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Abstract 
This master thesis work has been carried out at the company SSAB EMEA in Oxelösund which 

is a global leader in quenched and tempered high-strength steel. The aim is to examine the 

importance of the material properties for the bendability of the specific steel grade Weldox. 

There are many conditions for various applications such as mobile cranes and vehicles that need 

to be fulfilled in order for the material to be approved, where one main prerequisite is the 

bendability. It is very important to be able to bend the material without the occurrence of cracks. 

The purpose of this work has therefore been to investigate and try to find the relationship 

between the material properties and the critical bending radius. Furthermore has another aim 

been to find the most suitable treatment process for the composition of this specific steel grade.     

 

The work was divided into two parts, where the first part was to examine two equally treated 

Weldox 960 plates that differed significantly in properties such as bendability and toughness. In 

the second part seven different plates of the steel grade Weldox 1100 have been investigated 

where all the plates were treated in various ways. The leveling of the plates was performed in 

two different ways; either according to the standard leveling or to the property affected leveling 

(ERIK). The experimental part includes tests such as bending, hardness, toughness, tensile and 

inclusions measurements.  

 

The results have shown that the most significant material properties affecting the bendability are 

the yield strength and the purity close to the plate surface. Leveling with ERIK as the last 

treatment step has shown that the toughness of the material can be increased but it does not 

affect the bendability for these specific steel grades. Other properties such as hardness, ultimate 

tensile strength and elongation have no major impact on the bendability for this specific 

composition. The most suitable treatment proved to be tempering at 200°C as the last step in the 

process chain. 
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Sammanfattning 
Detta examensarbete har utförts på företaget SSAB EMEA i Oxelösund som är en av världens 

ledande tillverkare av höghållfast grovplåt. Syftet har varit att undersöka materialegenskapernas 

betydelse för bockbarheten för den specifika stålsorten Weldox. Det finns många förutsättningar 

för olika applikationer så som mobilkranar, fordon och skopor som måste uppfyllas för att 

materialet ska godkännas, där en av de viktigaste grundförutsättningarna är bockbarheten. Det är 

mycket viktigt att kunna bocka ett material utan att det uppstår sprickor i plåten. Målet med detta 

examensarbete har därmed varit att försöka finna och fastställa ett samband mellan 

materialegenskaperna och den kritiska bockradien. Ytterligare ett mål har varit att hitta den mest 

lämpade behandlingsprocessen för sammansättningen för denna specifika stålsort.  

 

Examensarbetet har varit uppdelat i två delar, där första delen gått ut på att undersöka två lika 

behandlade Weldox 960 plåtar som skilde sig betydligt i egenskaper såsom bockbarhet och 

seghet. I den andra delen undersöktes sju olika Weldox 1100 plåtar där alla plåtar genomgått 

olika behandlingsprocesser. Riktningsprocessen för dessa plåtar utfördes med två olika metoder, 

antingen enligt standardriktningen eller också den egenskapspåverkande riktningen, kallad 

ERIK.  Den experimentella delen inkluderade tester i form av bockning, hårdhet, seghet, 

dragprov samt inneslutningsmätningar. 

 

Resultatet visar att de mest betydande materialegenskaperna som påverkar bockbarheten i 

materialet är sträckgränsen samt renheten i närheten av ytan. ERIK riktningen har visat sig höja 

segheten i materialet om den implementeras som sista behandlingssteg i processkedjan, men 

segheten i sig påverkar inte bockbarheten för den specifika stålsorten och dess sammansättning. 

Övriga egenskaper som hårdhet, draghållfasthet och förlängning har ingen större inverkan på 

bockbarheten för denna sammansättning. Den mest lämpade behandlingsprocessen visade sig 

vara anlöpning i 200°C som sista steg i processkedjan.   
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1 Introduction 

Forming a material can be made in many different ways in which one of the key forming 

processes is bending. Being able to bend a material brings with it many advantages where the 

main benefit is the ability to create a finished product from a single plate instead of joining 

several parts, which ultimately leads to a more uniform product. In addition, time is shortened 

considerably since cutting and joining through welding is more time consuming and the number 

of process steps is reduced. Other advantages of bending are that the product gets a better 

appearance than if it had been welded, and is also easier to clean and weighs less. The bending 

properties are therefore important to improve and to constantly develop its technology for 

optimizing the final product. Various experiments and studies on bendability and the influence 

of the material properties have been performed within this field.  

1.1 Company presentation 

The international company SSAB AB is the largest steel producer in Sweden with an amount of 

employees that adds up to a total of 9000 which are represented and spread in 45 countries 

worldwide. SSAB is a leading actor both in Scandinavia as well as in North America. Its 

operation can be divided into three different geographic business areas: SSAB EMEA in Europe, 

Middle East and Africa; SSAB Americas located in North and Latin America and SSAB APAC 

sited in Asia and Pacific Region. In Scandinavia is SSAB the leading manufacturer of strip 

products and the largest supplier of steel plate in North America. SSAB has an annual 

production capacity of 6 million tons of crude steel. Of all the heavy plate that is produced in 

Oxelösund, 90% is exported. 
[1]

 

 

The company is the leading producer of high-strength steel and directed towards a niche market 

where high performance steel products are demanded. The steel products are mainly consisting 

of plate manufactured by using various heat treatments and different mixtures of alloying 

elements. The high strength steel meets stringent demands for properties such as strength, wear 

resistance and formability. The production process is adapted to produce the most competitive 

niche product in terms of quality and costs. 
[1]

 

 

Currently SSAB is the only Swedish company in this niche but they compete in a global market 

among their biggest competitors, the Finnish company Ruukki as well as the German company 

Thyssen Krupp. SSAB has production sites located in three places in Sweden; Borlänge, Luleå 

and Oxelösund. Over the years has SSAB launched several brands with different properties, 

which are shown in table 1. 
[1] 
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Table 1. The different brands at SSAB with their unique and associated properties. 

[1]
 

Brand Properties 

DOMEX High strength steel for lightweight and 

sustainable solutions 

HARDOX Wear plate for maximum payload and longer 

service intervals 

DOCOL Cold-rolled and high strength steel for easy 

and secure components 

WELDOX Construction and high strength steel for heavy 

and demanding applications 

PRELAQ Prepainted sheet steel for environmental- 

friendly building products 

ARMOX Protection plate for protector of life and 

property 

TOOLOX Machine components and prehardened tool 

steel 

1.2 SSAB EMEA 

SSAB EMEA is a global leader in quenched and advanced high-strength steel, i.e. wear resistant 

and structural steel with very high strength. The production within SSAB EMEA takes place in 

Sweden where the crude steel is produced in the steel plants located in Luleå and Oxelösund. 

The steel slabs are then further processed and refined to heavy plate in Oxelösund and strip 

products are produced in Borlänge. The crude steel capacity of SSAB EMEA is approximately 

around 3,5 million tonnes and the company is consequently aiming to develop and improve the 

existing steel products as well as make improvements in research in order to make new steel 

grades. 
[1]

 

1.2.1 The production flow in Oxelösund 

The steel plant in Oxelösund started in 1913 and has since then continually grown and 

developed. Today the steel plant consists of a coking plant, two blast furnaces, secondary 

refining metallurgy, two continuous casters and one rolling mill including heat treatment 

facilities such as quenching, tempering and painting. 
[1] 

 

The ore arrives by ship in the shape of pellets which together with coke is converted into pig iron 

in the blast furnace. The liquid pig iron is transported in torpedo wagons to the steel plant where 

it is processed in the LD converter, Linz-Donawitz. The carbon content of the iron is lowered 

from 4% to less than 1% by oxygen blowing into the steel. The steel is then tapped from the LD-

converter to the ladle, desoxidation 1, where a synthetic slag is added before moving on to the 

TN, Thyssen-Niederrhein station. At this position further desoxidation is implemented and argon 

injection is carried out through a lance in order to provide stirring which improves the sulphur 

removal.  
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In the next step, the ladle is moved to the LRF, Ladle Refining Furnace or the VTD, Vacuum 

Tank Degasser. Here is the steel heated and alloyed to ensure that unwanted particles and 

elements are eliminated. The steel is trimmed to its proper and suitable composition in order to 

be continuous cast and cut into slabs. After the continuous casting, the slabs are sent to the 

rolling mill where the shaped plates are heat treated to obtain the desired toughness and strength. 

SSAB EMEA in Oxelösund is able to roll the plates to a thickness of 3-170 mm and widths up to 

3500 mm. In order to obtain the desired strength and toughness of the plates are they quenched 

and tempered. The plates are then sent for further processing; leveling, shot blasting, painted for 

corrosion protection and marked before delivery. The schematic production chain performed at 

SSAB EMEA in Oxelösund is shown in figure 1. 
[1] 

 
Figure 1. The production flow at SSAB EMEA in Oxelösund. 

[1] 

2 Background 

As mentioned earlier in the text is SSAB EMEA in Oxelösund a world-leading producer of 

quenched and tempered plate. There are many prerequisites that need to be fulfilled in order for 

the plates to become approved by the customers and consequently, the products are continuously 

being improved by the company. An important qualification for different applications such as 

mobile cranes, ladles and vehicles is the bending properties of the material. It is very important 

to be able to bend the material without the occurrence of cracking. The bendability of the 

material is controlled by the plate’s mechanical properties, its purity and the surface conditions. 

Therefore, it is important to study these conditions with the intention of improving the 

bendability. 
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The SSAB structural steel Weldox is a very high strength steel and is frequently formed by 

bending operations. The product is in particular well known for its good bendability however the 

company is constantly aiming to improve the properties of the material utilizing optimized 

production processes. It is important and interesting to investigate how the bending properties 

are affected by the different methods of treatment and try to find a connection on the material 

properties influence on the bendability. 

3 Purpose and goal 

The purpose and problem definition in this work is to examine the importance of the material 

properties for the bendability of quenched and tempered heavy plate, where the company’s 

specific steel brand Weldox will be studied and tested. The goal is thus to seek for and establish 

a connection between the material properties and the critical bending radius. A further objective 

is to determine the process chain that is most suitable for this specific steel grade in order to 

maintain good material properties while achieving the best possible bendability. 

 

4 Limitations 

This master thesis work is limited to only include the examination of two different Weldox steel 

grades, namely more specifically Weldox 960 and Weldox 1100. Both of these steel types have a 

plate thickness of 8 mm. Due to the time limit it has not been possible to perform tests and 

evaluations on other brands within the company such as Armox and Hardox nor examine 

Weldox including other dimensions. However, the conclusions may very well be applicable to 

the other products. 

5 Problem description 

In this master thesis has the investigation of the Weldox material been divided into two parts 

where the material within the same steel grade has been compared and examined among 

themselves.  

 

In the first part two 8 mm thick already hardened and tempered Weldox 960E plates of similar 

composition and same treatment are compared. During bend testing a clear difference between 

them could be seen since the bendability expressed in its R/t-value differed. Surprisingly the 

plate with lower toughness showed better bendability. As both the toughness and bending tests 

already have been performed for these materials, the task was to do further testing in form of 

hardness, inclusions measurements and tensile tests in order to find a correlation between the 

material properties explaining the observed differences in the bendability. 
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The second part of the master thesis involved experiments carried out on the specific steel grade 

Weldox 1100E with the same thickness of 8 mm. Seven different plates were processed in 

different ways and tested with mechanical testing in terms of hardness, toughness, tensile tests, 

inclusion measurements and bending tests. Many bending tests were carried out to find the range 

for the critical bending radius of all these plates. All data were analyzed aiming to draw relevant 

conclusions between the material properties in terms of correlations to the critical bending radius 

as well as investigate which process treatment that is most appropriate for this steel grade with 

its specific composition.  

6 Method 

The framing of this master thesis started with a literature survey to obtain information on what 

has already been done in the area of bending, e.g. trials and tests to improve the bending radius, 

as well as evaluations on the importance of the material properties. In addition to the literature 

study, knowledge has also been obtained from experts and other qualified personnel within this 

field at SSAB EMEA in Oxelösund. Subsequently, mechanical tests has been performed where 

focus has been on investigation of the toughness, hardness, tensile properties as well as 

cleanliness and bendability on 8 mm thick Weldox 960E and Weldox 1100E plates to analyze 

and evaluate the influence of the mechanical properties on the critical bending radius. 

7 Literature survey 

The purpose in the study by Oliver and Weinman (1987) was to examine which impact the sheet 

thickness, the tool geometry and the material properties have on the strain distribution in bending 

of hot rolled steel. Oliver and Weinman (1987) investigated common carbon steel and HSLA 

steels, where the model used in the experiment was established to predict crack lengths for 1T-

bending, i.e. the punch radius equal to the thickness. The samples tested in this experiment had 

the same material properties and microstructure but in order to be able to determine the effect of 

thickness, these specimens were ground to have thickness as their only difference. The samples 

were subjected to 1T-bending and it was found that the thickness has a major effect on the 

bending strain. The conclusions drawn by Oliver and Weinman (1987) are that a change in R 

does not significantly affect the bending strain, but a decrease in R resulted in reduction of the 

axial strain near the edge. The conclusion from the results showed that there was clearly 

desirable to include larger bending radii and greater thicknesses. 
[2]
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Pellegrini et al. (2007) has in their investigation studied what influence plates and material 

properties have on the spring back in air bending. Several ferrous and non-ferrous alloy plates 

were studied by performing both bending and tensile tests. The advantage of air bending is its 

possibility to provide good degree of flexibility since a single punch and die set can be utilized to 

form series of bending angles without modifying the tools. The ultimate bending angle is 

influenced by a variety of parameters related to process geometry, where the plate thickness, the 

die and the punch radius are crucial factors as well as material properties. Studies on the effect of 

geometric and material properties of the plates showed that the plate thickness was the most 

important factor that affects the bending results and performance. The results Pellegrini et al. 

(2007) concluded in their investigation were that the relationship between the yield strength and 

the elastic modulus as well as the material strain-hardening affects the angle results in bending. 

The performed FEM-analysis showed to be efficient for spring back prediction, even though its 

results heavily depend on the characterization of the material. 
[3] 

 

Nagataki et al. (1996) studied the effect of microstructure on bendability and delayed fracture 

resistance of ultra-high strength martensitic steel with tensile strength over 1370 MPa. The steel 

sheets in this experiment were cold rolled and exposed to tempering at different temperatures 

below 500 °C. Complete martensitic structure has pre-eminent bendability to ferrite + 

martensitic two phase structure and therefore were experiments performed with focus on the 

outcome of the chemical composition and the tempering temperature on the mechanical 

properties. Tempering below 240º C resulted in precipitation of fine C-carbides while tempering 

over 300º C caused precipitation of coarse cementite. The carbides coarsen inside the lath by 

tempering temperature above 300º C where also more visible carbide precipitations along the 

grain boundaries are seen. The mechanical properties are affected due to these changes as the 

tensile strength increases with tempering at 180º C and the elongation degraded immediately 

with a tempering in the region of 300º C. The results of the study can be summarized that the 

significance of controlling the carbide precipitation in the martensitic structure is important for 

improving the bendability which is achieved by tempering below 240º C. 
[4] 

 

Steninger et al. (1985) have investigated the ductility of high strength steel with different volume 

fractions and carbide distributions as well as non-metallic inclusions through tensile and bend 

tests. The purpose of this examination was to study the mechanisms of ductile fracture during 

bending, and to compare these with the results of the tensile tests, conducted both in the 

longitudinal and transverse direction. The evaluation of bendability was done for different 

surface conditions: polished, hot rolled and notched surfaces as well as for different R/t-ratios. It 

was shown for the ductility to be lower in transverse bending than in longitudinal which is 

explained since regions with locally greater volume fraction of non-metallic inclusions along the 

fracture propagation. The conclusions Steninger et al. (1982) could draw was that the ductility in 

tension was commonly higher for longitudinal than transverse directions, whereas the anisotropy 

of strength was low. No difference in bendability was distinguished whether the outer surface 

was polished or hot rolled. 
[5]
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Sriram et al. (2003) presents in their study experimental results from the Angular Stretch Bend 

(ABS) tests, which has been used to describe bending under tension behavior for advanced high 

strength and ultra-high strength steels. The investigation by Sriram et. al. (2003) focused on the 

outcomes of a simulation test (ABS) where the process of bending under the influence of 

superimposed membrane tension is imitated. The heights of failure were strong functions of the 

R/t ratio at lower values while the formability of all materials achieves saturation at higher R/t 

ratios. Fracture occurred at the punch tip radius over the width for low R/t values and moves 

with increasing R/t to the sidewall. The result of the ASB testing indicates that the formability 

under stretch bending condition is dependent on the specific mechanical properties, the 

microstructure and the chemical composition. Sriram et. al. (2003) concluded that the strain 

distribution in the side walls showed higher strain at increasing R/t due to reduction in the 

difficulty of bending at the punch tip. At low R/t, the bending deformation at the punch tip is 

very sharp causing strain locations at the tip rather than distribute strains to the side walls. The 

ability to tolerate tensile strain increases with increasing R/t ratios. 
[6] 

 

Lindström (2006) reports that other previous studies have shown how the surface condition of 

the plate affects the minimum radius of the punch. In a specific internal study, plates were 

examined with different surface conditions, where one was shot blasted, one was ground and one 

had its mill scale left. The bendability of the three plates where compared with each other and 

the results showed that the difference in bending properties between plates with different surface 

conditions was very small. However, it was possible to determine that the bending properties 

were improved when the surface was polished compared to the surfaces that were blasted or had 

its mill scale left. 
[7] 

8 Theory 

In this part the important and relevant underlying theory is introduced for better understanding of 

the phenomenon of bending, where essential facts, definitions and graphs are illustrated and 

explained more in detail. Furthermore, the principle of bending and its key elements that have 

major influence such as tool, plate surface, and plate and punch radius are also presented as well 

as the initiation of cracks and how they can be avoided.  

8.1 Material properties 

There are two different ways in which a material can be deformed, either elastic or plastic. The 

elastic deformation implies that the bonds between the atoms are stretched like a spring that is 

pulled out and then returned to its original shape after unloading. When the material is subjected 

to plastic deformation the shape of the material is changing while maintaining both volume and 

mass. By plastic deformation of a material, external forces give rise to a remaining deformation 

after unloading, which affects the material properties. The material properties which define the 

material´s ability to deform are the elastic stiffness and the plastic strain deformation properties. 

An example of deformational properties is hardening and its sensitivity to strain rate.  

 

 

  



 

Title Document-id/Version 

The importance of material properties on 

the bendability of Q/QT steels 

267869/6.0 

 Page 

SSAB internal document 14 of 77 

 

Before unloading the deformation consists of an elastic deformation part, εe, and, when the yield 

strength of the material is exceeded, the plastic part, εp takes place. At this point a large number 

of dislocations start moving, edge dislocations parallel and screw dislocations perpendicular to 

the shear stress. At unloading spring back occurs, creating plastic deformation and a remaining 

elastic moment, which tends to restore the plate to its original shape and the elastic part of the 

deformation disappears. The elastic spring back is also the part which is directly associated with 

the yield point (σ0,2) and the young’s modulus (E) of the material and represents the slope of the 

elastic part of the curve, shown in figure 2. After unloading, the plastic deformation remains.  

 

The stress required to obtain a residual plastic strain of 0,2% after unloading is defined as the 

yield strength of the material, σ0.2. After yielding, the stress to continue plastic deformation 

increases to a maximum, point M in figure 2, describing the ultimate tensile strength, UTS, also 

called the RM-value. The UTS is defined as the maximum stress that can be sustained by a 

structure in tension eventually leading to fracture, if the stress is applied and retained. This 

corresponds to the point F in the figure 2. Construction materials should be formable, i.e. they 

should be able to be deformed plastically into a product, but also be sufficiently hard so that they 

don´t deform under normal use. 
[8][9][10][11][12][13] 

 

 
Figure 2. Illustrates the stress and strain curve when the material is loaded respectively unloaded as well as the 

plastic deformation εp and the spring back εe. 
[14]

 

8.1.1 Hooke´s lag 

The first part of the curve in figure 2 above is usually linear and the relationship between stress 

and strain can then be expressed in the following equation (1.1). This equation is known as 

Hooke’s law.  

 

σ=E ε (1.1) 
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When the curve has reached point σp, which is the proportionality limit, E and ε ends to be 

proportionate and it is also in this point that the material stops to be elastic. 

8.1.2 True and technological stress vs. strain  

The stress (σ) of a material can be defined as technological or true. The technological stress is 

defined by normalizing the force P to the original cross-sectional area A0, i.e. the ratio between 

the force and the original cross sectional area. This definition is seen in (1.2). 

 

   (1.2) 

 

 

The strain (ε) can similarly be defined as both technological and true. At true strain the actual 

length must be considered while the technological strain is based on initial length, L0 where Δl is 

the change in length. By normalizing the strain, L to the original length, L0 the technical strain is 

defined as follows:
  

 

e =   (1.3) 

 

During a uniaxial tensile test, when the length of the sample increases, its cross-sectional area 

will at the same time decrease and the technological stress thus becomes misleading. To obtain 

the true stress σs, the force P is divided by the instantaneous sectional area A as the following 

equation (1.4) show:
 
 

 

σs=   (1.4) 

 

 

To be able to obtain the true strain in which the dimensions are constantly changing during the 

test, the following definition (1.5) is used: 

 

ε =   (1.5) 

 

where L is the actual length and L0 is the original length.
 [9][15] 
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8.1.3 Solid strength 

The solid strength of metals is usually caused by the direction in which the material is loaded. 

The anisotropic properties in a material depend on which processes the material has been 

subjected to in the finished product. Metals can be divided into different categories of solid 

strength; where high strength is one.  

 

The strength of a base metal can vary considerably depending on the composition of alloying 

elements. The higher the alloy content is, the higher the strength gets, but the toughness of the 

material deteriorates leading to increasing costs. In addition to this, high strength also gives rise 

to higher residual stresses in the material; it becomes more difficult to form plastically, more 

demanding during machining and joining by for example welding. The relatively high carbon 

content in many high strength steels is a key parameter leading to poor weldability and 

toughness. To avoid both brittleness and poor weldability of the material an option would be to 

increase the content of certain alloying elements to replace carbon. This is however only possible 

in certain cases while carbon has a unique influence on the hardness in as-quenched condition.  

 

In general increased strength in the material means worse formability and increased spring back. 

In addition, more pressure force is required which in turn leads to increased stresses and wears 

on the tool. High strength steel, however, gives the possibility of reducing the thickness of the 

plate while maintaining its strength. The risk of wrinkles increases by pressing the plate if its 

thickness is reduced. Figure 3 shows the behavior of a high strength and soft annealed steel 

during unloading. As mentioned earlier, the stresses increases in the material if the steel has high 

strength while the stresses are reduced if the material is soft. From the figure 3 below, it can be 

seen that the elastic spring back, εe2, for the high strength steel is much greater than that of the 

softer one, εe1, regardless which forming method that has been used. 
[8][15]

 

 

 
 

Figure 3. Shows how the plastic respectively the elastic deformation at unloading for a high strength steel and a soft 

annealed steel acts according to the same plastic deformation, εp. 
[8][14] 
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8.1.4 Deformation hardening  

After unloading higher stresses are required in order to get further plastic deformation, i.e. the 

yield strength increases. After the yield strength has been reached and the material has started to 

get plasticized, the dislocation density increases as the amount of dislocations in the grains 

increases. This means that the movement of the dislocations is prevented and causes the yield 

strength to increase monotonously with plastic elongation. The increased amount of dislocations 

increases the hardness of the material and even enhances the force that is necessary for further 

deformation. This phenomenon is called deformation hardening and when the amount of 

dislocations becomes too large, the material will rupture. In figure 4 the stress and strain curves 

with and without deformation hardening are illustrated. 
[9][10][11] [15]

 

 
Figure 4. The ratio of deformation hardening in the stress and strain curve.  [9] 

 

The relation between the yield stress and the deformation in the uniaxial tensile test can be 

described according to the Ludwik-Hollomon´s relationships:  

 

σ = K     (1.6) 

 

σ = σ0 + K  (1.7) 

 

where σ represents the true stress, K and σ0 are material constants, εp is the true plastic strain and 

n signifies the cold hardening exponent. 

 

By taking the logarithm of the equation (1.6) the relationship becomes linear as follows: 

 

logσ = logK + nlogε  (1.8) 

 

  



 

Title Document-id/Version 

The importance of material properties on 

the bendability of Q/QT steels 

267869/6.0 

 Page 

SSAB internal document 18 of 77 

 

By plotting the logσ vs. logε the n-value is determined as the inclination of the curve. The cold 

hardening exponent n is calculated as the slope of a straight line adjusted to the experiment in a 

double logarithmic diagram. A high value of the cold hardening exponent n displaces the tensile 

plate curve upwards and thereby reduces the necking, which can be seen in figure 5 below. 
[9][10][11] [15] 

 
Figure 5. The tensile plate curve is shifted upwards with increased n-value. 

[14] 

 

8.1.5 Multi-axial stress state  

A multi-axial stress state is obtained by the forming of parts in several dimensions. This means 

that the material is exposed to strains in more than one direction in the plane simultaneously, i.e. 

the material is subjected to multi-axial strain. To be able to predict when and how plastic 

deformation occurs, an effective stress, σe, and an effective plastic strain, , is defined. It is the 

effective stress that quantifies the stress state and specifies how the material is loaded at a certain 

point. The effective stress includes six different stress components, σx, σy, σz, τxy, τyz and τzx, for 

a three-dimensional case and begins to plasticize when the effective stress reaches the yield 

point. The effective stress thus indicates the combination of stress components causing 

plasticization and to determine whether yielding (plastization) occurs or not, σe is compared to 

the yield strength, σs, of the material. This method is known as von Mises yield criterion. The 

effective stress condition is defined by equation (1.9). 
[15]

 

 

σe =  (1.9) 
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8.1.6 Mohr´s circle 

Mohr´s circle is an important and useful geometrical element representing the state of stress at a 

point in two dimensions. The tensile stress is represented along the x-axis whereas the shear 

stress is specified along the y-axis. In short, Mohr´s circle can be defined as the stress state 

occurring at a point on a plane which rotates in space between two principal stress axes. The 

principal stress axis refers to a direction in space where the shear stress is zero. The points are 

thus found on the x-axis of Mohr´s circle. Mohr´s circle is therefore a graphical aid to illustrate 

the state of stress in different planes passing through the same point. 
[9][15][16]

 

 

Mohr´s circle is also a very useful tool to describe the deformation as a result of 3D load. For 

instance, when a plate is exposed to a bending moment, both compression and tensile stresses 

occurs in the plate. These conditions can, with the help of Mohr´s circle, be outlined, where 

compressive stresses occurs on the bottom side of the plate, while tensile stresses arises on the 

top side of the plate, as illustrated in figure 6. 
[17] 

 
Figure 6. The different stress states behavior when bending a plate with the help of Mohr´s circle. 

[14]
 

 

It is the outer surface of the bend that is exposed to the tensile stress and it is also at this location 

where fracture typically initiates. The fracture then proceeds from the outer surface when the 

strain in the surface reaches a critical value. 
[18] 
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8.2 Bending 

High-strength steel contributes to create stronger and lighter constructions with less 

environmental impact. One of the most significant challenges to create manufacturing friendly 

plates and extend the application possibilities, is to construct a plate with good predictability and 

non-dispersive material properties. Bending is a suitable processing method for high-strength 

steel, where the material is formed by a bending moment. It allows the plate to succeed in 

maintaining the good material properties. 
[16]

 

 

Bending is done by a firm lower tool against which a moving upper tool forms the plate. The 

plate material has only contact with the edge radius of the lower tool and the bending movement 

stops before the plate is rooted in the surface. This type of bending process is illustrated in the 

figure 7. 
[7] 

 

 
Figure 7. The bending equipment and the operation transverse to the rolling direction. 

[7]
 

 

When to produce and develop new products, it is essential to verify that it could be bent without 

problem. The plate needs to be flat, free from non-uniform residual stresses and, most 

importantly, have uniform thickness. When these pre-requisites are fulfilled, the bending test is 

measuring how tightly the material can be bent without getting any cracks. In reality, the 

minimum radius increases with increasing plate strength and it is therefore important and 

interesting to focus on this particular parameter. The radius of the upper tool is often expressed 

in its relation to the plate thickness, R/t which defines the bendability of the plate. R/t is proved 

to be an important parameter for the prediction of crack risk and the appearance of flawless 

bending. When bending with a too small upper tool, i.e. when the R/t value is too low, cracks 

will occur. 
[7][19][20] 
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Many different tests and experiments have been made concerning the bending of material at 

SSAB, where it has shown that the three most important factors affecting the results are: 
[7][19]

 

 

 The radius of the upper tool 

 The strength of the plate 

 The thickness of the plate 

8.2.1 The equipment 

The bending press is equipped with an upper tool, which has a specified radius R, and a lower 

tool with an appropriate width, W. The plate to be bent is placed between these two tools and is 

then pressed until the desired shape is reached. Ideally, the friction between the lower tool and 

the plate is very low or almost negligible. When bending plates, it is generally important that the 

product can tolerate some bending without giving rise to any defects, damages or cracks at the 

bend line. If the plate is bent with a small R/t ratio, certain plates tends to form at a narrower 

radius than the upper tool has because of localized deformation, which creates the undesirable 

phenomenon called knee formation. The knee formation deteriorates the bendability because the 

strains in the bend line increases. The higher the yield stress/ultimate tensile strength (YS/UTS) 

ratio is, the larger the risk for knee formation. There is a tendency to try to achieve as tight a 

bend radius as possible to ensure full utilization of the mechanical properties of the plate.  
[7][19]

 

8.2.2 The plate surface 

Generally it is easier to bend thin components than wide plates because the stress state in the 

edges of the bend weakens. A rule of thumbs is that a square cross-section can be bent to half of 

the bending radius compared to a plate. Hence, the plate width must be at least 10 times the plate 

thickness to perform a critical test. The properties and appearance of the plate surface is an 

important parameter in determining the bendability. 
[7][20]

 

 

The surface layer is the most affected part during a bending operation and therefore it is of 

primary interest for the determination of the bendability. The surface finish is of great 

importance and both damages and rust on the surface exposed to stress during the process 

reduces the bendability. Each scratch or defect that occurs at the exterior of the bend is regarded 

as an initiation of fracture and cracking generally occurs where the surface has been exposed to 

most strain. There is only one single critical imperfection needed in order for fracture to start. It 

is therefore not an average number of defects on the surface that determines the probability for a 

fracture. Former studies have shown that the local strain at a bend test can be tripled if the plate 

is scratched or has an indication of a fracture. Thus, it is important to ensure that the surface is 

flawless from all kinds of fracture indications. The edges of the plate that has been cut or sheared 

needs to be treated and ground in order not to give rise to any cracks.
[7] 
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An important factor to consider regarding the plate surface is that the material properties are 

often altered compared to the properties at the center of the material. The surface layers usually 

have much lower ductility than the interior which can depend on several factors such as texture, 

oxide layers, decarburization etc. As previously mentioned, during bending, it is only the surface 

of the plate that is exposed to maximum stresses. 
[7][19] 

8.2.3 The plate radius 

After bending a plate there is no guarantee that the inner radius is equal to the radius of punch. 

The bending radius may become unstable regarding when the radii are less than half of the plate 

thickness. This phenomenon is similar to the classical necking, which is formed during tensile 

testing, where deformation is concentrated to a small part of the bend that gets remarkably 

thinner. Although fracture does not occur, the shape of the bend gets distorted when it is 

flattened and causes lower strength of the product. This may lead to rejection or claim, which 

has a very negative impact on the company.  

 

It is very interesting to study the plate radius since it controls the maximum strain in the plate 

and thus the risk of cracking. The choice of the bending radius is very important. The smaller the 

radius, the more the material needs to be elongated in order to avoid fracture. Consequently it is 

important to always use sufficiently large bend radii. Reasons for using small radii are the 

reduction of the spring back size and when the constructural design requires a narrow bend. 

Today, however, there are other methods to control the spring back problem and therefore the 

use of larger bend radii do not result in disadvantages due to spring back. There is a rule of 

thumb saying that when the upper tool radius R is >3t, the radius of the plate is equal to the 

punch radius. As the bend radius gets smaller, the greater the difference becomes between the 

die and the plate radii. 
[7][18][20]

 

8.2.4 The bottom die 

The bottom width at bending is the distance between the edges of the lower tool, which can be 

seen in the figure 7 above. Previous studies have shown that using minor upper tools can give a 

greater positive effect if the bottom die radius is greater. If the bottom die radius is big it 

provides lower bending force, reduction of damages and wears to the plate and the tool, but also 

increased accuracy. A disadvantage is however that the larger the bottom die radius the larger 

the spring back. For a smaller bottom die radius the exposed contact surface gets smaller and the 

local pressure therefore increases. For that reason it is important to keep track on the bottom die 

radius in order to reduce and prevent damages and wear on the tool and the plate. 
[7][20] 
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8.3 Cracks 

In bending the goal is to reduce the risk for crack formation by the best means possible. If the 

upper tool is too small, i.e. too low R/t values, cracks will emerge along the bend line and the 

crack initiation always appears at the stretched external side of the bend. Generally, the initiation 

of cracks during bending occurs at the edge of the plate or somewhere along the bend line away 

from the edge. The cracks arise if the edges are sheared or cut with severe defects or deformation 

hardened base material. To avoid this type of error it is necessary to grind away the defects or 

bend the plate with the defect side in the compression direction.  

 

Other dominant crack locations are due to the unfavorable stress state, i.e. bi-axial, which 

reduces the ductility. If there are no serious weaknesses or defects at the edge of the plate, then 

no cracks will be initiated there, since the deformation at the edges mitigates the surface 

tensions. The cracks are detected by visual inspection and if they are not visible by naked eye, 

then the bend are considered to be flawless.  
[19][20] 

8.3.1 Crack types 

By pushing the limits to achieve narrower and narrower bend radii the outer bend surface goes at 

the bend line most often through various stages of ruptures. The crack behavior for the Weldox 

steel type can be classified into small and large cracks. Small cracks are defined as surface 

rupture and are border line for approval depending on how rough the marks are. Large cracks are 

not accepted and sometimes it also happens that the plate is completely split in two. 
[7][19] 

 

Other analyzes of various bending tests have given broader knowledge about the initiating 

location for errors caused by bending, such as mechanical scratches, extreme shot blasting, 

elongated inclusions near the surface and pitting corrosion. These specific tests have also shown 

that material parameters like toughness and elongation have not influenced the bendability of the 

plates. 
[19]

 

 

To reduce the risk of crack formation in the bend, it is preferable to put the bend perpendicular to 

the rolling direction of the material or at least as close as possible to this direction. The bend 

should be placed so that its longitudinal direction is perpendicular to the last rolling or pulling 

direction. The rolling process will induce different types of texture which gives the plate 

different properties in different directions. The properties such as yield stress, elastic moduli etc. 

are direction dependent, which results in the anisotropic behavior. The bendability is also 

influenced by segregations and inclusions that will be oriented in the rolling direction. 
[18][21] 

  



 

Title Document-id/Version 

The importance of material properties on 

the bendability of Q/QT steels 

267869/6.0 

 Page 

SSAB internal document 24 of 77 

 

9 Material 

The development of SSAB´s steel grade Weldox was initiated in connection with the acquisition 

of a roller quenching plant in 1969 which, compared to previous quenching processes, had a 

much better cooling effect. Weldox is a high strength structural steel that has been developed to 

provide good weldability in combination with high strength and toughness. Furthermore is 

Weldox well known for its’ superior bendability and machinability. Despite its high strength, it 

allows for the end products to be both strong and light which facilitates the welding and 

transport. Other good properties of Weldox are the good flatness and the fine surface quality. 
[1][22]

 

 

Weldox is produced in various thicknesses, from 4 mm to 130 mm with yield strengths between 

700 MPa up to 1300 MPa. This master thesis will focus on the two specific construction steel 

grades Weldox 960E and Weldox 1100E, both with a plate thickness of 8 mm. The letter E 

indicates a standard procedure at SSAB which imply a temperature for guaranteed impact 

toughness at 27 J at -40°C. 
[1][22] 

 

Today, SSAB has fixed requirements for the various steel grades that must be fulfilled before 

they are sent to the customers. The requirements that apply specifically to Weldox 960E and 

Weldox 1100E regarding mechanical and impact properties can be seen in table 2 and 3 below. 

 

Table 2. The specific requirements of the mechanical properties regarding Weldox 960E and Weldox 1100E.
[1] 

Mechanical 

properties 

Plate thickness 

[mm] 

Yield strength 

σ0,2, min [MPa] 

Tensile 

strength UTS 

[MPa] 

Elongation 

EL, min [%] 

Weldox 960E 4,0-50,0 960 980-1150 12 

Weldox 1100E 4,0 – 4,9 1100 1250-1550 8 

 5,0 – 25,0 1100 1250 – 1550 10 
 

Table 3. The specific requirements of the impact properties regarding Weldox 960E and Weldox 1100E. 
[1] 

Impact properties Test temperature [°C] Impact energy for test on 

transverse, min [J] 

Weldox 960E - 40 27 

Weldox 1100E - 40 27 

 

The 8 mm thick Weldox plates also have specific recommendations concerning its bending 

properties. Table 4 shows the minimum recommended punch radius, R and die opening width, 

W for the plate thickness, t for both Weldox 960 and Weldox 1100. SSAB intends that the plate 

can be flawlessly bent to an angle of 90ºC using the recommended values. 
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Table 4. Displays the minimum recommended requirements for the die punch R, die opening W at the plate 

thickness t for Weldox 960 and Weldox 1100. 
[1]

 

Weldox Thickness 

[mm] 

At right 

angles R/t 

Along R/t At right 

angles W/t 

Along W/t Spring 

back [°] 

960 t < 8 

8 ≥ t < 20 

t ≥ 20 

2,5 

3,0 

4,0 

3,0 

4,0 

5,0 

8,5 

8,5 

10,0 

10,0 

10,0 

12,0 

8-12 

1100 t < 8 

8 ≥ t < 20 

t ≥ 20 

3,5 

4,0 

5,0 

4,0 

5,0 

6,0 

10,0 

10,0 

12,0 

10,0 

12,0 

14,0 

11-18 

9.1 Microstructure 

Weldox has a martensitic structure formed when the steel is quenched quickly from the 

austenitic region and no diffusion controlled transformation or nucleation process has started. 

Since the transformation happens without diffusion no interchange between the atoms takes 

place and the surplus of carbon atoms forces the structure to deform. Martensitic steels have very 

little deformation hardening making it difficult for the dislocations to move more freely in the 

material. The structure of martensite consists of fine-grains, and in general, the finer grain size 

the higher strength and toughness of the material. A very big advantage of the Weldox steel 

grade is that despite its high strength and hardness is the ductility relatively high and the final 

products can be produced with very light weight. 
[1][10] 

10 Experimental procedure 

In this section, the experimental data and procedure from part 1 and 2 will be presented. 

Furthermore, the different experimental trials containing the testing of bending, hardness, 

toughness, tensile and inclusion measurements will also be covered. All of the tests were carried 

out at SSAB EMEA in Oxelösund, where the mechanical tests were performed in the material 

test house, the inclusion measurements and the Vickers hardness tests were made in the 

laboratory while the bendability was tested at the Central Workshop. 

10.1 Experimental set-up 

In part 1 of this study, two plates of the steel grade Weldox 960E were examined marked with 

the names M114 and M115 respectively. The chemical composition for these differs a little since 

they are manufactured from different heats. Trials in form of hardness, toughness, bending and 

tension had already been carried out but no analysis of the results had been completed.  

 

Part 2 of this study was based on seven different plates of the same steel grade, Weldox 1100E. 

All the plates had the same dimensions of 6 meters in length and 2 meters in width marked with 

the names EL11-EL17. The structure of the plates is basically the same as they are produced 

from the same heat. 
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The inclusion measurements for all the samples were performed with three different methods; 

one according to the standard procedure SS 11 11 16, another according to a super positioning 

method and the third with the help of PDA-technique. The plate analyses as well as the heat 

analyses of all the plates from part 1 and 2 are shown in table 5-8. 

 
Table 5. The plate analysis of all the included steel grades. 

Plate analysis 

Marking Charge Serial 

number 

Internal 

grade 

External 

grade 

Plate 

thickness 

 

M114 100484 2720144 341 W960E 8 mm 
PART 1 M115 100043 2698276 932 W960E 8 mm 

 

EL11 101757 4288323 341 W1100E 8 mm  

 

PART 2 
EL12 101757 4288282 341 W1100E 8 mm 

EL13 101757 4288309 341 W1100E 8 mm 

EL14 101757 4288268 341 W1100E 8 mm 

EL15 101757 4288330 341 W1100E 8 mm 

EL16 101757 4288354 341 W1100E 8 mm 

EL17 101757 4288378 341 W1100E 8 mm 

 

Table 6. The heat analysis of the plate M114, Weldox 960, 8 mm. 

 Heat analysis M114 

 Elements 

Heat C Si Mn P S Cr Ni Mo Co P 

A 

R 

T 

1 

 

100484 

0,161 0,206 1,239 0,011 0,0012 0,197 0,044 0,612 0,016 

 

V Ti Cu Al Nb B Zn N Ca 

0,042 0,003 0,008 0,058 0,015 0,011 0,002 0,003 0,0005 
 

Table 7. The heat analysis of the plate M115, Weldox 960, 8 mm. 

 Heat analysis M115 

 Elements 

Heat C Si Mn P S Cr Ni Mo Co P 

A 

R 

T 

1 

 

100043 

0,168 0,224 1,28 0,007 0,0028 0,201 0,053 0,605 0,016 

  

V Ti Cu Al Nb B Zn N Ca 

0,044 0,002 0,007 0,059 0,015 0,0013 0,002 0,0036 0,0015 
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Table 8. The heat analysis of the plates EL11-EL17, Weldox 1100, 8 mm. 

 Heat analysis EL11–EL17 

 Elements 

Heat C Si Mn P S Cr Ni Mo Co P 

A 

R 

T 

2 

 

101757 

0,161 0,242 1,275 0,01 0,0007 0,202 0,047 0,607 0,015 

 

V Ti Cu Al Nb B Zn N Ca 

0,037 0,004 0,006 0,057 0,015 0,0013 0,002 0,002 0,0006 

 

The seven plates of part 2 were processed in various ways where the process schedule is shown 

in table 9. The abbreviations for the various treatments stand for quenching, tempering and 

leveling, which are explained further in table 10. After processing the plates were sent to the 

cutting line where all of them were plasma cut into 30 equally sized coupons with the 

dimensions 300x250 mm, where 300 mm was oriented along the rolling direction. Three more 

coupons from each plate were cut at the top, middle and bottom to be sent for mechanical 

testing. These coupons required larger dimensions, 400x300 mm. The cutting speed of the 

plasma cutter was 3000 mm/min and very high energy is used. The method allows for fine plate 

edges giving a reduced risk for cracking during bending. The coupons were then bend tested in 

different directions with different radii of the upper tool. 

 

Table 9. The scheme for the different treatments of Weldox 1100E, 8 mm. 

Serial number Amount Name Treatments 

4288323 4288392 2 EL11 HÄRD    

4288282 4288299 2 EL12 HÄRD ERIK10   

4288309 4288316 2 EL13 HÄRD ANLÖ82   

4288268 4288275 2 EL14 HÄRD ANLÖ82 ERIK10  

4288330 4288347 2 EL15 HÄRD ERIK10 ANLÖ82  

4288354 4288361 2 EL16 HÄRD ERIK10 ANLÖ82 ERIK10 

4288378 4288385 2 EL17 HÄRD ERIK10 ANLÖ88  
 

Table 10. Explanations to the different abbreviations of the process treatments. 

Treatment Explanation 

HÄRD Hardening 

ERIK10 Leveling 

ANLÖ82 Tempering at 200° C; app. 35 min 

ANLÖ88 Tempering at 300°C; app. 35 min 
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10.2 Experimental methods 

The following five experimental methods will be described more closely in this part: 

 Bendability 

 Hardness 

 Toughness 

 Tensile 

 Inclusion measurements with LOM and PDA-technique 

10.2.1 Bending 

The procedure for the bending tests and the equipment is described in more detail in the theory 

part. For bending tests, a plate was cut into multiple coupons. The radius of the upper tool was 

initially selected to be large in order to work the way down to narrower and narrower radii until 

cracking occurred. The test coupons were bend-tested in both the longitudinal and the transverse 

direction as well as with the top respectively bottom side upwards to be able to distinguish 

differences and similarities but also to find the critical radius for each plate. There were no 

significant differences between the direction and the position. The amount of tested coupons 

varied for each plate depending on how easy it was to find the critical radius and to achieve a 

certain statistics for the bendability in order to identify and avoid exceptions. The coupons were 

first tested in the longitudinal direction, since the risk is greater for cracking in this direction than 

it is in the transverse direction. Cracks of different form appeared, from minor surface ruptures, 

to large and continuous cracks. 

10.2.2 Hardness 

In this study two different standard methods to determine the hardness were used, one according 

to the Brinell hardness and the other in line with the Vickers hardness. The Brinell hardness test 

is performed by applying a load of 29,4 kN to the surface of the tested material by using a 

tungsten carbide ball with the diameter 10 mm. For each plate, three tests were made that 

resulted in a mean value. 
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The Vickers hardness test method uses very light loads, primarily utilized for small parts or thin 

sections, and is based on an optical measuring system. The Vickers hardness test was performed 

in two different ways for all the samples. The first method measured the hardness over the 

thickness of the sample with a load of 5 kg separating the indents by an interval of 1 mm. The 

second method measured the hardness of the samples with lighter load, 0,3 kg, in order to be 

able to measure hardness closer to the outer surface of the specimens more precisely. The 

impression intervals were made denser closest to the surfaces and more lighter towards the 

center of the samples. The hardness was measured twice for each sample, as illustrated in figure 

8. 

 
Figure 8. The location of the Vickers hardness measurements in the two different ways. 

[14]
 

10.2.3 Toughness 

In this project, the toughness was determined using the so called Charpy-V method, which 

measures the energy absorbed when breaking a test piece. The testing was performed at three 

different temperatures, 20°C, -20°C and -40°C in three different positions of the plate; top, 

middle and bottom, which is seen in figure 9. The test piece used for these plates has the 

dimensions 5x10 [mm]. 

 

 
Figure 9. The three positions in the plate where the toughness was measured. 

[14] 
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10.2.4 Tensile test 

For each test plate, three tensile tests were carried out in which the yield strength, the ultimate 

tensile strength and the elongation was measured. 

10.2.5 Inclusion measurements 

The inclusions were classified according to two light optical procedures. One of them is the 

Swedish standard procedure, called SS 11 11 16 and the other one is a superpositioning method. 

The procedures determine the quantity, size and distribution of the inclusions. In the first method 

mentioned, the types of inclusions are evaluated by comparing them with a collection of type 

images. The type images are ranked into four main types, designated A, B, C and D, in respect to 

the shape of the inclusions after plastic deformation of the material. 
[23] 

Here a total number of 

100 fields of view were scanned for inclusions on each sample. In this standardizing method, a 

magnification of 200x was used.  

 

In the second inclusion measurement method, which is not considered as standard, 

approximately 50 fields of view was employed. Here a magnification of 500x was used and 

when images were taken and analyzed by the program. After the program analysis, a 

summarizing image was obtained of all the inclusions present in the sample. In this picture, the 

size, the type and the distribution of the inclusions are clearly displayed. This method gives a 

good visual understanding and a better overview of how the inclusions are distributed in the 

material and how they look like. The method was used in two ways, one displaying the 

inclusions near the surface of the sample and the other in the quarter depth of the sample. 

 

Using dual methods improves the statistics regarding the number of inclusions and their types 

but most of all, it is very interesting to analyze the difference between the results from the near 

surface and quarter depths of the samples. 
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10.2.6 PDA/OES – technique 

The so called Pulse Distribution Analysis (PDA) method is based on an OES measurement that 

analyzes the intensity differences between bulk and inclusions using a PDA software. The 

obtained information is related to the size distribution and the composition of the inclusions but 

also the proportion of elements present as inclusions. The technique consists of vaporizing and 

atomizing a thin outer layer of the material by an electric discharge that hits the surface of the 

sample and generates a plasma. The atoms and ions in the plasma are excited and due to 

transitions between the different electron energy levels energy is emitted as light characteristic 

for each element. The radiation is then broken up by a lattice in specific wave lengths, each 

detected by a photomultiplier. This converts the light into an electrical signal proportional to the 

amount of the corresponding elements which are recalculated to concentrations. When the spark 

hits an inclusion that evaporates, high intensities are obtained from the included elements in the 

inclusion which is registered as so-called outliers and evaluated by the PDA program. Figure 10 

illustrates how the PDA measurement works. The method is very fast and approximately 4000 

sparks are recorded for one PDA measurement for obtaining reasonable measuring statistics. The 

big advantage using this method is the more detailed information achieved for the chemical 

composition of the material compared to conventional chemical analysis. The identification of 

defects, such as inclusions and segregations, makes it more easily to verify the product quality 

and to adjust the processes. 
[24][25] 

 

 
Figure 10. Illustration of the PDA-technique. 

[24] 
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11 Results 

In this part the results from the experiments of the steel grades Weldox 960 and Weldox 1100 

will be reported. All performed tests in terms of bendability, hardness, toughness, tensile testing 

and inclusion measurements will be shown below. More detailed information and data 

supporting the results are found in the appendices. 

11.1 Bending 

The critical bending radius from the bend tests are presented in table 11. All protocols from the 

testing including information on punch radius, die width, thickness, positions and comments are 

found in appendix A. 

 

Sample M115 from the Weldox 960 plates showed better bendability than sample M114 because 

bending could be performed with narrower radius before cracking. From the Weldox 1100 plates 

was it found that the narrowest radius was obtained from the test specimens EL11 and EL13.  

 
Table 11. The bending tests and their critical radius. 

Material Name Radius 

[mm] 

Thickness 

[mm] 

Critical 

radius, R/t 

Weldox 

960 

M114 16 8,0 2 

M115 12 8,0 1,5 

 

W 

e 

l 

d 

o 

x 

1100 

EL11 16 8,1 2 

EL12 20 8,1 2,5 

EL13 16 8,2 2 

EL14 20 8,0 2,5 

EL15 20 8,1 2,5 

EL16 20 8,0 2,5 

EL17 25 8,0 3,1 
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11.2 Hardness test 

The hardness results from the Brinell and Vickers standard methods are presented below. 

 

11.2.1 Brinell test 

The mean value of the three tests accordance to the HB-Brinell standard procedure was 

calculated and the average hardness for each steel plate is shown in the table 12. More detailed 

values from this testing are shown in appendix B. The hardness for Weldox 960 is very uniform 

and for Weldox 1100, the tests EL11, EL12, EL13 and EL15 have approximately the same 

hardness. In the same, the tests for EL14, EL16 and EL17 also show similar values. Generally, 

there are no significant differences in the hardness between the specimens of the same group. 

 
Table 12. The hardness measurement according to the Brinell standard procedure for all the Weldox steel plates. 
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11.2.2 Vickers test 

Since no significant differences in the hardness between the duplicate measurements were 

detected, neither over the thickness nor on the surface, the mean value was calculated and plotted 

in tables 13 and 14 below. 

 

In table 13 both of the Weldox 960 plates are very similar in their hardness and differ very little. 

It is notable for the Weldox 1100 plates that the hardness spread in the middle of the plate is 

more distinct and uneven than it is at the plate surface. Why it differs more in the center of the 

specimen than on the plate surface is most likely due to center segregations that always remains 

after the last melt has solidified. These segregations still remain even after rolling. All of the 

plate specimens for Weldox 1100 show fairly smooth and similar hardness curves except for 

sample EL17 whose hardness is consistently lower at every point. For bending it is most 

important to get a more uniform and controlled hardness at the surface than in the center because 

crack initiations and growth are more critical in that region. 

 
Table 13. The hardness curves of the thickness of the samples. 
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Crack initiations during bending are more likely at the surface of the plate than in the middle, 

which makes it more interesting to analyze the hardness of the surface. The results are seen in 

table 14. The hardness for the Weldox 960 plates is practically the same as in the former case. 

Overall, all the Weldox 1100 plates show consistent results in surface hardness except sample 

EL17 whose hardness is slightly lower than the others, especially close to the surface. The 

reason for this deviation is that the plate was deliberately tempered at a higher temperature than 

normally used. 

 

 
Table 14. The surface hardness curves of the samples. 
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11.3 Toughness 

The average value of the toughness for each specimen at the tested temperatures was calculated 

since no clear differences between the positions (top, middle and bottom) were shown. The 

result of the impact strength is illustrated in table 15. The specific measured impact strength 

values are shown in appendix C. 

The toughness of the two Weldox 960 plates is remarkably different. Sample M115 has much 

lower toughness at every temperature compared to sample M114. Since both of them have 

undergone the same treatments, they should be equally tough. Thus, it is strange that they differ 

so significantly. Two samples, EL14 and EL16, from Weldox 1100 differ from the rest due to 

their higher toughness values. The similarity between these two samples is that both have been 

treated with the ERIK leveling after being tempered at 200° C as the last step in the process 

chain. The rest of the samples from that steel grade are more or less similar, an exception being 

sample EL17 which only has one low value for  

-40°C. This is most likely because the plate was subjected to an unusually high temperature 

presumably making it more brittle.  

 

Table 15. The toughness of all the samples. 
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11.4 Tensile test 

The results from the tensile testing for all the samples according to yield strength (σ0,2), ultimate 

tensile strength (UTS) and elongation (%EL) are presented in the following tables, 16-18. More 

specific values from these tests can be found in appendix D. 

 

The yield strength, the ultimate tensile strength and the elongation for the samples of Weldox 

960 are essentially equal and both samples have a yield strength exceeding 960 MPa with good 

margin. Looking at Weldox 1100, the yield strength differs somewhat between the specimens. 

All of the plates exceed the yield strength of 1100 MPa with good margin, except for specimen 

EL11, which was subjected to the simplest treatment including hardening, only. The material 

needs to be tempered or leveled in order to reach the nominal yield strength of 1100 MPa. 

Sample EL15 shows the highest value of the yield strength whereas sample EL16 and EL17 are 

not far behind. The remaining samples, EL12-EL14 show lower values but of approximately the 

same magnitude. All the samples with higher yield strength have been subjected to the ERIK 

leveling which indicates that this treatment increases this mechanical property. 

 

The ultimate tensile strength show only small differences between the Weldox 1100 samples 

indicating that the material is essentially same for all the plates. In addition, the elongation also 

shows only small deviations between the plates. In this context it should be noted that the 

resolution in experimental values is 0,5%. Thus, the differences found are of the same magnitude 

as the resolution itself. It should also be noted that generally the elongation is reduced when the 

yield stress is increased. The data found in the present work support this behavior. The 

elongation is therefore a secondary parameter influenced by the behavior of the yield strength.  

Table 16. The yield strength of the samples. 
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Table 17. The ultimate tensile strength of the samples.

 
 

Table 18. The elongation of the samples. 
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11.5 Inclusions 

The results of all three inclusions measurements, the superpositioning method, the Swedish 

standard SS 11 11 16 method and the PDA-technique will be presented in this part. 

11.5.1 The Superpositioning method 

The inclusion pictures taken through the superpositioning method from all the samples both on 

the plate surface as well as on the quarter depth are shown in the figures 11-19. 

 

There are clear differences in the amount of inclusions on the plate surface compared to the 

quarter depth when evaluating the two Weldox 960 specimens. The material contains 

significantly more inclusions on the surface than deeper into the material. The size distribution 

of the inclusions between the plate surface and the quarter depth is very similar for both samples, 

and it is shown that only small inclusions are present. Both samples are equal in the quarter 

depth but sample M114 is the one representing the biggest portion of inclusions at the plate 

surface.  

 

All specimens from the Weldox 1100 plates are very clean and contain both few and small 

inclusions. No remarkable or clear distinction of inclusions on the surface compared to the 

quarter depth can be seen.  

  
Figure 11a. Sum picture of the inclusions for sample 

M114 on the plate surface at 500 x magnification. 

 

Figure 11b. Sum picture of the inclusions for sample 

M114 on the quarter depth at 500 x magnification. 

 

  
Figure 12a. Sum picture of the inclusions for sample 

M115 on the plate surface at 500 x magnification. 

Figure 12b. Sum picture of the inclusions for sample 

M115 on the quarter depth at 500 x magnification. 
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Figure 13a. Sum picture of the inclusions for sample 

EL11 on the plate surface at 500 x magnification. 

 

Figure 13b. Sum picture of the inclusions for sample 

EL11 on the quarter depth at 500 x magnification. 

 

  
Figure 14a. Sum picture of the inclusions for sample 

EL12 on the plate surface at 500 x magnification. 

 

Figure 14b. Sum picture of the inclusions for sample 

EL12 on the quarter depth at 500 x magnification. 

  
Figure 15a. Sum picture of the inclusions for sample 

EL13 on the plate surface at 500 x magnification. 

Figure 15b. Sum picture of the inclusions for sample 

EL13 on the quarter depth at 500 x magnification. 
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Figure 16a. Sum picture of the inclusions for sample 

EL14 on the plate surface at 500 x magnification. 

 

Figure 16b. Sum picture of the inclusions for sample 

EL14 on the quarter depth at 500 x magnification. 

 

  
Figure 17a. Sum picture of the inclusions for sample 

EL15 on the plate surface at 500 x magnification. 

 

Figure 17b. Sum picture of the inclusions for sample 

EL15 on the quarter depth at 500 x magnification. 

 

  
Figure 18a. Sum picture of the inclusions for sample 

EL16 on the plate surface at 500 x magnification. 

 

Figure 18b. Sum picture of the inclusions for sample 

EL16 on the quarter depth at 500 x magnification. 
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Figure 19a. Sum picture of the inclusions for sample 

EL17 on the plate surface at 500 x magnification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19b. Sum picture of the inclusions for sample 

EL17 on the quarter depth at 500 x magnification. 
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11.5.2 The Swedish standard method 

The table 19 shows, according to the Swedish standard method SS 11 11 16, the total amount of 

inclusions for all the samples from Weldox 960 and Weldox 1100 where the area distribution for 

oxides and sulfides are presented in percent. From this diagram it shows that only two samples, 

M115 and EL14, contain sulfide inclusions. It is also observed that oxide inclusions are the type 

that is strongly dominant in all the samples. From the Weldox 960 plates is it sample M115 that 

contains more inclusions even though it had better bendability. All the Weldox 1100 show more 

or less even distribution of inclusions except for sample EL11 which stands out well by having a 

lot more inclusions present compared to the others. More precise values for the specific inclusion 

types, their distribution and size are shown in appendix E.  

 
Table 19. The total area of inclusions for all the samples of Weldox 960 and Weldox 1100 for sulfide and oxides. 

 
 

In the following tables 20 and 21 the size distribution of the dominant inclusion type D is 

plotted, showing that the number of inclusions per mm
2
 decreases with increasing size. Both 

Weldox 960 and Weldox 1100 display the same downward trend. None of the samples indicate 

to contain large inclusions. The sample M115 for Weldox 960 and the two samples EL11 and 

EL12 for Weldox 1100 are the ones found to have a little larger number of inclusions per mm
2 

than the others.  
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Table 20. Size distribution of the type D inclusions in number/mm

2
 for Weldox 960. 

 
 

Table 21. Size distribution of the type D inclusions in number/mm
2
 for Weldox 1100. 
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11.5.3 PDA-technique 

The results from the PDA-OES measurements showing the size distribution of the total inclusion 

content are reported in this part. This analysis method shows that the trend for measurements 

both according to the superpositioning method and the Swedish standard are coherent and 

correspond to each other. From the PDA-technique, a more detailed size distribution and type of 

inclusions are obtained since most of the sample has been analyzed. Regarding the Weldox 960 

material, both samples M114 and M115 indicate sulfides and oxides, but sample M115 has 

considerably more in number. Looking at the Weldox 1100 material, it is shown that all samples 

contain oxide and sulfide inclusions, where oxides predominate. All the samples follow the same 

trend regarding size distribution as well as small inclusions. Therefore only sample EL11 is 

presented as a representative for the Weldox 1100 material. The other PDA-analysis figures are 

shown in appendix F.  

 

 
Figure 20. The size distribution from the PDA measurement of sample M114. 

 

 
Figure 21. The size distribution from the PDA measurement of sample M115. 

 

 
Figure 22. The size distribution from the PDA measurement of sample EL11. 
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12 Discussion 

In all the tables a Weldox 700E plate from previous performed tests has been included as a 

reference, which is distinguished as M107. The tables 22-27 shows the results for the bendability 

expressed in R/t versus yield strength (σ0,2), ultimate tensile strength (UTS), elongation (%EL) 

as well as Brinell and surface hardness in order to demonstrate how these parameters are related 

to the bendability. The lower the R/t ratio is, the lower the critical radius gets and better 

bendability is received. Sample EL17 from the Weldox 1100 material is discretely presented in 

every diagram and is therefore not taken into consideration to the trend line as the other samples. 

This is because the test has intentionally been treated improperly and thus can its impact be 

excluded deliberately.       

 

The yield strength is an important parameter since it measures the strength of the material. A 

high value is advantageous because it is desirable that the material can withstand higher stresses 

without plastic deformation. It is desirable to investigate whether the new ERIK leveling can 

increase the yield strength or not and its effect.  

 

Table 22 below shows the trend line for the bendability plotted against the yield strength. 

Comparing the two Weldox 960 samples, it is seen that sample M115 has a lower R/t value and 

thereby an improved bendability although the yield strength of the two samples are more or less 

equal. Examining the Weldox 1100 samples, it is seen that samples EL13 and EL15, which are 

located below the trend line, present best bending properties relative to the yield strength. Both 

samples have much higher yield strength than 1100 MPa which is needed and recommended for 

Weldox 1100. The sample EL15 has a R/t value of 2.5 like many other samples indicate, but has 

substantially higher yield strength. Thus, the yield strength can be raised and pushed a lot more 

through the treatment process of EL15. The sample EL13 submits the lowest R/t value and has 

relatively high yield strength. The treatment process for this plate appears thus to be optimal and 

convincing in order to achieve tighter radii and hence improve the bendability. Sample EL13 has 

in the treatment process been leveled according to the current method SSAB uses while sample 

EL15 was leveled with ERIK. Both of the samples, however, have been tempered with a 

temperature of 200°C as the last step in their treatment chain. This indicates that tempering is 

good for increasing the yield strength and enhances the bendability of the material. The samples 

EL12, EL14 and EL16 which all have been leveled with ERIK at the end of the treatment does 

not achieve as good bendability even though the yield strength is reasonably similar. Thus, it 

appears that tempering at lower temperature is an optimal treatment to raise and push the yield 

strength as well as improve the bendability.    
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Table 22. The bendability versus the yield strength. 
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In table 23 is the bendability plotted against the values received from the ultimate tensile 

strength of the materials. All Weldox grades have approximately the same UTS values and they 

differ very little among themselves. Analyzing the values, they indicate that the material of all 

the samples is the same and therefore can no relevant conclusion be made about this mechanical 

property’s effect on the bending. 

 
Table 23. The bendability versus the ultimate tensile strength. 

 
 

In the next table 24, the elongation is plotted against the bendability. This table shows very little 

differences in the elongation between the different samples of the same steel grade. Since the 

elongation is dependent on the yield strength and therefore considered as a secondary parameter, 

this mechanical property do not directly influence in bendability of the plates. This statement is 

confirmed in table 25 for all the materials, where the yield strength is plotted versus the 

elongation. In this table it is clearly shown how the elongation decreases with increasing yield 

strength and vice versa. 
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Table 24. The bendability versus the elongation.  

 
 

Table 25. The yield strength versus the elongation. 
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The results from the hardness tests in previous tables shows that the plates which have been 

ERIK treated after tempering, sample EL14 and EL16, does not reach as high hardness as the 

plates that have been ERIK leveled before tempering, which is very clearly observed of the 

sample EL15. A high hardness is even achieved if the plate is only leveled by the ERIK 

treatment and not tempered at all, which is seen in the sample EL12. The ERIK leveling 

decreases the hardness if it is applied as the last step after tempering in the treatment chain. 

Tempering in too high temperatures, as 300 °C, shows that the hardness is lowered both in the 

bulk of the material as well as on the surface. 

 

The R/t value is plotted against the hardness in the tables 26-27, one for the bulk hardness 

according to Brinell and the second for the surface hardness stated by Vickers. From these two 

graphs no clear difference exists between the bulk hardness compared with the surface hardness. 

Both show the same trend for all samples. The hardness between the different samples does not 

differ much since all of them are at a steady level, both according to the Brinell as well as the 

Vickers method. The hardness is, however, a very important parameter to control regarding 

bending since the material cannot be too hard as cracks easier occur. It is observed for the two 

Weldox grades that the hardness that they possess did not have a significant role for the bending 

results. It would have been more interesting if there had been any significant differences in 

hardness in order to make it easier to draw a more accurate conclusion about the hardness impact 

on the bendability beyond what theory verifies.   

 
      Table 26. The bendability versus the HB-Brinell hardness. 
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Table 27. The bendability versus the mean value of the surface hardness, Vickers. 
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The cleanliness of the material is important to control since inclusions affect the material 

adversely in terms of deterioration of ductility as they are the starting points of cracks. Cold 

formability is connected to ductility making high strength steel difficult to cold form since the 

ductility decreases with both increasing carbon content and strength. In order to increase the 

ductility is it preferable to either lower the carbon content in the material or already have a low 

content from start, which is valid for both of the Weldox grades. How the material has been 

rolled is also very important and has a great impact for the bending versus the inclusion content. 

When the plate is rolled, the inclusions are extended in the longitudinal direction and the plate 

receives so called filaments, which is similar to long fibers. Thereby, a difference in ductility can 

be achieved in the longitudinal direction versus the transverse direction. This is important when 

bending because tensile stresses are inflicted on the outside of the bent plate. The more 

inclusions the material contain, particularly on the surface, the higher is the risk for hitting a 

protracted inclusion during the bending process and the easier formation of cracks. The two 

Weldox 960 plates had even distribution of inclusions amount and size inside the material but 

differed much at the surface. Sample M115 had significantly lower toughness and fewer 

amounts of inclusions at the surface and improved bendability compared to sample M114. This 

specifies that the toughness is not the most crucial property for improving bendability but that 

purity of the surface of the material plays a more important and central part. The quantity, but 

also the size of the inclusions on the plate surface has proven to be an important factor in 

improved bendability.           

 

For the Weldox 1100 samples EL14 and EL16, whose treatment process was first tempering at 

200°C and then ERIK leveled, the reached toughness was higher than for the other samples. The 

toughness can thus be increased by applying tempering and ERIK leveling as a treatment process 

but this gives no significant improvements for the bendability. Even here is it shown that 

tempering in higher temperatures deteriorate the properties in the material, since the toughness is 

weakened according to the sample EL17. The toughness is not a decisive parameter for the 

bending properties even if it is an important factor to command since toughness is important for 

the ability of a material to resist crack growth.    
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When a plate is leveled with the ERIK treatment the material becomes harder, which generates 

in more dislocation creations that leads to both increasing strength and hardness of the material. 

Through this deformation method a redistribution of the dislocations occurs, where clear cells 

are obtained since the dislocations distribute themselves to the grain boundaries. This 

redistribution of dislocations makes the cell wall very hard while the inside is soft. When 

tempering, the carbon content in the martensitic structure decreases since carbon diffuses to the 

dislocations. Due to the high dislocation density from the previous leveling treatment, the 

dislocations hook into each other and get locked up, which results in increasing hardness of the 

material. By further leveling treatment more dislocations will be created and again redistribution 

happens, but this time the dislocations are getting locked up. Tempering at too high temperatures 

causes carbide precipitation, which reduces the dislocation density and thus the material 

becomes softer.      

 

In order to obtain a high hardness the material should be tempered after leveling. The most 

optimal treatment process has proven to be the one that sample EL13 has been submitted to, i.e. 

tempered at low temperature after hardening. Through this treatment process a low R/t value is 

obtained, i.e. greater bendability as well as higher value of the yield strength can be achieved.          
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13 Conclusions 

 The most important and significant material properties for improving the bendability of 

the Weldox material is the yield strength, σ0,2 and the cleanness of the plate surface.  

 

 The most suitable treatment process for improving the bendability of the material for this 

specific steel grade proved to be tempering at 200 °C, implemented as the last step in the 

treatment chain. 

 

 The ERIK leveling is a good treatment step in order to increase and push the yield 

strength of the material. It also increases the toughness in the material if it is applied as 

the last treatment step in the process chain. However, a high toughness value was verified 

to have no greater impact for the improvement of the bendability for this specific steel 

grade and its composition.  

 

 The hardness does not affect the bendability of the two Weldox steel grades for this 

specific composition and is therefore no critical material property. The ultimate tensile 

strength indicates that the material is the same and therefore can no relevant conclusion 

be made about its effect on the bendability. The elongation is only a secondary parameter 

depending on the yield strength and is no critical property to affect the bendability.  

 

 The inclusions on the surface of the material have a greater impact on the bendability 

than inclusions in the quarter depth for Weldox 960. The smaller the inclusion on the 

surface, the better bending properties are obtained and therefore the cleanliness of the 

material are a more critical factor than the toughness. The steel grade Weldox 1100 is so 

clean that it does not affect the bendability. 

 

 To obtain a narrower radius and good bending properties with the present composition 

for this thickness of Weldox 1100 is it optimal to temper the material at 200 °C after 

hardening. 

14 Future work 

A future study could be to optimize the chemical analysis based on the process treatment of the 

various plates. For example the treatment chain for sample EL15, that proved to obtain the 

highest yield strength, could be utilized to develop a possible Weldox 1400 or Weldox 1500. 

Also the chemical composition of the present Weldox 1100 could be optimized to increase the 

weldability and provide a higher flexibility. 
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16 Appendix 

16.1 Appendix A 

Shows all the bending tests with various radii and crack comments.  

 

 
Figure 23. Bending test protocols for sample M114. 
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Figure 24. Bending test protocols for sample M115. 

 

 
Figure 25. Bending test protocols for sample EL11. 
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Figure 26. Bending test protocols for sample EL12. 

 

 
Figure 27. Bending test protocols for sample EL13. 
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Figure 28. Bending test protocols for sample EL14. 

 

 
Figure 29. Bending test protocols for sample EL15. 
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Figure 30. Bending test protocols for sample EL16. 

 

 
Figure 31. Bending test protocols for sample EL17. 
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16.2 Appendix B 

Hardness tests according to the Brinell standard testing. 

 
Table 28. Hardness measurement from the sample M114 and M115 according to the Brinell standard. 

Test material HB-Brinell Mean value 

M114 343, 343, 343 343 

M115 345, 343, 344 344 
 

Table 29. Hardness measurements for the tests EL11-EL17 from the positions top, middle and bottom according to 

the Brinell standard.  

Test material HB-Brinell Mean value 

EL11, top 448, 449, 448 448,5 

EL11, middle 450, 450, 450 450 

EL 11, bottom 450, 452, 449 450,5 

EL12, top 456, 455, 456 455,5 

EL12, middle 458, 458, 458 458 

EL 12, bottom 458, 459, 458 458,5 

EL13, top 450, 451, 450 450,5 

EL13, middle 450, 450, 451 450,5 

EL 13, bottom 450, 450, 451 450,5 

EL14 428, 429, 429 429 

EL15, top 459, 459, 459 459 

EL15, middle 459, 459, 458 458,5 

EL 15, bottom 463, 463, 463 463 

EL16 433, 433, 432 433 

EL17, top 435, 436, 435 435,5 

EL17, middle 437, 438, 438 437,5 

EL 17, bottom 438, 438, 437 437,5 
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16.3 Appendix C 

Thoughness according to Charpy-V testing method. 

 
Table 30. Toughness results of sample M114 at the three temperatures.  

Marking EKVAL Mean value [J] Temperature [°C] 

M114 W960E 67 20 

M114 W960E 64 -20 

M114 W960E 63 -40 
 

Table 31. Toughness results of sample M115 at the three temperatures. 

Marking EKVAL Mean value [J] Temperature [°C] 

M115 W960E 48 20 

M115 W960E 48 -20 

M115 W960E 40 -40 
 

Table 32. Toughness results of sample EL11 at the three temperatures. 

Marking EKVAL Mean value [J] Temperature [°C] 

EL11, top W1100E 49 20 

EL11, top W1100E 47 -20 

EL11, top W1100E 45 -40 

EL11, middle W1100E 44 20 

EL11, middle W1100E 43 -20 

EL11, middle W1100E 40 -40 

EL11, bottom W1100E 47 20 

EL11, bottom W1100E 45 -20 

EL11, bottom W1100E 44 -40 
 

Table 33. Toughness results of sample EL12 at the three temperatures.  

Marking EKVAL Mean value [J] Temperature [°C] 

EL12, top W1100E 47 20 

EL12, top W1100E 47 -20 

EL12, top W1100E 43 -40 

EL12, middle W1100E 41 20 

EL12, middle W1100E 42 -20 

EL12, middle W1100E 37 -40 

EL12, bottom W1100E 42 20 

EL12, bottom W1100E 38 -20 

EL12, bottom W1100E 38 -40 
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Table 34. Toughness results of sample EL13 at the three temperatures. 

Marking EKVAL Mean value [J] Temperature [°C] 

EL13, top W1100E 46 20 

EL13, top W1100E 45 -20 

EL13, top W1100E 44 -40 

EL13, middle W1100E 45 20 

EL13, middle W1100E 45 -20 

EL13, middle W1100E 43 -40 

EL13, bottom W1100E 45 20 

EL13, bottom W1100E 47 -20 

EL13, bottom W1100E 45 -40 
 

Table 35. Toughness results of sample EL14 at the three temperatures. 

Marking EKVAL Mean value [J] Temperature [°C] 

EL14 W1100E 59 20 

EL14 W1100E 58 -20 

EL14 W1100E 57 -40 
 

Table 36. Toughness results of sample EL15 at the three temperatures. 

Marking EKVAL Mean value [J] Temperature [°C] 

EL15, top W1100E 47 20 

EL15, top W1100E 45 -20 

EL15, top W1100E 43 -40 

EL15, middle W1100E 46 20 

EL15, middle W1100E 45 -20 

EL15, middle W1100E 41 -40 

EL15, bottom W1100E 43 20 

EL15, bottom W1100E 44 -20 

EL15, bottom W1100E 43 -40 
 

Table 37. Toughness results of sample EL16 at the three temperatures. 

Marking EKVAL Mean value [J] Temperature [°C] 

EL16 W1100E 58 20 

EL16 W1100E 56 -20 

EL16 W1100E 55 -40 
 

Table 38. Toughness results of sample EL17 at the three temperatures. 

Marking EKVAL Mean value [J] Temperature [°C] 

EL17, top W1100E 51 20 

EL17, top W1100E 44 -20 

EL17, top W1100E 32 -40 

EL17, middle W1100E 45 20 

EL17, middle W1100E 42 -20 

EL17, middle W1100E 29 -40 

EL17, bottom W1100E 51 20 

EL17, bottom W1100E 46 -20 

EL17, bottom W1100E 30 -40 
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16.4 Appendix D 

The values for the tensile tests for all the samples. 

 
Table 39. The results of the different parameters from the tensile testing for sample M114. 

 M114, W960E   Mean value 

Variable Value 1 Value 2 Value 3  

RP02 [MPa] 1017 1015 1012 1015 

RM [MPa] 1056 1055 1052 1054 

A5 [%] 13 15 13 14 
 

Table 40. The results of the different parameters from the tensile testing for sample M115. 

 M115, W960E   Mean value 

Variable Value 1 Value 2 Value 3  

RP02 [MPa] 1016 1013 1014 1014 

RM [MPa] 1054 1050 1051 1052 

A5 [%] 13 13 13 13 
 

Table 41. The result of the mean value from the tensile testing for sample EL11.  

Mean value EL11 W1100E  

Variable RP0.2 [MPa] RM [MPa] A5 [%] 

Top 1 083,5 1421 13 

Middle 1093 1431 12,5 

Bottom --- --- --- 
 

Table 42. The result of the mean value from the tensile testing for sample EL12. 

Mean value EL12 W1100E  

Variable RP0.2 [MPa] RM [MPa] A5 [%] 

Top 1254,5 1446 10,5 

Middle 1249 1455 10,5 

Bottom --- --- --- 
 

Table 43. The result of the mean value from the tensile testing for sample EL13.  

Mean value EL13 W1100E  

Variable RP0.2 [MPa] RM [MPa] A5 [%] 

Top 1233 1425 11 

Middle 1219,5 1419,5 11,5 

Bottom --- --- --- 
 

Table 44. The result of the mean value from the tensile testing for sample EL14.  

Mean value EL14 W1100E  

Variable RP0.2 [MPa] RM [MPa] A5 [%] 

Top 1236,5 1418,5 10,5 

Middle 1239 1423,5 11 

Bottom 1238,5 1422,5 11,5 
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Table 45. The result of the mean value from the tensile testing for sample EL15.  

Mean value EL15 W1100E  

Variable RP0.2 [MPa] RM [MPa] A5 [%] 

Top 1372,5 1435,5 10 

Middle 1367,5 1434,5 10 

Bottom --- --- --- 
 

Table 46. The result of the mean value from the tensile testing for sample EL16.  

Mean value EL16 W1100E  

Variable RP0.2 [MPa] RM [MPa] A5 [%] 

Top 1318 1436,5 10,5 

Middle 1320,5 1434 10,5 

Bottom 1322 1436,5 10 
 

Table 47. The result of the mean value from the tensile testing for sample EL17. 

Mean value EL17 W1100E  

Variable RP0.2 [MPa] RM [MPa] A5 [%] 

Top 1290,5 1357 10 

Middle 1292,5 1359,5 10 

Bottom --- --- --- 
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16.5 Appendix E 

The following tables 48-56 show the results of the inclusions measurements of all the sample 

according to the Swedish standard SS 11 11 16. Information regarding the inclusions type and 

thickness for each sample at a magnification of 200 times is represented in the tables. 

 
Table 48. The inclusion results for sample M114 at a magnification of 200 x. 

Mean value Quantitative Parameters for SS 11 11 16 

Inclusion type and thickness [µm] for M114 

TYPE A AX 0,5 AT 2,8 AM 5,7 AH 11,3 AS 22,6 AP 22,6 

Area [%] 

 

0 0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 0 

 

TYPE B BX 0,5 BT 2,8 BM 5,7 BH 11,3 BP 22,6  

 

 

 

 

 

 

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE C CX 0,5 CT 2,8 CM 5,7 CH 11,3 CP 22,6  

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE D DX 0,5 DT 2,8 DM 5,7 DH 11,3 DP 22,6  

Area [%] 

 

0 0,00228 0,001 0 0 

Length 

[mm/mm
2
] 

0 0,00724 0,00159 0 0 

Number 

[/mm
2
] 

0 1,81039 0,19894 0 0 

 

Total A B C D Total 

sulphide 

Total 

oxide 

Area [%] 

 

0 0 0 0,00328 0 0,00328 

Length 

[mm/mm
2
] 

0 0 0 0,00883 0 0,00883 

Number 

[/mm
2
] 

0 0 0 2,00933 0 2,00933 
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Table 49. The inclusion results for sample M115 at a magnification of 200 x. 

Mean value Quantitative Parameters for SS 11 11 16 

Inclusion type and thickness [µm] for M115 

TYPE A AX 0,5 AT 2,8 AM 5,7 AH 11,3 AS 22,6 AP 22,6 

Area [%] 

 

0 0,00096 0 0 0 0 

Length 

[mm/mm
2
] 

0 0,00382 0 0 0 0 

Number 

[/mm
2
] 

0 0,07958 0 0 0 0 

 

TYPE B BX 0,5 BT 2,8 BM 5,7 BH 11,3 BP 22,6  

 

 

 

 

 

 

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE C CX 0,5 CT 2,8 CM 5,7 CH 11,3 CP 22,6  

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE D DX 0,5 DT 2,8 DM 5,7 DH 11,3 DP 22,6  

Area [%] 

 

0 0,00398 0,0002 0,0008 0 

Length 

[mm/mm
2
] 

0 0,01265 0,00032 0,00064 0 

Number 

[/mm
2
] 

0 3,1632 0,03979 0,03979 0 

 

Total A B C D Total 

sulphide 

Total 

oxide 

Area [%] 

 

0,00096 0 0 0,00498 0,00096 0,00498 

Length 

[mm/mm
2
] 

0,00382 0 0 0,00064 0,00382 0,01361 

Number 

[/mm
2
] 

0,07958 0 0 3,24278 0,07958 3,24278 
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Table 50. The inclusion results for sample EL11 at a magnification of 200 x. 

Mean value Quantitative Parameters for SS 11 11 16 

Inclusion type and thickness [µm] for EL11B 

TYPE A AX 0,5 AT 2,8 AM 5,7 AH 11,3 AS 22,6 AP 22,6 

Area [%] 

 

0 0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 0 

 

TYPE B BX 0,5 BT 2,8 BM 5,7 BH 11,3 BP 22,6  

 

 

 

 

 

 

Area [%] 

 

0 0 0 0,01024 0 

Length 

[mm/mm
2
] 

0 0 0 0,01019 0 

Number 

[/mm
2
] 

0 0 0 0,63662 0 

 

TYPE C CX 0,5 CT 2,8 CM 5,7 CH 11,3 CP 22,6  

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE D DX 0,5 DT 2,8 DM 5,7 DH 11,3 DP 22,6  

Area [%] 

 

0 0,00158 0,0005 0 0 

Length 

[mm/mm
2
] 

0 0,00501 0,0008 0 0 

Number 

[/mm
2
] 

0 1,25335 0,09947 0 0 

 

Total A B C D Total 

sulphide 

Total 

oxide 

Area [%] 

 

0 0,01024 0 0,00208 0 0,01232 

Length 

[mm/mm
2
] 

0 0,01019 0 0,00581 0 0,016 

Number 

[/mm
2
] 

0 0,63662 0 1,35282 0 1,98944 
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Table 51. The inclusion results for sample EL12 at a magnification of 200 x. 

Mean value Quantitative Parameters for SS 11 11 16 

Inclusion type and thickness [µm] for EL12B 

TYPE A AX 0,5 AT 2,8 AM 5,7 AH 11,3 AS 22,6 AP 22,6 

Area [%] 

 

0 0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 0 

 

TYPE B BX 0,5 BT 2,8 BM 5,7 BH 11,3 BP 22,6  

 

 

 

 

 

 

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE C CX 0,5 CT 2,8 CM 5,7 CH 11,3 CP 22,6  

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE D DX 0,5 DT 2,8 DM 5,7 DH 11,3 DP 22,6  

Area [%] 

 

0 0,0015 0,0008 0,0024 0 

Length 

[mm/mm
2
] 

0 0,00477 0,00127 0,00191 0 

Number 

[/mm
2
] 

0 1,19366 0,15915 0,11937 0 

 

Total A B C D Total 

sulphide 

Total 

oxide 

Area [%] 

 

0 0 0 0,0047 0 0,0047 

Length 

[mm/mm
2
] 

0 0 0 0,00796 0 0,00796 

Number 

[/mm
2
] 

0 0 0 1,47218 0 1,47218 
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Table 52. The inclusion results for sample EL13 at a magnification of 200 x. 

Mean value Quantitative Parameters for SS 11 11 16 

Inclusion type and thickness [µm] for EL13B 

TYPE A AX 0,5 AT 2,8 AM 5,7 AH 11,3 AS 22,6 AP 22,6 

Area [%] 

 

0 0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 0 

 

TYPE B BX 0,5 BT 2,8 BM 5,7 BH 11,3 BP 22,6  

 

 

 

 

 

 

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE C CX 0,5 CT 2,8 CM 5,7 CH 11,3 CP 22,6  

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE D DX 0,5 DT 2,8 DM 5,7 DH 11,3 DP 22,6  

Area [%] 

 

0 0,00085 0,0003 0 0 

Length 

[mm/mm
2
] 

0 0,00271 0,00048 0 0 

Number 

[/mm
2
] 

0 0,67641 0,05968 0 0 

 

Total A B C D Total 

sulphide 

Total 

oxide 

Area [%] 

 

0 0 0 0,00115 0 0,00115 

Length 

[mm/mm
2
] 

0 0 0 0,00318 0 0,00318 

Number 

[/mm
2
] 

0 0 0 0,73609 0 0,73609 
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Table 53. The inclusion results for sample EL14 at a magnification of 200 x. 

Mean value Quantitative Parameters for SS 11 11 16 

Inclusion type and thickness [µm] for EL14B 

TYPE A AX 0,5 AT 2,8 AM 5,7 AH 11,3 AS 22,6 AP 22,6 

Area [%] 

 

0 0,00048 0 0 0 0 

Length 

[mm/mm
2
] 

0 0,00191 0 0 0 0 

Number 

[/mm
2
] 

0 0,03979 0 0 0 0 

 

TYPE B BX 0,5 BT 2,8 BM 5,7 BH 11,3 BP 22,6  

 

 

 

 

 

 

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE C CX 0,5 CT 2,8 CM 5,7 CH 11,3 CP 22,6  

Area [%] 

 

0 0,00036 0 0 0 

Length 

[mm/mm
2
] 

0 0,00127 0 0 0 

Number 

[/mm
2
] 

0 0,01989 0 0 0 

 

TYPE D DX 0,5 DT 2,8 DM 5,7 DH 11,3 DP 22,6  

Area [%] 

 

0 0,00083 0,0008 0 0 

Length 

[mm/mm
2
] 

0 0,00263 0,00127 0 0 

Number 

[/mm
2
] 

0 0,65651 0,15915 0 0 

 

Total A B C D Total 

sulphide 

Total 

oxide 

Area [%] 

 

0,00048 0 0,00036 0,00163 0,00048 0,00199 

Length 

[mm/mm
2
] 

0,00191 0 0,00127 0,0039 0,00191 0,00517 

Number 

[/mm
2
] 

0,03979 0 0,01989 0,81567 0,03979 0,83556 
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Table 54. The inclusion results for sample EL15 at a magnification of 200 x. 

Mean value Quantitative Parameters for SS 11 11 16 

Inclusion type and thickness [µm] for EL15B 

TYPE A AX 0,5 AT 2,8 AM 5,7 AH 11,3 AS 22,6 AP 22,6 

Area [%] 

 

0 0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 0 

 

TYPE B BX 0,5 BT 2,8 BM 5,7 BH 11,3 BP 22,6  

 

 

 

 

 

 

Area [%] 

 

0 0,00024 0 0 0 

Length 

[mm/mm
2
] 

0 0,00095 0 0 0 

Number 

[/mm
2
] 

0 0,2873 0 0 0 

 

TYPE C CX 0,5 CT 2,8 CM 5,7 CH 11,3 CP 22,6  

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE D DX 0,5 DT 2,8 DM 5,7 DH 11,3 DP 22,6  

Area [%] 

 

0 0,0008 0,0004 0 0 

Length 

[mm/mm
2
] 

0 0,00255 0,00064 0 0 

Number 

[/mm
2
] 

0 0,63662 0,07958 0 0 

 

Total A B C D Total 

sulphide 

Total 

oxide 

Area [%] 

 

0 0,00024 0 0,0012 0 0,00144 

Length 

[mm/mm
2
] 

0 0,00095 0 0,00318 0 0,00414 

Number 

[/mm
2
] 

0 0,23873 0 0,7162 0 0,95493 
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Table 55. The inclusion results for sample EL16 at a magnification of 200 x. 

Mean value Quantitative Parameters for SS 11 11 16 

Inclusion type and thickness [µm] for EL16B 

TYPE A AX 0,5 AT 2,8 AM 5,7 AH 11,3 AS 22,6 AP 22,6 

Area [%] 

 

0 0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 0 

 

TYPE B BX 0,5 BT 2,8 BM 5,7 BH 11,3 BP 22,6  

 

 

 

 

 

 

Area [%] 

 

0 0,00008 0 0 0 

Length 

[mm/mm
2
] 

0 0,00032 0 0 0 

Number 

[/mm
2
] 

0 0,07958 0 0 0 

 

TYPE C CX 0,5 CT 2,8 CM 5,7 CH 11,3 CP 22,6  

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE D DX 0,5 DT 2,8 DM 5,7 DH 11,3 DP 22,6  

Area [%] 

 

0 0,00098 0,0003 0 0 

Length 

[mm/mm
2
] 

0 0,0031 0,00048 0 0 

Number 

[/mm
2
] 

0 0,77588 0,05968 0 0 

 

Total A B C D Total 

sulphide 

Total 

oxide 

Area [%] 

 

0 0,00008 0 0,00128 0 0,00136 

Length 

[mm/mm
2
] 

0 0,00032 0 0,00358 0 0,0039 

Number 

[/mm
2
] 

0 0,07958 0 0,83556 0 0,91514 
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Table 56. The inclusion results for sample EL17 at a magnification of 200 x. 

Mean value Quantitative Parameters for SS 11 11 16 

Inclusion type and thickness [µm] for EL17B 

TYPE A AX 0,5 AT 2,8 AM 5,7 AH 11,3 AS 22,6 AP 22,6 

Area [%] 

 

0 0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 0 

 

TYPE B BX 0,5 BT 2,8 BM 5,7 BH 11,3 BP 22,6  

 

 

 

 

 

 

Area [%] 

 

0 0,00016 0 0 0 

Length 

[mm/mm
2
] 

0 0,00064 0 0 0 

Number 

[/mm
2
] 

0 0,15915 0 0 0 

 

TYPE C CX 0,5 CT 2,8 CM 5,7 CH 11,3 CP 22,6  

Area [%] 

 

0 0 0 0 0 

Length 

[mm/mm
2
] 

0 0 0 0 0 

Number 

[/mm
2
] 

0 0 0 0 0 

 

TYPE D DX 0,5 DT 2,8 DM 5,7 DH 11,3 DP 22,6  

Area [%] 

 

0 0,00098 0,0005 0 0 

Length 

[mm/mm
2
] 

0 0,0031 0,0008 0 0 

Number 

[/mm
2
] 

0 0,77588 0,09947 0 0 

 

Total A B C D Total 

sulphide 

Total 

oxide 

Area [%] 

 

0 0,00016 0 0,00148 0 0,00164 

Length 

[mm/mm
2
] 

0 0,00064 0 0,0039 0 0,00454 

Number 

[/mm
2
] 

0 0,15915 0 0,87535 0 1,03451 
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16.6 Appendix F 

The other inclusion measurements according to the PDA-OES technique. 

 

 
Figure 32. The size distribution from the PDA measurement of sample EL12. 

 

 
Figure 33. The size distribution from the PDA measurement of sample EL13. 

 

 
Figure 34. The size distribution from the PDA measurement of sample EL14. 
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Figure 35. The size distribution from the PDA measurement of sample EL15. 

 

 
Figure 36. The size distribution from the PDA measurement of sample EL16. 

 

 
Figure 37. The size distribution from the PDA measurement of sample EL17. 

 

 

 

 

 

 

 
 

 

 

 


