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ABSTRACT 
Scania has experienced difficulties with large variations of the slope of the back plane after press 

quenching of case hardened crown wheels of especially type R780 Steg supplied from ingot cast 

material. This leads to that a large number of crown wheels has to be remeasured and sorted 

according to back slope which is time consuming for operators. Also, after sorting of the crown 

wheels, hard machining has to be adjusted according to the different slopes of the back plane of 

the crown wheels. In some cases, it also leads to scrapping of the crown wheels.  

This master’s thesis was divided in two parts. The aim of the first part was to confirm that the 

crown wheel type and casting technique that exhibits the largest variations in slope of the back 

plane is the R780 Steg originating from ingot cast material. The crown wheel types that were 

compared were the R780 Steg, R780 Slät and R885 Slät. Crown wheels manufactured from ingot 

cast material and from continuous cast material were compared. Hence, 6 combinations were 

examined. The slope of the back plane was measured with the measuring probe FARO after 

press quenching. The slope of the crown wheels was found to depend on both casting technique 

and the geometry of the crown wheel. The results confirmed that the crown wheel type and 

supplier combination that by far yields the largest variations in slope of the back plane is the 

R780 Steg supplied by Steel Plant A who uses the ingot casting technique. For this combination 

the variation exceeds 0,1 mm. All other combinations of crown wheels and suppliers yield 

acceptable variations. 

 

The second part of this master’s thesis was composed of determining if segregations in the cast 

ingot are the cause of the variations in slope of the back plane of the crown wheel type R780 

Steg. This was done by measuring if there is a correlation between the slope of the back plane of 

the crown wheel after press quenching, the chemical composition and the original position of 

the crown wheel in the ingot. As in the first part of the study, the distortion was measured by the 

measuring probe FARO. The samples were sent to Degerfors Laboratorium for chemical analysis. 

Analyses of C, S and N were made by using combustion analyses. For As, P, B and Al optic 

spectrometry (spark) was used. All other elements were analysed by x-ray fluorescence. 

Segregations were found to be present and in combination with the geometry of R780 Steg to be 

the cause of the large variations in slope of the crown wheels.  

 

The results of this thesis show that, for the crown wheel type R780 Steg, Scania should not use 

suppliers that employ the ingot casting technique. Instead, only suppliers using the continuous 

casting technique should be used. However, for the other crown wheel types ingot or 

continuously cast material can be used.  
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1 INTRODUCTION 
Heat treatment and the consequent quenching process continues to be a vital industry and in the 

USA alone it is a US$ 15-20 billion/year business. However, there is still a lack of knowledge in 

understanding the quenching process and especially the distortion, volume and shape change of 

the component, which it contributes to. In fact, it has been reported that problems related to 

distortion accounts for 4% of manufacturing costs in Europe (Canale and Totten, 2005). Scania 

produces crown wheels, pinions and other components which have to be able to withstand load 

and wear. These components are therefore case hardened and press quenched at the end of the 

manufacturing process to achieve the necessary material properties. Although this process step 

is necessary it, as stated above, also contributes to form and dimensional changes of the 

component. 

Scania has experienced difficulties with large variations in the slope of the back plane of the 

crown wheel type R780 Steg after case hardening and subsequent press quenching. This 

problem has occurred especially when this crown wheel type is supplied by a supplier using the 

ingot cast technique. When the operators have measured the slope, the result has been that the 

slope is outside tolerance. They have then, as instructed, adjusted the pressures of the dies of the 

press quench to ensure that the slope of the back plane is as close to zero as possible. However, 

when the operators have continued to measure the slope of the back plane, values have 

continued to fluctuate. This leads to that a large number of crown wheels has to be remeasured 

and sorted after tempering according to slope of the back plane which is time consuming  for 

operators. Also, after sorting of the crown wheels, hard machining has to be adjusted according 

to the different slopes of the back planes of the crown wheels. In some cases, it also leads to 

scrapping of the crown wheels.  

The company has several suppliers of the forged products that are processed into crown wheels. 

Some of these suppliers use the ingot casting technique whilst others use the continuous casting 

technique. Since ingot cast material yields larger variations in slope of the back plane, one might 

deduce that the difference in techniques can explain the problem with the large variations in 

angle of the back plane of certain crown wheels of type R780 Steg. The ingot casting process 

produces more severe segregations compared to the continuous casting process according to 

R.D Pehlke (2008) and this might be the reason for the increased problems of distortions of the 

crown wheels produced by the the ingot casting technique. If this is the case, there should be a 

difference in chemical composition and material properties between the crown wheels forged 

from the upper parts of the ingot and the crown wheels forged from the lower parts of the ingot. 

The objective of the first part of this thesis was to confirm that the crown wheel type R780 Steg 

from the supplier Steel Plant A, who uses the ingot casting technique, is the combination of 

crown wheel type and supplier that yields the largest variations in slope of the back plane. To be 

able to do this, a comparison between the variations in slope of the back plane of different crown 

wheel types combined with different suppliers were conducted. The crown wheel types R780 

Slät, R780 Steg and R885 Slät originating from suppliers using the ingot casting technique as 

well as from suppliers using the continuous casting technique were compared. 
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The second objective of this master’s thesis was to further investigate the crown wheel type 

R780 Steg supplied by Steel Plant A, who uses ingot casting, to determine if segregations are the 

cause of the variations in slope of the back plane. This was done by examining if there is a 

correlation between the back slope of the crown wheel after press quenching, the chemical 

composition and the original position of the crown wheel in the ingot. Furthermore, the core 

hardness, depth of case, fibre bands (macrostructure) and microstructure was evaluated to 

determine if this correlates to the position of the crown wheel in the ingot.  

 

Thereafter a recommendation will be provided to whether Scania should keep using ingot cast 

material for the crown wheel R780 Steg or if continuous cast material should be used instead. A 

recommendation of casting technique will also be provided for the R780 Slät and R885 Slät. 
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2 LITERATURE REVIEW 

2.1 DISTORTIONS THROUGHOUT THE PRODUCTION PROCESS 
Although quenching is one of the main contributors of distortion, each step of production may 

induce a distortion which will then be transferred to the next production step, see figure 1. 

These are called CDP, carriers of distortion potential (Brinksmeier et al., 2007).  

 

 

 

 

 

 

 

 

An example of scrapping due to the hardness of gears is shown in figure 2. As can be seen in 

figure 2, a uniform hardness is necessary to avoid scrapping due to distortion. In this example 

the gear is made as a ring-shaped forging. The measured distortion parameter is the out of 

roundness (Cristinacce, 1998).  

 

         Figure 2. Rejection due to distortion vs. hardness (Cristinacce, 1998). 

The relationship between the as-cast shape and the distortion has also been studied on several 

occasions. However, the results have been contradictory. Certain studies have shown that there 

is a relationship and other studies have confirmed the opposite (Cristinacce, 1998).  

The study made by S. Gunnarson et al. (1995) is one example of a study that did not confirm a 

relationship between the as-cast shape and the distortion. In this study quenched gear blanks, 

clutch sleeves and cylindrical bearing rings were examined. 

 

 

Figure 1. Distortion potentials (Brinksmeier et al., 2007).  
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 The out-of roundness and ovality of the gear blanks were measured and the materials compared 

were:  

 continuously cast square rolled to round 

 continuously cast square rolled to square 

 continuously cast round rolled to round 

 continuously cast round rolled to square 

 square cast ingot rolled to round 

 square cast ingot rolled to square 

The results showed no correlation between any of the distortion dimensions and the as-cast or 

rolled shape. For the clutch sleeves the space width and ovality were measured. The materials 

compared were ingot middle, ingot top, continuously cast round and continuously cast square. 

No correlation between distortion and as-cast shape was found here either. For the bearing rings 

the same as-cast materials were examined as for the clutch sleeves. The distortion measured 

was the out of roundness, however no correlation between the as-cast shape and the out of 

roundness was determined.  

The difference in distortion after heat treatment between cold forged and machined bevel gears 

of the material SAE 4118H was studied by J.R. Cho et al. (2004). The first step of the heat 

treatment, the carburization, was performed at 930°C for 3 h followed by a diffusion step at 

850°C for 40 min. It was found that the cold forged bevel gears exhibited a larger distortion. The 

tooth width and outer diameter distortions were close to doubled by the use of cold forging. 

2.2 QUENCHING PROCESS AND DISTORTIONS 
During the quenching process the steel is rapidly cooled to ensure austenitic transformation to 

martensitic or bainitic phase, which is harder phases than the perlitic phase. This produces a 

distortion that is unavoidable (Zoch, 2007). Furthermore, there are numerous quenching 

parameters, which will affect properties and distortion of the component (Hewitt, 1979) (Canale 

and Totten, 2005). These include:  

 Quenching medium (oil, water, aqueous polymers) 

 Quantity of quenching medium.  

 Agitation rate, the primary factor of distortion during quenching since it may contribute 

to non-uniform cooling which in turn leads to thermal gradients in the components. 

 Temperature of quenching medium, another of the factors that contributes most to 

distortion. 

 Duration of quenching at various rates. 

 Direction of quenching media flow. 

 Pressure applied for holding the component. 

 Location of holding points. 

 Quenching media flow paths on lower die.  
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Distortions during the quenching process originate from three main sources (Canale and Totten, 

2005). 

 Residual stresses that causes distortion when the yield strength is surpassed. 

 Stresses caused by thermal gradients. A thermal gradient will exist during heating and 

cooling of the component. This will cause the section of the material that is hotter than 

the other section of the material to expand and it will therefore experience applied 

stresses. 

 Phase transformations that cause volume change which will be stored as residual 

stresses until the yield strength is surpassed. 

These will interact with each other which contribute to the complexity of the distortion problem. 

There are also different quenching techniques. The interrupted quenching technique is a 

technique where the component is rapidly cooled from austenitic temperature and then held at a 

certain temperature for a specified time. Thereafter, the component is slow cooled. There are 

also restraint quenching techniques, such as the press quenching and plug quenching technique. 

These techniques involve using dies to restrain the distortions (Canale and Totten, 2005). 

Several articles have been published analyzing different quenching parameters and their 

correlation to distortion. Also, a number of different components have been studied. The results 

from these studies also confirm the complexity of the distortion problem, where in several cases 

one dimensional distortion is reduced whilst others are increased. Therefore in some cases a 

compromise has to done between different distortion dimensions. This is the case in the article 

published by P. Jurci et al(2008) in which components, gear wheels, were made from CSN 

414220 steel(16MnCr5). These were then processed to obtain a case depth of 0,7 mm at 

550HV1. The gear wheels were oil quenched and stacked in the furnace in columns and layers of 

5. The measured distortion dimensions were the internal diameter, out of flatness and out of 

roundness. First of all the effect of the temperature(90°C, 120°C and 150°C) was examined.  The 

results showed that the out of roundness and internal diameter decreased as the temperature 

was raised. However, the out of flatness was equal at the temperatures 90°C and 120°C. At 

150°C it increased, therefore the temperature 120°C was chosen for the remaining experiments. 

The effect on distortion by oil circulation at 900, 610, 400 and 320 rpm were also analyzed. 

Here, an oil circulation of 400 rpm was found to be the optimal.  

The effect of the placement of the gear wheels was also examined. It was shown that 

components placed in the central column yielded a considerably higher out of flatness. The other 

distortion parameters were not as affected by the horizontal and vertical placement on the tray. 

Oil quenching was compared to nitrogen gas quenching, with a pressure of 15 bar, and it was 

found that the out of roundness with gas quenching was half of the out of roundness with oil 

quenching. The mean value of the internal diameter was higher with nitrogen gas quenching, 

however the standard deviation was only 35% of the standard deviation for the oil quenching. 

Nitrogen gas quenching also resulted in a higher mean value of the out of flatness, however, also 

in this case nitrogen gas quenching yielded a lower standard deviation. The values ranged from 

52 to 61 µm for the gas quenched wheels and from 39 to 58 µm for the oil quenched gear wheels. 

Standard deviation is important since a lower standard deviation means that correction of the 

distortion can be performed after the quenching process. 
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In this study pinions were also examined. The pinions had a length of 320 mm and 67 pinions, 

loaded in one level, were stacked in one batch. The material used for these components was the 

TL4521 (18CrNiMo7-6) and the hardness was 160 HB. The results for example showed that 

there is a correlation between the core hardness of nitrogen gas quenched pinions and the 

dimensional changes of teething. Also it was showed that the positioning of the component 

during oil quenching had an effect on the out of flatness. 

B. Clausen et al. (2009) studied the distortion behaviour of case hardened disks made from steel 

grade 20MnCr5. The material was continuously cast in square blooms and subsequently hot 

rolled to bars. The disks were then case hardened and nitrogen gas quenched.  The gas 

quenching consists of 64 gas nozzles, 32 for the top and 32 for the bottom. The disks had a 

diameter of 120 mm and a height of 15 mm. The parameters volume flow rate of quenching gas, 

hardening temperature, carburizing depth and choice of the loading tool were investigated. It 

was found that the height increased and the inner as well as the outer diameter decreased after 

quenching. The height was significantly increased, 0,43%, by an increased carburized depth 

from 0,6 mm to 0,8 mm. The parameters that had the largest affect on inner and outer diameter 

were the hardening temperature and the carburizing depth. An increased hardening 

temperature from 840°C to 940°C yielded an increase of the change of inner and outer radius of 

0,24% respectively 0,18%. 

2.3 FIBRE BANDING (MACROSTRUCTURE)  
During the dendritic solidification of steel, microsegregation of alloying elements and impurities 

leads to the formation of a banded structure in wrought steel. Alloying elements segregates to 

the interdendritic regions and the dendrites will be depleted of the alloying elements. During the 

subsequent working of the steel these dendrites will be elongated in one direction. While 

hardening the material, different transformation behaviour will occur in the different structural 

bands, this will lead to banding of a combination of different structures. Depending on the 

chemical composition and the cooling rate of the material different bandings may occur. These 

may include a combination of bainite, martensite, ferrite and perlite. For example, in 

hypoeutectic steel the banding that is most regularly observed is the perlite/ferrite banding, see 

figure 3 (Verhoeven, 2000).  

 

Figure 3. Fibre banding, ferrite and perlite (Verhoeven, 2000). 

Banding can also be divided in to chemical and structural banding, where structural banding is 

due to a difference in the micro constituents between the different bands. Chemical banding is 

banding that occurs due to the use of etchants. Depending on the etchant that is used the 

banding can be made less or more pronounced.  
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Due to chemical etching, bands can also be observed in steels containing only one phase. This is 

due to that concentration of elements is higher in certain bands than in other bands. The bands 

also lead to inhomogeneous residual stresses and hardness (Verhoeven, 2000).  

The effect of banding on the mechanical properties has also been studied. The results have 

shown minor or no affect of banding on the anisotropy of the tensile properties. However, major 

effects have been shown on the anisotropic decrease in area and impact properties. Moreover, 

steels that have a banded structure often contain inclusions that are elongated in the banding 

direction. These inclusions, which often compose of sulphur, lie in the interdendritic regions and 

can cause a decline in the transverse impact properties (Verhoeven, 2000).  

Factors that influence banding during cooling include austenite grain size, cooling rate, 

austenitizing temperature and as stated above chemical composition. For example, one element 

that has been proven to largely affect banding is Mn. The intensity of the banding increases with 

decreased cooling rate since this reduces the Ar3, transformation temperature of austenite to 

ferrite, difference of the segregated bands. Studies have shown that ferrite/perlite banding can 

be eliminated completely by high cooling rates or when the austenitic grain size is a factor 2 or 3 

larger than the segregated band size. This is due to a lack of austenite grain boundaries for the 

ferrite to nucleate at.  

However, these measures do not permanently remove the banding since it can be regenerated 

again by reaustenitizing and slowly cooling the material. In order to permanently eliminate the 

structural banding the material must be high temperature homogenized so that the gradients in 

chemical composition are removed. This is however a costly process step due to the slow 

diffusion of certain alloying elements. For example, to reduce segregation of Mn to 90% in a 

regular carbon steel, heat treatment at 1200°C for 26h was required (Majka et al, 2002). 

2.4 INGOT MACROSEGREGATION 
The micro segregations will also contribute to macrosegregations in ingot casting. The different 

types of segregations in the ingot casting process can be seen in figure 4 and divided into 

(Pickering, 2013): 

 Positive and negative segregations: low density elements will segregate to the top of the 

ingot and high density elements will segregate to the bottom of the ingot. 

 A-segregations: Consists of solute enriched canals with a composition close to the 

eutectic composition. Arise due to that the interdendritic liquid phase is less dense than 

the bulk liquid and will therefore rise. Subsequently this will cause remelting or delayed 

growth of the solid adjacent phase. 

 V-segregations: During the latter stages of solidification shear planes are created that 

will be filled with the remaining solute enriched liquid. 
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Figure 4. Ingot macro segregations (Pickering, 2013). 

Ingot macrosegregations can be reduced by the use of smaller ingots or by reducing the 

temperature of the melt.  Stirring or increased cooling rates will also lead to reduced 

macrosegregation (Pickering, 2013).  

3 PROCESS ROUTE 

3.1 STEEL PLANT 
The crown wheels that Scania produces originates from material that has either been ingot cast 

or continuously cast. Steel Plant A uses the ingot casting technique while Steel Plant B and Steel 

Plant C uses the continuous casting technique. 

3.1.1 INGOT CASTING 
Steel Plant A steel plant uses uphill ingot casting, see figure 5. Steel Plant A use 3 trays which are 

casted one after the other. Each tray contains 8 ingots which are cast simultaneously to ensure 

an equal composition in each ingot. The processing of the ingots after casting is identical. The 

dimensions of each ingot are unknown due to the confidentiality of Steel Plant A. 

 

Figure 5. Schematic illustration of ingot casting (Hurtuk, 2008). 
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This processing includes hot rolling of the ingots in to billets with desired dimensions. After this 

the billet is then cut into 3 parts, each part resulting in approximately 15 pieces with roughly the 

same size. These are then forged at the Steel Plant A forging plant. A schematic drawing of this 

process route can be seen in figure 6. 

 

 

 

 

3.1.2 CONTINUOUS CASTING 
In continuous casting the molten metal is poured from a ladle into the tundish, as seen in figure 

7. From the tundish the molten metal flows in to a mould. The casting is then continuously 

withdrawn from the mould. Advantages of continuous casting include a higher quality of 

material, i.e. less pronounced segregations compared to ingot casting (Pehlke, 2008). 

 

Figure 7. Continuous casting (Pehlke, 2008). 

3.2 SCANIA 
At Scania, the production of the crown wheels starts with soft machining. After this the crown 

wheels enter the case hardening furnace, the press quench and the tempering furnace. Finally, 

the crown wheels are hard machined to acquire final dimensions.  

3.2.1 THE CASE HARDENING FURNACE 
The case hardening furnace has four temperature zones. The three first zones 

have a temperature of 950°C and the final zone has a temperature of 850°C 

degrees. In the furnace 5 crown wheels are stacked on 5 separate levels, see 

figure 8, in three lanes. The crown wheels are placed in the furnace for 70 

minutes. The gases in the furnace contain carbon which will diffuse into the 

crown wheels, ensuring case hardening. In the furnace the material will 

become fully austenitic. Figure 8. The tray 
containing 5 levels. 

Figure 6. Process route for the crown wheels from the supplier Steel Plant A. 

Level 3 

Level 1 

Level 2 

Level 4 
Level 5 
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3.2.2 THE PRESS QUENCHING  
As stated above, one way of minimizing the distortion is to use press quenching. In press 

quenching, pressure is applied to the heated component at certain surfaces simultaneously as oil 

is circulated to quench the component. For quenching Scania uses the press quench Gleason No. 

537, see figure 9 and 10.  

 

 

As seen in figure 10 there are three dies applied, outer, inner and expander. These can be 

individually adjusted for reduction of distortions. If the slope of the back plane is negative, 

number 3 in figure 11, and outside of the tolerance the inner die pressure should be reduced or 

the outer die pressure should be increased. If the slope is positive and outside of tolerance the 

opposite should be done. The expander die is used for compensation of the inner diameter and 

pitch diameter, 1 and 2 in figure 11. Scania has 3 press quenching machines in connection to the 

furnace (Operating instructions Gleason No. 537). 

 

Figure 11. Schematic drawing of a crown wheel. 1.Inner diameter 2. Pitch diameter 3 . Slope of the back plane 
(Scania, ArtHur). 

 

Figure 9. A crown wheel ready to be press quenched. Figure 10.  A schematic illustration of the press quench. 



 

 11  
 

The press quenching can be summarized in the following steps (Operating instructions Gleason 

No. 537): 

1. The heated component is placed on the lower die.  

2. The part is moved into the quench chamber.  

3. The upper die is then lowered and applied to the heated part.  

4. The expander piston pressure is applied. 

5. Oil covers the part and pulsating pressures are applied. 

The quenching time can be divided in three periods in which the oil flow rate can be individually 

set (Hewitt, 1979). 

1. During period one a relatively fast quench is desired to obtain the phase transformation 

that is necessary. 

2. Period two is characterized by a lower flow rate so that the temperature of the core and 

outer part of the heated component is more equal. This will decrease the internal 

stresses and the transformation of martensite.  

3. The transformation is completed and a rapid quench rate is used so that the operator can 

handle the component. 

See figure 12 for a schematic image of the quench press and oil flow. (Hewitt, 1979).  

 

 

Figure 12. Oil flow in quench press (Hewitt, 1979). 

The press quenching will lead to a hard surface consisting of carbon rich martensite and 

retained austenite whilst the inner part consists of softer bainitic phase. Bainite has similar 

properties to martensite such as high strength and if the material is tempered, high toughness 

(Kolmskog, 2013).  
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4 MATERIALS 

4.1 PART 1 
The combination of suppliers and crown wheels types that were examined in the first part of this 

study are stated in table 1 and 2. The geometries of the crown wheels that were examined are 

seen in figure 13.  

 

                               Figure 13. The geometries of the examined crown wheels (Scania, ArtHur).  

As can be seen, 3 different crown wheel types and three different steel plants were investigated. 

Steel Plant C is a steel plant that produces continuous cast rectangular material, Steel Plant B 

produces continuous cast round material and, as mentioned earlier, Steel Plant A uses the ingot 

casting technique. The materials used for all crown wheels are low alloyed carbon steels except 

for the article number 2111307-218. See table 3 for chemical compositions of the different 

suppliers except for the steel grade X steel, which composition was not acquired.  

Table 1. Crown wheel types examined. 

Article Number Casting technique Component Steel mill  

1849643-05 Continuous R885 Slät Steel Plant C 
1849641-13 Ingot R885 Slät Steel Plant A 
1948861-45 Ingot R885 Slät Steel Plant A 
1948861-47 Ingot R885 Slät Steel Plant A 
2112121-516 Ingot R780 Slät Steel Plant A 

2111307-218- Steel grade X Ingot R780 Slät  Steel Plant A 
1893984-214 Continuous R780 Steg Steel Plant B 
1893984-216 Continuous R780 Steg Steel Plant C 
1308301-200 Ingot R780 Steg Steel Plant A 
1308301-20 Ingot R780 Steg Steel Plant A 

 

Table 2. Article numbers, charge codes and blank for the different crown wheel types and suppliers. 

Article Number Charge code-Forging plant Blank Charge code- Steel plant 

1849643-05 573 1891560 14841 
1849641-13 A1 1849653 98000 
1948861-45 A58 1849651 01588 
1948861-47 A58 1849651 01588 
2112121-516 A34 2266786 00020                    
2111307-218 A39 1373920 600554 

1893984-214 559 1917417  415761 
1893984-216 557 1917417 14128 
1308301-200 P93 1326968 90738 
1308301-20 R93 1326968 90909 
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Table 3.  Chemical composition of the different crown wheel types and suppliers. All values given in wt%. 

Article Number C Si Mn P S Cr Ni Mo Al Cu N 

1849643-05 0,20 0,24 0,99 0,012 0,039 1,04 1,03 0,10 0,018 0,30 0,011 
1849641-13 0,200 0,250 0,920 0,015 0,041 1,020 1,070 0,100 0,028 0,210 0,011 
1948861-45 0,200 0,250 0,972 0,008 0,045 1,134 1,050 0,110 0,037 0,260 0,014 
1948861-47 0,200 0,250 0,972 0,008 0,045 1,134 1,050 0,110 0,037 0,260 0,014 
2112121-516 0,200 0,310 0,910 0,007 0,037 1,030 1,010 0,100 0,035 0,140 0,015 
2111307-218 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
1893984-214 0,184 0,200 1,03 0,011 0,036 1,07 1,08 0,14 0,014 0,23 n/a 
1893984-216 0,21 0,25 0,98 0,010 0,037 1,06 1,04 0,10 0,022 0,25 0,012 
1308301-200 0,210 0,270 1,000 0,007 0,030 1,120 1,060 0,100 0,027 0,130 0,015 
1308301-20 0,190 0,260 1,000 0,008 0,043 1,100 1,100 0,120 0,032 0,300 0,010 

 

4.2 PART 2  
The material used for the second part of this study is stated in table 4 and 5. The geometry of 

R780 Steg can be seen figure 13.  

Table 4. Crown wheel type examined. 

Article Number Casting technique Component Steel mill  

2116006-219 Continuous R780 Steg Steel Plant A 

 

Table 5. Article numbers, charge codes and blank for crown wheel article number 2116006-219. 

Article Number Charge code-Forging plant Blank Charge code- Steel plant 

2116006-219 A37 1326968 01588 

 

The chemical composition according to Steel Plant A specification for the article number 

2116006-219 can be seen in table 6. 

Table 6. Chemical composition acquired from Steel Plant A. 

 C Si Mn P S Cr Ni Mo Al Cu N 

wt% 0,2 0,25 0,972 0,0075 0,045 1,134 1,05 0,11 0,037 0,26 0,0137 
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5 EXPERIMENTAL 
The first part of this study was composed of measuring the slope of the back plane for several 

types of crown wheels combined with different suppliers. This was done to be able to confirm 

that the combination of crown wheel type and supplier that yields the largest fluctuations in 

slope of the back plane is R780 Steg supplied by Steel Plant A.  

In the second part of the study further experiments were conducted on the crown wheels R780 

Steg, article number 2116006-219, from the supplier Steel Plant A. In addition to measuring the 

distortion, the presence of segregations were examined by investigating if there was a 

correlation between the chemical composition of the crown wheels and the original position of 

the crown wheels in the ingot. Also, the temperature of the crown wheels before press 

quenching and after press quenching was measured. Furthermore, it was determined if there is a 

correlation between the fibre banding, the hardness, the hardenability, the microstructure and 

the original position of the crown wheels in the ingot.  

This could be done due to that Steel Plant A, for this article number, stated which crown wheels 

that originated from the top, middle and lower part of the ingots for this article number. The 

article number consisted of 86 crown wheels originating from two separate ingots, which Steel 

Plant A had named ingot 1 and 4. Table 7 states the number of crown wheels originating from 

each zone and each ingot.  

Table 7. Distribution of the crown wheels in the two ingots. 

Zone/ingot Number of crown wheels 

Ingot 1 41 
-Top 13 
-Middle 14 
-Bottom 14 
Ingot 4 45 
 -Top 14 
-Middle 15 
-Bottom 16 

 

5.1 PART 1 

5.1.1 DISTORTIONS 
Before the distortion was measured the crown wheels were press quenched. The press 

quenching settings, amounts of examined crown wheels and level on tray for the different article 

numbers can be seen in table 8. 

The reason for that the amount of investigated crown wheels is different, see table 8, is that 

measurements has to be done during regular production. Too many measurements will cause 

the crown wheels to stay in the furnace for too long which may cause a number of different 

problems, including to high case hardening depth. Therefore the amounts of distortion 

measurements that can be performed are limited. As stated earlier, there are 5 crown wheels 

stacked on each tray. However, the investigated crown wheels were placed on different levels 

depending on which type of crown wheels that were measured, see figure 8. 
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 Level 5 corresponds to the crown wheel at the top of the tray and level 1 corresponds to the 

crown wheel at the bottom of the tray.  

Table 8. The die pressure settings, press number, level on tray and number of examined crown wheels. 

Article 
Number  

Pressure- 
Inner[Bar] 

Pressure-
Outer[Bar] 

Pressure-
Expander[Bar] 

Press nr. Nr. of 
examined 
wheels 

Level on tray 

1849643-05 400 250 360 1 35 2,4 

1849641-13 100 500 450 1 20 1,3,5 
1948861-45 195 320 375 1  10 2,4 
1948861-47 400 250 360 1 11 1,3,5 

2112121-516 150 100 0 2,3 36 1,2,3,4,5 
2111307-218 170,120 190 12,16 1,3 42 1,2,3,4,5 
1893984-214 150 150 180 1 14 1,3,5 

1893984-216 50 300 90 1 15 1,3,5 
1308301-200 130 250 30 2 10 1,2,3,4,5 
1308301-20 0 400 0 1 10 1,3,5 

 

The reason for the chosen pressure settings was that these setting had been used earlier by the 

operators in the regular production of this type of crown wheel. 

After press quenching the crown wheel was fetched by the line robot and the slope of the back 

plane, the inner diameter and the pitch diameter of the crown wheel were measured by the 

measuring probe FARO, see figure 14. 

 

Figure 14. Measuring probe FARO. 

The 3 measured distortion dimensions can be seen in figure 15. Number 1 represents the inner 

diameter and number 2 represents the pitch diameter. These were measured at 4 points at 90° 

between each other. Number 3 represents the slope of the back plane. As stated earlier Scania 

has had difficulties controlling the slope of the back plane which has a tolerance of ±0,05mm. 

When measuring the slope of the backplane the height of the surface of the crown wheel was 

measured at position A and B, see figure 15, all around the circumference.  
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A mean value of the slope was then calculated by the software as the difference between mean 

value of position A and the mean value of position B.  

 

Figure 15. The dimensions that are controlled during press quenching. 1: Inner diameter 2: Pitch diameter 
and 3: Slope of the back plane (Scania, ArtHur). 

 

The data was then extracted from the software and the slope of the back plane of the different 

crown wheel types and suppliers were then compared.  

5.2 PART 2 

5.2.1 DISTORTIONS 
For the crown wheel type R780 Steg with article number 2116006-219, see table 4, the slope of 

the back plane was measured as described in section 5.1.1. 

However, for this article number the original position of the crown wheel in the ingot was 

known, see table 7. Hence, the slope was also plotted against the original position of the crown 

wheel in the ingot. For this article number the slope of the back plane was also plotted against 

the level on the tray, see figure 8, that the crown wheel was placed on. The press settings can be 

seen in table 9. 

Table 9. Pressures settings for crown wheel type R780 Steg, article number 2116006-219. 

Article 
Number  

Pressure- 
Inner[Bar] 

Pressure-
Outer[Bar] 

Pressure-
Expander[Bar] 

Press 
number 

Nr. of crown 
wheels 

 Level on 
tray 

2116006-219 100 100 100 1 86  1,3,5 

 

5.2.2 TEMPERATURE  
The maximum temperature of the crown wheels were measured when they were fetched by the 

handling equipment, i.e. before press quenching, in order to examine if there was a temperature 

difference and if so, how that would affect the distortion after the press quenching. This was 

done with the thermal camera Optris 400 and the accompanying software. See figure 16, for the 

experimental setup of the temperature measurement.  

0,05mm 

0,05mm 

Position A Position B 
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Figure 16. The setup for measuring the temperature. On the left the thermal camera can be seen. 

It should also be noticed that the measured temperature was not equal to the temperature of the 

crown wheel when it was actually press quenched since the temperature continues to decrease 

until the crown wheel is placed in the press quench. The maximum temperature of the crown 

wheel was plotted against the extracted distortion measurements and the level that the crown 

wheel was placed at in the furnace. 

The temperature of the crown wheel was then measured again, this time after the press 

quenching and distortion measurement. The temperature was measured at a single point with 

the contact thermometer “Thermaplus”.  

5.2.3 FIBRE BANDING (MACROSTRUCTURE) 
15 crown wheels of the 86 were chosen for evaluation. All of these 15 crown wheels originated 

from ingot 4. Ingot 4 was chosen due to that the crown wheels from ingot 4 showed more severe 

variation of the slope of the back plane. Five of the crown wheels had the lowest slope, five had 

the highest and five had a slope that was closest to the mean value of the slope. 

One sample was prepared from each crown wheel and figure 17 and 18 shows where the crown 

wheels were cut. The cut was done at an angle of 90° against the inner diameter and at the 

position of the inner diameter where the inclination towards the top part of the cog is initiated. 

The positioning of the crown wheel was done manually, the cutting was done by an automatic 

machine at the quenching laboratory at Scania DX. The reason for choosing this position of 

cutting was that the fibre bands have be known to be most distinct in this position. The pattern 

that can be seen in figure 18 originates from the blade of the cutting machine and is not related 

to the macrostructure in any way. 

 

 

 

 

 

 

Thermal camera 
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Figure 18. Sample prepared for etching shown from 
above.                                  

The etching, which was done at Scania Technology Center, includes the following steps: 

1. Water was heated to 75°C in a bath. 

2. A canister was placed in the water bath. 

3. As an etching solution 200 ml of Hydrochloric acid and 200 ml of distilled water was 

used. First the distilled water was poured into the canister and after this hydrochloric 

acid was poured in to the canister. 

4. The samples were placed in the canister when the solution had reached approximately 

60°C. 

5. The samples were left in the solution for 20 minutes and after this washed with water 

and ethanol.  

The samples were then analyzed by measuring the parameters seen in figure 19. The x and y 

values was chosen to analyze since these values stands for the distance to what originally was 

the vertical centre line of the billet which is marked by the black line. The α, β and γ values 

describe the angle of the banding. These parameters were measured with the Leica Qwin 

software. The samples were also evaluated manually, by eye. 

 

                                     Figure 19. An etched sample and the parameters chosen to evaluate. 

 

Figure 17. Crown wheel prepared for cutting shown 
from above. 

y 

x 

β 

α 
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5.2.4 HARDNESS  
The hardness measurements were performed on the same crown wheels as the fibre band 

evaluations were performed on. Each of the 15 crown wheels were cut again, the cut was again 

made at the inner diameter where the inclination towards the top part of the cog is initiated, see 

figure 17. Each of these pieces were then cut in to three different samples; A, B and C. They were 

then polished and prepared in plastic. The three samples can be seen in figure 20 and 21.  

 

Figure 20. The positions for the three samples.            Figure 21. The three samples. 

 

The three samples originate from the centre, outer and top part of the crown wheel so that the 

difference in hardness between not only the different crown wheels but also within the same 

crown wheels could be determined. This was done at the quenching laboratory at Scania DX. All 

hardness measurements were performed with the KB Prufttechnik hardness testing machine. 

The Vickers measuring method, which was used in this case, utilizes a diamond shaped tip on a 

square base, see figure 22, to make an indentation in the material. The diagonal of the square 

shaped indentation is then measured with a microscope. The formula below is then used, where 

F is the force applied and D is the diameter (in mm) of the indentation. 

HV = 1.854(F/D2) 

 

Figure 22. a) Vickers indentation. b) Reading of the diameters by microscope (Mathers, G). 

A 

B 

C 

A B C 
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The core hardness of all samples was measured with HV30. For sample A, 8 indentations were 

made, for sample B, 4 indentations were made and for sample C, 17 indentations were made. For 

the positioning of the different points see figures 23-25 and tables 10-12. The origo of the 

coordinate system is where the red lines cross each other.  

Table 10. The positioning of the indents for sample A. 

 

Figure 23. Sample A and the coordinates for the indentations 

Table 11. The positioning of the indents for sample B. 

 

Figure 24. Sample B and the coordinates for the indentations. 
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Table 12. The positioning of the indents for sample C. 

 

Figure 25. Sample C and the coordinates for the indents. 

 

The depth of case of 6 of the crown wheels, 3 originating from the top and 3 from the bottom, 

were measured according to ArtHur protocol, see figure 26. In accordance to Arthur protocol the 

depth of case was measured at the base and flank. The case of depth was measured with HV1 

and this was done at the quenching laboratory at Scania DX. As can be seen in table 13, the 

number of measurement points is 13 for the flank and 12 for the base. 

Table 13. The positioning of the indents for measuring of the case of depth. 

Flank [mm] Base [mm] 

 
Figure 26. Placement for case of depth measurements 
(Scania, Arthur). 
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5.2.5 CHEMICAL COMPOSITION AND MICROSTRUCTURE 
The samples used for the measurement of the chemical composition were the same samples that 

had previously been used for the hardness measurement. That is, one sample from each of the 

15 crown wheels and each of these samples divided in to an A, B and C sample. To ensure that 

the results were not influenced by the previous hardness indentations the samples were 

polished to remove the indentations. All the 45 samples were then sent to Degerfors 

Laboratorium. At Degerfors laboratorium analyses of C, S and N was made by using combustion 

analyses on an area of 12mm in diameter for each sample. For As, P, B and Al optic spectrometry 

(spark) was used. All other elements were analysed by x-ray fluorescence. The concentration of 

these elements was analyzed over an area of 10mm in diameter. See figure 27-29 for the 

placement of the area that was analyzed. Note that the figures are not according to scale. 

 

Figure 27. Centre point of analyze for sample A.   Figure 28. Centre point of analyze for sample B. 

 

      Figure 29. Centre point of analyze for sample C. 

The microstructure of the A and C samples of 4 crown wheels were investigated. Hence in total 8 

samples were evaluated. The samples were etched with 2% Nital and the Leica light optical 

microscope and the accompanying software were used. This was also done at Scania DX 

laboratory.  
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5.2.6 HARDENABILITY 
The hardenability was calculated with the Scania software, see figure 30. For the calculation, the 

mean values from the results of the measurements of the chemical compositions for the A, B and 

C samples was used.  

 

     Figure 30. Software used for calculation of the hardenability. 

6 RESULTS 

6.1 PART 1 

6.1.1 DISTORTIONS 
Table 14 and figure 31 display the results of the slope of the back plane for the different 

suppliers and crown wheels. For the R885 Slät, the performance of Steel Plant A differs between 

the different article numbers. Article number 1849641-13 performs very well, i.e. has low 

standard deviation. However, article number 1948861-45 shows a large standard deviation.  

Regarding the R780 Slät, it can be seen that Steel Plant A “regular steel” actually performs better 

than Steel Plant B and Steel Plant C. However, the R780 Slät steel grade X steel supplied by Steel 

Plant A performs the worst compared to the other suppliers.  

The R780 Steg crown wheels originating from Steel Plant A by far exhibits the largest standard 

deviation of all types of crown wheels and suppliers. Furthermore, the R780 Steg supplied by 

Steel Plant B and Steel Plant C shows significantly reduced variation in slope of the back plane. 

 

1 cm  
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Table 14. The standard deviation of the slope of the back plane for the different crown wheel types and 
suppliers. 

Casting method Component and supplier Article  number Standard Deviation[mm] 

Continuous R885 Slät Steel Plant C 1849643-05 0,021 
Ingot R885 Slät Steel Plant A 1849641-13 0,012 
Ingot R885 Slät Steel Plant A 1948861-45 0,032 
Ingot R885 Slät Steel Plant A 1948861-47 0,021 
Ingot R780 Slät Steel Plant A 2112121-516 0,006 
Ingot R780 Slät Steel Plant A Steel Grade X    2111307-218 0,020 
Continuous R780 Steg Steel Plant B 1893984-214 0,010 
Continuous R780 Steg Steel Plant C 1893984-216 0,010 
Ingot R780 Steg Steel Plant A 1308301-200 0,078 
Ingot R780 Steg Steel Plant A 1308301-20 0,052 

 

 

Figure 31. The variation in slope of the back plane. Each dot represents one crown wheel. 

6.2 PART 2 

6.2.1 DISTORTION 
The slope of the back plane for the R780 Steg, article number 2116006-219, supplied by Steel 

Plant A can be seen in figure 32. It can be seen that the fluctuations are large and exceeds the 

tolerance interval. These large fluctuations of the R780 Steg originating from ingot cast material 

were also seen in figure 31. 
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                        Figure 32. Slope of the back plane of R780 Steg. Each dot represents one crown wheel. 

The standard deviation of the R780 Steg can be seen in table 15. The value of the standard 

deviation also accentuates what is seen in figure 32, the variations in slope of the back plane is 

large for this crown wheel type combined with material that has been ingot cast. 

Table 15. Standard deviation of slope of the back plane of Steel Plant A R780 Steg. 

Casting method Component and supplier Article  number Standard Deviation 

Ingot R780 Steg Steel Plant A 2116006-219 0,036 
 

Figure 33 shows the part of the ingot plotted against the slope of the back plane for each of the 

86 crown wheels supplied by Steel Plant A. The tolerances are also included in the figure. There 

is a correlation between the part of the ingot and the slope of the back plane. It is clear that the 

crown wheels originating from the top has a higher value of the slope of the back plane than the 

crown wheels from the lower part of the ingot.  

 

                     Figure 33. The slope of the back plane plotted against part of the ingot. 
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Figure 34 shows the mean values of the 86 crown wheels divided into ingot 1 and 4 versus the 

part of the ingot. This emphasis what was seen in figure 33, there is a clear correlation between 

the part of the ingot and the slope. Ingot 4 displays a near perfect linear behaviour and the only 

crown wheels that deviates from the linear behaviour is the crown wheels from the top part of 

ingot 1. For ingot 4 the variations are so severe that they exceed the tolerance interval, i.e. 0,1 

mm. The crown wheels originating from ingot 1 does not display as severe variation of slope, 

and the variations are within the tolerance interval. 

 

                        Figure 34. Mean value of the slope of the backplane divided in the two different ingots. 

Table 16 shows the mean values and the standard deviation of the slope of the crown wheels 

originating from the top, middle and lower part of the ingots.  

Table 16. The standard deviation of the slope of the back plane. 

 Part of ingot Slope[mm]  Standard deviation[mm] 

Ingot 1        

  Lower 0,005   0,016 

  Middle 0,040   0,015 

  Top 0,041   0,012 

Ingot 4        

  Lower -0,024   0,011 

  Middle 0,029   0,028 

  Top 0,080   0,008 

 

Figure 35 and 36 shows the minimum, maximum and mean values of the slope of the back plane 

of the crown wheels divided in part of ingot and the level, see figure 8, that the crown wheel was 

placed on. There is a correlation between the level in which the crown wheel is placed and the 

slope of the back plane. It is clear that crown wheels that are placed a higher levels exhibit a 

lower slope of the back plane, except for one case, crown wheels that originate from the top of 

ingot 1.  
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Figure 35. Slope of the backplane of crown wheels originating from ingot 1 plotted against the part 
of ingot divided in the different levels.  

 

Figure 36. Slope of the back plane of crown wheels originating from ingot 4 plotted against the part                    
of the ingot divided in the different levels. 
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6.2.2 TEMPERATURE  
Figure 37 displays that there is a correlation between the level of the crown wheel and the 

temperature of the crown wheel before press quenching. Crown wheels that were placed on 

level 5 are approximately 25°C warmer than crown wheels that were placed on level 1.  

 

                Figure 37. Mean temperature of the crown wheel before press quenching vs. level.  

Figure 38 and 39 display the results of the temperature of the crown wheels before press 

quenching plotted against the pitch diameter and the inner diameter of the crown wheels. The 

results show that increased temperature of the crown wheel yields a larger value of the inner 

and the pitch diameter. 

 

                        Figure 38. Temperature of the crown wheel before press quenching vs. inner diameter  
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                      Figure 39. Temperature of crown wheel before press quenching vs. pitch diameter.  

Figure 40 displays the mean temperature of the crown wheel after press quenching versus its 

level on the tray. It shows no discernible correlation between the temperature after press 

quenching and the level of the crown wheel. 

 

                       Figure 40. Mean temperature of the crown wheel after press quenching vs. level 

Figure 41 illustrates the effect of the temperature of the crown wheel with increasing tray 

number (chronological order). The difference from tray number 1 to the last tray is 

approximately 13°C. It can also be seen that there is a big difference at the start and that the 

temperature difference tails off and becomes very small after approximately 10 trays. 
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                        Figure 41. Temperature of the crown wheel after press quenching vs. tray number 

6.2.3 FIBRE BANDING (MACROSTRUCTURE) 
Figure 42 and figure 43 show the values of the fibre band evaluation. See figure 19 for the 

parameters. It can be seen that none of the investigated parameters shows any correlation to the 

position of the ingot. It should also be noted that the reason for the lack of unit on the y-axis is 

that this was not possible to accomplish in the software used. However, the values can be 

compared to each other.  

 

                        Figure 42. Distance x and y for the 15 examined crown wheels. 
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                        Figure 43. The values of α,β and γ for the 15 examined crown wheels 

Figure 44 and 45 show the fibre band pattern of one sample from the top and one from the 

bottom. As the graphs above also show, there are not any differences in the angles of the 

banding. However, when evaluating the samples by eye, a slight difference can be observed in 

the banding between the top and bottom. The top samples does not have as pronounced banding 

as the samples from the lower part of the sample. Also, the equiaxed zone is not as big in 

samples originating from the top. 

 

Figure 44. Sample from the bottom.   Figure 45. Sample from the top. 

6.2.4 HARDNESS  
The core hardness of sample A, B and C can be seen in figure 46 and table 17 divided in the top, 

middle and lower part of the ingot. It can be seen that the hardness of crown wheels originating 

from the top part of the ingot is higher than for crown wheels originating from the middle and 

lower part of the ingot. The difference in hardness is most pronounced in sample A and sample B 

where the difference between the top and bottom is almost 50 HV. In sample C there is not as 

large of a difference in hardness. 
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Table 17. Max, min and mean core hardness values of sample A, B and C. 

 A B C 

[HV 30] Lower  Middle Top  Lower Middle  Top Lower Middle Top 

Max  421 424 470 406 418 434 384 392 395 

Min  407 417 448 383 397 422 368 378 382 

Mean 414 420 460 386 407 428 379 384 389 

 

 

                        Figure 46. Core hardness versus part of ingot 

In figure 47 and 48 it can be seen that there is a difference in depth of case between the crown 

wheels originating from the top of the ingot and the bottom of the ingot in the base but not in the 

flank.  

 

                        Figure 47. Depth of case at base. 
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        Figure 48. Depth of case at flank. 

6.2.5 CHEMICAL COMPOSITION AND MICROSTRUCTURE  
The mean chemical composition of samples A, B and C from the top, middle and top part of the 

ingot can be seen in table 18. In the table it can be seen that the biggest difference in alloying 

content can be seen in sample A, a smaller difference is observed in sample B and the 

composition of sample C in the top and lower part of the ingot is almost equal, showing that no 

segregation has occurred in that part of the crown wheel.  Sample A and B show a higher 

concentration of C, Mn, Ni, Cr, Si, P, S and Cu in the top part of the ingot compared to the bottom 

part of the ingot. The elements that show the most pronounced segregation is C, Mn and Ni 

where the difference between top and bottom for sample A is 0,0330wt% respectively 

0,0380wt% and 0,0340wt%. Some elements do not show any segregation at all, in any of the 

samples, which is for example the case for Al.  

Table 18. Mean chemical composition of sample A, B and C from top, middle and lower part of the ingot. 

 A B C 

[wt%] Lower  Middle Top  Lower Middle  Top Lower Middle Top 

C  0,1814 0,1888 0,2144  0,1940 0,2076 0,2110 0,1978 0,2000 0,1958 

Mn  0,9400 0,9460 0,9780  0,9580 0,9700 0,9780 0,9740 0,9680 0,9640 

Ni  0,9720 0,9660 1,0060  0,9900 0,9880 1,0100 1,0020 0,9800 0,9960 

Cr  1,0220 1,0280 1,0400  1,0300 1,0260 1,0360 1,0360 1,0220 1,0300 

Mo  0,1100 0,1100 0,1100  0,1100 0,1100 0,1100 0,1100 0,1100 0,1100 

Co  0,0140 0,0140 0,0138  0,0140 0,0140 0,0140 0,0138 0,0140 0,0142 

Si  0,2520 0,2540 0,2620  0,2580 0,2580 0,2620 0,2560 0,2560 0,2560 

P  0,0062 0,0066 0,0074  0,0068 0,0074 0,0074 0,0070 0,0072 0,0072 

S  0,0308 0,0334 0,0378  0,0334 0,0380 0,0358 0,0362 0,0376 0,0340 

Cu  0,1200 0,1240 0,1300  0,1260 0,1280 0,1280 0,1260 0,1240 0,1260 

Al 0,0340 0,0342 0,0328  0,0336 0,0342 0,0334 0,0330 0,0334 0,0334 

N  0,0124 0,0120 0,0144  0,0168 0,0136 0,0132 0,0126 0,0130 0,0132 

 

The percentage of total alloy elements in the crown wheels can be seen in figure 49. This figure 

accentuates what is stated above, segregation is above all present in sample A and not present at 

all in sample C.  
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                Figure 49. Alloy concentration at lower, middle and top part. 

Figure 50 shows the C content of the crown wheels. Large amounts are present in sample A of 

the top part of the ingot and the lowest amount of alloy content can be found in sample A in the 

lower part of the ingot. As the other elements, C does not show any signs of segregation in 

sample C.  

 

                Figure 50. Carbon concentration in the lower, middle and top part divided in the A, B and C sample. 

The microstructure of sample A of two of the crown wheels are seen in figure 51. The 

microstructure to the left shows a crown wheels that comes from the bottom of the ingot and the 

microstructure to the right comes from the top of the ingot. 
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The microstructure to the left is composed of upper bainite which in turn consists of white areas, 

widmanstätten ferrite, and surrounding darker cementite. The other phase, that is present as a 

brown colour, is the lower bainite. The microstructure to the right from the top part of the ingot 

consists of almost only, the brown, lower bainite.  Therefore the fibre banding in also more 

pronounced in the bottom part of the ingot. The rather long and dark elongated plates which are 

noticeable in the microstructure corresponding to the top part of the ingot consist of MnS. This is 

also in accordance with what was seen in table 18, the concentration of Mn and S is higher in the 

top part of the ingot. 

 

Figure 51. The microstructure of sample A from a crown wheel originating from the a) bottom (left) and b)top 
(right). 

Figure 52 shows the microstructure, hardness indentations and the hardness of sample A of a 

crown wheel originating from the bottom of the ingot. In the figure it can be seen how the 

hardness varies depending on the structure. In the upper bainite area (widmanstätten ferrite 

and cementite) the material is softer than in the lower bainite areas. It should also be noticed 

that the reason for the difference in contrast and light between figure 52 and figure 51 a) is that 

the light settings in the microscope were different.  

 

                                                 Figure 52. Sample from a crown wheel originating from the bottom          
of the crown wheel and the hardness at four points. 

The difference in microstructure between the top and bottom part of the ingot is further 

accentuated in figure 53. This figure shows all the hardness indentations made in sample A for 

the 5 crown wheels originating from the lower part of the ingot and the 5 originating from the 

top part of the ingot. 

a) b) 
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It can be seen that the hardness fluctuates much more for the crown wheels from the bottom 

since the banding is more distinctive in the lower part of the ingot which is what was shown in 

figure 51 as well.  

 

Figure 53. All hardness measurements for sample A for top and lower part of the ingot. Five                 
samples/part of ingot and 8 indentations made/sample.  

6.2.6 HARDENABILITY   
The calculated mean hardenability of sample A, B and C from the bottom of the ingot are 

displayed in figure 54. Included in the figures are also the hardenability tolerance, set by Scania, 

and the hardenability according to Steel Plant A specification of chemical composition. It can be 

seen that the mean hardenability of sample A from the lower part of the ingot are lower than the 

set tolerance. Sample B from the lower part of the ingot are at most distances from the surface 

within tolerance and sample C is always within the tolerance. 

 

                        Figure 54. Hardenability of sample A, B and C from the bottom part of the ingot. 
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The calculated mean hardenability of sample A, B and C from crown wheels originating from the 

top of the ingot are seen in figure 55. The mean hardenability of sample A and B are completely 

within tolerance. However, sample C is in one case outside of tolerance, at 15 mm from the 

surface. 

 

                       Figure 55. Hardenability of sample A, B and C from the top part of the ingot. 

7 DISCUSSION 

7.1 PART 1 

7.1.1 DISTORTIONS 
For the variations in slope of the back plane there is no set tolerance by Scania. Obviously, 

variations that exceed the tolerance interval (0,1 mm) are not acceptable. However, the exact 

limit for an acceptable variation is difficult to determine. Some conclusions can however be 

drawn.   

It is clear that the crown wheels exhibiting the largest variations in slope of the back plane is the 

R780 Steg from Steel Plant A who uses the ingot casting technique, this was expected and 

provided further incentive to continue to study these crown wheels. The variation exceeds the 

tolerance interval and is clearly not acceptable. However, all other combinations of crown wheel 

types and suppliers exhibits acceptable results except for the R780 Slät steel grade X steel type 

supplied by Steel Plant A.  

R780 Steg from Steel Plant B or Steel Plant C shows a much smaller variation and these results 

show the improvement that can be achieved with continuous cast material for the R780 Steg. 

The distortions are clearly also dependant on the geometry of the component since R780 Slät 

and R885 Slät with material supplied by Steel Plant A yields significantly reduced distortions 

compared to R780 Steg with material supplied by Steel Plant A.  
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Regarding the R885 Slät crown wheels, the supplier Steel Plant C does not yield the smallest 

variation in slope of the back plane. Article number 1849641-13 from Steel Plant A actually 

shows a smaller standard deviation. This is somewhat confusing since in theory the continuous 

cast material should not yield as pronounced segregations as ingot cast material. Article number 

1948861-45 shows a variation that exceeds the tolerance interval, however when a mean 

variation of the three article numbers for the R885 supplied by Steel Plant A is considered, the 

variations are acceptable. 

It should also be stated that the value of the slope of the back plane of the examined crown 

wheels is not something that great emphasis should be placed on since this does not indicate 

anything about the fluctuation of slope. If the values are over or under tolerance this can be 

taken care of by the operator. As stated previously the problem is when the variation of the 

slope of the back plane is too large, which it clearly is when press quenching R780 Steg 

originating from ingot cast material. 

7.2 PART 2 

7.2.1 DISTORTIONS 
These results supports the results from the first part of the study, the R780 Steg supplied by 

Steel Plant A exhibits fluctuations that exceed the tolerance interval of 0,1 which is not adequate. 

These results illustrate the problem that operators encounters when trying to control the slope 

of the back plane of the crown wheel. An operator might first measure a crown wheel originating 

from the top part of the ingot, with a slope exceeding the tolerated 0,5 and will subsequently 

increase the inner pressure. If the next crown wheel originates from the lower part of the ingot, 

the increased inner pressure will result in that this crown wheel will exhibit a slope that is 

negative instead. 

There is also a rather large difference in the slope of the back plane between crown wheels 

originating from ingot 1 and 4. This is surprising since the same melt is used and each ingot is 

filled simultaneously. Ingot 1 has a much smaller variation width and standard deviation than 

ingot 4 and furthermore the values are within tolerance in contrast to the values obtained from 

ingot 4. Therefore, in this case ingot 1 is preferred to ingot 4. The possible explanation for the 

differences in behaviour of ingot 1 and 4 is that the moulds that Steel Plant A use are in some 

way different which leads to different cooling rates of the ingots. A lower rate of solidification 

would lead to increased segregation of the melt. Furthermore, Steel Plant A uses 24 ingots where 

there are 3 trays with 8 ingots on each tray. In this study only two ingots were studied. This 

means that potentially there are 24 different segregation behaviours since there are 24 ingots. 

Consequently, some ingots may yield less difficulty with slope of the back plane, which is 

desirable for Scania, whilst others may yield larger difficulties. This is definitely something that 

should be discussed further with Steel Plant A.  

The possible reason for the fluctuations in slope within the lower, middle and top of the ingot 

can be explained by the position of the crown wheel within each category. The crown wheels 

originating from the lower part of the ingot exhibiting relatively high slope originates from the 

top section within the lower part of the ingot and vice versa. 
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It is also interesting that the slope of the crown wheels that originates from the middle of the 

ingot fluctuates significantly more than the crown wheels that originates from the top or bottom. 

This behaviour can be explained by that the positive and negative segregations are situated at 

the top and bottom of the ingot and that they are not present at the middle part of the ingot.  

7.2.2 TEMPERATURE  
The temperature of the crown wheels before press quenching is clearly affected by which level 

the crown wheels are placed on, as seen in figure 37. The reason for this is probably that for each 

crown wheel that should be taken out of the furnace the hatchet must open. This causes the 

temperature of the remaining crown wheels in the furnace to drop. For example the crown 

wheel on level one has been subjected to four hatchet openings. The difference in temperature of 

the crown wheels between the different levels also has an effect on the slope of the back plane as 

seen in figure 35 and 36. However, it is difficult to explain this behaviour and an explanation is 

not given in this study. It is known that a lower cooling speed leads to reduced distortion but this 

contradicts the results gathered in this study. (Canale and Totten, 2005) 

As seen in figure 41, the temperature varies with tray number, however this effect is most 

pronounced at the start of the experiment, i.e. during the first four trays. After this the effect 

trails off. The first four trays, which correspond to the top part of ingot 1, also show a slope of 

the back plane that does not follow the linear behaviour that the other parts of the ingots show. 

Hence, this can probably be explained by the lower temperature of the oil at the start of the 

press quenching. A lower temperature of the oil leads to a decrease of the distortion due to a 

decrease of the cooling speed. (Canale and Totten, 2005) 

7.2.3 FIBRE BANDING (MACROSTRUCTURE) 
The fibre band evaluation does not show any correlation between the top and bottom for the 

measured values. However, the pattern of the fibre bands is difficult to measure in an adequate 

manner. The method used in this study is rather rough and not very precise. Therefore computer 

software should be used to obtain more precise result. Also, one can question the used etchant, 

hydrochloric acid. It yields distinct dark and white bands, however it also produces dark “spots” 

seen in figure 56, which looks similar to pitting corrosion. These were present to some extent on 

all samples.  

 

Figure 56. Fibre bands and dark spots, sample from the top. 
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This complicates the evaluation of the bands. For a better result, nital should be used. This will 

not produce as distinct bands as the hydrochloric acid but it will not produce the dark spots 

either. Also, the advantage of etching with nital is that the microstructure can be investigated 

which is not possible when etching with hydrochloric acid since it produces to large height 

differences in the samples. However, as stated in the results section, it is possible to see a 

difference in the extent of the equiaxed zone in the central part of the samples. A larger equiaxed 

zone in the top part of the ingot is also what would be expected since this is the last solidifying 

zone of the ingot. Unfortunately this is something that is impossible to calculate and a visual 

observation has to be trusted.  

One positive aspect of the fibre banding is that it does indicate where the segregations should be 

found within the cross section as can be seen in figure 57. At the start of the process the ingot is 

rolled, therefore an elongated structure should be obtained as seen in figure 57 b), note this 

figure is only an example of how the macrostructure may look like. Thereafter the pellet is 

forged and the fibre banding is deformed into what is seen in figure 57 c). It is known from 

literature that the positive and negative segregations are most pronounced in the horizontal 

middle of the top and bottom of the ingot, depicted by the black line in figure 57 b). From figure 

57 c) it is then possible to see where the segregations will be most prominent in the cross 

section of the crown wheel since it is possible to track the horizontal black line from figure 57 b) 

to figure 57 c). This has also been confirmed by the results from the chemical composition, 

hardness measurements and microstructure where in all cases the A samples have shown the 

largest difference in material properties between the top and bottom of the ingot. The C samples, 

which corresponds to the furthest distance from the horizontal centre line, have only shown 

minor and in some cases no difference in material properties between the top and bottom of the 

ingot.  

 

Figure 57. Evolution of the fibre banding throughout the process. a) Ingot, b) After rolling and c) After forging 
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7.2.4 HARDNESS  
The difference in core hardness and case of depth between the crown wheels is positive since it 

also promotes the theory of segregation. The difference is also large enough, almost 50HV for 

sample A and B, to not be a measurement error.  

The small difference in hardness for sample C, which represents the outermost part of the crown 

wheel and also the outermost part of the ingot, is also consistent with theory, as stated above.   

7.2.5 CHEMICAL COMPOSITION AND MICROSTRUCTURE 
The results show that segregations in combination with the geometry of R780 Steg are the 

reasons for the big fluctuations in slope of the back plane that Scania has encountered with this 

crown wheel type supplied by Steel Plant A. This difference in composition between the top and 

bottom part of the ingot has also produced a difference in the core hardness, case of depth, 

microstructure and hardenability of the crown wheels from the different parts of the ingot. 

Segregation is the only possible explanation for the difference in distortion between crown 

wheels originating from different parts of the ingot since the processing of the different parts of 

the ingots are exactly the same. Also, this statement is supported by the fact that the same type 

of crown wheel, R780 Steg, originating from continuous cast material does show much smaller 

fluctuations, seen in table 14. Although the chemical composition of the crown wheels from 

continuous cast material have not been examined, according to theory, continuously cast 

material should exhibit a lower degree of segregation (Pehlke 2008).  

The result also confirms the theoretical background of macro segregations in the ingot. Sample C 

which, as stated above, is furthest away from the horizontal centre of the ingot does not show 

any pattern of segregation, which is what is expected from macro segregations in ingots while 

sample A exhibits the largest signs of macro segregation. It should also be noticed that, although 

there are different types of segregations, the negative and positive segregation is the type of 

segregation that is most likely to cause the variation between the top and bottom of the back 

slope of the crown wheel. This is due to that this is the only type of segregation that causes a 

variation of chemical composition between the top and bottom part of the ingot. 

Although the results of segregations and difference in back slope of the crown wheels are 

apparent there are still doubts over the behaviour of the wheels during the press quenching. It is 

obvious that crown wheels from the top becomes concave and crown wheels from the bottom 

becomes convex, see figure 34. It is also clear that the material properties of the inner part of the 

crown wheels from the top and bottom of the ingot are different. However, the effect of the dies, 

see figure 58, and how the segregations affect the mechanical process of the press quenching is 

not obvious and needs to be further examined. 

 

 

 

 

 

Figure 58. Schematic illustration of the press 
quenching process(Scania, ArtHur). 

Inner  
Outer  
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With the result gathered in this study one can only speculate about the exact scenario and what 

actually occurs during the press quenching step by step. One interesting and important question 

that is not explained in this thesis is how the crown wheel behaves without the influence of the 

press. One measure towards an explanation would be to examine the behaviour of free 

quenched crown wheels. Then one would be able to explain if all the crown wheels become 

concave, if all become convex or if they behave differently even without any influence of the dies. 

Furthermore, as seen in table 14, the slope is not only dependant on the casting method but also 

on the type of crown wheel. R780 Steg from Steel Plant A yields much larger fluctuations than 

the R780 Slät from Steel Plant A. Therefore, one explanation for  the distortion problem may be 

that there is an air gap created either between the inner back face of the crown wheel and the 

fixture or between the outer back face of the crown wheel and the fixture, see figure 58, due to 

the segregations. If this scenario is correct it would be easier for either the inner or outer die, 

depending on which part of the ingot the crown wheels originated from, to influence the slope of 

the back plane. This would explain why ingot cast material from the same supplier, Steel Plant A, 

yields better results regarding the slope of the back plane for R780 Slät since this problem would 

not occur with this type of crown wheels since they would always lay flat against the fixture due 

to the geometry of these crown wheels. This is however only a theory and has not been proven. 

The Scanning electron microscopy with the accompanying electron dispersive spectrometry that 

was initially planned to be used for detection of segregations did not give any sufficient results 

regarding the concentration of the different elements. However it did provide useful results 

regarding the distribution of Mn and S, the element maps for Mn and S are shown in figure 59 a) 

and b). These MnS bands can also be seen in the microstructure investigated with LOM seen in 

figure 51 b). 

 

Figure 59 a) Element map for Mn to the left and b) element map for S to the right. The white bands are the 
MnS 
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The microstructure of sample A, seen in figure 51 a) and b) clearly differs between the different 

parts of the ingot. In the top part the microstructure is more homogenous and consists of mostly 

lower bainite whilst in the lower part of the ingot the structure consists of upper and lower 

bainite. To understand this difference in microstructure the occurrence of bainite must first be 

explained. Figure 60 is the Fe – C phase diagram, showing the stable phases at different 

temperatures and carbon contents. In the upper part of the two-phase region, ferrite and 

cementite will grow cooperatively due to diffusion.  

They will grow side by side and form the fine lamellar structure perlite. However, if the material 

is cooled to below 550°C the diffusion is to slow and therefore bainite will form instead. Bainite 

also consists of ferrite and cementite, however there is a substantial difference in microstructure 

between bainite and perlite (P. Kolmskog, 2013).  

 

Figure 60. Fe-C phase diagram calculated with Thermo-calc software (Kolmskog, 2013). 

Furthermore bainite can be divided in upper and lower bainite, named after their formation 

temperatures. These two types of bainite also exhibit a distinct difference in morphology which 

is explained by the carbon diffusion from the supersaturated austenite. In upper bainite 

diffusion allows the carbon to precipitate at the austenite/ferrite interface. In lower bainite the 

sluggish diffusion will cause formation of carbides inside the ferrite, see figure 61 (Kolmskog, 

2013). 

 

Figure 61. Different morphologies of bainite (Kolmskog, 2013). 
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Furthermore, the bainitic start temperature will depend on the alloy concentration according to 

Eq 1 (Kolmskog, 2013). 

Bs(°C)= 830 - 270C - 90Mn - 37Ni - 70Cr - 83Mo (wt%)     Eq 1 

The evolution of the microstructure of sample A corresponding to the top and bottom of the 

ingot, seen in figure 51 a) and b) can be summarized in the following steps.  

1. The material is heat treated to ensure 100% austenitic phase.  

2. The material is quenched in oil which results in brittle martensitic phase at the surface of 

the component. However, now the behaviour differs between the top and bottom part of 

the ingot. The crown wheels originating from the top part of the ingot will at the base of 

the cog have a larger depth of case due to the increased carbon content, as seen in figure 

47. 

3. The core of the component will now start to transform from austenite to the upper and 

lower bainitic phases. However, the amount of the upper and lower bainitic phase will 

differ between the top and bottom part of the ingot. This is due to that the bainitic start 

temperature will depend on the chemical composition. As seen in Eq. 1, higher alloy 

concentration will lead to that the transformation to the bainitic phase will start at a 

lower temperature which in turn affects the amount of lower and upper bainite since the 

rate of the carbon diffusion is affected. Although, the Bs temperature can be calculated 

for the different parts of the ingot and different samples it is impossible to calculate it for 

the area that was examined by LOM seen in figure 51 since the chemical composition for 

precisely this area is not known. However it can be seen in figure 51 b) that the Bs 

temperature has been decreased to such an extent that there is an absence of upper 

bainite in this area. From the microstructure it can also be seen that the MnS, which 

forms first, is primarily present in the lower bainite areas in the sample from the top. 

This is because the upper bainite has rejected this phase to the liquid phase. When the 

remaining liquid starts to solidify into lower bainite the MnS cannot be transported away 

since it is surrounded by solid phase, i.e. upper bainite. Therefore it is above all present 

in the lower bainite areas. 

It should also be emphasized that this is only one small area of sample A that is evaluated and 

the position that was evaluated was where the greatest difference in microstructure was found, 

i.e. where the microstructure was most affected by the segregations. The microstructure did not 

differ as much in the other parts of sample A.  

Equation 1 also shows that the most important element for the Bs temperature is C followed by 

Mn and Ni. These are also the elements that have segregated to the largest extent as can be seen 

in table 15. The Bs temperature was also calculated, as seen in table 19. These values are 

calculated from the result of the chemical compositions which were measured over areas of 10-

12 mm for each sample. These values show that the difference in Bs temperature is small. 

Table 19. Calculated start temperature for transformation to bainite. 

 A B C 

Part of ingot Lower Middle Top Lower Middle Top Lower Middle Top 

T(°C) 579,79 577,05 564,94 573,54 569,14 565,99 570,21 571,95 572,29 
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7.2.6 HARDENABILITY 
The hardenability is in some cases outside of tolerance. However, although sample A, B and C are 

examined it should be noted that the significant hardenability is that of sample B. This is because 

it is this part of the crown wheel that is placed in connection to the pinion and therefore will 

experience load and wear. As seen in figure 54 and 55 the hardenability for sample B is within 

the set tolerance except for the bottom of the ingot at 15 mm from the surface where it is just 

outside of tolerance. Therefore the hardenabilty of the crown wheels are adequate even if the 

values are outside tolerance in some cases. 

7.2.7 CHOICE OF SUPPLIER 
Although the results show large variations and the presence of segregations are conclusive, 

there are several other parameters to be considered when determining supplier of the crown 

wheel. Multiple parameters must be taken into consideration such as other distortion 

parameters and of course also the economical factor. Hence, ruling out Steel Plant A as a supplier 

is not something that is easily done. As stated earlier the distortion during quenching is a 

complex problem where in certain studies, changing one parameter lead to improvement of 

certain distortion parameters whereas others are worsened. This is in fact what Scania have 

seen, where the “chips-shape” is actually improved when using Steel Plant A compared to when 

using rectangular continuous cast. This was however solved by that the steelwork that supplied 

rectangular continuous cast material turned off the stirring in the ladle. Also, when using round 

or quadratic continuous cast material the “chips-shape” is satisfactory. 

A discussion should be held with Steel Plant A regarding the results and possible measures that 

should be taken to reduce the segregation behaviour. As stated earlier in this report ingot 

macrosegregations are known to be reduced by reducing the cooling time. This can be done by 

the use of smaller ingots or by reducing the temperature of the melt.  Also, stirring or increased 

cooling rates will lead to reduced macrosegregation. Another way to make it easier to control 

the distortions would be if Steel Plant A would mark the different parts of the ingot so that the 

operator would know which part of the ingot that the crown wheels originates from. However, 

this would be rather complicated for both Steel Plant A and Scania. Therefore it is highly 

doubtful that this is a solution to the problem. 
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8 CONCLUSIONS 
From this work on Distortions of press quenched crown wheels the following conclusions can be 

drawn: 

 The slope of the crown wheels depends on both casting technique and the geometry of 

the crown wheel. 

 It is confirmed that the crown wheel type and supplier combination that by far yields the 

largest variations in slope of the back plane is the R780 Steg supplied by Steel Plant A, 

who uses the ingot casting technique. For this combination the variation exceeds 0,1 mm.  

  The same crown wheel type originating from Steel Plant B or Steel Plant C, who use the 

continuous casting technique, exhibits significantly smaller and acceptable fluctuations.  

 The other crown wheel types, R780 Slät and R885 Slät, regardless of casting technique 

show significantly reduced and acceptable variations compared to R780 Steg supplied by 

Steel Plant A. 

 The distortion of the back plane, chemical composition, hardness and the microstructure 

of the R780 Steg, article number 2116006, supplied by Steel Plant A correlates to the 

original position of the crown wheels in the ingot. Hence, segregations in the ingots 

combined with the geometry of the crown wheel have caused the different distortion 

behaviour of the crown wheels from the top and bottom of the ingot. 

 If it is not possible to reduce the segregation behaviour Steel Plant A should be replaced 

as a supplier for the crown wheel type R780 Steg. Instead a supplier using continuous 

casting which yields less segregation and therefore less fluctuation in distortion 

behaviour of the back slope of the crown wheels should be used for the crown wheel 

R780 Steg. 

 For the other crown wheel types, which do not show the same variations in fluctuations 

of the back slope, either ingot cast material or continuous cast material can be used. 

9 FUTURE WORK 
 First of all, a discussion should be held with Steel Plant A regarding the results and 

possible measures that should be taken to reduce the segregation behaviour. 

 Certain pinions, “svamppinjonger”, also show similar fluctuations in distortion 

behaviour. These could also be examined to investigate if these also show similar 

segregation behaviour.  

 A different etching method and computer software could be used to evaluate the fibre 

band pattern.  

 Crown wheels could be free quenched to determine the distortion behaviour without the 

influence of the dies.  
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11   APPENDIX 
Part 2- Distortions 

 

 

Part of ingot Crown wheel number Temperature after press quench[°C] Level Inner diameter[mm] Slope of the back plane[mm] Pitch diameter[mm] Temperature before press quench[°C]

Ingot 1, Top 100 67,5 1 239,590 0,036 288,107 784,9

Ingot 1, Top 101 67,4 3 239,600 0,058 288,080 801,2

Ingot 1, Top 102 63,3 3 239,593 0,053 288,084 792,9

Ingot 1, Top 103 64,9 5 239,654 0,040 288,138 806,2

Ingot 1, Top 104 69,6 1 239,567 0,064 288,062 792,1

Ingot 1, Top 105 65,9 1 239,594 0,042 288,092 790,5

Ingot 1, Top 106 69 3 239,606 0,046 288,100 800,4

Ingot 1, Top 107 67,3 5 239,680 0,030 288,169 817,0

Ingot 1, Top 108 62 5 239,669 0,031 288,151 809,9

Ingot 1, Top 109 70,8 1 239,581 0,034 288,076 786,6

Ingot 1, Top 110 68,7 1 239,587 0,041 288,081 789,2

Ingot 1, Top 111 64,4 3 239,611 0,043 288,119 798,1

Ingot 1, Top 112 69,3 5 239,691 0,021 288,183 811,5

Ingot 1,Middle 200 68,9 3 239,596 0,025 288,111 800,7

Ingot 1,Middle 201 5 239,682 0,037 288,183 814,8

Ingot 1,Middle 202 70,4 1 239,558 0,055 288,066 789,6

Ingot 1,Middle 203 69,5 3 239,598 0,032 288,116 804,4

Ingot 1,Middle 204 69,2 1 239,562 0,065 288,066 791,2

Ingot 1,Middle 205 70,4 3 239,592 0,043 288,119 797,4

Ingot 1,Middle 206 69,2 5 239,676 0,041 288,185 811,1

Ingot 1,Middle 207 69,5 5 239,654 0,031 288,156 816,6

Ingot 1,Middle 208 71,4 1 239,570 0,040 288,070 789,7

Ingot 1,Middle 209 70 3 239,616 0,044 288,095 801,5

Ingot 1,Middle 210 70,7 1 239,544 0,066 288,060 789,3

Ingot 1,Middle 211 68,1 3 239,586 0,044 288,091 801,8

Ingot 1,Middle 212 69,8 5 239,670 0,010 288,169 816,3

Ingot 1,Middle 213 70,4 5 239,676 0,026 288,201 816,9

Ingot 1, Lower 300 70,2 1 239,577 0,006 288,090 790,7

Ingot 1, Lower 301 70,9 3 239,612 -0,004 288,114 801,5

Ingot 1, Lower 302 72,1 1 239,577 0,011 288,072 788,3

Ingot 1, Lower 303 71,2 5 239,703 -0,020 288,199 818,4

Ingot 1, Lower 304 69,9 3 239,590 0,008 288,081 799,3

Ingot 1, Lower 305 69,7 5 239,658 -0,009 288,188 811,1

Ingot 1, Lower 306 71,5 5 239,707 -0,014 288,190 816,5

Ingot 1, Lower 307 72,9 1 239,588 0,031 288,089 790,6

Ingot 1, Lower 308 71,9 3 239,640 0,006 288,129 804,3

Ingot 1, Lower 309 70,4 5 239,683 -0,003 288,186 811,5

Ingot 1, Lower 310 71,4 1 239,616 0,014 288,098 790,0

Ingot 1, Lower 311 70,9 3 239,610 0,012 288,111 799,1

Ingot 1, Lower 312 73,5 1 239,564 0,033 288,065 787,2

Ingot 1, Lower 313 71,4 3 239,644 0,019 288,142 801,0

Ingot 1, Lower 314 71,2 5 239,685 -0,018 288,181 815,3

Ingot 1, Lower 315 73,6 1 239,568 0,009 288,080 787,0

Ingot 4, Top 400 72,2 3 239,606 0,085 288,103 803,1

Ingot 4, Top 401 72,3 5 239,697 0,074 288,195 817,5

Ingot 4, Top 402 68,6 3 239,612 0,080 288,110 797,7

Ingot 4, Top 403 71,4 5 239,702 0,075 288,154 812,5

Ingot 4, Top 404 71,4 1 239,602 0,092 288,089 788,6

Ingot 4, Top 405 72 1 239,607 0,079 288,106 786,4

Ingot 4, Top 406 72,9 1 239,613 0,082 288,103 791,1

Ingot 4, Top 407 73,1 3 239,627 0,083 288,147 803,3

Ingot 4, Top 408 71,3 3 239,606 0,089 288,130 800,3

Ingot 4, Top 409 71,4 5 239,728 0,074 288,208 815,9

Ingot 4, Top 410 73,1 5 239,705 0,064 288,188 815,9

Ingot 4, Top 411 74,2 1 239,598 0,086 288,108 790,9

Ingot 4, Middle 500 72,1 5 239,714 0,002 288,245 812,8

Ingot 4, Middle 501 70,9 3 239,612 0,053 288,117 800,5

Ingot 4, Middle 502 69,7 1 239,621 0,068 288,145 788,8

Ingot 4, Middle 503 72,6 3 239,633 0,010 288,172 799,3

Ingot 4, Middle 504 71,4 3 239,621 0,020 288,180 803,4

Ingot 4, Middle 505 70,5 5 239,688 -0,015 288,207 814,7

Ingot 4, Middle 506 70,3 5 239,679 -0,013 288,193 815,1

Ingot 4, Middle 507 71 1 239,601 0,022 288,121 791,6

Ingot 4, Middle 508 73,1 1 239,584 0,035 288,098 791,6

Ingot 4, Middle 509 71,5 3 239,620 0,035 288,138 801,1

Ingot 4, Middle 510 69,5 3 239,625 0,044 288,141 802,6

Ingot 4, Middle 511 71,4 5 239,687 0,032 288,199 815,1

Ingot 4, Middle 512 71,2 5 239,712 0,059 288,213 817,7

Ingot 4, Middle 513 72,5 1 239,556 0,078 288,079 789,8

Ingot 4, Middle 514 72,4 1 239,601 0,007 288,116 788,4

Ingot 4, Lower 600 3 239,631 -0,019 288,150 799,1

Ingot 4, Lower 601 73 3 239,634 -0,029 288,173 802,0

Ingot 4, Lower 602 72,5 5 239,678 -0,028 288,202 818,0

Ingot 4, Lower 603 72,8 5 239,683 -0,031 288,215 810,3

Ingot 4, Lower 604 74,7 1 239,581 -0,013 288,119 789,1

Ingot 4, Lower 605 75 1 239,617 -0,020 288,122 787,8

Ingot 4, Lower 606 72 3 239,588 -0,023 288,137 800,5

Ingot 4, Lower 607 71,4 3 239,630 -0,020 288,154 799,5

Ingot 4, Lower 608 73,3 5 239,685 -0,045 288,208 816,5

Ingot 4, Lower 609 71,8 5 239,662 -0,037 288,190 812,9

Ingot 4, Lower 610 74,5 1 239,622 -0,002 288,152 791,3

Ingot 4, Lower 611 72,9 1 239,605 -0,017 288,152 791,0

Ingot 4, Lower 612 70,4 3 239,636 -0,035 288,165 803,5

Ingot 4, Lower 613 74,3 1 239,587 -0,006 288,118 792,2

Ingot 4, Lower 614 72 3 239,604 -0,027 288,148 804,1

Ingot 4, Lower 615 73 5 239,714 -0,031 288,246 818,2
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Part 2- Chemical compositions 

Chemical compositions of samples A 

 

Chemical compositions of samples B 

 

Chemical compositions of samples C 

 

Ingot 4, Lower Ingot 4, Lower Ingot 4, Lower Ingot 4, Lower Ingot 4, Lower Ingot 4, Middle Ingot 4, Middle Ingot 4, Middle Ingot 4, Middle Ingot 4, Middle Ingot 4, Top Ingot 4, Top Ingot 4, Top Ingot 4, Top Ingot 4, Top

615-A 603-A 609-A 608-A 612-A 507-A 508-A 504-A 511-A 509-A 404- A 407- A 411-A 408-A 400-A

C[wt%] 0,191 0,177 0,181 0,180 0,178 0,193 0,190 0,192 0,185 0,184 0,212 0,217 0,218 0,210 0,215

Si[wt%] 0,260 0,250 0,250 0,250 0,250 0,250 0,260 0,250 0,250 0,260 0,270 0,270 0,260 0,260 0,250

Mn[wt%] 0,940 0,940 0,950 0,940 0,930 0,960 0,940 0,950 0,940 0,940 0,990 0,990 0,980 0,970 0,960

P[wt%] 0,006 0,006 0,006 0,006 0,007 0,008 0,006 0,006 0,006 0,007 0,008 0,008 0,007 0,007 0,007

S[wt%] 0,034 0,030 0,028 0,031 0,031 0,035 0,035 0,037 0,030 0,030 0,038 0,037 0,037 0,038 0,039

Cr[wt%] 1,020 1,030 1,020 1,020 1,020 1,020 1,020 1,040 1,010 1,050 1,050 1,030 1,050 1,030 1,040

Ni[wt%] 0,960 0,960 0,970 0,990 0,980 0,980 0,960 0,960 0,950 0,980 1,050 1,010 0,990 1,000 0,980

Mo[wt%] 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110

Ti[wt%] 0,003 0,003 0,003 <0,003 <0,003 0,003 0,003 0,003 0,003 0,003 <0,003 <0,003 0,003 0,003 0,003

Nb[wt%] 0,002 0,002 0,002 <0,002 <0,002 0,002 0,002 0,002 0,002 0,002 <0,002 <0,002 0,002 0,002 0,002

Cu[wt%] 0,120 0,120 0,120 0,120 0,120 0,130 0,120 0,120 0,120 0,130 0,130 0,130 0,130 0,130 0,130

Co[wt%] 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,013

N[wt%] 0,013 0,012 0,013 0,012 0,012 0,012 0,012 0,012 0,012 0,012 0,014 0,019 0,013 0,013 0,013

Sn[wt%] 0,005 0,005 0,005 0,006 0,005 0,006 0,005 0,005 0,005 0,005 0,007 0,006 0,006 0,005 0,005

W[wt%] 0,010 0,008 0,009 0,009 0,009 0,008 0,009 0,009 0,009 0,010 0,009 0,009 0,008 0,009 0,009

V[wt%] 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,005 0,004 0,004 0,004 0,004 0,004

Al[wt%] 0,036 0,032 0,034 0,034 0,034 0,034 0,036 0,033 0,034 0,034 0,033 0,034 0,032 0,033 0,032

Ta[wt%] 0,007 0,010 0,002 0,002 0,002 0,011 0,005 0,015 0,006 0,013 0,004 <0,002 0,018 0,010 0,006

Ca[wt%] 0,001 0,001 0,001 <0,0005 <0,0005 0,001 0,001 0,001 0,001 0,001 <0,0005 <0,0005 0,001 0,001 0,001

B[wt%] 0,000 0,000 0,000 <0,0002 <0,0002 0,000 0,000 0,000 0,000 0,000 <0,0002 <0,0002 0,000 0,000 0,000

As[wt%] 0,004 0,004 0,004 0,004 0,004 0,005 0,004 0,005 0,004 0,005 0,005 0,005 0,005 0,005 0,005

Fe[wt%] 96,260 96,280 96,270 96,260 96,280 96,210 96,260 96,230 96,310 96,210 96,050 96,100 96,110 96,150 96,180

Ingot 4, Lower Ingot 4, Lower Ingot 4, Lower Ingot 4, Lower Ingot 4, Lower Ingot 4, Middle Ingot 4, Middle Ingot 4, Middle Ingot 4, Middle Ingot 4, Middle Ingot 4, Top Ingot 4, Top Ingot 4, Top Ingot 4, Top Ingot 4, Top

615-B 603-B 609-B 608- B 612- B 507-B 508-B 504-B 511-B 509-B 404-B 407- B 411-B 408-B 400-B

C[wt%] 0,199 0,194 0,196 0,196 0,185 0,217 0,201 0,212 0,203 0,205 0,207 0,210 0,212 0,215 0,211

Si[wt%] 0,260 0,250 0,260 0,260 0,260 0,250 0,260 0,260 0,260 0,260 0,270 0,270 0,250 0,260 0,260

Mn[wt%] 0,940 0,970 0,970 0,960 0,950 0,950 0,980 0,960 0,980 0,980 0,980 0,990 0,970 0,980 0,970

P[wt%] 0,006 0,007 0,007 0,007 0,007 0,007 0,007 0,007 0,008 0,008 0,008 0,008 0,007 0,007 0,007

S[wt%] 0,034 0,032 0,035 0,034 0,032 0,040 0,040 0,036 0,036 0,038 0,037 0,035 0,035 0,035 0,037

Cr[wt%] 1,020 1,040 1,040 1,030 1,020 1,010 1,030 1,020 1,030 1,040 1,050 1,060 1,010 1,040 1,020

Ni[wt%] 0,990 0,990 0,980 1,010 0,980 0,980 0,990 0,980 0,990 1,000 1,040 1,040 0,980 1,010 0,980

Mo[wt%] 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110

Ti[wt%] 0,003 0,003 0,003 <0,003 <0,003 0,003 0,003 0,003 0,003 0,003 <0,003 <0,003 0,003 0,003 0,003

Nb[wt%] 0,002 0,002 0,002 <0,002 <0,002 0,002 0,002 0,002 0,002 0,002 <0,002 <0,002 0,002 0,002 0,002

Cu[wt%] 0,130 0,130 0,130 0,120 0,120 0,120 0,130 0,130 0,130 0,130 0,130 0,130 0,120 0,130 0,130

Co[wt%] 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014

N[wt%] 0,012 0,013 0,013 0,033 0,013 0,017 0,012 0,013 0,013 0,013 0,013 0,013 0,013 0,013 0,014

Sn[wt%] 0,005 0,006 0,005 0,006 0,005 0,005 0,006 0,006 0,006 0,006 0,007 0,007 0,005 0,006 0,005

W[wt%] 0,010 0,009 0,010 0,008 0,008 0,008 0,009 0,009 0,008 0,009 0,009 0,009 0,007 0,009 0,008

V[wt%] 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004

Al[wt%] 0,034 0,032 0,033 0,034 0,035 0,034 0,035 0,034 0,034 0,034 0,033 0,034 0,033 0,033 0,034

Ta[wt%] 0,002 0,010 0,005 <0,002 0,003 0,008 0,017 0,005 0,017 0,017 0,004 0,004 0,002 0,007 0,002

Ca[wt%] 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,001 <0,0005 0,001 0,001 0,001 0,001

B[wt%] 0,000 0,000 0,000 <0,0002 <0,0002 0,000 0,000 0,000 0,000 0,000 <0,0002 <0,0002 0,000 0,000 0,000

As[wt%] 0,004 0,005 0,005 0,004 0,004 0,005 0,005 0,005 0,005 0,005 0,005 0,005 0,004 0,005 0,004

Fe[wt%] 96,220 96,180 96,180 96,160 96,240 96,220 96,140 96,190 96,150 96,120 96,070 96,050 96,220 96,120 96,180

Ingot 4, Lower Ingot 4, Lower Ingot 4, Lower Ingot 4, Lower Ingot 4, Lower Ingot 4, Middle Ingot 4, Middle Ingot 4, Middle Ingot 4, Middle Ingot 4, Middle Ingot 4, Top Ingot 4, Top Ingot 4, Top Ingot 4, Top Ingot 4, Top

615-C 603-C 609-C 608-C 612-C 507-C 508-C 504-C 511-C 509-C 404-C 407-C 411-C 408-C 400-C

C[wt%] 0,208 0,195 0,196 0,196 0,194 0,204 0,202 0,198 0,198 0,198 0,195 0,197 0,197 0,196 0,194

Si[wt%] 0,260 0,250 0,250 0,260 0,260 0,260 0,260 0,250 0,250 0,260 0,260 0,260 0,250 0,250 0,260

Mn[wt%] 0,970 0,970 0,980 0,970 0,980 0,980 0,960 0,960 0,970 0,970 0,970 0,970 0,960 0,960 0,960

P[wt%] 0,007 0,007 0,007 0,007 0,007 0,008 0,007 0,007 0,007 0,007 0,007 0,008 0,007 0,007 0,007

S[wt%] 0,044 0,033 0,036 0,035 0,033 0,039 0,042 0,036 0,036 0,035 0,036 0,034 0,035 0,033 0,032

Cr[wt%] 1,030 1,040 1,040 1,040 1,030 1,020 1,020 1,020 1,020 1,030 1,030 1,050 1,020 1,020 1,030

Ni[wt%] 0,990 0,990 0,990 1,020 1,020 0,980 0,980 0,980 0,980 0,980 1,010 1,030 0,980 0,980 0,980

Mo[wt%] 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110 0,110

Ti[wt%] 0,003 0,003 0,003 <0,003 <0,003 0,003 0,003 0,003 0,003 0,003 <0,003 <0,003 0,003 0,003 0,003

Nb[wt%] 0,002 0,002 0,002 <0,002 <0,002 0,002 0,002 0,002 0,002 0,002 <0,002 <0,002 0,002 0,002 0,002

Cu[wt%] 0,130 0,130 0,130 0,120 0,120 0,120 0,120 0,130 0,120 0,130 0,120 0,130 0,120 0,130 0,130

Co[wt%] 0,014 0,014 0,013 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,014 0,015 0,014 0,014 0,014

N[wt%] 0,013 0,013 0,012 0,012 0,013 0,013 0,013 0,013 0,013 0,013 0,013 0,013 0,013 0,015 0,012

Sn[wt%] 0,006 0,006 0,006 0,006 0,006 0,006 0,006 0,005 0,005 0,006 0,006 0,006 0,005 0,005 0,005

W[wt%] 0,009 0,009 0,009 0,008 0,008 0,008 0,008 0,008 0,008 0,009 0,008 0,009 0,008 0,008 0,008

V[wt%] 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004

Al[wt%] 0,034 0,032 0,032 0,033 0,034 0,033 0,034 0,033 0,033 0,034 0,034 0,033 0,034 0,033 0,033

Ta[wt%] 0,009 0,010 0,019 <0,002 <0,002 0,005 0,003 0,010 0,006 0,011 0,002 0,004 0,008 0,005 0,007

Ca[wt%] 0,001 0,001 0,001 <0,0005 <0,0005 0,001 0,001 0,001 0,001 0,001 <0,0005 <0,0005 0,001 0,001 0,001

B[wt%] 0,000 0,000 0,000 <0,0002 <0,0002 0,000 0,000 0,000 0,000 0,000 <0,0002 <0,0002 0,000 0,000 0,000

As[wt%] 0,005 0,005 0,005 0,005 0,005 0,005 0,004 0,005 0,005 0,005 0,005 0,005 0,005 0,004 0,005

Fe[wt%] 96,150 96,180 96,160 96,150 96,150 96,190 96,210 96,210 96,220 96,180 96,170 96,120 96,220 96,220 96,200


