
 

 

 

 

 

 

 

 

 

 

 

Treball Final de Grau 

 

 

 

 

 

 

 

Tutor/s 

Dr. Núria LLorca Isern 
Departamento de ciencia de materiales e 

ingeniería metalúrgica.  

 

Study of the influence of secondary phases in the properties of 
superduplex stainless steel. 

 

Estudio de la influencia de  las fases secundarias en las 
propiedades de los aceros inoxidables superduplex. 

Jordi Boquer Viñas 
Junio 2017 





 

 

 

  

 Aquesta obra està subjecta a la llicència de: 
Reconeixement–NoComercial-SenseObraDerivada 

 
http://creativecommons.org/licenses/by-nc-nd/3.0/es/ 



 



 

 

 

 

 

 

“Nothing in life is to be feared, it is only to be 
understood. Now is the time to understand more, 
so that we may fear less” 

Marie Curie 

 

I want to thank Daniella for her impressive support and distinguished assistance throughout the 

course of this project. In addition, i would like to thank my tutor Núria for her guidance during the 

whole evaluation.  

. 

 





 

CONTENTS 

1. Summary_____________________________________________________________ __i 

2. Resumen_______________________________________________________________iii 

3. Fundamentals___________________________________________________________1 

3.1. Introduction                                                                 

3.1.1. Classification of stainless steels 

3.2. Duplex stainless steels (DSS) 

3.3. Background and uses 

3.4. Properties 

3.5. Factors in selection of stainless steel 

3.6. Chemical composition and microstructure 

3.7. Metallurgy 

3.8. Precipitation of intermetallic phases 

3.9. Corrosion mechanisms 

4. Objectives__________________________________________________________ ___25 

5. Experimental procedure__________________________________________________26 

5.1. Starting material(type and composition of steel) 

5.2. Project Outline 

5.3. Cutter 

5.4. Isothermal heat treatments 

5.5. Sample preparation  

5.6. Characterization  

5.6.1. Scanning electron microscope (SEM) 

5.6.2. Energy dispersion spectroscopy analysis (EDS) 

5.6.3. Hardness test 

5.6.4. Phase quantification 

5.7. Corrosion flooding essay 

6. Results and discussion______________________________________________ ___ 39 

6.1. Evolution of microstructure upon aging and EDS microanalysis                                

6.2. Evolution of mechanical properties upon aging                                                          

6.3. Corrosion study                                                                                                           

7. Conclusions_________________________________________________________ __55 

8. Reference and Notes___________________________________________________ _57 

9. Appendicces___________________________________________________________63





Study of the influence of secondary phases in the properties of superduplex stainless steel. 
 i 

 

1. SUMMARY 

The main focus on this project is to study the how the formation of secondary phases in 
superduplex stainless steel (SDSS) affects its mechanical and corrosion properties.  At 
relatively high temperatures these high alloying stainless steels tend to have the drawback of 
forming certain secondary phases which can influence poorly on very significant and relevant 
properties of the steel.  Theses phases, that are tough to quantify, patch together in a range of 
temperatures that depend on the chemical composition of the steel.   
 
However, their stability at these temperatures has not been studied in depth. The aim of this 
project is to produce these secondary phases to a different extent in samples of SDSS extracted 
from a valve in a desalination plant, to subsequently check their thermal stability, analyze their 
corresponding microstructure, hardness and resistance to corrosion. 
 
Duplex stainless steels are ferritic-austenitic steels, which mean that approximately half of their 
microstructure is made of ferrite and the other half austenite, thus ensuring good mechanical 
and corrosion properties.  However, owing to their susceptibility to formation of dangerous 
intermetallic phases, the uses of SDSS have been narrowed down, especially in temperature 
range over 500ºC.  
 
At this temperature range the formation of the σ-phase is enhanced, but also other intermetallic 
phases such as the χ-phase and carbides and nitrides. The formation of theses phases make 
the steel more brittle and hard, and reduce the corrosion resistance, making the steel less 
useful and effective in work environments. It has been demonstrated that over a certain amount 
of σ-phase, the toughness of the SDSS is reduced to values which are lower than the accepted 
standards, and so unsuitable for practical applications Therefore, many standards relating to 
manufacturing (casting) and welding of SDSS require no intermetallic phases in the 
microstructure. 
 
In order to achieve the formation of theses secondary phases samples of this Super duplex 
stainless steel have been submitted to annealing isothermal treatments of temperatures of 
850ºC and 1050ºC and different time scales. The goal was then to first observe and try to 
quantify the amount of secondary intermetallic phases formed due to the thermal, and then find 
the relationship between the growth of these phases with the increase of hardness and 
decrease of corrosion resistances. 
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Since the decade of the 80’s, super duplex stainless steels is one of the metallic materials with 
highest corrosion resistance under saline atmospheres, and since alloy studied in this project 
derives from a working environment with a lot of salinity, it seemed appropriate to run corrosion 
tests to determine how  σ-phase and χ-phase affect the metal’s corrosion resistance. 
 
The samples submitted to several thermal treatments (and therefore with a different composition 
in intermetallic phases) where left at first for 15 days soaked in a 4% NaCl solution,  stirring the 
solution continuously with the help of a magnetic stirred.  With this experiment we were able to 
simulate the behavior of SDSS in a saline and high chlorinated environment, such as the one 
we would be able to find in a chemical industry, in a desalination plant or in industries which are 
located in sea water on a marine environment. The experiment was later repeated with 
Mediterranean Sea water in order to compare the different states of corrosion. 
 
The corrosion is later on studied with an optical microscope, a Scanning Electron Microscope 
(SEM) and EDS microanalysis. In order to figure out the effect of corrosion, our samples are 
examined using these microscopy techniques and characterized by the EDS analysis. 
Moreover, the weight gain and loss methods will be applied, measuring each samples weight at 
a prefixed time scale whilst performing the experiment. Corrosion by pitting is to be found 
considerably throughout all the samples.  
  
The study of the microstructure was carried out using the high resolution scanning electron 
microscope (Field Emission SEM). Using a backscattered electron detector and EDS (energy 
dispersive spectroscopy) microanalysis we were able to observe and characterize all the 
different phases in the different samples and different thermal treatments.  This way we are able 
to compare the amount of corrosion formed in a sample with the quantity of intermetallic phases 
present in the alloying constituent. Finally, hardness tests were performed utilizing the Rockwell 
C scale, in order to observe how the increase of hardness in each sample correlates to the 
formation of brittle intermetallic phases. 
 

Keywords:  Superduplex stainless steel, thermal treatment, secondary phases, 
microstructure, corrosion, characterization 
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2. RESUMEN 

El principal enfoque de este proyecto es el estudio de como la formación de fases secundarias 
en los aceros inoxidables dúplex y súper dúplex (AISD) afectan a sus propiedades mecánicas y 
de corrosión. A temperaturas altas, estos aceros inoxidables de alta aleación son susceptibles 
a la formación de ciertas fases secundarias, las cuales influencia negativamente en las 
propiedades más significativas del acero. Estas fases, que son difíciles de cuantificar, se 
componen en un rango de temperaturas que depende de la composición química del acero. 
 
Sin embargo, su estabilidad a estas temperaturas no ha sido estudiada  en profundidad. El 
objetivo de este proyecto es producir estas fases secundarias en diferentes cantidades a lo 
largo de una serie de muestras de AISD, para a posteriori comprobar su estabilidad térmica, 
analizar la microestructura correspondiente, su dureza y la resistencia a la corrosión.  Las 
muestras provienen de una válvula de una planta desalinizadora. 
 
Los aceros inoxidables dúplex y súper dúplex son aceros ferrítico-austeníticos, lo que significa 
que la aproximadamente la mitad de su microestructura está formada de ferrita, mientras que la 
otra mitad está hecha de austenita, asegurando así  unas buenas propiedades mecánicas y de 
corrosión. Sin embargo, debido a su susceptibilidad a formar fases intermetálicas no deseadas,  
los usos de estos aceros han sido acotados a procesos con temperaturas de servicio inferiores 
a los 500ºC. 
 
A estos rangos de temperaturas la formación de la fase sigma se promueve, al igual que otras 
fases intermetálicas con la fase chi, carburos y nitruros. La formación de estas fases hace que 
el acero sea más frágil y lo endurece, reduce su resistencia a la corrosión, haciendo que éste  
sea menos útil y efectivo en ambientes de trabajo industriales. Se ha demostrado que cuando 
el acero sobrepasa una determinada cantidad de fase chi, la tenacidad de dicho acero se 
reduce a valores por debajo de los estándares aceptados, y por tanto es inadecuado para 
aplicaciones prácticas. Debido a esto, muchos estándares de fabricación (fundición) y 
soldadura de AISD especifican  que no contengan fases intermetálicas en la microestructura. 
 
Para lograr la formación de estas fases secundarias intermetálicas, muestras de acero 
inoxidable súper dúplex  son sometidas a tratamientos isotérmicos de recocido a temperaturas 
de 850ºC y 1050ºC durante diferentes tiempos de ensayo.  El objetivo es, primero, observar la 
formación de estas fases secundarias debido a los tratamientos térmicos e intentar cuantificarla 
respecto a las demás fases. Posteriormente, se intentará encontrar la relación entre el 
crecimiento de estas fases con el incremento de la dureza y la disminución de la resistencia a 
la corrosión. 
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Desde la década de los 80’s, el acero inoxidable súper dúplex es uno de los materiales 
metálicos con mayor resistencia a la corrosión en atmosferas salinas, y ya que la aleación 
usada en este proyecto proviene de una planta desalinizadora, y por tanto de un ambiente con 
una alta salinidad, pareció apropiado hacer ensayos de corrosión para determinar como la fase 
sigma y la fase chi afectaban a la resistencia a la corrosión del acero. 
 
Las muestras que se trataron térmicamente (y por lo tanto contenían una composición diferente 
de fases intermetálicas)  se dejaron 15 días en remojo en una solución de 4% de cloruro 
sódico, agitándose la misma continuamente  con la ayuda de un agitador magnético. Con este 
experimento somos capaces de simular el comportamiento de AISD en un ambiente salino y 
con un alto porcentaje de cloruros, como el que encontraríamos en alguna industria química, en 
una planta desalinizadora o en industrias situadas en el mar o en un ambiente marino. 
Posteriormente se realizó el experimento con agua del mar Mediterráneo para poder comparar 
los diferentes estados de corrosión. 
 
La corrosión se estudia más adelante con la ayuda de un microscopio óptico, un microscopio 
electrónico de barrido (MEB)  y microanálisis de dispersión de energía de rayos X (EDX). Para 
determinar los efectos de la corrosión, las muestras fueron examinadas con éstas técnicas de 
microscopia y caracterizadas con el microanálisis EDX. Además, se completan estos métodos 
con el método de ganancia/pérdida de peso. Las muestras se retiran mientras se está 
realizando ensayo cada cierto tiempo para determinar su variación en peso. La corrosión por 
picadura se encuentra de una manera considerable a través de las muestras.  
 
El estudio de la microestructura se realiza con el microscopio electrónico de barrido de alta 
resolución.  Utilizando microanálisis EDX caracterizamos  las diferentes muestras a diferentes 
tratamientos térmicos. De esta forma somos capaces de comparar la cantidad de corrosión que 
se ha formado en una muestra  con la cantidad de fases secundarias intermetálicas presentes 
en la aleación. Por último, se realizan pruebas de dureza utilizando un durómetro en la escala 
Rockwell C, para observar así el crecimiento de la dureza con la cantidad de fase 
intermetálicas. 
 

Palabras clave: Acero inoxidable súper dúplex, Tratamiento térmico, fases 
secundarias, microestructura, corrosión, caracterización 
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3. FUNDAMENTALS 

3.1.Introduction to stainless steels 
Most metals get rusty, Silver goes black when it oxidases, aluminum changes to white and 
copper oxide is of a green beautiful color. In the case of steel, iron present in the alloy combines 
with oxygen to form iron oxides, which is commonly known as rust or rustiness. 
 
At the beginning of the twentieth century some metallurgists discovered that by adding a little 
over 10% of the metal chrome inside the steel, this alloy would not show any signs of oxidation 
or any rust under normal circumstances. The minimum amount of chrome necessary to provide 
a superior resistance to corrosion is not defined perfectly, for example, the American Iron and 
Steel Institute (AISI) has chosen 10% of chrome as the dividing line between regular steels and 
stainless steels, whilst others stablish this boundary between 10,5% and 11%.  Since then, 
every steel manufacturer realized the importance of stainless steel in many industries, and have 
never stopped trying to improve the steel they produced by adding different alloying elements.  
 
A conventional grade of steel is a Fe-C alloy, but stainless steels form a group of highly alloyed 
steels which are based in Fe-Cr, Fe-Cr-C and Fe-Cr-Ni. Obviously there are a lot more of 
alloying elements in today’s stainless steel, which every each and one of them provide the alloy 
with certain characteristics, but the basic matrix of which they are formed is basically the ones 
mentioned above.  
 
In order to even be considered stainless steel these alloys must contain at least 10,5 % of 
chrome present in their structure. This percentage of chrome grants the formation of an outside 
passivating layer of chromium oxide, which protects the steel from oxidation and corrosion. 
 
 
 
 
 
 
 
 
 
 
 
This confers the steel the property of being much more resistant to corrosion that the iron would 
be without the presence of this constituent.  Moreover, the chromium oxide layer is restored 
immediately and automatically when it gets damaged or removed. The iron base contains other 

Figure 3.1. Passivation mechanism for stainless steel. 
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elements, primarily nickel, molybdenum, manganese, silicon and titanium, all of which we will 
have a chance to view individually and discuss later on in this paper.  
 
Thermal treatments in stainless steels are performed to produce changes in physical properties, 
mechanical properties, level of residual tensions and to restore the maximum resistance to 
corrosion. Frequently, with se same treatment we are able to pull off a more than satisfactory 
resistance to corrosion and optimal physical properties. 
 
The higher normalization institutions regarding the world of metals and steel are the American 
Iron and Steel Institute (AISI) and the Society of Automotive Engineers (SAE). In the 1930s and 
1940s the American Iron and Steel Institute and SAE were both involved in efforts to 
standardize such a numbering system for steels.  
 
These efforts were similar and overlapped significantly. For several decades the systems were 
united into a joint system designated the AISI/SAE steel grades. The SAE steel grade system 
corresponds to other alloy numbering systems, such as the ASTM-SAE unified numbering 
system (UNS). 

 
3.1.1.Classification of stainless steels 
Stainless steels are classified in five different families, each one corresponding to their 
predominant microstructure formed in the alloy. The three possible phases in stainless steels 
are ferrite, austenite and martensite, which give name to the first three classes of steel. Within 
the stainless steels we can also find precipitation hardening stainless steels. These particular 
types owe their name due to the formation of precipitates during an ageing thermal treatment, 
which makes them notably harder, hence the name hardening.  The latter type is the focus of 
this investigation paper, the duplex stainless steel. They are named like this due to a biphasic 
microstructure, consisting in two separate phase of austenite and ferrite roughly in equal 
spread. 
 

1. Austenitic stainless steels 

2. Ferritic stainless steels 

3. Martensitic stainless steels  

4. Precipitation hardening steels 

5. Duplex stainless steels 

(biphasic austenitic-ferritic) 

 
 
 
 
 
 

Figure 3.2. Diagram showing different types of stainless steels 
and how to differentiate them by their  chemical composition 
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Austenitic stainless steels 
Austenitic stainless steels represent the highest percentage of stainless steels, as they are the 
most common and familiar types of steel.  Their metallurgic phase is austenite. These austenitic 
grades of steels are defined by their crystal structure. It crystallizes in a face centered cubic  
structure (FCC), which has one atom in the middle of each face and one in each corner of the 
cell, as shown in the figure below.  
 
 
 
 
 
 
 
This structured is formed when enough amount of nickel is added to the alloy. They have nickel 
content between 8 and 20% and chrome between 15% and 25%.  One of the most well-known 
grades of austenitic stainless steels is the AISI 304 or the AISI 316, formerly used in many 
applications that require good hygienic conditions and in which there is a zero corrosion 
tolerance. 
 
They are utterly formable and weldeable and their working temperature ranges are off the 
charts.  Their application temperature range is between -40ºC to approximately 750ºC, which 
makes them suitable for cryogenic temperatures to very high temperatures of furnaces and jet 
engines. They are non-magnetic steels, which may be an advantage in many situations. 
 
As well as this austenitic steels have many advantages from a metallurgical point of view. Their 
strength may vary from 200-2000 MPa. They can be made very strong by cold-working the 
steel, which would also improve its hardness and stress resistance.  An advantage to this is that 
at any time you may submit the steel to a solution annealing thermal treatment, followed by 
quenching or very fast cooling, removing segregation and restoring the steels initial condition. 
 
The least corrosion-resistant versions can withstand the normal corrosive attack of the everyday 
environment while the most corrosion-resistant grades can even withstand boiling seawater. 
Molybdenum can also be added to improve corrosion resistance, as is the case for the AISI 316 
stainless steel. 
 
 These steel grades are used in applications that require 
good corrosion resistance, although they are more expensive 
than regular ferritic or martensitic grades due to the amount 
of alloying elements. Nevertheless, these may experience 
intergranular corrosion and microbiological corrosion, 
amongst others. The microstructure of a 304 stainless steel 
grade is shown in the figure below.  As you can see the, the 
matrix is composed of one phase, meaning that this steel is 
fully austenitic. 

Figure 3.3.Diagram of FCC structure 

Figure 3.4.Image of austenitic matrix 
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To determine what grade of stainless steel ought to be used in a certain work environment lots 
of variables are taken into consideration, but one of the most important is the production cost 
and maintenance cost throughout its service life. If ferritic steels are cheaper and offer more or 
less the same resistance to corrosion, why ever pick austenitic steels? Even though they are 
cheaper, ferritic steels sometimes lack toughness and ductility in many cases, and are 
susceptible to high temperature embrittling phases. Austenitic steels are generally more durable 
and have longer service life. However, despite its elevated cost, these grades of steel offer 
distinctive advantages, especially regarding weldability and machinability 
 
Duplex and super duplex grades are better than austenitic in many cases. They offer a similar, if 
not better, corrosion resistance and have a higher strength, but since they are more alloyed that 
austenitics, they run into the problem of the formation of brittle undesired secondary phases, 
thus making the austenitic steels more suitable for high temperature works. 
 
Nickel is the most commonly used element in order to produce these steels grades. It is known 
as an ‘austenite former’ or ‘gammagen’.  This element, as well as nitrogen and manganese, 
help stabilize the austenitic phase.   Grades of steels with low nickel and high nitrogen content 
are classified as the series 200. Normal austenitic grades contain a maximum carbon content of 
0,08%, while the low carbon grades, also known as the famous ‘L’ grades, decrease it down to 
0,03%, in order to avoid precipitation of carbides. 
 
Relevant applications for each steel grade are the following: 

 304/304L: Tanks, storage silos and pipes for corrosive chemicals, chemical and 

pharmaceutical production equipment, food and beverage production. 

 309/310: Furnace, ovens and catalytic converter components. 

 316/318: Chemical storage tanks, marine environment and piping. 

 200 series: Kitchenware, cutlery and automobile parts. 

Ferritic stainless steels 
As mentioned before, ferritic stainless steels are classified this way due to the predominant 
metallurgic phase, the ferrite. In metallurgy ferrite or alfa-iron is one of the crystalline structures 
of iron. It crystallizes in a body centered cubic system and has magnetic properties.  
 
 
 
 
 
 
These alloys provide a pretty good resistance to corrosion by several mechanisms, pitting and 
crevice are a notable mention in this regard, but it is also very helpful in highly chlorinated 
environments. This is why these steel grades are the optimal pick in car exhaust systems and 
washing machine drums. Exhaust pipes are submitted to high temperatures and corrosive 
conditions and drums have to put up with detergents and a moist environment for the major part 

Figure 3.5.Diagram of BCC structure 
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of the operating life-cycle.  Needless to say, corrosion is undesirable in both of these examples, 
and ferritic stainless steel’s behavior is outstanding in both cases. 
 
Depending on the chrome percentage, ferritic steels are used in several industrial applications. 
Grades with low chrome percentage (10-12%) are used in automotive industry, because they 
provide a better corrosion resistance than carbon alloyed steels.  This chrome content oscillates 
between the 10,5-28% mark, and there is normally very little nickel in the mix.  
 
Special grades often include molybdenum, and maybe titanium and aluminum to certain extent. 
In the figure below you can find a description of the different grades of ferritic stainless steel, 
showing approximately the total volume produced as well as the types present in each family or 
group and the chrome content present. 
 
 
 
 
 
 
 
 
 
 
 
Ferritic steels cannot be hardened or strengthened by heat treatment; otherwise they can be 
cold work and softened by annealing. They are normally much cheaper than austenitic steels 
due to the low chromium and nickel content, thus making them, by far, the largest consumed 
family of steels. 
 
Ferritics have low thermal expansion and a high thermal conductivity. 
They are also easier to cut and work than austenitics. This is because 
they are softer. This also implies that they are fabricated with ease 
(fabrication friendliness) and have a low lifecycle cost. All of this and 
its excellent surface appearance and aesthetic appeal make it a good 
candidate for a wide variety of uses, from the automotive industry, 
building and construction, commercial food equipment, kitchenware, 
dishwashers, all the way to the transportation industry (containers,                                     
wagons etc.)  
 
These two types are the most relevant ones towards this paper, as the study of the super 
duplex and duplex stainless steels involve both phases, austenitic and ferritic, so a good 
understanding of both steels and their behavior will provide further knowledge on this subject, 
as both phases are present in SDSS, and have properties of both too. 
 
 

Figure 3.6.Diagram showing different groups or grades of ferritic steels. 

Figure 3.7.Image of ferritic matrix 
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3.2.Duplex stainless steel 
Duplex and super duplex stainless are used in a wide range of applications, especially in the 
petrochemical industry, because of its high corrosion resistance and excellent mechanical 
properties. These alloys are based on a Fe-Cr-C-Ni-N base system and have better mechanical 
properties and corrosion resistance in comparison with other types of stainless steels.  
 
Its excellent resistance to cracking by corrosion under a chlorinated atmosphere, resistance to 
localized corrosion, good weldability and high mechanical resistance to traction have promoted 
enormously the use of this type of steel throughout the modern industries, not to speak of its low 
maintenance cost and hygienic properties.  
 
These alloys present a mixed structure composed of approximately 
50% austenite (FCC structure) and 50% ferrite (BCC structure), 
which is ensured by an adequate balance of the alloying elements. 
This combined microstructure enhances the characteristics of each 
one of the both phases that are present.  The austenitic phase 
provides the alloy with an increase of impact resistance; whilst the 
ferritic phase ensures a good resistance to corrosion. 
 
The microstructural balance between austenite and ferrites plays a critical role in duplex 
stainless steels, as the desired properties of the alloy will depend on this. If the microstructure 
contains a higher percentage of ferrite, the alloy will have a stronger corrosion resistance, but it 
will be less workable and present lower ductility. Otherwise, if the austenite content is higher, 
the steel will be more machinable but is corrosion resistance will be diminished. 
 
Chemical composition of DSS is the following: 22-28% chrome, 0,5-4% molybdenum, 1-8,5% 
nickel, 1-6% manganese, 0,6-1% silicon and 0,05-0,3% nitrogen. Commercially, duplex steels 
are known for the amount or percentage of chrome and nickel that they contain. For example, 
the most used DSS is the grade 2205, which contains 22% chrome and 5% nickel.  These 
percentages ensure the microstructural balance being approximately 50/50 between both 
phases. 
 
Some alloying elements present in all grades of duplex stainless steels are ferrite stabilizers, 
also known as ‘alphagens’. Some of these elements are chrome, molybdenum and wolfram, 
amongst others. Other alloying elements are austenite stabilizers (or gammagens), like for 
example nickel, carbon or nitrogen. Besides their stabilizing nature, these elements have other 
additional effects on the steels performance and behavior, which will be discussed in more 
detail further on in this paper. 
 
New alloys of duplex have a much higher content in alloying elements in order to improve 
mechanical and corrosion properties, these are known by the name of super duplex. Due to this 
improvement, SDSS is very useful in applications that require good corrosion resistance, such 
as marine or highly chlorinated environments. 
 

Figure 3.8.Image of ferritic/austenitic 

matrix representative of duplex 
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3.3.Background and uses 
Duplex and super duplex stainless are widely used in the chemical and petrochemical 
industries.  This is because they are able to ensure good mechanical properties and supreme 
resistance to corrosion.  The use and application for these grades of steels have largely 
increased throughout the course of the last two decades, replacing austenitic and ferritic grades 
in many environments. Well known applications for duplex and super duplex stainless steels are 
as follows: 
 

 Desalination plants:  Desalination processes are really putting to the test the 
materials employed in their processes.  High temperatures of the processes and the 
highly chlorinated environment can really punish the material being used, some 
equipment, like evaporators or pumps are exposed to hostile conditions, and thus 
require excellent properties in order to withstand the day to day use. Benefits of DSS 
for this application are high strength and high corrosion resistance. 

 Marine environments: Industries that are near the sea or ‘offshore’ require a good 
corrosion resistance due to a highly chlorinated environment.  Duplex steels are a 
natural fit, as they have an excellent resistance to corrosion. 

 Heat exchangers: Heat exchangers normally work at high temperatures. We can find 
heat exchangers in many applications and industries, from heat recovery systems in 
large industrial plants to the radiator in your own car or in many household appliances.  
They are normally hard to dismantle and to clean, so keeping the tubes clean is a high 
priority, this is one of the reasons why SDSS is great option for this application. If you 
add its good thermal conductivity and low thermal expansion you can see why these 
grades of steel are a perfect match for these types of equipment. 

 Petrochemical plants-oil and gas: Duplex and super duplex stainless steels have 
played a huge part with the tough conditions represented in the petrochemical 
industries. Although DSS and SDSS have outstanding corrosion resistance, what 
makes these alloys really appealing for this type of industry is the pitting and crevice 
corrosion resistance, which is much higher than regular austenitic grades. With a 
pitting resistance equivalent number (PREN) over 40, SDSS are the way to go if you 
are working with transporting corrosive gas and oil. This grade of steel may be found 
in piping systems and flowlines, as well as in different types of equipment such as 
separators, scrubbers or storage facilities. 

 Construction and architecture: Duplex steels are crucial for the construction of 
bridges and other structures that require high strength and where corrosion and a 
saline environment are present. DSS is a ‘must’, due to its excellent physical and 
mechanical properties; it’s a perfect fit for this application.  
 

Other uses may involve the bio-fuel industry, where duplex stainless steel is replacing austenitic 
steels for many ethanol service applications. It is also widely used in the ‘Flue gas 
desulfurization’ process. Coal fired appliances have a major issue, exhaust gases. Large 
amounts of Sulphur dioxide have to be removed in order to reduce these emissions into the 
atmosphere. Modern FGDs work at different temperatures, chloride concentrations and pH, so 
an optimal corrosion resistance is what people in the industry are seeking. So the use of duplex 
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steels has increased in popularity for FDG absorber due to its strength, toughness and 
corrosion resistance. 
 
The same properties that make it a good choice for desulfurization make it very good for 
different types of chemical reactors.  These grades of steel can withstand the different thermal 
and pH conditions used in many processes inside the chemical and pharmaceutical industries. 
Not only can the reactor be made out of these excellent grades of steel. All the pipelines and 
storage silos and containers that work with a corrosive fluid should be able to withstand the test 
of time, as constantly having to change or clean all this systems is detrimental for business and 
would require a high maintenance cost. 
 
Another important use of duplex and super duplex stainless steels is in the food and beverage 
industries.  Food processing equipment is subject to many quality control tests and supervision.  
The fact is that SDSS is finding its way inside this type of machinery and equipment due to its 
unpolluted surface appearance and great resistance properties. It is vital for these kinds of 
production chains to remain as clean as possible, in order to not contaminate the aliments, so 
zero tolerance towards corrosion is crucial, so duplex grades and super duplex grades are a 
good solution to this problem. 

 

3.4.Properties 
Duplex and super duplex stainless steels where developed to upgrade or improve the technical 
weaknesses that other grades of stainless steel had, such as austenitic and ferritic grades. 
Presenting a biphasic microstructure, combining the best of both worlds, duplex steels have the 
following advantages: 
 

 Very good resistance to general uniform corrosion 

 Very good resistance to pitting and chloride corrosion 

 High resistance to stress corrosion cracking (SCC) and fatigue corrosion 

 High mechanical strength 

 Good resistance to abrasion and erosion  
 

When comparing different stainless steel families, there are many similarities between certain 
properties, although there are some essential differences.   Stainless steels have a density 
hovering over the 8g/cm3 mark. The table below shows us a comparison between the 
mechanical properties of ferritic, austenitic and duplex stainless steels. 
 
 
 
 
 
 
 
 
 

Table 3.9.Table comparing mechanical properties of austenitic, ferritic, and duplex steels 
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Duplex and super duplex steels have exceptional mechanical properties. Their yield strength is 
more than double than the ones presented in regular austenitic and ferritic stainless steels. 
Though the toughness is small, relative to the other grades of steel, it is still far superior to 
alloys that have been heat treated and hardened.  
 
It should be noted that ductile-brittle transition for DSS and SDSS occurs at -60ºC or lower, 
which is fine for the majority of applications. Despite having relatively high strengths, duplex and 
super duplex steels exhibit good ductility and toughness, but are lower to pure austenitic steels. 
 
It is to be noted as well that duplex and super duplex steels’ mechanical properties are highly 
anisotropic. This means that properties may change and vary depending on the orientation of 
the different grains in the structure and crystallographic texture.  The table below shows the 
minimum mechanical properties specifications for a duplex stainless steel plate, according to 
American Society for Testing and Materials (ASTM).  
 
 
 
 
 
 
 
 
 
 
Duplex and SDSS have a high level of corrosion resistance in most environments where regular 
stainless steel is used, but there are some applications where duplex and super duplex grade 
excel. This is the result of a higher chrome percentage present in these grades of steel. This 
higher chrome quantity present in the alloy allows these grades to be used in presence of 
oxidizing acids. As well as this, a relatively high amount of molybdenum and nickel provide a 
good resistance in mildly reducing acid environments, making the use of duplex grades much 
more appealing in these kinds of services. 
 
The elevated amounts of chrome and molybdenum also grant the steel a very good resistance 
to chloride induced localized pitting and crevice corrosion. The biphasic metallographic structure 
also confers good resistance to stress corrosion cracking, so duplex and super duplex steels 
are far more resilient to SCC than austenitic grades such as 316 or 304. High chrome content 
and the presence of ferrite also give the steel good resistance to caustic environments or to 
strong alkaline solutions. 
 

 
 
 

Table 3.10.Table of minimum mechanical properties of DSS according to ASTM. 
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3.5.Factors in selection of stainless steel 
There are many factors and variables regarding which grade of stainless steel should be used in 
a certain application or industry.  However, the prime and most important factors in choosing a 
grade for a given application are the corrosion resistance and mechanical properties. Other 
factors may include product cost, availability and range of optimal work temperatures amongst 
others. Here is a list of characteristics to be considered in selecting a proper grade of steel in a 
desired application: 
 

 Corrosion resistance and resistance to oxidation and sulfidation. 

 Physical properties, magnetic properties, electrical resistivity or thermal conductivity. 

 Surface finish/appearance and reflectivity. 

 Strength, ductility and toughness at service temperatures and conditions. 

 Resistance to erosion, abrasion and seizing. 

 Total cost(product cost, installation, maintenance and life expectancy 
 

As mentioned earlier, corrosion resistance is the main characteristic in order to choose a grade 
of stainless steel, but this is much more complicated as it is difficult to quantify and hard to 
assess for specific applications. General corrosion resistance to different chemical solutions is 
not hard to evaluate, but more complex environments the gist gets much more complicated. 
 
Localized corrosion, such as SCC, crevice, pitting and intergranular attack can cause a 
catastrophic failure in a small portion of the steel, while most of the structure remains 
unaffected. Therefore it must be a really strong consideration when selecting a steel grade. 
Other factors to take into consideration are not only the properties of the steel selected, but the 
ones of the medium in which it will perform: 
 

 Chemical composition  and physical state of medium 

 Temperature and its possible variations 

 Bacteria content 

 Oxygen content 

 Relative motion of the medium with respect to steel 

 Continuity of exposure to the medium 

 Surface condition of the metal and its exposure 
 

The more you know about the alloy and its properties, and the more you know about where it 
will be allocated will certainly help a lot when selecting a grade of stainless steel. As mentioned 
before, bear in mind that not only the grade of the steel is remarkably important, but also the 
medium where it will be held and its work conditions and environment. Take into consideration 
that laboratory corrosion data is not always accurate.  Even actual service data may alter 
slightly between one batch and another. This is because similar media may differ enormously 
because of a small variation in the system. It may be useful to try the grade out by means of a 
pilot or rather by doing ‘in-service’ testing, to see how it performs in the real work atmosphere or 
environment. 
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3.6.Chemical composion and microstrucutre 
Interactions between main alloying elements, such as chrome, nickel, nitrogen and 
molybdenum, are fairly complex. To achieve a stable duplex microstructure (bi-phasic) that 
responds correctly to the fabrication process, you must be very careful and insightful when 
putting together alloying elements. It is of high importance to maintain the ferrite-austenite 
equilibrium and so the phases are more or less of equal proportions.  Some authors suggest a 
50% ± 15% of variation between the ferritic phase and the austenitic phases, whilst others 
propose a more accurate variation of only 10%. Regardless of this fact, it is important to try and 
keep the phase ratio 1:1. 
 
Besides the amount of ferritic and austenitic phases, there is another important matter regarding 
duplex and super duplex stainless steels and their chemical composition.  This is the formation 
of secondary intermetallic phases, which are detrimental for the steel’s properties and form at 
temperatures over 500ºC.  The amount of certain alloying elements present in the different 
grades of steel definitely have an influence on the quantity of intermetallic phases present after 
welding o thermal treatments. This subject will be studied in more depth later on in this paper. 
 
Phase equilibrium in a binary system (or greater) depends significantly of the solubility of the 
alloying elements within the different crystalline structures, body centered cubic or BCC, and 
face centered cubic or FCC. So some elements will have a higher solubility rate in the iron’s 
solid BCC structure, also known as ferrite, whilst other will be more soluble in the FCC structure 
or austenite. 
 
This microstructure results from a ferrite-austenite solid phase transformation and is obtained by 
an accurate balance of chemical composition and heat treatment. Starting from a fully ferritic 
structure, the solid state transformation occurs during cooling and the resulting phases have 
different chemical composition: Fe with mainly Cr (18-28%), Ni (4-6%) and Mo (1.5-3%). 
 
Chrome is added primordially to provide corrosion resistance in stainless steels, promoting the 
formation of its oxide, Cr2O3 on the surface of the steel, making a passivation layer to protect the 
metal. In the stainless steels, it also acts as a ferrite stabilizer. These types of elements are 
called ‘alphagens’. It also provides an increase in mechanical properties, by means of the 
hardening mechanism of solid solution. As you are able to see in the figure below, when the 
amount of chrome percentage increases so does the alpha formation or ferrite. 
 
 
 
 
 
 
 
 
 
 

Figure 3.11.Fe-Cr equilibrium diagram 
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With about 10,5% of chrome, the passivating layer will protect the steel from mild atmospheric 
corrosion. Even if other elements may help chrome form or maintain the passivating oxide layer, 
chrome by its self is able to grant a certain amount of resistance to corrosion. If higher 
percentages of chrome wish to be added to the alloy, to give it a higher resistance to corrosion, 
the amount of nickel necessary to form a duplex structure increases. There is about 22% of 
chrome in second generation duplex. 
 
Chrome is also one of the primary elements of secondary intermetallic phases, the most 
common one being the sigma phase (σ). These phases tend to form in most grades of stainless 
steel, however, it is mostly accepted that they form with more ease in highly alloyed austenitic 
steel and duplex and super duplex. Thus concluding that the higher amount of chrome present 
in a certain alloy, the higher the chances are that these phases form. Chrome is also present in 
other intermetallic phases, such as the chi phase, carbides and nitrides. 
 
These phases tend to brittle the alloy, thus reducing toughness, ductility and most important 
corrosion resistance.  As mentioned before, chrome tends to form carbides type M23C6, in most 
grades of stainless steels, and it is the main metallic element present in this phase. As well as 
this, when it combines with nitrogen, it forms nitrides, most frequent type being Cr2N. This 
phenomenon has been observed in ferritic steels and mostly in duplex and super duplex grades. 
 
Nickel is a stabilizer of the austenitic phase, these types of elements are called ‘gammagens’ 
because they tend towards the formation of the gamma phase (austenite). This means that 
when nickel is added to an iron based alloy it promotes a change in the crystalline structures of 
the steel from a body centered cubic structure to a face centered cubic structure, in this case 
austenite. 
 
 
 
 
 
 
 
Ferritic steels contain very little or no nickel at all, whilst 
duplex and super duplex contains an intermediate 
amount, ranging from 4-7%.  Austenitic steels 
obviously contain higher amounts of nickel, as an 
example, the grades from the series 300 of austenitic 
steels have at least 8% of it. In duplex and super 
duplex steels nickel contributes to the control of the 
microstructural balance of ferrite/austenite.  As we can 
see in the figure beside of the equilibrium diagram 
between nickel and iron, nickel is responsible for the 
stability of the austenitic phase at room temperature. 
When the amount of nickel increases, the lower the 
temperature must be for this phase to be stable. Figure 3.13.Fe-Ni equilibrium diagram 

Figure 3.12.Microstructural evolution upon the addition of Ni as an alloying element 
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Experts suggest that the range of nickel must be between the ranges of 4% and 8% for DSS to 
obtain an optimal resistance to pitting corrosion. If the quantity of nickel is significantly higher, 
the amount of austenitic phase will rise, thus leaving a big percentage of ferrite phase highly 
alloyed. This phase will tend to form secondary intermetallic phases when heated or aged, and 
this effect is undesirable. 
 
Nickel is a great add on to the mix.  This element increase toughness and ductility at the same 
time that upgrades the steel’s mechanical properties and hardness.  Austenite’s FCC structure 
is responsible for the excellent values of toughness.  Nickel does not form undesired 
intermetallic compounds. All of these properties make nickel a superb element to include in iron 
base alloys, and that is why it is present in the majority of them. 
 
Nitrogen increases the resistance to corrosion by pitting and crevice in austenitic and duplex 
stainless steels. Moreover, it also increases the alloys strength and toughness, and in fact, it is 
the most efficient element that hardens the steel by solid solution. 
 
Nitrogen delays the formation of intermetallic phases enough to allow the process and 
fabrication of certain duplex alloys. This element is employed   in austenitic and duplex steels 
that contain a high quantity chrome and molybdenum, in order to compensate their tendency to 
form intermetallic phases. 
 
It is strong ‘gammagen’ element and it can partly substitute nickel in austenitic stainless steels. 
This is an advantage because manufacturers are able to assemble steel with good properties 
and a more competitive price, due to the fact that nitrogen is cheaper than nickel and a very 
small percentage is required. In duplex and super duplex steels, nitrogen is added till the point it 
reaches its solubility limit, and the quantity of nickel is adjusted to ensure the desired phase 
equilibrium. Third generation of duplex steels was created with the addition of nitrogen to duplex 
grades. 
 
Nitrogen is found normally in the range between 2-3% for duplex stainless steels. It has also 
been found guilty of the formation of chrome nitrides, Cr2N and CrN, in the ferritic matrix of the 
DSS. These have an adverse effect on corrosion properties, diminishing it. 
 
Molybdenum helps chrome improving corrosion resistance to chloride attacks in stainless 
steels. When the chrome percentage is over 18%, the addition of molybdenum is really efficient 
against pitting corrosion and crevice corrosion, in environments that are highly chlorinated. So 
this element is essential for steels that will work in marine environments and chemical plants 
that work with chlorinated fluids. It also increases mechanical properties at high service 
temperatures. 
 
It is an ‘alphagen’ element, but it also promotes the formation of unwanted intermetallic phases. 
This is the reason why it is found in small percentages, austenitic grades containing about 7% of 
it whilst duplex grades have only about 4%.  
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A higher percentage of this alloying element is only detrimental for the steel, as it increases the 
likelihood of the formation of the sigma phase. It also expands the formation field of these 
phases, making them precipitate at higher temperatures (over 1000ºC), where we would not 
expect the formation of this type of precipitate. 
 
Carbon is a good austenite stabilizer. In this regard, it is much stronger than nickel.  The 
addition of this element increases mechanical resistance by means of the solid solution 
hardening mechanism.  Carbon is especially good enhancing mechanical properties when 
working at high temperatures. It forms carbides at the grain boundaries, which cause greater 
susceptibility to intergranular and pitting corrosion in duplex and super duplex grades. 
 
Other less relevant alloying elements used in modern stainless steels are for example 
manganese and silicon. Manganese is an element that also promotes the austenitic phase, 
and it is very effective to stabilize it a low temperatures. Manganese also diminishes brittleness 
and enhances a mechanical properties just a pinch. Niobium and titanium are also minor 
alloying elements for stainless steels. They are carbide stabilizers; this means that they have 
certain affinity for carbon, making carbide precipitation almost sure. Since carbides are going to 
form anyways at certain temperatures, it is best that they form these elements, rather than with 
chrome, thus allowing chrome to stay in the solution. 
 

3.7.Metallurgy of DSS and SDSS 
The effect of alloying elements in stainless steels is commonly expressed as ‘Nickel equivalent’ 
if these elements are gammagens, otherwise known as austenite stabilizers. On the other hand, 
the set of ferrite stabilizers elements are expressed as ‘Chrome equivalent’. 
 
Relative quantities of ferrite and austenite in the steel highly depend on the chemical 
composition and its thermal history. Small changes in the composition may lead to a great 
variation on the phase percentage.  
 
Schaeffler represented the combined effect of chrome and nickel, bearing in mind that alphagen 
and gammagen elements would produce a similar effect than the one produced by chrome and 
nickel. In this fashion, he calculated a series of expressions and defined coefficients to be able 
to quantify the final amount of phases, starting from a known alloy’s chemical composition of 
iron, chrome and nickel.   
 
The following diagram shows stable zones of the 
different phases of duplex steels in function of the 
chrome equivalent alloying elements and nickel 
equivalent alloying elements content, also known 
as the Schaeffler diagram. It also exhibits the 
coexistence of different phases and their relative 
proportions. 
Although this method is not very accurate, it has 
been around since the 1950s and it is widely used 

Figure 3.14.Schaeffler diagram Figure 3.14.Schaeffler’s diagram 
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as an approximate way to determine what phase or phases will most likely be present in the 
studied stainless steel. The lack of accuracy of this method derives from the absence of more 
recent and newly introduced alloying elements in today’s steel.  As an example, this method 
ignores the amount of nitrogen and titanium present in steels, the first of which we know is 
present in all third generation duplex steels. 
 

A more refined and upgraded version of Schaeffler’s diagram is shown in the figure below. This 
diagram or graph goes by the name of ‘Schoefer’s Diagram’. This way, the end result is a series 
of points in a graph that determine the amount of ferrite present in a given duplex grade in 
function of the chrome and nickel equivalent ratio. This method is miles ahead of its 
predecessor as it includes all alloying elements utilized in the fabrication of modern duplex and 
super duplex grades, thus making the method more accurate and acceptable. 

 

 

 

 

 

 

 

Due to the fact that duplex and super duplex are based on the Fe-Cr-Ni-N system, their 
chemical composition has to be adjusted in such a way that we are able to obtain equal parts of 
ferrite and austenite. Nonetheless, all duplex grades solidify basically as 100% ferrite the 
balance between these two phases depends on the transformation of solid states from ferrite to 
austenite. To enhance this transformation, nitrogen is added to the steel, stabilizing austenite as 
we mentioned previously.  As we can see in the Fe-Cr-Ni ternary phase diagram, the addition of 
nitrogen raises the temperature where ferrite starts forming austenite. This enhances the 
transformation speed of austenite.  At temperatures around 1300ºC, austenite starts to 
nucleate, first in the ferrite grain boundaries and then inside the ferrite grains. 

 

 

 

 

 

 

 

Figure 3.15.Schoefer’s diagram 

Figure 3.16.Fe-Cr-Ni ternary phase diagram 
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The diffusion of alloying elements takes place when the ferrite/austenite transformation begins. 
Ferrite stabilizing elements concentrate in the ferrite phase, whilst gammagens concentrate in 
the austenitic phase. Duplex steel grades have a higher percentage of alphagen elements than 
gammagens, so this explains the fact that they solidify in a 100% ferritic matrix. The figure 
below shows that alloys having a ratio of chrome equivalence to nickel equivalence over 1,85 
solidify 100% in a ferritic matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Duplex and super duplex steels generally have this ratio (Creq/Nieq) ranging between values of 2 
and 3.5, meaning that at temperatures near the solidification temperature (around 1400ºC), the 
alloy is bound to have a ferritic nature. Tempering treatments and hot-working in duplex steel 
grades are conducted well below this temperature, where austenite and ferrite are able to 
coexist in equilibrium.  Being able to control this temperature and the temperature cooling rate 
allows steel manufacturers to handle the amount and distribution of ferrite/austenite in the final 
product. 

 

 

 

 

 

 

 

 

Figure 3.17. Duplex DSS bi-phasic region at high temperatures. 
Some well-known DSS grades are represented on the horizontal axis. 
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3.8.Precipitation of intermetallic phases 
The curvature in the ferrite/austenite region in the previous figure (3.17.) indicates that a higher 
amount of austenite will form from the ferritic phase when dropping the temperature. There will 
be a limit temperature in which the ferrite/austenite transformation will be at its peak; this is due 
to the precipitation of unwanted secondary intermetallic phases.  These precipitates are 
detrimental for the steel’s mechanical and corrosion properties and are likely to appear after 
welding or fabrication processes. 

 

It is important to note that these phases form from the ferritic phase. Ferritic phase is rich in 
chrome and molybdenum, both of which promote the formation of secondary phases. The ease 
in which ferrite transforms into these secondary phases is a consequence of the high diffusion 
speed of alphagen elements, which is much faster than in austenite.  

 

Chemical composition of duplex and super duplex grades heavily condition what type of ageing 
processes they can experience when the steel undergoes a thermal treatment, since the 
material’s microstructure  is determined by its chemical composition.  As a matter of fact, 
depending on the composition some duplex will be more susceptible to precipitation process 
than others. The higher amounts of alloying elements present in the steel, the greater the 
tendency towards the formation of these phases. 

 

Due to DSS and SDSS chemical composition, they are highly prone to the precipitation of 
intermetallic compounds, in a temperature range between 500-1000ºC. The precipitation of 
these intermetallic phases often makes the steel much more brittle and hard, as it causes 
structural transformations in the steels microstructure. This is an unfavorable feature of duplex 
steels because they are frequently exposed to high temperatures and are subject to this 
undesired precipitation. 

The figure below shows a schematic TTP (time-temperature-precipitation) diagram. It 
summarizes the approximate temperature range in which secondary phase precipitate in a 
conventional grade of duplex stainless steel. 

 

 

 

 

 

 

 

 
Figure 3.18.TTP diagram for precipitation of intermetallic phases 
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These precipitation reactions are dependent on time and temperature, as you can clearly see in 
the TTP diagram. In it we can distinctly see two separate zones perfectly differentiated. The first 
one ranging between 300-500ºC, where the precipitation of phases G, pi, epsilon and alpha’ is 
favored. The second zone is found in the temperature ranges between 500-1000ºC 
approximately, and here is where the precipitation of carbides, nitrides, chi-phase and sigma-
phase is promoted.  The diagram also shows the influence of certain alloying elements to the 
susceptibility of precipitation of theses phases. As mentioned before, higher contents of chrome 
and molybdenum push the precipitation curves closer to the left, therefore making the 
compounds precipitate at shorter times. 

 

This top part of the diagram, or should I say the precipitation compounds  found here are of 
more interest to us, as they are found in higher proportions and are more common than the 
ones below. Moreover, it has been demonstrated that the most deleterious secondary phase of 
all is the sigma-phase, as it significantly handicaps the steels toughness and corrosion 
resistance. From here on, different types of secondary phases will be discussed. 

 

Sigma-phase is a secondary intermetallic phase with high values of hardness and consists of a 
tetragonal structure containing 30 atoms per unit cell. It is the most prominent phase between 
the intermetallic phases found amongst DSS and SDSS. This phase is formed between 600-
1000ºC.The mechanism in which this phase is formed corresponds to a eutectoid reaction of 
ferrite decomposition into sigma-phase and austenite. (𝛿→𝜎+𝛾). This phase tends to nucleate 
in ferritic grain boundaries and in austenitic/ferritic interfaces, growing in favor of the ferrite’s 
interior. 

 

The precipitation of this phase can be found in all commercial grades of steel, in austenitics, 
ferritics, but mostly in duplex and super duplex. It affects the steels toughness and ductility, 
decreasing hence its mechanical properties, as well it reduces the resistance to corrosion, as 
this phase is made mainly of chrome and molybdenum, the two key alloying elements to fight 
against corrosion. 

 

 

 

 

 

Its morphology or shape depends on the temperature in which it forms. At relatively low 
temperatures (600-700ºC) sigma phase is shaped in a ‘cluster’ form, whilst at higher 
temperatures of around 800-900ºC it is shaped in bigger particles and its grain size is more 
substantial. Moreover, there are other factors that affect upon the formation of the sigma phase. 
The grain size in which it starts precipitating affects its overall quantity, the smaller the grain size 

Figure 3.19.Precipitation of sigma phase location and mechanism 
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the more likely it is to precipitate.  Furthermore, it has been found to precipitate in high energy 
regions like boundaries, interphases and inclusions. 

 

Chi-phase (Fe36Cr12Mo10) may occur in austenitic, ferritic, DSS and SDSS, and its precipitation 
is also associated with negative effects on corrosion and mechanical properties. It has a high 
chrome and molybdenum percentage and has a similar impact on the steel as the sigma phase, 
removing these alloying elements from the matrix of the steel making more brittle and less 
corrosion resistant. Although its effect is hard to quantify because it generally cohabits with the 
sigma-phase, and its proportion regarding this one is really low. 

 

 It forms at a temperature range of 700-900ºC, and as the sigma phase, its nucleation takes 
place in grain boundaries and ferrite/austenite interphase and grows towards the delta or ferrite 
matrix. It has a BCC structure just like ferrite. 

 

 

 

 

 

 

 

 

As we are able to see in the TTP diagram of a 2205 duplex steel, the chi-phases precipitates at 
shorter time of thermal exposure, however it does at very similar or equal temperatures as the 
sigma-phase. It is considered to be ‘metastable’, as it acts as a facilitator for the formation of the 
sigma-phase, entirely decomposing in it after long time scales of thermal treatments. While 
sigma-phase is present in Fe-Cr systems, chi phase only appears in Fe-Cr-Mo ternary systems 
and Fe-Cr-Ni-Mo quaternary systems. 

 

Nitrides precipitate due to the rising amount of nitrogen as an alloying element in duplex and 
super duplex grades. They are for the most part chrome nitrides (Cr2N or CrN). Its precipitation 
is caused by the saturation of nitrogen in the ferrite.   

 

When steel is suddenly cooled from a relatively high temperature (1000ºC), nitrogen is 
solubilized in the ferrite matrix, and during this cooling solubility drops massively. Suddenly the 
ferrite matrix is saturated in nitrogen, which triggers the precipitation of these compounds in 
grain boundaries, which precipitates in the shape of needles following certain crystallographic 
directions. This precipitate has the same detrimental properties as the sigma-phase and the chi-
phase. 

 

Figure 3.20.TTP diagram fog 2205 DSS 
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Carbides are present in grades with high carbon content, precipitating mostly in intergranular 
ferrite/austenite boundaries, although it has been observed in ferrite/ferrite and 
austenite/austenite boundaries too, as well as inside the grains, though in very low quantity.  

 

There are two types of carbides, M7C3 and M23C6. The first one precipitates at higher 
temperatures around 1000ºC, whilst the other does so at smaller temperatures of 600-900ºC. 
These precipitates are considered by some authors as starting nucleation points of the sigma-
phases.  Due to the low amount of carbon present in present super duplex grades, lower than 
0,03%, carbide formation is pretty low. 

 

In the picture below we are able to differentiate the entire different intermetallic compounds that 
have precipitated after an annealing thermal treatment. As we can see, the chromium nitrides 
have precipitated in the ferrite/austenite grain boundaries. The sigma phase has precipitated in 
a ferrite/ferrite boundary, as well as the chi-phase.  The chi-phase also appears in a much 
smaller amount than the sigma-phase, as it is expected.  

 

The carbide has precipitated in the austenitic matrix, and as we mentioned before, this is a rare 
outcome but it certainly can happen. In the SEM (scanning electron microscope), heavier 
elements appear in a brighter tone and light elements resemble to be dark. The chi-phase is the 
brighter component in this image, which matches the previous statement, because it contains 
the higher amount of molybdenum, which is in itself a relatively heavy element. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20.Microstructural image from SEM, 

showing several intermetallic phase precipitation 



Study of the influence of secondary phases in the properties of superduplex stainless steel. 
 21 

 

3.9.Corrosion mechanisms 
Duplex grades have become a well-stablished family of steels for the usage that demands high 
corrosion resistance and is very suitable for such applications. These grades, as well as the 
super duplex grades are replacing the austenitic 300’ series, as they have really cheap 
maintenance costs during service time and excellent mechanical properties, allowing to reduce 
thickness and making them even cheaper. 
 
 The standard duplex grades have had an outstanding performance throughout the last 20 
years. The high chrome, molybdenum and nitrogen give the alloy a great resistance to chloride 
induced pitting and crevice corrosion, and their bi-phasic structure is an advantage in chloride 
stress corrosion cracking environments. 
 
The Pitting Resistance Equivalent Number, also known as PREN, is a very useful indicator that 
shows the corrosion resistance of a certain alloy, particularly when considering localized 
corrosion. Since pitting corrosion is regarded to be very important id DSS and SDSS 
application, there has been a need to classify different alloys according to their resistance. 
PREN depends on the composition of the alloy, particularly the key elements against corrosion, 
according to the following formula: 
 

PREN = %Cr + 3.3%Mo + 16%N 
 
Percentages are expressed as weight percentage in the alloy. Duplex steel grades have PREN 
numbers along the range of 30 to 40. One of the things that define super duplex stainless steel 
is precisely this indicator, which for these grades of steel is able to exceed 40. Steels with 
PREN values over 32 are considered to be resistant to see water corrosion. It is important to 
note that PREN cannot be interpreted as an absolute value, and meaningful comparisons only 
withstand if they are done in the same steel family. In the table 1.1.7 shown in the appendix 1 
we are able to compare different values of PREN in relation with the amount of alloying 
constituents present. 
 
Corrosion is defined as a material’s deterioration as a consequence of an electrochemical 
attack produced by its environment.  Wet or aqueous corrosion is an attack on the metal by 
aggressive substance that is dissolved in water. A metal or alloy immersed in a liquid solution 
may convert into its oxidized form, transferring its metallic ions into the solution. This reaction is 
called anodic dissolution. Solid metal converts into ions with the most stable valence. At the 
same time, an electron-consuming (cathodic) reaction takes place in the surface of the metal. 
 
 
 
 
 
 
 
 

Figure 3.21.Cathodic and anodic reactions Figure 3.22.Corrosion mechanism on 
the surface of the steel 
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Corrosion is caused by an electron current that is generated by the difference of potential 
between one point and another.  A part of the metal and the solution behaves as the anode, 
donating electrons to the medium. The corrosion of steel can be considered as an 
electrochemical process that occurs in stages. Initial attack occurs at anodic areas on the 
surface, where ferrous ions go into solution. Electrons are released from the anode and move 
through the metallic structure to the adjacent cathodic sites on the surface, where they combine 
with oxygen and water to form hydroxyl ions. These react with the ferrous ions from the anode 
to produce ferrous hydroxide, which is later oxidized in air to produce ferric oxide (red rust.) The 
addition of these reactions can be represented by the following equation:  

 
Fe + 3O2 + 2H2O  2Fe2O3H2O 

 
So to summarize, corrosion effects are merely a REDOX reaction that use the water medium as 
the electrolyte. As time passes by, a humidity film layer appears over the metal’s surface, 
creating the perfect medium for REDOX reactions. 
 
The intensity of the reaction depends on several factors, such as pH, temperature difference of 
potential between the solution and the alloy, the amount of oxygen dissolved in the water and 
the amount of chloride concentration present as well as the metal’s composition. It is important 
to note that chloride ion (Cl-) has a depassivating effect, thus will increase the corrosion rate as 
it damages the outside passivating layer. For corrosion to occur ions must have a medium to 
move in, oxygen must be present at all times and the metal gas to be willing to donate electrons 
to commence the process. 
 
There are many different kinds of corrosion that can be found in industrial applications. These 
are present in the figure beside. In this paper we will study the effects of uniform corrosion, 
pitting corrosion and the effect of microbial corrosion (MIC). 
 
 
 
 
 
 
 
 
 
 
 
 
There are many different mechanism of corrosion associated with stainless steel. They are 
generally divided into two groups, general corrosion and localized corrosion. The general 
mechanism of ‘wet corrosion’ is always the same, an electrochemical reaction. What differs 
between the different types of corrosion is the initiation process, which is caused by many 
different ways depending on the particular conditions. 
 

Figure 3.23.Pie chart representing aproximate % of corrosion mechanisms  
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General corrosion, otherwise known as uniform corrosion occurs over the majority of the 
surface of the metal at a steady and predictable rate. It thins the metal, producing a regular loss 
of the superficial metal. It is mostly seen in highly corrosive reducing acid environments 
associated with chemical industries. As of today, it makes up to the 30% of failures attributed to 
corrosion mechanisms.  It is easily controlled, as the rate of corrosion is measurable and 
predictable. Most common measurement of general corrosion are penetration of thickness per 
year (mm/year) and loss of mass in grams per square meter per day (g/m2.day). Stainless steels 
show very low general corrosion rates. 
 
Localized corrosion is where the loss of metallic material occurs in localized or discrete areas. 
This type of corrosion represents about 70% of failures associated to corrosion mechanisms. 
The consequences of localized corrosion are much worse than general corrosion, as the 
mechanical failure happens without warning and at a shorter time period. There are many types 
of localized corrosion, but in this paper we will only study pitting, crevice and MIC. 
 
Pitting corrosion or pitting is a form of localized corrosion that leads to formation of small 
holes in the metal. This normally happens in areas where general corrosion is nonexistent. This 
type of corrosion is initiated by chemical or mechanical damage to the passivating film, 
presence of impurities in the structure such as inclusions and high concentrations of chloride. 
 
It has an autocatalytic nature. Once the pit or hole is created by the attack of chloride ions in 
weak points in the passive film, a local anodic dissolution process takes place, where the metal 
loss is higher due to the presence of a small anode and a relatively big cathode. Then, the high 
concentration of metallic ions in the pit attracts chloride ions and the following reaction takes 
place:  
 
As a consequence of this, the pH inside the pit decreases and a highly acidic concentration 
takes over the hole, thus increasing the reaction rate and making the pit larger. Studies of 
corrosion failures of stainless steel have indicated that pitting and crevice corrosion types are 
major problems, and together account for perhaps 25% of all corrosion failures. One reason 
why pitting corrosion is so serious is that once a pit is initiated there is a strong tendency for it to 
continue to grow, even though the majority of the surrounding steel is still untouched. This kind 
of corrosion may also lead to or facilitate the appearance of stress corrosion cracking. 
 
 

 

 

 

 

 

Figure 3.24.Diagram of pitting corrosion mechanism 
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Microbial corrosion or microbiologically influenced corrosion results from the 
microbiological activity of bacteria often found in water. It is defined as the electrochemical 
phenomenon that takes place in the presence of microorganisms. This type of localized 
corrosion usually takes place where metals are floating in water or flooded, or in offshore 
facilities where humidity is rather high. 

 

Living biological microorganisms present in the water act in the metal’s surface, accelerating the 
transport of oxygen, and catalyzing or producing the process of corrosion itself. The metal 
degradation can happen by the means of bacteria, molds and fungi or their by-products. 

 

MIC is a common issue in many industrial processes. This is due to the presence of bacteria, 
adequate nutrients for this type of bacteria and secondary corrosive by-products.  MIC is 
frequently found in water cooling systems and heat exchangers. 

 

Microbial corrosion can be prevented through several methods, such as chemical treatment of 
the water if so possible. The addition of biocides in water treatment plants in order to regulate 
the population of bacteria will drastically prevent this type of corrosion. Good and regular 
mechanical cleaning will also prevent this phenomenon, as well total pipe drainage and dry 
storage. 

 

The figure below shows several other corrosion mechanisms that are able to affect steel. 

 

 

 

 

 

 

 

 

 

Figure 3.25.Most common corrosion mechanisms that are atributed to stainless steel. 
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4. OBJECTIVES  

 

 Study the precipitation of secondary intermetallic phases of a super duplex stainless 

steel, corresponding to ASRM A-890 grade steel (UNS S32750 or SDSS25), through 

the application of short time isothermal heat treatments. 

 Investigate the effect of the precipitation of the sigma phase on the super duplex 

stainless steel’s microstructure. 

 Investigate the range of temperatures in which the precipitation of sigma phase 

occurs, as well as its chemical composition and overall quantity throughout the 

different thermal treatment time scales. 

 Study the differences between the steels that have been submitted to thermal 

treatments and the ones that haven’t, thus comparing mechanical properties and their 

resistance to corrosion. 

 To evaluate the resistance to corrosion of SDSS in a 4% NaCl solution and in a sea 

water solution, comparing corrosion behavior in both cases, and correlating it to the 

amount of brittle intermetallic phases that have precipitated. 

 Observe and evaluate the main corrosion mechanism, pitting corrosion, which is 

regarded to be of crucial importance in SDSS applications. 
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5. EXPERIMENTAL PROCEDURE  

5.1.Starting material 
The steel that was used in this work has been the 2507 super duplex stainless steel. Also 
known as UNS S32750 by the ASTM unified numbering system or AST A-890 Gr5A grade steel.  
The particular piece of steel came from a desalination plant located in the north of Spain. More 
specifically, the steel was taken from a control valve found in an inverse osmosis unit in a 
desalination process. 

 

The piece of steels received was cut into 22 smaller pieces with a mean surface area of the 
studied face of approximately 3,30 cm2 and an average width of 0,6 cm in order to perform the 
appropriate tests and to have a large number of samples to be able to compare and contrast 
them throughout the different experiments. 

 

The table below shows the maximum and minimum ranges in element compositions (in weight 
percentage) for this grade of stainless steel. As you can see, some spaces do not have a 
number, meaning that the alloy is not bound to have that specific alloying element in its 
composition. 

 

 

 

 

The table below shows the results obtained in the semi quantitative microanalysis of the super 
duplex stainless steel of the studied valve, as before, the results are shown in weight 
percentage (wt.). Several different parts or points of the steel where studied in order to have a 
more reliable calculation of its composition. 

 

 

 

 

 

 

 

 

Table 5.1.Table showing max/min ranges of alloying elements in wt% 

Table 5.2.Table showing 2507 SDSS  microanalysis 
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The tables below show some information about the mechanical properties and the physical 
properties corresponding to this grade of steel. The below stated values for the some of the 
properties where not specified by the producer of the steel, but instead where retrieved from a 
bibliographical source. The values for the mechanical properties represent the minimum values 
of yield strength, UTS and elongation in order for this steel grade to be considered acceptable 
amongst producers. 

 

 

 

 

 

 

 

5.1.1.Applications and features of SDSS 2507 
This grade of stainless steel, the SDSS 2507 has a superb resistance to corrosion in a wide 
variety of media, which makes it suitable for the most severe chemical conditions. Moreover, it 
has outstanding resistance to pitting corrosion in seawater environments, which also makes it 
suitable for off-shore and marine applications. Its corrosion rate in sea water and in acidic 
solutions in considerably lower than austenitic steels and other duplex grades. 
 
 As well as this, its high resistance to abrasion and erosion combined with exceptional 
resistance to SCC in chloride make SDSS 2507 perfect for oil and gas industries and other 
subsea equipment or subsea piping. This steel grade also has the approval for pressure vessel 
applications granted by ASME (American Society of Mechanical Engineers), which means that 
high pressure tanks and vessels are also a good application for this particular steel. Its high 
strength and ductility compared to austenitic and lesser alloyed duplex steels make this steel 
the ultimate super duplex grade. 
 
Its applications range from a variety of sectors. This alloy is really versatile and it is used in 
many chemical process industries, such as nitric acids processes, polypropylene production and 
the handling of organic and fatty acids. 
 
In addition to this, many duplex and super duplex grades, including this one are commonly used 
in the pulp and paper industry, where the medium can be pretty aggressive due to bleaching 
components and paints. Another use of this type of steel resides in the food industry, where 
corrosion resistance is a really important aspect of the metal, as it could contaminate the food in 
a processing plant for example. 
 
 
 
 
 

Table 5.3.Tables of 2507 SDSS physical and mechanical properties 
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5.2.Project outline 
 
 
Ç 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4.Schematic diagram of experimental process 
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5.3.Cutter 
The initial piece of steel was first cut into 12 smaller pieces or coupons in order to perform the 
upcoming thermal treatments. In order to cut the pieces abrasive cutting technique was 
performed, using an ‘AbrasiMet® 250 Manual Abrasive Cutter’ from the American brand 
‘Buehler’. 
 
Abrasive cutting is performed in metal samples and specimens. This device uses a silicon 
carbide (SiC) saw or blade in order to cut the samples. Upon cutting, the cutter tosses water on 
the point in which the saw and the surface of the material touch. This process takes place in 
order to minimize heat generation whilst cutting, as this is able to degrade the samples surface 
as well as lower the blade efficiency.  
 
It is important to note that the abrasive saw is not technically a 
saw, as it has no teeth. The cutting action is performed by an 
abrasive disc and the abrasion mechanism. These discs wear off 
after several cutting processes and need to be replaced. 
 
Later throughout the experiment, after performing the thermal 
treatments, running some tests and analysis that will later be 
explained in further detail,  these pieces where cut again into 22 
smaller pieces using the same technique. These ‘third generation’ 
pieces will be put to work in the corrosion essay performed. 
 

5.4.Isothermal heat treatments 
Thermal treatments took place in Hobersal ‘Model 12 PR/300 series 8B’ oven and in a 
Carbolite ‘CWF 13/05 model’ oven. It is important to note that a good praxis is required in order 
to work with these high temperature ovens. When introducing or retrieving samples from inside 
the oven, safety measures were taken. The samples are placed on top of a piece of brick so 
they don’t touch the oven’s walls or floor.  A big set of tweezers (over half a meter long) are 
used to extract and insert the samples in the oven. A fire-proof apron and fire retardant gloves 
are used in order to provide an extra security measure. Moreover, a plastic visor is used in order 
to protect the face area. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.5.Image of abrasive cutter 

Figure 5.6.Image of Hobersal oven Figure 5.7.Image of Carbolite oven 
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First of all, the 12 initial samples were submitted to a solubilization isothermal treatment of 
1100ºC during 30 minutes.  This annealing process was performed in order to accomplish 
several things throughout the samples. First, any retained precipitate is dissolved in one of the 
phases. Moreover it eliminates any sort of segregation and relieves any residual thermal tension 
present in the material. After the annealing process, the samples are quenched in water and ice.  
 
Quenching is a fast way to bring the metal back to room temperature after a thermal treatment, 
this allows the metal to prevent drastic changes in its microstructure from the cooling process. 
When fast-quenching, the metal’s microstructure remains very similar to the one found in the 
solubilization treatment. This way, thermodynamic forces barely have the opportunity to change 
the microstructure.  
 
Afterwards, an aging thermal treatment was applied to the samples. First, an 850ºC isothermal 
ageing treatment was performed on 6 samples, then; the other 6 remaining samples were also 
treated at a temperature of 1050ºC. Aging highly alloyed steel allows the alloying elements to 
diffuse throughout the microstructure and form intermetallic phases. After several time intervals, 
stated in the table below, the steel pieces were removed from the oven and quenched in iced 
water.  

 
This way we are able to study the precipitation of intermetallic phases that have formed in the 
different samples at different time scales. One of the samples was left overnight to study the 
effect of a long-time treatment. 
 

5.5.Sample preparation 
In this section, the objective was to obtain a clean and polished superficial surface on one side 
of the samples. This will allow us to perform reliable hardness and corrosion tests as well as 
providing us with a good surface to observe in the optical microscope and further 
characterization of the sample. 
 
Frist, all the samples went through a grinding and thinning process.  The samples were thinned 
using sand paper o abrasive paper. An important concept regarding these types of papers is the 
grit size. This refers to the size of the particles ingrained inside the paper, the bigger the 
particles are, the more abrasive the paper is. Normally, bigger grain sizes are used to remove 
material from surfaces, whilst smaller grain sizes are used to make the surface smoother. These 
grains are normally made up of silicon carbide or aluminum oxide. 
 
For our samples, we kicked things of by grinding them down with a sand paper with a P240 
designation, meaning that this particular paper contained 240 particles for each squared 
centimeter. This is the most abrasive paper used in our testing, form here, the grits or particles 
embedded in the paper become smaller and smaller. 
 

4 min 6 min 10 min 16 min 24 min 900 min 
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 So first, we start with the bigger particle size paper and work our way down to the smallest 
particle size, grinding and thinning the samples along the way, with a finer and finer finish each 
time. The paper sequencing is the following: P240, P400, P600 and finally P1200. The usage of 
these papers was done manually with the aid of a grinding device. This device sprinkled water 
where the sandpaper was stranded in order to facilitate the manual grind. When transitioning 
between the different grain size papers, the samples where cleaned with distilled water, ethanol 
(98%) and later dried with a dryer. 
 
Furthermore, the samples were polished at first with a 6 micron diamond particle paste and then 
with a 1 micron one.  As with the sand paper, the ‘roughest’ or bigger particles were employed 
first, and then the smaller particle paste, leaving behind a finer finish on the surface of the steel 
samples. This was done using a Buehler Metaserv 250 polisher and a STRUERS polisher 
(unknown model). When changing from one polisher to another, the samples were cleaned like 
in the previous step, with distilled water and ethanol in order to remove any undesired particles 
remaining in the surface. 
 
 
 
 
 
 
 
 
 
 
 
 

5.6.Characterization 
Characterization introduces the concept by which a material and its properties are measured 
and tested. It is a core concept in materials science, as material engineers are always trying to 
find a way to understand substances behaviors and possible ways to improve mechanical 
properties; hence the understanding of the material’s structure and properties is a key concept 
in this regard. 
 
The understanding of this term is a little bit ambiguous, as some definitions refer to the sole use 
of techniques that study the microscopic structure and properties of materials, whilst others use 
it as a ‘wild card’ to attribute to any analysis process, such as mechanical testing or electrical 
conductivity to name a few. 
 
In this paper we will run through three different ways of characterizing the sample:  microscopy, 
spectroscopy and macroscopic testing. Microscopy is a characterization method that maps the 
surface structure of a given material. For our tests, optical microscopy and scanning 
electron microscope will be used.  Spectroscopy is used for element analysis or chemical 
characterization, these kinds of techniques will allow the user to discover the chemical 

Figure 5.8.Image of polisher Figure 5.9.Image of grinding device 
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composition and the crystallographic structure of the materials, and for our samples we will use 
the energy-dispersive X-ray spectroscopy, also known as EDX or EDS. Lastly, the 
macroscopic testing techniques to characterize our samples will rely upon the alloy’s property of 
hardness. 
 

5.6.1.Scanning electron microscope 
The scanning electron microscope (SEM) is used for the observation and analysis of surfaces. It 
provides topographic and morphologic information of solid samples. Since its development, 
these kinds of microscopes have been largely used in many scientific fields, as it is designed for 
the direct study of solid object’s surfaces. 
 
The SEM is an instrument that uses a beam of electrons that falls upon the surface of the 
sample in order to produce an image. Once the projected electron beam impacts with the 
surface of the sample, an interaction takes place between the electron coming from the beam 
and the electrons in the atoms found inside the sample’s structure. This ‘clash’ of electrons is 
the source of several distinctive signals, such as secondary electrons, backscattered electrons, 
characteristic X-rays and cathode luminescence.  
 
All these different signals are later on perceived 
by a detector, which converts the apprehended 
signals into electronic signals. These are 
projected through a cathodic tube, allowing this 
way the formation of the image. All the different 
type of signals emitted by the interaction between 
the electron beam and the sample are of great 
use, as each and every one of them provides 
information and characteristics about the sample 
or its nature. Because of this, the SEM has 
specific detectors for each signal type. 
 
Secondary electrons are used to obtain images of the surface of the 
sample, thus revealing the surface’s topography. These electrons create 
a black and white image of the sample, and are captured by their detector 
when returning from any point, allowing then to describe the samples 
relieve and/or outline. 
 
Backscattered electron’s signal is received by a Backscattered Electron 
Detector (BED). This kind of electrons gives us picture with a contrast 
that both depend on the chemical composition of the surface and on its 
topography. In this type of technique, the image provided is one with a 
great contrast and very clear, where the substances or elements with the 
higher atomic number appear brighter and elements with a low atomic 
number appear to be darker. 
 

Figure 5.11.Mechanisms of emission of 
secondary electrons, backscattered electrons, 

and characteristic X-rays from atoms  

Figure 5.10.Different signals deriving from electron 
beam impact on the surface of the sample 
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5.6.2.EDS/EDX 
This technique is called energy dispersive x-ray spectroscopy. 
The different X-rays generated by the interaction between the 
electron beam and the sample have a characteristic energy which 
is unique for each element.  
 
 These x-ray signals are collected by the detector and the 
chemical composition of the scanning zone is revealed as well as 
its concentration. The materials crystalline structure may also be 
revealed with upcoming technique. This methodology allows us to 
perform so called compositional microanalysis. 
 

5.6.3.Hardness Testing 
Hardness is defined as the resistance that a material has to indentation or to surface scratches.  
It is measured by looking at the depth of a certain type of indentation when a load is applied. For 
a fixed load weight, the smaller the indentation is, the harder the metal is. Indentation hardness 
is obtained by measuring the depth or area of the indentation.  
 
There are over ten different methods to measure hardness, the most common ones being 
Rockwell (A, B, C), Brinell or Vickers.  The differences amongst them are the indenter, which 
come several different shapes and sizes, and the load or force applied in each case. Although it 
is impossible in many cases to give an exact conversion, it is possible to give an approximate 
comparison table for specific materials, for instance steel. (Appendix 8-table 1.8.1) 
 
When running our tests we will be using the hardness scale of Rockwell C. This scale was 
chosen because the Rockwell Tester indicated in its specifications it was the suitable scale 
when working with hard metals or steels .In some cases we will make the conversion to the 
Vickers scale to be able to compare with other references and with bibliography.  
 
The essay consists in disposing the steel on the base of the hardness tester, using a plain 
surface of the sample if possible. The tester applies a 10kg load to remove the sample’s elastic 
deformation. Then the device applies a uniaxial load of 150 kgf of compression during 15 
seconds. This uses a 120º conic indenter with a diamond point at the tip to produce a plastic 
deformation on the surface of the steel. The symbol for this hardness tests is represented as 
HRC. 
 
 
 
 
 
 
 
 
 

Figure 5.12.Image of SEM and EDS 

Figure 5.13.Diagram showing different 

steps of a  Rockwell C hardness test  
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5.6.4.Phase quantification 
In order to be able to quantify the different amounts of phases present in the steel’s 
microstructure the computer program ‘Image J’ was used. This program was developed and 
programed in Java and it is used as a digital image processing tool. 
 
The program is able to calculate the given area, pixel x pixel, of a given color defined by the 
user. First of all, several filters are applied to smoothen the images quality. By selecting a color 
from the picture of your sample, the program calculates the number of pixels or units that are 
shaded with the same color.  
 
For instance, if you pick a representative image of the steel’s microstructure, an image where all 
phases where clearly visible, you just have to pick 3 o 4 different color ranges and the program 
maps out the number of pixels that represent that color and the total percentage, thus showing 
us the quantity of that specific phase present. The figure below represents an example of the 
use of ImageJ with one of our samples. 
 
The average area of the images used for phase quantifications is approximately 400x400 
micrometers, as they show a good and representative amount of phases present for each 
sample. The results for phase quantification are found in appendix 3-table 1.3.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Secondary phases Austenite Ferrite 

Figure 5.14.Picture provided by ‘ImageJ’ program, phase quantification methodology 
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5.7.Corrosion essay 
In this particular experiment the stainless steel samples were placed inside a beaker with the 
help of a plastic support as shown in the figures below. Each support contains a label indicating 
which is sample it is holding. The samples were completely flooded by water and stirred 
continuously by a magnetic stirrer, simulating the conditions found inside a pipe or inside a 
container where water is found in constant movement. With this experiment super duplex 
stainless steel corrosion on the shallowness region is studied. 
 
The magnetic stirrer promotes the movement of water inside the 
beaker, making the water circulate non-stop thus preventing its 
stagnation. As we are going to study the alloys behavior in a non-
stagnant medium, such as a pipe or valve, the use of the stirrer is 
required. Additionally, water was removed and renewed every 48 
hours, in order to clear away certain impurities and to eliminate dust 
or dirt particles that could provoke erosion or abrasion mechanisms 
on the steel samples. 
 
The power of the magnetic stirrer was set to 5 bars throughout all experiments. This means that 
the average speed of water inside the beaker was constant through all iterations of the 
experiment and had an approximate value of 0,6 m/s.  This was measured before mounting the 
plastic support and the whole device.  
 
By measuring the circumference of the beaker at water level, and placing a few foam cubes that 
float and start circling around it, we are able to measure the approximate water speed.  The 
agitation was set to the maximum speed so that a vortex would not form inside the beaker. As 
well as this, the temperature of the fluid was measured regularly. The measurement for all 
cases was around 22-23ºC, very alike to the room temperature.  
 
All the dimensions of the samples were measured with a micrometer, and are displayed in the 
appendix 5.The surface area of the polished face and the width of each individual sample were 
recorded, as well as the measurement of all their sides. This was done in order to check for 
general corrosion mechanisms, and to see if the sample shrunk in any way due to this 
procedure. 
 
 
 
 
The samples were weight prior to immersion, and are represented in the 
appendix 5 as well. The samples were weighed using a precision balance or 
analytical scale from Denver Instruments, model SI-114, which has an accuracy 
of four decimal points, or said otherwise, the scale is able to precisely measure 
up to milligrams. 
 
 

Figure 5.15.Flooding corrosion device 

Figure 5.16.Micrometer  

Figure 5.17.Precision scale SI-114 
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First, all the steel samples were submerged in a 4% NaCl solution, in order to study how 
corrosion would be affect the steel under these circumstances. Every two days the solution was 
renewed and the experiment continued. Weight measurements were performed every five days 
and the total length of the experimented was 15 days. 
 
In order to weigh the samples, they were carefully removed from the corrosion device and 
cleaned several times with distilled water in order to remove the salt present in the surface.  It is 
important to note that the sample’s surface was never wiped or touched, so to not remove 
possible corrosion products formed there. Then they were dried in a drying oven at 60ºC for 20-
25 minutes. This operation was repeated again as the first time wasn’t enough to remove all the 
salt particles and crystals. Once the samples were clean and free of salt, they were weighed. 
 
The salinity of the experiment (4%NaCl) was chosen because that is the average amount of 
chloride and sodium ions present in sea water throughout the world’s seas and oceans.  This 
experiment was only conducted with the samples submitted to a thermal treatment of 850ºC. 
This will be later explained in the results and discussion area.  
 
This whole experiment was repeated, but instead of using a 4% sodium chloride solution, real 
sea water fetched from the Mediterranean Sea was used. This way we will be able to compare 
and contrast both essays and their relation with the brittle intermetallic phases. This time 
around, samples submitted to both thermal treatments (850-1050ºC) were employed. 
 
Furthermore, the corrosion products in the samples will be measured by several techniques. 
First, microscopic observation will be executed.  Finally, results will be evaluated with weight 
gain/weight loss methodology. If microscopic observation evaluation methods show no 
concluding results, corrosion effects will be also evaluated with SEM microscopy methods. 
According to ASTM G1-‘Standard Practice for Preparing, Cleaning and Evaluation Corrosion 
Test Specimens’ provided by ASTM and presented in the appendix 6, the chemical cleaning 
procedure chosen  for removal of corrosion products for a stainless steel is designation C.7.1. 
 

 
 
 
So, after studying the samples with microscopy methods, the corrosion products were cleaned 
or removed with a nitric acid solution, for a further evaluation of the corrosion damage that has 
occurred in every sample. 
 
 
 
 
 
 
 

Table 5.18.Chemical cleaning procedure ASTM-G1 
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6. RESULTS AND DISCUSSION 

6.1.Evolution of microstructure upon aging and EDS microanalysis 
Samples were analyzed with the aid of the SEM, in conjunction with the backscattered electron 
detector BSE. The image below shows a characteristic example of a typical SEM picture. The 
austenite and the ferrite appear in the background, the first one having a lighter tonality than the 
second one, which appears darker in most of the images.  
 
Secondary phases appear as bright smaller regions inside the ferritic matrix. As explained in 
previous sections of this paper, the chi-phase appears to be even brighter than the sigma-
phase. This is because chi-phase has a higher content in molybdenum, which is one of the 
heavier elements present in our samples, and the reading performed by the detector catalogue 
the heavier elements as brighter zones in the pictures. 
 

 

 

 

 

 

 

 

The SDSS 2507 steel provided to us had certain inclusions along its microstructure. This 
inclusion or defect was most likely part of the steels microstructure before the samples were 
submitted to thermal treatments. It is most likely due to a flaw in the fabrication (casting) or 
conformation process that the stainless steel has gone through at the early stages of its life. It is 
appreciated that the steel’s microstructure is pretty dirty, implying that the steel’s manufacturer 
is not providing the best quality steel possible 

 

These types of inclusion were studied by EDS microanalysis throughout the samples, and were 
found to be round shaped and with a diameter around 10-20 micrometers. The EDS analysis 
concludes that these inclusions are made of silicon oxide (SiO2).  Very small traces of aluminum 
where found as well in some of the samples. This may be a residual impurity from the steel’s 
fabrication, as aluminum is used as a deoxidizing element during steel casting, as it reduces the 
amount of oxygen in the steel. 

Austenite 

Ferrite 

Secondary 

phases 

Figure 6.1. Image of microstructure from SEM 
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It is pressing to present the results from the thermal treatment of 1050ºC first, as there is little to 
mention or talk about in the first place.  The image below shows the microstructure found in a 
sample submitted to a high temperature thermal treatment of 1050ºC. This temperature is fairly 
close to the one used in the solubilization thermal treatment performed on the samples before 
the tempering, also known as annealing. 

 

 

 

 

 

 

 

 

 

These images are taken from the sample that was submitted to a TT of 1050ºC at a 24 minute 
time scale. The differentiation between the austenitic phase and the ferritic phase is scarce. The 
reason behind this is that there is a lot of diffusion between both phases, meaning that alloying 
elements have had a lot of time to move around them and the parity between them is pretty 
significant. At this elevated temperatures both phases have a tendency to homogenize. 

 

As well as this, we are able to see the inclusion of silicon oxide mentioned before. The black 
dots that are shown in the left part of the images are a clear indication of these. Moreover, we 
are able to see some secondary phases present in the microstructure. There is no trace of 
carbides or nitrides present in the microstructure of these samples. This phase tends to form at 
lower temperatures and thus is normal that they are not observed in samples that have been 
thermally treated at 1050ºC. 

 

Figure 6.2. EDS diagram of SiO2 inclusion 

Figure 6.3. Microstructure of 1050ºC-24min 
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At these temperatures, secondary intermetallic phases should not be present. Regardless, near 
some of the inclusions points sigma-phase shows up in the steel. This is because these spots or 
points act as a facilitator of secondary phases. These are localized around the inclusions and 
are nowhere to found besides in these places. The figure below shows a detail of one these 
spots. We are able to observe a white area surrounding the inclusion point. This area was 
further analyzed with EDS microanalysis, revealing the presence of intermetallic secondary 
phases, also known as sigma-phase. 

 

 

 

 

 

 

 

 

 

As we can see in the above figure of the EDS microanalysis, the molybdenum peak is fairly high 
in this phase. This is a clear indication that the presence of secondary phases is viable at these 
temperatures, but only if there is something that promotes or facilitates the precipitation or 
formation of them, as is the presence of these inclusions. 

 

The EDS microanalysis of the austenitic and ferritic phases shows some differences between 
them and allows us to determine which one is which.  As you can see in the diagram below, the 
austenitic phase microanalysis shows a higher quantity of nickel present, as it should be, 
because nickel is an austenite stabilizer element or gammagen. On the other hand, the ferrite 
EDS microanalysis shows a higher content of chrome and molybdenum, which is to be 
expected as both are ferrite stabilizing alloying elements. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Image of secondary phase in inclusion and its EDS microanalysis 

Figure 6.5. Typical EDS analysis of ferrite(left) and austenite(right) 
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These differences mentioned before are fairly small in comparison with other samples. This is 
because of the large amounts of diffusion between both phases and the tendency they have to 
homogenize. No further examination of samples treated at 1050ºC was conducted, as they were 
all very similar in composition and microstructure and hardly any precipitation of secondary 
phases was perceived. 

 

The study of the samples subject to 850ºC is far more interesting. For this section all samples 
were studied at depth with the scanning electron microscope, and images for each individual 
sample were taken. Images corresponding to the whole thermal cycle are shown in the figure 
below. The first image represents a picture of the SDSS microstructure with a sample that has 
been in the oven for 4 minutes. The second image represents the sample for 6 minutes and so 
on and so forth until the last image, which is representative of the sample for 900 minutes. 

 

For space reduction purposes, all EDS microanalysis for these images/samples is found in 
Appendix 7. It is important to mention that all analysis is semi quantitative and that values for all 
phases are found in normal ranges inside what is expected. What is meant by this is that all the 
EDS microanalysis corresponding to the ferritic phase, austenitic phase, sigma-phase and chi-
phase present nominal values. The different peaks representing all the different alloying 
elements present in the phases are where they ought to be for each individual case. 
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Figure 6.6. Microstructural evolution upon aging time scales 
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We will study and discuss these images from the shorter time period to the longer stages of 
thermal treatment. As we are able to see in the first image, not much is going on, the austenite 
and ferrite islands are about the same size and the quantity of both phases is roughly equal. 
There is no presence of secondary phase precipitation whatsoever in any of the images taken 
from the SEM at 4 minutes time.  

 

We can observe as well these silicon oxides inclusions that are present in all of our samples 
(black dots). The presence of carbides and nitrides is undetected thus far. It is safe to say that 
no microstructural changes have occurred yet, as the steel has more or less the same 
composition as its initial state. 

 

The same can be said for the sample that is 6 minutes in thermal treatment. There are still no 
signs of secondary phase precipitation in the grain boundaries. The lack of dispersion from the 
alloying elements force the microstructure to stay the same way as it was before and slows 
down the precipitation of intermetallic phases. 

 

Finally, by the 10 minutes mark we start to observe some changes in the microstructure. 
Secondary intermetallic phases start to nucleate in the ferrite/ferrite boundaries and 
ferrite/austenite boundaries. Most importantly, the precipitation of these phases only occurs in 
these boundaries at the moment. Both sigma-phase and chi-phase are present in this sample. 
Although it is merely impossible to distinguish them with the ‘naked eye’, and by this I mean by 
simple observation of the image provided by the SEM. 

 

As you can see in appendix 7, tables 1.7.7 and 1.7.8, there is a clear differentiation between 
both phases when conducting an EDS microanalysis. It is clear that the existence of the pair of 
phases is viable because the sigma diagram and the chi diagram from EDS have different 
values of chromium quantity and molybdenum quantity.  

 

As mentioned in the section “precipitation of intermetallic phases”, the chi phase contains a 
large quantity of chrome and molybdenum composition in relation to the sigma phase. This way 
we are able to differentiate them even though their formation is quite recent, and the precipitates 
have nucleated but haven’t yet grown.   

 

As well as this, it is worth mentioning that the percentage of ferrite and austenite are still similar, 
although a slight decrease in the ferritic phase is noticed. Moreover, ferrite is showing 
‘compositional waters’. By this I mean that ferrite seems to be tabby or mottled, showing 
different tones or shades of grey on its areas. This is due to the compositional gradient of 
alloying elements inside it. As they are moving towards the formation of these brittle 
intermetallic phases, the different composition in these elements gives the ferrite different 
shading throughout its surface. 
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The 16 minutes sample is similar to the precious one, although it harbors a few differences. 
First off, we are able to differentiate at plain sight the different intermetallic phases sigma and 
chi.  These phases have different brightness, as the chi phase is nearly white, whilst the sigma 
phase is more greyish. 

 

Moreover, the secondary brittle intermetallic phases are starting to grow and nucleate towards 
the inside of the ferritic matrix. This is clearly shown in the image corresponding to the 16 
minute thermal treatment. Whilst on the 10 minute image the phase are only present in the grain 
boundaries, in this one they start to appear inside the ferric structure.   

 

In addition to this, it is visible that these undesired phases are starting to grow and become 
bigger. During the transition of the transformation from ferrite phase to sigma phase, the ferrite’s 
alphagen elements impoverish, producing there destabilization and ultimately their 
transformation to secondary austenite. 

 

The 24 minute image is one of the most interesting in my opinion.  We can clearly observe that 
the amount of secondary phases is not only larger, but its grains are bigger in size as well. This 
big increase in the grain size of the sigma phase reduces its tendency to form, being that it runs 
out of ferrite to continue growing/ expanding. As a consequence of this, the quantity of ferrite 
present in the microstrure has clearly decreased to levels of 35%, whereas at the beginning, its 
initial value was over 50%. 

 

 Not only the ferrite quantity decreases, but the amounts of austenite present increases 
significantly. As you can see from the image at 24 minutes, the austenitic islands have a 
significantly larger size than in the previous pictures. 

 

Furthermore, as the ferrite levels decrease, this inhibits and prevents the formation of 
intermetallic phases. At this precise moment, the microstructure has reached the point where 
the precipitation/formation of sigma phase kinetics is really slow. This is proven by the fact that 
form this point onwards until the end of the thermal treatment, the percentage increase of 
sigma-phase goes from roughly 9% at 25 minutes to 10% at 900 minutes. 

 

As for the last image, after 15 hours of thermal treatment all phases have reached equilibrium 
and have concluded microstructural evolution. As a matter of fact, the difference in the 
distribution of phases from the 24 minute mark and the 900 minute mark are relatively small. 
The facts stated above have lead me to conclude that after about one hour of thermal treatment, 
the precipitation of intermetallic phases is capped and has no further continuation. 
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Using the phase quantification techniques described in the experimental procedure we are 
able to measure and quantify the amount of phases present in each sample and how they 
evolve and change during the different time scales of the thermal treatment. The table showing 
the phase evolution is found in appendix 3. The following graph describes the changes in the 
microstructure throughout the thermal treatment 

 

 

 

 

 

 

 

 

 

From this graph it is clear seen what was already observed in the SEM. The formation of the 

sigma phase goes by the following equation: . This eutectoid reaction (meaning one 
substance transforms into two) is represented by the graph of phase percentage evolution. As 
you can see, the amount of ferrite drops from around 55% to 35%. This ferrite loss is clearly 
transformed into an increment of austenite and secondary phases. In general most of 
transformations that involve the ferrite phase are primarily caused by the rapid diffusion rate of 
alloy elements in this phase compared with the rate for the austenite phase. 

 

This also corroborates what we have shown before in the images of the microstructural 
evolution of our samples, as we observed how the amount of ferrite decrease in detriment of the 
growth of the austenitic phase and secondary phases such as sigma and chi-phase. The 
amount of secondary phase steadily grows reaching values of 8-9% at the 24 minute mark. The 
quantity of secondary phases keeps growing until they reach their maximum point after several 
hours of thermal treatment, as the percentage of secondary phases only increase by 1% from 
the hour mark to the end of the thermal treatment. Regardless, the substantial growth stage 
occurs between 10 and 25 minutes. The growth of sigma phase was enhanced by high diffusion 
of solute atoms and consequently this phase developed into a coarse particle after long-term 
aging. 

 

A semi quantitative compositional analysis was carried out by EDS, to qualify and quantify 
each one of the phases present in the samples, as well as which elements are dominant in each 
one of the phases. Knowing the chemical composition of each phase and what elements they 
sustain will allow us to further understand the steel’s behavior towards changes in the 
microstructure. 

Graph 6.7. Phase % evolution in SDSS 
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As an example we will perform a compositional microanalysis of the different quantity of 
elements present in all the phases in the sample subject to 850ºC thermal treatment and 16 
minutes time scale. All EDS diagrams are found in appendix 7. 

 

 

 

 

 

 

 

 

 

This method was applied to all samples in order to know what alloying elements were present in 
each phase and how this was altered throughout the course of the thermal treatment. This way 
we are able to confirm what elements are austenite/ferrite stabilizers and allow us to 
comprehend how this move around the phases. 

 

The results are shown in the graphics below and the tables can be consulted in appendix 2. It is 
important to point out that some readings overlap and that the data does not follow a general 
tendency. This is because the samples were analyzed at different points, and these may vary in 
composition of alloying elements, as the phases are not entirely homogenous. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. Diagram showing steps for semiquantitative analysis performed by EDS 

Graph 6.9. Chrome content in the different phases 

Graph 6.10. Nickel content in the different phases Graph 6.11. Molybdenum content in the different phases 
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As expected for the austenitic phase the nickel content is significantly higher than on the other 
phases. The same results would show with alloying elements like nitrogen or carbon, as they all 
are austenite stabilizing elements or gammagens, and thus remain in higher content in this 
phase. The amount of nickel present in secondary phases and in the ferritic phase is very 
similar and could be considered constant throughout the experiment. 

 

The higher chromium content is found in the sigma-phase. This is fairly obvious, as it is the 
richest phase in chromium, which is diffused from the ferritic matrix to the secondary phases. A 
drop in chromium content was expected for the ferritic phase, as this alloying element is ceded 
to the secondary phases. A slight decrease is detected but far less than what was expected. 
Moreover, austenite is the phase with lower chrome content, as this element is alphagens and 
remains in the ferritic phase. 

 

Results from Molybdenum semi quantitative microanalysis show us what we already suspected. 
The chi-phase contains the higher amount of Mo as it is the richest phase in this element. 
Molybdenum is diffused out of the ferritic matrix towards the precipitation of intermetallic 
phases, thus these have a greater amount of it than ferrite and austenite. As this alloying 
element is a ferrite stabilizer, the lowest amount of Mo is found in the austenitic phase, as 
expected from the beginning. 

 

6.2.Evolution of mechanical properties upon aging 
What grants super duplex steels its excellent mechanical properties is the austenite/ferrite equal 
phase distribution. As we have seen in previous sections of this paper, as a consequence of 
thermal treatments the percentage of these phases increase and decrease throughout the 
course of the treatment. Additionally, the appearance of secondary phases also has an impact 
on the mechanical properties of these alloys.  

 

Hardness values depend on the alloy’s microstructure and its chemical composition variation, as 
certain element tend to concentrate in several areas or phases. The diffusion of these elements 
throughout the phases by means of different mechanisms (grain boundary diffusion, surface 
diffusion etc.) creates internal stress in the phases, hardening the material even more. 

 

Therefore, hardness tests were performed throughout the samples to be able to compare the 
microstructural evolution to the values of hardness.  It has been proven that the precipitation of 
secondary intermetallic phases is detrimental to the steel’s mechanical properties, as it 
increases the hardness of the steel, making it more brittle and fragile and thus reducing its 
toughness and ductility.  The test performed in the samples hope to prove the above statement. 

  

As we did in the previous section, we will begin analyzing the samples belonging to the thermal 
treatment 0f 1050ºC. As no secondary phase precipitations was seen in the samples submitted 
to this thermal treatment and phase evolution remained quite steady, we expect to see no 
changes in the hardness values. The table containing these values is present in appendix 4. 
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The graph below shows us exactly this. The values of hardness remain constant around 20 
HRC or 240 HV and remain in a linear fashion. These ranges of hardness correspond to the 
standard nominal values of hardness for duplex stainless steels. 

 

 

 

 

 

 

 

 

 

 

 

Then the samples submitted to thermal treatments of 850ºC were analyzed and studied. As 
shown in section 6.1. Graph 6.7, the variation and evolution of phases is pretty hefty. As 
secondary phases start precipitating, the amount of austenite increases and the quantity of 
ferrite decreases. Due to these changes in the microstructure, we expect to see a variation in 
the mechanical properties of the steel. 

 

 

 

 

 

 

 

 

 

 

 

As we are able to see in the above graph, the hardness of the samples increases during the 
different time scales of the thermal treatment. The above presented facts lead me to conclude 
that as the amount of secondary intermetallic phases increases, so does the hardness of the 
steel. The value of hardness for 900 minutes is not presented in the graph, but you can check it 
out in appendix 3.  After several hours of thermal treatment, the values of hardness continue to 
increase, reaching a maximum value of 37,2 HRC at 15h of thermal treatment, even though the 
evolution of phases and the kinetics of secondary phase precipitation have been reduced 
vigorously. This is due to the fact that diffusion of alloying elements still takes place in certain 
areas of the microstructure, thus creating internal stresses and hardening the alloy even more. 

Graph 6.13. Changes in hardness after thermal treatment 850ºC 

Graph 6.12. Changes in hardness after thermal treatment 1050ºC 
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The above graphic has been developed, which shows the relation or correlation between the 
precipitation of secondary phases and the values of hardness presented in Rockwell C scale.  
This graph is a hybrid between graph 6.7 and graph 6.9. This has been done in order to verify 
that the formation of sigma phase affects the increases in hardness of these steels.  

 

As we can see in the graph 6.10., there is a correlation between the hardness and the 
precipitation of secondary phases, as the increase in the latter also promotes an increase in 
hardness. As we can see, the values of hardness and secondary phases remain more or less 
the same until the 7 minute mark, which is where sigma and chi phase precipitations starts. 
From here on, the values of hardness increase proportionally with the percentage of secondary 
phases. 

 

It would have been interesting to perform other mechanical tests to these steels to be able to 
study the evolution of other properties, such a Charpy-impact test to see the evolution of 
toughness or tensile strength tests to be able to compare ductility and brittleness through a 
stress-strain graphic. 

 

 

 

 

 

 

 

Graph 6.14. Correlation between hardness and secondary phase ppt. 



Study of the influence of secondary phases in the properties of superduplex stainless steel. 
 51 

 

 

6.3.Corrosion study 
For this section first we will study the samples submitted to the corrosion experiment with a 4% 
NaCl solution. Then we will proceed to the examination of the samples subject to the corrosion 
experiment with sea water that were previously treated at a temperature of 1050ºC. To conclude 
we will complete the study with those samples that were treated at a temperature of 850ºC and 
subject to the sea water corrosion experiment. 

 

The first thing that was done was a visual examination of the samples with the help of an optical 
microscope. Prior to the examination, samples were cleaned with alcohol in order to remove 
dirt. Not much information was extracted by this method, as it was impossible to differentiate the 
pits created by the pitting corrosion mechanism from impurities and dirt or salt that has been 
deposited on the surface of the sample. Some examples are shown in appendix 10.  

 

What is a fact for all samples of 850ºC TT is that the amount of black dots on the surface when 
observed with an optical microscope increases as the amount of time submitted to thermal 
treatment also increases. Images are shown in appendix 10. As mentioned before, there is no 
way to see what a pit is and what dirt in the surface is without EDS analysis. Nevertheless, as 
all samples have been submitted to the same procedure, it is expected that all sustain the same 
amount of dirt or impurities on its surface. Thus the increasing number of black dots indicates 
that more corrosion products have been formed. This method is a qualitative method 
nonetheless, but we are looking to find a more accurate way to measure in order to achieve 
higher precision. 

 

We hereby conclude that optical examination of the samples is found to be an inconclusive 
method in order to asses or evaluate numerically the corrosion products that have formed 
throughout our samples. Moreover, weight gain/loss methodology is also found to be 
inconclusive after all. For all three experiments, the amount of weight gained at the end of these 
was pretty insignificant.  

 

The amount of weight won by the samples after spending 15 days inside the corrosion device 
averages at 18 mg. The amount of weight lost for all three experiments after performing the 
chemical cleaning procedure of corrosion products averages at about 30 mg. These values are 
too low in comparison with the weight of the samples in order to be meaningful. The mean mass 
of the samples is about 15,6 grams, which has a magnitude order of five more times over the 
weight gain/loss, thus making these reading unreliable. Besides, when working with variations 
that are this tiny, a small human error or experimental error can vary the result so drastically that 
it doesn’t make sense to totally rely on these results. 
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One experimentation method that has been found conclusive is the testing for general 
corrosion. Samples’ dimensions were measured using a micrometer. After the conclusion of the 
15 days experiments, they were measured again by the same means. The volume variation of 
the samples is null. This result extends itself through the three experiments.  

 

The assumption made for the reasoning of this phenomenon is that the samples were exposed 
to corrosive media for a very short time, taking into consideration that steel’s corrosion 
resistance is superb. The corrosion rate found in bibliography for this superduplex steel grade in 
a sea water medium is under 0,1 mm.y-1 , so it is logical that in only 15 days this type of 
corrosion mechanism hasn’t even begun. 

 

So then the last experimental method we have available to check for corrosion products is with 
a SEM examination with a EDS microanalysis in order to truly corroborate that what we are 
observing are really oxides and other corrosion products. In order to make the explanation of 
each sample more comprehensible samples are named after the following guidelines: 

 

 

 

 

 

 

Starting by the samples that were treated with a 4% NaCl solution, we are able to see that 
corrosion products and/or pits are barely non-existent for all time intervals of thermal treatments.  
Sample A.1 is practically the same as sample A.5.  

 

For sample A.1. the only corrosion products observed are formed inside the inclusions or 
impurities found in the microstructure. All the rest of the surface is free from pits and no traces 
of other corrosion mechanisms where found. As represented in the figure below by the EDS 
microanalysis diagram, inside the silicon oxide inclusion we are able to find chrome oxides. 

 

 

 

 

 

 

 

 

 

Graph 6.15. Names of samples for corrosion experiment 

Figure 6.15. EDS diagram of inclusion and inclusion image 
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At the moment no there is no indication or signs of Cl- ions detected by EDS so it is clear to us 
that the corrosion mechanism is not pitting.  We observe exactly the same for sample A.2. 
(Appendix 10-diagram 1). This leads us to believe that these inclusions facilitate the formation of 
oxides in them or near them. For the next sample, A.3., we don’t see any particular changes 
respecting the previous two samples. It may be said so far that all samples are showing the 
same results independently of the TT time, so instead we tried a different approach this time. 

 

Instead of analyzing the polished side of the sample, we went ahead at checked out one of the 
other sides that was not grinded or polished on the edge of the piece. The results are found in 
Appendix 10-diagram 2. For the first time we are able to see leads of the pitting corrosion 
mechanism. First of all we see the presence of a high amount of chrome and oxygen, which 
indicates the formation of corrosion products.  

 

As well as this we are able to see chlorine, sodium and potassium. This indicates that the 
corrosion mechanism is in fact pitting.  This is found on the edge and not on the surface 
because this side of the piece has interphases with more tensions, due to cutting and not being 
polished. Moreover, the area has more porosity so corrosion mechanisms act easier than on the 
polished face, as this relieves superficial energy. 

 

For all other samples (A.4 through A.6) the amounts of pits or corrosion found in the polished 
surface it identical. We also observe corrosion products inside inclusions.  As well as on the 
other samples, no traces of chloride or sodium, so we can safely affirm that corrosion 
mechanism found inside the inclusions are not due to the chloride ion but of mere contact with 
water. All EDS diagrams for inclusions zones are really alike. In the figure below, thanks to 
overlaying technique we are able to see the depth of the ‘hole’ left behind in one of these 
inclusions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15. Image of inclusion showing its depth after corrosion 
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The samples treated with sea water tell us a very different tale. For the samples B.1. through 
B.6. we are able to see traces of NaCl throughout all of the different samples. All images and 
EDS microanalysis is found in appendix 10-figure 10.3 to figure 10.6.  

 

As we can see in these figures, all the black zones or areas are corrosion products or related. 
The further you go down the list, the more corrosion products and pits you are likely to find. This 
means that that for higher time scales of thermal treatments, the higher the amount of 
secondary phases present in the steel sample and the lower corrosion resistance it has. 

 

Secondary phases take away chrome and molybdenum from the ferritic matrix. The latter grants 
excellent corrosion resistance to the steel, so when it is removed from the matrix, it is left more 
vulnerable to corrosion mechanisms. In the images found in appendix 10 for samples B.3. to 
B.6., we see austenite islands are ‘cleaner’ and have developed less corrosion product. It 
seems as if corrosion mechanisms are enhanced in the ferritic matrix. This is perfectly 
understandable because this phase is lacking its primary element to fight against corrosion. 

 

In these samples we can also observe that inclusions are a ‘hot spot’ for corrosion to occur, just 
as in the previous experiment. On the EDS diagram corresponding to these samples the carbon 
peak is very high as well. This is attributed to a biomass film of living microorganisms such as 
ferrobacteria or ferro reducer microorganisms.  

 

Samples corresponding to sea water experiment and TT of 1050ºC are a complete success for 
our predictions. Samples C.1 through C.5 are studied by the same techniques. These samples 
show none or very few corrosion products across all images. The most we can see are salt 
crystal deposited on the surface of the steel. As there are little to none secondary phases 
present in these pieces, corrosion resistance is much higher than the B samples and thus no 
products are found. Images found in appendix 10-figure 10.7 onwards. The results from these 
samples are very alike to the sample that has not been submitted to thermal treatment,  which 
presents no secondary phases and no corrosion products. 

 

In general, a larger amount of pits and corrosion products are found in the experiments that 
contained seawater rather than 4% NaCl solution. Moreover, the samples with higher times of 
thermal treatments and thus more secondary phases contained larger amounts of pits. From the 
above stated we are able to conclude that the precipitation of secondary phases and the 
depletion of the ferritic matrix from good alloying elements to this regard diminish the steel’s 
resistance to corrosion. 
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7. CONCLUSIONS 

 

In this project, the evolution of super duplex SDSS 2507’s microstructure was investigated 
after submitting small samples of this steel grade to short time isothermal treatments of 850ºC 
and 1050ºC and different time scales. Furthermore, the precipitation of secondary intermetallic 
phases was studied and observed with microscopy techniques. The quantity of intermetallic 
substances that have precipitated was afterwards correlated to a difference in the steel’s 
hardness and resistance to corrosion. The influence of these phases affects the alloy’s 
properties in different manners. The conclusions withdrawn are the following: 

 The first ounces of secondary phases (sigma and chi) were first observed at a 4 
minute time scale for the 850ºC thermal treatment. From the above statement we are 
able conclude that these phases precipitation kinetics is fast, as they start to 
precipitate in heat affected zones in a time scale under five minutes. This is due to the 
high percentage of alloying elements present in the ferritic matrix of super duplex 
steels. 

 Precipitation of secondary intermetallic phases always takes place in the 
ferrite/austenite interfaces or ferrite/ferrite interfaces at first, and then grows towards 
the interior of the ferrite matrix. The kinetics of intermetallic phase formation is favored 
by grain boundaries diffusion. In this fashion, the formation of theses phases depletes 
the surrounding ferritic matrix from alloying elements like chrome and molybdenum, 
thus reducing the alloys resistance to corrosion, making it more brittle and hardening 
it. 

 A small precipitation of these undesired phases is enough to increase hardness 
values attributed to the steel. It has been shown that the higher the percentage 
content in secondary phases, the more the hardness increases throughout the 
samples. Reducing its toughness in the process. 

 It has been demonstrated that the formation of sigma phases results from the 

following eutectoid reaction This is proven by the fact that the intermetallic 
precipitates consume the ferrite after its nucleation. As the thermal treatment time 
increases, so does the amount of sigma and chi-phases, whilst the ferrite content 
decreases. 

 Secondary phases and corrosion products are detected using BED (backscattered 
electron detector) and their composition is characterized or confirmed by EDS/EDX 
microanalysis. This methodology allows us to observe at first glance the secondary 
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phases or corrosion products to then later corroborate their chemical composition and 
thus ensure that what we are seeing is in fact what we thought it was. 

 Samples submitted to thermal treatment of 1050ºC show no signs of secondary 
intermetallic phase precipitation. This case is later on ensured by the fact that the 
hardness of these samples remains the same for every time scale of the thermal 
treatment.  

 Against our belief, no signs of carbides and nitride precipitation were found in the 
samples. The non-presence of chromium carbides is understandable because of the 
very low amount of carbon present in SDSS 2507, which ranges of 0-0, 03% in 
weight.  

 No general corrosion mechanisms were initiated or found in our examination, as 
samples measurements of dimensions and size remained the same as before the 
corrosion experiments were conducted.   

 As expected, a higher corrosion index was found in samples that were treated at 
850ºC than samples treated at 1050ºC.The reason behind this is the greater amount 
of intermetallic phases present. Moreover, more corrosion products were found in 
samples that were submitted to corrosion testing by flooding of sea water instead of a 
regular 4% sodium chloride solution. This is due to the living biological 
microorganisms present in the sea water, such as ferrobacteria and others. As well as 
this, other depassivating ions are present in sea water in small amounts, such as 
bromide (Br-) and iodide (I-), which can also attack the protecting oxide layer in SDSS. 

 Overall, SDSS 2507 has an excellent resistance to corrosion, as not many pits were 
found during the SEM analysis and optical observation. Moreover, weight gain/loss 
methods conclude that samples practically don’t lose weight after the chemical 
cleaning procedure of corrosion products (mean weight loss is on the order of 30mg 
approximately, which is insignificant in relation to the weight of the sample). The 
results confirm the fact that 2507 SDSS does not suffer severe damage from 
corrosion effects in the flooding region This outcome was already expected as this 
grade of super duplex steel is rated as one of the best against pitting and localized 
corrosion. As proven, this grade of steel is superb for marine industry applications, as 
well as chemical processing industry applications. 
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8.1.ACRONYMS 

 SDSS: Super Duplex Stain Steel 
 DSS: Duplex Stain Steel 

 : Ferrite phase( low temperature) 

 Ferrite phase (high temperature) 

 Austenite phase 

 Sigma phase 

 Chi phase 
 Creq: Chrome equivalent 
 Nieq: Nickel equivalent 
 SEM: Scanning Electron Microscope 
 EDS: Energy Dispersive Spectroscopy 
 BED: Backscattered Electron Detector 
 AISI: American Iron Steel Institute 
 SAE: Society of Automotive Engineers 
 ASTM: American Society for Testing and Materials 
 FCC: Face Centered Cubic 
 BCC: Body Centered Cubic 
 MPa: Mega Pascal 
 UNS: Unified Numbering System 
 PREN: Pitting Resistance Equivalent Number 
 FGD: Flue Gas Desulfurization 
 SCC: Stress Corrosion Cracking 
 °C: degrees Celsius 

 TTP/TTT: Time-Temperature-Precipitation/Time-Temperature-Transformation 

 J:Jules 

 m/s: meters per second 
 ASME: American Society of Mechanical Engineers 
 REDOX: Reduction-Oxidation 
 MIC: Microbial Influence Corrosion 
 Mm/year: millimeters per year 
 g/m2.day: grams per meter squared per day 

 wt: weight percentage 
 UTS: Ultimate Tensile Strength 
 HRC: Rockwell C Hardness 
 HV: Vickers Hardness 
 TT: Thermal Treatment 
 Kgf: kilogram-force or kilopond 
 Mg: milligrams  
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APPENDIX 1: AUSTENITIC, FERRITIC AND DUPLEX 

STAINLESS STEEL GRADES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.1.Diagram representing several austenitic steel grades 

Table1.1.2.Table showing differences in mechanical and physical 
properties between ferritic and austenitc steels 
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Figure 1.1.3.Diagram representing several ferritic steel grades 

Table 1.1.4.Table representing several chemical composiotions and mechanical requirements for DSS 
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Table1.1.5.Table representing chemical composition of DSS and SDSS 

Table1.1.6.Classification of DSS and SDSS 

Table1.1.7.Table representing values of PREN for different steel alloys 





 

 

APPENDIX 2: EDS MICROANALYSIS 

SDSS without Thermal Treatment 

 -Ferrite -Austenite -Sigma -Chi 

Fe 54.51 59.28   

Cr 28.8 23.09   

C 3.35 4.87   

O 1.99 0   

N 0.98 0   

Si - -   

Ni 5.16 8.42   

Mo 5.5 3.58   

Al - -   

 
 

SDSS 4 min 850°C 

 
 -Ferrite -Austenite -Sigma -Chi 

Fe 59.75 60 87   

Cr 26.30 23.48   

C 1.01 1.12   

O 0.71 0.70   

N 0.32 0.33   

Si 0.68 0.8   

Ni 5.95 9.13   

Mo 5.28 3.56   

Al - -   

 
 

 

Table1.2.1.EDS microanalysis no TT 

Table1.2.2.EDS microanalysis 4 min 850ºC 
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SDSS 6 min 850°C 
  -Ferrite -Austenite -Sigma -Chi 

Fe  59.62 61.42   

Cr  26.82 24.08   

C  0.74 0.86   

O  0.66 0.63   

N  0.23 0.46   

Si  0.66 0.78   

Ni  5.59 6.11   

Mo  5.68 5.04   

Al - -   

 

SDSS 10 min 850°C 
 -Ferrite -Austenite -Sigma -Chi 

Fe 59.66 61.92 54.51 53.90 

Cr 26.53 23.16 26.90 25.28 

C - - - - 

O 0.73 0.65 0.91 0.85 

N 0.19 0.32 0.43 0.30 

Si 0.92 0.80 1.35 1.67 

Ni 6.70 9.34 6.69 6.23 

Mo 5.27 3.80 9.22 11.12 

Al - - -  

 

SDSS 16 min 850°C 
 -Ferrite -Austenite -Sigma -Chi 

Fe 58.92 61 53.52 53.04 

Cr 26.16 23.68 27.12 22.48 

C 0.96 0.86 1.43 1.30 

O 0.86 0.72 0.88 0.98 

N 0.28 0.32 0.37 0.35 

Si 0.84 0.48 1.14 1.56 

Ni 5.88 9.36 5.73 5.54 

Mo 5.84 3.52 9.28 14.38 

Al 0.26 0.08 0.53 0.36 

Table1.2.4.EDS microanalysis 10 min 850ºC 

Table1.2.3.EDS microanalysis 6 min 850ºC 

Table1.2.4.EDS microanalysis 16 min 850ºC 



 

 

SDSS 24 min 850°C 
 

  -Ferrite  -Austenite  -Sigma  -Chi  

Fe  59.05 61.34 53.90 53.68 

Cr  26.24 23.17 29.07 25.21 

C  0.27 1.29 0.76 0.86 

O  0.64 0.78 0.92 0.93 

N  0.28 0.36 0.10 0.00 

Si  0.85 0.52 0.63 0.98 

Ni  6.45 8.82 6.09 5.39 

Mo 5.95 3.63 8.35 12.54 

Al 0.26 0.09 0.19 0.40 

 
 
 

SDSS 900 min 850°C 
 

  -Ferrite  -Austenite  -Sigma  -Chi  

Fe  60.09 62.81 53.93 52.55 

Cr  27.45 23.50 29.14 26.79 

C  - - - 1.30 

O  - - - - 

N  0.11 - 0.25 - 

Si  0.62 - 1.19 1.02 

Ni  5.68 9.32 3.89 3.62 

Mo 6.05 3.77 11.60 14.71 

Al - - - - 

 

Table1.2.6.EDS microanalysis 900 min 850ºC 

Table1.2.5.EDS microanalysis 24 min 850ºC 
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APPENDIX 3: PHASE QUANTIFICATION 

SDSS   2507  

t (min)  -Ferrite  -Austenite   Secondary 
Phases 

0 54,4 45,6 0 

4 50,23 49,57 0 

6 48,29 51,17 0 

10 46,19 51,97 1,84 

16 44,01 52,87 3,12 

24 36,44 57,19 6,37 

900 40,66 49,14 10,2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table1.3.1.Phase quantification developed by Image J 



 

 

APPENDIX 4: ROCKWELL C HARDNESS TEST 

SDSS 2507 850°C 

t (min) 0 4 6 10 16 24 900 

  17,75 18 18,75 19,5 22,5 19 37,25 

  18 18,5 18,5 19,8 18 22,5 38 

  18,5 19 18,5 19 19,5 21,5 36,25 

         

Avg.  18,1 18,5 18,6 19,4 20,0 21,0 37,2 

Desvest.  0,382 0,500 0,144 0,404 2,291 1,803 0,878 

        

 

 

SDSS 2507 1050°C 

t (min) 0 4 6 10 16 24  

  19,8 20 18,5 20 20,5 20,5  

  20 21 21,5 22 20 20,5  

  20 22 22,5 21 20,5 20  

         

Avg.   19,9 21,0 20,8 21,0 20,3 20,3  

Desvest.  0,115 1,000 2,082 1,000 0,289 0,289  

        

 
 

 

 
 

Table1.4.1.Hardness tests for different 850 ºC TT times 

Table1.4.2.Hardness tests for different 1050ºC TT times 
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APPENDIX 5: WEIGHT GAIN/LOSS METHODOLOGY 
 

4% NACL SOLUTION-850ºC T.T. 

 
 
 
 
 
 
 

SEA WATER SOLUTION-850ºC T.T. 

 
 
 
 
 
 

 
 

SEA WATER SOLUTION-1050ºC T.T. / NO T.T. 
 

 
 
 
 
 
 
 
 

Table1.5.1.Weight gain/loss throughout experiment. 850ºC TT-NaCl solution 

Table1.5.2.Weight gain/loss throughout experiment. 850ºC TT-sea water solution 

Table1.5.2.Weight gain/loss throughout experiment. 1050ºC TT and no TT-sea water solution 



 

 

APPENDIX 6: CHEMICAL CLEANING PROCEDURES 

FOR CORROSION PRODUCTS REMOVAL 
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APPENDIX 7: EDS DIAGRAMS FOR SDSS 850ºC TT 
 

 
 
 
 

 
 

Figure 1.7.1 Ferrite 4 min 850°C SDSS 

 

Figure 1.7.2. Austenite 4 min 850°C SDSS 

 



 

 

 
 
 
 
 

 
 
 
 

Figure 1.7.3. Ferrite 6 min 850°C SDSS 

 

Figure 1.7.4. Austenite 6 min 850°C SDSS 
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Figure 1.7.5. Ferrite 10 min 850°C SDSS 

 

Figure 1.7.6. Austenite 10 min 850°C SDSS 

 



 

 

 
 
 
 

 
 
  
 

Figure 1.7.7.Sigma 10 min 850°C SDSS 

 

Figure 1.7.8. Chi 10 min 850°C SDSS 
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Figure 1.7.9. Ferrite 16 min 850°C SDSS 

 

Figure 1.7.10. Austenite 16 min 850°C SDSS 

 



 

 

 
  
 
 

 
  
 
 

Figure 1.7.11. Sigma 16 min 850°C SDSS 

 

Figure 1.7.12. Chi 16 min 850°C SDSS 
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Figure 1.7.13. Ferrite 24 min 850°C SDSS 

 

Figure 1.7.14.austenite 24 min 850°C SDSS 

 



 

 

 
 
 

 
 

 

Figure 1.7.15 Sigma 24 min 850°C SDSS 

 

Figure 1.7.16. Chi 24 min 850°C SDSS 
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Figure 1.7.17. Ferrite 900 min 850°C SDSS 

 

Figure 1.7.18. Ferrite 900 min 850°C SDSS 

 



 

 

 
 
 
 

 
 

 

Figure 1.7.19. sigma 900 min 850°C SDSS 

 

Figure 1.7.20.Chi 900 min 850°C SDSS 
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APPENDIX 8: HARDNESS EQUIVALENCE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1.8.1.Hardness equivalence table 



 

 

APPENDIX 9: DETAILS OF MICROSTRUCTURE 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Detail for sample 16 min-850ºC.  
The formation of intermetallic phase is clearly formed in the ferrite/austenite boundaries, but is 
commencing its formation towards inside the ferritic matrix. Different shades of grey/withe located 

in the second image are a clear indication of both sigma and chi-phase presence. 

Detail for sample 24 min-850ºC. 
In the image we can appreciate that the formation of sigma phase also happens in the 
ferrite/ferrite grain boundaries. Moreover, its grain size is considerably larger than in samples with 
a lesser thermal treatment. Again, different shades present in secondary phases indicates the 

formation of sigma and chi, which is later on corroborated by EDS microanalysis. 

Detail for sample 4/6 min-850ºC. 
No further images or information is provided because there was no change in the microstructure 
and no precipitation of intermetallic phases was detected. 
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Detail for sample 900 min-850ºC. 
In this image we can see many silicon oxide inclusions which are a defect on the steel’s 
microstructure. For purposes of phase quantification these inclusion were left out and not counted, 
as they don’t evolve with different time scales of TT.  As well as this an increase in the amount of 
austenite is fairly clear in comparison with other samples. We can also see the ferritic matrix is 

disappearing in order to form austenitic matrix. 



 

 

APPENDIX 10: CORROSION 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample 850ºC-4min 

Sample 850ºC-6min 

Sample 850ºC-900min Sample 850ºC-24 min 

Sample 850ºC-16 min 

Sample 850ºC-6 min 

Samples in a pink tone correspond to the 4% NaCl solution experiment, whilst 
the ones with the pink tone correspond to the experiment with sea water. As you 
are able to see, the bigger the time scale of TT the more dots appear on the 
surface. Moreover, when comparing samples with the same TT time and 
different corrosion experiments, the ones in sea water solution present a much 

higher amount of potential corrosion. 
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Sample 1050ºC-16 min 

Sample No TT 

Sample 1050ºC-24 min 
Sample 850 º C-24 min big pit 

Samples of TT 1050ºC have much less 
dots; hence less corrosion products than 
the ones with the same time scale but 
different TT. This is because these samples 
lack formation of secondary phases and are 

more resistant to corrosion. 

These pits were found in the sample B5. They are 
very big in comparison to those found in other 
samples undergoing the same experiment. A very 
high concentration of salt (chlorides) is found in 

their surroundings. 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Diagram 10.1-Sample A2 

Diagram 10.2-Sample A3-edge of sample 

Figure 10.3. 10 min 850°C 
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Figure 10.4 16 min 850°C 

Figure 10.5 24 min 850°C 

Figure 10.5 

Figure 10.6 900 min 850°C 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10.7. 10 min 1050°C 

Figure 10.8. 24 min 1050°C 
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