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Abstract 
Niobium-Alloyed Stainless Steels for Automotive Exhaust Systems 

Bachar Fatfat, M.Sc. 

Politecnico di Torino 

 Niobium, previously known as Columbium (Cb), is a ductile grey transition metal that 
has been reported in 1801 by the English chemist Charles Hatchet as Columbium, then in 1809 it 
was reported again by the English chemist William Wollaston who named it Niobium without 
figuring out that it is the same as columbium. Later in 1864-1865 they were stated as a single 
element by the German chemist Heinrich Rose, and it took is identity as Niobium. 

  Niobium has a large domain of applications, among which his role as an alloying 
element in stainless steels is one of the most important. It is added in the melt shop during the 
steel making process in the form of ferrous niobium in order to produce Niobium-Alloyed 
stainless steels. It is a well-known ferrite stabilizing element that expands the α-field and closes 
the γ-field of the Carbon-Iron biphasic diagram.  

 In accordance to the stringent emission regulations associated with the ecological and 
economic competition in the automotive sector, OEMs adopted a continuous improvement 
approach in optimizing the energy efficiency of the vehicle, which demanded a faster reach of 
the light-off temperature of the catalytic converter (to be able to decrease the emissions), and the 
usage of a lighter material. The result of the increased efficiency is a higher exhaust gas 
temperatures up to 1000-1050°C. Due to these high temperature, the conventional cast iron 
exhaust system components in the hot end are not effective anymore, and finding a new material 
that is able to withstand these high temperature while keeping a good mechanical properties is a 
must, as well as the increase in the warranty period up to 10 years demanded a material that has 
superior corrosion resistance. Henceforth, cast iron has evolved to thin sheets of Stainless steels, 
in particular, ferritic stainless steel grades are the most promising as they are found to be lighter, 
cheaper, and more resistant to service conditions of the automotive exhaust systems.  

  Although stainless steels were able to perform at a higher temperature than that withstood 
by cast iron, however up to 1050°C in the hot end was a challenge which required a further 
improvement in stainless steels grades themselves, and even the invention of new grades, which 
are found to be Niobium alloyed. For the hot end components, the Niobium-alloyed ferritic 
stainless steels EN 1.4521 and EN 1.4622 has proven to fulfill the needs, providing superior 
oxidation and creep resistance while maintaining the good corrosion resistance, however, the 
Niobium-alloyed ferritic grades UNS S43932 (Ti and Nb) and DIN. 1.4509 showed exceptional 
performance in the cold end, providing the needed corrosion resistance. 

 In addition, Niobium as an alloying element has proven to be effective in mitigating all 
the problems that the automotive exhaust components suffer from. In particular, it provided a 
high temperature strength, creep and oxidation resistance in the hot end through the solid 
solution hardening, precipitate hardening, grain refinement, and laves forming mechanisms. It 
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has also been effective in increasing the pitting resistance equivalent number (PREN) that proves 
the higher pitting corrosion resistance required mainly in the cold end. On the other hand, 
Niobium as an individual alloying element, has also been effective in improving the 
manufacturing mechanisms that are carried out to fabricate the complex shapes. Niobium has 
increased the average anisotropic coefficients that corresponds to the better deep drawing 
performance by improving the texture, as well as it hindered the intergranular corrosion that is so 
common in the welded zones, mainly the heat affected zone, by forming Niobium carbides, thus 
keep the chromium in the matrix instead of its depleting it. It is also important to mention the 
economic benefits associated with the usage of niobium, where the recommended ferritic grades 
were able to replace the austenitic grades such as 304, 309, and 316 and their improved versions, 
thereby eliminating the additional cost associated with the expensive addition of Nickel, making 
it also a cost-effective invention.  

 

Keywords: Niobium, Stainless Steel, Automotive Exhaust System, Intergranular corrosion, High 
temperature strength, Dual Stabilization.  
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Objective 
 

 This work is aimed at providing a bibliographic research for Stainless Steels Applications 
in Exhaust Systems, with shedding the light on the added value corresponding to the addition of 
Niobium in terms of mechanical and metallurgical mechanisms in the application considering the 
main trends of the future in what concerns the higher exhaust temperatures and the stringent 
emission regulations. 

 

 

  

 



 
 

CHAPTER 1 
Steel Making Process 

1. Introduction to Steel Making Process 
 Over the years, Iron and Steel have played a major role in human civilization 
development, they have been employed in different life sectors such as automotive, agriculture, 
construction, power distribution, machinery and equipment, and many others in order to solve 
everyday problems, and facilitate our daily life.  

 Steel, as a definition, belongs to the iron carbon system that has the unique feature of 
being alloyed with elements such as Chromium (Cr), Magnesium (Mg), Titanium (Ti), Niobium 
(Nb), and many others depending on the desired chemical composition and manufacturing 
process, the steels can be categorized in different families in which each one of these families 
will be employed in different applications. The alloying elements are added into the melt shop 
during the steel making process. 

 Steels could be classified according to their carbon content, these categories are the low 
carbon steels (lower than 0.25 wt.% carbon), medium carbon (between 0.25 and 0.6 wt.%) and 
high carbon content (0.6 to 1.4 wt.%)[1]. each of these categories has its own application 
according to its mechanical and physical properties. Carbon is considered the main and most 
important element because it increases the strength and allows the heat treatment procedure, so 
that improved and enhanced physical and mechanical properties are obtained. 

1.1. Steel Making Process 
 

 The Steel making process consists of several consecutive steps, starting from the iron 
oxides’ reduction and ending with the finished (or semi-finished) steel products available at the 
market. The steps are the following: 

1- Reduction 
2- Melt shop 
3- Hot rolling 
4- Cold rolling  
5- Annealing 
6- Pickling 
7- Finishing 

Technically, different routes could be followed in order to obtain the iron melt, such as Classical 
Blast furnace/Basic Oxygen furnace (BOF), Electric Arc Furnace (EAF), smelting reduction, and 
direct reduction [1]. 
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1.1.1 Reduction 
 The reduction of oxide ores i.e. Iron making leads to the formation of liquid metallic iron, 
thus it is considered as the first operation in this process. It is important to define some terms used 
in this process such as:  

Coke: produced from coal by means of distillation in the coke oven where additional reducing 
agents such as oil, natural gas, or fuels are injected (and in some cases plastics), it is the main 
reducing agent in the blast furnace, it also acts as fuel. 

Charcoal: commonly used reducing agent made up of amorphous form of carbon, considered 
more sustainable than other reducing agents. 

Fluxes: commonly used lime/limestone/dolomite, added to lower the melting point and improve 
the sulfur uptake by slag, and reduce the viscosity of the slag. 

Pellets: small crystallized balls of iron ore with a size ranging from 9 to 16 mm. 

Sinter: produced form a pre-designed mixtures of fine ores, residuals and additives, used as 
agglomerating material.  

Slag: solution of oxides with small amount of sulphides, phosphides, silicates, and other 
undesired elements, it is formed during hot metal refining where Si, Mn, Fe, P, Ca, and Mg are 
oxidized. 

1.1.1.1. Blast furnace Process: 

 The burden is made up of coke, a mixture of sinter and/or pellets, fluxes and lump ore 
and is fed into the furnace top. As the burden moves down in the blast furnace, its temperature 
increases as shown in figure 2, and its composition varies accordingly [1]. Iron is obtained from 
Iron oxides by the reduction using coal. Iron ores used contain hematite (Fe2O3) and small 
amounts of magnetite (Fe3O4) [2], these compounds are strongly reduced in the blast furnace 
resulting in Iron Oxide (FeO) which, in turn, is partially reduced and carburized form of solid 

Figure 1 Possible steel making routes [1] 
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iron, at the end, iron charge melts allowing liquid iron and slag to be collected at the bottom. The 
reducing agents react to form CO and CO2. In other words, the chemical reactions that represent 
the iron making process are [2]:  

 C + O2  CO2    Eq. 1.1 
 C + O2  2CO    Eq. 1.2 
 Fe2O3 + 3CO  2Fe + 3CO2  Eq. 1.3 
 Fe3O4 + 4CO  3Fe + 4CO2  Eq. 1.4 

 
 For sure, many other elements present within the final charge, these elements are 
distributed between the hot metal and the slag, for instance, elements like Phosphorus, Sulphur, 
Manganese, and Silicon. While Titanium, Aluminum, Calcium, Magnesium, and the bulk of 
silicon and sulphur passes into the slag as oxides. 
The Iron passing through the blast furnace absorbs carbon that lowers its melting temperature to 
1150°C, however the liquid iron must be maintained at approximately 1500°C to obtain 
sufficient fluidity [2] 

 
 
 

Figure 2 Simplified scheme of Blast furnace [1] 
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1.1.1.2. Electric Arc Furnace: 

 The loaded scarp is preheated in the charging basket or the shaft by the off-gas up to 
800°C before melting as a step of recovering energy. In this process, the burden consists of scrap 
with lime for the slag formation, carbon bearing materials are also added, and lump coal is added 
in some plants in order to adjust the carbon content. Firstly, up to 60% of the scrap is loaded [1], 
then as soon as the roof closes, the electrodes approach and strike an electric arc above the scrap. 
The rest of the charge is loaded after the melting of this initial quantity. The power of the arc is 
kept low during the initial stages to avoid the damage of the furnace by radiation, however it is 
increased as soon as the arc is shielded by the surrounding scrap. Oxygen lances and/or fuels 
such as oil or natural gas are used to assist the early stages, as well as oxygen is brought to liquid 
steel by side or bottom nozzles. The purpose of injecting oxygen is the generation of foaming 
slag by the CO bubbles that acts as a shield protecting the furnace walls, and decarburization of 
the melt with removing the undesired existing elements. 

  
Figure 3 Schematic representation of Electric Arc furnace  
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1.1.2. Melt Shop 
 Steel Melting shop is the step in which the hot metal obtained from the iron making units 
is turned into various grades of steel, and casted into slabs, blooms, billets, beam blanks, or 
rounds, during this step many other processes are involved such as: hot metal pretreatment, 
primary steel making, secondary steel making, and finally casting [3]. 

1.1.2.1.  Steel Making Process 

          The collected liquid iron (containing almost 4% C, 0.6% to 1% SI, 0.6% to 0.8% Mn, and 
0.1% to 0.2% P) [1] is transported from the blast furnace to the steel making plant by torpedo 
that is a hot metal mixer travelling on rails. Even though preventive steps have been taken, such 
as reduction of sulphur by coke or other agents, the pretreatment of hot metal remains an 
important step in order to remove phosphorus and silicone and other impurities shown in table 1, 
then it is transported to a basic oxygen furnace where the carbon content being almost 4%, is 
lowered to less than 1%, thereby resulting in Steel, this is also known as the primary steel 
making process. However steel metallurgy is controlled downstream the ladle in order to produce 
steel with the required specifications, and this step is known as the secondary steel making 
process. During this step oxygen is blown in the ladle in order to achieve the desired 
composition, as well as this is the step where alloying elements are added. Hence, the main idea 
of employing ladles and tundishes is to produce steels closer to the desired final chemistry.  

Figure 4 Steel Melt shop [3] 
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 After pretreatment, the stage of oxidation in the basic oxygen furnace starts. The main 
chemical reactions taking place are shown in table 1, where the undesirable impurities such as Si, 
Mn, P, and others. 

Oxidation process Chemical reaction 
Carbon elimination [41]+[O] CO (off-gas) 

[CO]+[O]  CO2 (Off-gas) 
Oxidation of accompanying and tramp elements 

- Desiliconisation [Si]+2[O] +2[CaO]  (2CaO·SiO2) 
- Manganese reaction (Mn] +(O]  (MnO) 
- Dephosphorisation 2[P]+5[O] +3[CaO]  3CaO·P2O5 

Deoxidation 
Removal of residual oxygen through ferro-

silicon 
[Si]+2[O]  (SiO2) 

Aluminum reaction [Al]+3[O]  (Al2O3) 
NB: --[ ]= Dissolved in the hot metal 
        --( )= Contained in the slag 
Source: [200, Commission 2001][363, Eurofer2007]  

 There are many types of Basic Oxygen reactors, figure 5 represents the so called LD 
converter (Linz-Donawitz) used for hot metal with low phosphorus content. Other existing steel 
making oxygen furnaces types include Oxygen Bottom Maxheutte (OBM) known also as Q-BOP 
[1] is shown in figure 6.  

 Furthermore, the LD converter could be enhanced by bottom stirring using a noble gas 
such as Nitrogen (N2) or Argon (Ar) being injected at the bottom through bricks’ holes. This 

technique is used to ensure the homogenization of the steel in terms of composition and 
temperature, in addition to producing a more intensive circulation of molten steel and improving 
oxidation reactions. 

Table 1 Main reactions taking place during the oxidation process 

Figure 5 LD converter [1] 
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 In what concerns the secondary metallurgy, by definition, it is a post-treatment employed 
in order to meet the increasing quality requirements. The main objectives of this secondary step 
is to mix and homogenize, adjust the chemical composition within close tolerances, temperature 
adjustment, de-oxidation, further removal of impurities and gases such as hydrogen and nitrogen, 
and separating the non-metallic inclusions.  

 Secondary metallurgy is carried out under vacuum, known as “VOD” process (Vacuum 

Oxygen Decarburization), or in a separate vessel called “AOD” (Argon Oxygen 

Decarburization), followed by ladle treatments depending on the grade to be produced. Some 
other secondary metallurgy used techniques include vacuum degasing, Vacuum arc degasing, 
and ladle heating furnace [4]. 

1.1.2.2. Addition of Niobium as an Alloying Element 

1.1.2.3.  What is Niobium 

 Niobium is a naturally available element whose chemical information are found in table 
2, described by ductility, malleability and highly resistance to corrosion. It is used in a wide 
range of materials and applications due to its consequences in terms of better performance, 
cleaner environment, improved safety, advanced technologies, and increased value. It is found to 
be effective in improving the strength, weldability, and toughness, as well as the high 
temperature properties when added to stainless steels as we will see in chapter 3, which makes it 
an ideal element to be exploited in the automotive exhaust systems. 

1.1.2.4.  Niobium Addition Process 

 During Ladle steelmaking process, Niobium is added during the secondary steel making 
phase as an alloying element in the form of Ferroniobium FeNb [5] shown in figure 7 (a standard 
Ferroniobium produced by CBMM spec. 111 has the chemical composition shown in table 3), 

Table 2 Properties of Niobium and Ferroniobium, [Source CBMM.com] 

Niobium 
 

Density 
[g/cm3] 

Melting point 
[°C] 

Atomic 
Number 

Atomic 
radius [nm] 

Atomic 
weight 

Nb 8.57 2477 41 2.08  92.906 

FeNb 
(min. 63.5% wt Nb) 

8.1 1370 

Figure 6 OBM (Q-BOP) converter [1] 
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 The reason behind this delay with respect to the addition of deoxidizers is the low affinity 
of Niobium that will react with oxygen as according to equation 1.5 and form Niobium oxides 
(2NbO) which will escape the ladle if added while oxygen is blown.  

 2Nb + O2  2NbO    Eq. 1.5 

 Another way that Niobium could be wasted is when it is dissolved in the slag. Thus the 
interaction between Niobium and the slag should be kept to minimum, and this is achieved by 
ensuring the proper penetration of Nb through the slag so it reaches the liquid steel. The fact that 
the density of FeNb is higher than that of the liquid steel will play an important role in serving 
this purpose, but even though, it is much more beneficial to add the FeNb by the chute through a 
hole in the slag with sufficient velocity [5], then the Argon down injection will ensure the mixing 
with liquid steel as shown in figure 8.   

 

 For sure, the melting of the introduced particles depend on their size that ranges from 5 to 
50mm for an optimum result [5], in addition to the temperature of the molten steel which is 
around 1600°C. The dissolution could be described by three steps: firstly, the FeNb particle 
makes a solidified steel shell around it at the first moments, then it achieves a maximum 
thickness before it melts again, lately, dissolution occurs, and is enhanced by stirring.    

 FeNb addition could follow another method when used with Vacuum processes, where 
the very fine (diameter < 2mm) FeNb particles are introduced via cored wire [5]. 

Ferroniobium Standard Chemical Specifications, wt.% 
Nb Si Al P C S Ta Fe 

63.5 min 3.0 max 2.0 max 0.22 max 0.2 max 0.04 max 0.20 max balance 
Table 3 Chemical specification of standard FeNb, CBMM spec. 111 

Figure 7 Ferroniobium Particles [5] 
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1.1.2.5. Continuous Casting 

 When the liquid steel has reached the required temperature, it is poured into the Tundish 
(see fig 9), it passes by a water cooled copper mold lubricated by powder or vegetable that 
oscillates to avoid steel sticking, giving it the desired shape at the same time, so that when the 
steel leaves the mold it would have a solidified skin. The continuous strand could be billet, 
bloom, slab, beam blank or strip depending on the application and the market demands. 

The direct casting method has replaced the ingots casting due to its advantages in terms of low 
cost, higher yield, flexibility of operation and ability to achieve high product quality [4]. It 
includes pouring the liquid steel into then Tundish, then on a water cooled oscillating copper 
mold, then it passes by a secondary water cooling, containment section and finally withdrawal 
mills. The products of continuous casting are semi-finished shapes like slabs, blooms or billets 
which are to be rolled into the desired shapes.   

 

 

 

 

 

  

Figure 9 Continuous Casting [1] 

Figure 8 FeNb delivery into the ladle [5] 
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1.1.2. Hot Rolling 
 During the rolling process the steel is plastically deformed by forcing it to pass between 
two opposite sense revolving rolls which has a lower thickness than the processed part as shown 
in figure 10, the steel undergoes thickness reduction and lengthening at the same time. Steel may 
pass through a number of rolls, or back and forth until it reaches the required thickness [6]. 
Rolling is employed in order to enhance the mechanical and physical properties by modifying the 
grain structure, making it finer, resulting in greater toughness and strength. 

 No strengthening occur during hot rolling, thus, a very thick plate could be transformed 
into thin sheet due to the unlimited plastic deformation. It is suitable for large parts due to the 
lack of strength and high ductility at elevated temperatures. 

 Hot rolling is useful to obtain the desired shape of the product. The first steps in this 
process are carried out above the crystallization temperature in order to exploit the lower strength 
of the material [6], however the last step is carried just above the crystallization temperature, 
therefore, the material is in continuous recrystallization.  The more the steel is rolled, the denser 
and tougher it becomes but no strengthening occurs. Figure 11 shows the effect of hot rolling on 
a high nitrogen steel specimen with different hot rolling deformation %, and it is clear that the 
highest rolling % results in a dominant elongated refined grains [7]. Hot rolling also has 
advantages in terms of eliminating imperfections such as gas pores, and composition differences. 
On the other hand, the obtained surface finish is poor and oxides are formed at the surface 
(known as scales) that require further pickling process (further discussed in this chapter).   

Figure 10 rolling process scheme [16] 

Figure 11 Microstructure of steel in hot rolled condition [7] 
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1.1.3. Cold Rolling 
 After the hot rolled products are cleaned from scale (the thin oxide layer resulting from 
the high temperatures of hot rolling), cold rolling is carried out at room temperature in order to 
increase the strength and hardness, obtain the desired shape with excellent precession. But it 
causes the loss of ductility [8]. The main difference between hot and cold rolling is that during 
the later, the grains do not recrystallize automatically, which justify the need of a further heat 
treatment. 

 During the rolling process, the grains are oriented in the preferred crystallographic 
direction giving the sheet texture and enhancing the strength of the rolled part, this is known as 
the texture strengthening. Considering the direction is important because it is strictly related to 
the some properties such as young’s modulus and the yield strength. However, some of the 
applied stress is stored in the part in the form of undesirable residual stresses that demands a 
further annealing known as self-relief annealing. 

 A study was carried out on the AISI 304N stainless steel [8] showing the effect of cold 
work on the microstructure and the mechanical properties. The results shows that cold working 
increases the yield strength, hardness and tensile strength , while ductility decreases as shown in 
figure 12. 

 

 

 

 

 

 

 

 

 

 

 

  Figure 12 Effect of cold rolling on AISI 304N specimen [8] 
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1.1.4. Annealing 
 Heat treatment is a technique used to improve the mechanical properties of the steels such 
as hardness, ductility, strength, toughness and internal stresses [9]. There are many types of heat 
treatments that mainly differ in the temperature held and the cooling rate. Annealing process is 
carried out in a tunnel furnace of tens meter long in which the steel is heated up to high 
temperatures above the critical range (typically between 900°C and 1100°C for steels [10]) 
holding at that temperature for specified time (1-2 hours) then cooled at a slow controlled rate . It 
is important because it eliminates the drawbacks of cold working as it enables the steel to be 
subjected to further forming operations without the risk of breaking after it has lost its ductility 
and became thermodynamically unstable during the cold working [10], thus the result is a softer 
steel with relieved internal stress. 

 Annealing consists of 3 phases [6]: recovery, recrystallization, and growth rate as shown 
in figure 13. In the first phase, rearrangement of dislocations takes place with a significant 
reduction in the residual stress, while the strength and ductility are unaffected. The second step is 
characterized by the nucleation and growth of strain free grains, hence the badly deformed grains 
by cold working are replaced by new grains, strength decreases and ductility increases during 
this step. Finally, even though grain growth of some grains on the expense of other is 
undesirable, but it results in the best strength-ductility combination.  

 
Figure 13 the effect of annealing on the microstructure of cold worked metals. (a) Cold worked, (b) after recovery, (c) after 
recrystallization, (d) after grain growth [6] 

1.1.5. Pickling 
 

 The surface finish resulting from the hot worked parts is poor, because oxygen reacts 
with the metal forming oxides that are forced into the surface during forming. The term “de-
scaling” mentioned before stands for the removal of the thick visible grey oxide scale and iron 
contamination from the surface with inferior protective properties due to the hot working and 
heat treatments. However, Pickling is a chemical method used for the removal of the thin metal 
layer that is found directly beneath the scale on the surface of the steel. For this purpose a 
mixture of 8-20% by volume nitric acid and 0.5-5% by volume hydrofluoric acid is used [11], it 
is important to avoid hydrochloric agents to prevent pitting corrosion. 
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 Pickling could be carried out in different methods such as: pickling in a bath (known as 
tank immersion pickling), pickling with the pickling paste, and pickling with pickling solution 
(in spray form) [12]. Each of these methods is employed according to the application, for 
instance the bath pickling requires an off-site plant, however spray pickling could be done on 
site. 

1.1.6. Finishing 
 Finishing is a final added value process obtain a high surface quality and accuracy it 
removes a very small amount of material in the order of micrometers [13]. Finishing process 
could be mechanical [14] (by applying abrasives) such as polishing and grinding, and non-
mechanical such as chemical, photo-chemical, electro-chemical, electrical and optical processes. 

 Grinding and polishing involve the removal of layer by abrading action by hard particles 
called abrasives. Grinding signifies the removal of layers resulting from welds or oxide layers, 
however polishing stands for decorative actions.  Brushing is also an abrasive based finishing 
process, where the abrasive effect on the surface is minimal, mainly this method is used to blend 

Figure 14 Surfaces generated by different abrasive methods [13] 



 
 

14 
 

the wed in the surrounding metal, for this purpose brushing flap wheels made of Scotch-Brite 
[13] are employed.  Buffing does not involve the removal of material, but it makes the surface 
brighter and reflective, hence pastes and liquids are used resulting in smoother, high glossy effect 
surface. 

 Finishing also include the process in which patterns or etches are implemented on steel’s 

surfaces.  

1.1.7. Niobium in Improving the Production efficiency 
 Apart from being an alloying element, Niobium has showed improvements in the 
production process as a whole. While in the melt shop, Niobium result in less oxidation, where 
the efficiency of FeNb is about 95%, compared to that of FeTi that ranges from 80 to 85%. 
Niobium also avoid clogging during casting, and results in less sticking during rolling, it may 
replaces the higher amounts of Ti that results in surface defects, thus it also improves the surface 
state. [15] 

 

  

Figure 15 Niobium in improving the production efficiency [15] 
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1.2. Phase Diagram 

1.2.1. Iron-Carbon Phase Diagram 
 The Iron-Carbon diagram is a starting point that enables us to understand the phases of 
the alloy under thermodynamic equilibrium by plotting the different states as function of the 
carbon content. The “L” region shown in figure 16 represents the liquid phase field limited by 
the so called “liquidus”. Liquidus line defines the initial solidification point for a well-defined 
carbon content simply by drawing a vertical line from carbon content value and finding the 
intersection. The allotropic property of iron is well defined in this structure, where iron may exist 
in several crystal from depending on the temperature. Other regions are called the “one-phase” 

fields, such as ferritic field known as α phase, due to the limited interstitial available sites [16], it 
has a maximum carbon solubility equals to 0.02% as demonstrated in figure 16, the Austenitic 
phase known as γ phase, having a higher solubility of carbon that reaches 2.11%, and as shown it 
is widely spread [16]. On the other hand, we can say that the Fe-C diagram could be divided into 
two parties, Steels when the carbon content is less than 2.11%, and cast iron above that 
threshold. It is important to mark that the carbon starts to separate from iron in the form of 
graphite after 5% according to Fe3C 3Fe +C, the reason why the diagram is truncated at 6.69% 
of carbon where no further changes are noted beyond. 

  In order to further clarify the phases and the microstructure of steel, we will refer to 
Austenite as a homogeneous grains of γ phase, Ferrite as a homogeneous grains of α phase, 
Perlite as a lamellar grains composed of layers of α phase and Fe3C, and Cementite as plates of 
Fe3C at the grain boundary of homogeneous crystals.  

 Another very important application of the Fe-C diagram is its utilization as a base for all 
the heat treatments as it defines the composition of the stable phases as function of temperature.   

Figure 16 Carbon-Iron phase diagram [6]  
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1.2.2. Iron-Chrome Phase Diagram 
 As a ferrite forming element, Chromium further expands the α phase and closes the γ 

phase between a lower and upper limits 11.2% and 13.4% respectively as shown in figure 17, 
thus obtaining a stable Ferritic structure when exceeding 13.4% and standard γ to α 

transformation occurring below this limit. However, the addition of other Austenitic forming 
elements such as Ni, C, or N will expand the γ phase (see figure 19) and stabilize it at high 
temperatures (900-1000 °C) even if 13.4% Cr content is exceeded. On the other hand, if the 
Chromium content is about 16-17 % and the carbon content is very low (<0.1%) the structure 
will be always Ferritic with no considerable transformations [17]. 

α’ phase is a rich iron-chromium phase that forms within the ferrite grains and it has a BCC 
lattice. 

1.2.3. Elements Expanding the α-Phase 
 Nevertheless, the Fe-C is only a guide because the addition of alloying elements will 
obviously modify the Fe-C diagram, mainly in two families: the austenitizing elements such as 
Ni, N, C, etc… that widens the γ field and compresses the α field, and the ferritizing elements 
such as Cr, Ti, Nb, V, Al, etc… that widens the α field and compresses the γ field. The graphs in 
figure 18 [16] show the effect of adding some different ferritizing elements (also called alpha- 
genic) on the Fe-C diagram. 

 According to these figures 18, different alloys belonging to the same category does not 
have the same effect when added in same amounts, for instance, Ti is a higher ferritizing element 
than Cr [16], as we obtain a closed γ field with 0.8% of Ti compared to a slightly narrowing 
effect with 5% Cr.   

 

Figure 17 Iron-Chrome phase diagram [17] 
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 As shown in Figure 18, Niobium is a ferrite forming element that expands the α-phase, 
and closes the γ-phase. This is the so called stabilizing effect of Niobium on the ferrite phase, 
keeping the structure of ferritic stainless steels ferritic at all the temperatures. 

 

1.2.4. Elements expanding the γ Phase  
  

  In figure 19, the expansion of the γ Phase is shown upon adding different Austenite 
forming elements in different quantities [16], where Nickel is tested in fig. 19 (a), Nitrogen (with 
carbon) in fig. 19 (b) and Carbon in figure 19 (c). As the figure reveals, the higher is the added 
amount of each of the elements, the wider is the γ Phase.  

 

 

 

Figure 19 Effects of adding (a) nickel (b) Nitrogen and (c) Carbon [17] 

Figure 18 Effects of different alloys on the Fe-C diagram in expanding the α-phase [16] 
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1.2.5. Schaeffler Diagrams and De Long Diagrams 
 In order to define to which of the pre-mentioned families a specific stainless steel belong, 
Schaeffler Diagram [17],shown in figure 20, is developed considering the great variety of the 
alloying elements and their percentage, as it plots the limits of each category under the condition 
of rapid solidification. It is useful in case of welded structures as well, as it defines the areas 
where the microstructure of the stainless steel is stable. 

The percentage of the ferritizing elements is taken as abscissa and that of Austenitic elements as 
ordinate, known as Chrome equivalent and Nickel equivalent respectively where each other alloy 
is weighted in the total sum according to its effect (setting 1 for Ni in Austenitic equivalent, and 
1 for Cr in Ferritic equivalent [17]).  

  

 

 

Figure 20 Schaeffler Structural Diagram [17] 
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 De Long [17] in figure 21 is a developed version of Schaeffler that takes Nitrogen into 
account as alloying element, thus solving a limitation of Schaeffler diagram. Note that Nitrogen 
is added only to some grades of steel for the purpose of increasing hardness and resistance.  

 

 

 

 

 

 

 

  

Figure 21 De Long Diagram [17] 
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1.3. Stainless Steels 

Introduction 
 Stainless steel is a unique grade of Iron-based alloy that features the property of resisting 
different types of corrosion such as wet corrosion (also known as electrochemical corrosion) in 
aggressive environments such as fresh water, sea water, etc… as well as dry corrosion (this 

would be explained in details later), and pitting corrosion. Thus, it was the solution for the major 
steel’s drawback i.e. rust formation due to oxidation under moisture. For this purpose it has been 
alloyed with a chromium content (Cr) ranging from 10.5% (according to the EU standard EN 
10088) up to 30% that creates a very thin layer protecting against corrosion, in addition to other 
diversity of alloying elements with varying amounts such as Ni, Mo, V, Ti, Nb, etc… enhancing 
different characteristics such as high temperature resistance, toughness, and formability. Hence, 
different families of stainless steels could be obtained according to the alloying elements and 
their percentage, here are the main classification of stainless steel families [17] with their main 
contents, with the possible addition of other alloying elements. 

Austenitic Stainless Steel: contains at least 17% Cr, 8 to 13% Ni, and a varying carbon content 
between 0.02 to 0.15%. 

Ferritic Stainless Steel: contains 12 to 30% Cr, and a varying carbon content from very low 
levels such as 0.01% to levels above 0.15%. Grades with added Niobium and/or Titanium are 
said to be “Stabilized Ferritic Grades” 

Martensitic Stainless Steel: contains 11.5% to 18% Cr, 8% Ni, and a varying carbon content 
between 0.1 to 1%. 

Duplex Stainless Steel: contains 22 to 25% Cr and 4 to 7% Ni. 

Precipitation hardening Stainless Steel: contains 18-20% Cr, 8-10% Ni, Co, Ti, Al, and Nb. 

Henceforth, the main condition in producing stainless steel is controlling the chrome and carbon 
contents, noting that Chromium content gives satisfactory results starting from 12% [17], and 
corrosion resistance increases as the chromium content increases and carbon content decreases. 

 Each of the pre-mentioned families has a wide field of applications, for example, 
Martensitic Stainless steel’s products are employed in the industrial sector, petroleum and 
organic acids environments, table and cutting knives, surgical instruments, etc… As well as it is 

employed in the automotive sectors in brake disks, power drive shafts, con rods, and bushings for 
pumps and compressors, ferritics are applied in the industrial environment as pipes, and in highly 
corrosive environments, household’s appliance, oil sectors and decorative elements. Austenitics 

are widely employed in various applications such as boilers, elevators, domestic utensils, sinks, 
chemical, petrochemical, and nuclear industries, canned food. Duplex are used when chloride 
environments exist or aqueous solutions with chlorides, they are also employed in nitric acids 
and organic acids plants. Furthermore, they are used in marine sectors, petrochemical fields, and 
distillation plants (more details about ferritic and austenitic are discussed later in this chapter). 
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1.3.1. Stainless Steel Passivation  
 The phenomenon of passivity is defined as the loss of the chemical reactivity of 
the metal/alloy making it extremely inert under specific conditions. Chromium, the main 
alloying element in stainless steels is the reason behind the corrosion resistance of this 
category. The formation of a chromium adherent oxide film made up of Cr2O3 and 
Cr(OH)3 [17] forms naturally on the surface of the metal (the substrate) protecting it 
against any type of contact that may cause corrosion as shown in figure 22, this layer is 
known as the passive layer, or passive condition [12], it is just a few nanometers and 
transparent to the luminous radiation, giving the steel its grey-silver metal finish. 
One of the most impressive properties of this layer is its ability to reform whenever new 
substrate material is exposed to an environment that has sufficient oxygen, this property 
is shown in figure 23. The exposure of the material could be due to any type of damage 
such as scratching, rubbing, damaging or attacking, hence stainless steels do not require 
corrosion protecting systems due to this self-healing property. It is revealed that the 
addition of other elements such as Nickel (Ni), Molybdenum (Mo), Titanium (Ti), 
Niobium (Nb) and others may also enhance the corrosion resistance of the stainless steel 
on a wider range. 

Despite the fact that the formation of the passive layer is natural, sometimes it is 
necessary to assist the phenomenon with oxidizing acid treatments [12]. For this, it is 
found that nitric acid is highly effective, however weaker acids such as citric acid can 
also help. It is also important to make sure that the surface to be treated is free of scales, 
pickled and clean of any organic contaminations, oils, or grease.  

 

Figure 22 Chromium role-Passive layer [17] 

Figure 23Re-passivation phenomenon [17] 
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 Nevertheless, we cannot consider that stainless steels are always protected against 
corrosion, there are some conditions where the passive layer is breakable resulting in 
material’s de-passivation in other words, it will be subjected to corrosion. This is better 
explained in figure 24 that uses the electrical analogy [17] where E represents the 
oxidation power and i represents the corrosion rate. Below Eeq the stainless steel is stable, 
no oxidation can take place, thus it is immune against corrosion, then from Eeq to Epp it 
acts as a common carbon steel with gradually increasing corrosion. At the point Epp the 
passivation starts and the protective film starts forming. At point E, Corrosion rate is 
extremely slow and it could be considered zero due to the stabilized thin chromium oxide 
protective layer. When the point Et is reached, dissolution of the chromium oxide takes 
place and the stainless steel is subjected to corrosion again. Hence, the high resistance to 
corrosion is the field extended between Ep and Et.   
  

 
 
 
 
 

Figure 24 Passivation curve of a generic Stainless steel [17] 
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 The effect of addition of some alloying elements om corrosion resistance could be 
better expalined using this curve. Figure 25 shows the effect od Cr, Mo, Ni, Cu, and N on 
the de-passivation curve. It is clear that Cr helps extending the corrosion resistance field 
by increasing the Et value and lowering the Ep value, it also compresses the first part, in 
other words, the pre-passivation is reached earlier. 
 
 

 
 
 
 
  

Figure 25 Effect of alloying elements on the active-passive characteristics of a generic stainless steel [17] 
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1.3.2. Ferritic Stainless steels 

1.3.2.1 . Metallurgy  
 The Crystalline structure of ferrite is described by a unit body centered cubic (BCC) 
lattice with a total of two atoms per cube as shown in figure 26 (1 atom in the middle, and 1/8 
atom at each corner), thus it is a more opened and less dense structure compared to Austenitic 
cube. In this family, the carbon content is reduced down to below 0.1% keeping the chromium 
content high (17% up to 30%), the ferritizing effect dominates the austenitic thus resulting in a 
Ferritic structure at ambient temperature. Different Ferritic grades could be characterized 
according to their alloying elements and their chromium content, figure 27 shows the main 
ferritic stainless steel grades starting from AISI 430 as a reference. 

Figure 26 Body centered cubic lattice [6, 34] 

Figure 27 main ferritic stainless steels from AISI 430 
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 Increasing the chromium content, the corrosion resistance is improved, and some other 
elements enhance other properties such as Oxidation resistance, and weldability. A special 
importance would be given for the alloys containing Niobium (Nb) in this study, highlighting its 
major effects on improving several properties of the Ferritic stainless steels, hence widening their 
field of application. 

 Nonetheless, many other elements could also be added forming highly alloyed ferritic 
stainless steels, obtaining the properties that better suits a specific application, making it a cost 
saving material since it does not have any expensive nickel addition. Among the numerous 
grades and compositions, table 4 represents the chemical composition of the main types, and 
table 5 [17] represents the chemical composition of some stabilized ferritic grades.  

1.3.2.2. Physical and Mechanical Properties 
 Heat treatments are carried out to improve the properties of the steels by modifying their 
crystalline structure, in other words, re-crystalize or reform new grains. In the particular case of 
the ferritic family, chromium could be uniformly distributed in the crystalline structure by 
annealing, optimizing the material’s resistance to corrosion, noting that this is the only applicable 
heat treatment [17]. So, a special importance should be considered when choosing the 
temperature and the holding time for their effect on crystalline grain enlargement phenomenon. 

 

EN Designation AISI 
Approximate  

%C %Cr %Si %Mn %P %S %Mo other 

X2CrTi12 (1.4512) AISI 409 ≤0.03 10.5-
12.5 

≤1.00 ≤1.00 ≤0.040 ≤0.015 -- 1 

X6Cr17 (1.4016) AISI 430 ≤0.08 16.0-
18.0 

≤1.00 ≤1.00 ≤0.040 ≤0.015 -- -- 

X6CrMoS17(1.4105) AISI 430F ≤0.08 16.0-
18.0 

≤1.5 ≤1.50 ≤0.040 0.15-0.35 0.20-
0.60 

-- 

X3CrTi17 (1.4510) AISI 439 
(430Ti*) 

≤0.05 16.0-
18.0 

≤1.00 ≤1.00 ≤0.040 ≤0.015 -- 2 

X6CrMo17-1 
(1.4113) 

AISI 434 ≤0.08 16.0-
18.0 

≤1.00 ≤1.00 ≤0.040 ≤0.015 0.90-
1.40 

-- 

X2CrMoTi17-1 
(1.4513) 

AISI 436 ≤0.025 16.0-
18.0 

≤1.00 ≤1.00 ≤0.040 ≤0.015 0.80-
1.40 

3 

X2CrMoTi18-2 
(1.4521) 

AISI 444 ≤0.025 17.0-
20.0 

≤1.00 ≤1.00 ≤0.040 ≤0.015 1.80-
2.50 

4 

X2CrTiNb18 
(1.4509) 

441* ≤0.03 17.5-
18.5 

≤1.00 ≤1.00 ≤0.040 ≤0.015 -- 5 

X10CrAlSi25 
(1.4762) 

AISI 446 ≤0.12 23.0-
26.0 

0.70-
1.04 

≤1.00 ≤0.040 ≤0.015 -- 6 

X2CrMoTi29-4 
(1.4592) 

29-4C* ≤0.0.25 28.0-
30.0 

≤1.00 ≤1.00 ≤0.030 ≤0.010 3.50-
4.20 

7 

Table 4 Chemical composition of some main types of Ferritic stainless steel [From EN 10088] [17] 
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 Annealing is also beneficial in enhancing the physical properties, for instance, it enhances 
the magnetic behavior when annealed with prolonged hold intervals, as well as reaching tensile 
strength Rm up to 600 Mpa, and hardness up to 220 HB measured in Brinell Hardness (obviously 
these values are composition dependent). As mentioned before, no other heat treatments are 
applicable, making it possible to increase the mechanical resistance up to 1000 MPa [17] by the 
means of cold drawing or rolling only. In annealed state, Ferritic stainless steel’s stress/strain 

curve shows a yield point followed by a drop due to the breakaway of pinned dislocations thus 
enabling the true yield stress to be defined. 

Table 6 and table 7 [17] represent the mechanical and the physical properties of the previously 
mentioned grades in table 4.  

 

 Even though Ferritic stainless steel can afford a competitive corrosion resistance level at 
a lower cost, some of their drawbacks are to be stated. These steels are not so useful at sub-
ambient temperatures due to their low toughness that could be also an obstacle when thickness 
above 1.5 mm is needed, their ductility is also an issue when higher elongations (above 30%) are 
requested [18]. However, their high temperature embrittlement could match the requested level if 
and only if they are well alloyed.  

Table 5High performance stabilized stainless steels containing Nb 

Table 6 Mechanical Properties of some of the main ferritic stainless steels [17] 
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1.3.2.3. Role of Niobium in the Ferritic Stainless Steel Family 
 The Fe-Cr equilibrium diagram is the starting point to an important discussion about the 
phase stabilization and transformation along the manufacturing and application process of 
stainless steels. The first point that needs to be observed is that for materials with low level of Cr 
(< 13%) (for example: AISI 409), the gamma loop (austenitic range) is active from the 
temperatures between 912°C and 1394°C, so if a material is welded or exposed to high this range 
of temperature in these conditions it can become brittle due to the Martensite formation in the 
grain boundaries. Working with materials with high levels of Cr, such as DIN 1.4509 (AISI 441), 

working with low levels of Carbon and Nitrogen and also adding stabilizing elements such as 
Niobium and Titanium is mandatory for today's quality assurance. 

 Thus, for applications where high temperatures are of primer importance, such as modern 
exhaust manifolds, this particular issue is to be considered and solved by the addition of 
stabilizing elements, such as Niobium that will keep the structure completely ferritic in the entire 
temperature range from melting to ambient. The phenomenon of carbide precipitation is known 

Figure 28 Fe-Cr binary section of Fe-C-Cr ternary diagram [17] 

[Source: McGuire 2008] 

Table 7 Physical Properties of some of the main ferritic stainless steels [From EN 10088] [17] 
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as “sensitization” that would be explained in details in the next chapter, highlighting the positive 
impact of Nb on preventing the intergranular corrosion and chromium depletion especially in the 
welded areas. 

 The grade DIN 1.4509 (AISI 441) alloyed with niobium is of special importance in the 
Exhaust system applications as it meets wider range of requirements, in particular, it could be 
formed into complex shapes and joined using the most conventional techniques such as welding, 
and now it is considered as a competitive of the Austenitic grade 304 showing cost saving due to 
the absence of nickel [19]. 
The amount of Niobium to be added depends mainly on the carbon and nitrogen contents due to 
the formation of carbides (NbC) that will provide the creep resistance at high temperature in 
addition to the pitting corrosion resistance and the stabilizing effect for which the formation of 
chromium carbides is totally inhibited. Hence, when the contents of Nitrogen and carbon are 
optimized for a specific application, the amount of niobium is found to be 6 to 8 times the total 
amount of C+N [20]. 

 The stabilization offered by Niobium has also a positive impact on the deep drawing, as it 
eliminates the “stretch strains” which is a small undulations elongated in the tensile directions 
(also known as worms) [19], as well as it decreases the sensitivity of the steels against roping 
(known also as ridging). In other words, the deep drawing performance is determined by the 
LDR “limit drawing ratio” that is correlated to the mean strain ratio that is, in turn, well 
improved by Niobium, making the ferritic grades show higher LDR than Austenitic, thus more 
suitable for deep drawing applications. 

1.3.2.4. Fields of Applications 
 Unlike martensitic stainless steels, Ferritic stainless steels are mainly available as steel 
sheets and strips that could be cold deformed (formed or pressed), and limited in the form of rods 
and bars. They are applied in the industrial environment as pipes, extruded parts, and in highly 
corrosive environments such as nitric acids, as well as household’s appliance, oil sectors and 

decorative elements.  

 Other grades could have further fields of application such as X2CrTi12 (AISI 409) used 
in the Automotive sector in manufacturing of exhaust manifold (due to their low thermal 
expansion and higher conductivity), catalytic converters, and exhaust pipes due to its increased 
plastic deformability and weldability on the cost of corrosion resistance. Hence, later in this 
study we will examine the presence of Niobium exactly in this field, and mark its superior 
advantages in meeting the demands of high temperatures and emission’s quality, for example 

considering the stabilized version X2CrTiNb18 (AISI 441).  

 X6CrMoS17 (AISI 430F) is used in the sector of solenoid valves and metal hardware 
obtained by metal cutting, X3CrTi17 is employed for parts requiring welding such as washing 
machine drums. It is also important to note that X10CrAlSi25 shows superior resistance to high 
temperatures up to 1100 °C, and the ability of employment in sulphurous environments [17]. 
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1.3.3. Austenitic Stainless Steels 

1.3.3.1. Metallurgy 
 Austenitic Structure at ambient temperature is obtained when nickel content is added in a 
sufficient quantity (up to 8-9 %) that dominates the ferritic effect of the -at least 17%- chromium 
content in a relatively low carbon steel. The phase diagram is described by the ternary phase 
diagram shown in figure 30, it shows the absence of the γ to α transformation resulting in an 
exclusive Austenitic structure with a chromium content 17-18% and nickel content 10-12% (or 
duplex if chromium content is increased up to 25% and nickel is lowered to 4-8%). 

 The combination of Cr and Ni results in a Face-centered cubic lattice (FCC) having a 
total of four atoms per unit cube shown in figure 29, which makes it a more packed lattice 
compared to ferrite signifying the higher density. Such steels are highly resistive to corrosion and 
further  

 

 Increasing this resistance could be achieved by further increasing the nickel content up to 
11-12%, or 2-3% of Molybdenum [17] to compensate the relative high cost of nickel, keeping in 
mind that Carbon and other elements such as nitrogen or manganese also play the role of 
austenitic formers. In a similar manner to other families, various grades of desired properties 
could be obtained by varying the alloying elements and their percentage, table 8 shows some 

Figure 30 Fe-Ni-Cr ternary phase diagram 

Figure 29 Face centered cubic crystalline structure [6,34]  

Source: High performance stainless steel by Curtis W. Kovach Technical marketing resources, Inc. Pittsburgh, PA. 
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examples of the chemical compositions of some Austenitic Steels. It is important to note that the 
addition of Molybdenum (Mo, a Chromium equivalent) helps in increasing the corrosion 
resistance, but has no impact on oxidation resistance, in order to improve the later issue, Silicon 
(Si) could be added.  

 
Table 8 Chemical Composition of some Austenitic Stainless Steels [from EN 10088] [17]  

 The limited solubility of carbon in the γ phase is of special importance as it explains the 

certain existence of chromium carbide at ambient temperature that is a major issue to be avoided, 
it is marked that it occurs within the interval 450-900 °C being 700°C [21] as the most severe.  

 Other alloying elements could be added for other purposes, such as Sulphur to improve 
machinability by forming sulphides, Nitrogen improves resistance to corrosion and increase the 
mechanical strength as it is a strong austenitic element, and copper that improves the cold plastic 
deformability. For the grades that require enhanced machinability, a high level of controlled 
inclusions such as sulfides or oxy-sulfides should be kept, but this should be compromised with 
the corrosion resistance, as the pre-mentioned inclusions deteriorate the corrosion resistance. 

 

1.3.3.2. Martensite Formation in Austenite  
 Martensite may form while Austenitic Stainless steel being cooled below room 
temperature, or as a result of cold working, this later is known as “strain induced” or 

“deformation induced” Martensite [21] and is formed at higher temperatures than the first one. 
Deformation induced Martensite further increases the strength resulting from cold working. 
Figure 31 shows the strain induced Martensite formation as a function of strain at various 
temperatures on the steel 304, it is clear that the lower is the temperature, the steeper is the curve 
even at low strain. Hence, Martensite formation is favored at low strains during low temperature 
working. 
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1.3.3.3. Physical and Mechanical Properties  
 The physical properties of the austenitic stainless steels are particular and strongly related 
to its face-centered cubic lattice. In general terms, compared to ferritic stainless steels, it is found 
that the later has lower heat expansion, and higher thermal conductivity, thus upon exposure to 
temperatures, austenitic stainless steels expand more with limited heat transfer. Unlike ferritic 
stainless steel, the Austenitic category is characterized by the lack of magnetic behavior. Table 9 
[17] shows the order of magnitude of the physical properties of some Austenitic grades. 
Austenitic Stainless steels do not have a clear yield point, but it is found that they start to deform 
at almost 40% of their yield, it can be said that the behavior is elastic below 50% of the yield, 
and a negligible plastic deformation occurs below 66% of the yield. 

Table 9 Physical properties of some Austenitic grades [from EN 10088] [17] 

Figure 31 Strain induced Martensite formation as a function of strain at various temperatures [21] 



 
 

32 
 

 In what concerns the mechanical characteristics, the austenitic matrix of such family is 
characterized by high deformability, resulting in tensile strength Rm up to 550-650 MPa and 
yield stress Rp0.2 up to 280 MPa, in contrast, it is a high ductile, in which elongation at breakage 
may reach 50%, and a hardness number between 160-200 HB [21]. The order of magnitude of 
the mechanical properties is show in table 10. Further hardening is possible and tensile strength 
Rm values may exceed 1500 MPa, as well as yield strength Rp0.2 may reach 1600 MPa if the 
product is cold worked such as rolling or drawing. It is also important to mark that this category 
is highly resistant to brittle fracture, as its matrix keeps it tough even at very low temperatures. 

 Compared to ferritic stainless steels, Austenitic are less resistant to cyclic oxidation, the 
reason behind this drawback is their higher thermal expansion coefficient that leads to spall the 
passive layer, they are more sensitive to stress corrosion cracking (this issue will be further 
discussed later), and they have lower fatigue endurance limit (30% of their tensile strength, on 
the other hand it is up to 60% in ferritic), consequently their thermal fatigue behavior degrades. 

1.3.3.4. Role of Niobium in Austenitic Steels 
 In correspondence to the phenomenon of sensitization due to the limited solubility of 
carbon in the γ phase, Niobium is added, followed by a stabilization heat treatment, consequently 
Nb is considered as a stabilizing element that will hinder the formation of chromium carbides 
solving by that the chromium depletion problem. It form carbides with solubility that follows the 
following equation [21]: 

 Log [Nb] [C] = + 4.55 – 9350/T     Eq. 1.6 
 where T is in Kelvin.  

Table 10 Mechanical Characteristics of some Austenitic Stainless Steel [17] 
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 However, Nitrogen also seeks for the available Niobium, thus the amount of niobium to 
be added depends mainly on the amount of Carbon and Nitrogen contents, so that it combines in 
a stoichiometric manner. For this purpose, it is found that the amount of Niobium should exceed 
eight times the carbon plus nitrogen content. 

 The precipitation that results from the addition of niobium, in other words the dissolved 
Niobium in the matrix leads in to an increase in the hardness, a study were carried out comparing 
4 samples (with 0%, 0.5%, 1, and 1.89% Nb content respectively) and the result is shown in 
figure 32. The increase in hardness can be explained by the fine grains, high vacancy super-
saturation, and Niobium solid solution hardening. In the same figure, the effect on different 
properties is shown. Note that yield strength (YS) and tensile strength (TS) are measured in 
N/mm2, while elongation is measured in % [22].  

 Another studied effect of Niobium on the microstructure is shown in the figure 33, where 
it is found that niobium addition creates a continuous intermetallic phase called “the Laves 

phase” that is proportional to the amount of Nb added [22]. This Laves phase precipitates first at 
the grain boundary, then at incoherent twin boundaries, coherent twin boundaries and grain 
interior respectively, these laves explain the mitigation of crack propagation in the Nb alloyed 
Stainless steels. Although these Laves are desired and beneficial, they have drawbacks in terms 
of ductility, and the deterioration in ductility is due to the solid state of these laves. 

 In addition, Niobium has a considerable effect on the pitting corrosion, due to the 
increase of Nb content in the matrix which causes “beneficial disorders” increasing corrosion 

resistance by the formation of Niobium Oxides, which in comparison to Chromium oxides, offer 
a higher protection [22].  

Figure 32 HV, YS, TS and EL% as function of Niobium in cast steels [22] 
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 From metallurgical point of view, a study is carried to figure out the effect of niobium on 
Austenitic stainless steels [22], the used samples contain 0.5%, 1% and 2% Nb by weight. The 
effect on the solidification is showed in figure 34 where the liquidus and solidus lines are 
depressed, enlarging the solidification interval.  

 

Figure 33 a sample with 2 wt% Nb under electron Microscopy [22] 

Figure 34 Niobium effect on solidification [22] 
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1.3.3.5. Field of Applications 
 Starting with the most popular grade known as AISI 304, it is used in many fields such as 
industrial, civil, military, etc… due to its superior corrosion resistance that exceeds that of other 
competitive families of martensitic and austenitic. However Austenitic grades in general are 
widely employed in various applications such as boilers, elevators, domestic utensils, sinks, 
chemical, petrochemical, and nuclear industries, as well as in the production of canned food. The 
lack of magnetism in Austenitic stainless steels makes them an ideal material for military 
weapons, and their high toughness at temperatures close to absolute zeros implies their 
employment in the cryogenic field and liquefied gas transport fields. 

 On the other hand, considering the stabilized versions of the grades, such as AISI 321 and 
AISI 347 where Titanium and Niobium are introduced, to be of special importance due to their 
higher corrosion resistance and greater mechanical properties compared to the ordinary 
Austenitic stainless steel grades, in which they are used in applications where welding is 
necessary and the part is subjected to high temperatures, consequently making them a highly 
competitive material for exhaust manifold manufacturing. 

Other grades are also employed in the automotive field for the manufacturing of conveyor belts, 
springs, and load bearing structures such as AISI 301, and the grade X8CrNiS18-9 from which 
small parts are manufactured (screws, nuts, pins, bushings, etc…). 
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CHAPTER 2 
AUTOMOTIVE REVISION 

Introduction 
          Consider the cycle of a 4 stroke internal combustion engine starting by the intake of the 
fuel and air mixture (or only air, depending on the injection type), then the compression stroke 
followed by the combustion of the fuel and air mixture resulting in hot combustion gases that 
include carbon dioxide, water vapor and some other pollutants, then the expansion stroke 
pushing the piston downwards causing the crankshaft to rotate, and finally the exhaust stroke 
during which these hot gases are expelled outside the combustion chamber to the atmosphere 
passing by exhaust system.  Hence, the exhaust system is defined as a system that carries the 
exhaust gases from the cylinder through the exhaust manifold, treating them to reduce the toxic 
emissions employing a catalytic converter for this purpose, and expelling them to the ambient 
atmosphere through the tail pipe. In this chapter we will recall the history of the exhaust systems, 
the way they developed, and we will go deeper in stating and explaining their main problems. 

   

Figure 35 Four stroke internal combustion engine 



 
 

37 
 

2.1. History of Exhaust Systems 
 Over the years, the Exhaust System’s job has grown and it has been given more 

responsibility, it started from guiding the toxic exhaust away from passenger’s compartment, to 
damped the noise [23], and finally to reduce the toxic emissions. 

 In 1881 the United States realized that an excessive amount of smoke is expelled in 
Chicago and Cincinnati and they issued a law stating that this is an unacceptable situation, and 
gradually, all the other states started to follow the laws. After the World War II, the automotive 
sector was considered as a major contributor to the smog and it started to be questioned, not only 
in the United States, but all over the world. 

 In 1962 the Frenchman Eugene Houdry patented his innovation, “The catalytic muffler” 

which is a silencer mounted in the exhaust system in order to reduce noise, making noise 
reduction as the exhaust system’s main function by that time. 

 In 1963 the crankcase forced ventilation device was launched as the first exhaust 
purifying device used in passenger cars, it was based on re-introducing the leaking exhaust gas 
into the intake manifold and burning it again hindering by this action its escape to the 
atmosphere. 

 In 1968 the first regulations was published restricting the liner exhaust, the reason that 
pushed the car makers to take actions for the sake of decreasing the emitted hydrocarbons and 
carbon monoxide such as reducing the compression ratio, increasing idle speed, preheating the 
intake, and injecting air in the exhaust manifold to complete the combustion of such gases. 
Unfortunately, the downside of these actions where the increase in both fuel consumption and 
the nitrogen oxides (known as Nox) emissions. 

 In 1970 the Environmental Protection Agency in the USA had set rules as an action to 
clean the air, and the available equipment were not sufficient to meet the congress regulations by 
that time, the reason why car manufacturers started investing in new technologies. During this 
year, a catalytic process invented by a Frenchman Eugene Houdry was able to double the amount 
of useable oil produced from crude oil. Using his invention’s technology he introduced a 

catalytic converter for automobile mufflers that was able to reduce the CO2 and HCs emissions 
known as catalytic muffler patented in 1962. 

 In 1973 the Exhaust Gas Recirculation (EGR) valves was introduced as a response to the 
regulations that considered the emissions of the nitrogen oxides NOx. 

 In 1975 the limits on the CO2 and HC emissions where further lowered, making it 
obligatory to include an oxidizing converter, with noise regulations came into effect. 

  In 1981 more stringent limits were set for the NOx emissions. These limits were met by 
the introduction of a ternary catalytic converters. Oxygen sensors and closed circuit controls 
were also introduced to maintain a normal operation. 

Henceforth, the Exhaust system by now has included the exhaust manifold, the catalytic 
converter and the muffler. However, to meet the increasingly tightened restrictions, more 
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attention is made to improve this system such as relocating the catalytic converter closer to the 
engine and choosing a higher heat conductive material for a faster light-off, or even using two 
converters using various layouts and catalysts. 

2.1.1.  Exhaust System Components 
 As mentioned before, the exhaust system is made up of several consecutive components 
in which the exhaust gases and the sound waves (pressure waves), escaping from the cylinders 
through the exhaust valves, pass through before they are expelled into the environment. During 
their passage, 4 main roles are covered [24]: 

1- Collection of exhaust gases 
2- Purification of exhaust gases 
3- Silencing of exhaust noise 
4- Getting rid of the exhaust gases 

 In order to execute these operations, the following components are employed [25]: 
Exhaust manifold, header pipe, Catalytic converter, intermediate pipe, muffler, and tailpipe, and 
they are divided into two ends: the hot end characterized by temperatures above 600°C including 
the manifold and the catalytic converter, this section suffers from thermal fatigue and oxidation 
mainly and salt corrosion at high temperatures, and the cold end where temperatures are below 
600°C such as the muffler and the tail pipe which mainly suffer from corrosion due to 
condensation, and vibration.. 

 

 

Figure 36 Typical view of an Automotive Exhaust System [39] 
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2.1.1.1. Exhaust Manifold 
 The exhaust manifold is the part of the engine that connects the cylinder head to the rest 
of the exhaust system, its main role is to receive the combustion gases and deliver them to the 
exhaust system to be expelled in naturally aspirated engines, or to the turbocharger in 
turbocharged engines. Hence, it is in a direct contact with the post-combustion hot gases that 
signifies the employment of a material which is able to resist this high temperature and its severe 
consequences such as oxidation resistance, and thermo-mechanical fatigue, this material was 
chosen to be cast iron. However, nowadays Ferritic and Austenitic Stainless steels are replacing 
cast iron in order to meet the trending requirements, this would be further discussed in this 
chapter. Different manifold layouts could be realized considering several factors such that the 
number of cylinders and their firing order, Turbochargers, front/back exhaust, back pressure, and 
packaging within the engine compartment which requires a material that has good formability 
such as press forming and weldability. 

 In addition, the composition of the exhaust gases should be taken into consideration to 
avoid the possible chemical reactions between the gases and the component. Even though the 
products of combustion are carbon dioxide, water vapor, and other pollutants, however the 
composition of such pollutants differs as it could be the product of diesel, petrol, or natural gas.   

 

  
Figure 37 sxhematix representation of a typical Exhaust Manifold [25] 
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2.1.1.2. The Catalytic Converter 
 Even though the theoretical products of the combustion are water vapor and carbon 
dioxide, in fact the combustion in the Internal Combustion Engine (ICE) is incomplete, hence 
many factors lead to the formation of other toxic gases such as Carbon monoxide (CO), 
Hydrocarbons (HC), Nitrogen oxides (NO and NO2) known as NOx, and particulate matter [26]. 
Considering the dangerous effects of these emissions on humans and the environment, 
regulations has been growing and becoming tighter with time, requiring the invention of a 
component that helps these gases to further oxidize into CO2, H2O and N2. Different technologies 
have been developed for such purpose such as the three way catalyst, adsorption, traps and 
filtration [26p]. However, the three way Catalytic Converter (TWC) comes to be the most 
effective solution, as when it reaches the light-off temperature 300°C-400°C, its optimum 
performance is achieved in a narrow window where the fuel to air ratio (known as α in most of 
the books) is almost stoichiometric. Figure 38 shows the efficiency of the catalytic converter as 
function of Air to fuel ratio in reducing the toxic emissions [26] for spark ignition engine*. 

 The CO and HC are oxidized to CO2 and H2O, however NO has to be reduced using CO 
or H2. Some possible NO reactions are [26]: 

 NO + CO  ½ N2 + CO2    Eq.2.1 
 2NO + 5CO + 3H2O  2NH3 +5CO2  Eq.2.2 
 NO + H2  ½ N2 + H2O    Eq.2.3 
 2NO + 5H2  2NH3 + 2H2    Eq.2.4 

 
*Spark Ignition engine and compression ignition engine use different fuels having different chemical 
composition, thus we have to differentiate them considering that the entire combustion process and 
consequently, temperatures and chemical composition of the gases are different, for further details about each, 
please refer to reference 25. 

Figure 38 Catalytic converter efficiency as a function of Air to fuel ratio of a spark ignition engine [27] 
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Catalytic converters are made up of the shell, substrate with monolith or honeycomb 
structure. The main function of the shell is to hold the catalytic converter internal parts, hence it 
must be strong and able to resist vibration, high temperatures and their consequences. The 
washcoat is about 90% γ-Al2O3.The substrate could be metallic or ceramic as shown in figure 40, 
however, metallic is preferred for high temperature applications such as FeCrAl [27]. Inner and 
outer cone are mainly to regulate the flow keeping their uniformity index [27]. 

  
 
 Catalytic converters uses precious metals such as Platinum (Pt), Palladium (Pd), and 
Rhodium (Rh) to play the role of catalyst, thus speeding up the oxidation of the emissions 
without being consumed. They could be combined in different quantities depending of the 
application and the chemical composition of the emissions [27]. It is also important to mention 
that the metallic substrate of the catalytic converter could be made up of Fe-Cr alloys that shows 
advantages in terms lower backpressure, thin walls and ability to resist high temperature if close 
coupled.  

 

 Talking about the emissions, it is very important to highlight the periods during which the 
engines emits the most, apart from abnormality, the cold start is the first major emission 
contributor because it runs with rich condition (more fuel than air) to increase the temperature of 
the engine, as well as the catalytic converter is not working during the cold start because the 

Figure 39 Three way Catalytic Converter [26 ,27] 

Figure 40 Metallic/Ceramic Monolithic converter [26] 
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light-off temperature has not been reached yet. For such reasons, the material of the exhaust 
manifold and its location are game changing points in order to meet the stringent regulations. 

Figures 41 and 42 show some possible locations of the catalyst in different layouts. 

 In addition, Oxygen storage materials are used, such as Cerium and Zirconium. These 
elements help in keeping a stoichiometric ratio achieved chemically, i.e. trapping oxygen when 
then reaction is fuel-lean, and releasing it when operating in fuel-rich conditions, hence 
minimizing the fluctuations associated with the lag of the closed loop feedback by the oxygen 
sensor. Taking Cerium as example:  

 Fuel rich condition, Oxygen releasing: 2CeO2 + CO  Ce2O3 +CO2 
 Fuel-lean condition, Oxygen capturing: Ce2O3 + O2  2CeO2 

Hence, Ceria CeO2/Ce2O3 stabilizes the partial pressure of oxygen at the surface of the catalyst, it 
was used before the benefits of Zirconium addition was found in CeZrO that showed better 
thermal stability and reducibility, and Yttrium added for its benefits in increasing the oxygen 
vacancy concentration. As to be shown in Chapter 3, Niobium has proven as an element that 
increases the Oxygen Storage Capacity (OSC) when added to Cerium and Zirconium, and it 
performed better than other elements such as Nd and Pr.  

  

Figure 41 Close coupled configuration [26] 

Figure 42 Pre catalyst + Underfloor Catalyst configuration [26] 
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2.1.1.3. Muffler 
 The main role of the muffler is to reduce the exhaust noise emission, defined as unwanted 
sound, by breaking the sound waves before expelling the gas to the environment. By definition, 
sound is a pressure wave formed from pulses of alternating high and low pressure air generated 
by the exhaust valves operation. In general, the pressure waves are broken by forcing the gas to 
pass by a series of chambers as shown in figure 43. There are two types of mufflers, known as 
reactive and absorptive. The objective is to choose the muffler that does its job effectively 
maintaining low back pressure, adequate insertion loss, and durability [28].  

NB: the purple arrows in figure 43 indicate the pathway of the exhaust gas. This type of mufflers is called reverse 
muffler due to the reverse flow of the exhaust gas before being expelled. Other types such as chamber mufflers 
features lower back pressure but less effective in noise cancellation. 

 In reactive mufflers, are based on the phenomenon of destructive interference. The gas 
flows into the first expansion chamber as shown in figure 45 where the pressure waves are forced 
to scatter through the drilled surface, hence cancelling out themselves by destructive interference 
which occurs when a reflected wave of equal amplitude and 180 degree phase collide with the 

Figure 44 Reactive Muffler 

Figure 45 Chambers of typical muffler [80] 

Figure 43pathway of the exhaust gas in a muffler [80] 



 
 

44 
 

transmitted wave. Hence, the discontinuities and geometrical changes are realized so that 
accomplish the desired reflection. More intense waves reach the second chamber where they are 
destroyed due to friction upon hitting the wall. The strongest waves are able to pass both 
chambers and arrive to the resonator addressed as “Helmholtz Resonator” where the wave hits 
the wall and bounce back generating an opposite sound wave having the same frequency as 
shown in figure 46. This phenomenon causes the sound waves to be cancelled by mitigating their 
peaks. The only drawback of such mufflers is their higher back pressure compared to the 
absorptive one. 

 Before flowing out through the tail pipe, the gas with the sound waves are directed to 
flow through the third chamber. 

 

 Absorptive mufflers are based on dissipation phenomenon, where absorptive material is 
used so that the energy of the sound waves is converted into heat. A typical absorptive muffler is 
shown in figure 47, the perforated pipe is separated from the steel case by the absorptive 
material. They are better from back pressure point of view, however they are less effective in 
reducing noise [28].  

 

2.1.1.4. Pipes:  
 Two different pipes are used, the intermediate pipe settling in the hot end and connecting 
the components there, these pipes should show good ductility, weld ability, good thermal 
properties and corrosion resistance, and the second type, i.e. the tail pipe which is in the cold end 
and it is mainly to let the gases out.  

Figure 46 Helmholtz resonator [80] 

Figure 47 Absorptive Muffler [28] 
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2.1.2. European Regulations for Emission Limits 
 The stringent demands on lowering emissions has not been set only on toxic emissions 
such as HC and CO, however it also set limits on the greenhouse gases such as CO2. Through the 
years, Europe has updated its regulation making them more and more stringent as shown in 
figures 58.  

 With each new regulation, the limits are becoming more stringent, demanding new 
technologies, materials, and layouts. Figure 49 shows the trend of CO2 from the year 2000 up to 
present, with the future vision in Europe and across the world, as well as figure 50 shows the 
trend of limits of toxic emissions. 

 

 
Figure 49 CO2 limits from 2000 to 2030 [29] 

Source: [25] 

Figure 48 development of European regulations through the years [29] 

Source: theicct.org 
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 Many different techniques has been used to reduce the emissions concerning Exhaust gas 
recirculation known as EGR, Port injection, Variable Valve timing, injector types and holes, 
etc… However these was beneficial in terms of reducing toxic emissions, keeping the CO2 levels 
unchanged because the amount of CO2 could be reduced only by decreasing the amount of fuel 
burnt [29]. For this purpose some effective techniques were turbocharging, and hybridization. In 
addition, the amount of fuel burnt is proportional to the mass of the vehicle, hence reducing the 
mass in any possible part/component nowadays is a target. 

 

 Therefore, it is clear now that in order to reduce the emissions it is mandatory to reach a 
faster light-off temperature of the catalytic converter and reduce the total mass of the vehicle, 
consequently the amount of fuel burnt, and the corresponding amount of CO2 produced. So, 
using a material of higher conductivity will serve as will spread faster from the exhaust manifold 
to the converter, as well as a lighter material is always preferred. So, the first two requirements 
on the material to be concluded for the realization of an exhaust system are: 

1- High thermal conductivity in order to allow faster and even spread of heat. 
2- Lower density material to reduce the amount of fuel burnt. 

Later in this study, we will show the effect of Niobium in these fields, with many others benefits 
in solving the problems in the exhaust manifold that will be addressed in this chapter. 

  

Figure 50 Limits on toxic emissions through the years [29] 
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2.2. Exhaust System Problems  

Introduction 
 During its operation, the exhaust system experiences different damaging phenomena due 
to the high temperature of the exhaust gases, their toxic composition, road salt, vibration, and 
mechanical loads. These thermal cycles and loadings are combined in thermo-mechanical fatigue 
(TMF) [30] shortening the life of the components, in addition to the different types of corrosion 
occurring in different mediums such as dry corrosion in the exhaust manifold, wet corrosion in 
the muffler and on the outside due to road salt, as well as pitting corrosion resulting in cracks 
that terminate the life of the component.  

Different thermo-mechanical models has been used to evaluate the residual life of the 
components, mainly, the exhaust manifold. These models takes into consideration the 
mechanical properties of the material as function of temperature, hence choosing the best 
material is the starting point for a reliable system. In what follows, we will shed the light on the 
different problems that are to be taken into account for a reliable component. These problems are 
in terms of corrosion (wet, dry, intergranular, pitting), thermo-mechanical fatigue, and vibration.  

 

2.2.1. Fatigue 
 By definition, Fatigue is lowering the strength or failure of the material due to the 
repetitive stress which could be above or below the yield strength. It is a common damage in 
many fields such as turbine blades, crankshafts, and many other car components such as the 
exhaust manifold which is subjected to repetitive form of compression, expansion, bending and 
vibration. However, in order to occur, at least part of the stress should be tensile [32]. Even 
though these stresses are below the yield limit, their occurrence in a repetitive manner for a 
sufficient number of cycles will result in fatigue.  

Figure 51 The three stages of fatigue [32] 
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 Fatigue has three stages that make it easy to be detected as shown in figure 51. First it 
starts with the nucleation of tiny crack mainly at the maximum stress section, or an already 
existing crack due to pitting or scratch, then this crack propagates in a smooth manner along until 
the section is not able to resist the load, the moment at which fracture occurs. 

 Fatigue analysis can indicate the life of the component [31]. Temperature has also a 
significant effect on fatigue due to the stresses it introduces when the material is subjected to a 
non-uniform expansion and compression, a typical case that occurs in the automotive exhaust 
system, mainly the exhaust manifold that experiences crucial thermo-mechanical fatigue. 

2.2.1.1. Thermo-Mechanical Fatigue  
 Due to the increasing demands for performance and emissions as discussed before, the 
phenomenon of Thermo-Mechanical Fatigue (TMF) is becoming more and more common 
especially for the corresponding high exhaust temperatures up to 1000°C.   

Distinguishing between two different fatigue forms, mechanical fatigue is analyzed at constant 
temperature, it could be high cycle fatigue (HCF) if the maximum applied load does not exceed 
the yield limit, or low cycle fatigue (LCF) when it does, However, thermal fatigue is the 
degradation of the material’s physical and mechanical properties as a consequence of the 

temperature variation. Hence, it is important to note that the used constitutive law in determining 
the component’s life has to consider the mechanical properties as a function of temperature [30].     

Based on a study held on a stainless steel specimen subjected to thermal cycles [31], it was 
observed that the result is two types of cracks, interior that occurs in any case, and exterior where 
the crack initiation is accompanied by oxidation and voids formed due to creep.  

Therefore, Thermo-Mechanical Fatigue is when these 2 pre-mentioned forms of fatigue are 
superimposed, their combination could be in-phase or out of phase. Different factors are 
considered when the life of a components is to be estimated based on the TMF conditions, these 
factors include material properties, mechanical deformation and its rate, temperature range and 
the phase condition. The most famous approach to estimate the number of cycles before the 
failure of the component is the Manson –Coffin approach [30], based on a correlation between 
the strain and the number of cycles:  

 Δԑβ . N = C    Eq.2.5 

Where: Δԑtotal =Δԑthermal + Δԑmechanical is the total applied strain 

 C, β:  coefficient and exponent of strength and ductility to fatigue, evaluated   
  experimentally. 

 N:  number of cycles 
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This equation, known as strain controlled, is used for the low cycle fatigue test, however a 
similar stress controlled equation is used for the high cycle fatigue test, the combination of these 
2 equations allows to obtain the well-known Basquin-Manson-Coffin curve shown in figure 52 
that will give the number of cycles before the failure.  

 In-phase cycles are achieved when the maximum of both the strain and the temperature 
occur at the same instant, however Out-of-phase case is the contrary, where the maximum of one 
cycle is super imposed with the minimum of the other as shown in figure 53 .  

Out-of-Phase condition is considered more critical from the oxidation point of view, because 
when the oxide layer is formed at high temperature, the corresponding stress will be minimum, 
then stretching occurs with lower temperature that makes the layer brittle and consequently 
breaking it exposing new material for the further oxidation. 

In the particular case of metallic materials, stainless steels for example, the damage due to the 
TMF is due to three phenomena:  

1- Mechanical Fatigue (HCF, LCF) 
2- Creep  
3- Oxidation 

Figure 53 In-phase and Out of Phase TMF cycles [30] 

Figure 52 Basquin-Manson-Coffin Curve [30] 
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These three may occur independently, of combined depending on the specific conditions of the 
application. For example, in the exhaust manifold, these 3 phenomena may be combined because 
the temperature exceeds 1/3 the melting temperature of the material [30]. 

2.2.1.2. Mechanical Fatigue 
  Materials respond in a different way when subjected to mechanical fatigue, for example 
there exist a category of materials that harden cyclically (increase the required stress to reach the 
applied strain) with the increase number of cycles, this category includes annealed materials in 
general, or vice versa, a category that softens (thus less stress is required to reach the applied 
strain) such as heat treated materials by quenching, or plastically deformed materials by drawing 
belong to this category in general terms [30].  

Consequently, damage may occur due to this hysteresis behavior by nucleating a crack that 
propagates along the crystalline planes resulting in fracture. Other phenomena may also enhance 
the mechanical damage such as Bauschinger effect, shakedown, or ratcheting [30].  

2.2.1.3.  Creep 
 Creep is defined as time dependent plastic deformation that occurs under static 
mechanical stresses and elevated temperatures, it is observed when the temperature exceeds a 
definite threshold which is 40% [32] melting temperature of the material. The associated failure 
of creep suffer from rupture failure due to the microstructural consequences described by 
dislocation movements, cavitation on grain boundary, and microstructure aging [32], that makes 
creep a limiting factor in the component’s life time.  In the exhaust manifold, in general, the 
mechanical fatigue and creep coexist. Figure 54 shows the three stages of creep, the primary 
creep described by increasing creep resistance i.e. strain hardening, secondary creep is the most 
important as it is the engineering design parameter for long life applications described by a 
constant rate, finally the tertiary creep that shows an increase in creep rate resulting in failure.   

 Figure 54 the three stages of creep [32]      
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Figure 55 shows that creep highly depends on temperature, it is obvious that the higher is the 
temperature, the lower is the life time.  

 In order to obtain a quantitative measures in terms of creep resistance, experimental 
approach called the “sag test” shown in figure 56 is applied for the specimen for the desired 
temperature and time. The results are measured in terms of deflection in [mm]. The lower is the 
deflection, the higher is the creep resistance of the material. 

 

 

 

 

  

  

Figure 55 Effect of temperature and stress on the creep behavior [32] 

Figure 56 Schematic representation of Sag test [45] 
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2.2.1.4. Oxidation  
 An oxide layer could be formed oat the surface of the metal as a result of its reaction with 
oxygen. This reaction is influenced by the standard free energy that could be detected from the 
Ellingham diagram [32], the rate of oxidation described by the Pilling-Bedworth ratio which 
exceeds two for iron [32] revealing that the oxide crack off the surface exposing new material as 
shown in figure 58.  

 The general chemical equation of oxidation of metals (M) is:  

 aM +b/2 O2  MaOb     Eq.2.6 

 The first step is the absorption of oxygen into the metal, then it dissolves and forms 
oxide. Hence, it may happen by oxygen penetrating, or metal being transported to the outer and 
reacting there. Oxidation reactions are based on diffusion phenomenon. There exist three main 
types of diffusion shown in figure 59: the vacancy mechanism occurs when an atom jumps into a 
free site in the adjacent lattice, the interstitial mechanism is the case when an atom pushes an 
atom to an interstitial site occupying its place, or an interstitial atom moves to another interstitial 
site. Oxidation damage occurs whenever the temperature is critical for the used steel grade, it is 
more common with austenitic stainless steels [32], and the in-phase TMF could be dominant. 

Figure 58 Oxidation of Iron [32] 

Figure 57 Metal oxidation phenomenon [32] 
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 Even though oxidation is said to be environmental effect, it is temperature dependent, and 
that was proven by Arrhenius relationship [17] that shows an exponential increase in the 
oxidation rate as temperature increases. Thus choosing a material that has high oxidation 
resistant, that depends on the formation of protective oxides  including Cr, Si, and Al, is an 
effective way in minimizing its consequences by avoiding the abnormal oxidation zone. 

 

 As a conclusion, for the exhaust manifold as a particular component, the typical working 
conditions are characterized by thermal cycles featuring temperatures above 900°C for emission 
demands, and mechanical loads due to bolts, weight, turbochargers, and expansion/compression 
especially when expansion is hindered by constraints or other components. Hence, the material is 
a starting point, it should be chosen having high thermal fatigue and oxidation resistance, 
reduced wall thickness to reduce the weight maintaining in the same time higher conductivity for 
a faster heat spread and high thermal capacity for a faster light off, and low expansion coefficient 
to reduces stresses.  

2.2.1.4.1. High Temperature Oxidation of Stainless Steels 

 Consider the particular case of the exhaust manifold, where the temperature is always 
high and the environment is hot gases containing air, oxygen, CO2, steam, hydrocarbons etc… 

The contact between such hot gases and the stainless steel features the oxidation-reduction 
reactions that leads for the formation of oxide scales on the surface (for simplicity, consider the f 
equations 2.7-2.9) 

 

 

 

 In general, the oxidation rate has a parabolic trend and is described by the inward or 
outward diffusion phenomena, even though the formed oxide layer could be seen as a protective 
layer that decreases the oxidation rate, however the imperfections in this layer, such as pores, 
channels, vacancies or cracks, the oxidation reactions continue with the consequence of alloy 
depletion combined with oxide spallation and cracks. 

 2Fe  2 Fe+2 +4e- 4Cr  4Cr+3 +12e- 
 

Eq.2.7 

 O2 +4e-  2O-2 3O2 +12e-   6O-2 Eq.2.8 
 2Fe+O2  2FeO 4Cr +3O2  2Cr2O3 Eq.2.9 

Figure 59 Oxidation: the diffusion mechanisms [6] 
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Two phenomenon may occur depending on wither the oxide is fragile or adherent. If it is fragile, 
new material will be exposed and the degradation will occur faster than the case where the oxide 
is adherent thus preventing the exposure of new material, hence reducing the risk of the 
component damage. Figures 60 shows the second case where the oxide growth area prevents the 
passage of other undesired elements, thus protecting the metal. 

 

 

 

 

 

 

 

 

 

 

  

Figure 61 Different form of cracks [30] 

Figure 60 porous Fe2O3 layer (900 C, Air, Hk30) [17] 



 
 

55 
 

2.2.2. Corrosion 
 In this thesis, we are interested in stainless steel among other metals, so we will focus on 
their corrosion phenomena. Corrosion, an operating degradation phenomenon, is a result of 
chemical and electrochemical reactions between the main elements (Fe, C, Cr, Ni, etc…) and the 

aggressive medium at the surface of the metal causing its degradation and ruining its features by 
the formation of corrosion products.  

The corrosion of stainless steel could be classified into 2 categories: The first is electrochemical 
corrosion, known as wet corrosion, where the presence of an electrolyte enhances a redox 
reaction [17] in which ions and electrons are involved, such highly corrosive acids are mainly 
found inside the mufflers and include sulfuric and sulfurous acids derived from sulfur content in 
the gasoline and fuel additives, the driving habits such as start-stop driving and short journeys 
leads to condensation of such compounds. The second is chemical corrosion known as dry 
corrosion, where corrosion occurs due to oxidation of metals by gaseous environment at high 
temperatures, hence it is mainly related to the operating temperatures. 

 

 Corrosion, as well as vibration, are the only problems that has no absolute solution in the 
world of mechanical engineering, thus, improvements are carried out for the sake of minimizing 
such problems as much as possible. In the Automotive exhaust systems, different types of 
corrosion could be found due to different available conditions such as high temperature, noxious 
chemical composition, road salt, water condensation in the muffler during cold running, etc…  

 In terms of location, one should differentiate between generalized corrosion (known as 
uniform corrosion) and localized corrosion. In the first, attacking occur along the entire surface 
maintaining a quiet consistent depth, however, only specific areas are involved in the other type. 
The second family include several types that are fond in the exhaust system such as intergranular 
corrosion, pitting corrosion, and stress corrosion cracking. 

  

Figure 62 Electrochemical corrosion in a homogeneous metal [17] 
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2.2.2.1. Intergranular corrosion 
 Intergranular corrosion, or the so known sensitization phenomenon, is a localized 
corrosion type as a result of material’s microstructure discontinuity due to the formation of 
carbides and nitrides, mainly chromium carbides, near the grain boundary of stainless steels, as 
shown in figure 63, when exposed to very high temperatures up to 850°C, such as heat affected 
zones when the component is subjected to welding. It is characterized by a crack that follows the 
grain boundary where these carbides settle. 

 In Austenitic stainless steels, carbon is considered as an undesired impurity due to its 
high affinity for chromium. Carbon is able to bind with chromium 16 times its weight forming 
carbides, as well as it diffuses faster than chromium into the austenite capturing the chromium, 
and the grain boundary’s low atomic density is what facilitates the precipitation there[17]. 
Mainly, this corrosion occurs when the austenitic stainless steel is exposed to temperatures 
between 400°C and 900°C which is a typical condition in the exhaust system. 

 

 

 

 In case of Ferritic Stainless Steels, critical temperatures are lower than those of austenitic, 
and Cr compound precipitate easily and in shorter time due to its lower solubility of carbon and 
nitrogen, making Ferritic stainless steel more sensitive to such phenomenon. Figure 64 shows the 
sensitization curves for both ferritic and austenitic stainless steels [17]. 

Figure 63 Chromium depletion at grain boundaries [32] 
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Henceforth, it is important to shed the lights on the role of niobium in stabilizing both Ferritic 
and Austenitic stainless steels, forming carbides and leaving the chromium in the lattice. This 
would be further discussed in chapter 3. 

 

Figure 64 Sensitization curves for ferritic and austenitic stainless steels with the same amount of chromium [17] 

Figure 65 Grooves at sensitized areas due to Integranular corrosion [32] 
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2.2.2.2. Pitting Corrosion 
 Another type of localized corrosion that happens to stainless steels due to attacking 
chemically the passive film by neutral or oxidizing environments. This occurs mainly in the rear 
part (muffler) of the automotive exhaust system that experiences wet corrosion due to the 
condensation of chloride ion and often low PH values with electrochemical active soot [33]. The 
consequences of such type of corrosion are penetrating deep holes in the components as shown 
in figure 66, and the corresponding loss of mass from the resisting section.  

Such type of corrosion may hit the parts of the exhaust systems that are exposed to road salt such 
as the muffler’s jacket, pipes and tail pipe. 

The ability of stainless steels to resist  

 Pitting corrosion is measured by the PREN (Pitting Resistance Equivalent Number) 
index, foe which the higher is the PREN index, the more resistive is the stainless steel. It is 
verified that elements such as Cr, N and Mo increase the resistance to pitting [17]. 

 PREN=%Cr+3.3. %Mo+16. %N   Eq.2.10 

 The condensation of the combustion products produces sulphurous acid, which creates 
critical PH conditions with the hydrochloric acid [33] and result in wet corrosion due to the 
chloride ions and deposits of electrochemical active soot particles impacting the inner parts as 
shown in figure 67. PREN number is not the only indicator, because in this case the loss of mass 
would give a clearer idea about the behavior of different stainless steels under these conditions. 
Studies show that stainless steels with low chromium content had the highest mass loss, while 

Figure 66 pitting corrosion phenomenon and pits or holes morphologies [17] 



 
 

59 
 

the presence of the alloying elements Molybdenum (Mo) and Nickel (Ni) aided in the fast 
passivation, thus showed much better results in terms of mass loss [33] as shown in figure 68. 

 

 

 

 

 

 

 

 

 

 

Figure 67 Corrosion under deposit in a pipe [17] 

Figure 68 Mass loss as function of cycles for different stainless steel grades [33] 

Figure 69 Pitting corrosion on 304 stainless 
steel plate [32] 
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2.2.2.3. Stress Cracking Corrosion 
 Stress Cracking Corrosion is a localized damage occurs only under the combined effect 
of three conditions: specific stainless steel composition, specific environment and a mechanical 
stress exceeding a specific threshold. It starts with simple crack, then it propagates, finally 
resulting in component’s malfunction.  

In the stainless steels where nickel is not an alloying element- Ferritic for example- or when its 
percentage exceeds 40% [17], stress cracking corrosion is less likely to occur. Figure 70 shows 
the stress cracking corrosion of an 18-20% chromium content stainless steel and variable nickel 
amount under the following conditions: aqueous solution with 42% magnesium chloride at 
154°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 70 Stress Cracking Corrosion for a 18-20% Cr stainless steel [17] 
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2.2.3. Vibration and Noise 
 Vibration is becoming more crucial due to the usage of lightweight material, which is 
considered more sensitive, in order to reduce the total weight of the vehicle so that the stringent 
requirements on the emitted CO2 levels could be matched. 

 The internal combustion engine, being the main source of vibration, transmits its 
vibration to the rest of the powertrain leading to many problems including the silencer (muffler) 
breakage in the exhaust system [34]. As mentioned before, the first type of transmitted vibration 
is the sonic waves propagating from the exhaust ports that are dampened and cancelled in the 
muffler, otherwise it may cause resonance in the muffler. However, the vibration of the engine 
torque running at idle or operating conditions i.e. time varying loading, as well as the road ups 
and downs, can shake the pipes causing damage in addition to lowering the performance of the 
components during their operating life and lowering comfort level. 

  A key word when talking about vibration is resonance, which is the purpose of many 
dynamic studies aiming to avoid such phenomenon. Resonance is a high amplitude response 
resulting in the damage of the components, it occurs when the component is excited by a loading 
that has the same natural frequency as the component. Natural frequency is the frequency at 
which a component will vibrate freely if allowed, each of these frequencies have a corresponding 
modal shape, in other words, a unique deformation form. Considering a 4 stroke engine of a 
typical car running below 6000 rpm, studies show that the range of frequencies of our interest is 
0-200 Hz where both engine harmonics belong [35].  

 The transmitted vibrations from the engine to the exhaust system could be classified into 
longitudinal and bending vibration [36], these vibrations introduce stress into the exhaust system, 
mainly the pipes, ending up in reducing the fatigue life of the system. Some available techniques 
excelled in reducing the transmission of vibration, for example, the flexible bellow type joint, 
shown in figure 71, which is used in transversal engine layout, it is usually located between the 
exhaust manifold and the catalytic converter, another example is the rubber attachments between 
the exhaust system and the chassis. 

 

 

 

 

 

 

 

 

 Figure 71 bellow type joint used in exhaust systems 
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2.2.3.1. Material Effect on natural Frequencies 
 A study was carried out to mark the effect of the material on the natural frequency, 3 
different materials are tested (grey cast iron, structural steel, and Al-Mg alloys), the result 
showed that the natural frequencies and the mode shapes show different characteristics as we 
change the material [37]. 

In a modal analysis study, the obtained differential equation contains the mass and stiffness 
matrices, the bending stiffness itself depends on the Young’s modulus, and the shear modulus in 
case of torsional stiffness [38]. The corresponding solution of the system gives the Eigen values. 
The natural frequencies of the studied system are the square roots of the obtained Eigen values, 
hence, it is mathematically proven that the mechanical properties of the material change the 
natural frequencies of the component.  

According to the study carried on Euler-Bernoulli’s beams [38], it has been proved that Poisson 
ratio can change the frequencies of the modes and their order as shown in figure 72, as well as 
the effect of the Young’s modulus is plotted in figure 73 where it is obvious that as it increases, 
the natural frequencies increase while maintaining their order. Figure 74 shows that the relation 
between the mass density and natural frequency is inversely proportional, in other words, as the 
mass density increases, the natural frequency decreases.  

 

 
Figure 72 trend of natural frequencies as a function of Poisson ratio for fixed Elastic modulus (a), 
and fixed shear modulus (b) [38] 
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Figure 73 trend of Natural Frequency as a function of Elastic modulus [38] 

Figure 74 trend of natural frequencies as a function [38] 
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2.2.4. Conclusion 
 

 Upon stating the problems of the exhaust systems and the future requirements that are to 
be fulfilled, it is concluded that the chosen material is of high importance, as it influences the 
emission quality, as well as providing a reliable system. For the particular application of the 
exhaust systems, in order to reduce the problems, the material should satisfy the following 
requirements: 

 Low density to improve fuel economy and reduce CO2 emissions. 
 High resistance to different types of corrosion. 
 High thermal conductivity for a uniform spread of heat and faster light off. 
 Low expansion coefficient to avoid additional stresses. 
 High fracture toughness to resist crack propagation. 
 High resistance to thermal fatigue. 
 High melting point due to the higher temperature gases, and creep. 
 High oxidation resistance. 
 High Young modulus to withstand the engine’s vibration. 
 High yield strength to withstand thermal stresses. 
 Good weldability, and formability. 

 

  
Figure 75 Material Properties for a durable exhaust manifold 
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Chapter 3 
Stainless Steel in Exhaust Systems 

Introduction 
 All over the years, the chosen material for the exhaust system components has been 
always changing to meet the increased warranty period, up to 10 years, and the new conditions, 
mainly, the increase in temperature that corresponds to the improvements made in order to 
increase the efficiency. Among the metals, many have been competing, such as cast iron, mild 
steel, Nickel based alloys, and stainless steels which has been already used in the automobile 
sector since 1990 in decorative trims and many functional parts. However, in order to satisfy the 
stringent rules, nowadays stainless steel has taken the priority, not only by being preferred and 
used, but also by trying to invest in new stainless steel that is able to fit the next generations 
whose temperature is going to exceed 1000°C.  

 In the following chapter it will be proven that, according to several studies, stainless steel 
has won the competition among the other metals, featuring good resistance to corrosion, 
oxidation, creep and costs. Particularly, talking about Ferritic and Austenitic stainless steel in this 
application and highlighting the importance of the role played by Niobium (Nb) as an alloying 
element that enhances the characteristics of the stainless steel under the conditions presented in 
the exhaust system. Apart, metallurgical mechanisms that increase the performance of stainless 
steels have been stated.  

 Figure 76 Benefits of Stainless Steels 
Source: AK Steel 
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3.1. Materials Trend: From Cast Iron to Stainless Steel 
 According to several studies, the benefits of stainless steels over other metals such as 
Nickel based super alloys, Ni-Cr alloys and low steel [39] will be presented, as well as the 
comparison with the cast iron [40], the conventional material, will demonstrate why stainless 
steel will replace the last in the modern and near future.  

3.1.1.  Stainless steel Advantages in Terms of Oxidation Resistance 
 Cast iron that was used for exhaust manifolds, such as Ni-resist and D5S grades, showed 
oxide scale spallation at 700-800°C [41], which made them no longer an available option for the 
material selection when dealing with elevated temperatures up to 1000°C. Meanwhile, the 
Ferritic and Austenitic stainless steels showed better behavior in terms of oxidation resistance. 

Figure 77 oxidation data at 750°C in air with 10% H2O [41] 
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 As revealed in figure 77, SiMo exhibited unusual pattern of oxidation mass change with 
the increasing temperature, and D5S suffered from oxide scale spallation, whereas a good 
oxidation resistance with modest mass loss behavior was observed for the stainless steels HK 
(0.19% Nb) and TMA 4705 (0.38% Nb) [41] alloys.  

 Figures 78 and 79 [41] show the cross section images comparing D5S and austenitic 
stainless steel at different temperatures and time, as we observe voids and cracks in cast iron at 
650°C, while the CAFA 4 (with 0.94% Nb, 0.05% V and 1.0% W) was the most oxidation 
resistant [41], even though CF8C-plus showed lower oxidation resistant under the experimental 
conditions, however it showed better oxidation resistance when tested under real conditions. 
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Figure 78 Backscatter SEM cross-section images of D5S cast iron after 1,000 h and 5,000 h in air with 10 % H2O. a–c 650 _C/1,000 h; d 650 _C/5,000 h; e, f 
700 _C/1,000 h; g 700 _C/5,000 h  [41] 
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Figure 79 Backscatter SEM cross-section images of austenitic stainless steels after 5,000 h at 800 _C in air with 10 % H2O. a, b TMA 4705; c, d HK; e, f 
TMA 6301; g, h HP; i, j CAFA 4  [41] 
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3.1.2.  Stainless Steel Advantages in terms of Fatigue Strength 
 Both Ni based super alloys and stainless steels provide a satisfying result when compared 
in terms of fatigue life even though stainless steel has slightly higher expansion coefficient as 
shown in figure 80. However, the thermal conductivity of Stainless steels is higher than that of 
Ni-based super alloys at the required temperature, even though the Ni-based super alloys may 
operate at higher temperatures, their cost is much higher as shown in figure 81, thus giving the 
privilege of the stainless steels among Ni-based super alloys and Ni-Cr alloys. 

Figure 81 Fatigue life against thermal expansion coefficient for Stainless Steels and Ni based super alloys [39] 

Figure 80 Prices of Stainless steels and Ni based alloys [39] 
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3.1.3.  Stainless Steel advantages in Terms of Creep Resistance 
 Comparing austenitic stainless steels, in particular the Cf8C-plus, to the cast iron SiMo 
and Ni-resist, it is found that the first has superior properties up to 900°C, and excellent creep 
rupture resistance as shown in figure 82, that demonstrates the strength of CF8C-plus compared 
to cast iron [42]. 

3.1.4.  Stainless Steel Advantages in Terms of Density 
 A study that aims at comparing Ni-based super alloys and Ni-Cr to stainless steel [39] for 
the manufacturing of the exhaust components has revealed that, despite the fact that the 
competitive alloys achieve the requested young modulus, stainless steel has shown a similar 
performance providing lower density as shown in figure 83, making it a better choice in terms of 
density-young modulus basis, while cast iron has been avoided due to its low toughness that 
cannot withstand the requirements, especially when tested under muffler conditions.  

Figure 82 Creep stress versus the Lerson Miller for cast iron and CF8C stainless steels [42] 
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 Ductile cast Iron in general are used due to their low melting point and high fluidity that 
permit good castability, such as SiMo (effective until 750°C), however either their improved 
versions such as SiMoCr, SiMoNi, SiMo1000 are used until 835°C [40], above this temperature, 
the cast iron is replaced with the Ni-resist alloys such as D5S which contains the highest Ni 
content (up to 37%) that shows satisfying performance around 850°C [40], but also high costs, 
the reason why Stainless steel has been preferred among others. 

 In terms of weight reduction, the stainless steel manifold may save up to 50%, where in 
general terms the stainless steel manifold could be 3 to 4 Kg while that made up of cast iron is 
about 7 kg. 

 

  

Figure 83 Young modulus Vs. Density for Stainless steels and Ni based super alloys [39] 
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3.1.5.  Ferritic Vs. Austenitic Stainless Steel  
 Efforts have been made in order to develop ferritic stainless steels that can replace the 
austenitic grades in order to save costs keeping the needed performance and even surpassing the 
austenitic in terms of thermal oxidation, this is well achieved by adding stabilizing elements, 
such as Nb, W, and Ti, meanwhile avoiding the volatility of the Ni and Mo additions.  
 It is important to mention that the new ferritic stainless steel-400-series, showing 
impressive technical properties, is ready to prove an excellent alternative material to several 
application used to be “only austenitic”. They were also able reached better weldability and 
deformability than 304 grade. 

3.1.5.1. Ferritic Stainless Steels 

 Among the different families of stainless steels, Ferritic and Austenitic are considered as 
competitive for the Exhaust system components. Upon comparing these 2 families, we can say 
list the benefits of ferritic grades in general terms: 

 Some Ferritic grades are cheaper due to the lack of the nickel content. 
 Lower thermal expansion coefficient, thus better thermal fatigue resistance and less 

oxidation. 
 Higher thermal conductivity, thus faster reach of TWC light-off temperature. 
 Ferritics have higher limit drawing ratio “LDR” which makes them suitable for deep 

drawing applications. 
 Better resistance in terms of stress cracking corrosion. 

 Many Ferritic grades were able to perform well until 900°C. Nonetheless, temperatures 
will exceed 1000°C so the focus is to improve the high temperature strength and oxidation 
resistance. For such purposes, the addition of Nb and/or Ti will increase the strength by 
strengthening the solid solution, and forming stable carbides. This will be better explained later 
in this chapter, keeping in mind that ferritic stainless steel has got the privilege on the austenitic 
due to the higher chromium content and lower cost.  

3.1.5.2. Austenitic Stainless Steels 

 The Nickel content in this family enhances its properties, allowing the following benefits 
to be achieved, knowing that its employment is considered under the conditions where ferritic 
cannot be used: 

 Higher carbon content than ferritic which make it easier to be casted due to the 
corresponding lower melting temperature. 

 Higher temperature strength. 
 Lower Cr% content (17-18%) to maintain the phase stability, further increase of Cr 

content will require increase in the Nickel content associated with its higher price. 
 Better performance in pure stretch forming, i.e. Austenitics have higher degree of 

deformation in terms of dome height. 

 The Austenitic Stainless steel grade AISI 309, for example, is used for temperatures up to 
1000°C, as well as CfC8-plus (with 0.8% Nb) is developed just for saving costs. Both grades 
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have added Niobium in order to improve their mechanical properties and increase the carbide 
formation that was decreased by lowering the Ni content, for instance in CfC8-plus [40].   

Table 11 shows the difference between the thermal conductivity, thermal expansion, density and 
young’s modulus of ferritic and austenitic stainless steels. 

 The ferritic Stainless steel AISI 444 has corrosion resistance close to that of the 
Austenitic grade AISI 316, hence it is considered as an alternative to it. In a similar manner, the 
stabilized grade AISI 441 could be considered as an alternative to the austenitic grade 304. [43]  

Type of  
Stainless steel 

Density 
[g/cm3] 

Thermal conductivity 
100°C [W/m. °C] 

Thermal Expansion 
coefficient 
0-600°C, 104/°C 

Young’s 

modulus 
x103/Nmm3 

409/410 7.7 28 12 220 
430 7.7 26 11.5 220 

Stabilized 
430Ti, 439 

7.7 26 11.5 220 

434, 436, 444 7.7 26 11 220 
309 7.9 15 16.5-19.5 200 
304 7.9 15 18 200 

Table 11 comparison between developed ferritic grades and the basic austenitic grade 304 
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3.2. Benefits of Niobium Alloyed Stainless Steel into the Application 

of Exhaust System Components 
 As we have seen yet, Stainless steel is the major material for the automotive exhaust 
components, featuring the needed qualifications in terms warranty competence in the market, in 
addition, the Niobium alloyed grades have been suggested for each of the components such as 
the new ferritic stainless steel AISI 444 for the exhaust manifold that is able to resist the elevated 
temperatures up to 1000°C, the higher heat conductivity coefficient for a faster reach of the 
catalytic converter light-off temperature, highlighting the role Niobium in increasing the oxygen 
storage capacity in the catalytic converter, and the dual stabilized grade AISI 409 for the muffler. 
In what follows, we will shed the light on the superior role of Niobium in stainless steels, and its 
impact on the micro-structural level that improves their characteristics including high 
temperature strength, creep resistance, drawbaility, weldability, and pitting corrosion resistance 
making them a first choice. 

3.2.1.  Hot End Components  
 The position of the exhaust manifold and the close coupled catalytic converter in the hot 
end makes them the primer components that confronts the very high temperatures exhaust gases 
up to 1050°C, leading to the need of a new stainless steel grades that is able to maintain their 
mechanical properties at such temperature, featuring good resistance in terms of creep, oxidation 
corrosion, and high thermal fatigue life. For such purposes, the two candidate new ferritic 
stainless steels are 1.4521 and 1.4622. 

3.2.1.1.  Exhaust Manifold 
 With the increasing trend of the exhaust gas temperature, material evolution demanded 
the abundance of the cast iron, due to what have been mentioned before, and the 
improvement of the ferritic and austenitic stainless steels as shown in figure 84 due to their 
better mechanical properties at elevated temperature. However, the used stainless steels 
nowadays can resist temperatures until 950°C such as the Niobium alloyed stainless steel 
AISI 441, so exceeding 1000°C requested the use of much more resisting stainless steel, for 

Figure 84 Material Trend evolution for exhaust manifold 
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which the niobium alloyed stainless steel AISI 444, or En 1.4622, both with added Niobium 
and Molybdenum could be selected. 

 
 For the particular case of exhaust manifolds, Thinner sheet are preferred due to their 
smaller heat capacity, so high temperature would reach the catalytic converter without great loss 
resulting in a faster rise in its temperature. Austenitic stainless steels are considered excellent in 
high temperature applications, however their oxidation scale peels off easily, thus ferritic grades 
are preferred due to their higher oxidation resistance and lower thermal expansion and the higher 
thermal conductivity coefficients. 
 Up to 850°C, some stainless steels are being used for this component such as: AISI 409 
(EN 1.4512), a further increase in the temperature up to 950°C where handled by the Niobium 
addition to the stainless steels, making it possible for the grades AISI 441 (EN 1.4509) and AISI 
429 (EN 1.4595) to be used [31]. 
 

3.2.1.2.  Niobium Alloyed Stainless Steel for Exhaust Manifold 

3.2.1.2.1. The New Ferritic Grade 1.4521 (AISI 444) 

 Up to 1000-1050°C, Niobium stabilized stainless steels are emerging to be the solution 
featuring high strength properties at such elevated temperatures. The new ferritic stainless steel 
grade AISI 444 (EN 1.4521) whose composition is shown in table 12, showed better mechanical 
properties, higher creep and fatigue resistance, and improved cyclic oxidation keeping a 
comparable weldability and formability [44]. 

  

 

 In terms of high temperature strength, the added Molybdenum and Niobium played an 
effective role in the solid solution hardening, giving the 444 30% higher tensile strength than 
1.4509 as shown in figure 85. As well as the higher mechanical strength provided by the added 
Nb and Mo increased the fatigue limit about 50% at 850°C as shown in figure 86.  

Grade C Cr Si Mn Mo Nb 
1.4521 0.02 19 0.6 0.3 1.9 0.6 

Table 12 Chemical composition of the new ferritic Stainless steel AISI 444 

Figure 85 the higher tensile strength of AISI 444 between 750 and 1000 °C [44] 



 
 

77 
 

 Compared to 1.4509, the new AISI 444 showed 25% less mass gain at 950°C, and it 
showed parabolic trend when temperature is up to 1000°C while the 1.4509 showed rapid 
acceleration, which means that AISI 444 has higher oxidation resistance as demonstrated in 
figure 87. 
 The fact that Niobium is able to bind with Fe forming Fe-Nb precipitation can explain the 
better creep resistance of the new AISI 444 that showed the lowest deflection at all temperatures 
among the tested austenitic and ferritic grades as shown in figure 88.  
In terms of thermal fatigue, 4444 showed superior performance over AISI 441 (1.4509), where 
the first has up to 40% longer life time as demonstrated in figure 89. 

 

Figure 86 Fatigue limit of AISI 444 at 2 million cycles as function of Temperature [44] 

Figure 87 Cyclic oxidation at 1000 °C of AISI 444 and 1.4509 [44] 



 
 

78 
 

 
 

Figure 90 illustrates the superior resistance measured in PRE to localized corrosion of the 
grade AISI 444 compared to several different austenitic and ferritic grades which showed 
inferior performance. 

  

Figure 88 deflection of different Stainless steel grades at different temperatures [44] 

Figure 89 Lifetime of different stainless steel grades up to 1000°C [44] 
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3.2.1.2.2. The New High Nb Ferritic Grade 1.4622  

 Another new dual stabilized ferritic stainless steel whose chemical composition is shown 
in table 13 has shown a good performance in temperatures up to 1050°C, as well as high 
formability (see chapter 4). Such grade with 21% Cr has a high corrosion resistance, comparable 
to that of the austenitic grades. The performance achieved in terms of keeping good mechanical 
properties at high temperatures is related to higher dissolution temperature of the laves phase 
Fe2Nb (known as η phase) that increases the onset of grain growth consequently [45]. This 

Figure 91 η-phase solvus temperature as function of Nb content [45] 

Figure 90 Corrosion resistance of AISI 444 compared to other Ferritic and Austenitic Grades [60] 
Source: ISSF 
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improvement is found to be increasing with the increase of Nb content as shown in figure 91, 
where the highest solvus temperature is associated with the higher Nb content. 

 

Grade C N Cr Ti Mo Nb Si Mn 

1.4622 0.02 0.02 20.8 0.17 0.03 0.36 0.48 0.4 

High Nb 0.02 0.02 21 0.2 0.02 0.8 0.8 0.32 

Table 13 Chemical composition -by mass%- of 1.4622 and High Nb Stainless steels 

  Even though the increase in the solvus temperature could be achieved by adding Si as 
shown in figure 91, however an increase by 0.4 wt.% Si results in 30°C higher solvus 
temperature, whereas the same fraction, if added as Nb instead, would result in up to 150°C 
higher temperature. On the other hand, Mo is much lower in 1.4622 than in 1.421, because upon 
comparing the effect of Mo on the solvus temperature, the 2% presented in 1.4521 got no 
significant increase. 

 For dual stabilized stainless steels, the Ti content should be no more than 0.2% [45] 
limiting its role to capturing C and N forming carbides and avoiding the Cr depletion, while 
higher amount of the Nb is added to further form carbides, and form the η-phase associated with 
the increased creep resistance. 

 In terms of creep resistance, the creep size that dominates in the hot end is called “Coble 

creep” i.e. low stresses and high temperatures. This type of creep is highly dependent on the 

grain size, and it is inversely proportional to its cubic [45], it is controlled by grain boundary 
diffusion where the η-laves provide the needed pining effect, thus preventing grains from sliding 
even with those of finer size. The η-laves phase advantages are translated to their precipitation 
hardening effect. Even though these precipitates could be found both on the grain boundaries and 
inside the matrix, the need of controlling their nucleation by choosing the appropriate annealing 
temperature and holding time is a must. η-laves precipitate during pre- annealing (in a 2 step 
reduction process discussed in chapter 4) as well as during cooling, then these precipitates are 
meant to be dissolved during pre-annealing to obtain a full recrystallization. Hence, full 
recrystallization and dissolved precipitates are obtained at an optimal pre-annealing temperature 
1150°C, then it will precipitate again after recrystallization featuring the creep resistance.  

 Nonetheless, a compromise is to be considered in terms of the grains size. On one hand, 
the larger grain size (associated with the increase in the pre-annealing temperature to dissolve the 
η-laves) increases the creep strength, while on the other hand, the finer grain size is 
advantageous in terms of formability, and high temperature strength. So, the temperature for the 
final annealing has to be lower and carefully selected, it was shown that 1120°C is an optimal 
choice to obtain a finer grain [45]. 

 In order to mark the effect of Nb on the creep resistance, a comparison is made between 
the 1.4622 and a similar composition with higher Nb content (labeled as High-Nb stainless steel) 
whose composition is shown in table 13. In order to be able also to compare the two candidate 
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steels for the hot end, 1.4521 (AISI 444) is also tested. The results of the sag test are shown in 
figure 92 [45], where the high-Nb stainless steel showed the lowest deflection (in [mm]) 

compared to both grades 1.4622 and 1.4521 at the target temperature 1050°C.  

 It is also beneficial to mention that this grade has a high pitting corrosion resistance, 
higher than that of the austenitic grade 304, but inferior to the previously mentioned 1.4521 
(AISI 444) as shown in the figure 93, however both grades showed much higher PRE number 
[46].  

Figure 92 creep resistance of hot end candidate steels [45] 

Figure 93 Pitting corrosion resistance of the grades 1.4622 and 1.4521 compared to other stainless steels [46] 
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3.2.1.2.  Catalytic Converter 
 The metallic honeycomb substrate of the catalytic converter shown in figure 40 is 
preferred at high temperatures as it is placed close to the exhaust manifold in close coupled 
layout.  

 Ferritic stainless steel foils are chosen for the honeycomb core, and sheets are chosen for 
the shell due to their good thermal shock properties and small heat capacity. For the shell, some 
the recommended grades are: SUS 439L, SUH 409L, SUS 430, SUS 432L, SUS 441L, and SUS 
436LM for their ductility, strength and corrosion resistance [47], whereas for the substrate, SUS 
441L, SUS 432L, SUS 436L, SUS 439L. 

 However, when closed coupled, the exhaust gas will directly reach it after the exhaust 
manifold, hence the AISI 444 or 1.4622 stainless steels are recommended for the same features 
they provided for the exhaust manifold, with exhaust gas reaching with temperature up to 1000-
1050°C. 

3.2.1.3. Flexible Joint 
 As explained bin Chapter 2, the flexible joint (or flexible below) shown in figure 71 is a 
necessary component that reduces the vibration and their impact on the exhaust system. The 
chosen material should show high ductility and bendability, for this, the recommended stainless 
steel grades are: SUS 304, SUS316Ti, SUH 409L, SUS 439L and SUS430 [47]. 

3.2.2. Effect of Niobium on High temperature Strength 
 Knowing that Molybdenum is effective in increasing the high temperature strength as the 
associated proof stress increases linearly with Mo, it was found that Niobium has a similar effect,  

however, Niobium keeps a linear trend up to 0.8% then it tend to flatter. In order to evaluate 
which one is more efficient from alloying percentage point of view, Niobium is considered more 
effective, and this is well demonstrated in figure 94 [48]. 

Figure 94 comparison between the effect of Mo and Nb on high temperature strength at 900 and 1000°C [48] 
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3.2.2.1. Niobium Role as a Stabilizing Element  
 Due to the fact that the solubility of carbon in ferrite is much lower than that in austenite, 
stabilization was found in order maintain a fully ferritic structure at all temperatures. Ti was the 
first stabilizing element in this domain due to its higher affinity to C and N than Cr, however 
increasing the Ti content was not beneficial at high temperatures as it starts to precipitate at 
850°C, as well as high concentrations of Ti compromises the steel casting and the surface 
quality. For such reasons Niobium was introduced as a better stabilizing element that may be 
added with Ti in order to remove the C and N from the high temperature solid solution thus 
eliminating Cr23(C, N)6 at grain boundaries, where (Ti,Nb)C was found to precipitate at higher 
temperatures (up to 1150 °C) as shown in figure 95. Thus, hindering the formation of Cr 
carbides, leaving Chromium in the steel lattice instead of depleting it.  

 

 Consider the non-stabilized stainless steels with 16-18% Cr content, these grades show 
grain coarsening at high temperature, and possible martensitic transformation in the austinized 
areas and intergranular carbides precipitation, resulting in brittle microstructure especially under 
welding conditions.  

 The amount of the stabilizing elements, Nb and Ti, should be 6 to 8 times the Carbon + 
Nitrogen content for an effective results. 

 The major benefits of using Nb as a stabilizing element, especially in dual stabilized 
grade such as AISI 409 Ti-Nb, are the improved surface quality, better formability and 
weldability, improved thermal fatigue resistance, better resistance to dry (high temperature 
corrosion) and wet corrosion. These results are interpreted as a consequence of the excess of Nb 
solute remaining in the matrix after precipitation reactions took place. [49] 

Figure 95 Niobium effect in Stabilization of T409 stainless steels [49] 
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3.2.2.2.  Niobium Role in Improving High Temperature Strength 
 High temperature strength could be improved by solid solution strengthening, 
precipitation hardening and grain refinement. These three mechanism are established by adding 
Niobium as a stabilizing element, especially in the case of ferritic stainless steels.    

 Titanium stabilizing effect in AISI 409 was satisfying until temperatures exceeded 800°C 
in the exhaust system application, these higher temperatures demanded the dual stabilization by 
Niobium and Titanium instead. Niobium addition made it possible to resist temperatures up to 
950°C i.e. 150°C more with acceptable mechanical properties of AISI 441, providing that both 
grades with niobium, AISI 441 and AISI 444, were able to perform at higher temperatures where 
other grades was not able to resist as shown in figure 96. 

 Aiming at comparing the effect of different alloying elements on the high temperature 
strength, Nb, Si, Ti, Mo, W, Hf, and Ta are tested and compared. The results shown in figure 97 
demonstrated that Niobium additions are the best in increasing the high temperature (950°C) 
yield strength (0.2% proof strength) among the other candidates [49]. The result reviled that for a 
defined yield strength, some elements are not even able to be adopted, as well as among those 
who were able to increase the yield strength to the needed level, they must be added in a higher 
weight percent reaching almost double or triple that achieved by Nb. 
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3.2.2.3.  Niobium in Increasing Creep Resistance 
 Niobium carbides, mainly NbC, is of primer importance when it comes to creep 
resistance. The role that Niobium plays in solid solution strengthening through the formation of 
fine Nb(C, N) and Fe2Nb can achieve also the precipitation hardening effect. This is well 
demonstrated in a study tested the difference between 15CrNbTi and 15Cr0.5MoNbTi [50], 
where despite the advantages that Mo added at high temperatures, the precipitates formed by Nb, 
shown in figure 98, both the rod and the ellipsoidal Fe2Nb shapes (which is considered better 
than rod shape), improved the creep resistance and increased the fatigue life due to their pinning 
effect. 

 

 In a more general terms, comparing the stress-strain diagrams of stabilized and non-
stabilized stainless steels [51], the result indicated that the temperature associated with a steady 
state creep is shifted for the stabilized grades as shown in the figure 99. 

Figure 98 Bright field images of the precipitates in fractured specimens for (a) 15CrNbTi and (b) 15Cr0.5MoNbTi 
in simulated exhaust gas [50] 

Figure 97 Effect of different alloying elements on yield strength [49] 
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Figure 99 Stress-strain diagrams of non-stabilized and stabilized grades at different temperatures [51] 
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3.2.2.4. Niobium Role in Mitigating L�̈�nders Deformation at High Temperature 

 For a better formability of Ferritic stainless steels, L�̈�nders deformation is an undesired 
mechanism. A study testing the effect of Niobium stabilization on such deformation revealed that 
annealing at high temperatures (about 1000°C) has promoted the formation of the Fe2Nb laves 
type releasing a free Carbon atoms, according to the following reaction 2.1, starting from 
Niobium precipitates type Nb2C [53]: 

 Fe + Nb2C  [41] + Fe2Nb  Fe + NbC    Eq.3.1 

 Hence, with the increased annealing temperatures, Nb2C tends to form Fe2Nb laves with 
the carbon being distributed around it. Further annealing at higher temperatures around 1050-
1100°C enhanced the Carbon distribution homogeneously, leaving only Niobium precipitates of 
the type NbC and Nb(C, N) that hindered the L�̈�nders deformation as shown in figure 100 [53], 
in addition, the brittle sigma precipitation doesn’t take place. As well as, these formed particles 

provided the pinning effect that hindered the grain growth. It is important to mention that, among 
the precipitates, the Fe2Nb was found to have a higher coarsening rate at high temperature than 
that of NbC, which makes the MX (Nb(C, N)) precipitates preferable [54].  

 Apart, a uniform γ-fiber texture is obtained, which could be translated into better 
formability performance.   

 Furthermore, two levels of Niobium, 0.5% and 1% are tested to evaluate the associated 
increase in the proof strength as function of the annealing temperature, it was found higher proof 
stress is achieved at higher annealing temperature, and that the higher amount of Niobium in the 
solid solution increases with the corresponding higher annealing temperature. Consequently, the 
proof stress is higher for the 1% Nb stainless steel due to the effect of Niobium in solid solution 
hardening as shown in figure 101 [48]. 

The percentage of Nb in the solid solution could be estimated by the equation 3.2 [55]: 

 ΔNb = %Nb -7.7x0.74 (%C)     Eq. 3.2 

Figure 100 Laves phase Transformation at (a) 1000°C, (b) 1050°C, and (c) 1100°C [53] 
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In addition, above 1050°C no molybdenum is detected as precipitate, however, Niobium 
precipitates exist, and they also improved the high temperature strength.   

Figure 101 Effect of Niobium and annealing temperature on the proof stress [48] 
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3.2.3. Cold End Components 
 The components that belong to the cold end fails because of corrosion, suffering mainly 
from pitting corrosion due to the condensation of the very corrosive agents. Thus the need to 
improve their corrosion resistance is derived from the increasing warranty period (up to 10 years) 
for the competitiveness in the market. 

3.2.3.1.  Muffler 
 The temperature of the muffler is not as high as the components belonging to the hot end 
making it easier to employ already existing grades that satisfy the requirements in terms of 
corrosion. Among the available grades that have good strength and corrosion resistance, is the 
ferritic grade SUH409L that was designed for the external part of the exhaust automotive system 
silencers which are not exposed to severe corrosive conditions [43], as well as SUS436L and 
SUS436J1L with the reduction of the added molybdenum for economic reasons, and SUS 441, 
i.e. Niobium stabilized grade [47]. 

 Encountering the pitting corrosion that is mostly appearing in the muffler, the developed 
YUS190 (with added Niobium, similar to AISI 444 in composition) shows a behavior similar to 
the austenitic grade SUS304 as shown in figure 102, thus providing the needed resistance with 
saving advantages.  

Figure 102 resistance to pitting corrosion of different stainless steels [57] 
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3.2.3.1.1. Niobium Addition for Muffler’s Stainless Steel  

 According to a study that tested the effect of niobium on the corrosion resistance [56], it 
was observed that the increasing resistance against corrosion corresponds to the increase of the 
Niobium content from 0 to 0.15% in the 409 Ti-Nb, as well as the fatigue life increased as shown 
in figure 103.  

 The Niobium addition to the 409Ti grade resulted in an increase in the high temperature 
mechanical properties [56] as shown in the figure 104, this increase is due to the Nb (C, N) 
precipitation that takes place in the steel. Even though at 800°C both grades are almost similar, 
however, the muffler belongs to the cold end, where the temperature will not reach that limit, 
giving the privilege to the Nb alloyed grade over the other.  

Figure 104 Yield and Tensile strength of 409Ti and 409 Ti-Nb at different functions.[52] 

Figure 103 Life prediction of 409Ti-Nb and 409 Ti [52] 
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 In a test aiming at increasing the Niobium content to 0.31%, it was found that the 409Ti-
Nb 0.31% performs the best in high temperature fatigue [56] compared to 0.15% and 0% Nb as 
shown in figure 105, where N is the number of cycles.  

3.2.3.2.  Tail End Pipe 
 Considering this part as an external-visible part that is exposed to eyes, the chosen 
material must have also good appearance in addition to the corrosion resistance. Since the 
temperature is the lowest at this point, high purity ferritic and austenitic grades as used such as 
SUS409L, SUS 430 and SUS436, and SUS 304 [57].  

In other words, when the tail pipe is not below the car, 304 grade is preferred due to its bright 
look after polishing, however, the ferritic grades are an alternative when the appearance is not of 
primer importance, i.e. the tail pipe is not visible.  

 

   

Figure 105 fatigue life comparison for 0.31%, 0.15% and 0% Nb [52] 
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3.2.4.  Niobium against Corrosion 

3.2.4.1.  Niobium against Pitting Corrosion 
 In chapter 2, the direct relation between the chemical composition and the pitting 
resistance is stated in terms of the PREN number. However, the comparison of different grades 
containing Niobium in the grade AISI 441 and AISI 444 (with Molybdenum) shows increased 
pitting corrosion resistance compared to the grade AISI 409 that has been used before, as the 
PREN number increased up to almost 18 and above 25 for the grades AISI441 and AISI 444 
respectively, while it was below 12 for AISI 409 [43]. 

 However, a study aiming at testing the effect of Niobium has considered the grade AISI 
409 in three different chemical compositions, the first if Niobium free, the second is alloyed with 
0.15 wt.% Nb, and the third with 0.3 wt.% Nb [50]. The result in terms of pitting depth revealed 
that AISI 409 Ti-Nb has better corrosion resistance than the AISI 409 Ti (Nb free), and that the 
increasing Nb content is associated with decreasing pitting depth measured in [mm] as shown in 
figure 106.  

 For the same studied sample, a failure threshold is considered to be at 1[mm] pitting 
depth, and the life time is measure accordingly. The results showed that the higher Nb containing 
sample i.e. 0.3 wt.% AISI 409 Ti-Nb has the longest life reaching 1874 h compared to 1233 h for 
Nb free AISI 409 Ti. Thus, 40% longer lifetime as demonstrated in figure 107. In particular, the 
range up to 600°C -containing the cold end components- could see that AISI 409Ti-Nb a 
material of choice, featuring such characteristics for the muffler. 
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 Yet, the improvements that have been mentioned in terms of pitting corrosion in Ferritic 
stainless steels could also be proven for the Austenitic grades, a study carried on the Austenitic 
Fe25Ni15Cr grade [58] with addition of niobium showed that higher pitting corrosion resistance 
is observed in Niobium containing Austenitic stainless steel translated as higher positive 
potential as shown in the figure 108. 

 This increase in pitting corrosion due to the addition of Niobium in Austenitic stainless 
steels is interpreted as the result of the increasing disorders due to higher Niobium level in the 
matrix, as Niobium may form Niobium oxides that helps in protecting the surface, such 
protection is rated to be higher than that offered by Cr oxides [58].  
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Figure 107 Niobium effect in improving lifetime [52] 
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3.2.4.2.  Niobium Role in refining inclusions 
 Inclusions are regarded as an initiation point for pitting, as a cavity may form and 
propagate through the inclusion dissolution, thus the larger is the inclusion size, the quicker the 
crack propagates decreasing the fatigue life. Niobium has a significant effect on the inclusion 
size, where the inclusions found in AISI 409 Ti-Nb are (Nb, Ti)(C,N) are identified to have 
irregular shape with an average size 0.61 μm2 and 0.62 μm2, when compared to Niobium free 
AISI 409 Ti whose inclusions are TiN tetragonal shape with an average size 4.09 μm2 [50] as 
shown in figures 109 and 110.  

  Hence, Niobium has a significant effect in refining the inclusion by reducing its average 
size. This effect has advantages in terms reducing pitting and lowering the discontinuities on the 
passive Cr2O3 film.    

  

 

 

Figure 109 Niobium effect on inclusion shapes [52] 
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 In correspondence with the decreased average size of the inclusions in the Niobium 
alloyed stainless steel shown in the figure 110, a direct partial effect on increasing the fatigue life 
could be realized, where the refining of inclusions increased the number of cycles associated 
with a definite stress level as shown in figure 111.  
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Figure 111 Niobium effect in increasing fatigue life [52] 
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Chapter 4 
Manufacturing processes 

  

 Introduction 
 Yet, we have discussed the problems that each component in the exhaust system suffers 
from, finding for each a suitable Niobium alloyed stainless steel, as well as shedding the light on 
Niobium as an individual alloying element. However, taking into consideration the complex 
design of the components that is done in order to obtain a good performance, attention should be 
drawn to the manufacturing processes, such as deep drawing and welding. In the following, the 
aspects of formability and weldability will be discussed, with the focus on the advantages of 
Niobium in each process, mainly in terms of texture, fibers, and intergranular corrosion with a 
special focus on the heat affected zone (HAZ).  

Figure 112 shows some automotive exhaust components made up by forming processes (source 
ISSF). 

4.1. Formability 
 Formability is the process in which a stainless steel sheet is subjected to tensile or 
compressive loads using stretching and deep drawing deformations. The difference between deep 
drawing and stretching is that, during stretching, the sides are fixed by the setup. Austenitic 
stainless steels show better behavior than Ferritic in this phenomenon, as they tend to neck at a 
higher dome height [60]. The behavior of stainless steels in terms of forming is indicated by the 
Forming Limiting Curve (FLC) that combines both, stretching at the right and deep drawing at 
the left, specifying for each grade the maximum deformation below failure and a safe area 
(below the curve) in which it could be formed and still maintain the performance. On the Y-axis, 
the major strain is measured, while the X-axis indicates the minor strain.  

Figure 112 different stamped automotive exhaust components [60] 
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 The FLD provides more precise results for the correct dimensioning of raw material 
through revealing the performance of the material in the deep drawing process. Figure 113 shows 
the different zones of the Forming Limit Diagram (FLD), while figure 114 shows the FLD of 
different stainless steel grades.  

 Some of the defects associated with forming processes are “ridging” and “roping”, 

described by lines or ridges on the surface of the object parallel to the pressing direction. It is 
important to highlight here that the addition of stabilizing elements in the case of ferritic stainless 
steel will be able to improve the performance to an extent where these stabilized ferritics are 
replacing the austenitic grades. 

Figure 113 Forming Limit Diagram zones [59] 

Figure 114 FLD of different stainless steel grades [60] 
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 Another way to enhance the forming processes is lubricating the blank and the tools in 
order to avoid the sticking phenomenon. Lubricants used are special oils with high pressure 
resistance and viscosity that are easily removable after the process.   

4.1.1.  Deep Drawing Process 
 Deep drawing is the process in which a punch presses a sheet into a die cavity resulting in 
a hollowed object the desired shape as shown in figure 115. A deep drawing operation of good 

quality is that which features no fractures, excellent surface appearance and minimal material 
consumption. The idea is to obtain the desired shape while maintaining the thickness of the 
sheet, i.e. the material flow should occur from the width and not from the thickness. 

 Swift test is a deep drawing test indicator, which is stamping a sheet to form a cylindrical 
cup, then the Limiting Drawing Ration (LDR) is determined in order to have a quantitative idea 
about the performance of certain material in deep drawing, LDR is defined as the ratio between 
the maximum diameter of the blank and the diameter of the cylinder that could be drawn from 
the blank in one step without fracture [59]. Even though Austenitic stainless steels are said to 
have better drawing capacity in absolute terms, however the stabilized ferritic grades also show 
excellent behavior, and in some cases they are considered better than Austenitics as shown in 

Figure 115 scheme of the deep drawing operation [60] 

Figure 116 LDR comparison between different stainless steel grades [60] 
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figure 116, where the green bars stand for ferritic grades, while the red stands for the austenitic 
grade 304[60].  

 

4.1.2. Anisotropic Coefficients 
 In order to indicate the performance of the stainless steel that undergoes deep drawing, 
the Lankford coefficient (known as the R-value) is evaluated at different angles, it indicates the 
capacity of the material to deform from the width while maintaining the thickness, then the 
average is calculated, it is the so known average anisotropic coefficient �̅� that presents the 
resistance to deformation in the thickness of the sheet, while the planar anisotropic coefficient 
evaluates the variation of the �̅�-value along the transversal and longitudinal rolling directions 
indicating the tendency to form earing. These coefficients are calculated according to the 
following equations [60, 61, 62]: 

�̅�= (r0 +r30 +2xr45 +r60 +r90)/6    Eq.4.1 

 or �̅�= (r0 +2xr45 +r90)/4      Eq.4.2 

Δr= (r0 -2xr45 +r90)/2     Eq.4.3 

Where the index indicates the orientation of the tensile axis with respect to the rolling direction. 

 The grade is considered better as the average anisotropic coefficient increases, and the 
planar decreases. These properties are achieved by a texture which favors a strong intensity of γ-
fiber after recrystallization.  

4.1.3. Crystallographic Texture 
 During the thermo-mechanical processes, i.e. rolling and annealing, the microstructure 
evolves and changes. Getting deeper in the grains, the intensity of the so-known γ-fiber and       
α-fiber varies. However, these changes should be controlled in a way such that the γ-fiber 
intensity is maximized because it increases the average anisotropic coefficient, and consequently 

Figure 117 Euler representation of fibers orientation in the lattice 
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the deep drawing behavior, whereas the α-fiber should be minimized as it is considered 
undesired.  

 The representation of the crystallographic structure is done by the Euler angles (Φ1, Φ, 
Φ2) as shown in figure 117 and 118, where RD, TD, and ND stands for rolling direction, 
Transverse Direction and Normal direction respectively [63]. The experimental methods used in 
order to describe the crystallographic texture are: electron microscopy scanning (SEM) to study 
the texture formation, Orientation Distribution Function (ODF) to analyze the preferred 
orientation (ODF in general are presented at Φ2=45° section), Electron Backscatter Diffraction 
(EBSD) Pole Figures in order to characterize the anisotropy.  

 The chemical composition has a significant effect on the deep drawing performance, as it 
was observed that the grades with lower C and N has a homogeneous solidification mechanism, 
highly developed γ-fiber after final annealing, hence a higher deep drawing performance[63]. 

   

Figure 118 effect of Niobium in improving the crystalline structure [15] 
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4.2.  Niobium Role in Improving Formability and Deep Drawing  

4.2.1. Effect on Formability and deep drawing 
 After the first cold rolling, the α-fiber and the γ-fibers increased, noting that the α-fiber 
was less intense at the surface than in the central region, while γ-fibers were more developed, as 
they increase with the reduction in the grain size. However, after the intermediate annealing and 
the second cold rolling, the α-fibers were reduced, and the γ-fibers were better developed in both 
regions with having strong intensity. Due to the higher γ-fibers, higher average anisotropy 
coefficient �̅� are achieved, which indicated better performance in formability.  

 After the second cold rolling and the final annealing, the γ-fibers percentage increased to 
59% and weak Ɵ-fibers which are found at low rates (7%), with an associated �̅� value 1.92. γ to 
Ɵ ratio is a good indicator of deep drawing, with better performance resulting from higher γ, 
lower Ɵ, higher 𝑟,̅ and minimum planar anisotropy Δr [64]. 

4.2.1.1.  Niobium Role in promoting γ-fibers 

 Niobium addition as a second stabilizing element for the steel AISI 409 showed a 
significant effect on the texture and micro-structure for a studied hot rolled sheet, where it was 
observed that for the dual stabilized steel, the micro-structure is more homogeneous (figure 119 
(a)) but less crystalized compared to the Ti stabilized grade (figure 119 (b)) [55].  

 The reduction of the nucleation and speed of growth during recrystallization 
accompanying the Niobium stabilized grade during the hot rolling is interpreted as a delay in the 
onset due to the pinning effect introduced by niobium, and its higher precipitate amount in the 
solid solution 

 Upon analyzing the cross section of hot rolled sheets for both steels, it was found that the 
α-fibers were more intense in the Ti-Nb dual stabilized steels (see fig. 120) [55] while γ-fibers 
were poorly developed. However, for cold rolled sheets (60% reduction), even though the         

Figure 119 Niobium effect on Homogeneity and recrystallization [55] 
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α-fibers were stronger than γ-fibers at all regions, The Ti-Nb dual stabilized grade showed more 
intense γ-fibers as shown in figure 120, where (a) and (b) are respectively the center and the 
surface of Ti stabilized grade, and (c) and (d) are respectively the center and the surface of dual 
stabilized grade. 

 After annealing, the dual stabilized grade showed an increase from 0.4 to 0.56 of γ-fibers 
by volumetric fraction [55], this increase signifies the better anisotropy coefficients that 
improves the deep drawing application (explained later in the next chapter).  

Apart, being a stabilized grade, Niobium’s effect was shown to increase the texture intensity in 
the hot band because it retards recrystallization, however the increased reduction and 
temperature counteracted this. However, in the cold bands, the produced α-fibers will 
recrystallize as γ-fibers. Hence, a precise stabilization ensures the desired strong γ-fibers [61]. 

4.2.2.2.  Effect of Niobium on Improving Formability 

 Formability of stainless steels is described by the anisotropy average coefficient �̅� and 
the planar average coefficient Δr. By definition, the average normal anisotropy coefficient �̅� 
value measures the resistance to deformation in the thickness of the sheet, while the planar 
anisotropy coefficient Δr measures the variation of R along the longitudinal and transverse 
rolling directions that indicates the tendency to form an earing. For a better formability 
performance, higher �̅� with lower Δr are desired.  

Figure 121 ODF sections of hot rolled sheets (a) Ti stabilized, (b) Ti-Nb stabilized [55] 

Figure 120 α and γ fibers in cold rolled sheets with single (a) and (b) and double stabilization (c) and (d) [55] 
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 Comparing these values for a Ti stabilized stainless steel and Ti-Nb stabilized stainless 
steel, the result indicated higher �̅� value due to the addition of Nb and lower Δr as shown in the 
figure 122.  

 The higher �̅� value allows a better performance in deep drawing applications, the 
Niobium dual stabilized steels thus reached higher stamping depth compared to the single 
stabilized. The results of swift test are shown in figure 123 for (a) Ti stabilized and (b) Ti-Nb 
stabilized [55].  

 In order to demonstrate the effect of added Niobium on formability, a single stabilized 
ferritic 409 grade is compared to the double stabilized version with Nb that was found 
surpassing, as it allowed more severe depths to be reached [49] as shown in figure 124 
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Figure 123 Swift test comparison for single (a) and dual (b) stabilized grades [55] 

Figure 122 Anisotropy coefficients of single and dual stabilized grades 
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 Another Ferritic stainless steel has also been tested in order to mark the variation of the 
average anisotropic coefficient that describes the deep drawing performance as a function of 
added niobium, a low carbon ferritic stainless steel with 16.5% Cr has been tested with different 
levels of niobium, and the result showed that the addition of Niobium increased the average r-
value at all levels, however, it has an optimum, for this studied case- around 0.5 mass % as 
shown in figure 125 [48]. 

 The observed deterioration for the higher amounts of niobium is related to the associated 
increase in the transition temperature which makes formability more difficult.  

Figure 125 Effect of Niobium on the mean anisotropic coefficient [48] 

Figure 124 LDR improvement by the addition of Niobium [49] 
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4.2.2. Formability of the Ferritic Grades 1.4622 and 1.4521 
 Such grade, being Ni-Mo free making it cost efficient, and high chromium content to 
have a competitive resistance to austenitics, has also featured low tendency to ridging. Figure126 
shows the γ-fiber increased intensity in the 1.4622 grade after reduction that makes it suitable for 
deep drawing operations [61].  

 Compared to other similar grades, such as the grade 1.4509 (AISI 441 that is used up to 
950°C) it has been shown that 1.4622 has higher �̅�, lower Δr (varying from 0.2 to 0.3), and 
similar LDR to 1.4509 which is higher than that of 1.4521 as shown in the figure 127 [61,62]. 
Nonetheless, the formability of the grade 1.4521 could be improved by the addition of Tungsten 
[62] (see chapter 5). 

  In addition, the EN 1.4622 has showed the least ridging index among other ferritic stainless 
steels considered as competitors shown in figure 127[61].  

Figure 126 optimized microstructure of 1.4622 with high γ -fiber intensity [61] 
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4.2.3. Formability of the Ferritic Grade AISI 409  
 Consider the evolution of the AISI 409 grade from standard 409 to single stabilized grade 
by Titanium that suffered from surface defects, to the dual stabilization by Nb and Ti. The 
formability of the dual stabilized Grade was superior, it was able to reach higher depth compared 
to non- and single stabilization. These results are verified by plotting the associated LDR shown 
in figure 128 [49]. 

 Nonetheless, a study that tested the addition of Ti on a single stabilized Nb 15% Cr has 
showed a similar result, i.e. dual stabilization showed higher average anisotropic coefficient and 
lower planar anisotropic coefficient as shown in figure 129. This improvement in terms of 
formability could be address to the role of Ti in keeping higher amount of Niobium in the solid 
solution and hindering the second precipitates, because TiC are more stable than NbC [65].  

 

  

 

Figure 128 Effect of Dual Stabilization on the LDR of AISI 409 [49] 
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4.3. Weldability 

Introduction 
 Welding is considered one of the most common joining methods due to its efficient and 
cost saving characteristics, it is the process during which the joining occurs by melting and       
re-solidification of the base and filler material. The structural integrity of steel structures not only 
depends upon the strength of the steel but also the strength of the welded joints. This is why the 
weldability of steel is always an important consideration. For a good choice of welding and 
welding characteristics, one should consider the chemical composition of the stainless steel, its 
metallurgical structure and physical properties. In addition, the phenomenon of intergranular 
corrosion (explained in chapter 2) that is common at the heat affected zone is less prone for 
ferritic grades especially the stabilized ones. In other words, the advantages of alloying with 
niobium is translated to the higher intergranular corrosion resistance in the case of the stabilized 
stainless steels that are considered as “virtually immune to intergranular corrosion”.  

 Different welding techniques could be applied to stainless steels such as arc welding, Gas 
Tungsten Arc Welding (known as GTAW or TIG) which does not involve the usage of filler 
metal, but proving the necessary heat by the un-consumable TIG electrode so that the base 
metals are melt and then solidified as one part, the Gas Metal Arc Welding (known as GMAW or 
MIG) where the electrode is consumable, and laser welding are the most used in the automotive 
industry. 

 To maintain the corrosion resistance at the welded area, the used filler metal should show 
a chemical composition compatibility with the base metal, as well as, the use of protective gases 
such as Argon (Ar) or Helium (He) is necessary to avoid the loss of chromium due to the high 
temperature. A mixture of the inert gases with hydrogen is not suitable in the case of ferritic 
stainless steels due to the induced embrittlement in the joint [60]. 

Figure 130 Welded automotive exhaust component [60] 
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 Nonetheless, the stabilized grades may show some grain coarsening at the welded area to 
the high temperature, hence it is important to minimize the heat input of welding as much as 
possible. 

 Pickling by special designed pastes for welding or fluonitric acids, or mechanical de-
scaling are applied after welding to remove the discoloration effect. Then, passivation and 
decontamination are held to help reforming the passive layer and remove the residues. 

 In what concerns the Shield gas, hydrogen containing mixes must not be used with 
ferritic, martensitic or duplex grades. Nitrogen could be added to nitrogen containing austenitic 
and duplex grades. 

 In what concerns the welding parameters, the heat input should be minimized to 
minimize distortion and avoid stress cracking. Heat Input is calculated as the product of the 
current (Amperage) and the Voltage (Volts) multiplied by 60 and divided by the travel speed. 
Lower heat input is achieved by lowering the voltage and amperage, and increasing the travel 
speed [66].  

The amperage and voltage are adjusted on the basis of arc stability, desired penetration, spatter, 
undercut and dilution.   
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4.3.1 Weldability of Ferritic and Austenitic Grades 

4.3.1.1. Ferritic Grades 

 Semi ferritic grades (0.04% C, 17% Cr) are sensitive to embrittlement by grain 
coarsening above 1150°C, poor toughness and ductility, sensitive to intergranular 
corrosion. [67] 

 Stabilized Ferritic Grades with Ti, Nb: sensitive to embrittlement by grain coarsening 
above 1150°C, satisfactory ductility and improved toughness, more resistant to 
intergranular corrosion. 

 They show better resistance to stress corrosion due to their lower thermal expansion 
coefficient. 

 Problems related to embrittlement, stress corrosion, and shrinkage cracks could be 
encountered by preheating up to 200-400°C [68]. 

 750-800°C stress relieving gives an optimum strength and corrosion resistance. If the 
grade is stabilized by Ti this relieving process could be omitted [68].  

4.3.1.2. Austenitic Grades 

 Insensitive to hot cracking, good resistance to intergranular corrosion for low carbon and 
stabilized steels, excellent toughness and ductility, embrittlement may occur. [67] 

 Even though the heating and cooling associated with the welding process does not affect 
the microstructure significantly, secondary phases may occur, such as ferrite which has 
beneficial consequences such as prevention of hot cracks, and detrimental consequences 
such as selective attacks in certain corrosive media [68]. 

Figure 131 Stabilization effect on increasing weldability 
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 The thermal expansion coefficient and the heat conductivity coefficients that are higher in 
this family compared to ferritic may result in contraction and welding stresses. However, 
stress relieving could be carried out at 850-950 C or 400-500 C. choosing the temperature 
range should be based on avoiding carbide formation [68].   

  

Figure 132 Welding different zones [32] 
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4.3.2. Stainless Steel Welding Techniques  
 Different welding techniques could be applied, depending on the grade and the thickness, 
figure 133 represent all the techniques, with specifying the recommended grade and thickness for 
each [67].   

Figure 133 Stainless Steel Welding Techniques 
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4.3.2.1. TIG – GTAW Electric Arc Welding Technique 

 Tungsten Inert Gas (TIG) or known as GTAW (Gas Tungsten Arc Welding) or WIG 
(Wolfram Inert Gas) shown in figure 134 is a welding process in which an electric arc supplies 
the energy needed for melting the metal by a Tungsten or Tungsten alloy (mainly 2% thoriated 
Tungsten) non-consumable electrode. Filler metal may employed in the form of bare rods or 
automatic wire. The inert gas (Argon (Ar), Helium (He), or Hydrogen in some cases) protects 
from the atmosphere and maintain stable arc.   

 Its advantages could be summarized in the following:  

 Narrow fusion zone due to the concentrated heat source. 
 Stable arc, small size welding pool, simplified cleaning operations because of oxidation 

residues eliminations due to the absence of flux. 
 Excellent metallurgical quality, precise control of penetration and weld shapes. 
 Pore-free welds. 
 The common work piece thickness ranges from 0.5 to 4.0 mm, which is common range in 

exhaust components. 
 Ability to weld complex shapes with wide ranges [69]. 
 Recommended Shield Gas*: Ar, Ar+H2 mixes, Ar + He mixes, Ar + H2+ He, Ar+ N2.  

*for more info please check ref [67] 

 

Figure 134 Schematic Representation of TIG welding process [67] 
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4.3.2.2 MIG-GMAW Electric Arc Welding Process 

  

 MIG (Metal Arc Welding) known also as GMAW (Gas Metal Arc Welding) shown in 
figure 135 is a welding process in which the heat is provided by an arc between an automatic 
continuously fed metal wire consumable electrode and the piece. It is characterized by high 
temperature arc that results in a rapid melting of the electrode. Such Technique also requires 
shielding gas to prevent oxidation, Argon with 2% oxygen is used for stable arc, and same result 
could be obtained with Argon and 3% Carbon dioxide. [67] 

Recommended shield Gas*: Ar + 2% O2, Ar + 3% CO2, Ar + CO2 + H2 mixes, He + Ar+ CO2; 

*for more info please check ref [67] 

 

  

  

Figure 135 Schematic representation of MIG welding process [67] 
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4.3.3. Choosing the Filler Material 
 Choosing the right filler material is very important when welding stainless steel to 
stainless steel, or dissimilar metals. Nonetheless, the ability to tailor the mechanical and 
properties and corrosion resistance increases the complexity of choosing the filler material. 
Several electrodes could be used, knowing that the decision is made based on considering the 
cost, service conditions and properties of the base materials. 

The composition of the welded zone has to be as homogeneous as possible as the base metal, the 
filler metal should contain a similar content of the main alloying elements such as Cr, Mo, and 
Nb to ensure good corrosion resistance and high temperature strength. 

Some guidelines could be followed in choosing the filler material [66]: 

1- If both base metals are the same, use the base metal alloy as a guide, choose a similar 
filler. For example 316L to 316L choose 316L filler. 

2- If dissimilar materials, choose a filler that matches the highly alloyed material. For 
example, 304L and 316L choose 316L.  

3- Use over-alloyed grades when welding dissimilar materials. 

 In the case of dissimilar, attention should be drawn to the metallurgy of the weld metal. 
Schaeffler Diagram (figure 20) is a useful tool that allows the estimation of the weld metals by 
calculating the Chromium and Nickel equivalents, then finding the appropriate filler material 
[68].  

1- Determine the position of the two materials, and draw a straight line between them. 
2- Plot the position of the proposed filler material.  
3- Draw a straight line from the position of the filler material to the center point of the line 

joining the two base materials. 
4- 20 to 40% away along the filler material position will be the result of 20-40% dilution of 

the filler metal in the base metal. 
5- If the structure achieved is suitable, than the proposed filler material could be used. 

  Figure 136 shows an example of dissimilar welding that is followed by the proposed 
steps. The base metals are EN 1.0401(A) and EN 1.4301 (B) using a fillet material having the 
equivalence point (D). The obtained structure is austenite with 10% ferrite noted as point (E) 
[68]. 
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Figure 136 filler material compatibility check by Schaeffler diagram [68] 
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4.3.4. Niobium against Intergranular Corrosion 
 As mentioned many times before, Niobium stabilizing effect inhibits the formation of 
chromium carbides that precipitate in the grain boundaries (figure 63), especially in the heat 
affected zone (HAZ) after the steel is subjected to welding, consequently, keeping the chromium 
in the steel instead of depleting it. As a result, intergranular corrosion, which is a typical problem 
in the welded zones is inhibited. 

 Consider 2 different ferritic stainless steels, the AISI 441 dual stabilized by Ti and Nb 
(0.343wt.% Nb), and AISI 409 with only Ti, the microstructure of that alloyed with niobium 
shows a defined grain boundaries that are not visible in the AISI 409 Ti as shown in figure 137 
[70].  

 After subjecting these two materials to welding, it was observed that in the case of the 
grade containing Niobium, no grain growth occurs in the heat affected zone (HAZ), however the 
lack of niobium in the AISI 409 stabilized with TI showed significant grain growth as shown in 
figure138 that is associated with intergranular corrosion. 

  After welding, the specimens are subjected to corrosive environment, the result revealed 
a loss of material at the grain boundaries in the single stabilized stainless steel, while a higher 
resistance to intergranular corrosion accompanied the addition of Niobium that showed no 
structural incompatibilities. Figure 138 shows the difference between the macrostructure of      
(a) Nb-Ti stabilized HAZ and Ti stabilized HAZ after subjecting them to corrosion [70]. 

Figure 137 Microstructure of (a) AISI 441 Ti-Nb and (b) AISI 409 Ti [70] 

Figure 138 HAZ in (a) Nb-Ti stabilized AISI 441, and (b) Ti alloyed AISI 409 [70] 
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 In a similar manner, the effect of niobium was much more evident at microstructural 
level after the corrosion test, where defects are detected at the grain boundaries in the alloy that 
lack the addition of Niobium, as shown in figure 139.  

 

 The effect of Niobium addition on the thermal fatigue life in the HAZ is tested, and the 
results demonstrated 2 main issues, one is said to be not beneficial which is the degradation of 
the solid solution strengthening explained by coarsening of the laves phase that is increasing with 
the increase of niobium, which in turn reduced the thermal fatigue life. However, the second 
issue is beneficial, and it overcame the pre mentioned disadvantage, the pinning effect that 
hinders the grain growth resulted in smaller grain size of fine (Nb, Ti) (C, N) that in turn 
increased the thermal fatigue life, even though more precipitates were formed with increasing the 
niobium content, however their volume fraction did not change because of their smaller size. As 
a net result, Niobium’s effect was found to increase the thermal fatigue life in the HAZ [71].    

 

Figure 139 Effect of Nb stabilization at the grain boundaries at the HAZ at macro-structural level [70] 

Figure 140 Effect of Niobium on microstructural level at HAZ [70] 
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4.3.5. Niobium Role in Improving Weldability 
 The properties after welding using TIG (GTA) Tungsten Inert Gas (Gas Arc Welding) 
was analyzed for the Niobium added to Ti stabilized grade. This addition resulted in increased 
toughness with respect to the single stabilized grade, as well as it retained good weld toughness 
in the thicker material [49]. It is important to notice that the hardness is higher in the heat 
affected zone for the alloys stabilized with Nb and Ti rather than single stabilization by Ti as 
shown in figure 141 [70].  

 

4.3.6.  Weldability of the Grades 1.4622  
 The stabilization of this grade features the benefits of Niobium that are already discussed 
above, it has low risk of sensitization, and less distortion than the austenitic grades. Conventional 
welding methods could be employed, using an austenitic filler 316L [46]. 

  The shielding gases could be Argon, Helium, or a mixture of both with a maximum of 
26% oxygen to improve the arc stability, with no added nitrogen and hydrogen. It is also 
important to reinforce the minimization of the input heat in order to reduce the grain growth. 

4.3.7.  Weldability of the Grade AISI 444 
 It is important to mention that the used filler material should match the chemical 
composition of the base metal, a metal cored filler is also a good choice as it allows the addition 
of elements as powder mixture in the core. The AISI 409 stainless steel containing 12% Cr, 0.2% 
Ti makes up the external foil, while Cr, Mo, Nb and additional Ti could be adjusted in the 
powder in order to obtain the desired composition. It is important to relate the difference in the 
composition with respect to the base metal to the losses during the process, because some 
elements suffer from vaporization or reaction during chemical transfer in the arc [72].  The 
contents of the stabilizing elements used with this ferritic grade (AISI 444) to stabilize the 
molten zone could be theoretically calculated as [72]: 

Figure 141 Hardness distribution in the welded zone [70] 
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%Nb = 0.2 + 7 (%C + %N)   EQ. 5.1 

%Ti = 0.15 +4 (%C +%N)   EQ. 5.2 

0.2 + 4 (%C +%N) < %Nb +%Ti < 0.8  EQ. 5.3 

 In order to address the best filler material that result in a good properties of the welded 
zone, 7 different filler wires, whose composition in wt.% is shown in table 14, with the same Cr 
and Mo contents of the base metal with different amounts of Ti and Nb were tested [73].   

Element C Si Mn N Cr Mo Ti Nb 
Filler 1 0.01 0.6 0.3 0.01 19 1.9 <0.1 0 
Filler 2 0.01 0.6 0.3 0.01 19 1.9 0.45 0 
Filler 3 0.01 0.6 0.3 0.01 19 1.9 <0.1 0.5 
Filler 4 0.01 0.6 0.3 0.01 19 1.9 <0.1 0.8 
Filler 5 0.01 0.6 0.3 0.01 19 1.9 0.2 0 
Filler 6 0.01 0.6 0.3 0.01 19 1.9 0.1 0.4 
Filler 7 0.01 0.6 0.3 0.01 19 1.9 0.3 0.3 

Table 14 Chemical composition in wt.% of the tested filler wires for the AISI 444 

 Ti has high affinity to oxygen which makes it sensitive to oxidation, this is why almost 
double the desired quantity should be added in the filler wire to obtain the final desired amount 
in the welded zone, however, Niobium has almost a ratio 1 to 1, so it is added assuming no 
losses.  

 The benefits of Ti are summed up in the formation of refractory compounds in the molten 
steel and to enhance the equiaxed grain formation in the fusion zone, however, the addition of Ti 
in the filler wire had detrimental effect on the arc stability, where the higher content of Ti is 
associated with less regular welding lines. 

 Niobium, on the other hand, has a ratio 1 to 1, which means the amount in the filler wire 
is the same as that in the deposit, it is added to improve the high temperature mechanical 
properties, however, it had no effect on the shape and the grain structure of the fusion zone. 

 Among the 7 tested filler metals, the best was the filler 7 with 0.3 wt.% Ti and 0.3 wt.% 
Nb, it is important to mention that the desired Ti content is 0.15%, but 0.3% Ti in the wire is 
added to account for the losses, Figure 142 shows the difference between the filler 1 (with no 
Nb), filler 6 (with added Nb) and filler 7 which was chosen as the best. 

Figure 142 Grain structure of fusion zone obtained with the filler metals 1, 6, and 7 in the  pulsed mode [73] 
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4.3.8. Weldability of the Dual Stabilized AISI 409 
 The addition of Niobium on the single stabilized Ti-409 showed no adverse effect in 
terms of welding using the TIG method, where this addition was found to be beneficial in 
increase in the toughness of the welded area. The dual stabilized grade with 0.28% Nb 0.1% Ti 
has a higher toughness compared to the 0.25% Ti single stabilized grade [49]. 

  

4.4. Post-Welding Cleaning 
 The heat resulting from the welding is able to deplete the chromium at the surface and 
lead to corrosion, hence, cleaning gains its importance in order to ensure an optimum corrosion 
resistance, where the protective chrome oxide layer should be reformed at the surface.  

Different cleaning methods could be used, such as electrolyte polishing, pickling, grinding, 
mechanical polishing, brushing, and sand blasting [66]. 
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Chapter 5 
Metallurgical Mechanism in Increasing the 

Performance 
5. Introduction 
 Apart from alloying with Niobium, many metallurgical mechanisms are beneficial in 
further increasing the performance of stainless steels, such as alloying elements for a defined 
target, cold rolling, two step cold rolling with intermediate annealing, warm rolling and other 
would be discussed here. 

5.1. Alloying  
 In addition to the elements mentioned in details before, Chromium and Niobium, Several 
other alloying elements have been proven to enhance the performance of the stainless steels, in 
particular the austenitic and ferritic grades. Some of the elements are beneficial in terms of creep 
resistance such as Nitrogen, others increase the oxidation resistance such as Silicon, and many 
others with diverse improvements.   

5.1.1. Molybdenum (Mo) 
 Added by 2 to 4 wt.% in stainless steel can improve the resistance to pitting corrosion, as 
well as increasing the solid solution hardening, resulting in improved thermal fatigue life.[58] 
however, attention should be drawn to its drawbacks in terms of promoting the brittle sigma 
phase that reduces the toughness, in particular under the cyclic condition of the exhaust manifold 
[54]. 

5.1.2. Tungsten (W) 
 One of the best methods in increasing the high temperature strengthening is adding 
Tungsten as an alloying element. W is highly soluble in the α-Fe and it has a relatively large 
atomic radius resulting in solid solution strengthening. Figure 143 shows the effect upon 
increasing the mass content of W with respect to the W free ferritic stainless steel [54], the study 
suggested an optimum addition of 2% of W. 

 Another advantage associated with the addition of Tungsten is the increase of the thermal 
fatigue life in the heat affected zone (HAZ), in which the combination with Niobium in ferritic 
stainless steel with 15% Cr content resulted in a better performance than the sole Nb sample 
[71], where the alloyed with 0.5% Nb fractured after 380 cycles, while the W-0.5 %Nb resisted 
until 650 cycles, with an optimum of W-0.4%Nb who fractured after 680 cycle. These benefits 
could be attributed to the increase of solute W in the matrix 
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As well as, the stabilizing effect of W on the laves phase at high temperature is observed, 
increasing their dissolution temperature and decreasing their size as shown in figure 144, it is 
also remarkable that the precipitate type M6C has disappeared due to the addition of W which is 
also attributed to the higher temperature dissolution of the laves. 

   

 Another remarkable benefit that could be achieved through the addition of Tungsten up to 
certain extent is the higher formability of the ferritic grade 1.4521, where the AISI grade alloyed 
with 1.2wt.% tungsten has shown better anisotropic coefficients than both grades: Tungsten free 
and 0.58wt.% grades as shown in the figure 145. 

Figure 143 Tungsten in increasing the offset yield strength [54] 

Figure 144 Effect of W on the laves phase size (a) with Nb (b) with W and Nb [71] 
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  This improvement is interpreted as a result of the better texture developed by the 
addition of Tungsten, in other words, it favored the presence of γ-fibers and resulted in finer 
recrystallized grains [62]. 

5.1.3. Vanadium (V) 
  The effect of increasing the vanadium content in an austenitic stainless steel, already 
alloyed with Nb, showed a further increase in the resistance to pitting corrosion from 286.3mV 
to 360.1 mV for 0.2 and 1.01% V respectively [58]. 

5.1.4. Nitrogen (N) 
 Nitrogen addition is effective in increasing the strength, however if added in increased 
amounts it would result in hot ductility problems [74]. In general, Nitrogen is added to Austenitic 
stainless steels to increase the tensile strength by solid solution hardening, even though when 
nitrogen in the matrix is reduced due to the formation of nitrides, these nitrides are beneficial in 
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terms of increasing creep strength, and in particular, Niobium carbonitride precipitate is a 
strengthening factor [75]. 

In order to mark the effect of nitrogen addition on the creep resistance, a test carried out on 4 
different austenitic stainless steels with 0.07, 0.11, 0.14, and 0.22 wt.% of nitrogen respectively. 
The results shown an increase in creep rupture strength, decreased steady state creep, and 
increased rupture life for a defined applied stress levels as shown in the figures 147, 148, and 
149 [76]. 

 This improvements are attributed to the solid solution hardening by nitrogen, decrease in 
the stacking fault energy (from 26.41 mJ/m2 to 15.04 mJ/m2 with the increasing nitrogen content 
from 0.07 to 0.22 wt.%), and matrix precipitation of carbonitrides. As well as, an increase in 
Vickers hardness by 37 HV, and 20 GPa increase in Young’s modulus are observed when the 

nitrogen content is increased from 0.07 to 0.22wt.%. 

Figure 147 Creep curve flattering by increasing the nitrogen content [76] 

Figure 148 Nitrogen influence on steady state creep[76] 
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 In terms of intergranular and surface cracks, the increase in nitrogen content from 0.07 to 
0.22wt.% resulted in significant improvements as shown in figure 150 [76]  

 

5.1.5. Silicon (Si) 
 Silicon addition is well known in increasing the oxidation resistance of stainless steels by 
facilitating the formation of the initial chromia layer or by forming silica particles beneath the 
chromia layer which make the chromia layer more adherent to the substrate, where its 
performance is enhanced at high temperatures (above 700°C) [75]. Adjusting the Silicon content 
with the chromium results in increase in the oxidation resistance without drawbacks in terms of 
creep. On the other hand, some drawbacks in terms of weldability and toughness are recorded, 
leading to its limitation.  

Figure 149 Effect of increasing nitrogen content on rupture [76] 

Figure 150 Life Influence of nitrogen on surface cracks [76] 
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5.2. Two Step Reduction 
 Two step reduction is a process made up of 2 cold rolling reductions with an intermediate 
and final annealing processes. In order to visualize the effect of two step cold rolling, the results 
are recorded after each sub process. After receiving an initial specimen of Nb stabilized ferritic 
stainless steel with 0.35% Nb, 50% cold rolling reduction is carried out, followed by annealing at 
800°C for 24s, then a second cold rolling reduction by 80%, and a final annealing at 880°C [64].    

  Effect of Two Step Cold Rolling on Hardness 
 After the first reduction step, the grains tend to join and flatten along with the rolling 
direction, then grains undergo recrystallization during the intermediate annealing step. Similarly 
for the first step, grains tend to further elongate and join along the rolling direction with the 
second cold rolling step, and fully recrystallized after the last annealing as shown in figure 151. 
The mean grain size has been reduced from 50μm to 10 μm. The associated improvement in 

terms of hardness is shown in figure 152. 

 
Figure 151Microstructure after 2 step cold rolling [64] 
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5.3. Warm Rolling 
 In a study aiming at highlighting the effect of the rolling temperature on the 
microstructure, two initially identical Niobium stabilized Ferritic stainless steels specimens are 
subjected to conventional hot rolling ( Finisher delivery Temperature 850- 930°C) and Warm 
rolling (Finisher delivery Temperature 620-740°C) reaching 80% thickness reduction [77].  
Warm Rolling benefits are in terms of weakening the α-fibers and intensifying the γ-fibers, 
resulting in an almost uniform γ-fiber recrystallization texture after final annealing, In contrast to 

the non-uniform texture obtained in the conventional specimen as shown in figure 153, where (c) 
and (d) are the final results after the final annealing, with  . As well as, the warm rolled surface 
was found to be smoother with lower roughness coefficient.  

 Translating these benefits in terms of improvements, the more uniform γ-fiber results in 
higher average anisotropy coefficient, and lower planar anisotropy coefficient, Thus better 
formability and deep drawing performance. On the other hand, the lower surface roughness 
reduces the surface ridging. The results are plotted in figure 154. 

Figure 153 Texture of conventional (a and c) and warm rolled (b and d) specimens [77] 
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5.4. Shear Bands  

 In another study that also compared two Nb-stabilized ferritic stainless steels rolled at 
different finisher temperature, 970 and 750 °C respectively was able to discuss the improvements 
of warm rolling. It was found that the lower finisher temperature introduced shear bands that in 
turn resulted in γ-fiber that improved the formability and deep drawing by increasing the average 
anisotropy coefficient by 25% and decreasing the surface roughness by 40% [78].  

Shear bands are thin and plate-like structures at 20-35° with the rolling direction. The formed 
shear bands during warm rolling caused fragmentation of the microstructure that enhanced the 
nucleation of the recrystallized grains in grain interiors and grain boundaries and modified the 
structure. These shear bands are not observed during hot rolling due to the rapid recovery at 
higher temperatures. 

 After the final annealing, the microstructure of the warm rolled was found to be more 
homogeneous with smaller grain size, hence, the decrease in the rolling temperature accelerated 
the recrystallization during annealing, as well as higher hardness value by 80 HV after 
recrystallization due to the entangled dislocations of higher density in the case of warm rolled. 

 Table 15 summarizes the results, showing the improvements achieved by shear bands due to 
warm rolling.  

Table 15 Comparison between hot and warm rolled results in terms of formability, grain size and roughness 

 Hot Rolled [970 °C] Warm Rolled [750 °C] 
Average grain size [μm] 29 24 
Average Anisotropy Coefficient 1.63 2.0 
Average surface Roughness[μm] 1.94 1.33 
Maximum Surface Roughness [μm] 6.0 4.24 
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5.5. Precipitations in Increasing Creep Resistance 
 During the service life of stainless steels different precipitates occur, such as M23C6, MX, 
Z phase, and intermetallic phases such as laves and G-phase.  

5.5.1. MX Carbides 

 This secondary carbide formed upon the addition of Nb, and/or Ti is observed as 
beneficial precipitate due to its hardening effect, and its effect in binding the carbon atoms 
preventing the chromium rich precipitation at grain boundaries thereby hindering the 
sensitization and inhibiting the grain growth [79].  

5.5.2. Z-phase 
 Z phase is observed in austenitic stainless steels with high niobium and nitrogen content, 
it is observed as NbCrN precipitate. This phase has advantages in terms of improving the 
mechanical properties, they are highly stable up to 700°C then they show slow increase in size. 
They contribute to the increase in creep strength [79]. 

5.6. Shot Peening 
   Shot peening is a surface modification technique based on inducing compressive stress 
into the surface of the stainless steels, resulting in increased density of the grain boundary due to 
the cold deformation, a similar effect as grain refining in facilitating the diffusion of Chromium, 
thus resulting in improved oxidation resistance [75]. This technique has also showed advantages 
in terms of fatigue life, hardness and closing of pores.  

 The recorded mass gain on a shot peened surface was lower than other untreated surfaces, 
for instance, a test carried out on 304H showed that the thin oxide layers formed are less likely to 
spall, this is said to be the result of the induced stresses. 

5.7. Post Weld Heat Treatment (PWHT)  
 Post weld heat treatment (PWHT) is a heat treatment carried out on weldments in order to 
eliminate the high temperature embrittlement, tempering of martensite and hydrogen degasing. 
Its effect on the microstructural evolution has been studied, and it is found to be mainly 
beneficial I improving the toughness without scarifying the tensile strength and hardness. [69]  

 The hardness in the heat affect zone has remarkably increased after PWHT at 500°C and 
it exceeded the hardness of the welded zone (WZ), this increase in the hardness is addressed to 
be a result of the formed precipitates (such as NbC) and laves phases. Further increase in the 
temperature resulted in a homogeneous hardness between HAZ and WZ [69], while PWHT at 
700°C showed the lower hardness due to grain coarsening. Nonetheless, the latest showed 
optimum tensile properties, as shown in figure 155. This increase is a result of the stabilizing 
elements and their associated laves that has ordered structure which exhibits good oxidation 
resistance, and excellent mechanical properties at high temperatures.   
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5.8. Titanium for a Finer Grain in the Welding Zone 
 The addition of Ti, and consequently its precipitation in the form of stable Titanium 
nitride in the molten zone, is considered as the nucleation site of the equi-axed fine grains during 
solidification which improves the fatigue behavior [72]. 

A study aimed at proposing the best filler material for AISI 444 suggested the addition of Ti up 
to 0.45% in the AISI 409 metal core wire, as it was found that the increase in the Ti content 
refined the grain and resulted in equi-axed grains. The results shown in figure 156 highlighted 
that the increased Ti is beneficial, but 0.12% Ti are not enough [72]. 

   

  

Figure 155 Stress-Strain diagrams of TIG weldments after different PWHT temperatures [69] 

Figure 156 Molten zone macro and micrographs showing the effect of Ti in refining the grain size [72] 

Source: nt2 
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Conclusion 
 The stringent emission regulations associated with the ecological and economic 
competition in the automotive sector have forced the OEMs to adopt a continuous improvement 
approach in optimizing the energy efficiency of the vehicle, which demanded a faster reach of 
the light-off temperature of the catalytic converter (to be able to decrease the emissions), and the 
usage of a lighter material. The result of the increased efficiency is a higher exhaust gas 
temperatures up to 1000-1050°C, where the conventional cast iron exhaust system components 
in the hot end are not efficient anymore, and inventing a new material that is able to withstand 
these high temperature while keeping a good mechanical properties is a must, as well as the 
increase in the warranty period up to 10 years demanded a material that has superior corrosion 
resistance. Henceforth, cast iron has evolved to thin sheets of stainless steels, in particular, 
ferritic stainless steel grades are the most promising as they are found to be lighter, cheaper, and 
more resistant to the service conditions of the automotive exhaust systems 

 Niobium alloyed stainless steels excelled in satisfying the needed requirements, as the 
addition of niobium to ferritic stainless steel provided the desired high temperature strength, high 
resistance to creep and oxidation, as well as increased the pitting corrosion resistance for a longer 
warranty period, all with lighter components which contributed to weight saving and 
consequently less CO2 emissions. Up to now, the most used grade is the DIN. 1.4509 which 
shows good performance, however, for temperatures exceeding 1000°C, the grades used in the 
hot end are 1.4521 and 1.4622 both with niobium content, and among those proposed for the 
cold end is the dual-stabilized 1.4512. In addition the added niobium resulted in better 
formability and weldability, making the niobium alloyed ferritic stainless steels suitable for the 
automotive exhaust application. 

 The Improvements achieved upon adding Niobium could be interpreted as a result of the 
solid solution strengthening, pinning effect, and refining the grain size that are effective in 
increasing the high temperature performance, formation of precipitates and laves that increased 
the resistance to creep, fatigue, and increased the thermal fatigue life. Niobium stabilization 
effect improves the drawbaility through enhancing the γ-fibers and lowering the α-fibers and     
θ-fibers in the texture. As well as, its higher affinity to carbon was able to inhibit the 
intergranular corrosion by forming NbC instead of Cr carbides, mainly in the heat affected zone, 
resulting in a stainless steel that is virtually immune to sensitization. In addition, Niobium has 
also showed its effectiveness in increasing the oxygen storage capacity in the catalytic converter. 

 Although the future of the automotive sector is running towards electrification and the 
elimination of the Internal Combustion Engine (ICE) and its corresponding exhaust system in 
order to achieve zero emissions, Niobium technology has already paved its way in the electric 
mobility, where niobium technology could be implemented in the energy generation of batteries 
as an alternative to Li-Ion batteries, fuel cells and super capacitors, in addition to other roles of 
Niobium in the body in white, brakes, chassis, wheels and engine parts.   
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Future Trends 
 

 Transportation represents almost a quarter of the greenhouse gas emissions, and it is the 
main cause of air pollution in the cities. As the emission regulations are becoming more and 
more stringent and firmly on the path towards zero, the only solution on a long term vision is 
Hybridization and electrification, in other words, low and zero emission vehicles. Phased in from 
2020, in 2021 the European fleet wide average emission target for new cars is 95 g.CO2/Km. 
[ac.europa.eu]. 

 Regulation EU 2019/631 sets new EU fleet-wide CO2 emission targets for the next 5 and 
10 years in terms of percentage reduction from the 2021 starting points:  

 2025 and on : 15% reduction for cars and Light Duty Vehicles (LDV) 
 2030 and on: 37.5% reduction for cars and 31% reduction for LDV. 

 Thus, the market share of hybrid electric vehicles (HEV) and battery electric vehicles is 
expected to jump in the upcoming years. In 2019, the EU share was 4% HEV, 1% Plug-in 
Hybrid (PHEV), and about 2% battery electric vehicles (BEV). [www.theicct.org]  

 

    Apart from the Niobium-alloyed stainless steels that are used in the exhaust systems in 
order to withstand the increasing temperature, Niobium technology has also paved it way in the 
batteries and fuel cells for the electric vehicle.  

  

Figure 157 evolution of car share from 2017 to 2040 [29] 

Source: www.theicct.org 
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