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Abstract 
In last ten years, the size range of dimensions program has increased and therefore the hot 

rolling process needs to be analysed and improved. The bar mill at Ovako Sweden AB in Hofors 

intends to increase the current roll diameter to improve the rolling capacity and to remove the 

existing bottleneck within the production flow. Therefore, this project is carried out to study 

the hot working of ingots within the current rolling setup, aiming to evaluate the subsequent 

change on ingot central deformation and porosity related to roller dimension. In this project, 

two plant trials are executed at Ovako Sweden AB and after the trials; analyses on ingot central 

deformation and central porosity are performed respectively with samples from the two trials. 

The results suggest that, after the first rolling stage, larger diameter rolls results in less pore 

defects but gives similar central deformation. Indicated from the results, the ingot is likely to 

have less central porosity but equal central deformation by increasing the roll diameter. After 

this project, we get a better perspective of the potential to boost the rolling capacity with a new 

larger roll and the subsequent quality benefits. 
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1 Introduction 
A general introduction about this work is given, including a brief introduction, background, goal 

and method.  

As a traditional technology in manufacturing industry, the rolling process possesses a long 

history during which, a lot of research has been carried out to study the effect of rolling 

parameters on ingot hot working. According to empirical experience from literatures, increasing 

roll diameter favours material deformation and thus less pore size in the ingot centre. To verify 

these results from an industrial aspect, this project is carried out by Ovako Sweden AB at Hofors. 

Within this project, two plant trials and a simulation work are included.  The results show larger 

diameter roll gives bars less pore defects but similar central deformation after the first rolling 

stage. The simulation results from Wicon show good agreement with production and new drafts 

of rolling schedule with 20 and 22 rolling passes have been suggested. 

1.1 Background 

1.1.1 Ovako AB 

Ovako is a leading European producer of engineering steel for customers in the bearing, 

transportation and manufacturing industries. They utilize recycled steel to produce new, which 

are in the form of bars for external customers, in house production of tubes, rings and pre-

components. In Hofors, the bar mill has a max rolling capacity of approximately 500 000 ton per 

year and supplies internal customers with round and square bars. The roll diameters at rolling 

stand No.1 are between 860mm and 780mm depending on life cycle and turning operations to 

refurbish the surface quality, afterward it is finally scrapped. However, in the last ten years, the 

size range of dimension programs has increased and the hot rolling process needs to be 

analysed and improved. The rolling capacity of stand No. 1 is a bottleneck and needs to be 

investigated for future improvements.    

1.1.2 Wicon software 

To fulfil the requirement of continuous analysis of the process and equipment at hot rolling mills 

for bar, rod and wire, it is required to develop a good analysis tool. The software Wicon, which 

is from Morgårdshammar, is a professional and powerful tool for calculating and simulating of 

the process parameters in a rolling mill. It includes roll pass designs, evaluating changes to 

process conditions and new products or process routine. Generally, Wicon makes it possible for 

operators to check and test new suggestions before upgrading existing rolling mill or before 

starting a new rolling mill.  

 Nowadays, to a large degree, the production cost is significantly decided by the production time. 

Obviously, this production time could be saved if rolling passes are reduced. A new rolling 

schedule needs to be suggested and aims to improve the rolling capacity. Additionally, the 

existing roll at stand No.1 is found to have a low utilization rate due to the current design of the 
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groove structure. In this project, Wicon will also help to solve this problem and get the groove 

structure optimized to make the roll fully utilized within production.  

1.2 Goals 
This project aims specifically to study the effect of increasing roll diameters on ingot hot working, 

e.g. central deformation and central porosity and to generate a new rolling pass sequence for 

the new roll diameter. The motivation behind this project is to improve the rolling capacity 

through increasing size range of dimensions at stand No.1.  

1.3 Method 

1.3.1 Plant trials 

Within the work, two plant trials will be executed with 780mm and 860mm diameter rolls 

respectively. To measure the central deformation of ingots, special ingots will be prepared. Each 

ingot used for this test will contain one bar that is less than the ingot dimension and is inserted 

along the centre axis inside the ingot. Central deformation will be compared through the change 

of the cross section before and after rolling of the inserted bar.  For the central porosity 

comparison, normal ingots will also be rolled as usual with the two different diameters rolls.  

Additionally, ultrasonic test (UT test) will be used to detect the pores by scanning the sample 

along the rolling direction. 

1.3.2 Simulation with Wicon software 

New drafts of rolling schema will be generated based on the current rolling schedule after a 

calibration between Wicon software. The first step is to obtain the calculated rolling force from 

Wicon and then compare them with data obtained from actual production data. The data for 

rolling force within production can be directly gathered through an instrument installed in 

production: Argus. The reliability of calculation of Wicon is verified if the results from Wicon 

and Argus are in good agreement.  

To increase the rolling capacity at stand No.1, it is suggested to remove rolling passes from the 

current rolling schedule and therefore decrease the rolling time.  As a result, it requires 

increasing the reduction percentage for each rolling pass. In this project, the plan is to decrease 

the rolling passes from 24 down to 22 or 20 and this will be simulated and tested in Wicon.  

With Wicon, the structure of roll grooves can be adjusted and improved according to future 

requirements. New grove structure can be tested and analysed directly by computer of 

theoretical setups. 
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2. Literature review 
This chapter deals with the theoretical background. Theoretical analysis around rolling process 

as well as pore behaviour are described and explained.   

2.1 Theoretical analysis on rolling process 

As one of the important parameters in rolling processes, roll diameter could have a direct 

effect on properties of products. With the increase of the roll diameter, the ingot deformation 

will go up because of the increased contact length between the roll and the ingot.  As it is 

shown in Figure 1, L is the contact length between roll and ingot, R is the roll radius, hb and hf 

refer to ingot’s height before and after rolling. The deviation of the expression of L is as 

followed. According to the formula L is proportional correlated with R, which means the 

contact length is largely dependent on the roll diameter.  
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Figure 1 Contact length between the ingot and the roll 
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Furthermore, the effect of contact length L on the deformation is explained in the Figure 2 (Palm 

& Bäck, 1997).  In Figure 2, q/2k stands for the Y-axis where q is the mean pressure working 

along the contact length and 2k regards to the yield stress, the deformation resistance of the 

material at the current rolling temperature. For the hm, it is the average value between hb and 

hf. The figure shows how rolling geometry affect deformation type, homogeneous and 

inhomogeneous deformation. It shows the inhomogeneous deformation is decreasing with the 

increasing of ratio between L and hm, which means the larger L is favourable for reducing 

inhomogeneous deformation and it consequently contributes to getting more homogeneous 

internal deformation during rolling. In another words, increasing R contributes to give ingots 

more deformation in the centre because contact length L is increased.   

 
Figure 2 Relation between L/hm value and deformation type for all rolling                     

In another work from MEFOS, it suggests increasing the roll radius can reduce the size of pores 
(Lundbäck, 2004-2007). Shown in Figure 3, the 663mm diameter roll gives the largest reduction 
on the pore area. However, in this work, the rolling schedule only has two passes so it is not 
sufficient to predict the pore closure at a plant production on a full-scale level. 
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Figure 3 Influence of roll diameter on centre porosity closure. 137x137mm bar rolling modelling 

2.2 Theoretical analysis on porosity behaviour 

2.2.1 Formation of porosity during teeming 

The pore development in the region of ingot the centre has been investigated by Sandvik to 

study the influence of soft reduction on the formation of pores (Rogberg & Ek, 2004-2007).  

Figure 4 shows a longitudinal section along the ingot centre axis. The area between the solid 

and the liquid zone is the mushy zone that consists of both solid and liquid dendrites. The 

arrows show the direction of fluid flow caused by solidification shrinkage and they also imply 

that the flow speed keeps constant and is not influenced by the fraction of solid component in 

the mushy zone. Porosity occurs due to solidification shrinkage during solidification, where 

pores come to appear when there is not enough liquid feeding through the mushy zone to 

compensate for the volume shrinkage, especially in the centre area of the ingot. 

In the continuous teeming process, the dissolved gas in the liquid could also cause porosity. 

Figure 5 indicates the pressure in the ingot centre along the strand central axis and it has the 

same geometry as shown in Figure 4. The porosity occurs when the pressure of dissolved gas is 

higher than the equilibrium pressure (Peq). Peq is decreasing at the mushy zone because of a 

resistance of fluid flow caused by solidification. Therefore the partial pressure of gas dissolved 

in liquid is becoming larger than Peq and then pores will generate in the mushy zone.  
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Figure 4 A schematic view of a longitudinal section along the strand centre axis 

 

Figure 5 Pressure against distance from mould. Peq correspond to the pressure of gas in 

equilibrium with gas solved in liquid 

Niyama  criterion (Ny) is a simulation output variable used to detect solidification shrinkage 

defects, such as shrinkage porosity (Carlson & Beckermann, 2008). The expression of Niyama 

criterion is shown as follow. Where G is the thermal gradient, and dT/dt is local cooling rate. 

With this equation, people can predict the formation and development of pores by measuring 

G and T from experiement. 

𝑁𝑦 =
𝐺

√𝑑𝑇
𝑑𝑡

 

Figure 6 describes the relation between Niyama criterion and pore fraction. From the graph, 

one can evaluate when the Ny is large enough not to risk shringkage porosity. Micro-shrinkage 

will not occur until Ny drops below a certain value, Nymicro. There is a small quantity of micro-

shrinkage in the beginning but  it will diminish with a further decrease of Ny.  The second critical 

point is when Ny decreases below Nymacro, then the micro-shrinkage will turn to macro-

shrinkage, which means that the volume of pores will increase significatly. After Ny decreases 

below, the porosity will continue develop.  
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Figure 6 Schematic illustrating the relationship between shrinkage porosity volume and the Niyama 

criterion 

The prediction on porosity profile of a central region is made by Niyama criterion (Demurger , 

Kieber, & Forrestier, 2004-2007). From Figure 7 it can be seen that the shrinkage occurs at the 

top of the ingot. The area of  distributed pores  can be as long as 80% of the length of the ingot 

and it is especially dense in the centre region. This study was carried out by ASCOMETAL with 

the simulation software SOLID®. It studied the inluence of mould filling on the porosity 

criterion and it gives the conclusion that teeming velocity and mould taper have a great 

influence on central porosity of bottom poured ingot. 

 

Figure 7 Localisation of the porosity in a 6.2t, 500x500x2700mm ingot (42CrMo4) 

according to Niyama criterion 

2.2.2 Pore behaviour during rolling 

U. Ståhlberg studied the void closure in 1979 (Ståhlberg, Keife, & Lundberg, 1980). In this work, 

large quantity of theoretical analysis was performed and results showed that pore closure is 

affected by the reduction. Figure 8 shows the relation between void fraction (Vf) and reduction 
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percentage (r%). It can be seen that the Vf drops when r% is increasing. To close all the pores 

(Vf =0), the required reduction is dependent on the initial void fraction. 

 

Figure 8 Influence of reduction on the void fraction at different 

fractions of voids 

The driving force for closing pores is obtained by integrating the hydrostatic stress and plastic 

strain in the area around pores. VCP, which stands for ‘void crushing parameter’, is a calculated 

value from the strain on a porous area. The expression of VCP is listed as follows, where Cij are 

constants and Gm is from tensor hydrostatic σm.  

 

Simulation on VCP distribution after rolling has been performed between two different 

diameter rolls, 670mm and 594mm (De santis & Gelli, 2004-2007). Results show the larger 

diameter roll will contribute to larger deformation and less porosity compared to a smaller 

diameter roll. The void fraction is greatly reduced by using the larger diameter roll.  

The numerical simulation performed by ASCOMETAL suggests the rolling pass sequence also 
affect the pore closure (Demurger, Kieber, & Forrestier, 2004-2007). The results show it is 
effective to close the pores by reducing the rolling pass and turning two passes into one pass. 
Also it has a better result concerning pore closure for rolling schedules with multiple passes 
without turning compared to one with turning between passes. This was shown by industry 
trials performed by MEFOS (Lundbäck, 2004-2007). 
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3. Implement of plant trials 
This section describes the procedure of the plant trial. 

In this section, the procedure of the plant trial is described. It starts with the preparation of 

ingots and then the selection of steel grade. After obtaining the required ingots, samples are 

taken and then analyses are conducted subsequently.  

3.1 Overview of the plant trial 
The execution of two plant trials is shown in Figure 9. Trial 1 is performed with 860mm diameter 

roll while 780 mm diameter roll is used for trial 2. Two trials are performed separately due to 

limitations in accessibility to production time. After rolling, analysis is conducted on central 

deformation and central porosity.  

 

Figure 9 Plant trial implement procedure 

Initially, special ingots are prepared in the steel mill at Ovako Sweden AB. 6 normal ingots are 

used for central porosity evaluation and another 6 ingots are prepared with central bars for 

reduction evaluation. Ingots are evenly distributed to each trial.  

As mentioned, a short bar is longitudinally inserted into the ingot along the centre axis. Since 

it is connected closely with the ingot and they deform together, this central bar is used to 

evaluate the central deformation along the ingot. Additionally, it will show the central 

deformation after rolling.  
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3.2 Material selection 
There are more than 150 steel grades at Ovako and they are different in composition. 

Therefore, consideration should be taken on deciding which steel grade should be chosen for 

the trials. The 827B was selected for the ingots. An initial choice was the 803F that has the 

largest production quantity. However, there was no available flow stress data from Ovako’s 

database, and this limitation could affect the planned FEM simulation connected to the trial. 

 

           

   Figure 10 Peeled bars used for the trial  

Figure 10 shows the central bar after peeling. The steel grade of the central bar is 255G that 

contain relative low carbon compared to the ingot steel grade 827B. Obviously, the differences 

in carbon content between the bar and ingot will present different colour after etching, which 

makes it easier to distinguish the outline between two subjects.  

3.3 Preparation of ingots  
To separate the ingots into two groups for the two trials, ingots for each trial are labelled, from 

“ingot 1” to “ingot 6”.     

Table 1 and Table 2 show the detailed information including ingot type and number of teeming 

plate for each trial.     

Table 1 Ingot type and teeming plate number for each ingot in Trial 1 

Trial 1 Ingot Type Teeming plate 

Ingot 1 with central bar  1 

Ingot 2 with central bar  2 

Ingot 3 with central bar  1 

Ingot 4 normal 3 

Ingot 5 normal 3 

Ingot 6 normal 3 
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Table 2 Ingot type and teeming plate number for each ingot in Trial 2 

Trial 1 Ingot Type Teeming plate 

ingot 1 with central bar  1 

ingot 2 with central bar 2 

ingot 3 with central bar  1 

ingot 4 normal 3 

ingot 5 normal 3 

ingot 6 normal 3 

3.3.1 Fabrication of Ingot with a central bar 

                                                                     

Figure 11 Schematic drawing of the central bar with its dimensions 

Figure 11 shows the schematic drawing of the central bar with length and diameter cross section. 

The bar is placed previously in the centre of the mould before teeming. As Figure 12 shows, a 

short bar is added to the central bar and it works like “arms” so that the bar is able to be 

positioned exactly in the centre and keep still along the centre axis during teeming. The Figure 

12(b) is a photo taken of moulds prepared for teeming. 
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                         (a)                                                                                    (b) 

Figure 12 Ingots with central bar (a) schematic drawing with ingot dimension (b) picture 

from the actual trail 

                             

3.3.2 Teeming process 

At Ovako steel mill, the ladle has a teeming capacity to fill up twenty-four ingot moulds at one 

time. However, in this project, only three special ingots with central bars could be teemed at 

each teeming plate at one time. Figure 13 shows the teeming plan for the three different 

teeming plates and position of trial ingots. Three moulds are used at each teeming plate No.1 

and No.2 for ingots with central bars whereas six moulds are prepared at teeming plate No.3 

for teeming normal ingots. The material Steel grade is 827B, after melting at the EAF (electric 

arc furnace), teeming begins from plate No.1 and finishes at plate No.3. After cooling for 12 

hours, we get twelve ingots ready for rolling. We separate all ingots equally into two groups 

for each trial and label them from ingot 1-6 respectively (    

Table 1 and Table 2).  One should notice that the teemed ingots from two plates are cross-

assigned to each trial so as to eliminate any differences in ingot quality from teeming plate 

No.1 and No.2. Considering the teeming sequence from plate No.1 to No.3, it is probable to 

have material inhomogeneity from plate to plate.  Therefore in the trial 1, ingot 1 and ingot 3 

are selected from the teeming plate No.1 and ingot 2 is from teeming plate No.2. It is the 

opposite in trial No.2.   
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(a) Teeming plate No.1 

                                

                                                                   (b) Teeming plate No.2 

 

     (c) Teeming plate No.3 

Figure 13 Ingot teeming distribution at teeming plate No.1, No.2 and No.3 
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3.4 Trials at rolling stand No.1  
 

The roll diameter at rolling stand No.1 varies from 860mm to 780mm and the roll is changed 

for refurbishing or scrapped every 4 weeks. According to the present rolling schedule, there 

are 24-28 rolling passes and after rolling, hot billet dimension will be square between 220-

252mm. In this case, the trial is carried out using the regular rolling schedule with 24 rolling 

passes and ingot dimension is required to be 220mm*220mm after rolling. 

According to the production schedule, two trials are performed chronologically in two months. 

The first trial is performed with 860mm diameter roll. The trial starts with the three ordinary 

ingots, ingot 4 to 6 firstly and followed by another three specially prepared ingots with central 

bars, ingot 1 to 3. Due to the existence of the central bars, special ingots become more difficult 

to roll and risk having cracks generated. To eliminate the cracks, 2-3 extra passes are added 

after the regular rolling schedule. However, there are still obvious cracks left on ingots after 

rolling.  In Figure 14 the cracks that existed on the rolled can be seen. 

 

                                              (a) 

 

(b) 

Figure 14 Cracks on the rolled bar surface after trial 1  
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Trial 2 is carried out in the same way as the first trial with 780mm diameter roll instead. 

Compared with the previous one, the 2nd trial is conducted successfully without cracks being 

generated.   

3.5 Samples obtaining 
After rolling, samples for evaluation is collected from representative parts of the billet 

corresponding to certain levels in the initial ingot.  

3.5.1 Samples for central deformation analyse 

Figure 15 illustrates the whole process of sampling for central deformation, tracing back to the 

ingot teeming. Due to the significant reduction from previously ingot dimension, it is expected 

to have a significant central deformation at this stage.  Rolled billets from rolling stand No.1 

are after cooling placed in storage.  

To get a better picture of the deformation along the ingot centre, three samples at 20%, 50% 

and 80% of the length from the bar bottom are needed, therefore we firstly calculated the 

position where samples should be taken, presented in Table 3. These samples represent the 

central deformation along the ingots; in other words, they can display how the deformation 

changes along the whole ingot.              

                                               

Figure 15 Procedure for taking samples from central deformation test  
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Table 3 Length of rolling bar and the length for taking three samples on the rolled bar (20%, 50%, 

80%) 

Trial 1 Length after rolling (m) 20% 50% 80% 

Ingot 1 11.32 2.26 5.66 9.06 

Ingot 2 11.49 2.30 5.75 9.19 

Ingot 3 11 2.20 5.50 8.80 

Trial 2 Length after rolling (m) 20% 50% 80% 

Ingot 1 11.44 2.29 5.72 9.15 

Ingot 2 11.45 2.29 5.73 9.16 

Ingot 3 11.35 2.27 5.68 9.08 

 

 

                                         Figure 16 Rolled bars with central bars are placed in warehouse 

Three samples are taken from billets rolled from each ingot (ingot 1, 2 and 3) and we label 

every sample as S1.1, S1.2….S3.3, which can be explained by Figure 17. From the sample, the 

cross section of the inserted bar can be seen as a circular area and a clear profile of the circular 

area is shown in Figure 18.  
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Figure 17 Schematic drawing for labelling samples for each rolled billet 

                                                              

Figure 18 After etching revealing the central bar 
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3.5.2 Samples for central porosity analysis 

 

                              Figure 19 Schematic drawing of taking samples for central porosity analysis 

The sample for central porosity analysis is obtained from ingots 4, 5 and 6. As                               Figure 

19 shows, the samples are taken near the ingot top, which corresponds to 90% of the length 

from the bar bottom. This is because, as mentioned in literature review, pores are expected to 

be more concentrated corresponding to the near top of the ingot. Because of the requirement 

for sample thickness in UT (ultra-sonic testing), only the central piece of the original sample is 

used and scanned for pore detection by UT. Three original samples from ingot 4, 5 and 6 are 

labelled as Top1, Top2 and Top3 (See  Table 4).  

Figure 20(a) presents the samples from the 2nd trial and they are collected for the UT. Before 

the test, the sample surface is well polished and the polished surface will be examined along 

the rolling direction under UT.  

 Table 4 Length of rolled bars and the length corresponding to 90% ingot height for taking 

samples for porosity test 

Trial 1 Label Length after rolling (m) 90% 

Ingot 4 Top1 11.53 10.49  

Ingot 5 Top2 11.49 10.46  

Ingot 6 Top3 11.63 10.58  

Trial 2 Label Length after rolling (m) 90% 

Ingot 4 Top1 11.61 10.57  

Ingot 5 Top2 11.63 10.58  

Ingot 6 Top3 11.62 10.57  
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(a)                                                                          (b) 

Figure 20 Pictures of samples for central porosity test 

3.6 Analysis of samples 
After collecting samples, analysis on central deformation and central porosity was performed. 

3.6.1 Central deformation analysis 
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Figure 21 Cross sections measurement with sample d after rolling  

The central deformation can be presented by the areas change of the central bar before and 

after rolling and to establish the area after rolling, measurements on samples were done. 

With samples, see Figure 21, diameter of inserted bar was measured manually. In each trial, 

diameters were measured in two perpendicular directions and they were recorded as D1, D1’ 

in the 1st trial and D2, D2’ for the 2nd trial. Subsequently, circular areas from the two trials, A1 

and A2 were calculated from diameters with formulas listed below.  

Area of the central plane before rolling, A is 8825mm2. By comparing A/A1 and A/A2, it could 

be concluded how much the central parts deformed in the two trials.  

                                                               A1=(D1+ D1’ /2)2*PI  

                                                               A2=(D2+D2’ /2)2*PI 

Furthermore, the deformation of the bar itself can also be presented through the squared area 

change before and after rolling. After each trial, side length was also measured in two 

perpendicular directions and then used to calculate squared areas. The square dimension side 
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lengths were recorded as L1, L1’ in the 1st trial and L2, L2’ in 2nd trial. Areas S1 and S2 for each 

trial are calculated with: 

S1=L1* L1’ 

S2=L2* L2’ 

The square dimension side lengths before rolling, L can be seen in Table 5.  

Table 5 Size of ingot at the length of 20%, 50% 80% from the ingot bottom 

Percentage from ingot bottom L   (mm) 

20% 500 

50% 546 

80% 616 

3.6.2 Central porosity analyse 

For the central porosity inspection, samples for UT are gathered from two trials and from this 

test, we will get a clear view on how much pores are there along the rolling direction near the 

centre. 

The working principle of the ultrasonic defects detection device is illustrated in Figure 22. 

(Advanced NDT LTD) The transducer will send a signal through the test piece’s surface and 

this signal will be reflected by the opposite surface of the test piece (back wall) if there is no 

defect in the way. If the signal is interrupted by a defect, some of the signal will be reflected 

back to the probe by this defect, creating a peak between the material surface signal and the 

back wall signal.  

 

Figure 22 The working principle of ultrasonic defect detection device 



 26 

4. Results 
This section presents all the results after the central deformation test and UT tests. 

4.1 Some assumptions 
To ensure the validity and comparability of the results, assumptions about some errors during 

operation are given before results.   

Firstly, all ingots with central bars are assumed to be exactly the same both in geometry and 

quality. During the real preparation of the ingots with central bars, there are many factors that 

may cause errors to the final sample, for example, the accuracy of the bar placement before 

teeming. 

Additionally, it is assumed that the initial fraction of porosity in every ingot is the same after 

teeming. In the steel production, it is hard to ensure that all ingots are of the same quality 

although the overall quality should be comparable. The assumption must be valid that porosity 

fraction prior to rolling is the same for all ingots, in able for a valid comparative study of the 

porosity fraction after rolling,   

At last, the measurement errors are neglected during the central deformation test and they 

are assumed to have no effect on the final results. 

4.2 Results on central deformation 
Results for central deformation analysis from the first trial are gathered and presented in the 

following tables. Dimensions of the central bar and the ingot prior rolling are listed in Table 6. 

The bar’s initial diameter R, is 106mm and then the surface area A is calculated to be 

8824.73mm2. The side dimension of the ingot at L is measured along the ingot at 20%, 50% 

and 80% of the ingot length from the bottom. Dimensions of the ingot in Table 6 are estimated 

from the engineering drawing of the ingot.  

 
Table 6 Some dimensions of the ingot together with the central bar before rolling 

Starting diameter of centre bar [mm] 
R 

106 

Starting surface area centre bar [mm2] 
A 

8824.73 

Estimated dimension of ingot [mm] 

L 

20% 50% 80% 

500 546 616 

Estimated surface area ingot [mm2] 

S 

20% 50% 80% 

250000 298116 379456 

 
Table 7 show the results after the first trial. Each of three rolled bars gives three samples and 

therefore 9 samples are obtained. All samples are labelled with a number according to the 

ingot and the position it is taken from. D1, D1’ are the central bar diameters that are measured 

from two perpendicular directions after rolling. Then D1, D1’ are used to calculate the area of 

central bar A1. The area reduction of central bar is consequently generated by A/A1 and it 

suggests the area ratio of the central bar before and after rolling.  
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Table 7 Diameter, surface area and the area reduction of the central bar after rolling from each sample in 

the 1st trial 

Trial #1 
 From 

bottom (%) 
Diameter of centre 

bar [mm] 
Surface area of 
centre bar [mm2] 

Area reduction of 
centre bar (%) 

 No.   D1 D1’ A1=[(D1+ D1’)/4]2*PI A/A1 

1.1 20 47 47 1734.94 5.09 
1.2 50 44 43 1486.17 5.94 
1.3 80 40 40 1256.64 7.02 

            

2.1 20 47 45 1661.90 5.31 
2.2 50 42 42 1385.44 6.37 
2.3 80 42 39 1288.25 6.85 

            

3.1 20 48 46 1734.94 5.09 
3.2 50 43 42 1418.63 6.22 
3.3 80 43 41 1385.44 6.37 

 

Table 8 shows the size of rolled bar at 20%, 50% and 80% length from the ingot bottom after 

rolling. L1 and L1’ refer to the sample size, which are used for calculating the surface area S1. 

The reduction of the rolled bar is calculated by S/S1 but this value is an estimation due to the 

estimated parameter S.  Also, this area reduction suggests the ratio between areas of ingot 

before and after rolling. 

Table 8 Dimension, surface area and area reduction of the rolled bar from each sample in the 1st trial 

Trial #1 
 From 

bottom (%) 
Dimension of 

rolled bar [mm] 
Surface area 

rolled bar [mm2] 

Estimated area reduction 
rolled bar (%) 

Ingot No.   L1 L1’  S1=L1*L1’ S/S1 

1.1 20 217 216 46872 5.33 

1.2 50 216 217 46872 6.36 

1.3 80 216 216 46656 8.13 

            

2.1 20 216 217 46872 5.33 
2.2 50 216 217 46872 6.36 
2.3 80 216 217 46872 8.10 

           

3.1 20 216 227 49032 5.10 
3.2 50 216 227 49032 6.33 
3.3 80 216 227 49032 8.10 

 

Table 9 and Table 10 give the results of central deformation analysis from the second trial. In the 

second trial, there are also nine samples from three ingots and all samples are taken 

correspondingly at the same position with that in the first trial. As it is shown in the Table 9, for 

each sample, D2 and D2’ refer to the diameters of the central bar measured from two 

perpendiculars directions. A2 indicates the surface area of the central bar. The area reduction 

of central bar is calculated by A/A2. 
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Table 9 Diameter, surface area and area reduction of the central bar after rolling from each sample in 2nd 

trial 

Trial #2 
 From 

bottom (%) 
Diameter of centre 

bar [mm] 
Surface area of 

centre bar  [mm2] 

Area reduction of 
centre bar (%) 

Ingot No.   D2 D2’ A2=[(D2+D2')/4]2*PI A/A2 

1.1 20 47 47 1734.94 5.09 
1.2 50 44 44 1520.53 5.80 
1.3 80 41 41 1320.25 6.68 

            

2.1 20 47 47 1734.94 5.09 
2.2 50 42 43 1418.63 6.22 
2.3 80 40 40 1256.64 7.02 

           

3.1 20 47 47 1734.94 5.09 
3.2 50 41 44 1418.63 6.22 
3.3 80 41 42 1352.65 6.52 

 

In Table 10, it shows the dimension of rolled bar from the ingot bottom after rolling. In the 

second trial, L2 and L2’ refer to the sample size, which are used for calculating the surface area 

Ai’, Again, the reduced area of rolled bar is calculated by S/S2 but this value is kept estimated 

due to the estimated parameter, S.   

Table 10 Dimension, surface area and estimated area reduction of the rolled bar in the 2nd trial 

Trial #2 
 From 

bottom (%) 
Dimension of 

rolled bar [mm] 
Surface area 

rolled bar [mm2] 

Estimated area 
reduction rolled bar (%) 

Ingot No.   L2 L2' S2=L2*L2' S/S2 

1.1 20 217 216 46872 5.33 
1.2 50 217 218 47306 6.30 
1.3 80 217 217 47089 8.06 

            

2.1 20 217 217 47089 5.31 
2.2 50 216 216 46656 6.39 
2.3 80 217 217 47089 8.06 

           

3.1 20 217 217 47089 5.31 
3.2 50 217 217 47089 6.33 
3.3 80 217 216 46872 8.10 

 

4.3 Results on central porosity 
     The results of ultrasonic test are shown below. Figure 23 is for the Top1, Top2 and Top3 after 

the 1st trial. In the three pictures, the profile of the porosity fraction along the rolling direction 

is described with the colour gradient. The white area implies the largest amount of pores 

whereas the blue zone indicates that there are no pores. 

     Figure 23(a) shows that pores exist already near the surface and the porosity percentage varies 

between 45% and 75% from edge to centre.  However, there is small solid region in the central 

part along the rolling direction. This region of solid material also appears in the centre of Top3 

but the total volume of this solid part appears to be much larger than that in Top1. The results 

show the opposite in Top2 where there is no blue region in the sample centre and instead, it 

turns out to be a continuous region with higher percentage of porosity in the centre. From 
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Figure 23(b), it can be seen that the porous volume marked white is spread mainly in the centre 

longitudinally along the rolling direction.   

        

                          (a) Top1                                                                                 (b) Top 2 

                                             

(c) Top 3 

Figure 23 Central porosity result profiles of top1, top2 and top3 after the UT test in the 1st trial 

For the second trial, the results are displayed in Figure 24. Also, the region in blue appears again 

in the central part and it is more significant in Top2.  

       

                                  (a) Top1                                                                        (b) Top2 
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 (c) Top3 

Figure 24 Central porosity results profiles for top1, top2 and top3 after UT test in the 2nd trial 
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5. Discussion and Conclusions 
In this part, the conclusions for the plant trial are made after discussion concerning the results.  

After presenting the results, this chapter includes a full discussion and conclusions. The 

discussion mainly focuses on analysing the results from the two tests and suggests the reasons 

behind them. Through this discussion, suggestions on the effect of an increased roll diameter 

on ingot hot working are obtained and conclusions from the plant trial are made. 

5.1 Discussion on results from central deformation test 
Compare the result of central deformation from two trials, which are shown in Table 7 and Table 

9, the value of central bar area reduction in the first trial is close to that in the second trial. To 

get a clearer view, the average values of reduction for each position are calculated and 

released in Figure 25. The calculations are performed twice for each trial. It can be seen the 

central deformation is increasing along the rolled bar from the bottom to the top with the 

reduction percentage improving from 5.1% to 6.7%. This is because the conical ingot shape 

and thus more deformation are performed near the top part. When comparing the results 

from the two trials, it can be found that the reduction percentage in the first trial is only 1% 

higher than that in the second trial, and this difference comes to disappear when it gets close 

to the bar top. Therefore the increasing of the roll diameter seems to have little effect on the 

central deformation during rolling.  

 

Figure 25 Central deformation comparisons between two trials 

Furthermore, through comparing the deformation rate of the rolled bar in Table 8 and Table 10, 

it is found that the reduction is much higher around the top of the bar, this is because of the 

same reason explained above. Figure 26 shows the ingot deformation is almost the same in the 

two trials, which means there is little effect on ingot deformation by increasing roll diameter. 
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Figure 26 Deformation of rolled bar comparison between the two trials 

Figure 27 and Figure 28 describe the comparison between the central bars deformation and rolled 

bars deformation. The dark green column stands for the central bar whereas the light green 

column represents the rolled billet. Two pictures also show the same phenomenon, it is at the 

80% of bar length that has the largest reduction for both parts.  

For both trials, the light green columns are always higher than the dark green columns, and 

the gap between the two columns is increasing along the bar from the bottom to the top. This 

gap indicates that the deformation rate of the central bar is less than that of the external ingot 

itself.  

Summarized from all observations above, it can be concluded that the deformation of rolled 

bar is decreasing from its surface to its centre, which means that the central part of the billet 

receives less reduction compared to surface near volume of the ingot.  

 

Figure 27 Central bars deformation and rolled billet deformation comparison in the 1st trial 
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Figure 28 Central bars deformation and rolled billet deformation comparison in the 2nd trial 

However, these results need to be further verified because results from two trials may not 

be reliable enough. Because of an unexpected operation failure in the 1st trial, two trials are 

carried out under different rolling schedules. Therefore it is difficult to compare the results and 

to make an accurate conclusion with the existing results from two trials. 

 

5.2 Discussion on results from ultrasonic test 
Compare the results from ultrasonic tests in Figure 23 and Figure 24, it can be seen that the blue 

region, which stands for the solid material without pores, is generally less in Figure 24 than Figure 

23 and this difference is especially significant when comparing Figure 23(b) with Figure 24(b). It 

suggests the central porosity of the rolled billet is less in the second trial. However, this 

deduction shows a significant contradiction with empirical experience. It is well acknowledged 

the pores should distribute concentrated along the ingot central longitude axis and come to 

disappear gradually transversally along the horizontal axis. There is no literature available to 

explain the experimental results that there is no pores in the central zone but instead are near 

the surface.  

To find a better explanation for the results, six samples for UT tests obtained from two trials 

are examined and compared again. From the testing, it is found that there is a large quantity 

of defects from samples in the second trial and they are shown in Figure 29 and Figure 30. They 

are mainly big pores and they are located widely along the y-axis in the centre.  However, as a 

contrast, the samples in the first trial show merely visible defects (seen from Figure 30) and it is 

likely to have a much better quality in the 1st trial than the 2nd trial. 
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                                                 (a)                                                                                (b) 

Figure 29 Pictures of samples in the 2nd trial for central porosity test (a) The top view (b) The   

side view 

 

                                       

                                      (a)                                                                                              (b) 

Figure 30 Pictures of samples in the 1st trial for central porosity test (a) The top view (b) The 

side view 

The abnormal results from UT tests could be explained through this new information. It is 

because of the large amount of defects with samples from the second trial that cause the 

failure during the UT tests.  

In our case, if there is a large quantity of defects inside the material, the signal sent by the 

transducer will get scattered when it travels inside the material and cannot return to the 

transducer, then the program shows that there is no defect since it is receiving no reflected 

signal from material back wall.   

However, this is only an assumption. It should be noted that this is the first time applying the 

UT with samples after rolling stand No.1, and in previous investigations, the UT actually only 

deals with samples after the 2nd rolling stand.  This can be one reason for the strange profile of 

pore distribution and why the figures from current UT are of great difference with empirical 

ones. 

Due to such reasons above, in this case, it seems not a good way to evaluate the existing results 

only in terms of the amount of pores in each trial; instead, we need to consider the pore 
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distribution profile regarding to its rationality. Therefore, considering the rationality of profiles 

in Figure 23 and Figure 24, it can be deducted Figure 23 (b) gives the best result whereas Figure 24(b) 

reveals the worst.  

To verify this assumption, the densities of samples in each trial are measured and compared 

within the two trials. The results are listed below in Figure 31. It can be seen that the average 

value of sample density in the 1st trial is higher than that of the 2nd trial, suggesting there is 

more pores in the samples from the 2nd trial. The measurement of sample density verify the 

assumption that increasing the roll diameter is effective in reducing the internal defects in 

billets after rolling stand No.1.  

                             

Figure 31 Density of 6 samples in the 1st and the 2nd trial                       
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5.3 Conclusions 
 

The accurate conclusion about how roll diameter effects the ingot central deformation is hard 

to make at the moment due to the unexpected operation failure. However if only judging from 

the current results, it is found, after rolling at stand No.1: 

- The central deformation is slightly effected by increasing the roll diameter from 780mm to 

860mm. The larger roll gives the ingots a little more central deformation compared to the less 

diameter roll but the difference is marginal.  

- Deformation percentage is increasing along the rolled billet from the bottom to the top.  

- The central part of ingot gets less deformation compared to the other parts of the rolled billet. 

- It is difficult to detect pore distribution by using the ultrasonic test only after rolling in stand 

No.1. 

- The sample density suggests increasing roll diameter favours in getting fewer defects in rolled 

billets. 

- It is likely to have larger central deformation and less central porosity with a 920mm diameter 

roll but it is not possible to quantify.  

 



 37 

6. New rolling pass design 
This part deals with the new rolling pass sequence with Wicon software for a future investment. 

One of the main purposes of this part is to estimate the motor power if increasing the rolling 

diameter and also, it is expected to have new draft schemes with less rolling pass to boost 

production capacity.  

6.1 Current rolling pass sequence analyse 
 Wicon software is used as an operation reference in rolling mill at Ovako. From Wicon, we are 

able to check the current rolling pass sequence for Stand No.1 and Stand No.2. Furthermore, 

it enables us to get access to more detailed information for each pass. Table 11 presents the 

current rolling schedule with some important rolling parameters and more detailed 

information can be looked up in Appendix I and Appendix II. 

Table 11 Current rolling schedules with 24 passes 

Pass/Sequence 1 2 3 4 5 6 7 8 

Tilting    Y   Y   Y   Y 

Roll Gap(active)  mm 410 390 420 385 365 325 355 315 

Bar Height(Hb)    mm 550 530 560 525 505 495 495 455 

Bar Width(Wb)     mm 621.5 622.8 535.2 538 527.7 531 468.6 472.5 

Reduction         % 10.11 3.42 8.92 5.77 5.6 7.37 6.06 7.34 

Roll Diameter     mm 780 780 780 780 780 780 780 780 

Load              kN 7524 4261 6298 4790 4528 4981 4250 4472 

Torque           kNm 1020 317 813 471 430 523 422 470 

Power             kW 5336 1660 4256 2465 2248 2738 2210 2458 

 

   9 10 11 12 13 14 15 16 

  Y       Y   Y 

300 260 285 246 208 170 230 195 

440 400 425 386 348 310 380 335 

458.3 462.4 404.5 409.2 413.7 418.2 315.8 322.9 

6.17 8.32 7.04 8.17 8.88 9.98 7.52 9.81 

780 780 780 780 780 780 780 780 

3917 4367 3744 3868 3830 3823 3001 3391 

369 458 378 401 391 390 304 374 

1930 2398 1979 2097 2048 2043 1591 2349 
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17 18 19 20 21 22 23 24 

  Y   Y   Y     

135 85 135 75 80 68 77.37 70 

275 225 285 225 230 218 227.4 220 

342.4 350.3 238.5 251.3 229.4 232 218.9 220.6 

12.86 16.38 14.42 16.45 6.62 4.32 1.53 2.69 

780 780 780 780 780 780 780 780 

3671 3893 3078 2813 1708 1357 908 1121 

417 454 407 351 127 77 31.2 50.3 

2616 2850 2556 2202 999 605 294 462 

 

For the current rolling pass sequence, the reduction (%) of ingot for each pass is shown in Figure 

32. It can be seen that the reduction increases slightly from the 5th pass until it reaches 10% at 

the 14th pass. Then it goes up rapidly at the 18th, with a reduction of 16% and it continues to 

keep at a high reduction in the 19th and 20th pass. After that, the value drops abruptly from 16% 

to 6% at the 21th pass and keeps on decreasing to 2% at last two passes. It can be deducted 

that the reduction varies a lot from each pass and so do other rolling parameters. 

        

 

Figure 32 Reduction rate for each rolling pass from the current rolling schedule 

 

6.2 Calibration of Wicon software 
 

A calibration between Wicon software and production data is performed. The implement of 

this calibration is because some rolling parameters, such as rolling force and motor power, 

calculated by Wicon are only theoretical values and have not been checked with production 

data. Furthermore, since it is expected to make an evaluation with Wicon on how much motor 

power is needed when applying 920mm diameter roll into production, the value of motor 
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power suggested by Wicon from the existing schedule needs to be verified with the current 

production.  

The rolling schedule with 780mm diameter roll is selected for this calibration. To collect data 

from practical production, Argus software is installed at the rolling mill to record the rolling 

force with 780mm diameter roll.  

In the calibration of Wicon, rolling force (Load) for each rolling pass is compared between 

Wicon and Argus. The results are shown in Figure 33. The red line indicates the rolling force from 

Wicon and the blue line stands for the values from Argus. It can be seen that the rolling force 

given by Wicon varies greatly at the first four passes. The reason is that, in Wicon’s simulation, 

it is not able to calculate the ingot’s dimension since it is linearly reduced along the ingot height; 

instead, it calculates the ingot dimension as a constant value along the ingot height. Calculated 

results from Wicon therefore differ a lot from the practical values in the first four passes. After 

the fourth pass, the red and the blue line are fairly equal. However, in the actual trial 26-passes 

where performed when using the 780mm diameter roll whereas it still calculates 24 passes in 

total with Wicon. Because of these two passes, the blue line prolonged compared to the red 

line even if they still keep the same tendency both in rising or dropping. 

In general, the rolling force calculated by Wicon is close to the ones measured by Argus from 

actual production, therefore Wicon is able to give a good estimation on some rolling 

parameters like, rolling force and motor power. Through this calibration, the validity and the 

reliability of Wicon software is validated. 

 

Figure 33 Comparison between Wicon and Argus on rolling force for each rolling pass 
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6.3 Optimization of roll groove 
 

The roll used at Ovako’s stand No.1 in Hofors has four grooves with different width, which is 

shown in Figure 34. The incoming ingot will firstly get rolled in the groove on the left side and 

then be transferred to the right side to get further reduction on ingot width. The rolling 

capacity at Stand No.1 largely depends on the first groove. Due to the longest width of the first 

groove, it is able to give ingots a larger reduction in the first groove compared to other three. 

Also, judging from the current rolling schedule, the first groove takes over the most of passes 

during rolling. Therefore, the first groove has a great influence on the rolling process and it 

plays a key part in improving the rolling efficiency in Stand No. 1.  

 

 

Figure 34 Profile of the roll used in rolling stand No.1 in the bar mill at Hofors 

To increase the roll diameter effectively, the structure of the first roll groove is changed to 

enlarge the working area of the flat roll.  This structure change is illustrated in                                       
Figure 35 with schematic drawings before and after this optimization. It can be seen in Figure 35 

(a) that the diameter of on-going roll is 860mm, however, the actual diameter working on the 

ingots is only 720mm because of the existence of two stairs. The stairs is 70mm in depth and 

140mm in two directions. Considering the utilization rate of the roll, it is not wise to have this 

140mm gap so a solution would be to remove two stairs and thus keep the groove as entire 

flat from the left side until the second groove. After the groove optimization, as it is shown in 

Figure 35 (b), the working roll diameter is eventually as much as 920mm.  

 

                                                                                      (a) 
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     (b) 

Figure 35 Schematic drawing of the roll structure  

(a) Before the groove optimization and (b) after the groove optimization 

                                        

 

6.4 Suggesting rolling pass sequence with Wicon 

6.4.1 Methods 

The new rolling pass sequence is suggested based on the existing sequence since it is easy to 

start from. Due to the change of the first groove, the new groove structure needs to be put 

into Wicon database at the first step. The detailed operation methods are illustrated in 

Appendix III.  

After these steps, the previous rolling schedule at Stand No. 1 has been changed with the 

optimized groove structure. The reduction per pass has been drawn in Figure 36. 

 

Figure 36 Reduction rate of each rolling pass after the groove optimization. When roll     

diameter=860mm 
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percentage between the 5th to the 15th pass, because of the relatively less reduction. As a result, 

schedule drafts of 22-pass and 20-pass are suggested. 

6.4.2 Rolling schedule with 20-pass 

At first, 4 passes are removed from the existing schedule and they are the 9th, 10th, 13rd and 

14th passes. The reason to take away these four passes is because the less reduction of the 9th 

pass compared to the 8th pass. The 10th pass is removed because of the 9th pass since it will be 

more practical to reduce two passes in a row. The 15th pass has to be kept in the same place 

since it is the turning point of the whole schedule. It should be noted that it is the second 

groove that is used for rolling for the 15th pass and it helps to prepare for the coming rolling 

passes with comparative large reduction. Therefore the 15th pass is of great importance during 

the process and it cannot be neglected. Consequently, the 13th and 14th pass are removed from 

the existing schedule instead. To remove the pass, the operation steps are illustrated in 

Appendix IV. 

After that, adjustments roll gap are done manually. When increasing or decreasing the roll gap, 

other parameters ex the bite angle, bar height and width will also be changed correspondingly. 

The upper limit of bite angle is 25 degree and errors will come out if it exceeds this max value. 

To get reasonable bite angle, the easiest way is to adjust the roll gap. If roll gap is too small, 

the bite angle will be too large and vice versa. The roll gap therefore needs to be adjusted 

many times until all bite angles are below 25 degree. Through this way, a new rolling schedule 

with 20-passes is generated.  

This rolling schedule is shown in Appendix V with all detailed information. In Figure 37, it 

compares the reduction percentage of 20 passes with the previous 24-pass schedule. Generally, 

it can be found that the two curves follow the same tendency but there is an obvious 

improvement on reduction especially from the 4th pass. The whole process is shortened greatly 

with 20-pass schedule thus the production time will be significantly saved.  



 43 

 

Figure 37 Comparison between 20-pass schedule and 24-pass schedule on reduction of each pass 

(For the 20-pass schedule, the roll diameter=920mm; for the 24-pass schedule, the roll diameter= 

860mm-120mm=720mm) 

6.4.3 Rolling schedule with 22-pass 

Compared with a 20-pass schedule, it is more complicated to come up with one with 22-passes 

since more consideration needs to be taken on which two passes can be removed from the 

current schedule. As a result, two attempts have been given. Firstly, two passes, the 9th and 

10th pass are neglected and the reason has been explained in the previous chapter. To remove 

these two passes, the same operation steps are repeated again and then adjustment of the 

roll gaps is done as other rolling parameters until all errors are cleared. After getting the first 

22-pass schedule, the second one is released the same way by removing the 7th and 8th pass 

from the 24-pass schedule instead.  

The two 22-pass schedules are shown in Appendix VI and VII respectively. In      Figure 38, the 

reduction percentage is compared between the two schedules.  Both of the new schedules 

give a larger increase in reduction especially from the 4th pass to the 13rd pass. The maximum 

reduction begins from the 14th to the 16th pass in the first proposal whereas it is from the 14th 

to the 18th pass in the second proposal.  

Both of these two 22-pass schedules are capable to increase the rolling capacity at Stand No. 

1 since both of them are able to decrease production time. From the simulation results, the 

green one is more reasonable not only because it has a similar curve tendency with the current 

24-pass schedule, but also because the first schedule needs less motor power and less 

production cost. 
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     Figure 38 Comparison between 22-pass schedule and 24-pass schedule on reduction of each rolling 

pass (For the 22-pass schedule, the roll diameter =960mm; for the 24-pass schedule, the roll diameter 

=860mm-140mm=720mm) 

6.4.4 Bite angle change 

Bite angle changes according to different schedules. It is clear that angle of bite depends on bar 
height (width) reduction.  From Figure 39, the bite angle starts increasing from the 12th pass and the 
14th of 22-pass and 24-pass schedule. The peak value of 24-pass schedule is 25.2 degree and for 
22-pass and 20-pass schedules, they are 23.3 degree and 23.6 degree.  
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Figure 39 Bite angle comparison among three rolling schedules 

6.4.5 Torque change  

The torque for each pass also changes according to different schemas (Figure 40). In 24-pass 

schedule, the torque values are quite close, between 400 kNm to 600 kNm before it decreased to 

200 kNm. The other two schedules with 22-pass and 20-pass are different since the torque just 

starts decreasing from the 5th pass and then keeps going down until it comes to the last few rolling 

passes.  

 

Figure 40 Torque comparison among three rolling schedules
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6.4.6 Motor power change 

One of the most concerns on increasing roll diameter at Ovako’s rolling mill is to estimate the 

new required motor power. From  

Figure 41, the required motor power is from 6538kW to 8541kW when rolling with 920mm 

diameter roll whereas it is only 5601kW to 7135kW when dealing with 780mm diameter roll. 

So it can be concluded from  

Figure 41, the engine needs to provide more power when using a larger roll.  After comparing 

the motor power under three rolling schedules of 20-pass, 22-pass and 24-pass, it is found that 

the values for each diameter roll, 7135kW, 7935kW, 8541kW from 20-pass schedule are higher 

than those in both 22-pass and 24-pass schedules. It indicates more motor power is required 

from engine if there is less rolling passes. 

 

 
 

Figure 41 Required motor powers for 24-pass, 22-pass and 20-pass schedules 

A further comparison on motor power is carried out to study how much the required motor 

power will increase with the roll diameter varying from 780mm to 920mm. The comparison is 

primarily performed within the diameter ranges from 780mm to 860mm and then from 

860mm to 920mm. The results are shown in Figure 42. For a 24-pass rolling schedule, the motor 

power increases by 8.9% when the roll diameter varies from 780mm to 860mm and the motor 

power rises again by 5.9% when the diameter further goes up from 860mm to 920mm. In 22-

pass schedule, the increasing rates are 9.2% and 6.7% respectively in the two varying ranges. 

In the 20-pass schedule, the motor power climbs up the most compared to the other two 

schedules. The increasing rate of motor power is 10.08% at first and then it increases up by 

7.09% when the roll diameter expands from 860mm up to 920mm.  It can be deducted, for the 

20-pass schedule, the motor power changes the most with the roll diameter increasing from 

780mm to 920mm, which means that it is the schedule with the least roll passes that gets the 

largest increase of motor power by rising the roll diameter. 
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Figure 42 Increase percentage of required motor power at 24-pass, 22-pass and 20-pass 

rolling schedules 
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7. Future work 
Suggestions for more work to be carried out are given here. 

Due to the operation failure when rolling ingots with central bars, it is suggested to repeat this 

trial at rolling stand No.1 to reduce the uncertainty with the current results. Learned from this 

experience, operator differences could be one of the reasons that may result in different 

quality of ingots for each trial, and one way to eliminate this problem is to have the same 

operator to perform the rolling for both trials. Although it is the computer that largely controls 

the rolling process, sometimes it is the operators that decide the rolling procedure from their 

experience.  

Considering the UT test for central porosity detection, more investigations need to be carried 

out to improve these results and get them further verified. One of the suggestions is to increase 

the sample size in the following trials. It is suggested to take more samples from the rolled bars 

and perform the UT tests again with the new samples. The new samples are required to be 

taken from levels near around the previous 90% in the bar length. This is suggested to further 

validate the results. It is of great necessity to have more samples tested for the central pore 

defects, and if the results still indicate there are less pore defects by using the larger diameter 

roll, the current deduction will get further verified. 

In addition, it is advised to introduce the finite element method (FEM) into future work. It has 

been a long time since the FEM simulation software is applied at the rolling mill and simulations 

performed on the rolling process. It has been proved as an effective way to get a direct 

evaluation for the new rolling proposals under ideal conditions. It is cost-effective to test the 

new production proposal out first with simulation before taking it into practical production. 

Generally speaking, to apply FEM into the rolling process, the most important step is to build 

up the geometry for the rolling process with all necessary information from production, like 

the rolling speed, the roll gap and ingots materials, etc. The FEM simulation is developed based 

on mathematical calculation and all rolling parameters can be altered according to the new 

proposal flexibly. In our case, the FEM simulation could also be applied to explore the effect 

on central bar deformation. Actually at the beginning of this project, it has been tried to 

simulate the rolling process with COMSOL Multiphysics®, but because of the lack of experience 

with this software, the simulation work is paused and is on hold for the time being. Hopefully, 

the simulation work could get continued in the future, giving a direct evaluation under ideal 

conditions. 

Last but not least, the work to suggest rolling schedules can be continued to be improved and 

need to be modified before putting into the production. Also, suggestions of the new schedule 

could be considered from another aspect. Suggested by previous work in the references, the 

central porosity is affected by the rolling schedule and a rolling sequence without turning 

between two passes is more effective in pore closure. Looking at the existing rolling schedule 

at stand No.1, there are a lot of turnings after every pass until the 10th pass. So it is possible to 

optimize the current rolling schedule to get less porosity by reducing the number of turning 

among the passes.  Due to the rolling sequence change, the profile of the rolled bar will be 

greatly changed after each pass and therefore it needs to adjust the roll gap correspondingly 

to get another proper profile for the bars.  
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Appendix I 
 

The current rolling schedule used at Ovako rolling mill, roll diameter=860mm 
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Appendix II 
             

 The current rolling schedule used at Ovako rolling mill, roll diameter=780mm 
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Appendix III 
 

 

1, Double click the Wicon icon and go to the ”File” menu,  choose the ”Data base” and 

then ”Groove Table”; 

2, Click ”Yes” then go to the menu of ”File”, then”Load existing table”; 

3, In the Groove shape selection, choose ”Box”; 

4, Create a new groove information. Type in ”700” in ”Groove No.” and 0.488 in ”Height”, ”20” 

in ”Relief radius”, ”20” in ”Bottom radius 1”. Then save it. 

5, Then go back to the main menu click ”File”, then ”Rolling schedule”. Click ”yes” and choose 

the ”V7012002”. 

6, Here comes the existing rolling schedule. In the ”Groove No.” column, change all ”690” to 

700. In the ”Gap” column, change the gap by adding 140 but only for Groove No. 700. Then go 

to menu ”File” and choose ”Save as..”.  

7, Give it a new name, like ”24-pass without groove” and then save it. 

8, Go back to the main menu ”File” and choose ”Rolling”, click ”yes” then select the file ” 24-

pass without groove” and open it. 

9, Now it shows the new schedule after changing the first groove. 
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Appendix IV 
 

1, Double click the Wicon icon and go to the ”File” menu, choose the ”Data base” and 

then ”Groove Table”; 

2, Click ”Yes” then go to the menu of ”File”, then ”Load existing table”; 

3, In the Groove shape selection, choose ”Box”; 

4, In ”Groove Shape” column, change ”BX” OR”TBX” to ”By-pass, then this pass will be removed. 

5, Back to the menu “File”, then “Save as…” give this file a name as “20-pass”. 

6, To show this new file with all rolling parameters, go back to main menu ”File” and 

choose ”Rolling”, click ”yes” then select the file ” 20-pass” and open it. 

7, Now it shows the new schedule with only 20 passes. 
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Appendix V 
The new suggested rolling schedule with 20 passes (Roll diameter=960mm) 
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Appendix VI 
The new suggested rolling schedule (without the previous 9th and 10th passes) with 22 passes 

(Roll diameter=960mm)  
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Appendix VII 
The new suggested rolling schedule (without the previous 7th and 8th passes) with 22 passes 

(Roll diameter=960mm)  

 

       

 


