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Abstract
The iron ore pellet industry relies on a process known as the grate-kiln process to sinter the 
iron ore pellets. The process consists of three steps. In the first step, where the pellets are 
transported on a grate-chain to the kiln, the pellets are dried and pre-heated by heated air. 
The main sintering is performed in the rotary-kiln where the temperature is 1300 °C. The 
grate-chain is made of a castable austenitic stainless steel made for high-temperature 
applications.  

The grate-chain is exposed to several degrading mechanisms at high temperatures due to 
thermal cycling while being heated and cooled repeatedly during the service life. Thermal 
cycling causes spallation of the protecting oxide layer due to the differences in thermal 
expansion between the oxide layer and the bulk metal. Thermomechanical fatigue is induced 
into the grate-chain because of thermal stresses that develops during the heating and 
cooling of the grate-chain. Hot corrosion is caused by alkaline salts from the burning of coal 
in the rotary-kiln. These salts have a low melting temperature which both clogs the grate-
chain and makes corrosion more severe by increasing the ion transportation. Erosive wear of 
the grate-chain is also a major degrading mechanism as erosive particles are removing the 
protective oxide layer on the stainless steel.  

The aim of this project is to improve the resistance of the grate-chain by evaluating the 
different mechanisms in a laboratory scale and investigate new materials. A test rig which 
can perform thermal cycling has been developed and evaluated to see if thermal fatigue and 
thermal spallation can be simulated.  
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1 Background 

1.1 Grate-Kiln Process 
The mining company Luossavaara Kiirunavaara AB (LKAB) relies on the grate-kiln process to 
sinter their green pellets that are formed from a mixture of finely crushed magnetite ore, 
bentonite, some additives and water. This clay-like mixture is relatively easy to form into 
spherical green pellets with a diameter of 10-12 mm. These green pellets cannot be sintered 
directly in the rotary kiln where the temperature is 1300 °C as that would lead to 
disintegration of the green pellets due to thermal shock from a fast release of water vapor in 
the green pellets. To avoid disintegration the green pellets are gradually heated during 
transportation through four different heating zones before they reach the rotary kiln where 
sintering takes place. These heating zones are heated by recirculating process gas from the 
cooling of the pellets after sintering. The pelletizing process can be seen in Figure 1. The 
green pellets are loaded (1) on a grate-chain transportation band (2). The grate-chain travels 
with the green pellets through the heating zones (3) prior to the rotary kiln (4) where the 
green pellets are loaded from the grate-chain into the rotary kiln. The grate-chain is then 
rapidly cooled while it travels at ambient temperature before reaching the loading site for 
the pellets [1-3]. 

 

Figure 1. Schematic of the grate-kiln process. The grate-chain (2) transports the pellets through four different 
heating stages (3) before the pellets are unloaded into the rotary kiln (4). The loading site for green pellets (1) 
can also be seen [2]. 

The zones that heat the green pellets and grate-chain are the upward drafting drying (UDD) 
zone, the downward drafting drying (DDD) zone, the tempered pre-heating (TPH) zone and 
the pre-heating (PH) zone. The UDD zone is unique with regards to the other heating zones 
as the process gas is coming from below the grate-chain. In the other zones the gas comes 
from above the pellets [3]. 

The grate-chain consists of grate-links that are linked together by steel bars. A grate-link and 
the principle of linking can be seen in Figure 2. As the pellets are heated by hot air each 
grate-link has slits to allow for gas to pass through. The material that is between the slits is 
known as a rib. The grate-links are made of a castable heat resistant austenitic stainless steel 
with the designation ACI HH II or ASTM A 297 HH. 
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Figure 2. The top pictures show a grate-link from two different views. The air slits allow for air to heat the 
pellets. Holes for steel rods to link the grate-links can be seen. The lower picture shows the principle of linking 
where the lower part of the grate-link fits with the upper part of another grate-link.  

1.2 Problem description 
The grate-chain undergoes thermal cycling during service since it passes through the four 
heating stages in 15 minutes before it is being cooled down at ambient temperature for 15 
minutes and then again reaches the cold UDD zone. In 8 months the grate-chain will 
experience 11 000 thermal cycles. 

The process gas that heats the pellets contains a high amount of erosive particles such as 
hematite and magnetite which affects the grate-chain. The air flow also contains alkaline 
metals originating from the pellets and the coal fuel used for heating. These alkaline metals 
are accumulated in the process and form liquid and gaseous phases in the high temperature 
regions of the grate-kiln. The gas also contains fuel gases such as carbon mono- and dioxide, 
sulfur dioxide, oxygen and water vapor [3-4]. 

Due to the high temperature and the corrosive environment the grate-links are degraded 
during service as can be seen in Figure 3. The air slits are widened due to removal of material 
which makes it possible for pellets to get stuck in the air slits. Since some air slits are being 
clogged with pellets the remaining open air slits will receive a higher air flow, which will 
cause an accelerated effect of degradation of these grate-links by increased erosion [1]. 
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Figure 3. Appearance after 13 months of use. Left: A grate-link with widened air slits. Right: inked grate-links, 
where pellets have fallen down and clogged some of the slits.  

1.3 Aim of the project 
Currently the grate-chain has to be exchanged once every year to prevent catastrophic 
failure of the grate-chain. This occurs when the ribs between the slits have become so thin 
that they break and let the pellets fall through them. When replacing the grate-chain the 
whole grate-kiln process has to be shut down during several days. Shutting down the grate-
kiln process is costly and it would be beneficial if the grate-chain could sustain in service for 
at least two years. The aim of this project is therefore to improve the service life of the 
grate-chain by understanding the degradation mechanisms of the material and suggest a 
more resistant material. 
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2 Materials  
The material that is currently used in the grate-kiln process is a castable heat resistant 
austenitic stainless steel with chemical composition according to Table 1 where the chemical 
composition of the castable stainless steel ACI HH II or ASTM A 297 HH is shown. This steel is 
well known to form a protective oxide layer during oxidation that mainly consists of 
chromium oxide but also contains iron oxides, silicon oxide and nickel oxide (5). 

Table 1. Chemical composition of the grate-chain material and the standard composition of ACI HH II [6-7]. 

Alloys C Si Mn Cr Ni Mo Fe 

Grate-chain material 0,27 0,94 0,55 25,53 10,83 0,24 Bal. 
Standard ACI HH II  0,2 – 0,5 0 – 2 0 – 2 24 – 28 11 – 14 0 – 0,5  Bal. 

2.1 Stainless steels 
ACI HH is one of the most common castable heat resistant stainless steel available on the 
market [5][8]. HH has two different sub-grades depending of the amount of chromium and 
nickel. If the nickel content is low and the chromium content is high the grade is known as 
HH I and contains both ferrite and austenite. If the nickel content is higher and the 
chromium content is lower the grade is defined as HH II and is wholly austenitic. HH II is 
mostly used at high constant temperature applications whereas HH I is used in places with 
large stress differences and different temperatures. Both grades are highly resistant to 
corrosion but are rarely used in carburizing environments as they are readily carburized. 
These steels are normally not used in applications with cyclic temperatures in which alloys 
with a higher nickel contents are more useful [8]. 

The physical HH II is presented in Table 2. I t can be seen that the expansion is increased by 
temperature. In Table 3 HH II has been compared to a wrought stainless steel of similar 
composition. It can be seen that the strength is somewhat higher in HH II compared to grade 
309 and that the elongation is lower for HH II at room temperature. 

Table 2. Physical properties of cast stainless steel HH II [6][7]. 

Physical properties HH II 

Expansion coefficient (10-6/ K) 20 – 100 °C 17,0 
20 – 600 °C 17,1 
20 – 1090 °C 19,3 

Heat conductivity (W/mK) 100 °C 14,2 
200 °C 20,8 
1090 °C 30,3 

 

  



6 
 

Table 3. Mechanical properties of HH II and 309 [8-9]. 

Mechanical properties HH II 309 

Tensile strength (MPa) R.T. 550 515 
 760 °C 258 250 
 980 °C 75 70 
Yield strength (MPa) R.T. 275 205 
 760 °C 136 170 
 980 °C 50 n/a 
Elongation (%) R.T. 15 40 
 760 °C 16 n/a 
 980 °C 31 n/a 

2.2 Classes of stainless steels 
Stainless steels can be divided in different classifications where the most common 
classification is that based on their crystal structure [8]. The chemical composition and 
mechanical properties of the different classes of stainless steels can be seen in Table 4 and 
Table 5. 

Ferritic stainless steels 

Ferritic stainless steels contain one phase that is ferritic and has a body centered cubic (BCC) 
crystal structure up to its melting temperature. This is due to the chromium content that is 
around 24-28% which stabilizes the ferritic phase. These steels are generally used in exhaust 
pipes as they are resistant to hydrogen crack embrittlement (HAC) and stress corrosion 
cracking (SCC). They are also used in architecture because of their whiter metallic color and 
lower price than the austenitic stainless steels. Ferritic stainless steels are not suitable for 
welding even though no phase changes are present. They suffer from fast grain growth at 
elevated temperatures which can make heat treatments troublesome. The BCC crystal 
structure has lower high temperature strength than the FCC structured austenitic stainless 
steels. The most common ferritic stainless steels are AISI 409 and 446 [8]. 

Austenitic stainless steels 

Austenitic stainless steels have an austenitic phase with a face centered cubic (FCC) crystal 
structure at all temperatures. The higher content of nickel in these steels stabilizes the 
austenitic phase in the material. Austenitic stainless steels are the most common stainless 
steels because of their corrosion resistance and are often used in food and chemical 
industry. Since the FCC crystal structure has a high packing factor (0,74) the diffusion in 
austenitic steels are low. This leads to a slow corrosion rate but also an increased risk of 
internal oxidation. It also leaves the steels prone to intergranular attack (IGA) and SCC since 
diffusion of chromium to protect the grain-boundaries is low. Austenitic stainless steels are 
weldable and can be hardened by strain hardening. These steels are also easily formed as 
they have a high ductility. Common austenitic stainless steels are AISI 304, 309 and 316 [8]. 
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Table 4. Chemical composition of different stainless steels [7][8]. 

Alloy C Si Mn Cr Ni Mo Other Fe 

Austenitic 304 0,08 1 2 18 - 20 8 – 10,5 -  Bal. 
Ferritic  405 0,08 1 1 11,5 – 14,5 - -  Bal. 
Duplex S32950 0,03 0,6 2 26 – 29 3,5 – 5,2 1 – 2,5  Bal. 
Martensite 410 0,15 1 1 11,5 – 13 - -  Bal. 
P-H  S17400 0,07 1 1 15,5 – 17,5 3 – 5  3 – 5 Cu Bal 

 

Martensitic stainless steels 

Martensitic stainless steels contain lower amount of chromium and higher carbon content 
than the ferritic stainless steels. This makes them possible to have austenite at higher 
temperature and to form metastable martensite phase during cooling which will lead to 
steels with higher mechanical properties upon quenching and tempering. The corrosion 
resistance of these steels is lowered since the chromium content is reduced. Common uses 
for these steels are cutlery, surgical tools, and bearings. They are possible to weld by several 
steps of pre-heat treatments and post-heat treatments during the welding process. 410 and 
440A are common martensitic stainless steels [8]. 

Duplex stainless steels 

Duplex stainless steels have both austenite and ferrite phases present at room temperature. 
Duplex steels are thereby more resistant to SCC and IGA than austenitic steels and have a 
higher toughness and ductility than the ferritic steels. Duplex stainless steels have some 
problem with sigma phase which is a non-desirable brittle phase present in mainly ferrite 
and duplex stainless steels. Since duplex steels have two phases they are also prone to 
selective corrosion as the two phases can form a galvanic cell in aqueous environment. The 
most common duplex stainless steel is S32950 [7][8]. 

Precipitation hardened stainless steels 

Apart from the martensitic stainless steels the other stainless steels can only be hardened by 
strain-hardening. The precipitation hardened (P-H) stainless steels can however be heat 
treated and therefore reach properties such as the martensitic steels. These steels have an 
increased corrosion resistance due to the higher amount of both nickel and chromium. They 
are named from their ability to be hardened by precipitation hardening and can have 
different crystal structures. Normally they are duplex or austenitic. The precipitates that are 
used are copper, titanium, aluminum and niobium. Copper is the most common 
precipitation and the grade with copper precipitates is called S17400 [7][8]. 
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Table 5 Mechanical properties of different stainless steels [6][7].* 410 is quenched and tempered at 250 °C, ** 
S17400 is P-H by quenching from 1038 °C and then aged at 482 °C. 

Mechanical properties 304 405 S32950 410* S17400** 

Elastic modulus (GPa) 210 200 210 200 196 
Tensile strength (MPa) 586 483 760 1337 1365 
Yield strength (MPa) 241 276 570 1089 1262 
Elongation (%) 60 30 38 17 15 

2.3 Cast macrostructure 
The macrostructure of HH II is that of a casted structure and consists of three different 
zones, the chill zone, the columnar and the equiaxed zone, which can be seen in Figure 4. 
The chill zone consists of small grains since the undercooling of the melt close to the surface 
is large and promotes nucleation of new grains rather than grain growth. Due to the 
formation of new grains the temperature of the melt is stabilized as both grain growth and 
grain nucleation is an exothermic reaction. When the energy formed by grain nucleation and 
the energy being transported away from the material through the walls of the mold is in 
equilibrium the material is said to be thermally homogenized [10]. 

After homogenization few new grains are formed and the grains already formed grow in the 
direction of the thermal gradient. These grains form the second zone in casted structure 
which is the columnar zone. The grains are called dendrites and can be seen in Figure 4. The 
growth velocity of the dendritic structure is related to the undercooling of the melt in such a 
way that if the undercooling is large the grain growth will be large and many small dendritic 
grains will form. This leads to an enlargement of the dendrites closer to the middle of the 
melt since the undercooling is slower far away from the mold wall [10]. 

The last zone is known as the equiaxed zone which consists of evenly sized grains. They are 
formed due to inclusions in the middle of the melt that lowers the surface energy of the 
grains and facilitates nucleation. The inclusions originate from dendrites that have broken 
during growth or particles that precipitate as the temperature is lowered [10]. 

The columnar zone is an undesired structure since the properties of this zone is anisotropic 
whereas the equiaxed zone is desired since it has isotropic properties. To avoid the columnar 
zone the melt should be slowly cooled and not be too hot from the beginning [10]. 
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Figure 4. Schematic macrostructure of a casted structure (Source: Wikipedia). 

Precipitated phases in stainless steels 

There are some phases that can precipitate and affect the properties of the stainless steels. 
The different precipitated phases will be described in the following section.  

G phase 

The so called G phase in stainless steels is a quite common phase rich in Si and has the 
principal structure of Ni16Si7Ti6. Both Ni and Ti can be substituted by Cr, Fe, Mo, Mn, C, Hf, 
Ta, Zr and Nb. G phase is a silicide with an FCC structure. General beliefs state that the effect 
on mechanical properties of this phase is limited [11]. 

Sigma phase 

Sigma phase is formed between 560-980 °C and can precipitate in many different transition 
metal alloys. It consists of Fe-Ni-Cr-Si in an austenitic stainless steel. It has a tetragonal 
structure and is governed by the diffusion of chromium as the sigma phase requires a high 
concentration of chromium. The sigma phase degrades the stainless steels by reducing the 
toughness and ductility at room temperature. At higher temperatures the effects of sigma 
phase is limited. Table 6 shows different sigma phases in some different materials [11][12]. 

Table 6. Composition of sigma phases in some different alloys [12]. 

Alloy 
Composition of phase (wt %) 

Formula 
Fe Cr Ni Mo Si 

Fe-Cr      Fe-Cr 
Fe-Mo      Fe-Mo 
17Cr-11Ni-2Mo-04Ti  30 4,3 9 0,8 
17Cr-11Ni-0,9Mo-0,5Ti  33 4,5 5,4 0,7 
Type 316 55 29 5 11  (FeNi)x(CrMo)y 
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Carbides 

The most common carbide in stainless steel is the M23C6 which is formed both in the grain-
boundaries and inside the grains at temperatures between 400 and 600 °C. There is a 
volume increase when this carbide is formed which can lead to cracking of grain-boundaries 
or ejection of grains from the material. The main problem with these carbides are however 
the depletion of chromium which makes the material prone to fatigue mechanisms and IGA, 
a process known as sensibilization to IGA. Other carbides that also form in stainless steels 
are M7C3 and M5C2. These carbides are formed during carburization and also lead to volume 
changes and chromium depletion. MC carbides are formed in stainless steels that have been 
alloyed with carbide formers which are alloying elements that have a higher affinity to bond 
with carbon than chromium. Examples of such elements are Ti, Nb and V [8][9][11]. 

In castable heat resistant stainless steels carbon is added in order to improve the high 
temperature properties. Creep of these steels is reduced since the carbides in the grain-
boundary hinder movement of dislocations between the grains [9][11]. 

2.4 Alloying elements 
Nickel and chromium equivalents 

The different effects of alloying elements on the stability of phases can be estimated by 
using nickel and chromium equivalents as nickel is an austenite stabilizer and chromium is a 
ferrite stabilizer. There are several different chromium and nickel equivalents available and 
the ones presented here are the ones proposed by deLong [8][13]. 

 = % + 30(% ) + 0,5(% ) + 30%  1 

 = % + 1,5(% ) + % + 0,5%  2 

As seen from equations 1 and 2 some alloying elements stabilize austenite and some 
stabilize ferrite. C, Mn and N stabilize austenite whereas Si, Mo and Nb stabilize ferrite and 
martensite. The nickel and chromium equivalents can be used in a Schaeffer diagram to 
indicate which phases that will be present in a stainless steel [8][13]. 

Chromium 

Chromium is one of the major alloying elements in stainless steels and stabilizes the ferritic 
phase. Chromium improves the protective properties of the oxide layer and the required 
amount of chromium to form a protective oxide layer is normally above 10,5 wt %. The 
protective oxide layer protects the steel against sulfidation and carburization. A higher 
amount of chromium will also provoke the effect of chromium depletion since more 
chromium is available [5]. 
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Nickel 

Nickel is the second most common alloying element in stainless steels since it stabilizes the 
austenitic phase. Nickel gives the material a good resistance to carburization since the 
austenitic structure and the addition of nickel diminish the diffusion in the material. The 
vulnerability towards sulfidation is however increased. Nickel also improves the 
effectiveness of chromium oxide as studies have shown that materials with increased 
amount of nickel also have a higher Cr/Fe ratio in the oxide layer, which leads to a more 
effective protective oxide layer [5][14]. 

MC forming alloying elements 

Carbides generally lead to a decrease in mechanical and corrosion resistant properties 
mainly by consuming chromium and form M23C6. Carbides are hard and brittle and facilitate 
crack propagation. They also reduce the amount of chromium in the alloy and makes it 
sensible to corrosion. To avoid chromium from being used for carbide formation other 
alloying elements more prone to react with carbon than chromium are added to stainless 
steels. Ti, Nb and V are the most commonly used elements to form MC carbides [5]. 

Other alloying elements 

Aluminum and silicon can be added to stainless steels to form protective layers of aluminum 
and silicon oxides beneath the oxide layer. Silicon also improves the casting properties since 
the viscosity of the melt is lowered by silicon addition. However, these elements stabilize the 
sigma phase and forms segregations during casting. Manganese is an alloying element that 
can stay protective also at higher temperature as it forms manganese spinel on the surface 
of the oxide layer which has a high melting temperature [13][15-18]. 

2.5 Oxides on stainless steels 
On stainless steels several oxides are present since the dissociation pressure of the oxides 
are different and exist at different depths of the oxide layer on the steel. Austenitic steels 
often have a layer of FeO at the oxide/metal interface followed by a layer of Cr2O3 and 
increasing amount of Fe2O3 as the oxygen pressure is increased. At the surface of the oxide 
layer Mn3O4 with different substitutions of Cr and Fe can be found [19][20][21]. Properties of 
the oxides on stainless steels have been tabulated in Table 7. 
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Table 7. Properties of oxides [5]. 

Oxide Structure Melting point (°C) Molar volume (cm3) Semi-conduction 

Cr2O3 Corundum 2435 29,2 p type 
FeO NaCl 1420 12,6 p type 
Fe2O3 Corundum 1565 30,5 n type 
Fe3O4 Inverse spinel n/a 44,7 n/a 
Mn3O4 Spinel 1705 47,1 p type 
NiO NaCl 1990 11,2 p type 
SiO2 -cristobalite 1713 25,9 n type 
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3 Theory  

3.1 Oxidation  
Oxidation exists on almost all metals in an environment with oxygen and can form different 
oxides depending on the alloying elements in the bulk metal and the partial pressure of 
oxygen. Oxidation can be divided in three steps. 

Adsorption of cations and anions in oxide layer 
Transportation of cations and anions 
Formation of oxide 

Adsorption 

Adsorption is the adhesion of atoms, molecules or ions onto a surface [21]. The two main 
forms of adsorption are physical adsorption (physisorption) and chemical adsorption 
(chemisorption). In oxidation physisorption is characterized by weak van der Waals forces 
between the gas molecules and the solid material. These forces do not break the bonds in 
the gas molecule and therefore the whole gas molecule will attach to the metal surface. In 
chemisorption the bonds in the adsorbed gas molecule is broken and the atoms take place in 
the solid structure [22-23]. 

Consider a gas G that is in contact with a solid material. Since the gas will collide with the 
surface of the material some of the gas molecules will be adsorbed on adsorption sites S 
which can be expressed by equation 3. 

 ( ) +  3 

On a solid material there is a large number of adsorption sites S where gas molecules can be 
adsorbed onto the surface. A fractional surface coverage  can be estimated by dividing the 
number of adsorbed gas molecules Gs with the number of available adsorption sites S as in 
equation 4. 

 
=  4 

An expression for the equilibrium constant for adsorption can be created as in equation 5. 
By thermodynamics the equilibrium constant can be calculated for different temperatures 
which make it possible to define which gas molecules are most likely to be adsorbed. 

 
=

( ) +
 5 
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The Langmuir isotherm 
The Langmuir isotherm can evaluate the fractional coverage for a given pressure and 
temperature. There are three assumptions that have to be fulfilled to ensure that the 
Langmuir isotherm is viable [5]: 

1. A gas molecule cannot adsorb on an already adsorbed gas molecule 
2. The surface is uniform and all adsorption sites S are equivalent 
3. The adsorption of a molecule is independent on other adsorbed molecules at the 

neighboring sites 

These assumptions enable equations 6 and 7 to describe the change of fractional coverage  
with pressure p. In these equations ka and kd are rate constants for adsorption and 
desorption respectively and N is the total number of available sites [22]. 

 
= (1 ) 

6 

 
=  

7 

In equilibrium, equations 6 and 7 become equation 8 which is called the Langmuir isotherm. 

 
=

1 +
    ,     =  8 

Transportation 

Transportation of cations and anions are possible by two mechanisms driven by different 
driving forces. The first mechanism is ionic conduction which is governed by the difference in 
electronic potential and the second one is solid state diffusion which is governed by the 
difference of element concentration. The differences between these two mechanisms are 
small and several similarities can be seen when an atom moves through the solid material 
[5][21][24]. 

Ionic conduction 
Ionic conduction in materials can be described by equation 9 where I is the flux of ions,  is 
the electrical conductivity and E is the electrical field. The ions will move in the direction of 
the electrical field if the ions are positive and in the opposite way if the ions are negative 
[24]. 

 =  9 

The conductivity  can be described by equation 10. The conductivity depends on the 
concentration of charge carrier c, z is the amount of electronic charge of the ion, e is the 
charge of an electron and μ is the ability of the carrier to move in the electrical field [24]. 
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 =  10 

 

Ions move by overcoming the bonding energies between atoms using the potential of the 
electrical field and do not need vacancies to move through the material [24]. 

Solid state diffusion 
Solid state diffusion can be described by Fick’s first law if the concentration gradient is 

constant. Fick’s law is presented in equation 11 where  is the concentration gradient, J is 

the flux of atoms and D is the diffusion constant [24-26]. 

 

 
=  

11 

 

Solid state diffusion can be divided into three sub-groups; vacancy, interstitial and 
interstitialcy diffusion. They all have in common that the atoms move against the 
concentration gradient as seen in equation 11. 

In vacancy diffusion the diffusive atom has to wait until a vacant position in the lattice has 
moved to a position next to the diffusive atom. The diffusive atoms are therefore much 
slower than the vacancy defects which travel faster in the material [27]. 

In interstitial diffusion the diffusive atom moves via the interstitial positions in the lattice. 
There are many more interstitial positions than vacancies and the atoms are smaller which 
makes interstitial diffusion much faster than vacancy diffusion [27]. 

The last form of diffusion is a blend between the two others. An atom moving by 
interstitialcy diffusion is in an interstitial position but changes the position with an atom in 
the normal crystal lattice so that the original lattice becomes an interstitial atom. This differs 
from vacancy diffusion since no vacancies are needed and from interstitial diffusion as the 
atom also can place itself in the crystal lattice [24]. 

Comparison between ionic conduction and solid state diffusion 
When comparing the diffusion constant D in solid state diffusion and the mobility μ of ions in 
ionic conduction some interesting relationships can be found. The equations for the two 
constants can be seen in equations 12 and 13. The movement a of an atom from one stable 
position to another and the energy barrier h0 that has to be overcome are illustrated in 
Figure 5. The constant i is the frequency by which the atoms try to surpass the energy 
barrier. The last term in both equations is the Arrhenius formula which explains the 
probability of an atom surpassing the energy barrier at a given temperature [24]. 
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Figure 5. Illustration of the movement of atoms from one lattice position to another. 

As seen from equations 12 and 13 both the equations state that the transportation of atoms 
is strongly dependent on temperature. The mobility of ionic species is seen to be slowed 
down with increasing temperature, see equation 13. The physical explanation for that is 
believed to be due to the fact that since ionic transportation is much faster than solid state 
diffusion, collisions are more likely at higher temperatures for ionic transportation which 
slows down the mobility. Atoms moving by solid state diffusion do not move fast enough to 
experience these collisions. A material with less bonding energy would also give a higher 
diffusion and ionic conduction rate as the atomic bonding will be easier to overcome [24]. 

By adding equations 12 and 13 an expression will be formed that is known as the Nernst-
Einstein relationship which is presented in equation 14. This equation makes it possible to 
determine the diffusion constant from the conduction and vice versa [24].  

 =  14 

Formation of oxide 

The equation for Gibb’s free energy can be seen in equation 15 where  is the enthalpy 
change and  is the entropy change of a certain reaction.  can be seen as the total 
energy change during the reaction. If  is negative the reaction is spontaneous and it is 
non-spontaneous if  is positive [5][27]. 

 =  15 

Activity 
The change in Gibb’s free energy as given in equation 15 can be rewritten into equation 16 
using chemical potentials  for the different reactants and reaction products. The 
stoichiometric numbers for the different elements A and B are denoted as a and b [5][27]. 

 

 

a 
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+  
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These chemical potentials can be described by equation 17 from the activity of the different 
elements where R is the gas constant, T is temperature,  is the chemical potential in 
standard state and  is the activity of the element [5][27].  

 = + ln  17 

The activity could be seen as a value to emphasize that elements have to meet in order to 
react and that the elements should be available. It is a constant to deal with the reality of 
reactions. For solids and liquids the activity is equal to 1 as the elements are available at all 
times. The activity of gases can change with pressure and temperature leading to a change in 
the amount of atoms that are in the vicinity to react. The activity of gases can be described 
with its partial pressure  [5][27].  

Equation 17 is inserted in equation 16 which gives equation 18. This equation can be 
rewritten into equation 19 during thermodynamical equilibrium, i.e. when = 0. In 
equation 19 the chemical potential in standard state has been replaced by the standard 
Gibb’s free energy according to equation 18. Equation 19 shows the equilibrium constant K 
in a system of products and reactants [5][27]. 

 = + ln ( + ln ) ( + ln ) 18 

 
exp = =  19 

In a system with only one metal and one oxygen atom equation 19 will become an 
expression which shows the partial pressure where an oxide will start to form, also known as 
the dissociation pressure seen in equation 20. Since both the oxide and the metal are solid 
their activity is set to 1 and the stoichiometric amount of oxygen, c, is placed in the 
exponential term [5][27]. 

 
exp =  

20 

Equation 20 is important when dealing with the difference in oxygen partial pressure 
between different depths in an oxide layer. As the surface of the oxide layer has high oxygen 
pressure the metal will be in a higher oxidation state and the oxide will contain a higher 
amount of oxygen. Close to the metal-oxide interface the metal content is much higher than 
the oxygen pressure which means that the metal will be in a lower oxidation state and the 
oxide contain less amount of oxygen. An example of this can be described for an oxide of 
normal steel. FeO will form closest to the steel surface followed by magnetite Fe3O4 and 
closest to the oxide surface hematite Fe2O3 will be formed. At the metal/oxide interface an 
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area will form with a partial pressure of oxygen with the same pressure as the most reactive 
oxide. In the case of steel it is the dissociation pressure of FeO [5, 27].  

Activity coefficient 
The activities of alloying elements in a metal or in gas mixtures such as air have a slightly 
different activity than if they would be pure. In order to account for this effect an activity 
coefficient is calculated as can be seen in equation 21. In this equation  is equal to the 
molar fraction,  is the partial pressure and  is the total pressure of the system [27]. 

 = =  21 

3.2 Structure of oxides 
There are five important crystal structures of ionic compounds that can describe most of the 
oxides that are formed on transition metals [24]. 

Structures for binary compounds: 

Rock salt structure (NaCl) 
Rutile 
Corundum 

Structures for ternary compounds: 

Perovskite 
Spinel 

Rock salt structure 

The rock salt structure, or NaCl structure, is the structure of most monoxides such as MnO, 
CoO and NiO. Oxides such as FeO, TiO and VO also have this structure but with a high 
amount of lattice vacancies. In these oxides all the octahedral sites in an array of cubic-close-
packed (CCP) oxygen anions are occupied by cations. Each ion has a coordination number of 
6 due to the octahedral sites. Figure 6 shows the rock-salt structure. Each octahedral, with a 
metal ion in the middle and oxygen at the corners, share corners between themselves 
[24][28]. 
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Figure 6. Rock salt structure showing octahedrals with 
a metal cation in the middle (Source: Wikipedia). 

 

Figure 7. Rutile structure showing octahedrals with 
cations in the middle and oxygen ions at the corners 
(Source: University of Colorado). 

Rutile 

Rutile is the most common structure of the dioxides such as TiO2, MnO2 and MgF2. The 
structure has a close-packed hexagonal structure (HCP) of ABAB structure where layer A is 
filled with oxygen and layer B is half filled with cations. This gives the anion a coordination 
number of 3 instead of 6 for the normal HCP whereas the coordination number for cations 
stays at 6. The structure of rutile can be seen in Figure 7 where each octahedral consists of a 
metal in the middle and oxygen at the corners. In the rutile structure the octahedral are both 
corner and edge sharing [24][28]. 

Corundum 

Corundum is the main structure for oxides with the M2O3 formula such as Al2O3, Fe2O3 and 
Cr2O3. The structure can be seen as octahedral sharing faces with other octahedral or as an 
HCP crystal lattice of oxygen with metal ions at 2/3 of the octahedral sites which can be seen 
in Figure 8. The coordination number for the corundum structure is 4 for the anions and 6 
for the cations [24][28]. 

 

Figure 8. Structure of corundum as in a HCP lattice (Sources: Askeland, Donald R. The Science and Engineering 
of Materials and  3rd ed. Boston and Wikipedia). 
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Perovskite 

Perovskite has the formula ABO3 where one of the cations has a 12 fold coordination 
number while the other has the coordination number 6 in an octahedral coordination. A 
cation which shares its orbitals between 12 anions is bound to have a large ion size which 
can be seen in Figure 9 [24][28]. 

 

Figure 9. Structure of perovskite. The cation in the middle is considerably larger than the one in the octahedral 
configuration (Source: University of Wisconsin – Green Bay). 

Spinel 

The formula of spinel is AB2O4 where the cations have the oxidation states of A2+ and B3+. The 
A cations occupy 1/8 of the tetrahedral sites in a CCP oxygen anion array and the B cations 
occupy half of the octahedral sites. The inverse spinel structure occurs for magnetite where 
Fe2+ occupies 1/4 of the octahedral sites and Fe3+ occupies ¼ of the octahedral and 1/8 of 
the tetrahedral sites. This happens because of the d6 configuration of the Fe2+ making it 
more favorable to be in a low spin state than in a high spin state in the octahedral sites 
where the xy, xz and yz are not intersecting any bonding orbitals. The spinel structure can be 
seen in Figure 10 [24][28]. 

 

Figure 10. Spinel structure showing the small octahedral cations and the large anions. The tetrahedral ions can 
be seen in the tetrahedrals of the structure (Source: Wikipedia). 
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3.3 Degradation 
The stainless steel in the grate-chain in the grate-kiln process is subjected to several 
degrading mechanisms which will be described below. 

 Carburization 

The activity of carbon,ac, is defined as how carburizing an environment is. Pure carbon has 
an ac that is equal to 1 and forms severe mechanisms such as metal dusting and coking. If ac 
is lower than 1 but still high enough for carbon to form carbides or to dissociate into the 
material the environment will be carburizing [27][29][30]. Equations 22-24 show the 
common chemical equilibriums for gases having a carbon activity. The reaction in equation 
22 is the most critical and the carbon activity of a gas is often related to this reaction 
according to equation 25. 

 

 CO + H = H O + C 22 

 2CO = CO + C 23 

 CH = 2H + C 24 

 

 =  25 

Protective oxide layers are known to hinder carbon diffusion into the material and reports 
have shown that an insignificant amount of carbon is diffusing into the metal if there is an 
oxide layer [31][32]. Since the oxides are cracking due to stresses from oxide formation and 
from thermal spallation some of the surfaces are exposed to the environmental gases as 
they penetrates the cracked oxides [33][34][35]. 

Alloying elements that reduce carburization are nickel, molybdenum and silicon but most of 
them only delay the effect as chromium carbides are unavoidable. All of these alloying 
elements reduce the diffusion rate of carbon. Aluminum alloying will form an oxide that is 
protective and since aluminum does not form any stable carbides aluminum is a suitable 
alloying element to avoid carburization [27]. 

Internal oxidation 

Internal oxidation occurs when the anions diffuse into the metal rather than the reactive 
metal cations diffuse to the surface of the metal. This is a common degradation and occurs 
simultaneously with the normal external oxidation. Since the partial pressure of the anion is 
low in the metal only those metals with a low dissociation pressure will form oxide. In 
stainless steels chromium oxide will form internal oxidation while iron oxides will not form 
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internal oxidation [27][36]. An image of internal oxidation can be seen in Figure 11 where 
spherical chromium oxides can be seen in an austenitic stainless steel. Internal oxidation is 
common at grain-boundaries since the diffusion rate for ions is faster in the grain-
boundaries compared to in the grains. 

 

Figure 11. Internal oxidation of an ACI HH II stainless steel. The arrows show spherical chromium carbides and 
internal oxidation at grain-boundaries [2]. 

Erosion 

Erosion in the grate-kiln process is the mechanism where pieces of the material surface are 
mechanically removed by erosive particles. Such erosion is governed by four different 
parameters [37]: 

Hardness difference between surface and particles 
Velocity of the particles 
Incident angle of the particles 
Size and shape of the particles 

The velocity of the particles governs the impact energy of the particles and the kinetic 
energy of the particles can be described by equation 26. 

 =
2

 26 

The impact energy is dependent on the incident angle of the particles as it guides the mode 
of erosion. A high angle will deliver a high amount of impact energy to the surface whereas a 
low angle will give lower impact energy and be more of a cutting mechanism on the surface. 
The maximal impact energy is at an angle of 90° whereas an angle of 15-20° is the most 
detrimental angle for cutting damages of the surface [37][38]. 
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During erosion with high incident angles it is beneficial to have an elastic material which can 
absorb energy by plastic deformation without any removal of material. The surface will 
however become work hardened after prolonged erosion and material loss will occur. A hard 
and brittle material has shorter time until being work hardened and can crack directly during 
high impact angle erosion [39-41]. 

At low angles of erosion the hard and brittle materials are preferable since the particles are 
more likely to be deflected rather than cut the surfaces and form grooves and scars as in 
more ductile materials [37][42]. The difference between the hardness of particles and the 
hardness of the surface is important in defining this mode of erosion. 

The size and shape of the particles can change the erosive behavior. Large, ductile particles 
will, even if the hardness is low, deliver a huge amount of impact energy to the surface and 
create craters or even bond with the surface. Small, hard particles with sharp edges will be 
more erosive than small particles with soft edges [37][42]. 

Erosion-corrosion 
Erosion-corrosion is a synergism effect between corrosion and erosion where protecting 
oxides are removed by particles which accelerates the degradation. There are two different 
domains of erosion-corrosion [38][43][44][45]: 

Erosion-assisted corrosion is the domain where the erosion of oxides and the formation of 
oxides are in equilibrium so that a protective oxide layer exists on the surface of the sample 
(44). 

Corrosion-assisted corrosion is the domain where the erosion of oxides is larger than the 
formation of oxides. The oxides are removed as they are formed. This domain is far more 
destructive than the former since no oxide is present. Erosive wear can be seen on the metal 
surface in this domain [44]. 

Hot corrosion 

This degradation mechanism is governed by the presence of chemical elements that will 
form compounds with low melting points. These compounds are normally salts of alkaline 
metals such as potassium or sodium together with sulfates in a sulfuric environment or 
carbonates in carbon rich environment. Different salt compounds and their melting 
temperatures can be seen in Table 8 [46][47]. 
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Table 8. Melting temperatures of some pure alkaline salts (Source: Handbook of chemistry and physics 55th 
edition). 

Salt Melting temperature (°C) 

Na2SO4 884 
K2SO4 588 
KCl 770 
NaCl 801 
 

There are two different kinds of hot corrosion. Type-1 occurs at temperatures above the 
melting temperature of the pure salt. The second type of hot corrosion which is type-2 
occurs at lower temperatures in which the addition of other salts or gas lowers the melting 
temperature. For sodium sulfate a type-1 hot corrosion requires a temperature of 950 °C but 
in hot corrosion of type-2 a temperature of 750 °C and 50 ppm of SO3 is enough to have a 
salt melt [47-49]. It has also been shown that by adding chlorides to the sulfates the 
degradation rate increases considerably [50][51]. 

Molten salts can dissolve the protective oxide layer on stainless steel and expose the metal 
to the melted salts. These salts are good ionic conductors and further corrode the material. 
Plots of different oxides solubility in sodium sulfate can be seen in Figure 12 [46]. 

 

Figure 12. Solubility of oxides in sodium sulfate at 1200 K [48]. 

Accumulation of salts with low melting temperatures has been investigated by other 
authors. Gaseous salts present in the hot gas will condensate at the surface of the colder 
pellets and grate-chain. Since the grate-chain is continuously exposed to these condensated 
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salts they will accumulate on the grate-chain and increase the concentration of alkali salts 
[52]. 

Thermal fatigue 

Thermal fatigue can be divided in two different cases, true thermal fatigue and 
thermomechanical fatigue (TMF). True thermal fatigue is caused by the different expansion 
coefficients between phases or grain structures whereas TMF arises from external stresses 
[53]. TMF can be seen in Figure 13. True thermal fatigue will not be investigated as only TMF 
is of interest in this study. 

TMF has traditionally been predicted by using data from low cycle fatigue (LCF) but several 
studies mention the shortcomings of these predictions. TMF is dependent on several 
important mechanisms such as oxidation, creep, phase transformations and dynamic strain 
ageing (DSA). TMF should be differentiated from isothermal LCF. TMF changes the 
temperature of the test samples which causes thermal stresses while isothermal LCF is 
performed at a constant temperature and varying amplitude of the load by mechanical 
means. There is still no model available that accurately predicts the TMF [54-57]. 

TMF is measured during two different loading cases, in phase (IP) and out of phase (OP) 
loading. IP loading means that the sample experiences the maximum load at the maximal 
temperature while OP loading means that the sample has the lowest load at the maximal 
temperature. It has been shown that at temperatures below the creep temperature of the 
material both IP and OP shows similar behavior of transgranular crack initiation and 
propagation. At higher temperatures above the creep temperature it has been shown that 
intergranular cracks are initiated during IP loading but not during OP loading [56][57]. 

 

Figure 13. Thermomechanical fatigue of a HK 40 stainless steel. 
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Thermal spallation 

Thermal spallation occurs due to the difference in thermal expansion coefficients between 
the bulk material and the protecting oxide layer. Some different thermal expansion 
coefficients for different oxides can be seen in Table 9. 

Table 9 Thermal expansion of oxides [27]. 

Material Thermal expansion (10-6/ K) Temperature range (°C) 

FeO 15,0 400-800 
Fe2O3 14,9 200-900 
NiO 17,1 20-1000 
Cr2O3 7,3 100-1000 
Al2O3 5,1-9,8 28-1165 
 

The stresses that develop can be seen in Figure 14. Tensile stresses will crack the oxide layer 
during heating and during cooling compressive stresses will force oxides to spall 
[34][58][59][60]. 

  

Figure 14. Thermal stresses that arrive of the metal and oxide during heating (left) and cooling (right) [2].  

Equation 27 has been developed to describe the elastic energy W that is stored in an oxide 
layer. If this energy is larger than the bonding energy between the oxide and the material 
the oxide will spall off the surface. In the equation,  is the poissons ratio for the oxide,  
is the elastic modulus of the oxide, T is the temperature,  is the thermal expansion and X is 
the thickness of the oxide layer [27]. 

 = (1 ) ( )  27 

During thermal cycling the oxides will spall off and be recreated until the activity of the 
metal ion forming the protective oxide layer is too low to establish a protective layer. After 
the depletion of the protecting metal ions the oxidation rates are increased and normally 
denoted as breakaway oxidation [61][62]. 
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4 Experimental 
The experimental procedure of this project aims to simulate the mechanisms that affect the 
grate-chain during its service life and will be described below. 

4.1 Thermal cycling 
Thermal cycling is performed by a newly developed thermal test rig that can heat and cool 
the samples while preventing the thermal elongation of the sample which induces thermal 
loads on the sample.  

Set-up 

A schematic of the set-up can be seen in Figure 15. The sample in the sample holder (1) is 
heated by an induction coil (2) which is cooled by water. The induction coil operates with a 
frequency of 15 kHz while letting the ampere of the applied current being dependent on the 
voltage. The voltage is regulated by the thermal regulator (3). The regulator monitors the 
temperature of the sample by a thermocouple of type K (4) which is attached directly to the 
center of the sample. Cooling of the sample is performed by compressed air which is 
controlled by a pressure valve (5). The pressure valve regulates the pressure of the air 
between 0 and 10 bars and is controlled by an analog signal from the thermal regulator 
between 0 and 10 V. The air flow is regulated by a needle valve (6) after the pressure valve. 
A logger (7) records the stress changes during the heating and cooling of the sample. 

 

 

Figure 15. Schematic of the set-up of the thermal rig. 1 sample holder, 2 induction coil, 3 thermal regulator, 4 
thermocouple, 5 pressure valve, 6 needle valve and 7 logger. 

The sample holder can be seen as a schematic in Figure 16. The sample is held by alumina 
supports (1) which are secured to the lower part of the sample holder by clamps (2). These 
clamps are water cooled to avoid thermal expansion of the sample holder during the 
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induction heating. A screw (3) is used to pre-constrain the sample. The pre-constrain and the 
stresses that develop during heating of the sample can be monitored by a loading cell (4). 
The clamp to the left can slide and makes it possible to change the pre-constrain of the 
sample.  

 

 

Side view 

 

 

Top view 

Figure 16. Schematic of the sample holder for thermal cycling, side view and top view. (1) alumina support, (2) 
water-cooled clamps, (3) tightening screw, (4) loading cell [2]. 

Sample preparation 

The samples are cut to the size 40,2 x 10,2 x 2,2 mm from a casted rib of a grate-link. The 
samples have been cut from the same position of the grate-link to ensure a similar micro- 
and macrostructure of the samples.  

After cutting, the samples are grinded by 60P silica paper to ensure that the samples have 
the same size of 40 x 10 x 2 (±0,1) mm and that all surfaces have the same finish. The 
samples are cleaned in an ultrasonic bath with ethanol after grinding. A 10 cm long 
thermocouple of type K is attached to the center of the sample prior to testing. 
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Performance 

The monitored temperature of the samples and the effect of the heating can be seen in 
Figure 17. The test rig can successfully control the sample in a triangular formed curve 
between 200 and 800 °C and the effect of the heating reaches a maximum of just below 80% 
of the maximal heating. 

 

Figure 17. Temperature of the sample and the effect of heating during 5 thermal cycles [2]. 

The samples have a thermal difference due to the cooling by the alumina supports on the 
samples which can be seen in Figure 18. The different measuring points can be seen in Figure 
19. 

 

Figure 18. Temperature distribution in the samples during one thermal cycle. The temperatures are taken at 
four different positions according to Figure 19 [2]. 
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Figure 19. Measuring points during investigation of the thermal differences of the sample. Measuring point A is 
the position of the temperature reading for the thermal regulator on the middle of the surface of the sample. 
Measuring point B is situated in the middle of the long edge of the sample 20 mm from the short edges of the 
sample. Measuring point C is positioned 10 mm from the short edges of the sample at the middle of the surface 
of the sample. Measuring point D is situated on the long edge and is 10 mm from the short edge of the sample 
[2]. 

 

The different stresses of a representative sample during high and low pre-constrain can be 
seen in Figure 20. It can be seen that the samples are relaxed when the temperature is low 
during low pre-constrain. During high pre-constrain the samples are always loaded and 
never becomes relaxed even at the lowest temperature. The sample holder can successfully 
introduce different pre-constrains to the samples with the screw. 

 

Figure 20. Stress cycles in the samples during low and high pre-constrain [2]. 
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4.2 Characterization 
Samples that have been tested during this project have been investigated by several 
methods which are explained in this section. 

SEM/EDS 

The principle of a scanning electron microscope (SEM) can be explained as a scanning by an 
electron beam on the sample. The sample atoms react to these electrons by either emitting 
electrons from their orbitals which are called secondary electrons (SE) or by emitting the 
incoming electrons back which are known as back-scattered electrons (BSE). The emitted 
electrons are collected by detectors. These detectors counts the incoming electrons which 
will define the tone of the area currently being attacked by the electron beam. If few 
electrons are emitted the area will appear dark whereas the area will appear bright if many 
electrons are emitted [5]. 

The SE are much more common and are mostly emitted from the surface atoms of the 
sample. This makes SE good for investigating the surface of the sample with high resolution. 
BSE are less common and the amount of BSE depends on the weight of the atoms as heavy 
atoms are more prone to sending back the electrons than lighter atoms. This makes BSE 
suitable for estimating different phases in a material and where different atoms are placed 
in the material. 

Electron dispersive spectra (EDS) is another detector which collects the x-rays that are 
emitted when the atoms in the material becomes excited by the electron beam. The 
different x-rays make it possible to evaluate the amount of different elements in the pictures 
[5]. 

During this study a JEOL JSM 6460LV has been used for the SEM imaging and an oxford INCA 
system has been used to do the EDS analyze. 

The SEM has mostly been used to evaluate the oxide layer thickness and to perform EDS 
analyzes of the samples. 

Optical microscope 

An optical microscope for metals uses the diffractive qualities of the surface of the metal to 
obtain an image of the surface. The sample is first polished according to the different steps 
in Table 10 by the semi-automatic polisher Buehler Phoenix 4000. To reveal the brittle 
oxides it was necessary to use the procedure in Table 11 for the same semi-automatic 
polisher. 
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Table 10. Polishing stages for stainless steel. 

Surface Abrasive Load (N) RPM/direction Duration 

Silicon carbide 160 
μm 

Water as coolant 27 300/Comp. Until plane 

Hercules S  9 μm diamond 
suspension 

27 150/Comp. 5-9 min 

Texmet 3 μm diamond 
suspension 

27 150/Comp. 3-5 min 

ChemoMet MasterMet colloidal 
silica 

27 150/Contra 2 min 

 

Table 11. Polishing stages for oxides on stainless steel. 

Surface Abrasive Load (N) RPM/direction Duration 

Silicon carbide 160 
μm 

Water as coolant 9 300/Comp. Until plane 

VerduTex  9 μm diamond 
suspension 

9 150/Comp. 9-15 min 

ChemoMet MasterMet colloidal 
silica 

9 150/Contra 20 min 

 

The polished surfaces were etched to distinguish the different phases and structures of the 
surface. The etchant was either Viella’s reagent or oxalic acid and their components and use 
can be seen in Table 12. Two etchants were used depending on if the material was mounted 
in epoxy or not as it is harder to perform a catalytic reaction on these samples. The phases 
and structures that will be attacked by the etchant will become uneven while the ones not 
being affected will continue being flat. Structures can be seen in the optical microscope. 
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Table 12. The different etchants being used for the material. 

Etchant Components Use Reveals 

Viella’s reagent Picric acid 1 g 

Hydrochloric acid 5 g 

Ethanol 100 g 

Immerse sample for  
90-120 sec 

General structure 
and carbides 

Catalytic reaction 
with oxalic acid 

Oxalic acid 8 g 

Dest. H2O 100 ml 

Sample as anode 
etching time 40-60 sec 

General structure 
and carbides 

 

The optical microscope that has been used during the project is a Nikon Eclipse MA200 is 
capable of doing dark-field (DF) imaging and differential interference contrast (DIC) besides 
the normal bright field (BF) imaging. The different imaging techniques can be seen in Figure 
21. 

 

Figure 21. Different imaging techniques for optical microscope. The image to the left shows the surface in BF 
imaging, the center image shows that of DF imaging and the one to the right shows that of DIC imaging [5]. 

During DF imaging the directly reflected light from the surface will be removed from the 
image, but the light that has been bent from edges and surfaces that are not parallel with 
the rest of the surface will not be removed. This results in a mostly black image with white 
details that are edge-effects or surfaces not being perfectly perpendicular to the optical axis.  

The principle of DIC imaging is to divide the incoming light in two different pathways. This 
will cause the light to travel different lengths and thereby showing interference images of 
the two pathways when combined. This method of image analysis is adapted for 
investigations of small height differences on samples [5]. 

The optical microscope has been used to see the micro and macro structure of the samples. 
It has also been used to see cracks, internal oxidation and oxide thickness. 
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5 Results and Discussion 
The grate-chain in a pelletizing process at LKAB has been shown to degrade by several 
different mechanisms. The main degradation mechanisms are erosion-corrosion, hot 
corrosion, thermal spallation and thermal fatigue. 

Erosion-corrosion of the grate-chain is related to the amount of particles in the process gas 
and their shape. It has been shown that 96% of the particles have a size above 6 μm and 
morphology according to Figure 22 which shows angular hematite particles. The mass 
concentration of these particles in the combustion gas varies between 1,87 x 103 and 5,03 x 
103 mg/Nm3 for oil combustion but can be as high as between 6,61 x 103 and 2,22 x 105 
mg/Nm3 during coal combustion. The large particles are mostly fragments from iron ore 
pellets and consist of hematite and magnetite [3]. The velocity of the gas particles is not yet 
verified from LKAB and has to be evaluated to properly explain the erosion-corrosion 
behavior of the environmental gas. 

The geometry of the grate-links changes during exposure as the ribs on the grate-links are 
getting thinner [1]. The surfaces that are parallel to the flow of the gas seem to be more 
affected by degradation than the surfaces being perpendicular to the gas flow which implies 
erosion at low angles of 15-20°. 

 

Figure 22. Particles in the process gas [3].

Salt residues have been confirmed in the pelletizing process [1][3]. Carrie et al [3] found 
spherical particles and showed that these had been melted or semi-melted in the process 
gas. The larger semi-melted particles were reported to contain Si, Al Fe and small amounts of 
Na and K whereas small spherical nanoparticles consisted of mainly Na, S, Cl and K. The 
chemical composition of the nano sized particles can be seen in Table 13 [3]. 
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Table 13. Average chemical composition in spherical nano particles (0,03-0,06 μm). Only the most interesting 
elements are shown [3]. 

Fuel Na Si P S Cl K Fe 

Oil 21 1 1 15 26 25 6 

Coal 11 28 5 6 8 15 14 

It is believed that the amount of alkaline metal vapors could be enriched in the grate-kiln 
process [1][3][52]. As the pellets with alkaline metal deposits approach the burner in the 
rotary kiln the alkaline metals are vaporized and travel with the gas to the colder parts of the 
rotary kiln where they condensate and form new alkaline metal compounds [3]. Some of the 
alkaline metals will condensate on the grate-chain instead of on the pellets and will not 
reenter the rotary kiln. Therefore, the alkaline compounds are accumulated on the grate-
chain as the chain never gets warm enough to vaporize them. These compounds do have a 
low melting point and could cause hot corrosion on the grate-chain at higher temperatures 
[46][48][51]. 

Thermal spallation of deposits that form on the grate-chain can be assumed as the deposits 
are flaky and easily removed as they grow thicker. Spallation of these deposits might deplete 
the underlying material as oxygen anions and chromium cations could travel easily in the 
semi-molted deposits and form chromium oxides in the deposits. The amount of chromium 
found in the deposits on the grate-links proves this theory as there is no chromium in the 
process gas [1]. This mechanism could be seen as a “tape” mechanism where the deposits 
are taking away the protecting oxide layer as it spalls from the surface of the material. 

The test rig has successfully introduced thermal spallation of the tested samples as seen 
from Table 14 showing the difference in oxide thickness with increasing number of cycles. 
The difference in thickness can be seen by the deviation which increases as the oxides gets 
thicker. It can also be seen as an increase of mass loss during thermal cycling [2][58][63]. 

Table 14. The oxide thickness of the central part of the samples after different amount of cycles [2]. 

Pre-constrain  

Side of sample No. of cycles High Low 

Tensile 

100 6.6 ± 0.9 6.5 ± 0.7 
150 7.7 ± 1.5 11.3 ± 0.6 
200 15.3± 7.0 4.7 ± 0.6 
400 6.2 ± 0.7 7.7 ± 0.5 

Compressive 

100 6.9 ± 0.5 6.7 ± 0.6 
150 15.2 ± 1.4 9.4 ± 1.6 
200 9.3 ± 2.3 5.3 ± 0.5 
400 11.4 ± 6.4 9.2 ± 4.3 
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The simulated spallation tests cannot describe the process of thermal spallation at LKAB as it 
only refers to the removal of oxides formed from the material itself and not the 
incorporation of a deposit which adsorbs the chromium and then is removed from the 
surface. No reports that take deposits into consideration have been found during this 
investigation. 

Figure 23. Thermomechanical fatigue cracks on a grate-link [1].  

Thermomechanical fatigue can be seen in the grate-links where the ribs meet in Figure 23. 
These cracks are frequently seen on the grate-links and follow the grain-boundaries. Internal 
oxidation and carburization can be seen in the micro structure of a grate-link that has been 
in service. This can be seen in Figure 24. 

 

Figure 24. Internal oxidation on a grate-link. The arrow shows grain-boundaries with internal oxidation close to 
the surface. 

The stresses that develop in the grate-link have been evaluated by LKAB by finite element 
modeling (FEM). The results show a high stress and strain at the positions where cracks are 

Crack
Grain-boundary

a) 

Cracks 
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abundant [1]. The loading mode for the thermomechanical fatigue is believed to be in-phase 
since the amount of deep cracks is high and in the grain-boundaries. It could however be out 
of phase since the material is casted at high temperature and a higher temperature might 
relax the stresses that have been formed during cooling of the grate-link. 

Test rigs which investigate the thermomechanical fatigue would be able to increase the 
understanding of the thermal fatigue that arrives in the grate-link at LKAB. The rig that has 
been developed in this study would be one example of such a rig [2][53][54][56][57]. These 
test rigs cannot change the environment in which the samples are tested. The additions of 
hot corrosion from melted salts could increase the crack propagation and the crack initiation 
of the fatigue. The casting structure of the material could also change the crack propagation 
as the cracks follow casting segregations and cold shuts. There are no investigations of 
thermal fatigue in other environments other than normal air. 

  



39 
 

6 Conclusions 
A test rig was developed and proven to successfully simulate thermal cycling of the grate-
chain. 

The investigation that has been done on the grate-links has given a broadened scope of the 
problem which affects the grate-links.  

The grate-links are degraded by erosion-corrosion because of the temperature of the 
process gas and the amount of particles in the process gas. 

The deposits that form on the grate-links lower the resistance towards corrosion because of 
hot corrosion which is driven by the presence of molten salts. 

The deposits remove chromium from the metal and deplete the surface of the metal of 
chromium which renders it susceptible to breakaway oxidation, internal oxidation and 
carburization. 

Thermomechanical fatigue forms cracks that can be seen on the grate-links. 

Carbon as an alloying element should be avoided whereas an increase of nickel and 
chromium is beneficial for the material with regards to internal oxidation and 
thermomechanical fatigue. 
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7 Future work  
The material composition is believed to influence the degradation resistance. Different 
materials with small additions of Ti, Si and Mn will be thermally cycled to investigate if the 
performance of the material can be improved by small changes in the material composition. 

A surface layer to withstand erosion and corrosion will be investigated with regard to the 
thermomechanical fatigue resistance of the layer on samples. 

An erosion rig with capability to control temperature, incident angle and velocity of particles 
will be built. Particles similar to the ones in the pelletizing process will be used to study the 
high temperature erosion-corrosion on different types of heat resistant stainless steels.  The 
results from the erosion rig will be compared to the effects on the grate-links from the real 
production to see the importance of erosion-corrosion in the pelletizing process. 

An evaluation of the velocity of the particles in the process gas in the grate-kiln should be 
performed to properly evaluate the erosive-corrosive behavior of the grate-links. 

The role of the deposits should be investigated carefully in a lab to see how the deposits 
change the corrosion behavior of the material. The diffusion rates of ions in the deposits will 
be investigated to evaluate the possibility to change the properties of the deposits by defect 
chemistry. 
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8 Summary of papers 

8.1 Case study of grate-chain degradation in a grate-kiln process 
A grate-link has been investigated after 8 months of use in the pelletizing process. The 
results show that the ribs of the grate-link get thinner during the thermal cycling. The 
thinning of the ribs is believed to be caused by either erosion-corrosion or thermal spallation 
of the oxide layers. The grate-link is covered in deposits which arrive from the process gas 
and include particles of mainly Fe but also small amounts of Na, K, S and P. These deposits 
are shown to partially melt at high temperature and form hot corrosion of the grate-link.  

The surface of the grate-link is depleted of chromium and shows signs of both internal 
oxidation and carburization both in the grain-boundaries and in the grains.  

Thermomechanical fatigue in the grate-link forms cracks that can be seen in locations with 
high stress concentrations such as between the ribs of the grate-link. 

8.2 Development of a test rig for thermal cycling of a  
stainless steel ACI HH II 
A test rig has been developed to investigate the interaction between thermal fatigue and 
thermal spallation. The heating is performed by an induction coil and the cooling is 
performed by compressed air. The stresses that develop in the samples can be measured by 
a loading cell situated in the sample holder. The sample holder can hinder the thermal 
expansion of the sample and cause the sample to bend during heating. This will form two 
surfaces of the sample, one surface being in compression and another being in tension at 
high temperatures. 

It can be shown that the surface being in tension has a higher amount of deep cracks than 
the surface being in compression. This can be explained by the fact that the surface being in 
tension has an in phase loading cycle whereas the one in compression is in an out of phase 
loading cycle. 

The oxides are also shown to spall at a higher degree at the surface being in tension which 
can be seen by the higher deviation in oxide thickness as the oxide thickness is increased.  

At higher amounts of cycles the oxide thickness seems to diminish which could be attributed 
to depletion of chromium in the surface and breakaway oxidation. This was confirmed by 
EDS which shows that the surface of the sample is depleted of chromium. 
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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. 

7th EEIGM International Conference on Advanced Materials Research IOP Publishing
IOP Conf. Series: Materials Science and Engineering 48 (2013) 012012 doi:10.1088/1757-899X/48/1/012012

3



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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Abstract 
 
A test rig has been constructed to investigate the interaction between thermal spallation of formed protective 
oxide layers and thermal fatigue of an austenitic castable stainless steel of type ACI HH II. The heating source of 
the test rig is an induction coil which makes it possible to fully control the temperature of the sample as a 
triangular shaped profile during both heating and cooling. The cooling of the sample is regulated by the offset 
of the measured temperature which controls the flow of compressed air to give a uniform cooling rate of the 
test sample. The temperatures and stresses of the sample can be monitored during all the heating and cooling 
cycles to evaluate influence of thermal stresses. 
Half of the samples were pre-constrained with a high load and the other half with a low load. This was done to 
prohibit the thermal elongation of the sample and thus induce thermal stresses and fatigue damage. The 
samples were subjected to 100, 150, 200 and 400 thermal cycles. In each cycle the sample was heated from 
200 °C to 800 °C in 60 seconds before it was cooled down to 200 °C again in 60 seconds. No holding time was 
used.  
The test rig was shown to successfully investigate the interaction between thermal spallation and 
thermomechanical fatigue. It could simulate fatigue cracks that were formed on the grate-chain due to thermal 
cycling during the pelletizing process and evaluate new material compositions. An increased amount of cycles 
depleted the surface of the material of chromium. 
 
Introduction 
 
This project has been done in collaboration with Luossavaara Kiirunavaara AB (LKAB) which is a mining 
company in the north of Sweden. LKAB produces iron ore pellets which are a refined form of iron ore. The iron 
ore pellets are produced by crushing the iron ore and adding binding elements, slag former and water to form a 
slurry. From the slurry green pellets are formed which are sintered to become hard and durable iron ore 
pellets.  Green pellets are sintered in a process known as the grate-kiln process which is presented in Figure 1 
to become iron ore pellets [LKAB]. The green pellets (1) are loaded onto a grate-chain (2) that transports and 
heats the green pellets from room temperature to around 1200 °C. Heat is provided by hot process gas in four 
different heating stages (3). At the end of the grate-chain the green pellets are being loaded into a rotary kiln 
for sintering (4). The grate-chain is rapidly cooled down as it travels at ambient temperature after the green 
pellets have been unloaded. More green pellets are loaded onto the grate-chain when it reaches the loading 
site for pellets [1-3]. During a normal life time of 8 months a grate-chain undergoes more than 11 000 thermal 
cycles.  
 

 
Figure 1. Grate-kiln process showing the loading area for wet pellets (1), grate-chain (2), heating stages (3) and 
rotary kiln (4). 
 
The grate-chain consists of casted grate-links of an austenitic stainless steel grade commonly known as ACI HH 
or ASTM A 297 HH. These heat-resistant austenitic stainless steels are known to rely on passivating oxide layers 
to withstand combustion gas atmospheres and temperatures above 1000 °C [4-7]. The oxide layers are 
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however known to fail due to thermal spallation which arises due to differences in linear thermal expansion 
coefficients between the formed oxide layer and the bulk metal during the repeated cycles of heating and 
cooling [6][8]. Another known process at high temperatures is thermomechanical fatigue where the fatigue 
crack propagation is enhanced by corrosion. The fatigue stresses are thermal stresses that arise during the 
repeated cycles of heating and cooling [9-11].  
This article will focus on the development and evaluation of a test rig that can simulate the stresses that 
develops in the grate-chain during its operating life. The effects of thermal spallation and thermomechanical 
fatigue will be investigated on an austenitic steel to evaluate the effectiveness of the test rig by thermal cycling. 
During this thermal cycling the samples will be heated to 800 °C in one minute and then cooled to 200 °C in one 
minute before the process will restart and heat up the sample to 800 °C. The thermal expansion that will occur 
during this thermal cycling can be pre-constrained to achieve thermal fatigue. The results of the test rig will be 
compared to the degrading mechanisms that can be seen on a grate-chain in a pelletizing process. 
 
Theory  
 
When the oxide layer grows thicker it spalls off from the surface of the metal or starts to crack. The general 
explanation for this behavior has been stresses that are either compressive or tensile in the oxide layer. The 
source of these stresses generally comes from two different phenomena, the growth of the oxide layers and 
the mismatch of the thermal expansion between the oxide layer and the metal [6-7][12]. 
The stresses that develop during growth of the oxide layers will not be treated here, but has been treated by 
Stringer et al and is considered to be mostly compressive for chromium oxide forming alloys [7][12]. The 
stresses in the oxide layer are hard to evaluate for a certain alloy as the stresses depend on growth rate, 
adhesion of the oxide layer to the bulk and the chemical composition which can change with time and 
temperature [13]. 
Thermal spallation is caused by the difference of thermal linear expansion between the bulk metal and the 
oxide layer which causes stresses in the oxide layer and in the metal-oxide interface region [6][7]. These 
stresses could lead to spallation if the stresses are high enough and if the oxide layer is rigid rather than ductile. 
A schematic figure of the process of thermal spallation can be seen in Figure 2. During heating the oxides will 
crack due to the tensile stresses that develop because of thermal expansion [14]. At high temperature stress-
relaxed oxides are formed on the surface. When the material is cooled compressive stresses will arise in the 
oxide layer and cause the oxide to delaminate from the material [15]. 
 

  
 
Figure 2. Cracking of oxides during heating to the left and spallation during cooling to the right. 
 
Thermomechanical fatigue (TMF) has been investigated by several authors [16-18]. TMF can be seen as normal 
fatigue of a sample but the stresses that cause the fatigue are developing as the material is elongating or 
contracting when being prevented from changing shape. TMF can have two different loading cases, in phase 
(IP) which is the case when the maximal stress and maximal temperature are in phase and out of phase (OP) 
which is the case when the minimal stress and maximal temperature are in phase. IP and OP loading are similar 
at lower temperatures and crack initiation and crack propagation are similar. At temperatures above the creep 
temperature the OP loading is more severe than the IP due to plastic strains and creep [16][19]. 
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Equipment 
 
The thermal cycling equipment in Figure 3 is composed of 5 general parts. An induction coil (1), a water-cooled 
sample holder (2), a cooling device (3), a thermal regulator (4) and a logger (5).  
 

 
 
 
Figure 3. Schematic description of the equipment set-up. 1 is the induction coil, 2 is the sample holder, 3 is the 
cooling device, 4 is the thermal regulator and 5 is the logger. The wiring between the equipment and the cooling 
circuit with the needle valve is also shown in the schematic. 
 
The induction equipment has a maximum effect of 21 kW, frequency of 15 kHz and a variable voltage and 
ampere. The heating rate is regulated by an analog signal which varies from 0 to 10 V. The water-cooled 
induction coil is of a single loop type and makes it possible to direct the magnetic fields towards a surface 
rather than having the sample inside the induction coil. 
The sample holder in Figure 4 consists of two alumina supports (1) mounted on a screw vice which creates pre-
constrain with a screw (2). One of the alumina supports is mounted on the movable part of the screw vice. A 
loading cell (3) mounted in the sample holder measures the stresses that develop in the constrained sample 
during heating and cooling between the movable alumina support and the tightening screw. The clamp and the 
loading cell are cooled by water. 

 
 

 
 
Side view 

 

 
 
Top view 

Figure 4. Schematic of the sample holder. The upper figure shows the different parts of the sample holder from 
the side. The lower figure shows the samples holder from above and shows the movable part of the sample 
holder and its possible sliding length. 
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Cooling of the sample is performed by compressed air which is regulated by a pressure valve. The pressure can 
be regulated from 0 to 10 bars by an analog signal from the thermal regulator. The gas flow is reduced by a 
needle valve to ensure a reproducible cooling rate of the samples. 
A thermal regulator governs the heating and cooling of the sample by sending analog signals and monitoring 
the sample temperature by a thermocouple. The thermal regulator is highly versatile and can be easily 
programmed for holding times, heating and cooling rates and a preset numbers of thermal cycles. The 
temperature of the sample and the stresses on the loading cell are recorded by data logger and sent to a 
computer for processing and storage. 
 
Method 
 
The chemical content of the steel has been evaluated by plasma spectroscopy and is presented in Table 1. The 
chemical content confirms that the material is a castable stainless steel known as ASTM A 297 HH which have 
properties as presented in Table 2. The sample was cut out from an as-casted grate-link to ensure a 
homogenous microstructure of all the samples. The dimensions of the sample were finished with a 60P Silicon 
carbide grinding paper so that a final size of 40 x10 x2 (±0,1) mm was achieved. The sample was cleaned in an 
ultrasonic bath with ethanol and dried by hot air. A 10 cm long thermocouple of type K was cleaned and 
welded onto the center of the sample by capacitance discharge welding. 
 
Table 1. Chemical content of the steel and ASTM A 297 HH 
Wt.% C Cr Mn Mo Ni Si Fe 
Material 0,27 25,53 0,55 0,2 10,83 0,94 Bal. 
ACI HH II 0,2-0,5 24-28 2 max 0,5 max 11-14 2 max Bal. 
 
Table 2. Properties of ACI HH II 
Temperature 
(°C) 

Rm        

(MPa) 
Rp0,2   

(MPa) 
Elongation 

(%) 
Young’s modulus 

(GPa) 
Thermal expansion 

(10-6 / °C) 
R.T. 552 276 7 186 17,1 
800  207 117 17 124 18,4 
 
The sample was placed in the holder of the thermal cycling equipment between the two alumina supports. If 
the sample was to be constrained to simulate thermal spallation and thermal fatigue a pre-constraint 
compression stress was set to constrain the sample with 100 kPa at 800 °C. The pre-constraint was also set to a 
lower compressive stress of 40 kPa at 800 °C to investigate the stress dependence of the pre-constraint. 
The samples were subjected to different amount of cycles, 100, 150, 200 and 400. Each cycle heats the sample 
from 200 to 800 in 60 seconds and then cools the sample from 800 to 200 in 60 seconds. After the cycling the 
amount of cracks and their lengths was estimated and the thickness of the oxide layer was measured. 
 
Results 

 
Test rig 
The thermal gradient in the sample has been checked by four thermocouples attached to the sample according 
to Figure 5 and the results can be seen in Figure 6. During heating the temperature difference in the sample are 
150 degrees between position A and C of the sample. As the heating and cooling of the sample are assumed to 
be symmetric a region of 10 mm on both sides of the center of the sample has known temperatures. This 
region can be investigated to see mechanisms that arrive due to the thermal stresses.  
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Figure 5. Measuring points during investigation of the thermal differences of the sample. Measuring point A is 
the position of the temperature reading for the thermal regulator on the middle of the surface of the sample. 
Measuring point B is situated in the middle of the long edge of the sample 20 mm from the short edges. 
Measuring point C is positioned 10 mm from the short edges of the sample at the middle of the surface. 
Measuring point D is situated on the long edge and is 10 mm from the short edge of the sample. 

  
Figure 6. Temperature differences on the sample at four different positions which can be seen in Figure 5. 
 
Thermal stresses and temperature in sample 
Figure 7 shows the loads during 5 thermal cycles in two samples with low and high pre-constrain. The sample 
with low pre-constrain has a period of constant load while being at the load minimum which is consequently 
the lowest temperature. This is due to a relaxation of the sample while the sample with a high pre-constrain 
never achieve relaxation. The sample with a higher pre-constrain reaches higher loads during thermal cycling 
than the sample with lower pre-constrain as seen in Table 3. The maximal load of the samples is reduced during 
the cycles, especially during high pre-constrain. The relaxation of samples during thermal cycling at low 
constrain and the reduced load during thermal cycling at high constrain suggest a relaxation of loads during 
thermal cycling. 
 
Table 3. Average load during thermal cycling between 200 and 800 °C 

Pre-constrain  
at 800 °C (kPa) 

Maximal 
stress (kPa) 

Minimal stress 
(kPa) 

Average stress 
(kPa) 

40 37 -0,64 12 
100 93 -1,20 31 
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Figure 7. Load distribution during thermal cycling for sample with low (40 kPa) and high (100 kPa) pre-
constrain. 
 
The temperature of the sample and the effect on the induction coil during 5 thermal cycles can be seen in 
Figure 8. The thermal regulator can successfully control the temperature in a triangular wave form that makes 
it possible to perform a steady cyclic behavior of the induced thermal stresses in the samples during their 
treatment. 
 

  
Figure 8. Effect of the induction heater and temperature of a sample during 5 cycles. 
 
Sample Evaluation 
During thermal cycling the samples at high pre-constrain were bended according to Figure 9 whereas the 
samples with low pre-constrain remained straight. The sides of the bended samples are named after the tensile 
and the compressive stresses at their surface.  
 

 
Figure 9. Bending of sample after thermal cycling at high pre-constrain and the name of the different sides of 
the sample. 
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The samples were cold mounted in epoxy standing as in Figure 9 so that the cross section of the sample could 
be polished. The oxides were retained during the polishing stage by using small loads on the samples. A Buehler 
Phoenix 4000 semi-automatic polisher w used during the polishing stage. The thickness of the oxide layer was 
measured at position B on both sides of the samples, see Figure 5. The results can be seen in Table 4 for 
samples at different pre-constrains and loading cycles. Even if samples at low pre-constrain did not bend the 
name of the sides remained the same for both high and low-constrained samples. Samples exposed to lower 
amount of cycles have a thinner and more homogenous oxide layer with small deviations. As the amount of 
cycles is increased there is an increase of the oxide layer thickness, especially on the samples with a higher pre-
constrain. As the amount of cycles is increased there is also an increase in deviations of the oxide thickness 
which shows that the oxides are spalling off. For samples with high pre-constrain and maximum amount of 
cycles the oxides seem to be thin and again show a small deviation. This is a proof of chromium depletion and 
breakaway oxidation as there is not enough chromium to form a protecting oxide layer. 
The oxide thicknesses on the compressive and tensile loaded sides of the samples show that the oxides on the 
compressive loaded side seem to be thicker or have about the same thickness of the side that is tensile loaded. 
The deviation of the oxide thicknesses seems to be somewhat higher on the tensile loaded sides. Breakaway 
oxidation seems to occur sooner for the tensile side of the samples since the oxides are reduced in thickness on 
the tensile side of the sample but remain thick on the compressive side. 
 
Table 4. Oxide thickness of samples being in high and low pre-constrain and at the tensile and compressive sides 
of the samples. The name of the sides of samples for low pre-constrain remained the same as for high pre-
constrained samples. 

Pre-constrain  
Side of sample No. of cycles High Low 

Tensile 

100 6.6 ± 0.9 6.5 ± 0.7 
150 7.7 ± 1.5 11.3 ± 0.6 
200 15.3± 7.0 4.7 ± 0.6 
400 6.2 ± 0.7 7.7 ± 0.5 

Compressive 

100 6.9 ± 0.5 6.7 ± 0.6 
150 15.2 ± 1.4 9.4 ± 1.6 
200 9.3 ± 2.3 5.3 ± 0.5 
400 11.4 ± 6.4 9.2 ± 4.3 

 
Crack investigation 
The amount and length of the cracks were evaluated by the following method. The amount of cracks was 
counted and measured for each sample. A cracking value was created for the compressive and the tensile 
exposed side of each sample. This cracking value sums up the amount of cracks multiplied by their length 
according to equation 1. In this equation ai is equal to the number of cracks with length i and j is equal to the 
longest crack. A high crack number corresponds to either several smaller cracks or one larger crack. The 
amount of cracks and the cracking number has been plotted in Figure 10 for the different samples. The side of 
the samples during high pre-constrain that is exposed to tensile loads has higher amount of cracks than the 
compressive loaded sides of the same samples. The difference between low and high pre-constrain also shows 
that a higher pre-constrain will induce a higher amount of deeper cracks in the material. 
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Figure 10. Diagrams of the crack value (dark) and the number of cracks (light) for the different amounts of 
cycles. The diagram to the left shows the cracks on the tensile side of the samples and the diagram to the right 
shows them on the compressive side. 
 
The chemical composition was evaluated by an EDS mapping and can be seen in Figure 11 for samples after 400 
cycles with low and high pre-constrain. The chemical content has been compared on the two sides of the 
samples. The results show that the high pre-constrained sample in tension showed the highest degree of 
chromium depletion. The chromium depletion can be proved by the slight depression of the chromium just 
below the oxide layer. The samples at low pre-constrain show similar depletion of chromium at both sides of 
the sample. 

  

  
Figure 11. The chemical composition of the material as a function of the depth below the surface. The amount 
of the different elements should only be compared to elements in the same graph. The high pre-constrain sides 
can be seen in the graphs above and the sides for low pre-constrain can be seen below. The graphs to the left 
show tensile sides and the graphs to the right show compressive sides. 
 
Figure 12 shows how the different numbers of cycles change the surface of the samples. The higher pre-
constrains show more irregular surfaces, cracks and internal oxidation or carburization is more evident on 
these surfaces than on the ones with lower pre-constrain. The difference is smaller for the samples for 400 
cycles and could be explained by the depletion of both surfaces both in low and high pre-constrain.  
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Figure 12. Internal oxidation of spherical chromium oxide can be seen in both samples and are indicated by 
arrows. The sample for 200 cycles has a crack that goes 15 μm into the surface of the material. The sample of 
400 cycles has internal oxidation in a grain boundary. The oxides on the sample for 200 cycles are thicker but 
are also more uneven than on the 400 cycle sample. 
 
Discussion 
 
This test rig can be compared to other equipment doing similar investigations. Several different thermal cycling 
devices exist and can generally be divided into 2 different types, those that perform isothermal low-cycled 
fatigue (LCF) tests at elevated temperature [10][20] and those that utilizes thermal expansion to form internal 
stresses [16]. The test rig in this investigation is similar to the former types but uses plates instead of rods 
during the thermal cycling. This change of sample geometry will provoke bending of the samples. The bending 
is calculated from equations 2 and 3 and shows that a load of 2,25kN is required to bend the samples at 760 °C. 
Since the maximal load on the samples during thermal cycling is 0,2kN no bending should occur. This is also the 
case for small amounts of cycles and low pre-constrains. As the pre-constrain and the amount of cycles are 
increased the samples bend. This is believed to be due to creep-strains of the sample. 
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=
12

 
3 

 
 
Changing temperature instead of keeping it constant will be a challenge to the oxides due to the thermal 
spallation and the cyclic bending will enhance the thermomechanical fatigue of the samples. This can also be 
seen in the investigation where the oxide thickness depends on which side of the samples that are measured. 
As the amount of cycles is increased there is an increase of the oxide layer until a certain thickness is reached 
where it starts to spall off. Such a critical thickness has been investigated before and depends on several 
factors such as alloying elements and grain size [21-24]. The increased amount of spallation can be seen in this 
investigation by the increase of oxide thickness deviations which will increase until both the deviations and 
thickness of oxides are reduced for the samples with the highest amount of cycles. These findings indicate a 
depletion of chromium which cannot produce a protecting oxide layer. This can also be proven by the EDS 
linear analyzes which show that the chromium content drops just below the surface of the steel. Chromium 
depletion is a common problem in stainless steels in cyclic temperatures [7]. 
There could also be interactions between bending and oxide spallation to enhance the fatigue crack initiation, a 
mechanism known as intergranular stress corrosion cracking. Due to the chromium depletion and stresses that 
crack the protecting oxide, internal oxidation and carburization will occur into the material. These carbides and 
oxides will become crack initiations for fatigue cracks and help the propagation of the crack [7][25-27]. 
A certain inaccuracy of these samples is believed to be due to the humidity during the experiments. It is well 
known that even a small change of humidity can change the properties of the oxidation and increase the 
corrosion rate for chromia-forming alloys [28-30]. 
The induced stress will bend the samples and form two different sides of the samples where different corrosion 
and crack formation have been seen. The surface being contracted during heating will elongate during cooling 

200 cycles 400 cycles 
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and relieve the mismatch between the oxide and metal and could provoke spallation, delamination and crack 
initiation. Images show that the internal oxidation and carburization is less on this side of the samples. 
The surface being elongated during heating will contract during cooling and increase the effect of oxide and 
metal mismatch. The tensile stresses during heating will also initiate crack sites at the internal oxides and 
carbides which are present on this side of the samples. 
Previous work has shown that cracks and internal oxidation develop at positions with high stresses in the grate-
chain [1]. These are mechanisms that can be successfully simulated in the test rig to evaluate new materials 
which could withstand such degradations. It also proves that a change of geometry of the grate-links to reduce 
the thermal stresses could be beneficial to eliminate the problem of cracks. 
 
Conclusions 
 

The developed test rig manages to simulate cracking and internal oxidation of the grate-chain. 
The test rig successfully performs thermal spallation and fatigue and makes it possible to further 
evaluate the interaction between the two mechanisms. The temperature gradient investigation shows 
that 20 mm of the center of the sample have a uniform temperature which is the area of interest 
during evaluation. 
The pre-constrain of the samples can be changed to have different fatigue stresses. 
A bended sample can successfully show the difference in behavior between a surface during periodic 
tensile loads and during periodic compressive loads. 
The tensile loaded surface shows an increased amount of thermal spallation and internal oxidation 
and inter-granular stress corrosion cracking (IGSCC). The compression loaded surfaces show less 
tendencies of these mechanisms as the oxides are continuous during a higher amount of cycles. 
Thermal spallation and crack propagation are increased as the amount of cycles and pre-constrain are 
increased. 
Changing the geometry of the grate-links could reduce the amount of cracks in the grate-links. 
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