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Abstract 
The steel quality is deteriorated at a continuous casting start. Therefore, material from the first cast 

slab is cut off and re-melted in the melt shop. If too little is discarded, the inferior quality in the retained 

length can cause defects like edge cracks during subsequent hot rolling. This means that manufacturing 

resources are wasted on processing inferior material which has to be re-melted anyways at a later 

stage. On the other hand, if an excessive length of the first slab is re-melted, good material is wasted. 

In either case, optimizing the length of the start-scrap material is both economically and 

environmentally beneficial. Edge cracks are more common in the beginning of the first slab, even 

though a part is cut off. It is likely that the edge cracks arise due to reduced hot ductility in the first 

cast material. The purpose of this project is to optimize where the cut should be made in order to 

achieve the best yield. The hot ductility was investigated by performing hot tensile- and bending tests.  

The hot tensile tests indicate high hot ductility for the investigated specimens. The area reduction, 

which is correlated to the hot ductility, is above 70 % for all the investigated specimens. When 

considering the average area reduction while neglecting possible differences between the heats, the 

specimens from one meter tend to have a lower hot ductility compared to the other specimens. 

However, the differences are small. No difference can be seen between edge and middle specimens 

when only looking at the tensile tests. The bending tests did not crack without notches, even though 

the maximum load and a test temperature of 750 °C was used. That strongly indicates high hot ductility 

as well. By using notches, the bending tests cracked and it was shown that edge specimens and 

specimens from one meter cracked the most. No edge cracks were found, after hot rolling, on the first 

cast slabs from the investigated heats.  

Sammanfattning 
Vid en stränggjutstart är kvalitén på första slaben sämre. På grund av detta så skärs en bit, av det först 

gjutna slabet av och smälts om i stålverket. Om för lite material kapas av kan det leda till defekter, 

såsom kantbrakor, under den efterföljande varmvalsningen. Detta innebär att resurser används i 

onödan för att tillverka material av otillräcklig kvalitet som sedan ändå måste smältas om i ett senare 

steg. Skärs istället för mycket material bort så smälts prima material om i onödan. Att optimera 

startskrotlängden är följaktligen positivt både för miljön och rent ekonomiskt. Under varmvalsningen 

kan defekten kantbrakor, det vill säga sprickor vid kanterna, uppstå. Trots att en bit av det första gjutna 

slabet skärs av, så är det första slabet fortfarande mest utsatt för kantbrakor. Detta tros bero på 

nedsatt varmduktilitet i det första gjutna materialet. Syftet med detta projekt är att optimera längden 

på startskrotet för att spara så mycket användbart material som möjligt. Varmduktiliteten undersöktes 

genom drag- och bockprovning.  

Dragproven indikerar hög varmduktilitet för de undersökta proven. Areakontraktionen, som är ett 

mått på varmduktiliteten, är över 70 % för alla undersökta prov. Medelareakontraktionen, när man 

bortser från eventuella skillnader mellan chargerna, visar att prov från en meter generellt har något 

lägre varmduktilitet än de övriga proven. Det är endast små skillnader som uppfattas. Ingen skillnad 

kan ses mellan kant- och mittenprov när man enbart tittar på dragprovsresultaten. Bockproven sprack 

inte trots att maximal last användes och att testtemperaturen var 750 °C. Detta tyder också på hög 

varmduktilitet. Genom att skapa anvisningar kunde man få bockproven att spricka och det visade sig 

att kantprov och prov från en meter sprack mest. Inga kantbrakor hade uppstått på de första gjutna 

slabsen under varmvalsningen av försökschargerna.  
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1. Introduction 

1.1 Background 
Outokumpu is a Finnish company that produces stainless steel and high performance alloys. They make 

advanced materials for demanding applications. The material is recyclable, long lasting and efficient. 

Outokumpu Stainless AB in Avesta produces coils, plates and sheets. 1 Outokumpu Stainless AB is 

unique due to their ability to produce two meter wide stainless steel coils. 2 

The steel produced in Avesta Melt Shop, AMS, is cast into slabs by continuous casting. At the start of 

each casting, the process has not yet reached steady-state. The melt is more exposed to the 

surrounding atmosphere compared to steady-state casting. A stable slag layer has to form quickly to 

protect the steel. The steel bath level fluctuates and casting powder might end up in the steel. Other 

factors affect the beginning of the casting as well. 3 The inclusion amount is higher in the material from 

the casting start-up. 4 Ductility is appreciably decreased by increasing amount of inclusions. 5 Due to 

these circumstances the quality of the first slab is deteriorated and therefore a part is cut off.   

It has been shown that cracks arise at what corresponds to the slabs narrow sides during the 

subsequent process, hot rolling 6. This defect is referred to as edge cracks. Edge cracks are more 

common in the beginning of the first cast slab. The edge cracks are believed to emerge due to reduced 

hot ductility in the first cast material. Hence, by studying the hot ductility, the casting process might 

be optimized which would lead to significant savings for Outokumpu Stainless AB in Avesta. Roughly 

0.73 million SEK per year could be saved by saving 0.1 m from the start scrap of the 2205 slabs. Today, 

1.6 m are cut off from the first duplex stainless steel, DSS, slab of 2205 at the start of each casting. The 

scraped material is later re-melted, used as cooling scrap, in an argon oxygen decarburization 

converter, AOD. However, it would be economically beneficial and less energy consuming if more 

usable material per slab could be delivered for each heat. The exchange losses are high for DSS’s 

compared to “standard steel grades” like 304L, where only one meter is cut off.  

Edge cracks do not only appear in the first cast material. During hot rolling of DSS’s edge cracks may 

also arise on other slabs than the first one. As a result the edges of the product might have to be cut 

off, in order to save the hot band from being scraped, also resulting in material losses. The potential 

profitability is very high if the material yield can be improved for the DSS grades.  

If the ladle sliding gate does not open spontaneously oxygen lancing is used. When this happens, the 

quality of the steel is most likely even more deteriorated in the beginning of the casting. Therefore, it 

is possible that increased length of the first slab needs to be cut off during these circumstances. This is 

not considered today. 7 

Steel grade 2205 was chosen for this study as it is somewhat susceptible to edge cracks. 2205 (melt 

code 658919) is the most widely used DSS grade. 
8

 2205 has excellent strength, toughness and also 

good weldability. 9 It is a medium alloyed DSS with satisfactory fabrication and economic properties. 10 

DSS´s consist of two phases; austenite and ferrite. These phases behave differently during hot working, 

which can be challenging during manufacturing. 
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1.2 Project description 
In the present study, the hot ductility of slabs is investigated in a controlled environment. The hot 

rolling was roughly simulated by performing tensile tests and bending tests in hot conditions. As 

mentioned, the hot ductility likely affects the occurrence of edge cracks. The specimens investigated 

were taken from the first four meters of the first cast slab, from four different heats. Reference 

specimens from slab two to three were used to compare with.  

Metallographic investigations, inclusion investigations and steel analyses were also performed to help 

determining quality differences in material from different places of first cast 2205 slabs. Since there 

are a lot of theories to why edge cracks form, it is difficult to determine if they are mainly caused by 

parameters that the steel mill affect or by parameters the hot rolling affect. By studying slabs it might 

be possible to determine where the cause of edge crack mainly occurs, i.e. at the steel mill or at the 

hot rolling.  

1.3 Goal 
The goal of this investigation was to determine where to cut off the first cast slab in order to 

optimize the material yield.   
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2. Literature review 

2.1 Duplex stainless steel 
DSS’s have a two phase microstructure that consists of approximately 50 % austenite and 50 % ferrite, 

see Figure 1. DSS’s consists of primary iron, chromium (ferrite stabilizer) and nickel (austenite 

stabilizer). 11 , 12  DSS’s are divided into different categories depending on their pitting resistance 

equivalent number (PREN). They can be divided into the three categories: Low-alloyed/lean, 

Intermediate alloy/Highly alloyed or Superduplex stainless steel (SDSS) grades. 12
  DSS’s can be used 

in various applications such as pipelines, heat exchangers, water heaters, storage tanks, rotors, 

impellers, shafts and reaction vessels. 10, 13   

 
Figure 1. The microstructure of a reference specimen (RBM 2) taken from a 2205 slab.  

The use of nitrogen improved the weldability in the 80’s which was a breakthrough for DSS’s. 10 

Nitrogen can increase the strength without impairing the toughness since it promotes interstitial 

solution hardening. 14
 Nitrogen also increases the corrosion resistance and is an inexpensive 

austenite former which can replace some of the expensive nickel. 
15  

The properties of DSS’s rely on the duplex microstructure. The main advantages of DSS’s are: 

 Good combination of high strength and toughness 

 Good weldability 

 Superior resistance in critical working conditions 
16

  

 Excellent corrosion resistance 17
  

DSS’s can be a good alternative to austenitic stainless steels since they cost less due to lower nickel 

content and have equivalent corrosion resistance 10,
 
18. DSS grades also have a very high mechanical 

strength and they are highly resistant to chloride stress corrosion cracking, pitting- and crevice 

corrosion. 19, 15 However, one disadvantage with DSS is its susceptibility to 475°C embrittlement and 

they should therefore not be used in applications close to this temperature. 15  

Secondary phases may form at temperatures in between 600 °C to 1000 °C. The severity of the 

precipitations depends on for example temperature and chemical composition of the DSS. For 

example, carbides and nitrides often coexist with intermetallic phases such as the sigma phase. The 

𝛿 

𝛾 
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sigma phase is considered to be one of the most deleterious precipitations since it can cause severe 

embrittlement and reduce the corrosion resistance due to its fast formation kinetics at a wide range 

of different temperatures 13, 20 The sigma phase contains a lot of chromium and molybdenum. 10 Hot 

working increases sigma precipitation. The sigma phase precipitation rate depends on strain and prior 

thermal history.  Sigma phase mostly nucleates at the interfaces between ferrite and austenite. 21 In 

order to avoid sigma precipitation in a standard 2205 DSS, a minimum cooling rate of 0.3°/s must be 

reached 13. On the other hand, in a study by Shek et al. it has been shown that the sigma phase could 

improve the hot ductility in DSS’s. 22  Another issue with DSS’s is the hot ductility, which will be 

discussed later on. 

2.2 Continuous casting  
The purpose of continuous casting is to productively transform molten metal into solid. Continuous 

casting has a relatively high capital cost, but low operating costs. It is a common way of mass-producing 

most basic metals since it is the most efficient way to solidify large volumes of metal into simple shapes 

for subsequent processing. Each year over 500 million tonnes of steel is produced globally by 

continuous casting. 23
 A curved version of a continuous casting machine is illustrated in Figure 2. Each 

process step is explained shortly below.  

 
Figure 2. An overview of the curved continuous casting process. B 

1. Ladle: The molten steel arrives at the continuous casting machine in a so called ladle, which is 

a refractory-lined container. The amount of steel in the ladle vary around 70-300 ton and the 

steel temperature is commonly 1500 °C to 1600 °C. 3 Prior to the casting, the steel in the ladle 

needs to have the correct temperature and final composition. Alloy additions, refining, stirring 

and heat control have great influence on the end result. 24 On the bottom of the ladle there is 

a sliding gate which controls the flow rate of molten steel into another container, referred to 

as tundish.   

 

2. Tundish: The molten steel from the ladle is not directly poured into the mold because firstly, 

the ladle needs to be available for casting in sequence in order to maintain a continuous 

process. Secondly, the tundish has a complex design to optimize the flow. Thirdly, the tundish 

can provide steel to several molds, which is desired when using multistrand casters. 3 The 

tundish is the last part of the process where non-metallic inclusions can flotate and be 
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removed 25. The size of the tundish needs to be large enough to provide a continuous flow to 

the mold 23. Between the tundish and the mold a submerged entry nozzle can be used to 

transport the steel into the mold. 3  

 

3. Mold (primary cooling zone): During this stage the solidification starts. The mold is water-

cooled and is usually made in copper due to copper’s high thermal conductivity. 26, 3 During this 

process step, which is referred to as primary cooling,27 a shell is formed when the steel melt 

moves through the cool mold. The molten steel with a thin solid shell is called strand. The 

length of the liquid core in the strand is referred to as “metallurgical length”. 28 

 

The shell contracts due to solidification and cooling shrinkage and thereby loses contact with 

the mold wall. An air gap between the shell and mold wall is formed which decreases heat 

transport and thereby the solidification rate. Interaction between the temperature and the 

thickness of the shell results in varying growth rate along the shell. This will affect the surface 

temperature of the shell. Changes in surface temperature of the shell cause thermal stresses 

which increases the risk of surface cracks. Therefore, conical chill-molds are preferred in order 

to create an air gap of constant size. 29 

 

Additives such as oil and casting powders, also 

known as flux 30, are used for lubrication. They 

form a liquid layer between the steel and the 

mold which reduces friction and protects the 

steel surface from the surrounding atmosphere. 
3 

The casting powder will have a lubricating effect 

as long as it is liquid. 31 The casting powder that 

is in contact with the steel surface forms a liquid 

slag layer. 32 The casting powder adjacent to the 

mold walls cools and re-solidifies. The re-

solidified casting powder can also be referred to 

as slag. It is thicker near and above the meniscus, 

i.e. at the junction where the top of the steel 

shell meets the mold and the liquid surface 23. 

Here the slag form what is called a slag rim, see 

Figure 3. 31 The mold oscillates vertically to aid in 

the extraction of the solidified strand, to feed 

casting powder/liquid slag and to avoid sticking of the shell to the mold walls. 23, 3, 31 This creates 

oscillation marks. 33
 It is possible that the shell sticks to the mold and tears apart which means 

that steel pours out from the bottom, this is called a breakout. 3 Breakouts are extremely costly 

and hazards safety.  
3,

 
34

 The oscillation helps to avoid this from happening. 23 

 

4. Secondary cooling zone (SCZ): The cooling zone ranges from six to twenty meters. Water sprays 

and rollers are used to aid in cooling and straightening of the strand. 
3 The unbending of the 

strand is mechanically complicated and is a very critical part of the process. Cracks can form 

and existing cracks can become more detrimental due to the stresses generated from the 

unbending of the strand. 35  Centerline segregations are common problems that can be 

Figure 3. Different layers in the continuous casting 

mold. C 
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reduced by for example soft reduction, i.e. optimal secondary cooling, or applying pressure at 

the end of the metallurgical length. 29 

 

5. Radiation zone: The strand cools off naturally and is thereafter cut and transported to the 

subsequent process. 3 

There are different types of continuous casting machines, e.g. vertical, curved or horizontal. The curved 

type is the most common one for steel casting. Cross-sections of different shapes and sizes can be 

produced, depending on the continuous casting process used. The cast products with a rectangular 

cross section are called slabs. The slabs are rolled into plates or sheets in subsequent processes. 23 

 

2.2.1 Start-cast 

The main process challenges with continuous casting are 

achieving a stable operation and maintaining it. The start-up 

operation of the continuous casting, also known as the start-

cast, is complex. It is when liquid steel is poured into the 

mold. 34 There, the most critical part of the process occurs; the 

initial solidification starts. 23 If the mold is open-ended, a plug 

called a dummy-bar is used to achieve a fully solidified steel 

section at the start-cast, see Figure 4. 34 

Cracks and inclusions are more frequent in the first slab. The 

main sources for the quality problems are fluctuation of the 

molten steel level in the mold and interaction between steel 

and air. 36 37 Non-metallic inclusions may form due to the air 

contact, from refractory and the fluctuations of the steel level 

in the mold can cause entrapment of casting powder. It is of great importance that the steel level does 

not vary more than approximately four millimeters in order to avoid surface defects. 3 Inclusions can, 

for example, cause nozzle clogging and defects in the final product. 38, 23  

Ductility is considerably decreased by increasing 

amount of inclusions. 5, 39 During the transient states 

of continuous casting, which are: cast start, cast end, 

steel grade change, regular casting speed change and 

cast fluctuations; the amount of inclusions can change 

drastically, see Figure 5. 4 

Solidification and cooling shrinkage leads to a volume 

reduction and can cause a collapse of the shell at the 

start-cast, which will lead to a deformation of the 

casting. 29 

The quality of the start-cast material is largely influenced by the slag and casting powder. In order to 

avoid surface defects the heat flow needs to be controlled by quickly producing a stable slag film. Start-

cast powder can be used to quickly achieve an effective slag film, as it melts rapidly due to exothermal 

reactions. 40, 41 Start-cast powder is used at almost every stainless steel company. 

Figure 5. Inclusion amount during different casting 
operations. D 

Figure 4. Mold filled with molten steel 
with a dummy-bar on the bottom. D 
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In an investigation about bloom castings (diameter 388 mm, steel grades with 0.06 - 0.99 % carbon) 

the heat flow from the mold was changed a lot more often during the first 30 minutes of casting 

compared to the later part of the casting. Cracks were more common in the material from the initial 

casting. The reason for this was assumed to be a poorly developed slag layer. When using start-cast 

powder the cracks significantly decreased. The glass-like slag film closest to the mold remained intact 

during the casting and the slag film closest to the shell was successively modified when start-cast 

powder and ordinary casting powder were mixed. If ordinary casting powder was used at the start-

cast the slag film was unstable. 40  

In another investigation of the steel grade 253MA, i.e. Avesta melt code 1961, the start-cast was also 

discussed. According to this investigation the reasons for the difficulties of the start-cast was because 

of the mushy zone. 43 Misch-alloys, i.e. special alloys containing mainly cerium 42, work as nucleating 

points and the steel solidifies quicker. Therefore, an area of partly solidified steel is formed at the steel 

surface below the slag, called the mushy zone. This occurs especially at the start-cast since both the 

tundish and mold are cold which in turn makes the steel colder. At a slow increase of the casting 

temperature the mushy zone grows and creates a cold region which prevents the casting powder from 

melting. This mass can, together with the casting powder, get stuck in the meniscus and perhaps 

contribute to surface defects for this steel grade. 43 

Steel products from the start-cast are usually downgraded or rejected 36. The continuous casting 

process can be improved by e.g. argon injection in order to avoid re-oxidation and the nozzle geometry 

can be optimized to produce the desired flow pattern 38. In order to maintain long-term process 

stability, it is of great importance to have good machine maintenance. During the process it is 

important to, for example, have enough lubrication, mold level control and low inclusion amount. 3 

2.2.2 End of casting 

At the end of the continuous casting process a pipe may form and material has to be cut off and re-

melted, leading to more material losses. Piping can occur, since the volume decreases, due to 

solidification and cooling shrinkage. It is compensated by the continuously added melt during casting, 

which is not the case at the end of the casting. The pipe formation can be prevented by optimizing 

casting and cooling rate. 29 

2.3 Hot working of duplex stainless steels 
It is commonly known that the ferrite and austenite behaves differently during hot working of DSSs. 

This will be further discussed in the “hot ductility” and “edge cracks” parts below. Forming operations 

used for DSS’s are for example extrusion, rolling and forging. These forming operations are usually 

performed at high temperatures. 44
 An inappropriate heating cycle can cause severe problems such as 

precipitation of secondary phases, decreased toughness and reduced corrosion resistance 13. 
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The mechanical behavior of DSS’s at high temperature depends on: 

 Phase proportions 

 Chemical composition 

 Inclusions 

 Size and morphology of both the ferrite and austenite phase 

 Nature of the interface boundaries 

 Softening mechanisms  

 Strain partitioning between ferrite and austenite 6 

At high temperatures DSS’s are completely ferritic, see Figure 6 a. Austenite precipitates at the ferritic 

grain boundaries during cooling, as illustrated in Figure 6 b. The austenite also precipitates within the 

ferrite matrix with a lath morphology during cooling, shown in Figure 6 c. 6 

 
Figure 6. a) Microstructure of DSS’s at high temperatures. b) Austenite precipitates at the ferritic grain boundaries 
during cooling.  c) Austenite precipitates within the ferrite matrix with a lath morphology.  6 

It is commonly known that the ductility decreases with decreasing ferrite fraction during hot working 

of DSS’s. Therefore, higher ferrite content is beneficial for workability at high temperatures. A reason 

for this could be that the deformation is concentrated on a small part of the soft ferrite phase. 12, 45, 49 

There are likely many other different reasons to why ferrite is softer than austenite at higher 

temperatures. It is known that diffusion and dislocation movement is faster in ferrite than in 

austenite at high temperatures 70.  Austenite and ferrite soften by different mechanisms66. Ferrite has 

a body centered cubic structure, BCC, whereas austenite has a face centered cubic structure, FCC. 

The interstitial sites in FCC iron are larger than the interstitial sites in BCC iron, resulting in higher 

solubility for carbon in FCC iron at high temperatures 46, 47, 70. These, among other factors, cause 

differences between the phases during hot deformation and could perhaps have an impact on the 

softness of the phases.  

At temperatures below around 700 °C the ferrite phase has significantly higher hardness than the 

austenite, which is clearly illustrated in Figure 7. Although, it is important to note that the actual 

strength ratio for duplex steels depend on steel composition and element partitioning. 48 
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Figure 7. Micro hardness of the phases as function of temperature. 48  

Equal amounts of ferrite and austenite are desired in the final product. Other factors affect the ductility 

as well, such as inclusion amount and the ferrite hardness  49.  

2.3.1 Hot rolling 

The purpose of hot rolling is to reduce the thickness of the slab, as illustrated in Figure 8, and to 

improve the properties of the steel by breaking down the casting structure. The rolling should be 

performed at a temperature above the dynamic recrystallization temperature, which is usually above 

800 °C. 50, 51Oxidation will inevitably occur 
51. The key parameter for edge cracking 

during hot rolling is the so called tearing 

resistance, i.e. resistance to crack 

propagation 6.   Friction is necessary since it 

is the driving force for the hot rolling 

process. The work rolls are alternately 

heated through contact with the work piece 

and cooled by a water spray when they are 

no longer in contact with the work piece. 

The work rolls will therefore experience 

both mechanical and thermal stresses 

during the process. 52
  

As mentioned, DSS is mainly formed into flat products such as sheets or plates. In order to produce 

DSS sheets, the DSS is hot rolled after the continuous casting and annealed, to recover ductility, in 

order to be able to withstand the cold rolling. Finally the DSS is annealed again to attain the desired 

properties of the final product. 13
 

Since ferrite is relatively weak it facilitates the hot rolling process.  If the steel is cooled sufficiently 

during rolling significant austenite formation will occur. Further rolling can cause severe cracking due 

to the different high-temperature strengths of the two phases. Low nitrogen content facilitates the 

production by keeping the steel ferritic during rolling, but nitrogen is necessary in order to prevent 

Figure 8. Rolling of a slab is illustrated. E 
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intermetallic compounds from forming and to reach the wanted toughness and corrosion resistance. 
15 

It is approximately 70 % ferrite and 30 % austenite in the beginning of hot rolling of 2205, which occurs 

at around 1250 °C. Equal amounts of ferrite and austenite is reached at around 1130 °C, which is 

illustrated in Figure 9. At around 950 °C it is roughly 35 % ferrite and 65 % austenite. After the hot 

rolling, some of the austenite is transformed to ferrite 56.   

 
Figure 9. Phase diagram for 2205, developed in Thermo-Calc.   

It is unknown exactly where the edge cracks arise during the hot rolling at Outokumpu Stainless AB in 

Avesta. Sometimes they are visible on the transfer bars. It is also difficult to say at which temperature 

they might arise. The surface area of the hot rolled steel increase during rolling and thereby the heat 

losses increase as well. 63 

2.3.2 Hot ductility  

Poor hot ductility is a well-known problem when manufacturing DSS’s. 53 Hot ductility is a measure of 

the materials workability at an increased temperature. 54  As mentioned, the two phases behave 

differently during hot working. This results in an inhomogeneous distribution of stress and strain which 

easily can cause cracking at the grain boundaries. The hot ductility will then drastically decrease. 55  

 

 

  



11 
 

The hot ductility of DSS’s depends on for example: 

 Temperature (higher temperature usually means higher hot ductility) 

  Strain rate 

 Chemical composition 

 Different hot deformation behaviors  of the ferrite and austenite phases 56
 a  

A coarse microstructure increases the risk of hot cracking, especially if the deformation occurs at high 

strain rates with decohesion of the interfaces between the two phases. 57 

Since the ferrite and austenite behaves differently 

during deformation they might induce different 

cracking mechanisms. A theory is that higher strain 

rate during rolling only allows a slight dynamic 

restoration. Grain boundary sliding is then enhanced. 

Results indicate that it is grain boundary sliding which 

controls the ductility during hot working. 53 

A reason for poor hot ductility of DSSs might be 

reduced grain boundary cohesion which leads to voids 

and microcracks at the interfaces between the two phases. Inclusions act as a third phase and 

deteriorates the material even more at the boundaries. Even small amounts of inclusions can damage 

the steels hot workability. Inclusions are potential void nucleation sites at the ferrite/austenite 

interfaces. Thus, the problem with the cracks can be reduced by improving the inclusion control.53, 6 

Figure 10 illustrates how the crack growth can occur in DSS’s.  

2.3.3 Edge cracks 

It is difficult to find a definition for edge cracks in available literature. At Outokumpu Stainless AB in 

Avesta, edge cracks are a well-known phenomenon. They are believed to arise due to too low material 

ductility, i.e. low yield strength in combination with high tensile stresses. 63  

At the edges the temperature will vary and be lower compared to the other material which makes the 

edges sensible for cracking. 58 Edge cracks can arise due to over-cambered rolls, which results in 

centerline compression and edge tension. 59 Other factors affect edge cracks as well. Edge cracks at 

the narrow side of the slab and on the edges on coils may also be called transversal cracks 60, 61, 62. In 

Figure 11, edge cracks can be seen on the edge of steel coils. 63 

 
Figure 11. Edge cracks on rolled steel. G 

Figure 10. Schematic illustration of crack growth in 
DSSs. F 
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The different deformation behaviors and different thermal expansion coefficients between austenite 

and ferrite can also cause edge cracks. Austenite is significantly stronger than the ferrite during hot 

working. 16, 64 The dissimilar plastic behavior and restoration mechanisms of the two phases during hot 

working can cause a severe decrease in hot ductility. 65 

2.3.4 Softening during plastic deformation 

As the material is plastically deformed during the hot-rolling process, two different softening 

mechanisms may occur. One mechanism is dynamic recovery, DRV, and the other one is dynamic 

recrystallization, DRX. 66 

DRX is a process where simultaneous recrystallization during deformation by nucleation and growth 

processes occurs. The new formed structure has lower dislocation density. DRX is characterized by the 

rate of nucleation in correlation with the growth under given conditions of temperature and strain 

rate.  67 DRX results in smaller grains and thereby increases ductility since cracks propagate more easily 

in a coarse microstructure.  

DRV is caused by thermal recovery of dislocations due to their climb that can occur at higher 

temperatures. During hot working large annihilation of dislocations with opposite Burgers vectors 

occurs. The microstructure will, after DRV, have well-defined subgrains with interiors that are relatively 

free of dislocations. Deformation at high temperature usually occur preliminary in the soft ferrite 

phase and therefore the restoration process starts earlier in the ferrite phase. 67, 68  

DRV is highly dependent on the stacking fault energy. Stacking fault energy controls the ability of 

dislocations to rearrange themselves by either cross slip or climb. 66
  Ferritic stainless steels undergo 

dynamic recovery, DRV, due to their high theoretical stacking fault energy in order to soften. OBS; 

stacking fault energy has not been observed experimentally in BCC structures. Single-phase austenitic 

stainless steel likely undergoes dynamic recrystallization, DRX, due to their low stacking fault energy. 
44, 56 However, at a high temperature where both phases are present, it is more complicated. Only a 

few reports have investigated this and some of the different theories for this case are listed below: 

 DRX takes place in the austenitic phase 

 DRX takes place in these two-phase alloys 

 The ferritic phase experience extended DRV 

 The ferritic phase experience continuous DRX 44, 66, 69 

As stated, when the ferrite and austenite are jointly deformed, the distribution of strains among the 

phases will no longer be uniform. When starting to strain a DSS, strain concentration will appear in the 

soft ferrite phase. If deformation increases the strain gradients might decrease due to mechanisms 

such as recovery, recrystallization, crack formation, interface- and grain boundary sliding. 70 At higher 

strains, the load will transfer from the ferrite phase to the hard austenite phase which leads to an 

increase in dislocation density and work hardening until DRX starts. 65  
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3. Method 

3.1 Nemlab 
Nemlab, which stands for New England Materials Laboratory High Strain Rate Testing Machine, is used 

to simulate the hot ductility of steels at Outokumpu Stainless AB in Avesta. Usually the results are 

plotted with area reduction against test temperature, i.e. temperature during the tensile test. A high 

area reduction indicates a high hot ductility.  

Nemlab was used for tensile testing at high temperatures in order to investigate the hot ductility of 

the collected specimens, see Figure 12. Tensile test specimens, with geometry as shown in Figure 13, 

were tested at 950 °C, 1100 °C and 1200 °C. The deformation rate can vary which can affect the results. 
71 Nemlab is not an exact method but it is relatively fast and cheap. Also, previous results exist and can 

be used to compare with since Outokumpu in Avesta has used Nemlab historically. A qualified guess 

of the load has to be made in Nemlab. The specimen might not rupture if an inadequate load is set and 

then the test might have to be repeated if the specimen does not rupture. The load has to be high 

enough for the specimen to break but not too high, the deformation rate should be as close to 1.0 as 

possible. Although, 0.3 - 3.3 is the accepted interval for the deformation rate. It is difficult to compare 

specimens if the deformation rate differs a lot since the deformation rate itself might be the reason 

for the different results.  

 
Figure 12. Nemlab; the control panel is to the left and the specimen is put into the small oven to the right. H 
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Figure 13. The tensile test used in Nemlab, type 5B25. H The scale is in millimeters.  

Before the specimens were put into Nemlab the total length (60 ± 1 mm) and middle diameter  

(Ø5 ± 0.06 mm) of the specimens were measured by using a slide caliper and a micro meter instrument. 

An average value was noted for each specimen. Spot-welding was used to attach a thermocouple in 

the middle part of the specimen neck. Thermocouple type S was used.  

“On-cooling” procedures, with three different pre-set programs, were chosen and they are described 

in Table 1. Shortly explained; the specimens were heated to 1250 °C and kept at this temperature for 

1.5 minutes, then the temperature was lowered to the test temperature (950 °C, 1100 °C or 1200 °C). 

The temperature was kept at the test temperature for one minute, which is enough time for the tensile 

test to be performed.  

Table 1. The pre-set programs in Nemlab used for the tensile tests. 

 Program 1 Program 2 Program 3 

Time to lower the temperature from 1250 °C to the test 
temperature [s] 

114 168 240 

Time to reach 1250 °C [min] 7.5 7.5 7.5 
Top temperature [°C] 1250 1250 1250 
Hold time [min] 1.5 1.5 1.5 
Temperature during tensile test [°C] 1200 1100 950 
Hold time [min] 1 1 1 
Ramping speed  None None None 

 

The specimens were drawn in the length direction of the slab. 

Duplicate tests were conducted for middle specimens and single for 

edge specimens, at each test temperature.  

Some extra specimens were tested when the deformation rate was 

high/low for a test or if a test deviated much in area reduction from 

the other results. Due to limited amount of specimens some tests 

could not be duplicated. Extra specimens were not taken as long as 

the area reduction did not deviate much. The extra tests either 

replaced misguiding values or confirmed previous values. The 

specimens were water-cooled after Nemlab had been used. The elongation and one of the fracture 

surfaces were measured after the test, see Figure 14.  

Figure 14 The dark grey area 
represents a fracture surface, seen 
from above. The black lines DA1 and 
DA2 show how the “diameter” after 
a tensile test was measured.  
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The Nemlab results were entered into a program that uses Equation 1-4 to calculate the fracture stress, 

elongation, deformation rate and area reduction. The parameters used in the equations 1-4 are 

described in Table 2.  

3.2 Bending tests 
Bending tests provide a simple and non-expensive way of measuring a materials ductility and 

soundness. No advanced preparations of the test specimens are required. Different bending 

techniques can be used. When the specimen is bent, the outer side will plastically deform extensively 

and thereby reveal defects in, or embrittlements of, the material. 73 A benefit with bending tests 

compared with Nemlab tests is that a larger area is tested. The bending machine used in this project is 

called Servopress 150 and it is shown in Figure 15. The dimensions of the bending specimens were 

180x140x25 mm3. The casting direction of the specimens was perpendicular to the male die, i.e. the 

tensile direction during bending was parallel to the casting direction. The author and another person 

analyzed and classified the results visually, independent of each other and agreed on a ranking and 

classification.  

 

 
Figure 15. The bending machine used is shown in the left figure. The red marked area is magnified in the right 
figure. The blue arrow illustrates that the lower part moves up. The green arrow shows where the specimen is 
placed.  

 

Equation 1: 𝜎 = 232,25 ∙
𝐹

𝐷𝐵2 

 

Equation 2: 휀 =  
(𝐿𝐴−𝐿𝐵)∙100

27,5
 

 

Equation 3: DR = 
𝜀

100∙𝑇
 

 

Equation 4: ψ = (1 − 
𝐷𝐴1∙𝐷𝐴2

𝐷𝐵2 ) ∗ 100 

 

Table 2.  The parameters used in the equations. 71
 

One psi = 6.8948 kPa  72. 

Symbol Meaning Unit 

Rm Fracture stress  N/mm2 
F Load psi 
DB Diameter before tensile testing mm 
𝜺 Elongation % 
LA Length after tensile testing mm 
LB Length before tensile testing mm 
DR Deformation rate - 
T Time to fracture s 
ψ Area reduction % 
DA1 Diameter 1 after tensile testing mm 
DA2 Diameter 2 after tensile testing mm 

 



16 
 

3.2.1 Method development of hot bending tests 

During the method development of hot bending tests, 2205 slab specimens were investigated. The 

specimens tested were both reference specimens and specimens from the first cast slab. During many 

different attempts the specimens did not break. When the maximum load was set, which is 600 kN, 

and the test was performed at the lowest temperature possible that the machine can manage, around 

750 °C, the specimen cracked as illustrated in Figure 16 A. The bending depth for this test was very 

high. The specimen got stuck though in the die below, the “female die”, and therefore the bending 

test could not be performed in that way.  

 
Figure 16. A) The deformed bending specimen from the method development, when the maximum load and a 
temperature of 750 °C was used. The specimen is from one meter. B) An undeformed bending specimen, with the 
dimension 180x140x25 mm. The scale is in centimeters.  

 

Another approach had to be used. A notch was made on the bending specimens. The purpose of the 

notch was to facilitate crack formation. Different types of notches in the shape of holes were 

investigated. Diameters of 5 and 8 mm and depths of 5, 10 and 15 mm were tested. Some specimens 

were bent without pre-anneling and those specimens cracked easily, especially at 850 °C. With only 

one hole it was difficult to make the specimens break and to be able to see a difference between them. 

The bending was not as deep as for the previously mentioned bending test seen in Figure 16 due to 

practical reason mentioned.  

 

Finally, two holes as shown in Figure 17 were chosen as the method for this project. The holes had a  

diameters of 5 mm and a depth of 10 mm. It was 15 mm in between the holes.  

A B 
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Figure 17. Bending specimen illustrated from above. The numbers are in millimeters.  

 

The bending specimens were analyzed visually. The specimens were compared with each other in six 

different ways; 

1. Divided into four categories as shown in Table 3, depending on how much they had cracked. Within 

the categories they were ranked; the specimen that cracked the most is first in the list.  

Table 3. The different categories the bending specimens were divided into.  

Category Definition of category 

1 The specimens that not only cracked at the notches. 
2 The specimens that had cracked a lot at the notches, wide cracks. 
3 Cracks between the notches, small cracks. 
4 Does not crack completely in between the notches, smaller cracks, or no cracks at all. 

 

2. The specimens from one meter were compared with the specimens from four meters of the same 

heat, taken at the same place (i.e. edge, middle or in between).  

3. All the specimens from one meter were compared with all the specimens from four meters, i.e. not 

comparing specifically specimens from the same heat and place.  

4. All the edge and middle specimens were compared to each other.  

5. Edge and middle specimens from the same heat and taken at the same length (one or four meters) 

was also compared.  

6. All specimens from the same heat were compared.  

The specimens marked with a * have a remark, which is found in Table 14.  

3.3 Steel analysis 
A bulk steel analysis was made for all the heats by Outokumpu Stainless AB in Avesta, since it is done 

by routine, see Table 16. For a bulk analysis, at Outokumpu Stainless AB in Avesta, X-Ray Fluorescence 

(XRF) and Optical Emission Spectroscopy (OES) equipment’s are used to analyze the steel specimen’s 

composition. Leco instruments are used as well to get more accurate measurements for sulfur, carbon 

and nitrogen. Specimens from one and four meters were also analyzed the same way.  

The oxygen content is normally not measured, but since it is of interest for this project it was analyzed 

as well. The oxygen content was analyzed by using Leco O. The oxygen content was measured twice 

for each specimen and an average value was calculated. OES Spectrolab M10 with the Pulse 

Distribution Analysis (PDA) program was used to quantify inclusions. Rough edges were ground and 

ethanol was used for cleaning before the usage of OES-PDA.  
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During OES-PDA analysis some sparks had to be neglected for two reasons:  

1. Uneven surfaces, the hole above the electrode was not completely covered which prevented the 

spark from hitting the surface properly. 

2. Sparks got to close to each other. 

When using the PDA program, the method “701 Produktion 43” was used and the parameter set “701 

Produktion” was chosen. It should be noted that PDA is a method under development, tendencies can 

be seen but the results must be viewed with care. It is a method based on comparing results and not 

much previous data exist. The PDA-investigation was made on pieces of undeformed bending 

specimens. 

3.4 Microscopy 
Stereo-microscope Nikon SMZ-2T was used to photograph the fracture surface of the Nemlab 

specimens.  

Light Optical Microscope Zeiss Axio Observer.Z1m was used to photograph the polished steel 

specimens, see Figure 19.  

Field Emission Gun – Scanning Electron Microscope Zeiss Ultra55 was used to investigate the Nemlab 

specimens microstructure. A “fixed list” was chosen, with the elements: Mg, Al, Si, Ca, Ti, V, Cr, Mn, 

Fe, Ni and Mo. The results were normalized. The program Feature was also used. Feature can calculate 

the amount of inclusions in a specimen. Feature was used on pieces of the deformed bending 

specimens D4IB, RKB and B1KB. 

3.5 Specimen collection procedure  
Specimens were collected from slabs of steel grade 2205 (melt code 658919) with the cross section 

140x2070 mm according to the procedures listed below.   

1. The first four meters of the start-cast material of 2205 slabs, was cut off. The casting direction 

was marked on top of the slab. This was repeated for four heats.  

   

2. Four slab samples were cut out from each start-cast slab at one meter, two meters, three 

meters and four meters from each heat. See the light grey areas in Figure 18.  

 

3. Twelve rectangular specimens of the dimensions 180x140x27 mm (for bending tests) and eight 

rectangular specimens of the dimension 180x140x16 mm (for tensile tests) were taken from 

each first cast slab. Four of the specimens for bending tests were taken in the middle and four 

of them 0.05 m from the edge. The remaining four specimens for bending tests were taken in 

between the middle and edge specimens. The “in between” specimens were used as extra 

specimens if any of the other specimens, taken around the same place, needed to be replaced. 

The specimens for bending tests are illustrated in Figure 18, as black areas. Four of the 

specimens for tensile tests were taken in the middle and four of them 0.05 m from the edge; 

see the green areas in Figure 18. 

 

4. A reference slab sample was cut off from heat A, from around slab three to four, of the 

dimension 2070x390x140 mm.  
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5. The reference slab was divided into two samples and rectangle specimens were taken out; two 

of them in the middle (one for bending test and one for tensile tests) and two of them 0.05 m 

from the edge (one for bending test and one for tensile tests) for each slab sample. The 

dimensions are the same as for the other bending and tensile test specimens.  

 

 
Figure 18. Illustrates the slab that was cut off from the start-cast. The upper side of the slab is shown. The green 
arrow represents the casting direction. The figure represents heat A. The black rectangles represent bending 
specimens and the green rectangles represents specimens used to produce tensile tests. 

Some specimens could not be taken at the wanted position, i.e. middle or 0.05 m from the edge, due 

to surface cracks. This occurred on slab sample D4, A4 and a reference sample. The specimen position 

had to be adjusted. The surface crack on A4 was from the casting while the other cracks were from the 

cutting at the cold grinding station in Avesta. 

The first heat was named A, the second B etc., see Table 4. For example, a specimen named A1M 

designates that it is from heat A, taken at one meter on the slab (measured from the beginning of the 

first slab) and M means that it is a middle specimen. The bending specimens were named in the same 

way but with a B at the end, to be able to tell apart the Nemlab and bending specimens. The slab part 

that was cut off from the first slab from heat A is illustrated in Figure 18. The reference middle 

specimens for bending tests were both named RMB, where R stands for reference, M for middle and 

B for bending. The reference middle specimens for tensile tests were named RAM and RBM. R stands 

for reference, A and B was added to be able to tell them apart and M for middle specimen. The edge- 
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and “in between” specimens were named in the same way but with a K and I respectively instead of 

an M. The heat numbers are found in Table 4.  

Table 4. The heat numbers from which the steel specimens were taken.  

Heat name Heat number 

A 131877 
B 31905 
C 31952 
D 31954 

3.6 Specimen preparation 

3.6.1 Nemlab-specimen  

1. The collected rectangle specimens for tensile tests were annealed at 1200 °C. They were 

heated for 25-30 minutes, air cooled roughly 30 seconds and thereafter water-cooled.  

 

2. Each collected rectangle specimen was turned into around twelve tensile test specimens by 
another company, “Avesta Verkstad AB”. An undeformed Nemlab specimen is shown to the 
left in Figure 19. The dimension of an undeformed Nemlab specimen is shown in Figure 13.  

 
3. Photographs of the fracture surfaces were taken in a stereo-microscope. 

 

4. A part of the deformed Nemlab-specimens were cut off with an abrasive cutter, Buehler 

Abrasimet 250.  Figure 19 show which part of the Nemlab specimen that was cut off.  

 
Figure 19. Left: A prepared, undeformed Nemlab specimen. Middle: A deformed Nemlab specimen. 
Right: A pellet with the cut out piece.   

5. To be able to polish the cut-out piece a fully automatic hot compression mounting press was 

used. Conductive bakelite was added, which formed the matrix. The specimens were heated 

to 180 °C, with a holding time of five minutes. Then the specimens were water-cooled for five 

minutes. The pressure was set to 1 bar. The result can be seen to the right in Figure 19.  

 

6. The polishing process could then be started. First, stone grinding was done followed by a 

through washing step. After that, two similar grinding machines called ATM system labor, 
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Safir 375, were used. The first one of these uses 9𝜇𝑚 polycrystalline diamonds to grind, while 

the other one uses 3𝜇𝑚 polycrystalline diamonds to grind with. Both machines were followed 

by a thorough washing step with water, soap and ethanol. Thereafter the last grinding 

machine, which uses silica suspension to remove oxides, could be used. Sometimes it is 

necessary to use a grinding machine multiple times to achieve the wanted result. The end 

result is shown to the right in Figure 19. 

Ten specimens were chosen, based on the Nemlab results, for a LOM and a FEG-SEM examination. The 

specimens were investigated both in a polished and in an etched condition. NaOH 40 % solution was 

used and 2.5 V for four seconds for the etching process. The specimens chosen and which temperature 

they were tested are: C1K 950 °C, D1M 950 °C, RAK 950 °C, B1M 950 °C, A1M 950 °C, A4M 950 °C, A4K 

1100 °C, RBM 950 °C, A4K 950 °C and A1K 950 °C.  

3.6.2 Bending specimens 

The specimens were milled at “Mogensens verkstad”. Before bending the specimens they were heated 

at 1000 °C for around 30 minutes. This extra step is needed in order to avoid sigma precipitation. The 

specimens were then air cooled down to the test temperature where the bending occurred. The 

bending specimen’s temperature is not homogeneous. Therefore, the test temperature for the 

bending tests refers to the temperature in the middle of the surface on the bending specimens. An IR-

thermometer was used to measure the test temperature. Three bending specimens were chosen for 

a metallographic investigation; RKB, D4IB and B1KB. They were prepared in the same way as the 

Nemlab specimens described above, i.e. step 4 to step 6. The specimens were investigated in LOM and 

in a FEG-SEM.  
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4. Results  

4.1 Nemlab 
All the measured and calculated results from Nemlab are shown in Tables A1 and A2 in Appendix A. 

The area reduction for the specimens is plotted in Figure 20 and Figure 21. The results spread more at 

lower test temperatures.  

The specimens that were taken in the middle of the slabs are plotted in Figure 20. At 1200 °C the results 

are very similar, approximately 98 % area reduction, for the different specimens. At 1100 °C the 

average area reduction is around 91 - 95 % for all the specimens. At this temperature a clear trend can 

be seen. The start-cast material, i.e. from one meter, has the lowest average area reduction. The 

reference specimens have a bit higher average area reduction than the specimens from four meters. 

C1M has the lowest average area reduction at 1100 °C and 950 °C. At 950 °C no trend can be seen.  

 
Figure 20. Results from Nemlab; area reduction plotted against test temperature. The lines represent the average 
area reduction and the dots represent the area reduction.   

 

The results from the specimens taken 0.05 m from the edges are presented in Figure 21. The area 

reduction does not spread much at a test temperature of 1200 °C. The area reduction is around 97 - 

98 % for the edge specimens at that test temperature. At 1100 °C it is in between 88 % and 97 %. RAK, 

RBK and D4K have the highest area reduction values at 1100 °C. A4K have the lowest area reduction 

value at the same test temperature. At 950 °C the results spread a lot for the edge specimens, but A4K 

has still clearly the lowest area reduction. Only one test per temperature was performed for the edge 

specimens.  
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Figure 21. Results from Nemlab; area reduction plotted against test temperature. 

The standard deviation for the area reduction is shown in Table 5. The table does not consider any 

possible differences between reference specimens and specimens taken at one and four meters. The 

previous results of 2205 slabs might not be representative since it is unknown why those heats were 

investigated. The reasons for the other previous investigations can be found in Appendix B. The table 

is based on limited amount of data and might not be representative. In this project more middle 

specimens have been investigated, compared to edge specimens. 2205 plate has a low standard 

deviation.  

Table 5. The standard deviation for the area reduction. Previous results are also added in the table for comparison.  

                       STANDARD DEVIATION OF THE AREA REDUCTION [%]  

 Current results  Previous results  
Test temperature [°C] Middle 

specimens 
Edge 

specimens 
2205, Slab 2205, Plate 2304-M 2304Y 

1200 1.42 0.94 0.54 1.15 0 1.18 
1100 1.48 2.55 6.57 0.90 4.45 4.63 
950 4.28 6.22 7.60 0.61 - - 

 

The average area reduction for the specimens has been calculated from the values in Table A1 and 

Table A2 in Appendix A, and the result is presented in Table 6.  The average area reduction is lower at 

the beginning of the slab (i.e. at one meter) except for middle specimens tested at 1200 °C and edge 

specimens tested at 950 °C. The difference in average area reduction between the reference 

specimens and the specimens from one and four meters is generally higher for the edge specimens 

compared to the middle specimens. Any possible differences between the heats are not considered in 

Table 6.   
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Table 6. The average area reduction for all specimens tested. The difference relative the reference specimens 

are shown in the right column.  

Middle specimen Test temperature [°C] 
Average  

area reduction [%] 
Difference from  

ref. specimen [%] 

Reference specimens 1200 97.2 - 

Specimens taken at four meters 1200 97.5 0.3 

Specimens taken at one meter 1200 97.4 0.2 

Reference specimens 1100 94.4 - 

Specimens taken at four meters 1100 93.1 1.3 

Specimens taken  at one meter 1100 92.0 2.4 

Reference specimens 950 85.1 - 

Specimens taken at four meters 950 82.7 2.4 

Specimens taken  at one meter 950 81.3 3.8 

 

 

 

 

 

 

 

The average area reduction for previous Nemlab measurements is shown in Table 7. The first column 

shows previous results performed on slabs from the same steel grade, 2205. The pre-treatments for 

those specimens were basically the same; heated to 1200 °C for 30 minutes, then water-cooled. The 

second column shows again results from the same steel grade, but for plate instead of slabs. The plates 

have not been pre-treated the same way as the slabs. The last columns are results from another special 

type of a DSS grade; 2304. 2304-M, middle specimens, represents good quality and 2304Y, both edge 

and middle specimens, had a lot of edge cracks. It is unknown exactly where the rest of the previous 

specimens were taken (if it is close to the edge etc.). It is unknown why the previous results of 2205 

slabs were investigated (maybe due to surface defects). More detailed information about these 

previous results can be found in Appendix B.  

Table 7. Results from previous Nemlab measurements performed at Outokumpu Stainless AB in Avesta.  

PREVIOUS NEMLAB RESULTS 

 Average area reduction [%] 

Test temperature [°C] 2205, Slabs 2205, Plate 2304 - M 2304Y 

1200 98.6 98.5 96.7 94.9 

1100 92.4 96.3 94.2 75.3 

950 87.8 85.7 - - 

 

The fracture stress as a function of temperature for the edge and middle specimens can be seen in 

Figure 22. The fracture stress, i.e. Rm, for the Nemlab specimens depend on the deformation rate.  

The fracture stress is significantly higher at 950 °C compared with the fracture stress values at 1100 °C 

and 1200 °C. No significant difference in fracture stress could be observed for the tested specimens. 

Generally, C4M/C4K, C1M/C1K and B1M/B1K have the highest fracture stress.  

Edge specimen Test temperature [°C] 
Average  

area reduction [%] 
Difference from  

ref. specimen [%] 

Reference specimens 1200 99.5 - 

Specimens taken at four meters 1200 98.5 1 

Specimens taken at one meter 1200 96.5 2 

Reference specimens 1100 96.4 - 

Specimens taken at four meters 1100 92.9 3.5 

Specimens taken  at one meter 1100 90.8 5.6 

Reference specimens 950 87.2 - 

Specimens taken at four meters 950 78.4 8.8 

Specimens taken  at one meter 950 87.6 0.4 
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Figure 22. A) The fracture stress for the edge specimens. B) The average fracture stress for the middle specimens.  

All the Nemlab results have a higher fracture stress compared to the previous results found, see 

comparison in Table 8.  

Table 8. The average fracture stress for different test temperatures, for all specimens investigated and also 

from previous results found in Table B3 in Appendix B.  

 All current Nemlab 
specimens 

Previous Nemlab results, 
2205 

Previous Nemlab results, 
2304 

 Average Rm [MPa] 
Test temperature [°C] Slab Slab Plate M Y 

1200 53.0 44.7 44.6 35.1 37.2 
1100 73.0 69.7 66.9 56.1 51.8 
950 152.8 124.8 145.0 - - 

 

The elongation is plotted against the test temperature for the edge specimens in Figure 23 A. The 

average elongation for the middle specimens is plotted against the test temperature in Figure 23 B. 

Since more data exists for the middle specimens the average elongation was chosen to be plotted. C4K 

and C1K have a relatively high elongation. A4K and A4M have a low elongation. The results spread 

more at higher temperatures. Generally, the elongation is higher at higher test temperatures. D4M, 

A4M and RAK deviate from that; they have a lower elongation at 1200 °C compared to at 1100 °C. 

  
 
Figure 23. A) Elongation plotted against test temperature for the edge specimens. B) The average elongation 
plotted against test temperature for the middle specimens.  
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4.2 Bending tests 
Photographs of the cracks that occurred at the notches are shown in Table 9.  

 

Table 9.  The bending test results; close-up pictures of the notched region. 

 
A. Specimen A4MB  

 
B. Specimen A4IB  

 
 C. Specimen A4KB  

 
D. Specimen A1MB  

 
E. Specimen A1IB  

 
F. Specimen A1KB  

 
G. Specimen B4MB  

 
 H. Specimen B4KB  
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I. Specimen B1MB  

 
J. Specimen B1IB  

 
K. Specimen B1KB  

 
L. Specimen C4MB  

 
M. Specimen C4KB  

 
N. Specimen C1KB  

 
O. Specimen D4MB  

 
P. Specimen D4IB  
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Q. Specimen D1MB  

 
R. Specimen D1KB  

 
S. Specimen RMB  

 
T. Specimen RMB  

 
U. Specimen RKB  

 
V. Specimen RKB  

 

Most of the specimens only cracked close to the notches. Four of the specimens cracked at other places 

as well. These cracks are shown in Table 10. To get a better idea of the sizes of the cracks, see 

Appendix F.  
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Table 10. Some of the bending specimens did not only crack at the notches. These are pictures of the other cracks.  

 
K. Specimen B1KB 

 
K. Specimen B1KB 

K.  Specimen B1KB 

 
N. Specimen C1KB 

N. Specimen C1KB 

N. Specimen C1KB 

Q. Specimen D1MB

 
R. Specimen D1KB F. Specimen A1KB 

 

The bending specimens divided and ranked into different categories are shown in Table 11. The most 

cracked specimens are first in the list. All the reference specimens are within category two.   
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Table 11. The bending specimens ranked and divided into different categories.  

Specimens divided into different categories 

Category 
Specimens  

(ranked) 
Comments 

1 

B1KB 
C1KB* 
A1KB* 
D1MB 
D1KB 

All from one meter, mainly edge specimens. 

2 

RKB 
RKB* 
RMB* 
A4KB 
A1MB 
C4KB 
RMB* 

C4MB* 

The reference specimens had large, wide cracks.  
 

Equal amounts of edge and middle specimens. Mainly 
specimens from four meters and reference specimens (only 

one specimen from one meter) 

3 

A1IB 
B4MB 

D4MB* 
A4MB 
D1IB 

Mainly middle specimens from four meters. 

4 

A4IB 
B1MB 
B4KB 
D4IB 

Mainly specimens from four meters. 

 

Table 12 show the results from when comparing the specimens from one meter with the specimens 

from four meters of the same heat, taken at the same place (i.e. edge, middle or in between). When 

comparing all the specimens to each other the same result was achieved; that generally specimens 

from one meter cracked more.  

Table 12. Comparison between specimens from one and four meters. The specimens are from the same heat 
and taken from the same place (middle/edge/in between)  

Comparison between bending specimens from one and four meters 

The specimens that were 
compared 

Comments 
Which meter/meters the 

specimen that cracked the 
most was taken from 

A4MB compared to A1MB* No comment 1 
A4KB compared to A1KB* Both had cracked a lot 1 

A4IB compared to A1IB No comment 1 
B4MB compared to B1MB Neither had cracked so much 4 

B4KB compared to B1KB 
B4KB cracked a little and B1KB 

cracked the most of all specimens 
1 

C4MB* 
Don’t have C1MB to compare with. 
C4MB did crack less than C4KB and 

C1KB 
 

C4KB compared to C1KB* Both had cracked a lot 1 
D4MB* compared to D1MB No comment 1 

D1KB 

Don’t have D4KB to compare with. 
D1KB has cracked in a similar way 
as D4MB and it cracked more than 

D4IB. 

 

D4IB compared to D1IB No comment 1 
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Comparison between edge and middle specimens generally showed that the edge specimens cracked 

more. When comparing specimens from the same heat and taken at the same length (one or four 

meters) it also showed that the edge specimens had cracked more, as illustrated in Table 13. 

Table 13. Comparison between edge and middle specimens from the same heat and taken at the same length 
(one or four meters).  

Comparison between edge and middle bending specimens 

The specimens that were 
compared 

Comments 
Where the specimen that cracked 

the most was taken; 
edge (K) or middle (M) 

A1MB* compared to A1KB* No comment K 
A4MB compared to A4KB No comment K 
B1MB compared to B1KB No comment K 
B4MB compared to B4KB No comment M 

C1MB compared to C1KB* 
Missing C1MB. 

C1KB has cracked a lot 
 

C4MB* compared to C4KB Almost cracked the same K 
D1MB compared to D1KB No comment M 

D4MB* compared to D4KB 
Missing D4KB. 

D4MB cracked a lot 
 

 

Finally, the all the bending specimens from the same heat were compared with each other. The edge 

specimens in heat A cracked the most. Also, the specimens from one meter cracked the most with the 

exception of A4KB. When comparing the specimens from heat B no trend can be seen. In heat C the 

edge specimens cracked the most and the specimen from one meter cracked more than the specimens 

from four meters. Only three specimens from heat C were investigated. In heat D the specimens from 

one meter generally cracked the most. Overall, the specimen that cracked the most is B1KB and the 

specimen that cracked the least is D4IB.  

During the bending tests some remarks were written down about the procedure. These remarks might 

be of importance since it may have affected the results. The remarks are listed in Table 14. Bending 

specimens from two and three meters and some of the extra bending specimens had to be used for 

method development and could therefore not be used to replace these specimens listed below. 

Although, for D4MB, A1KB and A1MB there are “in between”-specimens that should be similar to these 

specimens. D4IB cracked in a similar way to D4MB. A1IB did not crack in a similar way to specimens 

A1KB and A1MB.  
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Table 14. Remarks of the bending test procedure. This could be possible sources of error.  

Remarks 

Specimen     Comments  
RMB  The bending specimen was started shortly by accident, and then stopped since the temperature was 

above 750 °C. A little bending had occurred on the specimen. The specimen was completely redone 
(i.e. heated to 1000 °C, held at that temperature for around 30 minutes, air cooled to 750 °C and 
then bent).  

D4MB Was heated to 1000 °C, air cooled to around 800 °C, water-cooled and then completely redone 
another time as the description above.  

RMB 
D4MB 
C4MB 

These three specimens were in the oven and the timer on the oven quit, temperature dropped to 
960 °C. The oven was put on again and the temperature reached 1000 °C and as usual the specimens 
were kept there for 30 minutes before the bending test was performed. This could maybe cause a 
sigma phase formation.  

C1KB Had holes and a rough surface before the bending test. 
A1KB Pores were observed on the surface before the bending test. 
A1MB Pores were observed on the surface before the bending test. 
RMB Small specimen. 
RKB Specimen was a bit tilted (was not cut out straight) and the test temperature was a few degrees 

lower than 750 °C. 

 

4.3 Steel analysis 

The oxygen content was analyzed for totally nine specimens. Four of the specimens were taken at one 

meter from each heat. A reference specimen, RBM, was also analyzed. The remaining four specimens 

were taken at four meters from each heat. Specimen B1 had the highest oxygen content and the 

reference specimen had the lowest. Table 15 shows the relative average oxygen content; i.e. average 

oxygen content divided with the reference sample’s average oxygen content. The average oxygen 

content is confidential information and is therefore not shown in this report.  

Table 15. The relative average oxygen content for specimens investigated in this project.  

Specimen Relative average oxygen content 

A1 2 
B1 2.4 
C1 2 
D1 1.8 
A4 2.1 
B4 1.8 
C4 1.5 
D4 1.5 

 

The deviating results from the steel analyses for the heats investigated are shown in Table 16. The 

analyze results are from “specimen 70” (which is taken in the tundish after 10-15 min casting time), 

from specimens taken at four meters, from a reference specimen and from specimens taken at one 

meter of the investigated slabs.  In other words, specimen 70 is taken from liquid steel whereas the 

other samples are taken from solidified steel.  

At the start-cast for heat A the flow was insufficient from the casting ladle and the steel had to be 

returned to the steel mill to change the casting ladle. The ladle treatment had to be repeated and 

thereafter heat A could be cast. It is the steel analysis for the returned heat A that is shown in Table 

16. In the analysis of specimen 70 it is shown that heat A had a higher content of niobium but the value 

is still within the allowed limit. A relationship between edge cracks and niobium content has been 

discovered for austenitic steels earlier at Outokumpu Stainless AB in Avesta. The maximum niobium 
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content has previously been lowered and no further problem has occurred with niobium.  However, 

the niobium content’s possible impact on edge cracks for DSSs has not been investigated at 

Outokumpu Stainless AB in Avesta. The analyses of specimens taken at one meter, four meters and a 

reference specimen also showed a high niobium content for heat A. The aluminum content is generally 

higher for heat A. Note that the reference specimen is from heat A.  

The titanium content is slightly higher in specimen 70 compared to the other specimens investigated. 

The nitrogen content is generally a bit lower in the specimens 70 compared to the other specimens. 

Arsenic and tungsten content is lower for the specimens 70. No larger differences could be seen 

between the specimens from one meter, four meters and the reference specimen in the steel analysis. 

The differences mentioned are though not large and are within the accepted limits. When regarding 

the measuring error there are hardly any differences to mention. Some trend can be seen though, 

which are mentioned in Table 16. The steel content is not shown in Table 16 since it is confidential 

information. 

Table 16.  The deviating results from the steel analyses.  

Specimen 70 showed, compared to the other 
heats; 

High titanium content 
Low tungsten  
Low nitrogen content 
Low arsenic content 
Heat A showed, compared to the other heats; 
High niobium content 
High aluminum content 

 

The slag analyses, from the electric arc furnace, for the four heats investigated are shown in Appendix 

C, Table C3. The MnO content, Cr2O3 content and SiO2 content are lowest for heat A and the MgO 

content is highest for heat A.  The Cr2O3 content is highest for heat C and the basicity is the same for 

all of the heats.  

There were no edge cracks on the first cast slab for the four heats investigated. The material yield for 

the four heats investigated is commented in Table 17. The first slab from heat A and D had longitudinal 

cracks. The yield for the first four meters that were cut off from these heats is unknown since they 

were not hot rolled.  

Table 17. Material yield from the investigated heats.  

Heat name Material Yield 

A Slab one – Lengthway cracks  
B Slab four – Edge cracks  
C No scrap  
D Slab one – Lengthway cracks  

4.4 Metallographic analysis 
The PDA results, shown in Appendix D, showed high amounts of aluminum, calcium and titanium.  

4.4.1 Tensile tests  

The fracture surfaces of the Nemlab specimens were investigated visually and also in LOM. Generally, 

the fracture surface for specimens tested at 1200 °C were extremely small,  specimens tested at 
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1100 °C were small/medium sized and at 950 °C the fracture surfaces were large relative each other. 

The reference specimen RAM tested at 1200 °C and 950 °C is shown in Figure 24.   

 
Figure 24. A. Fracture surface of specimen RAM, tested at 1200 °C. B.  Fracture surface of specimen RAM, tested 
at 950 °C.  

 

Some of the results from the FEG-SEM investigation are shown below. The figures are taken close to 

the fracture surface. As mentioned earlier, the ferrite and austenite behaves differently during hot 

working. In general, it seems that the ferrite cracks easier. It looks like the austenite is still deformed. 

A lot of the voids/cracks/inclusions are located at the phase boundaries. In for example Figure 10 and 

Figure 25 the same phenomenon is shown. High amounts of aluminum, silicon, titanium and 

magnesium were discovered in some of the spectrums. As mentioned in the literature study; at high 

temperatures DSSs are completely ferritic and austenite precipitates at the ferritic grain boundaries 

during cooling. Therefore ferrite is the matrix and the other, generally brighter colored phase, is 

austenite. This is clearly illustrated in Figure 25 and in for example Figure 27 and Figure 28 it is easy to 

see that the austenite phase is brighter than the ferrite. Sites of interest have been analyzed and are 

found in Table 18 to Table 27. A fixed list of the elements shown in the tables were chosen. The results 

were normalized.  

 
Figure 25. Etched specimen D1M, tested at 950 °C.  

A B 
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Figure 26. Specimen C1K, tested at 950 °C. The analyses for the sites of interest are listed in Table 18.  

 
Table 18. The analyses for the sites of interest in Figure 26.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 1 0,3 2,5 0,7 0 0 0,1 21,7 1,5 64,3 6,5 2,5 100 

Spectrum 2 0,1 0,8 0,6 0,1 0,3 0 22 1,6 65,4 6,4 2,6 100 

Spectrum 4 0,1 2,6 1,9 0 0 0,1 23,5 1,5 62,4 4,5 3,4 100 

Spectrum 5 0 1,2 0,6 0 0,1 0 21,7 1,7 65,5 6,5 2,6 100 

Spectrum 7 2,1 16,2 0,6 0,2 0,2 0 20,6 1,3 51,8 3,6 3,4 100 

 

 
Figure 27. Etched specimen A1M, tested at 950 °C. The analyses for the sites of interest are listed in Table 19.  
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Table 19. The analyses to the sites of interest in Figure 27.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 1 0,1 0,5 0,7 0,1 2,5 0,5 24,9 1,4 61,5 3,9 3,9 100 

Spectrum 2 0,7 18,9 0,5 0,1 3,1 0,5 20,2 1,5 48,7 3,5 2,5 100 

Spectrum 3 0 0,8 0,8 0,2 1,9 0,3 24,8 1,4 62,1 3,9 3,7 100 

Spectrum 5 0 1,4 0,6 0,2 2,7 0,4 24,5 1,4 61,2 4,3 3,3 100 

 

Spectrum 3 and 5 in Figure 28 are likely titanium and aluminum inclusions. As clearly seen in the figure, 

they are not located at the phase boundaries.  

 

 
Figure 28. Etched specimen RAK, tested at 950 °C. The analyses for the sites of interest are listed in Table 20.  

Table 20. The analyses of the sites of interest in Figure 28.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 3 0,3 2,7 0,5 0,0 2,7 0,4 21,8 1,6 61,9 6,1 2,1 100,0 

Spectrum 5 0,0 1,0 0,5 0,0 8,6 1,1 25,2 1,3 56,2 3,9 2,2 100,0 
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Figure 29. Etched specimen D1M, tested at 950 °C. The analyses for the sites of interest are listed in Table 21.  

Table 21. The analyses for the sites of interest in Figure 29.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 2 0,1 0,1 3 0,1 0 0,2 23,7 1,4 63,4 4,5 3,7 100 

Spectrum 7 0 0,1 8,8 0,2 0 0,1 22,6 1,7 59,7 4,3 2,5 100 

Spectrum 8 0,3 3,3 3,1 0,1 0,3 0,1 23,4 1,4 60,1 4,1 3,8 100 

Spectrum 13 0,1 0,1 5,5 0,2 0 0,1 24,2 1,6 61,1 3,9 3,1 100 

Spectrum 14 0,1 0,2 4,1 0,1 0 0,1 22,3 1,5 63,1 5,7 2,6 100 

Spectrum 17 0 0,1 8,4 0,2 0 0,1 21 1,6 60,6 5,5 2,5 100 

 

 
Figure 30. Etched specimen A4K, tested at 950 °C. The analyses for the sites of interest are listed in Table 22.  
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Table 22. The analyses for the sites of interest in Figure 30.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 3 0,6 2,5 5,2 0,1 0,1 0,2 22,5 1,4 59,5 4,5 3,5 100 

Spectrum 9 1,1 4,5 0,5 0 0,1 0,1 21,1 1,5 62,1 6,2 2,7 100 

Spectrum 11 0 1,7 0,6 0 1,6 0,3 23,5 1,4 62,9 4,9 3,1 100 

Spectrum 15 1,5 34,9 2,6 0,3 0 0,1 15,3 1,3 38,5 3,4 2,1 100 

Spectrum 16 0,1 3,9 2,9 0,2 0 0 23,2 1,4 60,3 4,3 3,6 100 

 

 
Figure 31. Specimen RAK, tested at 950 °C. The analyses for the sites of interest are listed in Table 23.  

Table 23. The analyses for the sites of interest in Figure 31.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 1 0,3 1,9 1,1 0,1 0,3 0,1 22,2 1,5 63,9 6 2,8 100 

Spectrum 4 0,1 0,1 7,5 0,1 0 0 23,7 1,4 59,7 3,8 3,5 100 

Spectrum 5 3,5 6,2 4,4 0,1 0,4 0,1 21,6 1,3 55,5 3,8 3,1 100 
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Figure 32. Specimen RBM, tested at 950 °C. The analyses for the sites of interest are listed in Table 24.  

Table 24. The analyses for the sites of interest in Figure 32.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 3 0 0,2 8,3 0,1 0,3 0,1 23,5 1,5 59,1 3,7 3,1 100 

Spectrum 4 0,4 4,8 0,6 0 4,3 0,6 21,8 1,4 58,7 5,3 2,1 100 

Spectrum 5 0,1 1 0,7 0 13,5 1,6 26 1 52,7 3,1 0,3 100 

 

 
Figure 33. Specimen A1M, tested at 950 °C. The analyses for the sites of interest are listed in Table 25.  

Table 25. The analyses for the sites of interest in Figure 33.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 1 0 0 4,2 0 0 0,1 24,2 1,4 62,2 4 3,9 100 

Spectrum 2 0,1 10,7 1,1 0,1 1,4 0,3 22,8 1,2 55,1 3,6 3,5 100 



40 
 

 
Figure 34.  Etched specimen D1M, tested at 950 °C. The analyses for the sites of interest are listed in Table 26.  

Table 26. The analyses for the sites of interest in Figure 34.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 1 0,1 0,1 0,6 0,1 0,7 0,3 23,9 1,3 64,1 4,8 4 100 

Spectrum 2 0 1 0,5 0 0,1 0,1 22 1,4 65,3 6,8 2,8 100 

Spectrum 3 0,5 4,2 0,7 0,1 0,1 0,1 23,9 1,4 60,7 3,8 4,5 100 

Spectrum 4 0,1 3 0,6 0,2 0 0,2 21,6 1,6 63,9 6,3 2,6 100 

Spectrum 5 0,4 4,8 4,2 0 0,1 0,1 22,6 1,4 58,6 4,1 3,7 100 

Spectrum 6 0,2 2,3 1,3 0 0,1 0,1 22,2 1,5 63,4 6 2,9 100 

Spectrum 7 0,8 9,2 1 0 0,1 0,1 20,5 1,4 58,5 5,6 2,9 100 

Spectrum 8 0,3 5,6 1,4 0,1 0,1 0,1 22,9 1,3 59,8 4,1 4,1 100 

 

 
Figure 35. Etched specimen C1K, tested at 950 °C. The analyses for the sites of interest are listed in Table 27.  
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Table 27. The analyses for the sites of interest in Figure 35.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 3 0 0 2,7 0,2 0 0,1 24,2 1,3 63,1 4,4 4 100 

Spectrum 9 0,2 0,1 3,5 0,2 0 0,1 23,7 1,5 62,4 4,5 3,8 100 

Spectrum 19 0,2 1,8 1,8 0,1 0 0,1 22,8 1,6 62,6 5,3 3,7 100 

Spectrum 20 0,5 4,1 1,7 0,1 0,1 0,1 21,3 2,8 60,9 5,6 2,8 100 

4.4.2 Bending tests 

After bending, the specimens RKB, D4IB and B1KB were cut into smaller pieces to be further 

investigated in LOM and FEG-SEM. Figure 36 show some of these pieces. It is clear that B1KB contains 

a lot of pores. This can be observed in Figure 36. Observe the high oxygen content for B1, i.e. start-cast 

material from heat B, in Table 15. D4IB and RKB have no pores visible to the naked eye.  

 
Figure 36. Pieces of RKB, D4IB and B1KB after bending. The red circled area is magnified to the right in the figure.  

The results from the FEG-SEM investigation of the bending specimens are shown in Figure 37, Figure 

38 and Figure 39. They are not etched. Cracks/voids/inclusions/pores are usually located at the phase 

boundaries. Sigma phase can be observed in specimen B1KB. The lighter phase is austenite and the 

matrix is ferrite. The figures are taken close to the fracture surface. Analyses for sites of interest are 

found in Table 28 to Table 30. A fixed list of the elements shown in the tables were chosen. The results 

were normalized. Some spectrums had high amounts of titanium, silicon, aluminum and magnesium. 

These specimens, i.e. RKB, B1KB and D4IB, were also analyzed with the program feature in FEG-SEM. 

The inclusion amount was highest in B1KB and lowest in RKB. The results can be found in Appendix D.  
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Figure 37. Specimen RKB, tested at 750 °C. The analyses for the sites of interest are listed in Table 28.  

 

Table 28. The analyses for the sites of interest in Figure 37.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 2 0,2 0,9 0,6 0,0 1,1 0,3 21,5 1,7 64,7 6,5 2,6 100 

Spectrum 12 0,0 0,5 0,6 -0,1 1,1 0,3 25,9 1,6 62,7 3,7 3,8 100 

Spectrum 15 0,0 0,5 7,8 0,1 0,5 0,2 24,5 1,4 58,0 3,3 3,7 100 

Spectrum 22 0,1 1,5 0,5 0,0 2,0 0,3 21,7 1,6 63,4 6,6 2,3 100 

Spectrum 23 0,1 0,0 4,1 0,4 0,1 0,2 23,0 1,9 61,3 4,7 4,3 100 

 

Spectrum 2 in Figure 38 is likely pointing at sigma phase, the white, and cracks in the sigma phase, 

the black. Spectrum 2 has the highest amounts of molybdenum and chrome, see Table 29, which 

sigma phase is enriched of. 

 
Figure 38. Specimen B1KB, tested at 750 °C. The analyses for the sites of interest are listed in Table 29.  
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Table 29. The analyses for the sites of interest in Figure 38.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 2 0,0 4,0 0,5 0,1 0,6 0,2 23,6 5,0 58,2 4,6 3,2 100 

Spectrum 9 2,8 23,5 0,5 0,1 0,6 0,3 18,8 11,6 36,8 2,2 2,9 100 

Spectrum 12 0,2 11,0 0,6 0,1 0,7 0,3 22,9 15,0 43,1 4,4 1,9 100 

 

 
Figure 39. Specimen D4IB, tested at 750 °C. The analyses for the sites of interest are listed in Table 30.  

Table 30. The analyses for the sites of interest in Figure 39.  

Spectrum Mg Al Si Ca Ti V Cr Mn Fe Ni Mo Total 

Spectrum 4 0,0 0,0 5,2 0,1 0,0 0,1 23,3 1,4 62,2 4,4 3,3 100 

Spectrum 7 0,0 0,0 5,6 0,1 -0,1 0,2 25,9 1,6 60,3 3,0 3,3 100 

Spectrum 8 0,0 0,0 5,1 0,1 0,0 0,1 24,8 1,6 61,0 3,6 3,8 100 

Spectrum 9 0,0 0,4 4,7 0,1 -0,1 0,1 24,4 1,5 61,5 3,6 3,9 100 
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5. Discussion 

Edge cracks are, as mentioned, believed to be cracks that arise on the edge of slabs due to low yield 

strength in combination with high tensile stresses. The temperature of slabs varies more at the edges 

and corners, cracks can therefore more easily arise there. During hot rolling the phases in the DSSs act 

differently while being exposed to high tensile stresses. Ferrite and austenite have different thermal 

expansion coefficients, deformation behavior and high temperature strengths. The stress and strain is 

inhomogeneously distributed between the phases during hot working which can result in cracking at 

the grain boundaries. This behavior can cause edge cracks. The reason for edge cracks being more 

common in the beginning of the first slab is perhaps due to the higher inclusion content, which 

decreases the ductility even more. Reduced grain boundary cohesion and voids that nucleate by the 

inclusions at the ferrite/austenite interfaces makes it easier for cracks to grow there. Of course many 

factors can affect the formation of edge cracks and not all of them are discussed in this report. For 

example, there are theories at Outokumpu Stainless AB in Avesta about carburizing affecting edge 

cracks. 

In an internal report 49 from Outokumpu Stainless AB in Avesta the edge crack phenomenon is 

discussed. The author of that report discusses why low-alloyed DSSs such as 2304 are more affected 

by edge cracks than a medium alloyed 2205. The author of that report believes that it could be because 

of the ferrite softening, when the temperature decreases, is larger for the low alloyed steel. The ferrite 

will then be more deformed than the austenite. The author states that the ferrite will get plastically 

deformed in the duplex matrix by shear or gliding along the austenite lamellas. At the austenite ends 

there could be stress concentrations that could cause failure. The author believes that a reason for 

why the ferrite gets softer than the austenite at a decreasing temperature could be because of the 

solubility of nitrogen and carbon decreases. Nitrogen and carbon will then diffuse to the austenite and 

will thereby increase the austenite volume. This causes large differences in solution hardening 

between the phases. The author suggests that it then would be beneficial to decrease the solution 

hardening between the phases by for example adding molybdenum or tungsten, but those alloys are 

expensive. Figure 7 illustrates that the ferrite gets softer more quickly than the austenite with 

increasing temperature, but below 700 °C the ferrite hardness is significantly higher than the austenite 

hardness. The reason for the drastic hardness change is uncertain.  

Since 2205 has similar properties as 2304 it is likely that 2205 behaves similar or in the same way as 

2304 in this manner but not to the same extent. Since 2205 is medium-alloyed it might not get as soft 

ferrite as low-alloyed 2304, perhaps because of decreased atom mobility (since 2205 contains more 

alloying elements that take up space).  

It is difficult to say what fraction of ferrite/austenite that is optimal for hot rolling. At high 

temperatures there is more, or only, ferrite which has good workability due to the BCC structure. Lower 

temperature results in more austenite. The austenite does not have as good workability as ferrite but 

improves, for example, the weldability. When the two phases coexist during heating, they behave 

differently and may cause problems such as cracking. In the final product a 50/50 relationship is 

desired.  

As previously mentioned, some specimens could not be taken at the wanted position. The specimen 

position had to be moved a bit. It is unknown if this have affected the results. For the reference slab 

the author assume that it is almost completely homogeneous, meaning that moving the position 
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should not affect the results. The same is assumed for the other specimens as well, even though the 

slab is not regarded to be as homogeneous in the first cast meters of the strand. Also, no larger 

difference between middle and edge specimens could be seen in the Nemlab results. Slab A4 got a 

surface crack during the casting while the others slab samples got surface cracks at the cutting at the 

cold grinding station in Avesta. Maybe the heat from the cutting had an impact on the material that 

affected the results. The specimens were taken as close to the surface as possible. The surfaces were 

milled and thereby roughly two millimeters were removed.  

When reviewing the discussion part, it is of great important to remember that there are minor 

differences in the results that are discussed. Also, there is not much previous work to compare with. It 

is therefore difficult to conclude much, but indications and trends can be seen in the results.   

5.1 Nemlab 
It is difficult to see a clear trend in the results from Nemlab, except that it differs more between the 

specimens at lower temperatures, see Figure 20 and Figure 21. The area reduction is, as mentioned, 

correlated to the hot ductility. High area reduction means high hot ductility. The results indicate 

relatively high hot ductility for all the specimens. Since there is no clear limit of what is classified as 

high area reduction, it is difficult to say for sure. When looking at other reports it seems relatively high. 

The results are generally clearer when looking at the average area reduction, when possible differences 

between heats are neglected, which is shown in Table 6.  

The expected results were a high area reduction for the reference specimens and the specimens taken 

at four meters and a low area reduction for the specimens taken at one meter. The author believed 

that maybe the edge specimens would have had lower hot ductility than the middle specimens, since 

edge cracks arise on the edges.  

The Nemlab specimens are thinner in the middle and the middle part is therefore taken a few 

millimeters further away from the surface, compared to the bending tests. It is unknown if that 

affected the results.  

Due to limited amount of specimens some tests could not be repeated even if it would have been 

preferred. Again, all the specimens are still in between the accepted deformation rate interval but for 

even more exact values some additional specimens would likely have given a lower standard deviation.  

5.1.1 Area reduction considerations for middle specimens  

The reference specimens have a high area reduction which was expected. At 1200 °C no difference 

between the specimens can be seen. At 1100 °C, shown in Figure 20, a trend can be seen though. The 

reference specimens have the highest average area reduction, followed by the specimens from four 

meters. The specimens from one meter have the lowest average area reduction.  These results were 

as expected, since the start-cast material from one meter has more inclusions and therefore should 

have a lower hot ductility. Although, the differences are small. C1M have the lowest area reduction at 

950 °C and 1100 °C which was expected since it is a specimen from one meter. A1M and B1M have a 

high area reduction at 950 °C which was unexpected. At 950 °C the results spread and no trend can be 

seen. 

When comparing the average area reduction, without considering possible differences between the 

heats, it is easier to interpret the results, see Table 6. The average area reduction is around 97 % at 
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1200 °C, which seems reasonable when comparing with previous data. At the test temperatures of 950 

°C and 1100°C the results are as expected; the reference specimens have the highest average area 

reduction, then the specimens from four meters and the specimens from one meter have the lowest 

average area reduction. This indicates that the specimens from four meters have a bit higher hot 

ductility than the specimens from one meter. Again note that the differences are small and likely the 

hot ductility of the specimens from one meter can be considered high as well.  

At 1100 °C the average area reduction is approximately 91-95 %, which seems reasonable when 

comparing with previous results. The difference between the specimens from one meter and the 

reference and four meter specimens, in average area reduction at 950 °C  and 1100 °C seem small 

(max. ± 3.8 %). Previous results found showed that it can differ at most ±6.5 %, but again the previous 

results representatively are questionable. The standard deviation does not seem abnormal either. 

These differences can be considered small, when looking at Figure B1 which is a good example on how 

different types and heats of the same steel grade can differ in area reduction.  

5.1.2 Area reduction considerations for edge specimens  

The reference specimens have, as expected, a high area reduction which is illustrated in Figure 21. The 

area reduction is around 97-100 % at 1200 °C for all the specimens. Compared to the previous results 

shown in Table 7 the interval seems plausible. At 1100 °C no trend can be seen. Generally, at 950 °C 

the specimens from four meters have a lower area reduction than the specimens from one meter 

which was unexpected. The hot ductility should be lower for the specimen from one meter since it is 

start-cast material of deteriorated quality.  

In Table 6, where possible differences between the heats are neglected, a clearer trend can be seen in 

the average area reduction at the test temperatures 1100 °C and 1200 °C. At those temperatures the 

reference specimens have the highest average area reduction, then the specimens from four meters 

and last the specimens from one meter. At 950 °C no clear trend can be seen. At 1100 °C the average 

area reduction is approximately in between 88-97% which seems reasonable when regarding the 

previous results investigated. The largest difference is at 1100 °C, where it differs 5.6 % in average area 

reduction between the reference specimens and the specimens from one meter. When considering 

Figure B1 in Appendix B, those 5.6 % seems negligible. Generally, no clear trends can be seen between 

the edge specimens from one meter compared to the reference specimens and the edge specimens 

from four meters.  

5.1.3 Comparison between the area reduction of the edge and middle specimens 

The results from the edge specimens are similar to the results from the specimens taken in the middle, 

which can be seen when comparing Figure 20 and Figure 21. The area reduction does not spread much 

at a test temperature of 1200 °C for the middle and edge specimens.  The area reduction is around 97-

100 % for both the edge and middle specimens at 1200 °C. For the edge specimens the area reduction 

is in between 88 % and 97 % at 1100 °C. The interval for the middle specimens is in between this 

interval at the same temperature. RAK, RBK, D4K and B4K have the highest area reduction values at 

1100 °C which is similar to the middle specimen results. At 950 °C the results spread a lot for both the 

edge and middle specimens. 

In the average area reduction, when possible differences between heats were neglected, the expected 

trend could be seen for both edge and middle specimens at 1100 °C. The phase diagram in Figure 9 

shows that 50 % austenite and 50 % ferrite is achieved at this temperature. Perhaps there is a 
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correlation. At higher temperatures, such as 1200 °C the differences between the two phases and the 

differences between start-cast and high quality material might be negligible. The reason for this could 

perhaps be because of the over-all increased mobility in materials as the temperature increases. 

Temperature increase facilitates dislocation movement, diffusion, grain boundary sliding etc. The 

hardness of materials decreases at higher temperatures due to this. Inclusions in the start-cast material 

might not affect the material’s ductility much at this temperature. The results indicate that when the 

temperature is decreased to 1100 °C, the inclusion content and the differences between the phases 

affect the hot ductility. Perhaps no clear trend can be seen at 950 °C because different factors, besides 

the hot ductility, start to affect the material. At lower temperatures the mobility decreases, which 

decreases ductility. 1100 °C is clearly a temperature of interest.  

Consequently, no noteworthy differences between the edge and the middle specimens can be seen.  

Previous results show this as well, see Figure B1 in Appendix B. In that figure no significant differences 

can be seen between 2304Y-M (middle specimens) and 2304Y-K (edge specimens).  

It was unexpected that a difference could be seen between the reference specimens and the 

specimens taken from four meters. The specimens taken at two and three meters were not 

investigated since a clear difference between the specimens taken at one and four meters could not 

be seen. 

There are several considerations that should be taken into account that may have affected the Nemlab 

results, for example: 

 Nemlab is a rough method and more measurements per temperature are needed to achieve 

more reliable results and perhaps a clearer trend. 

 Only one tensile test per test temperature was performed for the edge specimens. Perhaps if 

more tests would have been done it would have affected the results.  

 Nemlab might not be the most appropriate method to show the quality difference in material 

from the start-cast. It would be better to use a method where specimens are measured 

automatically (to get more exact values) and load is applied automatically to achieve 

deformation rates closer to one.  Also, Nemlab is a time demanding method. 

 The quality difference might be hard to discover by only investigating surface specimens.  

 The investigated material from one meter might be of good quality.  

 The hot ductility might not be the most important parameter for edge cracking. Perhaps other 

parameters that have not been investigated in this project have a larger influence.  

 Perhaps other test temperatures, closer to 1100 °C, are of interest.  

5.1.4 Comparison of the area reduction with previous Nemlab results 

In Appendix B there are previous Nemlab results, shown in Table B1 and B2 for the same steel grade 

and product shape, 2205 slabs, investigated in this project. Those values are roughly the same values 

achieved in this project and it also differs roughly the same between the same specimens taken at a 

specific test temperature. The standard deviations for these previous results are higher compared to 

the standard deviation for the specimens investigated in this project (except for the edge specimens 

at 950 °C). The standard deviation is shown in Table 5. If more heats had previously been investigated 

the difference might have been increased. In other words, when comparing the Nemlab results 

achieved with previous Nemlab results, the values and differences seems reasonable. Although, that 

is only an assumption. More investigations should be performed before claiming that the deviation of 
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the results is normal. These previous specimens are likely pre-treated the same way and are likely from 

the surface of the slabs. If that is true, it seems that the four heats investigated in this project has good 

surface quality even at one meter. There might also be a reason why those previous heats were 

investigated. It is likely that the previously investigated 2205, slabs, were investigated since there was 

a problem with them, for example surface defects. Perhaps those previous results are not suitable to 

compare with.  

When comparing with 2205 plate, see Table 6, the results are again very similar. When looking at the 

average area reduction for 2304-Y in Table 6, it is a lot lower compared to the other results. 2304-Y is 

a good example of how edge cracks can lower the area reduction.  

All specimens investigated in this project have an area reduction above 70%, while in previous 

measurements it can be as low as 45 % but as mentioned earlier, it is different steel grades and special 

cases. From previous Nemlab results at Outokumpu Stainless AB in Avesta it can be seen that it differs 

more between the 2304-steel types at lower temperatures compared to high temperatures, see Figure 

B1 in Appendix B. From the same figure it can be seen that the difference in area reduction between 

the specimens at the same test temperature seems to be roughly the same as for the Nemlab results 

performed in this project, i.e. in between 0-12 %. Although, 2304-M represents a high quality heat and 

it deviates less than the Nemlab specimens investigated in this project. Still, when considering them 

all the spread of area reduction seems to be normal compared to those previous results. Also, the area 

reduction for all the specimens investigate in this project is higher than the black, purple and green 

lines in Figure B1 at 1100 °C. Only 2304-Pro-Si has been investigated at 950 °C and again all the results 

from this project have a higher area reduction at this temperature.   

The purple and green line in Figure B1 in Appendix B, i.e. 2304-Pro-Si and 2304P-M, had a lot of 

inclusions. The black lines, i.e. 2304Y-M and 2304Y-K, had a lot of edge cracks. The M stands for middle 

specimen and the K for edge specimen. As mentioned, no larger differences between edge and middle 

specimens can be seen here either when looking at the black lines, only at lower temperatures a small 

difference can be seen. All the values are closer to the upper red and blue lines in Figure B1. That 

indicated good quality for all the specimens investigated in this project. The specimens from one meter 

are not close to the black, purple and green lines, which was a bit unexpected. Although, there were 

no edge cracks on the first cast slabs. Again, the yield for the first four meters for the investigated heats 

is unknown since they were not hot rolled. Edge cracks might have occurred during hot rolling on the 

four meters from the start-cast. The inclusion amount should though be higher in the specimens from 

one meter. It was therefore expected that those lines would be closer to the purple and green line. 

The inclusion amount could still be higher in the specimens from one meter; the purple and green line 

represents extreme cases with very high inclusion amounts.   

Even though the Nemlab results were not completely as expected, some trends could be seen. The 

average area reduction gave more clear results. It was easy to see that the edge and middle specimens 

gave more or less the same area reduction. Results indicate that the specimens from four meters have 

slightly higher hot ductility than the specimens from one meter, but the differences are small. Even 

though no obvious difference between the specimens from one and four meters was discovered, the 

hot ductility seems to be relatively high for all the investigated specimens. It is important to remember 

that tensile tests only investigate a small area and might not reveal the whole truth. It is difficult to say 
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for sure if the hot ductility can be considered high. The previous results found indicate that the results 

are reasonable and that the hot ductility is relatively high.  

5.1.5 Fracture stress 

The fracture stress at the different test temperatures is very similar for all the specimens, see Figure 

22. Low fracture stress indicates low sustainability. The material gets softer at higher temperatures 

and the load, needed to achieve plastic deformation that causes fracture, decreases. Generally 

specimens from heat C and specimens taken at one meter from heat B have the highest fracture stress. 

Overall the specimens from one meter have a higher fracture stress and the reference specimens and 

specimens from four meters have a lower fracture stress. Since specimens from one meter are from 

the start-cast and has deteriorated quality, that was unexpected. The fracture stress decreases with 

increasing temperature, see Figure 22. 

All the specimens investigated in this project have a higher fracture stress at all test temperatures 

studied compared to the previous results found in Table 8. This indicates that the sustainability of the 

material investigated in this project is higher compared to the previously investigated material at high 

temperatures. One should consider that only the fracture stress value is achieved through this method, 

no stress-strain curve has been received. As mentioned earlier the previous results for 2205 slabs might 

not be representative.  

To sum-up, the fracture stress is high compared to previous results which indicates high sustainability 

at high temperatures. The fracture stress at the different test temperatures is very similar for all the 

specimens. Generally specimens from one meter have the highest fracture stress. C4M and C4K are 

though exceptions; they have the highest fracture stress.   

5.1.6 Elongation 

The specimens taken at four meters from heat A, both at the edge and middle, have a low elongation 

value. The results disseminate more at higher temperatures. Generally, the elongation increases with 

increasing temperature. Besides that, no clear trends of the elongation for the different specimens can 

be seen, which is illustrated in Figure 23. The edge specimens from heat C have a high elongation, 

which can be seen in Figure 23 A. Figure 23 B is probably more reliable, since more data has been used 

to construct that figure.  

5.2 Bending tests 
The method development of 2205 indicates high ductility of the specimens investigated. No quality 

differences could be seen without a notch. When the specimens were not annealed cracks occurred 

when a notch was used. The specimens cracked the most at 850 °C. This is likely due to severe sigma 

formation. Annealed specimens with one notch did not crack.  

The bending machine used is not capable to bend these specimens at lower temperatures than around 

750 °C. Perhaps a more powerful bending machine is needed to achieve the desired results. If the 

bending depth increases when the maximum load is applied at 750 °C, cracking would likely occur 

without a notch as seen in Figure 16. This is though difficult to do practically since the specimen gets 

stuck in the machine. Also, it might become more like a compression test instead of a bending test if 

the bending depth is too deep.  
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This method might not be the best method to observe quality differences in the start-cast material. 

Perhaps the hot ductility is not the controlling parameter for edge cracks. The bending temperature is 

difficult to measure and control exactly since it varies a lot on the specimen. It is hotter in the middle 

of the specimen compared to the edges and corners. When the first bending test is performed the die 

is cold and for the subsequent specimen it might be a bit hotter. In this project the temperature was 

measured as close to the middle of the specimen’s surface as possible.  

The “stick” in the male die (colored red in Figure 

40) got bent during the bending tests and the 

load over the specimen might have been a bit 

unsuitably distributed due to this. It is also 

important to put the bending specimen straight 

into the machine, to avoid unsuitable distribution 

of the load. The specimens produced were not 

perfect either. Some specimens were a bit 

shorter, some had small surface imperfections 

and some specimens were not completely 

straight cut so they tilted a bit. Since the 

thickness is vital some specimens could not be 

milled enough to achieve a flat, even surface 

without losing too much thickness. The author 

believes that this may have affected a few of the 

results. Some tests could not be executed the way they were planned, see Table 14. Since D4MB 

cracked in a similar way as D4IB, that test is probably reliable. Although, A1KB and A1MB did not crack 

in a similar way as A1IB which was expected, and it is likely that the rough surface affected the results. 

It is not easy to put the specimen completely straight into the bending machine which also could affect 

the results.  

To be able to see any differences between the specimens, two notches were made and the test 

temperature chosen was 750 °C. When using notches not only the surface properties are tested, the 

bulk close to the surface is tested as well. It is difficult to make the notch exactly the same every time. 

Preferably, notches should be made automatically. Of course, it is not desired to bend the tests at 

750 °C when trying to simulate the hot rolling that occurs in between 950 °C and 1250 °C. That was 

only done since the specimens did not crack at all otherwise.  

Some trends could be seen when using two notches. Generally edge specimens and specimens from 

one meter cracked the most, as expected. Specimen B1KB likely cracked the most due to the high 

oxygen content and the high amount of pores and inclusions. Of course a visual analyze of the 

specimens can be questioned, but two independent people classified the results and agreed. The 

bending specimens are also photographed, see Table 9 and Table 10, and can be reanalyzed by anyone. 

It was unexpected that the reference specimens would crack as much as they did. The Nemlab results 

indicate high hot ductility for the reference specimens, although Nemlab tests a smaller area compared 

to the bending specimens. For three of the reference specimens there were remarks during the 

bending test procedure, see Table 14, and as mentioned this might have affected the results. That does 

not explain the results though, since all of the reference specimens cracked a lot. Unfortunately all the 

reference specimens are from heat A. Generally, heat A has stood out a bit in the results. More tests 

Figure 40. The bending machine. The upper past I 

fixed while the lower part is moving.  
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are required to determine for sure if the reference specimen has as low hot ductility as the bending 

tests performed indicate.  

With this said, the results from the bending tests might not reveal the whole truth. A lot of parameters 

could have affected the results. It is though clear that since the specimens did not break at a low 

temperature and with maximum load, it strongly indicates high hot ductility.  

5.3 Steel analysis 
The average oxygen content was highest for B1 and lowest for the reference specimen RBM. It is clear 

that specimen B1KB contains a lot of pores, see Figure 36. Heat A generally has high oxygen content 

and heat D generally has low oxygen content. B1 and heat A likely have more pores or inclusions 

compared to RBM and heat D. When looking at the Nemlab results B1M/B1K has a higher area 

reduction than D1M/D1K, which indicates that B1M/B1K has a higher hot ductility than D1M/D1K. In 

the Nemlab results A4 has a low area reduction, but A1 has a high area reduction. It is difficult to 

conclude anything from this since these results do not support each other. It is clear though that a 

difference in the average oxygen content can be seen between the reference specimen and the 

specimens taken at one meter. Generally, the specimens from four meters have a little lower oxygen 

content compared to the specimens from one meter.  

The niobium content in heat A is significantly higher compared to the other heats, but is still within the 

accepted limit. How this may, or may not, affect the DSS is unknown, but previous research at 

Outokumpu Stainless AB in Avesta has shown that niobium has a negative impact on edge cracks in 

austenitic steels. When considering the Nemlab results a correlation cannot be seen since A4M/A4K 

and A1M/A1K behaves very differently at the temperatures 950 °C and 1100 °C. If the relatively high 

niobium content in heat A actually increased the amount of edge cracks the area reduction would likely 

have been low for all the specimens from heat A. Since the hot ductility, which is related to the area 

reduction, strongly affects the occurrence of edge cracks A1M and A1K likely would have shown a 

lower value at 1100 °C and 950 °C. The reference specimen also had a high area reduction. Note that 

the reference specimens were taken from slab two-three from heat A. Although, no edge cracks were 

found on the first slabs for the investigated heats. Heat A and the reference specimen had a bit higher 

aluminum content as well. As mentioned earlier, heat A had to be returned from the casting to the 

steel mill to change the ladle. The ladle treatment had to be repeated. Perhaps this had an impact on 

the end result. Again though, if that would have been the case all specimens from heat A should have 

shown a lower value. Heat A also stood out a bit in the slag analysis, but that likely did not affect the 

results since it is early in the process. The slag samples were taken at the electric arc furnace, no other 

slag sample is taken at Outokumpu Stainless AB in Avesta  

Specimen 70 is taken from liquid steel, whereas the other specimens were taken from solidified slabs, 

it is therefore not surprising that a small difference could be seen. The differences might be 

insignificant but clear tendencies of the points mentioned in Table 16 can be seen.  It is important to 

keep the measuring error in mind. There are hardly any differences to mention when regarding the 

measuring error.  
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5.4 Metallography 

5.4.1 The Nemlab specimens 

Which side, on the Nemlab specimen, that is closest to the surface is unknown and it might cause 

differences when looking at the microstructure. To clarify, see Figure 41.  

 
Figure 41. Illustrates that it is unknown which side of the Nemlab specimen that is closes to the surface.  

The author believe that the reason for a smaller fracture surface when testing the specimens at 1200 °C 

is because of a higher hot ductility at this temperature, compared to when testing at 1100 °C and 

950 °C. The Nemlab results support this, since a higher test temperature gives a higher area reduction 

and higher elongation. Ferrite and austenite have different thermal expansion coefficients and perhaps 

behaves more differently at higher temperatures, but at the same time they are softer at higher 

temperatures since the atoms can move around easier. The results indicate that the difference in 

thermal expansion coefficient does not have an impact on the hot ductility at 1200 °C. The elongation 

increases with increasing temperature, resulting in a smaller fracture surface at higher temperatures.  

It is important to remember that only a few FEG-SEM figures were included in the report. In the FEG-

SEM figures, i.e. Figure 26 to Figure 35, it looks like the austenite is still deformed. Perhaps it is due to 

the FCC-structure. Ferrite can more easily recover due to the BCC-structure (high stacking fault 

energy); the dislocations can rearrange themselves. Although, as mentioned in the literature study it 

is more complicated in a duplex structure. It is also easy to see that the phase boundaries are weaker 

compared to the surrounding material. Voids, inclusions/pores and/or cracks are commonly located at 

the phase boundaries. High contents of aluminum, silicon and titanium were found. The high silicon 

content might come from the polishing step. It seems that the cracks mainly arise in the ferrite phase. 

In the literature study it was mentioned that inclusions and voids often are located at the phase 

boundaries, making them weaker which affects the hot ductility. This is illustrated in Figure 10 in the 

literature study. From Figure 5 in the literature study it is clear that the inclusion amount is significantly 

higher in the material from the start-cast. As previously stated; an explanation of why there are more 

edge cracks on the first cast slab could be that the inclusion amount is higher, which weakens the 

phase boundaries even more, and cracks arise easily there. Of course a lot of factors affect the 

formation of edge cracks. Again, no larger quality difference between the start-cast material and 

reference material has been seen in this project.  

The specimens were chosen mainly based on the Nemlab results. Heat A stand out again in the FEG-

SEM investigation. Large inclusions were found in the specimens from four meters, taken from heat A. 

No such large inclusions were found in the specimens from four meters for the other heats. In a 

reference specimen large inclusions were found but not specifically at the phase boundaries. In the 

specimens from one meter large inclusions/voids/pores/cracks were found mainly at the phase 

boundaries. Overall, no larger differences were observed in the FEG-SEM investigation.   
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It is important to remember that it is difficult to conclude much from these FEG-SEM results since: 

 A fixed list was chosen and therefore not all elements are considered.  

 “Human errors”; the author analyzed spots that were found interesting. A lot of valuable 

information might have been missed. Some specimens might have been more thorough 

investigated and more was detected there, which can cause misguiding information.  

5.4.2 The bending tests 

The three bending specimens that were chosen for a metallographic investigation, were chosen based 

on the bending test results. B1KB was chosen since it cracked the most on the side (not only close to 

the notch), D4IB cracked the least of all specimens and the reference specimen RKB cracked a lot which 

was unexpected and therefore interesting to investigate.  

In Figure 38, spectrum 2 is likely pointing at a sigma phase. Sigma phase was observed in specimen 

B1KB in more figures. The sigma phase likely formed during the bending test. During the method 

development of the bending tests, when specimens were not heated to 1000 °C for 30 minutes and 

then air-cooled to the test temperature, the specimens cracked a lot. Probably the sigma phase 

formation was significantly decreased by the annealing and air-cooling but unfortunately not avoided 

completely. It is difficult to avoid sigma formation at a test temperature of 750 °C. Sigma phase forms 

quickly during cooling through around the temperature interval 600 °C to 1000 °C. In Figure 9 the phase 

diagram for 2205 shows that the sigma phase forms a bit below 1000 °C. The sigma phase reaches 30 % 

at around 700 °C. Thermo-Calc might not give a 100 % correct picture, but it is a good tool to give a 

reasonable estimation of phase diagrams. The best approach is perhaps to have a test temperature in 

between 950 °C to 1250 °C which is the hot rolling temperature interval, and sigma formation can 

hopefully be avoided. Since these specimens did not crack at these temperatures, the thickness of the 

specimens could be increased to make them crack easier. A more powerful bending machine is then 

required. The SEM-investigation of the bending tests also showed that inclusions/cracks/voids/pores 

are usually located at the phase boundaries. Sigma phase was not observed in the attached figures of 

RKB and D4IB. The specimens RKB and D4IB should be further investigated to establish if they contain 

sigma phase or not. Perhaps it was there but not detected or it was not there at all. Why sigma phase 

precipitated in specimen B1KB and perhaps not in the other specimens is unknown.  

The FEG-SEM program Feature showed that B1KB had the most inclusions and RKB the lowest amount 

of inclusions, which was expected. That confirms that the inclusion content is higher in the first cast 

material. This does not explain why the reference specimens cracked as much as they did. The area 

investigated on the three specimens was small and the material was taken from deformed bending 

specimens, and therefore the results from the feature investigation can be questioned.  
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5.4.3 PDA-analyze 

The PDA method is under development and therefore the results must be regarded as indications, not 

facts. Since it is a comparing method it is difficult to conclude much from this, since there is not much 

to compare with. The PDA-investigation was made on pieces of undeformed bending specimens. Bad 

OES-sparks eliminated during sorting to ensure as reliable results as possible.  

The PDA results revealed that the start-cast material from all heats had high amounts of Al2O3 and CaO. 

High amounts of calcium were not observed much in the FEG-SEM investigation. The start-cast powder 

contains high amounts of CaO and SiO2. Al2O3 is also in the start-cast powder. The casting powder also 

contains CaO, SiO2 and Al2O3. Some of the inclusions could come from the start-cast powder and/or 

casting powder. In Appendix C in Table C1 and Table C2 the composition of the cast powder and start-

cast powder for 2205 can be found. Heat A had the highest aluminum content, according to the PDA-

results.  
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6. Conclusions 
The Nemlab results indicate high hot ductility for all specimens, but since there is not much to compare 

with it is difficult to say for sure. The average area reduction, when neglecting possible differences 

between heats, indicates that the specimens from one meter have a bit lower hot ductility compared 

to the other specimens. However, the differences are small. The method development for bend testing 

during heating also supports this. The bending tests indicate a high hot ductility for all specimens. 

When using notches and a test temperature of 750 °C, the bending tests indicate a lower hot ductility 

for the specimens from one meter and also for the edge specimens. It is important to remember that 

this test temperature is not appropriate to use when simulating the hot rolling process. It was only 

chosen to be able to compare the bending samples, since they did not crack at all at higher 

temperatures. There were no edge cracks on the first slabs for these investigated heats, although it 

should be noted that the yield for the first four meters for these heats is unknown since that material 

was used to produce the specimens for this study. 

Heat A has stood out in the results multiple times. Note that the reference specimens are from heat 

A. E.g. in the Nemlab results for the edge specimens, A4 has the lowest area reduction. OES-PDA results 

revealed that heat A had high alumina content. The steel analysis also showed that heat A had the 

highest aluminum, and also elevated niobium content. The oxygen content was high for heat A but not 

in the reference specimen. The elongation is low for heat A. The slag analysis, found in Table C3 in 

Appendix C, showed that the MnO content, Cr2O3 content and SiO2 content is lowest for heat A and the 

MgO content is highest for heat A. The differences are of minor proportion and might not actually 

affect the quality. As mentioned, heat A had to be returned to the steel mill before casting and if that 

had an impact on the end result is uncertain.  

 The Nemlab results show that there is no large difference between the edge and middle 

specimens.   

 At a test temperature of 1200 °C in Nemlab the difference in area reduction between the 

specimens is extremely small. At 1100 °C the results are as expected for the middle Nemlab 

specimens, i.e. high area reduction for the reference specimens and specimens from four 

meters and lower area reduction for specimens from one meter. At 950 °C for the edge Nemlab 

specimens the results were the opposite in general. At a test temperature of 950 °C the area 

reduction spread relatively much and no clear trend can be seen at this temperature. All the 

results are still above 70 % in area reduction, which likely can be considered as high hot 

ductility.  

 A trend could be seen at 1100 °C when regarding all the specimens and neglecting possible 

differences between heats.  

 According to the Nemlab results, the area reduction is higher at a higher test temperature for 

the three test temperatures investigated.  

 The average area reduction, when possible differences between heats are neglected, indicate 

a lower hot ductility for the specimens from one meter. No larger differences were found 

though.  

 The difference in average area reduction, at the test temperatures, between the reference 

specimens and the specimens taken at one meter is not more than ±5.6 %.The difference is 

± 8.8 % between the reference and four meter specimens. The difference is higher for the 

edge specimens compared to the middle specimens.  



56 
 

 The standard deviation for the Nemlab results seems normal compared to previous results. 

Although, how representative the previous results are can be questioned.  

 The fracture stress decreases with increasing temperature. Compared to previous results the 

fracture stress is high, which indicates high sustainability. C4M and C4K have the highest 

fracture stress. Generally though, the specimens from one meter have the higher fracture 

stress compared to specimens from four meters and reference specimens.  

 Generally, the elongation increases with increasing temperature. No clear tends can be seen 

when considering the elongation, except that both A4K and A4M have a low elongation value.  

 The reference specimen had a lot lower oxygen content compared to the specimens from one 

meter. Generally, the specimens from four meters had a little lower oxygen content compared 

to the specimens from one meter. B1 clearly contain a lot of oxygen and pores.  

 It might be beneficial to include oxygen analyses in the routine steel analysis, since the bending 

specimen that cracked the most had the highest oxygen content.  

 Most of the voids/inclusions/cracks/pores are located at the phase boundaries. It seems to be 

the ferrite that cracks. In the reference specimens the inclusions are not specifically located at 

the phase boundaries. High amounts of aluminum, titanium and silicon was found. No 

significant differences were discovered between the specimens from one meter, four meters 

and the reference specimens in the SEM investigation. It looks like the austenite is still 

deformed. 

 The bend test specimens did not crack without a notch when the maximum load and a test 

temperature of 750 °C were used. This strongly indicates high hot ductility.  

 When notches were used for the bending tests it was shown that the edge specimens and 

specimens from one meter generally cracked more. Unfortunately the reference specimens 

cracked a lot which makes it difficult to interpret the results.  

 Sigma phase formation was difficult to avoid completely at a test temperature of 750 °C.  

 The steel analysis only showed differences between the specimens from one meter, four 

meters and a reference specimen when comparing with “specimen 70”, not when comparing 

with each other. The differences are not large but some tendencies could be seen. The 

titanium content is higher and nitrogen, tungsten and arsenic content are lower for “specimen 

70” for all the heats.  

 For the three investigated bent specimens, the FEG-SEM Feature analysis shows that the 

reference specimen has lower amount of inclusions and B1KB has the highest amount of 

inclusions.   

 

Perhaps the heats investigated have too high hot ductility and/or that the measuring methods are too 

rough to see clear trends.  Future work is necessary to be able to determine where the first cast slab 

of 2205 should be cut off in order to optimize the yield.   
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7. Future work  
 More heats should be investigated to achieve a more solid foundation. Start-cast material 

should be saved until the yield is known. Start-cast material from heats with edge cracks on 

the first cast slab should be selected for further investigation. Of course some reference 

material from heats with good yield should be selected as well, to compare with. 

 A thorough method development of hot bending tests should be performed by using the 

selected start-cast material with a lot of edge cracks and reference material from around slab 

two to three. If possible, avoid using notches. It would be good to perform a lot of tests to get 

some statistics. The optimal dimension of a bending specimen should be determined. A 

thorough method of analyzing and classifying the results should be developed.  

 It is necessary to repair the bending machine at Outokumpu Stainless AB in Avesta or invest in 

a new male die. A part of the male die fell off and had to be mounted back again after every 

test. The part that was loose got strongly deformed during the bending tests and had to be 

replaced often, which is expensive in the long run. This might also cause uneven load over the 

specimen, which in turn may affect the results.  

 To avoid sigma phase formation and to simulate the hot rolling it is appropriate to use a test 

temperature in between 950 °C to 1250 °C. Thicker specimens are then likely needed, since 

the specimens in this project did not crack at these temperatures. A more powerful bending 

machine is then required.  

 Specimens from the center and on the side of slabs could be examined as well. In this project 

only specimens from the surface were investigated.  

 More Nemlab tests should be performed, with a narrower accepted interval for the 

deformation rate.  

 Perform more Nemlab tests at 1100 °C, since a trend could be seen at this temperature for 

both the edge and middle specimens (when neglecting any possible differences between the 

heats). The trends can be seen in Table 6. More test temperatures could be investigated when 

using the Nemlab method, e.g. 1000 °C, 1050 °C and 1150 °C (i.e. temperatures close to 

1100 °C)  

 Perform tensile- and bending tests with the casting direction opposite the drawing and 

bending direction.  

 In cases when oxygen lancing is needed to open the ladle sliding gate, the quality of the first 

slabs should be investigated.  

 A more thorough SEM-investigation should be performed on more bending and Nemlab 

specimens. The program Feature should be used more extensively and the results should be 

compared with OES-PDA results. It is of great importance to establish if sigma phase can be 

found in more bending specimens, and if the sigma phase is the cause of the fractures.  

 Torsion tests could be an alternative method to investigate edge cracks.  

 Same procedure for other steel grades should be performed.  
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9. Appendices 
The appendices are removed from this report since they are confidential. If this information is of 

interest, contact Outokumpu Stainless AB in Avesta to ask for permission to view the complete report.  

 

 

 


