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Abstract 
In this study, the corrosion resistance of three different stainless steels (304, 316 and 309) towards 

eutectic chloride salts is investigated. The performances of two materials to reduce the corrosion of 

the steels are examined: zirconium as sacrificial anode and an Al2O3 coating deposited by flame 

spraying. Samples are submitted to a 24 hours corrosion test at 700°C in air. The samples are 

characterised by weight analysis, SEM observations and EDX analysis of their surface and cross-

section. The corrosion resistance of the stainless steels is not improved by adding Zr rods in direct 

contact with the steel, rather decreased in the areas where the rod laid. However, in these 

conditions, stainless steel 316 has the best resistance to highly corrosive chloride salts. The Al2O3 

coating is too porous and penetrated by the salt, the steel underneath is corroded. Nevertheless, 

some alumina remains intact after the corrosion test, because of the high inertness of the ceramic. 

The presence of O2 most certainly accelerated the corrosion mechanism studied here. 
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1 Introduction 

1.1 Context 

1.1.1 Concentrating Solar Power (CSP) systems 

Concentrating solar power (CSP) systems are a form of solar thermal energy production. A mirror 

system concentrates the irradiation from the sun on a receiver. The receiver can be a trough 

(absorber tube) or a focal point of all mirrors in the plant. There are two common set ups for CSP 

plants: parabolic trough and power tower (with focal point). The generated heat on the receiver is 

lead to a turbine of a Brayton or Rankine cycle, in case of Cleanergy AB to a Stirling engine, to be 

converted into electricity. The heat can also be redistributed to a thermal storage system.  

Figure 1: Power tower system, parabolic trough and Cleanergy Stirling CSP Systems (without TES)1 

                                                           
1 https://energy.gov/eere/energybasics/articles/power-tower-system-concentrating-solar-power-basics, 

http://www.mpoweruk.com/solar_power.htm  

https://energy.gov/eere/energybasics/articles/power-tower-system-concentrating-solar-power-basics
http://www.mpoweruk.com/solar_power.htm
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This flexibility, high efficiency and low cost of materials used gives the CSP a great advantage 

compared to other renewable energy sources such as photovoltaics or wind power. [1] 

CSP systems today have a working temperature around 500-600°C. To improve the efficiency of the 

CSP plant, the next step is to rise the temperature up to 800-900°C. This means other materials need 

to be considered for transferring the heat and containing it. 

1.1.2 Energy storage solutions 

Thermal energy storage (TES) systems allow the production of electricity even when the irradiation is 

poor or unavailable, which makes the CSP less weather-dependent and functional during the night. 

TES systems use sensible or latent heat storage. Latent heat storage consists in using phase change 

materials (PCM) with isothermal phase change. PCMs have a high enthalpy of fusion and density 

which means a reduced amount of material is required, compared to other storage solutions, for a 

small volume and efficient heat storage. An isothermal reaction facilitates the temperature control in 

a CSP system and in particular heat engines such as Brayton or Stirling engines. [2] 

1.1.3 Heat Transfer Fluid and Molten salts 

To be able to withdraw the generated heat from solar irradiation a transfer fluid id needed, often 

referred to as heat transfer fluid (HTF). Several materials have been investigated for HTF applications 

and they all must have certain properties such as low melting temperature and high boiling 

temperature. These temperatures set limits in the CSP system. An important property of HTF is a high 

thermal conductivity to transfer the heat to the PCM. It must also have a low viscosity in order to be 

easily pumped through the CSP system. HTF should also have a low corrosivity to avoid severe 

degradations of materials, high chemical compatibility with the CSP parts and preferably high 

availability, low cost and low toxicity. [3] 

Molten salts are widely investigated for HTF, especially nitrate salts which are commercially available 

for this application, because of their availability, heat capacity, low melting temperature and high 

working temperatures. [3] 
 

1.1.3.1 Choice of molten salt 

Table 1 presents density and thermal properties of one salt from each salt category: HITEC (KNO3-

NaNO2-NaNO3) for nitrate salts with similar properties to Solar salt, LiF-NaF-KF for fluorides salts and 

NaCl-KCl-ZnCl2 for chloride salts. 

Table 1: Physical and thermal properties of molten salts [4],[5],[6] 

Salt HITEC LiF-NaF-KF NaCl-KCl-ZnCl2 

Density at melting point (kg.m-3) 1979 2020 2263 

Viscosity (cP, 10-3 Pa.s) 2.3 2.90 2.97 

Melting temperature (°C) 140 454 200 

Max. Working temperature (°C) 550 900 900 

Heat capacity (kJ.kg-1K-1) 1.49  1.30 0.92 

Nitrite and nitrate salts have appropriate thermal stability and heat capacities for HTF applications 

however their working temperature is low (550°C, Table 1) because they oxidise and degrade above 

300°C for nitrites and above 600°C for nitrates. [4] Therefore these salts cannot be used as HTF at 

700°C. 

Fluorides and chlorides salts have been investigated for nuclear applications with similar operating 

temperature range as future CSP Systems (700-900°C). The heat capacity of fluorides is relatively high 

and their melting point remains high compared to nitrate and chloride salts (Table1). The viscosity of 
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fluorides is similar to HITEC and solar salt. Fluoride salts do not form passivating oxides layers on 

substrates to limit the corrosion rate, neither metal oxides since there is no oxygen present in the 

pure salts. Fluoride salts are toxic, they have to be manipulated with caution and strictly contained 

[7].  

Chloride salts have a slightly lower heat capacity than fluorides, but a melting point below 250°C. The 

viscosity of chlorides salts is similar to the other salts. Pure chloride salts are not corrosive against 

steel for example as long as there is no oxygen or moisture present. The toxicity of chlorides is known 

to be low. [7] 

Fluorides and chlorides salts have similar properties and are both suitable as HTF. The biggest 

difference between them and a deciding point for this study is their price. Garcia et al [8] present the 

cost of raw material for both types of salts. For a fluoride salt LiF-NaF-KF the estimated cost is 7.82 

$/kg whereas for a chloride salt the estimated cost is 0.28 $/kg (about 27 times cheaper than 

fluorides). Chloride salts are selected as best candidates as HTF for this application. 

1.1.3.2 Hydration of chloride salts 

Ghorab et al [9] report NaCl salt have a significant moisture uptake for a relative humidity (RH) higher 

than 75% at 22°C. In a study published in the American Pharmaceutical review [10] the moisture 

uptake of NaCl is 0.40 wt% after 16 hours exposure to water. The conditions of the measurement 

were not explained in the report and therefore have to be assumed to be standard lab conditions 

(RH=30-35% at 25°C). This value can give an idea of the moisture uptake of the salt used later in the 

CSP system: for 2 tons of salt there will be a minimum of 8kg of water after 16hours exposed to air 

with low RH and this moisture content should increase considerably if the humidity is higher. The 

presence of moisture in the salt cannot be neglected. 

1.1.3.3 Corrosion in molten chloride salts 

Corrosion in chloride salts is driven by impurities, the main ones being due to moisture and oxygen: 

H2O, HO-, O2 and H+. Takahshi et al. [11] report the following reactions at 1000K (727°C):  

𝐻2𝑂 + 2𝐶𝑙− = 2𝐻𝐶𝑙 + 𝑂2− 

Figure 2 feature possible reactions of HCl formed in the chloride salt with stainless steel. HCl is highly 

corrosive and reacts with Fe and Cr present in the steel, this reaction is called chlorination. In 

presence of oxygen the chlorination products are oxidized and release chlorine (Cl2) in gaseous state. 

Chlorine reacts with Fe and Cr, a second chlorination occurs with a preferential attack on Cr. New 

metal chlorides are formed which are then oxidised. This mechanism is cyclic. The chlorination 

products can also react with the salt and make other complexes. [12] 
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Figure 2: Possible corrosion reactions in molten chlorides  

The corrosion products have weak strength and poor adherence to the steel therefore they are 

peeled off once formed and new steel is corroded.  

Stainless steels are commonly protected from corrosion by forming a protective layer of Fe2O3 or 

Cr2O3. These layers (or scale) are aggressively attacked by chlorides because Fe2O3 has a high 

reactivity with molten salts and a high wettability; Cr2O3 has a high solubility in NaCl-KCl and is 

dissolved to form chromates such as CrO4
2- [11]. 

Cracks initiation and defects in scales is also a source of corrosion as Kawahara et al. [12] report, the 

molten salts penetrate the scale layers through defects and cause spallation of the scale, accelerating 

the corrosion rate. 

 

1.1.3.4 Corrosion in eutectic chloride salts 

NaCl and KCl have good thermal and physical properties, but their melting point is around 800°C. 

Thus to be used as heat transfer fluid, the salts must be mixed with another ionic salt to make a 

eutectic mixture with a lower melting point. Recent interest has grown in NaCl-KCl-ZnCl2 because of it 

melting point below 250°C and has a relatively high heat capacity around 90 J.mol-1K-1. [13] 

NaCl-KCl-MgCl2 salt has also been considered for nuclear applications. The melting temperature is 

above 385°C, (higher than NaCl-KCl-ZnCl2). The heat capacity is similar to NaCl-KCl-ZnCl2 [14]. In Lai et 

al. literature review [15] Mg chlorides are reported to be too corrosive at 900°C.  

In this study NaCl-KCl-ZnCl2 is chosen as heat transfer fluid. Nevertheless, the corrosion is mainly 

caused by chlorination attacks, so the results found here can be used for other salts (with 

precautions). 

The possible reactions described in Figure 2 are mainly observed for NaCl-KCl. ZnCl2 can react with 

the environment and materials in the CSP plant and form smaller amounts of corrosion products. 

Bankiewicz et al. [16] studied the corrosion reaction on austenitic steel with ZnCl2 salts. The corrosion 

products at 450°C are mainly FeCl2 which oxidised rapidly to iron oxides and small amounts of 

ZnFe2O4. ZnCl2 salt has a fast evaporation rate. In presence of oxygen ZnCl2 vapour oxidises into ZnO 

and Cl2[17]. Slomian A. [18] observed the mass gain on T22 steel with different salt coatings exposed 

to a gas flow. The results showed a lower mass gain with NaCl-ZnCl2 and KCl-ZnCl2 than NaCl and KCl. 



6 
 

His conclusions are that the corrosion with ZnCl2 is less aggressive and believed it is due to the fast 

evaporation of ZnCl2. 

1.1.4 Choice of stainless steel 
Steel is widely used as construction material because of it high strength, simple manufacturing and 

shaping, and its low cost. Stainless steels have a minimum 10.5 wt% Cr in their composition for a 

good corrosion and oxidation resistance at low temperatures and in aqueous environments. The 

protection of the steel is ensured by the formation of a chromium oxide layer. Nickel is an austenite 

phase stabiliser present in all stainless steels. Austenite has higher strength then other phases like 

ferrite and martensite, by adding Ni to the stainless steel its strength is increased. 

 
Table 2: Composition of stainless steel 304, 316 and 309 [19] 

Composition (wt%) Fe C Cr Ni Mn Mo Si 

SS 304 Bal. 0-0.03 18-20 8-12 0-2 - 0-1 

SS 316 Bal. 0-0.03 16-18 10-14 0-2 2-3 0-1 

SS 309 Bal. 0-0.2 22-24 12-15 0-2 - 0-1 

 

A large number of stainless steels are available. SS304 and SS316 are two of the most common steels 

on the market, can be used as architectural steel, heat exchangers, manufacturing and storage of 

nitric acid or cutting knives. In chloride environment, unprotected SS304 and 316 are subjected to 

pitting and crevice corrosion. SS309 has a higher Ni and Cr content than SS304 and 316 (Table 2) and 

has excellent high temperature properties. It can be used for electrical, furnace parts, heat 

exchangers, oil-burner parts. It has a better stress crack corrosion resistance than SS304 and SS316 

[20].  

 
Table 3: Mechanical and thermal properties of stainless steel 304, 316 and 309 [19] 

Steel Density (kg.m-3) E (GPa) Maximum 
service 
temperature 
(°C) 

Thermal 
expansion  
(x10-6m.m-1.K-1) 

Thermal 
conductivity 
(W.m-1K-1) 

SS 304 7800-8010 191-205 750-925 16-18 14-16 

SS 316 7870-8070 190-205 750-925 15-18 13-17 

SS 309 7600-8000 196-204 1000-1100 14-16 13-19 

The three steels have similar mechanical and thermal properties. The influence of composition, in 
particular the content in Cr, Ni and Mo on the corrosion resistance can be investigated here. 

 

1.2 Demand profile, research questions and aim 

From theoretic corrosion mechanisms and an overview of the CSP and TES system, a hypothesis has 

been made: there is one main corrosion mechanism and additional secondary mechanisms. The main 

corrosion mechanism is due to linear flow on molten salt at high temperature.  The secondary 

mechanisms are caused by geometric configurations, higher temperature variations or similar causes 

and will lead to for example galvanic corrosion in weldments, erosion-corrosion with different angles 

in pipes elbows, crevice corrosion etc. The adopted strategy is to study one geometrical part of the 

model which is submitted to what is defined as main corrosion mechanism and find a suitable 

solution against it. Further work can then be done to adapt the found solution to the rest of the CSP 

system. 
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1.2.1 Demand profile 

1.2.1.1 TES system and studied surface 

 

Figure 3: Scheme of TES system and molten salt flow 

PCMs are used in a latent heat storage system, meaning they store and release heat in melting and 

solidification cycles, which correspond to a phase change. PCMS are heated up in a tank by a cyclic 

flow of chloride salts, as heat transfer fluid.  

For this study PCMs and materials containing them are not considered or investigated. The tank is 

made of stainless steel and is filled progressively with chloride salts and then emptied (Figure3). The 

temperature range of the salt is 700-800°C. This study will focus on one vertical surface of the tank, 

without any considerations of the other surfaces and how they are connected (weldments). The 

function of studied surface is to contain the chloride salt in one direction. The dimensions of the flat 

surface are 600x 1200mm.  

 

Figure 4: Scheme of studied surface and salt flow  
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1.2.1.2 Constraints 

1.2.1.2.1 Environmental 

Salts are very sensible to moisture and are not treated against it, so the presence of H2O in the salt 

has to be taken into account. The system is not completely impermeable to oxygen; a certain amount 

of oxygen in the salt has to be considered too. 

1.2.1.2.2 Corrosion 

Corrosion of chlorides on steel mainly occurs because of the formation of HCl due to presence of 

moisture in the salt. HCl will attack Fe and Cr of the steel. Oxidation of the corrosion products cause 

spallation of the scales and exposure of new material to be corroded. The protective material must 

resist HCl attacks and oxidation or be a sacrificial layer which protects the steel but has to be 

replaced periodically. The objective is to minimise the corrosion rate to a few µm/year, to reach the 

CSP lifespan goal of 25 years. 

1.2.1.2.3 Thermal – Mechanical 
Table 4: Thermal and mechanical constraints on coating material 

Working temperature 700-800°C 

Temperature variation 40°C, resistance to thermal cyclic loading 

Thermal expansion Close to the expansion of steel to prevent crack formation 

Exposure time 90 seconds per cycle 

Adherence to steel High, to prevent spallation of the coating 

Hardness Resistant to salt erosion, flow of salt in the tank: 1.5 kg/s 

Fatigue/cyclic loading 960 cycles per 24 hours, 8.7x106 cycles in 25 years 

1.2.2 Research questions 

The following research questions have been investigated: 

-What materials can be used to increase the corrosion resistance of stainless steel in 

contact with molten chloride salt? And what are their performances? 

 -Are the performances of the chosen materials affected by the composition of the steel? 

The aim of this study is to find answers to these questions based on the research available in the 

literature and the thorough analysis of the results in the experimental part. This study is limited to 

one sacrificial anode material and one coating material. The quality of the experiments is set by the 

equipment available at LTU (Luleå University of technology).  

1.3 Literature review 

In the literature three groups of materials are reported for having good corrosion resistance towards 

molten chloride salts: nickel alloys, zirconium oxide (zirconia) and zirconium, aluminium oxide 

(alumina). Each group is hereby presented with its advantages and disadvantages. Finally zirconium 

and aluminium oxide are chosen as materials to be investigated in this study. 

1.3.1 Nickel alloy coatings 
Nickel-chromium alloy coatings such as Inconel 625 have a high strength at high temperature and 

good corrosion resistance to extreme environments. They are commonly used in gas turbines blades, 
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combustors, nuclear water reactors or heat exchangers. However their high cost can limit their 

application. [21]  

Table 5: Mechanical and thermal properties of Inconel 625 [21] 

Property Inconel 625 

E-modulus 174-210 GPa 

Hardness 145-240 Brinell 

Fatigue resistance 108 cycles to failure at room temperature 

Working temperature -150 to +982°C 

Thermal expansion 14x10-6m.m-1K-1 

Price 30-50 $/kg 

Nickel alloys have a better corrosion resistance in chlorides than steel because the Gibbs energy of 

formation (Table 6) of nickel chlorides (NiCl2) is higher than the energy required for the formation of 

iron chloride (FeCl2). This means Fe is preferentially and more easily attacked than Ni. However, the 

Gibbs energy of formation of chromium chlorides (CrCl2) is the lowest compared to iron and nickel 

chlorides, therefore there is a preferential attack of chromium in case of stainless steels and nickel 

alloys. 
Table 6: Gibbs energy of formation of metal chlorides [22] 

Metal chloride Gibbs energy of formation at 600°C (kJ.mol-1) 

NiCl2 -174.2 

FeCl2 -232.1 

CrCl2 -286.0 

The mass loss in nickel alloys due to corrosion corresponds mainly to the evaporation of the metal 

chlorides. Oxidation of CrCl2 into Cr2O3 is the first reaction to occur because of the low oxygen partial 

pressure required. [22] 

Liu et al.[23] investigated a thick film of alloy C22 (Ni-Cr-Mo-W) deposited by laser cladding on 

austenitic steel. The materials are tested in alkali salt, KCl-NaCl from 450°C to 750°C in air. The 

enhanced corrosion resistance of the coated austenitic steel compared to the alloy C22 and 

austenitic steel separately, is believed to be due to a fine microstructure, the formation of nickel 

oxides (NiO) and the preferential dissolution of Cr2O3 which inhibits the dissolution of NiO. Ishitsuka 

et al. [11] measured a higher solubility for Cr2O3 than NiO in NaCl-KCl at 727°C. Cr2O3 are dissolved 

into chromates CrO4
2-, Li et al [24] established a possible reaction for Fe-Cr alloys in NaCl at 650°C: 

4𝑁𝑎𝐶𝑙 +  𝐶𝑟2𝑂3 +
5

2
𝑂2 → 2𝑁𝑎2𝐶𝑟𝑂4 + 2𝐶𝑙2   

Phongphiphat et al. [19] simulated the condition of a waste to energy plant in order to study the 

corrosion resistance of different nickel alloys. Alloy 59 and 625 were submitted to a gas flow 

containing chlorine at 730° up to 813°C. Both alloys presented severe pitting and intergranular 

corrosion, since the chromium oxides formed in the grain boundaries are dissolved into chromates 

and reduces the strength of the material. An aluminide coating of the samples minimized the effect 

of the corrosion but did not prevent it completely. Stainless steel 310 is also coated with aluminide 

and presented good corrosion resistance, similar to the one found for the uncoated nickel alloys. 

Uusitalo et al. [25] investigated high velocity oxy-fuel (HVOF) Ni-Cr coatings and Ni-Cr coatings 

deposited by laser cladding. After 100 hours embedded in K2SO4-Na2SO4-KCl-NaCl salt at 550°C, the 

coatings were mainly attacked along splat boundaries. The laser cladding coating has good resistance 

to corrosion, but the high chromium content in the dendrites (53 wt% and 10%wt more in the 

dendrites than the rest of the coating) enabled the propagation of chlorine along the dendrites. The 



10 
 

authors suggest reducing the amount of chromium to avoid segregation problems and formation of 

splat boundaries. 

The corrosion in nickel alloys is mainly intergranular corrosion due to the formation and evaporation 

of metal chlorides and this weakens the strength of the material. Intergranular corrosion can lead to 

the complete destruction of the structure especially for longer exposure times. Due to chromium-

corrosion problems and high cost, nickel alloy coatings will not be further investigated in this study. 

1.3.2 Zirconium oxide coatings and Zirconium as corrosion inhibitor 

Zirconium oxide (Zirconia) coatings 

Zirconium oxide is intensively investigated as coating material because of its high strength, high 

corrosion resistance and erosion resistance. It can be used for ceramic cutting tools, oxygen sensors 

or high temperature fuel cell. [26] A low thermal conductivity allows zirconia to be used as refractory 

material and thermal barrier coatings (TBC) to thermally insulate metallic components of gas turbines 

and jet engines. In extreme conditions such as combustion gases at high temperature zirconia 

presents excellent properties [27][28]. However zirconia has a lower resistance to hot corrosion 

because the stabilisers of the tetragonal phase are leached or consumed by the deposits or molten 

salts. 

Table 7: Mechanical and thermal properties of ZrO2 [29] [30] 

Property ZrO2 

E-modulus 205 GPa 

Hardness 1350 HV0.3 

Cyclic fatigue force 1.2 kN, fracture after 106 cycles 

Working temperature (maximum) 1000°C 

Thermal expansion 10x10-6m.m-1K-1 

Thermal conductivity 2 W.m-1K-1 

Price 15 $/kg 

Sure et al. [31] investigated plasma sprayed yttria-stabilised zirconia on high density graphite and 

found an excellent corrosion resistant under Argon atmosphere. Because of the absence of oxygen 

there was no leaching of stabilisers (yttria) or dissolution of the zirconia which would have 

accelerated the corrosion mechanism. These inert conditions are hard to reach and zirconia can be 

easily degraded in air at high and low temperatures. Shojai et al.[32] investigated the low 

temperature degradation of stabilised zirconia. In presence of HCl zirconium is not dissolved, 

however yttria (Y2O3) is dissolved (or leached) in HCl (pH=2) at room temperature: 23x103 ppm/day/g 

and this dissolution increases at 80°C: 85x103 ppm/day/g. The leaching makes zirconia unstable and 

the structure changes form tetragonal to monoclinic. This structural change comes with a 4 to 5% 

volume change which leads to formation of cracks and decrease of the mechanical properties. Müller 

et al [28] found on the other hand this volume change as an advantage because it densifies zirconia 

by closing the micro-cracks and pores left from the coating deposition. This densification reduces the 

diffusion of aggressive gases through the zirconia towards the substrate. This gives another 

advantage for thermal barrier coatings or protective coatings in WTE plants. In another article Müller 

et al [33] propose a dissolution mechanism of zirconia in KCl2-K2SO4-ZnCl2-ZnSO4 molten salt at 600°C. 

ZrO2→ Zr4+ + O2
2- At 700°C after 48 hours 0.88 wt% of zirconia is dissolved in the salt. 

To summarize in case of chlorides salts containing impurities such as moisture or oxygen, the 

degradation of yttria stabilised zirconia (YSZ) occurs in three steps: 1) leaching of stabilisers such as 

yttria 2) tetragonal to monoclinic structure change with formation of cracks 3) Dissolution of 

monoclinic zirconia. Zirconia coatings can therefore not be used as a coating for stainless steels in 
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molten chlorides. However zirconium has a high reactivity and can be beneficial as a sacrificial anode 

or corrosion inhibitor. 

Zirconium 

Zirconium is mostly found in zircon minerals (ZrSiO4) and not naturally found as metal because of its 

instability in air and water [34]. Table 8 presents Zr thermal and mechanical properties. 

Table 8: Thermal properties and density of Zr, ZrCl4 and chloride salt [35][13] 

Material Zr ZrCl4 NaCl-KCl-ZnCl2 

Melting temperature (°C) 1848 437 204 

Heat capacity at 230°C 
(kJ/kgK) 

0.31 0.53 
 

0.92 

Density (kg/m3) 6520 2800 2500 

Its high melting and boiling temperature make it suitable for high temperature application however it 

is used as zirconium oxide (ZrO2) for ultra-strong ceramics. The formation of a thin oxide layer 

protects zirconium form corrosion and can be used in chemical application. Zirconium itself finds 

most of its application in the nuclear industry because of it very interesting property of not absorbing 

neutrons [35]. In recent work Zr is investigated as redox control agent in molten salts. [36][34] 

Peng Y. [34], reports the efficiency of Zr as corrosion inhibitor in chloride and fluoride salt. Haynes 

230 and Incoloy 800H are immersed in MgCl2-KCl mixed with 3wt% of Zr. In his report Peng first 

showed the thermodynamic favoured formation of ZrCl4 against CrCl2 and FeCl2 (Table 9). ZrCl4 has 

the lowest Gibbs energy of formation which means it will be formed more easily and preferably than 

CrCl2 and FeCl2. In the corrosion tests Zr is preferentially attacked by chlorides and protects the nickel 

alloy substrate from 700°C to 1000°C for 720 hours.  

Table 9: Gibbs energy of formation of metal chlorides [34] 

Metal chloride Gibbs energy of formation at 850°C (kJ.mol-1) 

FeCl2 -220 

CrCl2 -260 

ZrCl4 -330 

Zr as corrosion inhibitor interests particularly the nuclear industry. Moltex energy [37] in a recent 

project uses small amounts of Zr in their chlorides salts and it decreases considerably the dissolution 

of Cr for stainless steel 316 (below 10-3 ppm), having a lower dissolution rate than Hastelloy N (104 

ppm) in similar conditions. The decrease in the dissolution means less corrosion of the steel occurs in 

these conditions. (Ian Scott, Moltex energy at Thorium Energy Conference 2015)  

The enhanced corrosion resistance of steel in molten salts can also be due to a lower mixed potential 

of the salt when zirconium is added. If the potential is below the oxidation potential of Fe, Ni and Cr 

(Table 10: -0.04V, -0.25V, -0.42V respectively), the material is protected.  

Table 10: Standard potential for metals at 25°C [38] 

Oxidant Reductant E0  against H+/H2 at 25°C (V) 

Fe3+ Fe -0.04 

Ni2+ Ni -0.25 

Cr3+ Cr -0.42 

Fe2+ Fe -0.44 

Zr4+ Zr -1.45 

Be2+ Be -1.85 

Mg+ Mg -2.70 
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The reduction of potential in molten chlorides by adding Zr has not been reported in the literature 

but Zr acts as a sacrificial anode and its influence on the potential is likely to be similar to other 

anodic material. For example Farmer et al [39] studied the effect of Be in molten Li2BeF4 at 815°C. By 

using Tafel plots they found a lower mixed potential when Be is added (-0.65V) than the potential of 

the salt alone (-0.20V). Garcia et al.[40] also observed a lower mixed potential of molten MgCl2-KCl at 

850°C by adding Mg. The found potential is below the oxidation potential of Cr which means Cr is 

protected.   

Peng Y.[34] also mentions the ability of zirconium to alloy with elements like Ni or Co, this ability can 

lead to the formation of a protective or sacrificial layer on the substrate. This ability is exploited by 

Cheng et al.[36], who investigated the corrosion reactions of FLiNaK with 2wt% Zr on stainless steel 

316 under argon atmosphere at 850°C. The corrosion products are multilayers on the substrate. The 

outer layers are (Ni,Fe)2Zr intermetallics with formation of ZrO2 crystals and inner layers of (Fe,Cr)2Zr. 

The formation of these intermetallics can be confirmed by the low heat of formation of various Zr-Ni 

alloys at 900-1000K (627-727°C) [41] and analysis of the phase diagram for (Fe,Cr)2Zr systems [42]. 

Plus the density of Zr and ZrCl4 are higher than NaCl-KCl-ZnCl2, meaning they are closest to the 

substrate and more likely to interact with it. 

1.3.3 Aluminium oxide (alumina) 
Aluminium oxide or alumina is a ceramic material with outstanding properties such as high 

temperature oxidation and corrosion resistance (better than chromium oxides [24]), excellent wear 

resistance, low density and low cost [43]. One of the most interesting properties of alumina for this 

study is its exceptional chemical resistance and proven resistance to chloride salts [24]. The 

applications of alumina are structural technical ceramics for example for pyrochemical reprocessing 

of nuclear oxide fuel [44], support for high temperature catalysts, substrate for metal nanoparticles, 

protecting coatings on stainless steels or laboratory crucibles [43]. 

Table 11: Mechanical and thermal properties of Al2O3 [29] 

Property Al2O3 

E-modulus 350 GPa 

Hardness 1700 HV0.3 

Fatigue resistance 106 cycles to failure 

Working temperature (Maximum) 1800°C 

Thermal expansion 8.5x10-6m.m-1K-1 

Thermal conductivity 200 Wm-1K-1 

Price 1.45-2 $/kg 

Li et al. [24] studied a preformed alumina layer (approximately 150μm) on Fe-Al alloy with a molten 

layer of NaCl-KCl on top of it at 670°C for 48 hours. The alumina layer is not destroyed by the salt and 

remains intact. Moreover alumina seems to have poor wettability with the salt: on SEM micrographs 

the salt agglomerates on the surface instead of covering uniformly the alumina surface, which 

reduces the contact area of the salt with alumina.  

The corrosion resistance of ceramics towards molten NaCl-KCl salt and chlorine gas have been 

studied by Takeuchi et al. [44] The corrosion resistance is tested at 750°C for 480h. Alumina had a 

corrosion rate less than 0,1mm/year and no formation of cracks were observed. In their 

thermodynamics calculations the researchers established the Gibbs free energy of the chlorination of 

Al2O3 into AlCl3 by the following reaction: 

𝐴𝑙2𝑂3 + 3𝐶𝑙2 → 2𝐴𝑙𝐶𝑙3 +
3

2
𝑂2                       ΔG0= +103 kJ/mol 
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ΔG0 being positive means the reaction is endergonic or non-spontaneous and alumina is stable in 

chlorine gas. 

Alumina coatings can be deposited on steel by several processing techniques. The most common are 

flame/plasma thermal spraying, aluminizing mixtures or sol-gel processes.  

Thermal flame spraying and plasma spraying consist in melting a powder and spraying it on a 

substrate. The process is rapid, allowing a high production rate. Moreover it has a low cost and low 

environmental impact. The substrate is not affected by the deposition or the high temperature of the 

spraying gun. This technique is used by Chaliampalias et al. [45]to deposit an aluminium layer which 

is then oxidised into alumina and by An et al [46] to directly deposit a 350μm Al2O3 layer. The main 

drawback of the technique is the porosity of the thermal sprayed coatings, the porosity is slightly 

lower for plasma spray [46] and it can be further reduced by heat treatment or adding other 

nanoparticles such as Na2SiO3 [43]. 

Alumina layers can also be deposited by using slurry aluminising mixtures. For example Phongphiphat 

et al. [19] deposited an alumina layer (about 100μm) by heating up the steel substrate with a 

aluminizing mixture (4%Al, 2%AlCl3, 94% Al2O3) at 850°C and held it for 5 hours. The technique is 

common and reported in the literature, however it comes with longer deposition times and heating 

up the samples at higher temperatures than thermal spraying. 

Sol-gel method is a recent alternative to thermal spraying and similar to aluminising mixtures. The 

principle is to prepare a sol, dip-coat the substrate and then dry and densify the films. Marsal et al 

[47]used an alumina sol to increase the wear resistance of stainless steel 304. The precursors used 

are NH3 and AlCl3 distilled in a solvent to make a colloidal suspension. After dip-coating the samples 

are dried for 2 hours at 80°C and densified for 25 minutes at 500°C in air. The baking temperatures 

are much lower than the ones for aluminising mixtures. The obtained alumina corresponds to the 

boehmite phase γ-Al2O3, which has lower mechanical properties than the conventional α-Al2O3 [48]. 

Yu et al [43] used directly boehmite powder as precursors, the films are dried at 60°C for 24 hours 

and 120°C for 12 hours. Adraider et al [48]used laser processing to increase the amount of α-Al2O3 in 

an initial γ-Al2O3 coating. Sol-gel methods grow popular because they offer a high control of the 

composition of the coating, are easily set up and operate at low temperature; disadvantages 

compare to plasma spraying would be the production time which is considerably longer and the large 

amount of solvents needed. 

Another possible disadvantage of alumina coatings is the differences in coefficient of thermal 

expansion (CTE) with steel. Indeed the CTE of alumina is 8.5x10-6m.m-1K-1, whereas the CTE of steel is 

11-18x10-6m.m-1K-1 (Atlas Steel Australia). Since the CTE of alumina is lower than steel, the coating 

will be submitted after cooling to compressive strengths. He et al.[49] studied the thermal cyclic 

loading resistance of alumina coating on stainless steel 316L. A 200nm coating is deposited by metal-

organic chemical vapour deposition (MOCVD). The samples were placed in an oven at 700°C for 1 

minute then cooled down to room temperature and heated up again. The cycle is repeated 30 times. 

The coating shows no apparent delamination and no change in morphology. The effect of 

temperature was previously investigated by Haanappel et al.[50] 500nm alumina films are deposited 

by MOCVD on stainless steel 304. Then the samples are annealed at 700°C and 800°C to reduce the 

intrinsic stress induced from the deposition process. But annealing the samples adds thermal stress 

and can cause crack formation and spallation of the coating when it is cooled down. At 700°C no 

spallation is observed for short annealing times, for longer exposures only small parts of the coating 

are removed. At 800°C, cracks appear and cause the spallation of the coating. It is also reported that 

the critical thermal stress for scale failure is proportional to the fracture toughness and inversely to 
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the coating thickness, meaning thicker coating are more likely to fail and spall off for lower thermal 

stresses after cooling. [50] 

1.4 Conclusions and strategy 

From this literature review two materials have interesting and appropriate properties to be used for 

reducing the corrosion of stainless steel 304, 316 and 309. The first material is zirconium inserted in 

the chloride salt. Zr acts as a sacrificial anode and is likely to form intermetallic layers with the 

substrate which can further protect the substrate. This method has been reported by few research 

teams and none of them investigated the influence of the amount of Zr added to the salt. The first 

part of the experimental part of this study is dedicated to the investigation of Zr in the salt and how 

the performances vary with the weight percentage added.  

The second material is aluminium oxide (alumina) as protective coating. It is well known that alumina 

has an exceptional chemical resistance and it has been confirmed alumina is also inert to chloride 

salts. However the researchers who established this property of alumina grew the layer from and on 

a Fe-Al alloy. Few studies have reported the corrosion resistance of a coating on stainless steel at 

high temperature, most likely because the CTE mismatch between the two materials. The second 

part of this study reports the performances of a thermal sprayed alumina coating on stainless steel 

304 and 316. 
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2 Materials and experimental methods 

2.1 Materials 

2.1.1 Salts and zirconium 
Technical sodium chloride (NaCl), potassium chloride (KCl) and zinc chloride (ZnCl2) salts and 

zirconium rods are ordered from VWR Chemicals. All materials are used as received. NaCl-KCl-ZnCl2 is 

prepared from pure NaCl, KCl and ZnCl2 in the following weight percentage: 8.1%, 31.3% and 60.% 

respectively. For each steel sample 30g of the salt is prepared. The salts are stirred with a spatula for 

1 minute and then deposited on top of steel samples. 

2.1.2 Steel samples 
Stainless steel 304 and 316 were purchased for a previous project at LTU and used as received for 

this study. Stainless steel 309 was purchased at Stena AB and also used with no further treatment 

after receiving the material.  

The steel plates are cut into 20x20mm pieces and their cross-section and edges are grinded with a 

240P grinding paper. The samples are then washed with ethanol and dried in ambient air. 

2.1.3 Aluminium oxide coating 
Grinded 304 and 316 samples were sent to Karlstad Metalisering AB to deposit a thick layer of 

aluminium oxide by flame spraying. The adhesion of the coating is tested by a thermal cyclic loading 

test. The sample is put into a furnace at 700°C for one minute, then taken out and cooled down to 

room temperature, finally the sample is put into the furnace again. The sample is submitted to 30 

identical cycles. 

2.2 Zirconium rods 
Zirconium is received as a 2m rod with a thickness of 1mm. Smaller rods are cut with a clamp, their 

weights correspond to 1, 3 and 5 wt% of 30g of salt. The length of the rods is determined with the 

density of Zr (6.52g.cm-3) and the volume formula of a cylinder. The rods are positioned on the 

samples as shown in figure 5. 

Figure 5: Position of Zr rods for 304 (left) and 309-1_2 (right)  

2.3 Corrosion tests 
Steel samples are place in silicon crucibles and covered with the eutectic salt. Zirconium rods are laid 

on the steel samples before being covered with salt. Crucibles are placed in a steel recipient and 

covered with a steel plate in order to protect the Nabertherm N11 chamber furnace from the 

aggressive chloride environment. The atmosphere in the furnace is ambient air. The temperature of 

the furnace is measured by a thermocouple and used as reference temperature for the samples and 

salts. The temperature in the furnace is raised from room temperature to 300°C and 700°C in steps. 

These steps are detailed in table 12. The corrosion test at high temperature (700°C) lasted 24 hours. 

After the test crucibles are cooled down to 450°C and then taken out from the furnace to recover the 
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steel samples. The salts are melted again at 450°C for 10 minutes, then recovered and cooled down 

to room temperature.  

Table 12: Elevation of temperature for corrosion 
tests 

Initial 
temperature 
(°C) 

Final 
temperature 
(°C) 

Time 
(hours) 

25 300 0.5 

300 300 1.0 

300 700 1.5 

700 700 24.0 

 

2.4 Cleaning of samples after corrosion test 
After the corrosion test samples are placed in beakers containing distilled water to be cleaned and to 

remove remaining salt by ultrasonic cleaning using a TranssonicT890. Finally the samples are dried 

with paper in ambient air. The Zr rods are completely consumed and dissolved in the salt during the 

corrosion test. 

2.5 Cross-section preparation  
Samples are cut in order to examine their cross-sections. A Struers Discotom-100 is used for the 

cutting with a Struers 40A30 high quality cutting wheel. The cutting speed is set to 2775 rpm and 

samples are cut manually.  

In the next step the samples are mounted in a phenolic resin: Phenocure using a Buehler SimpliMet 

1000, an automatic mounting press. 

Finally samples are grinded and polished using various grinding papers from 240P to 4000P and 

polishing solutions with liquid diamonds from 9µm down to 0.25 µm in diameter.    

2.6 Characterisation of materials 

2.6.1 Scanning Electron Microscope (SEM) 
The morphology of the samples is observed by using a JEOL JCM-6000 Scanning Electron Microscope. 

The composition of salts, steels and their corrosion products are determined by using Energy 

Dispersive X-ray spectroscopy (EDX) a function of the SEM.   

2.6.2 Weight of samples 
The weight of each sample is measured before and after the corrosion test with a Sartorius analytic 

scale. The precision of the scale is 0,0001g. The weight difference (=Weight after test - weight before 

test) is given in mg/cm2 (divided by the surface of sample, 4 cm2).  

2.6.3 Cross-section measurements 
The penetration depth of the salt and thickness of corrosion products in areas of interest are 

measured manually from the SEM images. 

3 Results 
The name of each sample is defined by the type of steel and the weight percentage of zirconium in 

the salt. Example: 316-3 is stainless steel 316 with 3wt% (3 rods) of zirconium in the salt. Coated 

sample with aluminium oxide are mentioned as 304A and 316A. 

Figure 6: Elevation of temperature (0-6 hours) for 
corrosion tests 
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3.1 Corrosion test of Zirconium rods on stainless steel 304 

3.1.1 Surface analysis 

3.1.1.1 304-0 

Figure 7 features SEM images of the surface of sample 304-0. The surface of the sample presents 

several small craters, the sample most likely formed firstly a layer on top of surface and this layer is 

then penetrated by the salt. EDX analysis of the top layer penetrated by salts and the craters reveal 

the top layer is composed of following elements: O and Fe and the pits are composed of: O, Fe and 

Cl.  

3.1.1.2 304-1 

Figure 8 features SEM images of sample 304-1 surface: Fig 8a is taken from the top of the sample and 

Fig 8b is taken where the Zr rod laid. The attack of the chloride salt on the top of the sample is similar 

to the attack observed for 304-0: several small craters formed in a top layer. EDX analysis shows the 

top layer is mainly composed of O and Fe and the holes are O, Fe and Cr. In the area where the Zr rod 

laid the corrosion attack is much severer (Fig 8b): the holes are deeper and more frequent.  

Figure 7: SEM images of sample 304-0 

Figure 8: SEM images of sample 304-1 

(a) (b) 
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3.1.1.3 304-3 

Figure 9 features SEM images of the surface of sample 304-3. Fig 9a presents a section of the sample 

“softly attacked” by the chloride salt and not in contact with the Zr rod. The salt has created small 

pits in the top layer. EDX analysis reveal the top layer is essentially composed of following elements: 

O, Cl and Fe, the pits are composed of: O, Cl, Cr and Fe. Fig 9b shows a part of the sample between 

two rods of Zr. On the surface tetragonal crystals have formed, mainly composed of: O and Cr. Fig 9c 

presents an image of the section in contact with the Zr rod and is severely attacked by the salt. The 

pits are deeper and more frequent in the top layer (O, Cl, Cr and Fe). Fig 9d presents a larger view of 

the edge of the sample where the trace of the Zr rod is visible and both attacks mentioned earlier are 

visible: top of image where the rod laid severe attack and bottom of image there is no rod and 

sample is softly attacked. It becomes clearer the level of attack of the chloride salt is directly linked to 

the presence or not of the Zr rod.  

3.1.1.4 304-5 

Figure 10 features SEM images of two types of attacks of the surface of the sample 304-5. The first 

attack (Fig 10a) is a soft attack with formation of holes. The section is a part of the sample close to 

the Zr rod. EDX analysis of the area reveals it is mostly composed of: O and Fe, in the gaps: O, Zr and 

Fe. In that same area tetragonal crystals are also found, and are mainly composed of O and Cr. The 

second type of attack is a severer attack observed in Fig 10b and in the parts of the sample where the 

(a) (b) 

(c) (d) 

Figure 9: SEM images of sample 304-3 
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Zr rod laid. Craters and deep pits are created in the material. In the bottom left corner of the image a 

clear interface can be observed with different type of attack between the area where the rod laid 

and the area free from it.  

 

3.1.2 Cross section analysis 
3.1.2.1 304-0 

Figure 11 features the cross section of sample 304 with no Zr added to the salt (304-0). The surface in 

contact with salt is corroded: material loss and formation of holes at various points. A darker area is 

also formed underneath the surface (Figure 11b). The EDX analysis detected this area to be 

essentially constituted of following elements:  O, Fe and Cr, most likely to be Fe and Cr oxides. The 

depth of the holes varies from 5 to 10 µm approximately and the formation of oxides occurs at 17µm 

underneath the surface approximately.  

3.1.2.2 304-1 

Figure 12 features the cross section of sample 304-1. Similar observations of 304-0 can be made for 

304-1 (1wt% Zr in salt): the presence of holes and darker layers, formation of Fe and Cr oxides. The 

depth of the holes and oxide layer varies from 10µm to 30µm underneath the surface. Spherical 

darker areas can also be noticed (Fig 12b) in the section of the sample close to where the Zr rod laid. 

(a) (b) 

Figure 11: SEM images of sample 304-0 cross-section 

(a) (b) 

Figure 10: SEM images of sample 304-5 
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EDX analysis gives the constitution of these areas to be mainly: O, Cl, Fe and Cr. The chloride 

complexes are formed 50 to 70µm approximately underneath the surface. 

3.1.2.3 304-3 and 304-5 

Figure 13 features the cross-section of samples 304-3 and 304-5. Both samples are submitted to 

corrosion. In the area, close to the surface a darker layer has formed. EDX results shows it is mostly 

Fe and Cr oxides. The oxide layer thickness is 20 to 50µm approximately for 304-3 and 17 to 30µm 

(a) (b) 

(c) (d) 

Figure 13: SEM images of sample 304-3 (a,b) and 304-5 (c,d) cross-sections 

(a) (b) 

Figure 12: SEM images of sample 304-1 cross-section 
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approximately for 304-5. Deeper into the material, lines can be seen on the SEM images (Figure 13a 

and 13c), the paths are likely to be the salt’s path to penetrated and corrode more bulk material. The 

deepest penetration of the salt is 120µm for 304-3 and 130µm for 304-5. Moreover, this penetration 

of material increases for the section close to where the Zr rod laid (Figure 13b): 200µm into the bulk 

material has been measured. The lines are most likely grain boundaries, meaning the sample is 

submitted to intergranular corrosion. 

 

3.1.3 Weight analysis 
Figure 14 features the weight differences for all 304 samples. All samples gained weight after the 

corrosion test, except for 304-3 with a loss of 8.25 mg/cm2. The maximum gain is for sample 304-5, 

5.25 mg/cm2 and the minimum gain for 304-0, 1.25 mg/cm2. 

  

1,25

4,25

-8,25

5,25
304-0 304-1 304-3 304-5

Figure 14: Weight gain (mg/cm2) for samples 304 after corrosion test 
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3.2 Corrosion test of Zirconium rods on stainless steel 316 

3.2.1 Surface analysis 

3.2.1.1 316-0 

Figure 15 features SEM images of the surface of the sample 316-0. Chloride salt attacks the surface 

and penetrates the sample. The penetration paths are irregular but shaped according to what looks 

like grain boundaries, meaning the sample would have been submitted to intergranular corrosion. 

EDX analysis shows the steel has formed Fe and Cr oxides. 

 

3.2.1.2 316-1 

Figure 16 features SEM images of the surface of sample 316-1. The first image (Fig 16a) is taken on 

the top of the sample. The area shows the attack of chloride salts: formation of holes into a top layer. 

EDX analysis reveals this layer is essentially composed of following elements: O and Fe and the holes 

of: O, Cr and Fe. The following images (Fig 16b and 16c) present parts of the steel in contact with the 

Zr rod. The attack of chlorides is severer in this area with the creation of deeper pits into the material 

(Fig 16b) and the formation of a white layer (Fig 16c) on top of the corrosion products. The 

elementary composition of this white layer is determined by EDX analysis (Fig 16d): O and Zr, most 

likely zirconia ZrO2.  

(a) (b) 

Figure 15: SEM images of sample 316-0 (a,b) EDX analysis (c) 

(c) 
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3.2.1.3 316-3 

Figure 17 features SEM images from the surface of sample 316-3. Fig 17a is taken from the edge of 

the sample and no Zr rod laid there. The surface has been attacked on different levels. On top of the 

image small craters are visible, closely formed. Bottom left of the image a layer seems to have been 

formed on top of the craters and pits. EDX analysis reveals the steel has formed Cr and Fe oxides. 

These oxides are then penetrated by the salt to form the small holes. The layer is essentially 

composed of following elements: O, Zr, Cl, Fe and Cr (Fig 17b). Fig 17c shows an image of a part of 

the sample in between the rods and where tetragonal crystals have formed, mostly composed of Cr 

and O. Fig 17d presents an area in direct contact with the Zr rod. In the top left corner of the image, 

formations of small holes in the material can be observed. The holes seem to be deeper than the 

ones in Fig 17a. In the bottom of the picture a larger white layer has formed. EDX analysis reveals this 

layer is composed of O and Zr. 

(a) (b) 

(c) 
(d) 

Figure 16: SEM images of sample 316-1 (a, b, c) and EDX analysis (d) 
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3.2.1.4 316-5 

Figure 18 features SEM images of the surface of sample 316-5. Fig 18a is taken on the top of the 

sample where no Zr rod laid. Craters are formed in the top layer of the surface. EDX analysis reveals 

the corrosion products are composed of: O, Zr, Cl, Cr and Fe. Fig 18b is taken close to the Zr rod. 

Tetragonal crystals have formed on the surface and are essentially composed of Cr and O. Fig 18c and 

Fig 18d show the area of the sample where the rod laid. On the edge (Fig 18c) of the sample a hole 

has been formed and a trace of the rod is visible over the sample: the attack of chlorides seems to be 

more concentrated in this area. On the top of the picture in Fig 18d a white layer has form. EDX 

analysis lead to believe the layer is composed of ZrO2. In the bottom of the picture the surface has 

been severely corroded: the salt formed small pits closely located one another. The attacked surface 

is composed of Cr and Fe-oxides with traces of Zr. 

 

 

 

 

Figure 17: SEM images of sample 316-3 (a, c, d) and EDX analysis (b) 

(a) 

(c) (d) 

(b) 
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3.2.2 Cross section analysis 

3.2.2.1 316-0  

Figure 19 features the cross-section of sample 316-0. The surface of the sample is submitted to 

corrosion. The surface roughness is uneven and holes are to be noticed. In the holes the material is 

darker on the SEM image. EDX analysis of those areas reveals it is mainly composed of following 

elements: Cr, Fe and O. The corrosion products are then most likely Cr and Fe oxides. The depth of 

(a) (b) 

(c) (d) 

Figure 18: SEM images of sample 316-5 

(a) (b) 

Figure 19: SEM images of sample 316-0 cross-section 
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the holes varies from 7 to 20µm approximately.  

3.2.2.2 316-1 and 316-3 

Figure 20 features the cross-sections of samples 316-1 and 316-3. Sample 316-1 presents severe pits 

as can be seen on Figure 20b the depth of theses holes is 25µm approximately. The surface of 316-1 

and 316-3 is degraded with the formation of Cr and Fe oxides. The thickness of the oxide layer is 

15µm approximately for 316-1 and 12µm for 316-3. 

 

3.2.2.3 316-5 

Figure 21 features the cross-section of sample 316-5. The surface is submitted to corrosion and 

corrosion products form a layer of 17 to 30µm thick approximately. EDX analysis shows this layer is 

essentially O, Cr and Fe, most likely Cr and Fe oxides. Dark lines can be observed on Figure 21b. This 

could correspond to the deeper penetration of the salt into the steel through the grain boundaries: 

intergranular corrosion. The maximum penetration of the salt is 130µm approximately. 

 

 

(a) (b) 

(c) (d) 

Figure 20: SEM images of samples 316-1 (a,b) and 316-3 (c,d) cross-sections 
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3.2.3 Weight analysis 
Figure 22 features the weight differences for all 316 samples. All samples gained weight after the 

corrosion test, except for 316-0 with a loss of 0.75 mg/cm2. The maximum gain is for sample 304-5, 

12 mg/cm2 and the minimum gain for 304-3, 6.25 mg/cm2. 

 

 

 

 

 

 

(a) (b) 

Figure 21: SEM images of sample 316-5 cross-section 

-0,75

7
6,25

12

316-0 316-1 316-3 316-5

Figure 22: Weight gain (mg/cm2) for samples 316 after corrosion test 
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3.3 Corrosion test of Zirconium rods on stainless steel 309 

3.3.1 Surface analysis 

3.3.1.1 309-0 

Figure 23 features SEM images of the surface of 309-0. The salt has penetrated the surface creating 

hole in the surface in irregular but shaped paths. The sample seems to be submitted to intergranular 

corrosion. EDX analysis reveals the apparent surface is composed of: O and Cr, most likely Cr-oxides. 

3.3.1.2 309-1 

Figure 24 features SEM images of the surface of 309-1. Fig 24a presents a part of the sample not in 

contact with the Zr rod. A first layer seems to have formed and then penetrated by the salt. The top 

layer is identified by EDX analysis to be: O and Fe. Further penetration lead to the formation of Cr-

oxides (O and Cr). Fig 24b presents a part of the top of the sample where tetragonal crystals have 

formed and are mainly composed of: O and Cr. Fig 24c shows an area close to the Zr rod, a clear 

interface is visible separating two types of attack. The bottom part shows a similar attack as 

described on Fig 24a. The top part of the picture shows a severer attack with formation of holes and 

a mix of Cr and Fe oxides. Fig 24d shows an area where the rod laid and formed a white layer on top 

of corrosion products. EDX analysis reveals the white layer is Zr and O, most likely ZrO2. 

 

3.3.1.3 309-3 

Figure 25 features SEM images of the surface of 309-3. Fig 25a and Fig 25b present areas not in 

contact with the Zr rod. On Fig 25a, a first layer seems to have formed and then penetrated by the 

salt. The top layer is identified by EDX analysis to be: O and Fe. In the gaps O and Cr is found. Fig 25b 

shows tetragonal crystals on the surface. EDX analysis reveals the crystals are mainly: O and Cr. Fig 

25c shows an area close to the Zr rod, the picture shows a severer attack with formation of holes and 

a mix of Cr and Fe oxides. Fig 25d shows an area where the rod laid and formed a white layer on top 

of corrosion products. EDX analysis reveals the white layer is Zr and O, likely to be ZrO2. 

(a) (b) 

Figure 23: SEM images of sample 309-0 
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Figure 24: SEM images of sample 309-3 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 

Figure 25: SEM images of sample 309-1 
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3.3.1.4 309-5 

Figure 26 features SEM images of the surface of 309-5. Corrosion products morphologies and 

composition are similar to the one mentioned for sample 309-1 and 309-3. Fig 26a shows an area 

without Zr rod, the sample seems to have formed a layer of Fe oxides and this layer is later one 

penetrated by the salt and Cr oxides are formed in the holes. In the same area showed on Fig 26b 

tetragonal crystals have formed (Cr and O). Fig 26c and Fig 26d show areas where the rod laid and 

the surface is more severely attacked and form ZrO2. This kind of attack can be noticed over the rest 

of the sample and the trace of the rod with distinctive type of attack.  

 

3.3.2 Cross section analysis 

3.3.2.1 309-0 

Figure 27 features the cross-section of sample 309-0. The surface of the sample is corroded: 

formation of small holes with darker areas close to the surface. The holes are approximately 7 to 

15µm deep. EDX analysis of the darker area reveals it is mainly constituted of following elements: O, 

Cr and Fe. The corrosion products are most likely Cr and Fe oxides.  

 

 

(a) (b) 

(c) (d) 

Figure 26: SEM images of sample 309-5 

(b) 
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3.3.2.2 309-1 

Figure 28 features the cross-section of sample 309-1. The steel is severely attacked by the salt: 

formation of corrosion products in darker areas and further penetration by the salt. EDX analysis of 

the corrosion products reveals following elements: O, Cl, Fe, Cr. Chloride salt attack the surface and 

continue through the material to form Fe and Cr chlorides. The maximum depth of the attack is 

300µm approximately. The path taken by the salt can be the grain boundaries, meaning the sample is 

submitted to grain boundary corrosion. 

 

3.3.2.3 309-3 and 309-5 

Figure 29 features the cross-sections of samples 309-3 (29a,b) and 309-5 (29c,d). Larger holes and 

corrosion products at the surface can be observed for both corroded samples. The corrosion 

products are identified by EDX analysis to be Fe and Cr oxides. The thickness of oxide layer varies 

from 50 to 85µm approximately for 309-3 and 40 to 100µm approximately for 309-5. The chloride 

salt has also penetrated deeper both samples with a maximum depth of 155µm approximately for 

309-3 and 184µm approximately for 309-5. Deeper holes are observed in the section where the Zr 

rods laid, the depth of these holes is 240± 2µm for 309-3 and 230±7µm for 309-5.  

 

 

 

(a) (b) 

Figure 27: SEM images of 309-0 cross-section 

(a) (b) 

Figure 28: SEM images of 309-1 cross-section 
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3.3.2.4 309-1 cross-section other direction 

Sample 309-1 is cut in the other direction to observe the cross-section along where the Zr rod laid. 

Figure 30 features this cross-section. The sample is penetrated by the salt to form darker areas and 

spherical complexes. EDX analysis reveal the darker areas are essentially composed of follow 

elements: O, Cr and Fe and the spherical complexes composed of: Cl, O and Fe. The oxide layer 

thickness is 240µm approximately. The chloride spherical complexes form at 240-280µm 

approximately. 

(a) (b) 

(c) (d) 

Figure 29: SEM images of sample 309-3 (a,b) and 309-5 (c,d) cross-sections 

(a) (b) 

Figure 30: SEM images of sample 309-1 2nd cross-section 
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3.3.3 Weight analysis 

 

Figure 31: Weight gain (mg/cm2) for samples 309 after corrosion test 

Figure 31 features the weight differences for all 309 samples. All samples gained weight after the 

corrosion test, except for 309-0 with a loss of 3.25 mg/cm2. The maximum gain is for sample 309-5, 

129.5 mg/cm2 and the minimum gain for 309-1, 16.75 mg/cm2. 

 

3.4 Corrosion test of Zirconium rods next to stainless steel 309 
For these samples the Zr rod is not placed in direct contact with the stainless steel but next to it. The 

samples and Zr rod are covered with chloride salt and submitted to the same corrosion test as 

previous samples. Sample name is 309-1_2.  

3.4.1 Surface analysis 
Figure 32 features SEM images of the surface of 309-1_2. The salt has penetrated the top layer of the 

surface, by forming small holes (Fig 32a). In some part of the sample the layer underneath is 

revealed. The layer underneath is at its turn corroded: formation of bigger holes and penetration of 

salt along irregular and shaped paths. EDX analysis reveals the top layer is composed of: O, Cr, Fe and 

Ni; and the surface underneath is composed of: O, Cr, Fe and Ni. 

-3,25

16,75

39,5

129,5
309-0 309-1 309-3 309-5

(a) (b) 

Figure 32: SEM images of sample 309-1_2 
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3.4.2 Cross section analysis 

Figure 33 features the cross-section of sample 309-1_2. The sample is submitted to corrosion with 

formation of small holes barely visible. The depth of the holes and corrosion products is 4 to 8µm 

approximately. EDX analysis reveals the darker areas on the SEM images are Cr and Fe oxides. The 

salt did not deeper penetrate the sample.  

 

3.4.3 Weight analysis 

 

Figure 34: Weight gain (mg/cm2) for samples 309-0, 309-1 and 309-1_2 after corrosion test 

Figure 34 features the weight differences for samples 309-0, 309-1 and 309-1_2. 309-0 and 309-1_2 

lost weight after corrosion test 3.25 mg/cm2 and 2.0 mg/cm2 respectively. 309-1 gained weight after 

the corrosion test 16.75 mg/cm2. This shows a clear difference between 309-1 and 309-1_2. 

 

-3,25

16,75

-2

309-0 309-1 309-1_2

(a) (b) 

Figure 33: SEM images of sample 309-1_2  cross-section 
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3.5 Al2O3 coating before corrosion test 

3.5.1 Observation of coating surface on 316 

Figure 35 features SEM images of the surface of the sample 316A before the thermal cyclic loading 

and corrosion tests. The coating was deposited by flame spraying: a powder is melted and projected 

on the sample. On Fig 35a the droplets are visible, their random arrangement and subsequent 

porosity can be noticed. Porosity in the coating cannot be avoided for this deposition technique. On 

Fig 35b a white area is observed. EDX analysis of this area reveals the white area is composed of: O, 

Al and Ni, and the rest of the coating is pure Al2O3. The presence of Ni is most likely due to impurities 

in the powder used for the deposition. 

3.5.2 Thermal cyclic loading test of 316A 
After the 30 cycles the coating shows no cracks or delamination on the macroscopic scale. Analysis 

on the microscopic scale will confirm or not the good adherence of the coating after a thermal cyclic 

loading test. 

Figure 36 features SEM images of the surface of the tested sample 316A. The images show no 

apparent cracks or major difference from the non-tested sample. The coating is resistant to a cyclic 

loading at high temperature. 

(a) (b) 

Figure 35: SEM images of coated 316 before tests 

(a) (b) 

Figure 36: SEM images of coated 316 after thermal cyclic loading test 
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3.6 Corrosion test of coated stainless steel 304 
Figure 37 features SEM images of the surface of sample 304A test and EDX analysis after the 

corrosion test. Fig 37a shows an area of the coating slightly affected by the corrosion. The droplets 

are in mixed shape: some of them remain as before the coating (round and no cracks), others have 

edges and seem to have been attacked by the salt. Fig 37b shows an area more affected by the 

corrosion. White areas have appeared in between the Al2O3 coating. EDX analysis (Fig 37d) of the 

white area reveals it is composed of: O, Al and Cr. Chromium was not present in the coating before 

the testing, it is likely it comes from the substrate: stainless steel 304. Fig 37c shows another mixed 

area with also tetragonal crystals. Those crystals are composed of: O, Cr and Al, most likely to be Cr-

oxides with some Al. 

 

3.6.1 Cross section analysis 
Figure 38a features the cross-section of sample 304A-0 with focus on the coating. After the corrosion 

test the Al2O3 coating is uneven in thickness and not covering the whole sample anymore. The 

darkest area on the SEM picture corresponds to Al2O3 (as revealed by EDX analysis). The layer 

underneath is the steel sample with some traces of Al.  

(a) (b) 

(c) 

Figure 37: SEM images of sample 304A (a,b,c) after corrosion test and EDX analysis (d) 

(d) 
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(a) (b) 

(c) 

Figure 39: SEM images of sample 316A (a, b, c) after corrosion test and EDX analysis (d) 

(d) 

Figure 38b features the cross-section of sample 304A-0 with focus on the steel underneath. The 

coating seems not to have protected the steel sample because the steel is corroded with formation 

of darker areas. These darker areas correspond to Fe and Cr oxides according to the EDX analysis. The 

thickness of the oxide layer is 15 to 50µm approximately.  

3.7 Corrosion test of coated stainless steel 316 

3.7.1 Surface analysis 
Figure 39 features SEM images of the surface of sample 316A after corrosion test. Fig 39a shows an 

(a) (b) 

Figure 38: SEM images of 304A cross-section 
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area of the coating softly attacked by the salt. The droplets have edges and are no longer round and 

smooth as before the test. Fig 39b shows an area more affected by the corrosion. White areas have 

appeared in between the Al2O3 coating. EDX analysis of the white area reveals it is composed of: O, Al 

and Cr. Fig 39c shows another mixed area with also tetragonal crystals. Those crystals are composed 

of: O, Cr and Al (Fig 39d), most likely to be Cr-oxides with some Al. 

 

3.7.2 Cross section analysis 
Figure 40a features the cross-section of sample 316A-0 with focus on the coating. The thickness of 

the coating is uneven. The darkest area of the SEM image is the remaining Al2O3 coating. EDX analysis 

shows the apparent white layer with darker lines is composed of Al and Fe, suggesting a possible 

diffusion of the original coating into the sample. The thickness of this layer is approximately 150µm.  

Figure 40b features the cross-section of sample 316A-0 with focus on the steel underneath. The 

interface between the coating and the steel is corroded: formation of small pits and darker areas. 

The darker areas are Fe and Cr oxides (EDX analysis). The thickness of the corrosion products layer is 

30 to 40µm approximately. The coating did not protect the steel from chloride corrosive attacks. 

 

3.7.3 Weight analysis of both coated steels 
Figure 41 features the weight differences for samples 304A and 316A. All samples lost weight after 

the corrosion test. The maximum loss is for sample 304A, 3.0 mg/cm2 and the minimum loss for 

316A, 0.75 mg/cm2. 

(a) (b) 

Figure 40: SEM images of 316A cross-section 

-3

-0,75

304A-0 316A-0

Figure 41:Weight gain (mg/cm2) for samples 304A and 316A after 
corrosion test 
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3.8 Salts 
Figure 42 features SEM images of recovered salts from different samples. Not all salts are presented 

here because the observations for the salts are similar one sample another. After the corrosion test 

the salts are melted again to recover the salt in liquid phase and are then cooled down and solidified 

in ambient air at room temperature. The morphology of the salt is snow-flake like: main branches 

with smaller ones starting from the main ones. The diameter of the snow-flake is between 100µm 

and 150µm. EDX analysis identifies the branches to be composed of: Cl, Na and K. The signal for Zn is 

extremely weak, suggesting ZnCl2 has evaporated as reported by Bankiewicz et al. [16] In Figure 42b 

a thin layer seems to have been deposited on the snowflakes. EDX analysis reveals this layer is 

composed of: O, Cl and Fe. The salt has dissolved the steel because of the presence of Fe in the salt.  

A quantitative elemental analysis of the salts is not possible because it was not possible to recover all 

the salt, only a sample of each to analyse the morphology of the salt and its composition. 

  

(a) (b) 

(c) (d) 

Figure 42: SEM images of salts 304-1 (a), 304-3 (b), 316-0 (c), 316-5 (d) 
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(a) (b) 

Figure 43: SEM images of sample 304-0 (a) and 304-1 (b) 

(a) (b) 

Figure 44: SEM images of sample 316-0 (a) and 316-1 (b) 

(a) (b) (c) 

Figure 45: SEM images of samples 309-0 (a), 309-5 (b) and 309-1 (c) 

4 Discussion 

4.1 Surface analysis 

4.1.1 Influence of the weight percentage of Zr 
All 304 samples are corroded, regardless the presence and quantity of Zr. Sample 304-0 surface is 

corroded by the penetration of salt and creation of holes. Adding Zr in direct contact with the steel, 

does not prevent this corrosion for samples 304-1, 304-3 and 304-5: the salt penetrates the material 

several µm underneath the surface and creates deep holes (Figure 43). The attack of chlorides seems 

to be concentrated and accentuated in the area where the rod laid.   

 

Samples 316 are also all submitted to corrosion. Sample 316-0 is penetrated by the salt along grain 

boundaries; this corresponds to intergranular corrosion [51]. Samples 316-1, 316-3 and 316-5 are 

more severely attack by the salt with deeper penetration of sample, formation of Fe and Cr oxides 

and ZrO2. Moreover the attacks seem to be concentrated and increased instead of reduced with Zr.  

The corrosion on samples 309 seems to be aggressive in case of absence and presence of Zr. Sample 

309-0 is attacked along grain boundaries and submitted to intergranular corrosion. The corrosion is 

accentuated with increasing Zr wt% with the formation of oxide layers which are at their turn 
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penetrated by the salt. With sample 309-1 a clear interface between 2 types of attack has been 

identified, suggesting a concentration of severe attack where the Zr rod laid.  

When the Zr rod lays next to the sample and not in direct contact it leads to the formation of Cr and 

Fe oxides and some intergranular corrosion but no severer attack as observed for sample 309-1 or 

formation of ZrO2 occurs for sample 309-1_2.   

 

4.1.2 Comparison between 304, 316 and 309 samples 
From the analysis of the surface of all samples, the type of corrosion involved here seems to be 

intergranular corrosion. Jiang et al. [51] investigated the corrosion resistance of aged stainless steel 

304 in a H2SO4 and KSCN solution (highly corrosive). Their observations regarding the microstructure 

of the corroded sample are similar to the observation made for sample 309-0 and 316-0. 

The corrosion signs manifest differently and at different levels. The penetration of the salt along 

grain boundaries is most visible and clear for 309-0 and 316-0: holes and paths, appearance of the 

grains without any etching. For sample 304-0 the paths are less obvious but the sample is penetrated 

by the salt, meaning the corrosion resistance of the surface is slightly higher than 316 and 309. All 

samples form Fe and Cr oxides on the top of the surface. Adding Zr rods has decreased the corrosion 

resistance of the samples instead of increasing it by acting as sacrificial anode. The corrosion in the 

areas where the rod laid is severer: deeper holes into the sample (Figure 43b, 44b and 45b) and 

formation of corrosion products and zirconia (Figure 46c).  

4.1.3 Corrosion reactions and tetragonal crystals 
The morphology and composition of the corrosion products are: Fe and Cr oxides formed on the top 

of the surface. The formation of these oxides can be due to the following corrosions reactions [11]:  

𝐹𝑒 + 2𝐻𝐶𝑙 → 𝐹𝑒𝐶𝑙2 + 𝐻2                 2𝐹𝑒𝐶𝑙2 +  
3

2
𝑂2  →  𝐹𝑒2𝑂3 + 2𝐶𝑙2          (1) 

𝐶𝑟 + 3𝐻𝐶𝑙 → 𝐶𝑟𝐶𝑙3 +  𝐻2                2𝐶𝑟𝐶𝑙3 + 
3

2
𝑂2  →  𝐶𝑟2𝑂3 + 3𝐶𝑙2           (2)                 

HCl is formed from the hydration of the salts. Chlorine gas Cl2 can also react with Fe and Cr to form 

chloride complexes.  

The energy of formation of FeCl2 is low (Table 6), this could explain why Fe oxides are formed first on 

the top of the sample. They are then penetrated by the salt probably because of the high dissolution 

rate of Fe2O3 in the salt is high compare to Cr2O3. [11] Li et al [24] studied several Fe-Cr alloys with a 

deposition of NaCl-KCl at 670°C for 48 hours. All samples form a multilayer scale and most of them 

have a top layer of Fe2O3 with a mix of Fe-Cr oxides and Cr2O3 underneath. 

(a) (b) (c) 

Figure 46: SEM images of sample 309-1_2 (a), 309-1 (b,c) 
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Liu et al. [23] investigated the corrosion resistance of stainless steel TP347H (Fe, Cr 19.2 wt%, Ni 

12.75wt%) in KCl-NaCl at 650 up to 750°C in air. The SEM images revealed a multi-layer corrosion 

scale rich in Fe, Ni and Cr. The aspect of the scale is similar to the ones observed for this study. They 

also observed the disappearance of the protective layer Cr2O3, penetrated by the salt and dissolved 

in the salt.  

The dissolution of Fe and Cr oxides leads to continuous corrosion of the sample. The steel 

underneath the corrosion products is attacked once they are removed by the salt.  

The formation of the tetragonal crystals on the surface of some samples can be due to the 

tendency of chromium chlorides to form octahedral crystals [52] which then oxidize into 

chromium oxides and gives them there tetragonal form. 

 

4.1.4 Role of Zr rod as sacrificial anode 
The high reactivity of Zr with chloride should have reduces the corrosive attack of the steel, instead it 

seems to have concentrated the attacks in the areas where the rod laid. After the corrosion test, the 

rod is completely dissolved in the salt and has most likely formed zirconium chlorides, ZrCl4 because 

of its low energy of formation (Table6). ZrCl4 is reported in the literature to be used as catalyst 

because of its low toxicity compared to titanium[53]. ZrCl4 absorbs easily oxygen or oxygen 

complexes: Jiang et al. [54] added Zr complexes to a Ce and Cu based catalyst for the absorption of 

CO during H2 production at 400°C. The performances of the catalyst are improved because the high 

oxygen storage capacity of Zr by the formation of ZrO2. Once ZrO2 is formed the catalyst is no longer 

active [55]. ZrCl4 can also be used as inorganic catalyst for organic reactions, where Zr captures O and 

opens organic cycles and causes a recombination of carbohydrates for example [56]. Zhang et al. [57] 

confirms the formation of ZrO2 from ZrCl4 by XRD analysis, during the carbonization of carbon/carbon 

composites at 1000°C. From these reports it is most likely that the following reaction occurred during 

the corrosion test: 

𝑍𝑟𝐶𝑙4 + 𝑂2 → 𝑍𝑟𝑂2 + 2𝐶𝑙2            (3) 

The release of chlorine in the areas where the rod laid increases the concentration of chlorine. Thus 

reactions (1) and (2) are accentuate in this area, leading to more corrosion products and severer 

attacks.  

Therefore the samples with 3wt% and 5wt% have the worst corrosion resistance instead of the best 

performances as expected. The presence of O2 in the furnace has a great influence on the corrosion 

resistance. Further investigation of these materials in a controlled atmosphere could be lead in order 

to see differences and hopefully increased corrosion resistance towards chlorides. 

Moreover the position of the rod and the sample is critical here: the differences in attack between 

309-1 and 309-1_2 are considerable. When the rod is not in direct contact with the steel the sample 

is less corroded but not completely protected against the salts. Increasing the amount of Zr should 

also increase the corrosion resistance. 

4.2 Cross-section analysis 

4.2.1 Influence of the weight percentage of Zr 
The corrosion is also visible in the cross-sections and can be evaluated quantitatively (Figure 47). 

Sample 304-0 presents the smallest thickness of oxide layer (17 µm) compare to 304-1 (30µm), 304-3 

(50µm) and 304-5 (30µm). Samples 304-3 and 304-5 are more deeply penetrated by the salt (120 and 

150µm) and submitted to intergranular corrosion [58].  
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The corrosion observed on the surface of 316-0 seems not to have propagated deeply into the 

sample: the oxide layer thickness is 20µm. 316-1 and 316-3 have a thinner oxide layer (15µm and 

12µm) but the presence of holes for 316-1 at 23µm underneath the surface shows lower resistance 

to corrosion. Sample 316-5 is deeper penetrated by the salt and submitted to intergranular 

corrosion. Only 316-5 is seriously attacked. Nevertheless 15µm for samples 316 in short test of 

24hours corresponds to 5.5 mm/year which is too high for an industrial and commercial application. 

The intergranular corrosion of 309-0 seems not to have penetrated deep the sample, maximum 

15µm. However for 309-1, 309-3 and 309-5 the salt penetrates deep along grain boundaries, 230 to 

300µm. The corrosion is accentuated in the area where the Zr rod laid.  

For sample 309-1_2 the penetration of the salt is small and the oxide layer is less than 10µm thick 

approximately. The sample is not submitted to severe intergranular corrosion as sample 309-1. 

 

4.2.2 Comparison between 304, 316 and 309 sample 
The depth of the propagation of the corrosion into the sample is not even for all steels. Samples 309 

are severely submitted to corrosion with the penetration of the salt along the grain boundaries. H. 

Coriou [58] presents in his report (1961) the corrosion observed for a stainless austenitic steel 

immerged in a SO2H2 solution. The cross-section of the sample reveals apparent grain boundaries 

(without any etching) and even detachment of certain grains due to intergranular corrosion. These 

observations are similar to the ones made here on samples 309 for example. 

Figure 47 features the propagation of corrosion in µm for all samples. When the penetration depth is 

higher than 50 µm from the surface (level 0) the bar is red, below 50 µm the bar is blue. Reference 

samples, with no Zr rod added, have a low propagation of corrosion with the formation of oxides 

close to the surface but no further penetration. The deepest propagation is for samples 309 with Zr, 

with the highest value (300µm) for 309-1. Samples 304 with Zr also have a deep penetration which 

increases with the Zr content. Samples 316 with Zr have a low penetration and no signs of severe 

intergranular corrosion. The best corrosion resistance of samples 316 is for 316-3. However when the 

Zr content is increased: 316-5, signs of intergranular corrosion appear 130µm below the surface. The 

Figure 47: Propagation of corrosion (in µm) 
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best corrosion resistance of all samples (with a propagation of less than 10 µm) is observed for 

sample 309-1_2 when the Zr rod is not in direct contact with the sample.   

4.2.3 Penetration of the salt into samples 
Samples 309 are particularly attacked by the salt and corrosion propagates deeply into the sample. 

This could be due to its high C and Cr content. In Liu et al. [23] study of TP347H intergranular 

corrosion is identified as corrosion mechanism and the corrosion spread considerably by increasing 

the temperature.  

At elevated temperature C diffuses from the grains towards the grain boundaries. Cr present in the 

grain boundaries precipitate with C to form Cr carbides inside the grain. When the Cr content 

decreases considerably, the phenomenon is known as Cr depletion of grain boundaries. Because of 

the difference of potential between Cr carbides and depleted grain boundaries: corrosion in the grain 

boundaries occurs (intergranular corrosion). The corrosion is accentuated when the content of Cr 

goes below 10wt%. [59]  

Stainless steel 309 has a high C and Cr content (0.2 and 24 wt%) compared to stainless steel 316 (0.03 

and 18wt%). The high C concentration results in higher amount of precipitation and thus 

intergranular corrosion. A lower C content as for 316 reduces the intergranular corrosion. Therefore 

the salt penetrates more easily the sample 309 than 316 via grain boundaries.  

The corrosion attacks are severer in the areas where the rod laid because of a higher concentration 

in chloride species.  

4.2.4 Formation of chlorides complexes 

Figure 48 features SEM images of samples 304-1 and 309-1 cross-sections. Sample 309-1 was cut 

along the area where the Zr rod laid to see the attack of the sample in direct contact with the rod. 

Spherical complexes have formed several micro-meters underneath the surface. EDX analysis of 

these complexes reveals they are mainly composed of Cl, O and Fe. The salt has penetrated the 

sample through depleted grain boundaries and forms FeCl2 complexes following reaction (1). Some 

of them will oxidise into Fe2O3, thus the presence of O in the analysis results, but not all of them 

because there is less O in the bulk material[25]. Therefore the morphology is different from the oxide 

layers described previously because it is mainly Fe-chlorides. Their formation is favoured by the high 

concentration of chloride species around the Zr rod. 

 

Figure 48: SEM images of sample 304-1(a) and 309-1(b) cross-sections 

(a) (b) 
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4.3 Weight loss analysis 

4.3.1 Influence of the weight percentage of Zr 
Samples 304 gained weight after the corrosion test, mainly due to the formation of Fe and Cr oxides, 

and for samples with Zr some ZrO2. The weight difference for 304-3 is inconsistent and certainly due 

to an error in the measurements. The maximum gain weight is for 304-5 (5.25 mg/cm2) and the 

minimum for 304-0 (1.252mg/cm2). 

Sample 316-0 lost weight after the corrosion test. This could be due to material loss after 

intergranular corrosion, where some grains are detached from the bulk material. All other 316 

samples gained weight possibly because of the formation of Fe, Cr and Zr oxides, with a maximum 

weight gain of 12mg/cm2. 

The weight loss for sample 309-0 could correspond to the material loss in form of detached grains 

after intergranular corrosion. The high weight gain of the rest of the 309 samples is most likely 

caused by the formation of Fe-, Cr- and Zr-oxides on top of the sample. The weight gain of 309-5 

seems to be unreasonably high and could be due to experimental errors in the measurements.  

Sample 309-1_2 has lost weight after the corrosion test as sample 309-0 and the weight loss is 

slightly smaller as the latter: 2.0 mg/cm2 vs 3.25 mg/cm2. The difference with the weight gain of 309-

1 can be explained by no formation of ZrO2 and less of Fe and Cr oxides.  

 

4.3.2 Comparison of samples 304, 316 and 309 
Figure 49 features the weight differences for 304, 316 and 309 samples with the odd values taken 

out for better comparisons. A positive value means here a weight gain whereas a negative value 

means a weight loss compared to the initial weight of the sample. The highest weight gain is for 

sample 309-3 (39.5mg/cm2). The weight gain seems to increase with the Zr content in the salt, 

instead of minimizing the weight differences. The highest weight lost is for sample 309-0 (3.25 

mg/cm2). Samples 309 have a poor resistance to the salts: the material loss is higher and formation 

of oxides is in large amount compared to samples 304. The importance of the position of the Zr rod is 
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Figure 49: Weight differences for 304, 316 and 309 samples (in mg/cm2) 
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showed once again here with the difference between 309-1 and 309-1_2 and between 309-0 and 

309-1_2 (slight decrease in weight loss). However the sample with the lowest weight difference from 

the initial weight is sample 316-0. This means the sample has the best corrosion resistance towards 

the chloride salts and adding Zr in direct contact with the steel has decreased the resistance. It would 

be highly interesting to further investigate 316 with Zr next to it, with no contact to see if the 

resistance could be improved as for 309-1_2.  

4.4 Al2O3 coating of 304 and 316 

4.4.1 Surface analysis 

Figure 50 features SEM images of sample 316A before and after the corrosion test. The coating did 

not fully resist the test because of the presence of a white area, composed of Al, O and Cr. The 

presence of Cr suggests Cr from the steel substrate has diffused up to the coating [60]. On the other 

hand some parts of the coating remain intact or slightly attack with appearance of edges on the 

droplets, proof of the high inertness of alumina towards chloride salts [24]. 

4.4.2 Cross-section 
The examination of the cross-sections of the samples 304A and 316A confirms the diffusion of Cr and 

penetration of the salt towards the sample to corrode it. Although the penetration (30-50µm) is far 

less severe than samples 309 for example, the expected resistance of the coating is not reached.  

4.4.3 Weight loss analysis 
Both samples have lost weight after the corrosion test. The loss can be due to removal of the coating 

due to poor adherence (coating thickness uneven after test), the formation of Cr complexes in the 

coating and the material loss of the steel substrate. 316A has the lowest mass loss, 3 times lower 

than 304A this could mean the coating has a better adherence to stainless steel 316. 

4.4.4 Porosity of the coating 
The porosity of the coating explains the failure of both coated materials after the corrosion test. The 

size of the pores showed in Figure 50, and the frequency of the pores allows the salt to easily 

penetrate the coating. This is one of the major drawback of the deposition by flame spraying [46]. 

 

5 Conclusions 
Zirconium rods and an Al2O3 coating were investigated to increase the corrosion resistance of 

stainless steel 304, 316 and 309 in molten chloride salts. The corrosion test lasted 24 hours at 700°C. 

Samples are examined after the corrosion test with a SEM and EDX analysis.  

(a) (b) 

Figure 50: SEM images of sample 316A before (a) and after (b) the corrosion test 
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Instead of increasing the resistance against intergranular corrosion, Zr rods accentuated the 

propagation of the corrosion. The attacks on the surface are severer in the areas where the rod laid. 

The presence of O2 in the furnace most certainly led to the transformation of ZrCl4 into ZrO2 and Cl2. 

The release of Cl2 increased the concentration in chloride species and therefore favoured the 

formation of more Fe and Cr chlorides which would then oxidize into Fe and Cr oxides deposited on 

top of the sample. 

The propagation of corrosion into the material is also accentuated with the amount of Zr in contact 

with the steel. The intergranular corrosion has most spread for samples 309, likely because of its hgh 

C and Cr content. 

The weight differences transcript the material loss due to detachment of grains after intergranular 

corrosion and material gain due to the formation of oxides. 

The performances of the stainless steels are not increased by Zr. Nevertheless, stainless steel 316 has 

the best corrosion resistance (5.5mm/year) and 309 the worst resistance. The difference between 

the samples and therefore the performances, is their composition, in particular the C, Cr and Ni 

content. 

The Al2O3 coating was too porous and lead to the penetration of the salt through the coating to 

attack the steel underneath. The porosity makes the coating no longer protective. However, the 

remaining Al2O3 is not affected by the salt. 

The corrosion was significantly decreased when the Zr rod was not placed in direct contact with the 

steel sample, but next to it in the salt. Further analysis of these conditions would give a complete 

understanding of the phenomenon. 

6 Suggestions of future work 
The presence of oxygen in the furnace has a direct impact of the corrosion resistance of the steels. It 

would be highly interesting to study the materials and their corrosion resistance in a controlled 

atmosphere. The last sample when the Zr rod was not in direct contact with the steel had a 

considerable better corrosion resistance than the other samples. Further investigations on the 

position of the rod, the amount added to the salt should be lead in order to fully understand the 

mechanism involved here and perhaps find a sustainable solution against corrosion in chloride salts.  

The failure of the alumina coating was due to its porosity, the material shows high inertness towards 

the highly corrosive salts. Other coating deposition methods can be studied and compared one 

another with their corrosion resistance. The porosity of the coating can be reduced by adding nano-

particle fillers after the deposition. Another alternative is the study of Fe-Al alloys and an intrinsic 

alumina layer with extremely high adherence to the bulk material. 

7 Evaluation of strategy and methods 

7.1 Experimental set up 

7.1.1 Preparation of eutectic salts 
Two methods for preparing eutectic salts for corrosion tests are reported in the literature. The first 

one being to heat the three salts and hold the temperature for several hours to obtain an 

homogenous mixture, then cool it down to room temperature and finally use the eutectic mixture for 

the corrosion tests. The other method is to mix the salts and directly perform the corrosion test since 

the temperature of the test is higher than the melting point of the eutectic mixture, the salt will be 

molten. In this study a hybrid method has been chosen. The salts are mixed and directly used for 
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corrosion tests, but the temperature is risen in different steps to make sure the salts are forming a 

homogenous melt and then rise the temperature for the corrosion tests.  

7.1.2 Corrosion tests temperatures 
The temperature raise is done in steps to assure a homogenous melting of the salt. The theoretical 

melting point of the eutectic salt is 200°C. 300°C is chosen to facilitate the diffusion of the salts to 

form the eutectic mixture.  

To recover the steel samples and salt samples, the salt needs to be molten. The temperature should 

be above 200°C then and since the salts solidify very quickly at room temperature 450°C is chosen to 

have a larger window to manipulate the steels. The salts are melted again and then poured on a cold 

steel surface to recover salt samples. During this step, it can be noticed that the viscosity of the salt 

increases considerably with the Zr content.   

7.1.3 Corrosion tests atmosphere 
The atmosphere in the chamber furnace is ambient air and thus not controlled as preferred for 

corrosion tests. The presence of O2 has an immediate effect of the corrosion mechanisms and 

tendency to accelerate it. Unfortunately given the available equipment at LTU no other solution was 

possible. The steel container with the crucible was closed by the steel plate on top of it and this limits 

the flow of oxygen. This gives though some results in the field of chloride salts with zirconium and 

hopefully this can help further research on the subject. 

7.1.4 Cleaning of samples after corrosion tests 
Samples of stainless steel 304 have been closely examined in order to determine the best method to 

analyse the samples. The samples are first examined with remaining salt on the sample. After 

examining with the SEM and EDS mostly Cl, K, Na were found and traces of Fe and Cr. Then salts are 

analysed and the EDX results give similar results to the ones found on the sample. Therefore the 

analysis of the samples with remaining salt is considered as unnecessary. The samples are rinsed in 

distilled water and submitted to ultrasonic treatment to remove all the salt for further analysis. 

7.1.5 Measurements of propagation depth for cross-sections 
Measuring by hand is certainly not the most precise technique, however the measurements are 

made as precise as possible and errors are taken into account. More than 10 measures are taken for 

each sample. This procedure is considered the fastest method to acquire interesting data, after 

examining the samples with the SEM. Only certain images are selected for the measurements, doing 

an automatic measurement with the SEM would have been time consuming with little improvement 

to the results. 

7.2 Analysis and drawn conclusions 
The results were analysed with as much precision as possible. All information from the results is 

evaluated from different angles and with various perspectives. Comparison with literature was not 

always straight forward because few articles are available today on this exact subject; most of the 

found literature did not correspond to the same conditions of the exposed problem. Conclusions 

were drawn from the analysis of the results and comparison with the literature to find answers as 

accurate as possible to the investigation questions. 
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