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Abstract 

 

In this report, the relation between the 

oxide formation and the pickling 

behaviour of duplex stainless steels is 

investigated. A duplex stainless steel 2205 

(EN 1.4462), and two single phases, 

ferritic and austenitic stainless steels with 

the same composition as the phases inside 

the 2205, have been annealed. The surface 

and composition of the oxide have been 

analyzed using scanning electron 

microscopy (SEM), energy dispersive  

X-ray (EDS), focused ion beam (FIB) and 

glow discharge optical emission 

spectroscopy (GDOES). The thickness of 

the oxide scales increased when the 

annealing time and temperature were 

increased. The ferritic stainless steel has 

the thickest oxide, whereas the austenitic 

has the thinnest one. Nodules in the 

middle of the grains and thick oxides on 

the grain boundaries are observed on the  

austenitic stainless steel but also in a lower 

content on the austenitic phase of duplex 

stainless steel. The oxide scale on the 2205 

is not homogenous, showing different 

types of oxide depending on the phase. 

The pickling behaviour of the same 

samples is also reviewed; oxide surface 

study and relative weight loss is discussed. 

The austenitic stainless steel has the 

highest pickling rate, followed by the 2205 

and the ferritic stainless steel respectively. 

The oxide on the austenitic stainless steel 

is spalled from the surface mostly on the 

zones where nodules are placed, whereas 

the oxide on the ferritic stainless steel is 

dissolved during the process. The 2205 

exhibit a mixture of both pickling 

behaviours; some grains are pickled fast, 

whereas in others the oxide still remains 

on the surface. 

The existence of thicker oxide on the top 

of grain boundaries, iron-enriched nodules 

with a porous structure, thick chromium 

depleted region and non protective silicon 

oxide could be attributed to the faster 

pickling rate on the austenitic stainless 

steel and the austenitic phase regions on 

the 2205. 
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1. Introduction 
Stainless steel materials are employed in a wide range of applications due to their excellent 

mechanical properties and high corrosion resistance. The ability to resist corrosive 

environments is due to the self-formation of a chromium rich oxide layer which avoids ion 

transfer between the environment and the metal. Custom stainless steel grades are 

manufactured depending on the desired properties. Duplex stainless steels, containing roughly 

equal parts of ferrite and austenite, exhibit an excellent combination of stress corrosion 

resistance, good mechanical properties and relatively low cost due to the low contents of Mo 

and Ni 1. Alloy 2205 is an excellent material for mainly industrial applications including low 

weight constructions, chemical vessels, pollution control, gas industries, etc 2, 3.  

Manufacturing of stainless steels is a complicated process involving several steps; firstly a hot 

or cold rolling process, followed by a recrystallization annealing process and finally finished 

by a pickling process. Each step has different impact on the material. For instance, the shape of 

the material is fixed after hot or cold rolling; its microstructure is defined after annealing 

process, and finally its surface aspect is set during the pickling process. 

In the course of the manufacturing process, stainless steels are subjected to high temperature 

environments. Under these conditions a continuous oxide layer is formed on the surface of the 

base material and a chromium depleted zone could appear on the metal-oxide interface. The 

existence of this oxide obstructs the self passivation process of the stainless steels, 

consequently reducing its corrosion resistance. Therefore the pickling process is employed to 

remove the oxide scale and the chromium depleted region. The pickling itself involves several 

steps including pre-treatments and a mixed acid bath of HNO3 and HF. The aim of the  

pre-treatments is to reduce the pickling time by creating defects in the oxide’s surface. Shot 

blasting, salt bath and/or electrolytic treatment are commonly used.  

Previous studies have been done comparing the pickling performance between austenitic and 

duplex stainless steels. However, less research has been done comparing the pickling response 

of austenitic, ferritic and duplex stainless steels. Literature coincides about the more difficulty 

to pickle duplex stainless steels compared to austenitic and ferritic ones. This divergence could 

be due to a difference between the oxide layers of the three alloys.  

 

2. Aim 
The aim of this project is to clarify the causes of differences in pickling behaviour of duplex 

stainless steels. Therefore a comparison of the oxide formation and the pickling behaviour of 

the different phases on 2205 stainless steels will be made. 
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3. Theoretical background  

3.1 Stainless steels  

Nowadays stainless steel materials are being used in a wide range of applications due to their 

excellent mechanical properties and high corrosion resistance. The ability to resist corrosive 

environments is due to its chromium content. Pure chromium is very corrosion resistant but is 

too brittle to be used alone. Therefore it is used as an alloy element, as in stainless steels. 

Corrosion resistance is achieved above a 10.5 wt.% content of chromium. In oxygen 

containing environments chromium reacts with oxygen and creates a very thin  

(2-3 nm) protective oxide layer at the alloy surface. If the layer is damaged, a new chromium 

oxide layer is reformed. 

3.1.1 Stainless steel families 

Regarding the metallurgical phases present in the microstructure, stainless steels can be 

divided in four groups, categorized by their crystal structure [table 1]: 

Table 1. Stainless steel classification 4. 

Type Crystal structure 

Ferritic BCC 

Austenitic FCC 

Martensitic Tetra 

Duplex BCC + FCC 

Ferritic stainless steels 

Ferritic stainless steels are composed mainly of iron and chromium with low nickel content. 

These stainless steels have a higher corrosion resistance than martensitic stainless steels, but 

lower than the austenitic ones. As they are ferromagnetic, they also exhibit magnetic 

properties.  

Martensitic stainless steels 

Martensitic steels have less corrosion resistance compared to austenitic and ferritic ones but, 

on the other side, they have a higher strength. They also exhibit ferromagnetic behaviour.  

Austenitic stainless steels 

Austenitic stainless steels consist mainly of iron and chromium with a content of nickel above 

6 wt.%. These stainless steels have a higher corrosion resistance relative to both the ferritic and 

the martensitic stainless steels. In contrast to the ferritic and martensitic stainless steels, these 

materials do not exhibit a ferromagnetic behaviour.  

Duplex stainless steels 

Duplex stainless steels consist mainly of iron and chromium, with low amounts of nickel, 

copper and molybdenum 2. Duplex stainless steel (DSS) exhibits a microstructure composed by 

two phases, ferrite and austenite, which provide corrosion and mechanical properties superior 

to those of ferritic and austenitic stainless steels. They have higher strength and resistance to 
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local corrosion, such as crevice and pitting corrosion due to the high content of chromium, 

molybdenum and nitrogen. As ferritic materials, DSS are also ferromagnetic materials. 

Regarding thermal properties, DSS have higher thermal conductivity and lower thermal 

expansion coefficient than the austenitic stainless steels 2.  

3.1.2 Effect of alloying elements on the structure and properties 

Chromium is the most important element in stainless steels. Its role is to create a passive layer 

on the steel surface to protect it from corrosion. The drawbacks of this element are its fragility, 

which makes the working process more difficult, and also its high cost. Nickel improves 

general corrosion resistance of the material and promotes the formation of austenite. 

Molybdenum improves both general and local corrosion resistance of the stainless steel, 

especially in acidic environments containing chlorides. In addition, Mo also acts as a ferrite 

stabiliser. In austenitic steels it is used for improving strength at high temperatures. Nitrogen 

enhances local corrosion resistance and also increases strength. Furthermore, nitrogen 

stabilizes the formation of austenite. Copper improves in particular the acid corrosion 

resistance and stabilises austenite. Manganese increases the corrosion kinetics and also 

promotes the austenite formation. Tungsten, titanium and carbon enhance the mechanical 

properties. But on the other side, the presence of carbides can increase the risk for intergranular 

corrosion 5.  

3.2 Manufacturing of stainless steels 

Manufacturing of stainless steels is a complicated process involving several steps; the first step 

is a hot or cold rolling process, followed by a recrystallization annealing process and finally a 

pickling process. Each step has a different impact on the material. For instance, the shape of 

the material is fixed after the hot or cold rolling; its microstructure is defined after the 

annealing process, and finally its surface aspect is set during the pickling process. 

3.2.1 Annealing process 

The aim of this process is to release the work hardening generated during the manufacturing 

process, particularly during cold or hot rolling. As a consequence, after the annealing process, 

the stainless steel shows a homogenous grain size structure 6. The structure depends on the 

following parameters: atmosphere, temperature, duration of the annealing process and heating 

and cooling rates 7,8,9,10.  

Typically, the samples are annealed at 1050°C – 1150°C, and kept at this temperature for some 

minutes to release the work hardening generated during the manufacturing process 1,11. 

Researchers have shown12 that the parameters that better adjusted to the laboratory and 

production annealing process were an annealing temperature of 1070°C and process time of  

8 min. After annealing the alloy surface is covered by a continuous oxide and beneath it a 

chromium depleted region could appear.  

Properties of the thermal oxide scale 

The thickness, chemical composition and structure of the scale depend on the manufacturing 

process of the steel. Commonly cold rolled stainless steels have a thinner (<1 µm) and more 

homogenous oxide layer than the hot rolled ones (>1 µm) 10. This is since the hot rolled oxides 

are formed during both rolling and annealing processes, whereas the cold rolled oxides grow 
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only during the annealing process. As a consequence, the pickling time required to obtain clean 

surfaces is longer for cold rolled steels than for hot rolled ones, if not pre-treatment process is 

applied before pickling. Hot rolled samples tend to show oxide lines parallel to the rolling 

direction 13. 

Several defects could be found on the scale surface, such as cracks, pores, cavities, pustules, 

disbondment, adhesion, uniformity and whiskers. Sometimes, as it is shown in previous  

studies 3, the scale exhibits spinel chromium oxide layer with cracks as well as spalled areas 

and nodules. 

The oxide scale usually consists of several types of oxides depending on the kinetics corrosion 

but also on the thermodynamics following the Ellingham-Richardson diagram [Fig.1]. The 

most stable oxides have the largest negative values of ΔG. Therefore for an annealing process 

at 1070°C, the common oxides found in a stainless steel sample are: SiO2, MnO, Cr2O3, FeO 

and Fe2O3; where silicon oxide is formed at the lowest oxygen pressures (10-30 atm) and iron 

oxide at the highest ones.    

 

Figure 1. Ellingham – Richardson diagram for metallurgic important oxides 
14

. 

The main oxide on stainless steel is the chromium oxide presented as chromia Cr2O3. Not less 

important are the iron oxides which usually are found as magnetite, Fe3O4, and hematite Fe2O3 

(black and red/brown respectively). However usually they are not presented separately, in the 

contrary they are found as a solid solution with the (Fe, Cr)2O3 structure. In some cases, 

manganese oxides are sometimes presented as manganosite MnO or Mn2O3 (green and black 

respectively). Additionally molybdenum oxides are presented as MoO3 (yellow/white) and 

silicon oxides as crystobalite, SiO2 
15, 16. 

Apart from the thickness and the composition; the microstructure of the base metal also has a 

big influence on the scale formation. In the next step of this report, the research done about the 

effects of oxides on different stainless steels will be explained.  
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Oxide on ferritic SS 430 

Previous studies have reported that the ferritic stainless steel had a scale composed by an outer 

iron oxide (80 wt.% of Fe) and an inner and very thin chromium oxide. A third oxide based on 

silicon was also found close to the base metal 15. The same silicon oxide was found in the 

austenitic stainless steel, but on that case it was thicker than the ferritic one.  

Oxide on austenitic SS 304 

In previous studies, several structures and chemical compositions of austenitic oxide scale have 

been reported and authors conclude that the components of the oxide layer are mainly 

chromium oxide, Cr2O3, iron oxide, Fe2O3, and spinel, (Fe, Cr)3O4. The oxides’ arrangement 

has also been characterized. Researchers state that the scale has a stratified structure, composed 

by an iron-enriched external layer (Fe2O3) and an underlying layer enriched in chromium and 

spinel, M3O4 
6,8,11,15,16. Jargelius-Petersson 7 specify that spalled regions appeared on the 

external layer showing the metallic matrix, which was depleted in chromium and enriched in 

nickel. Apart from the main constituents, some studies mention that additional oxides are 

found on the scale, such as FeO, Fe3O4, NiFe2O4, Fe3O4 and chromic oxide (Fe,Cr)2O3 
6.  

Spinel (Fe, Cr)3O4 is a non-stoichiometric compound composed by a mixture of iron and 

chromium oxide, Fe2+, Fe3+ and Cr3+, whose properties are between both oxides. On the other 

hand, (Fe, Cr)2O3 is also a non-stoichiometric oxide composed by Cr3+ and Fe3+. Cr2O3 is a 

very adhesive and protective film, but iron oxides are porous and permeable. Li and Celis6 

enunciate that the oxidation rate at short annealing times, less than 10 minutes, is not 

influenced by the annealing atmosphere. Using the Glow Discharge Optical Emission 

Spectroscopy (GDOES), the authors specify the weight content of elements in different levels 

of the scale. They state that the highest content of oxygen is found in the outer layer of the 

scale. Manganese is also detected at high concentrations close to the surface. The content of 

chromium is high in the innermost oxide, where chromium oxides are located; and decreases in 

the chromium depleted region. Iron oxides are found beneath the chromium and manganese 

oxides region. Finally, a low amount of silicon oxide is shown between the interface of the 

oxide layer and the metal 6,7,8,11. 

A comparison showed that the silicon oxide appeared thicker for the austenitic stainless steel 

than for the ferritic one 11.  

Oxide on duplex stainless steels 2205 

Similar to the ferritic and austenitic stainless steels, the scale on the duplex stainless consists of 

iron oxides and spinel in the outer zone and chromium oxides in the inner zone 20. Previous 

studies have reported that the oxide layers in duplex stainless steels have less spalled areas than 

in austenitic ones, which enable direct contact of the acid with the chromium depleted layer 13. 

This fact could probably explain why duplex stainless steels require much longer pickling 

times than austenitic stainless steels.  

Moreover, the chromium depleted zone is much thinner for the duplex stainless steels than for 

the austenitic ones. In the case of duplex stainless steels, previous studies 15 state that due to 

the higher diffusion of the ferrite phase the chromium could be depleted under the oxide 

inducing a transformation of the ferrite to austenite in accordance to Schaeffler and Delong 

diagrams [Fig.2]. This phase transformation could only happen if the chromium content is 

below 16wt.%. 
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Figure 2. Schaeffler - Delong diagrams 
17

. 

Properties of the chromium depleted layer  

If the stainless steel is exposed to an oxidizing atmosphere and high temperatures, chromium 

diffusion from the metal to the oxide will create a chromium depleted region under the oxide, 

this will weaken the alloy’s corrosion resistance 6,9,11,15,16. Both, the oxide and the chromium 

depleted region, must be removed during the pickling process to attain a metal with high 

corrosion resistance. Both layers are more soluble in acids than in bases; as a consequence, the 

most common pickling process uses a nitric and hydrofluoric bath 9. 

Due to the dissimilarity between the metal layers, an electrochemical cell is formed.  

In particular, the base metal will act as the cathode, whereas the chromium depleted region will 

act as the anode. Hence, during the pickling process and in presence of the electrolyte, the 

chromium depleted layer which is less noble compared to the base alloy, will easily be 

attacked 6. 

3.2.2 Removal processes  

Several procedures are used to remove the oxide scale and the chromium depleted region such 

as mechanical and chemical processes. Even if mechanical processes, like sand blasting and 

grinding, are widely employed, a chemical process, like pickling, is preferred 13. 

Pre-treatments before pickling 

Several pre-treatments are employed before the pickling process with the aim of reducing its 

time and increasing its performance. With the preliminary pickling processes, the oxide scale 

elements are electrochemically or chemically modified in order to enhance their solubility in 

the pickling solution. Moreover, the metallic ions are oxidised and subsequently the oxide 

scale is removed. The main preliminary processes are electrochemical acid pickling, 

electrochemical neutral pickling, salt bath pickling and shot blasting 6. Salt baths could be used 

before the pickling process to enhance the removal of the oxide scale. However, previous 

studies on NaCl/NaOH have proved that this process does not reduce the pickling time 13. On 
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the contrary, Na2SO4 increases pickling efficiency and disturbs oxide formation, but decreases 

the corrosion resistance of the base material. 

Electrochemical neutral pickling is performed at 65-80°C in a Na2SO4 solution. This process is 

the main prepickling process due to its great advantages. The pickling rate can be easily 

controlled by changing the current applied, and thus avoiding overpickling. The maintenance 

cost and operations are lower than for the other processes. The problem is that the neutral 

electropickling does not attack either the chromium depleted region nor the base metal. 

Therefore, the acid mixture is used afterwards as the final pickling process. Apart from this 

fact, another disadvantage of this process is that it has a poor current efficiency (about 30%) 

when used in indirect polarisation method. 

Finally there are also mechanical treatments, such as sand blasting. Previous studies have 

proved that the blasting process helps the elimination of oxides, improving the layer’s 

permeability by the introduction of cracks on the oxide layer. In particular, Lindell 11 obtained 

a reduction of the oxide thickness from 5.2 µm to 1.3 µm after the blasting process. The 

surface of the alloy is exposed to several hardened carbon steel or silica shots at 40 and 90 m/s. 

The projectiles have a spherical or irregular shape with a diameter of 0.15-0.60 nm. 

Subsequently, oxides scales are broken and removed during the shot blasting. A disadvantage 

of this technique is that it can induce contamination of the surface. Apart from this fact, it also 

increases the tendency of the scale to spall from the metal matrix during the pickling process, 

finally reducing the pickling time with a factor of four 6,13.  

 

Pickling  

Pickling, as electropolishing and passivation, is used to remove areas with low corrosion 

resistance. The advantage of this technique is that all the zones with low corrosion resistance 

are effectively removed of the surface. However, the disadvantage is the necessity to use 

strong acids, which apart from being health and environmentally dangerous, could overpickle 

the metal surface. An overpickled stainless steel has low corrosion resistance due to the 

presence of pores on the surface which promote the deposition of dirt and corrosion  

elements 13. Pickling baths commonly consist of a mixture of nitric acid and hydrofluoric acid. 

Each chemical acts individually without any synergistic effect. The effectiveness of the process 

depends on the bath composition, its temperature, the steel composition, the characteristics of 

the oxide layer, and the surface defects due to rolling.  

Mixed acid pickling process involves dissolution of the annealing oxide and the chromium 

depleted zone helping the detachment of this oxide layer. Nitric acid, HNO3, is an oxidising 

acid which increase the redox potential of the solution, and at the same time provides protons 

which lowers pH. On the other hand, hydrofluoric acid, HF, provides protons forming Fe3+ ions 

and thus, destructing the passive layer. At the same time it avoids the saturation of Me+n in the 

solution, decreasing subsequently its redox potential.  

The time process is reduced for porous and/or cracked scales due to the easy access of the 

acids to the metal matrix. Researchers 7,8,15 proved that pickling times were also reduced if the 

oxide layer was thin, with some defects in the oxide. In that case, neutral or reducing annealing 

atmospheres are recommended for the formation of oxide layers easy to pickle.  
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Li and Celis 6 reported that the pickling time decreases with increasing annealing temperatures. 

It could be possible that at high temperatures the thickness of the oxide increases and 

subsequently the chromium depletion region also increases, promoting the ability to remove 

the scale. Another possibility could be that the oxide is being spalled from the surface due to a 

more cracked oxide created at high annealing temperatures. Regarding the oxide composition, 

authors have reported that pickling is faster at high contents of manganese and chromium, and 

low contents of silicon 6. 

As it has been said before, duplex stainless steels can exhibit an austenitic region under the 

oxide layer after the annealing process. Therefore, the pickling mechanism of duplex stainless 

steels should be similar to the mechanism used for the austenitic ones. However, studies affirm 

that the duplex steel appears not to have the same pickling kinetics. This may be due to this 

simultaneous phase transformation. 
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4. Experimental 

4.1 Material 

Three different stainless steels were investigated in this project: duplex stainless steel grade 

2205 (EN 1.4462), ferritic stainless steel and austenitic stainless steel. The single-phase 

stainless steels have no specific grade, but have a composition which is the same as the ferritic 

and austenitic phases of the DSS steel. Nominal compositions of the samples are given in  

table 2. 

Table 2.  Concentrations in wt% and at% for the duplex stainless steel 2205 and its respective single 

phases 18. 

 
Fe Cr Ni Mo Mn N 

wt% at% wt% at% wt% at% wt% at% wt% at% wt% at% 

Ferritic bal. 65.6 24.4 26.9 3.9 3.8 3.6 2.2 1.4 1.4 - - 

Austenitic bal. 65.4 20.7 22.2 8.8 8.4 2.1 1.2 2.0 2.0 0.2 0.8 

Ferrite in 2205 64.4 66.1 23.9 26.3 3.9 3.8 3.7 2.2 1.4 1.5 0.05 0.2 

Austenite in 2205 66.6 67.5 20.4 22.2 6.6 6.4 2.2 1.3 1.6. 1.6 0.2 1.0 

Duplex 2205 bal. 67.1 21.8 23.5 5.7 5.5 2.9 1.7 1.4 1.5 0.2 0.7 

 

The specimens had different shapes depending on the material and the manufacturing process. 

The thickness and the surface studied were common for all of them, 2mm and 150mm2 

respectively.  

 

4.2 Procedures 

4.2.1 Annealing 

The annealing process was carried out in a horizontal tube furnace produced by Lenton. The 

temperature inside the tube is measured with two thermocouples placed in specific regions 

along the tube elongation. The experiment is performed at ambient atmosphere (~20% oxygen) 

in a silica tube with open endings allowing constant supply of air from the surroundings. The 

silica tube has an inner diameter of 42 mm. The furnace is heated until the required 

temperature is achieved and then the samples are placed inside for a specific time. After the 

process the specimens are cooled in air at room temperature.  

In order to study the effect of annealing time and the temperature, three different sets of 

samples were annealed. Each set was composed by three samples: a ferritic, austenitic and 

duplex stainless steel. Before the annealing process the samples were wet ground until  

1200 mesh using SiC-paper and then polished until 1 µm with diamond paste. Then they were 

cleaned with water and ethanol to degrease its surface. Finally they were placed horizontally 

inside the silica holder tube of the furnace, keeping only contact to it with the small lateral sides 

during the annealing process. The annealing parameters used are specified in table 3. 
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Table 3. Annealing parameters for the different sets of samples. 

 Temperature [°C] Time [min] Atmosphere Cooling 

Set 1 1070 8 Ambient Air cooling 

Set 2 1070 4 Ambient Air cooling 

Set 3 1150 8 Ambient Air cooling 

Another study was done to characterize the nodule formation on the austenitic stainless steels. 

The study consisted in annealing two austenitic stainless steel samples at 1070 ºC; the first 

during 8 minutes, whereas the second one during 60 minutes. After the annealing both samples 

were cooled at room temperature.  

4.2.2 Pickling 

After the annealing process some of the samples were pickled in order to eliminate the oxide 

and the chromium depleted region. The acid is kept in a PVDF tank containing 25 litres of it. 

Due to the small size of the samples, the process was performed in a small vessel outside the 

tank. The temperature of the mixed bath was maintained at 55 ºC with a surrounding bath of 

hot water. Agitation was also applied in the bath. The acid concentration was controlled each 

time before using the acid mixture by an acid analyser Scanacon SA70. The acid mixture used 

was around 2.3 M of nitric acid (HNO3) and 2 M of hydrofluoric acid (HF). 

 

4.3 Analytical techniques 

In order to modify and optimise the pickling process, a key point is to characterise the surface 

and composition of the oxide scales formed during the annealing process. A combination of 

techniques, including GDOES, SEM, EDS and FIB was used to obtain complete information 

about the samples’ scale.  

4.3.1 FIB - Focused Ion beam  

FIB is used to deposit material and create cross-sections on specific regions of the sample.  

A FEI Nova 200 Dual Beam SEM/FIB is used to analyse the cross-section of the nodules. The 

main difference between the SEM and the FIB is that the FIB uses ions instead of electrons. 

The FIB machine is equipped with a Ga liquid metal ion source, which, when heated and 

applied a voltage, creates a Ga-ion beam. The ion beam can be used for depositing or removing 

material. First, metal-organic Pt gas is injected in the chamber by a needle and sputtered with 

electrons (0.1 µm) and the ion beam (0.9 µm) respectively. As a consequence a Pt layer  

(≈1 µm) is deposited on the top of the site of interest to protect this zone against milling. 

Thereafter, the zone is sputtered with the ion beam to remove material and create a cross 

section. High current is used at the beginning to remove a large quantity of material, whereas 

lower current is applied for creating an accurate cut at the end of the process. 

The cross section can be studied tilting the sample 45°. SEM and EDS are used to study the 

structure and composition of the sectioned zone. Apart from that, the ion beam can also be 

used in imaging mode to create images showing intense grain orientation. 
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4.3.2 GDOES - Glow Discharge Optical Emission Spectroscope 

Compositional depth profiling of the sample is performed using GDOES technique.  

The analysis is performed on a 4mm diameter area of the sample surface; providing 

qualitatively information about the sample but not homogeneous information. Vacuum is made 

inside the vessel in order to separate the cathode and the anode. Then, it is filled with a noble 

gas and a voltage is applied between the electrodes, subsequently inducing the plasma 

formation. The sample, which is defined as the cathode, is bombarded with ions which erode 

its surface. As a consequence, ions are emitted from the sample surface and diffused to the 

plasma. Due to the collision with electrons the ions are excited leading to optical emission 

phenomena which can be detected by the spectrometer. As a result a spectrum is created with 

specific wavelengths belonging to the elements of the sample.  

The drawback of this technique is that its results are the average of oxides contained on the 

surface (no lateral resolution). Therefore, if the sample presents oxide inclusions in the non-

oxidised matrix, as commonly happening in austenitic stainless steels, the composition values 

may not be very accurate 5. In other cases, if the sample presents spalled areas on the surface, a 

high content of iron is commonly obtained with GDOES technique 13. Even if it has some 

limitations, this technique is a fast method to study the chemical composition of the oxide as a 

function of the depth. In particular it is useful to analyse the chromium depletion region, as 

well as the nickel enrichment region.  

4.3.3 SEM - Scanning Electron Microscope 

The SEM used is a LEO 1520 Field Emission Gun Scanning Electron Microscope equipped 

with an Oxford EDS/EBSD system. Magnifications between 10x and 100000x can be reached. 

Secondary electrons (SE) are used to observe the morphology microstructure and 

backscattering electrons (BSE) to differentiate and identify phases with different chemical 

compositions.  

4.3.4 EDS/EDX – Energy Dispersive Spectroscope of X-rays 

EDS is a technique used to obtain punctual compositions of the sample and element 

distribution at each phase, as well as to line scan profiles and composition maps.  

This technique can detect compositions of the scanned surface until 6 µm.  

4.3.5 CM - Confocal Microscope  

An Olympus LEXT laser scanning confocal microscope including light optical microscope is 

used for topographic imaging and related measurements. The maximum magnification 

achieved is 14400x. This technique will be applied for reconstructing three-dimensional 

images of the sample’s surface.  

4.3.6 LOM – Light Optical Microscope 

A LEICA (1000x) is used in the project to have a first view of the oxide surface but also of the 

base metal microstructure.  
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4.4 Evaluation methods  

4.4.1 Microstructure 

The microstructure of the samples was studied using a Light Optical Microscope. The samples 

were polished until 1µm and then etched to reveal the microstructure. The ferritic and 

austenitic stainless steels were etched with waterless Kalling’s (5 g CuCl2 / 100 cc HCl / 100 cc 

ethylalcohol). In order to differentiate the two phases of the duplex stainless steel, the sample 

was etched with Beraha II (20 mL HCl / 40 mL H2O / 0.5 g K2S2O5.). The austenitic phase, 

which was unaffected by the etching agent, was brighter than the ferritic one. Using SEM with 

the BSE detector the ferritic phase appeared darker than the austenitic one due to the difference 

of atomic mass between the phases 19. 

4.4.2 Topography 

CM was used to characterize the oxide’s surface of the annealed and pickled samples.  

3D pictures of the oxide’s surface, depth profiles and roughness measurement were obtained 

with this technique. SEM was also used to characterize the oxide morphology, such as the 

oxide crystals and nodules and grain boundaries distribution.  

4.4.3 Oxide thickness and composition 

The oxide thickness and composition were characterized using GDOES and EDS/EDX 

techniques. The thickness was obtained from the GDOES results taking into account the depth 

belonging to the mid value between the maximum and minimum wt.% of oxygen. No sample 

preparation was required for the GDOES analysis after the annealing process. The GDOES 

results were corroborated with the thickness values obtained from the SEM study of the oxide 

cross-section. In this case, before the SEM analysis, a sample preparation was required in order 

to protect the oxide. The samples were first sputtered with gold, and secondly electroplated 

with nickel. Then they were mounted with a conductive resin and polished until  

1 µm.  

4.4.4 Nodule formation 

The nodule’s density on the oxide surface was found from the average amount of nodules in 

six different micrographs of a magnification of 100x. 

FIB was used to study the cross-section of the nodules. First the site of interest was found 

using the secondary electron detector and then covered with platina in order to protect its 

surface. At the beginning the platina was sputtered with the secondary electrons on the 

nodule’s surface, and later with the ions. At the end of this process the achieved thickness of 

the platina layer was 1 µm. The cross section of the nodule was performed firstly with a high 

current, and later with a lower current for obtaining a more accurate cut. 

4.4.5 Mass change 

Besides, from the visual analysis of the surface, the pickling behaviour of the samples was also 

characterized depending on the weight loss of the sample during the process. During the 

pickling the base metal is dissolved and the oxide is spalled from the surface, consequently 

reducing the weight of the samples 6,11. The samples were weighted on an analytical balance 

with an accuracy of 0.00001 g. The relative weight loss of the sample was measured at specific 

times during the pickling process. This value was calculated with the next equation [Eq.1], 
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where wi is the instant weight, and wo is the initial weight before the pickling process was 

started.  

100% 



o

oi

w

ww
wt      Equation 1. Weight loss. 

For each alloy, two samples were pickled; an annealed sample and the respective base metal 

without the oxide. The aim of this study was to compare the pickling behaviour of the material 

with and without the oxide. Using this technique the influence of the surface roughness on the 

pickling behaviour was also studied. Two ferritic samples, both of the same shape and 

dimensions, but one polished until 1 µm and the other grinded only until the 80 SiC paper were 

annealed at 1070 ºC during 8 min. Subsequently, they were pickled and its weight loss was 

measured after specific periods of time.  
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5. Results 

5.1 Characterization of the base metal 

5.1.1 Microstructure 

Ferritic stainless steel 

The microstructure of the ferritic stainless steel was studied with LOM as it is shown in 

figure 3. 

 

Figure 3. Light optical micrograph of the ferritic stainless steel sample. The microstructure is revealed 

with waterless Kalling’s.  

The same sample was analyzed with the SEM. As it is shown in the figure below [Fig.4], an 

intermetallic phase was observed in the ferritic matrix. EDS was used to obtain the general 

composition of the matrix, as well as the specific composition of the intermetallic phase.  

 

  

 

Element Weight% Atomic% 

Si K 0.51 1.00 

Cr K 23.88 25.53 

Mn K 1.44 1.45 

Fe K 66.10 65.78 

Ni K 4.24 4.02 

Mo L 3.83 2.22 

Totals 100.00  

Figure 4. Backscattered electron image of ferritic stainless steel and EDS analysis. The bright spots 
belong to the intermetallic sigma phase. 

 

The composition analysis of the sigma phase shows high concentrations of molybdenum and 

chromium. Moreover, darker zones with high aluminium content, were observed inside the 

sigma phase [Fig.5]. 

        200µm 
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Element Weight% Atomic% 

Si K 0.59 1.16 

Cr K 24.06 25.69 

Mn K 1.33 1.35 

Fe K 66.34 65.93 

Ni K 3.91 3.70 

Mo L 3.77 2.18 

Totals 100.00  

Figure 5. Backscattered electron image and EDS analysis of the sigma phase. The black zones inside 

the sigma phase are aluminium precipitations. 

Austenitic stainless steel 

As illustrated in figure 6 the austenitic grains are about 50 µm. Moreover, twins were observed 

inside a great part of the grains. 

 

Figure 6. Light optical micrograph of the austenitic stainless steel sample. The microstructure is 

revealed with waterless Kalling’s. Twins are observed inside the grains. 

Duplex stainless steel 

The light optical microscope images below [Fig.7 and 8] show the microstructure of the duplex 

stainless steel sample 2205 after having performed the annealing process.  

The samples were cold rolled during the manufacturing process. Therefore the austenitic grains 

are elongated as it is shown in the figures. During the study, the microstructure of the samples 

was analyzed in two different directions; one along the rolling direction and the other 

perpendicular to it.  

 

   

Figure 7. Light optical micrographs of the microstructure along the rolling direction. The sample was 

etched with Beraha II; the austenitic phase is brighter than the ferritic one. Precipitation of austenitic 

phase in the ferritic matrix (left). 

   200  

µm 
200  µm    20  µm 

      200  µm 
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Figure 8. Light optical micrographs of the microstructure perpendicular to the rolling direction. The 

sample was etched with Beraha II; the austenitic phase is brighter than the ferritic one. The grains are 

smaller and less elongated than along the rolling direction.  

Using the image acquisition software, the austenite spacing was measured for both directions. 

Five different regions on the samples were analyzed and around 50 measurements were done 

on each one. The average of them is shown on table below [Fig.9]. 

It is possible to notice that both values differ a lot depending on the direction. The average 

distance between the austenite grains is smaller in the perpendicular direction compared to the 

distance along the rolling direction.  

  
 

Austenite spacing [µm] 

Along rolling direction Perpendicular to rolling direction 

17.29 µm 1.84 µm 

Figure 9. Examples of austenite spacing measurement. Along the rolling direction (left) and 

perpendicular to it (right). 

The microstructure was also studied with SEM as it is shown in figure 10.  

  

Figure 10. Secondary electron image of the duplex stainless steel microstructure.  

 

20  µm 200  µm    200  

µm 

200  µm 20  µm 
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The microstructure next to the oxide on the longitudinal and transverse side is shown on  

figure 11 and 12. On the longitudinal side it appears to be more austenite phase next to the 

oxide than ferritic phase; however on the lateral side and in contact with the oxide one can find 

both austenite and ferrite.  

  

Figure 11. Light optical micrograph of the microstructure next to the oxide scale on the longitudinal 
side (left) and on the transverse side (right).  

  

Figure 12. Secondary electron images of the microstructure next to the oxide scale on the longitudinal 

side (left) and on the transverse side (right).  

 

5.1.2 Elemental composition 

Glow discharge optical emission spectroscopy was used to obtain the elemental composition of 

the base metal as well as that of the oxide. Tables 4, 5 and 6 summarize the compositions of 

the three alloys. Compositions of all the annealed samples could be compared to the theoretical 

values of compositions. There is a low divergence between the experimental values and the 

theoretical ones. The tendency of the samples is mainly that the highest content of chromium 

and molybdenum is found on the ferritic stainless steel followed by the duplex one and finally 

the austenitic one. Conversely, the nickel content is highest on the austenitic one followed by 

the duplex and the ferritic ones respectively.  

100  µm 20  µm 
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Ferritic stainless steel 

Table 4. Elemental composition maximum GDOES depth (~10 µm) 

wt % Cr Ni Mo Mn Si 

1070°C 8 min 21.4 4.3 3.5 0.9 0.3 

1070°C 4 min 22.0 4.3 3.3 1.2 0.3 

1150°C 8 min 21.8 4.3 3.1 0.4 0.3 

Reference 24.4 3.9 3.6 1.4 - 

Austenitic stainless steel 

Table 5. Elemental composition maximum GDOES depth (~10 µm) 

wt % Cr Ni Mo Mn Si 

1070°C 8 min 20.0 9.0 2.1 1.7 0.4 

1070°C 4 min 19.6 9.1 2.1 1.8 0.4 

1150°C 8 min 18.8 9.2 1.9 1.7 0.4 

Reference 20.7 8.8 2.1 2.0 - 

Duplex stainless steel 

Table 6. Elemental composition maximum GDOES depth (~10 µm) 

wt % Cr Ni Mo Mn Si 

1070°C 8 min 20.6 5.7 2.7 1.2 0.4 

1070°C 4 min 20.7 5.8 2.8 1.4 0.4 

1150°C 8 min 19.1 5.8 2.6 1.3 0.4 

Reference 21.8 5.7 2.9 1.4 - 

 

5.2 Characterization of the oxides scales  

In this section the results about the characterization of the oxides are reported. The oxides are 

classified depending on the type of base metal (ferritic, austenitic or duplex stainless steel) but 

also on the following annealing process. The topography, composition and thickness of the 

three stainless steels were studied. 

5.2.1 Ferritic stainless steel 

Depth profile composition  

GDOES analysis showed that the oxide of the ferritic stainless steel consists mainly of three 

different layers [Fig.13]. First there is an outer layer enriched in manganese, chromium and 

iron, which may be a mixture between spinel MnCr2O4 and magnetite Fe3O4. Below this layer, 

the oxide is mostly enriched in chromium even if there is still a small content of iron, possibly 

a solid solution (Cr,Fe)2O3. Finally on the oxide-metal interface, silicon enrichments are found 
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which could probably be a thin layer of SiO2. A larger Si enrichment is found on the sample 

annealed at higher temperature.  

Table 7 summarizes the oxide’s thickness values for the different annealing times and 

temperatures. 

Table 7. Oxide thickness on the ferritic stainless steel [µm]. 

 1070°C / 4 min 1070°C / 8 min 1150°C / 8 min 

Thickness 0.54 µm 0.72 µm 1.23 µm 

 

The results demonstrate that the thickness of the oxide layer was higher when parameters such 

as the time or the temperature of the annealing process were increased. 
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Figure 13.GDOES depth profiles of the ferritic stainless steel showing the elementary composition and 

the oxide thickness.  

 

Figure 14 shows the chromium evolution inside the oxide layer for different annealing times. 

For higher annealing temperatures the thickness is higher and the chromium enrichment region 

too. However none of the samples showed chromium depletion after its enrichment. This fact 

will be explained later in the discussion section of the report.   
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0

10

20

30

40

50

60

70

80

90

100

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Depth [µm]

C
r/

(C
r+

F
e

) 
w

t.
%

1070 °C / 8 min

1070 °C / 4 min

1150 °C / 8 min

 

Figure 14. Chromium depth profile for different annealing parameters.  

The elemental composition profiles could be related to SEM micrographs of the sample´s 

cross-section. The figures below [Fig.15] show the cross section of the ferritic stainless steel 

sample annealed during 8 min at 1070 ºC. The oxide is approximately 0.8 µm thick and 

belongs to the grey and black zone between the nickel layer (brighter and on the left) and the 

base metal (grey and on the right). EDS analysis on the oxide showed that the thin (around  

0.2 µm) and black layer at the oxide-metal interface is silicon oxide. This silicon-enriched 

layer is approximately homogenous along the entire oxide-metal interface. However it is not 

completely continuous but on the contrary, it is intermittent.  

  

Figure 15. Secondary electron images of the cross section of the ferritic stainless steel oxide.  An 

intermittent layer of silicon oxide of 0.2 µm is observed under the oxide (dark line).   

 

EDS analysis was done in different spots of the sample cross section. The results showing the 

weight percent composition of the elements are illustrated in the table below [Fig.16]. It is 

important to remark that due to the small thickness of the oxide the wt% values of the 

measured spots do not have a high accuracy as they only represent the composition of a little 

region around the spot. Therefore the results are not really exact, but even then it is possible to 

analyze the tendency of the elements’ content on different regions of the sample. Particularly, 

it was proved that, as observed with the GDOES, there is silicon oxide at the oxide-metal 

interface. The results also confirm that the outer part of oxide is highly enriched in manganese 

(spot number 4).  

 

Base metal 

 

Silicon oxide 

 

Oxide 

 

Nickel layer  



 

21 

 

Regarding the middle zone of the oxide layer, it was also verified that there is an enrichment in 

chromium and a small content of iron. The spots 7, 8 and 9 prove that there is no chromium 

depleted region under the oxide layer for the ferritic stainless steel samples. All these results 

correspond with the GDOES profiles showed before. 

  

wt.% O Si Cr Mn Fe Ni Mo 

1 24.17 5.93 33.85 4.82 27.37 1.76 1.40 

2 25.89 6.28 42.60 3.90 18.43 1.02 1.11 

3 28.70 7.88 40.73 4.12 16.05 0.81 1.10 

4 26.22 0.68 19.68 23.71 11.89 0.88 0.44 

5 32.24 0.95 47.53 9.97 6.16 0.65 0.47 

6 19.79 7.28 27.96 1.53 38.12 2.18 1.93 

7 0.52 0.31 23.01 0.20 65.28 4.27 3.91 

8 0.93 0.28 22.36 0.50 64.98 4.70 3.67 

9 0.66 0.27 23.54 0.47 64.88 3.95 3.69 

Figure 16. EDS analysis of the cross-section of the ferritic stainless steel oxide. 

Topography 

The oxide’s surface was studied with the SEM using mainly the secondary electron detector, 

revealing the topography of the sample.  

Figure 17 illustrates the oxide’s surface of the sample with a detail of the oxide crystals. Due to 

their shape and small size, the crystals may be composed of spinel, MnCr2O4. Apart from that, 

the thicker oxide on the top of the grain boundaries can be also observed in the same figure, 

slightly defining a hexagonal ferritic grain. On the figure placed on the left it is possible to 

appreciate the intersection point of three grain boundaries. Even that, the thickness of the oxide 

on this point is very similar to that of inside the grains.  It is important to remark that the grain 

boundaries are difficult to distinguish due to the high diffusivity inside the ferritic matrix BCC.  

 

  

Figure 17. Secondary electron images of the ferritic stainless steel oxide surface, showing a slightly 

thicker oxide on the grain boundaries. Higher magnification of the boundaries’ intersection (right). 

The oxide crystals, its structure and shape are illustrated in figure 18. 
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Figure 18. Secondary electron image of the oxides crystals of the ferritic stainless steel after being 

annealed 8 min at 1070 ºC.  

3D pictures of the oxide’s surface from Confocal microscope evaluation are shown in  

figure 19. The pictures show that some nodules appear on the oxide’s surface as well as some 

grain boundaries. 

  

Figure 19. Confocal micrographs of a nodule (left) and grain boundaries intersection (right). 
Magnification 1000x. 

 

5.2.2 Austenitic stainless steel 

Elementary composition  

Likewise the ferritic sample, GDOES analyses have been performed for the austenitic stainless 

steel samples [Fig.20]. The results are illustrated on figure 20. The oxide could be divided in 

three different layers; the outer one enriched in manganese and chromium, which may be a 

spinel MnCr2O4; the inner layer highly enriched in chromium but also with some iron content, 

which should be a solid solution (Cr, Fe)2O3. Finally the metal-oxide interface and the adjacent 

zone are enriched in silicon.  

Regarding the thickness, a low variation of its value was observed between the samples 

annealed at 1070 ºC during 8 and 4 minutes [table 8]. However, when increasing the 

temperature from 1070 ºC until 1150 ºC, the thickness increased twice its value. The table 

below summarizes the oxide’s thickness values for the different annealing times and 

temperatures. 

It is possible to appreciate that on this sample, the zone enriched with silicon is thicker than the 

one of the ferritic sample; however the achieved content of silicon is higher for the ferritic than 

for the austenitic one.  
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This fact confirms the SEM images which showed a dispersion of silicon in a wide zone under 

the oxide in the austenitic stainless steel sample.   

 

Table 8. Oxide thickness on the austenitic stainless steel [µm]. 

 1070°C / 4 min 1070°C / 8 min 1150°C / 8 min 

γ 0.24 µm 0.25 µm 0.52 µm 
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Figure 20. GDOES depth profiles of the austenitic stainless steel showing the elementary composition 

and the oxide thickness.  

 

From the GDOES data it is possible to plot the evolution of the chromium content inside the 

oxide layer for different annealing times [Fig.21]. It can be noticed that the austenitic stainless 

steel shows a higher enrichment and thicker chromium depletion region in the oxide for higher 

annealing temperatures and times. 
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Figure 21. Chromium depth profile of the austenitic stainless steel for different annealing parameters.  

As it was done for the ferritic sample, the GDOES profiles could be related to the SEM 

pictures of the sample’s cross-section. Figure 22 belongs to the cross section of the austenitic 

stainless steel sample annealed during 8 min at 1070 ºC. The oxide is not homogenous along 

the surface; in some specific regions there is a thicker oxide of around 3 µm whereas in others 

it is thinner than 1 µm. The layer placed on the left of the figure is the nickel layer, and next to 

it there is the very thin layer of gold sputtered at the top of the oxide surface. It is possible to 

observe that in some regions there can be observed internal oxidation, which in most of the 

cases is silicon oxidation. 

 

  

Figure 22. Secondary electron images of the cross section of the austenitic stainless steel oxide. There 

is internal oxidation along the grain boundaries, mainly of silicon oxide (left).  

EDS analysis testifies that there is a distribution of silicon in the zone below the oxide layer 

[Fig.23]. An oxide enriched in manganese, iron and chromium is found in the outer layer of the 

scale. One of the spots inside the base material, number 12, gives the composition of the 

austenitic stainless steel. In addition, with the EDS results it is possible to observe the 

evolution of the chromium content through the inside of the sample; firstly there is an 

enrichment of chromium in the oxide, followed by a depleted zone with only 10 wt.% of 

chromium, and finally the chromium content reaches the level of the base metal. A similar 

tendency is detected by the silicon which is also enriched in the oxide and inside the material 

and which is later depleted until reaching the usual content at the end. 
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wt.% O Si Cr Mn Fe Ni Mo 

1 5.66 0.12 0.18 0.00 1.97 13.15 0.00 

2 1.07 0.07 0.00 0.00 1.21 93.67 0.00 

3 0.95 0.00 0.47 0.00 2.04 92.74 0.00 

4 23.93 2.01 38.82 6.62 13.15 6.89 0.35 

5 1.93 0.29 10.86 0.43 67.99 12.04 2.63 

6 0.00 0.28 14.07 1.17 67.78 10.91 2.71 

7 0.97 0.42 17.15 1.22 64.66 10.11 2.45 

8 0.66 0.35 18.36 1.77 63.81 9.63 2.20 

9 0.87 0.37 14.26 1.15 65.32 9.57 2.61 

10 0.77 0.43 19.17 1.66 63.60 8.75 2.37 

11 1.08 0.53 20.09 2.05 61.94 9.25 2.40 

12 0.00 0.55 20.80 1.82 63.11 8.87 2.21 

Figure 23. EDS analysis of the oxide cross-section.  

Topography 

Besides the cross section analysis, the surface of the oxide was also examined with SEM as it 

is illustrated in the figures 24. Pronounced grain boundaries and several nodules are present on 

the surface. The austenitic grains are distinguished at the surface due to a higher diffusion of 

elements along the grain boundaries than in the lattice. This fact is in accordance to the results 

obtained with the confocal microscope, which shows a thicker oxide on the top of the grain 

boundaries than within the grains. 

Regarding the grain boundaries, a high amount of them have cracks on its oxide [Fig.24]. This 

phenomenon could happen as a consequence of the difference between the thermal expansion 

coefficient of the oxide and that of the base metal, which could bring the oxide to crack during 

the cooling process after annealing. It is also evident that the morphology of the oxide crystals 

placed within the grains differs from the ones placed on the top of the grain boundaries surface.   

 

  

Figure 24. Secondary electron images of the austenitic stainless steel oxide surface, showing a higher 

oxide on the grain boundaries than inside the grains. Nodules are also found inside the grains (left). 
Higher magnification of the grain boundaries (right) showing cracks on the oxide’s surface. 
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Nodule formation 

The average number of nodules on the oxide surface of the austenitic stainless steel annealed 

during 8 min at 1070 ºC is presented in table 9. 

Table 9. Number of nodules on the oxide’s surface (1100 µm*800 µm). 

 1 2 3 4 5 6 
Average n 

(1100 µm*800 µm) 

Average n 

(1 mm*1 mm) 

Number of nodules 32 27 36 24 31 33 30,5 34,6 

Taking into account the average number of nodules and the surface of the site of interest, the 

density of nodules for the annealed austenitic stainless steel is 34,6 nodules/mm2. 

A specific study was done to characterize the nodule formation on the austenitic stainless steels 

annealed at 8 and 60 minutes.  The surface aspect of the oxide scale of the austenitic stainless 

steels annealed during 8 min and 60 min are shown in the figures below [Fig.25]. Nodules 

appear on the micrographs as dark spots surrounded by bright zones.  

  

Figure 25.  Light optical micrographs of an austenitic stainless steel annealed during 8 min (left) and 

60 min (right) at 1070ºC.  

At 500x magnification [Fig.26] it is possible to observe the difference between both types of 

grain boundaries. The sample annealed for 1h has higher and more pronounced grain 

boundaries compared to the one annealed during 8 minutes.  

 

  

Figure 26. Light optical micrographs of the nodules and grain boundaries on the oxide’s surface; 

annealed during 8 min (left) and 60 min (right) at 1070ºC.  
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The analysis with the Confocal microscope of the grain boundaries after annealing showed that 

these regions are five times higher in the sample annealed for 1 h than in the one annealed for  

8 min. Specifically, the average height of the grain boundaries of the sample annealed during  

8 min is 0.8 µm, whereas for the one annealed during 1 h is 4,2 µm.  

As it has been said before, grain boundaries are regions with fast diffusion rates, which 

logically increase their size as the annealing time is increased.  

On the other hand, another study was done on the nodules showing that nodules are generally 

placed in the middle of the region defined by the grain boundaries and that its shape is mostly 

rounded. It is interesting to pay attention at the fact that most nodules appear in the middle of 

the big grains, and not of small ones. In this regions there is less diffusion of Cr relative to the 

grain boundaries, therefore the oxide is less protective and is easier to break and thus, exposing 

the base metal to the atmosphere. Subsequently this exposed region could be rapidly oxidized 

creating the nodule.  

The results show that the oxide produced after a short annealing time has more nodules than 

the one produced after a long annealing time. But even if they are less numerous, the nodules 

produced after a long annealing time seem to be bigger and higher. It is possible that for long 

annealing times the oxide scale grows faster than the nodules hiding the nodules inside the 

oxide layer. However, some higher zones remain in the middle of the grains which possibly 

belong to a nodule produced at a shorter annealing time [Fig. 27 and 28].  

 

  

Figure 27. Confocal micrographs of the oxide’s surface of an austenitic stainless steel annealed during 

8 min (left) and 60 min (right). Magnification 500x.  

 

  

 Nodule’s height  

1 3.6 µm 

Figure 28.Confocal micrograph of the oxide’s surface after annealing during 8 min which shows a 
nodule 3.4 µm high placed in the middle of a grain. 
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The average height of the nodules is 1.54 µm and 5.15 µm for the 8 min and 60 min annealing 

time respectively. As shown for the grain boundaries the nodules are higher and less sharp for 

longer annealing time [Fig.29].  

  

Figure 29. Confocal micrographs of a nodule of an austenitic stainless steel annealed during 8 min 

(left) and 60 min (right) at 1070 ºC. Magnification 1000x; digital zoom 6x.  

As it was observed for the grain boundaries, the oxide grains on the nodule’s surface is 

different than the one around it. The oxide’s crystals of the nodule are smaller, more compact 

and similar to the ones on the grain boundaries’ surface [Fig.30 and 31].  

 

  

Figure 30. Secondary electron images of the oxide’s surface of the austenitic stainless steel after 
annealing it during 60 min. On the right-hand picture there is a detail of the grain boundaries with 

several cracks inside them and a nodule placed in the middle of the grain. 

  

Figure 31. Secondary electron images of a nodule on the austenitic stainless steel annealed during 

 60 min.  
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The nodule’s internal structure of the austenitic steel annealed during 8 min at 1070ºC was 

studied using FIB [Fig.32]. The deposition and cutting process followed is illustrated in 

Appendix 1a.  

  

Figure 32. Secondary electron (left) and ion beam images (right) of the site of interest.  

From the cross section of the nodule it is possible to observe that the nodule has a porous 

structure with internal oxidation [Fig.33].  

 

Figure 33.  Secondary electron image of the structure of the nodule after the FIB cross section. 

 

Once the cutting process was finished the cross section of the nodule was studied with EDS 

[Fig.34]. With the atomic percent values obtained it is possible to correlate the composition 

with the oxide structures. The analysis shows that the external part of the nodule is enriched in 

chromium, manganese and iron, which could probably be a mixture between a spinel MnCr2O4 

and Fe3O4 (spot 1 and 2). Below this layer, in the central part of the nodule, the oxide is 

enriched mainly in iron oxide and some chromium, which may be a solid solution of  

(Cr, Fe)2O3. It is important to notice that the oxide is also enriched in silicon in this central 

region, which could probably indicate that this part of the nodule belongs to the oxide that was 

previously placed on the top of it. Below it, the internal oxidation of the nodule may also be 

hematite and chromia. Finally the spots on the oxide next to the nodule (7 and 8) indicate that 

there is a thin layer of silicon oxide on the oxide-metal interface.  

Platina layer 

Pores 

Internal oxidation 

Oxide 



 

30 

 

 

 

wt.% O Si Cr Mn Fe Ni Mo 

1 7.92 0.02 29.64 18.24 32.68 0.75 0.09 

2 13.03 0.19 27.25 9.56 45.37 1.04 0.38 

3 17.71 0.61 37.44 8.92 31.11 1.54 0.86 

4 19.37 0.57 51.34 2.97 22.15 1.82 0.73 

5 11.12 0.41 43.08 2.03 36.29 4.63 1.34 

6 0.29 0.17 21.33 1.94 64.77 9.16 1.67 

7 3.20 0.99 16.85 1.07 59.94 7.55 0.88 

8 2.96 0.32 21.12 3.54 41.36 5.11 0.96 

Figure 34. EDS analysis of the nodule cross-section.  

The same zone being studied with ions reveals the microstructure under the oxide [Fig.35]. In 

this case it seems that the zone under the nodule is a converging zone of boundaries of several 

grains with different orientations. Therefore it also becomes a zone of higher diffusion of 

elements, which could explain a faster rate of transport of the material until the nodule. 

 
Figure 35. Ions beam micrograph showing the nodule structure and the microstructure under it. The 
different grain orientations are represented in different colours. 

 

5.2.3 Duplex stainless steel 

Elementary composition  

Table 10 summarizes the oxide’s thickness values for the different annealing times and 

temperatures. The thickness increases if the annealing temperature and/or time are increased. 

Table 10. Oxide’ thickness on the duplex stainless steel [µm]. 

 1070°C / 4 min 1070°C / 8 min 1150°C / 8 min 

α + γ 0.24 µm 0.61 µm 0.80 µm 
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The GDOES analyses of these samples [Fig.36] show that the oxide consists of an outer layer 

of manganese and chromium oxide, possibly spinel MnCr2O4, and an inner layer of mixed 

chromium and iron enriched oxide, Cr2O3 and Fe2O3. Silicon enrichments are found at the 

interface between the metal and the oxide.  
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Duplex Stainless Steel 8 min 1150 °C
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Figure 36. GDOES depth profiles of the duplex stainless steel showing the elementary composition and 

the oxide thickness.  

 

From the obtained GDOES data, the evolution of the chromium content inside the oxide is 

plotted on the following graph depending on the different annealing times [Fig.37].  

For higher annealing temperatures the oxide thickness increase and so is the chromium 

enriched region. The same behaviour is observed for the chromium depleted region, which is 

thicker for higher annealing times and temperatures.  
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Figure 37. Chromium depth profile of the duplex stainless steel for different annealing parameters.  

The cross section of the oxide was studied with SEM as shown in figure 38 and 39. The 

measured thickness of the oxide is around 0.7 µm. Along the interface between the oxide and 

the base metal, silicon oxide was found. In this case it is only continuous in some specific 

regions whereas in others silicon oxide is not detected. It is possible that the silicon oxide is 

only present in the ferritic grains and not in the austenitic ones as it was observed for the single 

phase samples. 

 

  

Figure 38. Cross-section of the duplex stainless steel showing discontinuous silicon oxide along the 

interface between the oxide and the base metal.  
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wt.% O Si Cr Mn Fe Ni Mo 

1 7.52 3.76 13.58 0.00 61.91 5.87 2.56 

2 22.58 5.47 24.54 0.92 34.12 3.48 1.59 

3 27.22 10.84 20.28 1.02 30.71 2.97 1.22 

4 14.06 8.23 11.82 0.27 55.04 4.47 2.11 

6 26.43 9.08 21.99 1.97 28.73 4.57 1.64 

Figure 39. EDS analysis of the cross-section of the duplex stainless steel oxide, showing a 

discontinuous silicon oxide along the interface between the oxide and the base metal.  

Topography 

The topography of the oxide was studied using the SEM and the secondary electrons 

detector. Once the duplex stainless steel was annealed at 1070°C during 8 min, it presented 

a non homogenous oxide on the surface. The rolling direction from the cold rolled process 

done before the annealing can be seen in the SEM and CM micrographs. As shown on the 

figures 40 and 41, two different types of oxides could be distinguished on the duplex 

stainless steel surface. One is homogenous and smooth, whereas the other is rough and 

with lot of grain boundaries and some nodules. The rough oxide may belong to the 

austenitic grains whereas the homogenous one to the ferritic ones.  

 

  

Figure 40. Secondary electron images of the duplex stainless steel oxide surface showing the difference 

between the two types of oxides. 
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Figure 41. Secondary electron (left) and confocal images (right) of the duplex stainless steel oxide 
surface. Two different types of oxides are found depending on the phase.   

Nodule formation 

Nodules are present on the duplex stainless steel oxide. In most cases they are detected on the 

rough oxide. In order to compare it with the other samples, the density of nodules in the 

oxide’s surface has been quantified. The sample studied is a duplex stainless steel annealed 

during 8 min at 1070 ºC. After the measurement, the density of nodules obtained for this 

sample is around 15nodules/mm2. This density value is the half than for the austenitic one.  

The figures below, [Fig.42, 43], obtained from SEM and Confocal analysis, show the 

distribution of the nodules on the oxide’s surface.  

  

Figure 42. Secondary electron (left) and confocal images (right) of the nodules’ distribution on the 

duplex stainless steel oxide surface. Magnification 1000x.  

 

 

 

Figure 43. Confocal micrographs of the duplex stainless steel oxide surface. Magnification 1000x (left) 
and detail of the nodule magnification 6000x (right). 
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Figure 44. Secondary electron (left) and confocal micrographs (right) of the nodules on the duplex 

stainless steel oxide surface. Magnification 15000x (left) and 6000x (right).  

 

The results from the EDS analysis are summarized in figures 45 and 46. Silicon internal 

oxidation, as well as chromium enrichment is found. The analysis is not very accurate due to 

the nickel layer deposited on the top of the nodule during the sample preparation. Therefore the 

composition of the nodule is not reliable. Even then some of the EDS spots indicate the 

tendency of the oxide structure. Mainly beginning with a spinel of manganese and chromium 

oxide, followed by a chromium enrichment and then a slightly enrichment of silicon in the 

interface between the oxide and the alloy.  

Furthermore, the evolution of the chromium concentration inside the oxide and the alloy could 

be also examined. In this case, there is an enrichment of chromium on the oxide in the first 

place, followed by a depleted region lasting until it achieves the usual percentage of the duplex 

stainless steel on the base metal.  

 

 

 
 

wt.% O Si Cr Mn Fe Ni Mo 

1 6.99 4.29 16.18 0.55 60.16 5.24 2.55 

2 4.86 0.19 0.79 0.11 3.43 58.09 0.54 

3 9.41 0.25 4.82 1.64 4.32 59.78 0.44 

4 31.49 0.61 32.58 10.34 6.07 5.77 0.39 

5 23.94 10.44 16.92 1.06 36.57 3.57 1.58 

6 2.32 0.94 15.28 0.43 67.90 6.13 3.24 

7 0.44 0.35 18.07 0.63 67.53 6.21 2.82 

8 0.00 0.63 23.68 1.48 61.44 3.84 4.39 

9 34.07 0.19 25.04 7.07 2.07 2.87 0.15 

10 33.79 0.50 34.35 4.70 2.66 12.77 0.15 

11 26.87 1.01 24.96 1.52 4.56 33.44 0.26 

Figure 45. EDS analysis of the cross-section of the duplex stainless steel oxide.  
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wt.% O Si Cr Mn Fe Ni Mo 

1 15.96 0.17 23.05 11.76 4.45 37.19 0.29 

2 21.78 11.73 11.14 0.20 29.94 19.58 1.12 

3 21.74 7.69 15.95 1.10 28.14 18.75 1.49 

4 3.77 0.10 0.89 0.11 3.38 59.12 0.19 

5 26.92 0.14 27.10 9.39 3.57 25.04 0.34 

6 32.02 1.20 38.07 2.40 4.20 14.81 0.22 

7 1.21 0.76 15.98 0.00 68.68 6.45 3.02 

8 0.59 0.22 19.78 0.41 67.56 2.78 5.58 

9 0.57 0.53 22.27 1.17 64.78 3.89 4.02 

Figure 46. EDS analysis of the cross-section of the duplex stainless steel oxide.  

 

Due to the difficulty of getting good resolution and accurate images of the nodule structure 

using SEM, FIB was used to create the cross section of them enabling the study its 

composition by EDS [Fig.47]. The process followed was the same as the one used for the 

austenitic stainless steel, which is illustrated in the Appendix 1b. 

 

  

Figure 47. Secondary electron images of the site of interest; in this case two nodules placed on the 

rough oxide.  

Internal oxidation was observed during the FIB process. Due to its colour, shape and 

disposition it is supposed to be silicon oxide. From the final cross section of the nodule it is 

possible to appreciate that the nodule has a porous structure with internal oxidation [Fig.48]. 

The thickness of the oxide surrounding the nodule was around 0.5 µm. This value corresponds 

well with the one from the GDOES analysis.  
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Figure 48. Secondary electron images of the nodule cross section and detail of the oxide thickness. 

Using the atomic percent values obtained after the EDS analysis, is possible to relate the 

composition with oxide structure [Fig.49]. The outer layer of the oxide could be a mixing of 

spinels between MnCr2O4 and Fe3O4 (spot 1 and 6). Under this layer there is another one that 

could be composed by a solid solution (Cr, Fe)2O3. The same composition is found in the 

internal oxidation of the nodule (spot 5) which is enriched in iron and chromium.  

It is important to notice that the spot number 4 has a similar composition to the outer oxide 

next to the nodule, with an enrichment in manganese, iron and chromium and silicon. 

Therefore it could be possible that the outer layer of the oxide had broken during the nodule 

formation placing some parts inside the growing nodule. 

Finally silicon oxide SiO2 is found at the interface between the oxide and the alloy. 

 

 
 

wt.% O Si Cr Mn Fe Ni Mo 

1 12.38 0.14 49.79 14.39 10.21 0.49 0.58 

2 16.17 0.15 54.71 14.54 9.48 0.56 0.79 

3 7.74 0.44 37.90 2.68 44.46 3.31 1.15 

4 13.64 1.82 37.73 11.26 30.88 2.70 0.81 

5 19.00 1.00 26.64 6.17 41.82 3.39 1.19 

6 11.97 0.08 31.52 18.41 12.80 1.06 0.16 

7 7.64 2.98 19.89 0.95 60.50 4.66 2.21 

8 0.40 0.21 20.30 0.73 69.55 5.15 2.19 

9 0.04 0.23 21.67 1.29 67.70 5.82 2.24 

10 1.78 0.26 19.28 1.14 68.55 5.35 2.05 

11 2.47 1.34 19.34 1.20 66.31 5.19 2.40 

Figure 49. EDS analysis of the nodule cross-section. 

The cross section was also analysed using the ions beam revealing the microstructure under the 

oxide [Fig.50]. In this case it was evident that the nodule was found in an austenitic grain due 

to its size and to the existence of a twin in the middle of it. 
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Figure 50. Ion beam micrograph showing the nodule structure and the microstructure under it. 

5.3 Comparison of the oxides depending on the 
annealing parameters 

On this section of the report a comparison of the oxides depending on the annealing parameters 

is presented. As it has been explained in the experimental part of the report three different sets 

of samples have been studied. First the ones with the same temperature but different annealing 

time will be analyzed; then, the ones with the same annealing time and different temperature.  

Depending on the annealing time 

Two different sets of three stainless steel samples, duplex, ferritic and austenitic, were 

annealed at 1070°C. The first set was annealed during 4 min and the second during 8 min in 

order to compare the effect of the annealing time on the oxide scale. 

After the annealing process the samples were cooled down at room temperature. The oxidized 

surface of the samples was analyzed using confocal microscope. Topographical images were 

obtained revealing nodules and grain boundaries on the surface. Roughness, as well as grain 

boundaries and nodules height was also measured [table 11]. 

Annealing parameters:  

Temperature: 1070°C 

Time: 8 min or 4 min 

Atmosphere: normal 

Cooling: air cooling at room temperature  

Table 11. Roughness, grain boundaries and nodules height of the ferritic, austenitic and duplex 

stainless steels for different annealing times. 

 
Annealing 

time 

Roughness 

(Ra) 

Height [µm] 

Grain boundaries Nodules 

α 
4 min 0.131 - 1.478 

8 min 0.137 0.719 1.193 

γ 
4 min 0.128 - 0.510 

8 min 0.151 0.883 1.535 

α + γ 
4 min 0.167 - 0.954 

8 min 0.122 1.410 2.780 
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From the table it is possible to conclude the following statements:  

After an annealing time of 8 min, grain boundaries were observed on the scale standing out of 

the surface [Fig.51]. The average of their height was calculated for all the samples. Austenitic 

stainless steel showed the highest grain boundaries compared to the other two stainless steels. 

Grain boundaries were homogenously distributed on the austenitic and duplex stainless steels, 

whereas on the ferritic one only a small amount of them was observed [Fig.51]. It is important 

to say that in the duplex stainless steel the grain boundaries were orientated depending on the 

rolling. On the other hand, after the annealing process of 4 min, no grain boundaries were 

observed standing out of any of the surface’s samples. It is possible that for that short 

annealing time, the diffusion might not be fast enough to increase the grain boundaries height.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 51. Rainbow 3D height intensity image of samples annealed at 1070°C during 8 min. (a) Ferritic 

stainless steel oxide Magnification 1000x; digital zoom 2.1x. (b) Austenitic stainless steel oxide 
Magnification 1000x; digital zoom 6.0x. (c) Duplex stainless steel oxide Magnification 1000x. 

Several nodules were observed on the oxide scales of the samples annealed during 8 min. They 

were mainly positioned in the middle of the areas delimitated by the grain boundaries 

[Fig.52.a, Fig.52.b]. In all the cases they were higher than the grain boundaries, which could be 

a consequence of a higher diffusion rate on these zones than on the grain boundaries. In all the 

cases, except for the ferritic sample, the nodules’ height was increased with the annealing time, 

which is mainly due to the higher diffusion time. Regarding the amount and distribution of 

these nodules, in the ferritic sample only a few nodules were observed [Fig.52.a], whereas on 

the austenitic and duplex ones, a higher amount of them was observed. However, the 

distribution was more homogeneous on the austenitic stainless steels than on the duplex ones.  

The quantity of nodules was considerably higher for the samples annealed during only 4 min 

than for the samples obtained after 8 min. 

Concerning the nodules’ shape, after the shorter annealing process, 4 min, they had sharp 

edges and shape, whereas after a longer time they seemed to be slightly smoother [Fig.52, 53].  

 
(a) 

 
(b) (c) 

Figure 52. Rainbow 3D height intensity image of samples annealed at 1070°C during 8 min. (a) Ferritic 

stainless steel oxide Magnification 1000x; digital zoom 2.0x. (b) Austenitic stainless steel oxide 
Magnification 1000x; digital zoom 6.0x. (c) Duplex stainless steel oxide Magnification1000x; 6.0x. 
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(a) 

 
(b) 

 
(c) 

Figure 53. Rainbow 3D height intensity image of samples annealed at 1070°C during 4 min. 

Magnification 1000x; digital zoom 6.0x. (a) Ferritic stainless steel oxide. (b) Austenitic stainless steel 

oxide. (c) Duplex stainless steel oxide. 

Concerning the surface’s roughness, it increased as the annealing time was also increased. It is 

known that roughness highly depends on the amount and size of grain boundaries and nodules 

present on the oxide surface. Therefore, if the grain boundaries and the nodules are higher for 

longer annealing times, the surface’s roughness should also be higher.  

Depending on the annealing temperature 

On this case two different sets of three stainless steel samples, duplex, ferritic and austenitic, 

were annealed during 8 min. The first set was analysed at an annealing temperature of 1070°C 

and the second one at 1150°C, in order to compare the effect of the annealing temperature on 

the oxide scale. 

Roughness, as well as grain boundaries and nodules height was also measured [table 12]. 

 

Annealing parameters:  

Temperature: 1070°C or 1150°C 

Time: 8 min 

Atmosphere: normal 

Cooling: air cooling at room temperature 

Table 12. Roughness, grain boundaries and nodules height of the ferritic, austenitic and duplex 
stainless steels for different annealing temperatures. 

 
Annealing 

temperature 

Roughness 

(Ra) 

Height [µm] 

Grain boundaries Nodules 

α 
1070°C 0.137 0.719 1.193 

1150°C 0.198 - 2.375 

γ 
1070°C 0.151 0.883 1.535 

1150°C 0.229 2.488 3.308 

α + γ 
1070°C 0.122 1.410 2.780 

1150°C 0.275 1.182 2.633 

 

After both annealing processes, grain boundaries were observed on the scale standing out of 

the surface. The grain boundaries height significantly increased for higher annealing 

temperature. This fact is due to an increase of the diffusion rate on the grain boundaries at high 

temperatures.  
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For both processes, austenitic stainless steel showed the highest grain boundaries compared to 

the other two stainless steels [Fig.55]. Grain boundaries of the duplex stainless steel sample 

seemed to be oriented in a direction related to the rolling direction [Fig.54.c].  

The ferritic sample had a low amount of grain boundaries standing out of its surface after 

annealed at 1070°C [Fig.53], however after the annealing process at 1150°C no grain 

boundaries were observed on its oxide scale surface [Fig.54.a].  

 

 
(a) 

 
(b) 

 
(c) 

Figure 54. Rainbow and grey scale 3D height intensity image of samples annealed at 1150°C during  
8 min. Magnification 500x; digital zoom 1.0x. (a) Ferritic stainless steel oxide. (b) Austenitic stainless 

steel oxide. (c) Duplex stainless steel oxide. 

 

Figure 55. Rainbow 3D height intensity image of the austenitic stainless steel oxide surface annealed at 

1150°C during 8 min. Magnification 1000x; digital zoom 1.2x. 

As a consequence of the diffusion rate enhancement, the nodules’ height was also significantly 

greater for a higher annealing temperature. The highest nodules were observed on the 

austenitic stainless steel sample [Fig.56]. In all the cases they were higher than the grain 

boundaries, which could be a consequence of a higher diffusion rate on these zones than on the 

grain boundaries. 

 

 

 Height [µm] 

1 3.47 

2 2.19 

Figure 56. Rainbow 3D height intensity image of the austenitic stainless steel oxide surface annealed 
1150°C during 8 min. Magnification 1000x; digital zoom 4.2x. 
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Concerning the amount and distribution of these nodules, the number of nodules decreased 

significantly for all the samples after annealing at 1150°C, compared to the process at 1070°C. 

The main difference between the two processes was the nodules’ size, which increased 

severely for the higher temperature process [Fig.57 and 58]. Regarding the shape of the 

nodules, the nodules’ surface was smoother for the process at 1150°C than for the samples 

annealed at lower temperature. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 57. Rainbow 3D height intensity image of samples annealed at 1070°C during 8 min. (a) Ferritic 

stainless steel oxide Magnification 1000x; digital zoom 2.0x. (b) Austenitic stainless steel oxide 
Magnification 1000x; digital zoom 6.0x. (c) Duplex stainless steel oxide Magnification 1000x; 6.0x. 

 

 
 (a) 

 
(b) 

 
(c) 

Figure 58. Rainbow 3D height intensity image of samples annealed at 1150°C during 8 min. 
Magnification 1000x; digital zoom 6.0x. 

(a) Ferritic stainless steel oxide. (b) Austenitic stainless steel oxide. (c) Duplex stainless steel oxide. 

 

In relation to the surface’s roughness, it was increased in all the cases as the annealing 

temperature was also increased, due mainly to the presence of higher grain boundaries and 

nodules on the surface.  
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5.4 Pickling behaviour 

In this section of the report results for determining the pickling behaviour of the annealed 

samples are presented.  

5.4.1 Ferritic stainless steel 

Figure 59 shows the surface’s aspect of the ferritic stainless steel after being annealed 8 min at 

1070 ºC. 

Before pickling 

 

Figure 59. Light optical image of the ferritic stainless steel after annealing 1070 ºC 8 min. 

The ferritic stainless steel samples were first inserted inside the pickling bath for 90 s. From 

this first step is possible to appreciate that the oxide thickness is being reduced due to the effect 

of the acid, and subsequently the grains of the microstructure are revealed. Then, as the process 

goes on the oxide continues to be dissolved but with a very slow rate [Fig.60].  

It is important to pay attention to the fact that in some zones like in the grain boundaries the 

oxide is more easily removed than inside the grains. There is also pitting corrosion in some 

zones of the samples.  The figure below shows the evolution of the oxide surface as the 

pickling process is performed after 90 s, 150 s, 15 min, 40 min and 60 min. 

After pickling 

 

Pickled 90 s 

 

Pickled 150 s 

 

Pickled 15 min 

 

Pickled 40 min 

 

Pickled 60 min 

 

Figure 60. Light optical images of the ferritic stainless steel after different  pickling process.  
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The results from the weight loss measurement are plotted in the Appendix 2a. It is possible to 

notice that the weight of both samples is reduced as the pickling process advances. In 

particular, for the oxidised sample, the pickling rate at the beginning of the process is higher 

than after 2 min of pickling. On the other hand the base metal sample shows a linear tendency 

of weight loss as the pickling is only by dissolution of the base metal.  

A comparison between a polished and a non polished annealed ferritic stainless steel is shown 

in figure 61. The sample with higher roughness presents the higher weight loss during pickling 

compared to the polished one.  
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Figure 61.  Weight loss-pickling time curves of the polished and not polished annealed ferritic stainless 

steel samples. 

 

5.4.2 Austenitic stainless steel 

The figure above shows the aspect of the sample surface after annealing. It is possible to 

appreciate the grains and the nodules inside them [Fig.62]. 

 

Before pickling 

 

Figure 62. Light optical image of the austenitic stainless steel after annealing 1070 ºC during 8 min. 

After 30 s of pickling the oxide was partially removed from the surface [Fig.63]. The oxide 

was mainly spalled off on the middle of the grains, still remaining on the grain boundaries. 

However after only 150 s the oxide was completely removed from the surface and only some 

of it remained in the intersection of the grain boundaries.   
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After pickling 

 

Pickled 30 s 

 

Pickled 90 s 

 

Pickled 150 s 

Figure 63. Light optical images of the austenitic stainless steel sample during the pickling process. 

A thicker oxide is found on the boundaries rather than on the inside zone [Fig.64].  

 

 
 

 Height [µm] 

1 3.45 

2 2.56 

Figure 64. Confocal micrograph 200x of the austenitic sample after 30 s of pickling.  

On the other hand nodules were found inside the grains showing less amount of oxide on their 

surface than before the pickling. In particular, on these regions where nodules were placed, the 

oxide was disappearing faster than in other ones where no nodules existed. A remarkable fact 

is that holes were found on the places where nodules where placed before [Fig.65].  

 

  

 

 Height [µm] 

1 1.39 

2 1.21 

3 0.65 

4 0.99 

5 0.58 

Figure 65. Confocal and light optical micrographs 500x of the oxide after pickling time of 90 s. 

   200  

µm 
   200  

µm 
   200  

µm 



 

46 

 

 

Apart from the spalling effect of the oxide, it is also possible that the oxide’s thickness is being 

reduced during the pickling due to its dissolution in the presence of acid. It is also important to 

notice that compared to the topography before the pickling, after 30 s the oxide surface is less 

smooth than before [Fig.66 and 67], which probably can also enhance the pickling behaviour.  

 

  

Figure 66. Confocal and light optical micrographs 100x of the oxide layer and spalled areas after 

pickling 30 s. 

 

Figure 67. Light optical image (magnification 100x) of the oxide after pickling 30 s. 

 

The pickling behaviour can also be analyzed with the weight loss of the sample during the 

process. Using the data collected and the equation 1, the results are plotted in the Appendix 2a. 

Two samples were pickled; one is an austenitic stainless steel sample with the oxide on the 

surface, and the other is the base metal of the same alloy. The obtained results are plotted in 

the following graph. The weight of both samples is reduced as the pickling process advances. 

In particular the oxidized sample has a higher pickling rate at the beginning than after 1 min of 

pickling. This fact is due to the fact that the austenitic stainless steel is pickled very fast and 

after 1 min its surface is mostly clean; then after 1 min the only oxide remaining, which is 

harder to pickle, is located on the grain boundaries. On the other hand the base metal sample 

shows a linear tendency of weight loss as the pickling is only accomplished by dissolution of 

the base metal.  
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5.4.3 Duplex stainless steel 

Figure 68 shows the oxide’s surface of the duplex stainless steel sample after 8 min of 

annealing at 1070 ºC. It is possible to appreciate the rolling direction followed during the 

manufacturing process. The grains are elongated and the oxide is different depending on the 

type of grain. Therefore, some zones appear to be brighter than others where the oxide is 

thicker. Some nodules are also observed on the oxide, even if they are difficult to notice in this 

micrograph. 

 

Before pickling 

 

Figure 68. Light optical image of the duplex stainless steel after annealing at 1070ºC during 8 min. 

 

After 1 min of pickling process small changes were observed on its surface; only in some small 

regions, which at the beginning were the brighter ones, the oxide started to spall off from the 

base metal. The pickling process was continued and stopped again after 2 min 30 s. At that 

moment the regions where the oxide was spalling off before were bigger, showing the base 

metal that was hidden under the oxide. Apart from that, new clean regions appeared on several 

spots of the surface. It is important to remark that the oxide was mostly spalling off in regions 

where nodules were placed. After 10 min of pickling process the surface was clean for naked 

eye; however, a closer examination with the light optical microscope revealed that some 

regions were still covered with the oxide. It could have been possible that the oxide was still 

remaining on the ferritic stainless steels due to its higher resistance to be pickled.  

Figure 69 summarizes the evolution of the oxide surface during the pickling process after 

different pickling times. 

 

After pickling 

 

Pickled 60 s 

 

Pickled 2 min 30 s 

 

Pickled 5 min 

200  µm 

200  µm 200  µm 200  µm 
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Pickled 10 min 

  

Figure 69. Light optical images of the duplex stainless steel after specific pickling times. 

In order to go further on this study, the topography of the surface after having pickled 10 min 

was analyzed with the SEM [Fig.70]. On the pictures below it is possible to distinguish the 

remaining oxide from the pickled metal zone. On the regions where there is no oxide any 

longer, grain boundaries appear inside the main elongated grains of the base metal. These 

subgrains inside the main elongated grains could be due to an annealing process done after the 

rolling, which could have recrystallized the grains. 

  

Figure 70. Secondary electron images of the duplex stainless steel 2205 after pickling 10 min. The oxide 

still remains in some regions whereas other regions are overpickled. 

Measurements done with the confocal microscope on the pickled duplex stainless steel reveal 

that after 8 min of pickling the difference of height between the oxide spots and the metal base 

is about 2 µm [Fig.71].  

 

 

 
 Height [µm] 

1 2,27 

2 2,04 

3 0,85 

4 1,13 

Figure 71. Confocal micrograph 1000x and depth profile of the oxide layer after pickling 8 min. The 

oxide remains in some regions whereas in other the metal has been overpickled. 

  

200  µm 
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On the other hand, after pickling 2 min 30 s the difference of height between oxide and metal 

is 1.5 µm [Fig.72].  

 

 
 

 

                                              

 

 Height [µm] 

1 1.46 

2 0.65 

3 0.83 

4 1.42 

5 1.04 

6 1.65 

Figure 72. Confocal micrograph 500x and depth profile of the oxide layer after pickling 2 min 30s. 

 

Thus, as the pickling time increases, the difference of height between the oxide and the base 

metal also increases.  

Apart from the topography study the pickling behaviour of the duplex can also be 

characterized depending on the weight loss during pickling. Equation.1 has been applied for 

the collected data. Two different samples were pickled; one being a duplex stainless steel 

sample with the oxide on the surface, and the other the base metal of the same alloy. The 

results obtained are plotted in the Appendix 2a. For both samples its weight is reduced as the 

pickling process advances. The pickling rate is mainly constant during all the process for both 

samples.  
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6. Discussion  

6.1 Oxide formation 

The annealing oxides on the 2205 duplex stainless steel and on its corresponding ferritic and 

austenitic phases have been studied in order to find an explanation about its pickling 

behaviour. It has been claimed in the literature but also proved in this project that the duplex 

stainless steels are difficult to pickle.  

The study showed that ferritic and austenitic stainless steels have a homogenous oxide on 

the surface. The duplex stainless steel shows a complex oxide depending on the phases; the 

ferritic phase has a smooth oxide thicker than the austenitic one which is rougher and with 

some nodules on it 
15

. This fact is in accordance with previous literature that states that the 

oxide on the duplex stainless steel is complex and with several nodules with irregular 

shapes and sizes 
15, 20

. 

From the GDOES results, thickness and depth profile composition were obtained [table.13]. 

The results showed that all the oxides have a stratified structure composed by three layers 20,21. 

The outer layer is mainly enriched in manganese, chromium and iron, which may be a spinel 

oxide (Fe, Cr, Mn)3O4. However hematite is mainly found in the ferritic stainless steel and not 

as much in the two others due to its higher content of iron compared to the austenitic and 

duplex stainless steels. Apart from that the ferritic stainless steel has also less chromium in the 

outer layer than the other two alloys; but on the contrary its content of manganese is twice the 

austenitic and duplex one. The middle layer is highly enriched in chromium but also with some 

iron content; therefore it could be composed by the solid solution (Cr, Fe)2O3. In particular, the 

austenitic stainless steel is the sample with the highest content of chromium on the middle 

layer, followed by the duplex and the ferritic stainless steel respectively. Finally on the metal-

oxide interface high silicon enrichments are found which could probably be a thin layer of 

SiO2. It is important to notice that the highest Si enrichment is found on the ferritic sample, 

which is two and a half times higher than the two other samples. The structure of the oxide 

could be associated with the Ellingham-Richardson diagram [Fig.1] based on the second law of 

thermodynamics, which relates the free Gibbs energy and the annealing temperature for several 

reactions of oxide formation. In this case the most stable oxides are found in the inner part of 

the scale whereas the less stable ones, with higher ΔG, are found in the outer part of it. 

However, in all the samples manganese oxide is found on the outer part of the oxide and not on 

the inner one as it should be regarding the Ellingham diagram. This same fact was observed by 

Pu Jian 22, who stated that manganese diffuses faster than chromium, resulting a rapid 

oxidation even the difference of free Gibbs energy. Therefore both kinetics and 

thermodynamics should be taken into account to explain the oxide structure.  

The oxide grows thicker when the time or the temperature are increased, which could be 

explained due to a higher diffusion time and/or a higher diffusivity at high temperatures  

[table 13]. In the ferritic and duplex cases there is a significant thickness variation between the 

different temperatures and times. However, in the austenitic stainless steel, the variation is 

lower when the time is increased.  
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Table 13. Oxides thickness [µm]. 

 1070°C / 4 min 1070°C / 8 min 1150°C / 8 min 

α 0.54 0.72 1.23 

γ 0.24 0.25 0.52 

α + γ 0.24 0.61 0.80 

 

The oxide thickness of the ferritic stainless steel is significantly higher than that of the other 

two materials. It is known that the ferritic stainless steel has a body centered cubic (BCC) 

structure, whereas the austenitic one has a face centered cubic (FCC) structure. As a result of 

this difference in package density between to two lattices, the internal diffusion in a BCC 

matrix is around 100 times faster than on a FCC one. Therefore the ferritic stainless steel 

sample has a higher diffusivity than the austenitic and the duplex ones, which could explain the 

thicker oxide created on its surface after the annealing process. However, it is not only the 

microstructure influencing the oxide formation. There is also the chromium content of the base 

metal. The higher the chromium content, the thicker the oxide scale.  

In figure 73 is possible to observe the diffusion of the oxygen ions as well as the chromium 

ones coming from the base metal. However, not only chromium ions are diffusing from the 

base metal, but also other elements as manganese, silicon and iron creating the oxide.  

α α+γγO2-

O2-
O2-

Cr 3+ Cr 3+ Cr 3+

O2-O2-

O2-O2-
O2-O2-

Cr 3+ Cr 3+ Cr 3+

 

Figure 73. Schematic drawing of the ferritic, austenitic and duplex stainless steel samples after 

annealing. The green region represents the oxide cross section.  

The chromium oxide is the main element present in the oxide layer, and due to this chromium 

enrichment in the oxide a chromium depleted zone is created under the oxide [Fig.74]. 

α α+γγO2-O2-

O2-O2-
O2-O2-

Cr 3+ Cr 3+ Cr 3+

 

Figure 74. Schematic drawing of the ferritic, austenitic and duplex stainless steel samples after 

annealing. The light grey region represents the chromium depleted region under the oxide.  

The evolution of the chromium content in the oxide is plotted in figure 75. All the samples 

exhibit chromium enrichment on the oxide layer, and subsequently a chromium depletion zone. 

Specifically, duplex stainless steels showed the highest chromium enrichment, 93 wt.% of Cr 

inside the metal matrix, compared to the austenitic and ferritic ones. The lowest concentration 

belongs to the ferritic stainless steel, which also has the enrichment in a deeper zone inside the 

metal, due to a thicker oxide layer compared to the others alloys.  

Regarding the chromium depleted region, it is significantly higher for the austenitic stainless 

steel than for the two others. On this particular alloy, the chromium is depleted from the metal 
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matrix until a 15 wt.% of Cr, compared to the base metal content of 20 wt.%. The same 

tendency but in a lower scale is also observed on the duplex stainless steel, where on the 

depleted zone the chromium is showed to be a 18 wt.% content achieving at the end to a 

22wt.%. On the contrary, the ferritic stainless steel showed no chromium depleted zone, 

achieving after the oxide layer the base metal chromium content of 23 wt.%. This fact could be 

explained by higher diffusion rates in the ferritic stainless steel than in the austenitic one. 

Hence, due to the constant diffusivity of chromium to the surface, the region under the oxide is 

always refilled on chromium and therefore is never depleted. 
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Figure 75. Chromium evolution profile. The austenitic stainless steel exhibit the thickest chromium 
depleted region and the ferritic the thinnest one. 

In all the cases, for different annealing temperatures and times, the austenitic stainless steel 

shows the highest chromium depletion compared with the other two. Taking into account that 

it is this same alloy which has the shortest pickling time a conclusion can be done from this 

fact. Higher chromium depletion zone facilitates the pickling.  

Even though, it is not only the chromium depleted region which is important for the pickling 

behaviour. The grain boundaries have also an important role on it. It has been proved that a 

sample with a rougher surface is pickled more easily than a smoother one. Therefore, the 

existence of grain boundaries on the oxide increases its roughness and thus, the quantity of 

easy pickled places where the acid can penetrate and spall the oxide.  

In this case, oxidation on the top of the grain boundaries is different for the three alloys. 

Results have shown that the austenitic stainless steel is the one with the thickest oxide on the 

grain boundaries, compared to the ferritic one, which has small grain boundaries, and finally 

the duplex which is between both. 

On the schema below [Fig.76] the grain boundaries have been draw. It is known that the grain 

boundaries are fast diffusion paths where the elements are transported quickly to the surface, 

creating a thicker oxide there than inside the grains. However, due to the faster diffusion in the 

ferritic matrix than in the one of the other alloys, the difference in oxide thickness between the 

grain boundaries and their inner parts is not so big.  

α 

α + γ 

γ 



 

53 

 

α α+γγO2-

O2-
O2-

Cr 3+ Cr 3+ Cr 3+
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Cr 3+ Cr 3+ Cr 3+

 

Figure 76. Schematic drawing of the ferritic, austenitic and duplex stainless steel samples after 

annealing, showing the difference of oxide thickness on the top of  grain boundaries.  

Apart from the grain boundaries another important aspect of the oxide topography are the 

nodules [Fig.77]. Several nodules were found on the oxide surface of all the samples. The 

highest quantity of nodules found was for the austenitic stainless steel, followed by the duplex 

stainless steel and finally the ferritic one, which has only a few nodules on its surface. The 

nodules height and size depends on the annealing temperature and size. It has been proved that 

by increasing the annealing time there were fewer nodules than with a faster annealing process. 

Probably the nodules are hidden inside the oxide layer which is growing as the annealing 

process goes on. Further studies about the subject also showed that in earlier stages of the 

annealing process, nodules appear on the surface of the austenitic stainless steels 22. 

In this project the nodules’ structure and composition was studied using FIB. Both nodules, the 

ones in the austenitic sample and the ones in the duplex sample have the same composition; 

they have a porous structure with internal oxidation. They mainly have a two-layer structure, 

with an external part enriched in manganese, iron and chromium and an internal one enriched 

with chromium and iron. The composition of the nodules slightly varies depending on the 

annealing process followed as it has been stated on the literature 20, 21, 22. 
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Cr 3+ Cr 3+ Cr 3+

 

Figure 77. Schematic drawing of the ferritic, austenitic and duplex stainless steel samples after 

annealing, showing the nodules formation inside the grains.  

The nodule formation could have an important relationship with the composition of the oxide, 

in particular with the silicon oxide [Fig.78].  
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Figure 78. Schematic drawing of the ferritic, austenitic and duplex stainless steel samples after 

annealing. The yellow region represents the silicon oxide layer.   

As it has been said before when discussing the depth profiles, a layered oxide structure is 

found on the three materials; the outer layer being mainly a mixture of spinels of iron, 

chromium and manganese oxide, followed by an inner layer of pure chromium oxide. A third 

oxide based on silicon is observed in the interface between the metal and the oxide. This 

silicon enrichment is shown to have a highest content on the ferritic stainless steel, 3.5 wt.%, 

whereas only in a 0.5 wt% in the duplex and austenitic stainless steels. After the cross sectional 

analysis of the oxide it has been stated that the silicon oxide is mostly continuous in the ferritic 
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stainless steel. This non-continuous structure of the silicon oxide could explain the fact that the 

oxide on the ferritic stainless steel increases its thickness when the annealing time is longer. 

Therefore even if the silicon oxide is a protective oxide it is still possible for the oxide to grow 

due to the diffusion of chromium through the non-continuous silicon oxide.  

In the austenitic stainless steel the silicon oxide has been found as small spread particles in a 

big zone under the oxide, but also in some small continuous layers of silicon oxide in the grain 

boundaries. This statement agrees with the fact that the austenitic matrix cannot produce 

enough diffusion to create a continuous silicon layer under the oxide as it is in the ferritic 

matrix 21. Regarding the duplex stainless steel, a continuous silicon oxide is observed in 

specific regions, whereas in others there is no silicon content. It is probable that in the duplex 

sample, the silicon oxide is continuous on the top of the ferritic grains, whereas no silicon 

oxide is formed on the top of the austenitic grains. An important fact to put emphasis on is that 

the nodules found on the duplex stainless steel were detected on the zones where no silicon is 

present. Therefore, they would belong to austenitic grains. 

It has been said in the literature that the role of silicon is typically attributed to create an oxide 

layer in the interface between the metal and the oxide, and therefore to act as a barrier against 

diffusion of chromium and iron to the oxide layer 23. Thus, the regions where no silica layer is 

observed are less protected than the others, and thus could be rapidly oxidised. This fact could 

be an explanation about the nodule formation on these zones.  

However, there is still no agreement in the literature about the mechanism of the nodules’ 

formation on the stainless steels. Some previous studies state that the nodules appear when the 

protective layer becomes locally inefficient and promote the oxidation of iron and  

manganese 20, whereas others state that they are due to growing stresses during oxide 

formation which break the protective layer and let the oxygen enter inside 21. The results of our 

project could agree with both statements; because in one hand the nodules obtained have a 

porous structure, which indicates a break of the oxide layer; and on the other hand they are 

placed in the middle of the grains in regions where no silicon oxide is observed and therefore 

the oxide is less effective. Apart from this fact, it is worth to mention that a part of the oxide 

found inside the nodule has the same composition of the common oxide, which could probably 

come from the oxide that was placed on the region that the nodule has replaced.  

 

6.2 Pickling behaviour 

The composition, topography, and structure of the oxide as well as the composition and 

microstructure of the base metal are factors that play an important role on the pickling 

behaviour of the alloys. Therefore, it is important to study the pickling behaviour of both, the 

annealed samples and also the base metals.  

The following graph [Fig. 79] allows us to compare the pickling rate of the three base metals. 

The austenitic stainless steel is the one which has the highest pickling rate, while the ferritic 

one has the lowest rate. Regarding the duplex stainless steel, its pickling behaviour is found to 

be between the austenitic and the ferritic ones, but always close to the austenitic.  
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Figure 79. Pickling behaviour of the base metals (left) and the annealed samples (right).  

It is possible to observe that both annealed samples and the base metals have the same pickling 

behaviour. This could probably be due to the fact that pickling acts more by dissolution of the 

base metal than by dissolution of the oxide scale. 

It is important to emphasize that the austenitic stainless steel, which is cleaned after 2 min 30 s, 

is the easiest to pickle compared with the other two alloys. This fact may be due to that its 

oxide is the thinnest one, three times less than the ferritic one and twice the duplex one. 

However, it could be due to the fact that this alloy has also the highest chromium depletion 

zone compared with the other two alloys.  

Other factors apart from the oxide thickness and chromium depleted region could be attributed 

to the high pickling rate of the austenitic stainless steels. Specifically, it has been proved that 

the oxide disappears faster on the regions where the nodules are placed. It has been said before 

that the nodules have a porous structure which may facilitate penetration of the acid through 

the oxide and as a consequence causes spallation. Apart from that they are also enriched in iron 

which has low a resistance to the pickling. After the pickling process holes were found in the 

places where nodules were placed before probably due to its internal oxidation as it was 

reported on the section 5.2. 

Previous literature studied one hypothesis about a microstructural change on duplex stainless 

steels from ferrite to austenite under the oxide 15. It was been argued that due to the diffusion 

of chromium during the oxide formation, the microstructure under the oxide scale is depleted 

in chromium and therefore, following the transformation of the Schaeffler-Delong diagram. In 

order to prove this hypothesis, the microstructures of both sides, longitudinal and transversal, 

were analyzed. From the results obtained in this project it is not possible to affirm that there is 

a microstructural change as the results were different depending on the side. If there was only 

austenite phase beneath the oxide, the duplex sample should have the same pickling behaviour 

as the austenitic one. However the samples showed a big difference in the required pickling 

time between them. Furthermore, it was shown that the duplex stainless steel was not pickled 

homogenously, on the contrary, there were several zones which were easily cleaned after some 

minutes whereas others zones were more difficult to pickle, which could corroborate that there 

is no microstructural change. 
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7. Conclusions 
The following conclusions can be drawn from the obtained results:  

- The thickness of the oxide scales increases when the annealing time and/or temperature 

are increased due to an enhancement of the diffusion rate. For a specific annealing 

temperature and time the ferritic stainless steel has the thickest oxide, followed by the 

duplex and the austenitic steels.  

- The ferritic stainless steel has a homogenous, smooth and thick oxide, whereas the  

austenitic stainless steel has a rougher oxide surface, with thicker oxide on the top of 

the grain boundaries and nodules on the middle of the grains.  

- The oxide scale on the 2205 is non-homogenous showing different types of oxides 

depending on the phase; rougher oxide with nodules in the austenitic phase, and 

smoother in the ferritic phase. The nodules are enriched in iron and have a porous 

structure with internal oxidation. No silicon oxide is found under the nodules.  

- Due to the porous structure, composition and placement of the nodules, it is possible to 

state that nodules are created during the annealing process due to existing loads when 

the oxide is growing. Nodules do not appear on the ferritic stainless steel because of its 

better protective oxide, with a silicon oxide on the metal-oxide interface and a no 

chromium depleted region. 

- The main difference between the oxides’ composition is the thin silicon oxide layer at 

the oxide-metal interface; in the ferritic stainless steel this oxide layer is mostly 

continuous, whereas on the austenitic one there is a gradient of silicon content under 

the oxide. The duplex stainless steel has a continuous silicon oxide layer only under the 

ferritic grains. 

- The austenitic stainless steel has the thickest chromium depleted region, followed by 

the duplex stainless steel and finally the ferritic one where no chromium depletion is 

observed.  

- The austenitic stainless steel has the highest pickling rate, followed by the 2205 and the  

ferritic stainless steel respectively. The oxide on the austenitic stainless steel is spalled 

from the surface mostly on the grains where nodules are placed, whereas the oxide on 

the ferritic stainless steel is dissolved during the process.  

- Duplex stainless steels are hard to pickle completely due to its inhomogeneous 

structure, which is selectively pickled depending on the phases; some grains are 

pickled fast, whereas on others the oxide still remains on the surface. 

- The pickling rate increases for the samples that have nodules on the oxide surface and a 

thick chromium depleted region.  
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Appendix 1a. FIB austenitic stainless steel 
 

   

   

   

Figure 80. Secondary electron images of the FIB process. A layer of platina is deposited on the site of 
interest (top left) followed by the cross sectioning process of the nodule. 
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Appendix 1b. FIB duplex stainless steel 
 

   

   

   

Figure 81. Secondary electron images of the FIB process. Platina deposition on the site of interest (top 

left) and cross sectioning process of the nodule. 
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Appendix 2a. Weight loss 
 

Ferritic stainless steel 
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Figure 82. Weight loss-pickling time graphs of ferritic stainless steel sample, oxidized sample (left) and 

base metal (right).  

 

Austenitic stainless steel 
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Figure 83. Weight loss-pickling time graph of austenitic stainless steel sample, oxidized sample (left) 

and base metal (right).   
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Duplex stainless steel 
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Figure 84. Weight loss-pickling time graph of duplex stainless steel sample, oxidized sample (left) and 

base metal (right). 
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