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Abstract 

This work has been performed at Outokumpu Stainless AB, QPE, in Degerfors where focus is 

on production of hot rolled tailor-made quarto plate in special stainless steel grades such as 

highly alloyed austenitics and duplex steel grades. 

After a period with low values in strength and a lot of deviations in tensile tests for the highly 

alloyed austenitic stainless steel, 254 SMO, there was a need to investigate what influence 

some parameters during process has on strength values. Process parameters during hot rolling 

and levelling have been examined to see if there is a connection between these and the 

strength. A statistical data base has been created to investigate the connection with strength.  

There has been experimental work involving two test plates in different dimensions to see 

how a double/extended heat treatment influence the sigma phase values and grain size, and if 

these can be connected to the strength values. The test plates have also been used to 

investigate how the position of the test coupon is affecting the tensile test result. Moreover, 

there have been tests performed in the cold plate leveller. 

The strength is a complex problem since there are many parameters that contribute to a 

variation in strength value. It is possible to see an influence from the investigated parameters, 

but their individual impact on strength varies.  

There are several indications in the results that the flatness seems to be a factor affecting the 

variation in strength. However, there is a need for more thorough investigations where the 

flatness can be measured to completely verify this.  

  



 

Sammanfattning 

Det här arbetet har utförts på Outokumpu Stainless AB, QPE, i Degerfors där man inriktar sig 

på produktion av varmvalsad, skräddarsydd kvartoplåt i olika specialstål som höglegerade 

austeniter och duplexa stålsorter.  

Efter en period med låga värden i hållfasthet och många avvikelser i provning för ett 

höglegerat austenitiskt stål, 254 SMO, så fanns ett behov av att undersöka vissa parametrars 

inverkan på hållfastheten. Processparametrar vid valsning och riktning har undersökts för att 

se om det går att se ett samband mellan dessa och hållfastheten. Statistisk data har tagits fram 

för att undersöka sambandet med hållfastheten.  

Även experimentella försök har gjorts, främst på två testplåtar i olika dimensioner, för att se 

hur en dubbel/förlängd värmebehandling påverkar sigmafas och kornstorlek men även om 

dessa värden, genom försöken, kan kopplas till hållfasthetsvärden. Plåtarna har också använts 

till att se hur testresultatet påverkas av var i plåten som testkupongen tas ut. Dessutom har det 

gjorts försök i riktverket med olika parametrar.  

Hållfastheten är ett komplext problem att utreda eftersom det finns så många parametrar som 

ger en variation i resultaten. Det är möjligt att se en påverkan från flera av de undersökta 

parametrarna men deras individuella påverkan på hållfastheten varierar.  

Det finns många indikationer i resultaten som pekar på att planheten verkar vara en faktor 

som påverkar den variation som finns i resultat. Dock behövs det grundligare undersökningar 

där planheten kan mätas för att helt verifiera detta.  
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1.  Introduction 

1.1 Outokumpu Stainless 

Outokumpu was formed in the early 1900s in Finland when a rich copper ore deposit was 

discovered.  The company expanded during the century to mining other metals as well, such 

as nickel and zinc. Outokumpu is today a global company with about 15000 employees and 

has since the early 2000s had their focus entirely on the stainless steel market. They are today 

the largest supplier in stainless steel with production facilities in Finland, Sweden, United 

Kingdom and USA. 

The company has production units in four places in Sweden, Degerfors, Avesta, 

Torshälla/Eskilstuna and Långshyttan. Outokumpu has a wide range of products and produces 

flat products as plates and coils in a thickness range of 0,1-150 mm, tubular and long products 

of stainless steel grades covering austenitic, ferritic, duplex, martensitic and precipitation 

hardened steels. Figure 1.1 shows the share of Outokumpu deliveries based on product grade 

in Jan-Sep 2013.  

Degerfors has had production of iron and steel for over 350 years. The production and rolling 

of stainless steel began in 1968 but the melt shop was shut down in 2003. The mill has had 

many owners but is since 2003 fully owned by Outokumpu. In the Quarto Plate Europe (QPE) 

unit in Degerfors, the focus is on production of hot rolled, tailor-made heavy plate in special 

stainless steel grades such as highly alloyed austenitics and duplex steel grades. At the same 

location is also Plate Service Centre Nordic (PSC Nordic) located. This is a part of a 

production unit called Added Value, focusing on plasma and water jet cutting and bending of 

plates. In cooperation with PSC Nordic, QPE can offer refined products for their customers. 

Due to the corrosion resistance, stainless steels are most often chosen in environments where 

this is an issue. The products from Outokumpu can be used in many different applications, for 

example in heat exchangers, chemical industry, food processing equipment and sea water 

applications. Figure 1.2 shows the different segments that Outokumpu has sold material to 

during 2013.  

                      

Fig. 1.1. Deliveries by product grade types. [1] Fig. 1.2. Sales by end-customer segment. [1] 
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”A world that last forever”, describes the company’s vision to create sustainable products 

with a long-term thinking. [2][3][4] 

 

1.2 Background and problem definition 

Since stainless steels are used for many different kinds of load bearing constructions, the 

strength of the material is an important factor. By achieving a higher strength there is a 

possibility to use less material in many applications. It allows the company to fulfil the 

requirements for common standards as EN10088 and ASTM A204, standards with higher 

requirements and customer demands on strength and thereby enhance the chance to avoid 

costs for scrap material when the test result does not meet the requirements. 

This last year there have been a lot of deviations during tensile testing with low strength 

values for 254 SMO, making it hard to meet the strength requirements. It is therefore 

necessary to find out how different parameters during process affect the strength of the plate 

and the test results. 

Factors that are considered having an impact on the strength of the steel grade are process 

parameters during hot rolling, heat treatment and levelling, material parameters as grain size 

and chemical composition. The position of the test coupon in the plate does not affect the 

strength but it will affect the test result.  

 

1.3 Purpose and research questions 

The aim of this work is to investigate some of the parameters that are considered having an 

impact on the strength of the material. There will be an examination of the relationship 

between process parameters and the strength of the material to be able to see what kind of 

impact they have. This is parameters such as rolling route and temperature during hot rolling, 

levelling parameters and differences in thickness (both deviations during process for a 

specific plate and different plate thicknesses (5-20mm)).  

- What is needed to meet the strength requirements?  

- How is the material affected by the various process steps? 

- Is there a connection between the strength of the material and the investigated 

parameters? 

Because of the problem with tensile test deviations for 254 SMO there is also a need to 

investigate how the position of the test coupon in the plate and the mechanical behaviour 

during tensile testing affects the test result and thereby be able to answer the following 

questions:  

- How does the position of the test coupon interfere with the test result? 

- Is it possible to find a method to identify the causes of tensile test deviations? 
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Then, based on the results of this investigation provide suggestions for improvements that can 

lead to an increase in strength, and if possible find a method to identify the causes of tensile 

test deviations.  

1.4 Delimitations 

This project will be limited to the steel grade 254 SMO, some analysis include results from 

other steel grades such as 725 LN for comparison. The focus will be on plates with thickness 

≤ 20 mm, the reason for this is that almost all produced 254 SMO plates are ≤ 20mm. Another 

reason is that for plates thicker than 20 mm, round test specimens are used instead of flat 

specimens for tensile testing. The tested material in round specimens is not taken from the 

surface of the plate where most of the plastic deformation occurs.  
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2. Method 

This project consisted of three main parts; 

2.1 Literature study 

A study of literature was conducted by a search for information through library, internet and 

databases to find literature in form of books and articles relevant to the project and the 

research questions.  

2.2 Experimental work 

The experimental work in this project was focused on examining two test plates in 254 SMO 

with subsequent tensile testing and examination of microstructure, tests in the cold plate 

leveller (CPL) and testing of spare coupons. 

The purpose of the two test plates was to investigate the influence of a double or extended 

heat treatment and to see how the strength, grain size and sigma phase varies in the plate and 

the impact that the position of test coupon has on the test result.   

A more detailed explanation of how this was done is presented in chapter 4. 

2.3 Compilation of a statistical basis 

A statistical data base consisting of data from tensile tests (during the period of December 

2012 to October 2013) and process data from hot rolling and levelling, and also from the 

experiments made (containing test plates, CPL tests and spare coupons) was created.  

In order to analyse the collected data and to increase the understanding of the levelling 

process a program that uses a FEM model to simulate a levelling operation and show its 

influence on mechanical properties was also used. [5] 

 The results from the program was used to compare with the results from test plates and tests 

in the CPL in order to analyse what parameters that have an impact on strength and how.  

A more detailed explanation of how this was done and what kind of data that was collected 

will be presented in chapter 4. 
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3. Theoretical background 

3.1 Stainless steel 

Stainless steels are ferrous alloys with chromium as their principal alloying element and with 

a chromium content of at least 10,5 %. They have, due to their chromium content, good 

corrosion resistance, and through passivation a thin oxide film is naturally formed on the 

materials surface that inhibits the dissolution of the metal. [6] 

The production of stainless steels in Sweden started in 1921 and a large amount of stainless 

steels today are made from recycled steel and are by its long lifecycle very resource efficient. 

Stainless steels are used in environments with severe corrosion conditions, i.e. sea water 

environment, in high-temperature applications, in applications with high demands on hygiene, 

i.e. kitchen and health care, and a lot more. [6][7][8] 

The corrosion resistance generally increases with increasing chromium content. In alloys with 

12-13 % chromium, there is enough passivity to protect the steel from rusting in a normal, not 

to aggressive environment. Stainless steel with chromium as the main alloying element 

represents a large part of the world production of stainless steel, but most of them contain, in 

addition to chromium, a significant amount of other alloying elements. The main reason for 

adding other alloying elements is to regulate the microstructure of the metal and to increase 

the corrosion resistance. [6] 

Stainless steel is traditionally divided into five groups depending on their microstructure at 

room temperature. The five groups are martensitic, ferritic, ferritic-austenitic (duplex), 

austenitic and precipitation hardened steel. [9] The steel groups differ significantly from each 

other by their difference in strength properties due to differences in chemical composition and 

microstructure (see figure 3.1). [6] The name of the four first groups relate to the dominant 

microstructure of the steels. The name of the precipitation hardened steels refers to the fact 

that the steel is hardened by a mechanism which involves precipitation of intermetallic phases 

in the microstructure. 

 

Fig. 3.1.Curves describing the differences in properties for the steel groups. [6] 
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Martensitic and precipitation hardened steel can be hardened by heat treatment. The other 

three groups cannot, they are therefore mainly used in quench annealed condition. All steel 

grades are magnetic except from the austenitic steels. [9] 

3.1.1 Austenitic stainless steel 

Austenitic stainless steels are the most common type of stainless steel. They contain between 

16-25 % Cr and 8-25 % Ni and have an FCC (Face-Centered Cubic) structure, see figure 3.2. 

[10][11] 

 

Fig. 3.2. Face centered cubic (FCC) structure.[12] 

Alloying elements  

Common alloying elements for austenitic stainless steels are nickel, molybdenum, manganese, 

nitrogen and carbon. 

Molybdenum works as a ferrite stabilizer and increases the corrosion resistance, especially 

against local corrosion, i.e pitting and crevice corrosion. Nickel is mainly affecting the 

microstructure of the steel and its mechanical properties. With enough added nickel, a 

stainless steel can get an austenitic structure, which is why nickel often is called an austenite 

stabilizer. [6] Carbon, Manganese, Nitrogen and Copper can also be used as austenite 

stabilizers. By adding nitrogen and manganese it is possible to some extent reduce the content 

of the rather expensive nickel. [6][11]Manganese increases the solubility of nitrogen. Both 

nitrogen and carbon can increase the mechanical properties significantly and are often used to 

increase the proof strength in modern austenitic stainless steels. Copper can also be used to 

improve the properties and enhance the corrosion resistance. [6] [13] 

The proof strength at room temperature is mainly dependent on the nitrogen, carbon and 

molybdenum contents. By increasing the content of these alloying elements, the proof 

strength at room temperature can be increased. The lowest proof strength is shown by steels 

with low carbon content and the highest, steels with elevated nitrogen content. Normally the 

levels of carbon are kept low for corrosion reasons. [6] 
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Mechanical properties  

The strength properties of austenitic stainless steels at room temperature are characterized by 

relatively low proof strength (Rp), a wide range between proof strength and tensile strength 

(Rm), high elongation and contraction (see fig. 3.1 and 3.3). The austenitic stainless steels 

have very high impact strength and maintain their toughness even at lower temperatures (for 

some grades, even down to -270 °C) unlike other steels. Since stainless steel has no clearly 

defined yield point, the term proof strength is commonly used, it usually refers to the Rp0.2-

limit, i.e. the strain which gives 0.2 % permanent elongation (see figure 3.3). But since the 

austenitic steels have special properties with high elongation values, the Rp1.0-limit is also 

used in some cases. 

 

 

Fig. 3.3 Stress vs. strain curve. [14] 

Austenitic stainless steels are usually used in quench annealed condition and cannot be 

hardened by heat treatment. During quench annealing it is important to follow 

recommendations for temperature and that the annealing process is followed by fast 

quenching to avoid formation of intermetallic phases, e.g. sigma phase, which can be harmful 

to the corrosion resistance and lower the mechanical properties. [9][13] 

Austenitic stainless steels work-harden very quickly and have a very high strain-hardening 

component which is typical for metals with fcc structure. [11][15] 

3.1.2 254 SMO 

Austenitic stainless steel can also be divided into different groups. The material 254 SMO 

belongs to the highly alloyed austenitics, also known as super austenitics, and differs from 

more traditional steel grades by their high alloy content, see table 3.1. [13][16] 

Chemical composition, typical values (%) 

C N Cr Ni Mo Fe Cu 

0,01 0,20 20 18 6,1 55-56 Minor amounts 

Table 3.1. Typical values for chemical composition of 254 SMO. [16] 
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This provides the material with good weldability, excellent formability and very good 

resistance to corrosion. Because of their high alloying elements content, steels like this have a 

fully austenitic microstructure in the quench annealed condition and they cold-harden 

significantly faster than conventional grades. 

Typical minimum values (according to standards EN10088 and ASTM A240) for mechanical 

properties of a hot rolled plate at room temperature (20 °C) are presented in table 3.2. [16] 

  EN10088 ASTM A240 

Proof strength, Rp0,2 (MPa) 300 310 

Proof strength, Rp1,0 (MPa) 340 - 

Tensile strength, Rm (MPa) 650 655 

Elongation, A5 (%) 40 35  

Table 3.2. Typical values for mechanical properties of 254 SMO at room temperature. [16] 

 

3.3 Strengthening mechanisms 

Stainless steel can be strengthened by several strengthening mechanisms. The mechanical 

properties are often given by a combination of several mechanisms and it can be difficult to 

determine their individual contribution to the strength. [17] 

A number of strengthening mechanisms have been identified and include dislocation 

interactions with other dislocation (strain hardening), grain boundaries (grain boundary 

strengthening), solute atoms (solid solution strengthening) and precipitates (precipitation 

hardening). [18] 

3.3.1 Dislocations 

The basic mechanism for improving the properties of materials can be found in the control of 

movement of dislocations. A materials hardness and strength values can be severely affected 

by creating barriers to dislocation movement. [12] 

The crystal lattice contains defects. A type of defects that is generated by nature itself is 

dislocations. These may in its simplest form be described as an extra plane of atoms which 

ends in the middle of the crystal structure, see figure 3.4. Dislocations as this are found in the 

crystal structure in all possible directions and are in a passive state as long as the material is 

not deformed. They occur frequently in closed loops and can be separated in edge and screw 

dislocations depending on where in the loop they are considered. [12] 

 



9 
 

 

Fig.3.4. Crystal with an extra atomic plan, seen from the side. [12] 

When a stress is applied, the dislocations begin to slip. The slip that a dislocation produces 

has a certain length and a direction, and a dislocation is characterized by its burgers vector,  ⃗ , 

or if only the size of the slip is of interest, b. [9] The dislocations encounter different obstacles 

and gets pinned or scrambled, see figure 3.5. When that happens, a stress greater than the 

yield stress needs to be applied for the dislocations to break through the obstacles and 

continue their slip. [19] 

 

Fig. 3.5 Dislocations stuck between obstacles, seen from above. [19] 

 

3.3.2 Strain hardening 

Strain hardening (also known as work hardening) is a strengthening mechanism in which 

dislocations interact with each other to reduce the dislocation mobility. [18] It is possible to 

improve materials strength properties by letting the dislocations themselves form barriers for 

other dislocations. This situation occurs when a material is deformed plastically, i.e. the 

crystals are exposed to so much tension that the dislocations start to move on their slip plane. 

[12] When a stress greater than the yield strength is applied, the material is said to be strain 

hardened. [20] 

A dislocation moving through a crystal leaves no trace. It is only when two dislocations 

intersect each other or collides with other barriers that microscopic stress concentrations occur 

in the crystal. These stress concentrations form bigger and bigger barrier for subsequent 

dislocations by making slip more difficult. [12][18] Except from increasing strength, the 
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strain hardening also increases residual stresses, produces anisotropic behaviour and reduces 

ductility. [21] 

A metal can only be strain hardened to a certain point because of the decrease in ductility. 

This is why metals with an FCC structure respond best to this type of strengthening. [21] 

Strain hardening has to be performed in lower temperature; this is to prevent the atoms to 

rearrange themselves.[22]The effect of strain hardening is eliminated at elevated temperatures 

because of recrystallization. [21] The dislocation density can be reduced by annealing and the 

material returns to its original state. [12] 

The increase in stress due to dislocation density can be expressed by the Taylor equation: 

σs.h. = αGb√   

Where α is a numerical constant, G is the shear modulus, b is the burgers vector and ρ is 

dislocation density. [22] 

The increase in strength doesn’t always only depend on the increase of the dislocation density, 

in some cases the austenite is partially transformed to martensite. High content of alloying 

elements decrease the strain-induced martensite during cold working and when the metal has 

a high content of austenite stabilizing elements, particularly nickel and nitrogen, the austenite 

remain stable. Hence, the amount of martensite that will form depends on how stabile the 

austenite is, this in turn depends on the chemical composition of the steel, deformation ratio, 

temperature and deformation rate. The amount of martensite increases with increasing 

deformation ratio and decreasing deformation temperature.[23] 

How the material is going to respond on cold deformation depends partly on its structure and 

is described by the strain hardening exponent n in the Ludwik-Hollomon relationship. Metals 

with FCC structure have the highest n-values and also highest strain hardening. Ludwik-

Hollomon relationship is given by: 

σ = σy+K  
  

Where σ is the stress, σy is the yield stress, K is the strength index, εp is the plastic strain and n 

is the strain hardening exponent. [23] 

Frank-read source 

When a stress greater than the yield strength is applied, dislocations will begin to slip. When a 

dislocation is moving on its slip plane it encounters defects in the lattice that pin the ends of 

the dislocation line.  When more stress is applied, the dislocation will move further and create 

a loop, see figure 3.6. A new dislocation is created when the loop is complete. This is called a 

Frank-Read source, which is a mechanism for generation of dislocations.  
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Fig.3.6. Frank-Read source, mechanism for generation of dislocations. [21] 

3.3.3 Grain boundary strengthening  

In general there can be said that the finer the grain size, the higher the strength and toughness 

in the material. Materials with finer grains show considerably better strength properties than 

materials with larger grains. The most common way to obtain small grains is by thermo 

mechanical treatments. [12][23] 

Smaller grains mean more grain boundaries. This means more barriers for dislocations. 

Smaller grains means that the dislocation has a shorter way to travel before it hits a grain 

boundary. [12] Dislocation movement is inhibited because of the fact that they have to pass 

several grain boundaries and even change direction during movement, which requires energy. 

[23] Material with smaller grains need a higher strain to keep deforming, the dislocations in 

the grain eventually pile up at the grain boundary causing a strain.  

This strengthening method is effective for ferritic stainless steels to increase the yield 

strength. However, in austenitic stainless steel this is not possible because of the fact that 

there is no transformation of austenite to ferrite during thermo-mechanical processing. 

[20]But finer grains are still beneficial and can be shown by the Hall-Petch relationship, 

which is the relationship between yield strength and grain size: 

Rp0.2 = σ0+k*d
-0,5

 

Where σ0 is the friction stress, k is the Hall-Petch coefficient and d is the grain diameter in 

mm. [20] 

3.3.4 Solid solution strengthening – interstitial and substitutional  

Another method to control the mechanical properties of metals is solid solution strengthening. 

The addition of point defects such as interstitial and substitutional atoms will disturb the 

arrangement of the atoms in the lattice and interfere with dislocation movement, see figure 

3.7. [21] 
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Fig. 3.7. Substitutional and interstitial atoms in crystal lattice.[12] 

Depending on how large disturbance that the foreign atoms produce in the crystal lattice, 

greater or lesser obstacles for dislocations are achieved. [12] 

Alloys in solid solution may occur either in the holes in the crystal lattice (interstitial) or at the 

same points as the main substance (substitutional). How effective the solute is as strengthener 

depends on mainly two factors, the size of the atoms and the amount of alloying element. The 

greater the difference there is between the size of the atoms in the base material and the atoms 

of the added alloy, the larger is the disturbance that occurs in the lattice, which complicates 

dislocation movement. Similarly, more alloying element has a greater effect. If the limit for 

solubility of an alloy is exceeded, a different strengthening mechanism will occur, called 

dispersion.  

Solid solution hardening is effective for austenitic and ferritic steels which do not undergo 

transformation. Nitrogen and niobium has been found to be effective as alloying elements in 

solution, since nitrogen dissolves very well in austenite. Also silicon can be effective. 

Substitutional elements can be more efficient for ferritic steels, since carbon and nitrogen has 

limited solubility in ferrite. For these steels, addition of e.g. silicon, phosphor, titanium or 

niobium may give the desired effect. [23] 

3.3.5 Precipitation hardening  

Precipitation hardening is second phase particles as carbides, nitrides and sigma phase that 

have a different crystal structure than the surrounding phase and become a barrier to 

dislocations. They complicate dislocation movement in the crystal lattice and increase the 

strength and hardness of the material. A dislocation moving in a slip plane can get past 

particles by three different mechanisms; expand through the particles, cut through the 

particles or climb over them. The first method is usually called the Orowan-mechanism and 

requires that the applied stress is larger than a critical value that can be estimated to: 

Δσ0=Gb√ /r 

Where G is the shear modulus and b is the burgers vector, f is the volume fraction of particles 

and their radius r. The relationship predicts that when r is small, it requires very high stresses 

for a given value of f, because the particles are closer. If r is small enough, the stress will be 

so high that the particles will be sheared, i.e. the dislocation will cut through the particle.  If 

the stress is so low that the dislocation can’t pass through the particles by the first two 
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mechanisms, it can still “climb” over the particles, if it has enough time. This is a diffusion 

controlled process and is therefore very slow. Thereby, only significant at high temperatures, 

when diffusion is fast and the material is subjected to stress for a long time, as in the case of 

creep.  [9] 

 

3.2 Fabrication of stainless steel plates 

3.2.1 Hot rolling 

Hot rolling is one of the most common metalworking processes. The starting material in the 

hot rolling process is called slabs and prior to hot rolling the slab is inspected to discover 

surface defects and the material is sometimes conditioned (by grinding to smoothen the 

surface) to prepare for the subsequent operation. [24][25] 

Before the actual rolling, the slab is heated in a walking hearth furnace and then transported 

on a runway to the rolling mill. The work piece is reduced by compressive forces applied 

through a set of rotating rolls, see figure 3.8. The plate rolling is carried out in a quarto 

reversing rolling mill in multiple passes. This means that there are two pairs of rolls, one pair 

of smaller work rolls and one pair of bigger support rolls to counteract deflection of the work 

rolls. The slab can be rotated in the mill and thereby be rolled in both longitudinal and 

transverse directions to get the desired dimensions for thickness, width and length. [8][25] 

 

Fig. 3.8. A plate with thickness h0 enters the roll gap and is reduced to thickness hf. [24] 

The process is carried out above the materials recrystallization temperature and no 

strengthening occurs during process due to the fact that the metal is continually recrystallized.  

[21][25] Slabs are semi-finished casting products, the coarse-grained structure is usually 

brittle and porous. This means that when slabs are rolled into plates, the cast structure is 

broken down and the grains are elongated and then immediately recrystallized to a wrought 

structure with finer grains and enhanced properties, see figure 3.9. [8][21][24] Controlling the 

temperature can lead to a very fine grain size. A combination between a temperature just 

above recrystallization temperature and a large reduction in the last pass would provide the 

finest grain size. [21] 
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Fig 3.9.. Recrystallization during hot rolling. [24] 

After hot rolling there may be flatness defects such as edge, middle waves and buckles, 

caused by roll bending. There may also be surface and internal structural defects (such as 

shells, pits, cracks and scratches) caused by inclusions and impurities in the original slab or by 

conditions related to preparation and the actual hot rolling operation. It is desired to avoid 

defects because they can affect the corrosion resistance, the materials strength and 

formability. [24][25] 

After being processed, the final properties of the plate are not isotropic, in other words, they 

can vary in different directions (due to casting and rolling direction). [8][21] The surface will 

have finer grain size compared to the centre because of the fact that the work rolls normally 

have a lower temperature than the work piece and therefore will cool the surface more 

rapidly. Inclusions and second-phase particles that are elongated in the working direction and 

a fibrous structure is produced. [21] 

3.2.2 Quench annealing 

Quench annealing is a process where the material is heated up to a temperature where it is 

homogenous, for austenite usually between 1000-1100°C, followed by a rapid cooling, i.e. in 

water. [9] Quench annealing is often used for austenitic stainless steels, such steels can form 

intermetallic phases, typically in the temperature range of 600-1000°C. [8] When the steel is 

cooled slowly, there will be precipitation of secondary phases, usually in the grain boundaries.  

Quench annealing is done to avoid the problems that may occur with the presence of 

secondary phases. [9] The quenching procedure makes it possible to avoid further 

precipitation. [8] 

Microstructure and intermetallic phases 

When heated up to a high temperature, the grain boundaries start to move and when the 

temperature increases, the grain size will increase through grain growth. This means that 

small grains disappear and large grains grow. The grain growth is faster at a higher 

temperature and high temperature during a long time gives a large grain size. [25] 

Since the austenitic steels are quench annealed they do not undergo any phase transformation 

that provides grain refinement during heating or cooling. Instead there will be a grain 

coarsening. [9] 
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Stainless steels are, due to their high alloy content, sensitive to precipitation of secondary 

phases. Common precipitates are carbides, nitrides and different intermetallic compounds. 

One of the most common intermetallic phases in austenitic stainless steels formed during heat 

treatment is sigma phase (σ). [26][27] Large quantities of chromium and molybdenum form 

chromium-rich compounds when they diffuse within the austenite matrix. [8] [16] 

Even though stainless steels are designed with alloying elements to get the desired 

microstructure during processing, for example, inappropriate heat treatment can lead to 

formation of these phases. Secondary phases can have influence on the mechanical properties 

as well on corrosion resistance. [8] But if they only are present in small amounts and if the 

recommendations for hot forming and heat treatment have been followed the effect is 

insignificant. [8] [16] 

Austenitic stainless steels that have been cold worked recrystallize during quench annealing, 

which leads to a decrease in hardness and increase in ductility. [9] 

254 SMO 

The investigated alloy, 254 SMO, is a high performance austenitic stainless steel that has a 

fully austenitic microstructure in the quench annealed condition. [16] This means that the 

structure is fully austenitic throughout the whole temperature range and strain induced 

martensite which can be present in the lower alloyed grades, does not occur. However, the 

high content of chromium and molybdenum promotes intermetallic phases. [28] 

Highly alloyed grades are the most sensitive to intermetallic phase transformation and can 

contain traces of intermetallic phases at the centre of the material. [8] [16] Because of the high 

amounts of molybdenum, grain growth is inhibited. [28] 

3.2.3 Levelling 

The plate often has flatness defects generated after hot rolling, caused by roll bending, and 

heat treatment due to the difference in cooling. The plate may have defects as edge and 

middle waves or buckles. [25][29] 

Levelling is used to minimize or eliminate flatness defects, uneven residual stress and 

improve the quality of steel plates. It plays an important role when it comes to delivering 

plates with desired mechanical properties and to meet requirements for flatness.  [29] 

Levelling in a cold plate leveller can be explained as an alternate bending process where the 

plate is passed through a set of rolls, see figure 3.10. The metal experiences elastic 

deformation until it reaches the yield point. If it is deformed anywhere up to the yield point it 

will go back to the way it was, called springback. When deformation exceeds the yield point 

there will be a permanent change after springback. [29] [30] 
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Fig.3.10. Levelling rolls and straightening forces. [31]  

To change the shape of the plate, make it flatter, it has to be plastically deformed. In other 

words, it has to be stretched beyond the point where you want it to be to get the desired shape 

after springback. [30] 

At QPE in Degerfors a cold plate leveller with nine rolls is used. Depending on the properties 

of the plate (thickness and yield strength), either all nine or only five rolls are used. Passing 

through the rolls, the surface on one side will experience stretching and the other 

compression. First, the plate will experience elastic deformation but with increasing bend the 

area closest to the surface will experience plastic deformation first. The more bending, the 

more area of the thickness will be plastically deformed. [25] 

The plate is exposed to less bending for every roll it passes and the last bend is adapted so the 

plate will be flat after springback. The purpose of the sharper bends in the beginning is to 

stretch the “short” parts of the plate to make all parts equal and thereby flat. [25] 

 

Plastic ratio  

The levelling process is complicated and the plate is forced into elastic-plastic deformation. 

The plastic ratio is an important parameter in the technology of straightening and can be 

explained as the percentage of the thickness that is exposed to plastic deformation.[31] 

The plastic ratio (Pr) can be described as: 

    
    

 
      

Where Hp is the thickness exposed to plastic deformation and H is the plate’s total thickness, 

see figure 3.11.  
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Fig.3.11. a) plate being bent between three rolls. b) Deformation distribution in the thickness direction 

of a plate. .[31] 

During levelling, the plate cannot be bent to a smaller radius than the roller radius. The bend 

radius is affecting how much a plate with certain thickness can be bent. [25] A thinner metal 

needs a smaller radius to get the same stretching and elongation. This means that there will be 

more elongation in the outer surface for a thicker plate, with a given roll diameter and 

spacing. [30] 

 

Overstretch value 

The overstretch value (OVS) is a term used to describe the plastic ratio and consists of a scale 

from 1-10. [31] 

The OVS is defined as: 

    
 

    
 

The relationship between the plastic ratio and the overstretch value can be calculated with the 

formula above and is shown in figure 3.12. 
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Fig.3.12 The relationship between plastic ratio (Pr) and Overstretch (OVS). 

 

3.3.4 Final processing 

After levelling the plate is sent to a cutting section to cut the plate in the customer’s desired 

format and to cut out test coupons for testing. The test coupons can be used to test, for 

example, mechanical and corrosion properties.  

As a last step, the plate can be sent to blasting and pickling. This is to give the plate proper 

corrosion properties and a fine surface.  

4. Procedure / Method 

Data that was used for this project is from tensile testing and process data. Primarily tests 

from plates with thicknesses of 8, 10, 13, 16 and 18 mm has been used since these are the 

thicknesses with most data available. The work is based on data from about 200 tensile tests 

(not counting samples from CPL tests and test plates) from a period between December 2012 

and October 2013. Only data from plates that have gone through the cold plate leveller are 

used.  

Below are a more thorough review of the parameters examined and a description of why and 

how these parameters were examined.  

4.1 Rolling route 

Data for temperature during last pass, reduction and widening code has been examined to see 

if there is a connection between these parameters and the strength. 

If the temperature during last pass is just above the recrystallization temperature, using a large 

reduction should provide the finest microstructure and thereby better strength properties.  
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The data collected were used to see if it in the reality is possible to see an effect of this 

statement. 

4.2 Thickness variation while levelling 

The plate itself does not have a completely uniform thickness and this contributes to variation 

in strength value. The value for thickness that is used in the levelling process isn’t always the 

same as the real thickness of the plate (the one that is measured before tensile testing, this is 

more accurate).  The thickness value used during levelling is taken from a measuring device 

located after the hot rolling process.  

If the plate is thicker than the value used in the levelling process it means that the plate 

experiences a higher elongation in the outer surface compared to a thinner plate.  Thus, a 

thicker plate gets higher elongation in the outer surface provided that it is the same roll 

diameter and the same distance between rolls. Thereby it gets a larger deformation than 

calculated. The same applies if the plate is thinner than the value used during levelling, the 

elongation and deformation becomes less than expected.  

The aim of studying thickness variations in the plate was to see whether this variation affects 

the strength value and if so, how much. 

The FEM-program for levelling has been used to see what impact this thickness variation has 

on strength properties.  

4.3 Influence of OVS value and number of passes 

The OVS value can be calculated from the plastic ratio. A higher plastic ratio and thereby a 

higher OVS gives a larger plastic deformation in the cross section and in turn a higher 

increase in strength. 

The FEM-program has been used to see how the value on OVS affects the strength of the 

plate and if the increase is the same for different plate thicknesses. These results are then 

compared with experiments done on plates in the cold plate leveller with different values for 

OVS and different number of passes.  

The FEM-program cannot simulate multiple passes during levelling so only data from the 

experiments in the leveller has been used to examine the effect of multiple passes during 

levelling. 

4.4 Test plates 

The test plates have been used to investigate how a double or extended heat treatment 

influence the strength properties and also grain size and sigma phase values.  

Furthermore, the test coupons have been taken out to see how the strength varies in the plate 

and how the position of the test coupon may affect the result. 
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Plate 1: Dimensions 15x2500x5000 mm Plate 2: Dimensions 10x1475x6000 mm 

 

 

 

 

Fig. 4.1. Placement of coupons in the two test plates. 

4.4.1 Process route 

The plates followed almost the same process route. 

Hot rolling 

Plate 1 (15 mm) has been widened during hot rolling and plate 2 (10 mm) has been rolled 

straight.  

First heat treatment 

At the first heat treatment, both plates were heat treated in the same amount of time. The time 

of the heat treatment is affected by the thickness and weight of the plate. For the first heat 

treatment, recommendations were followed for the thicker plate. After heat treatment, 

coupons in row I-J (according to figure 4.1 above) were cut out using plasma cutting. 
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First levelling 

Both plates were levelled with the same OVS value 7 and with only one pass. More coupons 

were cut out after levelling, row A-D (see figure 4.1).  

Second heat treatment 

The thicker plate (15 mm) was heat treated with the same time as during the first heat 

treatment. The other plate was heat treated in 3-4 times longer than the normal heat treatment 

for a plate with this thickness and weight.  

During this heat treatment, some of the coupons cut out after the first heat treatment was heat 

treated along with the plate. 

Second levelling 

During the second levelling operation the plates were levelled the same way as in the first 

operation. Value for OVS, 7, and only one pass. The reason for using the same settings as in 

the first levelling operation was to be able to more easily compare the results from first and 

second levelling operation. Once again, test coupons where cut out in a plasma cutter, rows E-

H (see figure 4.1). 

4.4.2 Experimental procedure for test plates 

Test coupons 

The test coupons were cut out in this pattern to be able to see how the strength varies in both 

longitudinal and transverse directions. In the longitudinal direction the last coupon where 

taken out at the most one meter in, in the plate. The reason for not going further in the plate is 

that it would probably not be any different from the area already covered and it would not be 

profitable to cut out the coupons further in because of all the scrap material this would 

generate.  

How the coupons were cut out in the transverse direction was affected by the dimensions of 

the plate. The coupon has to have certain dimensions in order to be able to cut out specimens, 

test coupons in these plates where cut out with dimensions 400x125 mm. The thicker and 

wider plate has because of this more samples in the transverse direction.  

Grain size 

A microstructure sample was cut out in every coupon to measure the grain size and the 

amount of sigma phase. 

The grain size is affecting the strength of the plate by grain size strengthening. The more grain 

boundaries there is, the more barriers for dislocations and a larger contribution to the strength. 

The grain size is measured by a method where a representative part of the sample is compared 

to the ASTM E112-10 grain size map. This map contains a scale from 1-8 where 1 is the 

biggest grain size (average d=0,254 mm) and 8 is the smallest (average d=0,0225 mm) [32]. 



22 
 

Since this method is subjective and different persons can estimate the grain size differently 

there can be a margin of error.   

Sigma phase 

The amount of sigma phase is measured in the same sample using an internal method for the 

company. The amount is measured by counting the strings of sigma phase found in transverse 

direction and using a formula to calculate a cross-index.  

The highest possible value for the cross-index is 0,8 and the limit for 254 SMO is 0,6. 

4.4.3 Position of the test coupon 

Longitudinal direction 

There is a reason to believe that the deformation from the leveller begins at 240 mm from the 

edge of the plate. This is because of the roller distance in the leveller, which is 240 mm, and 

this is where the plate gets a full three point bend and also full deformation.   

But there may also be some deformation before this 240 limit. To examine the impact that the 

leveller has on the area before 240 mm, some bigger coupons (400x260 mm) where cut out in 

the edge of the plates.  

Transverse direction 

The position in the transverse direction is also interesting to investigate closer. As of today 

there is no standardized way for how the test coupons are cut out.  

There has been a suspicion that the spare coupon has had better results than the regular 

coupon because of the fact that it is cut out closer to the middle of the plate.  

The influence of the position will be examined using the two test plates. In addition some 

scrap frames has been measured to see how the coupons where cut out and if it is possible to 

see if the regular or spare coupon gives the best result. 
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5. Results and discussion 

The results are presented with a subsequent discussion.  

All strength values are in MPa.  

5.1 Average strength values during 2011-2013 

There have been some changes in process for 254 SMO the last couple of years that have had 

an impact on strength values. Below are a diagram and a description of changes made in 

process during 2011-2013.  

 

Diagram 5.1. Changes in strength values during 2011-2013. 

Changes in chronological order: 

2011 (Q3) - Speed during tensile testing was increased 

2012 (March) – Speed during tensile testing was decreased 

2012 (March) – Removal of second heat treatment and initiation of homogenization 

annealing. 

2012 (December) – 254 SMO starts going through the new leveller 

2013 (May-June) – Operators get instructions to increase the OVS value 

2013 (Q3) – Model value for OVS is increased with two units 

2013 (September-October) – Tests in the CPL with higher values on OVS 

Since the decrease in speed during tensile test and the removal of the second heat treatment 

the strength values have been low. Thereafter there have been some changes/tests in the 

leveller where the OVS value has been higher and this seems to have had a good effect on 

strength values. 
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5.2 Influence of rolling route 

In some cases there are two diagrams presented with the same parameters but for different 

time periods, Dec-May and June-Oct 2013. This is because the OVS values where raised 

gradually after this time (see diagram 5.1, the model-value was used before this) and the 

contribution from strain hardening is larger. For some results, one or both time periods have 

been chosen to see if the higher OVS-values may have an impact on the effect of the 

parameter on strength or to try to eliminate the influence of the OVS. 

5.2.1 Widening code 

Widening codes T and L means that the plate has been hot rolled straight and Lxx, Txx and 

TxxLxx means that the plate has been widened during hot rolling.  

 

 

Diagram 5.2. Widening code (Period Dec-May). 

During this time period there is no visible connection between chosen widening code and 

strength values. Widening code L might be slightly above the others in Rp1.0.  

After the OVS values were raised there is slightly higher values for widening codes L, T and 

TxxLxx, see diagram 5.3.  
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Diagram 5.3. Widening code (Period Jun-Oct). 

This may be because of the flatness defects (but since there’s no information stored about 

flatness defects after hot rolling for the plates this cannot be verified) or that the material has 

been processed in more than one direction (for TxxLxx).  

There may be a connection with the strength because of flatness. Some widening codes are 

more likely to get flatness defects in form of middle or edge waves. Plates that have been 

rolled straight and not widened are less likely to experience flatness defects.  

How flatness defects probably are affecting the strength of the plate will be discussed in more 

detail later along with the levelling parameters. 

5.2.2 Temperature and reduction during last pass 

For temperature during last pass in hot rolling, in the diagram below, values have been sorted 

in intervals of ≈ 30°.  

 

Diagram 5.4. Temperature during last pass (Period Dec-May). 
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The difference between the bars is not that significant but there might be a tendency to higher 

values in the area between 834-1009°. 

There should be a temperature that is more advantageous, the combination of a temperature 

slightly above recrystallization together with a high reduction in the last pass is said to 

provide the finest microstructure and thereby the highest strength values.  

Reduction during last pass is calculated with following equation: 

    (
   

    
)      (1) 

Where tin and tout is thickness before (in) and after (out) the last pass. 

 

Diagram 5.5. Reduction during last pass (Period Dec-May). 

This diagram shows a clear connection with the strength values and there seems to be an 

increase in strength with increased reduction. 

Of course, this cannot be completely verified since there are no samples collected of the 

microstructure (grain size values) after either hot rolling or heat treatment. But, from the 

diagram above there seems to be a connection between reduction and strength values.  

5.3 Levelling 

5.3.1 Results from the FEM-program 

The FEM-program was used to simulate a levelling process to be able to compare and to 

analyze results from CPL tests. In the simulations, the values before levelling where 

Rp0.2=314 MPa and Rp1.0=337 MPa which represents strength values for a material after 

heat treatment. The program calculates the increase in strength so these values have been 

added to the starting values for the material. 

Since the FEM-program calculates the increase in strength in the longitudinal direction (y) 

and the tensile tests are taken in transverse direction, this increase was converted to the 
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transverse direction (x) using equation (2). This equation has been derived using Hookes law 

in general form with Poisson’s ratio 0,3 and Young’s modulus 200 GPa. [33] 

                 (2) 

 

OVS 

 

Diagram 5.6. Increase in strength for different values on plastic ratio (67-89). 

The plastic ratio (Pr) can be converted to OVS using equation (3). 

     
 

    
 (3) 

   

 

Diagram 5.7. Increase in strength for different values on OVS. 
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The increase is thickness independent, which means that the increase is the same independent 

of the thickness of the plate.  

 

Diagram 5.8. Theoretical increase in strength for values on OVS 6, 8, 8,5. 

This diagram (5.8) shows the theoretical increase in strength from a levelling process using 

OVS values 6, 8 and 8,5. These values have been calculated using the increase in diagram 5.7 

added to the starting value in the material model used in the FEM-program (Rp0.2= 314 MPa 

and Rp1.0= 337 MPa). The reason for using these exact values on OVS is that these are the 

values used in the tests performed in the cold plate leveller. These results will later be 

discussed and compared to the results from the tests.  

Thickness variation 

 

Diagram 5.9. Influence of a ±0,25 thickness variation for a 5 mm plate.  
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The FEM-program has been used to find out how a thickness variation in the plate affects the 

strength. The diagram above shows how a plate of 5 mm is affected by a thickness variation 

of ±0,25 mm. That is, if the plate is 0,25 mm thinner or thicker than the value for thickness 

used during levelling. Thus, the thickness variation described here is a difference between the 

assumed thickness of the plate (retrieved from the measuring device after hot rolling and used 

during levelling) and the thickness measured locally on the tensile test specimen.  

The reason for using a difference of ±0,25 mm is that a lot of the tensile tests examined has a 

thickness variation in this interval. The variation is larger but most of the tests were within 

this interval.  

Here, the increase has been studied for these thicknesses for different plastic ratio 

(corresponding to OVS values 3-9) and similar gap. Since it isn’t possible to choose the exact 

value for the gap in the program, the nearest value has been chosen. This means that for the 

higher values on OVS there is a small margin of error in terms of the difference between the 

values on the gap. However, this margin is not that big and there is still a higher influence on 

strength of the thickness variation with a higher OVS.  

5.3.2 Statistic results for levelling parameters 

Influence of OVS 

Tests in the cold plate leveller were performed on a number of plates with thicknesses of 13 

mm.  

Following parameters were used:  

- OVS values: 6, 8, 8,5 

- Number of passes: 1, 2, 3  

The idea was initially to use more values for OVS but in the end, only these values were used. 

Following results can be presented from the test in the CPL:  

 

Diagram 5.10. Values for plates levelled with OVS values 6, 8, 8,5 and one pass. 
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Comparing this diagram with the theoretical values generated with the FEM-program 

(diagram 5.8) one can see that they’re not the same. There should be a further increase for the 

bar with plates levelled with OVS 8,5.  

A theory is that this variation is created by the flatness, or lack of flatness. Since the FEM-

program assumes that the plate is flat before levelling and this is not always the case in 

reality.  

If it is assumed that this result depends on the fact that the plate is not flat and this is why we 

haven’t gotten full deformation in some samples (since these plates have been levelled with 

only one pass) and instead add the plates levelled with two and three passes. If it is assumed 

that the plate in this case has received full deformation in all samples and would get the 

following result instead.  

 

Diagram 5.11. Strength values for plates levelled with OVS values 6, 8, 8,5 with 1, 2 and 3 passes.  

Here is a similar effect as for the theoretical values. However, these values are a little higher 

than the theoretical ones which may be because of a margin of error when translating the 

increase values from the longitudinal to transverse direction or other things that affect the 

variation in the plate.  

After simulation in the FEM-program and results from the tests in the CPL it is clear that it is 

possible to get a significant increase in strength with an increased OVS value.  

Increasing the OVS value will increase the contribution from strain hardening which will 

increase values significantly. Nevertheless, there are limitations in the leveller for what values 

that can be used on OVS for a certain thickness and material due to the machine capacity and 

required levelling force.  

OVS is independent of thickness and there should be a similar increase regardless of the plate 

thickness, provided that the machine has the capacity.  
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Thickness variation 

The thickness variation was investigated by comparing the value given to the leveller and the 

value that is measured on the tensile test (the tensile test value is more accurate). In the 

diagrams below, a negative value means that the plate is thicker than the value given to the 

leveller and according to previous results from the FEM-program should get a larger 

deformation and thereby higher strength values.  

After analysis, following data has been found: 

 

Diagram 5.12. Influence of thickness variation on strength values (period Jun-Oct). 

The diagram shows an increase for the negative values which indicates that the thickness 

variation has an influence on strength values. The same investigation, but for the period 

between Dec-May, does not show the same distinguishing trend. This indicates, just as in the 

simulated results, that the thickness variation has a bigger influence when the OVS value is 

increased.  

 

Diagram 5.13. Influence of thickness variation on strength values (period Dec-May). 
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The same result is obtained if the data is divided for the plate thicknesses available. In the 

diagram below are average values for thickness variation below and above 0 for thicknesses 8, 

10 and 13 mm, this is because there wasn’t enough distribution of results for the separate 

thicknesses to show the same effect as in diagrams above.  

 

Diagram 5.14. Thickness variation for different nominal plate thicknesses (period Jun-Oct) 

 

Diagram 5.15. Thickness variation for different nominal plate thicknesses (period Dec-May). 

It is possible to see that the thickness variation has an influence on the strength and that it also 

affects the variation of strength in the plate. However, this variation in strength is not that big, 

compared to what increase a higher OVS could provide. But, this is clearly a parameter that 

should be investigated if the requirements for strength where not fulfilled and a reason needs 

to be found.  
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Influence of number of passes during levelling 

 

Diagram 5.16. Influence of the number of passes levelled with the same OVS-value. 

Here is an increase between the first and second pass through the leveller but not nearly the 

same increase between second and third pass. One likely explanation for this could be the 

flatness and that the plate during the first pass extends the shorter parts and doesn’t receive 

the same deformation in the longer parts. By doing a second pass, full deformation is received 

in the whole plate since the plate probably is flat from the first pass and will get a better 

contact with the levelling rolls.  

From the collected statistics it does not seem like more passes than 2-3 has a positive effect on 

strength.  

The plates have, during the tests in the leveller, been levelled with the same OVS value in 

different number of passes to make it easier to evaluate the effect of only several passes.  

5.4 Test plates 

All average values for strength, grain size and sigma phase values from the test coupons are 

presented in appendix 1 and 2.  

5.4.1 Heat treatment results 

 

Plate 
 

HT-time Av. Grain size Av. Sigma phase 

15 mm 1HT Regular 3,4 0,33 

 
2HT Regular 3,5 0,18 

10 mm 1HT Regular 3,2 0,34 

 
2HT 3-4 times longer 3,4 0,14 

Table 5.1. Results from heat treatments. 
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Grain size 

 

Diagram 5.17. Average grain size after first and second heat treatment for both test plates. 

From the results of the grain size there is no visible grain growth which was one of the 

original concerns. Grain growth is not desired due to the loss this may give in strength. 

According to these results it rather shows on a decrease in grain size, however, this is 

probably not the case.  

The reason that the grain size has been stable and not increased may be that the high alloy 

content and most of all the molybdenum that prevents grain growth. It may also be that the 

grain size measured is stable in this heat treatment temperature and to get grain growth, the 

temperature needs to be increased. Another contributing factor could be that the assessment of 

the grain size is subjective and that it may be some margin of error from this.  

No grain growth is positive in the aspect that there is no decrease in strength because of grain 

size strengthening. This leads to a possibility to use a longer heat treatment to lower the level 

for sigma phase in 254 SMO. 
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Diagram 5.18. Strength values for different grain sizes. 

It is not possible, from these results, to show a correlation between grain size and strength 

values.  However, the grain size is known to affect the strength and a smaller grain size should 

provide a higher strength value. The reason we do not see any connection between these 

parameters in the results from the test plates could be that it does not differ that much in grain 

size (size 3 represents 0,127 mm, size 3,5: 0,1068 mm and size 4: 0,0898 mm (Average values 

for diameter)) [32], or that there is something else that has a larger effect on the variation of 

strength. 

Sigma phase 

 

Diagram 5.19. Average values for sigma phase after first and second heat treatment. 
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The sigma phase values have significantly decreased after the double and the extended heat 

treatment compared to after the first heat treatment. This was expected since the longer heat 

treatment time allows the remaining sigma phase to dissolve in the surrounding matrix. 

 

 

Diagram 5.20. Strength values for different values for sigma phase. 

There is no clear connection between the amount of sigma phase and the strength values 

based on these results. However, it seems like the highest values for strength measured in the 

plate is in coupons with low sigma phase values. But it is important to consider the fact that 

the sigma phase varies a lot in the plate and it is impossible to say if the value measured in the 

structure sample is exactly the same as in the tensile test, but this is an assumption made in 

this case.  
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Rp0.2 318 339 21 318 347 29 

Rp1.0 344 364 20 345 372 27 

10 mm       

Rp0.2 326 338 12 312 344 32 

Rp1.0 358 362 4 339 367 28 

Table 5.2. Average strength values (MPa) and increase in strength after levelling for both test plates.   

Theoretical increase in strength from the FEM-program for OVS value 7, which was used in 

these tests, is 26 MPa. It seems reasonable viewing these results since the FEM-program 

assume that the plate is flat in the starting point.  
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Table 5.2 presents average strength values for test coupons taken out after each operation. 

This is also presented in diagram 5.21. The table also contains the increase in strength after 

levelling compared to the heat treatment values.  

 

 

Diagram 5.21. Strength values after every operation. 

What is interesting to see here is that the increase after second levelling is that much higher 

than the increase after the first levelling operation. It might be that the decrease in sigma 

phase contributes to an increase in strength, to validate this one needs to find out how the 

sigma phase is affecting the mechanical properties. But it is more likely because of the 

flatness. If the plate has been flattened during the first levelling operation and the length 

differences in the plate has been stretched out, this might lead to more deformation through 

the plate and this might have contributed to a higher average value.  

Even if the plate isn’t flat after the heat treatment, due to nonuniform cooling, the flatness 

defects from hot rolling (length differences) might be less.  

5.4.2 Position of test coupon in longitudinal direction 

Tests to see how the strength increases in the longitudinal direction where made on 725 LN 

and similar tests were made on the test plates in 254 SMO. It is interesting to see if there is a 

contribution to the strength from the levelling process in the area before this 240-limit where 

full deformation is assumed to start.  
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725 LN 

 

 Fig. 5.1. 6 mm plate (values in MPa)  

 

Fig 5.2. 8 mm plate (values in MPa) 

The tests from 725 LN shows that the strength increases significantly even before 240 mm.  

254 SMO  

 

Fig. 5.3. From 10 mm, 15 mm and 15 mm plates. (Rp0.2 (Rp1.0)). 
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The bigger test coupons that were cut out from the test plates shows, just like the tests for 725 

LN, that there is an increase even before 240 mm. Even if these values are not as big as the 

ones after the 240 mm (in fig. 3. there is a difference of about 10 MPa between the last test 

before the 240 limit and the first after the 240 limit). 

There is also almost 10 MPa difference between the test taken in the edge of the plate and the 

one taken closest to the 240 mm limit. This means that the test coupon could be taken out 

before this 240 mm limit and still have an effect from the deformation of the leveller on 

strength values.  

But if the test coupon is going to be used to represent the strength in the plate with full 

deformation from the levelling process then the coupon should be cut out after 240 mm.  

5.4.3 Position of test coupon in transverse direction 

Regular vs spare coupon  

Earlier there has been a feeling that the spare coupon has had better values than the regular 

coupon and that the reason for this is that it is taken out closer to the middle of the plate.  

Because of this, values for the original and the spare coupon from 10 plates were compared 

and the result (in diagram 5.22) shows that there is no difference between these two in 

average values. Of these 10 plates, 60% had a spare coupon that had better values than the 

original coupon.  

 

 

Diagram 5.22. Strength values for original and spare coupon.  

These coupons have been cut out the same relative to each other but the position in the plate is 

unknown, but the spare coupon is cut out closer to the middle in the plate.  
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Test plates 

Average values for the test plates after first levelling operation is presented in figure 5.4 and 

5.5 to support discussions, the rest of the values for both plates are presented in appendix 1 

and 2.  

 

 Fig. 5.4. Average Rp0.2 values for coupons cut out after first levelling operation.  

 

Fig. 5.5. Average Rp0.2 Values for coupons cut out after first levelling operation.  

The tests performed on the plates do not show any beneficial position in the transverse 

direction to cut out the test coupon.  

Looking at results from the thinner plate (10 mm), the spare coupon should have gotten a 

better result than the regular coupon. However, it would not have been the same for the 

thicker, and also wider, plate (15 mm), since the values closest to the edge (left side of the 

plate where the coupons are cut out) are amongst the highest. So the highest strength value is 

not necessarily in the middle of the plate.  

There is a reason to believe that this variation is affected by flatness (which will probably 

provide more or less deformation locally) and thickness variations.  

A plate that has been widened is more likely to have flatness defects from hot rolling. This 

can however not be totally verified without measuring the flatness, which at this time is not 

possible. If the plate has been levelled with just one pass and it probably hasn’t received full 

deformation throughout the whole plate, there is a risk that the test coupon is cut out in an 
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area which has not been fully deformed. The problem is that this cannot be predicted without 

first measuring the flatness.  

But the position is clearly affecting the result from testing. Therefore it would be good to also 

standardize the process for cutting out test coupons to be able to evaluate results in the future. 

Moreover it would be interesting and useful to be able to measure the flatness to connect these 

two parameters.  

5.4.4 Strength distribution in the plate 

In table 5.3 are values calculated to show the strength variation in the plate. These numbers 

are the difference between the highest and lowest value within the area examined.  

Plate no Parameter After 1
st
 levelling After 2

nd
 levelling After 2

nd
 levelling * 

1 (15 mm) Rp0.2 13 28 14 

 Rp1.0 16 31 15 

2 (10 mm) Rp0.2 18 13 - 

 Rp1.0 18 12 - 

Table 5.3. Values (MPa) for variation in test plates after levelling. 

*Calculated without regard to the abnormal high value found in one of the coupons in plate 1 after second 

levelling operation, see appendix 1. 

The variation seems to be less in the thinner plate after the second levelling operation. 

Whether this depends on the longer heat treatment, flatness, thickness variation or something 

else is hard to predict.   

 

5.5 Control chart showing variation of strength values during 2013 

Control charts are used in process control to find the causes of variation in a process. In a 

process, there can be random variation and systematic variation. The second is a disturbance 

caused by something in the process which is not a part of the regular random variation. 

A control chart (x-chart) has been created to see how the strength values (Rp0.2) varies over 

time. In the control chart below (5.23) the subgroups represents weeks where five samples 

have been randomly selected. Since every week during 2013 (Jan-Oct) did not have enough 

samples (because no plates were manufactured that time or due to holiday breaks etc.), some 

weeks have been left out, and this means that the time line is not consistent. 

Here, the R-method has been used to calculate the control limits. [34] When values are within 

the control limits, this indicates that the process is stable.  
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5.23. Control chart showing variation in strength values for weeks 1-26. 

When values fall outside the control limits it indicates that the process is not in statistic 

equilibrium and if it is possible to find a distinguishable reason for this behaviour, this reason 

should be eliminated. [34] 

The increase that begins in week 19 in the diagram and ends with values above the upper 

control limit is caused by a change in the process where the OVS value was increased. This 

change in process was intended to provide higher values on strength which, according to this 

control chart, also was achieved. Since this is a permanent change in process, new control 

limits should be calculated with a new mean value and new limits. 

 

5.6 Final discussion of results 

The material is affected by the different process steps and that has to be taken advantage of to 

get as good strength as possible. During hot rolling it seems to be advantageous to use the 

right temperature and reduction during last pass to get the finest grain size possible to get as 

much contribution from grain size strengthening as possible. Also depending on rolling route, 

it might occur flatness defects from hot rolling that will influence the result from levelling and 

thereby the test result.  

During heat treatment there is no grain growth, which is positive since the contribution from 

grain size strengthening isn’t decreased. There is also a reduction in sigma phase but it is not 

easy to say whether this has a positive, negative or no effect at all on strength without further 

studies and investigations of the sigma phase impact on mechanical properties. But from the 

results of the test plates, the tests with lowest sigma phase values have the highest strength 

values.  

Levelling gives a relatively large contribution to the strength because of the plastic 

deformation that the plate is exposed to. Thickness variation is also affecting the levelling, it 
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gives a small contribution that leads to variations in test results. The effect of a thickness 

variation seems to be enhanced by an increased OVS value.  

Based on data collected in this work it is possible to see a clear connection between several of 

the investigated parameters, some more obvious than others. But it is quite clear that all 

parameters are interesting to check up to investigate the strength of a specific plate.  

The position of the test coupon affects the test result and one parameter that seems to give 

variation in the plate is the flatness. However, this cannot be verified without further tests 

where the flatness is measured and linked to the strength. In the longitudinal direction of the 

plate there is a clear contribution in strength with an increase of about 10 MPa after the 240 

mm limit. But there is an increase in strength even before this limit. In the transverse direction 

there is no clearly advantageous position.  

Since there is so many parameters affecting the strength it is difficult to analyse what specific 

parameter that has affected the strength. However, it is interesting to examine following 

parameters if a sample didn’t meet the requirements and there is a need to know why: 

1. Thickness of the plate, hence, has a flat or round tensile test specimen been used? 

2. What OVS value was used during levelling? 

3. How many passes has been done during levelling? 

4. Is there a thickness variation that could have increased/decreased the strength value? 

5. Hot rolling parameters 

a. Reduction during last pass 

b. Widening code 

c. Temperature during last pass 

Suggestions for improvements to increase the strength values and meet the strength 

requirements are presented in chapter 6.2.  

Some results are more valid than others. The spread in result is pretty large and depends on so 

many parameters. It has been difficult to delimit the search using statistical data because when 

the search is narrower, using more parameters, the amount of samples drop significantly, 

decreasing the amount of statistical basis. But it is possible to express theories about the 

variation in result. 

It would be interesting to continue this work with some investigations to see what other things 

that could affect the variation in strength value to achieve a more stable process.  

6 Conclusions 

6.1 Effect of different parameters 

The strength is a complex problem and there are many parameters affecting. In this work, 

there has been an attempt to break this problem down into smaller pieces to find out what 

improves or degrades the strength of the material. From the results of this study, following 

conclusions can be summarized. 
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Flatness 

The flatness, or the lack of flatness, seems to be the most influencing factor. From the results 

after the tests in the cold plate leveller with different number of passes it seems like the 

strength values increase for plates levelled with a second pass. This indicates that the flatness 

has a large impact on the deformation in the plate during levelling and the outcome of the 

tensile test.  

The flatness is affected by rolling and the defects that may occur after the plate has been hot 

rolled. 

Levelling 

Higher OVS provides a higher strength in the plate. Though, there is a limit to what OVS 

value that can be used for a certain plate thickness due to the machines capacity. It requires 

more force to bend a thicker plate and the force increases with increasing OVS. 

OVS is thickness independent and the increase is the same no matter what plate thickness is 

used. 

Multiple passes in the cold plate leveller gives a higher strength. This is probably affected by 

flatness and where in the plate the test coupon is cut out. 

Thickness variation in the plate has an impact on the increase in strength while levelling. It is, 

due to the results, not a very big impact compared to what a levelling process with high OVS 

can provide, but if it is on the limit to pass the strength requirements, this is clearly something 

that can mean a difference. 

Extended heat treatment 

The extended heat treatment has had a positive impact on the strength. 

There is a possibility that the longer heat treatment smoothens out length differences in the 

plate and by this, gets a better and more even impact from the levelling process. Another 

reason could be that the previous levelling process leads to less length differences in the plate 

before second levelling operation and a more uniform deformation.  

There is no significant grain growth after the longer heat treatment. 

The effect from grain size strengthening is not evident in these tests, though, the grain size is 

known to have an effect on strength. It is probably not the parameter that has the largest 

influence on strength in this case. Since it isn’t that much of a distribution of the results of 

grain size, it might require a larger distribution in results to see a difference in strength 

because of grain size. 

There is a clear reduction in sigma phase after second/extended heat treatment. 
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Hot rolling 

The combination of the right temperature during the last pass and a high reduction seems to 

have a positive effect on the strength. 

Position of the test coupon 

In the longitudinal direction there is a full deformation after 240 mm, but there is an increase 

in strength even before this limit. 

Tests performed in this work do not show any beneficial position in the transverse direction. 

This is due to the differences in strength because of, for example, flatness defects created in 

the hot rolling process. 

6.2 Suggested improvements 

Based on results, following suggestions can be summarized to improve the strength:  

1. Development of a standardized way of working during levelling.  

 

2. Increase the OVS value. As seen in the result, an increased OVS gives a higher 

strength. However there is a limit to how high OVS that can be used. This is primarily 

due to the capacity of the leveller.  

 

3. Extended heat treatment. Results from test plates shows an increase in strength and a 

decrease in sigma phase.  

 

4. Controlled hot rolling. Try to take advantage of the right temperature and reduction in 

the last pass.  

6.3 Future work 

1. Examine the relationship between the flatness and the strength. 

2. Develop a “recipe” for levelling. 

3. Develop the heat treatment procedure, optimize the time for heat treatment. 

4. Examine what effect the sigma phase has on mechanical properties. 

5. Investigate what effect hot levelling would have on flatness and strength values. 

6. Standardize the process for how the test coupon is cut out, to be able to evaluate test 

results easier in the future. 
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Appendix 1 

Average strength, grain size and sigma phase values for coupons in test plate 1 (15 mm). 

 

 

 

 

Rp0.2 Rp1.0

321 317 318 341 346 344

316 319 318 347 341 346

346 341 341 346 346 372 365 366 373 370

345 347 351 340 351 369 371 374 365 374

347 337 372 360

345 347 346 365 348 369 373 369 391 375

● ● ● ● ●

● ● ● ● ●

● ● ● ● ●

341 344 333 338 338 363 369 358 365 365

345 336 369 361

341 338 337 346 335 367 364 361 374 361

Sigma phase Grain size

0,53 0,39 0,11 4 3,5 3,5

0,52 0,41 0,14 4 3 3

0,24 0,11 0,09 0,08 0,1 3 3,5 3 3,5 4

0,53 0,22 0,12 0,19 0,12 3,5 4 3,5 3,5 3,5

0,18 0,19 3,5 3,5

0,29 0,32 0,21 0,04 0,18 3,5 3,5 4 3,5 3,5

● ● ● ● ● ● ● ● ● ●

● ● ● ● ● ● ● ● ● ●

● ● ● ● ● ● ● ● ● ●

0,09 0,18 0,12 0,29 0,58 4 3,5 3,5 3,5 3

0,27 0,55 3 3,5

0,24 0,25 0,1 0,29 0,38 3,5 3,5 3,5 3,5 4

0,41 0,36 2,5 3
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Appendix 2 

Average strength, grain size and sigma phase values for coupons in test plate 2 (10 mm). 

 

 

 

 

 

Rp0.2 Rp1.0

324 313 357 340

328 310 359 338

329 339 343 352 361 366

341 339 352 362 362 374

345 367

345 368

● ● ● ● ● ●

● ● ● ● ● ●

● ● ● ● ● ●

331 355

342 367

333 349 336 356 373 359

Sigma phase Grain size

0,36 0,16 3,5 3

0,26 0,13 3 3

0,15 0,03 0,14 3 3,5 4

0,26 0,06 0,16 3,5 3,5 3,5

0,05 3

0,1 3,5

● ● ● ● ● ●

● ● ● ● ● ●

● ● ● ● ● ●

0,33 3

0,3 3

0,27 0,1 0,61 3,5 3,5 3

0,47 3
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Appendix 3 

Pictures of grain size and sigma phase values from test plates (magnification 100x). (Grain size, sigma 

phase value) 

      

(3, 0,61)     (2,5, 0,41) 

 

     

( 3,5, 0,29)     (3,5, 0,11) 

 

 


