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ABSTRACT 

Stainless steel is a useful material that can withstand harsh conditions. It is also hard and 

strong; it is therefore popular to use in construction. The surface is easy to clean and keep 

hygienic. These properties of stainless steel make it popular and the demand is growing but 

the production of stainless steel require big processing machines and competent people who 

run them, and to profit from the production it needs to be efficient.  

Outokumpu Nyby is a cold rolling mill where stainless steel coils are processed into semi-

finished products. At Outokumpu Nyby the main processes are annealing, cold rolling and 

pickling stainless steel. During these processes, an oxide layer and a chromium depleted 

zone beneath the oxide are formed. The oxide and chromium depleted zone decrease the 

surface quality and therefore needs to be removed by pickling.  

Different steel qualities are today pickled in different mixed acid concentrations in Nyby. The 

less corrosive resistant steel grades, so called standard grades, are today pickled in a weaker 

acid mixture. The more corrosive resistant steel grades, so called special grades, are pickled 

in a stronger acid mixture. Special grades that are more resistant to corrosion are more 

challenging to pickle and therefore require higher concentration of acids and higher 

temperature.  

A lab scale study has shown that it is possible to pickle the standard quality steel in higher 

concentrations of acids if the temperature is lowered. Today the lowering of concentration is 

conducted by dilution. The change in acid concentration reduce production time and is 

therefore an economical loss and the change in acid concentration require that people work 

with the acids. Any decrease of acid handling is an increase of safety and an improvement of 

work environment.  

This study investigates the possibility of running an Outokumpu standard steel quality, type 

304L, in a high concentration of mixed acid with a lowered temperature. The aim is to 

increase the efficiency in the production line L60. 

The results from the tests show that pickling in a high concentration of mixed acid, normally 

used for pickling special quality, is efficient at both 50 °C and 54 °C. The amounts of NOx in 

the off gas during the tests was significantly reduced and never close to the 600 ppm limit. 

The results also indicate that overall equipment effectiveness will be increased due to 

reduced re-picklings. 

A test campaign where 10 coils were run continuously after each other was conducted to 

test if and how much the temperature increases from the heat released from the reactions 

during the pickling process. The results showed that cooling is needed but that the required 

cooling capacity is low. The results also show that the recipe speed is important to ensure 

correct pickling, if the speed is lowered then the coil may be over pickled.  
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ABSTRAKT 

Rostfritt stål är ett användbart material som tål tuffa förhållanden. Det är också hårt och 

starkt; Det är därför populärt att använda i konstruktion. Ytan är lätt att rengöra och hålla 

hygienisk. Dessa egenskaper hos rostfritt stål gör det populärt och efterfrågan växer men 

produktionen av rostfritt stål kräver stora bearbetningsmaskiner och kompetenta personer 

som driver dem och för att produktionen ska gå med vinst så behöver den vara effektiv. 

Outokumpu Nyby är ett kallvalsverk där rostfria stålband bearbetas till halvfabrikat. Vid 

Outokumpu Nyby är huvudprocesserna glödgning, kallvalsning och betning av rostfritt stål. 

Under dessa processer bildas ett oxidskikt och ett kromutarmat lager under oxiden. 

Oxidlagret och det kromutarmade lagret minskar ytans kvalité och måste därför avlägsnas 

genom betning. 

Olika stålkvaliteter betas idag i olika blandsyrakoncentrationer i Nyby. De mindre 

korrosivresistenta stålkvaliteterna, så kallade standardkvaliteter, betas idag i en svagare 

syrablandning. De mer korrosivresistenta stålkvaliteterna, så kallade specialkvaliteter, betas i 

en starkare syrablandning. Speciella kvaliteter som är mer motståndskraftiga mot korrosion 

är mer utmanande att beta och kräver därför högre koncentrationer av syror och högre 

temperatur. 

En undersökning på laboratorieskala har visat att det är möjligt att beta standardkvalitetsstål 

med högre syrakoncentrationer om temperaturen sänks. Idag genomförs sänkning av 

koncentrationen genom utspädning. Förändringen i syrekoncentration minskar tiden då 

produktion sker och är därför en ekonomisk förlust och förändringen i syrekoncentration 

kräver att människor arbetar med syrorna. En eventuell minskning av syrahanteringen är en 

ökning av säkerheten och förbättringen av arbetsmiljön. 

Denna studie undersöker möjligheten att köra en Outokumpu standard stålkvalitet, typ 

304L, i en hög koncentration av blandsyra med en sänkt temperatur. Syftet är att öka 

effektiviteten i produktionslinjen L60. 

Resultaten från testen visar att betning i en hög koncentration av blandad syra, som normalt 

används för betning av special kvalité, är effektiv vid både 50 ° C och 54 ° C. Mängden NOx i 

gasen under testen reducerades avsevärt och var aldrig nära gränsen på 600 ppm. 

Resultaten visar också att den totala utrustningens effektivitet kommer att ökas på grund av 

minskad ombetning. 

En testkampanj där 10 band kördes kontinuerligt efter varandra utfördes för att testa om 

och hur mycket temperaturen ökar från värmen som frigörs från reaktionerna under 

betningsprocessen. Resultaten visade att kylning behövdes men att den nödvändiga 

kylkapaciteten är låg. Resultaten visar också att recepthastigheten är viktig för att säkerställa 

korrekt betning, om hastigheten sänks kan bandet vara överbetat. 
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NOMENCLATURE 

Short description of some common terms used in this thesis, the Swedish name is shown in 

parenthesis. 

 

304L Common stainless steel quality with approximately 18 wt% chromium and 8 

wt% nickel. 

Annealing (Glödgning) Heat treatment of the material. 

L55 Combined annealing and pickling production line. 

L60 Combined pre-annealing and pickling production line. 

Mixed acid (Blandsyra) Solution of HNO3 and HF in water. 

Pickling (Betning) Removal of oxidised surface. 

Rolling (Valsning) Mechanical decrease of dimension. 
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1 INTRODUCTION 

Iron is essential in the modern human’s everyday life, we use it directly or indirectly all the 

time. Steel components are present in almost all electronics and other things surrounding 

us, such as the computer, the dishwasher, the furniture, the car and the trains. The ferrous 

alloys dominate the metal production industries since they are versatile with many useful 

properties. The popularity of the ferrous alloys also comes from the abundance of iron in the 

earth’s crust and the relatively cheap processes used to extract and refine the ferrous 

materials (Callister, 2007). 

The most common ferrous alloy is steel (Outokumpu Stainless AB, 2013) and the world 

production of crude steel was 1 630 million tonnes during 2016 (World Steel Association, 

2018). The ferrous raw materials used in steel production is both primary, such as ore 

concentrates, and secondary, which consist of recycled ferrous scrap. The raw material is 

melted, refined, alloyed and cast. After the solidification of the steel it will be shaped to 

desired parameters by mechanical force, a common process is rolling. 

There are many different types of steel and these can be divided into different groups 

depending on the carbon content and the concentration of alloys. Figure 1 shows different 

groups of steel and how they are categorised. 

 

Figure 1. A scheme of the different types of steel (Callister, 2007) (Avesta Finishing Chemicals, 2009). 

The carbon content has a high impact on the mechanical properties and is usually kept 

below 1.0 wt%, a higher carbon content increases the hardness and the brittleness. Alloying 

elements, mainly chromium, is added to steel to improve the resistance towards corrosion 

since rusting and scaling can cause major damage to the components that are constructed 

out of ferrous materials. 

The properties of steel can be adjusted to specific environment requirements by altering the 

amount of carbon and other alloying materials that is present. It is the addition of alloys, 

mainly chromium that improve the properties of steel, nickel is also a very common alloy 

and has positive effects on the properties as well. The steel that mainly consist of iron and 

has a minimum of 11 wt% addition of chromium is defined as stainless steel (Callister, 2007). 

Stainless steel is popular in fields such as construction and processing, and 41.7 million 

tonnes of stainless steel was produced in the world during 2016 (International Stainless Steel 

Forum, 2018). The average annual growth in production is 5.4 % for stainless steel compared 
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to carbon steel that has a growth rate of 2.3 %, calculated between years 1980 and 2016 

(International Stainless Steel Forum, 2018). 

1.1 STAINLESS STEEL 
Stainless steel is resistant to corrosion, durable, and require low maintenance, it is also 

recyclable. It is a versatile material and the properties can be adapted to suit harsh 

surroundings using alloys. The chromium content varies between 11 wt% and up to 35 wt% 

chromium (United States Patentnr 5,395,583, 1995). Other common alloys include nickel and 

molybdenum in the ranges 0 to 25 wt% and 0 to 7 wt% respectively (Outokumpu Stainless 

AB, 2013). The rule of thumb is that the higher the alloy composition is, the higher the 

corrosion resistance is (Avesta Finishing Chemicals, 2009). 

Stainless steel can resist corrosion in acidic surroundings, it can resist rusting in sea water 

and resist scaling up to 1100 °C (Outokumpu Stainless AB, 2013). Corrosion resistance in 

stainless steel comes from the passivating oxide layer that spontaneously forms on the 

surface when chromium and iron is in contact with oxygen (Outokumpu Stainless AB, 2009). 

The properties of stainless steel can be tailored to suit different atmospheres and 

environments by the addition of different alloying elements. The addition of chrome and 

nickel has been mentioned, but there are many more metals that is used to design the 

stainless steels mechanical, chemical and physical properties. The stainless steels are divided 

into different groups depending on the crystal structure, see Figure 1. The effect of different 

alloys is briefly covered in the literature study. 

1.2 OUTOKUMPU 
Outokumpu is a company that produce semi-finished stainless steel products that can be 

used in a wide variety of applications. Some examples of where the products may end up are 

in your dishwasher, in your car, or at the bottom of the sea in a tube leading oil to the 

platform. The possibilities are endless due to the versatility of steel. Outokumpu Nyby 

specializes in cold rolling of coils and the products consist of coils and sheets that is formed 

to final shape at the customers facilities. 

The Outokumpu products can be divided into two families depending on the type of stainless 

steel, the classic or the pro family. The classic family consists of regular stainless steel, which 

is the volume product within the whole Outokumpu Group. The other is the Pro family that 

consists of the stainless steel products that are suited for more extreme atmospheres. The 

pro family quality steel is highly alloyed and can withstand harsh surroundings while the 

classic family quality contains less alloying elements and is not as corrosion resistant as the 

pro quality steel. The Pro family steel products are generally more difficult to produce 

compared to the Classic family products. 

The pro family is the volume product at Outokumpu Nyby, and goes under the name special 

quality while the classic family goes by the name standard quality. The terms special quality 

and standard quality are simply to differentiate between the steel qualities that require high 

concentration in the pickling bath and the qualities that can be pickled satisfactory in a lower 

concentration of the mixed acid solution. The more concentrated mixed acid pickling 
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mixture is called Special acid, and the less concentrated mixed acid mixture is called 

Standard acid. 

1.2.1 The Process 

The flow sheet of the Outokumpu Avesta and Nyby is shown in Figure 2. The raw material is 

mainly scrap and is melted at Outokumpus melt shop in Avesta. The melt is continuously cast 

and the steel is cut into slabs. The slabs are hot rolled, to a thickness of about 5 mm, at the 

hot rolling mill in Avesta. The hot rolled coils are then sent to Outokumpus cold rolling mill in 

Nyby where the coils are annealed, pickled, cold rolled and surface treated to the customers 

desired thickness (minimum thickness is 0.4 mm), width and surface finish. 

 

Figure 2. The material flow from melt to the Nyby products. 

Each process is individually adapted to suit the processing of specific material types, the 

order of the different process steps also depends on the material and on the product type. 

The first process that the coils are subjected to is the pre-annealing and pickling line, L60. 

L60 is an integrated rolling, annealing and pickling line. The line is tailored to remove the 

thick oxides that remains from the hot rolling in Avesta. When the coil has passed through 

L60 it is rolled in the cold rolling mill to specified thickness and then run through the final 

annealing and pickling line, L55. L55 is like L60 a continuous annealing and pickling line. After 

final annealing and pickling, the coil goes to the finishing line where it can be cut into the 

customers specified size. 

1.2.1.1 L60 

The main processes in L60 are annealing, rolling, mechanical pre-treatment and pickling in 

mixed acid, and the coils are continuously run through the line (Ljungars, 2009).  
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Figure 3. The integrated rolling, pickling and annealing line, L60. 

While entering the production line L60, the coil is welded to the previous one. The coils then 

enter a magazine which allow the line to run while the welding is conducted. The coil passes 

the rolling station called z-high, only the special qualities are rolled, the standard quality coils 

only pass through. The coils enter the annealing furnace after z-high and are rapidly cooled 

directly upon exit to retain desired crystal structure and to avoid formation of the damaging 

sigma-phase which can be formed in some steel grades. 

The shot blaster and the tension leveller conditions the surface oxides before the pickling, by 

mechanical force which results in cracks and loosened oxide scales. The tension leveller also 

stretches the coil to eliminate irregularities in the length of the coil and to release tensions in 

the crystal structure. The sides of the coil are often longer than its centre since the rolling 

often is set to apply more force on the sides compared to in the centre. The length 

difference between the centre and the sides cause a wobbly appearance. 

After mechanical pre-treatment, conditioning of the surface oxides, the coil enters the 

pickling bath filled with mixed acid (nitric acid, HNO3, and hydrofluoric acid, HF). The pickling 

process removes the oxide scale from the surface which results in a clean corrosion resistant 

surface.  

Before the coil exit the line it is visual inspected. Visual quality inspection is important since 

the coils sometimes have a defect or the pickling were insufficient. If the pickling is 

determined to be insufficient then the coil is re-pickled, which means the coil will be run 

through the line a second time. 

Production changes between standard and special quality stainless steel coils causes 

processing difficulties since the special quality is more difficult to pickle than the standard 

quality. When changing from standard to special quality production, the acid concentration 

and temperature in the pickling bath must be increased and vice versa. These changes in the 

pickling bath take some time and while the changes are performed the line must be slowed 

down or stopped completely. This means that the machine efficiency is decreased. 

1.2.2 Overall Equipment Effectiveness 

The overall equipment effectiveness, OEE, is a measurement tool of how close to the 

theoretical maximum efficiency the machine is producing over a chosen time. It incorporates 

how much time the machine is in production and if it produces below capacity. The tool can 

identify and measure the productivity, it can be used to identify losses or to determine if the 

production should be increased (Muluh Cheh). If the machine is producing below its 

potential then it means financial losses. 
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The OEE is based on three factors, the availability rate, A, the performance rate, P, and the 

quality rate, Q, each is calculated as a fraction of how close to the theoretical maximum it 

currently is. A, P and Q are calculated the same way, see Equation 1. 

 
𝐴𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑙𝑦

𝐴𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑎𝑥𝑖𝑚𝑢𝑚
= 𝐴 = 𝑇ℎ𝑒 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑟𝑎𝑡𝑒 1. 

OEE is then calculated by multiplying A, P and Q, the result is the overall fraction of the 

current productivity divided with the theoretical maximum productivity. The following 

equation 2 show the OEE value calculated as a percentage. 

 𝐴 ∗ 𝑃 ∗ 𝑄 ∗ 100 = 𝑂𝐸𝐸 (%) 2. 

The OEE is an informative number that indicates if the machine is running well or if there are 

problems that reduces the efficiency. OEE can be used to find potentials and bottle necks. 

1.3 CHALLENGES 
Two different mixed acid concentrations are used today, a lower concentration for standard 

quality and a higher for special quality. So, when the production changes between standard 

quality steel and special quality steel the acid concentration also needs to be changed.  

The production is decreased or stopped during the change of acid. The reduced production 

has a direct negative effect on the OEE, and a reduced efficiency in the processing industry is 

equal to economic losses. 

The mixed acid used in the pickling bath is a solution of nitric acid and hydrofluoric acid and 

the change of acid concentration include that people need to handle the acid. The acids are 

hazardous to living beings, not only because they are acids and corrode any organic material 

such as skin, but also because fluoride ions enter the blood stream and precipitate with the 

calcium which can lead to fatal outcomes even at low concentrations, extensive precautions 

are needed when handling them (Seastar Chemicals Inc, 2011). 

NOx gas is a by-product in the pickling reactions and the emissions are regulated since it is 

unhealthy. Therefore, the production of NOx needs to be kept low by not letting the pickling 

reactions happen too fast. 

1.4 PICKLING STANDARD STAINLESS STEEL IN SPECIAL STEEL ACID SOLUTION 
The pickling efficiency of standard quality steel was evaluated at Avesta R&D Center, the 

variables tested were temperature and concentration. The aim of the evaluation was to 

determine if standard quality steel is possible to pickle in special quality acid solution. The 

lab scale trials indicated that the maximum reaction rate of the pickling reactions was 

reached with the weaker acid at 58 °C. Since the lab test-results showed that the increased 

concentration did not increase the reaction rate. Pickling trials in decreased temperature 
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resulted in a lowered reaction rate (Grankvist, 2017). These results show that it is possible to 

pickle the standard quality in a special quality acid solution. 

A full-scale trial based on the study mentioned above was conducted at Nyby in L60. A 

campaign of standard quality steels was run in 3.0/2.7 molar mixed acid, the special quality 

acid solution, and the temperature was set at 62 °C. This experiment had to be discontinued 

due to the NOx emissions and temperature increase. Based on these results this Master 

thesis project was formulated to continue the study of pickling standard quality steel in 

special quality acid concentration. 

1.5 AIM 
When pickling standard quality steel the acid concentration is lowered since the chemical 

reactions are intense in a strong and warm acid mixture. Too intense reactions may lead to 

over-pickling, formation of excessive amounts of NOx and to a temperature increase in the 

pickling bath since there is no cooler installed in the pickling tanks in Nyby. Over-pickling 

results in un-necessary material loss.  

The aim is to investigate the effect of using special acid concentration at a lower 

temperature than usual, when pickling standard quality steel. Instead of decreasing the acid 

concentration, the temperature will be decreased to 50-54°C. The normal temperature when 

pickling standard quality steel is 58°C.  

The aim of this project is to: 

• Reduce the acid consumption. 

• Investigate the possibility of pickling standard steel grades in high concentration acid 

at a decreased temperature. 

• Increase the machine operating efficiency. 

1.5.1 Limitations 

The study is performed with L60 in focus, not considering the other production line, L55, that 

also has the same problem. The project will consider one standard steel quality, 304L, so 

that completion is possible within the timeframe.  
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2 LITERATURE REVIEW 

2.1 STAINLESS STEELS 
There are many different stainless steel types, the properties can differ greatly depending on 

how the material is treated during production and the presence of alloys. The term stainless 

steel means that at least 11 wt% is chromium, the carbon content is low and the main 

component is iron (Callister, 2007).  

The crystal structure is used to categorise stainless steel in different groups: ferritic, 

austenitic, martensitic, and duplex steel (Newson, 2002). 

 

Figure 4. Pictures of typical microstructures. (Avesta Finishing Chemicals, 2009). 

The ferritic stainless steel has a structure that is body centred cubic, BCC, the iron is then 

referred to as ferrite or α-iron (Sinha, 1989). The only alloy addition is chromium, usually 

within the range 12.5 to 17 wt% (Newson, 2002), in some cases small amounts of 

molybdenum and nickel is added (Outokumpu Stainless AB, 2013). 

The stable crystalline structure changes when iron is heated to temperatures between 910 

°C and 1393 °C, the new structure is face centred cubic, FCC, it is called austenite and has a 

higher density than ferrite (Sinha, 1989). The austenitic structure is not stable at 

temperatures below 910 °C but with addition of nickel, the austenitic structure is maintained 

at room temperature. Typical alloy addition is 16 to 26 wt% chromium, 6 to 12 wt% nickel 

(Newson, 2002). Austenitic stainless steel is the most common of stainless steel types 

(McGuire, 2008). 
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Austenitic steel can be subjected to processes that deform the austenitic structure into a 

martensitic, this type of steel has a very high strength (Garcia-Gonzalez, 2005). The amount 

of carbon is high in martensitic stainless steel, up to 1 wt%, and the chromium content is 

between 10.5 and 18 wt% (Newson, 2002). 

Duplex stainless steels are a combination of ferrite and austenite in equal amounts and have 

superior strength and corrosion resistance. The resistance to crevice and pitting corrosion is 

especially good. 

2.2 ALLOYS AND PROPERTIES 
There are many different alloys that can be used to design the different properties that is 

desired. 

2.2.1 Chromium 

Adding a minimum of 10.5 % chromium to iron is the most basic type of stainless steel, the 

corrosion resistance of the material is significantly improved. The chromium has high affinity 

for oxygen and will form the passivated layer that protect the material from further 

corrosion, an increased chromium content will increase the strength of the passivated layer 

(Newson, 2002).  

The ferritic structure is promoted and stabilized by chromium (Newson, 2002). 

2.2.2 Nickel 

The corrosion resistance can be further improved by adding nickel to the Fe-Cr alloy, the 

mechanical strength is also increased. An important effect of nickel addition is the 

retainment of the austenitic structure in steel when it is cooled to room temperature. The 

structure of a stainless steel with 8-9 % nickel will be completely austenitic. A nickel 

composition that is higher than 8-9 % increases the corrosion resistance and the workability 

further (Newson, 2002). 

2.2.3 Molybdenum 

The addition of molybdenum also improves the corrosion resistance. Molybdenum stabilize 

the ferritic structure and if it is used in austenitic steels then austenite stabilizers also needs 

to be used. The alloy increases the high temperature strength in martensitic steel (Newson, 

2002). 

2.2.4 Nitrogen 

Nitrogen can improve corrosion resistance and mechanical strength (Outokumpu Stainless 

AB, 2013), it also reduce ferrite formation when the temperature is high and martensite 

formation when the temperature is low (Rousu, 2003). Nitrogen is also an austenite 

stabilizer (Ahmad, 2006). 

2.2.5 Copper 

Usually copper is present as a residue from copper contaminated scrap charged into the 

smelter, the removal of copper from an iron melt is inefficient and next to impossible since 

copper has lower oxygen affinity than iron. Copper cause hot shortness on the surface of 
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copper containing steel, this results in cracks on the surface (Takemura, o.a., 2011). 

However, the presence of copper can improve the intermetallic strengthening, and together 

with nickel it can enhance the corrosion resistance towards sulphuric acid (Rousu, 2003). 

2.2.6 Other 

An increased presence of aluminium, niobium, vanadium or titanium can reduce the grain 

size of the alloy. An effect can be seen at low variations of the composition of the mentioned 

elements.  

Carbon is present but not desirable in stainless steel since carbide formation will occur, 

carbide make the steel brittle and lowers the quality. An example is the chromium carbide 

that can precipitate in the grain boundaries if the carbon content is high, this phenomenon is 

called intergranular corrosion (Outokumpu, 2015).  

The carbon atoms are smaller than the iron atoms can occupy interstitial positions in the 

austenitic FCC structure, Figure 5 shows an example of the carbon atom position in the 

austenite unit cell. 

 

Figure 5. Possible locations for carbon atoms in interstitial positions (Thelning, 1985). 

2.3 CORROSION AND OUTOKUMPU PRODUCTS 
Outokumpu has a wide variety of steel products in their product families. These products are 

divided into different groups depending on the resistance to corrosion, hardness, strength 

and the suitability of high-temperature applications (Outokumpu, 2015). 

The corrosion resistance is calculated based on the amount of alloy addition according to 

equation 3 

 𝑃𝑅𝐸 = %𝐶𝑟 + 3.3 ∗ %𝑀𝑜 + 16 ∗ %𝑁 3. 

PRE is an abbreviation of pitting corrosion equivalent and a higher PRE means higher 

resistance to corrosion. 

The groups in the classic family are listed in Table 1 and the groups in the pro family are 

listed in Table 2.  
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Table 1. The classic product family, the standard quality. 

Classic 
Family 

Structure Property 

Moda 
range 

Ferritic PRE: <17 

Core 
range 

Austenitic 
(some 
ferritic) 

PRE: 17-
21 

Supra 
range 

Austenitic 
(one 
ferritic) 

PRE: 22-
26 

 

Table 2. The pro product family, the special quality. 

Pro 
Family 

Structure Property 

Ultra 
range 

Austenitic  PRE: >27 

Forta 
range 

Duplex 
(one 
austenitic) 

PRE: 18-43 
High 
strength 

Dura 
range 

Martensitic High 
Hardness 

Therma 
range 

Austenitic 
(some 
ferritic) 

High service 
temperature 

2.4  ANNEALING 
Annealing is a treatment used to both reduce the hardness and to make the steel structure 

easier to treat, during rolling in downstream processing (Thelning, 1985). The steel is heated 

to temperatures between 900 and 1200 °C during annealing, the temperature depends on 

the composition in the material. The purpose of annealing is to remove the dislocations in 

the crystal structures, to recrystallise and to let grain growth occur, which reduces the 

hardness in the material. Annealing at high temperature for a long time will result in a larger 

grain size than a shorter annealing at lower temperature.  

The surface is oxidised during the process annealing due to the high temperature combined 

with oxygen. A thick oxide scale forms on the surface. 

During annealing of low carbon steel the oxidised surface can be divided in three layers, a 

FeO layer closest to the bulk metal, a thin Fe3O4 layer and a thin layer of Fe2O3 on the surface 

(Bhattacharya, Jha, Kundu, Shankar, & Gope, 2006), the magnetite and hematite does not 

dissolve in pickling bath but wustite does (Myrsell, 2014).  

The annealing of stainless steel results in two different layers, one highly oxidised chromium 

enriched layer at the surface and one chromium depleted between the bulk metal and the 



11 
 

oxidised surface. The enrichment of chromium can be attributed to the higher oxygen 

affinity of chromium compared to iron, which cause the chromium to diffuse toward the 

oxygen rich surface and form Cr2O3. The scale that form on the surface consists of both 

chromium oxide and iron oxide, and the chromium depleted layer decrease the quality of 

the surface. In stainless steel, it is the passivation of the surface that suppress the corrosion 

it is therefore important to achieve a clean and smooth surface without defects. The 

removal of the scales and the chromium depleted layer is necessary to obtain a high surface 

quality without defects, this is achieved through pickling.  

2.5 PICKLING – THEORY  
Pickling is the removal of the oxide layer, which is formed during annealing, and the 

chromium depleted zone beneath the oxide. When the oxide and chromium depleted zone 

is removed, the bulk material is exposed. The exposed bulk metal can react with oxygen and 

form the thin passive layer that will protect the stainless steel from corrosion. Pickling is 

commonly referred to as a surface cleaning process, which is not entirely accurate but it is 

quite describing of what happens.  

The thickness of the oxidized layer is approximately 0.2 to 1.0 µm thick in cold rolled grades. 

The hot rolling creates a thicker oxide layer, varying between 1 and 30 µm (Lindell & 

Pettersson, 2010). The chromium depleted layer has a thickness between a few hundred 

nanometers and a few micrometers (Li & Celis, 2003). 

Mixed acid is a common pickling method where the steel is submerged or sprayed in a 

solution of nitric acid and hydrofluoric acid, popular due to its efficiency.  

Pickling efficiency is dependent on pre-treatment, temperature, acid concentration and acid 

circulation. After pickling, the surface needs to be thoroughly rinsed, otherwise spots and 

defects can appear. 

2.5.1 Pre-treatment 

A pre-treatment consists of one or multiple combined processes where the oxidised layer is 

subjected to stress to create cracks and openings. This simplifies the penetration of the 

pickling solution and increases the efficiency (Li & Celis, 2003). 

Shot blasting is an example of a pre-treating method, in this process small grains of steel or 

sand are blasted at the oxidised surface with force. It thins the oxide and create cracks in the 

oxide layer so that the penetration of the acid in the following pickling step is simplified. 

Another method of pre-treatment is to use a tension leveller which can stretch the coil 

which by applying force in opposite directions cause cracks in the oxide scales and to make 

the structure in the material better and to flatten the coil. 

Figure 6 shows a simple illustration of an oxidised surface with cracks (A) the chrome 

depleted layer (B) and the bulk metal (C) from the side of a cross section. 
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Figure 6. Illustration of the oxide, chromium depleted zone and bulk material on an annealed steel surface (Granqvist, 2018). 

2.5.2 Chemistry 

The mixed acid enters through the cracks created by pre-treatment and the nitric acid start 

to dissolve the chromium depleted layer as shown in Figure 7. 

 

Figure 7. The acid starts to dissolve the chromium depleted layer which produce positive metal ions in solution (+) 
(Granqvist, 2018). 

The dissolution of the chromium depleted layer is a redox reaction where the solid metals, 

mainly Fe, Cr and Ni, are oxidised by NO3
- to Fe3+, Cr3+ and Ni2+. Reaction 1 show the 

dissolution and oxidation of iron; the same reaction applies to the other metals as well 

(Lindell & Pettersson, 2010). 

 𝐹𝑒(𝑠) + 4𝐻+ + 𝑁𝑂3
− → 𝐹𝑒3+ + 𝑁𝑂(𝑔) + 2𝐻2𝑂 1. 

Gas forms in this reaction which generate bubbles that physically drives the oxide from the 

surface. Metal ions dissolve but the pickling reactions are inhibited if the concentration of 

the positive metal ions grows too high, in line with Chatelier’s principle. 

The hydrofluoric acid drives the pickling reactions, depassivate the surface and removes the 

dissolved metal ions from the solution by forming positive complex ions (Fortkamp, 

Filipsson, Tjus, Bjurhem, & Ekengren, 2002) as Figure 8 illustrates (# symbolise the metal 

fluoride complexes). 

A 

B 

C 
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Figure 8. When the surface is pickled and all oxides are removed (Granqvist, 2018). 

The ferric iron in solution can form complex with the fluoride according to the following 

reaction 2 (Li & Celis, 2003): 

 𝐹𝑒3+ + 3𝐹− → 𝐹𝑒𝐹3(𝑠) 2. 

If the concentration of ferric iron is higher than ferrous then solid iron can be dissolved: 

 2𝐹𝑒3+ + 𝐹𝑒 → 3𝐹𝑒2+ 3. 

Hydrogen peroxide is mainly added to regenerate the nitric acid, this is addressed in chapter 

2.6 NOx, H2O2 can also re-oxidise the ferrous ions according to reaction 4, 

 2𝐹𝑒2+ + 𝐻2𝑂2 + 2𝐻+ → 2𝐹𝑒3+ + 2𝐻2𝑂 4. 

But if the ferrous concentration is higher than the ferric in presence of fluoride then the 

following reaction 5 occur: 

 𝐹𝑒2+ + 2𝐹− → 𝐹𝑒𝐹2(𝑠) 5. 

The solid FeF3 and FeF2 precipitates and form a sludge that is filtered. But if the amount 

solids are too high then clogging will occur (Fortkamp, Filipsson, Tjus, Bjurhem, & Ekengren, 

2002). 

The dissolved metal content affects the pickling efficiency, particularly iron, some dissolved 

iron catalyses the pickling reactions, however when the metal content is increased the 

pickling rate is decreased (Fortkamp, Tjus, & Jansson, Factors influencing crystallisation from 

mixed acid pickling baths for stainless steel). This can be explained by the precipitation of 

metal fluorides which consume the fluoride in the pickling bath, the pickling rate can be 

upheld by continuously adding fresh acid, however the metal concentration should not 

exceed 60 g/L to keep the process economically viable (Dahlgren, 2010). The optimal iron 

concentration is around 20 g/L (Rousu, 2003) (Ono, Uchida, & Ishibashi, 1992). The solubility 

of metals increases with increased temperature (Fortkamp, Tjus, & Jansson, Factors 

influencing crystallisation from mixed acid pickling baths for stainless steel).  

The acid solution is considered spent when the metal concentration becomes too high, it is 

then sent to neutralisation where lime is added and the ions precipitates and are filtered 

from the liquid (Ma, 2004). The target value for the dissolved iron, in the L60 pickling bath, is 
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25 to 30 grams per litre, if the concentration is higher, then the acid is considered spent and 

is sent to neutralisation. This target is set to prevent the precipitation of iron fluorides in the 

pickling bath. 

2.5.3 Alloy composition – effect on pickling 

The alloying elements and the amount of them greatly affect the properties of the steel and 

therefore also the pickleability. Chromium and nickel are the two most common alloys in 

stainless steel, and they increase the corrosion resistance. The pickling efficiency is 

decreased when the corrosion resistance is increased since the alloys can form spinels that 

are difficult to dissolve (Rousu, 2003). Chromium seem to decrease the porosity of the oxide 

scale which slow the pickling efficiency. 

A study where the composition of manganese was varied between 1 wt% and 1.5 wt%, 

concluded that the oxide layer become more porous when the manganese content is 

increased, which results in a more effective pickling (Niska & Kostamo, 1997) (Rousu, 2003). 

The same study also found that an increased manganese content resulted in a thicker oxide 

layer. The oxide scale adhesion to the stainless steel surface depends on the thickness of the 

oxide, a thicker oxide layer has lower adhesion energy (Mougin, Duplex, Antoni, & Galerie, 

2003). 

2.5.4 304L 

304L is a standard steel quality that is easily over-pickled if the temperature and acid 

concentration is high. The 304L is an austenitic stainless steel type defined by ASTM A240 

which is a global standard specification for stainless steel (ASTM International, 2018). The 

alloy normally consists of 0,02 wt% C, 18,1 wt% Cr and 8,1 wt% Ni. 

Special steel grades are quite resistant to the acids during pickling, therfore the 

concentration of acids and the temperature needs to be higher than in the pickling process 

for standard steel grades. Table 3 show the target concentrations for nitric acid and 

hydroflouric acid, and the desired temperature for pickling standard and special grades 

respectively. 

Table 3. Target concentrations and temperature for the mixed acid in the pickling process. 

 HNO3 
(M) 

HF 
(M) 

Fe 
(g/l) 

T 
(°C) 

Standard 2 1,7 25-30 58 

Special 3,0 2,7 25-30 62 

2.6 NOX 

Small amounts of NO2 gas is formed naturally but in higher concentrations it becomes an 

environmental issue. A background concentration of 2.5 µg/m3 can be estimated based on 

the lowest measured concentration of NO2 in EUs populated areas (European Environment 

Agency, 2017). 

The Swedish Environmental Protection Agency has determined a maximum target value of 

20 micrograms per cubic meter of air as an annual average for the concentration of NO2  
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(Naturvårdsverket & Säll, 2017). The value is based on the low-risk level for cancer as well as 

the protection of human, animal and environmental health. 

Exposure to NO2 gas, with a concentration higher than 200 µg/m3, has a significantly 

detrimental effect on the human and animal health (World Health Organisation, 2005). 

Excessive amounts of NOx also cause eutrophication which disrupt the balance in the 

ecosystem (European Environment Agency, 2017). 

The industries that use processes where NOx gas develops, have strict regulations from the 

government concerning emissions. Outokumpu in Nyby has an emission limit value of the 

amount of NOx gases that can be released. The emission limit is 7 kg/hour and is not allowed 

to be exceeded. Nitrous gas forms both in the annealing furnaces and in the pickling baths at 

Outokumpu, the 7 kg/h limit apply for these combined. 

The fumes from pickling in both L60 and L55 is continuously sampled for the nitrous gas 

content, and then combined since all the fumes and gases from the processes where acid is 

used and where the acid is present is collected in a scrubber. The gas that is released from 

the chimney is then also sampled continuously to measure the total amount of NOx gas that 

is released. 

In this study, it is the fumes from the pickling bath in L60 that will be in focus, the maximum 

limit for this process is 600 ppm. A sudden increase of NOx indicates that the pickling 

reactions are spiralling out of control. 

The reactions in the pickling chapter show how NO forms when the metal ions are dissolving, 

the air then oxidises the NO to NO2. Hydrogen peroxide can be added to reduce the nitrous 

gas emissions (Li & Celis, 2003). The reactions 6-8 describes how the suppression of NO2 is 

achieved by converting it back to nitric acid using hydrogen peroxide.  

 

NO can also be converted to nitric acid if hydrogen peroxide is present, see equation 8. 

 

The formation of NOX gases in the pickling bath increases if the temperature is high or if the 

acid concentration is high. The regulation on NOX emissions are very strict and the process 

will be stopped if the emission is too high. 

  

 2𝑁𝑂2 + 𝐻2𝑂2 → 2𝐻𝑁𝑂3 6. 

 𝑁𝑂 + 𝑁𝑂2 + 2𝐻2𝑂2 → 2𝐻𝑁𝑂3 + 𝐻2𝑂 7. 

 2𝑁𝑂 + 3𝐻2𝑂2 → 2𝐻𝑁𝑂3 + 2𝐻2𝑂 8. 



16 
 

3 METHOD 

3.1 PLANNING 
The plan was to vary the temperature, but keep the acid concentrations constant, see Table 

3 for the aim concentrations when pickling special grades. The parameter of interest is 

therefore the temperature. The intention was to test different temperatures in the mixture 

normally used for pickling special grades, while all other parameters such as thickness and 

speed were kept constant. Since a stronger mixed acid can cause a higher reaction intensity 

compared to a weaker mixed acid, the NOx emissions were also monitored. 

After the pickling trials, the plan was to evaluate the surfaces to see if the coils have been 

pickled satisfactory. 

3.2 TESTS 
The standard quality test coils were run through L60 the same way as normal but with 

special acid concentration with lowered temperature in the pickling bath. 

A sample pickled in a mixed acid solution normally used for pickling standard grades, was 

collected so that the current surface could be examined, i.e. to establish a baseline of how 

the pickling should look after L60. The coil that was pickled in the so called standard mixed 

acid solution is the reference sample (REF 217562). The REF material was exposed to the 

mixed acid for 1,15 minutes (line speed 21,75 m/minute and the pickling section is 25 meters 

long). The temperature in the pickling bath was 58,2 °C when pickling the reference sample. 

In Figure 9 the concentrations, while pickling the reference coil and the test coils, are 

plotted. The target concentration, the recipe concentrations, are also plotted in Figure 9. 

Three different temperatures in the special acid bath were tested, 50 °C (217600 and 

218616), 52 °C (217518:2) and 54 °C (217518:1, 218015 and 218206).  

A total of seven tests were performed in special acid, all listed in Table 4. The conditions 

during the tests in L60 are listed there as well. The recipe speed show if the coil was run 

according to the recipe or not, 100 % means that the coil was produced with recipe speed. 

Table 4. The tests performed in L60. 

 [HNO3] [HF] [Fe] T NOx Speed Recipe 
speed 

Time in 
bath 

Thick- 
ness 

 (M) (M) (g/l) (°C) (ppm) (m/min) (%) (min) (mm) 

REF 217562 2,57 2,29 30,18 58,2 275 21,75 100 1,15 3,5 

217600 2,89 2,57 10,4 50 10-50 22 100 1,14 3,5 

217518:2 2,89 2,57 10,4 52 10-50 15 68 1,67 3,5 

217518:1 2,89 2,57 10,4 54 10-50 15 68 1,67 3,5 

218015 2,89 2,7 21,5 54,4 25 18 100 1,39 4 

218616 3,04 2,78 30,1 50,2 25 15 100 1,67 5 

218615 3,04 2,78 30,1 54,5 25-100 15,2 100 1,64 5 

218206 3,04 2,78 30,1 54,3 100-150 15,2 100 1,64 5 
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The concentration of dissolved iron is low in the pickling bath during the tests of 217600 and 

217518. The thickness of the coils was not possible to keep constant during the tests due to 

limited order stock.  

The “Standard (58 °C)” is the recipe concentration for what the concentration should be 

when standard quality steel is pickled, i.e. the aim concentration. The reference is the actual 

concentration that the standard quality is pickled with today, the reason why the current 

standard concentration is higher than the aim concentration for standard quality is that the 

aim concentration was elevated just before this project started. The protocols had not been 

updated when this thesis was formulated and therefore the aim concentration is outdated. 

 

Figure 9. Tests in correlation to the ref, standard and the special quality recipe. 

3.3 ANALYTICAL 
A sample was cut from every coil mentioned in Table 4, two samples were also collected 

after final annealing and pickling in L55, to ensure that the pickling in special acid has no 

negative effects on the surfaces downstream. One sample from 218015 and one from 

217600 was collected after L55. 

Figure 10 shows some of the samples that were cut from the test coils, each piece was cut to 

approximately 8 times 4 centimetres. 
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Figure 10. Some of the samples cut from the test coils. 

Table 5 lists the methods used to study the samples analytically. 

 

Table 5. The different methods used to evaluate the samples. 

Prov Optical 
Microscopy 

Surface 
roughness 

Scanning 
Electron 

Microscopy 

Niton X-ray 
Fluorescence  

Glow Discharge 
Optical Emission 

Spectroscopy 

REF X X X  X 

218015 X X X  X 

218206 X X X   

218615 X X X X  

218616 X X X X  

217600 X X X  X 

217518:1 X X X  X 

217518:2 X X X   

218015 L55 X X X   

217600 L55 X X X   

 

3.3.1 Light optical microscopy 

Light optical microscopy (LOM) is a method that is used to visually study the surface under 

magnification, the method shows the grain boundaries. The degree of pickling can be 

determined based on the width of the grain boundaries, the broader grain boundaries the 

more pickled the surface is. Eventual oxide residues will also be detected when studying the 

surfaces using LOM. 

Multiple locations of the surface on each sample was studied. 

3.3.2 Surface roughness, Ra 

The surface roughness was evaluated using the standard method according to DIN EN ISO 

4287. 

The arithmetic mean roughness value or arithmetic average height, Ra, is a commonly used 

parameter to evaluate the surface quality, it can be calculated from the measured surface 

profile. Equation 1 show the mathematical formula used to calculate Ra, 
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 𝑅𝑎 =
1

𝑙
∗ ∫ |𝑦(𝑥)|𝑑𝑥

𝑙

0

 1. 

where l is the length of the sampled surface. The parameter is defined as “The average 

absolute deviation of the roughness irregularities from the mean line over one sampling 

length” (Gadelmawla, Koura, Maksoud, Elewa, & Soliman, 2002). 

Rz is another value that can be used to evaluate the surface profile, it stands for the 

maximum roughness profile height. The number is calculated from the average distance 

between the five highest peaks and the five lowest valleys. The parameter is more affected 

by occasional high or low irregularities than Ra (Gadelmawla, Koura, Maksoud, Elewa, & 

Soliman, 2002). 

The surface roughness is measured using a needle that record the surface profile. The 

standard procedure is to measure the topography perpendicular to the rolling direction, see 

Figure 11. 

 

Figure 11.Illustration of the surface profile (Swedish Institute for Standards, 2018). 

The Surface roughness was measured according to the standard method mentioned above. 

It was measured five times and if the variation was big then an extra measurement was 

conducted.  



20 
 

 

Figure 12. Picture of the needle on the sample surface. 

Each Ra and Rz value is an average of five measurements. 

3.3.3 Field emission gun - scanning electron microscopy, FEG-SEM 

The FEG-SEM provides an accurate view of the surface when the magnification is high. The 

method is slower than the optical microscopy but has higher quality, therefore the surface 

can be studied with further detail compared to the optical microscope. 

The side of the sample with higher Ra value was studied in the SEM since the side with the 

higher Ra value was deemed interesting. 

3.3.4 Niton X-ray Fluorescence 

X-ray fluorescence, XRF, is a method that excites the sample and measure the fluorescent x-

rays that are emitted. The secondary x-rays have characteristics that correspond to different 

atoms, as a result; the composition can be quantified (Portable Analytic Solutions, 2018). 

The Niton XRF was used to quickly determine if the composition was different between two 

of the samples that had different grain structures. It is important to note that this method 

has low accuracy. 

3.3.5 Glow Discharge Optical Emission Spectroscopy, GD-OES 

The method combines sputtering and atomic emissions to analyse the sample layer by layer, 

the results show both bulk composition and the depth profile. 

The GD-OES was used to determine the degree of pickling on the reference surface and 

three other differently pickled surfaces. The aim was to see if any differences could be seen 

concerning oxides or chromium depleted zones. Note that the GD-OES analysis shall be 

considered as qualitative and not quantitative analysis.   



21 
 

4 RESULTS 

The results have been divided in two categories, direct results and analytical results. The 

direct results are based on a visual quality evaluation performed during the coils exit out of 

L60. The quality evaluation determines if the coil can continue to downstream processes or if 

the coil has oxide residues that needs to be removed by re-pickling the coil in L60.  

An inefficient pickling of a coil is simple to identify visually, there are brown and black stains 

on the surface, however when a coil is successfully pickled, the degree of pickling is 

impossible to determine visually. A sample of each test coil was therefore cut out and 

studied individually, hence the second category of analytical results. These results are based 

on optical microscopy, surface roughness, SEM and XRF. 

A chapter on the process improvement is also included, this was the basis for the economic 

calculations that were conducted, it is redacted due to company integrity. 

4.1 DIRECT RESULTS 
The full-scale tests were successful, no oxide residues could be seen on the surface of the 

stainless steel coils. The pickling had successfully removed the oxide layer that forms on the 

surface during annealing. All coils in the tests performed in this study passed the visual 

quality evaluation. 

The opinion from the professional quality evaluators were that the coils in the tests were 

unusually clean, the 304L qualities often have oxide residues on the surface and need to be 

run through the process a second time. 

4.1.1 NOx 

The NOx emissions are continuously monitored in Nyby, and the levels of the emissions 

during the tests are presented in Table 6. The data was collected from the monitored 

emission graphs, see Figure 21, Figure 22, Figure 23 and Figure 24 in the appendix. 

Table 6. The emissions of NOx from the pickling bath in L60. 

Coil NOx 

 (ppm) 

REF 217562 275 

217600 10-50 

217518:2 10-50 

217518:1 10-50 

218015 25 

218616 25 

218615 25-100 

218206 100-150 

 

The NOx emissions are low compared to the emissions during the reference run, only the 

tests of 218206 exceeded 100 ppm. 
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Furthermore, after the last test coil included in this project (218206) more 304L coils were 

produced using same concentrations as described above. During the campaign of 304L steel 

that was produced after the 218206-test, had increased NOx emissions. The emission 

peaked at 300 ppm and decreased after that. Still, 300 ppm is well below the maximum limit 

of 600 ppm. The increased emission occurred at the same time as when the temperature 

was increasing with approximately ½ degree °C per hour. 

4.2 ANALYTICAL RESULTS 
The following figures show the surface from the light optical microscope (LOM) study. One 

representative picture from each sample is shown. The width of the grain boundaries differ 

between the different coil samples, see Figure 13, Figure 14, Figure 15, and Figure 16. The 

grain size is noticeably different between many of the coils.  

The reference coil in Figure 13 have thinner grain boundaries than 218206 in the same 

figure. The broader grain boundaries indicate that 218206 is pickled longer than the 

reference coil, or that 218206 is slight over pickled. 

 

Figure 13. The surface after L60, REF (Ra=4.3 µm) to the left and 218206 (Ra=4.4 µm) to the right. The zoom is 1000. 

Figure 14 show the coil that was produced while the temperature in the pickling bath 

increased from 52 °C to 54 °C (217518:1 and 217518:2). The grain boundaries at coil 217518 

are wider than the grain boundaries of the reference coil due to longer dwell time in the 

pickling bath than planned (68 % of recipe speed). 
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Figure 14. The surface after L60, 217518:1 (Ra=3.7 µm) to the left and 217518:2 (Ra=4.0 µm) to the right. The zoom is 1000. 

Figure 15 show the two samples from the optical microscope study that was analysed with 

the Niton analyser. 

 

Figure 15. The surface after L60, 218616 (Ra=4.2 µm) to the left and 218615 (Ra=4.1 µm) to the right. The zoom is 1000. 

The reason why the Niton analyser was used is the difference in grain size at the surface 

between 218616 and 218615. High contents of Al, Nb, V and Ti may influence the size of the 

grains in stainless steel. A suspicion of differing alloy composition arouse however the Niton 

analyser refuted that suspicion, the composition seems equal in the analysis. The variations 

of Al, Nb, V and Ti, that can reduce the grain size, are too low for the Niton XRF to detect, 

though the difference in grain size is probably a result of differing heat treatment. 
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Figure 16. The surface after L60, 218015 (Ra=3.7 µm) to the left and 217600 (Ra=4.1 µm) to the right. The zoom is 1000. 

The difference in darkness of some pictures is due to a missed adjustment of brightness and 

white balance, not because the samples have different colours. 

4.2.1 Surface roughness 

The surface roughness was measured on both sides of the samples, and as seen in Table 7 

the Ra values are similar and independent of the bath temperature, thickness and line 

speed. Note that the Ra differs between the samples two sides. The column named “minutes 

in bath” show the amount of time the surface of the coils was submerged in the pickling 

solution. 

Table 7. Table of the tests, with the Ra values. 

Sample Conc. 
HNO3/HF/[Fe] 

Minutes 
in bath 

% of 
planned 

speed 

Thickness 
(mm) 

Ra 1  Ra 2 Temp. 
C° 

REF 2.6/2.3/30 1,15 100 3,5 3,6 4,3 58 

218015 2.9/2.7/22 1,39 100 4 3,0 3,7 54 

218206 3.0/2.8/30 1,64 100 5 3,7 4,4 54 

218615 3.0/2.8/30 1,64 100 5 3,4 4,1 54 

218616 3.0/2.8/30 1,67 100 5 3,2 4,2 50 

217600 2.9/2.6/10 1,14 100 3,5 3,6 4,1 50 

217518:1 2.9/2.6/10 1,67 68 3,5 3,2 3,7 54 

217518:2 2.9/2.6/10 1,67 68 3,5 3,0 4,0 52 

 

4.2.2 Field emission gun - scanning electron microscopy, FEG-SEM 

The FEG-SEM was used to study the surface in detail. Only one side of each sample was 

studied, the side with the highest Ra value. 

The pictures from the FEG-SEM study are similar to the pictures from the light optical 

microscopy, the difference is that the FEG-SEM allows a higher magnification compared to 

LOM. Figure 17 show the pictures of the samples from the Reference (standard acid, 58 °C), 

218015 (special acid, 54 °C), 217600 (special acid, 50 °C) and 217518 (special acid, 54 °C, 

reduced line speed). These surfaces were also further studied using GD-OES.  
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Figure 17. The surface of the REF, 218015, 217600 and 217518, from top left to bottom right. FEG-SEM x1500. 

The surface of the reference coil (standard acid, 58 °C) shows a striking resemblance to the 

surface of the 218015-test coil (special acid, 54 °C).  

217518 (special acid, 54 °C, reduced line speed) have wider grain boundaries and more 

rounded corners when compared to the reference coil (standard acid, 58 °C) in Figure 17. 

The wider grain boundaries suggest slight over-pickling, but on the other hand the surface 

roughness, see Table 7, on the 217518 is somewhat lower compared to the roughness on 

the reference coil. 

 

Figure 18. 218015 to the left and 217600 to the right. FEG-SEM x1500. 
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The two samples from the finishing line, L55, in Figure 18 clearly show that the grain size in 

the material from L60, Figure 16, does not affect the grain size in the cold rolled and final 

annealed material. After L60, the grains at 218015 were larger compared to the grains at 

217600, see Figure 17. The two samples collected after L55 from 218015 and 217600, show 

a large resemblance in Figure 18 when the grain size distribution and grain boundary 

thickness is compared, despite the difference between them in Figure 17. Note that the 

grain size is not affected by the pickling procedure. Grain size is among others affected by 

the heating procedure, see chapter 2.4 Annealing above. 

4.2.3 Glow Discharge Optical Emission Spectroscopy, GD-OES 

The depth profile was analysed on the four different samples showed in Figure 17 and the 

depth profiles are shown in Figure 19. 

The difference between the coils studied using GD-OES was the temperature in the pickling 

bath and the recipe speed as listed in Table 8. 

Table 8. The process differences between the samples. 

Coil Temperature Recipe speed 

 (°C) (%) 

REF 58 100 

218015 54 100 

217600 50 100 

217518 54 68 
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Figure 19. Depth profile of the REF, 218015, 217600 and 217518, from top left to bottom right. 

Origin on the x-axis is at the surface of the sample and moving to the right along the axis 

correspond to the depth of the analysed sample. The total depth that was analysed was 2.8 

µm. The y-axis is the composition of the elements in percentage, so the graphs show the 

composition as a function of the depth. 

It can be seen that the samples have similar composition and surface profile. For example, 

there is a thin chromium depleted zone on all samples, and the depletion is not larger at the 

217600 (special acid, 50 °C) compared to the reference sample (standard acid, 58 °C), 

218015 (special acid, 54 °C) or 217518 (special acid, 54 °C, reduced line speed).  This 

indicates that all four coils have been pickled equally.  

4.2.4 Process improvement 

Cold rolling capacity is a constrain in Outokumpu with the market situation today. Therefore, 

if Nyby can improve the equipment efficiency then it is possible to take more customer 

orders on standard stainless steel. The Outokumpu concern distributes the orders based on 

the productivity of the different sites, so if the efficiency increases at Outokumpu Nyby then 

the order stock will be increased as well. An increased OEE would therefore be equal to an 

increased income for Outokumpu. 

An increased effectiveness in the L60 will increase the hours that the line is processing steel. 

One coil takes approximately 60 minutes to run through the line, the switch from standard 

acid concentration to special acid concentration take approximately 30 minutes and the 
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switch from special concentration to standard acid concentration take approximately 60 

minutes, a dummy coil is used during the latter one. 

L60 is a bottleneck and is calculated to be 50 % of the total plant limitation since there are 

many processes at Nyby that affect the production. The standard steel considered here, runs 

through the line at 20 tonnes per hour. If the time it takes to switch acid concentration can 

be eliminated/reduced with one hour then the produced steel would be increased with 20 

tons. Therefore, an increased efficiency in L60 can be accounted to approximately 50 % and 

this would mean that one hour increased production will result in 10 tonnes of produced 

material. 

The material yield in the plant, on standard stainless steel, is today little over 80 %. The 

material yield reduces the 10 tonnes per hour to 8 tonnes per hour in material product. The 

gain from one hour increased production time in L60 will therefore be 8 tonnes of extra 

material that can be sold.  

The experiments conducted in this study shows that the standard quality steel, 304L, can be 

pickled in the special quality mixed acid concentrations. This means that the changes in acid 

concentration between different steel qualities are unnecessary if the temperature is 

reduced. 

The required efficiency is to cool the pickling bath in 1 hour where the temperature will go 

from 62 °C to 54 °C. The bath is 35 m. 

The specific heat capacity (Cp) for the mixed acid solution was calculated using the simple 

method of multiplying the Cp for the pure substances with the weight fraction of the 

components. 

𝐶𝑝 = 𝑤1 ∗ 𝐶𝑝1 + 𝑤2 ∗ 𝐶𝑝2 (Teja, 1983). 

The pickling bath consists of 15 % HNO3 and 5 % HF (Riebe & Jyri, 2017), the dissolved 

metals and the metal fluorides are present in low concentrations and these are not 

considered to simplify the calculations, the calculation of the specific heat capacity can be 

seen in Table 9.  

Table 9. Calculation of specific heat capacity. 

Cp(HF) 2552 J/kg*T (Solvay, 2014) 

% HF 5%    

Cp(HNO3) 1720 J/kg*T (Engineering ToolBox, 2018) 

%HNO3 15%    

Cp(water) 4178 J/kg*T (Perry, Green, & Maloney, 
1997) 

%H2O 80%    

Cp 3728 J/kg*T  

 

The density is assumed to be the same as for water since all components are in aqueous 

solution. The specific heat capacity for water was calculated at 54 °C. With these crude 
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assumptions, the calculations show that the energy requirement is close to 1 GJ which 

translates to an effect on the cooling that needs to be 413 kW when the efficiency is 

assumed to be 70 %. The effect of 413 kW will however only be used during the hour it takes 

to cool the bath to 54 °C, the cooling effect required to keep the temperature on 54 °C 

during pickling of 304L coils is calculated to just below 26 kW with a 70 % cooling efficiency. 

The record of the coils was studied to determine how often the production were changed 

between special and standard quality steel production, Table 10 shows the switches that 

occurred during January, February and March 2018. The numbers “1” and “0” was used to 

identify the switches, 1 is the switch from special quality to standard quality and 0 to show 

the switches from standard to special quality campaigns.  

Table 10. The switches between special and standard campaigns in L60. 

Type Change Date and Time 

130033  1 2018-01-02 19:57 

658919 0 2018-01-04 04:00 

2323 1 2018-01-22 08:58 

5857 0 2018-01-24 17:58 

130033 1 2018-01-29 23:21 

194201 0 2018-01-30 23:40 

130033 1 2018-02-03 01:06 

6112 0 2018-02-07 06:02 

130033 1 2018-02-13 22:47 

196502 0 2018-02-15 03:27 

130033 1 2018-02-22 03:56 

6112 0 2018-02-23 20:27 

130033 1 2018-03-05 08:43 

6112 0 2018-03-07 02:45 

130033 1 2018-03-13 12:47 

196502 0 2018-03-14 18:00 

130033 1 2018-03-21 08:49 

196502 0 2018-03-21 22:59 

130033 1 2018-03-29 12:44 

 

The campaigns are long, the switch from special quality stainless steel to standard quality 

occurred 10 times during the three first months of 2018. Assuming the three months in 

Table 10 are representative, then there are 40 switches from special to standard in one year. 

This is likely a reason as to why Outokumpu Nyby has difficulties to deliver products on time 

to the customers. The number of switches is assumed to decrease with 80 % since there may 

still be qualities that needs to continue to run in a diluted acid solution. A switch from special 

acid concentration to standard is assumed to take 60 minutes, a dummy coil is assumed to 

be used during the switch, which results in 32 hours. Using a standard coil that has a higher 

alloy content during the cooling of the pickling bath would mean 32 hours of increased 

availability. The 32 extra hours correspond to 256 extra ton of products per year. 
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The record of the coils also shows that there are approximately 3 re-picklings per month, this 

correspond to 36 re-pickled 304L-coils per year. The stronger acid with cooled temperature 

is estimated to reduce the number of re-picklings with 80%, and since one run take 40 

minutes the liberated time in L60 would be 19.2 hours. 19.2 extra hours in L60 per year 

would then result in 153.6 tonnes extra product. 

The increased availability based on the assumptions and calculations above results in an 

increased production with 409.6 tonnes of standard grade product per year. 

There are aspects that are important but difficult to calculate as well, such as increased 

safety and improved work environment that the reduced handling of acid means to the 

people that work at Nyby. A cooling system can improve the ability to control the process, 

which is an important factor. To run the standard grades in special quality acid solution with 

a decreased temperature were concluded to have an inhibiting effect on the NOx formation, 

based on the results in this study, which is positive for the environment. 
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5 DISCUSSION 

In the direct results, it was mentioned that the quality evaluators opinion is that the coils 

were unusually clean. That remark is very positive, it shows that the pickling is efficient at 

the tested temperatures. It is also an indication of that more coils will be sent to 

downstream processing directly instead of being re-run through L60 a second time when 

special acid concentration is used. A re-pickling of a coil in a machine reduces the OEE since 

it occupies the machine double the time of what it should. This means that the unusually 

clean coils will increase the OEE. 

The analytical results show that the coils are successfully pickled in all the tests. The 

variation of time spent in the pickling bath did not affect the pickling results, but the 

percentage of the recipe speed seem to do, since the samples that were run at 68 % of the 

recommended recipe speed show indications of over pickling. It is therefore concluded that 

if the speed is lower than the recipe speed when the temperature is 54 °C then slight over 

pickling may occur. 

The similarity between the surface of the reference coil and the surface of the 218015 test 

coil suggest that pickling in 54 °C with special acid concentration is equal to the normal 

pickling conditions of weak acid mix at 58 °C, as seen in Figure 17. 

The temperature increase during the 54 °C campaign was approximately one degree Celsius 

during 2 hours. The slow temperature increase shows that the reaction rate is quite low and 

that the required cooling capacity during pickling in 54 °C is low. On the other hand, a fast 

cooling capacity is preferred when switching the production from a special- to a standard 

campaign. When changing the production from special- to standard grades, the mixed acid 

temperature needs to decrease from 62 °C to 54 °C in one hour to ensure an efficient switch 

in the production. This means that the cooling system needs the capacity to cool 8 degrees 

in one hour. The capacity of the cooling equipment was calculated to 413 kW when the 

efficiency of the energy transfer was assumed to be 70%. 

Two coils were not cleaned during the 54 °C campaign that was run, the defect was not the 

usual due to inefficient pickling it likely originated from earlier processing steps. The defect 

remained after a re-pickling in L60. 

The NOx emission was low during the tests which is extremely positive since it is the 

standard steel qualities that elevate the monthly and yearly average emissions. The test 

campaign that was run showed increased NOx emissions at the same time as the 

temperature increased with ½ degree per hour, this displays the need of cooling. The 

reduced NOx emissions will improve the environment positively and reduce the 

environmental footprint of Outokumpu in terms of NOx emissions. 

It was observed that the grain size in the different samples varied significantly and the 

suspicion of differing compositions arouse. However, the analysis using Niton XRF and GD-

OES showed that the composition was the same in all samples. The reason for the 

differences in the grain sizes can be explained by differences in the heating procedure during 

the hot rolling at Avesta Works. 
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The effect of the tension leveller was obvious, the ends of the coils are not treated with this 

process to spare the weld since if the high forces in the process were in direct contact with 

the weld it would likely crack. During the tests performed, it was observed dark stripes and 

black spots a few meters before and after the weld. 

Cooling equipment in the pickling bath will improve the control of the process, since there is 

no cooling equipment installed today, only heating equipment. If the activity of the pickling 

reactions increases then the bath will increase in temperature and the NOx production will 

be higher, and today the cooling is performed by addition of cold water, which dilute the 

acid. 

It was noted that the campaigns of special and standard steel are very long, sometimes 3 

weeks long before the production is switched from special grades to standard steel grades. 

The reason is likely because of the tedious change in acid concentration and therefore the 

material is put on hold so that larger campaigns of standard steel can be run less often. This 

strategy likely contributes to the difficulties that Nyby has with delivering orders to the 

customers on time. Installing cooling equipment would simplify the switch between 

producing standard and special grades significantly, which means that shorter campaigns can 

run more often. 

During the course of the project it was found that the acid was not consumed solely due to 

the switch between special and standard acid concentration. The acid is generally dumped 

when the dissolved metal content is too high. However, the likely reason as to why the 

dumping is based on iron concentration and not the switch is that the campaigns of special 

and standard grades are long and when the switch occur then the acid often has a high iron 

content and needs to be sent to neutralization and thereafter to ED (Electro dialysis) for 

recovery of mainly HNO3.  
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6 CONCLUSIONS 

The following conclusions can be drawn from the results of the study: 

• The standard quality, 304L, can successfully be pickled in the special quality acid 

solution with a temperature at both 50 °C and 54 °C. 

• The OEE will be increased due to reduced re-picklings. 

• The required cooling effect during pickling is low. 

• The NOx emissions from the pickling bath is significantly reduced at 54 °C. 

The results show that the recipe speed is important to ensure correct pickling, if the speed is 

lowered then the coil may be over pickled. 

Cooling equipment will increase the process control since the bath temperature can be both 

increased and decreased. 

The cooling capacity needed to maintain the temperature at 54 °C is approximately ½ °C per 

hour, based on the results from this study. The switch from special quality temperature to 

standard quality temperature is allowed to take 1 hour, so to cool the bath during the switch 

8 °C per hour is required. 

7 FUTURE STUDIES AND RECOMMENDATIONS 

The increased acid concentration may result in a higher material loss due to dissolution 

however this should be prevented by the lowered temperature. Further testing of the 

behaviour of dissolved iron is recommended. 

A recommendation is to ensure the function of the filter press that filter the solid 

precipitations from the acid solution in the pickling bath, otherwise an increased 

precipitation may accumulate in the pickling bath. 

A campaign of 304L steel should be run in 50 °C to evaluate if the temperature increases at 

all at such a low temperature, the tests that was run at 50 °C in this study lacked signs of a 

spontaneous temperature increase. 

There is an option to always plan the 304L qualities to be run after the weekend stops so the 

temperature can be lowered while the machine is not running. However, this strategy 

significantly limits the flexibility of the production. The implementation of cooling equipment 

is therefore recommended. 

The 304L coils can likely be pickled in 58 °C however the exothermic reactions will occur to a 

higher degree than they do at 54 °C which means that the cooling effect needs to be higher. 

This would require some testing to confirm but it would mean that the standard and special 

quality coils can be run through L60 directly after each other due to the low temperature 

difference.  
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APPENDIX A 

Surface roughness 

 ID Ö Ref ID U Ref ID Ö 218015 ID U 218015 

 Ra Rz Ra Rz Ra Rz Ra Rz 

Measurement 1 4,03 28,1 3,14 19,8 3,07 18,4 3,56 23,7 

Measurement 2 4,43 28,2 3,37 23,3 3,19 21,2 3,68 25,7 

Measurement 3 4,28 27,3 3,5 25,9 2,95 22,6 4,16 26 

Measurement 4 4,14 30,6 4,06 27 3,08 20,8 3,5 23,2 

Measurement 5 4,42 25,3 3,78 26 2,82 21,6 3,44 23,6 

Measurement 6                 

Average 4,3 27,9 3,6 24,4 3,0 20,9 3,7 24,4 

Standard 
Deviation 

0,17 1,91 0,36 2,91 0,14 1,56 0,29 1,30 

%RSD 4 7 10 12 5 7 8 5 

 

 ID Ö 218206 ID U 218206 ID Ö 218615 ID U 218615 

 Ra Rz Ra Rz Ra Rz Ra Rz 

Measurement 1 3,95 23,5 4,3 25,9 3,32 20,6 3,89 24,9 

Measurement 2 3,65 23,1 4,56 28,7 3,53 22,8 4,24 25,9 

Measurement 3 3,98 25,4 4,76 28,9 3,11 20,4 4,38 26,8 

Measurement 4 3,61 24,7 4,51 30,2 3,6 24 3,97 23,8 

Measurement 5 3,54 22,9 3,99 23,2 3,27 22 4,17 23,1 

Measurement 6                 

Average 3,7 23,9 4,4 27,4 3,4 22,0 4,1 24,9 

Standard 
Deviation 

0,20 1,08 0,29 2,81 0,20 1,51 0,20 1,50 

%RSD 5 5 7 10 6 7 5 6 

 

 ID Ö 218616 ID U 218616 ID Ö 217600 ID U 217600 

 Ra Rz Ra Rz Ra Rz Ra Rz 

Measurement 1 4,2 24,5 3,05 20,9 4,08 25,3 3,88 25,7 

Measurement 2 4,4 25,6 3,17 20 4,29 25,6 3,97 23,7 

Measurement 3 3,89 24,1 3,41 22,8 4,09 24,5 3,64 20,7 

Measurement 4 4,08 25,1 3,28 23,1 3,77 23,7 3,42 21,6 

Measurement 5 4,56 27,5 3,28 21,5 4,06 24 3,31 20,2 

Measurement 6                 

Average 4,2 25,4 3,2 21,7 4,1 24,6 3,6 22,4 

Standard 
Deviation 

0,26 1,33 0,14 1,30 0,19 0,82 0,28 2,29 

%RSD 6 5 4 6 5 3 8 10 
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 ID Ö 217518:1 ID U 217518:1 ID Ö 217518:2 ID U 217518:2 

 Ra Rz Ra Rz Ra Rz Ra Rz 

Measurement 1 3,76 24,7 2,93 21,5 4,12 27 2,95 19,6 

Measurement 2 3,52 21,2 3,74 23,9 4,48 25,8 3,32 23 

Measurement 3 3,76 23,3 3,1 20,8 3,58 22,9 2,67 19,4 

Measurement 4 3,72 21,9 3,5 20,8 4,12 27,2 2,86 18,9 

Measurement 5 3,7 25,3 2,85 19,2 3,89 22,3 3,19 21,7 

Measurement 6         3,98 24,9     

Average 3,7 23,3 3,2 21,2 4,0 25,0 3,0 20,5 

Standard 
Deviation 

0,10 1,76 0,38 1,71 0,30 2,06 0,26 1,75 

%RSD 3 8 12 8 7 8 9 9 

 

 ID Ö 218600 L55 ID U 218600 L55 ID Ö 218015 L55 ID U 218015 L55 

 Ra Rz Ra Rz Ra Rz Ra Rz 

Measurement 1 0,13 1,4 0,15 1,4 0,16 1,6 0,14 1,4 

Measurement 2 0,13 1,2 0,17 1,9 0,15 1,4 0,15 1,3 

Measurement 3 0,13 1,3 0,14 1,4 0,15 1,4 0,15 1,4 

Measurement 4 0,14 1,6 0,16 1,7 0,15 1,6 0,14 1,4 

Measurement 5 0,13 1,3 0,12 1,3 0,15 1,5 0,15 1,3 

Measurement 6                 

Average 0,13 1,36 0,15 1,54 0,15 1,50 0,15 1,36 

Standard 
Deviation 

0,00 0,15 0,02 0,25 0,00 0,10 0,01 0,05 

%RSD 3 11 13 16 3 7 4 4 
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FEG-SEM 

 

Figure 20. The surface of 217518:2, 218206, 218615 and 218616 from the top left corner to the bottom right. 
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Figure 21. The NOx emissions from the pickling bath in L60. 
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Figure 22. The NOx emissions from the pickling bath in L60. 
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Figure 23. The NOx emissions from the pickling bath in L60. 
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Figure 24. The NOx emissions from the pickling bath in L60. 
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