybdenum decrease the risk of pitting.

1.2 Corrosion

1.2.1 General corrosion

There are several forms of corrosion attack. Uniform corrosion is the most common 

corrosion mode; the entire surface is attacked uniformly. It’s mostly associated with the 

rusting of steels but it’s also the cause of green patina on copper. Uniform corrosion is most 

commonly measured in μm/year. Uniform corrosion can be reduced by

• Inhibitors

• Coatings and protective paints 

• Cathodic protection

• Proper material selection
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Chemical inhibitors are used to form a passivitation layer on the surface of the material [6] 

the inhibitor is used both as anodic and cathodic protection. The anodic inhibitor forms a 

passivitaion film on steels or aluminium. Chromates is used to form an anodic protection, 

chromates is highly carcinogenic and banned from products that are in contact with 

provisions and waters.

Zinc oxide is a cathodic inhibitor and inhibits the reduction of water to hydrogen gas, used in 

radiator cores, domestic central heating and similar applications where recirculating waters is 

present. To protect pipes, boilers, and turbines at elevated temperatures, from hot condensed 

water an amine is used to increase pH and thereby decreasing proton reduction and the 

uniform corrosion [6].

A coat is a thin layer of protecting material on a substrate used to prevent corrosion, usually 

~20-30 μm thick. Coats of nickel are used in heat exchangers, chemical process applications, 

pumps, boat details (marine atmosphere).  The coat is usually more noble the substrate, this 

makes the coat sensitive to pores, cracks and other surface defects. If the substrate and the 

electrolyte, in this case water containing chlorides are exposed to each other, galvanic 

corrosion will occur, this usually leads to rapid failure. 

Cathodic protection is used in water and fuel pipes, to protect ship hulls and oil platforms etc. 

This method uses a less noble metal either as a sacrificial anode or a less noble coat that in 

contact with the electrolyte and a noble substrate forms a cathode of an electrochemical cell 

[6]. 

Proper material selection is an important factor, improper material selections results in huge 

losses for society each year. 

It is important to keep in mind that there are no ideal cases; corrosion cases are often a mix 

between several corrosion modes as well as mechanical stresses and influences.
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1.2.2 Pourbaix diagrams

Marcel Pourbaix was a Belgian scientist who devised the potential-pH diagrams; the 

diagrams register the corrosion development as a function of the metal’s potential and the 

electrolyte’s pH [9]. They also show how metals react, which ions that are released at 

different pH/potential levels. The potential arises from anodic-cathodic reactions between the 

metal’s nobility, oxide layer and the electrolyte. Connecting a specimen as an anode in a 

galvanic of electrochemical cell and a potentiostat and thereby obtaining the value of the 

potential on a voltmeter determine the potential.

1.2.3 Potential-current curves

Potential-current curves or polarization curves shows the two properties oxide layer and 

corrosion mode. Potentials at Ecorr 2 the oxide layer will remain stable, potentials above Ebd or 

Epit will exhibit metastable pitting and repassivitation of pits. Potentials above Ecorr 1 will 

exhibit stable pitting. This phenomenon is common in closed-vessels structures with oxygen 

rich water where salt and lime concentrations exist [18]. 

Fig 2 [2], Schematic potential-current density chart

1.2.4 Uniform corrosion copper 

Uniform surface corrosion occurs when the copper-oxide, cuprous oxide or Cu2O, layer is 

attacked uniformly over the entire surface. In freshwater the uniform corrosion is 5-10 

μm/year, which is considered low [1], in salt and seawater [2] reports a corrosion rate of 
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0.02-0.07 mm/year for pure copper completley immersed. While in soft waters with small 

amounts of free carbon dioxide and in carbonated waters in general the corrosion rate may be 

0.051-0.16 mm/year [2]. 

Fig 5 shows a Pourbaix diagram of copper in pure water at 25ºC. At pH below 7 and a 

potential higher than ~0.25 V, the metal releases Cu2+ ions. This diagram regards both 

uniform and pitting corrosion (see 1.2.7). 

Fig 3[5] Pourbaix chart of copper in pure water at 25ºC

Fig 6 shows a Pourbaix diagram for copper in high chloride solution at 25ºC. The copper 

reacts with oxygen and hydrochloric acids to form several copper chlorides. Which chloride 

released depends on pH and potential level. 
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    Fig 4[6] Pourbaix chart of copper in high chloride solution at 25ºC

1.2.5 Uniform corrosion on stainless steel

Uniform corrosion on passivated stainless steels is uncommon; HNO3 and H2SO4 are strong 

acids that attack the entire-exposed surface. Chromium, nickel and molybdenum inhibit 

attacks by acids like H2SO4 but molybdenum increases corrosion rate by HNO3. Jernkontoret 

published in 1978 an accepted practical limit for general corrosion on stainless steels. The 

limit was set to 0.1g/m2h or 0.1 mm/year [7] 
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1.2.6 Uniform corrosion on nickel

Uniform corrosion on nickel is low, testing of a nickel coat with 10.5% phosphor have shown 

good results when exposed to different water qualities and temperatures [3].

Water                    Temperature  ºC                   Losses μm/year

          
 

Ph 3.3                             20                                                 7

Destillated, N free         100                                                0

Destillated, saturated O   95                                                0

Sea, 3½ % salt                95                                                  0
Table 3, Corrosion on nickel phospohor coat

1.2.7 Pitting and crevice corrosion

Pitting corrosion and crevice corrosion acts under the same mechanisms. They are both local 

corrosion modes, and can reach considerable depths into the material. A pit is a defect or 

disturbance in the passivitaion layer with a size in the nano- micro range, crevice corrosion 

acts by capillary flow of liquid into micro sized cracks at the metals surface [15]. Crevices 

may be caused by either design or by accident [18], such as threaded joints, riveted seams 

and beneath coatings etc. [18]. A metal susceptible to crevice corrosion varies from one 

alloy-environment interface to another, but in general both active and passive metals are 

affected. Passive metals most often exhibit the most severe attacks [18].

The most susceptible metals are metals with a passivitation layer such as: copper, nickel and 

stainless steels. However, materials that do not have a passivitation layer and corrode 

uniformly will not exhibit pitting, e.g. carbon steel will corrode uniformly in sea water while 

stainless steel will exhibit pitting corrosion (in sea water)[6].  

The mechanism that acts when pitting corrosion mode is active; a pit forms in the material’s 

passivitation layer. Either by breakdown of the passivitaion layer by chlorides, pores, 

scratches, non metallic inclusions such as sulphides, slag deposits micro crevices from 
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grinding, also dissolved oxygen concentrations, hydrogen carbonate solutions are also high 

risk pitting environments [2]. As local breakdown commences bare metal will be exposed, 

this may be considered as a galvanic cell [15]. The exposed metal will act as an anode and 

the surrounding area will serve as a cathode [15]. This is an unfavorable case, since the 

relative size ratio between the cathode and anode determines the corrosion rate, a small 

anode in comparison with a large cathode will corrode much faster than the opposite case [9]. 

Fig 7 [2] shows three theoretical models on how the oxide layer is attacked by chlorides. 

These theories have not, however, been sufficiently verified experimentally, for example the 

correlation between pitting potential and chloride concentration or the prediction of the time 

needed for a breakdown of the oxide film are complex mechanisms and therefore unstable 

parameters for a rigorous scientific description [2]. The difference in potential between the 

inside of the pit and the surrounding surface makes the electron migration start. Pitting may 

also develop on clean and bare metal surfaces due to irregularities in the chemical 

composition of the metal [18], oxygen rich waters and conductive salt and lime 

concentrations [18]. 

Fig 5 ,Theory (a) suggests that chlorides penetrate the oxide layer leading to film growth and depletion of 

H+ leading to corrosion of the metal. (b) The second theory suggests adsorption of chlorides on to the 

oxide film and thereby making the film locally thinner leading to breakdown of the film. (c) Describes a 

competition between the oxide film and the chlorides leading to an instant film breakage if the chloride 

concentration is too high [2]
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1.2.8 Pitting on copper

There are two forms of pitting; Type I which acts exclusively in cold water, usually in supply 

water from deep wells where there are no organic species [2]. It occurs in moderate hard to 

hard waters with a high sulphate content, most rapid failure in low chloride content water. 

Carbon residues from lubricants when bright annealing is performed are another well-known 

reason for pitting on copper [2]. Type II pitting which acts in hot water [3], it is determined 

by three factors; bicarbonate/sulphate ratio in drinking water [3]. The probability of Type II 

pitting is high if the ratio is below 2, if the water has low pH the risk become even higher [3] 

as seen in Fig 3 and 4. Other sources also mention the bicarbonate/sulphate ratio, and the 

elevated risk of pitting to be below 1, the presence of oxygen rich water is also an important 

cause to Type II pitting [1]. High chloride content lowers the oxide layer breakdown 

potential and so increases the risk of pitting [2].  [2] also mentions a type III of pitting on 

copper and a Type 1½.Type III occurs in high pH water on both hard and annealed copper 

tubes in cold tap water with low salt concentration. The reason for its formation is still 

unknown. Type 1½ is associated with microbial activity [2].

  

A study by Kristiansen, mentioned in [2], showed that the highest corrosion rate occurred at 

50ºC, when comparing tests at 45ºC, 50ºC and 60ºC. The study investigated the corrosion 

effect by ferrous ions. At higher temperature the protective oxide layer grew stronger. 

However, a study mentioned in [2] treating an increasing NaHCO2 concentration with a 

temperature range of 25ºC -90ºC showed that increasing temperature promoted the 

breakdown of the protective oxide layer.

Flow rates must also be considered, flow rates above 2 m/s may cause erosion corrosion 

damages [3]. The prescribed flow rate for water heaters circulation pipes ranges between 0.3-

0.5 m/s [3], according to David Norman, my supervisor at Thermia Värme AB flow rates are 

even lower, about 12 l/min at the top and bottom of the tank respectively, pitting occurs 

mainly at low flow rates [3].

Certain bacteria’s, for example sulphate reducing bacteria Pseudomonas which is common in 

water, may alter the environment affecting the metal/electrolyte interface and thus induce 
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pitting corrosion on copper, so called microbiologically induced corrosion or MIC. [12] 

compares simulated tap waters with and without bacteria’s in long time immersion. Tap 

water with bacteria’s show signs of pitting attack while the tap water without bacteria’s 

shows no damage.

1.2.9 Pitting on nickel

Papers and literature on nickels corrosion behavior is scarce compared with the widespread 

use of nickel as corrosion resistant material [14]. 

Pure nickel’s resistance to corrosion by freshwater is high, at stagnant or crevice conditions 

severe pitting attacks may occur [2]. Fig 6 shows corrosion rate of a solution with distillated 

water and HCl at 20ºC.  The nickel phosphor coat is sensitive to pH below four the corrosion 

rate increases from ~2 μm/year to ~20 μm/year at pH 1. 

Fig  6 [5],  Corrosion  influence  of  Dest.  Water  and  HCL  at  20ºC  on  Ni-phosphor  coated  specimen. 

Corrosion rate μm/year

Fig 8 shows a Pourbaix diagram for nickel. Compared to copper, nickel is more resistant to 

lower pH, where corrosion starts at pH 6; the passive layer obtains a duplex structure of NiO, 

the composition was independent of potential and pH, and Ni3O4 [13].  
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Fig 7[9] ,Pourbaix diagram for nickel

Electroless nickel plated carbon steel according to AISI 1080 ENP were tested for simulated 

use in a desalination plant with chloride content up to 350 ppm with different additives for 14 

and 28 days at different flow rates [16]. The temperature was held at 40±3ºC. The AISI 1080 

suffered pitting with 16 pits, max depth 0.16 mm [16] in a solution without additives. When 

increasing the phosphate to 2 ppm, corrosion rate were lowered by 75 %. However, the 

results were ambiguous, where increasing phosphate level to 15 ppm pitting increased, it also 

increased with time exposed to the phosphate inhibitor [16]. 
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1.2.10 Pitting on stainless steel

The passive oxide layer on stainless steels is thinner than oxide layer of copper and nickel. 

Thus it is more sensitive towards pitting than other passivated metals. Alloying elements like 

molybdenum, chromium, nitrogen decreases the sensitivity to pitting [7], [15]. Furthermore, 

regarding pitting on stainless steels, the mechanism is the same for both nickel and copper; 

the breakdown of the oxide layer, metastable pitting, and pit growth.

Fig 8 [2], Potential current diagram of a stainless steel in chloride solution

Fig 10 shows the metastable and pitting potential for a stainless steel in chloride solution. 

Metastable pitting occur around -200 mV to 900mV where either repassivitation of pits or 

growth of pits may occur [2], [9]. Avesta Sheffield has made several corrosion tests 

regarding pitting and crevice corrosion. Avesta Sheffield tested a stainless steel for pitting in 

a 1M NaCl solution; the intention of the test was to find a critical pitting or crevice 

temperature, CPT or CCT. These temperatures are defined as the lowest test temperatures 

were pitting or crevice corrosion occurs in a specific environment [15]. The test showed that 

the CPT for the particular stainless steel were approximately 20ºC where the most samples 

started pitting at a break down potential of ~650 mV and ~1300 mV. 
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The CPT and CCT are to be used as a tool when ranking different alloys since the actual 

environment may have higher or lower corrosive rates than this particular laboratory test. 

1.2.11 Stress corrosion cracking 

Stress corrosion cracking, SCC, is a phenomenon that may occur when the following 

conditions are met; metallurgy of the exposed material must be susceptible to SCC, some 

threshold tensile stress must be present and the specimen must be in a specific crack 

promoting environment. In later years, the amount of crack promoting environments has 

increased drastically due to research [2]. The temperature and electrode potential is also of 

interest, SCC occurs in a potential range [2] for a given metal/electrolyte interface. A brittle 

failure occurs often with no warning; specimens exhibit highly branched cracks [18]. The 

cracks can propagate both transgranularly, intergranularly or a mixed mode of both types. 

Residual stresses from manufacturing operations may be enough to cause failure [15].

 Nickel alloys exhibit SCC in several aqueous-chloride environments [18] [2]. Stainless 

steels exhibits similar SCC resistance as nickel, but in general, failure due to SCC in 

austenitic steels do not occur only at low pH levels, high chloride concentrations SCC 

failures have also been reported [15]. Ferritic steels show high resistance towards SCC, 

presence of molybdenum also increases the resistance to SCC [15] although a small content 

nickel, 1.85%, increases the risk for SCC [2]. Failures due to SCC in ferritic steels in 

environments containing chlorides have been reported to be transgranularly of nature when 

there was a mix of chromium carbide zones and non-chromium carbide zones in the 

microstructure [2] depletion of chromium carbides can be a result of low quality welds. 

Cracking of all common austenitic steels is a risk in chloride environments in general when 

there is a tensile load on the structure [2]. 

Copper is considered immune to stress corrosion cracking in most environments, however, 

failures of hot potable water and water-heating applications have been recorded by a study of 

[17]; the copper alloy most commonly used were high phosphorus copper. The aggressive 

environment found in [17] that ammonium ions, NH+ forms complex ions, Cu(NH3)2
+ which 

in turn reacts with oxygen to form [Cu(NH3)4]2+ . Increasing [Cu(NH3)4]2+  leads to increased 

dissolution of copper in form Cu2+ [17] . Chloride ions have no affect on SCC on copper, but 
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can lead to pitting which in turn can lead to notches. In that way it contributes to the 

probability of SCC in copper.  Stress levels for SCC on the high phosphorus copper alloy 

CU-DHP were ~25 MPa [17].

1.2.12 Corrosion fatigue 

Corrosion fatigue acts under similar conditions as SCC, the difference is instead of a constant 

tensile stress, a cyclic load acts on the structure. The other conditions are, as mentioned 

above, metallurgy must be susceptible to corrosion fatigue, and a corrosion fatigue-

promoting environment must be present. Failure types differ from SCC, the cracks produced 

are fine to broad with little or no branching, filled with corrosion products [18]. All metals 

are susceptible to corrosion fatigue, even alloys that are immune to SCC such as ferritic 

stainless steels (although [2] claims that ferritic steel do exhibit SCC). 

Corrosion fatigue is much like regular fatigue cases but crack initiation; plastic deformation 

of crack tip and crack propagation leads much faster to failure (than conventional fatigue 

failures). Failure even occurs in solutions that could be regarded as harmless with regard to 

other forms of corrosion [15]. Residual stresses may be enough to cause corrosion fatigue 

failure [15]. Fig 11 illustrates the influence of the amount of dissolved oxygen in high purity 

water at different electrochemical corrosion potentials and crack propagation. Comparison is 

made with respect to normal crack propagation rate in air with EAC, environmentally 

assisted cracking. The corrosive agents have a strong influence on crack propagation rate, in 

this particular case, low alloy steel. 
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Fig 9 [20] Comparison between corrosion fatigue, EAC and da/dt  in air. Abbreviations; SHE: standard 

hydrogen electrode, NWC: normal water chemistry and HWC: hydrogen water chemistry

Corrosion fatigue is prevented by changes in environment, design, loading mode and surface 

engineering. Nickel coats are effective if they remain unbroken and are of sufficient density 

and thickness [18]. 

1.2.13 Approximation of the real environment

Metals with a protective oxide layer exposed to chloride solutions at elevated temperatures 

are subject to several corrosion modes; corrosion fatigue, stress corrosion cracking, pitting 

corrosion. 

When water is used from the water heater, cold water flows into the tank. This leads to 

temperature variations. These in combination with the fact that the copper helix is being 

pressurised from the hot water inlet pipe to heat the cold water in the tank causes a cyclic 

load environment and/or a SCC environment. According to measurements at Thermia the 

helix moves ~0.1 mm per cycle.  

Since copper have low cyclic tensile-compression fatigue properties, σu  ±70 MPa [22] for 

5011, a 99.95% oxygen free copper, compared with for example steel, of ±240 MPa for a 

2302-02 [22] ferritic/martensitic stainless steel, the risk of corrosion fatigue or SCC increases 

further. These are values for specimens tested in air, when exposed to a corrosive 

environment these values changes. 
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Fig 10 Leakage in outer radius of a copper helix

Some theories by staff members on Thermia Värme AB suggest that the polymer support 

bracket, which supports the copper helix. During the loading and unloading of the copper 

helix, there is a risk that in a long-term perspective it could result a degradation of the copper 

surface leading to failure by some corrosion mode. 

Fig 11 This damage is claimed by staff at Thermia Värme AB to be a chafing damage

1.3 Chemistry

1.3.1 Redox reactions

When a metal and nonmetal is placed in a solution, a chemical reaction takes place. The 

reaction moves electrons from the metal to the nonmetal to form a salt. The salt is now 
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composed of the positive metal ions and the negative nonmetal ion. A common example of 

this is the formation of NaCl which balanced reaction scheme looks like this:

Na2+(aq)+2Cl-(s)  2NaCl(s) 

1.3.2 Redox activity series

The redox activity series states that an element in its uncombined form will displace another 

lying to its right in the series in forms of salt and other compounds [32]. The redox activity 

series; 

Li>K>Ba>Ca>Na>Mg>Al>Zn>Cr>Fe>Ni>C>Sn>Pb>H2>Cu>Ag>Au>Pt  [32]

The order is based on ionization energy and the periodic table. 

1.3.3 Colour of metal salts

The different salts will obtain different colors; the color depends on the metal ion in question. 

Table 4 shows some metal ion – color properties:

 Metal ion        Ni2+              Fe3+            Cu2+

 

Colour             Green     Yellow-orange   Blue-green
Table 4, Color of metal ions

The following chloridic salts are obtained from table 3 by the reactions;

Ni+2HCl  NiCl2 +2H+     (1)

Fe+3HCl FeCl3 + 3H+    (2)

Cu+2HClCuCl2 +2H+    (3)

NiCl2 by reaction (1), FeCl3 by reaction (2) and CuCl2 by reaction (3)

1.3.4 Solubility of metal salts

There are three examples of insoluble chloride salts, Ag+, Pb2+ and Hg2+
2. All the other are 

soluble. If 100 mL of water dissolves 1 g or more of the salt, then the salt is soluble [32].

24



1.4 Test methods

1.4.1 Laboratory tests

Laboratory tests are performed off-site. The intention is to copy the same mechanics that 

causes the failure or defect and apply those mechanics to a specimen. Test models are 

rigorous. The model and testing parameters are monitored thoroughly.

Examples of such tests are thermodynamic potential-pH diagrams, where a specimen of 

metal is connected as an anode in a galvanic cell and measuring the pitting potential range. 

Immersion tests or salt spray tests are other examples of laboratory tests. Immersion test are 

done by immersion of a specimen in a potentially corrosive solution. 

Salt spray test are done in a specially constructed chamber where salt fog is sprayed on the 

specimen, often resulting in pitting corrosion. The most common evaluation methods are 

weight loss/year or reduction of surface in mm/year or µm/year. Other methods investigate 

either the passivitation potential or pitting potential. The passivitation potential indicates 

where the passive layer in fully passive and specimen exhibits no corrosion. Pitting potential 

indicates when the specimen is exposed to pitting corrosion.

There is no definite boundary between these two states; metastable pitting is common on all 

passive metals [2].  Accelerated tests are performed when fast results are needed as guidance; 

these tests extrapolated according to either various models or just a tool for comparison 

between materials. These models could cover higher temperature or higher concentration of 

the solution than the actual case. 

1.4.2 Field tests

A field test is performed on-site and the actual application is monitored via gauges, solution 

compositions examined and so forth. Experimental models are difficult to monitor and thus, 

often not as rigorous as a laboratory test. Often there is a large amount of parameters and 

influences present; this makes evaluation of results more difficult. 
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1.4.3 Existing standards

ASTM D2688 – 05 are standard test methods for corrosivity of water, absence of heat 

transfer and weight loss measurements. The MTI manuals are useful source of corrosion 

tests. MTI handbook no. 3 describes stress corrosion cracking and crevice corrosion tests. 

ASTM G48 Method A: Specimens are exposed to a solution of 100g FeCl3 6 H2O, mixed 

with 900 ml of distilled water. This method is used for testing CPT values. Evaluation is 

done by microscope and weight loss. Specific testing time is 72 hours, but customers may 

prescribe a testing time of 24 hours. [26]

ASTM G48 method B: Tests for CCT and it is preformed in the same way as method A. The 

only difference is that the specimens have pre-made crevices. CCT is lower than CPT due to 

the nature of the crevice corrosion. Stainless steel in general is more susceptible to crevice 

corrosion than pitting. Outocompo uses both G48 methods A and B. Evaluation of pitting 

corrosion may also be done by white light interferometry [31].

ASTM D870: Water resistance of coatings. Inexpensive, glass beaker with a stirrer could be 

used

ASTM D6943 4.2.1 Method A: Evaluation of specimens under conditions of constant 

temperature at atmospheric pressure.

ASTM G31: Covers mass loss/gain and corrosion rates for metals.

TM0169: Standardizes laboratory immersion corrosion testing, reproducibility, corrosion 

mechanisms and testing apparatus 

For galvanic corrosion, tests ASTM G71 and G82 are used as guidelines. Weight loss 

measurements due to galvanic corrosion, standard ISO 7441-84 and ASTM G104-89 for 

plate tests, ASTM for G116-93 for wire on bolt tests [2] should be consulted.
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1.5 Obejctives

1.5.1 Theoretical test model

The test carried out in conjunction with this thesis exposes metals to a chloride solution at 

elevated temperature and different pH. The test model contains three different metals; ferritic 

stainless steel, pure copper and a nickel coated carbon steel specimen. Copper and stainless 

steel are currently used in the water heater tank, while the nickel coat should be an interesting 

complement. Range of temperature is chosen to 60°C-90°C at five different values. 

Operating temperature of the water heater are 60°C-80°C. The pH levels are around neutral; 

5.4, 6.7 and 7.4 .The variation of pH is done by using a buffer solution, in this particular case 

a phosphor base solution. 

There are several bases for buffer solutions, an HCl base could have been used for example, 

but this would interfere with the 100-ppm Cl- concentration needed for this test. The intention 

of these solutions is to simulate tap water with the highest allowed Cl- concentration, 100 

ppm, according to water well regulations. 100 ppm Cl- is achieved by addition of NaCl to the 

buffer solution. To evaluate these tests, weights of all specimens are registered and 

observations in microscope are performed. 

The five-measured temperature would indicate the possible change in corrosion rate between 

temperatures. Five measuring points give the option for the measurements to take form of a 

straight line, some sort of exponential curve or a mix of both. The intended effective testing 

time is two months. The results of a test where the metals; copper, stainless steel and nickel 

coat were subjected to elevated temperatures in a solution with 100 ppm Cl- at three different 

pH levels would suggest, according to literature studies, pitting corrosion.

1.5.2 Actual test model

After several discussions with laboratory engineer, Anna Persson, the practical limits of the 

tests were set; for each measuring point, three specimens are needed as a minimum to 

increase the statistical certainty of the tests. Three temperature-measuring points were 

chosen. The temperature range were chosen to 70°C -90°C with measuring points at 70°C, 

80°C and 90°C with an accuracy of ±5°C of the intended temperature. The specimens are all 
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30 x 30 mm with a varying thickness depending on metal. The copper coupons had a 

thickness of 0.4 mm, stainless steel coupons were 3 mm thick, and the carbon steel nickel-

plated specimens were 2.5 mm thick. The nickel coat was 15μm and contains 9% phosphor 

and 91% nickel. The Cl- concentration was 100 ppm and the pH levels were 5.4, 6.4 and 7.4. 

The testing time of the experiment were set to three weeks. The tests were run 2 or 3 days a 

week, see appendix for info, and in the mean time the specimens were kept in the testing 

solution at room temperature. 

 2 Method and materials

2.1.1 Preparation of the buffer solution

1000ml of de-ionized water was measured; 9.078g of KH2PO4 was weighted on a 1/10000g 

scale and solute in§to the de-ionized water. Another 1000ml de-ionized water was measured, 

11.8760g of Na2HPO4 2H2O was solute in to the water. 165 mg NaCl, according to laboratory 

engineer Mikael Andersen at the chemistry department at Karlstad University, were then 

solved into both of the liquids to achieve a chloride content of 100mg/l or 100 ppm. 

To achieve a pH of 5.4, 96.9% of the liquid should consist of KH2PO4 and the reminder of 

Na2HPO4 2H2O. For a pH of 7 39% of the liquid should consist of KH2PO4 and the reminder 

of Na2HPO4 2H2O. For a pH of 7.4 5.5% of the liquid should consist of KH2PO4 and the 

reminder of Na2HPO4 2H2O.

2.1.2 Preparation of the specimens

The samples are marked according to [number] [temperature][pH]

 i.e.: 175 stands for specimen number one, temperature 70°C, pH of 5.4.

After marking, then washed in alcohol. Afterwards the handling of specimens is restricted to 

a pair of tweezers to avoid contamination of fingerprints and other dirt on the specimens. 

They are dried and weighed on a scale with 1/10000 g accuracy, then noted.
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2.1.3 Preparations at Thermia

The specimens where placed in the beakers, with the stainless and copper specimens together 

and the nickel-coated carbon steel by itself. To avoid the testing solution from evaporating or 

mixing with the tap water, the beakers were wrapped in aluminium foil. 

2.2 Materials

2.2.1 Supplier

Supplier for the nickel test specimen are Ferroprodukter AB in Gothenburg, contact Mårten 

Österlund. Thermia Värme AB supplied the stainless steel, copper, and the carbon steel 

substrate to the nickel coat.

2.2.2 Chemical composition of nickel coat

The composition of this particular nickel coat is; 91% nickel, 9% phosphor and the thickness 

is 15µm. Several other coat compositions are available, phosphor content is the key element 

to increasing the corrosion resistance and maximum resistance is obtained at 14% P. The 9% 

P compostition is standard solution and therefore more cheaper to use when manufacturing 

specimens than the 14% P.

2.2.3 Chemical composition of stainless steel specimen

Stainless steel specimens are made of ferritic stainless steel. With the composition seen in 

Table3

Elements    C      Si     Mn      Cr     Mo     Ti + Nb

%         0.02    0.40 0.40 17.70 1.80    balance

Table 3, Chemical composition of ferritic stainless steel

2.2.5 Chemical composition of copper specimen

The copper specimens are made of pure copper.
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2.2.6 Microstructure

The microstructure of the coat is dependent on the phosphor level. At low levels, less than 

7% P, the coat is microcrystalline.  The lattice consists of many small grains approximately 

2-6 nm in size. By increasing the phosphor content, the microstructure changes via a mixed 

microstructure towards a total amorphous state above a content of 10% [27].

2.2.7 Deposition

The electroless nickel plating is a chemical reduction process. A reduction process gains 

electron molecule, atom or ion [6] i.e. the opposite to rust on steels. The deposition is done 

by immersing the detail into a bath of nickel salt, natriumhydrofosfite and stabilizers. The 

deposition rate on to the substrate ranges from 10-20 µm/hour.

To perform the electroless nickel phosphor plating onto the entire tank is however a 

complicated task according to Mårten Österlund, but may be preformed by addition of 

drainage pipe for cleaning fluids.
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3 Results

3.1.1 Macro changes of copper specimens

The copper specimens exposed to pH of 5.4 and 6.4 were covered with a green substance. 

The green substance was only removable by scratching the copper specimen with a knife. 

Specimens exposed to a pH level of 7.4 where not affected or had very little green substance 

on them.

Fig 12, Surface appearance of  specimens 176,276 ,376 exposed to 70˚C, pH 6.4

Fig 13, Surface appearance of copper specimens a) 175.275,375 b) 177,277,377 c) 185,285,385

d) 196, 296,396 e) 195,295,395 f) 196,296,396 g) 197,297,397
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Fig 14, Surface appearance of copper specimens 187,287,387 exposed to 80°C, pH 7.4

There was also some green substance in the beakers where specimens had been exposed to 

pH levels 5.4 and 6.4, see Picture 6.

Fig 15, This green substance were found in one of the beakers containing a copper specimen

3.1.2 Micro changes of copper specimens

The unaffected specimen Cu287 shows the micro structure presented in Fig 17 
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Fig 16, Surface appearance of specimen Cu287 at 500x magnification

Fig 17, Surface appearance of specimen Cu385 at 500x magnification 

The affected specimen Cu385 shows the following at 500x magnification. By comparing Fig 

19 and Fig 19, one can tell that the green substance obscures the structure in Fig 19. 

3.1.3 Weight change of copper specimens 

Six specimens, out of 27, lost weights, specimen Cu296 lost 0.0062 g. 21 of the specimens 

gained weight, where the specimen that gained the most, Cu176, gained 0.0077 g .The total 

mean value weight loss/gain was +0.0022 g The lowest mean weight loss value was recorded 

for specimens exposed to 90°C and pH 6.4, -0.0010 g. The highest mean weight gain where 

0.0060 g at 70°C and pH 5.4. 

Mean values aside, the biggest variations in weight was caused by the solutions with a pH of 

5.4 and pH 6.4 and a temperature of 70°C. At pH 5.4 specimens, Cu175 gained 0.021g, 

Cu275, and Cu375 lost 0.0014 g and 0.0017 g respectively.
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At pH 6.5 specimens, Cu176 gained 0.0077 g, Cu276, and Cu376 gained 0.0011 and 0.0022 

respectively. Specimens that had been exposed to pH 7.4 showed the smallest variation in 

weight change, Cu177 lost 0.0005 g specimen Cu277 and Cu377 gained 0.0015 g and 0.0006 

g respectively. Specimens exposed to 80°C and 90°C shows the same trend, bigger variations 

in weight at lower pH levels, see appendix A for copper specimen weight change table.

Relative weight change has also been calculated to enable comparison between the different 

materials. The highest relative weight gain was 0.74%; on Cu175 the highest relative weight 

loss was 0.21% on Cu296.

Fig 20 displays copper’s weight change by influence of temperature, by inspection of Fig 19, 

it can be established that the copper specimens vary over the entire temperature range, no real 

trend can be identified
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Fig 18, Influence of temperature copper specimen weight change

By inspection of Fig 21, influence of pH level one trend can be identified, that weight change 

is decreasing when pH is increasing.
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Fig 19, Influence of pH on copper specimens

3.1.4 Macro changes of stainless steel specimen

Three of the specimens showed a brown-yellowish discoloration, Fe187 in Fig 20, Fe177 and 

Fe277. The rest of the specimens had the same finish as before the test started.

Fig 20, Surface appearance of Specimen Fe187 exposed to 80ºC and pH 7.4
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Fig 21, Surface appearance of unaffected specimen 185,285,385

Fig 22, Surface appearance of stainless steel specimen a) 175,275,375 b) 176,276,376 c) 177,277,377 

d) 185,285,385 e) 186, 286,396 f) 195,295,395 g) 197,297,397

3.1.5 Micro changes of stainless steel specimens.

Interesting changes occurred in the micro scale regime when the specimens were subjected to 

the testing solution. Several specimen were compared, due to strange formations seen on the 

specimens subjected to the testing solution, these formations were also seen on specimens 

that were not in the test, the formations looks like small black circles or ellipses. The only 

thing that could be established after careful cleaning in alcohol of two specimens, one that 

was included in the test and one that was not, this formation were not removed and it is in 

this materials microstructure. The specimens are from the same batch.
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Fig 23, Surface appearance of unaffected specimen not subjected to testing solution at 500x magnification

Fig 24, Surface appearance of specimen Fe187 exposed to 80ºC and pH 7,4 at 500x magnification

The other formations observed in the discolored specimen Fe187, are fields of tiny spots that 

are located in fields that are occurring irregularly all over the surface like in the centre of Fig 

26. 

3.1.6 Weight change on stainless steel specimens

Two specimens out of 27 lost weights, specimen Fe277 lost 0.0293 g. 25 of the specimens 

gained weight, where the specimen that gained the most, Fe175, gained 0.2919 g.  The total 

mean value weight loss/gain was +0.0595 g. The highest mean weight loss value was 

recorded for specimens exposed to 90°C and pH6.4, -0.0010 g. The highest mean weight 

gain was 0.1320g at 80°C and pH 5.4; see Appendix B for stainless steel specimen weight 

change table. Looking behind the mean values, pH levels 5.4 and 6.4 shows a bigger 

variation of weight change. Specimen Fe175 gained 0.2919 g and Fe 275 gained 0.0785 g, 
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Fe375 lost 0.1028 g. Specimens exposed to pH 6.4 react similarly to specimens exposed to 

pH 5.4. Specimens exposed to 80°C show a similar trend as specimens exposed to 70°C. 

Specimen exposed to 90°C that has been exposed to pH 7.4 shows a more stable trend over 

the entire pH spectra, only one deviation on specimen Fe396 that gained 0.089 g.

The highest relative weight gain was 2.54%, on Fe175 the highest relative weight loss was 

0.87% on Fe375.

In general, the highest variation is found at 70°C and 80°C while weight change is lower at 

90°C as seen in Fig 27.
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Fig 25, Influence of temperature on stainless steel specimen weight change

In Fig 28, the trend that can be established is that weight change for pH 7.4 is lower than for 

pH levels 5.4 and 6.4. 
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Fig 26, Influence of pH on stainless steel specimens

3.1.7 Macro changes on nickel coated specimens.

Specimen exposed to a pH of 5.4 and 6.4 have developed a black surface. Some specimens 

are green-blue or green-blue-yellow and black. Specimen Ni175, 195,295 and 395 developed 

tiny green spots. Specimens exposed to pH 7.4 were more or less unaffected; some 

specimens had a greenish-yellow discoloration.
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Fig 27, Surface appearance of nickel coated specimens; a) 175,275,375 b) 176,276,376

c) 177,277,377 d) 185,285,385 e) 183,286,386 f) 187,287,387 g) 196,296,396

Fig 28, Surface appearance of specimen Ni195, 295,395. Exposed to 90°C, pH 5.4

black and green-blue-yellow discoloration
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Fig 29, Surface appearance of specimen Ni197, 297,397 Exposed to 90°C and pH 7.4

greenish-yellow discoloration

3.1.8 Micro changes on nickel coated specimens.

At 500x magnification, Fig 32 and 33, an interesting difference in height was observed on 

specimen Ni395.The in focus part of Fig 32 is the nickel coat and the out of focus part is a 

thin layer. The in focus part of Fig 33 is the thin layer and the out of focus part is the nickel 

coat. The two Figs 32 and 33 are taken right in the middle of some sort of over lap between 

the nickel base and this thin layer. Specimen Ni395 had a black-green surface with green 

spots. 

Fig 30, Surface appearance of Ni395 at 500x magnification; the in focus part is the nickel coat and the out 

of focus part is a very thin layer
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Fig 31, Surface appearance of Ni395 at 500x magnification; the in focus part is the thin layer and the out 

of focus part is the nickel coat

 

Fig 32, Surface appearance of Ni287 at 500x magnification; slight height difference is observed

Fig 34 shows the nearly unaffected specimen Ni287 some signs of similar height difference 

as in Fig 32 and Fig 33, but the difference is not as big as in Fig 32 and Fig 34. Important 

note, it is not the microstructure that is seen in Fig 34, it is the way the surface is orienting 

itself.

3.1.9 Weight loss of nickel coated specimens

Three specimens out of 27 lost weight, specimen Ni397 lost 0.5206 g. 24 of the specimens 

gained weight, where the specimen that gained the most weight, Ni396, gained 0.5464 g. 

The total mean value weight gain was +0.002 g. The highest mean weight loss value was 

recorded for specimens exposed to 90°C and pH 7.4, -0.1693 g. The highest mean weight 

gain where 0.1434 g at 90°C and pH6.4, see appendix C for nickel coated specimen weight 

change table.
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Relative weight change has also been calculated to enable comparison between the different 

materials. The highest relative weight gain was 3.21%, on Ni396 the highest relative weight 

loss was 2.97% on Ni397.

Influence of pH on weight change is seen in Fig 35 and two big deviations is noticed at pH 

6.4 and 7.4 both deviations is seen at 90°C, otherwise the trend is nearly 0 at all three pH 

levels.
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Fig 33, Influence of pH on nickel coated specimen weight change

Influence of temperature is nearly 0 at 70°C and 80°C, two big deviations at 90°C, specimen 

Ni397 and Ni396 as seen in Fig 36. 
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Fig 34, Influence of temperature on nickel coated specimen

3.1.10 Comparison of weight change and influence of temperature

When comparing the copper, nickel coated and stainless steel specimens on influence of 

temperature at pH 5.4 and temperatures 70°C and 80°C, in Fig 37. The stainless steel 

specimens display the largest variation in weight change. The three materials are quite stable 

regarding to weight change at 90°C
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Comparison by influence of temperature on Cu,Ni,Fe by temperature at  pH 5.4
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Fig 35, Comparison by influence of temperature on stainless steel, copper and nickel coated specimens by 

pH 5.4

When comparing the copper, nickel coated and stainless steel specimens and influence of 

temperature at pH 6.4 and the temperatures 70°C, 80°C and 90°C the Fe specimens display 

the largest variation in weight change. The nickel and copper specimen are quite stable until 

90°C. The copper specimens however show the least amount of change, as seen in Fig 38.

Comparison by influence of temperature on Fe,Ni,Cu at pH 6.4

-0,40

-0,20

0,00

0,20

0,40

0,60

0,80

1,00

1,20

1,40

1,60

1,80

70°C 70°C 70°C 80°C 80°C 80°C 90°C 90°C 90°C

Temperature, degrees celsius

R
el

at
iv

e 
w

ei
gh

t c
ha

ng
e,

%

Fe weight change at pH 6.4

Cu weight change at pH 6.4

Ni weight change at pH 6.4

Fig 36, Comparison by influence of temperature on stainless steel, copper and nickel coated specimens by 

pH 6.4
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When comparing the specimens in Fig 39, the stainless steel specimens vary the most. The 

nickel coated specimens show one large deviation and the copper specimen is the most stable 

of the three materials.

Comparison by influence of temperature on Fe,Ni,Cu at pH 7.4
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Fig 37, Comparison by influence of temperature on stainless steel, copper and nickel coated specimens by 

pH 7.4

3.1.11 Comparison by weight change and influence of pH

When comparing the specimens at 70°C, Fig 40 shows that the stainless steel specimens vary 

the most in weight, the copper and nickel coated specimens are generally more stable.
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Comparison on Fe,Ni Cu  by influence of pH and temperature  70 degrees celsius 
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Fig 38, Comparison by influence of pH at 70 °C on stainless steel, copper and nickel coated specimens 

Fig 41 shows the influence of 80°C, and that the stainless steel specimens vary more than the 

copper and nickel coated specimens.

Comparison by influence of pH on Fe,Cu,Ni at 80 degrees celsius
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Fig 39, Comparison by influence of pH at 80 °C on stainless steel, copper and nickel coated specimens 

At 90°C, the nickel-coated specimens have more and bigger deviations than the stainless 

steel and copper specimens.
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Comparison by influence of pH on Fe,Ni,Cu at 90 degrees celsius
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Fig 40, Comparison by influence of pH at 90 °C on stainless steel, copper and nickel coated specimens 

4 Discussion

As seen in the previous chapter, the weight change is difficult to analyze. Weight change 

may show both loss and gain. This behavior may be due to different corrosion products in 

each particular case. In some cases, the corrosion product is formed in a way that sticks to the 

metal surface, and in other cases as for the copper specimens, the corrosion product also was 

found on the bottom of some of the beakers. Additionally, the corrosion product may 

dissolute into the solution and this may depend on temperature and pH. 

In order to analyze the damage done by the testing solution, an absolute value of weight 

change by modulus was implemented to give a better overview and an easier analyze. This 

makes the process independent on the sign and therefore more suitable for comparison by 

both weight loss and gain.
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4.1 Copper specimens

4.1.1 Influence of pH

By inspection of Fig 43, pH level 5.4 is more corrosive towards pure copper specimens 

followed by pH level 6.4. This is because H+ concentration increases as pH decreases, 

leading to increased formation of CuCl2. 
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Fig 41,Influence of temperature and pH on copper specimens
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Fig 42 Pourbaix chart for copper in water, environment varies between the arrows on the dashed line

The probable cause of weight loss in Fig 42 is that the reaction: Cu+2HClCuCl2 +2H+ (3) 

has taken place. As compared to the Pourbaix chart in Fig 4, at pH levels ~5, ~6 and ~7 and 

at potential 0 this copper salt is formed by some corrosion mechanisms. In our case, surface 

analysis demonstrates how temperature influences reactivity and a possibility to describe 

corrosion mechanisms.

4.1.2 Influence of temperature

Inspecting Fig 43 also shows the influence of temperature; by close inspection the highest 

weight loss is recorded at 70˚C this is supported by Kristiansen [2] who states that for passive 

metals the oxide layer may grow at elevated temperatures and therefore reduce corrosion at 

higher temperatures.  However, usually as temperature increases corrosion increases or 
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weight change should be the highest. In our case, weight change decreases as temperature 

increases. This could be due to corrosion product being either sticked onto or dissoluted into 

the solution and therefore not the true weight change.

4.2 Nickel coated specimens

4.2.1 Influence of pH
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Fig 43 Influence of temperature and pH on nickel coated specimens
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Fig 44, Nickel Pourbaix chart varying environment between the arrows on the dashed line

Fig 45 shows the influence of pH. According to Fig 6, this phosphor- nickel coat is highly 

corrosion stable. It is interesting to see that pH level 5.4 is less corrosive than 6.4 and 7.4. 

However, this result may be derived from manufacturing issues due to the fact that only a 

couple specimens changed much in weight while the majority did not. The first batch of 

nickel-coated specimens received was flawed, and it is possible the some of the specimens 

still had this flaw. Some nickel salt has been observed on a few of the specimens, the 

following reaction has taken place: Ni+2HCl  NiCl2 +2H+ as compared with Pourbaix chart 

in Fig 7 at potential 0 at pH levels ~5, ~6 and ~7, one may state that NiCl2 is formed. In our 

case, surface analysis demonstrates how temperatures influence.

4.2.2 Influence of temperature

According to Fig 8, this nickel phosphor coat is durable regarding elevated temperature 

corrosion in water.  The big leap to the 90˚C is based on the same principles as for Fig 45; 

two specimens changed a lot in weight while the rest did not.
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4.3 Stainless steel specimens

4.3.1 Influence of pH

Fig 47 shows the influence of pH and temperature. The relation between corrosivity and pH 

is obvious, the more H+ that’s present in the solution the higher the corrosivity. The ferrous 

chlorides are the result of the following reaction: Fe+3HCl FeCl3 + 3H+ has taken place. As 

compared to Table 4 and Fig 10 at potential 0, one may assume that FeCl3 has been formed.

70°C

80°C

90°C

5.4

6.4

7.4

0,000

0,200

0,400

0,600

0,800

1,000

1,200

1,400

Weight loss by 
modulus, %

Temperature

pH

Stainless Steel

Fig 45 Influence of temperature and pH on stainless steel specimen.

4.3.2 Influence of temperature

The influence of temperature is shown by Fig 47 general weight change is lower at 90°C than 

for 70°C and 80°C. This could be the result of the FeCl3 not being successfully removed; 
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comparing Fig 47 and Fig 27 there are no big change before and after the boiling of 

specimens. Indications on protective oxide layer growth at higher temperature made by 

Kristiansen [2], this could explain the lower weight gain at higher temperature versus 70 °C 

and 80°C. 

4.4 Comparison
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Fig 46 , Mean relative weight change, comparison by pH

Fig 48 shows relative weight change by influence of pH, according to the redox reactivity 

series, steel; even though it’s alloyed with chromium it is more prone to react with the 

chloride solution than nickel and copper. Note; a nickel-phosphor coat is less prone to react 

with chlorides than pure nickel [16], Fig 8. The copper specimens are sensitive towards the 

specified pH levels according to Fig 5 and the stainless steel specimens oxide layer are 
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thinner than the copper and nickel coated specimens oxide layer [7], [15]. Yet again, few 

measuring points make up for nickels strange behavior, where mean weight change by 

modulus should have deacreased instead of increased, this due to the literature claiming that 

nickel-phosphor coats being stable down to a pH level of 3.3 at ~20˚C, according to table 3.
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Fig 47, Mean comparison by temperature 

Fig 48 shows comparison by temperature, yet again we see low Cu and Ni values, and high 

Fe values. The reason nickel coated specimens make a big leap from 80˚C to 90˚C in mean 

weight change, is due to big variation in two measuring points. Kristiansen explaines in [2] 

why passive metals may increase in corrosive thoughness at higher temperature due to oxide 

layer growth. This could explain Fe’s lower weight change at 90˚C.
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4.5 Corrosion mechanisms

Based on the surface observations made, corrosion mode for stainless steel may be proven. 

By observation of Fig 24, formations of small pits were found patchwise over the entire 

surface of the specimen. These pits indicate pitting corrosion, and would be the proof of 

pitting corrosion as corrosion mechanism. Surface observations of the nickel coated 

specimens, according to Fig 32, Fig 33 and Fig 34. These Figures shows a very thin layer of 

what could be NiO in the micro scale range. This layer covers the entire specimen and further 

information about corrosion mechanism is therefore inconclusive. The surface observation of 

copper specimens seen in Fig 19 shows the green copper chloride obstructing the view of the 

surface itself. Nothing may be stated regarding the corrosion mechanisms. This is 

unfortunally the case when research is done, one may see a correlation between reactions or 

values but it might be impossible to prove them. This is why research is so time consuming, 

one may not state a fact without having proof to back it up.

4.6 Other research

In the report; Atmospheric corrosion of nickel in various outdoor environments, by S. Jouen , 

M. Jean, B. Hannoyer, nickel specimens are tested in out doors environment. Three different 

out door climates are tested, rural, urban and industrial. The rural climate mass variation was 

determined to be ~ -150 μg/cm2 while the urban mass variation was approximatley -350 

μg/cm2 and the industrial one -500 μg/cm2 all of these figures was obtained after 10 months 

of testing. 

A.U. Malika*, I. N. Andijania, M. Mobina, S. Ahmadb tested Corrosion behavior of 

materials in RO water containing 250–350 ppm chloride., carbon steel cs 1018 and a couple 

of martensitic chromium- 410 SS, 420 SS and austenitic stainless steels 304 SS were tested 

for 14 and 28-day exposure. The highest corrosion rate after both 14 and 28 days of exposure 

was the martensitic chromium stainless steel 410 SS, corrosion rate was approximately 

between 120 and 140 mpy. This test explored the possibility of a phosphate inhibitor added 

to the chloride solution.
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4.7 Additional remarks

Table 5 ,Weight change chart of unwashed, washed and special consideration to the disadvatages with 

mean values have been taken, described in 5.1.2. *

4.7.2 Mean values

Stainless steel specimens showed the highest weight change of the three tested metals. The 

relative mean weight change was +0.47%. This implies that stainless steel is more reactive 

than the other two metals, copper with a relative weight change of +0.07% and nickel coated 

specimens with a relative mean weight change of -0.01%.

4.7.3 Determinations of mean values

Complete lists of weight change is found in Appendix A-C the unwashed specimen, and D-F 

the washed specimens. Copper specimens have one big deviation on specimen 396 of 

+3.48% if this deviation is disregarded the mean weight change would be -0.07% and this 

would reflect the results more accuratly. The nickel-coated specimens had one big deviation 

on specimen 377 of -0.53% if this devitaion is disregarded, the total mean weight change 

value changes to +0.01%. The stainless steel specimens have 6 deviations of >1% if these are 

disregarded the mean weight loss value would be +0.18%. In the light of this analysis, the 

copper specimens are the worst closely followed by stainless steel specimens. 

4.7.4 Main reactions

The main reactions were formations of NiCl2 (1), FeCl3 (2) and CuCl2 (3) through the 

following reactions:

 Ni+2HCl  NiCl2 +2H+     (1)

Material Unwashed Washed Behind mean value*
Nickel coated spec. 0.0% -0.01% +0.01%
Copper spec. +0.08% +0.07% -0.07%
Stainless steel spec. 0.51% +0.47% +0.18%
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Fe+3HCl FeCl3 + 3H+    (2)

Cu+2HClCuCl2 +2H+    (3)

4.7.5 Weight changes

The weight change arises in three ways. There is a chemical reaction, forming the metal salt. 

This salt sticks to either the metal surface or dissolutes in to the solution. We know this has 

happened because to metal salt was found inside some of the beakers when the specimens 

had been removed.  A third option is also avalible, there’s the possibility that the salt first 

sticks to the surface, then is mechanically removed, in this case a possibility due to the fact 

that the specimens are more or less close packed in the beakers and the solution is boiling. 

This could cause the specimens to chafe against each other and so releasing the salt to the 

solution.

In this case, the formation of NiCl2 and CuCl2 seems to be of the sticked kind and the FeCl3 

seemes to have a mix of both. Even though the specimens were washed and scrubbed with a 

peice of cloth, the FeCl3 was not entirely removed. This indicates that the FeCl3 was less 

soluble in water even though litterature claims that there are no big difference regarding 

chlorides and solubility in water, and a possibility for tougher scrubbing.

4.7.6 Origin of mistakes

Roughness of specimen surface is one of the largest error sources; a high roughness leads 

more easily to chloride concentration spots and acts like a corrosion initiation point. Another 

source of error is the uncertainty of corrosion mechanics and how to compare two or more 

different corrosion mechanics. 

The fact that the pressure variable was excluded from the test also influences the result. If a 

stirrer had been used, the outcome of the test probably would have been different; more 

corrosion residue would have been parted from the specimen’s surface. Some variation from 

the intended temperature was also noted during the testing.
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5 Conclusion

In the present research, three metals for boiler applications have been tested in three different 

temperature-pH environments. It was found that in water conditions, the chemical reaction of 

Cu+2HClCuCl2 +2H+ controls the corrosion mechanisms at selected test condition for 

copper. pH has a negative influence and the highest mean weight loss, 0.164g  ,observed for 

pH 5.4. Temperature did not influence, as much as pH level, weight loss results did not differ 

that much although highest weight loss occured at the lowest pH and highest temperature. 

Nickel coated carbon steel observed the highest mean weight loss, 0.468g, at pH 6.4. As for 

copper specimens, temperature did not influence to the same degree as pH level for the nickel 

specimens but again, the highest weight loss occured at the highest temperature. The 

governing chemical reaction for nickel was found to be Ni+2HCl  NiCl2 +2H+. The main 

chemical reaction for stainless steel was found to be Fe+3HCl FeCl3 + 3H+. The highest 

weight loss, 0.901g, was found at pH level 5.4. At 70˚C the highest weight loss was 

observed, eventhough temperature did not influence as much as pH variables did. 

Under selected test conditions, it is possible to conclude that copper demonstrated better 

corrosion resistance.
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