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Abstract

To meet the future demands for carbon-free or carbon-neutral energy production new and
more efficient power production plants need to be built. One part of the puzzle is to in-
crease the efficiency of these new power production plants, such as Generation IV nuclear
or concentrated solar power. This can be done by raising the operational temperature
and changing to more efficient heat transferring fluid. However, with this change from
today’s heat transferring fluids, usually water, comes new problems. The transfer fluids
that are most likely to be used are liquid Na, liquid Pb, or liquid PbBi. In these new
environments, the structural materials of today, such as 316L, T91, and 15-15Ti, does not
hold up. The protective Cr layer brakes down when temperatures go above 450◦C. One
other problem specific to Pb environment is the Ni dissolution that can affect the stainless
steel that contains Ni. To find a solution to these problems, Al forming alloys such as
alumina forming austenitic steels (AFA) and FeCrAl have shown promising results. In
previous work, the alumina forming steels showed good results in steam environments,
but not as good as chromium forming steel. However, in experiments done at a higher
temperature in liquid Pb, the alumina forming steel has shown promising results and
out preforming the chromium forming steel. In erosion experiment carried out using the
Erosion-corrosion rig, the alumina forming steel performed better than 316L steel, the
ones with best erosion resistance being the FeCrAl. However, the AFAs also showed good
resistance towards erosion, but they also were affected by small dissolution attacks when
exposed to a liquid lead environment. Even so, the alumina forming steel out preformed
the conventional stainless steel (316L) in the tests.

In order to test these steel’s mechanical strength in liquid metal environments, the
Slow Strain rate (SSRT) testing rig was developed. With the SSRT-rig samples of varying
steels can be tested in a liquid metal environment, and their high temperatures properties
including susceptibility to LME.

Keywords : Liquid metal embrittlement, erosion-corrosion, Slow strain rate testing-
rig, alumina forming alloy, stainless steel, nuclear power, lead cooled reactors, slip.

i



Sammanfattning

För att möta de framtida kraven p̊a koldioxidfri eller kolneutral energiproduktion nya
och effektivare kraftproduktionsanläggningar behöver byggas, till exempel kärnkraft fr̊an
Generation IV eller koncentrerad solkraft. En del av pusslet är att öka effektiviteten hos
dessa nya kraftproduktionsanläggningar. Detta kan göras genom att höja driftstempera-
turen och använda en mer effektiv värmeöverförande vätska som transportmedium. Men
vid byte fr̊an dagens värmeöverförande vätskor, normalt vatten, kommer nya problem.
De överföringsvätskor som mest troligt kommer att användas är flytande metaller s̊a som
Na, Pb eller PbBi, dessa nya miljöer klarar inte dagens strukturella material av, s̊a som
316L, T91 och 15-15Ti. Det skyddande Cr-lagret i dessa st̊al bryts ner när temperaturen
överstiger 500◦C. Ett annat problem som är specifikt för Pb-miljön är Ni-upplösningen
som kan p̊averka rostfritt st̊al som inneh̊aller Ni. För att hitta en lösning p̊a dessa prob-
lem har Al-formande legeringar som aluminiumoxidformande austenitiska st̊al (AFA) och
FeCrAl visat lovande resultat. I tidigare arbeten visade de aluminiumoxidformande st̊alen
goda resultat i ångmiljöer, men inte lika bra som krombildande st̊al. Men i experiment ut-
förda vid högre temperatur i flytande Pb har det aluminiumoxidbildande st̊alet visat bra
resultat och bättre än krombildande st̊al. I erosionsexperiment som utfördes via erosions-
korrosions riggen visade aluminiumoxid formande st̊al mindre åverkan än 316L st̊al, de
st̊al som klarade sig bästa var FeCrAl, men även AFAorna visade bra motst̊andskraft mot
erosion än 316L proverna, men i AFAorna hittades zoner där upplösningsattacker av Ni
hade skett. Denna zon var dock betydligt mindre än vad som kunde ses i 316L proverna.

För att testa st̊alens mekaniska egenskaper i flytande metallmiljö utvecklades SSRT-
testriggen. Med SSRT-riggen kan prover av olika st̊al testas i olika smälta metaller där
deras hög tempereratur egenskaper och hur de p̊averkas av LME kan testas.
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1 Introduction

1.1 Aim of the thesis

The aim was to build a Slow Strain rate testing rig to investigate the mechanical proper-
ties of FeCrAl and alumina forming austenitic stainless steels (AFA). Specifically how it
behaves in a liquid lead environment, as liquid lead may be used as a coolant in future
energy production plants. The Erosion-corrosion phenomenon will also be investigated
using the ECO-rig that was developed for the ALSTEr project [1]. Some modifications
were done to the ECO-rig, and these will be discussed more in later sections of this report.

Previous studies [2–5] have shown promising properties of the AFA steels regarding
the corrosion-erosion behavior in the liquid lead. The results showed that the alloys
formed a protective alumina (Al2O3) scale on their surfaces. This makes the AFA steels
promising candidates for liquid lead applications, such as the Lead-cooled Fast Reactors
(LFR). Other reference steels such as 316L and 15-15 Ti have shown to start corroding if
the temperature goes above 500 ◦ C. Corrosion in these steels have also been observed if
the oxygen concentration is too high. At very low oxygen concentration levels dissolution
of Ni becomes a major issue. At these temperatures and oxygen concentration levels, the
protective chromium oxide layer has proven insufficient to prevent corrosion attacks on
the steel.

KTH, together with Kanthal R©, part of the Sandvik AB group, have together pro-
duced a new generation of of low alloyed FeCrAl-steels within the ALSTEr-project [1]
with its primary focus to be used in concentrated solar power (CSP). These alloys could
also have possible use in other fields such as the nuclear industry, seeing that the corrosion
and erosion problem in CSP have some similarities to the issues in Generation IV reac-
tors. The phenomenon known as liquid metal embrittlement (LME) will also be studied
in this report, see section 2.5. In short, LME is when a solid metal shows a decrease in
yield strength when in contact with liquid metal.
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1.2 Environmental Aspect

The EU has, set a long term goal to reduce the emission of greenhouse gases by 85-90% by
the year 2050 [6]. The global objective is to limit the effects of global warming to no more
than then an increase of the global temperature of 2◦C, [7]. This goal has been signed by
a majority of the world’s nations. In order to reach these goals, it is necessary to move
away from fossil fuels and invest in cleaner energy alternatives. Some steps have been
made to achieve this with many countries investing in both wind, hydro, nuclear, and
solar power. Fossil fuel is still the fastest-growing energy source despite a growing interest
in cleaner alternatives, and the emissions of greenhouse gases continue to rise. Since 1970,
the CO2 emission has increased by 90%. The majority is emitted from the combustion
of fossil fuels and industrial processes [8], seen in figure 1. Time and money are needed
to help with the development of more efficient and carbon dioxide (C02) neutral energy
power plants, to improve the emission from developed countries and also to help leapfrog
the developing countries past their need for fossil fuel.

Figure 1: Global Carbon Emissions [8].

1.3 Alumina Forming Austenites(AFA) use in energy produc-
tion plants

Materials that can withstand high temperatures and stresses are needed in energy pro-
duction plants (EPP) to help improve their efficiency. Previous work has shown that
AFA steel is promising construction material for use in high-temperature liquid lead ap-
plications. [4, 5, 9–12]. The mechanical properties of AFAs are, however, still not fully
understood, and more data is required.

AFA steels could potentially, in the future, be used in almost any kind of EPP where
there is a demand for steel that performs well in a corrosive and high-temperature envi-
ronment, e.g., in heat exchangers or cladding tubes where traditional steel does not hold
up.
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1.4 Heat exchangers

In the heat exchangers, the heat from the heated liquid/gas on one side is transferred to
the cooler liquid/gas on the other side. Water/steam is most commonly used as a heat
transfer fluid (HTF) today. However, other liquids/gases are also used, such as liquid
lead, lead-bismuth (LBE), molten salts, CO2, and other gases. The reason for using Pb
and molten salt comes from their high boiling points, high heat transfer, and heat ca-
pacity, which means that they can transfer heat more efficiently at high temperatures.
The materials used in liquid metal environments need to be able to withstand higher
temperatures and more severe erosion-corrosion attacks. For temperatures above 400◦C
the corrosion rates are faster due to faster oxidation kinetics.

As the heat exchanger is in contact with two different environments, the construction
material used needs to have good properties regarding both these environments, which
has proven to be challenging. One solution is to make the heat exchangers out of two
different materials, each being suitable to one side’s specific needs. This makes the heat
exchanger more complex and more expensive. It would be more optimal to use one ma-
terial for the whole heat exchanger that has good properties in both environments. This
would mean that it can be thinner, which reduces the heat losses, making it more efficient
and cheaper [2].

1.5 Fuel Cladding

The cladding is what separates the coolant and the fuel from each other in a nuclear
power plant. It has two primary purposes, which are to provide housing for the fuel
pellets and to retain the fission products, preventing them from coming in contact with
the coolant and spreading throughout the core [13]. The cladding has to full fill three
main requirements, good chemical stability, high thermal conductivity, and a low neutron
absorption allowing for neutrons to pass through it. Neutrons pass through the cladding
from the fuel and into the moderator increases both the fission and fuel efficiency.

Criteria for cladding candidates [14]:

• Melting point needs to be high enough so that the reactor can run at a sufficiently
high temperature, allowing for efficient reactor operation.

• Chemical Compatibility, it should not react violently during transient event and be
be inert concerning both the fuel and the coolant during normal operations.

• Manufacturable, its ability to be shaped into the required shape/geometry.

• Mechanically stable, it needs to be mechanically stable, not undergo any major
changes in the reactor core.

• Acceptable neutron absorption, materials with the lowest neutron absorption is not
always the best choice and may not fulfill the other requirements.

The claddings mechanically stability includes many different properties, such as its
ductility, impact strength, creep resistance, and corrosion resistance. An issue unique for
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applications using liquid metals as HTF is, LME and will be explained more thoroughly
in section 2.5.

The most commonly used cladding materials today are Zirconium alloys. Zirconium
alloys are made up of 95% zirconium, and the remaining 5% can be several different
additives. For example, Tin (Sn), Niobium (Nb), Iron (Fe), Chromium (Cr) and Nickel
(Ni). Zirconium (Zr) fulfills most of the criteria set above but is slightly reactive with
water. This can, however, be managed by controlling the water’s chemistry. The use of
Zr alloys is limited to temperatures below 400◦C, due to issues with corrosion, creep and
radiation swelling. [14–16].

The iron-based cladding has both some disadvantages and some advantages to that
of Zr cladding. Fe-based alloys have higher neutron adsorption but, due to the body cen-
tered cubic (BCC) cell structure, they have an isotropic thermal expansion. It also has a
higher mechanical strength then Zr-based alloys, meaning it can be thinner thus compen-
sating somewhat for its higher neutron absorption. Iron is also easier to machine. The
austenitic steels have good creep resistance and corrosion/oxidation resistance. Austenitic
steels, however, are more sensitive to radiation damage due to their densely packed Face
Centered Cubic (FCC) structure. The limit for displacement per atom (dpa) for FCC
steels are between 50-100 dpa. The FCC structure results in significant void swelling, He
embrittlement, irradiation creep, and micro-structural instability. Ferritic and marten-
sitic steels are less affected by radiation void swelling due to their body-centered cubic
structure (BCC), see figure 2. The ferritic structure does not hold up well against creep
deformation, unlike the martensitic structure, which shows excellent creep deformation
strength. Both martensitic steel and ferritic steel are known to be severely affected by
LME at higher temperatures [17–20].

Figure 2: Swelling of austenitic cladding compared to ferritic-martensitic [21].
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1.6 Thermal nuclear power

Nuclear power plants generate power similar to that of a steam engine, but instead of
burning coal to generate heat, it comes from the fission of uranium. A heat-carrying
fluid/gas transports the heat generated from fission to the heat exchangers, which boils
the water in the secondary loop that, in turn, drives a turbine generating electricity.
Thermal nuclear power is the most commonly used type of power plant today. Almost all
of the world’s nuclear fleet today uses thermal neutrons (slow neutrons) to produce en-
ergy. A thermal neutron is a neutron that has a kinetic energy of less than 0.0025 MeV.
The majority of today’s nuclear power plants are boiling water (BWR) or pressurized
boiling water (PWR) reactor of the type Gen II or III, meaning they do not have any
passive safety systems, they are reliant on external aid to be able to cope with accidents,
for example, the supply of external power to run the coolant systems. The newer plants
that are under construction are called Gen III+ and are designed to have passive safety
systems that require no outside input for the first 72 hours, following a transient event
(accident). The passive safety systems require no pumps to run and are instead gravity
or pressure-driven.

Following the accidents of Three Mile Island in 1979, Chernobyl in 1986 and most
recently Fukushima in 2011, Nuclear power have a lack of public acceptance. This has
lead to that the safety of today’s nuclear power plants is under scrutiny. There are strict
safety rules and regulations that all nuclear power plants have to full fill in order to op-
erate.

In a report from the World Health Organization, 4000 deaths can be directly linked
to the Chernobyl accident [22]. Despite these accidents, nuclear power has some of the
lowest mortality rates of all energy sources [23,24]. Even so, if a nuclear accident happens,
the impact and costs this can have on our society can become immense. Given the need
for cleanup and in worst-case scenarios, as seen in Chernobyl and Fukushima, whole cities
and towns need to be evacuated, leaving the surroundings uninhabitable for many years
afterward.

Table 1: Mortality rate per energy source [23].

Energy source Mortality rate (Deaths/Trillion kWhr)
Coal- Global average 100 000

Oil 36 000
Natural Gas 4 000

Biofuel/Biomass 24 000
Solar(rooftop) 440

Wind 150
Hydro-Global average 1 400

Nuclear-Global average 90

One of the other major problems with the thermal reactors is that it can only use
very little of the actual power in the Uranium. A thermal reactor only uses Uranium 235
(except for CANDU [25,26]). The natural amount of Uranium 235 in Uranium is 0.75 %
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and requires enrichment to about 3%. The enrichment of the fuel is mostly done using
centrifuges to separate the U-235 from the U-238. The enriched Uranium is transported
in canisters as gaseous Uranium hexafluoride (UF6). When the Uranium fuel is burned
in the reactor core, there is a build-up of minor actinides or transuranic elements: Am,
Np, Pu, Cm. These minor actinides and Pu are the main reason for the used fuels high
radiotoxicity and the need for a long storage time of around 100 000 years [27].

1.7 Gen IV reactors

The next generation of nuclear reactors is called Gen IV. The members of the Generation
IV International Forum or GIF have decided on a set of aims for the Gen IV. These
goals revolve around sustainability, economics, safety, and proliferation resistance. The
Gen IV reactors should improve [28]the fuel utilization with breeding and improved fuel
design, minimize the nuclear waste by recycling used fuel, to be economically comparable
to other energy sources. They should also implement more safety features such as very
low probability of core damage, eliminate the need for off-site emergency response and
improve the proliferation resistance by making it the least attractive route for theft of
weapons-grade nuclear material.

The main concept reactors that looks most promising for Gen IV are [29]:

• Lead cooled fast reactor (LFR)

• Sodium cooled fast reactor (SFR)

• Gas cooled fast reactor (GFR)

• Molten salt reactor (MSR)

• Super critical water reactor (SCWR)

• Very high temperature reactor (VHTR)

The main difference between Gen IV and the previous generations of reactors is that
Gen IV operates in the fast neutron spectrum. Here, the neutron that induces fission
has a kinetic energy above 1 MeV. As mentioned in section 1.6, thermal neutrons mainly
induce fission with the U-235 isotope, but it is not the only fissile material present in
the reactor core. Elements that can be fissioned by thermal neutrons are called fissile
materials and include, U-233, U-235, Pu-239, and Pu-241. U-235 is the only natural
occurring element of these four, there is a small amount of Pu isotopes, but their amount
is minimal. In a fast neutron spectrum (En > 1 MeV), more isotopes, such as U-238
and Th-232, can also fission. Meaning that around 60 to 80 times more energy can be
obtained from the uranium fuel when using fast neutrons. [30] This also means that the
spent fuel from today’s thermal reactors can be used again as fuel, after reprocessing, in
Gen IV reactors. The minor actinide (Am, Np, Cm) elements, which are responsible for
the high radiotoxicity of used uranium fuel, can mostly in the Gen IV reactors be burnt
off thus reducing the storage time from 100 000 years to 500-1000 years [27].

Lead cooled fast reactorAre one of the concepts that look promising for Gen IV.
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The advantages of lead [31,32]:

• Boiling temperature above the cladding melting temperature. Coolant boiling is
not an issue

• Large density means that it has large thermal inertia giving smooth and slow tran-
sient

• Large density change with temperature, good decay heat removal by natural circu-
lation

• High thermal conductivity means efficient cooling

• No violent reaction with air and water

• Good chemical retention of fission products

• Good gamma shielding

Leads disadvantages:

• Large density can present problem concerning seismic stability of the plant

• High freezing temperature, Tmelt = 600 K or 327.5◦ C

• Highly corrosive to steels above 700 K. Need for optimized steel composition, oxygen
control and surface treatment of the steels

• Coolant flow needs to be less than 2m/s due to erosion-corrosion problems

• High void effect

• Limited operational experience

Lead bismuth reactors (LBE) have been used in Russian submarines and have a lower
melting temperature, at 396.7 K, compared to lead. However, LBE has a major drawback
as 209-Bi can transmute to the radioactive isotope 210-Po upon neutron irradiation.

The main problem with using lead as a coolant is the liquid metal corrosion as tem-
peratures rise above 700K [3]. Above this temperature, the alloying materials, such as Ni,
in the steel tends to be dissolved by the lead. When the temperature reaches 700 K, the
protective chromium oxide (Cr2O3) breaks down, allowing the lead to come in contact
with the steel. In previous experiments, it has been observed that a layer of Al2O3 would
be sufficient to stop this dissolution attack. [2–5,9–11,33]
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2 Background

2.1 High temperature corrosive resistance materials

There are many different alternatives for high-temperature resistance materials. Many of
these, however, are lacking in corrosion resistance at temperatures between 300-700◦C.
Below 450◦C, Cr2O3 forming stainless steals are sufficient for use in corrosive environ-
ments such as in liquid lead. These Cr2O3 forming alloys are Fe-Cr or Fe-Ni-Cr based
and have a Cr-content ranging from 10.5 to 30 wt% [34]. Above 450-500◦C in corrosive
environments, however, the protective film of Cr2O3 tends to fail, limiting the use of
chromium forming steel to lower temperatures.

Ferritic alumina (Al2O3) forming FeCrAl steels are mainly used for furnace applica-
tions at very high temperatures (< 1000 ◦ C). However, these alloys have in the last
decade gained interest in liquid lead applications due to their superior corrosion resis-
tance. [4, 5, 9–12] But the commercially available FeCrAl alloys are not suitable for use
at temperatures below 475◦C due the α− α′ phase separation (see section 2.4) that em-
brittels the material [2, 3].

2.2 Alumina-forming alloys

Alloys forming a protective aluminum-oxide layer on their surface have excellent resis-
tance to corrosion in many environments. The Al2O3 layer that forms on the surface of
the metal is often much thinner than the oxide film formed in Cr2O3 forming stainless
steel. This is due to the low diffusivity of oxygen in alumina [33]. The alumina forming
alloys, due to their excellent corrosion behavior in high-temperature liquid lead environ-
ments, makes them a promising material candidate in future LFR and CSP applications.

The two primary alumina forming steels are Fe-Cr-Al and the alumina-forming austenitic
steels (AFA). In AFA there is an addition of nickel (Ni) [35], which helps to stabilize the
austenitic structure at lower temperatures. Today there are not many commercially avail-
able AFAs, and none of them are developed for use in lead environments.

Austenitic steels have a high creep resistance and are more mechanically stable at
higher temperatures, above 600◦C, when compared to ferritic steel. Ferritic-martensitic
steel, however, has better creep resistance than that of austenitic steel at temperatures
around 500◦C. Creep is a form of permanent deformation that happens when a mate-
rial is subjected to a constant load over a period of time. Creep is accelerated by high
temperatures and increased stress. Meaning that in high temperature and high-pressure
environments it becomes a significant problem, such environments that can be found in the
heat exchanger or cladding tubes. Ferritic steel loses its mechanical strength at temper-
atures above 650◦C [36] making them less ideal for use in high-temperature environments.

Earlier attempts to create AFA alloys resulted in failure to form a coherent alumina
oxide when heat treated above 500◦C — resulting in a decrease of the alloy’s mechanical
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strength. In April 2007, Yamamoto et al. discovered that by adding Niobium (Nb) to
the alloy, the Al content could be reduced to 2.5 at% and still retain the protective oxide
layer [37,38]. Al is a ferritic stabilizer meaning that with a lower amount of Al if is easier
to stabilize a fully austenitic structure.

2.3 FeCrAl

FeCrAl was developed in 1920 by Hans von Kantzow [39]. He discovered that by adding
Cr to the traditional Fe-Al alloy, one could reduce the amount of Al needed to form the
protective Al2O3 layer. This FeCrAl alloy proved to have better work-ability and a high
electrical resistance [39]. His discovery made it possible to lower the alumina content in
the steel from 10-15 wt % down to 3-6 wt% [2,3,40]. Thanks to this reduction of alumina,
the ductility of the steel were increased. Years later this combinatory effect of adding Cr
to Fe-Al the so called ”third element effect” [40] was discovered.

FeCrAl have today a Cr content of 12-24 wt% and is used for components in high-
temperature environments (900-1400◦C) [41]. As an example, they are used in toasters,
industrial heaters, furnaces and electronic cigarettes. One draw back with the addition
of Cr is the resulting embrittlement at temperatures below 500◦C see section 2.4.

FeCrAl structure is body centered cubic (BCC), meaning it is a ferritic steel. Austenitic
steel has a structure called a face-centered cubic structure (FCC). Generally, ferritic steel
has excellent resistance against stress corrosion cracking (SCC) [2] and low swelling rates
when exposed to irradiation [42]. The drawback of ferritic steels is that they do not
have good creep resistance. One way to solve this issue is by introducing nano-scaled
oxides distributed in the matrix to stop the creep deformation. These steel are called
oxide dispersion strengthening steels or ODS steels. These nanoparticles also act as
sinks for the defects, increasing the resistance towards radiation-induced hardening and
swelling [43,44].

2.4 α− α′ phase separation

FeCrAl alloys are part of the group that suffers from what is called phase separation.
Phase separation is when the micro-structure decomposes into two phases. In FeCrAl
alloys, these phases are a Fe-rich phase (α) and a Cr-rich phase (α′). This phenomenon
is also called 475◦C embrittlement. The name comes from the rapid loss of ductility at
this temperature. The temperature range in which this can occur is however over a wider
interval, usually between 250◦C to 500◦C. As can be seen in figure 3, the region below
500◦C contains both α Fe and α′ Cr phases, this region is called a miscibility gap. The
phase separation can be caused by either nucleation or by spinodal decomposition [45].

Nucleation and growth occur when the internal energy of the system is higher than
the thermodynamic barrier for nucleation to start. The process is initiated at spots with
a lower thermal barrier, at for example grain or phase boundaries. In FeCr steel the
Fe content is much larger than the Cr content. This results in that the α′ Cr phase is
the second phase to nucleate and it will grow in the α-Fe matrix until a thermodynamic
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equilibrium is reached.

The spinodal decomposition does not have any barriers to overcome and differs from
the classical nucleation case. In this process, the phase separation occurs uniformly
throughout the material creating a matrix of the two phases mixed. The reason that
the spinodal process does not have a barrier to overcome is that the α′ is favored at
all compositions in the spinodal region. FeCr alloys with low Cr content nucleation and
growth are the most common separation process given that spinodal decomposition needs
to have more similar content of Fe and Cr to be favored.

Figure 3: Phase diagram for FeCr alloy [3].

As mentioned above, the α− α′ phase separation is also called 475◦C embrittlement.
Because the process of embrittlement is more critical at this temperature. The reason
for this is that the diffusion rate is higher at 475◦C. Diffusion is the main parameter for
phase separation and is enhanced by increasing the material’s internal energy. This can
be done by, for example raising its temperature or through irradiation [46–48].
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In figure 4 the effects of the Cr and Al content in FeCrAl can be seen and how they
affect the steels different properties.

Figure 4: Graph on how the FeCrAl Al and Cr content affects its properties. Showing
the Newly developed steel 2-8 (Fe-10Cr-4Al)

2.5 Liquid metal embrittlement

Liquid Metal Embrittlement (LME) is when a solid metal becomes embrittled when in
contact with a liquid metal. Metals that usually show ductile behavior in inert or air
environments can become brittle when they are in contact with certain liquids metals.
There has been much research concerning the LME phenomenon, most of which have
been done during the past 60 years. The aim has been to understand and develop models
on how to predict and avoid the LME phenomenon. Despite this focus on trying to un-
derstand LME, many questions remain unanswered. The best assessment methods and
designs on how to avoid LME is based on experimental observations and the correlations
drawn from them [17,49,50].
The reason for this lack of knowledge about LME is due to the phenomenon’s complexity.
How the liquid and solid interact, their respective properties, how their temperature and
stresses all interact with each other. In order to understand LME, one first needs to
understand two problems that are coupled together [51]:

• How the atoms interact in the liquid and the solid and how the liquid embrittler is
transported to the crack

• The transition from ductile to brittle fracture

From previous work, it has been observed that there is no penetration or diffusion of
liquid metal atoms into the solid. This means that the controlling mechanism for LME
cannot be diffusion due to the fast crack growth rate. Also, the LME phenomenon only
happens when the material is in direct contact with the liquid. There is no permanent
change to materials properties such as yield strength, Ultimate Tensile Strength (UTS),
fracture toughness, etc. due to LME. When the solid metal is no longer in contact with
the liquid metal, the solid again show the same properties as when in air, granted that the
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crack propagation in the material has not progressed past its critical value. [18,19,51–53].

LME also only happens for specific liquid, solid couples. Some examples of LME
couples can be found in table 2. Their corresponding liquid metal usually embrittles
the alloys in this table. However, the presence of other elements can make it more or
less susceptible to LME. The degree of embrittlement also varies significantly given its
complexity [51,54,55].

Table 2: LME environments for some structural materials [56]

Structural Material Embrittling environments
High-strength

Martensitic steels
Hg, In, Sn, Pb, Cd, Zn, Li, Cu

γ − Stainlesssteels Zn, Cu, Li
Titanium alloys Hg, Cd, Ag, Au
Aluminum alloys Hg, Ga, In, Sn, Pb, Cd, Zn, Na

Copper alloys Hg, Ga, Bi, Zn, Li, Sn, Pb, In
Zirconium alloys Hg, Cd (Cd-Cs), Zn

Nickel alloys Hg, In, Li, Zn, Ag
Magnesium alloys Na, K, Rb, Cs, Zn

2.5.1 Conditions for embrittlement

For LME to occur, some form of plastic deformation is required, which results in reduced
ductility and increased hardness in the material

The temperature interval for when LME can occur is generally quite small and located
just above the liquids melting temperature. The effect diminish as the temperature of
the liquid metal increases.

LME occurs in both single-crystalline and poly-crystalline materials. In poly-crystals,
the fracture can be transgranular, intergranular, or a mix of the two (transgranular means
that the crack goes through the grain and when it is intergranular it goes along the grain
boundary). For single-crystalline, solid/liquid couple’s, intergranular fracture is the most
common form of fracture. In the intergranular fracture case, the properties of the grain
boundaries have a significant impact on the material properties. LME can be both pro-
moted or limited by the specific elements and their segregation, higher yield stress and
hardness can promote LME, and also grains size affect the LME phenomenon, in poly-
crystals, for example, LME is promoted by large grains [51,53–55].

The solubility of the liquid/metal also affects LME, and it has been observed that
limited solubility increases LME, seen in figure 5. The line in figure 5 separates the cou-
ples suffering from LME from those that do not. The small filled in shapes represent
the solid/liquid couples that become embrittled. There are some exceptions were couples
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with high solubility still becomes embrittled like Cd/Ga or Al/Na couples.

Figure 5: Reduction in fracture surface energy related to the solubility parameter for
solid/liquid couples. [54]

LME has been observed in ferritic, and some austenitic steels when tensile, frac-
ture, fatigue, and creep tests were carried out in lead-bismuth and lead. However, fer-
ritic steels have shown to be more susceptible to LME than austenitic steels. From
Experiments done on T91 steels in liquid Pb/PbBi, the following conclusions can be
drawn [18–20,49,50,53,54,57–61]:

• Fracture only happens when the solid and liquid are in direct contact, meaning
no protective oxide film on the steel was present (wettability), and applied tensile
stress is present. The LME crack initiation and growth results in a decrease in the
material’s elongation. This decrease is not caused by the material in front of the
crack tip.

• The growth of the crack is sub-critical until the critical fracture resistance (KIC) of
the material is reached

• The fracture mode is cleavage but with facets containing micro-sized steps (cleavage-
like). See figure 6 for illustration.

• The temperature interval that LME occurs is narrow. For T91 in PbBi, it is 160-
350◦C, and for T91 in Pb, it is 340-400◦C.
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Figure 6: Illustration of the crack growth by micro-void coalescence. a) Inert environment.
b) LME environment [54].

Good wetting of the material is, as mentioned above, a requirement for LME to hap-
pen. This can be achieved by having a very low oxygen partial pressure in the liquid
metal. Preventing the formation of any protective oxide film on the metal.

The time dependency for LME varies greatly, and the crack growth rate is theorized
to be related to the interaction between the liquid/solid couple. When a failure occurs in
a material is determined by the crack growth rate, which, in turn, is dependent on the
temperature and the systems solid/liquid couple. Given that the crack growth rate is so
high concerning LME it indicates that either the atoms in the solid or in the liquid have
very high mobility or that the LME process is focused at the crack tip [51,55].

As stated earlier, little is known on the LME topic, and there is much debate on what
the governing processes are. One theory is that it is the adsorption of the liquid metal
atoms around the crack tip and the grain boundaries that are the main reason, often
referred to as chemisorption since it is dependent on chemical elements. The fracture is
here localized to the crack tips surface and does not go deeper than a few atoms into the
solid.

Dissolution and diffusion of solid atoms in the liquid, followed by re-precipitation, is
one other mechanism that is considered. This is, however, contradicted by the fact that
experimental observations have shown that LME is promoted by low solubility (in most
cases) (Figure 5) [51,53–55].

It is important to remember that LME does not always occur when a solid and liquid
metal comes in contact with each other. Laboratory studies and failure analyses have
determined that a wide range of materials/alloys become embrittled when in contact with
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liquid metals. Some examples are brasses, bronzes carbon, and stainless steel. These have
shown to suffer from LME when in contact with liquid metals with both high and low
melting temperatures. As mentioned above, the occurrence of LME depends on many
different factors like the composition of the solid/liquid pair, metallurgical state of the
solid and conditions during the exposure. It is this dependency on so many different
factors that have lead to contradicting reports on whether or not a specific solid/liquid
pair will lead to LME [53].

2.6 Models for LME

There exist quite a few models for LME, most of them were developed between 1960 to
1980. The focus during recent years has been on trying to understand what happens in
the grain boundaries.

All models assume that LME is a crack initiation and propagation phenomenon, mean-
ing fracture mechanics initiates it. The main difference between the models is in how the
atoms are transported between the liquid and the solid, and what the fracture process
is. Most of today’s models are based on experiments carried out on pure single element
liquid/solid couples and are often not directly transferable to other liquid/solid couples,
even less so when it comes to alloys. All the models also assume a worst-case scenario,
in which the liquid and the solids are in direct contact with no protective oxide layer.

2.6.1 Reduction of Surface Energy model (RSE)

RSE is based on the Rebinder effect which is when the hardness and ductility of a material
is decreased because of a film of active surface molecules. [51] A fracture is started when
the stored elastic energy in the crack tip and the work required to move the surface
equals the surface energy needed to form the new crack surface. The elastic energy in the
crack tip is given by K2

E
[51] and should equal the surface energy (γe). E is the Young’s

modulus, and K is the stress intensity factor. The stress intensity factor is K = σ
√
a [51],

a the crack length and γe the specific surface energy. The critical stress for a crack with
length a [51,53]:

σc =

√
Eγe
a

(1)

For LME the surface energy is reduced meaning that γLME < γe [51,53]. This model
is very simplistic, and the only thing needed is the reduced surface energy. However, the
RSE model is barley used due to that there are no easy ways of obtaining the elastic
surface energy, and the model only considers elastic deformation and not the plastic de-
formation in the crack tip [51]. The fact that it does not account for plastic deformation
becomes a major problem when it is used on metals. In metals, the majority of deforma-
tion energy is dissipated by plastic deformation and not by elastic deformation. In order
to mitigate this problem, the surface energy can be written as follows [51,53]:

γf = γe + γp (2)
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The embrittlement process is here described by γe (elastic) and γp (plastic). Or it can
also be written as [51,53]:

γf = Aγe (3)

The parameter A here describes the embrittlement. Still, the RSE model have does
not account for the metallurgical and physical variables and how they affect LME, or how
the process behaves at an atomic level [51,53].

2.6.2 Adsorption Induced Reduction in Cohesion Model (AIRCM)

The AIRCM model is based on the RSE model but also takes into account for the atomic
mechanisms [51, 53]. The crack growth rate in the LME phenomenon is to fast to be
diffusion-driven, and it is, therefore, assumed that the embrittlement is caused by ad-
sorption of liquid metal atoms located at the crack tip, see figure 7. This process is often
referred to as chemisorption due to the dependence on the specific solid atoms (A) and
liquid atoms (B), as well as their interactions. [51,53,62].

Figure 7: Illustration of atoms at the crack tip, A are the solid metal atoms and B are
the liquid metal atoms [62].

The fracture model is pure cleavage and it is thought to be caused by the weakening
of the intermetallic bonds by the liquid metal atoms [62]. The stress required for crack
propagation in the LME case becomes [51,53]:

σp =

√
Eγe(B)ρ/ac

4a
(4)
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Where ρ is the crack tip radius, E the young’s modulus, and ac the critical crack radius.

The LME phenomenon requires a constant supply of B atoms at the crack tip. Mean-
ing that the crack growth rate is limited by how fast the B atoms can be transported to
the crack tip. If the B atoms formed a compound of AB molecules, there would be no
embrittlement in the material [51,53,62].

The AIRCM has had some success in predicting LME, but it requires reasonable esti-
mates on the cohesive strength from measurement or calculations done with and without
adsorption. It does not account for the microstructural properties of the crack and how
the orientation of the lattice at the crack tip affects the crack growth. It also does not
take into account if the crack initiation is located at stress concentration sites, such as
grain boundaries [51,53].

2.6.3 Enhanced Dislocation Emission model (EDE)

The EDE model is based on observations done by Stephen Lynch and is therefore of-
ten called the ”Lynch model.” [51] The model shares some traits with AIRCM in that
it assumes that LME is adsorption driven, but it suggests a different method for crack
propagation. In AIRCM, crack propagation is pure cleavage caused by the reduction of
the atomic bond’s strength. In EDE it is instead caused by the reduction of the shear
strength in the atomic bonds [51, 53, 63]. The fracture process is due to adsorption in-
duced dislocations, and the coalescence of micro/nanovoids forming ahead of the crack see
figure 6. The dislocations are injected into suitable slip planes at the crack tip resulting
in a lowering of the materials shear strength, this lowering of the shear strength means
that it is easier for the micro/nanovoids to link and form larger voids [51,53,64].

This micro/nano void process can be difficult to distinguish from the ductile cleavage
process that is typically observed in inert environments [51,53]. This has brought up some
concerns that this micro/nano void process is simply an experimental artifact. Most of
the investigations in support of the EDE model have been done on single-crystal systems.
Also, given that the slip and the crack propagation is mainly dependent on the lattice
orientation of the grains at the crack tip, it limits the model’s usefulness. The EDE model
is also a mechanistic model and has no mathematical equations, reducing its usefulness
further. [51,53,55,56,63,64]

2.6.4 Dissolution Condensation Mechanism (DCM)

In the DCM model, LME is assumed to be caused by the dissolution of solid metal atoms
into the liquid metal [51,53]. This dissolution process is then followed by the diffusion of
these solid metals in the liquid (solute) away from the crack tip to be deposited back on
the surface of the crack. This process is believed to be focused on the grain boundaries
or along the slip planes at the crack tip. From this a model for the crack growth rate was
proposed by W. Robertson in 1966 [51,53]:

da

dt
=
C0DLΩ2γSL

kT

1

ρ2
(

2aσ2
a

EγSL
− 1) (5)
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With the max velocity being [51]:

damax
dt

=
C0DLΩ2γSLE

2ρkT
(6)

• C0 Equilibrium concentration of solid metal

• DL Diffusion coefficient of the solid atom

• Ω Atomic volume of solid atoms

• γSL Solid-liquid surface energy

• ρ Crack tip radius

• σ The stress on the crack

• E, k, T is the Young’s modulus, Boltzmanns constant and the temperature

Continuing on Robinson’s work, Glickman further developed the Robinsons model
creating the Robinson- Glickman model(RCM) [65]. In this model, Glickman claimed
that the controlling factor of LME was the failure kinetics not the transport kinetics of
the solid/liquid atoms. He also proposed three things that have to be done in order to
do a life assessment of materials [66]:

• crack initiation that is induced by selective dissolution of the grain boundaries in
contact with the melt

• subcritical crack propagation, seen as the most dominant part in order to determine
time to rapture and

• supercritical crack propagation in which the crack growth rate is very fast

In figure 8 a-c, the crack can be seen to extend by a thin channel into the grain bound-
ary or a localized slip plane. The small arrows indicate the diffusion direction of the liquid
that fills the larger crack. In figure 8 d, stress-induced dissolution by DCM causes a thin-
ning of the neck (gray) that in turn causes fast crack growth in the plastic zone [51,53,66].

The diffusion, dissolution, and re-deposition rates are all determined by the density
of atoms at the surface of the solid/liquid interaction. These atoms on the surface are
the surface roughness or kinks. The formation energy of these kinks is defined as as [51]:

U = AGBγGB − ASLγSL (7)

• ABG,SL area of the surface interface per kink for grain boundary and the solid/liquid
interface

• γGB,SL Grain boundary and solid/liquid interface energy respectively

With this the crack velocity can be estimated [51]:

da

dt
=
CJDLC0

2δGB
σY

Ω

kT
(1− S

G
) (8)
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Figure 8: Illustration of crack growth by dissolution condensation mechanism (a-c). d)
shows a combination of DCM and strain in the plastic zone [66].

• CJ = exp( U
kT

) equilibrium kink concentration

• δGB grain boundary thickness

• G = K2/E energy released from the crack when it grows

• S = 2γSL − γGB spreading coefficient, energy required to create two new surfaces
minus the energy of the disappearing grain boundary

Given that the grain boundaries energy reduces the spreading coefficient, it looks like
intergranular crack growth is favored. However, this is not always the case, trans-granular
crack growth can still be favored since the energy released from the crack depends both
on the direction of the crack propagation and on the release rate of the energy. From Eq.
(8) the threshold for the stress intensity factor is given as [51]:

Kth =
√
E(2γSL − γGB) (9)

so that S/G =
K2

th

K2 . The maximum crack growth rate that is independent of K is
reached when S/G << 1 [51,53].

Using Eq. (6),(8),(9) the critical crack length for a given stress is [51,53]:

ath =
K2
th

σπ
(10)
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The DCM model has some problems in that it predicts that LME will get more severe
with a higher solubility (equilibrium concentration). This goes against the experimental
data on the LME phenomenon, which indicates that LME is more likely to happen with
a lower solubility of the solid atoms in the liquid (see figure 5). The DCM model also
predicts that the crack growth rate increases with higher temperatures due to diffusion,
dissolution and re-deposition mechanics but again experiments have shown the opposite,
the maximum velocity goes down when the temperature increases. [51,53]

2.6.5 The Grove Accelerated by Local Plasticity (GALOP)

The Grove Accelerated by Local Plasticity or the GALOP model is a model also proposed
by Glickman. This model is a more mechanistic model that assumes that the cracks are
initiated from grooves in the grain boundaries [51].

GALOP describes a spontaneous grain boundary growth in two steps. The first step
being grain boundary growth by bulk (liquid) phase diffusion. Followed by the second step
of plastic deformation and crack blunting from dislocations located at the crack tip. Here,
the crack growth rate is dependent on the surface and grain boundary energies, and both
of these energies increase with the equilibrium dihedral angle [65, 66]. The equilibrium
dihedral angle is the angle between the solid/liquid interface from the emerging grain
boundary, which decreases with temperature, see figure 9 [51,53].

θ

2
= arccos(

GB

2γSL
) (11)

The initial sharp groove of the crack is blunted by the plastic deformation forming
a small shelf. This shelf acts as a sink for re-deposited atoms from the solid [66]. This
blunting effect requires defects, and the distance between these defects determines the
blunting distance (∆L∗). The sequence of grooving and blunting is repeated until a crack
in the GB is formed with length [51,53]:

L = n∆L∗ (12)

Here n is the number of sequences of grooving/blunting. [51,66]
The groove length, ∆L, is time-dependent and is given by the bulk diffusion in the

liquid phase [51]:

∆L = 1.01cot(
θ

2
)(Ct)X (13)

• C = DLC0γSLΩ
kT

• t is time

• X can be 1
2
, 1

3
or 1

4
depending on the diffusion model.

For the process to continue the width (w) of the groove need to be of sufficient size when
compared to the shelf width [51,66]:
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Figure 9: Illustration of GALOP, grain boundary grooving when under stress σ. a)
Grain boundary groove filled with liquid metal and the blunting by dislocations. b)
Growth of the GB by re-deposition of solid atoms from the blunted shelf. c)Blunting and
crack growth of ∆L∗. d) Macro crack after n cycles of groove/blunting with the length
L = n∆L∗ and a crack opening of δ = πσ2n∆L∗

EσY
[66].

δ ≤ αw, α ∼ 3 (14)

The width of the groove is defined by the volume diffusion and is proportional to the
blunting distance and the equilibrium dihedral angle [51,66]:

w∗ ∝ L∗tan(
θ

2
) (15)

The blunting or shelf width is dependent on the stress intensity factor, yield stress,
and Young’s modulus [51,66]:

δ ∝ K2

EσY
(16)

Using Eq (15) and (16) in Eq (14) one gets the threshold value for the stress intensity
factor [51,66]:

Kth =

√
α∆L∗tan(

θ

2
)EσY (17)

When K > Kth the groove velocity is [51,66]:

da

dt
=

C

∆L∗
[tan(

θ

2
)]3 (18)
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The GALOP model is a mechanistic, and it is used to determine the influence of the
different parameters such as grain boundary thickness, diffusion coefficient, equilibrium
concentration, dihedral angle, surface and grain boundary energies. However, like the
other LME models, some of its parameters are hard to determine, in the DCM model,
the blunting distance (∆L∗) is the hardest to find [51].

The Glickman models RCM and GALOP have had some success in predicting thresh-
olds for stress intensity factors and the maximum crack growth rate for different solid/liquid
couples (Al/Hg, Cu/Pb-Bi, Brass/Hg) [51].

A complete investigation of what LME is and all of its models is not taken up in this
report. The main focus of this LME section is to help give a basic understanding of what
LME is and to give some examples of the models developed to try and describe it. More
information can be found in [51,53,54] in these papers, the LME process is broken down
more thoroughly and can help give a more complete picture of the LME phenomenon.

2.7 Erosion-Corrosion

Erosion is the mechanical degradation of a material surface caused by the flow of a fluid.
Corrosion attacks often follow the mechanical damage from the erosion. The erosion pro-
cess is often a combination of erosion and corrosion and is therefore often referred to as
erosion-corrosion [36,67,68].

The Erosion-corrosion zone can be divided into two different categories, erosion-
enhanced corrosion (EEC) and corrosion-affected erosion (CAE). For EEC, the damaged
region is confined within the oxide scale, whereas the CAE zone includes both the scale
and the metal [69].

The impingement angle, the angle between the surface and the flow, has a significant
effect on the severity of the erosion attack, and it varies for ductile and brittle materials,
as can be seen in figure 10. For ductile materials, the erosion process is more extensive
below 30◦, and for brittle materials, it is larger at around 90◦.

Flow accelerated corrosion (FAC) is a process when the protective oxide layer is dam-
aged by erosion, and the material beneath is made vulnerable to corrosion attacks [70].
The four primary mechanisms for erosion degradation are flashing erosion, solid particle
erosion, cavitation, and liquid impingement erosion.

2.7.1 Flashing Erosion

When a high-pressure liquid flows from a high-pressure region to a low-pressure region,
flashing can occur. Flashing happens when the pressure drop is so significant that it drops
below the vapor pressure of the liquid, and it converts into steam. This two-phase mixture
has a much lower density than the liquid, which increases the velocity of the mixture. The
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Figure 10: Effect of the incidence angle of the particles at room temperature erosion on
ductile material and brittle material [36].

droplets in the two-phase mixture will strike the material with high velocities resulting
in flashing damage/erosion on the material. The most common locations for flashing to
occur are downstream of valves or openings to condensators or downstream of a leak or
pipe burst located between a pressurizer and a condensator. The damages caused by
flashing can often be seen as a smooth or polished surfaces [71,72].

2.7.2 Solid Particle Erosion

Solid particle erosion (SPE) is caused by particles in the liquid that strikes the material,
resulting in damage to materials surface. The damage caused by the particles is not fully
understood, but it is dependent on their size, type and speed. In some cases a velocity
of 1 m/s is enough to cause erosion damage [73]. Some components that are commonly
affected by SPE are steam turbines, gas turbines, pipes, and valves. The variables that
affect SPE can be divided into three categories [73]:

• The Particles shape, size, hardness, and brittleness.

• Impingement variables of the particles, their angle of incidence, velocity, concentra-
tion, and rotational speed.

• Material properties of the particles, their hardness, work hardening, microstructure,
etc.

2.7.3 Cavitation

The cavitation process is when a liquid experiences a sudden drop in pressure followed by
re-pressurization [71,74]. This can occur in valves where the flow is accelerated due to the
reduction of the flow area. As the area decreases, the velocity of the liquid is increased,
resulting in a decrease in the pressure following Bernoullis principle [71].

v2

2
+ gz +

p

ρ
= Constant (19)
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• v- fluids velocity

• g- gravitational constant

• z- elevation above reference plane

• p- pressure

• ρ- density of the fluid

If the pressure drops below the liquids vapor pressure, small bubbles are formed (two-
phase flow). When the pressure rises again, the bubbles (cavities) collapse, causing high
local pressures and the formation of high-velocity fluid jets. If this happens close to the
material, it can cause damage to it. When the cavities collapse vibrations generated that
can result in damage to the material structure. Cavitation most commonly occurs in
turbines, ship propellers, piping or in pumps [71,74].

In power production plants (PPP) cavitation is most common in high-pressure valves
and after openings to liquid-filled systems. The cause for cavitation in PPP is mainly
due to improperly sized valves, improper operations, or the wrong kind of valves used
for controlling the liquid flow. Damage caused by cavitation is rapid, localized, and the
surfaces of the damaged caused to the material can be seen as a rough and irregular
surface [71,72,74].

2.7.4 Liquid Impingement Erosion

Liquid impingement erosion (LIE) is when high-velocity droplets or jets cause damage
to the material. LIE happens when the two-phase flow experiences a pressure drop.
When this happens, the flow is accelerated, and its velocity increases. Droplets with
speeds above 100 m/s have been observed, resulting in severe damage to the steel. The
difference between LIE and flashing is the flow quality. In LIE the quality of the flow
is higher than that in flashing. Flow quality is dependent on the amount of steam and
liquid in the two-phase flow. A flow with high quality is a mixture of mostly steam with
some liquid in it. A low-quality flow consists of mostly liquid mixed with some steam.

The focus of LIE has mostly been on the erosion in steam turbines and on airplanes
canopies. In steam turbines, the main issue is the droplets that nucleate in the lower
pressure parts of the turbine impacts and damages the low-pressure stationary blades.

The erosion problem on airplanes is due to rain. The raindrops become an issue when
the velocity of the planes exceed 500 km/h. For these speeds, large raindrops can cause
damage even to metal components of an aircraft. The parts that are affected the most
are the ones that can not be made of metals or similarly hard materials such as the
windshield, canopies and the radomes [71,75].

2.7.5 Corrosion

One form of corrosion is when a material/alloy is converted into a more chemically stable
form, for example, an oxide, hydroxide or sulfide. Corrosion is the gradual deconstruction
of the material via electro-chemical processes such as a redox reaction with the surround-
ing environment. Corrosion can be concentrated locally to form pits or cracks, or it can
be over a wider area, spread out over the corroding surface. Corrosion can both be con-
trolled by diffusion and by mass transfer. Methods to try and reduce/control corrosion
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include passivation, surface treatment, coatings, and more.

2.7.6 Oxidation

The oxidation corrosion process is the most common and is driven by the lowering of the
system’s energy. Oxidation of certain materials can some times be a good thing. Like in
cases where the oxidation of alumina or chromium form a protective oxide of alumina or
chromium-oxide. The Gibbs free energy equation describes this energy of the system [2]:

∆G0
R = ∆G0

f,MxOy
− (x∆G0

f,M +
y

2
∆G0

f,MxOy
) (20)

• ∆G0
R- Energy consumed/produced due to the reaction

• ∆G0
f,MxOy

,G0
f,MxOy

, G0
f,M - formation energy given standard conditions.

If the difference between the product and the reactants is negative, the reaction is
spontaneous, and energy will be released from it, typically in the form of heat during
standard conditions.
Knowing that the formation energy for a pure substance is zero, one can obtain the
following:

∆G0
R = ∆G0

f,MxOy
= −RTln 1

p02

(21)

Here, R is the gas constant, and T is the temperature in Kelvin. With Eq. 11, one can see
that if the partial pressure of oxygen is less than 1 atm, the reaction will be spontaneous.
Looking at a systems Gibbs free energy can indicate if an alloy will corrode or not in a
specific environment, but it will not say anything about the rate of corrosion.

The word stainless steel can be misleading in that they are not immune to corrosion.
It only means that the corrosion rate in them is usually low. The protective surfaces
formed on stainless steels still react with the oxygen, but this reaction only happens in
the top atoms layers, meaning they have low diffusion rates and high activation energies
in order to slow down the corrosion rate.

2.8 Slip

2.8.1 Single Crystal Slip

The onset of plastic deformation is determined by the maximum shear stress of the ma-
terial. Deformation in crystalline materials can only occur in specific directions along its
crystalline planes. For most metals, this direction coincides with their close-packed direc-
tion, meaning the direction with the highest atomic density. This means that a crystal
has a limited number of directions in which it can slip. These directions, or planes, are
called slip planes [76,77].
After slip has occurred, the crystal structure is restored, and slip is again restricted to a
few crystallographic directions or slips directions. The slip directions vary depending on
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the system’s crystallographic structure (BCC, FCC, HCP) and a slip plane in combina-
tion with a slip direction is called a slip system. The number of slip systems for materials
has a significant impact on their yield stress. A slip system is described by (possible slip
planes)<possible slip directions> [76,77]

To determine which slip system will be activated first when a material is put under
a load, the individual shear stress acting on each slip plane and its slip directions need
to be calculated. This resolved shear stress can be calculated using the Schmid factor [76]:

τgb =
Pcosλ

A0lcosφ
= σcosλcosφ (22)

• P the axial load

• A0 area of the slip plane

• φ is the angle between the direction of the external stress P and the normal vector
of the active glide plane

• λ is the angle between P and the slip direction

Figure 11: The orientation of slip plane and slip direction in a crystal subjected to an
external load [78].

When the applied load is perpendicular to the Burgers vector or the slip plane normal,
i.e., when λ = 90◦ or φ = 90◦, the Schmid factor is zero. The maximum value for the
Schmid factor is obtained when P is halfway between the plane normal and the burger
vector, i.e. when λ = φ = 45◦ [76, 78], see figure 11. The critical resolved shear stress
is the value that the shear stress has to exceed in order for the material to start to deform.

τc ≤ σcosλcosφ (23)
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The critically resolved shear stress (CRSS) depends on the type of slip plane and can be
used to predict the stress needed to start plastic deformation in a material. This can be
determined with the help of the Taylor factor (m) [76]:

m = σ(λ,φ) =
1

cosλcosφ
τc (24)

The slip system with the lowest value of ”m” is where the deformation starts. However,
when slip has started in the primary system, the stresses that the activated system ex-
periences are relaxed, and the stresses on the inactive systems increases. Eventually, the
stresses on the inactive systems become high enough for a secondary slip to start. Follow-
ing the activation of a secondary slip system, a sudden increase in deformation hardening
is seen. This deformation hardening is caused by interactions between the dislocations
on different intersecting planes, and the dislocations start to hinder each other [78, 79].
The interaction of dislocation when a secondary system is activated is much stronger
compared to when only the primary system is active. This results in dislocation entan-
glement and the formation of dislocation cells. Dislocation cells are small volumes with
low internal dislocation density surrounded by a wall of high dislocation density [77,78].
When only the primary system is active, the dislocations can move freely in the crystal.
Meaning that each dislocation can make a large contribution to the deformation. All the
dislocations glide on parallel planes and have a weak interaction with each other [76,77].
When a material is subjected to a load, it can either slip or fracture. What happens is
dependent on in what direction the load is applied. The maximum stress that can be
applied in a specific direction can be described by [76]:

σ =
1

cos2φ
σf (25)

The minimum fracture stress, σf is obtained when cos2φ = 1, which is when φ = 0. This
is when the load is applied perpendicular to the cleavage plane of a crystal. In a poly-
crystalline material, the orientations are random, meaning numerous cleavage planes are
perpendicular to the applied load. The fracture stress then becomes equal to σf [76–79].

2.8.2 Twinning

Some alloys are restricted in how they can deform by slip. For example, in Mg Ti, Zn,
and Zr, the deformation process is done by twinning. Twinning is when a volume inside
a grain rapidly rearranges its crystal lattice by a shear mechanism. The new volume
is separated from its original grain by a clear twin-boundary, see figure 12. Twinning
and slip can both occur in the material, and their contribution to the deformation is
dependant on grain orientation, stresses, temperature and deformation rates [76–79].

2.8.3 Polycrystals

In polycrystalline materials, grain boundaries present an impenetrable boundary for dis-
locations. The grain boundaries limit the extension of the slip planes. Instead, a new
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Figure 12: a)Deformed Zinc with slip lines, upper left to lower right, and twin bands
(long horizontal line). b) same as a) but etched. c) Deformed Brass with straight slip
lines and preexisting annealing twins. d) same as c) but etched [78].

dislocation is nucleated in the new grain from the build-up of stresses in the neighboring
grain boundary [76, 79]. The slip, however, does not happen in the same direction since
the slip systems in the grains have different orientations. This means that for polycrys-
talline materials, the slip cannot be limited to a single slip system but must start multiple
slip systems [77,78].
By combining the different slip in the various systems, the grains can deform individually
side by side adjusting their shape to each other and maintaining a coherent grain bound-
ary. Generally, plastic deformation in polycrystalline materials requires the activation of
five slip systems. This is of no concern for FCC and BCC but can be a problem for HCP.
This is why one often can observe twinning in HCP metals.

The crystals overcome the problem of activating five slip systems simultaneously by
subdividing into different regions with different, but compatible, deformations. This
sub-division has different length scales, small cells with individual dislocations forming
dislocations cells. The dislocation cells can form bands of a few cell blocks thick to from
dislocation bands or shear bands. The trick is that the slip in each cell is similar but has
different orientation between blocks, meaning there are less than five locally activated
slip system [76–79].

2.8.4 Slip in Face Centered Cubic (FCC)

FCC have only one close packed slip plane, (111). The <111> direction are the normal
of the (111) plane, meaning there is four slip planes in FCC. Each plane has three burger
vectors, see figure 13, and have the direction <110>. By taking the number of slip planes
and multiplying them with the number of burger vectors, one get the number of slip
systems for FCC, 4 ∗ 3 = 12 slip systems of the type (111) < 110 > [76–79].
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Figure 13: Illustration of the (111) slip plane and its burgers vectors in FCC [76].

2.8.5 Slip in Body Centered Cubic (BCC)

Slip in BCC can occur in both (110) and (112) planes. The (110) plane is found by
sectioning the unit cube along a diagonal, see figure 14. BCC has a total of 6 unique
slip planes each with two burger vectors of the <111> type, giving it 12 independent slip
systems (6 ∗ 2 = 12) of the type (110) < 111 >.
There are also 12 (112) planes with one burger vector each, giving it a total of 12 slip
systems of the type (112) < 111 > [76–79].

Figure 14: a) (110) slip plane and its burgers vectors. b) (112) slip plane and its burger
vector [76].

2.8.6 Slip in Hexagonal Close Packed (HCP)

For the HCP unit cells, the situation is more complicated. The system that is easiest
to activate is the basal slip system, the basal-<a> slip system. It only has one basal
plane, (0001), with three burger vectors, giving it a total of three slip systems of the type
(0001) < 1120 >.
The second easiest to activate is the prismatic-<a> system. It has three unique (1100)
slip systems, each with one burger vector of type < 1120 >, giving it a total of three slip
systems of type (1100) < 1120 >. The rest of the system are harder to activate.
HCP has a total of six slip systems of the types:

• (1101) < 1120 >, pryramidal-<a> slip

• (1101) < 1213 >, 1st order pyramidal-<c+a> slip
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• (1122) < 1123 >, 2nd order pyramidal-<c+a> slip

<a> slip means that the burger vector is directed in the basal plane and <c+a> means
that the burger vector is both in the basal plane in the a- axes and the c-axis, see figure
15 [76–79].

Figure 15: Slip systems and burgers vectors in HCP [76].
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3 Experiment

3.1 Experimental setup

3.1.1 Erosion Corrosion-rig (ECO)

The Erosion Corrosion-rig (ECO) is an experimental setup developed at KTH for the
ALSTEr [1] project with the aim to perform erosion-corrosion experiments, see figure 16.
Changes have been made to the rig from previous experiments, such as a new sample
holder that holds the samples horizontally in the liquid lead instead of vertically. Static
fins were added to to the lid in order to try and prevent the lead from spinning with
the samples. An extra heating element was added to the bottom of the rig to improve
its heating capabilities. Drain pipes were added on the lid in order to both prevent lead
from leaking out and to allow for the lead that does leak out to drain back down and also
more isolating material was added to reduce the rigs heat losses. The old ball bearing
on the shaft had failed and was replaced. The primary heat source is the heating band
that is wrapped around the main cylinder. When the experiment is done, the samples
are removed, cleaned in a mix of deionized water, H2O2 and acetic acid with the ratio
7:1:1 for an hour, and prepared to be studied in SEM.
The main components of the ECO-rig are the sample holder, the reaction chamber, the
lid, the barrier cylinder, and the motor to rotate the samples. The sample holder, reaction
chamber, and the lid are all made of Kanthal APMT TM steel [41].

Figure 16: Schematic of the ECO-rig
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Motor: The motor has an output of 0.37 kW and has a maximum rotation of 1340
RPM. It is air and water-cooled to stop it from overheating due to its contact with the
heated lead. The shaft connecting the motor to the rotating sample holder is made of
AISI316L stainless steel.

Lid: The lid sits on top of the reaction chamber to stop the lead from spilling out. In
an earlier experiment, some of the lead still escaped and to try and prevent this the lid
was spring-loaded to help limit the amount of lead leaking out from the reaction chamber
at higher rotating speeds. Fins were welded to the bottom of the lid to prevent the lead
from spinning with the samples. There are channels cut into the lid in order to let the
lead drain back into the chamber if it spills out, drain pipes were also added to try and
prevent any lead going out of the drain channels.

Sample holder: The diameter of the sample holder with samples is 141.2 mm, with-
out the samples it has a diameter of 100 mm. Up to four different samples can be placed
into the sample holder at a time. The sample holder is affixed to the axle via a bolt.

Reaction chamber: The reaction chamber holds the liquid medium that the sam-
ples are to be submerged into and has a diameter of 156 mm and a height of 85 mm. The
volume of liquid lead present in the experiments was 1.013 dm3 or about 1 liter.

The rig is connected to a PC to control and monitor the rotation speed and temper-
atures of the reaction chamber and the heating band. A moisture sensor is used to shut
down the rigs heating and its coolant systems in the event of water leakages. The sample
rotation speed is calculated using the max RPM of the motor, and the diameter of the
sample. The sample speed has some uncertainties because the lead in the reaction cham-
ber will also begin to rotate with the samples. Therefore, the sample’s relative velocity
to the lead could be lower than the ones calculated.

Vmax =
D ∗ π ∗RPM

60
= 9.9

m

s
(26)

The BEVI frequency drive in the PC have a linear scale from 0- 50. With this a specific
speed can be selected, assuming 50 gives Vmax.

3.1.2 ECO experiments

In the first experiment, four different samples were used. These were the chromia form-
ing austenitic AISI 316L (316L) steel, the alumina forming FeCrAl steel Kanthal R© AF
(AF) [80] and a AFA steel, denoted GII-(3), developed by KTH and produced by Kanthal
within the GEMMA project [81], part of the Horizon 2020 program [82]. The samples
were exposed to a liquid lead environment at a temperature of 520◦C for 288 h (12 days)
with an oxygen concentration of ∼ 5E−29bar with a rotation speed of 9.9 m/s. The actual
speed in the chamber is most likely lower than 9.9 m/s due to the turbulent flow inside
the reaction chamber and also because the lead starts to rotate with the samples resulting
in a lower relative speed between the lead and the samples. It was assumed here that
the speed was 9.9 m/s, the speed recommended in literature in order to avoid erosion
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problems in the lead is 2 m/s.

The samples used in the second erosion experiment were the austenitic steels 316L and
GII-(3), as well as the FeCrAl alloys Kanthal R© APMT (APMT) [41] and Alkrothal R©
14 (Alkro) [83]. See table 6 for their composition. The speed of the samples was the same
as in experiment 1, 9.9 m/s, the PO2 were ∼ 8E−30bar, and the temperature was set to
500◦C. The experiment was carried out over 480 h (20 days) for the AFA and FeCrAl
samples. The 316L sample was only exposed for 336 h (14 days). This was because
the 316L sample came to lose from it is mounting during the experiment, twice, which
resulted in a need to replace it.

In the third experiment, 316L, GII-(3), APMT and Alkro were again tested for 504
h (21 days). All the parameters were the same as in experiment 2 with a temperature of
500 and a oxygen partial pressure of ∼ 8E−30bar. The rotation speed was set to ∼ 5m/s.

The fourth experiment was carried out using the 316L, GII-(3), Alkro sample, as well
as experimental alumina forming Fe-10Cr-4Al alloy, denoted 2-8. The experimental 2-8
samples have been developed and produced by KTH and Kanthal. The experiment was
carried out over 552 h (23 days). See table 7 for material composition. The speed was
set to ∼ 7.45 m/s with a P02 of 8E−28bar. The temperature was again set to 500◦C.

Table 3: Data about experiment 1, 2*, 3 and 4.(* In experiment 2 the 316L sample was
only exposed for 14 days)

t [d] T [C] P02 [bar] wt% O in Pb Speed [m/s]
Exp 1 12 520 5.32E−29 10−8 9.9
Exp 2 20* 500 7.77E−30 10−8 9.9
Exp 3 21 500 7.77E−30 10−8 4.99
Exp 4 23 500 8E−28 10−7 7.49
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3.1.3 Slow Strain Rate testing rig (SSRT)

An SSRT rig is being developed at KTH, mainly within this master thesis.The main pur-
pose is to test mechanical properties of different steels in liquid lead. Some experiments
that can be carried out using the rig include such as slow strain rate tests, creep, and
tensile tests at elevated temperatures in a controlled environment. The main components
of the rig are the precision linear actuator, load cell, gas-tight vessel, draw-bars, alumina
crucible, and the U-shaped bracket, see figure 17. The whole rig can be heated using
a heating band that is coiled around the vessel or by a heating plate at the bottom, or
both. The heating elements are then wrapped up in an isolating material to limit the
heat losses and increase its effectiveness. The heating element and the linear actuator are
both controlled via a computer. The samples are again removed, cleaned, and prepared
for study in the SEM.

Figure 17: Left) Schematic of the SSRT rig. Right) Picture of the lower gas-tight part
which includes the vessel, Inconel seal, draw-bars, U-bracket holder, and the alumina
crucible (white)

One of the main goals of this report was to develop a Slow Strain Rate testing rig in
order to test different steels mechanical properties in a liquid lead environment. To avoid
corrosion of the critical metallic parts that are exposed to liquid lead (U-bracket, draw
bar) are made of the newly developed Fe-10Cr-4Al steel, see section 2.4.
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Precision linear actuator:
The precision linear actuator is of the type PC40 and made by Thomson [84]. It is

used to control the strain rate of the sample and has a maximum load of 6000 N, and its
stroke length is 1200mm. The error margin of the actuator is ±0.001 mm [85]. The linear
actuator is of an electrical design instead of a pneumatic one. The reason for this is that
it requires less space, gives a higher accuracy in its measurements, easier to maintain, is
quieter than the pneumatic or hydraulic alternatives. Even though the initial cost is a
bit higher, the lower operational coast makes up for it [84]. The electrical actuators can
be networked and programmed quickly, and they offer immediate feedback on diagnostics
and maintenance. They also allow for complete control of parameters such as velocity,
position, torque, and applied force. They have no fluids meaning there is no risk of leaks,
which also means no environmental hazards from spilled fluids. The electrical actuators
have some disadvantages to it pneumatic and hydraulic cousins in that they have a higher
initial cost, ranging between $150 to more than $2000 depending on its design and elec-
tronics and they are also not suited for use in all environments [84,85]. For our purposes,
however, the electrical actuator was the best option given its higher precision.

Control Program

The program controlling the actuator and its wiring were all done by Joakim Lind-
blom. The linear actuator is connected to the PC via a Vetek scale indicator model
TI-1200 [86]. In figure 18, the start window for the program is shown. In the middle,
the graph shows the load in kg (left), the runt time in min (bottom), and how much the
sample has elongated in mm (right). All of the data is stored in a .xls file for later study,
the specific location of this log file can be specified by pressing the ”File” bottom in the
lower right-hand corner in figure 18. The load and run-time are displayed at the top of
the screen in the ”P̊alastningtid [min]” and ”Last [kg]” boxes. The slide bar on the right of
figure 18 is a manual control for the actuator allowing for manual movement of the piston.

In order to start an SSRT test, one first has to input how fast the load is to be applied.
This is done by pressing the button ”SSRT”located in the upper left part of the program’s
start window. Pressing the ”SSRT” button opens up a new smaller window, see figure
19, here the extension rate [mm/min] and distance can be inputted. The SSRT can here
be divided into two steps if need be. One could, for example, make step one faster to
make sure that the sample comes in the right position before step two takes over, and
the SSRT begins. Alternatively, the two steps could be made to be identical. The to-
tal time for each step is displayed in the two black boxes to the right of the SSRT window.

To access settings, the ”Inställingar” button in the bottom left corner in figure 18 can
be pressed. This opens up a new window, see figure 20. In this window, the start speed
and load can be set and also the Gear and lift ratio. Logging can be turned on or off and
how often the program logs the data can be set (bottom left). Here is also an option to
stop the test if the load drops by a set value during a set number of recorded values, this
is to make sure that the sample does not go to a full break.

Load cell: The load cell is connected to the draw-bar and the actuator and has a
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Figure 18: The main view of the control program for the actuator

Figure 19: Settings for extension rate and distance for SSRT
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Figure 20: Settings for SSRT

maximum load of 5000N. The load cell feeds its data to a digital scale that in turn feeds
it into the computer program.

Gas tight expansion joint: A flexible joint made of 316L stainless steel is attached
to the lid allowing for movement of the draw-bar. As the bar moves up or down the
flexible joint is in turn compressed or pulled apart. The top part of the flexible joint is
connected to the draw par via two 316L plates with a copper seal in between ensuring
that it is gas-tight.

Draw-bar: The draw-bar is divided into two different parts, a top, and the bottom.
The top part is made of 316L stainless steel, and the bottom part that is submerged in
the lead is made of a low alloyed and ductile FeCrAl alloy,2-8, specifically designed for
liquid lead applications [87]. The lower draw-bar has had holes drilled into it in order to
be able to attach the sample and the upper draw-bar.

U-shaped bracket: U-bracket is the part that holds the sample in place when the
actuator puts a load on the sample. It is made of the same material as the lower draw-bar
(Fe-10Cr-4Al).

Vessel: The vessel can be divided into a top part and a bottom part both made of
316L stainless steel. The upper part includes a steel plate that supports the actuator that
connects to the upper lid by four 316L rods. The flexible joint is welded onto the upper
lid and here are also ports for temperature measurements and gas flow control. The lower
part of the vessel is a solid 316L cylinder with a smaller cylinder made of alumina oxide
inside it that provides a barrier that separates the liquid lead from the steel. The upper
and lower part is made a gas-tight using Inconel and copper seals that are put between
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the top and bottom lids and in the gas connections and as mentioned above a copper seal
is also present in the connection between the load cell and the flexible joint.

The sample is fastened in the U-bracket by a bolt and the lower part of the draw-
bar. The U-bracket is attached to the upper lid, and the upper part of the draw-bar is
connected to it. The sample is then submerged in the liquid lead, and the vessel is made
gas-tight using copper and Inconel seal. The precision linear actuator controls the strain
rate, and the forces put on the sample is measured using a load cell, both of which are
connected to a computer. The oxygen content of gas plenum is measured using ZIROX
SGM5 oxygen sensor [88].

3.1.4 SSRT experiments

Table 4: Data about tests one, two and three done with the SSRT-rig

t [min] T [C] Gas:P02 [Bar] Draw Speed [mm/min]
Exp 1 6.5 23 Air 0.01
Exp 2 4289 405 1.74E−34 10−6

Exp 3 10084 405 1.74E−34 10−5

The first test was done by doing a dry run with the rig fully assembled but without
any heating or lead present. The rig was fully assembled except for the gas seals, heating
element, gas connections, and thermal elements. The dry run was done on a 316L steel
sample at room temperature in air. The sample was made using a lathe, the dimensions
of the sample did not perfectly match the ones that are given in figure 21, this is true for
all the 316L samples tested up until this point in the SSRT-rig. This was deemed not to
be any major concern given that the main goal was to get the SSRT-rig to work. The
first runs were not an SSRT, but it was to see if the actuator were capable of drawing a
sample to failure with a speed of 0.01 mm/min.

Following this, a test of the heating element was carried out. The heating element
was a heating plate attached to the vessel bottom and dressed in isolating material of
alumina oxide. This layer of isolation can easily be improved, but it was sufficient to
easily get the temperature of the vessel above 600◦C. Again the sample was 316L lathe
by hand, and it was tested until failure.

The vessel was sealed up with the copper seals and an Inconel seal. The gas connec-
tions and thermal elements were put in place, and Ar gas was pumped into the vessel. The
gas out connection was placed in water to help see if any gas was leaking out of the system.

The lead was added into the crucible in order to a proper SSRT run. For the first test
in the liquid lead, test 2, the temperature in the lead was 405C, and the gas was a mix
of Ar and H2 for a duration of 71 h (2.97 days). To reach 405◦C the temperature of the
heating element had to be set to 525C meaning there are some heat losses in the system.

Test 3 was carried out in liquid lead with the same temperature and PO2 as in test 2
but with a faster draw speed and for a longer time, see table 4.
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3.2 Sample/Material

The samples for the ECO-rig have the shape of cylinders with the dimensions 4mm in
diameter and length of 45mm.

For the SSRT the samples are shaped as small rods that are thinner in the middle.
They have a length of 24 mm and are 4 mm thick at their thickest part and 2.4 mm at
their thinnest, see figure 21. The composition of the different alloys that were tested in
the ECO and SSRT-rig are presented in tables 5-8.

Figure 21: Dimenssions of samples used in SSRT, given in mm

3.2.1 ECO-rig material composition

Table 5: Composition of exposed alloys in experiment 1 and reference steel (316), all
values are given in wt.%.

Alloy Ni Al Cr Mo Si Mn C RE Fe
AF - 5.3 21.0 - <0.7 <0.4 <0.08 Y Bal.

G-II (3) 15.9 2.5 14.1 - 0.14 2.5 <0.02 0.93 Nb Bal.
316L 10.1 - 16.9 2.0 0.52 0.95 0.02 - Bal.

Table 6: Composition of exposed alloys in experiment 2 and 3, all values are given in
wt.%.

Alloy Ni Al Cr Mo Si Mn C RE Fe
APMT - 5.0 21.0 3.0 0.7 - 0.08 Y, Zr, Hf,Ti Bal.
Alkro - 4.3 14.5 - - - 0.08 Zr, Ti Bal.

G-II (3) 15.9 2.5 14.1 - 0.14 2.5 0.02 0.93 Nb Bal.
316L 10.1 - 16.9 2.0 0.52 0.95 0.02 - Bal.
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Table 7: Composition of exposed alloys in experiment 4 all values are given in wt.%.

Alloy Ni Al Cr Mo Si Mn C RE Fe
2-8 - 4.0 10.0 - - - <0.03 Ti, Nb, Zr Bal.

Alkro - 4.3 14.5 - - - 0.08 Zr, Ti Bal.
G-II (3) 15.9 2.5 14.1 - 0.14 2.5 0.02 0.93 Nb Bal.

316L 10.1 - 16.9 2.0 0.52 0.95 0.02 - Bal.

3.2.2 Preliminary SSRT tests, steel composition

Table 8: Composition of samples tested in SSRT values given in [wt%]

Alloy Ni Cr Mo Si Mn C Fe
316L 10.1 16.9 2.0 0.52 0.95 0.02 Bal.

3.3 Analytic method

3.4 Scanning electron microscope (SEM)

SEM makes it possible to observe surfaces with a resolution of 1 nm. The electrons are
generated by an electron gun and are directed, aimed using a positively charged anode,
see figure 22. By varying the voltage of the anode the energy of the electrons, electrons
with higher energy penetrate deeper into the sample. To focus the electron beam, a num-
ber of magnetic lenses are placed between the sample and the anode. The chamber with
the sample is placed in a vacuum to prevent interaction between the air and the electron.
The electron interacts with the sample in two different ways via secondary electron (SE)
or by backscattering (BSE). To be able to detect both these types, two different detec-
tors are used [2, 89–91]. SE is generated via inelastic collisions. The electron’s energy
is absorbed by the target atom, which emits an electron (SE). The energy of the SE is
between 0-50 eV. This SE is attracted to the SE detector that has a positive charge. The
secondary electron gives information about the surface of the sample lacking the energy
to penetrate deep into the sample.

BSE differs from SE in that the sample does not generate them. They are instead
incident electrons that have been reflected back via elastic scattering to the BSE detector.
Atoms of heavier elements will here be seen as lighter areas because their BSE will have
higher energy. Areas containing lighter elements will have a darker colour [2, 89–91].

Energy-dispersive X-ray spectroscopy (EDS) is used to analyze the elements of dif-
ferent X-ray energies that are emitted. Each element has a unique set of X-ray energies
that are emitted when struck by a particle, in this case, the particle is an electron. This
unique X-ray can then be used to determine the composition of the area observed in the
SEM, see figure 23.
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Figure 22: Schematic of a SEM [89]

Figure 23: Electron interaction with the orbital electrons of an atom [2]
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4 Results

4.1 Erosion-Corrosion

In total, four different erosion experiments were conducted. In figure 24, experiments 1-4
are mapped out in an Ellingham diagram [92], which can be used to correlate H2/H2O
ratios to the oxygen partial pressure, PO2 , for different temperatures. The amount of
oxygen dissolved in the lead, given in wt.%, can be calibrated [93,94] and is also plotted
in the diagram.

Figure 24: Ellingham diagram for the prevailing environment in the four different ECO-
rig experiments. The broken lines shows the dissolved oxygen content in the liquid lead
(wt.%)

4.1.1 Experiment 1

The main objective with the ECO-rig was to study the erosion of AFA and FeCrAl in a
liquid lead environment for, their possible use in future energy power plants.

Table 9: Weight loss for samples in experiment 1

Sample Weight before [mg] Weight after [mg] ∆ m [mg]
316L (1) 4447.556 4404.842 42.71
316L (2) 4418.524 4369.704 48.82

GII-3 2075.6 2069.48 6.12
FeCrAl 2123.644 2067.24 56.4
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Figure 25: Weight loss of the samples in experiment 1, given in mg

Figure 26: SEM of samples from experiment 1. Carried out for 12 days with a Tempera-
ture of 520◦C and a PO2 of 5.32E−29 bar. The Speed was set to 9.9 m/s. a) 316L (1), b)
AF and c) AFA (GII-3)
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In table 9, the weight of the samples before and after the erosion experiment can be
found can also be seen in figure 25. Looking at the data, the sample that lost the most
mass is the AF having lost 56 mg. In the SEM images in figure 26, the erosion attacks
look to be more severe in the 316L samples followed by the AFA (GII-3) sample. The
AF samples result in the weight loss is most like due to some material being lost when
the sample was removed from the sample holder.
All the results from the EDS analyses can be found in Appendix A

316L

In figure 27, the surface of one of the 316L samples can be seen. The sample’s surface
is covered by dimples that range in size from a couple of hundred µm up to all most a 1
mm. The dimples are caused by the erosion of the metal in the liquid lead environment.
In figure 27 b) a sponge-like structure can also be observed inside the dimples, which is
most likely caused by erosion followed by the dissolution of the Ni in the sample.

Figure 27: Surface images of the 316 samples showing dimples created from erosion-
corrosion

In figure 28, the dissolution of Ni is clear to see, and the affected area extends 150µm
into the material. Using Energy-dispersive X-ray spectroscopy (EDS) an estimate of the
composition of the material at different points was determined, see table 10. With EDS it
was found that there were almost no Ni left in the affected area. It drops from 11.37 wt%
in the unaffected bulk of the material to almost 0 wt% inside the affected zone, figure 29.
Worth mentioning is that the EDS tends to overestimate the number of light elements,
such as carbon, resulting in a discrepancy between the values given in tables 5 and 10.
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Figure 28: Image of 316L sample showing a region effected by dissolution (spotted region),
white dots are lead and the darker gray spots are oxides

Figure 29: EDS 316L sample
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Table 10: Elemental analysis of the 316L sample with EDS, values given in [wt%]

Spectrum O Si Cr Mn Fe Ni Mo Pb
1 - - 5.13 0.73 41.30 - - 52.85
2 - 0.73 1.11 0.8 82.46 0.62 4.27 -
3 - 0.18 16.82 14.88 35.91 - 32.21 -
4 3.57 1.32 14.36 2.85 56.10 - 21.79 -
5 - 0.76 12.33 - 83.81 - 3.10 -
6 1.17 0.76 11.63 - 82.00 0.67 3.77 -

GII-(3)
In the GEMMA experimental alloy: no dissolution attack could be detected, see figure
31. The surface showed less erosion than that of the 316L samples, figure 30. The GII-3
samples surface also shows dimples caused by erosion, but they have a size of around 0.5
mm and lack the sponge-like structure that can be seen in the 316L samples. The darker
spots that can be seen in figure 31 contain a lot of Si that is most likely left from the
polishing process, Al2O3 and CrO3 were also found in some of the dark grey spots on the
surface.

Figure 30: Surface image of GII-3 showing the effect of erosion

The G II-3 sample did not lose any Ni due to dissolution in the bulk, see figure 32
and table 11. In the bulk the Ni levels stayed almost constant and only on the surface
can a drop in Ni content be seen, from ∼ 16wt% to 11.55wt%. In figure 31, it is hard to
determine if a protective oxide layer was formed given that the Al2O3 forms a very thin
film that can be hard to detect on these SEM images.
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Figure 31: Image of GII-3 at a) x100 and b) x500 magnification

Figure 32: EDS GII-(3) sample

Table 11: Elemental analysis of GII-3 sample with EDS, value given in [wt%]

Spectrum Al Cr Mn Fe Ni
1 4.46 14.7 2.71 62.05 16.08
2 4.0 14.9 2.37 62.62 16.11
3 4.6 14.19 2.66 62.24 16.32
4 1.35 13.95 2.60 69.14 11.55
5 1.02 1.16 - 5.18 -
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Kanthal AF

Figure 33: Surface image of the AF sample

The Kanthal AF sample suffered little erosion damage, see figure 33, and its surface
only show small affected areas. Unlike the 316L sample there is no corrosion attack going
into the sample but on closer inspection, see figure 34 b), the grain-boundaries seem to
have suffered some form erosion-corrosion attack making the grains stand out sharply.

Figure 34: SEM image of the Kanthal AF sample with varying magnification a) 100x b)
x500

Using EDS, one could see that the surface was covered by patches of oxides (Al2O3,
Cr2O3) and that the Mn inside the bulk material had migrated out to the surface of
the sample, see figure 35. The Al levels stayed almost constant inside the bulk material
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Table 12: Elemental analysis of FeCrAl sample with EDS, value given in [wt%

Spectrum O Al Cr Mn Fe
1 - 6.52 22.72 - 70.18
2 - 6.89 21.83 - 70.83
3 - 5.87 22.7 - 70.95
4 4.6 1.9 22.23 0.83 70.12
5 19.8 5.71 22.85 1.24 50.0
6 - 0.8 57.63 3.9 37.67
7 17.12 1.19 51 5.09 24.56

and could also be found on the surface of the sample in oxide form. The darker grain
boundaries contain a high concentration of Cr, Fe, and Mn and almost no trace of Al or
O, suggesting that there is no oxide present in these regions.

Figure 35: EDS of AF sample
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4.1.2 Experiment 2

Table 13: Weight loss for sample in experiment 2

Sample Weight before [mg] Weight after [mg] ∆ m [mg]
316L 4416.05 4333.36 82.68
GII-3 4800.46 4760.194 40.27

APMT 4315.43 4311.29 4.13
Alkro 3830.58 3819.84 10.74

Figure 36: Weight loss of the samples in experiment 2, given in mg

Looking at the weight losses in table 13 and figure 36, the sample that has suffered
the most is the 316L followed by the GII-3 sample. Both of the FeCrAls (APMT and
Alkro) have lost significantly less than the two others. The 316L is showing dimples
caused erosion damage on it is surface. b) GII-(3) Sample looks smoother and appears
to have suffered less erosion damage than the sample in experiment 1, see figure 26 c).
On the Alkro sample c) dimples can again be observed on its surface similar to that of
316L and in d) the APMT sample appears almost untouched only showing small areas
affected by erosion.
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Figure 37: SEM of samples from experiment 2 with 25x magnification. Carried out for
20 days with a Temperature of 500◦C and a PO2 of 7.77E−30 bar. The 316L sample was
only exposed for 14 days. The Speed was set to 9.9 m/s. a) 316L, b) GII-3, c) Alkrothal
and d) APMT
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316L

Figure 38: SEM of 316L sample at 1000x giving a closer look at the dissolution affected
zone

Sample 316L suffered from lead penetration as can be seen in figure 38. EDS analyses
of figure 39 are shown in table 14. In the bottom of figure 39, a part of the sample’s sur-
face can also be seen. On its surface, signs of erosion are present in the form of dimples.
In some places are signs that small chunks of the metal have been eroded off.

Looking closer at the 316L sample, the lead can now be seen in the affected zone. The
dissolution penetrates to around a depth of 60-70 µm, see figure 38. Here, signs of internal
oxidation can also bee found as small dark grey dots at the bottom of figure 39. Using
EDS, it could be determined that the bulk material remains unaffected by dissolution,
but inside the zone, the Ni content drops from 10.23 wt.% to around 1.1 wt.%. The dark
grey zone is Cr2O3, and the white dots are made up of Pb.
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Figure 39: EDS of 316L sample at 1000x showing the dissolution affected zone

Table 14: Elemental analysis of 316L sample with EDS, values given in [wt%]

Spectrum O Al Cr Mn Fe Ni Mo Pb
1 - - 18.42 1.44 66.35 10.23 2.81 -
2 - - 11.72 - 59.43 1.16 - 26.88
3 - - 12.19 - 85.07 1.21 - -
4 19.41 - 13.61 5.2 57.78 - 2.71 -
5 - 4.51 45.54 3.51 46.44 - - -
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GII-(3)

Figure 40: SEM of GII-3 sample at 100x

Even though the GII-3 sample seems less affected by erosion in figure 37 looking at
table 13, it can be seen to have lost the second most weight. In figure 40, lead has
penetrated into the metal as well as signs of Ni dissolution. Although the attack is not
as severe as what can be seen in the 316L sample. The dissolution attack in the GII-3
sample is only at a few spots in the material and not along the whole sample edge.

The depth of the dissolution attack is around 30 µm, and there is no sign of internal
oxidation, see figure 41. The affected areas of dissolution are not coherent around the
outer rim of the sample but appear as small patches in the sample with varying widths
from 50 µm up to 200 µm. The white dots were confirmed to be Pb using EDS, and
on the surface, both Pb and mixed oxides of Cr2O3 and Al2O3 are present, see table 15.
The Ni content drops from 15.6 wt.% in bulk to 6.08 wt.% in the dissolution affected zone.
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Figure 41: SEM of GII-3 sample at 1000x

Table 15: Elemental analysis of GII-3 sample with EDS, values given in [wt%]

Spectrum O Al Cr Mn Fe Ni Pb
1 - 4.13 14.65 2.56 63.06 15.6 -
2 - 3.62 7.16 - 62 6.08 21.15
3 - 0.54 56.99 4.81 37.36 - -
4 7.45 1.78 14.23 - 44.31 1.36 30.23
5 4.58 0.79 7.74 - 78.17 2.02 6.69
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Alkrothal

Figure 42: SEM of Alkro sample at 100x

The Alkro sample seems to have suffered some damage caused by erosion in figure 37,
and in table 13, the weight loss is 10.74 mg. The surface of the sample has some minor
dimples and roughness to it, but no major damaged can be seen in figure 42. In figure
43, we can see that there is some internal oxidation in the sample, but otherwise, it looks
unaffected.

Looking closer at the Alkro sample, there are some dark spots close to the surface of
the metal that is most likely internal oxidation. Using EDS, it was confirmed that the
bulk of the sample remained unchanged, see table 16 spectrum 4. Spectrum 1-3 in table
16 is of the sample’s surface and shows that there is an oxide film present made up of
Al2O3 and Cr2O3.
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Figure 43: EDS of Alkro sample

Table 16: Elemental analysis of Alkro sample with EDS, values given in [wt%]

Spectrum O Al Cr Fe Pb
1 65.37 34.63 - - -
2 23.26 2.24 27.28 46.60 -
3 40.16 47.12 - - 12.72
4 - 3.12 15.48 81.40 -

APMT
The APMT sample lost the least amount of weight, see table 13. In figure 44, the

APMT sample can be seen to have thin gray lines on its edge that is most likely internal
oxidation, similar to what can be found in the Alkro sample. In figure 45, one of these
oxidation lines can be seen more clearly, penetrating to a depth of around 10µm. Oth-
erwise, the sample looks unaffected by the erosion experiment. With EDS analysis, it
was determined that the gray lines were made up of Chromium and Alumina oxides, but
there were also small traces of lead.
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Figure 44: SEM of APMT sample at 100x

Figure 45: EDS of APMT sample at 1000x

58



Table 17: Elemental analysis of APMT sample with EDS, values given in [wt%]

Spectrum O Al Cr Mn Fe Mo Pb
1 - 6.59 22.4 - 67.99 3.02 -
2 - 9.13 46.54 1.74 33.38 - 9.22
3 - 1.45 14.76 - 83.79 - -
4 27.69 5.79 28.74 1.43 35.94 - -
5 26.28 7.71 7.71 30.89 32.15 - -

59



4.1.3 Experiment 3

In experiment 3, the GII-(3) sample suffered extensive erosion damage losing over 200
mg in weight, as can be seen in table 18 and figure 46. In figure 47, the erosion of the
GII-(3) can is clear to see. The black areas in figure 47 d) is Si left over from the polishing
process. Experiment 3 was carried out in the same conditions as experiment 2, the only
difference being that the velocity was set to ∼ 5m/s.

Table 18: Weight loss for sample in experiment 3

Sample Weight before [mg] Weight after [mg] ∆ m [mg]
316L 4344.59 4306.208 38.38
GII-3 2787.472 2570.64 216.83

APMT 3687.63 3681.522 6.11
Alkro 3658.488 3652.5 5.98

Figure 46: Weight loss of samples in experiment 3, given in mg
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Figure 47: SEM of samples from experiment 3 with 25x magnification. Carried out for
21 days with a Temperature of 500◦C and a PO2 of 7.77E−30 bar. The Speed was set to
4.99 m/s. a) 316L, b) Alkro, c) APMT and d) GII-(3)
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316L
The 316L sample has suffered some erosion damage as its surface show sign of pitting
erosion, see figure 48. Like in the previous experiments it also suffers from the dissolution
of Ni, and the lead penetrates up to 100µm in-depth, figure 49. The Ni content in the
sample drops from around 12 wt.% in the bulk material to 1 wt.% on the material’s
surface.

Figure 48: SEM of 316L sample at 100x

62



Figure 49: SEM of 316L sample at 1000x

GII-(3)
The GII-(3) lost more than 200 mg, and on its surface, severe erosion damage can be seen,
see figure 50-51. However, no signs of dissolution attacks were observed in the sample,
and only small traces of lead were found on the surface. In the EDS analyses, the Ni
content goes from 16.4 wt.% in the bulk to around 15wt.% on the material’s surface.

Figure 50: SEM of GII-(3) sample at 100x
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Figure 51: SEM of GII-(3) sample at 1000x

Alkrothal
The Alkro sample lost very little weight as can be seen in table 18 and figure 46. Its
surface still, however, was affected by pitting erosion, see figure 52-53. On the sample’s
surface, Al2O3 could be found.

Figure 52: SEM of Alkro sample at 100x
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Figure 53: SEM of Alkro sample at 1000x

APMT
Like the Alkrothal sample, the APMT specimen showed a small weight loss and had
formed a protective alumina scale. Some pitting erosion can be seen on its surface in the
form of dimples and small pits, see figure 54 and 55.

Figure 54: SEM of APMT sample at 1000x
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Figure 55: SEM of APMT sample at 1000x
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4.1.4 Experiment 4

In Experiment 4, the 316L sample lost the most weight, losing 296 mg, see table 19 and
figure 57. In figure 56, the 316L sample is noticeably affected by erosion-corrosion. The
GII-(3) sample also lost 107 mg but does not look as bad as the 316L sample in figure
56. Both the FeCrAl, Alkro and 2-8, lost very little weight. The black substance seen in
images a) and d) in figure 56 are leftover Si from the polishing process.

Figure 56: SEM of samples from experiment 4. Carried out for 23 days with a Tempera-
ture of 500◦C and a PO2 of 8E−28 bar. The Speed was set to 7.49 m/s. a) 316L, b) 2-8,
c) Alkro and d) GII-(3)
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Figure 57: Graph of the weight loss of samples from experiment 4

Table 19: Weight loss for sample in experiment 3

Sample Weight before [mg] Weight after [mg] ∆ m [mg]
316L 4429.76 4133.5 296.26
GII-3 3917.78 3810.39 107.38
2-8 3876.52 3875.07 1.45

Alkro 3664.2 3657.94 6.25

316L
The 316L sample suffered from severe erosion-corrosion damaged, and pit and dimples

cover its surface, see figure 58. It has also suffered from Ni dissolution, like in the previous
experiment, see figure 59. The dissolution zone extends to a depth of ∼ 100µm. In the
EDS analysis, the Ni content drops from ∼ 10.5wt.% to zero in the affected zone.
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Figure 58: SEM of 316L dissolution affected zone, 200x

Figure 59: SEM of 316L dissolution affected zone, 1000x
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GII-(3)
The GII-(3) sample also suffered from erosion damaged and lost 107 mg in weight. Its

surface shows clear signs of pitting erosion in figure 60. There are little signs of dissolution
attacks, and some lead can be found on the edges of the samples at a depth of only a
few µm. Internal oxidation can be seen around the edges of the sample with a width of
∼ 30µm, figure 61.

Figure 60: SEM of GII-(3) of internal oxidation, 1000x
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Figure 61: SEM of 316L dissolution affected zone, 3500x

Alkrothal
The Alkrothal sample lost very little weight, but its surface still show small signs of

pitting erosion, figure 62. Some lead can be seen in a crack in figure 63.

Figure 62: SEM of Alkro, 100x
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Figure 63: SEM of Alkro, 1000x
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2-8
Like the Alkro sample, the 2-8 lost almost no weight. However, unlike the Alkrothal

sample, the 2-8 alloy surface showed no signs of erosion damage, see figures 64-65.

Figure 64: SEM of Alkro, 100x

Figure 65: SEM of Alkro, 1000x
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4.2 Result SSRT

Figure 66: Strain-stress curve of 316L at room temperature in air

Figure 66 shows the result of the first experiment carried out using the SSRT-rig. Test
1 was done in order to see if the rig was accurate and functioning correctly. The results
from experiment 1 fit well with the data found in literature [95].

Figure 67: Strain-stress curve of 316L sample at 400◦C in a liquid lead environment

In test 2, the experiment stopped by itself after three days due to the load drop of
the program being triggered. This is the reason for the shape of the curve in figure 67.

In test 3, figure 68, the measured load flatlined at around 800 MPa, and the test again
failed to complete. The flat line of the values as caused by too much data overloading
the buffer.
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Figure 68: Strain-stress curve of 316L sample at 400◦C in a liquid lead environment

5 Discussion

5.1 Discussion ECO

The 316L samples are the ones that suffer the most in the erosion experiments, except
for in Exp 3. They have the most weight loss of all the other samples, between 40 to 296
mg. All the 316L samples suffered from dissolution attacks by the liquid lead, extending
80-100 µm into the samples and there is also internal oxidation inside the affected zones.
With EDS its indicated that almost all the Ni in the affected zones is dissolved by the
lead, dropping from ∼10 wt.% to almost 0 wt.%. Not only does Pb dissolve the Ni from
the steel, but it also enters the material as is indicated by the white spots seen in figures
28, 29, 38, 39, 48 and 49. Given Pb higher density compared to that of Ni, 11.34 g/cm3
(Pb) to 8.9 g/cm3 (Ni) (standard conditions), meaning the Pb dissolved in the material
is adding weight to the sample. This means that the real material weight loss of the
steel is hard to determine. Lead penetration is present in all the 316L samples after the
exposures and is part of a larger sponge-like structure that permeates the affected zones.
Meaning that a not-insignificant amount of Pb is most likely present in the 316L samples
resulting in that the weight loss is shown in tables 9, 13, 18 and 19 for the 316L may, in
reality, be more extensive then what was measured.

The GII-3 samples have performed well in experiments one and two given the harsh
experimental conditions with very low PO2 and the high rotation speed. The weight loss
of the samples is very different between the runs, varying between 6 mg to over 200 mg in
Exp 3. Why the GII-(3) sample performed so poorly in experiment 3 is due to its inability
to form a protective oxide layer. Another factor was that in experiments one and two,
the ECO-rig had to be opened up in order to fix problems during the runs. This meant
that the samples were again exposed to an oxygen-rich environment and had time to form
a protective oxide. During experiment 3, however, the rig encountered no problems and
was able to run uninterrupted for three weeks. In Exp 4, the GII-(3) sample still lost 107
mg. Given the increased speed, it was an improvement from Exp 3 and comparing it to
the 316L sample that lost 296 mg, the GII-(3) sampled showed promising performance.
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From the results from Exp 3 and Exp 4, one can see that the oxygen concentration has
a significant impact on the AFA steel performance.

The GII-3 alloy, like the 316L steel, contains Ni meaning they are more susceptible to
dissolution attacks. In Exp 2, evident signs of Ni dissolution were found in the sample,
as seen in figures 40-41. However, this was not the case for Exp 1, where no dissolution
was detected. The dissolution attacks in Exp 2 on the GII-(3) is not as severe as for the
316L steel. The zones in the 316L samples extend around the whole outer edge of the
samples, in the GII-3 sample, the dissolution zone is not a coherent zone but consists of
small patches with varying widths of 50-200 µm and penetrating the sample with a depth
of around 30 µm. The decrease of Ni in the affected zones drops from roughly 15 wt.% to
6 wt.%, which is not as severe as for the 316L sample. The reasons for why the GII-(3)
sample in Exp 2 suffered from dissolution attack and the samples in Exp 1 and Exp 3 did
not be several factors. It may be caused by the longer exposure time of experiment 2, or
the fact that in experiment two the 316L sample had to be replaced twice meaning that
both that the GII-(3) sample could have suffered some damaged when the 316L sample
came loose from the mounting. When the 316L sample was replaced the rig needed to
be opened up, which exposed the other sample to air for a time that could have affected
results. The GII-(3) sample from experiment 1 was also an old sample leftover from the
ALSTEr [1] experiments, meaning it had already been exposed to a lead environment.
The PO2 of this environment is unknown. However, given the results from experiment
1, it is likely that the GII-(3) were able to form a protective oxide layer that can have
helped to prevent damage from erosion-corrosion. In Exp 3, the reason no dissolution was
found could be that the affected zone was eroded away, given the severe erosion damage
this sample experienced. Given the results from experiment 3, a to low oxygen partial
pressure may result in a very severe erosion-corrosion attack on the studied AFA steel.

The APMT, 2-8, and Alkrothal samples performed the best out of the samples that
were tested, only showing a weight loss of between 4-10 mg, except for the Kanthal AF
sample in Exp 1. The divergence of this sample was most likely caused by a measuring
error when weighing it or some damaged done to the sample during removal from the
sample holder, which resulted in some material loss giving off the impression that it lost
more weight than it had. This is supported by the images in figure 26 were the AF sample
seems to have suffered very little erosion damage and also by the fact that the APMT,
2-8 and Alkrothal samples in Exp 2, Exp 3 and Exp 4 performed very well. Even though
the Alkrothal sample looks to have suffered some erosion damage in figure 37, table 13
shows that the weight loss is minimal and the only real effect that can be seen in the
APMT and Alkrothal samples is the internal oxidation. The APMT, 2-8 and Alkrothal
also show a tendency to form a protective oxide film of Al2O3 and Cr2O3 on despite these
harsh conditions.

Looking at all the results, it seems that the presence of Ni has a significant impact
on the metal’s performance in a liquid lead environment. The AFA steel was essentially
carbide free which could affects its erosion-corrosion resistance negatively. Given the per-
formance of the GII-3 samples when compared to that of the 316L sample, it would seem
that AFA performs better. However, if the AFA fails to form a protective oxide film, they
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suffer severely from erosion-corrosion. More tests are needed in order to determine the
reality of this. How the AFA steels would preform in the liquid lead environment were
not entirely known but it was expected to suffer some form of dissolution attack given
previous research done concerning corrosion in alumina forming austenites [2, 2, 9, 33, 35]
However, more test of AFA with varying composition and pO2 needs to be done in order
to evaluate how these affect the AFA steel performance.

The APMT, 2-8, and Alkrothal samples all showed excellent results, except for the
sample in experiment 1 for reasons explained above. Comparing the Alkro and APMT
sample, it would seem that the hardness of the materials affect how susceptible they are
to erosion damage, APMT being harder than Alkro. However, the FeCrAls comes with
some inherent problem such as its lower mechanical strength, especially APMT, after
aging in temperatures around 470◦C [2–5,11]. Another problem comes from the FeCrAls
ferritic (BCC) structure, which is more likely to suffer from LME [18,19,50,52,53,57–60],
both 316L and GII-3 have an austenitic structure which is not as prone to be affected
by the LME phenomenon. [20, 61]. So even though the FeCrAl copes very well when it
comes to erosion-corrosion damage, there lower mechanical strengths and susceptibility
for LME may prove to be problematic.

5.2 Discussion SSRT

When testing the gas seals of the SSRT-rig before test 1, two small leaks were found.
One leakage was caused by a copper sealing that was not screwed down tight enough,
which was easily fixed. A faulty weld caused the other leak and was located at one of the
blinded holes in the lid that had been welded. After the area was re-welded, the system
became gas-tight.

The second test was carried out in the liquid lead but did not go as planned. The test
stopped automatically before a complete stress-strain curve could be formed, see figure
67. The reason for this was most likely that the program detected a load drop of more
than 30 kg for three successive measuring points and stopped the test. This was solved by
increasing the load drop and adding more consecutive measuring points required before
shutting down the experiments. The new parameters were set to a load drop of 80 kg for
ten measuring points. It was also discovered that the program tends to freeze at startup,
resulting in a high initial load was applied to the sample. The reason for this is that
the Vetek load indicator DFWL sends to much data resulting in the program overloaded
and, therefore, freezing. Insufficient power caused this data overload in the motor that
controls the actuator. The motor needed 24 V in order to run but was only given 12 V.
The Vetek indicator was also responsible for the stop of test 2. The load indicator was
sending to much data, and some data points were registered as zero load. This, in turn,
was interpreted as a load drop by the program and hence the shutdown.

In test 3, the parameter for when the program was to stop the test was changed to a
load drop of 80 kg for ten measuring points. This time the program ran for seven days
before it was manually stopped. This time the load output had frozen to a set value of
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353.9 kg, see figure 68. This was again caused by the Vetek module sending to much data
into the buffer, causing an overload of the program

Looking at figure 67 and 68, it can be seen that the load on the samples are above
their theoretical limit [95] for non cold worked 316L steel. 316L has a ultimate tensile
strength (UTS) of around 486-515 MPa [95]. But via cold working the 316L steel its UTS
can be increased to 700-1100 MPa [96]. Looking at the figures 67-68 it can be concluded
that the 316L steels used in the test have been cold worked.
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6 Conclusion

Erosion-Corrosion
From the four erosion experiments performed, the following conclusions can be made:

• The ferritic alumina forming FeCrAl steels showed, in general, better performance
in the erosion tests than the alumina forming austenite, GII-(3), and the chromia
forming 316L steel.

• The lack of Ni and the ability of effective formation of a hard and protective alumina
scale of the FeCrAl steels are likely the reasons for their excellent performance.

• By comparing the two austenitic steel used in this work, GII-(3) and 316L, it is
indicated that the alumina scale provides better protection in flowing liquid lead
than the chromia scale for most conditions used.

• Low oxygen levels, below the required content for Fe-oxide formation, showed severe
erosion damage on the GII-(3) AFA sample. Control of the oxygen activity in the
lead environment seems, therefore, to be more crucial for the AFA sample than the
FeCrAl alloy and the 316L steel.

• Further erosion studies of the AFA steels are required to find an optimal alloy
composition and oxygen activity limits. For instance increase the amount of carbide
precipitates which increase the materials over all strength, and that might increase
it erosion-corrosion resistance. Studies should include varying velocities, as well as
increased exposure times.

SSRT-rig
A unique compact testing rig for SSRT, high temperature tensile test and creep testing
has been developed within this master thesis. Both gaseous and heat-transfer fluid en-
vironment can be studied, for instance liquid lead with a controlled atmosphere. The
temperature can be controlled up to at least 700◦C if needed. The critical parts are all
made of the newly developed Fe-10Cr-4Al steel that is corrosion resistant at least up to
750◦C in liquid lead. [87] Some more work is needed on the software to ensure the stability
of the data logging. Based on the experience of this master thesis, some conclusions and
recommendation for future work are presented:

• The SSRT-rig was built and has the ability to provide important information about
the mechanical and LME properties of different materials in lead environments.

• For LME to happen, good wetting is required. This is one of the major issues that
need to be resolved. In the developed SSRT-rig, the wetting is done via plastic
deformation of the sample that may destroy the sample’s protective oxide layer,
allowing for good wetting between the samples and the liquid lead. This still needs
to be tested.

• The LME phenomenon only happens in a specific temperature regime that differs
for each LME solid/liquid couple. With the SSRT-rig, the temperature interval for
which LME in the liquid lead is known to happen, 328-400C, can be tested.

• How the composition of the AFAs will affect their vulnerability to LME and creep
strength should also be examined.

• How the PO2 will affect the LME phenomenon.
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A Appendix A

A.1 EDS Analysis

This appendix includes all the EDS analyses done on the samples tested in the ECO-rig.
The analysis was done on different sections and in varying magnification to get a complete
picture of the samples.

Experiment 1 316L

Figure 69: EDS of 316L from experiment 1 with magnification x1500, sample exposed for
12 days at 520◦C. The table included showing the result of the EDS analysis
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Experiment 1 FeCrAl

Figure 70: EDS of FeCrAl from experiment 1 with magnification x500 showing pitting
erosion of the grain boundaries, sample exposed for 12 days at 520◦C. The table included
showing the result of the EDS analysis

81



Figure 71: EDS of FeCrAl from experiment 1 with magnification x500 of the samples
surface focusing on the oxides, sample exposed for 12 days at 520◦C. The table included
showing the result of the EDS analysis
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Experiment 1 GII-(3)

Figure 72: EDS of GII-(3) from experiment 1 with magnification x500, sample exposed
for 12 days at 520◦C. The table included showing the result of the EDS analysis
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Experiment 2 316L

Figure 73: EDS of 316L from experiment 2 with magnification x1000 showing the disso-
lution affected zone, sample exposed for 14 days at 500◦C. The table included showing
the result of the EDS analysis

84



Experiment 2 Alkrothal

Figure 74: EDS of Alkro from experiment 2 with magnification x100 on both the polished
side and the erosion affected part, sample exposed for 20 days at 500◦C. The table included
showing the result of the EDS analysis
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Experiment 2 APMT

Figure 75: EDS of Alkro from experiment 2 with magnification x100 showing the internal
oxidation, sample exposed for 20 days at 500◦C. The table included showing the result of
the EDS analysis
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Experiment 2 GII-(3)

Figure 76: EDS of GII-(3) from experiment 2 with magnification x1000 of a dissolution
affected zone, sample exposed for 20 days at 500◦C. The table included showing the result
of the EDS analysis
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Experiment 3 316L

Figure 77: EDS of 316L from experiment 3 with magnification x250 on a dissolution
affected area, sample exposed for 21 days with a velocity of ∼ 5m/s at 500◦C. The table
included showing the result of the EDS analysis
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Experiment 3 GII-(3)

Figure 78: EDS of GII-(3) from experiment 3 with magnification x250, sample exposed
for 21 days with a velocity of ∼ 5m/s at 500◦C. The table included showing the result of
the EDS analysis
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Experiment 3 Alkrothal

Figure 79: EDS of Alkro from experiment 3 with magnification x1000, sample exposed
for 21 days with a velocity of ∼ 5m/s at 500◦C. The table included showing the result of
the EDS analysis
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Experiment 3 APMT

Figure 80: EDS of APMT from experiment 3 with magnification x250, sample exposed
for 21 days with a velocity of ∼ 5m/s at 500◦C. The table included showing the result of
the EDS analysis
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Experiment 4 316L

Figure 81: EDS of 316L from experiment 4 with magnification x1000, sample exposed for
23 days with a velocity of ∼ 7.45m/s at 500◦C. The table included showing the result of
the EDS analysis
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Experiment 4 GII-(3)

Figure 82: EDS of GII-(3) from experiment 4 with magnification x1000, sample exposed
for 23 days with a velocity of ∼ 7.45m/s at 500◦C. The table included showing the result
of the EDS analysis
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Experiment 4 Alkrothal

Figure 83: EDS of GII-(3) from experiment 4 with magnification x1000, sample exposed
for 23 days with a velocity of ∼ 7.45m/s at 500◦C. The table included showing the result
of the EDS analysis
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Experiment 4 2-8

Figure 84: EDS of GII-(3) from experiment 4 with magnification x1000, sample exposed
for 23 days with a velocity of ∼ 7.45m/s at 500◦C. The table included showing the result
of the EDS analysis
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