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ABSTRACT  
 
The Swedish company Azelio has developed a high-efficient Stirling engine which is powered 
by solar energy. Since the access of solar power is limited to day-time, Azelio has also 
developed their own Thermal Energy Storage (TES), which collects and stores solar energy and 
thereby provides the engine with energy also during night-time. The engine runs a generator 
which produces electricity, around the clock. Liquid sodium is used as Heat Transfer Fluid 
(HTF) from the TES to the engine, and the temperature reaches above 600°C. At these 
temperatures, sodium is highly reactive and surrounding materials could strain from phenomena 
such as corrosion and creep. By comparing the commonly known high-temperature classified 
steel 253 MA to other commercially available steels, a suitable and affordable option that can 
withstand liquid sodium is sought. From literature studies, a list of candidates was produced. 
The materials were then mainly analysed upon ingoing alloying elements’ influence on material 
properties. The austenitic steel 153 MA has some great advantages to 253 MA at these 
temperatures, such as a more stable microstructure. 153 MA is therefore, from this work, 
recommended for further investigation. 
 
 
 

SAMMANFATTNING 
 
Det svenska företaget Azelio har utvecklat en stirlingmotor som drivs av solenergi. Då 
tillgången på solenergi är begränsad till dagtid har Azelio också utvecklat en termisk 
lagringsenhet (TES). Den termiska lagringsenheten absorberar och lagrar solenergi och kan 
därmed förse stirlingmotorn med värme även under natten. Stirlingmotorn driver i sin tur en 
generator vilken producerar elektricitet under hela dygnet. Natrium används som 
värmeledningsfluid (HTF) mellan TES och stirlingmotorn, vid temperaturer över 600°C. Vid 
dessa temperaturer är natrium högreaktivt och fenomen såsom kryp och korrosion kan uppstå, 
vilka kan påverka egenskaperna hos omgivande material. Genom att jämföra 
högtemperaturstålet 253 MA med andra kommersiella stål, eftersöks en kvalificerad och 
prisvärd legering som kan motstå flytande natrium vid dessa temperaturer. Från en omfattande 
litteraturstudie skapades en lista med möjliga kandidater. Materialen analyserades sedan i 
huvudsak utifrån ingående legeringselements påverkan på dess egenskaper. Analysen visar på 
att 153 MA har några betydande fördelar jämfört med 253 MA, såsom en mer stabil 
mikrostruktur vid de angivna temperaturerna. Detta arbete rekommenderar därför 153 MA för 
vidare undersökning och testning. 
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1.   INTRODUCTION 
Azelio is a Swedish company in the lead of the new world’s solar power industry. By combining 
a high-end Stirling engine with an innovative Thermal Energy Storage (TES), Azelio has come 
up with a day and night energy resource, solely driven by solar power. One important keystone 
for Azelio is to aim for environmental sustainability and to work in favour of the nature [1].  
 
The idea is based on mirrors reflecting sun rays onto an absorber on a stainless-steel tank. Inside 
the tank, an aluminium alloy starts heating up and when the temperature passes 577°C it melts. 
The alloy heats up surrounding liquid sodium (Na) which through a heat exchanger warms 
hydrogen gas. The hydrogen gas is used in the Stirling engine which runs a generator that 
produces electricity [1]. 
 
When the access of sun rays has past, primarily night time, the construction’s real ingenious 
idea presents. The temperature in the tank decreases when the heat is transferred to the sodium, 
leading to solidifying of the aluminium alloy. This change in phase eventuate in an exothermic 
reaction (latent heat) which is absorbed by the sodium and then transported to the Stirling 
engine [1].  
 
Liquid sodium is reactive, and the construction could suffer from corrosion and creep at cycling 
high temperatures. Sodium has been studied and used as Heat Transfer Fluid for decades, 
particularly for sodium-cooled fast reactors. The use has been mainly at up to 600°C [2]. Due 
to this, appearing phenomena and their impact on different steels above this temperature are not 
well described in the literature. Studying a range of commonly used steels and the influence of 
material properties provide clues about some possible behaviours. 
 
Efficiency of a Stirling engine is directly connected to its variation in temperature. Azelio’s 
current construction is calculated for a maximum temperature of slightly above 600°C. 
Reaching higher temperatures would widen the temperature span and thereby increase the 
efficiency and therefore enhance the production of electricity. 
 
This work will go further into some of the phenomena appearing and investigate available 
materials that can withstand liquid sodium at long term use at temperatures between 600°C and 
700°C, bearing material cost in mind. In order to avoid being set on a well-tried path, the project 
originated without information about Azelio’s already tested materials.  
 
A material commonly recommended for high-temperature applications is the austenitic 
stainless steel 253 MA (EN 1.4835). In this project this material will be used as a reference 
value and therefore also considered serviceable within the given environment. 253 MA is 
developed for the purpose of resisting creep and corrosion at high temperatures [3], and there 
is a great amount of material data accessible. 
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The aim of this work is to recommend suitable materials, subject to further experimental testing, 
for the part of Azelio’s application where liquid sodium is present. Possible materials for the 
application will be sought from literature and dialogues with researchers and experts within the 
topic. Recommendations will be presented in the following way: 
 

• Option 1: - Serviceable for 25 years at temperatures slightly above 600°C 
- Similar or better creep and corrosion properties than 253 MA 
- Cheaper than 253 MA 

 
• Option 2:  - Serviceable for 25 years at temperatures up to 700°C 

- Similar or better creep and corrosion properties than 253 MA 
- Cost similar to 253 MA 
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2.   FRAME OF REFERENCES 

2.1.  Corrosion 
When materials and compounds are exposed to different environments with various parameters 
they will react and decompose. This phenomenon is called corrosion and occur commonly 
among metals. At what rate the corrosion will spread within the metal depends on internal and 
external factors. Internal factors such as microstructure, phases and alloying elements have a 
considerable impact on the metals’ resistance to corrosion. Time, temperature and other 
environmental factors are significant due to the metals corrosion rate [4] [5]. 
 
Materials can be characterized by its tendency to degrade in corrosive environments. Corrosion 
is rarely desired and actions to prevent it from occurring is widely used. One way of avoiding 
corrosion is by adding selected alloying elements. 

2.1.1.  Beneficial Alloying Elements  
Among all used alloying elements for stainless steel properties, nickel (Ni) and chromium (Cr) 
are probably the most known. Chromium is the most important element for resisting corrosion 
and is usually added in amounts of around 10-25 wt.%. Chromium forms chromium oxide on 
the steel surface when in contact with oxygen (O). This layer of oxide is the steel’s first 
protective mechanism to avoid corrosion [6]. Concurrently as nickel is desirable for the purpose 
of slowing down corrosion [7], it is also known as one of the first alloying elements that is 
leached out in contact with liquid sodium, if above 600°C [8] [9], making it questionable as an 
corrosion resistant element for the purpose of resisting liquid sodium. Normal amounts of nickel 
are 8-25 wt.% for austenitic steels and below 2 wt.% for ferritic steels [6].  
 
Apart from chromium and nickel, 0,6-6,2 wt.% molybdenum (Mo) is commonly added to 
increase the corrosion resistant effect of chromium and nickel [10] [6]. Nitrogen (N) is used in 
small amounts, <0,5 wt.%, to improve the effect of the oxide layer [6]. Manganese (Mn) keeps 
the levels of nitrogen stable by increasing its solubility. It can also substitute some of the nickel 
content [7]. Silicon (Si) is added to support the chromium oxide by forming oxide underneath 
and within the grain boundaries and thereby enhances the overall oxide protection [11]. Copper 
(Cu) improves corrosion towards acids [7]. 
 
Cerium (Ce), among other Rare Earth Metals (REMs), are added in small amounts (around 0,05 
wt.%). Its role is thought to help the surface oxide layer to adhere to the bulk by sticking on to 
unevennesses. This phenomenon is called pegging effect. Another ability of REMs is that, if 
added in right amounts, they will balance the diffusion within the oxide layer. The exchange of 
ions will be balanced by the right amounts of metal ions outwards to the surface and oxygen 
ions inwards from the surface. A balanced oxide layer will counteract pores and cracks within 
itself [11]. 
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Titanium (Ti), vanadium (V) and niobium (Nb) are examples of elements used to form stable 
carbides with carbon (C), since free carbon is undesirable for the purpose of corrosion resistance 
[6] [12]. The impact of free carbon will be further explained in part 2.1.2.  Intergranular 
Corrosion. 

2.1.2.  Intergranular Corrosion 
Intergranular corrosion can occur in stainless steels at high temperatures, around 550-800°C. 
At this temperature range the carbon can react with chromium and form carbides within the 
grain boundaries [7]. The formation of chromium carbides creates a chromium degradation in 
the grain closest to the grain boundary surface. This reduces the corrosion protection [13]. To 
produce stainless steel with high corrosion protection it is beneficial with low carbon content 
(around 0,02 wt.%) [6]. Another way of avoiding chromium carbides is as mentioned in part 
2.1.1.  Beneficial Alloying Elements, by adding alloying elements such as titanium, to form 
stable carbides and therefore avoiding chromium carbides to appear. 

2.1.3.  High-temperature Corrosion 
High-temperature corrosion occurs in steels at the temperature range of 400-1200°C, when in 
contact with gases, slags, molten metals or salts [14]. High-temperature corrosion can be 
divided into several areas. One commonly known mechanism is oxidation which can occur 
when the metal is in contact with oxygen. The oxidation can function as a corrosion protection 
as it separates the alloy from the atmosphere with an oxide layer. This will work up to the 
scaling temperature. Though above the scaling temperature the oxide layer will lose its 
protectiveness and corrosion of the alloy might occur. During the growth of the oxide, it can 
react with oxygen atoms from the outside and metal ions from the underlying metal. If either 
of these becomes majority supplier, the oxide will be unbalanced and lose its protectiveness 
[11] [15]. 
 
To increase the resistance to high-temperature corrosion it is beneficial with alloying elements 
such as chromium, silicon and aluminium. Further addition of titanium, zirconium (Zr) and 
yttrium (Y) has a great impact to decrease the number of pores and cracks within the growth of 
oxide, and thereby provides a more protective layer [16]. Normally a high content of either one 
or two of chromium, silicon and aluminium composed with a sufficient amount of REM 
elements is enough. If this is unbalanced it could cause embrittlement within the material [11]. 
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2.2.  Creep 
Materials exposed to long term mechanical stress will gradually deform. This plastic 
deformation is called creep and is affected by the material’s structure and environment [17]. 
For high-temperature applications, where creep function as a dimensioning factor, high-
temperature austenitic steels have been developed. There are also ferritic steels developed for 
high temperatures [7], but austenitic steels tend to have a higher creep resistance [16]. To 
receive greater creep resistance, steels are alloyed with certain elements, such as vanadium, 
titanium or niobium. These elements stabilize the microstructures by creating fine intergranular 
particles and prevent formation of chromium carbides [12]. Nitrogen (N) is another element for 
increasing creep resistance [7]. The creep properties of a material, surrounded by a liquid 
environment, will be influenced by various mechanisms. These mechanisms are diffusion 
controlled and physicochemical processes [18].  
 
One way of testing a material’s ability to withstand creep is by performing creep tests. This can 
be performed at various temperatures over a certain amount of time. A commonly used value 
for creep is Creep Rupture Strength (CRS). It describes the material’s stress limit before rupture 
[19]. 

2.2.1.  Liquid Metal Embrittlement 
Liquid Metal Embrittlement (LME) is the phenomenon where a metallic alloy becomes brittle 
when wetted by a liquid metal. Due to the disparity between the metal’s melting point a ductile-
to-brittle transition will come about. The liquid metal, with lower melting point, will penetrate 
the other metal’s grain boundaries which provides it with a brittle characteristic [20]. The 
change of mechanical abilities results in a critical increase of creep and a reduction of its strain 
to rupture due to the drastic loss of tensile ductility. If not taking into account, the material will 
start to creep and later crack. All steels, mainly austenite steels, are more or less sensitive to 
LME when exposed to highly corrosive liquid metals over time. Liquid sodium is an example 
of a corrosive substance when applied on steel alloys. The speed of the embrittlement is 
increased by cyclization of the high temperature [18] [21]. 

2.3.  Optimal Phase 
Ferritic steels are overall more resistant to corrosion compared to austenitic steels due to their 
atomic structure, which for ferrite is BCC. BCC is not closely packed, making diffusion easier 
to occur than for austenite, which is of FCC structure. If the oxide is damaged, potentially 
leading to deeper corrosion, the material’s way of repairing itself is through diffusion of 
aluminium or chromium to the surface (depending on type of steel). For austenite, this process 
is slower than for ferrite, risking the speed of which the material take damage to be faster than 
the speed of which it can repair itself [16].  
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Furthermore, for aluminium oxide forming steels the diffusion of aluminium to the surface is 
slower than the chromium diffusion for chromium oxide forming steels. Therefore, aluminium 
oxide steels require a higher temperature in order to reach a sufficient speed of diffusion. 
However, the speed of diffusion for chromium could be a disadvantage at elevated temperatures. 
An abundance of chromium at the surface could lead to growth failures causing loss of material 
to its environment [11]. 
 
Martensite (BCT-structure) is a metastable phase, meaning it will decompose over time, and 
the speed of decomposing increases with increased temperature. With temperatures above 
600°C the rate of decomposing is so high that, usually, martensitic materials are not very useful 
for long term use at those temperatures [11]. 
 
When reaching high temperatures, creep resistance is the dimensioning factor for the durability 
of the steel, a feature which generally is higher among austenitic steels than ferritic steels [7]. 
The phase established in a material is influenced by the ingoing alloying elements and their 
amounts. Most elements do either stabilize ferrite or austenite, but their influence can differ 
with its amount and the temperature. For example, a low amount of chromium at 900°C 
stabilizes austenite, whilst it at higher temperatures stabilizes ferrite [22]. Some common 
elements’ stabilizing effect is listed below in Table 1.  
 
Table 1: Some elements' stabilizing effect [22]. 

Ferrite stabilizing Austenite stabilizing 

- Aluminium (Al) 
- Silicon (Si) 
- Phosphorus (P) 
- Titanium (Ti) 
- Vanadium (V) 
- Tungsten (W) 
- Molybdenum (Mo) 
- Niobium (Nb) 
- Zirconium (Zr) 
- Cerium (Ce) 
- Sulphur (S) 
- Boron (B) 

- Nickel (Ni) 
- Manganese (Mn) 
- Carbon (C) 
- Nitrogen (N) 
- Copper (Cu) 
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2.4.  Intermetallic Phases 
Aging is a precipitation hardening mechanism. This mechanism occurs when small particles of 
another phase or structure disturb the base material. Steels with high content of alloying 
elements obtain increased risk to evolve intermetallic phases. These phases are brittle and 
decrease the materials’ protection towards corrosion. Some common intermetallic phases are 
sigma, chi and laves [23] [24]. 
 
In austenitic steels, during long term aging and at temperatures where normally carbides and 
nitrides already have been formed, intermetallic phases start to precipitate, such as the phase 
called sigma-phase (σ-phase) [25]. The precipitation of sigma-phase depends on the structure 
of the steel, thermomechanical processing, aging and annealing conditions. The precipitation is 
formed quickly, normally within grain boundaries, and has an influence on the mechanical 
properties already at low grades [26]. Sigma-phase is a tetragonal structure, transformed from 
ferrite, which occurs at higher temperatures (600-1000°C). This phase obtains high interfacial 
energy which coherence poorly with the austenite phase. This leads to increased interface 
cracking and lower corrosion resistance.  Ferritic stabilizing elements are prone to precipitate 
sigma-phase when long term aging. Meaning alloying elements such as niobium, chromium, 
silicon and molybdenum has tendency to enhance this embrittlement [27]. 
 
Furthermore, precipitation of chi-phase (𝜒-phase) can take place. This phase is normally formed 
in between ferrite and ferrite grain boundaries and contributes, likewise the sigma-phase, to a 
reduced corrosion resistance. Titanium alloyed steels carries a greater risk to evolve chi-phase 
[26]. 
 
Titanium alloyed steels also have the capacity to precipitate laves-phase, given the base is 
ferritic or martensitic. This intermetallic phase provides the steel with instability of the crystal 
structure and reduced its corrosion resistance [28].  

2.5.  Heat Transfer Fluids 
Molten metals, such as sodium and lead (Pb), are often used as Heat Transfer Fluids (HTFs). 
Because of their high boiling point and low melting point [29], they hold a wide span of liquid 
phase. This temperature range makes it possible for the fluid to stay in a stable liquid phase 
even with great thermal changes. Other aspects that are of major importance are thermal 
conductivity and mass flow rate [30].  
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2.5.1.  Sodium 
As the most common alkali metal sodium composes almost 3% of the earth’s crust. Sodium is 
the 11th element in the periodic table, with electron configuration 1𝑠$2𝑠$2𝑝'3𝑠), meaning it 
has one valence electron. Because of its high reactivity sodium is naturally found in compounds. 
With a melting point at 98°C and boiling point at 883°C, it has a 785-degree span of liquid 
phase [31]. 
 
As an HTF, in industry contexts, liquid sodium has been researched and tested since decades, 
particularly in nuclear reactors [2]. The temperatures of which this research have been based 
on are mainly up to around 550°C. At higher temperatures, there are therefore some difficulties 
to manoeuvre when designing suitable materials. 
 
If exposed to water, sodium’s valence electron is lost to the water molecule, creating hydrogen 
gas. The reaction leads to a more energetically favourable state. With the residual energy 
hydrogen gas and surrounding oxygen forms water vapour. This causes even more left-over 
energy and results in a fire [32]. 

2.5.2.  Alternative Fluid 
An HTF even more studied than sodium is lead (Pb). As with liquid sodium, the research of 
liquid lead as HTF has especially been made for nuclear reactors. Lead has some great 
advantages especially for reactors, such as a natural radiation protection function. Also, with 
increased temperature lead will significantly change (decrease) its density which increases the 
ability to natural circulation (convection). Due to its high density, lead has an even higher heat 
transfer ability per unit volume than sodium. A lead cooled system can be designed without 
pumps, the convection itself can be enough to run the system. Though, these systems need 
larger constructions [11].  
 
Lead is commonly associated with extremely high corrosivity, which is not entirely true. The 
arguments for liquid lead being more corrosive than liquid sodium comes from testing with 
conventional chromium oxide forming stainless steels. Liquid lead is very corrosive when 
testing on chromium oxide forming steels whilst on some aluminium oxide forming steels it 
tends to cause less harm. An aluminium oxide forming steel (FeCrAl) that was developed at 
KTH may withstand liquid lead at up to 800°C. Though, the creep properties are weak as it is 
a ferritic steel and thus compound tubes and compound plates with a creep resistant substrate 
is needed in order to hit the market [16]. 
 
In order to lower the melting point of lead (327°C [33]), the eutectic composition of lead and 
bismuth (Bi) has been used in reactors [11]. This composition has a melting point of 125°C 
[34]. Bismuth in nuclear contexts is, when hit by neutrons, converted into polonium 210 which 
is extremely toxic to humans. In applications without radiation, this conversion does not occur 
[16]. 
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2.6.  Critical Raw Materials 
Due to innovation and progress within technology the demand of raw materials is accelerating. 
This has led to the essential enquiry concerning a stable supply of metals and minerals. The 
European Commission has identified what materials that are critical to raw material supply and 
published a list of Critical Raw Materials, CRMs. From this a number of raw materials has been 
qualified as CRMs, including sieved metals that has been divided into three groups; Heavy rare 
earth elements (HREE), Light rare earth elements (LREE) and Platinum group metals (PGM), 
listed below in Table 2 [35]. The classification of a critical raw material is based on two main 
parameters, the economic importance and the supply risk. Phosphorus (P) is part of the CRM 
list, but it is important to emphasize that it is an unfavourable residue in steel and lowest content 
possible is desired [36]. 
 
Table 2: Some of the raw materials identified as CRMs in 2017 (latest version of CRMs) by the 
European Commission [35]. 

Critical Raw Materials (2017) 

- Niobium  
- Tungsten 
- Vanadium 
- Bismuth 
- Phosphorus 
- Borate 
- HREE 
- LREE 
- PGM 

 

2.7.  253 MA 
The austenitic chromium-nickel steel 253 MA is alloyed with nitrogen and a REM, Cerium. 
This stainless steel is well known and characterized by its high creep strength and corrosion 
resistance at cyclic oxidation. 253 MA is developed mainly for temperatures from 850°C to 
1100°C. At lower temperatures, around 600-850°C, 253 MA might induce structural changes 
which could lead to reduced impact toughness [37] [3] [16]. 
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2.8.  Compound Steel 
Compounding steels is a manufacturing process where layers of metals are fused together into 
one unit, and diffusion is the dominating phenomenon. This field has been developed whereas 
Overlay Welding is a fairly new process. The idea is the same, combining different materials 
and abilities into one unit. Overlay Welding is where thin layers of metals are welded onto a 
base material. By doing so, a cheap alloy can achieve excellent corrosion resistance or increase 
in hardness by just a thin layer of additive material. Products with combinations of creep 
resistance in the core and corrosion resistance on the surface can now outclass materials with 
both abilities homogeneously [8] [16]. 
 
Diffusion welding is used when fusing two or more elements together without extra external 
heat treatments. No welding is used in the process, it mainly relies on the diffusion between the 
core and surface materials after extrusion. By using diffusion welding, two materials with 
different atomic structure, such as FCC, BCC and BCT, can be combined without blending in 
together and the outcome can therefore achieve significant variant characters on different layers 
[8] [16]. 
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3.   PROCESS 
For a deeper understanding of Azelio’s product, and the material challenges they are facing, a 
field trip to their development department in Åmål was made. This trip gave fundamental 
understanding for the challenges that this work would come across and specified the problem 
and purpose of the project. Also, frequent meetings with contacts at Azelio, Niklas Köppen and 
Torbjörn Lindqvist, were held during the whole project. 
 
Environments rich of liquid sodium at temperatures above 600°C are as stated, not well studied. 
Literature of suitable materials is therefore limited. By meticulous analysis and literature studies, 
combined with several meetings with top researchers and experts on different parts of the topic, 
phenomena have been explored in order to further understand the material design challenges. 
Suggestions from researchers and experts made the foundation of the materials further 
investigated. The main contributors were Peter Szakalos and Peter Dömstedt at KTH (private 
conversation, March 29th and April 25th 2019), Mats Lundberg at KTH and Sandvik (private 
conversation, April 9th 2019) and Janne Wallenius at KTH (private conversation, March 25th 
2019). By reaching out to the steel producers Outokumpu and Sandvik, more detailed 
information of commercial steels was given. When studying different alloying elements’ impact 
on material properties, even more suggestions were found when searching steel manufacturers 
assortments.  
 
When investigating suitable materials, from literature, a wide range of alternatives came up. 
Materials with obvious deficiencies for the application or which were obviously too expensive 
(including all nickel-based materials) were not passed forward for further evaluation. The 
suggestions resulted in a list of 11 materials which were first evaluated using following 
criterions: 
 

• Screening 1: Creep Rupture Strength (CRS) 
The materials with lower Creep Rupture Strength (CRS), at 600°C and/or 700°C, than 
253 MA were sorted out. The materials where data for CRS was missing for the given 
temperatures were, in this step, not sorted out. The data that were used for comparison 
were gathered from literature. 

• Screening 2: Phases of the Steels 
The phases of the steels were evaluated. As described, martensite is normally not 
favourable due to the of martensite’s increased risk of decomposing over time at 
temperatures above 600°C. All materials containing martensite were sorted out in this 
step. 

• Screening 3: Intermetallic Risk 
The materials’ risk of precipitating intermetallic phases within the given temperature 
interval (600-700°C) was evaluated. The data used were gathered from literature. 

 
The remaining materials were investigated by their corrosion resistance, price and availability 
on the market. This step is found in the discussion part of this report. Corrosion resistance was 
evaluated by studying the materials’ chemical composition. 
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4.   RESULTS 
All the materials which were subject for further screening in this work are shown, with their 
typical composition in wt.%, in Table 3. 
 
Table 3: Compositions of the materials, all iron-based, that were investigated, presented in 
wt.%. E1250* is ESSHETE1250. 

 Alloy 
[source] 

C Cr Ni Si N Mo Cu Nb Mn V Others 

253 MA  
[38] 0,09 21,00 11,00 1,60 0,17 

 
- - - - - Ce 

153 MA  
[38] 0,05 18,50 9,50 1,30 0,15 - - - - - Ce 
316L  
[38] 0,02 17,30 12,60 - - 2,60 - - - - - 
347  
[39] ≤0,08 18,00 10,50 ≤1,00 - - - 10xC ≤2,00 - P, S 
E1250*  
[40] 0,10 15,00 9,50 0,50 - 1,00 - 1,00 6,30 0,30 B, P, S 
EM12  
[41] 0,10 9,00 ≤0,40 0,35 0,05 0,95 - 0,08 0,45 0,22 P, S 
321H 
[37] 0,05 17,30 9,10 - - - - - - - Ti 
304H 
[37] 0,05 18,10 8,30 - - - - - - - - 
310S 
[37] 0,05 25,00 20,00 - - - - - - - - 
904L  
[42] ≤0,02 21,00 25,50 ≤1,00 - 4,50 1,50 - ≤2,00 - P, S 
P91 
[43] 0,10 8,75 ≤0,40 0,35 0,05 0,95 - 0,08 0,45 0,22 Al, P, S 
P92  
[44] 0,11 9,38 - 0,02 0,04 0,51 0,02 0,08 0,39 0,22 

B, P, S, 
Al, W 
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4.1.  Screening 1: Creep Rupture Strength (CRS) 
Materials that indicates lower CRS than 253 MA at either of the temperatures were sorted out. 
310S and 321H shows less resistance at 600°C, whilst 304H has sufficient CRS at 600°C but 
was sorted out due to its loss in CRS in comparison to 253 MA at higher temperatures. Materials 
such as P91, P92 and 316L shows superior CRS properties at 600°C but data for higher 
temperature were not found. No data for 904L for any temperature was found. None of these 
were therefore sorted out in Screening 1. The CRS for all materials, except 904L, is illustrated 
in Table 4 and in Figure 1. 
 
Table 4: Creep Rupture Strength (CRS) of the materials investigated, temperature in °C and 
CRS in MPa. Data for 904L was not found and is therefore missing in the table. E1250* is 
ESSHETE1250. 

Temp. 
[source] 

P92 
[45] 

253 MA 
[37] 

153 MA 
[37] 

316L 
[46] 

P91 
[47] 

347 
[48] 

321H 
[37] 

304H 
[37] 

310S 
[37] 

E1250* 
[40] 

EM12 
[49] 

600 115 88 88 125 94 115 65 89 80 199 120 
650  55 55   74 36 52 33 100 60 
700  35 35   48 22 28 18 54  
750  22 22    14 15 11   
800  15 14   16 10  7   
850  11 8      5   
900  8 5      3   

 

 
Figure 1: Creep Rupture Strength (CRS) for the materials listed in Table 4. The dotted line for 
347 is a linear interpolation between the data points at 700°C and 800°C. 
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4.2.  Screening 2: Phases of the Steels 
Materials that remained for Screening 2 are presented in Table 5. The second screening 
examined the materials’ phases. P92, P91 and EM12, which are martensitic steels, were sorted 
out. 
 
Table 5: Phases of the materials further investigated. 

Material [source] Phase 

253 MA [3] Austenitic 

153 MA [37] Austenitic 

P92 [44] Ferritic and martensitic 

P91 [50] Ferritic and martensitic 

316L [51] Austenitic 

347 [48] Austenitic 

ESSHETE1250 [40] Austenitic 

EM12 [52] Ferritic and martensitic 

904L [42] Austenitic 
 

4.3.  Screening 3: Intermetallic Risk 
Materials remaining from Screening 2 are presented in Table 6. The third screening features 
the materials intermetallic phase risk. From Screening 3 no materials were sorted out. 316L has 
a risk of precipitating intermetallic phases from 565°C, but the data was considered insufficient. 
 
Table 6: Risk of precipitating intermetallic phases for the materials further investigated. 

Material [source] Risk of precipitating intermetallic phase 

253 MA [3] Risk at temperatures above 700°C. 

153 MA [7] More stable microstructure than 253 MA at temperatures below 850°C. 

316L [51] Can occur at 565-925°C, but most probably at 700-900°C. 

904L No experimental data was found. 

ESSHETE1250  No experimental data was found. 

347 [53] Higher risk than 316 (similar to 316L with higher C-content) at 700°C. 
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5.   DISCUSSION 
Screening 1 and Screening 2 involved analyzation of the materials creep properties and phase. 
The process contributed with spectacularisms of eventual correlation among these 
qualifications. Austenitic steels are known as having greater creep properties in comparison to 
ferritic steels. Ferritic steels have a higher amount of slip systems and may provide increased 
movement within the material. Thereby, the phase could have an influence on the materials 
willingness to creep. 
 
Through the different steps of screening, the austenitic steels 253 MA, 153 MA, 904L, 316L, 
ESSHETE1250 and 347 are subject to further discussion. Data for corrosion resistance for 
materials in liquid sodium is limited, and reliable data for comparison should best be produced 
by comparable experimental tests on all materials. Finding candidates to recommend for further 
experimental tests internal alloying elements is one key aspect. Since 253 MA is considered 
serviceable in the given environment, the candidates will be compared to it in matter of material 
properties and cost. 

5.1.  Austenitic 904L 
904L is a high alloy steel and is developed to serve in aggressive acidic environments [54]. 
Both Outokumpu and Sandvik classifies 904L as a steel for extremely corrosive environments 
[55] [54]. Their suitability for this work’s given temperatures are not stated in their available 
material data. It is therefore reasonable to presume that is the reason why desired material data, 
what it seems, does not exist. However, studying its composition provides clues about its 
properties in an environment rich of liquid sodium at the given temperatures. 
 
The chromium content of around 21 wt.% and the molybdenum content of around 4,5 wt.% 
seems to suit well in order to provide an adequate protective oxide layer for high temperatures. 
The addition of 1,5 wt.% copper improves corrosion resistance of acids and does not seem to 
improve the corrosive properties in environment investigated in this work. The high content of 
nickel is desirable for creep resistance, but it is a major drawback for the cause of protection 
towards liquid sodium, since it seem to selectively dissolve into the sodium. This hypothesis is 
further strengthened by comparing the amount of nickel to 253 MA, which has less than half of 
the amount. Furthermore, because of the low content of silicon, the protective oxide formed 
underneath the chromium oxide is supposedly thin, or non-sufficient. 
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The overall creep properties of the austenitic steel 904L are assumed to be fairly high due to its 
high content of austenitic stabilizing alloying elements, such as 25 wt.% nickel together with 
manganese and copper, which outshines the ferrite stabilizers such as molybdenum and 
chromium. How the creep properties, and thereby its CRS, vary with temperature is complex 
to predict, but the strong austenitic phase provides predictions of a pretty stable microstructure. 
Chromium carbides, formed intergranular and promoted by high content of chromium and 
carbon, is probably fairly well avoided due to 904L’s low content of carbon. On the other hand, 
the ferritic stabilizing elements, such as 21 wt.% chromium in combination with 4,5 wt.% 
molybdenum (and some silicon), should have a great impact on the precipitation of intermetallic 
phases, making it questionable as serviceable at the given temperatures. Additionally, nickel 
and molybdenum are relatively expensive raw materials, leading to the assumption that 904L 
is much more expensive than 253 MA. 
 
Given the uncertainties discussed, strengthened by the fact that 904L is not in the high-
temperature assortment of some of Sweden’s largest steel manufacturers, 904L is not 
recommended for further investigation as a possible candidate. 

5.2.  Austenitic 316L 
The austenitic steel 316L, which is a widely used steel for a range of applications [56], is apart 
from chromium and nickel alloyed with molybdenum. At 600°C 316L has sufficient CRS, but 
data for higher temperatures are missing. The low amount of carbon helps avoid chromium 
carbides but the molybdenum support precipitation of intermetallic phases.  The difference in 
corrosion resistance, compared to 253 MA, in liquid sodium turned out to be already 
investigated by Azelio, with results clearly indicating more damage on 316L at the given 
temperatures. Because of the result from this experiment, 316L will not be recommended for 
further investigation. 

5.3.  Austenitic 347 
347 is an austenitic steel but contains some ferritic stabilizing elements. These elements have 
impact on the risk of precipitating intermetallic phases, particularly sigma-phase. Data from the 
University of Cambridge indicates that the amount of sigma-phase within 347 is 2,5 times 
higher than for 316 at 700°C after 100.000 hours [53]. 316 has a higher content of carbon than 
316L and the comparison is therefore not fully correct. Though, carbon is an austenitic 
stabilizing element and the lower amount in 316L would therefore more easily precipitate 
sigma-phase.  
 
As illustrated in Figure 1, the CRS for 347 is high compared to most materials investigated in 
this work. Sufficient data to evaluate the corrosion resistance of it has not been found. 
Outokumpu classifies 347 as a material with good corrosion resistance, but it is neither in their 
material range for extremely corrosive environments or for high service temperatures [57]. This 
indicates that its corrosion resistance is insufficient, in comparison to 253 MA. 



17 
 

5.4.  Austenitic ESSHETE1250 
The austenitic steel ESSHETE1250 has a high CRS at up to 700°C, as illustrated in Figure 1, 
even though it decreases rapidly already from 600°C to 650°C. Reliable data for higher 
temperatures were not found and is therefore not shown in this work. According to Sandvik the 
material is useful at up to 650°C. ESSHETE1250 contains niobium, silicon, chromium and 
molybdenum which are all elements prone to precipitate sigma-phase when long term aging. 
The assumed high risk of precipitating the intermetallic sigma-phase makes it questionable as 
a material for long term use at the given temperatures and is therefore not recommended for 
further investigation. 

5.5.  Austenitic 153 MA 
153 MA and 253 MA have the same CRS at the given temperatures, only at temperatures 
exceeding 750°C 153 MA lose some strength to 253 MA. The difference in creep, where 153 
MA has 7% lower CRS at 800°C is illustrated in Figure 2. It is important to emphasize that the 
CRS data presented in this work is for 100.000 hours in dry air, which is less than half of the 
expected lifetime for Azelio’s application. The true relation, after 25 years in liquid sodium, 
might therefore differ from what is stated. 
 

 
Figure 2: Illustration of the relative Creep Rupture Strength (CRS) of 153 MA in relation to 
253 MA. The materials possess the same CRS at all temperatures at up to 750°C. Data from 
Table 4. 

 
 
 

0,93

0,90

0,92

0,94

0,96

0,98

1,00

1,02

600 650 700 750 800

CR
S 

re
la

tio
n

Temperature (°C)

CRS relative to 253 MA

253 MA

153 MA



18 
 

153 MA contains a lower amount of nickel than 253 MA, which is favourable in liquid sodium 
environments due to the selective dissolvement of it. This might cause corrosion to more easily 
appear in 253 MA. Simultaneously, nickel retains austenite, which might be one reason to its 
slightly lower CRS. However, with the argument of dissolvement of nickel, the relation could 
possibly flip as time moves. The amount of nitrogen, which also serves as austenite stabilizer, 
is lower as well. Despite the lower CRS, 153 MA does have a more stable microstructure, 
especially below 850°C [7], which is of great importance for the application in focus. 
Reasonable explanations might be that the lower content of carbon and chromium prevents 
chromium carbides to form and the lower content of silicon cuts the risk of precipitation of 
sigma-phase. 
 
153 MA and 253 MA has the same thermal expansion coefficient and thermal conductivity 
within the given temperatures [37]. This makes an eventual switch to 153 MA in an application 
smooth if previously constructed for 253 MA since the dimensions could be kept the same. 
 
When studying the compositions of 153 MA and 253 MA, the material cost for 153 MA is 
assumed to be lower, particularly considering the commonly known expensive nickel. However, 
253 MA seems to be much more commercially used, and by that reason the analysis of ingoing 
alloying elements might not provide the real answer for the actual market prices. Furthermore, 
153 MA seem to be available in a range of product forms, such as sheets and plates, just as 253 
MA. 
 
Considering the possible advantages of 153 MA discussed, at all temperatures within 600-
700°C, it is recommended both as Option 1 and Option 2 for further investigation and tests 
within the given environment. 

5.6.  Sources of Error 
The time limitation has been a contributing factor to a restricted study. The time-constraints 
limited the amount of investigations and the possibility to find additional alternatives to 253 
MA. It also reduced implementations of tests and further field trips to inspect and estimate the 
presented alternatives. A broader time limit would likely have pursued a greater establishment 
of the result. 
 
This project has been focusing on a limited number of material properties. Therefore, the whole 
spectra of qualifications have not been taken into account with these presented materials. This 
leads us further to respectively alloys’ impact on the metals’ attributes. There have not been 
any investigations on how these alloys affect the remaining properties of each material which 
contributes to a less secure result. As mentioned above, with a broader time limit, this lack of 
result could likely have been dismissed by further testing and studies. Furthermore, it is said 
that nickel has negative influence on the materials at temperatures above 600°C in liquid 
sodium. Tests accomplished by Azelio however showed that superalloy nickel-based Inconel 
performed greater corrosion resistance than 253 MA, despite its high content of nickel.  
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The formation of sodium chromium oxide is a phenomenon that could occur within this 
application. Though, this study has not investigated when this phenomenon emerges and what 
argument that incubate its presence. For further research this can be of interest.  
 
Studies related to the manufacturing process has hardly been discussed. How the material and 
its components react with different heat-treatments, machining, welding and further are factors 
worthy to explore. Likewise, this could likely have been dismissed with a greater time limit.  
 
Due to the lack of information regarding the price-relation between 153 MA and 253 MA it is 
ambiguous to pronounce which alternative that is most affordable on today’s market. Thereby 
most favourable, though it is given they have similar characterization. 
 
The data gathered for CRS are, as stated, all in exposure to dry air after 100.000 hours. The true 
values, for exposure to liquid sodium for 25 years might therefore differ. Phenomena such as 
possible dissolution of nickel into the sodium might have a heavy impact on the values. Except 
CRS, there are other ways to measure creep resistance, such as Creep strength 1%. The 
comparison of creep resistance for different materials might therefore differ from the one done 
in this work. Even though the Creep strength 1% and CRS seems to follow the same trend, as 
shown below in Figure 3 for 253 MA [3], it should be taken into consideration. 
 

 
Figure 3: Creep strength 1% and CRS for 253 MA [3]. 
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Azelio’s construction is exposed to cycling temperatures, with a frequency of 24 hours. This 
work has not taken into account that the variations in temperature could have an impact on the 
properties of the materials. Also, since the HTF is flowing, it might cause unwanted mass 
transport at higher rates within the construction. Parameters such as surface roughness, which 
could differ significantly among materials, might have an impact on the rate of mass transport. 

5.7.  Environmental and Ethical Aspects 
To maintain a sustainable system, it is crucial to both supervise the actual construction and its 
path from idea to reality. How to accomplish this depends on various aspects but some common 
factors are faithful, such as solar power and CRMs. 
 
The system provides the possibility to store solar power and convert it to electricity. This 
mechanism has no contribution to emissions and the solar power is renewable with no 
perspicuous time limit. The usage of solar power is essential when discussing future 
environmentally friendly energy sources. Since the application is driven by solar power, it can 
be placed in remote areas and contribute with electricity where needed. This could accelerate 
the development in rural areas and therefore include more people in today’s modern society. 
 
Due to ethical and environmental aspects, the elements classified as CRMs are in favour to 
avoid. 253 MA, 153 MA, 347, ESSHETE1250 and 904L are all alloyed with CRMs whilst 
316L is not. Additionally, 253 MA and 153 MA are in the range of materials containing lower 
number of alloying elements. A lower number of alloying elements helps the recycling of 
metals. 
 
Furthermore, pure sodium is highly reactive and initiates conflagrations. This carries 
uncertainties in the case of design faults or accidents. A leakage of sodium, coming in contact 
with oxygen, will rupture the construction in a greater range than the alternative HTF lead (Pb). 
As mentioned above, lead will solidify and potentially be fully recyclable which makes it 
beneficial within safety aspects regardless of its toxicity. This makes lead profitable if an 
accident would appear and by avoiding major rebuilding it would in turn benefit the nature.  
 
It is important to consider the actual construction, its components and roundabouts as a whole 
system. To consider its environmental and ethical influences from both idea to reality but also 
if any future unpredictable outcomes would occur is crucial. This makes lead, as a Heat Transfer 
Fluid, an interesting area to consider and explore. 
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6.   CONCLUSIONS 
By analysing the elaborated list, the work resulted with the proposition of 153 MA. 153 MA 
kept similar characterization as 253 MA in order of CRS, thermal expansion, thermal 
conductivity and corrosion resistance within 600-700°C. The discussion concluded that 
corrosion and creep resistance might be even greater for 153 MA within the given temperatures 
with liquid sodium. Additionally, 153 MA should be more affordable if comparing the amounts 
of ingoing alloying elements. Though, 253 MA is more commercially disposed which makes it 
above this project’s determination of the most affordable material. This work sought to find 
materials following Option 1 and/or Option 2, as explained in the introduction of this report. 
This project recommends 153 MA both as Option 1 and Option 2. 
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7.   RECOMMENDATIONS FOR FUTURE WORK 
 
This study has been restricted due to time and cost. Assuming further investigations there would 
be of interest to study 153 MA in a deeper range and execute mechanical tests. A deeper analysis 
of the materials’ properties and their components’ effect on each attribute could contribute to 
rewarding information. Likewise, further studies of the precipitation of sodium chromium oxide 
is relevant. 
 
When studying alternative high-temperature fluids, lead seems to be an alternative for this 
system, given presumption it collaborates with aluminium oxide forming alloys. Lead carries 
essential properties that are preferable in safety aspects. Due to lead’s density variations in 
contra to temperature changes it promotes the system with self-reliance if overheating and 
partially self-circulating. Yet it requires a large amount of lead for the latter and a pump might 
anyhow be needed. Assuming a leakage within the system will occur, sodium as an HTF will 
react with its environment and will not be possible to restore. Meanwhile, lead will solidify and 
potentially be fully recyclable. Lead has a higher density than sodium which is needed taking 
into account if query today’s HTF.  
 
The manufacturing process of the metal is in place to investigate. Compound steels gives an 
opportunity to customize the plates’ or tubes’ properties more specific. Compounding steels 
can be designed with different phase structures on the inside of the plate in relation to the 
outside. With this the metal can achieve optimal characteristics due to its environment. Though, 
this manufacturing process can have a negative impact on the metal’s thermal conductivity. In 
general terms, compound solutions may provide a thicker plate, in relation to a mono steel 
plates, and the thermal conductivity may thus be reduced [16] [8]. Though, as said above, this 
area could be of interest to investigate further depending on what properties that are significant 
and most urgent to prioritize. Yet this process wears a cost aspect that can be crucial if 
investigated further. 
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