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”If I had an hour to solve a 
problem I'd spend 55 minutes 
thinking about the problem and 
5 minutes thinking about 
solutions” 

Albert Einstein
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Abstract
This thesis focuses on the different degradation mechanisms of the stainless steel in a 
traveling-grate in a Grate-Kiln iron ore pellet indurator. The traveling-grate is a conveyor belt 
that transports green-body pellets to a rotary-kiln while the pellets are being dried and pre-
heated to a temperature of 900-1100 °C by recycled hot air. After unloading of the pellets to 
the rotary-kiln for further sintering, the traveling-grate is cooled in air at room temperature 
while returning to the loading zone of the wet pellets.

The steel was tested during thermal cycling in a test rig, in order to simulate the influence of 
thermomechanical fatigue and oxide spallation. The influence of erosion-deposition was 
investigated in a modified horizontal industrial combustion kiln at 800 °C, with iron ore dust
and coal from production used as erosive media and combustion fuel, respectively. The 
influence of minor alloying additions of Mn, Si and Ti on the microstructure was studied by 
using eight different casted alloy compositions. Isothermal heat treatments were performed at 
800 °C during 200 hours on stainless steel samples immersed in deposits recovered from a 
traveling-grate used in production. 

The three main degradation mechanisms found in this work are thermal cycling, erosion-
deposition and deposit-induced accelerated corrosion (DIAC). Thermal cycling causes 
spallation of the oxide due to the thermal expansion difference between the oxide and the 
metal and causes thermal fatigue due to the induced mechanical stresses in the material. It has 
been found that additions of Ti improve the spallation resistance while Si reduces it. 
Spallation of deposits is another cause believed to increase the degradation. Erosion-
deposition appears due to simultaneous erosion and deposition of particles on the traveling-
grate that cause erosion or deposition depending on the amount of alkali metals in the 
environment. The velocity of the particles influences erosion and deposition in the way that 
higher velocities increase erosion. DIAC is proposed to form on the traveling-grate due to the 
concentration of chlorides and sulphates that contains alkali metals in the deposits, especially 
at higher temperatures.

Other than these major degrading mechanisms, minor degradation mechanisms such as 
internal oxidation, sigma formation, carburization and sensitisation towards intergranular 
attack have been found inside the steel during heating. Thermomechanical fatigue (TMF) 
causes intergranular cracks in the material of the traveling-grate. Casting issues such as 
microsegregation have been addressed in this thesis. 

A few different ways to improve degradation resistance have been proposed, such as 
homogenization heat treatments, material and geometrical changes of the grate-links,
optimization of process parameters and inhibitor solutions like additions of feldspars to the 
coal.
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1. Introduction
The project, which this thesis is being based on, was launched in 2011 and aimed to solve the 
degradation problem that was prevalent in the traveling-grate of the Grate-Kilns at LKAB. To 
understand the degrading problem, an introduction to the iron-ore pelletizing process, the role 
of the traveling-grate and the environment around it will be presented.

Grate-Kiln
LKAB (Luossavaara Kiirunavaara AB) is a mining company situated in the city of Kiruna in 
the north of Sweden specialising in iron-ore mining and iron-ore pellets production. Being the 
leading iron-ore pellet producer in Europe with 22.7 million tonnes of iron ore pellets
produced in 2016 [1] LKAB provides a largely urbanised area [2] with over 4000 jobs.

The manufacturing process of iron ore pellets is shown in Figure 1.1. The iron ore, which is 
mainly a mix of magnetite (Fe3O4) and gangue, is sent from the mine shafts to a series of 
purification stages to reduce the amount of gangue. The first stage is the dressing stage (2) 
where the magnetite is separated from the largest chunks of gangue by magnets and crushed 
and sorted (3) before being sent to the concentration stage (5). The dressing stage increases 
the magnetite content of the iron ore from 45 to 62 % [3, 4]. In the subsequent concentration 
stage (5) the iron ore is milled to a size of 40-50 μm in order to further separate the magnetite 
from the gangue residues by magnets. In contrast to the dressing stage the concentration stage 
is performed in water [3, 4].

Figure 1.1. Description of the pelletizing procedure. Permission from LKAB.

In order to remove the apatite, a phosphorus-rich phase abundant in the mines of LKAB [4],
the slurry (milled iron ore and water) is flotated (6). After the concentration stage the slurry
contains 70% magnetite and is now called a concentrate. This concentrate is blended (7) with 
bentonite to facilitate agglomeration and with different additives depending on the type of 
steel production in which the pellets will be used [4]. The concentrate is dried to a moisture 
content of about 9 % and sent for agglomeration, where the concentrate is formed into 10-12 
mm diameter balls or so called green-body pellets. These pellets are weak and easily 
destroyed so drying and sintering (induration) is performed in a Grate-Kiln induration facility 
(Figure 1.2) to make them harder and more durable.
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Figure 1.2. Schematic representation of a Grate-Kiln induration process. Courtesy of Metso 
Minerals.

The grate is designed to dry the green-body pellets and to pre-heat them before they are 
sintered in the rotary-kiln. Drying and pre-heating is done by transporting a ca. 20 cm thick 
layer [5] of green-body pellets on a traveling-grate which moves as a conveyor belt through 
four different zones with increasing temperatures. The first two zones are drying the green-
pellets to make them slightly more durable and able to withstand a load of 60 kg. The first of 
these zones is the upward drying drafting (UDD) zone with a temperature of 100-200 °C [3, 
4]. Notable in this zone is that the heating gas comes from below the traveling-grate and up 
into the pellet bed whereas the other zones have heating gas coming from above through the
pellet bed and the traveling-grate. The second zone, the last drying zone, is the downward 
drying draft (DDD) with a gas temperature of 400-600 °C above the pellet bed [3, 4]. In the 
two last zones, the tempered pre-heating (TPH) zone and the pre-heating (PH) zone, the 
temperatures reach 800-1000 °C and 1000-1200 °C, respectively, and serve to pre-heat the 
pellets before they reach the rotary-kiln [3]. The flame in the rotary-kiln, which is providing 
heat for the entire system, is mainly fuelled by coal powder but oil can be used during 
malfunction of the coal feeder [5, 6]. In the PH zone and in the beginning of the rotary-kiln 
the pellets start to sinter and they will be fully sintered at the end of the rotary-kiln [4]. After 
the rotary-kiln the pellets are cooled by ambient air flowing through the pellets. The heated air 
from the first cooling zone is transported into the rotary-kiln and reused as pre-heated gas 
while the heated gases from the second, third and fourth zones are sent to the TPH, UDD and 
DDD zone, respectively. The PH zone is heated by gas from the rotary-kiln. As the traveling-
grate continuously travels between the UDD zone and the PH zone it is continuously being 
heated and cooled during its service life [7].

Traveling-Grate
A traveling-grate (see Figure 1.3) consists of several grate-links (or grate-plates) and chain-
links which are joined together. The grate-links have air slits that allow gas to pass through
them and the pellets that are placed upon them while the purpose of the chain-links is to allow 
the traveling-grate to be moved by cogs that grip into the chain-links.

A row of 15 grate-links and 6 chain-links are joined together by through rods to give a 
traveling-grate row with a width of 4597 mm and a length of 254 mm. By placing several 
rows together, the traveling-grate reaches a total length between 85 m and 120 m [3]. On each 
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side of the traveling-grate there are side plates which hinder the pellets to come in contact 
with the walls of the grate.

Figure 1.3. Schematic presentation of the traveling-grate.

Grate-Links
An image of one of the grate-links is presented in Figure 1.4. The link consists of an austenitic 
castable stainless steel with high chromium, nickel and carbon content with a typical as-casted 
microstructure [7]. The air-slits in the sand-casted grate-links allow the process gas to heat the 
pellets and prevent the pellets to fall through. After the end of their service life the grate-links 
are sent back to the foundry where they are re-melted and re-casted into new grate-links
which effectively reduces the cost and the environmental impact of the grate-links as the 
material is re-used.

Figure 1.4. An as-casted grate-link which is used in the Grate-Kiln induration process at LKAB.
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Degradation of the Grate-Kiln
Degradation of the Grate-Kiln system components is of major importance for LKAB as an 
unplanned stop of the system is costly for the company. Brick degradation and fall-outs in the 
rotary-kiln have been investigated by Stjernberg where the main degradation effects were 
shown to be alkali metals reacting with the brick material forming detrimental phases [6].
Potassium was seen to penetrate further into the bricks and be more abundant there than 
sodium, which mostly reacted aggressively on the surface of the brick. Deposition in the 
Grate-Kiln system is an important cause for degradation as it limits the performance of the 
Grate-Kiln and lowers the production rate. The deposition phenomenon has been studied by 
Jonsson et al who showed that the deposition is highly dependent on which fuel that is being 
used in the Grate-Kiln indurator. Coal, which is the main fuel for the flame, is much more 
likely to form deposits than heavy duty oil due to the alkali compounds that are present in the 
fly ashes. These alkali compounds can lower the melting temperatures of oxides and feldspars 
which could act as glue between the hematite particles from the pellets to form deposits [5].

The traveling-grates have had an increased degradation rate since the end of the 1990 as a 
result of increased production rate which resulted in a reduced service life from 36 to 12
months [8]. Nowadays, the traveling-grate is changed each year during planned facility stops 
to reduce the likelihood of unplanned stops. Degraded grate-links can be seen in Figure 1.5
after a service life of 15 months in a Grate-Kiln indurator known as KK3 at LKAB.

Figure 1.5. Different grate-links after a service life of 15 months showing their degradation.

Degradation of the traveling-grate
The traveling-grate has been subjected to several investigations but while these gave several 
advices, hardly any of them described any possible degradation mechanisms. Some of these
investigations are summarised:

The Casting Development Centre [9] stated that the material was heavily oxidised 
with preferential oxidation along the grain-boundaries of the material and that carbides 
could be seen close to the oxide. It was suggested that the temperature of the grate-
links had been higher than 600 °C during service.

Avesta Sheffield [10] saw that the material was oxidised along the grain-boundaries 
which led to detachment of entire grains.
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The Swedish Corrosion Institute [11] said that cracks along the grain-boundaries 
caused grains to detach from the material.

Anderson Laboratories [12] found that the material was deteriorated as a result of high 
temperature oxidation and that sulphur could have an accelerating effect on the 
oxidation.

Rubin-Material Science [13, 14] found a chromium depleted surface rich in carbon 
and stated that carburization was responsible for the degradation of the grate-links. 
The protective oxides of the grate-link were believed to be removed either chemically 
or mechanically.

Magotteaux [15] attributed the degradation on the grate-links to hot corrosion in the 
presence of sulphur. 

The material science research department of LKAB, Metlab LKAB [16], found that 
the Ni content was below the minimum amount that is allowed within the standard and 
it was suggested that the carbon content in the steel should be reduced to avoid 
cracking that occurred along the grain-boundaries of the grate-link.

It seems as several possible mechanisms are present during the degradation of the grate-links 
and that the most degrading mechanism of the grate-link could be dependent on process 
parameters and facility rather than one mechanism being the most apparent at all times. 

Aim and Scope
The main goal of the project is to improve the service life of the traveling-grate in LKAB’s
pellet production. The project has been divided into five different research questions:

Which are the different mechanisms that degrade the grate-links?

How does each degrading mechanism affect the grate-links?

Are there any synergistic effects between the different degradation mechanisms?

How are the degradation mechanisms influenced by the environment and the grate-
link material?

How can these degradation mechanisms be controlled?
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resistance of a travelling grate in a Grate-Kiln indurator, Submitted to Ironmaking &
Steelmaking.

Paper 4
E. A. A. Nilsson, H. Hedman, H. Winnikka, M-L. Antti. Simultaneous erosion and deposition 
of a travelling grate in a Grate-Kiln pellet indurator, Submitted to Energy & Fuels.

Paper 5
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2. Castable Stainless Steels
The material which has been studied in this thesis is an as-casted stainless steel. This chapter 
will highlight the microstructure and phases that can be found in this stainless steel along with 
its properties.

History
Already in 1820 it was discovered by Stoddard and Faraday [17] that iron alloys with small 
amounts of chromium (Cr) were more resistant to acids than normal steel. The French 
researcher Brustlein stated in 1875 that increased Cr additions to iron were only possible if its 
carbon (C) content was below 0.15 wt%. Three years earlier, in 1872, two English engineers,
Woods and Clark, had filed the first patent of weather resistant steel with 30-35% Cr without 
understanding how it worked. The lower carbon content proposed by Brustlein was made 
possible after 1895 when the German researcher Hans Goldschmidt invented the 
aluminothermic reduction process to form pure chromium. Nine years later, in 1904, Leon B
Guillet, a French researcher, discovered several different ferritic and martensitic iron-
chromium alloys. He failed however to realize the corrosion resistant potential of the alloys
[18, 19]. Together with the German metallurgist W. Giesen, Guillet performed investigations 
of the austenitic iron-chromium-nickel alloys, meaning that these early studies which were 
conducted between 1904 and 1909 covered all structural classifications of stainless steels
[19]. The importance of chromium was stated in 1911 by the two German researchers P. 
Monnartz and W. Borchers who realized that a minimum amount of 10.5 wt% Cr was 
necessary to give the beneficial corrosion properties of an oxide on an iron-chromium alloy.
Monnartz was the first person to use the word “stainless” to describe the iron-chromium 
alloys [19].

The industrial usefulness of stainless steel was realised 1912 as the German metallurgists 
Eduard Mauer and Benno Strauss patented the 18-8 austenitic steel. Mauer found that an alloy 
which his colleague Strauss had made were impervious to acid fumes after several months in 
his laboratory [18, 19]. In 1914 both martensitic stainless steel and ferritic stainless steel were 
commercialised in Great Britain and USA, respectively. The British researcher Harry Brearly 
discovered the non-corrosive properties of this steel made originally for erosion-resistant gun 
barrels. He realized the potential of the martensitic stainless steel in cutlery and formed an 
alliance with Mosleys Portland, a British cutlery company [17]. Meanwhile, Frederick 
Beckert and Christian Dantsizen industrialized the ferritic stainless steels in USA where they
had seen the use of these relatively cheap alloys at high temperatures in tunnel ovens and 
steam turbine blades [18].

Classification of castable stainless steel
Casted stainless steels are used due to their low manufacturing cost in combination with their
resistance to corrosion in aqueous media and elevated temperatures [19]. The main difference 
between the wrought and casted stainless steels is their ferrite content which normally exists 
in the structure of casted stainless steels [19, 20]. This makes them easier to weld and 
increases their resistance towards stress-corrosion cracking (SCC) and hot cracking [19, 21, 
22].
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However, due to dendritic formation, segregation and formation of intergranular phases, the 
mechanical properties of casted stainless steels are inferior to wrought equivalent standards 
[19].

The most common standard alloying system of castable stainless steel arrives from the former 
American Casting Institute (ACI), nowadays known as High Alloy Product Group of the Steel 
Founders Society group of America, which defines the steel based on two letters. The first 
letter defines which grade the steel belongs and the corrosion resistant casted stainless steel is 
designated with a C and the temperature resistant casted stainless steel is designated with an 
H. The temperature limit of the corrosion resistant alloys (C) is commonly set to 650 °C and
the heat resistant alloys (H) should be used above this temperature [19, 20]. The second letter 
defines the amount of nickel that is present in the steel and therefore defines the amount of 
austenite/ferrite in the steel. A later letter in the alphabet gives a higher amount of nickel, as 
seen in Table 2.1. The main difference between the corrosion resistant and heat resistant type 
of alloys is the amount of carbon, which is higher in the temperature resistant steels in order 
to better withstand creep deformation [19]. In the case of ACI HH steel, there are two 
common compositions known as HH I and HH II which have a duplex and an austenitic 
matrix, respectively. These two compositions are variations of the ferrite stabilisers and 
austenite stabilisers that exist within the standardized composition of ACI HH. The ferrite and 
austenite stabilising elements will be mentioned later in this chapter but increased amount of 
ferrite stabilisers and decreased amounts of austenite stabilisers form the HH I alloy while the 
reverse will form the HH II alloy. Some comparable wrought alloys can be seen in Table 2.1.

Table 2.1. Chemical composition of some wrought and casted stainless steel [19, 20]. The casted 
materials have the ACI designation and the wrought alloys have the American Iron and Steel Institute 
(AISI) designation.

Designation Main
phase

Chemical composition (wt%)
C Cr Ni Si Mn Fe

ACI CA ) 0.15 11.5-14.0 1.0 1.5 1.0 Bal.
ACI HA 0.2 max 8.0-10.0 - 1.0 0.35-0.65 Bal.
ACI CD 0.04 25.0-26.5 4.75-6.0 1.0 1.0 Bal.
ACI HD 0.5 max 26-30 4.0-7.0 2.0 1.5 Bal.
ACI HF 0.2-0.4 19.0-23.0 9.0-12.0 2.0 2.0 Bal.
AISI 316* 0.08 16.0-18.0 10.0-14.0 0.75 2.0 Bal.
ACI CH-20 0.2 22.0-26.0 12.0-15.0 2.0 1.5 Bal.
ACI HH I 0.2-0.5 24.0-28.0 11.0-14.0 2.0 2.0 Bal.
AISI 309 0.2 22.0-24.0 12.0-15.0 1.0 2.0 Bal.
ACI CK 20 0.2 23.0-27.0 19.0-22.0 2.0 2.0 Bal.
ACI HK 40 0.35-0.45 24-28.0 18.0-22.0 2.0 2.0 Bal.
AISI 310 0.25 24.0-26.0 19.0-22.0 1.5 2.0 Bal.
*AISI 316 also contains 2-3 wt% Mo to withstand marine environments and pitting corrosion.

The mechanical properties of some stainless steels can be seen in Table 2.2. Generally, the 
heat resistant stainless steels have lower ductility than their wrought counter-parts but the 
wrought alloys loose more of their mechanical strength at higher temperatures and have 
higher creep strength [19, 20]. Normal construction steel, S355NR, has also been added to 
Table 2.2 to get an indication of the relative mechanical strength of the different stainless 
steels and how they compare at higher temperatures.
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Table 2.2. Mechanical properties of both as-casted stainless steels (ACI designations) and wrought 
stainless steels (AISI designations) compared to normal construction steel, S355NR.

Alloy Temperature 
(°C)

Tensile 
Strength 
(MPa)

Yield 
Strength 
(MPa)

Elongation 
(%)

Creep 
Strength* 
(MPa)

Ref.

ACI HF 20 635 310 38 - [19]
ACI HF 760 262 172 16 47 [19]
AISI 316 20 579 290 50 - [20]
AISI 316 704 345 131 43 61 [20]

ACI HH II 20 550 275 15 - [19]
ACI HH II 760 258 136 16 43 [19]
AISI 309 20 621 310 45 - [20]
AISI 309 704 296 149 49 28 [20]

ACI HK 40 20 515 345 17 - [19]
ACI HK 40 760 258 168 12 70 [19]
AISI 310 20 655 310 45 - [20]
AISI 310 704 314 131 42 34 [20]

S355NR 20 470 353 12 - [23]
S355NR 650 - 118 18 - [23]

* Creep stress to produce 1% creep after 10 000 hours.

Phase formation
This section will present the phases present in castable stainless steels together with the 
different alloying elements that stabilise each phase. A phase diagram of the different phases 
can be seen in Figure 2.1.

Main phase
In stainless steels there are two possible main phases, austenite and ferrite, which could exist 
solely or co-exist in the steel. The amount of these phases can be evaluated by a Schoefer 
diagram which can be seen in Figure 2.2 for some of the different alloys from Table 2.1. With 
the Schoefer diagram it is possible to evaluate the ferrite content in an alloy with a specific 
chromium-nickel equivalent ratio (Cr/Ni). The chromium and nickel equivalent are described 
in Equations 2.1 and 2.2 [24].

Ferrite
Ferrite is a ferromagnetic steel phase with a body-centred cubic (BCC) crystal structure and 
an atomic packing factor of 68%. Ferritic stainless steels are resistant to corrosion since an 
addition of Cr gives the alloys a passivating layer of chromium-iron oxide. Its white metal 
colour, high strength and relatively low cost make pure ferritic steels common as construction 
material both in buildings and cars. Ferritic stainless steels are however less suitable at higher 
temperature than austenitic stainless steels as ferrite transforms into sigma- or chi phases at 
higher temperatures both having inferior mechanical properties. Elements which are ferrite 
stabilising are described with the chromium equivalent expressed in Equation 2.1 [19].= % + 1.5(% ) + 1.4(% ) + % 4.99 2.1
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Figure 2.1. A phase diagram of stainless steels with different amounts of Cr and Ni.

Figure 2.2. Schoefer diagram for stainless steels in a composition range of 16-26 wt% Cr, 6-14 wt% 
Ni, 0.2 wt% C and 2 wt% Si. The dotted lines indicate uncertainties of chemical composition [24].
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Austenite
The face centred cubic (FCC) structure of the paramagnetic austenite offers a higher degree of 
resistance at elevated temperatures than the ferritic phase due to the reduced diffusion rates
through the FCC phase which has a higher atomic packing factor of 74 %. 

Due to their higher nickel content these steels are more expensive but more resistant towards 
corrosion than ferritic alloys which explain the use of austenitic stainless steels in chemical 
industry, marine environments and applications at elevated temperatures. Austenite is more 
susceptible towards intergranular attacks compared to ferrite due to the lower diffusion 
coefficients in austenite [19]. Elements which stabilise the austenitic phase are expressed as 
the nickel equivalent expressed in Equation 2.2 [19].= % + 30(% ) + 0.5(% ) + 26(% 0.02) + 2.77 2.2

Precipitating phases
Precipitating phases are nucleating in the main phase or in grain-boundaries during cooling 
and heat treatment of the stainless steels. Since stainless steels have a higher amount of 
alloying elements, several precipitating phases are possible.

Carbides
There are several carbides able to form in castable stainless steels due to the increased carbon 
content and the high amount of carbide formers such as Cr, manganese (Mn), titanium, (Ti) or 
niobium (Nb) compared to other steels. In this thesis, carbides are chemically written as MC 
where M denotes the possibility of any transition metal and some of the carbon (C) could be 
replaced by nitrogen (N).

M23C6 
The most common carbide in stainless steels is the M23C6 carbide that always forms in 
stainless steels when carbon and chromium exist in the alloy. Commonly, the metal in the 
carbide, M, is mostly Cr with small additions of iron (Fe) even if several other compositions 
of the FCC structured M23C6 could exist [25]. It has been reported that the lattice parameter of 
the carbide decreases with additions of molybdenum (Mo), while additions of Fe increase the 
lattice parameter. It has been seen that the lattice parameter changes during heat treatment, 
indicating that the carbide is not thermodynamically stable during initial formation and 
releases iron during the heat treatment [26]. Fang et al performed density function theory 
(DFT) calculations of M23C6 carbide and showed that the most stable carbide contained 0.08
wt% Fe, hinting that carbides release Fe at higher concentrations than that [27]. The 
preferential precipitation sites of M23C6 are found to be primarily in high angle grain-
boundaries [28] followed by twin boundaries and least preferable is precipitation of secondary 
carbides along defects in austenitic grains. Secondary carbides in grains precipitate as cuboids 
or platelets with an alignment orientation according to relation 2.3 [25]. M23C6 along grain-
boundaries are commonly known as sensitisation to intergranular attack as it reduces the 
corrosion resistance of the stainless steel surrounding the grain-boundaries [28].{001} //{001}001 // 001 2.3

M7C3 
This hexagonal, C rich carbide is seldom found in low carbon wrought alloys but is one of the 
most common carbides in high carbon centrifugally cast stainless steels or in high-chromium
white cast irons to which the standard ACI heat resistant stainless steel belong [28, 29]. As 
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M7C3 is a high temperature carbide, it forms during solidification of these steels together with 
austenite while the alloy is at temperatures around 1000–1200 °C. M7C3 will decompose into 
M23C6 during service at lower temperatures between 750 and 1000 °C giving rise to 
microstructural changes [22, 28].

MX  
MX is a carbide with an FCC rock salt structure that forms in alloys with additions of carbide 
formers such as Ti or Nb [25, 28]. Additions of these elements supress the precipitation of 
detrimental M23C6 along the grain-boundaries and form MX carbides in the grains, normally 
during a stabilisation heat treatment at 840-900 °C [25]. The optimal Nb/C ratio required to 
form MX carbides was studied by Adamson et al who found that a 1:1 ratio between Cr and C 
was optimal for MX formation [25]. More precisely, MX is a carbonitride, giving it an
ambiguous lattice parameter due to the solid solution between nitrogen and carbon [28].

Intermetallic phases

Sigma phase 
One of the most renowned precipitation phases in stainless steels is the sigma phase, known to 
lead to increased embrittlement of stainless steels when exposed to elevated temperatures 
between 600 and 1000 °C [30, 31]. Sigma phase is a 30 atoms, tetragonal Cr-Fe rich phase 
with many different alloying compositions depending on the parenting material [25]. The
phase is stabilised by ferrite stabilising elements and destabilised by austenite stabilising 
elements [19, 25]. Investigations have shown that sigma formation from ferrite is 100 times 
faster than sigma formation from austenite [28, 30]. Padhila et al stated that the slow kinetics 
of sigma phase in austenite could be related to: (i) the concentration of carbon, forcing 
carbides to form prior to sigma phase, (ii) the crystal structure being complicated and highly 
different from the parenting austenite structure and (iii) sigma phase being rich in 
substitutional elements which have a low diffusion rate, especially in austenite [28]. Cr, which 
is a ferrite stabiliser, is also more abundant in ferrite and promotes precipitation of the sigma 
phase. As sigma phase is formed along the austenite/ferrite boundaries, Cr is taken from the 
neighbouring area while Ni is being sent away from the sigma to form austenite [30].

G-phase 
The G-phase is an FCC silicide with a nominal composition of Ni16Si7Ti6 where Ni and Ti 
could be substituted with several different transition metals [25, 31]. The phase is named after 
its precipitation characteristics as it prefers to precipitate along the grain-boundaries between 
500 to 850 °C, giving it the name G-phase. It is a well-known precipitation phase [31] which 
could form both in ferritic and austenitic steels [25]. Previously, the G-phase has been 
confused with M6C due to their similar compositions but it was revealed after careful 
structure characterization that the G-phase did not contain any interstitial elements while the 
M6C did so [25].

 
Spinodal decomposition of ferrite occurs below 550 °C and is generally known as the 475 °C
embrittlement as it decreases the ductility of the ferrite. During spinodal decomposition ferrite 

and , which is rich in Cr. 
Both domains are BCC structured and of an extremely fine scale [31].

Laves phase 
If a stainless steel contains high amounts of Ti or Nb the hexagonal intermetallic phase known 
as Laves phase could form between 650-800 °C [25, 28]. Laves phase contains Nb or 
sometimes Ti which together with Fe form Fe2Nb or Fe2Ti along grain-boundaries as 



Castable Stainless Steels 15

spherical precipitates where they have been shown to cause significant precipitation hardening
[25, 28].

Chi-phase 
The Chi-phase is similar to the sigma phase as it is a Cr-Fe rich intermetallic and is normally 
present in alloys containing Mo. Chi-phase was previously known as a M18C carbide since it, 
in contrast to sigma phase, can contain carbon [28]. It normally forms on grain-boundaries at 
temperatures between 700 to 850 °C but could form intergranularly on defects [25].

Microstructure
As the casted stainless steels are used in their as-cast condition in a grate-link, it is of interest 
to be aware of the solidification and the resulting microstructure that are present in the 
material. The solidification affects the segregation of alloying elements that facilitates the 
formation of different phases.

Solidification
The solidification of stainless steel has been reviewed by Elmer et al [21] who investigated 
how different cooling rates affected the microstructure of some stainless steels. They found 
that there are five main solidification modes of stainless steel. The first two contain only 
austenite and ferrite and are denoted A and F modes, respectively. The third and fourth 
solidification modes are AF, which has a primary solidification of austenite with secondary 
solidification of ferrite, and FA which has a primary solidification of ferrite with secondary 
solidification of austenite. During these solidifications the primary solidification phase will 
begin to form dendrites in the liquid melt and the secondary phases will solidify from the 
liquid between these dendrites. The secondary phases are often formed in a eutectic reaction 
containing both ferrite and austenite. The last mode of solidification is the eutectic mode 
(denoted E) in which ferrite and austenite are formed simultaneously in a so called divorced 
eutectic [22]. A divorced eutectic differs from a normal eutectic microconstituent as the 
amount of the two different phases in the eutectic is sufficiently large for one of the phases to 
form islands inside the more abundant other phase [32, 33]. All solidification modes except 
for the eutectic solidification have been marked in Figure 2.3.

FA solidification mode
Casted stainless steel is mainly made to solidify according to the FA solidification mode due 
to the reduced risk of hot cracking during primary solidification of ferrite [19, 22]. Examples 
of steels which solidify according to the FA modes are HA, HD and HH. These steels start to 
form dendritic ferrite which later goes through a solid transformation into austenite. The 
resulting material will then be mainly austenite with only small additions of ferrite [21, 22]. 
The microstructure of different alloys can be seen in Figure 2.4, showing the two structures 
known as vermicular ferrite and lacy ferrite which form during slow solidification during 
casting [21]. In vermicular ferrite, most of the ferrite dendrites have transformed into austenite 
leaving only the dendritic core as ferrite. This occurs due to the higher amount of alloying 
element that stabilises ferrite due to coring, a phenomenon that will be covered in the 
segregation section in this chapter [21, 33]. Vermicular ferrite can be very hard to distinguish 
from AF solidifying alloys, as ferrite could be seen as a phase which has formed between 
austenite dendrites. Careful investigations of chemical gradient of the dendrites could show in 
which direction the dendrites have grown [34]. It is also possible to study the microstructure 
by optical microscope to see if the ferrite is along the cell walls (AF) of the dendrite or if it is 
in the cell core (FA). It has been shown that revealing the cell walls can be difficult during FA 
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solidification as the cell cores are preferentially etched [21]. Lacy ferrite forms in alloys with 
higher Cr/Ni ratio than alloys that forms vermicular ferrite. Lacy ferrite is formed as ferrite is 
transformed into austenite during cooling in the dendrite arms or secondary dendrites but 
leaves a lacy structure of ferrite that remains in the structure [21, 34].

Figure 2.3. Phase diagram showing the different solidification modes of stainless steels.

Figure 2.4. Two FA solidifying casted alloys with vermicular ferrite (a) and lacy ferrite (b). The letter 
F corresponds to ferrite while A corresponds to austenite [21].

a b



Castable Stainless Steels 17

Scheil-Gulliver solidification
A Scheil-Gulliver solidification simulation and a phase stability diagram of the ACI HH II 
alloy can be seen in Figure 2.5. The material initially forms ferrite (1) at a temperature of 
1424 °C whereas austenite (2) will start to form at 1380 °C, simultaneously as ferrite 
continues to form. M7C3 and M23C6 carbides will form at (3) and (4) respectively, being the 
last phases to solidify from the liquid phase. 

Figure 2.5. A Scheil-Gulliver diagram (a) and a phase stability diagram (b) of an ACI HH II stainless 
steel with 0.27 wt% C, 25 wt% Cr, 11% Ni, 0.9 wt% Si, 0.55 wt% Mn and 0.24 wt% Mo.

According to Scheil-Gulliver the amount of ferrite in the solidified ACI HH II material 
approaches almost 50 wt% of the structure. This is because Scheil-Gulliver solidification 
simulation does not account for solid state transformation occurring during cooling of the 
phases that have already solidified [32]. The phase stability diagram of ACI HH II, which can 
be seen in Figure 2.5b, shows that ferrite is less stable than austenite below 1100 °C and that 
it is thermodynamically unstable below 625 °C. Ferrite has been found to decompose into 
either carbide in Equation 2.4 or in austenite and sigma phase according to Equation 2.5, as
described by Tseng et al [35] for an AISI 304 austenitic stainless steel.  ferrite + M C ferrite +  

2.4

2.5

From the phase stability diagram in Figure 2.5b it can be seen that Equation 2.4 is probable 
below 1000 °C as the M23C6 becomes stable and ferrite decomposes into the two other phases. 
Most of the ferrite will however remain intact until reaching 625 °C where it will transform 
into sigma and austenite according to Equation 2.5. The phase stability diagram shows that 
M7C3 will decompose and transform into M23C6 below 900 °C as described by Inoue et al 
[36].

Microsegregation of alloying elements
Microsegregation of alloying elements occurs due to the local thermodynamical equilibrium 
between the liquid and solid phase during solidification, as alloying elements have different 
solubility in the solidifying phase [33]. The global equilibrium of the phases is seldom 

a b
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reached during solidification, meaning that the alloying elements will be unevenly distributed 
within the phases. The initial core of the solidifying phase will be richer in alloying elements 
that stabilise this phase, causing a phenomenon known as coring [33]. Since a melt is only 
locally ordered compared to the long range ordering of crystals, the solutes or impurities in 
the alloy will gather in the liquid phase. Some Scheil-Gulliver simulations of alloying element
distribution within the ferrite, austenite and the liquid phase of an ACI HH II alloy can be 
seen in Figure 2.6. It can be seen that, as predicted, the alloying elements which are stabilising 
the solidifying phase are being drained from the liquid while the alloying elements which are 
stabilising the opposing phase accumulate in the melt [32, 33].

Figure 2.6. Scheil-Gulliver simulations of the same ACI HH II alloy that could be seen in Figure 2.5.
The general progression of solidification can be seen in a) while the amounts of different alloying 
elements in liquid, ferrite and austenite can be seen in b) to d), respectively.

a b

dc



3. Degradation Mechanisms
In a Grate-Kiln the temperature of the process gases can exceed 1300 °C and contain 
corrosive combustion gases, fly ashes and particles from the pellets. The traveling-grate is 
continuously heated and cooled while being in contact with these gases and this will lead to 
several different degrading mechanisms which will be described in this chapter.

High temperature oxidation 
Oxidation of a metal is an inevitable process of degradation in contact with oxygen (O) where 
the metal is transformed into its more stable oxide. High temperature oxidation can be defined 
as oxidation that occurs in the absence of liquid water above 100 °C. However, between 100 
and 500 °C, most metals form very thin protective oxide layers which leads to the conclusion 
that high temperature oxidation is regarded as oxidation at temperatures above 500 °C [37].
To understand the bare necessities of high temperature oxidation, this section will treat both 
the thermodynamics and the kinetics of oxide growth before dealing with some failures due to 
oxidation at high temperature. For further information on high temperature oxidation, the 
reader is advised to read the works of Birks [37], Young [38], and Kofstad [39].

Thermodynamics of oxidation
The oxidation-reduction reaction where first described in the 1770’s by a French scientist 
Antoine-Laurent Lavoisier after he had seen the works of Joseph Priestley who discovered 
oxygen in 1774 [40]. The oxidation-reduction reaction between a metal and oxygen can be 
seen in Equations 3.1-3 that contain the two half reactions, i.e. reduction and oxidation, and 
the overall reaction.

Reduction O + 4e 2O 3.1

Oxidation M M + 2e 3.2

Reduction-Oxidation 2M + O 2MO 3.3

The overall reaction of a metal into an oxide in Reaction 3.3 depends on the partial pressure 
of oxygen according to Equation 3.4. 1 = 3.4

The oxygen pressure in Equation 3.4 is also known as the dissociation pressure because the 
oxide will be reduced into the metal below this pressure. 

Ellingham diagram
The relation of Gibbs free energy of formation that can be seen in Equation 3.5 shows that 
since both the enthalpy H and the entropy S are constants, the Gibbs free energy of formation 
is a linear function with the temperature T.= × 3.5

The relation in Equation 3.5 is used to construct a so called Ellingham diagram that can be 
seen in Figure 3.1. An Ellingham diagram shows the Gibbs free energy of formation of an
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oxide as a function of temperature and concentration of the oxidising agent, meaning that it is 
possible to compare the dissociation pressures of different oxides. A lower Gibbs free energy 
means a more stable oxide while a higher Gibbs free energy means a more stable metal. The 
lines in the Ellingham diagram indicate the equilibrium between an oxide and a metal in 
different metal-oxide reactions. A Gibbs free energy below the line will lead to oxide 
dissociation while a Gibbs free energy above the line will form an oxide. 

Figure 3.1. Ellingham diagram [41].

Three bold lines (denoted (3), (4) and (6)) have been inserted in the Ellingham diagram in 
Figure 3.1 to show how the diagram can be used to evaluate the stability of a metal or oxide in 
an oxidising environment. There are some points of interest marked in the diagram. The point 
(1) in the diagram is the origin of any line used to find out the dissociation pressure of oxygen 
of an oxide. The axis of oxygen partial pressure (pO2) on the right- and bottom side of the 
diagram goes from 1 × 10-100 atm down in the lower left corner up to 1 atm in the upper right 
corner. Point (2) indicates the oxygen partial pressure of air, 0.2 atm, and by the line (3) 
between points (1) and (2), one can see which oxides that are stable at such partial pressure at 
different temperatures, i.e. the reactions that are below this line. Metal oxides that are above 
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this line will be metallic in this environment. The vertical line (4) indicates the temperature 
800 °C, and where it intersects with the different metal-oxide equilibrium lines the Gibbs free 
energy of formation can be read from the left axis in the diagram. Point (5) shows the Gibbs 
free energy of formation of the Cr-Cr2O3 reaction at 800 °C. By drawing a line through points 
(1) and (5) to the pO2 axis one finds the dissociation pressure of Cr2O3 in point (7). It can be 
deduced that the dissociation pressure of Cr2O3 is around 5 × 10-27 atm at 800 °C.

Multi-layered oxide scales
It is well known that during oxide formation on an alloy, there is an oxygen partial pressure 
change along the thickness of the oxide scale [38]. At the air/oxide interface the oxygen 
partial pressure is the one of air, 0.2 atm, and it steadily decreases towards the oxide/metal 
interface, at which it is equal to the dissociation pressure of the most reactive alloying element 
in the case of an alloy. This oxygen gradient gives rise to multi-layered oxides on alloys and 
pure metals as can be seen for steel in Figure 3.2 [38]. For steel, the oxygen richest iron oxide, 
Fe2O3, has the highest dissociation pressure of all iron oxides and therefore only exists at the 
surface of the oxide where the oxygen content is high. The second layer is the Fe3O4 oxide 
with an intermediate dissociation pressure. The oxide with the lowest dissociation pressure is 
FeO, formed closest to the bulk metal. Below the dissociation pressure of the FeO oxide, the 
steel phases remain stable as the oxygen pressure is too low to form an oxide.

Figure 3.2. Multi-layered oxide formed on steel [38].

Oxide growth 
Steady-state oxidation at high temperature can be divided into four different steps that are 
visualized in Figure 3.3. In the first step, oxygen is adsorbed and reduced at the surface of the 
oxide (1) as it is accepting electrons (2) from the simultaneous adsorption and oxidation of the 
metal at the metal/oxide boundary (3). The reduction-oxidation reactions described in 
Equations 3.1 and 3.2 are taking place in (1) and (3), respectively. The metal and oxygen ions 
are moving by diffusion through the oxide (4) until they meet and form an oxide as described 
in Equation 3.3. The diffusion of these ions is the rate limiting step of oxidation and governs 
how well the oxide protects the metal against further oxidation and how the oxide grows [37, 
38].
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Figure 3.3. Schematic of the oxide growth and the ionic transportation through the oxide.

Oxide growth can be explained by Equation 3.6 where X is the thickness of the oxide and t is 
the time at a specific temperature. Equations 3.7 and 3.8 show the two most common reaction 
mechanisms of metals, linear and parabolic kinetics, respectively. The oxide growth varies 
greatly depending on kinetics and the weight gains of linear and parabolic reaction 
mechanisms have been plotted in Figure 3.4. The constants k of the two reactions are denoted
kl for linear and kp for parabolic. = ( ) 3.6

= 3.7

= 3.8

The linear reaction mechanism in Equation 3.7 describes catastrophic oxidation of a material 
with either a porous oxide layer or an oxide layer with a large amount of cracks. The diffusion 
through the oxide layer is not the limiting step in this reaction mechanism, instead the rate is 
determined by external limiting steps, such as for example oxygen availability [37, 38].

The parabolic reaction mechanism in Equation 3.8 is the normal mechanism for a material 
with a protective, reasonably dense oxide layer. The weight gain reaches a steady state and the 
oxide thickness is continuously increased as the diffusion of the ions through the oxide layer 
continues [38]. The parabolic rate constant depends on the diffusion rates of the different ions 
in the oxide and consequently on the temperature of the material. Oxides which have a higher 
diffusion rate of the anions are known as n-type oxides while oxides with higher diffusion 
rates of the cations are known as p-type oxides [38, 39, 42].
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Figure 3.4. Oxide thickness as a function of time for linear and parabolic reaction mechanisms. 

In alloys with n-type oxides, oxygen ions are diffusing though the oxide layer forming oxide 
at the oxide/metal interface, a growth mechanism known as inward-growing oxide. P-type 
oxides are outward growing oxides as metal ions travel through the oxide layer forming oxide 
with the adsorbed oxygen ions at the oxide surface [39, 42]. As inwards growing oxides are 
governed by the slower diffusion rate of relatively large oxygen ions these oxides are 
generally thinner than their outward growing counterpart. The preferential growth directions 
of the different oxides are given in Table 3.1 together with other important properties of the 
oxides. PBR is the so called Pilling-Bedworth ratio and will be described in the following 
section. 

Table 3.1. Some oxides and their properties [43].

Oxide Structure Melting 
point (°C)

PBR Semiconducting

FeO Cubic 1420 1.78 p-type
Fe3O4 Cubic 1597 2.10 p-type
Fe2O3 Hexagonal 1565 2.15 n-type
Cr2O3 Hexagonal 2435 2.02 n-type at low O2

p-type at high O2
SiO2 Tetragonal 1713 2.15 n-type

Growth stresses
When a metal is reacting according to Equation 3.3, there is a net volume expansion that 
eventually will cause growth stresses in the oxide. The well-known Pilling-Bedworth ratio 
(PBR) was established almost 100 years ago in order to determine the volumetric expansion 
of a metal volume, Vm, into an oxide volume, Vox, expressed as Vox/Vm [44]. When the PBR is 
above 1 but below 2, an oxide is generally supposed to be passivating and protective towards 
the environment. However, this has been proven not to apply to a number of materials partly 
due to the fact that Pilling and Bedworth used an oxide growth mechanism similar to that of 
Wagner [45] whose pioneering work only considered inward growing oxides. Some PBR 
values can be seen in Table 3.1. 
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Pilling and Bedworth constructed equations to describe the strain that develops in an oxide
during inward growth on a metal surface, see Equation 3.9, and the subsequent stress, see 
Equation 3.10. These equations assume that the oxide behaves elastically and that Eox and vp
are the elasticity constant and Poisson’s ratio of the oxide, respectively. This model was 
further developed by Srolowitz and Ramanarayanan to consider oxide growth by outward 
growing oxides, see Equation 3.11, by incorporating oxide growth in the grain-boundaries of 
the oxide [46]. In this equation, Gox and di are the shear modulus of the oxide and the new 
oxide thickness, respectively. This equation is valid when the original grain size, , is much 
smaller than the oxide thickness. All these equations should be seen as approximative 
equations to understand how the growth stresses develop in the oxide layer [38].

= 1 3.9

= 1 3.10

= 42 1 2 3.11

Hancock et al [47] considered inward and outward growing oxides on convex and concave 
metal surfaces and how the surface shapes and oxide growth directions affect the growth 
stresses in the oxide, as can be seen in Figure 3.5. An inward growing oxide on a convex 
surface (Figure 3.5a) will experience radial tensile stresses on the oxide surface that will 
facilitate cracking of the oxide. If the inward growing oxide were formed on a concave 
surface as in Figure 3.5b, the material would be compressed at the outer surface and crack 
initiation would diminish. The effect is reversed for outward growing oxides.

Figure 3.5. The four different loading cases, as proposed by Hancock et al [47] and shown 
schematically by Young [38]. Conditions a) and b) show an inward-growing oxide on a convex and 
concave surface, respectively. Conditions c) and d) show an outward-growing oxide on a concave and
convex surface, respectively.

a b

c d
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Transient oxides
The parabolic rate law can be used to determine the oxide growth during steady-state but does 
not consider the oxide growth during initial oxidation of a bare metal surface before steady-
state growth has been reached. This transient oxide is often non-protective and grows 
according to a linear growth mechanism. On alloys with different reactive alloying elements 
this can be an important part of the oxidation, as it is not necessarily the metal with the 
highest reactivity that forms an oxide but rather the metal with the highest activity or 
permeability [38, 48].

Chattopadhyay et al investigated the transient oxide formation of Fe-Cr alloys with different 
amounts of Cr. They found that iron oxides were initially formed at the surfaces and that 
Cr2O3 was only formed in limited areas beneath the iron oxide layers. As the reaction 
continued the Cr2O3 layer spread beneath the iron oxides and eventually existed over the 
entire surface of the material and a steady-state oxide growth took place. Higher amounts of 
Cr in the alloy reduced the time of the oxide to reach steady-state while lower amounts of Cr 
lead to a higher degree of internal oxidation of Cr2O3 in the material [48]. Internal oxidation is 
treated later in this chapter. Recently, the transient oxide of an AISI 304 stainless steel alloy 
was studied by Zacchetti et al who found that after 10 seconds, a 200 nm thin chromium/iron 
oxide was formed. The chromium was however believed to deplete rapidly at the surface and 
cause the behaviour seen by Chattopadhyay [49].

Influence of minor alloying elements 

Si
As can be seen from the Ellingham diagram in Figure 3.1, SiO2 is a more stable oxide than the 
other oxides in a stainless steel by having a dissociation pressure of only 1 × 10-33 atm at 800 
°C. The low dissociation pressure facilitates internal SiO2 in the grain-boundaries and, if the 
silicon (Si) concentration is sufficient, a continuous SiO2 layer beneath the Cr- and Fe oxides. 
The role of the SiO2 oxides has been studied by several authors and it is believed that the
diffusion rate of Cr towards the surface is diminished with higher Si content due to the inward 
growing SiO2 [50-52]. Yun et al stated that the continuous SiO2 layer reduces the transient 
oxide state leading to a less depleted material with a more effective oxide layer [51]. Bamba 
[52] found that the main reason for slower Cr diffusion when alloying with Si was that 
internal oxides with Si reduced the amount of available vacancies to transport the Cr towards
the surface. It is well known that the SiO2 oxide layer impedes the adhesion of the oxide to 
the material, making the oxides susceptible to spallation [50, 52]. Evans et al found that 0.92 
wt% Si in stainless steels is an optimum amount of Si since it reduces the oxidation rate but 
does not spall material from the surface [50].

Mn
Manganese is a rather unique oxide former in stainless steel. Despite having a dissociation 
pressure of 1 × 10-31 at 800 °C manganese oxide is not found beneath the chromium oxide, 
where oxides with lower dissociation pressures normally would be found. Instead, manganese 
oxide is found on the surface of the chromium oxide where it reacts with that oxide and forms 
Mn-spinels. The reason for Mn-spinels being formed at the surface of the oxide is due to the 
high solubility of Mn ions in the oxide and the high diffusivity of Mn ions through the oxide 
layer [38]. Mn-spinels are regarded as less protective than Cr2O3 since the spinels easily spall 
during heating and cooling [51, 53]. Sachitanand et al [54] investigated the role of Mn-spinels 
during vaporisation of Cr in stainless steels and found that material that formed continuous 
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external Mn-spinels were four times less likely to have Cr vaporisation showing that Mn 
additions are beneficial in oxidation in water vapours.

Reactive elements
The reactive elements (RE), such as for example cerium (Ce), zirconium (Zr), yttrium (Y),
hafnium (Hf) and Ti, have been used to reduce the spallation of oxides forming on stainless 
steels and several possible mechanisms for the effect of reduced spallation have been reported 
[55-58]. These reactive elements have been seen to promote inward growth of oxides, 
effectively reducing the oxidation rate of the material. This is believed to be due to the 
formation of RE oxides along the grain-boundaries of the oxide promoting inward oxygen 
diffusion rather than outward cationic diffusion [55, 56, 58]. By increasing the amount of RE 
it has been shown that the oxide grains are smaller both in alumina- and chromia-forming 
alloys. The smaller grain size was suggested to increase the inward diffusion of oxygen [38].
The adherence of the oxide layer is increased by reactive elements either by “pegging” the 
oxide to the metal by forming oxides that grow into the metal, or by reducing the amount of 
vacancies at the oxide/metal interface which form during outward diffusion of Cr [58].

Deposit-induced accelerated corrosion
Deposit-induced accelerated corrosion (DIAC) or hot corrosion is defined as a process where 
deposits on a surface are accelerating the corrosion rate by initiating reactions between the 
metal and the deposits. The products of these reactions could be solvable in a liquid deposit 
phase [59, 60,61], initiate a eutectic liquid with a solid deposit [62-64], be less protective than 
the oxides [65, 66] or be in a gaseous phase [66, 67]. Most forms of DIAC are governed by an 
initiation and a propagation step [68], which differs between the different compounds and 
systems of DIAC. The different mechanisms for compounds relevant for this thesis are 
presented in the following section.

Sulphates
There are different mechanisms available to explain the mechanisms of DIAC involving 
sulphates. They can be divided into hot corrosion I [59, 68, 69] and II [70, 71] that both 
mainly occur on super alloys and synergistic dissolution [61] that deals with a similar 
mechanism on stainless steels. Hot corrosion I is present at temperatures where liquid 
sulphates arrive to the specimen while hot corrosion II (called sub-melting hot corrosion by 
Shih et al [72]) occur at lower temperatures where the transition metals in the base materials 
react with the solid sulphates or the environment eventually forming a eutectic liquid. During 
the initiation step the corrosion rate is similar to the rate of corrosion of the material without 
any deposits. The rate is accelerated during the propagation step. Even if hot corrosion I and 
II have mainly been investigated on super alloys these mechanisms can be learnt from to 
understand other systems such as synergistic dissolution on stainless steel [61].

An important characteristic of sulphates, such as Na2SO4, is the possibility to dissociate into 
acidic SO3 and basic Na2O components as shown in Equation 3.12. If sulphur (S) would be 
removed from the salt and form SO3 the remaining part of the salt would become basic [68].Na SO SO (g) + Na O 3.12

The equilibrium constant, k, for Equation 3.12 can be calculated according to Equation 3.13 at 
a temperature of 1073 K, giving a basic-acidic relation according to Equation 3.14.
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[ ][ ][ ] =            (1073 ) = 21.3 3.13log + log = 21.3 3.14

Just as dissolved oxygen controls the corrosion in aqueous solution it has been shown that 
SO3 or S2O7

2- are the soluble oxidants in fused sulphates according to Equation 3.15 [69, 73, 
74]. SO3 provides the reactions with oxygen according to Equation 3.16 where SO3 is 
reduced. S O SO (g) + SO 3.15SO SO + 12 O 3.16

Hot corrosion I
Hot corrosion I is also known as high temperature hot corrosion and occurs when liquid 
sulphates are present on the surface of the material. Many observations of hot corrosion were 
made during 1930-1960 on boilers and gas turbines were liquid melts of Na3Fe(SO4)3 were 
responsible for the hot corrosion. During the 1970, hot corrosion I was found on aircrafts at 
temperatures around 900-950 °C and liquid Na2SO4 was seen as the main culprit. The first to 
study the mechanism were Petit and Goebels [75] that proposed a mechanism of acidic/basic 
fluxing. Pettit and Goebbels also proposed that in order to have hot corrosion, the metal had to 
be sealed from oxygen by the liquid salt to form an oxygen potential gradient from the surface 
of the metal towards the surface of the liquid salt. Rapp and Goto et al [76] refined the 
mechanism of Petit and Goebels and proposed a “negative solubility gradient” criterion for if 
hot corrosion I would occur or not. The negative solubility arrives from the basicity or acidity 
difference between the salt/oxide interface and the air/salt interface that arrives due to the 
reactions that occur in these interfaces, as can be seen in Figure 3.6a [59, 69]. The solubility 
of different oxides as a function of the basicity of the fused sulphates can be seen in Figure 
3.6b for a fused sulphate at 1200K. If the reactions that occur in the salt/oxide interface 
produce basic or acidic products, the basicity or acidity of the fused salt would be increased 
close to the salt/oxide interface and decreased towards the air/salt interface. The solubility 
would therefore be high for some protective oxides and lead to their dissolution. Due to the 
concentration gradient in the fused sulphates, these dissolved oxides move towards the air/salt
interface and precipitate, due to the lower basicity or acidity [59].

Initiation step 
During the initiation step of hot corrosion I, fused sulphates are believed to reach the metal 
surface of the material either by moving along the grain-boundaries [59] or via cracks due to 
growth stresses [77]. A cathode reduction step takes place as proposed in Equation 3.17. Na SO (l) + 4Ni(s) NiS(s) + Na O(dissolved) + 3NiO(s) 3.17

As the reaction in Equation 3.17 progresses, the basicity of the fused sulphate increases and 
dissolves nickel oxide as described in Equation 3.18.Na O(dissolved) + 2NiO(s) 2NaNiO (dissolved) 3.18
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Figure 3.6. Figure a) shows how the solubility of an oxide declines and Figure b) shows the solubility 
of different oxides in fused Na2SO4 [69].

Propagation step 
Since the basicity of the melt is increased close to the surface of the metal while being lower 
at the air/salt interface, a negative solubility gradient exists in the salt melt as described in 
Figure 3.6a. This step is known as the negative solubility and causes the metal oxides to leave 
the metal surface and enter the liquid salt [59]. As the dissolved oxides approach the surface 
of the liquid salt, the basicity of the fused sulphates decreases and solid NiO and Na2SO4 will 
form, as described in Equation 3.19. 2NaNiO (dissolved) + 2SO (g) 2NiO(s) + Na SO (l) + O (g) + SO (g) 3.19

Hot corrosion II
Below the melting temperature of sulphates, it has been believed that no hot corrosion could 
occur, a belief that was disproven in the 1970 when hot corrosion II occurred in cobalt-based 
marine jet propulsions. Contrary to hot corrosion I that do not require a sulphuric environment 
to form, hot corrosion II is in need of such an environment to propagate. The mechanism 
seemed different from the basic/acidic fluxing of hot corrosion I proposed by Rapp and Goto 
as neither acidic nor basic gradients could be found during measurements [70, 71]. The 
mechanism behind hot corrosion II has been studied by Luthra, which studied hot corrosion II 
on cobalt alloys. 

Initiation step 
The sulphuric environment of SO3 reacts with the cobalt oxides to form cobalt sulphates. The 
cobalt sulphates will together with the alkali sulphates form a fused sulphate melt due to a low 
melting eutectic. 

Propagation step 
The fused sulphates on the surface of the material separate the metal from the environment 
and reduce the oxygen potential at the salt/oxide interface. Dissolved SO3 in the form of 
S2O7

2- governs the oxidation properties and Co2+ ions are formed at the salt/oxide interface 
meaning that S2O7

2- diffuses towards the salt/oxide interface while the Co ions diffuse 
towards the air/salt interface. 

a b
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Synergistic dissolution
Hwang et al [61] investigated the synergistic dissolution of Fe2O3 and Cr2O3 in fused sulphate 
and found that a synergistic dissolution of the two oxides existed due to their different 
acidic/basic behaviour between certain Na2O concentrations, as can be seen in Figure 3.7. 

Figure 3.7. Dissolution of NiO, Fe2O3 and Cr2O3 in fused Na2SO4 at 1200 K [61].

Between a value of log of 13 and 15, Cr2O3 is dissolved by a basic dissolution as can 
be seen in Equation 3.20. Fe2O3 is dissolved either by the acidic dissolutions in Equation 3.21 
or reduced and dissolved according to Equation 3.22. Cr O + 4Na SO + 32 O 2Na CrO + 2Na S O 3.20

Fe O + 2Na S O 2FeSO + 2Na SO + 12 O 3.21Fe O + 3Na S O Fe (SO ) + 3Na SO 3.22

The reaction in Equation 3.20 requires oxygen and pyrosulphates while the reaction in 
Equations 3.21 and 3.22 produce both oxygen and pyrosulphates, indicating that the diffusion 
rates of the pyrosulphates in the fused sulphates can be a rate limiting step which was proven 
by Hwang et al [61]. Having a simultaneous dissolution of Fe2O3 and Cr2O3 leads to a “short 
circuit” of the reacting elements and lead to accelerated dissociation of the oxides according 
to Equation 3.232Fe O + Cr O + 54 O + 72 Na S O  32 Fe (SO ) + FeSO + 2Na CrO + 32 Na SO 3.23

As can be seen, from Equation 3.23, oxygen and Na S O are still necessary, but to a less 
extent than if the reactions in Equations 3.20 – 3.22 would occur independently of each other. 
Hwang et al suggested that Equation 3.21 and 3.22 would commence the reaction by forming 
available oxygen to the reaction in Equation 3.20 [61].

A similar reaction as the one described above has been proposed by Lutz et al [64] at 
temperatures below the melting temperature of alkali sulphates and is proposed to occur at 
sufficient SO3 partial pressure so that iron sulphates are formed. The iron sulphates and alkali
sulphates are able to form eutectic melts at 700 °C [64]. As the fused sulphates are formed, 
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the mechanism described by Hwang et al [61] in Equation 3.23 will follow and cause the 
metal oxides to dissolve by synergetic dissolution. The synergistic dissolution is explained in 
Figure 3.8. Both of the metal oxides are suspected to dissolve at the liquid salt/metal oxide
interface and precipitate in the fused sulphates closer to the surface of the melt. This was 
shown to be the case for Fe2O3 but due to the low dissolution of Cr2O3 in sulphates, it was 
found that chromium stays close to the metal surface [64].

Figure 3.8. Synergistic dissolution according to Lutz et al [64].

Chlorides
Low temperature induced corrosion
The role of chlorides at temperatures below their melting temperature has been studied as they 
have a tendency to form accelerated forms of corrosion on Fe-Cr steels [62, 63, 65-67].
Grabke et al [67] studied the degradation of stainless steels between 500 and 600 °C and 
described the so called “active corrosion” or “chlorine cycle” which can be seen in Figure 
3.9a. Pettersson et al [66] suggested, due to the abundance of water vapour, that HCl could 
replace Cl2 gas in the active corrosion as seen in Figure 3.9b.
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Figure 3.9. a) Active corrosion as suggested by Grabke et al [67] and b) the active corrosion in 
combination with water vapour, as suggested by Pettersson et al [66].

In Figure 3.9b, at (1) Cr2O3 and NaCl will react in a humid environment to form a non-
protective sodium chromate (Na2CrO4) and gaseous hydrochloric acid, HCl(g), according to 
Equation 3.24. Pettersson et al showed that the reactions in (1) in both Figure 3.9a and 3.9b 
were actually due to the reactivity of the alkali metal in the chloride rather than the reactivity 
of the Cl2 gas [64]. The HCl gas which forms at (1) will then either vaporise to the air or 
diffuse into the oxide towards the metal surface (2). As HCl reaches the metal surface it will 
react with the metal and form a transition metal chloride (3), in this case FeCl2, according to 
Equation 3.25. Such transition chlorides normally have a very low vaporisation pressure (4 ×
10-5 bar for FeCl2 at 500 °C) which causes them to vaporise through the oxide layer (4). As 
these chlorides reach the oxide surface they will react with O2 according to Equation 3.26 and 
form a more stable transition oxide (5). As hydrochloric acid is formed once again, it could 
either vaporise from the surface or again diffuse into the oxide hence creating the chlorine 
cycle [66, 67].

Fe(s) + 2HCl(g) FeCl (s) + H (g) 3.252FeCl (g) + 12 O (g) + 2H O(g) Fe O (s) + 4HCl(g) 3.26

Pettersson et al [66] stated that the chlorine cycle could be divided into an initiation stage 
during which the alkali metal reacts with Cr2O3 to form K2CrO4 and a propagation step when 
the HCl gas enters the oxide and commences the chlorine cycle including continuous removal 
of metal. As the diffusion of HCl and FeCl2 gases through the oxide are relatively slow and 
have been proposed to move through grain-boundaries and cracks [66, 67] these are the rate 
limiting species of this degradation. 

Recently, it was found by Olivas et al [78] that the degradation of a stainless steel with an 
existent oxide layer at 600 °C was resistant to deposits of chlorides on the surface of the oxide 
for 24 hours. The same study also subjected samples to an HCl gas and it was found that
degradation occurred even if the oxide layer was present in this environment. It seems then, 
that the reaction in Equation 3.24 would be a very slow process while Equation 3.25-3.26
indeed occurs.

4NaCl(g) + Cr O (s) + 32 O (g) + 2H O(g) 2Na CrO (s) + 4HCl(g) 3.24

a b
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High temperature induced corrosion
Other studies of the same system but at temperatures above 750 °C reached alternative results 
as they reported salt melts on their materials [60, 63, 79, 80]. Shinata found that the weight 
gain increased rapidly at temperatures between 913 and 923 K (640-650 °C) [62] stating that 
there are two different mechanisms that are being activated at different temperatures. The 
temperature dependence can be seen in Figure 3.10a. Shinata investigated the eutectic 
between NaCl and Na2CrO4 which resulted in the phase diagram shown in Figure 3.10b, 
showing that the eutectic melt temperature of these two salts is around 850 K (577 °C), 
suggesting that a liquid melt can be formed early in combination with chlorides and 
chromium. Shinata et al [63] proposed that the same mechanisms that occurred at low 
temperatures are occurring at higher temperatures but that the chlorine does not vaporise but 
remains in the melt. The reduced chlorine vaporisation was suggested to occur since oxygen 
entered the chloride melt and reacted with transition metal chlorides according to Equation 
3.27. This means that the chlorine gas was still in the melt rather than at the oxide surface, 
which would have been the case at lower temperature. The accelerated corrosion could then 
continue for a longer time than at lower temperature where the chlorine could vaporise easier 
[62]. Tsaur et al [60] proposed that since Cr easily reacts to form CrCl2, it would be leached 
from the matrix and form interconnected voids in the sub-surface of the material. These voids 
would then be filled with fused salts by capillary forces. Rather than gaseous chlorine and 
chlorides, it seems as dissolved oxygen in the salt melt is the rate limiting species at higher 
temperatures [62].

Figure 3.10. a) The effect of temperature on mass gain of pure chromium with 0.1 kg/m2 NaCl on the 
surface and b) phase diagram of the NaCl-Na2CrO4 system [62].

Sulphates and chlorides
Tsaur et al [60] studied the influence of different amounts of NaCl and Na2SO4 on stainless 
steel at 750 °C and how these salts affected the corrosion. The results of their work can be 
seen in Figure 3.11a. It is seen that 100 % Na2SO4 indeed accelerated the corrosive behaviour 
of the steel and formed sulphides along the material surface. The accelerating effects of 
Na2SO4 were however overshadowed by the accelerating effect of 100 % NaCl showing that 
the attack of NaCl is much more severe than the attack of sulphates on stainless steel. This has 
been seen by Mohanty et al [79]. An interesting finding by Tsaur et al was the synergistic 
behaviour when having 75% NaCl and 25% Na2SO4, believed to be caused by a liquid 

a b



Degradation Mechanisms 33

eutectic melt between the two salts and a subsequent acidic/basic fluxing as seen in sulphate 
melts [60]. A phase diagram can be seen in Figure 3.11b with sodium (Na) and potassium (K)
chlorides and sulphates.

Figure 3.11. Results of different mixes between NaCl and Na2SO4 at 750 °C (a) [60] and a reciprocal 
phase diagram with the alkali sulphates and chlorides (b) constructed from FactSage.

Mohanty et al investigated the role of 100 wt% sulphates and a mixture of 21 wt% chlorides 
and 79 wt% sulphates in a K/Na ratio of 1.4 during hot corrosion of castable stainless steel 
ACI HH II [79, 80]. A reference sample without any salt additions was used. The specimens 
were heated at 1 °C/min to a temperature of 1000 °C and then cooled to room temperature. 
The result can be seen in Figure 3.12. The sudden increase in weight gain at 600 °C was 
attributed to the low eutectic temperature of the K3Na(SO4)2 – NaCl system at 520 °C. 
Mohanty et al proposed that chlorides were the main culprits causing the degradation rate due 
to connected void formation and that liquid sulphate melt could accelerate the degradation by 
a fluxing mechanism as seen in sulphate melts [79, 80].

Figure 3.12. Influence of the specific weight change as a function of temperature of a sample with 21 
wt% chlorides and 79 wt% sulphates, a sample with only sulphates and a sample with no salt additives 
[79].

a b
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Erosion
Erosion is the mechanism in which particles suspended in a liquid- or gas-flow are forced 
onto the surface of a material where they will inflict damage and eventually lead to material 
removal. This section will first cover solid particle erosion before going through erosion-
oxidation and erosion with active erodents that occur at higher temperatures than solid 
particle erosion.

Solid Particle Erosion
Solid particle erosion is specifically defined for particles suspended in a gas for example
during sandblasting and has been reviewed by several authors such as Finnie et al,
Sundarayan and Humphrey [81-83].

While erosion is influenced by several factors such as the size, shape and hardness of the 
eroding particles, the largest contribution to the erosion rate is the velocity of the particles 
[82, 83]. The relationship between particle velocity and erosion rate was first stated by Finnie 
et al [81], see Equation 3.27. The erosion rate, E, is seen to depend on the velocity to the 
power of p, where p depends on the other factors of erosion. The value of p is ranging 
between 2.4 and 2.7 for metals during erosion at low impact angles [82].= , 2.4 < < 2.7 3.27

The influence of particle size during erosion is an on-going discussion as early studies by 
Goodwin et al showed that up to a certain size, larger particles increased the erosion rate [84]
until a threshold was reached. While several investigations have shown similar effects, the 
mechanism behind the stagnation of erosion rate by increasing particle size is still under 
discussion [85, 86]. A possible stagnation mechanism is attrition which means that larger 
particles easier crack due to Weibull statistics. Cracked particles loose kinetic energy, so less 
energy is available to deform and erode the material [87].

The shape of the particles are of importance as spherical particles often have maximum 
erosion rates at high impact angles whereas angular particles have their maximum at lower 
impact angles [88, 89]. Recent finite element (FE) calculations have seen these effects by 
evaluating the effect of particle geometries [90]. Solnordal et al [91] studied the erosion 
influence of different sizes of silica particles in air on AISI 316 stainless steel. Particles with 
low Stokes numbers followed the particle flow and were less inclined to hit the surfaces and 
caused a lower amount of erosion. Particles with higher Stokes number, on the other hand, hit 
the surfaces during erosion. A higher Stokes number is often associated with larger particles,
but Stokes numbers are also affected by the shape of the particles.

The role of material hardness has been investigated by Finnie et al [92] who looked at the 
erosion at low angles of a wide range of different annealed pure metals. In Figure 3.13, a 
number of materials are listed with their hardness and their resistance towards erosion.
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Figure 3.13. The role of hardness on the resistance towards solid particle erosion [92].

As can be seen in Figure 3.13, materials with high hardness after annealing had an increased 
resistance to erosion. Considering the steels, it was however found that cold working of the 
metals in order to increase the hardness did not decrease the erosion rate. This was believed to 
occur due to the high strains that are in effect during erosion and that rapidly strain-harden the 
metals. It can be seen that steels with BCC structure had a lower resistance to erosion 
compared to FCC metals such as Ni. This was attributed to the higher strain-hardening 
capabilities of the FCC materials. It was suggested that hardness measurements of FCC 
metals, such as Cu and Al, more correctly measured the flow stress of the material as BCC 
materials are more easily affected by impurities. The flow stress of a material is defined as the 
stress that is required to continuously deform the material [92]. It was suggested that materials 
with high flow stress and high strain-hardening capabilities would be better materials for 
erosion. To account for this, Sundararayan proposed to measure the dynamic hardness of a
material which is essentially a hardness test where the indentation is performed at sufficient 
velocities to measure the flow stress [93, 94].

As expected, the hardness of impacting particles can change the erosion behaviour. Levy et al 
[95] found that as long as the erodent particle was twice as hard as the eroded material, the 
hardness of the particle did not affect the erosion. As the hardness of the eroding particles 
decreased it was found that the erosion decreased but erosion still occurred on samples even 
at low hardness differences between the eroding particles and the eroded material. This was 
seen by Srinivasan et al who investigated the hardness dependency on erosion of different 
grades of alumina by alumina particles as erodent [96].

The impact angle of the particles changes the erosion mechanism. Impact angles normal to the 
surface form brittle fractures and lower impact angles form ductile fractures [97]. Neither 
brittle nor ductile fractures are fully understood. Ductile fractures are normally seen as 
material removal by particles by scratching [81] or by platelet formation after a series of 
plastic deformations of the surface [98]. Brittle fractures of brittle materials have been 
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explained by Evans et al showing that fracture is an elastic-plastic deformation where 
cracking starts with plastic deformation of the surface of the material [99]. It can also be 
explained by Hertzian fracture according to Sheldon et al [100]. FE modelling of both ductile 
and brittle material has proven able to predict erosion behaviour of ductile and brittle 
materials from the Johnson-Cook and Johnson-Holmqvist models [101]. The behaviour of 
different materials is possible to predict by micro-scale dynamic model (MSDM) [102].

Erosion-oxidation
Erosion-oxidation and erosion-corrosion have been used interchangeable during the years, 
even if it has been suggested that erosion-oxidation means solid particle impingement at high 
temperatures in gas while erosion-corrosion occurs in corrosive liquids with suspended 
eroding particles.

Erosion-oxidation (EO) is a synergistic effect of high temperature oxidation and solid particle 
erosion. EO has several similarities to normal erosion but with the difference that there is a 
thin brittle oxide layer on the surface which is continuously eroded from the surface during 
regrowth. To understand EO and to be able to define the current EO regime of a system, it is 
necessary to understand some additional properties compared to normal solid particle erosion. 
Hogmark et al [103] stated that apart from the particle properties and steel properties during 
erosion, an additional four properties have to be known; the oxidation and erosion properties 
of the steel at high temperature, the erosion properties of the formed oxide and the combined 
erosion properties of the steel and its surficial oxide. The oxidation properties of the metal 
will define how fast the oxides can form and what type of oxides that will form on the 
surface. The erosive properties of the metal, such as the hardness, will affect the erosion 
resistance of the steel at low temperatures while the erosive properties of the oxide layers 
become more important at higher temperatures. The combined properties of the oxide and the 
metal such as thermal expansion mismatch or decohesion of the oxide layers on the metal 
surface are of great importance for EO as the erosion rate is greatly increased if the oxides 
spall from the surface [103-105].

Several authors have revealed similar mechanisms of erosion oxidation [104-106], evaluated 
by Wellman et al [107]. Wellman stated that due to the complexity of erosion-oxidation, a 
real-life working model would be far from trivial. The model by Rishel et al [104] and Kang 
et al [105] will serve as an example of how these explicit models are constructed. Rishel et al 
studied the relationship between the erosion- and oxidation rates and stated the relation in
Equation 3.28 which explains the degradation of a material during EO [104]. In this relation
is the oxide scale thickness and k(c,e) is the parabolic rate constant of oxide scale growth which 
is dependent on the erosive and the corrosive behaviour of the system. k’ is the constant 
erosion rate and is basically described as E for erosion as in the previous section on erosion.

 = ( , )
  3.28 

The model of Rishel that can be seen in Equation 3.28 is only valid for diffusional growth of 
oxides and does not apply if the oxide scale is simultaneously removed by spallation, which is 
a likely removal mechanism. Kang et al [105] used the relation in Equation 3.28 and formed 
six domains of erosion-oxidation that can be seen in Figure 3.14. At low temperature and 
hence low corrosion rate, erosion is the dominant mechanism since no oxide layer of 
importance is formed. This means that the overall removal rate is only governed by -k’, i.e. 
pure erosion. As the temperature increases the oxide starts to form on the surface of the metal 
and it is the oxide that starts to be eroded instead of the metal. If the formed oxide is 
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continuously removed from the metal, oxidation affected erosion occurs. When the oxides 
form a continuous oxide layer on the metal the erosion-enhanced corrosion domain has been 
reached. 

 

Figure 3.14. The six different erosion-oxidation regimes as described by Kang et al [105].

The erosion enhanced corrosion domain contains three different scenarios. Spalling, or type 
III, is not treated in the model by Rishel [104], but could indeed appear on materials with non-
adhesive oxides and high erosion rates. In such cases the inflicted impaction stresses cause the 
oxide to spall [105]. The second scenario, type II, occurs as the parabolic oxide growth rate is 
enhanced by the erosion inflicting damage to the oxide and forming voids, cracks and stresses 
in the oxide. This is causing the oxides to behave differently than they would do during 
isothermal heat treatment without any erosion. Type II could be caused by extensive erosion 
that always keeps the oxide in the transition zone, hindering any stable oxide to form [105, 
107]. The last scenario, type I, of erosion-enhanced corrosion is steady-state erosion together 
with an oxide in parabolic growth behaviour where the oxide remains thin but still protective. 
This is when no erosion is present and only oxidation is the relevant mechanism of 
degradation [105].

The influence of temperature has been schematically shown by Stack et al [106] in Figure 
3.15a and as can be seen, several different nomenclatures exist to explain the different 
domains of erosion-oxidation. By comparing the nomenclature of Kang et al and Stack et al it 
can be understood that the erosion-corrosion dominated would correspond to oxidation 
affected erosion while corrosion dominated 1 and 2 are the erosion enhanced corrosion and 
pure corrosion domains, respectively.
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The use of models such as those described by Rishel is purely for understanding of the 
concept of erosion-oxidation and an indication of how the mechanism is affecting the 
material. There is no general idea of how the temperature or the particle velocity influences 
the different domains, as was pointed out by Stack et al, who instead suggested so called 
mechanism maps [106]. One of their maps can be seen in Figure 3.15b where the different 
domains are plotted against the velocity and the temperature for a simulation. Such maps are 
promising but erosion-oxidation is still hard to predict as the actual erosion rates remain 
unknown [107].

Figure 3.15. The temperature dependence on the different domains during erosion-oxidation as
explained by Stack (a) and a simulated erosion-oxidation mechanism map (b) [106].

Chemically active erodents
Chemically active erodents at high temperatures have been sparsely investigated. Wang et al 
saw that the erosion-oxidation of thermally sprayed coatings were increased as chemically 
active elements such as P, S, Na, K and Cl in fly ashes were used as eroding material [108-
110]. None of these studies showed any reason to why the process were accelerated by 
chemically active erodents but it was stated by Hotta and Wang [110, 111] that micro-
corrosion or a localized hot corrosion could take place during erosion when these elements 
were present. Wang proposed after experiments with NaCl as the active erodent, that HCl was 
being formed and that it formed iron chlorides, which we know from the previous section of 
hot corrosion are having a low vaporisation pressure. These iron chlorides were suggested to 
form a porous oxide layer that was easily eroded and thereby increased the erosion rate of the 
material [110].

Ash deposition
Deposition during service life of the traveling-grate is of major interest in this work as was 
shown in Figure 1.5 where a grate-link has been clogged by deposits. Laursen et al [112] 
defined five different transport mechanisms for gaseous and solid ash particles towards a 
cooled tube which are shown in Figure 3.16. 

Small particles and vapours are transported towards the surface by diffusion due to the local 
concentration gradient which can be described as eddy deposition in turbulent systems. While 
the particles could stick on the surface, the vapours are brought closer to the surface and 
condense at favourable vaporisation pressures on the surface [113]. Vaporisation pressures of 
some common compounds taken from FactSage can be seen in Figure 3.17 showing that 
sulphates are the most probable alkali compounds that condense at higher temperatures while 
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chlorides condense at lower temperatures. Heterogeneous condensation occurs when the gas 
is hotter than the surface on which vapours condense while homogenous condensation could 
occur at locally high vapour pressures [112, 114].

Figure 3.16. Transportation mechanisms of vapours and particles as proposed by Laursen et al [112].

Thermophoresis of small particles occurs due to thermal difference between the surface and 
the gas and causes the small particles to reach the surface. The molecules of the fluid are more 
energetic than the molecules closer to the surface and push the particle towards the surface. 
The last mechanism is inertial impaction which is the largest contributor of deposition since 
larger particles do not follow the flow of the fluid but impact on the deposited surface. While 
thermophoresis, diffusion, condensation and eddy deposition is evenly spread along the 
surface, the particles from inertial impaction are often unevenly deposited [114].
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Figure 3.17. Vaporisation pressures of different alkali compounds.

Condensation
Condensation of sulphates and chlorides are an often discussed matter, as chlorides are known 
to be the most stable gas compounds of alkali metals at temperatures above 1300 K [115] but 
they react with sulphur to form sulphates according to Equation 3.29 at lower temperatures. 2NaCl + SO + H O Na SO + 2HCl 3.29

It is however disputed where such reactions occur. Louis et al have stated that due to the low 
vapour pressure of the sulphates, chlorides should be the most likely alkali compound to 
condense on a cold surface [115]. Another reason is that at higher temperatures, the reaction 
of SO2 to SO3 is a slow process, making the reaction to sulphates relatively slow. It has 
however been shown that the reaction rate of solid chlorides to sulphates is too slow to 
account for the amount of sulphates that can be seen on surfaces [116]. It is therefore likely 
that both of the mechanisms occur as seen by Niu et al [117]. Niu et al investigated biomass 
ash and constructed Figure 3.18 which shows the different paths of alkali metals during 
biomass combustion. The vaporised alkali compounds could either condense directly upon the 
surface, as suggested by Laursen et al [112] and Walsh et al [118], or deposit on the fly ash as 
suggested by Louis et al [115, 119].
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Figure 3.18. Different ways for alkali metals to reach the surface [117].

Inertial impaction
Deposition of particles has been described by Walsh et al which constructed a theory 
illustrated in Figure 3.19 [118]. The formation of deposits on a surface begins with gaseous
alkali compounds that condense on the surface and form a liquid melt that allows solid 
particles to get stuck. It is also possible that sticky particles collide with the surface and form
deposits and solidify [114, 118]. As this layer of particles grows thicker the surface 
temperature of the deposits increases, since they are effective thermal insulators. This will in 
turn make the surface of the deposit remain sticky.

  

 

Figure 3.19. The deposition mechanism proposed by Walsh et al [118].

When the deposited layer has reached a sufficient temperature to enable a sticky surface layer, 
non-sticky deposits in the gas will also get stuck in the sticky deposits on the surface. Walsh 
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stated that deposition of larger non-sticking particles is unlikely without these primary 
deposits in the beginning of the deposition [118] while Louis claimed that as long as the 
particles would remain sticky by reaction of alkali compound vapours, a liquid surface layer 
was unnecessary [115, 119]. Walsh et al stated that during the formation of a deposit layer, 
the deposits are eroded by the particles in the gas. 

Deposition rate
Due to the complexity of deposition, many models have been proposed to account for the 
deposition, but none succeeds at completely account for all systems [113]. An example of a 
model is proposed by Walsh et al [118]. They made an explicit function to explain the 
deposition behaviour on a certain surface in a gas with particles, see Equation 3.30. Here, ( ) is the probability of sticky particles in the gas with a temperature , ( ) is the 
probability of a sticky surface at the temperature and is the erosion constant. When the 
deposit layer has reached the sufficient temperature to enable a sticky surface layer, non-
sticky deposits in the gas (1 - p(Tg)) get stuck in the sticky surface deposits. Both the non-
sticky particles in the gas (1 - p(Tg)) and on the surface 1 - psur(Ts) contribute to the erosion.

= ( ) + (1 ( )) ( ) (1 ( ))(1 ( )) 3.30

The sticking probability was defined by Walsh according to Equation 3.31. If the viscosity of 
the fly ash is above the reference viscosity of 
viscosity divided by the viscosity of the fly ash [118]. Authors such as Zbogar opposed Walsh 
and defined the reference viscosity of the fly ash to the viscosity when it is completely melted 
[114]. If the viscosity is below the reference viscosity it is defined as perfectly sticky and the 
sticking probability is equal to 1.( ) = ( ) = < 1, ( ) >= 1, ( ) 3.31

Walsh et al [118] suggested a deposition rate relation that can be seen in Equation 3.32. It can 
be used to evaluate the deposition rate dmdep/dt on a projected surface A. In this equation, Fimp
is the flow of incoming particles on an area A while kshed and are shedding coefficients 
depending on thermal spallation, external erosion or thermal shock on the deposits1 = ( ) 3.32

Niu et al [117] studied the role of alkali metals, sulphur and chlorine and how these would 
influence the sticking behaviour and found the relationships according to Equations 3.33 and 
3.34 for deposition at temperatures between 450-750 °C along with the limits for deposition
and no deposition. The amount of the different compounds in Equation 3.33 and 3.34 is 
measured in weight percentage. Niu et al stated that the amount of SiO2 and Al2O3 will reduce 
the amount of available alkali metals by forming stable alkali metal feldspars [117]. This was 
supported by Louis et al who studied the thermodynamical stability of NaCl, NaOH and 
alkali-feldspars and stated that the chlorides were more stable but usually existed in much 
lower extent than the feldspars due to the low partial pressure of chlorine gas [115].
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+ ++ = < 1             no deposition2.4      only deposition 3.33+ ++ = < 0.5         no deposition1.9      only deposition 3.34

Thermal cycling
Thermal cycling of metals will cause a variety of different degrading mechanisms. Thermal 
spallation damages the oxide layers or coatings that are present at the surface of the metal and 
accelerates the oxidation rate of the metal. Thermal fatigue and creep affect the bulk metal 
during thermal cycling and cause micro- and macro cracks in the microstructure of the 
material.

Thermal spallation
Thermal spallation of oxide layers occurs since their thermal expansion coefficient is 
normally smaller than the substrate material’s and causes thermally induced strain energy, 

, to develop in the oxide layer, as described in Equation 3.35 by Evans [120]. In Equation 
3.35, is Young’s modulus of the oxide, is the Poisson’s ratio of the oxide, T is the 
temperature, is the difference in thermal expansion between the oxide and the metal and X
is the thickness of the oxide layer. The equation assumes that no stress relaxation of the oxide 
and the metal is present and that the oxide is in the linear-elastic regime. As the temperature
of the material, thickness of the oxide and the thermal expansion difference will contribute to 
the largest strain energies, it is important that these variables are kept at low values to avoid 
thermal spallation. The maximum temperature during the thermal cycle is the main issue in
Equation 3.35, as the oxide thickness is dependent on the temperature according to the 
parabolic rate law of oxide growth which was seen in Equation 3.8.= 1 ( ) 3.35

That the diffusion through the oxide determines the oxidation rate of stainless steels has
already been mentioned, but studies suggest that thermal stresses could increase the 
diffusional properties of the oxides, making them less protective than normal. Vignal et al 
[121] investigated the ionic conductivity through oxide layers of AISI 316 L stainless steels 
and found that the conductivity increased as the stress in the oxide increased. 

The energy that is accumulated in the oxide will eventually surpass the energy required to 
cause delamination and spallation of the oxide [38]. After delamination, the material will once 
again form a protective oxide layer that could eventually spall from the surface. The energy 
required to cause delamination has been measured by an inverted blister test performed by 
Mougin et al [122]. They found that the energy of delamination differed between 3 and 170 
J/m2 for a ferritic stainless steel, indicating that factors such as minor alloying elements and 
surface morphology are important during thermal spallation. The effect of the surface 
morphology was seen by Walter et al [123] who studied thermal cycling of ACI HK 40 alloys 
and found that the casted surface had a better resistance against the thermal spallation than a 
grinded surface. Evans et al [124] stated that the energy required to delaminate and spall the 
oxide depended on the failure mechanism of the oxide, as has already been mentioned in the 
previous section regarding oxidation. Phaniray et al dispersed yttrium oxide in stainless steel 
and found that the dispersed oxides increased the adhesion of the oxide by “pegging” the 
oxide to the surface [125]. Christl et al [126, 127] found that the environment could have a 
profound effect on the failure mechanism of the oxide layer during thermal cycling as the 
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oxide scales on a 2.25Cr-1Mo steel experienced compressive stresses and spallation in air but 
tensile cracking with both micro- and macro cracks in water vapour. Studies on materials 
similar to ACI HH II, such as AISI 309S, have shown that iron nodules or transition like 
oxides are formed during each cycle with temperature differences of 950 to 80 °C with 15 
K/min heating rate and a holding period at 950 °C for 1 hour [128].

During thermal spallation tests of samples fitted with acoustic emission meters, it is often 
found that spallation and cracking of the oxides occur during the cooling cycle, rather than 
during the heating cycle, due to compressive stresses and buckling of the oxide [122, 125, 
127]. Evans et al [124] defined two different routes of thermal spallation that could occur 
during cooling of the samples which can be seen in Figure 3.20a.

Figure 3.20. The two different routes of thermal spallation (a) and a spallation map (b) [124].

The first route or damaging mechanism is known as oxide wedging and occurs since the 
adhesion between the oxide and the metal is sufficiently strong to cause shear cracks in the 
oxide, leaving wedges. The second route is known as buckling and is caused by decohesion of 
the oxide and the metal. In both wedging and buckling, the oxide will spall from the surface 
due to decohesion of the oxide and cracks in the oxide, the difference being if the decohesion 
or the cracking of the oxides is the initiating mechanism. Evans et al simulated models for 
these two modes and described them in spallation maps, as can be seen in Figure 3.20b [124].

It has, however, been found by researchers such as Tolpygo et al [129] and Osgerby et al 
[130] that oxides could fail due to tensile cracking and subsequent weight gain due to oxide 
healing as well. Osgerby et al [130] studied the tensile and compressive stresses that develop 
in thermally cycled alumina and chromia forming alloys, both experimentally and by finite 
element methods. They found that a hysteresis loop was formed in the oxide due to creep 
relaxation of the metal surface during cooling, systematically increasing the tensile stresses in 
the oxide during reheating. Osgerby et al proclaimed that compressive induced spallation was 
caused immediately during the first cooling cycle at higher temperature differences while 
tensile cracking occurred at lower temperature differences after several cycles when no 
compressive spallation occurred. Tolpygo et al [129] studied tensile cracking on FeCrAl 

a b
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alloys and found that the creep relaxation was dependent on the cooling and heating rates, 
stating that tensile cracks arrived at slow heating and cooling rates while compressive 
spallation would occur at higher heating and cooling rates. 

Thermal fatigue
Fatigue occurs due to alternating mechanical load that forms stresses below the yield strength 
of metals and initiates cracks and crack propagation in the material. Normal mechanical 
fatigue can be explained by S-N curves for high cycle fatigue while Coffin-Mansion curves 
explain the low cycle fatigue [131] and both types of curves predict how many cycles a 
material will prevail before it fails due to fatigue under a certain stress. Thermal fatigue 
resembles normal mechanical fatigue but with the difference that the mechanical load is 
normally supplied to the material due to a constraint that does not allow thermal elongation. 
Examples of thermal fatigue can be found in foundries and nuclear plants due to the thermal 
differences of the materials. Thermal fatigue is divided in two different loading cases, as can 
be seen in Figure 3.21. If the maximum temperature and the maximum tensile stress occur 
simultaneously, it is known as in-phase (IP) thermal fatigue. If the maximum temperature and 
the minimum tensile stress occur simultaneously, it is known as out-of-phase (OP) thermal 
fatigue [131].

Figure 3.21. a) In-phase thermal fatigue and b) out-of-phase thermal fatigue.

Crack propagation during thermal fatigue is governed by factors such as holding periods at 
high temperatures, the loading frequency and the material which is tested [132-134].
According to Sehitoglou et al [135, 136] this is due to three damage mechanisms that compete 
during thermal cycling, namely fatigue, environmental attack (oxidation) and creep. At high 
loading frequencies the material will not have sufficient time to creep or form oxides and will 
therefore be governed mainly by a ductile transgranular cracking propagation, very similar to 
mechanical fatigue at room temperature. As the frequency diminishes, however, the creep and 
corrosion rates will become more important in the material as both these properties are 
governed by the time at high temperature rather than the amount of cycles which govern the 
fatigue mechanism. If the strain-rates are low, the oxidation rates will become more important 
than the creep rate and cause degradation similar to environmentally assisted cracking (EAC)
and corrosion fatigue [137]. Less aggressive or inert atmospheres could lead to damages
similar to creep fractures. Both of these damage mechanisms lead to cracking along grain-
boundaries of the material [135, 136].

a b
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Thermal fatigue is divided into actual thermal fatigue and thermomechanical fatigue. True 
thermal fatigue is used to explain fatigue that arises due to internal constraints of a material 
while thermomechanical fatigue is caused by external constraints that cause stress/strain in a 
sample [131].

True thermal fatigue
Thermal fatigue occurs due to thermal expansion mismatch or thermal gradients in a material 
and causes internal cracking. A characteristic trait of these cracks is that they have no 
apparent directionality and their fracture pattern is sometimes known as mosaic fracture 
pattern as seen in Figure 3.22 [131].

Figure 3.22. A so called mosaic fracture pattern after thermal fatigue [131].

Common examples of thermal fatigue are surface cracking of casting moulds or cracking of 
cooling pipes in nuclear facilities and due to the nature of a thermal gradient, the loading 
frequency needs to be high. Virkkunen [131] investigated thermal fatigue on cooling pipes in 
several different industries with different stainless steels. It was found that transgranular 
cracks were initiated at the Persistent Slip Bands (PSB) which were formed during the fatigue 
test. The fracture surface of the austenitic stainless steel had a large amount of striations. In 
duplex stainless steels, the transgranular cracks were initiated from the PSB of the austenite 
grains, but it was stated that the crack initiation depended on the largest inclusion, as cracks 
were initiated on these inclusions if they were larger than the austenite grains. The fracture 
surface was highly irregular due to the two different crack propagation mechanisms of the two 
phases austenite and ferrite.

Thermomechanical fatigue
Thermomechanical fatigue (TMF) has much in common with normal mechanical fatigue, as 
the external loads lead to crack initiation and propagation mechanisms similar to those of 
mechanical fatigue. The main difference between the two mechanisms is that during TMF the 
material could experience creep along the grain-boundaries which affects the thermal cycling. 
The oxidation of the material is a process that should be considered during TMF [135, 136].
Generally, two different mechanisms have been seen during TMF of stainless steel, 
intergranular and transgranular cracking [135]. In-phase TMF of stainless steels normally 
leads to intergranular cracking of the stainless due to grain-boundary creep [135, 138].
Stainless steels in out-of-phase TMF, on the other hand, normally experience transgranular 
cracking and the fatigue life time are superior to sample experiencing in-phase TMF [135].
Transgranular attacks were attributed to crack initiation by a cracking oxide layer, which has 
been seen on a Sanicro 25 austenitic steel, see Figure 3.23 [138]. The effect of loading 
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frequency has been shown by Hormozi et al [139]. High frequencies caused transgranular 
cracking in their AISI 316 stainless steel while it cracked along the grain-boundaries by 
effects of creep and oxidation at lower frequencies. The dependency of frequency has been 
seen in other studies.

Jang et al [29] studied high temperature fatigue resistance of a ACI HH 50 alloy and found 
that the fracture mechanism was driven by an oxidation-assisted mixed mode and that the 
material was fracturing both intergranularly and transgranularly during a loading frequency of 
0.05 Hz. Striations that were seen on several wrought austenitic alloys were not seen in this 
material, and the cause for that was claimed to be a high carbon content (0.5 wt%) that caused 
brittle fractures. 

Figure 3.23. Out-of-phase thermomechanical fatigue of a Sanicro 25 austenitic stainless steel [138].

Other mechanisms 
Internal oxidation
Internal oxidation could occur in alloys with small additions of alloying elements with lower 
dissociation pressure than that of the main alloying element. The oxygen pressure below the 
oxide at the oxide/metal interface is sufficient to diffuse into the metal eventually reacting 
with the more reactive alloying element. The relation between external oxidation (normal 
oxidation) and internal oxidation can be described by Equations 3.36 and 3.37 [38]. If the 
permeability of the oxidising element is less than the oxide forming alloying element, external 
oxidation will occur (Equation 3.36) while internal oxidation will occur if the permeability of 
the oxidising element is greater (Equation 3.37). The permeability of a diffusing element in a 
material can be described as the concentration of the element in the metal multiplied by the 
diffusivity of that element. < 3.36> 3.37

While the diffusivity of different oxidants can be found in literature, the concentration of 
them depends on their partial pressure at the metal surface according to Sievert’s equation for 
gas dissolution in metals that can be seen in Equation 3.38 for oxygen.
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= / 3.38

The equilibrium constant, K, is related to the change in Gibbs free energy of the gaseous 
oxidant being dissolved into the metal and depends on the temperature. The permeability 
values of Cr, Si and O2 in some alloys can be seen in Table 3.2.

Table 3.2. Permeability values of oxygen compared to minor alloying elements [38].

Oxygen permeability Minor alloy permeability
Permeability-

ratio
Alloying
element T (°C) NO DO m2/s DM m2/s NO

Cr 1000 3.3 x 10-6 7.3 x 10-16 1.5 x 10-22 0.24 0.66
Fe- 1150 9.0 x 10-6 3.9 x 10-16 6.3 x 10-21 0.019 0.03

Fe- 1000 3.3 x 10-6 7.3 x 10-16 1.5 x 10-22 0.16 1
Fe- 1150 9.0 x 10-6 3.9 x 10-16 6.3 x 10-21 5.5 x 10-3 1

Internal oxidation of Cr in austenitic stainless steels occurs due to depletion of chromium in 
the sub-surface of the material. It can be seen from Table 3.2 that if the molar fraction of Cr is 
below 0.16, in a Fe-Cr alloy, the permeability ratio equals 1 and the material would 
experience internal oxidation of Cr at 1000 °C. As no protective oxide layer can be formed, a
larger amount of oxygen will dissolve into the metal and react with chromium that arrives 
from further down in the material. If other reactive alloying elements are present at low 
concentrations, such as Si, their oxides form as internal oxides due to the lower permeability. 
An example of internal oxidation of Si and Cr for an ACI HH II alloy can be seen in Figure 
3.24.

Figure 3.24. Internal oxidation of Cr and Si in an ACI HH II stainless steel.
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Carburization
Carburization is of special interest due to the high solubility of carbon in iron. The high 
diffusion rate and high solubility of carbon make internal carbides in the metal more likely 
than external carbides which can be described by the previous conditions of internal vs. 
external oxidation (CcDc > CMDM). Carburization normally occurs along the grain-boundaries 
of the metal or along the surface of the metal where different carbides are formed.

The mechanism of carburization is influenced by the activity of carbon in the environment. 
The most reactive reaction of carburization can be seen in Equation 3.39 and is active 
whenever carbon dioxide and water vapour are present in the environment [38, 140, 141]. The 
carbon activity, ac, is calculated according to Equation 3.40 for the reaction in Equation 3.39.
To allow Equation 3.39 to occur, carbon dioxide is reduced to carbon monoxide according to 
the reaction in Equation 3.41 and water vapour is reduced to oxygen and hydrogen (H) 
according to Equation 3.42. CO + H H O + C 3.39= × [ ][ ][ ] 3.40

CO CO + 12 O 3.41

H O H + 12 O 3.42

The reactions in Equations 3.41 and 3.42 are however dependent on the oxygen concentration 
of the environment. Both CO2 and H2O are relatively stable in normal air, causing a system of 
15 vol% O2, 5 vol% CO2 and 10 vol% of H2O to have an ac of 1 × 10-23, far below the values 
where carburization is normally found [140].

Nevertheless, carburization of stainless steel still occurs at low carbon activities. Gheno et al 
[142] performed carburization on a FeCr stainless steel with low carbon activity gases 
between 1 × 10-14 and 10-16 at 650 °C in Ar with 20 vol% CO2. Carburization was possible due 
to transportation of CO2-CO molecules through the oxide layer towards the reductive metal 
where carburization would occur. Gheno et al did however not provide any leads to how such 
transportation was possible but Young et al suggested that the mechanism occurred along the 
grain-boundaries [38]. It was noted that CO2 changed the growth direction of the chromium 
oxide to an inward growing oxide and thereby increasing the diffusion rate along the grain-
boundaries [38]. Schnaas et al [143] performed carburization of Ni-Cr-Fe alloys during 
thermal cycling and found that due to grain-boundary creep, the protective oxide layer above 
the grain-boundaries was compromised enabling both oxides and carbides to be formed along 
the grain-boundaries. These carbides and oxides eventually lead to a volume expansion and 
removal of grains close to the surface of the material.
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Water vapour
Stainless steels suffer from accelerated oxidation in environments with water vapour. Figure 
3.25 compares an austenitic stainless steel P91 exposed to Ar with 1 vol% O2 at 650 °C after 
100 hours of exposure to an exposure of Ar with 1 vol% O2 and 2 vol% H2O [144].

Figure 3.25. Comparison of a P91 stainless steel after 100 hours of exposure at 650 °C in an 
environment of a) Ar with 1 vol% O2 and b) Ar with 1 vol% O2 and 2 vol% H2O [144].

The accelerated oxidation in environments containing water vapour has been attributed to 
several different mechanisms, but it is uncertain which one of them that is the most important 
[38]. Rahmel et al [126] investigated the cyclic oxidation of Fe-Cr alloys in water vapour and 
found that water vapour would enter voids in the oxide, attributing the effect to a fast gas 
transport through these voids. Others, such as Ehlers et al [144] found that molecular transport 
of the water vapour was facilitated along the grain-boundaries of the oxide by additions of 
water vapour. One of the reasons behind the facilitated molecular transport was that the oxide 
grain size was reduced which caused more grain-boundaries [38].

In the presence of water vapour Cr2O3 reacts with water vapour to form volatile chromium 
hydroxides according to Equation 3.43 [145].12 Cr O (s) + H O(g) + 34 O (g) = CrO (OH) (g) 3.43

Asteman et al claimed that the volatilization of Cr was responsible for the lowered Cr/Fe ratio
that causes rapid oxidation of the material, which was supported by Young [146]. Young did 
however argue that vaporisation is less likely at shorter experimental times and that another of 
the mechanisms could be dominant at that time [38]. By increasing the amount of Cr, Mn or 
Si, it has been seen that the effect of water vapour can be retarded [54, 145, 147].



4. Methods
In this thesis, several different methods have been used to investigate the microstructure and
chemical content of the stainless steel and its residues, oxides and deposits. This chapter will 
go through the different measuring techniques and equipment that have been used in this 
thesis.

Microstructural characterization
The microstructure of as-casted stainless steel is quite different from wrought stainless steel 
due to the dendritic formation and the segregations of alloying elements during solidification 
of the melt. To evaluate the as casted microstructure, an array of methods were used that will 
be described in the following section.

Sample preparation
Paper 1 and 2
The samples in Paper 1 and 2 which were to be analysed by light optical microscope (LOM)
and scanning electron microscope (SEM) were cold mounted in epoxy to retain their surface 
edges and to preserve the oxides. The mounted samples were polished in a semi-automatic 
polisher (Buehler Phoenix 4000). The preparation steps which can be seen in Table 4.1 were 
used to reveal the microstructure of the grate-link in Paper 1 and the microstructure of the 
bended samples in Paper 2. The polishing procedure in Table 4.2 was used to reveal the 
oxides that were present on the surface of the material in Paper 1.

Table 4.1. Polishing stages for ACI HH II in a Buehler Phoenix 4000 [7].

Surface Abrasive Load (N) RPM/Direction Duration
Silicon carbide 160 m Water as coolant 27 300/Comp Until plane
Hercules S 9 m diamond suspension 27 150/Comp 5-9 min
TexMet 3 m diamond suspension 27 150/Comp 3-5 min
ChemoMet MasterMet colloidal silica 27 150/Contra 2 min

Table 4.2. Polishing stages for oxides on ACI HH II in a Buehler Phoenix 4000 [7].

Surface Abrasive Load (N) RPM/Direction Duration
Silicon carbide 160 um Water as coolant 9 300/Comp Until plane
VerduTex 9 um diamond suspension 9 150/Comp 5-9 min
ChemoMet MasterMet colloidal silica 9 150/Contra 3-5 min

Paper 3
The samples that were being used for energy-dispersive X-ray spectroscopy (EDS) and
electron backscatter diffraction (EBSD) measurements were hot mounted in Bakelite and a 
hole was made from the back of the Bakelite mounting so that electrical contact could be 
achieved to enable electrolytic etching and polishing. The samples were grinded by silica 
paper while being water-cooled up to a size of 1200 P. Then the samples were electro-
polished in a Struers LectroPol 5 with the adjustments according to Table 4.3.
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Table 4.3. Polishing program for LectroPol 5 for ACI HH II.

Property Setting
Area 1/2 cm2

Temperature 22 °C
Electrolyte A3, Standard solution
Voltage 35 V
Flow rate 20
Time 5 s

Paper 4 and 5
The samples that were used to evaluate the cross-section of the surface were mounted in 
epoxy and dry grinded with silica paper to a size of 4000 P to avoid any water-soluble 
compounds dissolving during the sample preparation.

Microstructural etching
Viella’s reagent was used in Paper 1 and 2 to reveal the general structure and the carbides of 
the immersed material after 90-120 seconds, which can be seen in Figure 4.1a. Viella’s 
reagent contains 1 g of picric acid, 5 g of hydrochloric acid and 100 ml of ethanol

Electrolytic etching with oxalic acid was used in Paper 1, 2 and 3 and revealed the general 
structure and the carbides of the material. Viella’s reagent was sometimes used instead of this 
method as some samples were mounted in epoxy or Bakelite that complicated an electrolytic
etching. The sample was connected as an anode to a power supply of 3 V DC while a noble 
copper cathode was placed in the electrolyte consisting of 8 g of oxalic acid and 100 ml of 
distilled H2O. The samples were immersed for 40-60 s before being rinsed in water. 

Electrolytic etching with NaOH was used in Paper 3 and revealed the sigma and delta ( )
ferrite in the matrix by colouring the -ferrite tan/blue while the sigma phase becomes 
orange/brown after 10 sec. The sample is placed as an anode in an electrolytic cell with 3 V
DC with a noble metal as the cathode. The concentration of the etchant is 20% NaOH in 
distilled H2O. The result of the etching can be seen in Figure 4.1b.

Figure 4.1. The microstructure after different etchants of a) Viella’s reagent and b) electrolytic 
etchant of NaOH.

a b



Methods 53

Optical microscopy
A light optical microscope (LOM) Nikon Eclipse MA 200 was used to characterize the 
microstructure after etching in Paper 1, 2 and 3. Dark field (DF) imaging was made on 
samples in Paper 1 to reveal the edge effects and cracks in the structure while bright field 
(BF) imaging was used on the other samples in Paper 1, 2 and 3.

Scanning electron microscope
Several different Scanning Electron Microscopes (SEM) were used in this thesis. Paper 1 used 
a JEOL JSM 6460LV SEM to evaluate the cross-section of the surfaces and the cracks along 
the surface of the material. A Field Emission Gun (FEG) Merlin SEM from Zeiss was used to 
obtain high resolution images of the cross-sections of the surface in Paper 2 and to 
characterize the oxide that had grown on the different alloys in Paper 3. A JEOL JSM IT300 
LV SEM was used to investigate the different microstructures of the eight alloys in Paper 3. 

Phase characterization
As seen in chapter 2, several phases are present in stainless steel before and after heat 
treatment and they must be characterized to understand the behaviour of the material. The 
methods that have been used to characterize the different phases in this work are explained in 
the following section.

Electrolytic phase extraction
Electrolytic phase extraction (EPE) was used to extract the phases that existed in ACI HH II
in Paper 3.

[148] and is a modified procedure 
from the ASTM E963-95(2010) standard that can be seen in Figure 4.2. The sample from 
which the phases will be extracted is placed in a beaker with 1000 ml H2O, 200 ml HCl and 
3.5 g of oxalic acid and coupled as the anode in an electric current with the noble metal 
copper as the cathode. The current was chosen to 150 mA/cm2 by an adjustable power supply 
during 20-24 hours. After the EPE, the sample is taken out from the electrolyte and rinsed in 
water. The residues left at the bottom of the beaker will be the extracted phases that are
recuperated by filtering the electrolyte. The recuperated residue is cleansed in water in an
ultrasonic bath and filtered three more times, to ensure that no oxalates or chlorides remain in 
the residues.

The sample is weighted prior to and after the EPE analysis to determine the material loss and 
by weighting the residues from the EPE it is possible to determine the original concentration 
of the residual phases in the sample. When EPE is performed care should be taken when 
deciding the current and electrolyte used as some phases could be deteriorated if the current is 
too high and change the outcome of the measurement [148].
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Figure 4.2. Schematic representation of electrolytic phase extraction (EPE) from the standard ASTM 
E963 -95(2010).

X-ray powder diffraction
Equipment
The X-ray powder diffraction (XRD) measurements that were done in Paper 3, 4 and 5 were 
performed in a Panalytical Empyrean XRD instrument that can be seen in Figure 4.3. It is a 
highly versatile XRD instrument with several different stages; among them one for diffraction 
of powders and another for flat samples. An Empyrean Cu LFF HR X – ray tube is used as 
radiation source and a PIXcel 3D detector registers the diffraction. All XRD measurements in 
this thesis were performed at a tube current of 40 mA and a tube voltage of 45 kV.

In Paper 3, both the oxides and the EPE residues were investigated with a divergence slit of 
1/2° and a step size of 0.026°. The angles between 10-90° were scanned during XRD of the 
oxides while angles between 10-120° were used while performing XRD of the EPE residues.
In Paper 4 and Paper 5 both the iron ore particles and the deposits that were recovered from 
the traveling-grate were analysed by a 1/2° divergence slit over a range of 10-120° with a step 
size of 0.013°. The deposits on the surface of the samples in Paper 4 were analysed between 
20-120° with a step size of 0.013° and a divergence slit of 1/4°.

Analysis
XRD patterns which were retrieved from the XRD runs were analysed with the HighScore 
software from Panalytical. The Crystallography Open Database (COD) from 2014 and the 
International Centre for Diffraction Data (ICDD) database from 2002 were used to determine 
the phases present in the materials. In Paper 3, the lattice parameters of TiN/TiC, M23C6 and 
Cr2O3/Fe2O3 were analysed to estimate the amount of solid solution phases by applying the 
law of Vegard [149].

Energy-dispersive X-ray spectroscopy
Energy-dispersive X-ray spectroscopy (EDS) was used to measure the chemical composition 
of the samples, oxides and deposits in this thesis. In Paper 1 an EDS detector from Oxford 
attached to the JEOL JSM 6460LV SEM was used to evaluate the chemical gradient of the 
grate-link by line scans and the chemical content in a crack of the grate-link by point scans. In 
Paper 2, 3, 4 and 5 an X-Max 80 detector from Oxford, shown in Figure 4.4, attached to the
JEOL JSM IT300 LV SEM was used. In Paper 2, 4 and 5 the internal oxidation and chromium 
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depletion were studied by EDS mapping. Such mapping was used in Paper 3 to distinguish the 
different phases and the microsegregation of different elements in the microstructure. 

Three main methods for EDS analysis have been used; point scans where the chemical 
composition of a point or a certain area of the sample is measured, line scans that evaluate the 
chemical change of elements over a line and an EDS mapping that scans an entire image of 
different elements and plots their different concentrations.

Figure 4.3. The Panalytical Empyrean XRD 
equipment.

Figure 4.4. The X-Max 80 detector attached to 
the JEOL JSM IT300 LV.

Electron backscatter diffraction
Electron backscatter diffraction (EBSD) was used in Paper 3 to simplify the identification of 
grain-boundaries between the different phases in the casted ACI HH stainless steel. EBSD 
was performed by a NordlysMax3 detector attached to the JEOL JSM IT300 LV SEM. The 
EBSD technique utilizes the Kikuchi patterns that arrive from the backscattered electrons to 
determine the phase and orientation of individual grains. The technique was used to construct 
band contrast images in Figure 7 and 8 in Paper 3 that make grain-boundaries with non-
determinable Kikuchi patterns dark while well-defined Kikuchi patterns appear light.

Differential scanning calorimetry
Differential scanning calorimetry (DSC) was used mainly in Paper 5 to study the phase 
changes of the deposits and how these deposits affect the degradation of stainless steel. The 
equipment that was used was a simultaneous thermal analyser STA 449C Jupiter from 
Netzsch with simultaneous DSC/TGA (Thermal Gravimetric Analysis) capable of 
temperatures up to 1300 °C. The STA is coupled with a quadropole mass spectrometer QMS 
403 C from Netzsch that analyses the gases that vaporise during the STA analysis.

The analysis in Paper 5 were made by heating a sample at 20 K/min to 1000 °C and then 
cooling the sample to 20 °C while simultaneously measuring the chemical composition of the 
vaporised gases.
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Mechanical characterization
Hardness measurements
Microhardness testing was performed by a Matsuzawa MXT- micro Vickers indenter. 
Microhardness measurements with a load of 300 grams were used in Paper 1 to determine the
hardness profile of the ribs in the grate-link from the surface towards the centre of the rib. A 
small load of 50 grams was used to determine the hardness of the different particles that were 
used during the erosion test in Paper 4.

Thermodynamical methods
In this thesis two different thermodynamical programs have been used to verify the phases 
and to understand the reactions that occur in a system. 

ThermoCalc
ThermoCalc and its sibling programs Dictra and Prisma are thermodynamic programs that 
specialize on phase stability and phase changes in solid solution in metals and can account for 
solid-state diffusion during phase changes. The databases that were used were the TCFE7 
thermodynamical database and the MOBFE3 diffusion database for ferrous alloys. 
ThermoCalc was used in Paper 3 to construct phase diagrams of the eight different alloys and 
to perform stability calculations of the carbide and sigma phase at different temperatures. 

FactSage
FactSage is equipped with the FTOxide, FTGas and FTSlag databases and is able to predict 
the feasibility of different reactions and to predict the stable phases in complicated chemical 
environments. FactSage was used to calculate the stability of the different reactions in Paper 4 
and to increase the understanding of the alkali compounds in the environment in the Grate-
Kiln in Paper 5.



5. Experimental Setup
As this thesis work aimed to investigate the three main degradation mechanisms of the 
traveling-grate it was necessary to find suitable testing methods. This chapter will present the 
different experimental tests that were used.

Thermal cycling
The thermal cycling rig that was used for Paper 2 was initially a part of a master thesis [150]
that looked at the possibility to perform thermal cycling at a laboratory scale. The rig was
used to study the influence of thermal cycling on the material of the traveling-grate and the 
results were later compared to the damages seen on the traveling-grate in the Grate-Kiln
indurator.

State of the art
The most common test rig principle for thermal cycling and thermal fatigue (TF) is to have a 
furnace in which samples are automatically inserted and taken out to inflict thermal cycling
[151]. It is however preferable to have an induction heating source as the temperature curve 
can then be easily monitored and controlled [134, 152]. The standard practice for thermo-
mechanical fatigue (TMF) testing, ASTM E2368-10, uses standardized and verified testing 
machines that measures the stress-strain-temperature relationship and how it affects the crack 
growth and cyclic life. Since the present study intended to investigate the role of simultaneous 
spallation and cracking of the sample it was of less interest to know the cyclic life of the 
sample and the E2368-10 standard was only used to understand the stresses in the sample.
The ASTM standard G38-01 was used as an inspiration to study the cracking behaviour of the 
samples as it uses bended C-ring samples to develop stress-corrosion cracking (SCC) in 
materials. A sample holder was constructed that could be used either to inflict a large 
constrain and bend the samples, or be used without any constrain of the samples only 
evaluating how thermal cycling affected the material.

Description of the setup
The thermal cycling rig can heat and cool the sample and simultaneously prevent thermal 
elongation to induce TMF and plastic bending of the sample. The thermal cycling setup that 
can be seen in Figure 5.1a uses an induction coil (1) as heating source for the sample which is 
held by a sample holder (2) that can be seen in Figure 5.1b and hinders the thermal expansion 
of the sample. The sample is cooled by a flow of compressed air which is regulated by a 
pressure valve (3). A thermal regulator (4) monitors the temperature of the sample by a type-
K thermocouple which is mounted in the centre of the sample as seen in Figure 5.2a. The 
thermal regulator governs the intensities of the induction heater (1) and the pressure valve (3)
to control the temperature of the sample. The loading cell logger (5) records how the stresses 
on the sample evolve during heating and cooling. An image of the sample holder can be seen 
in 5.1b. The sample holder is a modified screw vice (A) that enables pre-constraints of the 
sample. A piezoelectric loading cell (B) is placed between the screw and the mobile support 
of the sample holder to monitor the induced load during heating of the sample. The alumina 
supports (C) hold the sample towards the induction heater and prevent thermal elongation of 
the sample. The sample holder has cooling water channels to avoid heating of the sample 
holder during thermal cycling and to avoid any thermal elongation of the holder. An image of 
the sample in the holder can be seen in Figure 5.2b.
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Figure 5.1. Schematics of the thermal cycling rig (a) and its sample holder (b). The thermal cycling 
rig in a) consists of; the induction heating source (1), the sample holder (2), the pressure valve (3), the
thermal regulator (4) and the loading cell logger (5). The detailed sample holder in b) consists of the 
pre-constraining screw (A), the piezoelectric loading cell (B), alumina supports (C), the sample (D), 
the induction coil (E) and the cooling tube (F).

Figure 5.2. A sample with an attached thermocouple in a) and the sample holder with a mounted
sample between the alumina supports in b).

Sample preparation
The samples were prepared by cutting them into a size of 40.2 × 10.2 × 2.2 mm from the as-
casted ribs of a grate-link. The samples were taken from the same location to ensure a similar 
macro- and microstructure of all samples. The samples were grinded to a size of 40 × 40 × 2
mm with 60 P silica paper to ensure that all samples are having the same dimension and 
surface finish. After grinding they were cleaned in an ultrasonic bath with ethanol before 
being mounted with a 10 cm type-K thermocouple.

a b
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Testing procedure
The samples were thermally cycled between 200 and 800 °C with a 300 °C/min heating and 
cooling rate as seen in Figure 5.3a. The samples were cycled 100, 200 and 400 times while 
being subjected to two different loading cases. The difference between these two loading 
cases is seen in Figure 5.3b. The low-constrained samples experience stress relaxation at 
lower temperatures while the samples with higher constraints always are under compressive 
stresses and experience a higher stress at higher temperature than the samples with low 
constraint.

Figure 5.3. The cycling temperatures (a) and stresses in the test rig (b).

Remarks on the thermal cycling rig
The thermal cycling rig successfully performed thermal cycling of the samples and induced 
internal oxidation, chromium depletion and intergranular cracks of the samples. The cracks 
that are seen on some parts of the traveling-grate could indeed originate from thermal cycling 
but the stresses are too low in the traveling-grate to inflict such an amount of internal 
oxidation and chromium depletion as the ones seen in the traveling-grate. An issue that was 
addressed in Paper 2 was the thermal gradient that existed in the samples during testing. Even 
if the centre of the samples reached a temperature of 800 °C the temperature of the metal 
closest to the alumina support could be below 600 °C.
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Erosion
The erosion rig was used in Paper 4 to investigate the erosion and deposition characteristics of 
the gas particles that exist in a Grate-Kiln indurator for iron ore pellets. The erosion rig was 
constructed and the experiments were conducted at the Research Institutes of Sweden (RISE) 
Energy Technology Center (ETC) in Piteå, a city south of Luleå. 

State of the art
The most common test rig for erosion at elevated temperatures is the gas jet rig where solid 
particles are suspended in a gas and hit the surface of the sample [153]. The gas jet rig that is 
described by the ASTM standard G211-14 uses heated gas as process gas and 50 μm angular 
alumina particles. According to the standard full control over particle velocity, particle 
impaction angle and temperature of the sample and the gas are required. In Paper 4 the aim 
was to study the influence of erosion in the actual environment of the traveling-grate and 
therefore it was necessary to modify the standard so that both the gaseous environment and 
the gas particles were the same as in the Grate-Kiln.

Description of the setup
The test rig is a modified Horizontal Industrial Combustion Kiln (HICK) and can be seen in 
Figure 5.4. The HICK consists of four parts; a secondary pre-heating unit (1), a combustion 
kiln (2), a connector (3) and a boiler (4). The secondary pre-heating unit contains seven air
heaters and a propane flame that simulates the pre-heated gas that enters the rotary-kiln from 
the cooler. This pre-heating unit contains a coal inlet that distributes coal powder for the 
flame that burns in the combustion kiln. The total heating effect of the HICK reaches 300 kW
during testing. The combustion kiln is mounted with several thermocouples that monitor the 
temperature of the brick-lining and the coal flame temperature of the kiln. The connector is 
mainly a gas conductor between the combustion kiln and the boiler and has an interior 
dimension of 230 × 230 mm where the combustion gas flows. In the centre of the connector 
there is a port that makes it possible to mount different probes to evaluate for example fly 
ashes and it was used as a port for the sample holder during the erosion tests. The boiler is 
used to cool the combustion gas and recuperate particles before the gas is sent to the exhaust.

Figure 5.4. The modified HICK that was used during erosion-oxidation experiments. The four parts of 
the HICK are; the secondary pre-heating unit (1), the combustion kiln (2), the connector (3) and the
boiler (4).
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The HICK was modified to perform erosion-oxidation conditions by adding an iron-ore 
particle ejector into the secondary pre-heating unit that suspends iron ore particles into the 
coal flame. The particles travel with the fly ash towards the connector and the boiler. In the 
connector, a sample holder was fitted with samples that are subjected to the gas and the 
suspended particles. The sample holder and the connector with the attached sample holder can 
be seen in Figure 5.5. The sample holder have two thermocouples, one that reads the 
temperature between the sample holder and the sample, and another that reads the temperature 
of the gas close to the sample holder.

Figure 5.5. Figure a) shows the sample holder with four different samples (1), the thermocouples 
monitoring the temperature of the samples (2) and the temperature of the process gas (3). b) The
sample holder when inserted into the connector and the thermocouple connections (4) and the cooling 
air inlet (5).

The thermocouple that is connected to the sample is monitored by a thermal regulator that 
governs the cooling of the sample by controlling the flow of compressed air through the 
sample holder.

After the boiler, the process gas is analysed by Fourier Transform Infrared Spectroscopy 
(FTIR) while the gas particles are analysed by a 13 stage Dekati-type low pressure impactor 
to differentiate particle sizes from 0.03-11 μm which has been described by Jonsson [5]. The 
impactor makes it possible to measure the chemical compositions of the different particle 
sizes and existing phases.

The iron ore particles that were used in the modified HICK were angular and had an average 
size of 30-40 μm which can be seen in Figure 5.6. The chemical composition of the particles 
that can be found in Table 5.1 was made by inductively coupled plasma mass spectrometry
(ICP-MS) at ALS Scandinavia. It can be seen that even if small amounts of amorphous
feldspars seem to exist in these particles due to the increased Al and Si content, most of the 
particles are iron oxides and quartz. Trace amounts of alkali metals are found in the particles,
believed to arrive from feldspars.
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Figure 5.6. The shape of eroding particles (a) and their size distribution (b).

Table 5.1 Chemical composition of the particles by ICP-MS (wt%).

C S Na K Mn Mg Al Si V Ti Ca Fe

Wt% 0.4 0.05 0.07 0.21 0.06 0.52 0.24 0.62 0.12 0.11 0.86 Bal.

Sample preparation
Figure 5.7 shows the samples for the erosion tests which were cut by electric discharge 
machining (EDM) from an as-casted ACI HH II slab to the dimensions 20 × 20 × 4 mm 
before being polished with 1200 P paper to smooth sample surfaces. Small pins were welded 
onto the backside of the samples to fix them onto the sample holder.

Testing procedure
Prior to testing, the HICK was pre-heated by an oil burner overnight so that a stable 
temperature could be reached faster during the experiments. During the test, 30 l/h propane 
and 15.5 - 15.7 kg/h coal was used as fuel and 23-25 kg/h of iron ore particles were used as 

  
Figure 5.7. Samples before (a) and after (b) testing in the erosion rig.

a b

a b
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eroding particles. The sample holder with the samples were placed in a 30° angle into the 
connector for six hours and kept at a temperature of 800 °C before being cooled until 20 °C.
The particle velocity in the connector was measured by the length values of the enlightened 
path of the hot erosive particles as they travelled past the inspection window of the connector.

Remarks on the erosion rig
Even though the HICK was pre-heated by an oil burner, the erosion rig did not reach an 
equilibrium temperature, i.e. the temperature continued to increase during the entire test, from 
800 to 1000 °C. These temperatures are however within the expected temperatures of the 
process gas of a Grate-Kiln. The experiments in the erosion rig gave valuable insights of the 
erosion and deposit characteristics in the Grate-Kiln.

Deposit-induced accelerated corrosion
Deposit-Induced Accelerated Corrosion (DIAC) was investigated in Paper 5 to compare the
results from laboratory test scale with the traveling-grate and establish the severity of DIAC 
on the traveling-grate.

Description of the setup
Deposit-induced accelerated corrosion was performed in a Nabertherm RHTC 80-230/25 tube 
furnace capable of temperatures up to 1500 °C. The tube furnace is shown in Figure 5.8. The 
samples were put into alumina crucibles and covered with deposits which had been 
recuperated from the traveling-grate in the Grate-Kiln. The atmosphere that was used in the 
tube furnace was synthetic air with 20 ppm of SO2, to simulate the gas environment of the 
traveling-grate. The deposits from the traveling-grate had a chemical composition according 
to Table 5.2 and XRD measurements of the deposits showed high amounts of a corundum 
structure, quartz and significant amount of sodium-potassium sulphate.

Table 5.2. Chemical composition (ICP-MS) of the deposits that was used during the DIAC test.

Fe O Cr K Si S Ni Na Ca C Al Cl Mg
Wt% 46.5 34.1 6.6 3.3 2.1 1.9 1.4 0.9 0.8 0.8 0.8 0.4 0.3

Sample preparation
The samples were cut to a size of 5 × 5 × 20 mm and polished with 1200 P silica paper before 
being cleansed in an ultrasonic bath with ethanol to remove impurities on the surface. The 
directionality of the as-casted samples was noted and the samples were placed in such a way 
that all different directions of the as-casted microstructure were covered in deposits in the 
crucibles. A reference sample without any deposits was also placed in a crucible. The 
crucibles were put into the centre of the tube furnace and the gas flow set to 20 l/h. The test 
was performed at 800 °C for 200 hours and thereafter the samples were analysed together 
with the sintered deposits. 
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Figure 5.8. The tube furnace that was used to perform the DIAC tests and the heat treatment tests.

Heat treatment
A heat treatment at 800 °C for 200 hours was performed in Paper 3 to investigate how 
additions of Si, Mn and Ti would change the oxidation morphology and microstructure of the 
alloys.

Description of the setup
The same tube furnace used for the DIAC study (see Figure 5.8) was used to perform the heat 
treatment. The samples were put in crucibles that were inserted into the tube furnace that 
contained dry synthetic air to avoid water vapours during the test.

Sample preparation
Samples were made in accordance with ASTM E2402-11 standard test method for mass loss 
and residue measurement validation by thermogravimetric analysis. The samples were cut 
from as-casted slabs to a size of 10 x 10 x 2 mm before being polished with 1200 P silica 
paper. The eight different alloys were placed in separate crucibles and placed in the centre of 
the tube furnace. The gas flow was set to 20 l/h before the furnace was heated to 800 °C and 
kept at that isotherm for 200 hours. A sample in an alumina crucible after the heat treatment 
can be seen in Figure 5.9.

Figure 5.9. A sample in its crucible after heat treatment at 800 °C for 200 hours.



6. Summary of Appended Papers 
Paper 1

Case study of grate-chain degradation in a Grate-Kiln process

Erik Nilsson, Lars Pettersson and Marta-Lena Antti

The article was a case study to determine the degradation of a grate-link that had been in a 
Grate-Kiln indurator for 8 months. After a visual inspection of the grate-link, different areas 
with seemingly different degradation mechanisms were cut out and investigated by hardness 
measurements, SEM-EDS and optical microscope to evaluate the degradation.

By interviewing operators and personnel at the factory site, it was understood that the 
degradation occurred in two steps; an initial period of relatively modest degradation and a 
second progressive period with an accelerated degradation rate. By visual inspection it was 
clear that the grate-link was unevenly degraded as the middle of the grate-link showed a 
greater removal rate than the outer parts.  Different areas of interest were cut to reveal the 
cross-sections to determine any differences of the degradation mechanisms. Deposits that 
were present on the grate-link were recuperated and their chemical compositions were 
analysed.

By evaluating the sub-surfaces of the grate-link it was found that the grate-link was depleted 
in Cr and that the sub-surface was enriched with O, S and C, implying that the normally 
protective Cr2O3 had been disrupted. The depletion is suggested to originate from removal of 
the Cr2O3 layer either by mechanical removal such as spallation of the oxide or from chemical 
removal by water vapour or hot corrosion by alkali salts. Indication of hot corrosion was the 
relatively high amount of alkali sulphates and chlorides that were found in the deposits on the 
material and the amounts of S that were found in the sub-surface. Cracks that could be seen in 
the sub-surface of the material were attributed to an internal attack of the grain-boundaries by
both O and C, and a process similar to intergranular attack was suggested. It was suggested 
that a failure mechanism similar to intergranular stress corrosion cracking occurred at the 
locations where cracks had formed on the grate-links due to the increased stresses at these 
locations.

Contribution of the author

The author performed and planned the characterization of the different damage mechanisms 
that were present on the grate-links, evaluated the results, and wrote the article with 
suggestions from the co-authors.
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Paper 2

Thermal cycling of grate-link material for iron ore pelletising process

Erik Nilsson, Ragnar Tegman and Marta-Lena Antti

A test rig was developed to investigate simultaneous thermal fatigue and thermal spallation of 
stainless steel samples and compare the degradation mechanisms with the damages that could 
be seen in a grate-link after full service life in a Grate-Kiln indurator. The tests were 
performed in air and the samples were heated and cooled between 200 and 800 °C with a 
periodicity of 120 seconds. The material that was tested was a castable stainless steel ACI HH 
II. The test was performed in two different loading cases to evaluate the influence of 
constrained bended samples and samples without any constraint. By bending the samples, a 
convex surface with in-phase (IP) loading and a concave surface with out-of-phase (OP) 
loading were realized. The damages were characterised by microstructural characterisation 
and measurements of chemical composition of the sub-surface of the samples and of a grate-
link.

The test rig was successfully simulating thermal fatigue and thermal spallation and could 
simulate both IP and OP loading. Cracks were formed at interdendritic sites on the surface 
with IP loading and were followed by oxidation and carburization. These cracks were 
attributed to an intergranular stress corrosion cracking mechanism. Thermal spallation of the 
samples was due to the depleted Cr layer at the sub-surface of the material and the following 
internal oxidation of both Cr and Si. Internal oxidation started with Si but internal Cr oxides 
were also formed as Cr depletion progressed. The OP loaded surface suffered from internal 
oxidation and cracking, but to a less extent than for IP. This was attributed to the adherent and 
protective oxides during the test. 

The two loading cases were compared to a grate-link that had been in service in a Grate-Kiln
indurator and it was found that the damages on the grate-link resembled the damages seen in 
the experiments in the test rig. The cracks in the grate-link followed the grain-boundaries or 
the interdendritic domains and the surface was depleted in Cr. The depleted sub-surface 
caused internal oxidation of both Si and Cr. Si was seen to precipitate at the metal surface, 
indicating that internal Si were formed prior to the Cr depletion when the protective oxide at 
the surface was still intact. 

Contribution of the author

The author made the test rig and developed the test procedure as well as performed the test of 
the samples. The author made the sample and grate-link characterization and analysed the 
results. The article was written by the author in collaboration with the co-authors.
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Paper 3

Effect of Si, Mn and Ti on high temperature resistance of a travelling-grate in a Grate-Kiln
indurator

Erik Nilsson, Lars Pettersson and Marta-Lena Antti

This paper investigated the effects of the three minor alloying elements Si, Mn and Ti both in 
respect to the microstructure and to the basic oxidation properties of the material. Eight 
different stainless steel alloys with standard composition of ACI HH with different minor 
additions of Si, Mn and Ti were casted at Swerea Kimab and tested at 800 °C for 200 hours in 
synthetic air. Microstructural characterization of the material was performed both before and 
after heat treatment and the thickness of the oxide, its appearance and phases were analysed.

The as-casted structure revealed that all alloys were solidifying by FA solidification where -
ferrite is formed prior to the other phases. Most of the -ferrite is transformed to austenite 
during cooling but the microsegregation of ferrite and austenite stabilisers remain even after 
cooling and form residual -ferrite. The -ferrite is transformed to sigma phase and carbides 
during the heat treatment and causes an increased risk of intergranular cracks and oxidation. 
The heat treatment further increased the segregation of alloying elements, as the alloying 
elements formed carbides and sigma phase rather than blend into the surrounding austenite. 
Titanium formed nitrides and carbides which were suspected to form early in the 
solidification process.

The oxides on the surface of the alloys revealed that Si is effective at reducing the amount of 
Fe available in the growing oxide layer, as the Cr/Fe ratio was increased with additions of Si. 
This tendency was seen with Si addition to Mn alloys, as it reduced the amount of MnFe2O4
but increased the amount of MnCr2O4 on the surface. Si had a detrimental effect of the oxide 
adhesion as the oxides spalled during cooling and the oxide spallation was only diminished by 
the addition of Ti. Spinels were seen on samples that contained Mn and caused the oxide to 
become thicker than on samples with additions of the other alloying elements. Due to the 
adherence of the oxide on Mn alloyed steels, growth stresses caused laminar cracks in the 
oxide rather than decohesion. Ti seemed to have beneficial effects on the oxide layer and was 
attributed to the reactive element effect of the metal. The adherence of the oxides to the metal
was increased with additions of Ti.

Contribution of the author

The author and co-authors decided the amount of the different alloying elements while 
Swerea Kimab manufactured the alloys. The test and the characterization of the 
microstructure and the oxide were performed by the author. The article, results and discussion 
were written and analysed by the author and co-authors.
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Paper 4

Simultaneous erosion and deposition of a travelling-grate in a Grate-Kiln pellet indurator

Erik Nilsson, Henry Hedman, Henrik Wiinikka and Marta Lena Antti

This article investigated the role of erosion and deposition on a grate-link in a Grate-Kiln
indurator by simulating the two mechanisms in a horizontal industrial combustion kiln 
(HICK) which normally simulates combustion environments. The HICK was configured into 
an erosion-deposition rig to give a similar environment as the Grate-Kiln by using the same 
coal and iron-ore particles as in the Grate-Kiln. The test samples were cut out from casted 
ACI HH II ingots manufactured by Swerea Kimab and placed in the combustion environment 
for 6 hours. The surface and sub-surface of the eroded samples were analysed to distinguish 
effects that can be seen during erosion and deposition.

The samples in the erosion-deposition rig showed evidence of erosion-oxidation as the eroded 
surface had an etched appearance where the grain-boundaries were attacked to a larger extent 
than the metal grains. This is attributed to the faster diffusion along the grain-boundaries and 
subsequent removal of oxides formed on the surface. The sample surfaces were partially 
covered in deposits that mainly arrived from the fly ash and contained calcite (CaCO3) and 
CaSO4. An amorphous phase was formed on the surface and was suspected to be an 
amorphous Al-silicate which is abundant in the fly ashes. The surface contained oxides from 
the oxidation process of the steel. By studying the sub-surface of the samples it was found that 
the materials were depleted in Cr, showing that Cr was removed during the erosion-deposition 
by an erosion-enhanced corrosion type of erosion-oxidation. The depleted region of Cr 
contained globular attacks, oxygen and silicon, further indicating that the material suffered 
from an accelerated removal rate of the oxides. 

The damages from the test rig were compared to the damages seen on a grate-link. While 
some grate-links showed a similar behaviour of Cr depletion, internal oxidation and globular 
attack, other grate-links showed a different behaviour. These grate-links had deposits on their 
surface that seemed to protect the material from erosion. A chemical analysis showed that the 
deposit contained high amounts of alkali sulphates and chlorides, phases that were not found
on the grate-links that seemed to be attacked by erosion-oxidation. It was proposed that the 
grate-links are experiencing different gas velocities and/or temperatures depending on 
location in the Grate-Kiln. Since both alkali sulphates and chlorides are condensing on cooler 
surfaces, it was proposed that the grate-links with a high amount of deposits experienced 
lower temperature than the grate-links which were eroded. 

Contribution of the author

The author planned the testing procedure and made the characterization of both the grate-links 
and the samples. The author was responsible for analysing the results and the following 
discussion. The article was written by the author with help of the co-authors.
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Paper 5

Influence of alkali deposits during an iron ore pelletizing process

Erik Nilsson, Ragnar Tegman and Marta-Lena Antti

To investigate the deposits that were formed on the grate-links during their service life in the 
Grate-Kiln indurator, which was the aim of this article, the deposits were recuperated from the 
grate-links. The deposits were crushed and their chemical composition, phases and melting 
temperature were analysed. Samples of the stainless steel ACI HH II were covered by the 
deposits in a crucible and heat treated for 200 hours at 800 °C in synthetic air with 20 ppm 
SO2 before the microstructure of the samples and the morphology of the surrounding deposits 
were evaluated.

The surface of the samples had been depleted in Cr, 100 μm into the material, and voids had 
been formed in the sub-surface of the samples. These voids were believed to be connected to 
the surface of the metal, as the mounting epoxy entered the cavities during sample 
preparation. It was shown that Cr was enriched in the deposits at the deposit/metal interface, 
showing that Cr had been transported from the metal towards the deposits. The deposits on
the grate-link were investigated by DSC and had two different melting points at 690 °C and
828 °C, which corresponded to two eutectic melts of KCl-K2SO4 and Na2SO4- K2SO4,
respectively. It was shown that the weight gain rate increased rapidly at these temperatures, 
indicating that the molten salts accelerated the degradation. Since only the chloride rich 
eutectic were molten at 800 °C it was believed that a process of molten alkali chlorides was 
the main degradation mechanism of the samples while being aided by the sulphates. In the 
Grate-Kiln it seemed as the thermal cycling disrupted the chloride induced corrosion and 
sulphate corrosion was seen on the surface instead. This was attributed to the thermal cycling 
that destroyed the oxides beneath the salts and revealed the metal below the oxide.

Contribution of the author

The author planned and performed the tests and analysed the results. The author was 
responsible for the discussion with some aid of the co-authors. The article was written by the 
author in collaboration with the co-authors.
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7. Discussion
To understand the interaction of the different degradation mechanisms of the traveling-grate,
it is necessary to investigate how the different degradation mechanisms interact with one 
another and if it is possible to determine which of the mechanisms that is more important in 
the different environments existing in the Grate-Kiln. By knowing the synergistic effects of 
the mechanisms and how the environment affects the different degradation mechanisms it will
be possible to propose solutions to the degradation problem of the traveling-grate.

Synergistic effects of the mechanisms
The synergistic effects will be divided in three steps, according to Figure 7.1. Each of the 
main degradations of the grate-link is placed at the edges of a triangle and the three sides of 
the triangles are having a mixed degradation between the two mechanisms on each end. In the 
middle, the environment and the material have been put, so that it is understood that these 
elements are always present regardless of mechanism.

Figure 7.1. The different degradation mechanisms and their synergistic behaviours.

Erosion and hot corrosion by deposits
The synergistic behaviour of erosion and deposition was evaluated in Paper 4. It was 
concluded that higher temperatures and higher particle velocities increase the amount of 
erosion on the samples while an increase of alkali chlorides and sulphates increase the 
deposition rate of the material even at higher temperatures. It was therefore concluded that the 
deposits were generally effective at protecting the grate-links against the more detrimental 
erosion. Paper 5 showed that the deposits on the grate-link could greatly increase the 
corrosion rate of the metals by hot corrosion of mainly chlorides at higher temperatures. The 
studies in Paper 5 showed that the damages that were seen during the laboratory tests are
more severe than in the Grate-Kiln due to the lower temperature of the grate-link since 
vaporised alkali chlorides only condense at relatively low temperatures. It was understood 
that the grate-links are only experiencing high temperatures for a limited amount of time. If 
the chloride content would increase in the system it is suspected that the effect of hot 
corrosion would be more prominent, as it would allow chlorides to condense at a higher 
temperature and form liquid melts at the surface of the material.
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The effect of micro-corrosion or the simultaneous degradation of erosion and hot corrosion is 
poorly understood. It is possible that liquid films of alkali salts are present at the surface of 
the material and enhance the erosive properties. It has been seen that the mere existence of 
gaseous chlorides and sulphates could enhance the corrosion rate even if their partial 
pressures are below those of the vapour pressure. The effect of water and water vaporisation
has been seen to increase at higher temperatures and higher flow rates, indicating that apart 
from erosion, water vaporisation and gaseous alkali compounds could become more important
as the amounts of deposits are decreasing. 

Erosion and thermal cycling
The effect of erosion and thermal cycling is a complex combination of spallation of oxide 
scales due to stresses in the oxide scale and removal of oxide scales due to erosion. 

In Paper 4 it was established that a higher particle velocity and a higher amount of non-sticky 
particles would increase the erosion rate of the grate-links. The erosion was mainly believed 
to remove oxides by erosion assisted oxidation rather than removing material from the metal 
itself. At higher erosion rates the mechanical properties of the oxides would diminish as a 
larger amount of transient oxides richer in iron oxides than chromium oxides exists. 
Formation of iron oxides would happen if the surface gets depleted in chromium and would 
lead to a higher erosion rate. The grain-boundaries are especially vulnerable to erosion as was 
shown in Paper 4 and they would be faster depleted in Cr than the surrounding material.

Thermal cycling was studied in Paper 2 and shown to depend on the temperature of the grate-
links. Higher temperature differences increased the probability of oxide spallation as the 
material cooled. In a Grate-Kiln it is therefore probable that the main spallation of oxides 
occur during cooling of the grate-links rather than during heating. Spallation would suffer 
from eventual chromium depletion as the oxides that form on depleted surfaces would be less 
protective having lower mechanical strength due to porosities. It was shown that thermal 
cycling with stresses in the material causes creep along grain-boundaries so that cracking of 
the oxides and a subsequent creep-oxidation occur along the grain-boundaries.

By combining the knowledge of Paper 2 and 4 it is understood that both erosion and 
spallation affect the material by removing the oxides from the surface and that both are 
increased as the material gets depleted in Cr, especially in the grain-boundaries. The grain-
boundaries would be easier attacked by a creep-oxidation mechanism during erosion and it is 
proposed that the thermal stresses that develop in the oxide would increase the erosion rate of 
the oxide. The combined effect of erosion during heating and spallation during cooling would 
be able to accelerate the effect of Cr depletion. When Cr depletion has been reached, the 
material will go through rapid degradation since the iron oxides would be easily removed both 
by erosion and by spallation.

Since the oxides are continuously disrupted by cracking from the spallation or by removal by 
erosion at high temperature, the environmental gases could enter the material and cause 
internal oxidation, carburization and possibly sulphidation by sulphates. All the three 
degradations that have been seen in the grate-links after service life are proposed to occur 
mainly after the surface has become depleted in Cr. 

Hot corrosion by deposition and thermal cycling
As described in Paper 4, deposition has been seen to decrease with increasing temperature but 
the deposits will be affected by thermal spallation and the thermal expansion differences 
between the metal and the deposits. Heating would induce stresses in the deposits and cause 
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cracking or plastic deformation depending on temperature. As the deposits are cooled, there is 
an increased amount of spallation similar to that of oxides due to stresses. As discussed in 
Paper 1, it would be possible that spalled deposits take some of the underlying oxide with it, 
causing a mechanical removal of the protective oxide. 

The combination of hot corrosion and thermal cycling is an interesting combination as it 
would be possible for the liquid salts to penetrate cracks that develop during thermal cycling 
and react with the underlying material. This would reduce the initial step of hot corrosion and 
enhance the degradation rate. Since thermal cycling often lead to cracks at the grain-
boundaries of the material, it seems possible that the grain-boundaries would be attacked 
more heavily than normal, by the addition of a liquid melt. It is possible that the low-viscous 
salt melts are able to enter cracks and facilitate the transportation of alloying elements and 
oxidisers in a creep-oxidation mechanism.

Conclusions of the synergistic effects
As the temperature of the grate-links is increased, both erosion and thermal spallation will 
cause an accelerated effect of Cr depletion by removal of the oxides that are formed on the 
surface of the material. The amounts of cracks along the grain-boundaries will increase, as the 
amount of internal stresses and oxides above the grain-boundaries will increase initiating a 
creep-oxidation mechanism. As the temperature increase the amount of internal oxidation, 
carburization and sulphidation increase, as the oxides are continuously removed.

Increased stresses in the grate-link lead to a higher degree of creep-oxidation cracks along the 
grain-boundaries of whole grains and eventually lead to fallouts of entire grains or in extreme 
cases, entire sections of the grate-links.

An increased velocity of the gas would increase the amount of erosion damage and lead to a 
higher influence of vapours that affect the material due to the higher flow rates. 

An increased amount of chlorides and alkali metal would be detrimental to the grate-links as 
it would enable liquid salt melts at higher temperatures and increase the hot corrosion of the 
grate-links due to the increased partial pressures of vaporised alkali compounds. The amount 
of deposits could increase, making the grate-links clogged and less efficient at heating the 
pellet. An increased amount of chlorides and alkali metal would increase the likelihood of 
micro-corrosion.

An increased segregation of the alloying elements in the grate-link would facilitate cracking 
of the grate-links as the surfaces would be oxidised differently. Grain-boundaries might be
depleted in Cr earlier due to segregation of the alloying elements.

Solutions
In the last section it was shown how different mechanisms were governed by different 
process- and material parameters. This section will try to find solutions to these different
process parameters by changing the material and then proceed to find solutions other than 
changing the material.

Material solutions
Alloy composition
It has been shown in Paper 3 that the amount of minor alloying elements changes the 
oxidation properties of the material. While both Si and Ti are beneficial towards the formation 
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of an adherent and thin oxide layer, Mn did not show any beneficial properties toward 
oxidation due to the thicker oxide. However, effect of Mn towards the resistance of 
vaporisation of Cr has been seen, showing that a smaller amount of Mn might be acceptable. 
By increasing the amount of Ni the Cr/Fe ratio of the oxide layer is increased and leads to a 
change of solidification from FA to A solidification with smaller amounts of sigma phase. By 
reducing the C content in the material it is possible to reduce the amount of carbides in the 
grain-boundaries, but it also makes the material more susceptible to creep along the grain-
boundaries. Since carbides reduce the amount of available Cr in the grain-boundary but 
simultaneously increase the creep resistance, the optimum C content is uncertain. 

Heat treatments
To reduce the amount of carbides along the grain-boundaries it is possible to perform a 
homogenization treatment at 1200 °C for 2 hours followed by a rapid quench of the material. 
The resulting material will have a more evenly dispersed amount of carbon and a reduced risk 
of sensitised grain-boundaries. The segregation of other alloys would however remain and 
eventually lead to precipitation of carbides and sigma phase but the mechanism would be 
retarded. Micro- and macro-segregation during casting can be diminished by controlling the 
heat flow of the solidifying material which is beyond the scope of this work.

Surface finish
The casted surface which currently exists on the grate-links facilitates deposition and possible 
hot corrosion as deposits could remain protected in crevices. The surface of the as-casted 
grate-links is often different in chemical composition compared to the bulk material and 
deviates from the bulk during oxidation. Since smooth and polished surfaces have been shown 
to form protective oxides faster than uneven samples it is proposed that the surfaces of the 
grate-links are grinded after casting to enhance their oxidation properties and reduce the 
likelihood of deposition. 

Other solutions
Geometry of the grate-link
By changing the geometry of the grate-link to one with larger ribs, it would be possible to 
reduce the temperature of the grate-links by increasing the thermal transportation from the 
ribs and increasing the mass that must be heated. The stress that develops in the grate-link is 
due to thermal gradients. By changing the geometry of the grate-link to one with fewer 
dimensional differences, these stresses can be minimized to avoid the most critical cracks that 
occur on the grate-links.

Lowered velocity differences of the erosive gas
It has been proposed that the gas velocities over the traveling-grate are different from one 
edge to the other, causing different deposition- and erosion rates. Since the velocity of the gas 
is coupled to the temperature of the grate-links, grate-links at higher gas velocity seem to 
experience a higher temperature as well. It is therefore proposed to investigate the possibility 
to avoid these velocity differences over the traveling-grate.

Decreasing the amount of chlorides and alkali metals
Since the degradation is influenced by the amount of chlorides it is advised to keep the 
amount of these elements low. This could be done by introducing phases that adsorb alkali
chlorides, such as Al-silicates, which have been shown to reduce the amount of chlorides in 
fuel systems. Mohanty et al studied a similar problem and found that the pellet themselves 
emitted chlorides and suggested that chlorides should be reduced in the process water or that a 
calcination should be performed on additives in basic fluxing pellets prior to sintering [154].



8. Conclusions
This project was initiated to understand the degradation behaviour of the traveling-grate. To 
be able to solve the degradation problem it has been necessary to understand both the material 
in the traveling-grate and the environment in which the traveling-grate is operating.

Conclusions regarding the material 
Due to microsegregation during casting, vermicular ferrite is formed in the as-casted 
structure.

Microsegregations of alloying elements cause initiation sites for oxidation and cracks
in the material due to the formation of sigma phase and carbide precipitations.

The resistance towards thermal spallation of the oxides on the grate-links is increased 
by additions of titanium, as the adherence of the oxides to the surface of the metal is 
increased.

Silicon is an effective minor alloying element for reducing the thickness of the oxide
but must be accompanied by the addition of a reactive element such as titanium to 
hinder the reduced adhesion of the oxide from the silicon addition.

Manganese is shown to form thick Mn-spinels on the surface of the material. It is 
probable that these spinels reduce the chromium vaporisation but they should still be 
considered as harmful for the oxidation properties of the material.

Conclusions regarding the degradation mechanisms 
Case studies have shown that the degradation mechanism of the traveling-grate can 
differ widely between different Grate-Kiln indurators.

Three major degradation mechanisms were considered to cause the degradation; 
thermal cycling, erosion and deposit-induced accelerated corrosion. All three 
degradation mechanisms are proposed to occur on the traveling-grate but the most 
prevalent mechanism is governed by the process parameters.

As the temperature increases, thermal spallation, thermal fatigue and erosion are the 
dominating degradation mechanisms. 

Thermal spallation and erosion remove the protective oxide layer of the material and 
expose the metal to the environment. This causes internal oxidation and carburization
as well as sulphidation from liquid salt melts.

High creep rates in oxidising environments form intergranular cracks due to a creep-
oxidation mechanism.

As the temperature is decreased alkali compounds will condense on the surface of the 
traveling-grate and bind particles which will lead to clogging.

If the alkali metal content is sufficiently high to form condensates of alkali compounds 
at temperatures above their melting temperature it is suggested that the grate-link is 
subjected to a deposit-induced accelerated corrosion.
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During thermal cycling, deposit-induced accelerated corrosion is especially degrading 
along the grain-boundaries as the oxides will primarily crack along these boundaries 
and allow the salt to reach the metal beneath.

Solutions to the degradation 
By increasing the amount of nickel and titanium, it would be possible to obtain an 
oxide layer that is less likely to spall during thermal cycling. Since the oxide layer will
be thinner, these two alloying elements prolong the time until the material is depleted 
of chromium.

By changing the geometry it would be possible to suppress some of the degradation 
mechanisms that can be seen on the traveling-grate.

o Thicker ribs of the grate-links will experience a reduced temperature as heat 
from the gas would be better dissipated. 

o By making a grate-link with fewer stress concentrations one will make cracks 
less likely in the grate.

o By decreasing the surface roughness of the traveling-grate it is possible to 
reduce the amount of corrosive deposits that remain on the surface and cause 
intergranular cracking.

The amount of chlorine and alkali metals should be controlled in the system, to avoid 
deposition and deposit-induced accelerated corrosion.

A homogenization heat treatment of the traveling-grate would improve the resistance 
towards cracking and chromium depletion.



9. Future work

Salt melts 
The mechanism of simultaneous chloride- and sulphate attack should be further studied as 
there are currently no accepted theories to simultaneous accelerated attack of chlorides and 
sulphates. It is relatively unknown how the chlorides and chlorine are transported from the 
salt to the metal which would be interesting to study.

Thermal cycling 
Few studies have investigated the creep-oxidation behaviour and how this phenomenon is 
affected by different environments and salt melts. This study has shown that the salt melts 
accelerate the cracking behaviour of metals but it should be further compared to samples 
without salt melts. It would be interesting to evaluate the change of mechanism as a material 
goes from transgranular cracking at high load frequencies to intergranular cracking at lower 
frequencies. When and why does this transition occur?

Erosion-deposition 
It would be interesting to study the degradation dependency on chloride content and gas 
velocity during combustion to see the relation between the erosion and deposition. Would it 
be possible to reduce the amount of deposition by addition of elements that catch the alkali
compounds? Would it be possible to reduce erosion by increasing the deposition rate?

Micro-corrosion 
Even if it is known that active erodents increase the erosion rate, it is still relatively unknown 
how this mechanism actually occurs. Careful erosion/abrasion tests with active compounds 
and corrosion tests in vaporised active compounds could perhaps shed some light on how the 
mechanism is working.

Surface layer 
The application of a surface layer to the traveling-grate should be performed and tested in the 
Grate-Kiln indurator. The layer would have to withstand thermal cycling as well as the 
environment and prolong the service life of the grate-link sufficiently to validate such 
expense. As the material of the traveling-grate is recycled, it would be important to have a 
surface layer that does not contaminate the steel melt.

Investigation of the gas velocity 
The velocity of the process gas seems to differ over the traveling-grate width and it would be 
interesting to evaluate this claim and to find solutions to such a problem. A more homogenous 
velocity of the gas would increase the quality of the pellets, as they would be more evenly 
heated.

Alkali compounds 
The amount of alkali metals and chlorides seem to be a major problem in the Grate-Kiln, both 
for the traveling-grate and the brick-linings in the rotary-kiln. Solutions such as inhibitors that 
could adsorb these alkali compounds or methods of removing chlorides from entering green-
body pellets should be tried. The alkali metal circulation in the Grate-Kiln is not surveyed and
is something that would be interesting to evaluate and quantify.
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Abstract. Austenitic stainless steels are often used in high temperature applications due to 
their resistance to corrosion. Grate-Kiln processes that sinter iron ore pellets use grate-chains 
which are made of austenitic stainless steel to withstand the severe environment. It has been 
shown, however, that the grate-chain is affected by several degrading mechanisms in the harsh 
environment of the sintering process. A grate-chain that has been in service for 8 months was 
investigated in order to find the mechanisms of degradation. 

Results show that slag products are accumulated on the grate-chain and interact with the 
steel as hot corrosion. The stainless steel is believed to be sensitized against inter-granular 
attack by carburization followed by inter-granular attack. The resistance towards degradation 
seems to decrease with time which is suggested to be caused by depletion of chromium.

1. Introduction 
Austenitic stainless steels are regularly used in applications for high temperatures and demanding 
atmospheres due to their chromium oxide forming capabilities and the thermal stability of austenite 
[1]. An application for these steels is in the Grate-Kiln process which pelletizes iron ore pellets. The 
pelletizing process, or induration can be seen in figure 1. The grate-chain (A) is made of austenitic 
stainless steel and transports the green pellets to the rotary kiln indurator (furnace) (B) where the 
pellets will be sintered. During the transportation the wet green pellets are dried and pre-heated by 
heated air. Drying and pre-heating of the pellets are performed in four different stages (C-F) with 
different gas temperatures flowing through slits in the grate-chain and through the bed of pellets. The 
main problem when investigating and evaluating degradation in industry processes is the irregularity 
of the environmental properties during the operation. Different quantities of additives in the pellets 
make both the temperature, type of particles and chemical composition of the gas fluctuate.   

The grate-chain consists of several grate-links that are linked together which can be seen in the 
schematic image of the Grate-Kiln indurator in figure 1. The grate-link has several slits and ribs which 
allows the gas to flow through the grate-link and heat the pellets. The temperature of the heated air 
ranges between 200 and 1200°C. 
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Process case studies have mostly been focusing on the petroleum industry [2-4] or heat exchange 
applications [5]. To the authors knowledge there are few investigations concerning the degradation of 
stainless steels in pellet sintering processes. Bani P. Mohanty et al. investigated hot corrosion of grate-
bars within taconite indurators [6]. They concluded that degradation of stainless steel grate-bars by 
sulfuric salts of alkali metals was more severe when mixed together with chlorides of the same alkali 
metals. The alkali metals were vaporized from the pellets and later condensated as salts onto the grate-
bars due to their lower temperature. This mechanism was repeated during each heating cycle and 
increased the concentration of the alkali salts. It was also stated that the resulting oxides from hot 
corrosion were more prone to spallation by thermal cycling and thereby significantly reduced the life-
time of the grate-bars [7]. J-Y Liu et al. [8]  studied the addition of boron, zirconia and manganese to a 
stainless steel in order to enhance the life-time of grate-grids in a Grate-Kiln. The results show that the 
life-time was enhanced from 8 months without the additions to 18 month with the additions. However, 
their study mostly focused on high temperature corrosion without the influence of alkali metals. These 
different studies show that it is necessary to investigate each environment separately in order to clarify 
which mechanism that governs the degradation of the material. The present study investigates the 
degradation mechanism of a grate-link that has been serving in an indurator during 8 months. 

2. Material and Method 
2.1. Material 
The grate-link that was investigated had been in service for 8 months in a Grate-Kiln indurator from 
Metso Minerals which is operated by the Swedish mining company LKAB. The grate-link is presented 
in Figure  2. The material of the grate-link is an austenitic castable stainless steel named HH in the 
ACI standard or A 297 HH in the ASTM standard. The chemical composition of the material as stated 
by LKAB can be seen in table 1, together with the standard specification for ACI HH. The HH 
material is the most common austenitic steel for high temperature applications as it has a good 
resistance to corrosion.  

C D E F
B

A

Figure 1. Schematic overview of the Grate-Kiln process (to the left) and a 
grate-link before service (to the right). A is the grate-chain and B is the 
rotary kiln. C, D, E and F are different heating stages for the grate-chain 
called UDD, DDD, TPH and PH respectively. UDD is the coldest stage 
(200-400°C) while the hottest one is PH (1200°C).  
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Table 1. Chemical composition of the material in the grate-chain and standard 
specifications for ACI HH. 

Alloying element C Si Mn Cr Ni Mo Fe 

Material 0,272 0,94 0,55 25,53 10,83 0,24 Bal. 

ACI HH (ASTM 
A297) 

0,2-0,5 2 0-2 24-28 11-14 0-0,5 Bal. 

The chemical composition of the environmental gases inside the indurator have been evaluated by 
LKAB and contains other than nitrogen;  15-20% of oxygen, 2-5% of carbon dioxide, 20-100ppm of 
carbon monoxide, 50-100ppm of NOx gases, 2-5ppm of sulfur dioxide and 5-10% of water vapor. An 
unknown small amount of vaporized Na and K is also assumed to exist in the environmental gas, 
originating from the coal fuel and the pellets.  

2.2. Visual inspection 
 The grate-chain has been inspected during service by operators and engineers and their observations 
are taken into account in this study in order to increase the understanding of the degradation of the 
grate-chain.

2.3. Investigation of deposits 
Thick deposits were found on the grate-links. In order to determine if these deposits originated from 
the material or from the process they were analyzed with Inductively Coupled Plasma – Sector Field 
Mass Spectroscopy (ICP-SFMS) to give a quantitative estimation of the chemical content. 

2.4. Overall degradation 
To evaluate the reduction of thickness of the ribs each rib was cut so that the cross section could be 
measured, see figure 3. Cut A was done first to cut all the ribs loose from the grate-link. The thickness 
of the ribs were measured and compared to casting specifications at two positions on the rib; in the 
middle of the rib and close to the slit-edge. The oxide thickness and chemical content of the ribs were 
of interest so each rib was cut in the middle to get a cross section piece. To avoid any extensive 
amounts of water soluble oxides to be removed during cutting the ribs were covered in a layer of 

Figure 2. A grate-link after being in use for 8 months. The photo to the 
right shows cracks at the edges of the slits.
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Lacquer from METACOAT®. The gradient of chemical elements at the surface of the specimen and 
inwards was investigated by Energy Dispersive Spectroscopy (EDS). 

Figure 3. Cut-up scheme of a section of the 
grate-link. Cut A separates the ribs from the 
grate-link.  Cut B separates each slit-edge that 
will be investigated. To reduce the size of the 
samples cut C and D are necessary.  

2.5. Crack investigation at slit-edges 
To evaluate the cracks in the slit-edges the grate-link was cut according to figure 3, slice B, C and D. 
The resulting samples were polished so that the cracks and their propagation characteristics could be 
evaluated by scanning electron microscopy (SEM). The cracks were investigated by EDS to see 
possible chromium depletion, signs of carburization and chemical content inside the cracks. 

2.6. Instruments 
The optical microscope used during the evaluation was a Nikon Eclipse MA 200. SEM imaging and 
EDS measurements was carried out by a JEOL JSM 6460LV with an Oxford INCA system. Hardness 
measurements were done by a Matsuzawa MXT-  Vickers micro hardness tester. The chosen load for 
hardness measurements was 300 gram with a loading time of 15 seconds. 

3. Results 
3.1. Visual inspection and deposits 
Visual inspection of the grate-links during service showed that there is a clear pattern of the 
degradation that can be divided into three different steps. 

1.  During the initial period the grate-links get thicker by deposits. Since no apparent degradation 
is visible underneath the deposits it is concluded that the deposits do not originate from the 
grate-links but from the induration process. 

2. After the initial period the material starts to degrade at an accelerated rate which can be seen 
by the visual loss of thickness. The deposits are thick and flaky and can easily be removed 
from the grate-link. 

3. Cracks start to arise at stressed locations at the slit-edges and eventually on the ribs, 
perpendicular to their elongation direction.

A

A

C

D

B
B

A
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Results from the elemental evaluation by ICP-SFMS of the deposits on the grate-link are shown in 
table 2. A relatively high amount of alkaline metals can be seen together with sulfur. 

Table 2. Analysis of the elements in the deposits performed by ICP-SFMS.
Si Al Ca Fe K Mg Mn Na Cr Ni S C

wt% 1,98 1,53 0,68 50,0 3,98 0,35 0,08 1,06 4,85 1,26 1,98 0,10 

3.2. Overall degradation 
3.2.1. Relative thickness loss.  The thickness of the ribs before and after a service life of 8 months was 
compared to establish a relative thickness loss in order to see if the grate-link has been evenly 
degraded. The thickness was measured at two different locations at the ribs, one measurement close to 
the slit-edge of the grate-link and a second measurement on the middle of the rib. The relative 
thickness loss can be seen in figure 4. It is clear that the ribs have not been evenly degraded. The 
center rib (number 6) has the highest loss of relative thickness while ribs 1 and 11 (close to the sides of 
the grate-link) have the smallest loss of thickness. There is a large difference between the 
measurements close to the slit-edge of the grate-plate and the middle of the ribs for all positions. The 
middle part of the ribs suffers a significantly larger degradation than those closer to the slit-edge of the 
grate-link. Ribs 1 and 11 have an increased thickness due to deposition. 

Figure 4. Rib thickness variation with the position of the rib. Rib 1 and 11 are furthest from the 
center of the grate-chain, while rib 6 is in the center. 

3.2.2. Oxide layer investigation of rib cross section. Figure 5 shows back-scattered electron (BSE) 
images of the cross section of the oxide on the surface of the metal. Depositions on the metal surface 
and an underlying oxide layer can be seen in figure 5 a). Image b) in figure 5 shows thick grain 
boundaries beneath a cracked oxide layer. EDS investigation of image b) shows that the carbon and 
oxygen content is slowly decreasing as a function of distance from the surface while the 
concentrations of the metals quickly approach the concentrations for the bulk, see figure 6. Carbon, 
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oxygen and small traces of sulfur are abundant in the surface of the material. The chromium content 
close to the surface is reduced compared to the normal chromium content in the bulk material. 

a) b)

Figure 5. SEM images in BSE mode for the cross section of the oxide and the surface of the material. 
Deposits (A) can be seen on the surface of the metal (B) in picture a). A crack (C) is dividing the 
deposits from the metal. Thick grain boundaries (D) beneath a cracked oxide layer (E) can be seen in 
image b). The dashed arrows show the position, direction and length of the EDS analysis.

Figure 6. EDS measurements as a function of distance from the surface for image b) in figure 5.  

3.2.3. Hardness measurements of rib cross section. Results from hardness measurements as a function 
of the distance into the material, together with standard deviations, are shown in figure 7. The 
hardness is decreasing as a function of the distance into the material. 
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Figure 7. Hardness profile of the cross section of the ribs.

3.2.4. Microstructure of cross section. The cross section of the material was investigated by an optical 
microscope in dark-field imaging mode. Attacked grain boundaries are present as shown in figure 8 a) 
and b). The majority of the attacked grain boundaries are found at a distance up to 100 m beneath the 
surface. As can be seen in figure 8 b), there are some severely attacked grain boundaries that goes 
around 300 m below the metal surface.  

Figure 8. Dark-field imaging over the cross section of the surface of the material. The dark area 
between the surface and the dendritic structure represents the chill zone during casting. 

3.3. Crack investigation of slit-edges 
3.3.1. SEM and EDS-investigation. The crack propagation of the material can be seen in figure 9. The 
cracks have been following the grain boundaries which seem to be thickened in front of the crack tip. 
EDS analyses of the thick grain boundaries show that the carbon, oxygen and chromium content in 
these grain boundaries are higher than in a normal grain boundary. 

EDS measurements of a crevice on the surface show that there is a significant difference in the 
chemical content in the inner end of the crevice compared to a point closer to the surface, which can 
be seen in figure 10. The inner end of the crevice contains high amounts of chromium and oxygen 
indicating a high amount of chromium oxide. The outer part of the crevice contains higher amounts of 
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iron and oxygen which indicates iron oxide. EDS analyses also showed that chromium was depleted 
from the neighboring metal closest to the crevice. Such crevices are believed to be initiation points for 
crack propagation into the metal.   

Figure 9. Crack propagation in the material. In a) a crack can be seen that follows a grain-boundary 
and in b) the crack tip can be seen to consist of an attacked grain-boundary before the actual crack 
arrives.

Element Weight % 
C 4,33 
O 34,16 
Cr 36,39 
Fe 18,36 
Ni 3,43 

Element Weight % 
C 3,73 
O 33,28 
Cr 10,92 
Fe 45,59 
Ni 5,52 

Figure 10. EDS measurements of two positions at a crevice, believed to be initiation points for 
cracking.  The results of the EDS measurements can be seen below each image respectively. 
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4. Discussion  
The inhomogeneity of the relative loss of the thickness of the ribs after exposure could be explained 
by the thermal differences between the measured positions. The center rib will have a higher 
temperature than those closer to the sides of the grate-link due to higher exposure rate to hot gas and 
smaller possibility to conduct the heat away from the rib to the bulk of the grate-link. This is also the 
reason why the measured positions closer to the slit-edge of the grate-link had a reduced loss of 
thickness for all the ribs. Another explanation could be that the gas flow is different at different 
locations on the grate-link which could be caused by clogging of the slits in the grate-link. 

EDS shows that carbon, oxygen and sulfur contents decrease with distance from the surface and 
that carbon reaches normal quantities for the alloy 200 m below the surface.  

The hardness evaluation shows decreased hardness from the surface and inwards and the hardness 
reaches normal values of 220 HV [9] around 200 m into the material. This suggests an inward 
diffusion of carbon which forms hard chromium carbides. Also the thickened grain boundaries close to 
the surface supports this mechanism.  

Chromium oxide is a protective oxide layer and does not allow any high diffusion but the study has 
shown reduced amount of chromium at the surface which implies chromium depletion. There are 
generally two different mechanisms that could weaken the oxide layer in this case, a chemical or a 
mechanical mechanism.  

Reduction of the effectiveness of the oxide layer by chemical means could be described by the 
complex chemistry of the environment with alkali metals, sulfur and water vapor. Literature suggests 
that the alkali metals Na and K with their sulfates, hydroxides and chlorides enhance the corrosion 
mechanism which is a process known as hot corrosion. These salts generally have a low nominal 
melting temperature and when they are mixed together their melting temperatures will be even lower. 
These melted salts dissolve and disperse the protective oxides so that they become porous and less 
protective. Hot corrosion resembles aqueous corrosion since a liquid increases the ionic transportation 
of the system [10, 11]. 

A second possible chemical mechanism that weakens the oxide layer is related to the role of water 
vapor in the environment since chromium oxide is unstable in hot environments containing high 
amounts of water vapor. Two different theories have been proposed to understand this mechanism. 
The first is a process of hydroxide ion uptake of the oxide which renders the oxide more prone to ion 
transportation which reduces the effectiveness of the protective layer. The second mechanism deals 
with the stability of chromium as a gaseous phase and studies have shown that chromium evaporates at 
600 degrees in an environment with O2 +10%H2O(g) [12, 13][14].

Thermal cycling is a mechanism that could remove the protective layer mechanically. The 
difference between the highest and lowest temperature of the grate-link makes the protective oxide 
layer spall from the surface. This is due to the difference in linear thermal expansion of the oxide and 
the metal which causes stresses at the border between the metal and the oxide. The oxide layer also 
becomes more brittle when no melt is present as the temperature is decreasing which further increase 
of the rate of spallation [15]. 

Hot corrosion is described to have an initiation period where the alkali salts are accumulating on 
the surface and the material still resists the attack and it is reported that the oxides become thick and 
flaky after service [7, 16]. The ICP evaluation has confirmed alkali metals inside the cracks and in the 
oxide of a total of 5 percent.  

While these theories explain the degradation of the protective layer they fail to explain the cracks 
inside the material and the thickened grain boundaries. Sensitization to Inter-Granular Attack (IGA) is 
a mechanism that arrives from the stability of chromium carbides. Carbon reacts with chromium and 
depletes the chromium in the material close to the grain boundaries which in turn becomes susceptible 
to IGA. Sensitization to IGA normally occurs at temperatures above 400 degrees to ensure a high 
diffusion of carbon but below 800 degrees because carbides are unstable above these temperatures 
[17]. 
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The carburization is probably responsible for the sensitization which makes the grain boundaries 
susceptible to IGA. Thickened grain boundaries with an increased amount of carbon seem to support 
this idea.

Stress concentrations in the slit-edges of the grate-link are likely to form the cracks that are 
observed there. As the sensitization and IGA progresses into the material along the grain boundaries, 
the stress widens the grain boundaries and forms a crack. It is suggested to define the cracks as a 
mechanism of Inter Granular Stress Corrosion Cracking (IGSCC) [18]. 

5. Conclusions 
The degradation of a grate-link in a grate-kiln indurator has been investigated. 

The difference in rib thickness is due to the thermal difference, or the gas flow around the ribs. 
Alkaline vapor from the warmer zones in the indurator are believed to condensate at the cool grate-

link and form chlorides and sulfates together with sulfur and chlorine which continuously accumulate 
on the grate-link during service. 

The alkaline salts cause hot corrosion on the grate-links. The H2O (g), CO2 and SO2 content in the 
environment together with thermal spallation render the surface susceptible to carburization, 
sulfidation and internal oxidation. This could lead to sensitization towards IGA and thereby renders 
the material damaged by IGA. At places where stress concentrations are present it is proposed that 
IGSCC forms cracks in the grate-link.  
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Thermal cycling of grate-link material for iron
ore pelletising process
E. A. A. Nilsson∗, R. Tegman and M.-L. Antti

A test-rig for thermal cycling has been developed to investigate the mechanisms behind some of
the damages done to a grate-link in a pelletising indurator for iron ore pellets. The results from the
test-rig were compared with the degradation of grate-links that had been in service for 8 months in
the indurator. The damages on the grate-links induced both in the test-rig and at service were
defined as internal oxidation which facilitated propagation of intergranular stress corrosion
cracking (IGSCC). Internal oxidation was initiated by spallation or removal of the oxide layers.
The test-rig was able to successfully perform a lab-scale simulation of the degradation
experienced in the indurator. Thermal cycling was applied to plate-formed specimens by
constraining their thermal elongation to form bending and thereby stimulate the mechanisms of
spallation and sensibilisation to IGSCC by internal oxidation.
Keywords: Thermal cycling, Thermomechanical fatigue, High temperature degradation, Pelletising Indurator, Grate-chain

Introduction
Iron ore pellets are a refined form of iron ore which are
produced by crushing iron ores and adding binding
elements, slag former andwater to form slurry. Wet pellets
are formed from this slurry and sintered to become hard
and durable in a process known as the grate-kiln process
which is presented in Fig. 1. The wet pellets are loaded
onto a grate-chain by a loading system (A) onto the
grate-chain (B) which transports the pellets through four
different heating stages (C). The heat is provided by hot
process gases recycled from the cooling stages after sinter-
ing. When the pellets have reached the end of the grate-
chain the pellets have a temperature of 1200°C and is
loaded into a rotary kiln for sintering (D). After unload-
ing the pellets, the grate-chain is rapidly cooled as it tra-
vels at ambient temperature to the loading position of
new wet pellets. Maximum temperatures of between 600
and 1000°C have been reported for the grate-chain and
during a normal service life of 8–13 months a grate-
chain undergoes between 11 000 and 17 000 heating
cycles.1–3

Luossavaara Kiirunavaara AB (LKAB) is a mining
company in the north of Sweden that has experienced
an increased damage to their grate-chains during the
last 10 years, leading to a reduced service life of the
grate-chains. The grate-chains at LKAB consist of casted
grate-links of an austenitic stainless steel which relies on
passivating oxide layers to withstand combustion gas
and temperatures above 1000°C.4–7 The dimension of a
grate-link is 230 × 100 × 12 mm and is presented in
Fig. 2 (left). Air slits (A) are going through the grate-

link in order to let hot process gas flow through the pellet
bed to dry the pellets during transportation to the kiln
(stages C in Fig. 1). A number of grate-links (16 links)
are connected via connectors (C and D) to build the
grate-chain which has a total length of 70 m. After service
life the air slits have become wider because the ribs
between the air slits (B) have become thinner due to
degradation, see right in Fig. 2. It can also be seen that
one of the central ribs has started to bend due to thermal
stresses (white circle in Fig. 2 to the right).
The degradation of the grate-links have been described

elsewhere1 by the authors. A notable feature that was
seen on the degraded grate-links was that the ribs in the
grate-links were unevenly degraded. The ribs in the centre
of the grate-link were always more degraded than the ribs
towards the sides. This was either attributed to different
gas flows during heating or more probable a higher temp-
erature in the centre of the grate-link due to difficulties of
dissipating the accumulated heat. Higher temperature in
the middle of the grate-link has been reported by LKAB
using thermal imaging of the grate-links. Since it is well
established that a hotter material has an increased oxi-
dation rate the increased temperature will lead to material
loss. At some point during the degradation some ribs of
the grate-link was bent, as seen in Fig. 2 (right), which
indicates an internal strain in the grate-link. Another
observation was that even though the ribs became thinner
during the degradation, the height of the ribs remained
unaffected i.e. there was no degradation on the top or
the bottom of the ribs between the air slits, indicating
some form of external removal of the sides of the ribs
during the service life. The large difference between mini-
mum and maximum temperature during each cycle will
cause an effect known as thermal spallation in the central
parts of the grate-links. Thermal spallation causes the
oxide on the material to spall from the surface due to
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stresses that develop because of the different thermal
expansion coefficients between the oxide and the metal.
Studies have shown that the mechanism behind thermal
spallation is mostly due to shear fractures during cooling
which facilitates delamination of the oxide.8–10

There is also thermomechanical stresses caused by the
temperature difference in the grate-links. Thermomech-
anical fatigue (TMF) is a partly oxidation driven fatigue
process that occurs during heating and cooling of
materials. TMF has two different loading cases, in-
phase (IP) and out-of phase (OP). During IP the maxi-
mum stress is achieved at the maximum temperature
while OP has the maximum stress at the minimum temp-
erature.11–14

It is not only the bulk material in the grate-links that are
affected by thermomechanical stresses; the oxide layers
are also affected. Vignal et al. made Mott–Schottky ana-
lyses on strained samples of 316L stainless steel in NaCl
solutions showing that the diffusivity through the oxide
layer was enhanced indicating that the protective proper-
ties of the oxide were decreased.15,16 This could be
explained by an increased formation of vacancies in the

oxide which transports the ions in the oxide. Growth stres-
ses in oxides during high temperature oxidation are also
known to change the properties of the oxide.10,17,18

This study focuses on the cyclic stresses that develop in
a grate-chain by simulating the effect of thermal cycling in
a newly developed test-rig and comparing the results from
the test-rig with results from the industrial process. The
effect of thermal cycling with two different constraining
loads and amounts of cycles has been investigated. The
aim of the work is to evaluate the feasibility of the test-
rig in simulating real process conditions, explaining the
degradations mechanisms and recommend changes to
material composition for increased durability of the
grate-link material.

Test-rig
Themost preferred heating source for thermal fatigue (TF)
and TMF testing has been induction heating due to the
facility of measuring and controlling the temperature of
the samples19,20 but the most widely used equipment for
thermal spallation has been a furnace where the samples

1 Grate-Kiln. Grate-kiln process showing the loading area for wet pellets A, grate-chain B, heating stages C and rotary kiln D

2 Grate-link. A schematic grate-link (left) with air slits A going through the grate-link and ribs between themB. The connectorsC
and D will connect the grate-links into the grate-chain. A slit-edge E denotes the end of an air slit. To the right is a grate-link
after service life, with widened air slits due to thinning of the ribs. The white circle shows an example of a rib bent due to
thermal stresses
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are automatically taken out to change the temperature.21

To investigate the cracking behaviour, inspiration has
been taken from ASTM standard G38-01 which uses C-
ring samples to show stress corrosion cracking (SCC) in
materials. In order to introduce bending of the samples
during thermal cycling a sample holder was constructed
that does not allow any elongation of the samples during
thermal cycling. This differentiate the test-rig in the pre-
sent study from normal TF or TMF where bending or
buckling is seen as a failure during testing as strain–stress
relationships will be hard to evaluate. By bending the
sample it is possible to evaluate the resistance to cracking
and study how the different loading cases on either surface
of the sample change the degradation behaviour.
The test-rig used in this studywas constructed according

to Fig. 3a. The induction heating equipment (MINAC
21B, ELVA AB Sweden) has a maximum effect of 21 kW,
frequency of 15 kHz and a variable voltage and ampere.
The heating rate is regulated by an analogue signal which
varies from 0 to 10 V. The water-cooled induction coil (3
in Fig. 3a) is of a single loop type and makes it possible
to direct the magnetic fields towards a surface instead of
having the sample inside the coil. The sample holder can
be seen in Fig. 3b and has a screw (A) that develops a
load on the sample (D). A load cell (B) has been mounted
on the end of the screw to monitor the load. The sample is
kept in place by two alumina supports (C). The induction
coil (E) is placed along the side of the sample and the
alumina supports minimise induction heating of the
screw vice which is further hindered by water cooling.
Cooling of the sample (F) is performed by compressed

air which is regulated by a proportional pressure regulator
(MPT40 from Parker Hannifin Inc., Sweden). The
pressure can be regulated from 0 to 10 bars by an ana-
logue signal from the thermal regulator between 0 and
10 V. The gas flow from the regulator is reduced by a nee-
dle valve to ensure a reproducible cooling rate of the
samples. A thermal regulator (Eurotherm AB, Sweden,
type 3508) governs the heating and cooling of the sample
by sending analogue signals between 0 and 10 V and
monitoring the sample temperature by a thermocouple.
The thermal regulator can be programmed for holding
times, heating and cooling rates and a pre-set numbers
of thermal cycles. The thermal regulator is connected to

a computer with the software ITools. The loading cell
(Anyload Transducer, Co., Ltd, Canada, type 247AS) is
a piezo electric loading cell which is connected to the log-
ger. The temperature of the sample and the stresses on the
loading cell are recorded by a PC-logger (31000 USB
from INTAB) connected to a computer where the results
are being monitored by the software EasyView Pro.

Materials and method
The chemical content of the steel were evaluated by
plasma spectroscopy and is presented in Table 1. The
chemical content confirms that the material is a castable
stainless steel known as ASTMA 297HH II. The samples
were cut out from an as-casted grate-link to ensure a simi-
lar microstructure of all the samples. The dimensions of
the samples were finishedwith a 60P silicon carbide grind-
ing paper so that a final size of 40 × 10 × 2 (±0.1) mm was
achieved. The samples were cleaned in an ultrasonic bath
with ethanol and dried by hot air. A 10 cm long thermo-
couple of type Kwas cleaned and welded onto the centres
of the samples by capacitance discharge welding.
The samples were placed in the holder of the thermal

cycling equipment between the two alumina supports. A
constraining compression stress was applied in order to
constraint the samplewith 40 or 100 kPa at 800°C, depend-
ing on the loading case. The samples were subjected to
different number of cycles; 100, 200 and 400. During each
cycle the sample was heated from 200 to 800°C in 60 s
and then cooled from 800 to 200°C in 60 s. After cycling
the samples were investigated for cracks, the thickness of
the oxide layer was measured and the sub-surface area
was investigated for internal oxidation. The microscopes
used were an optical microscope (OM) (Nikon Eclipse
MA200) and two different scanning electron microscopes
(SEM). The first SEM was a JEOL JSM-IT300 mounted
with an energy-dispersive spectrometer (EDS) fromOxford
Aztec system for mid-range magnification and the second
was a Zeiss Merlin FEG-SEM coupled with an Oxford
Aztec system for high resolution images.
The materials that have been in use for 8 months in the

indurator have been investigated in an earlier publication
by Nilsson et al.1 by SEM, EDS and OM to investigate
the cracks and the composition differences in the material.

3 Test-rig. aSchematic description of the equipment set-up. 1 – induction coil, 2 – sample holder, 3 – cooling device, 4 – thermal
regulator and 5 – the logger. The wiring between the equipment and the cooling circuit with the needle valve is also shown in
the schematic. b Schematic of the sample holder. A – spanning screw, B – load cell, C – alumina supports, D – sample, E –

induction coil and F – cooling of the sample
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The results from the earlier study together with some new
images will be used for comparing the lab-scale testing in
the test-rig with the real industrial process.

Results
Thermal stresses and temperature in sample
Figure 4a shows the stress during five thermal cycles in
two samples with low and high constrain, respectively.

The sample with low constrain has a time period of con-
stant load (relaxation) while being at the minimum load
which is at minimum temperature, so called IP loading.
The sample with a high constrain never achieve relaxation
but will always have an induced constraint. After pro-
longed exposure to thermal cycling the maximum stress
of the samples is reduced, especially during high constrain
which is demonstrated in Fig. 4b, indicating relaxation of
the samples.

Table 1 Chemical content. Showing the chemical content of the steel and reference composition of ASTM A 297 HH. Kubota
Materials Canada Corp

wt-% C Cr Mn Mo Ni Si Fe

Material 0.27 25.53 0.55 0.2 10.83 0.94 Bal.
ASTM A 297 HH 0.2–0.5 24–28 2 max 0.5 max 11–14 2 max Bal.

4 Thermal cycling. Image a shows the stress distribution during thermal cycling for a representative sample with low (40 kPa)
and high (100 kPa) constrain, respectively. The samples are IP, meaning that the maximum temperature andmaximum stress
are simultaneous. Image b shows the long term effect of thermal cycling and plastic relaxation of a sample at high constrain
during 400 cycles
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Sample evaluation
Figure 5 shows the appearance of the samples after ther-
mal cycling. During cycling the samples at high constrain
were bent, whereas the samples with low constrain
remained straight. A visual inspection showed that the
centre of the samples at maximum bending had a thicker
oxide layer than the sides which were nearly unaffected by
oxidation due to thermal gradients through the samples.
After visual inspection the samples were cold mounted

in epoxy and polished to reveal the cross-section of the
samples and the oxides. The oxides were retained during
polishing by using a Buehler Phoenix 4000 semi-
automatic polisher using only SiC papers and a last
stage of colloidal Si particles. The thickness of the oxide
layer was measured by optical microscopy in the middle
of the samples, where the temperature is well established,
and presented in Table 2. Since the thicknesses of the
oxides from low constrained samples are similar on
both surfaces, their values are averaged. On the high-
constrained samples the oxide thickness on the concave
and convex surfaces were measured separately.
Samples exposed to lower number of cycles had a thin-

ner and more homogenous oxide layer with small
variation in thickness values. As the number of cycles
increased there was an increase of the oxide layer thick-
ness, especially on the samples with higher constrain.

There was also an increase in oxide thickness variation
which indicates that oxide spallation is in effect. On the
high-constrained samples the concave surface of the
samples has a thicker oxide compared to both the convex
surface of the sample and the surfaces of the sample with
low constrain. As in the low constrained sample, the
thickness and thickness deviation increases with number
of cycles for the concave surface while the convex surface
has a maximum thickness and deviation at 200 cycles that
is reduced for longer periods of cycling.
The microstructure of a sample after 400 cycles of test-

ing at high constrain can be seen in Fig. 6. The convex
surface (left) has higher amount of internal oxidation
(1) and a higher degree of globular attack (2). Globular
attack has been described by Evans et al.22 as dissolution
of chromium carbides due to the lowered chromium con-
tent in the surface. Dissolution of carbides can also be
seen by the carbides on the convex surface that are present
deeper into the material of the convex sample (3) but dis-
appear closer to the surface. The globular attack on the
two different surfaces does not have the same appearance,
as the globular attacks on the concave surface seem
elongated, probably due to compressive stresses which
deform the voids.
The depth of globular attack for the two different sur-

faces were measured and presented in Fig. 7 where it

5 Samples after thermal cycling. The samples to the left have been subjected to high constrain and the samples to the right
have been subjected to low constrain. The dimensions of the samples are 40 × 10 × 2 mm. The welding spot for the thermo-
couple can be seen on the surfaces

Table 2 Permeability. Table of permeability Cr, Si and O at 800°C in austenite. The solubility of oxygen is calculated by the
equation of Sievert. [Young, Si assessment]

Diffusing element D0 in austenite (cm2 s−1) Q in austenite (KJ mol) T (°K) Concentration (at.-%) Permeability Ref.

Cr 0.25 264 1073 0.24 8.5 × 10−15 7

Si 0.7 286 1073 0.01 8.5 × 10−17 25

O 5.75 168 1073 2.31 × 10−6 8.8 × 10−14 7
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can be seen that the thickness of the globular attack is
increased on the convex surface of the samples.
EDS mapping of the two different surfaces can be seen

in Fig. 8 for C, O and Si. Oxygen and Silicon is abundant
in some features below the surfaces which suggest internal
oxidation of silicon oxide. The increase of carbon that can
be seen below the entire surface, especially in the convex
sample, suggests globular attack and dissolution of chro-
mium carbides. Carburisation, which is another possible
cause for carbon increase of the surface, seems unlikely
due to the low carbon activity of the environment. The
convex surface also has a void defect from casting of the
material.
On the convex surface, possible grain-boundary attack

can be seen in the SEM image in Fig. 9. This is confirmed
by EDSmapping which shows that the oxygen, chromium
and silicon content are high in the grain-boundary (1).
The morphology of the grate-link below the surface can

be seen in Fig. 10. Oxide and metal seem to coexist below
the surface in area (1), indicating severe internal oxidation

for prolonged time of exposure. High amounts of carbon
in the remaining metal in area (1) suggest carbide dissol-
ution similar to the lab-scale samples. The nickel content
is higher at the border (2) between the oxide and area (1),
indicating chromium and iron depletion. The higher Si
content at border (2) will be discussed further.
A grain-boundary attack can be seen by EDSmapping in

Fig. 11 and shows highamounts ofoxygen deep in the grain-
boundary (1) aswell as carbonwhich is believed to originate
fromcarbides in the grain-boundary.Owing to lowaccelera-
tionvoltage, detection of Si or chromium is not detectable in
Fig. 11, but other investigations showed that these elements
were enriched in the grain-boundary as well.

Discussion
Comparison of stress distribution
The stress development in the grate-links has been inves-
tigated by LKAB and showed that stress concentrations
arise at the slit-edges between the ribs in a grate-link as

6 Microstructure of convex and concave surfaces. Left image shows the convex surface of a high-constrained sample after 400
cycles while the right image shows the concave surface of the same sample. (1) Is internal oxidation, (2) is globular attack and
(3) shows where carbides start to dissolute at the surface due to chromium depletion.

7 Depth of globular attack. Showing the depth of the globular attack for the convex and concave surface of a sample at high
constrain after 400 cycles
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seen in Fig. 2(E). These stresses were maximal at high
temperatures, indicating an IP TMF. The overall stress
development in the samples, seen in Fig. 4, indicates
that the samples from the test-rig at lab-scale are also sub-
jected to IP TMF. Locally on the two surfaces, however,
there is a convex surface experiencing IP stresses and a
concave surface experiencing OP stresses due to the bend-
ing of the samples.

It has been shown in several studies that IP TMF
increases the oxidation rate of metals while OP TMF has
similar oxidation rate or only slightly higher than an
unconstrained sample.10,17,18 The present study supports
this as the globular attack is slightly worse on the convex
surface indicating that the oxidation is more severe in IP
TMFdue to a lower amount of chromium beneath the sur-
face. The differences between the two surfaces are however

8 EDSmapping of convex and concavematerial. A convex surface of a high-constrained sample after 400 cycles can be seen to
the left, while the concave surface of the same sample can be seen to the right. (1) shows internal oxidation while (2) shows
globular attack. (3) is void which likely were present before thermal heat treatment

Nilsson et al. Thermal cycling of grate-link material

Ironmaking and Steelmaking 2017 VOL 44 NO 4 275



small since the oxide layer on the concave surface of the
sample is relatively thick and requires chromium to form.
Higher amounts of cycles might show a larger difference
between the two surfaces.An explanation to the higheroxi-
dation rate of the convex surface can be found in Han-
cock.23 A convex surface as in Fig. 12a will have

increased tension in the oxide and compression in the
metal at the metal/oxide interface. Cooling will reduce
the convex bending and increase the compressive stresses
in the oxide and the tensile stresses in themetal and thereby
increase the thermal spallation. The stresses that develop
in the surface can be verified by the increased crack

9 EDS mapping of crack initiation on a convex surface. Showing crack initiation (1) on a convex surface of a sample subjected
to high constrain and 400 cycles of thermal cycling

10 EDS mapping below surface of Grate-link. The images show a domain (1) which has a high amount of oxygen, and slightly
higher amount of nickel and a domain (2) with high amount of nickel and silicon
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initiation which could be seen on the convex surface. The
convex oxide surface is therefore in IP TMF mode.
On the concave surface (12b) of the sample the stresses are

mostly compressive in the oxide and tensile in the metal
during heating since the oxide has a larger volume than
the oxidised metal and the metal surface does not elongate
as in the case of a convex surface.When the concave surface
of the sample is cooled the tension stresses in the oxide and
compressive stresses in themetalwill increase.The compres-
sive stresses on the concave surface can be verified by the
morphology of the globular attack which is spherical on
the convex surface and seems compressed on the concave
surface. The concave oxide surface is in OP TMF mode.

Internal attack
The convex surfaces of lab-scale samples with high con-
strain showed an increased amount of internal oxidation
of SiO2 but both surfaces had internal oxidation of

roughly the same depth. Internal oxidation has been sta-
ted by Wagner24 and can be seen in equation (1) where
C and D are the concentrations and diffusion constants
of the reactive alloying element (m) and oxygen (O).

CmDm , CoDo internaloxidation

CmDm . CoDo external oxidation
(1)

Concentration multiplied by the diffusion constant is
known as permeability and is described in Table 2 in aus-
tenitic stainless steel for Cr, Si and O at 800°C. The oxy-
gen concentration was calculated by the equation of
Sieverts assuming that the minimal pressure of oxygen
at the surface is the dissociation pressure of FeO,
10−18 atm, at 800°C.
As can be seen, the permeability of oxygen is larger for

both chromium and silicon at this temperature, implying
that internal oxidation will occur during oxidation. This is
also natural since the dissociation pressure of chromium

11 EDS mapping of intergranular attack in Grate-Link. Images shows how the oxygen content is high at the grain-boundary/
crack (1). The carbon content indicates carbides along the grain-boundary

12 Oxidation during bending. Stresses in the oxide and on the surface of amaterial during outward oxide growth during heating
and cooling. a and b Show stresses during heating on different surface shapes. c and d Show the same surface shapes
during cooling.22
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oxide is higher than for silicon oxide. The lower per-
meability of Si suggests a higher probability to have
SiO2 as an internal oxide which is consistent with the pre-
sent investigation.
Spallation of the oxide also facilitates internal oxi-

dation as it provides faster oxygen transport to the sur-
face.26 Therefore, oxygen would be highly available at
the convex surface and lead to an increase of internal oxi-
dation sites. Another possible mechanism is the relation
between strain and internal oxidation where an increased
strain also increases the internal oxidation which has been
reported in Nicrofer-HT, Alloy 800, Type 30427 and Ag–
In alloys.28 Strain could possibly reduce the energy necess-
ary to form internal oxides and lead to an increased
amount of small particles of internal oxides.
Severe internal oxidation can be seen below the grate-

link surface. The silicon content, which can be seen in
Fig. 11, shows that silicon oxide is formed at boundary
(2) and suggests a depletion of Si and an inability to
form a silicon oxide in the (1) domain in Fig. 11.
Owing to the higher concentration of chromium in the
alloy, it is proposed that internal oxidation of chromium
is formed in domain (1) which surrounds metallic par-
ticles rich in nickel, iron and carbon. The authors pro-
pose a degrading mechanism that leads to metal
removal of the surface due to extensive internal oxidation
between metal particles and removal of these metal par-
ticles, preferable.

Crack investigation
The cracks that develop in the grate-link during the grate-
kiln process can be explained by the stresses that develop
during IP TMF. The investigation done by Nilsson et al.1

showed that cracks that formed at the slit-edges of the
grate-links followed the grain-boundaries in the material
and the authors proposed a mechanism known as inter-
granular stress corrosion cracking (IGSCC) which is
also verified in the present study. A study of ACI HH
50, a similar material, also showed that cracks developed
along the grain-boundaries during isothermal fatigue test-
ing.30 IGSCC has been proposed to be governed by
internal oxidation at the grain-boundaries26,30 and car-
burisation26,27 which also weakens the grain-boundaries
of materials in a combustion gas environment. The pre-
sent investigation shows that cracks are preceded by oxi-
dation of chromium and silicon at interdendritic sites
which could be seen both in Figs. 9 and 11. The higher
amount of reacting chromium suggests a higher oxygen
content and involvement of the environmental gas further
into the material along the crack which confirms the inter-
granular attack instead of internal oxidation which takes
place at lower oxygen content.

An interesting feature that can be seen at the convex
surface of the sample is the intergranular attack along
grain-boundaries as seen in Fig. 9, indicating sensibilisa-
tion to IGSCC.27,30 The formation of this oxidation
could be caused by grain-boundary sliding that has been
activated during thermal cycling since grain-boundaries
and dislocations are well-known locations for precipi-
tations.27,28 The relaxation that can be seen in Fig. 4b
suggests plastic deformation of the high-constrained
samples. Grain-boundary sliding was suggested for IP
TMF samples by Fujino et al.29 during thermal cycling
between 200 and 750°C of an AISI 304 type stainless
steel. That study proposed no grain-boundary sliding
for the OP TMF samples which could explain smaller
amount of oxidation along grain-boundaries on the con-
cave surface in the present investigation. Kim et al.31

showed that ACI HH 50 had higher resistance to isother-
mal fatigue than AISI 304, but increased fatigue ductility
when cycling at 800°C, also indicating grain-boundary
sliding.

Thermal spallation
Spallation of the grate-links develops due to thermal
expansion mismatch of the oxide and the metal.1 Other
mechanisms that could affect the grate-links during
induration of pellets are alkaline salts31 and humidity32,33

which increases the oxide growth and thickness of the
oxide and thereby the oxide growth stresses.1,10 Thermal
spallation of the samples in the test-rig can be seen from
the increased globular attack on the convex surface in
Fig. 7 and that the depletion is increased by bending the
sample during testing.
As described in Table 3, there seem to be another exper-

imental justification of thermal spallation. The deviations
of the oxides thicknesses of the samples with low con-
strain increases by the number of cycles, indicating a lar-
ger difference in oxide thickness and a possible thermal
spallation. This can also be seen for the samples with
high constrain where the concave surface shows similar
behaviour. The convex surface however have an oxide
thickness and oxide thickness deviation maximum at
200 cycles which show that breakaway oxidation becomes
relevant after 200 cycles. This is also verified by the
depletion zone of chromium after 400 cycles.

Suggestions for change of material
A thinner oxide layer would develop less growth stresses
than a thicker oxide layer and if the oxide layer would
adhere well to the metal it would perform better in both
the test-rig and in the indurator during thermal cycling.22

The thinner oxide layer would also use less chromium
from the material and retarding the depletion of

Table 3 Oxide thickness. Showing the oxide thickness of samples at high and low constrain

High constrain Low constrain

Surface of sample No. of cycles Thickness (μm) No. of cycles Thickness (μm)

Convex 100 6.6 ± 0.9 100 6.6 ± 0.6
200 15.3 ± 7.0 200 5.0 ± 0.6
400 6.2 ± 0.7 400 8.5 ± 2.9

Concave 100 6.9 ± 0.5
200 9.3 ± 2.3
400 11.4 ± 6.4
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chromium thereby reducing the internal oxidation.24 A
reduced thickness of the oxide can be accomplished by
an increased nickel content to increase the Cr/Fe ratio
of the oxide making it more efficient34 or by alloy
additions such as Ti in the alloy to reduce the diffusion
rates through the oxide layer.35

The adhesive properties of the oxide can be enhanced
by rare earth metals (REM) such as Ti, Y or Ce. These
alloying elements have been reported to increase the
adhesive properties of the material.36,37 The amount of
Si should be carefully controlled as it reduces the adhesive
properties of the oxide during thermal cycling38 and at
high concentrations.10

Since chromium is the alloying element that forms the
protective oxide layer an addition of chromium would
extend the time until the material is depleted and reduce
the risk for internal oxidation.39 An increase of chromium
has also been reported to reduce the penetration depth of
internal oxidation.7 This amount has to be carefully
selected in regard to nickel to avoid any ferrite or sigma
phase that is stabilised by chromium. Another possibility
is to reduce the amount of carbon or add carbide forming
alloying elements such as Ti or Nb40 to reduce the amount
of chromium that is used to form chromium carbides.
Homogenisation is suggested to be a beneficial heat

treatment to be performed on this material. Such a heat
treatment is made after casting to reduce the amount of
carbides in the grain-boundaries and to eliminate concen-
tration gradients of other alloying elements in the
material. This is usually done by reheating the material
to a temperature around 1200°C, holding the temperature
for a few hours and afterwards quench the material to
eliminate any grain-boundary precipitation.41

Conclusions
The damage mechanisms on a grate-link has been investi-
gated using a newly developed test-rig that manages to
simulate TMF and oxide spallation that appears in the
grate-kiln process.
By bending the samples it is possible to successfully

show the difference in behaviour between a surface during
periodic tensile loads (IP) and during periodic compres-
sive loads (OP).
The convex surface of a bent sample shows an increased

amount of thermal spallation, internal oxidation and
TMF. The concave surfaces show fewer tendencies of
these mechanisms as the oxides are continuous during a
larger number of cycles and the strains are evidently lower.
Internal oxidation in this material is initially silicon

oxide but forms chromium oxide as internal oxidation
and breakaway oxidation progresses into the material.
The grate-link shows evidence of breakaway oxidation

and grain-boundary oxidation.
The material would be improved by additions of Ni, Ti

and Cr to reduce the amount of Fe in the oxide, stabilising
the oxide, increasing the adherence of the oxide and redu-
cing the risk for internal oxidation.
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ACI HH II is a commonly used austenitic castable stainless steel for high temperature 
industrial applications such as grate material in a Grate-Kiln indurator. In this study, 
eight different alloy compositions have been used to evaluate the oxide formation and 
the microstructural evolution during isothermal heat treatment at 800 °C, a common 
temperature during iron ore pellet induration. The holding time was 200 hrs, in an at-
mosphere containing 20 % O2-N2. Due to micro-segregation of Cr, Si and C, ferrite 
remains a stable phase in the as-cast structure. During heat treatment ferrite is trans-
formed into mainly sigma phase, while secondary carbides are precipitated in the aus-
tenite. Increased additions of Si are shown to increase the amount of sigma phase and 
reduce the adherence of the oxide layer. An optimum amount of Si could however form 
a thin oxide layer rich in Cr. Additions of Ti are beneficial for the properties of the ox-
ide layer as the oxide is well adherent and thinner, while additions of Mn increase the 
growth rate of the oxide and enhance the risk of growth stresses in the oxide. During 
heat treatment micro-segregation is enhanced due to different solubility of the alloying 
elements in austenite.
Keywords: Grate-Kiln; stainless-steel; high temperature; microsegregation; si; mn; ti

1. Introduction
Austenitic stainless steels have been used in severe corrosive environments and high 
temperatures since the beginning of the 20th century. LKAB, a Swedish mining 
company, uses a castable austenitic stainless steel known as ACI HH II in the grate-links 
in their pelletizing process. The grate-links transport the pellets into the rotary kiln for 
sintering. The material in the grate-links must endure high temperature combustion 
gases, erosion and fire-side corrosion. The resistance of stainless steels towards the 
environment is due to a protective passivating chromium oxide layer which should have
good adhesion to the steel surface to avoid spallation and delamination [1]. The 
adhesion of the oxide layer is weakened by oxide growth stresses [2-4] or new phases
developed between the metal surface and the oxide layer such as for example silica [5-
6]. Since the growth stresses can be high in the oxide, inherent mechanical strength of 
the oxide layer is important to resist these stresses [2,4,7]. The size of the growth 
stresses is a function of the oxide thickness which in turn is governed by the diffusive 
and semi-conducting properties of the oxide layer. A highly conductive oxide layer with 
high ion diffusivity would therefore grow thicker and lead to higher stresses than an 
oxide layer with low conductivity and ion diffusivity, i.e. a thinner oxide layer [4,8-11]. 
The protectiveness of the oxide layer is defined by its chemical stability. A chemically 
stable oxide will be less probable to deteriorate during fire-side corrosion and during
contact with different gas species [4]. 

Not only the oxide layer is important for the high temperature degradation, the 
microstructure of the stainless steel also influences the overall high temperature
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resistance. Internal oxidation, carburisation, intergranular attacks and creep are coupled 
to the microstructure and affect the degradation. Mechanisms such as segregation [12-
14] and sensitization [15-17] make the material less resistant to these degradation 
mechanisms. The microstructure of the stainless steel affects the growth rate of the 
protective oxide layer as smaller grains give the microstructure a higher amount of
grain-boundaries which serve as high diffusion paths for cations along the grain-
boundaries, both in dry [18] and wet atmospheres [19]. 

It can be concluded that in order to resist degradation, a thin, well adherent and 
mechanically and chemically stable oxide would be the best oxide layer and that a 
microstructure with few segregated precipitates and smaller grain size is desired.

Minor alloying elements such as silicon (Si), manganese (Mn) and titanium (Ti) can 
play important roles for the formation of an optimal oxide layer as well as for the phase 
formation in stainless steels. The stability of the protective oxide layer is enhanced by 
additions of Si to the material as SiO2 behaves as a diffusion barrier for metal ions 
which increases the Cr/Fe ratio in the oxide layer [5, 20]. Too high Si content can 
however reduce the adherence of the oxide layer due to formation of a continuous SiO2
layer, as mentioned above [5-6]. Si is also known to form different precipitates in the 
microstructure, such as the G-phase [21-22], sigma phase [23] or other silicides [5]. Mn
is known as a weak stabilizer of the austenitic phase in stainless steels at concentrations 
lower than 1-2 wt% because it increases the solubility of nitrogen (N) which is a strong 
austenite stabilizer [24]. Steels with elevated amounts of Mn are oxidising more rapidly 
which increases the thickness of the oxide due to the formation of Mn-spinels. Such 
spinels have a higher hardness than the other types of oxide and could prove vital for 
increased erosion-oxidation protection [25-26]. Ti is known as a strong carbide 
stabilizer and is often added to stainless steels in order to form titanium carbides instead 
of the more detrimental chromium (Cr) carbides in stainless steel materials. Addition of 
Ti can also improve the adherence of the oxide layer to the metal surface. Investigations 
of alumina forming stainless steels reveal that Ti improves the adherence of aluminium 
oxide scales [27] and reduces the thickness of the oxide by reducing the diffusion
through the oxide layer [28]. The change in transportation properties is due to the so 
called reactive element effect (REE). Ti, along with elements such as yttrium, cerium, 
niobium and hafnium, are more oxygen active than the scale forming element, in this 
case Cr [29]. Ti also affects the microstructure by forming G-phase after thermal aging 
[30-31] or directly during casting [32]. It has also been reported that the rate of 
formation of the sigma phase is increasing if the concentration of Ti is below 1.5 wt% 
and decreasing if the Ti amount is above 1.5 wt% [33-34].

Casting of austenitic stainless steels is a relatively inexpensive process for 
manufacturing products with complex shapes [1]. During normal slow solidification of a
castable austenitic stainless steel of type ACI HH II, vermicular ferrite and austenite are 
formed with a eutectic microconstituent in the austenite grain-boundaries [35]. Micro-
segregation of alloying elements will occur in casted stainless steels during the 
relatively slow cooling process [12-14]. These segregations contain increased amounts
of certain alloying elements which stabilize precipitation phases such as sigma phase, 
G-phase, carbides and delta-ferrite. 

There is an industrial interest to improve the service life of the casted stainless steels 
used in the harsh environment of a pelletizing process. The aim of this study is to 
investigate the feasibility of using minor amounts of alloying elements to reduce the rate 
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of degradation. In this study different amounts of Si, Mn and Ti have been added to the 
standard ACI HH II steel to form eight different casted alloys, which have been
investigated before and after heat treatment at 800 °C for 200 hrs. The oxides, the 
microstructures of the samples and the influence of micro-segregation of the different 
alloying elements have been evaluated. 

2. Materials

ACI HH is a castable austenitic stainless steel with a broad standardized composition, 
allowing it to be both duplex and wholly austenitic. Eight different alloys were made 
with chemical compositions according to Table 1.

HH1 is the reference sample with no addition of any of the three alloying elements 
whereas HH2-HH4 contain increased amounts of Mn, Si and Ti, respectively. HH5, 
HH6 and HH7 have additions of two of the alloying elements, Si-Mn, Mn-Ti and Si-Ti, 
respectively. HH8 contains all the three alloying elements and is the material which has 
been investigated in respect to alloy segregation. The amount of each alloying element 
was selected to represent the typical variation between different batches of grate-links as 
noted by the pelletizing industrial company. 

Table 1. Chemical composition of the different alloyed steel. 

Amount of alloying elements (wt%)

Alloy C Cr Ni Si Mn Ti Fe

ACI HH1 0.2-0.5 24-28 11-14 max 2 - - Bal.

HH1 0.27 25.26 12.98 0.46 0.27 0.01 Bal.

HH2 0.26 25.30 12.44 0.45 1.39 0.01 Bal.

HH3 0.27 25.76 12.57 1.38 0.28 0.02 Bal.

HH4 0.26 25.39 12.33 0.49 0.28 0.18 Bal.

HH5 0.30 24.76 11.88 1.40 1.39 0.01 Bal.

HH6 0.26 25.55 12.38 0.51 1.41 0.15 Bal.

HH7 0.28 22.17 13.03 1.48 0.29 0.24 Bal.

HH8 0.28 24.52 11.84 1.40 1.34 0.24 Bal.

1According to ACI standard 

Figure 1 shows a phase diagram where the eight different alloys have been inserted 
according to their nickel (Ni) amount. All alloy compositions in this study solidify by 
forming proeutectic ferrite before forming the divorced eutectic consisting of austenite 
and ferrite, a so called FA solidification. Elmer et al have studied FA solidification 
together with several different solidification modes during different cooling rates [35]. 
M23C6 is the most stable carbide precipitation in these steels and is known to deplete the 
surrounding matrix of Cr and thus sensitize the grain-boundaries for grain-boundary 
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attack [15-17]. Sigma phase, which is a Cr-Fe rich phase that forms from ferrite at 
elevated temperatures during heat treatments around 600 – 900 °C is also a detrimental 
precipitation phase both in respect to corrosion and mechanical resistance [15-17,36].

 

Figure 1. Phase diagram of stainless steel with variable amount of Ni and Cr with the different alloys 
HH1 to HH8 being marked in the diagram.
 

A representative image of an FA microstructure is shown in Figure 2 for an ACI HH 
alloy of standard composition, electrolytically etched with NaOH. During FA
solidification, proeutectic ferrite dendrites will start to form from the liquid phase and 
eventually go through a solid transformation into austenite at lower temperatures. The 
residual liquid will transform into a divorced eutectic of both austenite and ferrite
(Figure 2, denotation A). The ferritic dendrites which are transformed into austenite are 
henceforth called austenite dendrites, even if they were ferrite in the beginning. The 
centre of the austenite dendrites will however remain ferritic even after the solid 
transformation and form vermicular ferrite, as seen in Figure 2 (denotation B), due to 
the high amount of ferrite stabilizing alloying elements. During solidification and at 
high temperature service, carbides will form in the ferrite and in the grain-boundaries of 
the austenite dendrites (Figure 2, denotation C).
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Figure 2. Representative microstructure of an FA solidified casted stainless steel ACI HH of standard 
composition showing the different microconstituents. Eutectic microconstituents can be seen at A, 
vermicular ferrite at B, situated in the middle of the prior ferrite dendrites. Austenite dendrite grain-
boundaries are seen at C.

3. Method

The as-cast alloys were cut to a size of 12 x 12 x 2 mm and ground with 1200 SiC paper 
before being cleansed in ethanol. The samples were heat treated in a Nabertherm RHTC 
tube furnace at 800 °C for 200 hrs with an environment of dry synthetic air (20 % O2-
N2). 

The oxide layers on samples HH1-HH8 were investigated with energy-dispersive X-ray 
spectroscopy (EDS) and X-ray powder diffraction (XRD) before being vacuum 
mounted in epoxy and cut to reveal the metal-oxide interface in a scanning electron 
microscope (SEM). The HH8 sample which contained all three alloying elements was 
used to investigate the micro-segregation and precipitates by electrolytic phase 
extraction (EPE) both before and after the heat treatment of 200 hrs. EPE was 
performed as described ] where a solution of 1000 ml H2O, 200 
ml HCl and 3.5 g oxalic acid was used together with a current of 15 mAcm-2 to 
electrolytically dissolve the austenitic phase. The remaining phases were recovered and
evaluated by XRD. The microstructure of sample HH8 were analysed with SEM, EDS 
and electron backscatter diffraction (EBSD) to reveal the location of the 
microconstituents and phases. 

SEM, EDS and EBSD were carried out in a JEOL JSM 6460LV, with EDS and EBSD 
equipment from Oxford Systems. The XRD measurements were performed by a 
Panalytical Empyrean XRD using the HighScore software to identify and performing 
Rietveld analyses of the phases. The data which were used in HighScore came from the 
International Centre for Diffraction Data (ICDD) database and Springer Materials [38].
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The software program ThermoCalc was used together with the latest thermodynamical 
database for steels, TCFE8, to evaluate the thermodynamically stable phases in the 
system.

4. Results

4.1. Oxide layer

The thickness and adherence of the oxide layers on the eight different samples differed 
depending on the alloying elements. Samples containing Mn generally had a thicker and 
moderately adherent oxide layer (Figure 3) with the existence of cracks due to growth 
stresses formed during oxidation. The oxide layer consisted of the corundum type-
(M2O3) and the spinel type (M3O4) oxides as seen in the XRD spectrum in Figure 4
(HH2). The adherence of the oxide layer on the Mn-containing steels were reduced 
when also Si were added but enhanced by additions of Ti. Samples containing Si 
generally had a low adherence between the oxide layer and the base metal (Figure 3)
and had a quite thin oxide layer compared to the others.

Figure 3. Representative oxides of alloys with additions of only Mn, Si and Ti, respectively.

If the cracks in the oxides on samples HH2 (Mn) and HH3 (Si) are compared it can be 
seen that while the cracks propagate within the thick oxide on HH2 they appear along 
the metal-oxide interface on the HH3 sample. Additions of Ti strengthened the 
adherence of the oxide and produced a thin oxide on the surface of the steel (Figure 3).
The oxide layer was identified as a corundum type oxide (Figure 4, HH4) which was 
thinner compared to the oxides of the other materials. This was verified with XRD,
where the thickness difference of the oxides can be seen due to the peaks from the 
underlying material having different intensities were high intensity indicates a thin 
oxide layer.
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Figure 4. Representative XRD of the different oxide layers of HH1-HH4. All samples contain the 
corundum phase M2O3 and peaks from the austenitic metal surface beneath the oxide. Alloy 
HH2, with Mn additions, contains significant amounts of the spinel structure M3O4.

4.2. Phase characterization of precipitates

Phase characterization of the precipitates was performed both before and after heat 
treatment on sample HH8 which contained all alloying elements. The weight fraction of 
recuperated particles after electrolytic phase extraction (EPE) were 6.4 ± 0.5 wt% for 
samples before heat treatment while it was 9.1 ± 0.5 wt% after heat treatment showing 
that the amount of residual non austenitic phases increased during heat treatment.

Most abundant both before and after heat treatment were carbides, as shown by the 
XRD in Figure 5. These carbides were mostly M23C6 but some M7C3 can be seen before 
heat treatment. The M7C3 carbides are not seen after heat treatment which is probably 
due to either dissolution or overlapping of peaks from sigma phase which forms during 
heat treatment, as seen in the XRD. 



 
 
 
 _______________________ Submitted to Ironmaking and Steelmaking ________________________ 

8 
 

Figure 5. XRD of precipitates from EPE of as-cast and heat treated HH8 specimens.

The increased amount of the Cr-Fe rich sigma phase after heat treatment is the reason 
why the Cr content of the precipitates increases after heat treatment, in accordance with 
the EDS results in Figure 6. The high amounts of Si and oxygen (O) before heat 
treatment as seen from the EDS measurements suggest a silica phase in the precipitates.
The high amount of oxygen could also be caused from colloidal water in this silica 
phase. The amount of Ti(C,N) seen in the sample before heat treatment remains after 
heat treatment, see Figure 5. Some residual ferrite and austenite can also be seen.

Figure 6. EDS of the precipitates after EPE from samples before and after heat treatment.

4.3. Microstructural characterization

4.3.1. Before heat treatment

The as-cast microstructure of the HH8 sample can be seen in Figure 7, together with 
EDS-mappings of the Fe, Cr, Ni, Si, Mn, C and Ti contents in the sample. 
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Figure 7. SEM images before heat treatment of the HH8 sample. The top left image shows the 
microstructure by band contrast while the other images show the EDS mappings of the same 
area for Fe, Cr, Ni, Si, Mn, C and Ti, respectively. In the band contrast image some 
microconstituents have been marked; prior vermicular ferrite (A) and eutectic microconstituents
(B). Grain-boundaries between the austenite dendrites can be seen in the structure, an example 
being C.

Three main microconstituents can be seen; vermicular ferrite, austenite dendrites which 
are transformed from ferrite and a eutectic microconstituent containing both ferrite and 
austenite. During cooling, C and Cr form carbides in the eutectic ferrite and the 
vermicular ferrite as well as in the austenite dendrite grain-boundaries. It is shown from 
the EDS-mapping that during the proeutectic ferrite solidification, most of the alloying 
elements are concentrated in the grain-boundaries of the proeutectic ferritic dendrites, 
except for the ferrite stabilizers Si and Cr which also exist in the vermicular ferrite. 

The eutectic microconstituent will form between these dendrites, in the grain-
boundaries. Ti can be seen in highly concentrated points which is assumed to be Ti(C,N) 
which is the first solidifying phase in the melt.

4.3.2. After heat treatment

All microconstituents which were found in the as-cast material also existed in the heat 
treated samples of HH8, namely vermicular ferrite, austenite dendrite, and the eutectic,

as seen in Figure 8. In addition, there were some new phases which had precipitated 
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from the different microconstituents. 

 

Figure 8. SEM images after heat treatment of the HH8 sample at 800°C for 200 hrs. The top left image 
shows the microstructure by band contrast while EDS mapping of the same area for Fe, Cr, Ni, Si, Mn, 
C and Ti can be seen in the other images. In the band contrast image some microconstituents have 
been marked; prior vermicular ferrite (A), a eutectic microconstituent (B), an austenite dendrite grain-
boundary (C) and secondary carbides which have formed from the austenite dendrite grain-boundary 
(D).

A Si rich sigma phase was formed in the vermicular ferrite and in the eutectic 
microconstituents. In the vicinity of the austenite dendrite, secondary M23C6 carbides have 
precipitated. M23C6 carbides also seem to precipitate in the vermicular ferrite and in the 
eutectic microconstituent. The alloying element distribution of the austenite dendrite grain-
boundaries seems to remain the same after heat treatment with similar distribution as in the 
as-cast material, see Figure 7.

5. Discussion

5.1. Protective oxide layer

This study shows that even small amounts of the alloying elements Si, Mn or Ti change 
the oxidation behaviour and the amount of microconstituents in the alloys. A lower 
adhesion between the oxide and the metal was seen in Si containing samples as the 
protective oxide layer spalled from the surface during cooling. The oxide layers formed 
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on the Si containing samples were however thinner than their Si-lacking counterparts,
which decreased the growth stresses proving that the oxides did not spall from the 
surface until being cooled. The measured values of the cubic lattice parameter, a, for the 
different oxide structures on the eight different samples can be seen in Table 2 and Table 
3 along with values of the standard lattice parameters for some known oxides.

Table 2. Measured cubic lattice parameter, a, of the corundum structure together with 
standardized values of the cubic lattice parameter for Cr2O3 and Fe2O3 [38].

HH 1 HH 2 HH 3 HH 4 HH 5 HH 6 HH 7 HH 8 Cr2O3 Fe2O3
a [Å] 4.989 4.990 4.959 4.994 4.962 4.993 4.968 4.963 4.960 5.038

Table 3. Measured cubic lattice parameter, a, of the spinel structure together with standardized 
values of the cubic lattice parameter for MnFe2O4, MnCr2O4, FeCr2O4 and Fe3O4 [38].

HH2 HH5 HH6 HH8 MnFe2O4 MnCr2O4 FeCr2O4 Fe3O4

a [Å] 8.473 8.433 8.461 8.433 8.492 8.435 8.377 8.397

The lattice parameters for the Si containing samples HH3, HH5, HH7 and HH8 are 
closer to the Cr2O3 than Fe2O3 for the corundum structure while HH5 and HH8 are 
closer to MnCr2O4 than MnFe2O4 for the spinel structure, as seen in Table 2 and Table3.
This means that the spinel and corundum structures contain higher levels of Cr in 
samples containing Si in which Si is reducing the amount of Fe in the oxide layer.
Enrichment of Cr in the oxide layer on top of the silicate layer has been mentioned in 
several publications and is believed to be caused by the lower diffusion rate of Fe and 
Cr through the silica layer or through silica inclusions [39-40]. This is also supported by 
H.E. Evans et al who showed that a smaller amount of Si (below 0.92 %) lowers the 
oxidation rate due to formation of a silica layer which acts as a diffusion barrier for both 
cations and anions [5]. The diffusion barrier lowers the activity of Fe and makes iron 
oxides less prominent in the oxide layer. An investigation by Gleeson et al [41] showed 
that the effect of Si additions depended on the base material. Gleeson et al also stated
that the beneficial role of Si for thermal cyclic spallation resistance was due to internal 
silica particles along the grain-boundaries while a continuous silica layer on the surface 
made the material more susceptive toward cyclic spallation. They theorized that the 
internal oxidation of Si hinders outward diffusion of cations and enables more stable 
chromium oxide to form while the continuous silica layer easily spalls from the surface 
of the material during cooling [41]. The protective oxide layer from Si in our study 
could indeed have been protective and non-spalling at isothermal heat treatment, but 
spalling probably occurred when the temperature was reduced. Since the activity of Si 
in Evans alloy with 0.92 wt% Si can be evaluated with ThermoCalc, it would be 
possible to estimate which Si amount that is necessary to obtain a similar Si activity in 
the ACI HH II base alloy. A ThermoCalc calculation on the material used in this study
resulted in that 1.11 wt% Si would be the optimum amount of Si in the ACI HH II base 
alloy, which is close to the amount of Si (0.94 wt%) which is currently used in 
production.

The current investigation shows that Mn-spinels are formed during oxidation which 
grow thick and crack in the oxide parallel to the metal surface, most certainly due to 
formed growth stresses. By additions of Si however, the oxide became thinner and did 
not crack, probably because of the increased Cr/Fe ratio in the oxide layer, as mentioned 
previously. The detrimental effect of thick Mn-spinels has been observed by Gesmundo 
et al and Douglass et al, where the Mn-spinel that formed contained Cr and Fe and were 
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non-adhesive, fragile and thick [42-43]. Pérez et al observed spinel oxides during 
isothermal heat treatment and stated that the non-protective properties of the Mn-spinels 
were due to the formation of Fe-nodules in the spinel which caused spallation [44]. On 
the other hand, the properties of MnCr2O4, containing only Cr and no Fe, have been 
reported to be protective by Marasco et al [45]. It is therefore proposed that a certain Si 
addition hinders or delays the formation of Fe-nodules by reducing the amount of 
available Fe in the oxide. 

According to our study, additions of Ti to the alloys increased the adhesion between the 
oxide and the metal since a Ti addition improved the oxide adhesion of the materials 
containing Si which without any Ti additions had a non-adhesive oxide layer. Ti also 
seemed to decrease the oxide thickness. The dual effect of both improved adhesion and 
decreased oxide thickness is known as reactive element effect (REE) which has been 
studied by several authors suggesting several possible mechanisms [27-28,46-47]. One 
mechanism states that the reactive element ions selectively diffuse to the grain-
boundaries and the metal/oxide interface where they oxidize and mechanically bond the 
oxide and metal together and thus increase the adhesion of the oxide and reduce the 
oxide growth rate [28-29, 46]. Pint et al mention that the adhesive effects are attributed 
to the reduction of vacancies at the metal/oxide interface leading to a reduction of void 
formation beneath the oxide that occurs during normal oxidation [47]. Wittle suggests 
that another reason for the effect of reactive elements is due to a change in transition 
oxidation as reactive element oxides will be formed in exchange for the normal iron 
oxides and therefore reduce the oxidation kinetics [28].

5.2. Microstructure

The grain-boundaries of the austenitic dendrite contain a higher amount of alloying 
elements than the bulk material. This is proposed to occur since the austenite stabilizing 
alloying elements have sufficient time to diffuse from the proeutectic ferrite and gather
in the liquid and later during solidification in the grain-boundaries and eutectic 
microconstituent, a process known as dendritic segregation [12-14]. 

During heat treatment of the HH8 sample it was shown that the value of the cubic lattice 
parameter, a, of the M23C6 carbide increased from 10.610 Å to 10.640 Å. Increasing 
lattice parameter of M23C6 carbide seen in XRD measurements in other investigations 
has been proposed to be attributed to the difference in chemical composition in the 
carbide [48]. In Figure 9, the lattice parameter has been taken from four different C23C6 
carbides from the ICDD database with different amounts of Cr being replaced by Fe to 
show that the lattice parameter decreases with increasing Fe content. Since the lattice 
parameter of the M23C6 carbide is increasing it can be concluded that the Fe content in 
M23C6 decreases with heat treatment. Fang et al have performed density function theory 
(DFT) calculations of the M23C6 carbides and found that the (Cr,Fe)23C6 have a broad 
range of stable compositions [49]. The Fe concentration in the M23C6 carbide with 
lowest formation of energy according to DFT calculations was reported to be 0.08 wt% 
Fe which is similar to the Fe concentration in our heat treated specimen (HH8) at 10.640 
Å. It is proposed that during cooling, the iron content in the carbides is relatively high 
and that more stable carbides will form after heat treatment.
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Figure 9. Cubic lattice parameter, a, in relation to concentration of Fe in (Cr,Fe)23C6.
 

After heat treatment the M7C3 carbides could not be seen by XRD due to either peak 
overlapping from sigma phase but more realistically due to the instability of M7C3 
carbides at temperatures between 750-1000 °C where they  are reported to form the 
more common M23C6 [50-52]. Wen-Tai et al [50] studied the stainless steel HK 40, a 
similar material to HH, with higher C and Ni content. They found that the material 
contained a eutectic microconstituent with austenite and M7C3 carbides which by aging 
dissolved into M23C6. It was also seen that secondary carbides of M23C6 were formed in 
the austenite, close to the grain-boundaries [50]. Precipitations in the austenite around 
the grain-boundaries were also seen in this investigation and are proposed to be M23C6 
carbides. 

After thermal heat treatment the delta-ferrite is known to transform into sigma phase,
M23C6 and austenite, which can be explained by Equations 1 and 2 [53].

 + (1)

 + (2) 

Normally a high C content and high diffusion rate would promote the formation of both 
carbides and sigma phase in these regions but due to enrichment of Si in the eutectic and 
in the vermicular ferrite, mostly sigma seems to be formed. It is stated by Hsieh et al 
that the sigma transformation is enhanced by additions of Si and other strong ferrite 
stabilizers [54]. The increased sigma transformation by Si additions can be further 
proven by the use of ThermoCalc. In Figure 10 it can be seen that the Gibbs free energy 
of sigma phase is lower than the free energy of carbides at 1073 K (800°C), suggesting 
that Cr would form sigma phase rather than carbides.

On the other hand it seems that the sigma phase will not precipitate in the austenite. 
Hsieh et al and Padilha stated that there were three important reasons to why sigma 
phase does not form in austenite [55]:

1. It would be easier for C and N to form carbides and nitrides in these regions
2. Diffusion of secondary diffusion elements (such as Cr) is slow in austenite, 

which hinders diffusion controlled transformation
3. The crystallography of the sigma and austenite phase is incoherent
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Figure 10 Gibbs free energy of sigma phase (dashed) and M23C6 (solid line) calculated from 
ThermoCalc for sample HH8.

Since both Cr and Si are diffusing by substitutional diffusion, it is proposed that during 
formation of either carbide or sigma phase, it is more likely that C diffuses away from 
the ferrite and forms carbides whereas the slow-moving Si forms sigma-phase in the 
ferrite. It is therefore proposed that the ferrite that exists in between the dendrites and 
the vermicular ferrite, containing a high amount of Si, will form sigma phase while C
escapes the ferrite due to the high diffusion rate and precipitates in the austenite as 
carbides.

Ti reacted with C and N into TiC and TiN. They were formed before the solidification of 
the matrix, which is verified both by XRD of the EPE and by the SEM images. The 
existence of TiN in stainless steels is verified by Sourmail who stated that MX 
precipitates, where X is C or N, are common in stainless steels with strong 
carbide/nitride formers as well as solid solutions of nitrides and carbides [14]. Using the 
law of Vegard the amount of TiC and TiN in the solid solution can be calculated. As the 
lattice parameter for pure TiC and TiN is 4.328 and 4.242, respectively, and the lattice 
parameter in our study was 4.25, it is possible to calculate the solid solution of TiC and 
TiN using Equation 3. The results yield a TiN/TiC of 10, showing that the MX particles 
are mostly TiN. To have the beneficial effects of TiC rather than Cr carbides the amount 
of Ti should be higher than both the amount of C and N, otherwise Cr carbides and TiN 
will form in its place. 

 TiN
TiNTiC

NCTiTiC

aa
aa ),( (3) 

A large amount of oxygen and Si are present in the EDS measurement after EPE, while 
no silica phase was detected by XRD, indicating either very small particles or an 
amorphous phase. The possible reactions occurring during EPE forming amorphous 
SiO2 are believed to be caused by the high solubility of Si in delta ferrite and sigma 
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phase. In the as-cast material, the delta ferrite is being consumed during EPE treatment 
by the oxalic acid, forming complex iron oxalates. Si, which is bound in delta ferrite, is 
proposed to form small SiO2 crystals which would be undetectable by XRD but would 
increase the oxygen amount in the EPE precipitates. After heat treatment, Si will be 
contained in the sigma phase and since this phase will not be consumed by the oxalic 
acid the SiO2 will remain low and the oxygen amount in the EPE residues will also 
remain low.

6. Conclusions

Addition of Si increases the Cr/Fe ratio of the oxide layer which leads to a more 
stable oxide layer. However, addition of too much Si is detrimental to the 
adherence of the oxide to the steel surface. Careful considerations have to be 
taken when deciding the optimum amount of Si. Segregation of Si promotes 
sigma phase formation due to the initial stabilization of delta-ferrite which is 
transforming to sigma phase during heat treatment.

Addition of Mn increases the oxidation rate and the thickness of the oxide due to 
the formation of Mn-spinels. 

Ti decreases the oxide thickness of stainless steels due to doping effects of the 
chromium oxide. Ti also increases the adhesion of the oxide to the material even 
when Si is present in the material, due to the reactive element effect. TiN will 
form in the steel melt and is more stable than TiC.

M23C6 carbides with high amounts of Fe are formed during cooling. After heat 
treatment, the Fe content is reduced and a more stable M23C6 is formed. 

Sigma phase and secondary carbides form during heat treatment at 800 °C of the 
ACI HH II stainless steel.

Alloying elements diffuse into preferential phases during heat treatment which 
further increases segregation from casting.

Since sigma phase is more stable than chromium carbide, sigma phase will form 
from Cr if ferrite exists in the material. If there is no residual ferrite, Cr will 
precipitate in the form of M23C6, as sigma phase precipitates slower than Cr 
carbides. 
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A horizontal industrial combustion kiln (HICK) has been used to simulate erosion-deposition on 
stainless steels with iron ore pellet residues and fly ashes as eroding-depositing particles. The results 
are used to understand the erosion-deposition that occurs in a Grate-Kiln induration system for iron 
ore pellet induration in a pelletizing industry. It is shown that due to the high amount of non-sticky 
particles, erosion occurs at temperatures above the condensation temperatures of alkaline compounds 
while deposition is increased as the temperature is lowered beneath their condensation temperature. It 
is shown that erosion occurs at temperatures above the condensation temperatures of the alkaline 
compounds where a majority of the particles are non-sticky, while deposition increases as the 
temperature decreases below the condensation temperature.

Kewords: Erosion; deposition; Grate-Kiln; alkali metals; iron ore

Introduction

LKAB is a world leading manufacturer of iron ore pellets, situated in the north of Sweden.
Iron ore pellets are a refined iron ore product where the iron ore has been purified and blended 
with bentonite clay and slag forming minerals to enable agglomeration into pellets and to 
obtain a good product for steel production. Induration of the iron ore pellets is taking place in 
the Grate-Kiln part of the induration machine which can be seen in Figure 1. The Grate-Kiln 
consists of a travelling grate which dries and pre-heats the pellet bed with recycled process 
gas in four different stages before the pellets are sintered in the rotary kiln where a coal 
powered flame and pre-heated air from the cooler heat the pellets. In the following cooler, air 
is blown through the hot pellets and used as recycled air to heat the pellets in previous stages
on the travelling grate and as pre-heating gas in the rotary-kiln. Since the travelling grate 
transports the pellets through the four different heating stages, it experiences temperatures 
between 20 °C and 1000 °C with a cycle time of 30 minutes 1, 2. The equipment and materials 
in the Grate-Kiln such as brick-linings inside the kiln 3 and the grate-links in the travelling 
grate 1, 2 are subjected to several different degrading phenomena and the productivity of the 
Grate-kiln is lowered by depositions 4, 5. Degradation behaviour of the travelling grate has 
been coupled to effects such as hot corrosion 1 and thermal cycling 2 while erosion-oxidation 
has been pointed out as a third possible mechanism by previous investigations 1, 2.

Hot corrosion is a mechanism where molten or semi-molten salts accelerate the corrosion rate 
with mechanisms similar to aqueous corrosion 6-8. Due to the thermal cycling of the travelling 
grate, the thermal expansion mismatch between the metal and the oxide leads to spallation of 
the oxide 2, 9. Thermal cycling also leads to thermo mechanical fatigue due to temperature 
gradients that form stresses and fatigue cracks in the material 2, 10. Erosion-oxidation is a 
synergistic mechanism that is present at elevated temperatures and accelerates the material 
removal rate by eroding the oxide scale that grows on the material 11, 12. One of the degraded 
grate-links, which are the main components of a travelling grate, is presented in Figure 2
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(left). The slits through the grate-link allow hot process gas to flow through the grate-link and 
heat the pellets. A notable feature is the thinning of the ribs between the slits during service 
life. It is also noted that at times of huge slag deposits on the grate-links, as seen in Figure 2
(right), the slits that are not blocked by deposits have an increased degradation rate. It was 
stated in a previous study that a possible explanation to these observations were erosion-
oxidation 1.

Figure 1. Schematic representation of a Grate-Kiln indurator. The travelling grate is circled in the 
image 13.

Figure 2. A degraded grate-link after 13 months of service (left) and a grate-link that has been 
clogged by deposits and fractured pellets (right).

As stated earlier, erosion-oxidation (EO) is a synergistic effect of high temperature oxidation 
and solid particle erosion. It shows several similarities to solid particle erosion but with the 
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difference that in E-O there is a thin brittle oxide layer on the surface of the metal which is 
continuously eroded from the surface during its regrowth 11, 12, 14. To understand EO it is 
necessary to know some high temperature properties of the eroding particles in the process 
gas and of the oxides on the stainless steel being eroded as well as the high temperature 
properties of the stainless steel itself 15.

The weight loss due to material removal during EO depends on temperature and particle 
velocity 16-18. The erosive resistant properties of the stainless steel and the oxide are also 
affecting the weight loss. Properties such as the dynamic hardness and the fracture toughness 
of the stainless steel would affect the weight loss at low temperatures and high particle 
velocities. At high temperatures and low particle velocities, on the other hand, the erosive 
resistant properties of the oxide layers together with the oxidation properties of the stainless
steel become more important. During E-O the combined properties of the oxide and the metal 
such as thermal expansion mismatch or de-cohesion of the oxide layers on the metal surface is 
also of importance to reduce cracking, delamination and spallation of the oxide 16-18.

The chemical composition and the characteristics of the gas and the particles in the induration 
process of pellets have been investigated during coal combustion by Jonsson et al 4. It was 
found that nano-particles contained a higher concentration of chemically reactive elements
such as Cl, S, Na and K, while larger particles contained mainly Fe originating from particles
from the iron ore pellets. The nano-particles were spherical and were believed to form 
condensation of vaporized elements from the coal during the combustion process.
Investigations in the Grate-Kiln have indicated presence of alkaline sulphates and chlorides 1

which are common products during hot corrosion 6-8. Wang et al 19, 20 showed that the effects 
of EO were increased by chemically active erodents such as P, S, Na, K and Cl; elements 
which had been seen in the Grate-Kiln 4. None of these investigations showed any reason to 
why the process was accelerated by chemically active erodents but it was stated by Wang that 
micro-corrosion or a localized hot corrosion could take place during erosion when these 
elements were present 19, 20.

Deposition of iron ore particles on the grate-links during their service life can be seen in 
Figure 2 (right) where the grate-link has been clogged by deposits containing mainly 
hematite, sodium-potassium sulphates, quartz and small quantities of potassium chlorides.
Deposition of particles has been described by Walsh as a mechanism where some particles in 
the gas contain a phase that makes them sticky and adherent to a surface 21. The stickiness is 
related to the viscosity and the melting point of the particles in the gas and is increased as the 
temperature and amount of alkaline metals are increased 21, 22.

The influence of simultaneous deposition, erosion and corrosion (DEC) has been investigated 
in turbine vanes by Wenglarz et al 23. This early investigation stated that an increased particle
size would increase the erosion rate while a fly ash with a higher amount of molten or semi-
molten components would increase the deposition rate. Wenglarz also stated that the 
deposition rate and the erosion rate would compete and that the deposits could provide a 
beneficial erosion protection as long as it would not induce substantial corrosion 23. Walsh did 
a similar study in jet airplanes to investigate how sand could deposit/erode inside the jet 
engine 24. Walsh et al found that higher temperature of the jet-blades increased the likelihood 
of deposition and that the increased velocity of the gas diminished the deposition. The 
influence of deposition and erosion has previously not been investigated on a travelling grate 
in a Grate-Kiln machine.
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The aim of this investigation is to investigate the effect of deposition and erosion-oxidation on 
a travelling grate in a Grate-Kiln. To fully understand these competing mechanisms, an 
erosion-deposition test-rig was constructed to avoid thermal cycling that exists in the Grate-
Kiln. The results from the erosion-deposition rig are compared to the damages and deposition 
that can be seen on the grate-link used in the iron-ore pelletizing industry.

Accelerated erosion-deposition experiments

The test has been performed by RISE Energy Technology Center in their 200 kW Horizontal 
Industrial Combustion Kiln (HICK) which is a test facility for simulation of industrial 
combustion applications, such as the Grate-Kiln process. The HICK and its combustion 
properties will be presented first while the accelerated erosion-deposition test will presented 
afterwards.

Combustion test-rig

The horizontal industrial combustion kiln (HICK) that can be seen in Figure 3 consists of four 
major parts; the burner hood (1), the insulated pilot-scale combustion kiln (2), the insulated 
connector (3) and the boiler (4). The burner hood powers the HICK and consists of an air 
preheating unit and a coal burner. The insulated combustion kiln has a length of 3300 mm and 
inner height and width of 550 x 550 mm and is brick-lined. The insulated connector, which is 
also brick-lined, has a length of 1000 mm and an inside size of 230 x 230 mm. The connector 
is mounted with a DN 80 flange that allows for probe insertion into the connector to 
investigate deposition or, in this case, erosion-deposition of different combustion 
environments. The boiler cools the combustion gases and collects fly ashes before the gases 
are being transported towards the chute. The chemical composition of the combustion gases 
are monitored in the flue gas channel after the boiler.

Figure 3. A schematic view of the HICK that was used to simulate erosion-oxidation in a Grate-Kiln. 
The major components are; the burning hood (1), the combustion kiln (2), the connector (3) and the 
boiler (4).

During the test the coal burner is fed with 15.5-15.7 kg/h of coal powder that is pneumatically 
transported with 210 l/min of air into the coal burner. The coal burner is also supplied by a
primary air supply of 1000 l/min which is used to form the coal flame. The chemical 
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composition of the coal, which is the same coal as the one used in the Grate-Kiln, is given in 
Table 1 along with its mineral analysis in Table 2 and its ash fusion temperatures in Table 3.

Table 1. Chemical content and mineral analysis of crystalline phases of the coal given in wt % 25.

Si Al Fe Ca K Mg Mn Na P Ti Ba S Cl
3.63 2.14 0.21 0.09 0.05 0.03 0.01 0.01 0.05 0.07 0.03 0.33 0.01

Table 2. Coal mineral analysis by XRD 25.
Chemical formula Wt%

Quartz SiO2 19.1
Kaolinite Al2Si2O5(OH)4 63.5
Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(

H2O)]
10.2

Siderite FeCO3 2.0
Ankerite Ca(Fe,Mg,Mn)(CO3)2 0.2
Calcite CaCO3 0.8
Fluorapatite Ca5(PO4)3F 3.2
Goyazite SrAl3(PO4)2(OH)5·(H2O) 0.8
Anatase TiO2 0.2

Table 3. Ash fusion temperatures in °C according to ISO 540 25.

Initial Deformation
Temperature

> 1500

Spherical Temperature > 1500
Hemispherical Temperature > 1500
Fluid Temperature > 1500

To obtain a coal flame, 8400 l/min of pre-heated air is supplied parallel with the flow from the 
coal burner. The pre-heated air has been generated with help of seven Leicester air heaters at 
15 kW each and a small injection of propane gas. The combustion configuration creates an 
elongated coal flame in the centre of the kiln and a calculated gas velocity of 29 m/s and 300 
kW of energy. According to computational fluid dynamics (CFD) studies of the gas flow 
around the travelling grate the velocity of the gas is around 10-30 m/s, showing good 
agreement with the HICK 26. The temperature of the pilot-scale kiln is measured with several
different thermocouples of type K along the length, to monitor the temperatures of both the
lining bricks and the gas. There is also a thermocouple in the connector, between the kiln and 
the boiler to see the environmental temperature around the probes that are being used. Due to 
the amount of ceramics that needed to be heated during the experiments, it was not possible to 
reach a thermal equilibrium of the combustion kiln and the temperature kept rising during the 
erosion-deposition test which can be seen in Figure 4. The gas temperature close to where the 
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sample holder was installed went from 950 to 1100 °C. The temperature of the gas is similar 
to the gas temperatures that exist in the bottom of the pellet bed just before the industrial 
rotary kiln which is between 800 to 1000 °C.

Figure 4. Temperature of the gas close to the sample during testing.

The composition of the flue gas with respect to CO, CO2, H2O, NOx and SO2 was investigated 
after the boiler by Fourier Transform Infrared Spectroscopy (FTIR) as can be seen in Figure 5.
The amounts of water and SO2 are in good agreement with the Grate-Kiln while the CO2
content in the HICK is higher than the 5% which is present in the Grate-Kiln, suggesting that 
the oxygen levels are lower in the erosion-deposition rig than in the Grate-Kiln.
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Figure 5. FTIR measurements of the combustion gases.

Simulated Grate-Kiln Experiments

To induce erosion and deposition of the samples in the HICK, iron ore particles from the 
actual Grate-Kiln process were introduced through an injection rod in the pilot-scale kiln that
distributed 23-25 kg/h of iron ore particles into the coal flame, which corresponds to an 
amount of 3.30 x 102 g/ m3 in normal dry gas (ndg) compared to 6.61– 2.22 x 102 g/ m3 ndg
which can be found in the Grate-Kiln. The velocity of the impacting dust particles were 
estimated to 19 ± 4 m/s by measuring the lengths of the glowing particles in photos taken with 
a shutter time of 1/2000 s.

The iron ore particles which were used in the experiment are shown in Figure 6 together with 
their size distribution. Their chemical composition is seen in Table 4. The particles are angular 
in appearance and have an average size distribution in the range of 20 – 40 um resulting from 
liquid suspended sedigraph measurements performed at the division of division of Minerals 
and Metallurgical Engineering at LTU. XRD measurement and the inductively coupled 
plasma mass spectrometry (ICP-MS) showed that he particles are mainly hematite (Fe2O3)
with additions of magnesioferrite (Mg,Fe)O4 and quartz (SiO2). The hardness of the particles 
was measured with a load of 50 grams at room temperature and it was found that the mean 
hardness of the particles are 7.9 ± 2 GPa, showing that the average hardness is similar to that 
of hematite. The scatter in the different measurements could be traced to the softer magnetite 
and the harder quartz. While the ICP-MS evaluation showed presence of Ca, K and Na, these 
elements could not be detected by XRD but is believed to be incorporated in the other phases
or forming undetectable feldspars with Al and Si or carbonate minerals with C, such as 
dolomite or calcite.
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Figure 6. The shapes of eroding particles (a) and their size distribution (b).

Table 4. Chemical content in wt % of eroding particles from the iron ore pellets measured by ICP-MS. 

C S Na K Mn Mg Al Si V Ti Ca Fe
Wt % 0.40 0.05 0.07 0.21 0.06 0.52 0.24 0.62 0.12 0.11 0.86 97.00

The sample holder, which can be seen in Figure 7a, has a total length of 750 mm and a 
diameter of 43 mm. The probe is equipped with two thermocouples to measure the 
temperature of the gas and the samples. The sample holder is also constructed with an internal 
air channel to keep the temperature of the sample holder and the samples constant. The 
temperature is controlled by an air regulator and a thermal regulator connected to the sample 
thermocouple of type K to adjust the air-flow through the sample holder. The testing 
conditions were chosen to resemble the temperature in the travelling grate and a temperature 
of 800 °C was used, which has been used in other investigations of the degradations of the 
travelling grate 2, 8. The sample holder can be tilted for different angles of impact but was 
chosen to 30 ° since the process gas and the particles are most likely to hit the travelling grate 
at low angles. The last 158 mm of the probe is crescent shaped to enable mounting of 4 
samples onto the probe.



 ____________________________ Submitted to Energy and Fuels ____________________________ 

9 
 

Figure 7. The sample holder (a), the connector with the inserted sample holder (b, sample holder 
shown at 4) and the sample mounted on the holder during testing (c). The samples are mounted at the 
crescent shaped recess (1 in image a) at the end of the sample holder and the connections of the 
thermocouples and the gas cooling connection can also be seen in image a, at (2) and (3), respectively.

The material used during the test is an austenitic castable stainless steel with a chemical 
composition according to Table 5. The samples were cut out by electrical discharge machining 
(EDM) to a size of 40 x 30 x 4 and polished with 1200 P silica paper. The samples were 
mounted on the sample holder and attached to the thermocouple to keep their temperature at 
800 °C.

Table 5. Chemical composition in weight percent of material provided by LKAB.

C Cr Ni Si Mn Fe
0.3 25.0 12.1 1.2 0.5 Bal.

Characterization

The surface of the samples were investigated by a low vacuum scanning-electron microscope 
(SEM), model number JSM-IT300LV from JEOL coupled with an electron diffraction 
scanning (EDS) X-Max from Oxford systems. Interesting features found on the surface were 
investigated by cross-section cutting of the surface followed by EDS and SEM. The surfaces 
of the material after the erosion procedure were investigated by X-ray diffraction (XRD) by 
an Empyrean system from Panalytical and the Crystallography Open Database (COD). 
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The micro-hardness of the particles and of the metal surface was made by a Vickers micro-
hardness tester from Matsuzawa of type MXT-alpha coupled with Buhler software.

The grate-links from the Grate-Kiln system where investigated by performing XRD and 
inductively coupled plasma mass spectrometry (ICP-MS) of the residues on the surface of the 
material. The surface and the cross section of the surface were also investigated by SEM and 
EDS to investigate the erosive properties in the Grate-Kiln system.

Results and discussion

Erosion-deposition test-rig

An overview of the sample before and after the test can be seen in Figure 8. The surface after 
the test seems to be oxidised and there are depositions on the surface of the material.

Figure 8. The samples before (a) and after (b) being tested.

Walsh et al stated that deposition of particles is not possible unless there is a sticky layer 
present on the surface of the material. They also suggested that this layer normally consists of 
alkali compounds [Walsh, Louis]. The main vaporised states of alkali metals are alkali 
chlorides together with hydroxides at temperatures above 1300 K 27, 28 and they have a 
relatively low vapour pressures which can be seen in Figure 9. Combustion of the current coal 
in the erosion-deposition test rig would give a Cl2concentration of 100 ppm meaning that
alkali chlorides would not adhere to the samples with a surface temperature at 800 °C. The 
concentration of vaporised alkali sulphates is lower than alkali chlorides but due to the higher 
vaporisation pressure, alkali sulphates are assumed to be the first alkaline deposit that 
condense 29. These sulphates have also been suggested to be nucleation points for later alkali 
chloride condensation 30.
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Figure 9. The vapour activity (or partial pressure) of different alkaline compounds in the gas.

The tested samples in Figure 8 were investigated by XRD and EDS and the results can be 
seen in Figure 10 and Table 6. Since the oxide and deposit do not cover the entire surface, the 
XRD pattern shows a high intensity of the peaks from the base material. The phases that can 
be seen by XRD on the surface of the eroded-deposited samples derive from the oxide layer
of the material (Fe,Cr)2O3 and from the gas particles calcium sulphates (CaSO4) and quartz 
(SiO2). The increased amount of Al that can be seen from EDS suggests that the amorphous 
phase that can be seen on the XRD spectrum between 20 ° and 30 ° is an amorphous Al-
silicate as proposed by Chansey et al 31.
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Figure 10. XRD of the eroded sample surfaces. Q = Quartz C = Corundum A = Anhydrite (CaSO4).

Table 6. Surface investigation of the eroded samples by EDS in weight %.

O Fe Si Al Ca S Ti P Cr Ni Na K
20.4 38.1 9.7 5.3 3.3 1.0 0.3 0.4 12.5 6.4 0.6 0.3

The alkali metals seen in the EDS analysis are proposed to be distributed among the Al-
silicates and lower their melting temperature. Kaolinite, which is the most common Al-silicate 
mineral in the coal, is suggested to adsorb the alkaline metals and form the sodium Al-silicate
nephelite or the potassium equivalent kalio-philite 32. This is also in agreement with Luis et al 
27, 28 who suggested that vaporized alkali chlorides react with the surface of the silicates and 
Al-silicates and make them sticky. The melting temperatures of such silicate compounds are 
complicated but several compositions exist that solidifies below 800 °C, suggesting that such 
an approach seem probable. A similar mechanism for calcite is proposed, as incorporation of 
alkali chlorides could decrease the melting temperature of the calcite.

An overview of the surfaces of the tested samples can be seen in Figure 11. According to the 
EDS the stainless steel surfaces contain areas covered in salt and oxide. Magnification of the 
bare surface can be seen in Figure 11b. The material seems to have been degraded mainly 
along the grain-boundaries giving an etched appearance as described by Levy et al 33. This is 
contributed to the faster diffusion rates along the grain-boundaries 33, 34, micro-segregation 35, 

36 and sensibilisation towards internal oxidation 37, 38 which render the grain-boundaries 
vulnerable to attack from oxidation.
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Figure 11. Residues on the sample (1) and salt free areas (2) on the samples. One of the attacked 
grain-boundaries (3) on the salt free areas can be seen in image b as well as several attacked grain-
boundaries in image c.

Chromium depletion is apparent close to the surface as seen in the EDS mappings of surface 
cross-sections in Figure 12, indicating that the main erosion mode was erosion-enhanced 
erosion as material apparently had sufficient time to form chromium rich oxides. Globular or 
nodular attacks can be seen close to the surface of the material, an evidence of chromium 
depletion 38. Internal oxidation of silicon is commonly seen in these materials after oxidation 
38 and can also be seen in this case.
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Figure 12. EDS mapping to reveal the chromium depletion of the material after erosion test. The nickel 
content is increased in the surface while the Cr and Fe contents are reduced. The increased silicon 
content close to and beneath the surface indicates internal oxidation.

The cross-section of the eroded surface, as seen in Figure 13, shows that there are two major 
possibilities for the eroding particles to degrade the material. Either the particles are 
sufficiently hard or large to dig into the material as in Figure 13a where a quartz particle has 
deformed the surface, or the particles are sufficiently sticky and small enough to deposit on 
the surface or in crevices initiating hot corrosion. 

Figure 13. Surface erosion after exposure in the laboratory test-rig. A silica particle has gone into the 
material on the left image, and it can be seen in the image to the right that the rough surface makes it 
possible for fly ash to stay in crevices.

According to Sundararajan et al the erosive capabilities of a particle is relatively low if the 
hardness of the particle is comparable to the eroded material. They also stated that the erosive 
capabilities of a particle are inversely proportional to the hardness difference of the surface 
being eroded and the eroding particle, meaning that harder particles will be more erosive than 
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softer 11. Hematite seems to be a weak erosive particle for Cr2O3 compared to silica due to the 
lower hardness of the hematite particles. However, it seems that hematite is still able to erode 
the oxides that are growing on the present stainless steel as depletion of Cr is apparent at the 
surface of the material and the low amount of silica compared to the amount of hematite.

Apart from particles eroding the surface of the material, there is one other possible 
mechanism as seen in Figure 13b, where particles have entered a crevice on an as-casted 
surface. This is further shown in EDS mapping in Figure 14 where feldspars have entered a 
crevice. It is possible that corrosive deposits could remain at the surface and induce hot 
corrosion, as described by Mohanty et al, who investigated hot corrosion in a tactonite 
indurator 8, 39. Mohanty et al found that chlorides were the main culprit during hot corrosion, 
suggesting that silicates that are present in the erosion-deposition rig would cause only limited 
corrosion.

Figure 14. EDS mapping of sub-surface of samples after thermal heat treatment.

Grate-Kiln

Generally, there are two kinds of degraded grate-links found in the travelling grate, as seen in 
Figure 2. The heavily degraded and seemingly eroded grate-links in Figure 2a have been 
investigated earlier during an investigation of the influence of the thermal cycling of the 
travelling grate 2.

The thin deposits that can be gathered from heavily degraded grate-links have been 
investigated by XRD and are presented in Figure 15. The material contains almost entirely 
hematite and only small amounts of thenardite (Na2SO4). There are also other phases which 
cannot be identified due to the low concentration but EDS investigations show that both 
potassium, calcium and silicon are present in the deposits.
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Figure 15. XRD of deposits on a heavily degraded grate-link with small amount of deposits.

The grate-links with excessive deposition have not been studied previously. The XRD of those 
deposits can be seen in Figure 16 while the ICP-MS measurements of the deposits can be seen 
in Table 7. Both the XRD pattern and the ICP-MS results suggest a high amount of hematite
while detectable amounts of quartz, aphthitalite (NaK3(SO4)2) and thenardite (Na2SO4) are 
also seen in the XRD. The ICP-MS results suggest that aluminium silicates are present in the 
deposits as the aluminium content in the deposits is increased. The amount of K in the 
deposits is five times higher than that of both Ca and Na.

Figure 16. XRD of the travelling grate deposits.
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Table 7. ICP-MS of the chemical composition of the deposits of the travelling grate (wt %).

The surface of the heavily degraded grate-link that has been previously reported in 2 can be 
seen in Figure 17. It was found that the material was severely attacked by internal oxidation of 
both Cr and Si and that the surrounding material was depleted in Cr, which can be seen by the 
increased nickel content. In the chromium depleted area further into the material it is also 
possible to distinguish globular attack which has been defined as Kirkendall effects when 
chromium is leaving the material 38. These grate-links have previously been reported to have 
several cracks which were suggested to arrive from thermo-mechanical fatigue, initiated by 
high temperature changes 2. The severely attacked grate-link is therefore suggested to 
experience a higher temperature than the heavily deposited grate-link.

Figure 17. EDS mapping of the sub-surface of a grate-link subjected to severe degradation 2.
Globular attack (1) and nickel increase (2) can be seen in the image.

The surface of the grate-link with heavy deposition that can be seen in Figure 18 is not very 
different in morphology compared to the surface of the other grate-link. Again, internal 
oxidation is apparent, but the material also contain S, which suggests that sulphides are 
present at the surface of the material. Sulphides could not be seen in the heavily degraded 
material and is indicating that the deposits could form sulphates by hot corrosion 6, 7.

As seen from the two grate-links from the travelling grate, there is a huge difference of the 
deposition rate and the erosion behaviour of the different cases suggesting a simultaneous 
deposition, erosion and corrosion (DEC) of the travelling grate, as proposed on turbine vanes 
by Wenglarz et al 23.

Al C Ca Cl Cr Fe K Mg Mn Na Ni P S Si

1.2 0.8 1.2 0.6 10 71.3 5.1 0.4 0.1 0.9 2.2 0.1 3.0 3.1

1 

2 
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Figure 18. EDS mapping of sub-surface of grate-link after service life.

In both cases of grate-links, the process gas in the Grate-Kiln is cooled as it heats the pellet.
Internal reports have showed that the gas has a temperature of 1200 °C above the pellet bed 
which declines to 800-1000 °C after the gas flows through the pellet bed and before it reaches
the travelling grate. The declining temperature means that feldspars and anhydrite, which 
were present in the erosion-deposition test, would stay mainly in the pellet bed while the 
alkaline compounds would be able to condense and deposit on the relatively cool grate-links
as can be seen for the heavily deposited grate-links. If, however, the temperature of the grate-
links reaches a temperature above the condensation temperature of the alkaline compounds, 
the alkali compounds would become less stable and evaporate and simultaneously be eroded
from the surface by particles, as can be seen for the more degraded grate-link.

It seems as higher temperature leads to less deposition, rather than more deposition as stated 
by Walsh et al as more particles should be molten. Since alkaline compounds are condensed at 
lower temperatures, these could lead to a higher degree of deposition at lower temperatures. 
Niu et al 40 stated that deposition in alkaline rich environment is partly driven by the 
formation of sticky surfaces on particles, as described by Louis 27, 28, and the condensation of 
liquid alkali compounds that could make particles stick to the surface 40, 41. An explanation to 
the different temperatures of the grate-links is that if the gas velocities would be increased 
around a grate-link the temperature of the grate-link would also increase. The gas velocity 
along the travelling grate is not constant but varies due to the design of the system 26. The 
velocity is proposed to be responsible for the difference of deposition and erosion on the 
different grate-links as the velocity directly increases the erosion rate and indirectly affects the 
deposition as the temperature is increased. The grate-link which is subjected to higher 
temperatures also shows more similarities to the erosion-deposition rig than the deposited 
grate-link, as both the heavily degraded grate-link and the eroded-deposited samples showed 
tendencies of chromium depletion, globular attack and few deposits on the surface of the 
material. They also showed no tendencies of sulphidation of the surface, which could be seen 
on the grate-link with higher amount of deposits.
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Conclusions

The test-rig was able to perform erosion-deposition and provide insight of the erosion-
deposition that occurs in the Grate-Kiln.

The samples from the erosion-deposition test-rig are being depleted in chromium close to the 
surface of the material and the surfaces appear as being etched, indicating that erosion-
oxidation has occurred.

The deposits in the erosion-deposition test-rig are few and gather in crevices where they 
possibly could cause corrosion. 

Deposition, erosion and corrosion (DEC) are present in the grate-kiln system and is dependent 
on the temperature of the gas, the velocity of the gas and the ratio of the rigid and viscous 
particles.

Due to a low concentration of alkali compound in the process gas, the vapour pressure of
alkali compounds are relatively low and leads to a higher deposition of materials at lower 
temperatures. The low concentration of sticky particles compared to the high amount of non-
sticky particles lead to small amounts of deposition above the dew point temperature of these 
alkali compounds.

As the velocity of the process gas increases the temperature and the erosion-oxidation rate 
increases while the deposition rate diminishes, leading to an accelerated attack of the material 
by erosion-oxidation

As the velocity of the particles are diminished, the temperature is lowered and condensation 
of alkaline compounds occurs that increases the deposition rate on the grate-links. The 
deposited alkaline compounds could induce corrosion on the underlying material.
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Influence of alkali deposits during an iron ore pelletizing process
E.A.A. Nilsson, R. Tegman, M-L. Antti

Abstract
A traveling-grate used to pre-heat iron ore pellets in a Grate-Kiln machine during induration of iron 
ore pellets is made from as-cast ACI HH II stainless steel. During its service life the traveling-grate is 
subjected to cyclic temperatures between 200 and 1000 °C in an environment consisting of
combustion gases and alkali compounds. This environment could cause severe degradation of the 
stainless steel due to deposits on its surface. The aim of this work was to investigate how the deposits 
affect the traveling-grate. Heat treatments were performed with deposits from the traveling-grate
placed on ACI HH II stainless steel in synthetic air with 20 ppm of SO2 at 800 °C for 200 hrs. The 
results from the laboratory tests are compared to the degradation seen on the traveling-grate. During 
isothermal heat treatment at 800 °C the deposits degrade the steel due to alkali-salts diffusing through 
the oxides on the surface causing chloride induced hot corrosion. In the Grate-Kiln it seems that 
chloride induced hot corrosion is less important because thermal cycling forms cracks in the oxide 
layer and allows sulphates to react with the material.

Introduction
Iron ore pellets are important products from the iron ore mining industry that ensure the 
quality and reproducibility of steel made in blast furnaces and direct reduction plants [1]. To 
produce these pellets, iron ores are being crushed, milled, enriched in iron and mixed with 
additives to facilitate the formation of round pellets and to optimize the steel production [1].
In order to increase the strength of the pellets, they are sintered, or so called indurated, in a 
Grate-Kiln system shown in Figure 1. A Grate-Kiln system is divided into three different 
sections; a traveling-grate, a rotary kiln and a cooler. The traveling-grate transports the wet
and fragile pellets through a series of drying and pre-heating stages before the kiln, to reduce 
the likelihood of fragmentation of the pellets in the rotary kiln. The main sintering of the 
pellets takes place in the rotary kiln even if some pellets will start to sinter already on the
traveling-grate. After the pellets have been sintered they are cooled in different sections in the 
cooler by air before being prepared for transportation to the customer. The heat of the Grate-
Kiln system is provided by a coal flame in the rotary kiln whereas the different heating stages 
of the traveling-grate is powered by the heated air from the cooler.

Figure 1. Description of the Grate-Kiln process which sinter iron-ore pellets. The traveling-grate is 
squared in the figure.



 __________________________________ To be submitted __________________________________ 

2 
 

Deposits of mainly hematite, quartz and alkali compounds are formed on the traveling-grate
during pellet production in the Grate-Kiln system. The deposits arrive from liquid melts of 
alkali compounds such as sulphates or chlorides and sticky feldspars that blend with the iron 
ore [2, 3]. Alkali metals are believed to come into the system both from the coal as fly ashes
[4] and from the pellets themselves [5]. An effect of alkali metal enrichment in the Grate-Kiln 
has been suggested by Jonsson [4] and is visualized in Figure 2. Jonsson suggested that alkali
salts vaporise at high temperature in the rotary kiln and travel with the gas towards the colder 
areas of the kiln where they condense on the colder pellets and on the surfaces of the Grate-
Kiln. As the pellets reach the higher temperature in the kiln, the alkali salts will start to
vaporise again. The alkali salts were suggested to gather in the colder areas in the Grate-Kiln 
and form deposits of alkali compounds.

Figure 2. Alkali flow in the Grate-Kiln process as proposed by Jonsson [4]. The black arrows show 
the direction of the pellets while the transparent arrows show the direction of the alkali compounds.

The transportation of gaseous alkali compounds to the colder areas of the Grate-Kiln, where 
they condense, depends on the environment in the Grate-Kiln. Deposition of alkali 
compounds have been investigated by Louis et al [Louis] and are described in Equation 1. 
According to their thermodynamical calculations, NaCl will be the most stable gas phase 
between 1300 and 2000 K. At lower temperatures it was however found that other compounds 
are more stable. Since silicates are common during coal combustion, alkali chlorides react 
with the surface of the silicates and form a liquid melt, or sticky particles [6, 7]. In the Grate-
Kiln alkali chlorides are regularly found in quantities around 100 ppm [2] and it is common to 
find the alkali metals in the silicates which are abundant during coal combustion. NaCl(condensed, g) > Na Si O (condensed) > NaOH(g) > Na(g) 1

Mohanty et al showed that chlorides could in fact evaporate from the pellets themselves, as 
they saw extensive chloride deposition in a Grate-Kiln industry driven by natural gas which 
does not provide any significant amounts of chlorides to the system [5]. The mining company 
LKAB (Loussavaara Kiirunavaara AB) confirms these results as it has been reported that the 
Cl content in a pellet decreases from 100 ppm to around 20 ppm during the sintering process.

When alkali chlorides reach lower temperatures, they will condense on the surface of the 
material and become a liquid melts or solid residues on the surface and initiate hot corrosion
[8]. Hot corrosion by chlorides, or active corrosion, has been studied by several authors such 
as Grabke et al, Pettersson et al and Shinata et al [9-11] and it is considered a severe form of 
corrosion. Chlorides are rapidly reacting into sulphates in sulphur environments as indicated 
by Louis in Equation 2 [6, 12]. It is however unclear if this reaction occurs in the gas or if 
chlorides condense on a surface are necessary [12]. Kohl [12] stated that the location of the 
reaction depends on the temperature and size of the system.2NaCl + SO + H O Na SO + 2HCl 2
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The solid sulphates are considered less corrosive than the chlorides by several authors, such as 
Mohanty et al and Tsaur et al [13, 14]. Rapp et al [15] investigated the role of liquid sulphate 
melts on refractory metals and showed that the oxide layer is dissolved in the liquid oxides 
due to basic-acidic fluxing in the sulphate melt. More important is that it was also shown that 
oxygen was transported through the liquid melt towards the metal surface and that metal ions 
were transported away from the metal to the surface.

The simultaneous effect of chlorides and sulphates has been investigated by Tsaur et al and 
Mohanty et al [13, 14]. Tsaur investigated different amounts of sulphates and chlorides at 750 
°C. While pure NaCl was more corrosive than pure Na2SO4 it was also reported that the 
maximum corrosion was found with a mixture of 25/75 Na2SO4/NaCl, implying that there 
was a synergistic effect of these salts. Mohanty compared thermodynamical analyses with
experimental tests on a salt melt of 21 wt % chlorides, 79 wt % sulphates and a K/Na ratio of 
1.4 at 800 °C. It was found that chlorides remained stable in contact with the metal surface. In 
both cases, it was suggested that a fluxing mechanism was responsible for the increased 
corrosion attack [13, 14].

The purpose of the present work was to investigate the role of deposits on the degrading 
mechanisms of a stainless steel traveling-grate during pellet induration in a Grate-Kiln 
process. The degradation that forms in the casted stainless steel samples beneath the deposits 
during laboratory scale experiments will be compared to the degradation seen on a traveling-
grate from production after its service life.

Material and method
The material used in this investigation is a castable stainless steel with the American casting 
institute (ACI) standard HH II, or ASTM 297, with a chemical composition according to 
Table 1. The material resembles the wrought grade ASTM 309 stainless steel but with slightly 
higher carbon and silicon contents which will increase the amount of precipitation phases 
such as carbides and sigma phase in the stainless steel [16, 17].

Table 1. Chemical composition of the ACI HH II material in wt %.

C Cr Ni Si Mn Fe
0.3 25.0 12.1 1.2 0.5 Bal.

The steel was cut into 5 × 5 × 20 mm pieces, polished to a 1200 P silica finish and cleaned in 
an ultrasonic bath with ethanol. Two samples were put into crucibles with deposits from the 
industrial Grate-Kiln while one sample was put into a crucible without any additions to 
monitor normal oxidation of the samples. The crucibles were put into a tube furnace with 
synthetic air with an addition of 20 ppm SO2 at a flow of 20 l/min. The isothermal 
temperature was set to 800 °C and the test was conducted for 200 hrs. 

After heat treatment the samples and the adherent deposits were carefully removed from the 
crucibles and vacuum mounted in epoxy before being polished and analysed by scanning 
electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDS) to reveal the 
surface of the samples. Deposits from the Grate-Kiln was used in the test and its properties 
were analysed with X-ray diffraction (XRD), inductively coupled plasma mass spectrometry 
(ICP-MS), differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
The SEM that was used was a JEOL 300 LV coupled with an Oxford X-max EDS analyser
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and the XRD was a Panalytical Empyrean machine coupled with the HighScore software and 
the Crystallographic Open Database (COD). ICP-MS was performed by the company ALS 
Scandinavia. The DSC/TGA measurements were performed in a Netzsch 409 C STA coupled 
with a QMS 449 C mass spectrometer. 

Results and discussion
The results of the XRD and the ICP-MS measurements of the deposits have been published 
earlier [2] and are shown in Figure 3 and Table 2. The XRD pattern shows high amounts of 
hematite and small amounts of NaK3(SO4)2, Na2SO4 and SiO2 while the ICP in Table 2 
suggests that there should also be silicates, chlorides and carbonates in the deposits due to the 
increased amounts of Al, Cl and C. The silicate compounds have complicated structures and 
hence give several low intensity peaks in XRD that make characterization complicated. The 
ICP suggests an amount of aluminium silicate around 1-2 % which is close to the detection 
limit for the XRD. The chloride is a simple structure and should easily be detected by XRD 
but the amount of Cl in the ICP is lower than 1 at %, suggesting that the compound cannot be 
seen in XRD. Low amounts of carbon indicate presence of carbonates but they cannot be seen 
in XRD. It is also possible that the carbon originates from dolomite or calcite, which are both 
common ash particles from the coal [2].

Figure 3. XRD of deposits from the Grate-Kiln. Aphthialite is NaK3(SO4)2, hematite is Fe2O3,
thenardite is Na2SO4 and quartz is SiO2.

Table 2. ICP-MS of the deposits from the Grate-Kiln.

Fe O Cr K Si S Ni Na Ca C Al Cl Mg
Weight % 46.5 34.1 6.6 3.3 2.1 1.9 1.4 0.9 0.8 0.8 0.8 0.4 0.3
Atomic % 23.7 60.7 3.6 2.4 2.1 1.7 0.7 1.1 0.6 1.9 0.8 0.3 0.3

To verify the liquid state of the deposits, DSC was used to reveal any decomposition or 
melting temperatures as seen in Figure 4. Several peaks below 300 °C were identified by mass 
spectrometry as water vapour is released from the deposits. This was also verified by the TGA 
measurement that indicates a drop in mass at the same temperatures, showing that something 
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was evaporated from the sample. There are two melting temperatures of the deposits. One at 
690 °C which is believed to originate from a chloride-sulphate salt eutectic and another at 828
°C which is believed to originate from a sulphate eutectic of Na2SO4 and NaK3(SO4)2. The 
reciprocal diagram for the cations K1+ and Na1+ and the anions CO3

2- and SO4
2- has been 

calculated by using the thermodynamical software FactSage [18] and can be seen in Figure 5.
The melting temperatures that were seen in the DSC correlate well with the melting 
temperatures of the KCl-K2SO4 and K2SO4-Na2SO4 eutectic melts. A notable feature of the 
chloride rich peak at 690 °C was that it diminished in size after each cycle of DSC 
measurements between 600 and 1000 °C, indicating that the chlorides were slowly dissipating 
during the measurement at high temperature.

Figure 4. DSC/TGA measurements of the deposits, in air, showing a major melting temperature at 
828 °C and a smaller at 690 °C. The peaks below 300 °C were identified by mass spectrometry as 
vaporisation of water.

Figure 5. Phase diagram of the NaCl-KCl-Na2SO4-K2SO4 system.
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There seems to be two different eutectic salt melts in the deposit. A chloride rich melt existing
at lower temperatures and dissipating between 600 °C and 1000 °C and a secondary melt 
containing mainly sulphates that remains relatively stable between 600 °C and 1000°C. 
Mohanty et al [5] have previously stated that chlorides could be stable in contact with the 
metal at low oxygen pressures, suggesting that the low-melting salt could be formed close to 
the surface of the reducing metal while a secondary salt-melt could be present at the 
deposit/air interface. The dissolution of KCl in K2SO4 depends largely on the K2S2O7 and the 
O2 content in the sulphate melt, as higher amounts of these compounds would create a pure 
sulphate melt rather than a chloride-sulphate melt, according to Equation 3. The equilibrium 
constant of this reaction is large, indicating that already at low pressures of O2 and SO3 the 
sulphates are more likely to form and the chlorides decompose as can be seen in Equation 4.2KCl + SO + 12 O K SO + Cl 3[K SO ][Cl ][KCl] [SO ][O ] = 8.2 × 10 4

The chlorides would accumulate where the oxygen and the SO3 concentrations are low, which 
is the case at the surface of the stainless steel, as stated by Mohanty [5]. This is proposed to 
form the local eutectic melt of KCl and K2SO4 at 690 °C that can be found in the deposits 
from the Grate-Kiln. The higher eutectic temperature arrives from the deposition of alkali
sulphates in contact with the environment. While comparing sodium chlorides and potassium 
chlorides in a liquid melt of K2SO4, it was found that NaCl reacted with K2SO4 and formed 
KCl and Na2SO4, further explaining the existence of a KCl/ K2SO4 compound at the metal 
surface rather than sodium chlorides and sulphates.

The results of the DSC/TGA test on the stainless steel and the deposits are shown in Figure 6.
As the deposits melt at 690 °C and 828 °C, the slope of the TGA curve rises, indicating that 
the corrosion rate is increased as melts are formed on the surface. This accelerated corrosion 
has also been seen by Mohanty et al [5, 13].

Figure 6. DSC in air of a stainless steel sample covered in deposits.

The SEM results from the sample surfaces covered in deposits can be seen in Figure 7 along 
with their EDS-mapping. Clearly, the sub-surface is heavily depleted in both chromium and 
iron while the more noble metal nickel has remained in the material. Along the depleted area 
beneath the surface the material seems to have voids that are connected to the surface due to 
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high amount of carbon that most certainly arrives from the cold mounting epoxy matrix. The 
thickness of this void containing zone is too large to be accounted for by solid-state diffusion 
through the metal and must originate either vaporised compounds or from the diffusion 
through liquid salts, probably the chloride salts that were seen in the DSC investigation. 
Furthermore, there is no form of internal oxidation, indicating that the degradation developed 
without oxygen. From the present investigation it can be concluded that the deposits existing
in the Grate-Kiln is able to degrade the stainless steel by deposit induced oxidation at 800 °C.
Other areas that were not as attacked as that in Figure 7 showed that the degradation seems to 
start from the grain-boundaries of the material. The grain-boundaries had slightly higher 
amounts of Cl than the surrounding material.

Figure 7. SEM image (top left) and EDS maps of the sub-surface beneath deposits from the Grate-
Kiln.

Voids forming beneath the surface of a metal are consistently found during hot corrosion with 
liquid chlorides and this has been investigated by Tsaur et al, Mohanty et al and Shinata et al 
[10, 13, 14]. Rather than solid state diffusion of chromium and iron through the austenite 
towards the surface of the stainless steel, the chlorides attack the material beneath its surface 
in a mechanism known as active corrosion. According to Grabke et al, NaCl reacts with 
oxygen and chromium oxide to form sodium chromates and Cl2 gas in the first stage of active 
corrosion according to the reaction in Equation 5. Pettersson et al pointed out that instead of 
Cl2 gas, HCl gas would form even at very low water pressures according to Equation 6 [11].4NaCl(s, g) + Cr O (s) + O (g) 2Na CrO (s) + 2Cl (g) 5

4NaCl(s, g) + Cr O (s) + 32 O (g) + 2 O( ) 2Na CrO (s) + 4HCl( ) 6

Recently, it has been shown that oxides protect the material well against chlorides. Olivas-
Ogaz et al [19] investigated the degradation difference between chloride deposition and 
chloride in a gas concentration of 500 ppm HCl on already formed oxides and found that it 
was mainly HCl that were able to penetrate the oxide layer while the solid chlorides remained 
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on the surface. The current study proposes that in potassium-chloride-sulphate melts, it is 
possible that chlorides react according to Equation 7 in combination with water and liberate 
HCl. Thermodynamical calculations in FactSage shows that a chloride-sulphate melt at 800 
°C in a combustion environment with H2O would form 1 × 10-4 atm HCl and a molar fraction 
of KOH of 8.4 × 10-5. KCl + H O KOH + HCl / 7

In the second stage of chlorination, HCl gas is assumed to penetrate the oxide layer and the 
chloride-sulphate melt and react with chromium or iron according to Equations 8 and 9 due to 
the decreased oxygen pressure further into the oxide layer.2HCl + Cr CrCl + H 82HCl + Fe FeCl + H 9

The resulting transition metal chlorides have low vaporisation pressures and will evaporate 
through the oxide layers towards the outer surface of the oxide. Closer to the surface of the 
oxide, the oxygen pressure will be sufficiently high to form iron- or chromium-oxides and 
Cl2, according to Equation 10 while the resulting Cl2 will return to the metal surface and form 
transition metal chlorides yet again. CrCl + O Cr O + Cl 10

As Equations 5 and 10 require oxygen in the salt melt the dissolution of oxygen in the NaCl 
melt is the limiting reaction rate of the active corrosion cycle. This is also proposed to be one 
of the reasons to why active corrosion is accelerated by liquid melts, as oxygen and chlorides 
are transported faster through the salt melt than through a solid oxide. Sulphates that are 
simultaneously present in the salt melt could provide Equations 5 and 10 with oxygen 
according to Equations 11 and 12.2KCl + K SO + 32 O + Cr O 2K CrO + Cl + SO 112CrCl + 2K SO 4KCl + Cr O + SO + SO 12

The deposits which had been in contact with the steel surface were investigated by EDS 
mapping and the results are shown in Figure 8. Interestingly, the oxygen content is relatively 
high close to the metal surface, indicating either a porous deposit or an oxygen transportation 
mechanism. Cr has been oxidised closest to the metal surface due to its lower dissociation 
pressure while Fe can be found further out in the deposits. The sulphur and potassium content 
is placed beyond the Fe, showing that there are three main segments in the deposits driven by 
their oxidation properties.
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Figure 8. SEM image (top left) and EDS maps of the deposits which were recuperated after heat 
treatment.

It would seem that Equations 11 and 12 would not occur as Cr and K2SO4 never seem to meet 
during the degradation mechanism. It is still possible that oxidation of iron chlorides would 
occur for Fe, according to Equation 13.2FeCl + K SO + SO 4KCl + Fe O + 2SO 13

A reaction mechanism as described in Figure 9 is proposed. As the chloride-sulphate melt is 
exposed to the environment, H2O reacts with the chlorides according to Equation 7. The HCl 
gas is transported through the oxide layers beneath the liquid salt melt and reacts with the 
metal, according to the reactions in Equations 8 and 9.

Figure 9. Proposed reaction mechanism for the KCl-K2SO4 interaction.
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As these transition chlorides have a low vapour pressure they are vaporised and transported 
through the chromium oxide layers. As CrCl2 approaches the iron oxide, they will react and 
form chromium oxide and FeCl2 according to Equation 14.2CrCl (g) + Fe O 2FeCl + Cr O 14

The newly formed FeCl2 and the previously existing FeCl2 will continue through the iron 
oxide until reaching the chloride-sulphate melt where a reaction with the sulphates will take 
place, forming sulphates and potassium chloride according to Equation 13.

Grate-Kiln
A part of the traveling-grate that has been subjected to deposition during its service life can be 
seen in Figure 10. A thin but cracked Cr-rich oxide between the deposits and the metal is 
shown. The depth of the Cr and Fe depletion is small in the Grate-Kiln compared to the 
laboratory test and the depletion is accompanied by internal oxidation, sulphidation and 
intergranular attack. Tsaur et al [14] investigated different amounts of chlorides and sulphates 
in salt melts and found that higher amounts of chlorides lead to a higher degree of voids
beneath the oxide whereas higher amounts of sulphates lead to a higher amount of 
intergranular attack and a slower depletion rate. Intergranular attack and internal oxidation 
can be seen in Figure 10. It is also possible to distinguish increased sulphur content below the 
surface of the material.

Figure 10. SEM image (top left) and EDS maps of the sub-surface of a traveling-grate subjected to
deposits on its surface.

The difference between the results from the laboratory work and the studies of material from 
the Grate-Kiln is believed to be caused by spallation of the oxide scales during thermal 
cycling in the Grate-Kiln [2, 17, 20, 21]. It is suggested that the required oxygen potential 
must be re-initiated during each cycle which hinders extended degradation by hot corrosion
and chlorides but still lowers the melting temperatures of the sulphates. These chloride-
sulphate melts will react with the bare metal that is exposed during thermal cycling and cause 
sulphidation and internal oxidation. This is probably also the cause of extended grain-
boundary attacks in presence of sulphate melts, as the oxides are more prone to crack above a 
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grain-boundary [22]. If the material would be suspended for elongated periods at temperatures 
above the melting temperature of the chloride-sulphate melt, it would be possible that 
chloride-induced oxidation would occur also in the Grate-Kiln.

Another example of degradation is visual on the material from the Grate-Kiln shown in Figure 
11. The deep cracks, or detachment of material, are believed to be caused by grain-boundary 
attacks that remove entire grains from the material. By cutting a cross section through such 
locations one finds that the grain-boundaries are attacked mainly by oxides. Entire grains are 
being surrounded by oxides and will eventually be detached. An example of such a grain can 
be seen in Figure 11b. An attacked grain-boundary in higher magnification is shown in Figure 
11c. As can be seen, the grain-boundary is extensively oxidised, but at the metal/oxide 
boundary, the sulphur content is increased, as was seen in the sub-surface in Figure 10. It is 
therefore possible that a chloride-sulphate melt could accelerate cracking of material in the 
Grate-Kiln as proposed by Mohanty et al [23].

Figure 11. A traveling-grate with visually
attacked grain-boundaries (a) and grain-
boundary oxidation (b). A magnification of 
an oxidised grain-boundary can be seen in 
c) together with the EDS maps of O and S in 
d) and e), respectively.

a b 

c d 

e
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Conclusions
An isothermal heat treatment has been performed on an ACI HH II stainless steel covered in 
deposits from a Grate-Kiln in a pellet indurator. The results show evidence of chloride-
induced hot corrosion with substantial depletion of Cr and Fe up to a distance of 
the material. 

It is proposed that the oxygen potential in the chloride melt, being reaction rate limiting, is 
enhanced by the addition of sulphates which act as oxygen conductors in the chloride-sulphate 
melt.

Thermal cycling leads to disruption of the deposits on the traveling-grate in the Grate-Kiln
and hinders the chloride-induced corrosion. It is proposed that the chloride-sulphate melt will 
come in contact with the bare metal during oxide cracking and cause internal oxidation and 
sulphidation. 

Cracks in the oxide are formed more readily above grain-boundaries and cause additional 
attack along the grain-boundaries on a material exposed to a chloride-sulphate melt.

As the oxides are formed in the grain-boundaries of the material it is possible that the oxides 
crack and cause entire grains to be detached from the material, causing major material loss.
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