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Abstract 
In order to study the central quality of continuously cast tool steel slabs, the simple model has 
been developed to simulate the macrosegregation quality criteria. The model calculates different 
quality criteria such as average macro-segregation level criterion “ASL”, its fluctuation level “FSL” 
and its segregation quality number “SQN”. These criteria are calculated based on the previous 
measurements of carbon and sulfur concentrations distributions in final region of spray zones and 
centerline area of lower and upper slab sides. The effect of mechanical soft reduction Technique 
“MSR” on the slab centerline quality is examined and analyzed. The model results show that MSR 
affects the quality of centerline areas significantly by different ways based on the casting speed. 
The experimental and theoretical results clarify that the qualities of different slab sides are dif-
ferent for all collected samples. The model results show also that the accuracy of the macro-se- 
gregation quality criteria increases quantitatively with increasing the number of analyzed segre-
gated elements. Therefore, the macrosegregation quality criteria and their distributions can be 
considered as the most simple and vital tool to evaluate the various slab qualities. Finally, the 
mechanism of centerline segregation formation with mechanical soft reduction is discussed in this 
study. 
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1. Introduction 
Zero defects strategy of continuous casting is fundamental for reducing production costs, processing time and to 
assure reproducibility of the casting operation and increase of production. Quality, cost and timeliness of deli-
very have become the major drives of metals and materials production. The hard question, of course, is now how 
to maximize quality, minimize cost and optimize delivery. To seek answers, this cannot be achieved without a 
quality control and a greater knowledge about the process, incorporating both operational parameters, such as 
components of the machine, steel composition, pouring temperature and casting metallurgical constraints such 
as thickness of solidified shell at the mold exit and strand surface temperature profile along the different cooling 
zones. The use of optimization strategies such as genetic algorithm, heuristic search, knowledge base, working 
connected to mathematical models of solidification can be seen as useful tools in the search of operational pa-
rameters that it can maximize or minimize any aspect of the dynamic process.     

The idea of using simulation to optimize a continuous caster is not just theoretical concept but it includes also 
practices. This idea has already been demonstrated by many investigators [1]-[11]. These and similar early mod-
els revealed important insights into the most frequent surface and internal defects [12]-[21]. For example, Sa-
marasekera et al. [1] [2], have developed mathematical analyses of the thermal distortion of continuous casting 
billet molds and the influence of mold behavior on the production of these casters. Lally et al. [3] [4], have de-
veloped optimization strategies to determine parameters that maximize or minimize some aspects of a conti-
nuous casting process. El-Bealy and Fredriksson [5], have used the macrosegregation distributions of carbon to 
verify the heat flow phenomena in the mold zone in continuously cast steel billets. Meng and Thomas [6], have 
developed 1-D model of heat transfer and solidification of continuous slab casting to help the steelmakers to 
control the process. Li and Thomas [7], extend the model into 2-D thermo-mechanical finite element model of 
thermo-mechanical behavior of solid shell in continuous casting of steel. This is to avoid breakouts and the pos-
sibility to avoid interdendritic crack formation with maximization the casting speed. Zhu and Kumar [8], have 
been developed a mathematical modeling by combining heat transfer, steel shrinkage and parabolic continuous 
taper model in order to optimize the mold taper profile. They concluded that the optimum mold taper was a pa-
rabolic profile.  

Several improved models of different heat transfer and solidification phenomena have been developed. El- 
Bealy [9], extended the fluctuation macrosegregation technique to simulate mold heat transfer phenomena in 
addition to the microstructure evolution [5] [10]. The comparison between these phenomena reveals that the 
fluctuated macrosegregation technique is more accurate than the use of microstructure evolution technique. 
Nassar et al. [10], studied the growth irregularities during continuous casting caused by local variations in sur-
face temperature due to the solidification behavior of 310S stainless steel. They concluded that large variations 
in the surface temperature were expected due to the variation in heat extraction. This results in further shrinkag-
es and then affects the growth of irregularities of solid shell. Manojlovie [11], proposed a mathematical model of 
dendritic solidification processes of continuously cast steel slabs. This was to optimize the continuous casting 
process variables and to improve the quality of slabs. This was by using a finite element method and also, by an 
analytical method applying isothermal method of Green’s function. The comparison between the model predica-
tions of different methods solutions with real temperature measurements displays satisfying results in terms of 
appropriate determination of solidification process of steel slabs.  

Many important related aspects of continuous casting have been modeled in depth and discussed elsewhere 
[12]-[21], including heat transfer [12] [13], solidification [14], fluid flow and the molten steel pool and inclusion 
removal [15], bulging and solid shell resistance of the strand [16] [17], crack predication [18]-[20], and quality 
criteria [21].  

However, computational simulation and algorithms of industrial processes give important benefits to steel 
companies to reduce production cost and time. Some of authors have been worked on the controlling and auto-
mation of continuous casting processes and the development of continuously cast steel products and processes 
using expert systems and software [22]-[29]. An expert system for billet casting problems has been developed 
by Kumar et al. [22]. This is to guide caster operators in analyzing quality related problems and to provide them 
with a ready source of fundamental knowledge related to caster operation projected this expert system. Filipic 
and Saler [23], proposed and implemented a computational approach to the continuous casting of steel which 
consisted of a numerical simulator of the casting process and a genetic algorithm for real parameter optimization. 
Brimacombe [24], explained the importance and challenge of quality in continuous casting processes in details. 
Cheung and Garcia [25], as well as Santos et al. [26], have used a heuristic search technique for the optimization 
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of the quality of carbon steel billets. Recently, Rabiser and hungana [27], added a tool-supported approach for 
integrated product configuration and requirements engineering. Kolev et al. [28], suggested a new global opti-
mization method by using a discrete formulation in the form of the max flow-min cut framework of 3-D shape 
reconstruction. This was to study different energy methods for multi-view reconstruction and to compare. López 
et al. [29], described a development of powerful tool to analyze continuous casting process. This was by using 
computational algorithms based on numerical method to create a simulator for this process. This simulator func-
tionally was shown and validated by comparing with industrial information of three steel production casters 
where a reasonable agreement was found.  

Although, these models, software and expert systems have generated important insights and have helped 
much the steelmakers, they have not been established quantitatively, owing to the complexity of process va-
riables and their interactions effects of many casting variables. In addition to this complexity, most of these 
techniques are very expansive, time consumes and not accurate for general uses to cover the differences between 
the steel casters [30]. There is still a need for better and more reliable models to gain more fast and quantitative 
insights into different qualities, defects formation and predications in continuous casting of steel.    

Therefore, it is attempt in this paper to focus on the relationships between solidification defects formations 
and quality criteria of continuously cast tool steel slabs. Macrosegregation criteria such as average macrosegre-
gation level criterion “ASL”, its fluctuation level “FSL” and its segregation quality number “SQN” of carbon 
and sulfur segregates have been linked to central quality of upper and lower slab sides. Also, the different effects 
of mechanical soft reduction technique “MSR” on the central qualities are studied. Based on a quality mathe-
matical model for individual segregated element or for average segregated elements, expressions have been de-
veloped explaining the quality differences as a purpose of preventing defects formations in continuous casting 
processes.  

2. Plant Trials and Metallurgical Study 
Plant trails were performed in slab caster 2 at SSAB Oxelösund AB, Sweden by Lagerstedt [31]. The layout of 
this caster is illustrated in Ref. [31]. The caster is bent with a radius of 8 m and the strand is straightened with 
liquid left in the centre. After 16 m, the strand becomes horizontal.  

Since plant trials focused on the effect of mechanical soft reduction technique on the level of centerline se-
gregation, it is necessary to explain and to apply this technique in the right way [32]. Also, this technique should 
be applied by the right reduction magnitude and suitable casting speed. The roll alignment also should be well 
controlled [33].  

Subsequently, the idea behind mechanical soft reduction technique “MSR” is to apply a certain pattern of the 
mechanical forces on the slab broad faces within the distance beneath the meniscus. This is by using pressure 
force of roll alignment against ferrostatic pressure as shown in Figure 1. This is to compensate the effect of slab 
bulging accumulated during secondary spray zones on the displacement formed in the central area. These forces  

 

 
Figure 1. Schematic illustration of mechanical soft reduction technique.               
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also to reduce the liquid pool width in central slab area to avoid sucking rich liquid downwards to replace the 
volume changes caused by thermal bulging of the slab [31] [32]. In these trails, MSR is situated between 22.9 
and 27.9 m beneath the meniscus. The total reduction in the reduction zone defined by symbol δ  in Figure 1 
was 4 mm during the plant trials.  

2.1. Plant Trials 
Macrosegregation analyses were made during the casting of a large number of heats for which the details of 
steel composition, cutting and casting conditions are given in Table 1 and Table 2, respectively. All of steel 
grades examined were cast tool steel, with carbon content varying from 0.36 to 0.482 pct. Table 3 also shows 
the details of different cooling zones in the caster. The influences of other parameters such as casting speed and 
slab side on the macrosegregation distributions and therefore on the different quality criteria were explained and 
studied. In addition to measurements of carbon and sulfur segregations, the casting speed was recorded [31].  
 
Table 1. Steel composition in weight percent for different group heats [31].                                                

C% Si% Mn% P% S% Cr% Ni% Mo% Cu% Al% 

0.482 0.361 0.876 0.009 0.0479 1.49 0.048 0.013 0.008 0.035 

 
Table 2. Samples cutting and casting conditions [31].                                                               

Sample No. Slab length (m) Accumulated cast length at start/end of slab (m) Remarks Casting speed (m/min) 

1 1.2 0 1.2 Starting scrap 0.66 

2 2 1.2 3.2  0.66 

3 0.3 3.2 3.5 Sample 0.66 

4 4 3.5 7.5  0.66 

5 0.3 7.5 7.8 Sample 0.66 

6 0.1 7.8 7.9 SSAB-sample 0.66 

7 5 7.9 12.9  0.66 - 0.78 

8 0.3 12.9 13.2 Sample 0.66 - 0.78 

9 5 13.2 18.2  0.66 - 0.78 

10 0.3 18.2 18.5 Sample 0.66 - 0.78 

11 5 18.5 23.5  0.66 - 0.78 

12 0.3 23.5 23.8 Sample 0.66 - 0.78 

13 6 23.8 29.8  0.66 - 0.78 

14 0.3 29.8 30.1 Sample 0.66 - 0.78 

15 0.1 30.1 30.2 SSAB-sample 0.78 

16 5 30.2 35.2  0.78 

17 0.3 35.2 35.5 Sample 0.78 

18 5 35.5 40.5  0.78 

19 0.3 40.5 40.8 Sample 0.78 

20 5 40.8 45.8  0.78 

21 0.3 45.8 46.1 Sample 0.78 

22 5 46.1 51.1  0.78 

23 7.4 51.1 58.5 End scrap 0.78 
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Table 3. Details of cooling zones of SSAB Oxelösund AB caster no. 2 [31].                                            

Distance from meniscus (m) Cooling type Cooling water flow rate (l/min) Remarks 

0 Mould 60 Copper 

0.8 Water spray 220 Straight vertical zone 

3.5 Roll cooling 440 Bent zone, r = 8 m 

12.9 Roll cooling 440 Horizontal straightening zone 

16.4   Horizontal zone 

22.9   MSR starts 

27.9   MSR ends 

 
Furthermore, the slab samples were collected from selected heats during the plant trials for metallurgical in-

vestigation. These samples were divided into three different groups based on the casting speed magnitude [31]. 
The first group contains the samples which were casted by the constant casting speed of 0.66 m/min. In the 
second group, the casting speed changes from lower value of 0.66 m/min to higher value of 0.78 m/min. Finally, 
the third group contains the samples which were casted by the constant casting speed value of 0.78 m/min. The 
metallurgical length should successively move downward into the zone of mechanical soft reduction. For each 
of the three patterns of casting speeds several samples have taken from the slab. Approximately 0.3 m from slab 
was cut out with the caster in-line flame cutter at positions along the slab according Table 3 [31]. 

2.2. Metallurgical Study and Measurements 
Since this study focused on slab-related central quality problems, it was appropriate to examine metallographi-
cally only samples which were cut from the middle of cross section of slab broad faces as shown in Figure 2(a). 
The oils and oxidized surface layers on the slab samples were first removed by sandblasting to reveal the exis-
tence of cast structure. Then, the collected samples from plant trails were machined flat, grinded. Samples then 
were macroetched in a 50 pct hydrochloric acid solution at 70˚C [34]. The macrostructures were examined for 
the morphology of cast structure. Also, the fractions of columnar crystals (CCZ) and equiaxed crystal zone 
(EQZ) were measured by linear analysis technique from macroetched samples. 

Samples then were cut into slices of 20 × 20 × 145 mm from the samples of different slab sides as shown in 
Figure 2(b). Carbon and sulfur concentrations then were determined by using chemical analysis of slices taken 
from collected slabs samples. A thin layer as shown in Figure 2(c) was removed from these slices by milling 
machine under suitable cutting conditions. This is to minimize the rising chip temperature and therefore reduce 
the effect of reheating chip on the carbon concentration [31] [32] [35]. Although, this technique is very accurate 
and experimentally represents definitely the macrosegregation distributions of different elements but it is slow 
and expansive. The dimensions of these layers were 20 × 20 × 1 uniformly and continuously from 20 mm from 
slab centerline until the centerline of slab [31] [32] [35]. This is to obtain five chip pieces of chemical analysis 
and takes their mean average of every layer. The carbon and sulfur concentrations of the chip samples were de-
termined by the laboratory at SSAB Oxelösund AB, Sweden. The macrosegregation ratios are given in Equation 
[1] for measurements of carbon and sulfur consternations with distance from slab centerline. 

( )
( )
meaactual composition of  

nominal composition of
j

j

j

o

j
S

j

χ

χ
=                              (1) 

where jS  in Equation [1] is macrosegregation ratio of element j . 

3. Experimental Results & Analysis  
The typical macrostructures of collected samples are shown in macrographs 3 (a, b). All samples collected from 
plant trials show that the cast structure consists of mainly columnar crystals and a small equiaxed crystal zone 
along the centerline axis. The fraction of EQZ varies from 5% to 9% based on the operating and MSR condi-
tions. EQZ is somewhat displaced towards the upper side of the strand where this nature since equiaxed crystals  
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Figure 2. Sectioning of sample (a) slab sample location, (b) specimen location and (c) segregation layer 
for analysis and examination [12] [15].                                                                

 
sediment when the strand turns horizontal. These agree well with findings of Alberny and Birat [36], and Westin 
[37]. They found that the dimensions of the cast section are considerably influence the type of crystal and its 
fraction. Therefore, it must have an important effect on the resultant centerline segregation. From a metallurgical 
point of view, they concluded also that it is desirable to cast with large section size. This allows a longer solidi-
fication time, thereby eliminating the superheat in the core long before solidification is complete. This will re-
duce the relative length of columnar zone and allow equiaxed crystals to form which results in a more uniform 
central condition.  

The macrographs in Figure 3(a) and Figure 3(b) reveal also different centerline morphologies. In the first 
group sample, Figure 3(a) reveal that the centerline segregation morphology appears as a continuous segregated 
line running through the slab centerline. However, the third group sample shown in Figure 3(b) shows that this 
morphology appears as discontinuous small segregated porosity distributed randomly along the slab centerline 
area. Also, Figures 4(a)-(c) show the segregation patterns of final stage of spray zones and slab centerline re-
gion for first, second and third groups’ samples, respectively [31]. Macrosegregation distributions shown in 
these figures are used to analyze the dendritic solidification phenomena in the final stages of continuous casting 
process and some of them are discussed hereafter. 

3.1. Group 1 
Figure 4(a) shows distributions of carbon ( )C  and sulfur ( )S  segregation ratios in the final stage of spray  

(b)
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Figure 3. Macrographs of sample number (a) 6 and (b) 15 with casting speed 0.66 and 0.78 
m/min, respectively [13].                                                                 

 

 
Figure 4. Measured carbon and sulfur distributions in sample number 5 [31] [38].           
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zones and slab centerline region of group 1 conditions. This figure reveals that C  and S  segregates behave 
the same trend and fluctuate continuously and slightly in both slab sides in the final stage of spray zones. In the 
case of central region, C  segregation ratios of upper and lower sides follow the same trend whereas the clear 
difference is observed between S  segregation ratio patterns of different slab sides. This is due to a difference 
in interdendritic strain hypotheses between lower and upper slab sides and in partition coefficients of C  and 
S  [38]. The coupled effect of these factors controls the macrosegregation formation and its distributions. C  
and S  segregation ratios then increase gradually ( )1.093CS =  and steeply ( )1.55SS =  in the slab centerline, 
respectively. This is associated with observed interdendritic crack with width value of 745 µm as shown in Fig-
ure 3(a). These results point out also that the mechanical soft reduction “MSR” is not sufficient to affect the se-
gregation patterns of different slab sides of central zone. This is due to a short liquid pool and unsuitable metal-
lurgical length associated with low casting speed 0.66 m/min. This means that MSR cannot apply adequately 
[32].  

Also, it is interesting to note that the segregation distributions of C  and S  shown in Figure 4(a) are sensi-
tive to the different interdendritic strain hypotheses of upper and lower slab sides especially in the centerline 
zone. C  and S  segregates behave the same trend in the upper slab side where positive segregations of C  
and S  increase by different rates until the slab centerline. This is because the solid shell starts to bulge in and 
pushes the mushy dendrites in the direction of slab center as shown in the flow pattern A in Figure 5 [17] [38]. 
This draws the solute liquid from above hotter region in the liquid pool into mushy zone just below the liquidus 
isotherm [38] [39]. This is results in a steep S  segregation and small C  segregation in the centerline zone of 
upper slab side illustrated in Figure 4(a). This flow pattern can be defined as squeezing mechanism. 

However, the negative C  segregation reduces slightly in the central zone of lower slab side whereas the 
negative S  segregation increases gradually. Then, the negative segregates of C  and S  change suddenly 
into high positive segregations in the slab centerline, respectively. This results from bulging out of the slab solid 
shell which results in the mushy dendrites draw out and close the interdendritic areas between the dendrites. 
This sucks the interdendritic liquid to flow into slab centerline region against the high resistance of ferrostatic 
pressure and the slab weight as shown in flow pattern B in Figure 5 where this flow pattern can be characterized 
as sucking mechanism. 

Another interesting phenomenon arises from the examinations of segregation distributions of C and S  in the 
initial central slab region of both slab sides where the effect of segregation of S  on the partition coefficient of 
carbon for component m , in an N-component system ( )N m

CK  becomes observed [40]. In the upper slab side, 
the squeezing mechanism A shown in Figure 5 helps to increase S segregation in early stages of solidification. 
This is due to the nature of no diffusion mechanism of S in dendritic solid and its small partition coefficient with  

 

 
Figure 5. Schematic illustration of different flow patterns of sq- 
ueezing and sucking processes [39].                                  
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iron. These result in an increasing in S  segregation in the interdendritic solute liquid between the dendrites 
[40]-[42]. This reduces C  segregation in the interdendritic solute liquid due to the positive effect of S  segre- 
gation on N m

CK . Evidence of this conclusion, it can be seen it in S  and C  segregated distributions in the ini- 
tial central region of lower slab side shown in Figure 4(a). The flow pattern B of sucking mechanism illustrated 
in Figure 5 reduces S  segregation level in the early stages of solidification. As solidification continues, S  
segregation level gradually reduces. Then, the positive effect of negative segregation of S  in this case reduces 
N m

CK . This affects C  segregation and results in a gradual increasing in its level as shown in Figure 4(a).  

3.2. Group 2 
Figure 4(b) illustrates C  and S  segregated distributions of second group where the casting speed changes 
from 0.66 into 0.78 m/min. This figure shows generally that the changing in the casting speed has different ef-
fects on the C  and S  segregation patterns in the final region of spray zones and central zone.   

This effect has produced an observed reduction in the centerline segregation of C  and S . This is because 
the starting casting with low casting speed allows to increase the resistance against the thermo-mechanical 
stresses subjected to the slab solid shell during sprays zones [17] [40]. This will reduce the bulging level in the 
early spray zones and may allow decreasing the level of macrosegregation fluctuations with distance from slab 
surface [31]. Also, the low casting speed shortens the liquid pool length. With increasing the casting speed into 
0.78 m/min, the liquid pool begins to lengthen. This changing in liquid pool length may increase the effective 
length of MSR. But, MSR starts lately to subject to the slab solid shell and its effect starts from roll MSR2 in-
stead of MSR1 as shown in Figure 1. This produces an uncompleted effect of mechanical soft reduction on the 
centerline segregation of C  and S  [32].   

However, the coupled effect of MSR and different interdendritic strain hypotheses on the segregated distribu-
tions of C  and S  of the upper and lower side is observed. This effect influences the bulging profiles between 
a pair of rolls as shown in Figure 6 and therefore affects the segregation patterns of C  and S  of slab sides 
by different ways as shown in Figure 4(b). In upper slab side, the positive segregation of S  fluctuates consi-
derably and continuously in the final region of spray zones whereas the negative segregation of C  fluctuates 
slightly. This is due to a positive effect of S  segregation on the partition coefficient of C  and therefore on its 
segregation.  

However, the reason behind the steep fluctuations of positive S segregation can be clarified by analyzing the 
coupled effect of MSR and different interdendritic strain hypotheses on the bulging profile shown in Figure 6 
[16] [43]. Figure 6 illustrates that the slab solid shell bulges in close to MSR1 roll and this pushes the mushy 
dendrites into the slab centerline. This results in a sudden squeezing of steel melt from hotter region in the liquid 
pool into interdendritic areas between the dendrites as illustrated in the squeezing mechanism A in Figure 5. As 
slab moves, the solid shell bulges out based on the bulging line profile shown in Figure 6 and draws the den-
drites away from slab centerline. This results in a gradual sucking of interdendritic liquid into slab centerline as 
shown in sucking mechanism B in Figure 5.  

 

 
Figure 6. Schematic illustration of bulging lines without and 
with MSR of upper and lower sides [43].                            
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Also, Figure 4(b) shows that the negative segregations of S  fluctuate observably in the lower slab side 
whereas small fluctuations of C  are observed. These results from two different reasons explained above. The 
first is the positive effect of S  on C  partition coefficient whereas the second one is coupled effect of 
squeezing and sucking mechanisms generated due to different bulging line profiles on the dendrites movement 
and therefore on the flow patterns in the interdendritic liquid and liquid pool as shown in Figure 5 and Figure 6.  

3.3. Group 3 
In the case of third group, the mechanical soft reduction “MSR” has produced a considered improvement in the 
centerline segregation of C  and S  as shown in Figure 4(c). In this case, the higher casting speed (0.78 
m/min) lengthens liquid pool. This is due a suitable location to apply MSR which increases the magnitude of ef-
fective accumulative reduction into maximum value. This results from an increasing in the pushing amount of 
the mushy dendrites into the slab centerline. This mechanism closes the interdendritic spaces in slab centerline 
and sucks the rich solute liquid from liquid pool into the interdendritic spaces between the mushy dendrites. 
These reduce the centerline segregations of C  and S  significantly by different levels.  

However, the segregated behaviors of C  and S  of slab upper and lower sides follow the same trend in fi-
nal stage of spray zones and central region. In these regions, Figure 4(c) reveals that both of positive S  se-
gregation and negative C  segregation ratios fluctuate continuously. The uniform behaviors of C  and S  
fluctuations result from the reasons mentioned above in the analysis of first group. In addition to these reasons, 
the constant casting speed leads to increase the homogeneity degree of heat transfer between the rolls and re-
duces the levels of segregations fluctuations of C  and S  [38] [44] [45].  

In general, the measured results of three group samples agree well with measurements and conclusions per-
formed by Jacabsson et al., [32]. The only observed difference is between the present and Jacabsson et al. [32], 
measurements is due to a difference in solidification intervals between various peritectic steels. However, the 
proposed bulging profiles in Figure 6 agree well with calculations carried out by El-Bealy [40], who used 
bending theory and by Yn [43], who used a finite element method. In their stress analyses, they considered the 
rolls as continuous beams [46]. Also, the comparison between the predicted results of maximum bulging level 
computed by Yn [43], (6 - 7.5 mm) and the total effective reduction used in the plant trails of this paper (4 mm) 
may gives an explanation about the incomplete effect of total effective reduction on the eliminating of centerline 
segregation. This comparison shows that the centerline segregation reductions accomplish 3.1% and 12.7% of 
the second group whereas in the case of the third group, these reductions reach 6.9% and 28.7% of C  and S  
segregations, respectively. This means that the lengthening of total effective reduction improves the centerline 
segregation level. Subsequently, it may be concluded also that the total effective reduction to eliminate the cen-
terline segregation may be greater than or equal the maximum bulging level.  

4. Quality Model Description  
In order to examine slab quality in various cooling zones of continuous casting of steel, macrosegregation crite-
ria were developed based on El-Bealy approach explained in Ref. [21]. As result of complex segregation inte-
ractions of different alloying elements, this approach should be extended into multi segregated elements. Sub-
sequently, the average segregation level “ASL” for individual segregated element j can be computed by using 
the following Equation [21]; 

1
1

ASL 1

n

j

j

S

n

−
= +
∑

                                      (2) 

where jS  in Equation (2) is macrosegregation ratio of the element j  element j  calculated by Equation [1] 
and n  is number of samples. All the symbols are defined in the nomenclature in the end of this paper. In the 
case of m  segregated elements, Equation (2) becomes as follows; 

1

1

1
1
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n
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j
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n
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where ASL  is average segregation level of m  segregated elements.  
Then, the macrosegregation fluctuation level for j  segregated element in cooling zonei  can be computed 

as follows [21]; 

max min zone
FSL max

i
j j jS S= −                                (4) 

where 
maxjS  and 

minjS  are the maximum and minimum segregations of the segregated element j  within a  

cooling zone i , respectively. Consequently, the average macro-segregation fluctuation level for m  segregated  
elements in cooling zone i  “ FSL ” can be computed as follows: 

max min zone1
max

FSL
i

m

j j
j

S S

m
=

−
=
∑

                              (5) 

The third criterion is the segregation quality number of element j and can be calculated as follows [21]: 

1SQN
ASLj

j

=                                       (6) 

However, this criterion can be extended into m  segregated elements and can be rewritten as follows:   

1

1
ASL

SQN

m

j j

m
=

=
∑

                                     (7) 

where SQN  is average segregation quality number of m  segregated elements. 
As indicated in the previous study conducted by El-Bealy [21], the strand quality based on the cooling zones 

can be classified into three main areas as shown in Figure 7. The first area is mold quality area of segregated  
element j  “

mold
ASQN j ” and it can be calculated as follows [21]:  

BAGF

mold
surface AAGF

1ASQN
ASL ASL ASLj

j j j

=
+ +∑ ∑ ∑

                     (8) 

The second quality area is spray quality area of segregated element j  “
spray

ASQN j ” and it can be calcu-

lated as follows: 

spray

1

1ASQN
ASL ASL ASL

j N

j j j NI II
N =

=
+ + +∑ 

                        (9) 

Finally, the following equation was used to compute the central quality area of segregated element j  

“
center

ASQN j ”;  

 

 
Figure 7. Schematic representation for strand quality regions [21].                                                      
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center

1ASQN
ASL ASL ASL

cl

j
j j jc cu− +

=
+ +∑

                        (10) 

The following equations were used in these computations to calculate average segregation quality criteria of  
m  segregated elements “ ASQN j ” of different cooling zones as follows,  

BAGF
1

surface AAGF
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1
ASL ASL ASL
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m

j j j j

j m
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=
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                   (11) 
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                        (12) 

1
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−
=

+
+ +

=

∑∑
                         (13) 

Equation (11) defines the average segregation quality criteria in different cooling regions in the mold zone for 
m  segregated elements, respectively. The mold cooling regions can be classified into three regions where the 
first one is surface region and the second region is before air gap formation “BAGF” whereas the third region is 
after air gap formation “AAGF”.  

Equation (12) defines the average segregation quality numbers in different spray cooling zones for m  se-
gregated elements, respectively. The spray zones can be divided into N  cooling zones based on the caster de-
sign and based also on the type of cooling cycle, water flow rate and the nozzle outlet shape. This affects the 
macro-segregation formation and its distribution from zone to zone.  

Finally, Equation (13) illustrates the average segregation quality numbers in various centerline regions for m  
segregated elements. The central zone can be divided into two main regions. The first is the region before liquid 
pool length and it can be classified into two sub-regions of lower and upper slab sides. This can defined as av-
erage segregation level of lower side centre” ASL cl− ” and average segregation level of upper side centre 
“ ASL cu− ”. The second main region is centerline region and its average segregation level can be defined as
ASL c+ . In this investigation, it is focused only on the final stage of spray zones and centerline zone and Equa-  
tion (12) and Equation (13) were used in these computations to compute “ ASQN j ”. 

However, the type and number of alloying elements needed to analyze and used to compute the slab qualities 
criteria accurately were selected based on the observed effect of steel composition on the susceptibility of the inter- 
dendritic crack formation [47]-[50]. The effect of steel composition on the different interdendritic cracks is tabu-
lated in Table 4 [47]-[50]. The steel composition summarized in Table 1 shows that nominal S  concentration  

 
Table 4. Alloying elements [47]-[50].                                                                            

G-I-A G-I-B G-I-C G-I-D G-II 

  Internal cracks  Surface cracks 

C > 0.6% C from 0.17% to 0.24% C < 0.16 & C from  C from 0.09 

  0.25% to 0.6%  to 0.17% 

Si > 0.5% Mn > 1%  Mo > 0.25% Al > 0.004% 

S > 0.025 P > 0.03%   Nb from 0.02 

Cr > 3%    to 0.04% 

Ni > 1%    S > 0.015 

    V > 1% 
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is greater than 0.025 wt pct. Therefore, the segregations of C  and S  elements should be analyzed to charac-
terize the central quality.    

5. Model Predications & Comparsions  
In order to calculate the segregation quality criteria, the present measurements were used to compute the segre-
gation ratio distributions shown in Figures 3(a)-(c) by using Equation (1). Then, the Equations from (2) to (13) 
have been used to compute different segregation quality criteria of individual “ 1m = ” and multi “ 2m = ” se-
gregated elements. Figures 8-11 show the average segregation level “ASL”, fluctuation segregation level “FSL”, 
segregation quality number “SQN” and its average “ASQN”, respectively. 

5.1. Final Region of Spray Zones 
Figure 8(a) illustrates very slight “ASL” of carbon ( )C  and sulfur ( )S  in the final region of spray zones of 
first group samples. This results in a minimum FSL of two different elements associated with no effect of MSR 
technique as illustrated in Figure 9(a). It is observed also that there is sudden increasing in FSL of S  in the 
lower side without any changing in C  segregation. This results from high sensitivity of S  to segregate with 
any small displacement or roll misalignment. Another interesting result arises from the examination of segrega-
tion distributions of different slab sides where the different hypotheses subjected these sides or the displacement 
resulted from roll misalignment do not affect obviously the segregation patterns of different elements. This is due 
to a strong solid shell resistance associated with low constant casting speed [16] [17] [40]. Consequently, this 
affects directly SQN and its average ASQN where this effect keeps high qualities of different slab sides in the final 
region of spray zones as demonstrated in Figure 10(a) and Figure 11(a).  

In second group, the casting speed changes during the casting process from 0.66 into 0.78 m/min. The fluctu-
ations of ASL were observed by different levels of two elements in the final region of spray zones as shown in 
Figure 8(b). The fluctuations of S segregation in this area are higher than those in the case of C  segregation  
 

 

 

 
Figure 8. Variations of average macrosegregation level (ASL) for lower (−) and upper (+) 
slab sides with different heats.                                                           
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Figure 9. Variations of maximum fluctuation macrosegregation level (FSL) for lower (−) 
and upper (+) slab sides with different heats.                                              

 
fluctuations. It is also concluded that the uncompleted application of MSR has observed effect on the FSL of C  
and S  in this region as shown in Figure 9(b). Figure 10(b) shows that SQN continues to fluctuate in both slab 
sides and decreases the slab quality in different locations of final region of spray zones for both slab sides. Also, 
it is interesting to note that the comparison between ASQN in Figure 11(a), Figure 11(b) points out that ASQN 
of second group samples is smaller than in the case of first group samples of C  and S  segregations. This re-
sults from decreasing in the thermo-mechanical resistance of slab solid shell associated with declining of growth 
rate of slab solid shell resistance related to the increasing in casting speed [16] [17] [40]. This results in a high 
sensitivity to the thermo-mechanical stresses generated from different which affects directly the interdendritic 
solute liquid and therefore, affects the fluctuation segregation levels of different alloying elements [38] [40].  

In the third group, the casting speed increases to be 0.78 m/min. This lengthens the liquid pool length. There-
fore, the effective reduction length of MSR increases and MSR becomes significant to influence the segregation 
patterns of C  and S  in the final region of spray zones. This affects the ASL and increases also FSL of C , 
S  and their average as shown in Figure 8(c) and Figure 9(c), respectively. These figures point out also that the 
negative segregation of C  increases the average segregation level on the different slab sides. This negative se-
gregation is considered also as a segregation defect and reduces the slab quality. This leads to a high fluctuation 
of SQN on both slab sides and decreases ASQN observably especially ASQN of S  as shown in Figure 10(c) 
and Figure 11(c), respectively, where Figure 11(c) illustrates also that ASQN decreases. Another interesting 
observatino arises from the examination of results plotted in Figure 8(b), Figure 8(c) where FSL in the third 
group is lower than in the case of second group. This is due to an uniform growth rate of solid shell resistance of 
solid shell associated with increasing in the homogeneity degree of cooling conditions between rolls due to con-
stant casting used in this case [40] [51].  

5.2. Centerline Zone 
In the case of first group samples, MSR is not sufficient where the bulging shape line controls alone the suck-
ing/squeezing mechanisms of mushy dendrites. This results in a negative segregation level close to the slab cen-  
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Figure 10. Variations of segregation quality number (SQN) for lower (−) and upper (+) 
slab sides with different heats.                                                         

 

 
Figure 11. Variations of average segregation quality number (ASQN) for lower (−) and 
upper (+) slab sides with different heats.                                                
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terline and a high positive segregation level in the slab centerline of C  and S  as shown in Figure 3(a). 
Therefore, ASL of carbon and sulfur increase steeply into the high values as illustrated in Figure 8(a). It is also 
found that FSL increases in the region close to slab centerline followed by another increase in FSL in the slab 
centerline area as shown in Figure 9(a). In the region close to slab centerline, this figure shows that the S se-
gregation level increases and this increasing enlarges steeply in the slab centerline. Consequently, SQN and its 
average ASQN of C  and S  reduce noticeably as shown in Figure 10(a) and Figure 11(a), respectively. 

The variation in the casting speed of second group samples makes MSR somewhat is more influential. This is 
due to a natural result of the late impact of MSR. So, ASL and FSL values increase in the slab centerline zone as 
shown in Figure 8(c) and Figure 9(c), respectively. The model predications show also that FSL in upper and 
lower sides are different of C  and S  segregations. Also, the predications reveal that SQN and its average 
ASQN of C  and S  reduce in the centerline zone as shown in Figure 10(c) and Figure 11(c), respectively. The 
results show that ASQN are dissimilar of different sides and decreases steeply of S segregation in the lower side. 
This is dissimilarity is due to different interdendritic strain hypotheses subjected to solid shell of different slab 
sides.   

In the third group, the casting speed increases to be constant speed (0.78 m/min) where MSR becomes suffi-
cient and improve the centerline segregation significantly. This is due to a natural result of the early impact of 
MSR. Figure 8(c) and Figure 9(c) show that ASL decreases whereas FSL increases in the different regions of 
slab centerline zone, respectively. Also, it is interesting to note that there is an observable difference in FSL be-
tween the upper and lower slab sides as shown in Figure 9(c). The model predications reveal also that the value 
of FSL in the upper side is higher than its value in the lower side. With a complete application of MSR, SQN 
and its average ASQN of C  and S  improve and increase the central slab quality as seen in Figure 10(c) and 
Figure 11(c), respectively. Also, it is interesting to note that ASQN of different slab sides is different in this 
zone. This is due to a difference between the distributions of C  and S  segregations of the upper and lower 
slab sides as shown in Figure 3(c). 

6. General Discussion  
Before proceeding further, it is appropriate to discuss the mechanism of centerline segregation formed during 
final stages of slab solidification with respect to the shape of bulging line and its level illustrated in Figure 6. 
These depend on the solidification behavior, casting and cooling conditions as well as therefore their coupled 
effect on the movement of mushy dendrites in and out [38] [39].  

Figure 6 shows that the slab moves horizontally and the solid shell of upper slab side bulges in close to the 
first roll (MSR1). This pushes the mushy dendrites in the direction of slab centre and draws the steel liquid from 
hotter region in the liquid pool into early stages of solidification in the mushy zone. With increasing the negative 
bulging, the opening between dendrites increases through which the interdendritic liquid just blow the liquidus 
isotherm flows in against little resistance. Also, the ferrostatic pressure helps to push the interdendritic liquid 
into cooler regions in the mushy zone to segregate [38] [39]. This mechanism increases the possibility of fluc-
tuated segregation phenomenon in the final region of spray zones whereas it increases the chance of negative 
segregation areas close to the slab centerline as shown in Figure 4(a). The negative bulging decreases gradually 
and the effect of this mechanism on the mushy dendrites declines until the location of zero bulging between a 
pair of rolls as illustrated in Figure 6 [38] [39]. Then, the solid shell starts to bulges out and dendrites draw out. 
This sucks the interdendritic liquid to flow from the upper liquid pool areas into the slab centerline area against a 
high ferrostatic pressure to form the centerline segregation as shown in the mechanism SC  in Figure 5. How-
ever, the bulging profile of lower side differs from its profile in the upper side as shown in Figure 6. This results 
in different effects on the fluid flow pattern of steel liquid. Subsequently, the coupled effect of fluid flow pat-
terns influences the macro-segregation distribution and its resultant controls the level of this segregation. This 
agrees well with approaches proposed by El-Bealy [38], and Flemings [39], as well as the measurements by Ja-
cobsson et al. [32]. El-Bealy [38], also concluded that the segregation distributions of upper and lower slab sides 
are different as seen in Figure 4(a). This is due to different interdendritic strain hypotheses where ASL increas-
es steeply from small into high positive value due to the above mechanism of centerline segregation as shown in 
Figure 6(a). Consequently, FSL increases steeply into value of 0.175 shown in Figure 7(a) whereas SQN and 
its average ASQN drop into minimum values of 0.864 and 0.994 as illustrated in Figure 10(a) and Figure 11(a), 
respectively. These are because the effect of MSR is ineffective.  
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When a solidifying shell of continuously cast steel slabs is deformed by applying MSR to compensate the 
positive bulging as shown in Figure 1 and Figure 6, the steel liquid in the liquid pool will be squeezed into the 
interdendritic areas between the dendrites as shown in mechanism A in Figure 5. This mechanism can be de-
fined as squeezing segregation and results from reduction in the positive bulging of solid shell. This reduces the 
centerline segregation by different levels based mainly on the effective length reduction of MSR, steel composi-
tion, slab side, magnitude of solid shell resistance at initial and its growth during MSR effective length. Since its 
composition differs from that of the dendrites inevitably, the fluctuated macrosegregation phenomenon will 
form in the final region of spray zones between the dendrites as shown in Figure 4(b) and Figure 4(c). The 
concentrated reduction ratio by using roll alignment increases this fluctuated segregation phenomenon of alloy-
ing elements by different levels. This is based mainly on the reduction characteristics especially the total effec-
tive reduction length as shown in Figure 4(b) and Figure 4(c).  

In the case of group 2, MSR may begin to subject the slab solid shell at MSR2 location whereas in the case of 
group 3 samples, MSR may begins early and subjected the solid shell at location MSR1 as shown in Figure 1, 
Figure 5 and Figure 6. The level of segregation of different elements segregates depends mainly on MSR pat-
tern and the metallurgical properties of alloying elements. These appear in ASL and FSL in Figure 8(b), Figure 
8(c) and Figure 9(b), Figure 9(c), respectively. Also, the squeezing mechanism of MSR may push the free 
crystals into the slab centerline area. This reduces the permeability of interdendritic liquid flow from the inter-
dendritic areas between the dendrites and from the hotter regions in liquid pool above. The reduction in the per-
meability in the slab centerline area increases when MSR subjects the slab solid shell in the early stages exactly 
below the liquid pool end in right location (MSR1) as shown in Figure 5. This agrees well with observations of 
Jacobsson et al. [21]. Also, they concluded that casting speed and MSR applied location control the structure 
changes in the slab centerline area and increase the length of equaixed crystals in this area. Finally, the formation 
of narrow zone of equaixed crystals gives explanations of centerline porosity shown in Figure 3(b). This porosity 
appears in slab centerline area as small spaced areas and these interdendritic spaces are not connected. This agrees 
will the segregates measurements performed by Jacobi [52]. He concluded that the porosity formed due to un-
suitable and different growth rates of solid shell along the slab broad face. Evidence for these conclusions, it can 
be founded in Figure 10(b), Figure 10(c) and Figure 11(b), Figure 11(c). These figures reveal that SQN and its 
average ASQN reduce the slab quality in final stage of spray zone by different reduction based on the casting 
speed pattern. Consequently, the results from these figures point out also that the slab quality increases steeply in 
the slab centerline area due to applying MSR and the slab quality depends essentially on the casting speed. 

However, the representative calculations of quality criteria shown in Figures 8(a)-(c) to Figures 11(a)-(c) are 
found to be the most important criteria in determining the slab qualities qualitatively and quantitatively. These 
results and previous work [21] [53]-[58], support the consistent relationship between the macrosegregation levels 
of different elements and slab qualities where two segregated elements should be analyzed. Figures 11(a)-(c) ex-
hibit that the slab qualities increase in the final region of spray zones and centerline zone with decreasing the se-  
gregations of carbon and sulfur elements. Also, ASQN j N

 of N  zones for multi segregated elements is higher 

than ASQN of S  whereas ASQN j N
is smaller than ASQN of C . This is due to high sulfur segregations  

where the averages of slab qualities reduce by different levels based on the mechanical soft reduction characteris-  
tics. Also, there is an observed difference in 

central
ASQN j  between upper and lower slab sides in the centerline  

zone due to different segregations. These results support by Jacobi [52], conclusions. He concluded that the  
growth rates of solid shell of different slab sides along the slab broad faces are different which results in different 
segregated patterns.  

7. Summary and Conclusions 
From the combined segregation measurements of plant trails and computer aided analysis of quality criteria, 
major new findings have been observed on the mechanical soft reduction “MSR” and its influencing on the level 
of central quality. The most important results are the apparent effect of casting speed on the segregation distri-
bution and its fluctuation in final stage of spray and centerline zones. In the final stage of spray zones, MSR in-
creases the fluctuations of positive sulfur and negative carbon elements for upper and lower sides. This reduces 
the quality in this region whereas increases the slab central quality by different levels.  
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A quality segregation model of m  segregated elements has developed and utilized to calculate average ma-
crosegregation level criterion “ASL”, its fluctuation level “FSL”, segregation quality number “SQN” and its av-
erage of different cooling zones “ASQN”. Based on the steel composition, it has been shown that segregation 
model of two segregated elements is essential for accurate quantitative computation of segregation quality crite-
ria. In this case, recommendations have made to analyze the sulfur segregation in addition to carbon analysis 
especially when the sulfur content is greater than that is allowed in the references. Subsequently, the quality 
model can evaluate accurately the different effects of mechanical soft reduction technique on the various quali-
ties at different locations of central regions in continuously cast steel slabs qualitatively and quantitatively. 

Although, the model predications are generally supported by the pervious experimental results of mechanical 
soft reduction and its effect on the central segregation level, it is necessary to create more experimental work by 
analyzing the segregation of different alloying elements especially that increase the possibility of defects forma-
tions. Another important aspect of the future work is to couple the present model with simulating models of ma-
crosegregation to predict directly the different slab qualities. This will guide us to define on line the low quality 
regions and then to save solutions to improve these qualities automatically. In this future work, we may prove 
the parameters affected the stages of solidification defects that depend on the thermo-metallurgical and mechan-
ical mechanisms subjected to the solid shell of continuously cast steel slabs. 
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Nomenclatures 
ASL j : average macrosegregation level for segregated element j . 

ASL : average macrosegregation level for m  segregated elements. 
ASL j I

: average macrosegregation level for j  segregated element in cooling region I . 

mold
ASQN j : average segregation quality number of segregated element j  in mold zone. 

spray
ASQN j : average segregation quality number of segregated element j  in spray zone. 

center
ASQN j : average segregation quality number of segregated element j  in central zone. 

mold
ASQN j : average segregation quality number of segregated elements m  in mold zone. 

spray
ASQN j : average segregation quality number of segregated elements m  in spray zone. 

center
ASQN j : average segregation quality number of segregated elements m  in central zone. 

FSL j : macrosegregation fluctuation level of segregated element j . 

FSL : macrosegregation fluctuation level of segregated elements m . 
N m

CK : partition coefficient of carbon for component m , in an N -component system.  

jS : macrosegregation ratio of element i .  

minjS : minimum segregation ratio of j  segregated element in cooling zone i . 

maxjS : maximum segregation ratio of j  segregated element in cooling zone i . 
SQN j : segregation quality number of segregated element j .  

SQN : segregation quality number of segregated elements m .  
v : casting speed (m/min). 

Greek Symbols 

mea j
χ : measured concentration of element j  (wt%). 

joχ : nominal concentration of element j  (wt%). 
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