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Abstract 

Corrosion testing was done in a simulated geothermal environment at 350°C as well as at 

180°C with a pressure of 10 bar for both temperatures. The chemical composition of the 

steam included H2S, HCl and CO2 with a pH of 3 and was formulated to represent the 

conditions in the IDDP-1 well. Testing was done in three flow through reactors having an 

internal diameter of 11.7mm and a total length of 300mm. Four materials were selected for 

testing, P265GH a carbon steel commonly used in high temperature installations, 254 SMO 

a high grade austenitic stainless steel as well as two nickel alloys, Inconel 625 and Hastelloy 

C276. Testing was done for 1 and 3 week exposures except for the carbon steel which was 

tested for 48 hours and 1 week. The carbon steel showed high corrosion rates at 180°C and 

very high rate at 350°C. All of the corrosion resistant alloys performed well at 180°C. At 

350°C localized damage was seen for the 254 SMO and Inconel 625 samples. Hastelloy 

C276 performed the best at the higher temperature although the CR was higher than 

acceptable for such an alloy. Some difficulties occurred during testing including momentary 

blockages of flow as well as dissolution of the ceramic insulation material that likely affected 

the results which should be considered representative of a worst case scenario in the 

operation of a geothermal plant. 

Útdráttur 

Framkvæmd voru tæringarpróf við aðstæður sem líktu eftir háhitasvæði með jarðhita 

annarsvegar 350°C og hinsvegar 180°C. Þrýstingur var sá sami 10 bör. Efnafræðileg 

samsetning gufunnar skyldi endurspegla ástand IDDP-1 borholunnar og innihélt gufan H2S, 

HCl og CO2 og pH gildi hennar var 3. Notaðir voru þrír gegnumstreymis hvarfakútar sem 

höfðu innra þvermál 11,7 mm og lengd 300 mm. Efnin sem valin voru til prófunar voru 

P265GH svart stál sem algengt er að nota í háhita umhverfi, 254 SMO austenískt ryðfrítt stál 

og að auki tvær gerðir af nikkel melmi, Inconel 625 og Hastelloy C276. Prófanir stóðu yfir 

í 1 eða 3 vikur fyrir önnur efni en svarta stálið sem var prófað annarsvegar í 48 klst og 

hinsvegar 1 viku. Við 180°C sýndi svarta stálið háan tæringarhraða og mjög háan við 350°C. 

Öll tæringarþolnu melmin komu vel út við 180°C. Við 350°C komu fram staðbundnar 

skemmdir hjá 254 SMO og Inconel 625 sýnunum. Hastelloy C276 kom best út við hærra 

hitastigið en tæringarhraði var hærri en ásættanlegt getur talist fyrir slíkt efni. Við 

prófanirnar komu upp nokkur vandamál m.a. skyndilegar rennslisstíflur og það að 

einangrunarefni úr keramiki leystist upp en þetta hafði trúlega áhrif á niðurstöðurnar sem 

verða að teljast endurspegla verstu mögulegu aðstæður sem upp geta komið við 

jarðhitavinnslu. 
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1 Introduction 

 

In the present energy market there is a large demand for renewable energy. Geothermal 

power production has the potential to meet a part of that demand and is growing by 4-5% 

annually with over 12 GW of installed capacity worldwide as of 2014 (Matek, 2014). Iceland 

being situated on a geothermal hot spot has taken advantage of this power source. Installed 

geothermal power plant capacity in Iceland is 665 MW or over 24% of the nation’s total 

power production capacity (Loftsdóttir et al., 2014) 

A major factor in all geothermal power facilities is corrosion control. Geothermal fluid can 

vary greatly in its properties such as temperature, pressure and chemical composition 

depending on reservoir properties and drilling depth. Temperature can range from 180 °C to 

over 300 °C in operational wells today. Chemical composition varies between geothermal 

areas and even between wells in the same area. The chemicals most commonly found in 

geothermal fluid are silica (SiO2) which is often responsible for scaling, sulfate (SO4
-2) and 

chloride (Cl-). Dissolved gases are also present in the fluid such as carbon dioxide (CO2), 

hydrogen sulfide (H2S), ammonia (NH3), hydrogen (H2) and in some cases hydrogen 

chloride (HCl) and hydrogen fluoride (HF) which have been found to originate from 

magmatic gases (Karlsdottir, Ragnarsdottir, Thorbjornsson, & Einarsson, 2015). These gases 

are the main corrosive agents contained in geothermal steam (Karlsdóttir, 2012). 

Corrosion forms seen in geothermal systems include: uniform corrosion often limited by the 

formation of protective films or deposits, pitting associated with a localized breakdown of a 

protective film often catalyzed by Cl- ions, cracking in different forms including stress 

corrosion and Sulphur stress corrosion cracking, hydrogen cracking and bubbling caused by 

H2S and H2 gas. Other forms of corrosion are also seen such as galvanic corrosion, erosion 

along with other forms (Kaya & Hoshan, 2005).  

In standard geothermal installations carbon steel is utilized extensively with good results as 

a protective layer of sulfides and oxides forms in the oxygen depleted environment (Lichti, 

2007). Some wells produce acidic fluid pH ≤ 4.5 that require special measures including use 

of more corrosion resistant materials and/or treatment of the fluid (Lichti, Klumpers, & 

Sanada, 2003). Wells producing dry steam have generally been thought to pose less of a 

challenge as corrosion is limited in dry environments. However dry steam wells containing 

HCl gas can cause major corrosion once the steam starts to condense and require protective 

measures for utilization (Karlsdóttir, 2012). 

The amount of power produced by a geothermal well is dependent on the fluid enthalpy and 

the amount of fluid being produced. To reach higher efficiency it is necessary to utilize the 

highest enthalpy wells possible. The Icelandic Deep Drilling Project (IDDP) was established 

in the year 2000 to reach higher temperature and pressure resources than had previously been 

utilized. The original project aim was to reach water at a supercritical pressure and 

temperature (P>22 MPa, T>374 °C) (Fridleifsson, Albertsson, Stefánsson, & Gunnlaugsson, 

2003). 
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In 2008 drilling was started on the first IDDP (IDDP-1) well in the Krafla geothermal field 

with a planned depth of 4500 m. The drilling was stopped at only 2096 m when the drill 

intersected a magma chamber and from there the well was cased and allowed to flow. 

(Pálsson et al., 2014) This well proved to be the most powerful geothermal well drilled to 

date producing steam at a wellhead pressure of 140 bar and temperature of 450°C. 

(Einarsson, Sveinsson, Ingason, Kristjansson, & Holmgeirsson, 2015) The IDDP-1 well 

produced dry steam with a low condensed pH ≈ 3 and high chloride levels (90 mg/kg). 

(Ármannsson et al., 2014) This combination of high temperature and acidic steam made 

corrosion a major factor in further development. 

On site corrosion testing was started in 2010 by the Innovation Center Iceland (ICI) 

(Mannvit, 2010). Further testing was then performed for erosion-corrosion (Karlsdottir, 

Ragnarsdottir, Moller, Thorbjornsson, & Einarsson, 2014), heat exchanger corrosion 

(Ragnarsdóttir, 2013) and dry steam coupon testing (Karlsdottir et al., 2015). Damage was 

seen in the erosion and heat exchanger testing, however a low rate of corrosion was seen in 

the coupon test. Large amounts of silica scaling was seen in the coupon test and may have 

affected the rate of corrosion.  

In July of 2012 the IDDP-1 wellhead started leaking and both master valves failed to close 

(Ingason, Kristjánsson, & Einarsson, 2014). As a result of this failure the well was flushed 

with cold water permanently blocking the well (Mannvit, 2012).  

This thesis presents additional testing excluding the effect of silica scaling seen in the on-

site testing. Corrosion testing of materials has routinely been done on-site in flowing 

geothermal wells, this thesis offers an alternative method by using a simulated environment. 

By adding the possibility of simulating yet to be drilled wells better material selection 

choices could be made before actual drilling starts on future wells.  

The main contributions offered by this thesis are: 

 Design and operation of a corrosion coupon test in a simulated HTHP geothermal 

environment using existing HTHP flow through reactors. 

 Determining the difference in corrosion rate and localized damage in the IDDP-1 

steam excluding the extensive silica scaling seen on site. 

 Establishing what material is best suited for operation in the HTHP acidic chloride 

bearing steam found in IDDP-1. 

 Establishing what effect various parameters in the experimental setup had on the 

results and possible improvements for use in future testing 

In Chapter 2 a background of the IDDP-1 project and the on-site corrosion testing is outlined 

along with a summary of testing done in similar environments elsewhere. Chapter 3 

introduces corrosion theory and the methods used to study corrosion. In Chapter 4 

experimental setup and design is detailed. Chapter 5 presents the results of the testing 

presented in this thesis. Chapter 6 discusses the results from testing and summarizes the 

performance of each material. Chapter 7 is a summary of the thesis and presents possible 

future work. 

This thesis was sponsored by GEORG (Geothermal Research Group). The work was done 

under guidance from my advisor dr. Sigrún Nanna Karlsdóttir Associate Professor at the 

School of Engineering and Natural Sciences of the University of Iceland. The testing was 
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done in Professor Andri Stefánsson´s geochemical laboratory at the School of Engineering 

and Natural Sciences of the University of Iceland. Sample preparation and analysis was 

performed at the Innovation Center Iceland.  

2 Background 

2.1 IDDP-1 and on-site testing 

2.1.1 IDDP 

The Icelandic Deep Drilling Project was established in the year 2000 by the National Energy 

Authority of Iceland, HS Orka, the National Power Company of Iceland and Reykjavík 

Energy. Further support was added in 2005 by the inclusion of the National Science 

Foundation of USA (NSF) and the International Continental Scientific Drilling Program 

(ICDP) (Fridleifsson et al., 2015).  

Site selection for the first IDDP well was finished in 2008 and a location within the Krafla 

geothermal field was selected. The drill site was selected based on data from nearby 

production wells along with magnetotelluric and seismic data (Friðleifsson et al., 2014).  

Drilling of the IDDP-1 well was started in June 2008 with drilling for anchor and production 

casings starting in March 2009. The drilling encountered problems at around 2000 meters 

and was sidetracked, again the drill encountered problems and volcanic glass in the cuttings 

indicated the presence of magma inside the hole. A decision was made to bottom fill 19 

meters of the well and insert a slotted liner to a depth of 2072 meters (Pálsson et al., 2014).   

The wellhead of the IDDP-1 well was designed to withstand a temperature of 470°C and a 

pressure of 180 bar while discharging steam. After the completion of the well it was 

discharged in five phases from March 22, 2010 up until July 24, 2012 (Ingason et al., 2014). 

The maximum flow was around 40-50 kg/s but was restricted in phase V, the final stage of 

testing from September 2011, due to failure of the flow control valves. During the final phase 

of testing the flow rate was limited to between 8-12 kg/s and the wellhead pressure was 

around 140 bar and the temperature 440°C (Einarsson et al., 2015).  

On the 24th of July 2012 a leak developed on the IDDP-1 wellhead. Attempts to operate the 

two master valves failed as both valves were stuck and thus it was necessary to kill the well 

by pumping in cold water. This resulted in tearing of the production casing and a complete 

loss of the well (Mannvit, 2012).  

2.1.2 On-site corrosion testing  

Corrosion experiments were done on-site at the IDDP-1 well while it was still open. A 

preliminary study was done in 2010 by Innovation Center Iceland (ICI) for Mannvit, an 

international consultancy firm (Mannvit, 2010). In this study eight materials were tested in 

a vessel connected to the discharge pipe. The study showed that the corrosion rate for the 

carbon steel along with 13Cr stainless steel were higher than what was expected in dry steam.  
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For a more comprehensive study of the corrosive conditions three experiments were set up 

for different conditions: erosion-corrosion (Karlsdottir et al., 2014), a heat exchanger 

experiment (Ragnarsdóttir, 2013) and coupon testing (Karlsdottir et al., 2015). The erosion-

corrosion experiment showed some damage for all of the alloys tested with 254 SMO 

performing the best. In the heat exchanger experiment damage was seen on all alloys even 

the high end materials such as Inconel 625 and Grade 7 Titanium though these alloys 

performed the best. For coupon testing a total of 19 different alloys were selected. 

Microstructural examination was performed on the surface of 13 of those samples. Weight 

loss measurements were done on all of the samples except the titanium alloys as removal of 

the corrosion products is very difficult for those alloys.  

The experiment of this thesis is in large part an expansion of the corrosion experiments done 

on-site. With the equipment available for laboratory testing our main focus will be on coupon 

testing in dry and saturated steam. 

The results of the on-site coupon testing is summarized in Table 1 below  

Table 1. Results from on-site coupon testing  

 Corrosion rate 

(mm/yr)1 

Cracking1 Pitting1 Uniform 

corrosion1 

Corrosion rate 

(mm/yr)2 

Carbon steel      

S235  5.49 * 10-3 NA NA NA 4.777 * 10-1 

K 55 6.31 * 10-3 No X X 4.186 * 10-1 

TN 95 7.09 * 10-3 No X X 3.713 * 10-1 

P265GH 7.77 * 10-3 No X X Not tested 

Stainless steel      

304L  2.23 * 10-3 NA NA NA Not tested 

316L 2.56 * 10-3 NA NA NA 5.9 * 10-3 

904L 1.23 * 10-3 NA NA NA Not tested 

254 SMO 1.39 * 10-3 Probably X No 5.6 * 10-3 

Sanicro 28 1.57 * 10-4 X X No Not tested 

2707HD 7.53 * 10-4 No X No Not tested 

SAF 2205 5.78 * 10-4 NA NA NA Not tested 

SAF 2507 6.97 * 10-4 Probably X No 1.4 * 10-3 

2304 2.08 * 10-4 NA NA NA Not tested 

13Cr 0.41 X X X 2.482 * 10-1 

Nickel alloys      

625 9.19 * 10-4 X X No Not tested 

825 4.26 * 10-3 X X No Not tested 

SM 2550 7.85 * 10-5 X X No -4.5 * 10-3 

Titanium      

Grade 2  X X No Not tested 

Grade 7  Probably X No Not tested 

  Source: 1 (Ragnarsdóttir, 2013), 2 (Mannvit, 2010) 

 

The extremely low corrosion rate was at least partly attributed to extensive silica scaling of 

the samples inside of the test pipe. This scaling can be seen in Figure 1. However there was 

a significant difference in the corrosion rate seen in the preliminary study by ICI and the 

later results by Ragnarsdóttir (2013) the earlier ones being much higher in some cases.  
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Figure 1. Test sample rack after 99 days of testing on-site at IDDP-1 
Source: (Ragnarsdóttir, 2013) 

As can be seen in Table 1 all of the materials that underwent microstructural examination 

showed signs of pitting and most cracking as well. This calls for further testing to see what 

role the silica scaling plays in the corrosion process as pitting may either be accelerated or 

slowed down when scaling occurs.  
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Figure 2. Evidence of cracking in cross section analysis  
Source: (Ragnarsdóttir, 2013) 

2.2 Superheated wells and acid chloride 

corrosion 

Wells producing dry steam have in some cases produced steam with levels of acid chloride, 

that is chloride concentrations that are not matched by a corresponding level of alkali or 

alkaline earth metals (Hirtz, Buck, & Kunzman, 1991). Acidic wells have been drilled in a 

number of locations: the Larderello field in Italy (Lazzarotto & Sabatelli, 2005), the Krafla 

area in Iceland (Gunnlaugsson, Armannsson, Thorhallson, & Steingrimsson, 2014), 

Mahanagdong area in the Philippines (Lichti et al., 2010), the Geysers (Hirtz et al., 1991), 

Miravalles in Costa Rica (Moya, Nietzen, & Sanchez, 2005) along with other locations 

(Karlsdóttir, 2012). 
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Acidic geothermal fluids pose a much greater challenge than neutral and alkaline fluids. In 

many cases the solution has been to raise the pH of the fluid by addition of caustic soda. 

Addition of the alkaline agent can take place downhole as is the case in the Miravalles field 

to protect the well casing from the acidic liquid (Moya et al., 2005). In the case of 

superheated wells the steam can be scrubbed once it reaches the surface, in the Larderello 

field a wet scrubbing system has been used for corrosion control (Culivicchi, Lenzi, Parri, 

Volpe, & Risploi, 2005). Other fields have also utilized wet scrubbing such as the Geysers 

(Hirtz et al., 1991).  Since wet scrubbing will result in the loss of superheat from the steam 

and thus a decrease in the thermal efficiency of the well dry scrubbing has been suggested 

as an alternative (Hirtz, Broaddus, & Gallup, 2002). 

Damage caused by the acid chloride steam can include cracking of turbine blades 

(Baracaloni, Culivicchi, & Fornari, 1995). The cracking starts around the dew point in the 

turbines where the HCl condenses and causes pitting corrosion which result in cracking 

(Viviani, Palianti, Sabatelli, & Tarquini, 1995). Direct use of steam containing significant 

amounts of acid chloride is therefore considered impossible in power generating turbines 

where condensation will occur in the turbine. Severe damage to carbon steel pipelines has 

also been seen where acid chloride liquid is present yielding high corrosion rates and non-

uniform penetration (Lichti et al., 2010). Precautions to prevent condensation must be taken 

in carbon steel pipelines carrying superheated acid chloride steam as rapid pitting will occur 

(Karlsdóttir, 2012). 

2.3 Corrosion testing in simulated environments 

To the best of the author’s knowledge no corrosion testing has been done in a laboratory 

setting for a simulated superheated geothermal environment. However corrosion testing has 

been done both for simulated liquid geothermal environments and other HTHP environments 

such as supercritical water.  

Testing of elastomeric polymers in a simulated geothermal environment at 300°C in a batch 

autoclave has been performed for different chemical compositions (Sugama, Pyatina, 

Redline, McElhanon, & Blankenship, 2015). Another study explored the performance of 

PTFE coatings on carbon steel in a autoclave at 200°C simulating a geothermal environment 

(Sugama & Gawlik, 2001). Neither of these studies are directly comparable to the one in this 

thesis.    

When testing metals for corrosion in a miniaturized environment such as the flow through 

reactors used in this experiment thought must be given to the reactor material itself. Whether 

using a low flow rate flow-through system or a static system there will be some transfer of 

metal ions from the reactor to the sample. A study on this was done using 304 stainless steel 

in a nickel alloy reactor containing water at 290°C and showed that the nickel affected the 

film formation on the stainless steel  (Kuang, Wu, Han, & Ruan, 2011). 

Testing on high grade CRA´s has been done in a supercritical water environment (T=400°C, 

P=25MPa) containing high levels of Cl-, O and PO4
3-. This test was done in a batch reactor 

lined with alloy C-276. In this experiment Titanium alloy 10 performed the best and C276 

better than alloy 600 and 625 (Tang et al., 2015). 



8 

3 Theory and methods 

3.1 Corrosion 

The general definition of corrosion is a return of the metal back to its natural state as an ore. 

This can be a result of a wide array of different chemical processes. Generally the metal 

loses an electron and goes from the metal state to a cation. Common anodic reactions are for 

example (Schweitzer, 2010):  

oxygen reduction in acidic surroundings 

𝑂2 + 4𝐻+ + 2𝑒− → 2𝐻2𝑂 

and in neutral and basic surroundings 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻− 

hydrogen evolution 

2𝐻+ + 2𝑒− → 𝐻2 

Generally corrosion reactions proceed faster with increasing temperature. In a closed system 

such as a pipeline the gases cannot escape from the fluid and the reaction rates increase as 

long as the fluid has a liquid phase (Jones, 1996).   

3.1.1 Uniform corrosion 

Uniform corrosion also known as general corrosion is an even loss of metal across the entire 

surface exposed to a corrosive environment. Almost all metals experience some degree of 

uniform corrosion but some form a resilient film of corrosion products that protect the metal 

from further uniform corrosion.  

To measure uniform corrosion weight loss coupons are used as outlined in the ASTM G-01 

standard (ASTM International, 1999). The corrosion rate in mm/yr is then obtained by 

𝐶𝑅 =
𝐾 ∗ 𝑊

𝐴 ∗ 𝑇 ∗ 𝐷
 

Where:  

K = 8.76 * 104 

T = Hours of exposure 

A = Surface area of sample in cm2 

W = Mass loss in grams 

D = Density of sample in g/cm3 
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As the corrosion products form on the surface of a sample it is to be expected that the 

corrosion rate decreases. This is due to the reduced access of the corrosive species to bare 

metal. 

The protective effect of corrosion products can vary widely between materials with the 

typical rust layer seen on carbon steel providing low resistance while the chrome oxide layer 

seen on stainless steels and other corrosion resistant alloys provides more robust protection.  

 The protective properties of a film are dependent on its ability to prevent access of corrosive 

species to the metal surface.  When a protective film forms on the surface of a metal it is 

said to be in a passive state. The passive state is dependent on the environment as well as the 

strength of the protective layer. 

The resilience of protective films on metals can vary widely, for example aluminum forms 

a protective film that is effective in normal atmospheric surroundings but would be quickly 

attacked in an acidic environment. Stainless steels also have varying degrees of resistance to 

attack with higher levels of alloying elements adding more resistance to pitting and cracking. 

Other metals that are used and form a protective layer include titanium and nickel alloys. 

The passive film is a layer of corrosion products that forms in situ in surroundings where the 

film is stable. In the case of stainless steel the film is made up of CrO2 and in carbon steel 

pipelines in a geothermal power plant the film consists of iron sulfides and oxides and is 

stable at a neutral pH (Lichti, 2007). 

3.1.2 Pitting corrosion 

Pitting corrosion occurs when small areas of the metal surface corrode forming pits. Pitting 

is more common on metal surfaces which have a passive film such as stainless steel. Halide 

ions such as Cl- are a common cause for pitting (Schweitzer, 2010). Once a pit initiates by 

rupturing the protective layer of the metal it will self-propagate by producing different 

conditions inside of the pit than the immediate surroundings. Detection of pits can be 

problematic as corrosion products often obscure the top of the pit.  

Corrosion resistant alloys have varying pitting resistance, the addition of Molybdenum and 

Nitrogen to an alloy can decrease an alloys susceptibility to pitting. This is quantified by the 

pitting resistance equivalent number (PREN) (Schweitzer, 2010) 

𝑃𝑅𝐸𝑁 = %𝐶𝑟 + 3.3(%𝑀𝑜) + 30(%𝑁). 

Pitting can cause severe damage in metal components that can be difficult to detect since it 

can cause punctures in components without a significant reduction in uniform wall thickness. 

In the severe environment of the IDDP-1 well with higher temperature and high pressure 

steam containing HCl pitting is likely to occur. Some pitting was seen on all of the samples 

in the on-site coupon experiment (Ragnarsdóttir, 2013).  

Pits can develop in different forms from wide and shallow to narrow deep pits and even 

progress into cracking. Temperature plays an important role in pitting as a material can be 

resistant to pitting up to a certain temperature. This temperature is known as the critical 

pitting temperature (CPT) (Schweitzer, 2010).  
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3.1.3 Cracking 

Cracking is a common and potentially dangerous form of corrosion as it can lead to sudden 

failures of metal components. There are different forms of cracking caused by corrosion. 

Stress corrosion cracking occurs when a metal is under stress in a corrosive environment. 

Another form of cracking is hydrogen induced cracking (HIC) which is caused by hydrogen 

ions working their way into the crystal structure of the metal causing cracks. Hydrogen can 

enter the metal through different sources with H2S being a common one in geothermal 

applications. A mechanism for the release of hydrogen on an iron surface is shown below 

(Schweitzer, 2010) 

𝐹𝑒 + 𝐻2𝑆 → 𝐹𝑒𝑆 + 2𝐻. 

Testing for environmentally induced cracking is usually done using stressed samples for 

example with U bend samples. The limited space in the reactors of our experiment makes 

such testing impossible. 

3.1.4 Intergranular Corrosion 

When a metal crystalizes it forms grains of crystals that make up the bulk material. The 

boundaries of these grains can be more chemically active than the actual grain (Schweitzer, 

2010). The selective attack of the grain boundary can be seen as thin branched cracks that 

leave the main material unaffected. A specific cause for intergranular corrosion is the 

precipitation of carbides on the grain boundaries. The carbide prevents the formation of the 

corrosion resistant film on the grain boundary. Some alloys such as Inconel 625 add niobium, 

tantalum and or titanium to react with the available carbon and thus prevent the depletion of 

chromium and molybdenum in the boundary (Schweitzer, 2010). More common for less 

expensive alloys is the control of the carbon content of the material to very low levels as in 

300L series austenitic stainless steels. 

3.1.5 Crevice Corrosion 

Small gaps, notches and voids can cause a localized form of corrosion caused by an increased 

concentration of corrosive species around the crevice. The crevice can be an area of metal-

metal or metal-nonmetal contact. This type of corrosion is enhanced by the presence of 

chloride ions.  

4 Experimental Design and Setup 

To perform corrosion experiments under controlled conditions in a laboratory setting special 

equipment is needed. The high temperature and pressure conditions require the use of 

autoclaves for testing. Professor Andri Stefánsson, Faculty of Earth Sciences at the 

University of Iceland, has three flow through reactors which he has made available for 

corrosion testing. 

The laboratory setup before the start of our experiments can be seen in Figure 3. 
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Figure 3. Reactors being prepared for use 

4.1 Reactor design 

The design of the main reactor body was done by Mannvit. All wetted components of the 

main reactor are made of Inconel 625. The reactor has a design pressure of 170 bar and 

temperature of 450°C. Figure 4 shows the design drawing for the main reactor parts. 
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Figure 4. Schematic showing the design of the main reactor 

Source: (Mannvit, 2015) 

The main reactor pipe is 300 mm long with an inner diameter of 11.7 mm. The pipe ends are 

sealed using conical connections to end caps that are also shown in Figure 4.  

When testing started the reactors were set up in a fully vertical orientation. The inlet of the 

liquid mixture is through a high pressure hand valve from Sitec (SITEC-Sieber Engineering 

AG, 2008b). The inlet valve is connected via a short metal tube to the bottom nut of the main 

reactor.  

From the top of the reactor the flow goes to a condenser made from titanium tubing with a 

water cooled jacket. In the fully vertical orientation this condenser was vertical directly 

above the reactor. After the first tests this configuration was seen to be troublesome for the 

superheated condition, as the condensed liquid would drip back down to the heated reactor. 

After that a 90° connection was added to the top of the main reactor before the condenser 

which resulted in the condenser tilting slightly downwards from the reactor. At the cold end 

of the condenser another hand valve from Sitec was placed to control outflow from the 

system. 

To maintain the set pressure in the reactor at 10 bar the outlet flow is passed via PEEK tubing 

to a backpressure regulator produced by Coretest Systems (Coretest Systems Inc, 2015). 

Each of the three reactor being used has its own backpressure regulator. The backpressure is 

regulated by a hand driven pump also made by Sitec (SITEC-Sieber Engineering AG, 2008a) 

that maintains the set backpressure for all three of the regulators.  
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For pumping the two component solutions into the reactor, two piston pumps ISO-100 by 

Chrom Tech (Chrom Tech Inc, 2015) are used for each reactor. The pumps draw the solution 

from 20 l plastic bottles placed above the system and the solution is passed through a vacuum 

degassing system before entering the pump to prevent gas bubbles from entering the pumps 

and affecting the flow rate. 

To maintain a constant temperature in the reactor a digitally controlled heating element is 

used. The digital controller uses three pencil heating elements with 400w heating capacity 

each to heat up an aluminum cylinder which encompasses the main reactor tube. The 

temperature controller displays the actual temperature of the block on a screen and during 

testing the temperature remained stable to within ± 2°C for all tests. For insulation the heated 

part of the reactor was covered in a mineral wool jacket.  

Since the outlet of the system contains H2S some means of trapping the outlet was required. 

A trap solution was prepared and placed in a 120 l plastic drum. The outlet from the system 

was then passed through tubing into this solution. The trap solution consisted of NaOH and 

zinc acetate.  

To monitor the proper operation of the system the flow rate was checked most days during 

operation. The flow rate was monitored by passing the outlet of the system into a pre weighed 

syringe for a timed period of 10 minutes. This method was also used to obtain samples of 

the outflow for chemical analysis. 

4.2 Sample Design and Retention 

Mounting corrosion coupons inside the limited space offered by the reactor is a challenge. 

The standard sizes of coupons used in corrosion testing will not fit inside of the reactors. For 

this experiment a custom sized coupon was used measuring 7 mm wide with a thickness of 

2 mm or 1.57 mm depending on the source material with the coupons length being 100 mm 

for the weight loss samples and 50 mm for the samples used for cross sectional analysis of 

the corrosion products. For fastening of the samples a 5 mm diameter hole was drilled 5 mm 

from each end of every sample.  

The area exposed for each sample is calculated in square millimeters and is given by  

(1)       𝐴𝑒𝑥𝑝𝑜𝑠𝑒𝑑 = 2(𝐿 ∗ 𝑊 + 𝐿𝑡 + 𝑤 ∗ 𝑑) − 10 ∗ 𝑊 − 3 ∗ 𝐴𝑤𝑎𝑠ℎ𝑒𝑟 

where  𝑨𝒘𝒂𝒔𝒉𝒆𝒓 is the area shielded by each washer = 47 mm2. 

The nickel alloy samples were bought readymade and have a thickness of 1.57 mm. The 

SMO and P265GH samples were machined using a milling machine to the desired size 

100x7x2 mm. All of the samples including the purchased coupons were then ground using a 

SiC abrasive with a 220 grit corresponding to manufacturing surface finish. The samples 

were then marked using stamped letters and numbers. Each sample was weighed to a 

precision of .01 mg and measured to .01 mm prior to being exposed and cleaned according 

to the ASTM G-01 standard (ASTM International, 1999). Sample preparation was performed 

at the Innovation Center Iceland.  

For each test run there are two weight loss samples and a single smaller sample for cross 

section analysis. The samples are mounted in line being bolted together. To be able to 
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suspend the samples inside the reactors a special piece was made that fits inside the 12 mm 

recess designed for a filter inside the end cap of the reactor. The samples and the holder, 

along with dimensions, can be seen in Figure 5. 

 

 

Figure 5. Samples with mounting bracket 

An important requirement for coupon testing is complete isolation of the test coupons from 

contact with other metals. This is especially challenging for this experiment due to the small 

size of the reactor along with the high temperature of the test. Most often plastic bushings 

are used to isolate samples during testing. High temperature as in our experiment excludes 

all plastic materials, in such cases ceramic materials are used. A problem was encountered 

with finding suitable ceramic bushings also known as hat washers of an appropriate size for 

this test. The requirement for the washers is that they fit inside the reactor, in order not to 

add to much thickness to the sample assembly. Also the washer must be wide enough to 

prevent the side of the sample from contacting the inside wall of the Inconel reactor. No 

commercially available washer fulfilled these criteria. 

To solve this problem it was decided to fabricate custom hat washers form a ceramic material 

known by the brand name MACOR (Corning Incorporated, 2015). This ceramic material is 

machinable using standard maching techniques but is not as rugged as say alumina ceramic. 

The chemical composition of MACOR is given in Table 2. 

Table 2. Chemical composition of MACOR ceramic by weight  

 

 

 

 The material specification states that the ceramic is stable to a temperature of up to 800°C 

(Corning Incorporated, 2015). During the testing it was noticed that the material was not 

stable for the tests performed at 350°C. The washers showed signs of crumbling after 

exposure to the hotter conditions however not to such an extent that the electrical isolation 

SiO2 MgO Al2O3 K2O B2O3 F 

46% 17% 16% 10% 7% 4% 

Source: (Corning, 2015) 
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would be lost. When viewing the chemical analysis of the surface of the exposed samples 

we should however factor in the possible dissolution of this ceramic and its deposition on 

the sample surface.  

For the flat washers we used Alumina ceramic washers that showed no signs of damage after 

exposure.  

4.3 Fluid Chemistry 

The base system that was to be replicated in this experiment was the IDDP-1 well. Chemical 

analysis of that well was performed during its operation (Ármannsson et al., 2014) and is the 

starting point for the formulation of the fluid used for this experiment.  

To remove the parameter of silica scaling we excluded SiO2 from the solution. To further 

simplify the solutions we only included H2S, CO2 and HCl. These are the most prominent 

chemical components likely to affect corrosion in the steam. The pH of the condensed 

solution will be approximately 3.  

The formulation of the solutions used for testing was done by Professor Andri Stefánsson. 

There were two solutions used for each reactor. The first one consisting of the salts Na2CO3 

and Na2S used to produce carbon dioxide and hydrogen sulfide. 

𝑁𝑎2𝐶𝑂3 + 2𝐻𝐶𝑙 →  2𝑁𝑎𝐶𝑙 + 𝐶𝑂2 

𝑁𝑎2𝑆 + 2𝐻𝐶𝑙 →  2𝑁𝑎𝐶𝑙 +  𝐻2𝑆 

The second solution contains HCl to add the Cl- anions as well as lowering the pH. The 

chemical makeup of the solutions as well as the mixed solution is shown in Table 3. 

Table 3. Chemical composition of test solutions 

 Solution 1 Solution 2 Mixed Solution 

Flow rate 0.5 ml/min 0.5 ml/min 1 ml/min 

Na2S (mmol/kg) 10 0 5 

Na2CO3 (mmol/kg) 10 0 5 

HCl (mmol/kg) 0 42 21 

H2O Balance Balance Balance 

 

For chemical testing we measured the pH of the outlet solution using a digital pH meter. H2S 

concentration was measured using titration as well as the amount of carbon dioxide was 

measured using a different titration technique as specified in (Arnorsson, Bjarnason, Giroud, 

Gunnarsson, & Stefansson, 2006). 

4.4 Experimental Procedure 

Before each test the reactor body was cleaned using DI water and tissue paper. The samples 

to be tested were then assembled along with the sample holder and inserted into the reactor. 

After closing up all connections to the reactor the heating element was turned on and the 

reactor allowed to reach the set temperature of 180°C or 350°C. As soon as the temperature 
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is reached both pumps are started simultaneously having been primed before being 

connected to the closed reactor. The time of starting the pumps is recorded as the start time 

for exposure. Letting the reactor heat up prior to starting the pumps will result in greater 

likelihood of maintaining dry steam conditions for the hotter conditions. 

4.5 Materials 

Because of the limited space of the reactors we can only test one material in each reactor at 

a time, this allows for a total of 3 materials being tested simultaneously. We have therefore 

limited the experiment to four alloys.  

One carbon steel is being tested P265GH which is a standard boiler steel commonly used in 

geothermal applications as well as pressure vessels. During the coupon testing on-site this 

steel showed signs of uniform corrosion as well as pitting however the uniform corrosion 

rate was very low as was the case for all of the metals (Karlsdottir et al., 2015; Ragnarsdóttir, 

2013). The P265GH sample was obtained as a gift from Héðinn ehf a local metal working 

contractor. This carbon steel should also be representative of the performance in regards to 

corrosion of other mild steels commonly used in geothermal piping and components. 

When carbon steel proves to be unsuitable the next material for consideration is often 

stainless steel. Since we were limited in the number of sample materials we decided on 254 

SMO austenitic stainless steel. 254 SMO is a higher alloy stainless steel than the common 

304 and 316 type alloys. The material is designed for environments with chloride and to 

have an improved resistance to pitting and crevice corrosion (Sandvik Materials Technology, 

2013). This stainless steel was also one of the most promising materials in the coupon testing 

done on site (Karlsdottir et al., 2015; Ragnarsdóttir, 2013). The 254 SMO sample was 

provided by Outokumpu. The sample was a 3 mm plate which was machined down to the 2 

mm samples thickness. 

Inconel 625 is a high grade nickel alloy commonly used for very demanding environments 

being designed for excellent pitting resistance as well as service in chloride bearing acidic 

environments (HPAlloys Inc, 2014). Inconel performed well in the onsite corrosion testing 

but did show signs of localized corrosion in the coupon testing (Karlsdottir et al., 2015; 

Ragnarsdóttir, 2013). Inconel 625 was one of the most promising materials tested in the on-

site study and performed significantly better than the lower alloyed 825 alloy specifically 

with regards to cracking (Karlsdottir et al., 2015). 

The last material we chose to study is Hastelloy C-276 another high grade nickel alloy. The 

alloy is specifically designed for excellent corrosion resistance in acidic environments and 

to have a high resistance to pitting and other forms of localized corrosion (Haynes 

International, 2001). The higher Mo content of the alloy should make it even more resistant 

to local attack than alloy 625. This material was chosen for testing as it is one of the highest 

performance materials in regards to corrosion that is available today. Both nickel alloy 

samples were purchased over the internet from ALSPI.com as no samples were available 

locally. They offered the samples at a thickness of 1.57 mm.  

 For each test we have two weight loss samples and a single sample for surface examination 

and chemical testing. Below in Table 4 we have included a list of the chemical makeup of 

each of the alloys undergoing testing. 
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Table 4. Summary of the chemical makeup by weight of the alloys being tested  

Alloy P265GH 254 SMO Inconel 625 C-276 

Ni 0 18 58 57 

Cr 0.8 20 21.5 16 

Fe Bal. Bal. 5 5 

C 0.2 ≤ 0.02 0.1 0.01 

S ≤ 0.015 ≤ 0.01 0 0 

Mo 0.08 6.1 9 16 

N 0.012 0.2 0 0 

Nb + Ta 0 0 3-4 0 

W 0 0 0 4 

Co 0 0 1 2.5 

Mn 0.8-1.4 ≤ 1 0.5 1 

Cu 0.3 0.7 0 0 

P 0.025 ≤ 0.03 0.015 0 

Si 0.4 0 0.5 0 

Other 0 0 0 0.35 

Sources: (Haynes International, 2001; HPAlloys Inc, 2014; Sandvik Materials Technology, 2013; 

Specialmetals.com, 2013; Steelnumber.com) 

4.6 Sample Analysis 

After exposure the first analysis of the samples is a visual inspection. All of the samples 

were photographed after being removed from the reactor.  

For a more detailed visual inspection some of the samples that showed interesting features 

were photographed using a microscope equipped with a CCD camera at the ICI.  

4.6.1 SEM 

For surface analysis and microstructural analysis of the samples a scanning electron 

microscope (SEM) located at the ICI was used. The SEM allows study of the microstructure 

of the corrosion products on the surface and in the cross section of the tested materials at 

very high magnification and with good detail. 

At least one sample from each test was loaded into the SEM for surface analysis. For those 

samples which showed difference between the top and bottom samples both were loaded 

into the SEM for surface analysis of the different regions. Pictures of the sample surface 

were then taken at both low and high magnification and interesting features selected for 

chemical analysis. 

To analyze the corrosion layer and to scan the metal for pit and crack formation the center 

sample is cut into two pieces and encapsulated in a conducting polymer called Bakelite. This 

sample is then sanded down with progressively finer grit abrasive to a mirror finish using a 

2400 grit paper. These smooth cross sections are then analyzed in the SEM.  
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4.6.2 XEDS 

To analyze the elemental makeup of areas under study in the SEM the microscope is 

equipped with an X-ray energy dispersive spectroscope (XEDS). The XEDS works by 

bombarding the area to be studied with high energy electrons which are then adsorbed into 

the electron shells of the underlying atoms. These atoms then release an X-ray photon. By 

collecting the resultant spectra the types of elements present can be determined as well as 

their amounts (Zaluzec, 2001).  

4.6.3 Weight loss analysis 

To measure the corrosion rate of the samples during exposure the corrosion products are 

removed and the samples weighed. The procedure used for cleaning the corrosion products 

and weighing the samples is outlined in the ASTM G-01 standard (ASTM International, 

1999). The cleaning of the samples was performed at the ICI. 

4.7 Experimental Issues  

During the running of the reactor system some issues were encountered that likely affected 

the outcome of the experiment. The major ones are listed below: 

1. Blockage of the outlet resulting in a buildup of pressure 

2. Blockage of the inlet resulting in the loss of flow 

3. Dissolution of the MACOR ceramic and deposition of the material on the samples 

4. Likely boiling of the solution on the sample closest to the inlet 

5. Possible separation of the steam components along the length of the reactor due to 

gravitational forces. 

The blockage of the outlet had different causes although the most frequent one was due to 

the backpressure regulator. The regulator has a very narrow flow path which was easily 

blocked by corrosion products in the outlet stream. An alternative backpressure regulator is 

available from Coretest that is designed to allow particles in the flow. In future testing it 

would be highly advisable to use this type of regulator.  Other causes included the blockage 

of the narrow peek tubing as well as blockage of the condenser tube and outlet valve. To 

obtain more accurate data it would be possible to add a pressure meter to the main body of 

the reactor. This was not possible during our testing but would be beneficial in future testing 

to verify the actual pressure condition. 

On a few occasions the inlet was blocked by what looked to be elemental sulfur clogging the 

tubing leading to the reactor. This blockage was easily removed by blocking of the inlet 

valve and clearing the tube. In future it would be advisable to use a larger diameter tube 

leading to and from the reactors. 

In the case of the MACOR ceramic it turned out to be unsuitable for testing in these 

conditions. In future testing other methods of electrical insulation would be needed for the 

sample. To try to determine what effect the dissolved MACOR had on the experiment the 

one week test at 350°C for Inconel 625 was repeated using a sample bracket as well as screws 

made from Inconel 625. This as well as the fact that the reactor is made of the same material 

did away with the requirement of isolation of the sample. This gives two identical tests with 
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only the MACOR ceramic being absent in the other. The outcome of this test are detailed in 

the results chapter. 

Upon inspection of the samples post exposure and in light of some of the corrosion rate 

results it seems that higher corrosion rates are being shown on the lower sample. Sometimes 

this effect is dramatic and other times not. Extremely high corrosion rates were not expected 

for dry steam conditions however some of the lower samples showed very aggressive 

corrosion. A possible explanation for this is the short distance from the inlet of the reactor 

to the bottom sample. This may have resulted in liquid droplets being sprayed onto the 

bottom sample and creating boiling conditions on the sample surface. The distance from the 

reactor inlet end to the sample is about 70 mm. This problem would only be solved with the 

current apparatus by connecting two reactors in parallel using the first reactor as a preheat 

stage for the steam. 

After analyzing the surface deposit of particularly the carbon steel samples at 350°C a clear 

difference in the chemical makeup of the deposits from the bottom sample to the top was 

seen. One possible factor may be the long vertical geometry of the reactors, this might cause 

some separation of the chemical components in the steam. An additional experiment was run 

for this reason with carbon steel at 350°C with the reactor being mounted horizontally as 

seen in Figure 6. The results of this test are outlined in the results. 

 

 

Figure 6. Horizontal mounting of the reactor 
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5 Results 

In this chapter the results from testing are put forth. Images of the samples after removal 

from the reactors along with images taken from the SEM and in some cases from a 

stereomicroscope. A short discussion follows each test but a detailed discussion of the 

overall testing will be put forth in Chapter 6.  

5.1 Testing at 180°C 

Tests were carried out at 180°C for the carbon steel alloy and two corrosion resistant alloys 

254 SMO and Inconel 625. Since low corrosion rates were expected and later confirmed for 

these CRAs, testing at 180°C was not performed on Hastelloy alloy C276. Measured 

corrosion rates at 180°C for the three alloys tested are shown in Figure 7. 

 

Figure 7. Measured corrosion rates at 180°C 

5.1.1 P265GH 

After extracting the carbon steel from a 1-week exposure at 180°C some surface corrosion 

was evident on the samples as can be seen in Figure 8 but no serious localized damage was 

visible.  
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Figure 8. P265GH after 1 week at 180°C 

The weight loss samples were cleaned using an aqueous solution of HCl and hexamethylene 

tetramine as outlined in the ASTM G-01 standard (ASTM International, 1999). The samples 

were weighed after cleaning to determine the weight loss and resulting corrosion rate.  

The measured corrosion rate for a 1-week exposure at 180°C is 0.41 mm/yr for the upper 

sample and 0.39 mm/yr for the lower placed sample. The average weight loss is then 0.4 

mm/yr.  

The small sample was examined using a SEM and chemical analysis was performed using 

XEDS. We selected both the darker area and the lighter area for chemical analysis. Both 

areas are mostly made up of Fe and S while the darker areas also contained oxygen. The 

areas selected for chemical analysis can be seen in Figure 9. The chemical composition is 

shown in Table 5. 

. 

 

Figure 9. Areas selected for XEDS analysis a) area A dark scale b) area B dark scale   

c)  C light colored area 

Table 5. Chemical composition of corrosion products on the surface of the P265GH Steel 

after 1 week at 180°C  

Area Fe (wt %) O (wt %) S (wt %) 

A 59.8 10.5 29.7 

B 61.1 4.1 34.2 

C 63.6 0 36.4 

 

After analyzing the surface of the sample it was cut into two pieces and cast into conductive 

polymer called Bakelite to view the cross section of the material. See Figure 10. 
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Figure 10. Cross section analysis of P265GH steel after 1 week at 180°C 

In the cross section two distinct layers of corrosion products can be seen. An inner layer 

consisting mostly of iron oxide and an outer layer consisting of only FeS. See Table 6. 

Table 6. Chemical analysis of cross section areas for P265GH after 1 week at 180°C  

Area Fe (wt %) O (wt %) S (wt %) Si (wt %) C (wt %) Mn (wt %) 

Spectrum 2 98.8 0 0 0 0 1.2 

Spectrum 3 68.3 24.1 5.8 0.4 1.4 0 

Spectrum 4 62.5 0 37.5 0 0 0 

 

5.1.2 254 SMO 

1-week exposure 

After 1 week at 180°C there was very little visible change in the appearance of the SMO 

metal samples. The sample is shown in Figure 11 after being removed from the reactor.  

The weight loss samples were cleaned using a hot solution of NaOH and zinc as outlined in 

the ASTM G-01 standard (ASTM International, 1999).  

Weighing of the samples after cleaning indicated no weight loss with a weight gain of 0.04 

and 0.2 mg which would be within the scales error limit. 

 

Figure 11. 254 SMO after 1 week at 180°C 
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Looking at the metal surface in the SEM not much could be seen except at rather high 

magnification as is seen in Figure 12. Small deposits of material at the surface could indicate 

the start of some corrosion. We selected this deposit for chemical analysis. 

 

Figure 12. Areas selected for XEDS analysis of the surface of the 254 SMO after 1 week at 

180°C a) area A at low magnification b) area B with surface deposits 

The surface of the sample shows some signs of sulfur and NaCl deposits. The surface deposit 

is shown in Figure 12 area B shows higher levels of Na and Cl than the bulk surface. The 

chemical composition of the areas is shown in Table 7. 

Table 7. Chemical analysis of surface areas for 254 SMO after 1 week at 180°C  

Area C    

wt % 

O    

wt % 

Na  

wt % 

Al   

wt % 

Si    

wt % 

S     

wt % 

Cl   

wt % 

Cr    

wt % 

Mn 

wt % 

Fe     

wt % 

Ni     

wt % 

A 1.3 2.6 2.1 0.5 0.6 4.2 0.5 21.1 0.5 49.2 17.4 

B 2.3 6.3 9.7 1.4 0.5 8.0 2.7 21.5 0 34.0 13.7 

 

After analyzing the surface of the sample we analyzed the cross section of the material. 
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Figure 13. Cross section analysis of 254 SMO after 1 week at 180°C 

Under magnification in the SEM very little corrosion product could be seen and no damage 

to the surface as is shown in Figure 13. No good analysis of the corrosion film was obtained 

in the SEM using XEDS as Table 8 shows that the areas analyzed around the film consist 

mostly of the base material along with carbon from the surrounding polymer.  

Table 8. Chemical analysis of cross section areas for 254 SMO after 1 week at 180°C 

Area Fe          

wt % 

O            

wt % 

S             

wt % 

Si          

wt % 

C           

wt % 

Mo      

wt % 

Ni          

wt % 

Cr      

wt %        

Spectrum 1 53.4 1.4 0 0.6 0 6.5 16.2 20.7 

Spectrum 2 44.6 4.7 0 0.5 13.6 4.9 16.0 15.8 

Spectrum 3 50.1 3.4 1.5 0.7 9.8 0 17.0 17.5 
 

3-week exposure 

Next the material was run for 3 weeks at 180°C. Discoloration of the metal was seen on the 

top sample and a thin deposit was present on the lower sample. No visible signs of corrosion 

were seen upon removal of the sample from the reactor. Figure 14 shows the sample after 

removal from the reactor. 
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Figure 14. 254 SMO after 3 weeks at 180°C 

The measured corrosion rate for the samples was 0.0026 mm/yr. The ratio of the corrosion 

rate of the upper/lower sample is 0.76.  

 

Figure 15. Areas selected for XEDS analysis a) upper sample end b) lower sample end 

In Figure 15  there is a noticeable difference in the amount of corrosion products present on 

the surface as was apparent in visual inspection. 

On the upper sample as seen in Figure 15a) there are small deposits of corrosion products 

which according to Table 9 are made up of mostly iron oxides. A lack of Cr in the products 

might indicate the deposits are not forming from the surface of the SMO material.  

Table 9. Chemical analysis of the upper surface of 254 SMO after 3 weeks at 180°C as seen 

in Figure 15 a)  

 

Area Fe         

wt % 

O           

wt % 

S         

wt % 

Al            

wt % 

Cl          

wt % 

Mo        

wt % 

Spectrum 1 59.1 31.9 1.9 0.8 0.3 0 

Spectrum 2 48.6 2.5 0 0 0 10.3 

Spectrum 3 60.9 23.9 2.0 1.9 0 0 

cont. 

 Ni         

wt % 

Cr        

wt % 

Mn        

wt % 

Cu         

wt % 

Si      

wt % 

C         

wt % 

Spectrum 1 2.4 3.7 0 0 0 0 

Spectrum 2 17.2 19.5 0.6 1.0 0.3 0 

Spectrum 3 3.6 4.6 0.4 0 1.7 0.9 
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On the lower sample shown in Figure 15b) the deposits are more substantial. The analysis 

in Table 10 indicates almost no oxygen but mostly sulfur based deposits. The presence of F 

in the XEDS analysis is explained by the fluorine content of the Macor ceramic material 

used for isolating washers. 

Table 10. Chemical analysis of the lower surface of 254 SMO after 3 weeks at 180°C as seen in 

Figure 15 b)  

Area Fe         

wt % 

O          

wt % 

S          

wt % 

Ni         

wt % 

Cr         

wt % 

Si          

wt % 

F           

wt % 

Spectrum 1 45.5 0 47.2 2.9 1.3 0 3.2 

Spectrum 2 51.9 1.6 8.8 17.4 19.8 0.5 0 

Spectrum 3 43.6 0 49.1 3.1 1.3 0 2.9 

 

Figure 16 shows cross section analysis of the SMO material after 3 weeks at 180°C and 

chemical analysis of the two areas shown in the picture is given in Table 11.  

 

Figure 16. Cross section of 254 SMO after 3 weeks at 180°C 

Very little damage could be seen on the cross section of the sample. Chemical analysis of 

the area around the edge of the material shows the presence of O and S but no significant 

corrosion product deposits. 

Table 11. Chemical analysis of the areas shown in Figure 16 

Area Fe         

wt % 

O          

wt % 

S          

wt % 

Ni         

wt % 

Cr         

wt % 

Si          

wt % 

Mn           

wt % 

Mo 

wt % 

Mg 

wt % 

Ca 

wt % 

Spectrum 1 55.9 0 0 16.9 20.3 0.4 0.7 6.0 0 0 

Spectrum 2 46.8 7.5 3.3 13.9 16.7 3.9 0 5.7 1.0 1.1 
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5.1.3 Inconel 625 

1-week exposure 

Figure 16 shows the Inconel 625 sample after removal from the reactor after one week. 

 

Figure 17. Inconel 625 after 1 week at 180°C 

After cleaning and weighing of the samples the samples had gained a slight amount of mass 

or 2.85 and 2.54 mg. This is due to slight amount of surface staining which could not be 

removed during cleaning. This indicates that there was no detectable corrosion rate during 

this 1-week exposure. The calculated corrosion rate was -0.01 mm/yr. 

 

Figure 18. Areas selected for XEDS analysis a) bulk surface b) surface deposits c) surface 

deposits 

Under high magnification the surface showed small formations as seen in Figure 18 b) and 

c). Chemical analysis of this deposit shows it consists mostly of FeS along with some carbon 

and oxygen for the deposit seen in c). See Table 12. This indicates that some level of 

corrosion generating sulfur rich corrosion product is taking place. 

Table 12. Chemical analysis of surface areas for Inconel 625 after 1 week at 180°  

Area C        

wt % 

Mg    

wt % 

Al      

wt % 

Si       

wt % 

O       

wt % 

S        

wt % 

Cr      

wt % 

Fe      

wt % 

Ni      

wt % 

a 0 0 0.3 0 0 49.3 3.9 40.0 6.5 

b 0 0 1.2 0 2.5 46.3 4.2 38.5 7.4 

c 25.8 0.2 5.2 0.9 12.7 26.2 2.8 19.8 5.2 
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Figure 19. Cross section analysis of Inconel 625 after 1 week at 180°C 

Looking at a cross section of the material in the SEM no significant damage can be seen on 

the sample. The layer of corrosion products seen in the cross section is very thin and was 

hard to analyze. In Figure 19 a small deposit is seen and analyzed with XEDS. The results 

in Table 13 show a rather high level of sulfur along with some oxygen and also carbon likely 

due to the Bakelite polymer. 

Table 13. Chemical analysis of cross section areas for Inconel 625 after 1 week at 180°C  

Area Fe  

wt % 

O  

wt % 

S 

wt % 

Nb  

wt % 

C  

wt % 

Mo  

wt % 

Ni  

wt % 

Cr   

wt % 

Ca  

wt % 

Spectrum 1 4.2 1.4 0 4.5 0 8.5 59.0 22.4 0 

Spectrum 2 23.4 9.4 28.5 0 11.4 0 19.3 7.2 0.9 

 

3-week exposure 

After a 3 week exposure there were more visible deposits on the sample as can be seen on 

the top and bottom samples shown in Figure 20 
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Figure 20. Inconel 625 after 3 weeks at 180°C 

The measured corrosion rate for the two samples was 0.0063 mm/yr for the upper sample 

and 0.0006 mm/yr for the lower sample. The average corrosion rate is 0.0035 mm/yr. This 

corrosion rate is very low and a longer exposure would give more accuracy. 
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Figure 21. Surface of Inconel 625 after 3 weeks at 180°C 

Examination of the materials surface under magnification in the SEM shows a crystalline 

deposit rather uniformly distributed over the sample surface. The elemental analysis of the 

deposit in Table 14 shows it consists of a mix of sulfides and oxides of mainly Ni but also 

Fe and Cr. 

Table 14. Chemical analysis of the areas seen in Figure 21 

Area Fe  

wt % 

O 

wt % 

S 

wt % 

Al  

wt % 

Nb  

wt % 

Mo  

wt % 

Ni 

wt % 

Cr   

wt % 

Mn 

wt % 

Cl 

wt % 

Spectrum 1 5.3 19.9 0 1.2 2.7 8.8 41.8 18.9 0.6 0.9 

Spectrum 2 4.3 21.1 21.9 0.9 0 3.6 42.2 4.7 0 1.4 

Spectrum 3 10.0 15.8 30.4 0.5 0 0 36.1 5.7 0 1.5 

Spectrum 4 9.9 17.1 17.6 0 0 0 43.6 5.8 0 5.9 

 

Viewing the sample in cross section very little could be seen even at rather high 

magnifications. Almost no corrosion layer could be seen and no definite sign of cracking. 

One possible crack was seen and is shown in Figure 22, this is though likely to be damages 

from the grounding and polishing procedure.  
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Figure 22. Cross section of Inconel 625 after 3 weeks at 180°C 

Chemical analysis of this cross section yielded little data of interest, high amounts of 

chromium are found in the surface as would be expected. See Table 15. 

Table 15. Chemical analysis of the areas shown in Figure 22  

Area Fe  

wt % 

O  

wt % 

Si 

wt % 

Nb  

wt % 

C  

wt % 

Mo  

wt % 

Ni  

wt % 

Cr   

wt % 

Al  

wt % 

Ti  

wt % 

Mn 

wt % 

Spectrum 1 4.4 1.3 0.3 3.3 0 8.3 59.3 22.2 0.3 0.2 0.4 

Spectrum 2 7.7 3.8 0.2 0 13 0.6 17.8 55.4 0 0 1.5 

Spectrum 3 2.5 19.4 0.7 0 32.2 0 10.4 32.1 0 0 2.8 
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5.2 Testing at 350°C 

Tests were carried out at 350°C for all four alloys. Testing was done for periods of 1 week 

and 3 weeks and an additional 2 days test for the carbon steel. The measured corrosion rate 

for all of the tests at 350°C can be seen graphically in Figure 23. 

 

Figure 23. Measured corrosion rates at 350°C 

The corrosion rate shown in Figure 23 is the average corrosion rate for the upper and lower 

weight loss samples. There was a noticeable difference in the corrosion rate of the upper and 

lower samples so we assume there was a difference in the conditions at either end of the 

reactor. However on average the ratio of CR top/bottom was 0.92 which is not a large 

difference although it ranged from 0.2 to 2.3.  

5.2.1 P265GH 

2-day exposure 

For the carbon steel we performed an additional test lasting only 2 days since we had 

experienced a loss of the sample from the previous 1 week test. 

9,77

0,02 0,03 0,270,24 0,15 0,29

14,89

11,70

0,01
0,00E+00

2,00E+00

4,00E+00

6,00E+00

8,00E+00

1,00E+01

1,20E+01

1,40E+01

1,60E+01

P265GH SMO Inconel Hastelloy

C
o

rr
o

si
o

n
 r

at
e 

m
m

/y
r

Material

350°C

1 week

3 week

48 Hour Vertical

48 hour Horizontal

1 week with no Macor ceramic
washer



34 

 

Figure 24. P265GH after 2 days at 350°C 

In Figure 24 the color gradient of the surface deposits is quite clear with the top sample being 

noticeably lighter in color than the lower sample. The average corrosion rate for both 

samples was 14.9 mm/yr but ranged from 5.6 mm/yr for the upper sample and 24.2 mm/yr 

for the lower sample this represents a large difference in the corrosion rate. 

To determine the chemical composition of the deposits all three samples were analyzed with 

the SEM and XEDS equipment for the chemical composition analysis of the surface.  

 

Figure 25. P265GH after 2 days at 350°C a) upper sample with golden deposit b) lower 

sample with black deposit 

The two areas selected for chemical analysis on the top and bottom samples are shown in 

Figure 25. The dense glittering deposit seen on the upper sample consists of iron sulfide 

along with a small amount of nickel possibly from the reactors as can be seen in Table 16. 

In contrast the deposit on the lower sample is mainly made of iron oxide as is shown in  

 

Table 17 and appears to be fuzzier and less dense. 

Table 16. Chemical analysis of the upper surface of P265GH after 2 days at 350°C as seen 

in Figure 25 a)  

Area Fe 

wt % 

S  

wt % 

Ni  

wt % 

Spectrum 1 60.0 35.5 3.5 

Spectrum 2 60.2 37.5 2.4 

Spectrum 3 57.7 37.1 5.2 
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Table 17. Chemical analysis of the lower surface of P265GH after 2 days at 350°C as seen 

in Figure 25 b)  

Area Fe       

wt % 

S        

wt % 

Ni       

wt % 

O        

wt % 

Al       

wt % 

Co     

wt % 

Cl        

wt % 

Spectrum 1 60.9 1.6 2.2 30.6 0.4 0.9 0 

Spectrum 2 69.1 0 0 30.1 0.5 0 0.3 

Spectrum 3 97.0 0 0 3.0 0 0 0 

  

Looking at the cross section of the center sample in the SEM the corrosion layer is rather 

dense and homogeneous. See Figure 26. 

 

Figure 26. Cross section of center sample, P265GH after 2 days at 350°C 

The chemical analysis indicates that the corrosion layer consists exclusively of iron oxide. 

See Table 18. This is probably not applicable for at least the upper weight loss sample as is 

indicated in Table 16. 

Table 18. Chemical analysis of the areas shown in Figure 26  

Area Fe          

wt % 

Si           

wt % 

Mn        

wt % 

O           

wt % 

Al           

wt % 

Mo       

wt % 

W          

wt % 

Spectrum 1 72.4 0.1 0 26.7 0 0.3 0.3 

Spectrum 2 98.9 0 1.0 0 0.1 0 0 
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1-week exposure 

For the test at 1 week at 350°C the same uneven distribution of corrosion products was seen 

however this time very severe corrosion was evident on the lower part of the lowest sample.  

The measured average corrosion rate for this test is 9.76 mm/yr. The upper sample had a CR 

of 3.52 mm/yr while the lower sample had a CR of 16.27 mm/yr. This gives a ratio of 

top/bottom equal to 0.2 which is the largest deviation of all of the tests.  

 

Figure 27. P265GH after 1 week at 350°C 

In Figure 27 the glittering coating of the upper two samples is visible but also the black 

deposit on the lower sample. In this photo the bulging of the lower sample is also visible 

and is seen more clearly using magnification in Figure 28.  

 

 

Figure 28. Lower sample of P265GH after 1 week at 350°C viewed side on under a 

microscope 

For surface analysis of the sample we did XEDS analysis for the top and bottom of the 

samples. The two sampling areas can be seen in Figure 29. 
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Figure 29. P265GH after 1 week at 350°C a) upper sample b) lower sample 

Looking at the surface of the upper sample where there was little damage evident the deposit 

appears to be made of densely packed crystals with some fuzzier material in between. In 

Table 19 the large crystals are shown to be iron sulfide and the fuzzier deposit to be a mix 

of iron and nickel sulfide.  

Table 19. Chemical analysis of the upper surface of P265GH after 1 week at 350°C as seen 

in Figure 29 a)  

Area Fe  

wt % 

S  

wt % 

Ni  

wt % 

Spectrum 1 81.9 15.5 2.6 

Spectrum 2 44.0 28.0 28.1 

  

Looking at the deposits on the lower sample and its chemical analysis in Table 20 the 

composition of this layer is very different than the top sample. Here there is a mix of oxides 

and sulfides and for some reason a large amount of Cr.  

Table 20. Chemical analysis of the lower surface of P265GH after 1 week at 350°C as seen 

in Figure 29 b)  

Area Fe      

wt % 

S         

wt % 

Ni       

wt % 

O        

wt % 

Al       

wt % 

Cr       

wt % 

Cl       

wt % 

Si       

wt % 

Na      

wt % 

Spectrum 1 26.0 6.7 2.0 20.0 0 45.4 0 0 0 

Spectrum 2 36.8 6.2 4.5 35.1 0.5 15.9 0.3 0.3 0.7 

  

Looking at the cross section of the center sample a few pits could be seen forming beneath 

an otherwise dense layer of corrosion product. One of these pits is shown below in Figure 
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30. The level of damage of the center sample was however much less than the lowest sample 

which showed high levels of uniform corrosion. 

 

Figure 30. Cross section of center sample, P265GH after 1 week at 350°C 

From the XEDS analysis of the areas in Figure 30 it is clear that Cl is present inside the pit 

and is a likely cause for the pitting. The corrosion layer as analyzed in the third spectrum 

seems to be made of mostly iron oxides as very little sulfur is present.  

Table 21. Chemical analysis of the areas shown in Figure 30  

Area Fe     

wt % 

S       

wt % 

Ni     

wt % 

O      

wt % 

Al     

wt % 

Cl     

wt % 

Mn  

wt % 

Si     

wt % 

C      

wt % 

Spectrum 1 99.2 0 0 0 0 0 0.8 0 0 

Spectrum 2 60.8 1.0 0 32.4 0 4.5 0.5 0 0.8 

Spectrum 3 69.3 0.9 0.2 28.5 0.5 0 0.4 0.3 0 

 

2-day exposure with horizontal mounting 

As a result of the difference seen between the upper and lower sample the 48 hour test was 

repeated with the reactor oriented horizontally. Post exposure visual inspection indicated a 

more evenly distributed corrosion products on the sample as seen in Figure 31 than compared 
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to the vertical test seen in Figure 24. There was no lighter colored deposit toward the outlet 

side however more residue was present closer to the inlet.  

 

Figure 31. Horizontal 2 day exposure of P265GH 

As the purpose of this test was to compare the reaction taking place at the inlet side to the 

outlet side (bottom and top for the vertical setup) both ends of the samples were analyzed in 

the SEM.  

 

Figure 32. Surface at the a) inlet side and b) outlet side of P265GH after 2 days in a vertical 

setup 

As can be seen in Figure 32 the deposit on the inlet sample is much denser than by the outlet. 

Table 22. Chemical analysis of the areas on the inlet end sample seen in Figure 32 a)  

Area Fe          

wt % 

S          

wt % 

Ni       

wt % 

O        

wt % 

Al        

wt % 

Cr       

wt % 

Cu     

 wt % 

Spectrum 1 58.6 38.0 3.1 0 0 0 0 

Spectrum 2 52.7 34.2 1.7 8.4 2.0 0.4 0.8 

  

Table 22 shows that the corrosion products near the inlet are mostly made up of sulfides 

along with a small amount of oxide. This is closer to what was seen on the upper samples in 

the previous two vertical tests.  

Table 23 shows the results on the analysis of the outlet sample which indicate that more of 

an oxide based corrosion product is forming than for the inlet sample. This is closer to what 

was seen in the bottom samples of the vertical tests. However there was less corrosion 

product present on the outlet side of the sample and the weight loss was also significantly 

less.  
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Table 23. Chemical analysis of the areas on the outlet end sample seen in Figure 32 b)  

Area Fe       

wt % 

S          

wt % 

Ni      

wt % 

O       

wt % 

Al       

wt % 

Cr      

wt % 

Cl        

wt % 

Si       

wt % 

Na     

wt % 

Spectrum 1 87.8 0.9 2.0 7.2 0.3 0.4 0.7 0 0.7 

Spectrum 2 72.5 1.7 1.8 22.5 0 0 0.7 0.3 0.7 

 

Nearer to the center of the samples some NaCl deposits has grown on the surface as shown 

in Figure 33. The crystals are very close to being pure NaCl as indicated by the analysis 

given in Table 24. 

 

Figure 33. NaCl crystals forming on P265GH after 2 days at 350°C 

Table 24. Chemical analysis of the areas seen in Figure 33 

Area Fe         

wt % 

S           

wt % 

Mn      

wt % 

O          

wt % 

Al          

wt % 

K           

wt % 

Cl         

wt % 

Si         

wt % 

Na       

wt % 

Spectrum 1 1.6 0 0 0 0 0 62.9 0 35.5 

Spectrum 2 54.3 1.2 0.6 20.8 0.7 0.3 19.1 0.7 2.5 

 

In cross section the layer of corrosion product seen in Figure 34 is more layered than the 

corresponding one seen in Figure 26 for the vertical test. Some signs of pitting can be seen 

as shallow broad pits.  
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Figure 34. Cross section of center sample, P265GH after 2 days at 350°C in a horizontal 

setup 

Chemical analysis of the corrosion layer in Table 25 show a mainly iron oxide based 

corrosion product with a small trace of Na and Cl.  

Table 25. Chemical analysis of the areas seen in Figure 34  

Area Fe     

wt % 

S         

wt % 

Mn   

wt % 

O        

wt % 

Al      

wt % 

Ni     

wt % 

Cl       

wt % 

Si      

wt % 

Na    

wt % 

C       

wt % 

Spectrum 1 73.1 0.1 0.2 26.1 0 0 0 0.1 0.3 0 

Spectrum 2 72.1 0 0.2 23.9 0.1 0.2 0.2 0.4 2.0 0.9 

Spectrum 3 72.9 0.1 0 29.3 0 0.2 0 0.1 0.3 0 

 

5.2.2 254 SMO 

1-week exposure 

After 1 week exposure at 350°C there was a visible change in the appearance of the sample. 

The metal had darkened significantly and a dark scaling had appeared on the material as can 

be seen in Figure 35. 
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Figure 35. 254 SMO after 1 week at 350°C 

The measured corrosion rate for the material was 0.034 and 0.015 mm/yr for the upper and 

lower samples. Giving an average CR of 0.025 mm/yr 

 

Figure 36. Areas selected for XEDS analysis a) large surface area b) surface deposit B c) 

surface deposit C 

The most interesting feature of the surface analysis is the presence of NaCl in the surface 

deposits. This can be clearly seen in Figure 36b as well as in smaller amounts in Figure 36c. 

Along with the NaCl the surface deposit is largely made of Fe, O and Cr along with some C 

as seen in Table 26. 

Table 26. Chemical analysis of surface areas for 254 SMO after 1 week at 350°C  

Area C 

wt % 

O 

wt % 

Na 

wt % 

Mg 

wt % 

Al 

wt % 

Si 

wt % 

S 

wt % 

a 0 14.7 16.1 1.2 1.1 2.2 1.8 

b 0 11.3 26.1 1.5 1.6 3.2 1.8 

c 35.1 19.8 10 0.8 5.3 2.1 0.8 

cont. 

 Cl 

wt % 

K 

wt % 

Cr 

wt % 

Mn 

wt % 

Fe 

wt % 

Ca 

wt % 

F 

wt % 

a 7.5 0.6 12.8 0.3 30.3 0 0 

b 28.1 1.4 2.8 0 12.0 0 0 

c 19.3 0.6 0 0 0 0.6 1.0 
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Figure 37. Cross section analysis of 254 SMO after 1 week at 350°C 

On examination of the cross section of the material shown in Figure 37 no obvious signs of 

cracking or pitting could be seen after 1 week of exposure. Small amounts of surface deposits 

were present and some Chlorine was detected in the deposit detailed in Table 27. Mostly 

however there were no detectable deposits in the cross section. 

Table 27. Chemical analysis of cross section areas for 254 SMO after 1 week at 350°C 

shown in Figure 37  

Area Fe  

wt % 

O  

wt % 

Si  

wt % 

Cl  

wt % 

C  

wt % 

Mo  

wt % 

Ni  

wt % 

Cr   

wt % 

Na   

wt % 

Ca  

wt % 

Spectrum 1 53.9 1.3 0 0 0 5.9 17.9 21.1 0 0 

Spectrum 2 49.7 3.7 0.9 1.1 2.2 5.2 16.5 17.2 3.1 0.5 
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3-week exposure 

After a 3-week exposure at 350°C there was visible evidence of corrosion. The bottom hole 

of the sample had cracked open and there was a rather large amount of deposits visible on 

the samples. The appearance of the samples can be seen in Figure 38. 

 

Figure 38. 254 SMO after 3 weeks exposure at 350°C 

The corrosion rate for this exposure is 0.24 mm/yr with very little difference between the 

upper and lower samples as can be seen in Appendix A.  

After the 3-week exposure the NaCl crystals were much more prominent than on the samples 

exposed for 1 week and clearly visible with the naked eye. 

 

Figure 39. NaCl crystals growing on 254 SMO after 3 weeks at 350°C 

Looking at the sample through a microscope at 2x magnification the large crystals can be 

seen along with a large number of smaller deposits as is seen in Figure 39. 

Inspection in the SEM further confirms the deposit of rather large amounts of NaCl on the 

surface of the sample. Because of the size of the deposits the chemical analysis was done at 

a small magnification as seen in Figure 40. 
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Figure 40. Surface areas selected for XEDS analysis on 254 SMO after 3 weeks at 350°C 

Chemical analysis in Table 28 shows a high percent of NaCl in the visible deposits mixed 

with some oxides. 

Table 28. Chemical analysis of the areas shown in Figure 40 

Area Fe     

wt % 

O     

wt % 

Na  

wt % 

Si    

wt % 

Cl    

wt % 

Mo 

wt % 

Ni   

wt % 

Cr    

wt % 

Al   

wt % 

S     

wt % 

Spectrum 1 30.0 27.2 1.3 0.8 0.9 6.2 9.1 22.4 2.0 0 

Spectrum 2 8.5 21.0 16.3 0 12.8 0 11.4 23.6 0 6.3 

Spectrum 3 4.0 12.2 34.9 0.3 40.0 0 3.2 2.7 1.1 1.6 

Spectrum 4 0 6.7 39.2 0 52.7 0 0 0 1.5 0 

 

Next the center sample was cut and mounted in Bakelite polymer. The cross section only 

showed a rather thin corrosion layer and not much visible uniform damage. However in 3 

places large cracks were seen in the material as shown in Figure 41, Figure 43 and Figure 

44. 
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Figure 41. Crack #1 found in 254 SMO 

The crack seen in Figure 41 was found on the center sample on the short side of the cross 

section (2 mm of the 2x7 mm section). This crack was also selected for chemical analysis 

with XEDS. Both the inside of the crack as well as the area outside the start of the crack 

were analyzed as shown in Figure 42. 

 

Figure 42. Chemical analysis of the corrosion products inside and on the surface around 

crack #1 
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The chemical analysis of the corrosion products filling the crack in the areas shown as 

Spectrum 2 in Figure 42 contains a significant amount of oxygen along with traces of Cl and 

a large amount of Cr as detailed in Table 29. More Cl can be seen in the deposit on the 

surface of the material immediately surrounding the initiation of the crack.  

Table 29. Chemical analysis of the corrosion products in and around the crack seen in 

Figure 42 

Area Fe         

wt % 

O           

wt % 

Na         

wt % 

Si           

wt % 

S         

wt % 

Cl         

wt % 

Mo        

wt % 

Spectrum 1 56.0 1.7 0 0.4 0 0 5.5 

Spectrum 2 11.1 36.4 1.0 1.4 0 1.4 6.3 

Spectrum 3 3.1 13.3 4.0 2.4 1.7 5.5 0 

cont. 

 Ca        

wt % 

Ni         

wt % 

Cr        

wt % 

Mn      

 wt % 

Mg        

wt % 

Al         

wt % 

 

 

Spectrum 1 0 16.6 19.3 0.6 0 0  

Spectrum 2 0 3 38.9 0.4 0 0  

Spectrum 3 0.8 3.1 11.5 1.3 0.3 0.9  

 

 

 

Figure 43. Crack #2 found in 254 SMO 

The crack shown in Figure 43 formed close to the corner of the cross section. The entrance 

of the crack is not visible in this cross section. The crack seems to have evolved into an 

internal void in the material.  
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Figure 44. Crack #3 found in 254 SMO 

The third crack that was seen in the cross section is not as vertical from the surface as crack 

#1 and enters at a slight angle. The crack starts out very thin but leads to a larger internal 

void as is seen in Figure 44. 

 

 

Figure 45. Corrosion on the lower sample seen under 5x magnification after cleaning of 

corrosion products 
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After cleaning of the samples corrosion was seen covering the samples but significantly more 

prominent on the lowest part of the lower sample. The lowest part of the sample can be seen 

in Figure 45. 

5.2.3 Inconel 625 

1-week exposure 

After a 1 week exposure at 350 °C the samples were mostly covered with a thin black deposit 

as can be seen in Figure 46. No visible damage from corrosion was apparent on first 

inspection. 

 

Figure 46. Inconel 625 after 1 week at 350°C 

After cleaning and weighing the corrosion rate was measured as being 0.036 mm/yr for the 

upper sample and 0.016 mm/yr and lower sample. This gives an average corrosion rate of 

0.026 mm/yr. 

Next the center sample was inserted into the SEM for closer examination of the surface and 

analysis of the surface. 

 

Figure 47. Areas selected for XEDS analysis a) bulk surface b) surface c) surface deposits 

At small magnification the surface of the sample looks pretty uniform as is seen in Figure 

47 a). On closer inspection a fuzzy deposit is visible which is seen in Figure 47 b) and c). 

Table 30. Chemical analysis of surface areas for Inconel 625 after 1 week at 350°C 

Area C (wt %) O (wt %)          Al (wt %)        Si (wt %)            Ti  (wt %)       Cr (wt %)      

a 0 28.3 2.4 0.8 0 26.6 

b 6.0 28.2 10.2 0.6 0 24.5 

c  38.2 3.0 0.7 0.2 31.3 

cont. 

 Fe (wt %)      Ni (wt %)        Nb (wt %) Mo (wt %) S (wt %) 

a 6.0 23.7 5.1 7.0 0 

b 5.6 13.3 4.7 6.7 0 

c 7.0 6.6 4.0 7.4 1.7 
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Judging from the presence of the aluminum on the surface we assume that part of the deposit 

is due to the Macor ceramic used for washers.  

 

Figure 48. Cross section analysis of Inconel 625 after 1 week at 350°C 

Scanning the cross section of the center sample very little if any damage could be seen on 

the sample with the exception of a possible very small crack as seen in Figure 48. This 

“crack” may however well be only a surface flaw in the material. Looking at the chemical 

makeup of the area inside the crack in Table 31 there is an elevated level of Cr but also a 

large amount of Si indicating residue from the Macor. 

Table 31. Chemical analysis of cross section areas for Inconel 625 after 1 week at 350°C 

Area Fe    

wt % 

O     

wt % 

Al    

wt % 

Si     

wt % 

C      

wt % 

Mo  

wt % 

Ni    

wt % 

Cr    

wt % 

Nb   

wt % 

Spectrum 1 4.3 1.7 0 0 0 8.2 59.7 22.7 3.4 

Spectrum 2 2.8 10.4 0.6 25.1 15.8 7.4 2.6 30.2 5.0 

Spectrum 3 3.8 0 0 24.9 4.6 4.8 42.4 18.0 1.6 

 

3-week exposure 

For the 3-week exposure at 350°C there was visible damage to the top sample. See Figure 

49. A large crack had developed through the center of the upper sample and is shown in 

Figure 50. Some scaling was present on all of the samples but only the top sample showed 

visible damage.  
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Figure 49. Inconel 625 after 3 weeks at 350°C 

 

Figure 50. Crack on the surface of Inconel 625 sample 

After cleaning the average corrosion rate was 0.15 mm/yr. The difference between the CR 

of the top and bottom sample was not great being 0.17 and 0.14 respectively. 

The presence of a deep crack on the surface of the Inconel sample was not expected after 

such a short exposure as the material is extremely resistant to corrosion. Since this was such 

an unexpected result we performed numerous chemical analysis in and around the crack.  
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Figure 51. Surface of the area around the crack 

The surface deposit along the crack seen in Figure 51 shows traces of Cl in all areas except 

one and all areas contain large amounts of Cr and O as seen in Table 32 indicating this is a 

corrosion product. Some Al is also present indicating deposits of dissolved Macor ceramic. 

Table 32. Chemical analysis of the surface area around the crack in the areas shown in 

Figure 51 

Area O       

wt % 

Al      

wt % 

S        

wt % 

Cl       

wt % 

Cr      

wt % 

Fe      

wt % 

Ni       

wt % 

Mo 

wt % 

Nb 

wt % 

Spectrum 1 32.7 3.2 3.5 0.8 45.4 4.4 6.2 3.8 0 

Spectrum 2 44.5 3.2 5.0 0.7 29.7 4.5 6.3 6.2 0 

Spectrum 3 21.5 2.2 11.8 0 46.3 6.0 12.3 0 0 

Spectrum 4 44.3 1.9 2.6 0.6 40.8 2.3 2.9 6.2 0 
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Figure 52. Area inside crack on Inconel 625 

Looking into the area at the center of the crack in Figure 52 a crystal like deposit was seen 

and analysis in Table 33 shows this deposit contains a rather high amount of Cl and S.  

Table 33. Chemical analysis of the area seen in Figure 52 

Area 

 

Fe        

wt % 

O          

wt % 

Al        

wt % 

S           

wt % 

Si         

wt % 

Cl        

wt % 

Ni        

wt % 

Cr        

wt % 

Mo 

wt % 

Spectrum 1 2.3 31.5 0.7 5.9 0.8 8.8 26.0 24.1 0 

Spectrum 2 6.4 12.9 0.9 17.1 0 0 27.6 25.3 9.8 

 

The large crack was the only visible major damage on the samples for this exposure. After 

cleaning the sample more damage was visible on the top sample. Crevice corrosion was 

evident where the top sample was joined to the center sample as is seen in Figure 53. Similar 

looking corrosion was seen along the side of the sample. 
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Figure 53. Crevice corrosion seen after cleaning on Inconel 625 after 3 weeks at 350°C 

Surface examination of the center sample showed no significant damage as is clear in Figure 

54. The chemical analysis of this sample is shown in  

Table 34.  

 

Figure 54. Surface of undamaged center sample of Inconel 625 after 3 weeks exposure 

The deposits analyzed by XEDS appear to be loosely adherent to the surface one is high in 

Ni and S while the other two are mainly Cr and O. An unusually high level of Nb was 

detected in Spectrum 4. 
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Table 34. Chemical analysis of the areas shown in Figure 54 

Area Fe  

wt % 

O  

wt % 

Al  

wt % 

Ti 

wt % 

S   

wt %  

Nb  

wt % 

Cl   

wt % 

Ni  

wt % 

Cr  

wt % 

Tl 

wt % 

Mo 

wt % 

Spectrum 1 5.4 30.5 1.9 0.3 0 4.7 0 16.6 32.6 8.0 0 

Spectrum 2 3.6 16.8 1.0 0 22.7 3.9 0 43.2 8.8 0 0 

Spectrum 3 2.3 50.3 6.1 0 0 1.5 0.8 2.2 30.1 0 5.9 

Spectrum 4 4.9 36.8 1.7 4.4 0 18.7 0 7.6 20.7 0 5.3 

 

After inspection of the surface of the center sample it was cut and cast into Bakelite polymer. 

The cross section of this uncleansed sample was then inspected in the SEM. Little damage 

or corrosion products were visible in the cross section. Only a thin layer of corrosion product 

was available for chemical analysis using XEDS as shown in Figure 55. No evidence of 

pitting or cracking was visible on this sample. However it should be kept in mind that one 

of the weight loss samples from this exposure experienced severe cracking. 

 

Figure 55. Cross section of Inconel 625 after 3 weeks at 350°C 

The thin layer visible in Figure 55 consists of a large amount of Cr along with Fe and a small 

amount of O.  

Table 35. Chemical analysis of the areas shown in Figure 55 

Area Fe (wt %) O (wt %)           Al (wt %)         Ti (wt %)          Si (wt %)        Mo (wt %)       

Spectrum 1 4.5 1.2 0.2 0.1 0.3 8.4 

Spectrum 2 26.3 4.7 0 2.1 1.1 1.2 

cont. 

 Ni (wt %) Cr (wt %) Mn (wt %) Cl (wt %) Ca (wt %) Nb (wt %) 

Spectrum 1 59.4 22.4 0.4 0 0 3.1 

Spectrum 2 10.1 47.4 3.2 0.6 3.3 0 
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Since the extensive damage was limited to one weight loss sample that sample was also cut 

and embedded into polymer for inspection of the crack cross section as well as confirmation 

of the chemical composition of the alloy. The cross section analysis for this sample was done 

after the cleaning process had been completed. 

 

Figure 56. Cross section of Inconel 625 sample showing large crack and bulk area 

selected for chemical analysis 

The chemical analysis of the bulk material is shown in Table 36. It is consistent with the 

composition of Inconel alloy 625 shown in Table 4. 

Table 36. Chemical analysis of the bulk material of the Inconel 625 sample in Figure 56 

Area Fe  

wt % 

Mn  

wt % 

Nb  

wt % 

Si   

wt % 

Ni  

wt % 

Cr  

wt % 

Mo 

wt % 

Spectrum 1 4.4 0.4 3.2 0.3 60.2 22.7 8.8 

 

1-week test with no Macor ceramic washers  

As a result of the rather large amount of deposit seen on many of the samples being tested at 

350°C, and the presence of elements contained in the Macor ceramic in the deposits, the one 

week test of Inconel 625 was repeated. Inconel was chosen as it is the material of the 

surrounding reactor.  

 

Figure 57. Inconel 625 after 1 week at 350°C with no Macor washers 
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After exposure there was significantly less deposit present on the samples than was seen in 

the 1-week test with Macor washers as can be seen by comparing Figure 57 with Figure 46.  

The corrosion rate of the test performed without washers was less than the previous test with 

the average corrosion rate being 0.01 mm/yr which is about 2.5 times lower than the rate 

seen with washers. It should be noted that this is still not a significant difference as the actual 

weight loss is small and variations in the running of the reactors could also affect the 

corrosion rate. 

 

Figure 58. Surface deposits on Inconel 625 after 1 week at 350°C with no Macor washers 

The deposits seen in Figure 58 are a mix of mainly O and some S based corrosion products 

as seen by the high Cr, Mo, Nb and Ni. A small amount of Cl was detected in deposit along 

with some Na suggesting maybe some NaCl formation. High levels of Nb are present in both 

Spectrums especially number 1. Why there is local enrichment of Nb in some areas is not 

known. See Table 37. 

Table 37. Chemical anlysis of the corrosion deposits seen in Figure 58 

Area Fe         

wt % 

O           

wt % 

Al         

wt % 

Na            

wt % 

Ti          

wt % 

Nb       

 wt % 

Spectrum 1 1.6 28.6 0 0.6 0.8 17 

Spectrum 2 3.3 27.3 1.0 0.6 0.4 8.2 

cont. 

 Mo        

wt % 

Ni       

wt % 

Cr         

wt % 

Mn         

wt % 

Cl        

wt % 

S         

wt % 

Spectrum 1 13.8 2.8 24.0 0.3 0 10.5 

Spectrum 2 6.6 13.7 34.2 0.4 0.3 4.0 
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Looking at the cross section of the sample little corrosion product deposits were seen, there 

were however points of visible damage to the surface as seen in Figure 59. Similar damage 

was seen in other places along the perimeter of the cross section.  

 

Figure 59. Cross section of Inconel 625 after 1 week exposure with no Macor ceramic 

present 

Since no significant corrosion products suitable for testing were seen the XEDS analysis was 

performed in a possible crack. The area is shown in Figure 60. As shown by the chemical 

analysis of the area inside the crack in Table 38 there are no corrosion products present. It is 

possible that the crack is a result of the grounding process used for sample preparation. 
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Figure 60. Possible crack in Inconel 625 after 1 week at 350°C with no Macor ceramic 

present 

Table 38. Chemical analysis of the areas shown in Figure 60 

Area Fe  

wt % 

O  

wt % 

Al  

wt % 

Si   

wt %  

Nb  

wt % 

Ni  

wt % 

Cr  

wt % 

C 

wt % 

Mo 

wt % 

Spectrum 1 4.7 0 0.3 0 4.4 59.1 22.5 0 9.1 

Spectrum 2 4.3 1.3 0 0.7 6.6 56.4 20.6 1.3 9.0 

 

5.2.4 Hastelloy C276 

1-week exposure 

After a 1 week exposure at 350°C the samples were covered with a dark black coating with 

some golden colored deposits toward the top end of the samples as is seen in Figure 61. No 

damage was visible on the samples at first inspection.  

 

Figure 61. Hastelloy C276 after 1 week at 350°C 

The samples were cleaned and weighed according to the ASTM G-01standard (ASTM 

International, 1999). The measured corrosion rate was 0.17 mm/yr for the upper sample and 

0.36 mm/yr for the lower sample giving an average CR of 0.26 mm/yr. This corrosion rate 
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is much higher than what would be expected from such a high grade alloy and is an order of 

magnitude worse than the performance of Inconel 625 for the same exposure.  

 

Figure 62. Areas selected for XEDS analysis a) bulk surface b) surface deposit crystal c) 

surface deposit 

Analysis of the surface deposits seen in Figure 62 show a large amount of S and significant 

but smaller quantity of O. An interesting feature is the crystal shown in b) and analyzed in  

Table 39 to be NiS.  

Table 39. Chemical analysis of surface areas for Hastelloy C276 after 1 week at 350°C 

Area O          

wt % 

Al        

wt % 

S          

wt % 

P        

wt % 

Cr        

wt % 

Fe       

wt % 

Ni        

wt % 

W        

wt % 

a 16.9 11.7 51.7 1.0 10.9 1.2 5.5 1.2 

b 1.6 0 34.5 0 1.1 0 62.8 0 

c 18.4 10.7 46.3 0.9 16.5 1.2 4.7 1.4 
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Figure 63. Cross section analysis of Hastelloy C276 after 1 week at 350°C 

Looking at the cross section of the material after exposure in one week there is no evidence 

of localized damage. See Figure 63. Some corrosion product deposits were present around 

the sample and are mainly oxide based. The sample showed an even amount of deposit 

around the perimeter. See Table 40. 

Table 40. Chemical analysis of cross section areas for Hasteloy C276 after 1 week at 350°C 

Area Fe (wt %) O (wt %) S (wt %) W (wt %) Mo (wt %) Ni (wt %) 

Spectrum 1 6.2 0 0 3.3 16.8 57.1 

Spectrum 2 2.7 31.7 1.2 5.8 20.2 5.0 

Spectrum 3 1.9 31.5 1.2 6.3 17.0 4.8 

      cont. 

 Mg (wt %) Al (wt %) Cl (wt %) Mn (wt %) Ca (wt %) Cr (wt %) 

Spectrum 1 0 0 0 0.8 0 15.8 

Spectrum 2 0.5 1.2 1.1 0 1.1 29.7 

Spectrum 3 0.7 1.2 1.8 0 1.7 31.8 

 

3-week exposure 

After three weeks a rather large amount of loose blackish deposit was uniformly distributed 

over the surface of the sample as is seen in Figure 64. No immediate evidence of localized 

damage was visible upon removing the sample from the reactor.  
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Figure 64. Hastelloy C276 after 3 weeks at 350°C 

The corrosion rate for the three week test was comparable to the one seen in the 1 week 

exposure with the average being 0.29 mm/yr. 

 

 

Figure 65. Surface deposits on alloy C276 after 3 weeks at 350°C at low magnification in 

the SEM 

For the 3-week test the C276 material showed a uniform black deposit covering the samples. 

Under magnification this appears to be both flake like and an even fuzzy deposit. See Figure 

65. Both the flake like deposit and the fuzzy deposit were analyzed using XEDS and the 

composition is given in Table 41. Both deposits contain large amounts of corrosion products 

indicated by the amount of Ni, Cr and Mo while the fuzzy deposit in spectrum 1 is more 

sulfur based the flake like deposit has a higher amount of oxygen and Cr.  
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Table 41. Chemical analysis of the areas shown in Figure 65 

Area Fe   

wt % 

O      

wt % 

Al   

 wt % 

W   

wt % 

Mo  

wt % 

Ni   

wt % 

Cr   

wt % 

Mn  

wt % 

S      

wt % 

Spectrum 1 4.6 6.4 0.3 0.7 11.6 42.9 8.2 0 25.2 

Spectrum 2 5.3 31.0 1.5 3.2 7.9 13.3 27.0 0.3 10.6 

 

 

Figure 66. Cross section of C276 after 3 weeks at 350°C under low magnification 

Analysis of the cross section of the C276 alloy after 3 weeks at 350°C showed a layer of 

corrosion products surrounding the entire sample. No signs of significant localized damage 

were seen on the sample despite the fact that uniform corrosion was significant and obvious 

on the surface of the sample. See Figure 66. 
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Figure 67. Cross section analysis of Hastelloy C276 after 3 weeks at 350°C 

Under magnification the deposits are shown to be multi layered as seen in Figure 67. The 

layers are mainly composed of either Ni and S or Cr and O along with lesser amounts of 

other materials. See Table 42. 

Table 42. Elemental composition of the areas shown in Figure 67 

Area Fe         

wt % 

O           

wt % 

Al         

wt % 

Na            

wt % 

Ca          

wt % 

W       

wt % 

Si  

wt % 

Spectrum 1 6.5 0 0 0 0 4.0 0 

Spectrum 2 0.7 1.5 0 0 0 0 0 

Spectrum 3 13.6 32.0 0.5 0.6 0.5 5.3 0 

Spectrum 4 1.2 0 0 0 0 0 0 

Spectrum 5 17.0 33.8 0.7 0 0.5 4.3 0.5 

Spectrum 6 1.4 6.1 0 0 0 0 0 

 cont. 

 Mo        

wt % 

Ni       

wt % 

Cr         

wt % 

Mn         

wt % 

Cl        

wt % 

S         

wt % 

C 

wt % 

Spectrum 1 16.5 56.3 15.8 0.9 0 0 0 

Spectrum 2 6.6 56.8 1.4 0 0 33.1 0 

Spectrum 3 6.9 3.1 33.3 0 0.8 3.5 0 

Spectrum 4 15.2 49.9 1.1 0 0 32.7 0 

Spectrum 5 4.8 3.3 31.5 0 0.7 2.9 0 

Spectrum 6 10.1 47.0 2.5 0 0 31.1 1.7 

 



65 

6 Discussion 

When testing started in simulated environments it was assumed that a low corrosion rate 

would be the case for the testing with superheated steam. This hypothesis was supported by 

the earlier on-site testing (Karlsdottir et al., 2015) as well as the commonly accepted fact 

that corrosion rates are low in a dry superheated steam environment. Higher corrosion rates 

were expected for the testing at 180°C since condensation was expected at that temperature.  

For the testing at 180°C only the carbon steel showed high corrosion rates as was expected 

in a wet acidic environment with the relatively short exposure time. For the 1-week test the 

two CRAs, 254 SMO and Inconel 625, had no measureable corrosion rate although a low 

rate was measured for the 3 weeks exposures. Since the two CRAs tested at 180°C are both 

highly corrosion resistant it is not very surprising that no localized damage was seen in the 

SEM inspection of the samples after such a short exposure with no stress on the samples.  

On inspection of the surface of 254 SMO after exposure small deposits of corrosion products 

could be seen. Likewise small deposits were present on the Inconel 625 samples. No damage 

could be seen on the samples after cleaning. The results indicate that both 254 SMO and 

Inconel 625 will perform well in this acidic fluid at 180°C. 

Testing at 350°C yielded more unexpected results, localized damage was seen for both 254 

SMO and alloy 625 as well as relatively high corrosion rates for all of the CRAs. Carbon 

steel was corroded very rapidly in the high temperature acidic environment and would not 

be suitable for engineering use in the conditions of this testing. In fact the high rate of 

corrosion resulted in a change of the testing schedule for the carbon steel from 1 week and 

3 weeks to 2 days and 1 week as the sample would not remain intact over a 3-week period. 

The high rate of corrosion along with the dissolution of the Macor ceramic contributed to a 

formation of deposits on the carbon steel. On the 1 week exposure there were high levels of 

Cr in the surface deposit of the carbon steel which is certainly from either the stainless steel 

mounting hardware or the nickel alloy of the reactor. The buildup of this deposit in the small 

volume of the reactor may have had an accelerating role on the corrosion of the carbon steel. 

254 SMO had a comparable CR to the two Ni alloys being tested at 350°C. For the 1-week 

exposure no significant localized damage was seen in the samples however the 3-week test 

yielded worse results. For the 3-week exposure there was widespread pitting on the surface 

of the material and significant cracks were seen on examination of the cross section. This 

cracking was also seen in the heat exchanger testing done on site at IDDP-1 and was shown 

to be intergranular rather than the more common transgranular SCC (Karlsdottir & 

Ragnarsdottir, 2015). No etching was done for the samples tested in this experiment but the 

similar conditions suggest the same phenomenon although it cannot be confirmed. This type 

of cracking was not seen in the dry steam coupon experiment at IDDP-1 (Karlsdottir et al., 

2015). Conditions in the simulated environment could represent a mix of the heat exchanger 

test and the dry steam testing.  

Studies done in volcanic fumarole environment at 230°C suggest that nickel alloys 

containing 8% Mo or higher perform very well (Kurata, Sanada, Nanjo, Ikeuchi, & Lichti, 

1995). Both of the nickel alloys being tested have higher Mo content with 625 having 8-10% 

Mo and C276 16%. In another test of nickel alloys containing 7% Mo in a dry superheated 
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environment the CR was measured at 0.15 mm/yr (Sanada et al., 2000) which is of the same 

magnitude as the results for the CRAs tested in this experiment.  

Inconel alloy 625 was expected to perform very well in this test as it had performed well in 

the on-site testing for dry steam (Karlsdottir et al., 2015) and wet scrubbing (Karlsdottir, 

Thorbjornsson, & Sigmarsson, 2013). However some slight damage was seen in heat 

exchanger testing at IDDP-1 (Ragnarsdóttir, 2013). In down-hole testing of the acid well KJ-

39 nickel alloy 2550 also showed some damage. (Karlsdottir & Thorbjornsson, 2013). 

For the two 1-week tests no localized damage was seen with or without the Macor ceramic 

being present. The test performed without the Macor ceramic did yield a lower corrosion 

rate (0.01 mm/yr vs. 0.026 mm/yr) and noticeably less deposits on the surface. This 

difference in CR is however too small to be considered significant with only two samples 

for each test. In future testing at these temperatures Macor ceramic should not be used, the 

flat Alumina ceramic washers did however perform well to the conditions.    

For the 3-week test at 350°C the upper weight loss sample experienced severe damage. A 

wide crack/pit developed across the center of the sample as well as what appears to be crevice 

corrosion where the sample contacted the center sample along with other pitting/crack 

damage spread over the sample. This type of damage was not seen on the other two samples 

in the same exposure with the exception of small spots near the bottom of the lower sample. 

The cause of this extensive damage to one sample is not clear and further testing for 3 weeks 

or longer with more samples would be required to make a clear determination. One possible 

cause would be deposits from the Macor causing under deposit corrosion.  

The only material that did not show localized damage is Hastelloy alloy C276. The corrosion 

rate was higher than Inconel´s for 1 week testing but similar for the 3-week tests. The high 

Mo content (16%) is likely a major factor in protecting the alloy from localized corrosion. 

Uniform corrosion of the C276 alloy was still taking place and would be considered high for 

such an expensive alloy in engineering use (Jones, 1996).  

In some of the high temperature tests NaCl was found on the surface of the test coupons. 

This was most prominent on the 254 SMO material where for the 3-week test large crystals 

easily visible to the naked eye were seen. Smaller crystal growths were found on the P265GH 

carbon steel after 48 hours in a horizontal setup. No obvious NaCl growth was seen on the 

surface of the nickel based alloys. It is possible that the NaCl growths on the 254 SMO 

material may have contributed to the extensive pitting on the materials surface in the 3-week 

test. NaCl crystals were found in analysis of a failed junction that was analyzed at the ICI in 

2010 (Thorbjornsson, 2010). The chemical makeup of the testing fluid contains significant 

amounts of Na in comparison to the trace amount found in IDDP-1 at 0.08 mg/kg 

(Ármannsson et al., 2014). This may well increase the tendency for salt crystals to form on 

the samples in the simulated test.  

Of note in the testing of the CRAs is the lower CR for the 1 week exposure at 350°C for 254 

SMO and alloy 625 than for the testing at 3 weeks, this is not so for alloy C276. Commonly 

corrosion rates tend to decrease with longer exposures as corrosion products tend to shield 

the base metal from attack. Longer exposures would be beneficial to establish the long term 

performance of the CRAs if they are selected for use in future IDDP project installations. 
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The high rates of corrosion seen for the CRAs and the localized damage seen on the 254 

SMO and alloy 625 samples suggest that the testing conditions were severe. Irregularities in 

the reactor operation such as possible pressure build up may have played a role in increasing 

the corrosive attack on the samples. Other factors such as the small size of the reactors and 

the resultant possible liquid spray from the inlet as well as the flawed ceramic material used 

for isolation of the fasteners may have affected the results. The testing conditions thus likely 

represent a worst case scenario for on-site operation where pressure is not stable and no 

protective effect of silica scaling is present.  

Raising the temperature of the simulated environment to 450°C along with the pressure to 

140 bar to simulate the extreme conditions seen at the IDDP-1 wellhead would be an 

interesting step for future work. Considering the damage seen in the relatively milder 

conditions in this test (350°C, 10 bar) it is of great interest to gauge material performance in 

the more severe environment. With the right equipment future testing may also include 

supercritical conditions (T>374°C, P>221 bar) which are the eventual goal for the IDDP 

project. To achieve the goal of corrosion testing in such an extreme simulated environment 

further development of the testing equipment will be required.  

7 Conclusions 

This experiment has shown that damage can be seen on even high end corrosion resistant 

alloys in high temperature acidic geothermal steam. Carbon steel had high rates of corrosion 

for both the lower temperature test at 180°C as well as in the higher temperature test at 350°C 

and should not be used in the conditions simulated here. Both 254 SMO austenitic stainless 

steel as well as the nickel alloy Inconel 625 showed localized damage at the higher 

temperature although they performed very well for the lower temperature test. Only 

Hastelloy C276 showed no signs of localized damage although the corrosion rate was higher 

than acceptable (>0.1 mm/yr) and comparable to the other two CRAs. 

Running the simulated geothermal environment in the laboratory was a challenge and did 

not go without incidents. The confined space of the reactors and the materials used in sample 

mounting undoubtedly affected the results of the test. The results should be considered 

representative of a worst case scenario in the operation of a well where there is no protective 

scale and possible fluctuations in operation as well as the possibility of dew point acidic 

droplets with a high concentration of Cl. 

To gain a better understanding for a particular alloy further testing would be recommended 

for a longer period of time. In future testing improvements should be made to the 

experimental setup to enable smoother operation at a steady flow and pressure. With 

improvements to equipment and procedures simulated corrosion testing for geothermal 

environments are possible at these high temperatures and can be a valuable tool for material 

selection in future deep drilled and acidic geothermal wells. 
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Appendix 

Datatables 

Table A. Corrosion rates of specific samples. 

 CR 

mm/yr 

CR Top 

mm/yr 

CR Bottom 

mm/yr 

Top/Bottom 

P265GH     

48-hour     

350°C Vertical 1.49E+01 5.62E+00 2.42E+01 0.23 

350°C Horizontal 1.17E+01 5.33E+00 1.81E+01 0.29 

1-week     

180°C 4.01E-01 4.12E-01 3.90E-01 1.06 

350°C 9.77E+00 3.26E+00 1.63E+01 0.20 

SMO     

1-week     

180°C -4.76E-04 -1.59E-04 -7.94E-04 0.20 

350°C 2.45E-02 3.40E-02 1.50E-02 2.27 

3-week     

180°C 2.62E-03 2.27E-03 2.98E-03 0.76 

350°C 2.42E-01 2.41E-01 2.42E-01 1.0 

Inconel     

1-week     

180°C -1.09E-02 -1.16E-02 -1.02E-02 1.14 

350°C 1.54E-01 1.68E-01 1.39E-01 1.20 

350°C No Macor 1.05E-02 8.73E-03 1.22E-02 0.71 

3-week     

180°C 3.50E-03 6.40E-03 6.11E-04 10.47 

180°C Repeat -1.39E-02 -2.31E-02 -4.68E-03 4.94 

350°C 1.54E-01    

Hastelloy     

1-week     

350°C 2.68E-01 1.72E-01 3.63E-01 0.48 

3-week     

350°C 2.92E-01 1.90E-01 3.95E-01 0.48 
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Table B. Chemical analysis 

ph H2S 

mmol/l 

CO2  

mmol/l 

4.18 3.955021918 7.9 

4.2 4.551256378 8 

3.35 4.57113086 8.2 

3.55 4.412135004 8.7 

2.98 4.263076389  

4.28 4.183578461  

2.91 2.18619302  

3.41 4.064331569  

3.09 5.415796345  

3.11   

2.93   

3.43   

3.07   

3.59   

3.22   

3.42 4.178057772 8.2 

 

 

 


