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Abstract

:

A mathematical model of the macrosegregation of continuous cast high carbon steel billet was developed based upon a representative volume element, considering the flow of enriched liquid, solidification rate, and solidification shrinkage as well. It was found that a lower casting velocity, higher cooling intensity, and shorter solidification interval positively contributed to the inhibition of macrosegregation in a continuously cast billet when a mechanical reduction process was not applied. A numerical expression for the relative flow velocity of liquid was further proposed incorporating such aspects as casting velocity, densities of different phases, and the variation of cross section areas as well. The analysis based on this numerical expression indicated that the overall effect of the reduction process on the macrosegregation of billets depended not only on the reduction zone but also on the reduction amount and its distribution for the active reduction rolls. The test results of further practical plant trials demonstrated a reasonable agreement with the predictions obtained from the proposed numerical model, indicating the reliability of this analysis model to be employed for the continuous casting of high carbon steel billet with strand reduction process.
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1. Introduction


High carbon steel has a high likelihood of experiencing macrosegregation during continuous casting due to its relatively wide solidification range and a large mushy zone. Macrosegregation, which refers to chemical non-uniformity over a macroscopic size, can hardly be removed or greatly reduced even after prolonged heat treatment at elevated temperatures. Thus, it is regarded as a prime cause of large variations in mechanical properties and may even give rise to premature failure of the final high carbon steel products [1]. In addition, the trend towards higher casting speeds prevails in continuous casting in recent years, on account of the requirement for high productivity. This may further increase the tendency and severity of macrosegregation for high carbon steel strand. Therefore, it is of great significance to study the macrosegretation of high carbon steel in continuously cast products.



It is well known that during the solidification of steel, solute partitioning at the solid–liquid interface induces a compositional difference between the solid and liquid phases. Macrosegregation may form when the solute enriched material melts adjacent to some solid and is swept away by the relative motion between the solid and its surrounding liquid [2]. The level of segregation is usually more pronounced along the core part of a continuous cast strand, since the flow velocity component in the casting direction is highest in center due to the lowest resistance of the mushy zone [3].



Numerous experimental research works were conducted to study the effects of continuous casting conditions on macrosegregation [4,5], and several numerical simulations were also carried out to have an in-depth understanding or description of macrosegregtion during continuous casting. Oh et al. investigated the influence of various Electro-Magnetic Stirring (EMS) modes on macrosegregation by conducting a series of plant tests using a continuous bloom caster and a billet caster of POSCO as well as the relevant laboratory experiments for the different steel grades [6]. The mechanism for reduction macrosegregation was ascribed to the enhanced solidification rate, finely distributed segregation spots in the whole center region, and narrowed width of the mushy zone during the final stage of solidification under a combination stirring mode. Grundy et al. calculated the solidification of high carbon tire cord grade C80D cast as a 150 × 150 mm2 billet with state-of-the-art software packages [7], and they found that the most probable mechanism by which hard cooling reduced segregation was through the trapping of solutes between the intricately branched dendrite microstructure achieved by hard secondary cooling intensity. However, this model was based on many simplifications, including a neglection of the effect of fluid flow, which is actually closely related to the segregation of casting. In addition, there was no coupling between the models. Choudh et al. established a conjugate fluid flow–heat transfer model for low carbon continuously cast steel billets so as to correlate predictions based on the mathematical modelling of heat transfer with the experimental observations on macrosegregation and morphology [8]. Segregation equations based on various models were tested and verified for their applicability at the CET boundary of the billet transverse sections, however, no agreement was found with the data predicted for the centerline of the billet. Zhang et al. studied the effect of M-EMS on the macrosegregation in continuously cast steel billets through a three-phase volume average model [9]. Although a satisfactory agreement between the numerically calculated and experimentally determined as-cast structure was achieved, it is thought that further laboratory or in-plant experiments were required to quantify some modeling parameters, which were estimated based on a numerical parameter study. Dong et al. developed macrosegregation models, coupling fluid flow, heat, and solute transport with different microsegregation models to study the continuous casting of round billets [10]. They found that the choice of microsegregation model applied in the simulations resulted in the differently predicted segregations, which varied in regard to solute elements due to the influence of solute back-diffusion coefficients. Jiang et al. established a coupled numerical model, considering macroscale heat transfer and fluid flow, as well as microscale grain nucleation and crystal growth, to investigate the high carbon steel billet solidification structure and macrosegregation with dual electromagnetic stirrings in the mold and the final stage of solidification [11]. The optimal current intensities of M-EMS and F-EMS were proposed for the specific high carbon steel studied numerically. However, this work is also restricted to the application of EMS, which is thought to be not adequate to eliminate the macrosegregation of continuously cast high carbon steels [12,13].



As for the improvement of macrosegregation in continuous casting strand, mechanical reduction is regarded as one of the most effective technologies and has increasingly been applied in recent years. Several researchers have carried out corresponding numerical studies for the mechanical reduction process of continuous casting. Jiang et al. built a 3D model to simulate the transport behavior in the slab continuous casting with mechanical reduction and investigated the reduction amounts and reduction positions on the center segregation evolution [14]. Yang et al. established both a heat transfer model and a reduction model to improve the macrosegregation of bloom [15]. Hu et al. studied continuous casting round blooms with different solidification end reduction strategies with a series of three thermal–mechanical coupling models, and the advantages and disadvantages of each reduction scheme were discussed [16]. However, almost all previous numerical studies on the mechanical reduction process were performed either for slab or bloom, but effort has seldom been devoted to the billet. This is probably because the mechanical reduction process up to now was applied mainly for bloom and slab [17,18,19], but rarely for billet due to various aspects of factors [20] such as a lower reduction efficiency and a lack of support rolls to provide adequate mechanical pressure. Moreover, the reduction process and its working mechanism is rather obscure and complicated. Consequently, there is hardly any numerical analysis model employed for the mechanical reduction process of steel billet, not to mention for the actual production application.



Nevertheless, as the steel market asserts a more urgent claim for a high carbon billet with high homogeneity, and also with the continuous upgrading of modern equipped continuous casters for billet, the mechanical reduction process has recently been successfully applied in the continuous casting of steel billet [21,22]. This makes the numerical analysis of the mechanical reduction process for steel billet more important for practical implementation than ever, and it actually also turns out to provide an experimental way to verify the numerical study of this process for high carbon steel billet in terms of practical validity.



In this paper, firstly, a mathematical analysis model was developed particularly considering the solidification features of the billet, so as to study the effects of different major casting parameters on the macrosegregation in the continuously cast high carbon steel billet. The utility of mechanical reduction on depression of macrosegregation in billets with different process parameters was estimated by proposing a numerical expression for the relative flow velocity of liquid, when mechanical reduction was applied for the continuous casting of high carbon steel. The validity and reliability of the practical application of this analysis model was further tested and verified by industrial trials and the corresponding testing results. As for the motivations of this study, it is helpful to deepen our understanding of the mechanism for the process of mechanical reduction used for billet, providing a theoretical basis for further process optimization. Furthermore, it may even be of considerable significance for the future progress in promoting this mechanical reduction process of billet for more wide application in industry.




2. Development and Application of Numerical Analysis Model


2.1. Numerical Criteria for Macrosegregation of High Carbon Steel Billet


To establish the analysis model, a “Representative Volume Element” (RVE) [2] is employed in this study (as shown in Figure 1) and is considered as the volume at a certain position of the billet in space that is large enough to include multiple microstructure features and small enough that the important variations in the temperature, enthalpy, density, concentration, and volume fraction of the different phases can be assumed to be uniform over the RVE, and is supposed to be constant but may vary with time and distance. In the element volume, solid back diffusion and solidified shell contraction are not considered, and the element volume consists of liquid and solid phases. The mass or species of the RVE is varied through the relative motion of the liquid phase.



For the RVE, we can obtain the subsequent expression from the conservation of mass [3,23]:


    ∂  ρ ¯    ∂ t   + ∇  ρ l   g l   ν  l , r e l   = 0  



(1)







Similarly, the conservation of solute gives [3]:


    ∂ (  ρ ¯   C ¯  )   ∂ t   + ∇  ρ l   g l   C l   ν  l , r e l   = 0  



(2)







The above expression can transform to:


    ∂ (  ρ ¯   C ¯  )   ∂ t   = −  C l  ∇  ρ l   g l   ν  l , r e l   −  ρ l   g l   ν  l , r e l   ∇  C l   



(3)







Substituting Equation (1) into Equation (3) gives:


    ∂ (  ρ ¯   C ¯  )   ∂ t   =  C l    ∂  ρ ¯    ∂ t   −  ρ l   g l   ν  l , r e l   ∇  C l   



(4)







The total variation of solute in RVE equals to the sum of solute variations both in liquid and solid, therefore:


    ∂ (  ρ ¯   C ¯  )   ∂ t   =  ∂  ∂ t   (    C s   ¯   ρ s   g s  +  C l   ρ l   g l  )  



(5)







Since no gas phase is generated or contained in this element volume, this gives:


   g s  +  g l  = 1  



(6)







It further transforms to:


   g s  = 1 −  g l   



(7)







By substituting Equation (7) into Equation (5), assuming the density of the solid phase to be constant, and with   K =      C s   ¯     C l     , we can obtain:


    ∂ (  ρ ¯   C ¯  )   ∂ t   = − K  C l   ρ s    ∂  g s    ∂ t   +  ρ l   g l    ∂  C l    ∂ t   +  C l    ∂ (  ρ l   g l  )   ∂ t    



(8)







The relation of average density and densities of different phases gives:


    ∂ (  ρ ¯  )   ∂ t   =  ∂  ∂ t   (  ρ l   g l  +  ρ s   g s  )  



(9)







By integrating Equation (9) into Equation (4) and combining with Equation (8), we obtain:


   C l   ∂  ∂ t   (  ρ s   g s  +  ρ l   g l  ) −  ρ l   g l   ν  l , r e l   ∇  C l  = − K  C l   ρ s    ∂  g s    ∂ t   +  ρ l   g l    ∂  C l    ∂ t   +  C l    ∂ (  ρ l   g l  )   ∂ t    



(10)







Defining  β  as   β =    ρ s  −  ρ l     ρ l      and integrating Equation (7),    g s  = 1 −  g l   , into Equation (10) gives:


    ∂  C l    ∂ t   = − (   1 − K   1 − β   )    C l     g l      ∂  g l    ∂ t   −  ν  l , r e l   ∇  C l   



(11)







The temperature of the RVE can be expressed as:


  T = φ ( x , y , z , t )  



(12)







The above equation further gives:


  d T = d  A →  ∇ T +   ∂ T   ∂ t   d t  



(13)




where,   d  A →    represents the shifting direction and distance of the isotherm line in RVE and could be given as:


  d  A →  =  i →  d x +  j →  d y +  k →  d z  



(14)







It was shown that the melt velocity component in the casting direction is much larger than the velocity component in the horizontal direction towards the outer surface [24], and is especially remarkable for the continuously cast billet. In the extreme case, that the horizontal permeability is much smaller than the permeability in the casting direction, the liquid flows only in the casting direction. The solidification of billet in this case is simplified as unidirectional solidification proceeding in the opposite direction to the casting direction. Since the casting direction is the only direction considered here, Equation (13) can be simplified as follows:


  d T = d  i →  ∇ T +   ∂ T   ∂ t   d t  



(15)







Meanwhile, temperature and concentration are assumed to be uniform in the element volume and may vary with time. This gives the following equation:


  d  i →  ∇ T +   ∂ T   ∂ t   d t = 0  



(16)







Equation (16) can transform to:


    ∂ T   ∂ t   = −   d  i →    d t   ∇ T  



(17)







Defining     d  i →    d t   = − u  , where the negative sign means the temperature gradient moves in an opposite direction to isotherm line and the solidification of billet proceeds opposite to the casting direction, therefore:


    ∂ T   ∂ t   = u ∇ T  



(18)







The shifting of the isoconcentration line is the same as the isotherm line and this gives:


    ∂  C l    ∂ t   = u ∇  C l   



(19)







Integrating Equation (19) into Equation (11) gives:


    ∂  C l    ∂ t   = − (   1 − K   1 − β   )    C l     g l      ∂  g l    ∂ t   −    ν  l , r e l    u    ∂  C l    ∂ t    



(20)







Assuming    C s  =  C ¯    when fs = 1, where    C ¯    represents the initial average concentration of solute in the RVE, the integration of Equation (20) can be calculated with upper and lower integration limits, resulting in:


  ( K − 1 ) ln  g l  = ( 1 − β ) ( 1 +    ν  l , r e l    u  ) ln    C l     C ¯     



(21)







Defining  q  as   q = ( 1 − β ) ( 1 +    ν  l , r e l    u  )  , the concentration of solid    C s    is obtained as follows:


   C s  = K  C ¯    ( 1 −  g s  )   (   K − 1  q  )    



(22)







The average concentration of solid      C s   ¯    could be further calculated as:


     C s   ¯  =    ∫ 0 1    C S     d  g s  =    ∫ 0 1   K  C ¯    ( 1 −  g s  )   (   K − 1  q  )      d  g s  = K  C ¯   q  K − 1 + q    



(23)







From Equation (23) we can find that, when   q = 1  , both the flow and solidification are moved in the same direction opposite to casting and with a      v  l , r e l    u    value equal to    β  ( 1 − β )    , the result is no macrosegregation (  q = 1  ), which means the flow is just that required to feed solidification shrinkage in a unidirectional solidification. Flow that is greater with a direction opposite to the casting direction and a      v  l , r e l    u    value more than    β  ( 1 − β )     results in negative segregation (  q > 1  ); a velocity of backward flow that is less, or flow in the same direction as casting, results in positive macrosegregation (  q < 1  ).




2.2. Mathematical Expression for Relative Flow Velocity of Liquid


As we can learn from the above analysis model, macrosegregation of billet is closely related to the relative flow velocity of liquid. Therefore, further efforts are made for the mathematical expression for relative flow velocity of liquid.



The continuous cast billet is mapped onto a regular cuboid domain which is shown in Figure 2. In this domain, the cross section of billet    A x    consists of liquid area    A l    and solid area    A s   . These cross section areas may vary with time and distance. The flow velocities of liquid and solid along the strand,    v l    and    v s   , are averaged over the cross section and the relative average flow velocity of liquid      v ¯    l , r e l   =  v l  −  v s   .



In the calculated domain, since the variation of average specific mass is caused by the material feeding or extraction due to relative flow of liquid, thus:


    ∂  ρ ¯    ∂ t   = − ∇  ρ l   g l     ν ¯    l , r e l    



(24)







Combining the above equation with    ρ ¯  =  ρ l   g l  +  ρ s   g s    gives:


   ∂  ∂ t   (  ρ s   g s  +  ρ l   g l  ) = − ∇  ρ l   g l     ν ¯    l , r e l    



(25)







For the calculated domain, the relation between cross section area and volume fraction for different phases could be described as:


   A i  = A  g i   



(26)




where, gi is the volume fraction of the phases, with subscript “i” denoting phase i (i = l for liquid, i = s for solid).



Combining Equation (25) and Equation (26) gives:


   ∂  ∂ t   (  ρ s   A s  +  ρ l   A l  ) = − ∇  ρ l   A l     ν ¯    l , r e l   = −  ∂  ∂ x   (  ρ l   A l     ν ¯    l , r e l   )  



(27)







The relative average velocity of liquid could be calculated by integrating Equation (27) as:


     ν ¯    l , r e l   = −  1   A l   ρ l       ∫   x o   x    ∂  ∂ t      (  A l   ρ l  +  A s   ρ s  ) d x  



(28)







The lower integration limit    x 0    equals to the distance from the meniscus where the cross section is just completely solidified, while the upper integration limit is equal to a distance  x  from the meniscus.



The relation of time and distance is simply given by:


  t =  x   v  c a s t      



(29)







Substituting this expression of time into Equation (28) gives:


     ν ¯    l , r e l  x  = −  v  c a s t    1   A  l , x    ρ l       ∫   x 0   x    ∂  ∂ x      (  A  l , x    ρ l  +  A  s , x    ρ s  ) d x  



(30)







The relative velocity of liquid in the casting direction can be derived from the integration of the above equation, and this gives:


     ν ¯    l , r e l  x  = −  v  c a s t    1   A  l , x    ρ l    (  A  l , x    ρ l  +  A  s , x    ρ s  −  A  l ,  x 0     ρ l  −  A  s ,  x 0     ρ s  )  



(31)







Since thermal contraction is not considered,    A  s ,  x 0    =  A   x 0     , and with    A  l ,  x 0    = 0  , Equation (31) further transforms to:


     ν ¯    l , r e l  x  = −  v  c a s t   [ 1 −    ρ s     ρ l    +   (  A x  −  A   x 0    )  ρ s     A  l , x    ρ l    ]  



(32)




where, the cross section area values for    A x   ,    A   x 0     , and    A  l , x     are read-in values from the 3D thermal–mechanical coupling simulation using the commercial software MSC Marc (2018), which will be described in detail the establishment principle in Section 3.1.



Based on Equation (32), it is not difficult to find that the average flow velocity of liquid is modified by the difference of densities between liquid and solid, which causes the shrinkage. The liquid flows in order to compensate for the increased specific mass of the solid as solidification proceeds. The average flow velocity of liquid is also dependent on cross section area changes of each phase at different distances caused by deformation, which mainly results from mechanical reduction as the contribution of thermal contraction is not considered here. When the mechanical reduction is applied to the billet at the end of solidification, because of a smaller deformation resistance, the deformation of liquid is larger than solid. Meanwhile, due to the closed volume of liquid behind the working pinch roll for reduction, the liquid is pushed back in the opposite direction of casting. This push-back flow of liquid will retard the relative motion between liquid and solid, the relative flow velocity of liquid is reduced, and therefore positive macrosegregation is alleviated. If the push-back flow of liquid is greater than the value we mention in Section 2.1, it may even lead to the occurrence of obvious negative macrosegregation. This is how the reduction process affects the macrosegregation of billet in view of the relative flow vector of liquid.





3. Materials and Methods


3.1. Description of Thermal–Mechancial Coupling Simulation


A 3D thermal–mechanical coupled model was developed by the commercial finite element software MSC Marc 2018 to simulate the heat transfer and deformation behavior of billets during the reduction process. The heat transfer equation and constitutive equation used for this 3D thermal–mechanical coupled model were introduced in authors’ previous work [25] and relevant literature [26]. The thermal material properties of the studied steel grade such as thermal conductivity, solidification latent heat, and specific heat capacity were obtained by the JMatPro software (JmatPro 12.0), while the relevant mechanical parameters, such as Young’s modulus and Poisson’s ratio are adopted from relevant references [27,28].



The initial temperature of the heat transfer model was set to 1498 °C, which is the most common temperature in industrial practice for the steel grade studied in this case. The temperature distribution calculated as the billet begins to be reduced was taken as the initial condition of the model for mechanical reduction. During the mechanical reduction of the billet, the heat transfer between the reduction roller and the billet is negligible compared with the dominant effect of radiation, and the heat flux at the surface of the billet was calculated by the Stefan–Boltzmann equation, in which the emissivity of the billet was set to 0.8.



In the simulated reduction process, reduction rollers were regarded as rigid bodies without deformation, while the billet was treated as a deformable body. The friction coefficient between the reduction roller and the billet was assumed to be 0.3. The billet length and cross section were set as 1000 mm and 160 mm × 160 mm, respectively. The schematic diagram of 3D thermal–mechanical coupled model of the reduction process is shown in Figure 3a, and the typical morphology and temperature distribution contour maps of transverse cross sections at different distances from the meniscus in a specific casting condition with reduction process are illustrated in Figure 3b,c for instance.




3.2. Description of Plant Trials


Plant trials were carried out in an arc-type billet caster with cross section size of 160 mm × 160 mm; the basic caster parameters are listed in Table 1. As for trials with mechanical reduction, four pinch rollers located between 14.2 m~16.3 m from the meniscus were employed. The chemical composition of the high carbon steel grade used in this study is listed in Table 2. The detailed operation conditions for different trials are listed in Table 3.



The reduction zones covered by different trials listed in Table 3 were estimated on the basis of the temperature distribution and solidification profile obtained from the thermal part of the simulation model described in Section 3.1, which were validated both by the method of surface temperature measuring for temperature field and by single-roller reduction crack test for the solidification profile as stated in authors’ previous work [19]. Moreover, the validity of the mathematical analysis and accuracy of the simulation model may further be verified by the comparison of the predictions based on the numerical model and the experimental results that will be discussed in the following section.



Central longitudinal sections of billet with a length of 300 mm were collected for macrostructure etching with a 50% hydrochloric acid aqueous solution at 80 °C for 20 min.



Macrosegregation of billets was evaluated by the drilling of chips. With the drill of 5 mm in diameter up to 5 mm in depth at the solidification center of the central longitudinal section, 30 holes were drilled consecutively at an interval of 10 mm. Chemical analysis of carbon for these samples were further carried out in the Leco carbon analyzer (Leco CS744). The carbon segregation index was defined as Ci/Co and the average, minimum, and maximum center segregation of carbon could be calculated as Cavg/Co, Cmin/Co, and Cmax/Co, respectively, where Ci denotes concentration of carbon at the specific sampling location and Co is the bulk carbon content determined with liquid steel in the tundish. Cmin, Cmax, and Cavg represent the minimum, maximum, and average carbon content of all samples, respectively.



Secondary dendrite arm spacing (SDAS) was used to evaluate the permeability of specific parts of the billet at the end of solidification. It was measured at the identical positions of longitudinal-section samples in the core part of billets as shown in Figure 4b. 20 measurements were recorded for each sample, and the average value of these measurements was taken.





4. Results and Discussion


The corresponding macrostructure images of longitudinal sections are given in Figure 5 and the test results for macrosegregation of carbon are shown in Table 4 and Figure 4d.



We can find from the experimental results of trial 1 and trial 2 that the macrosegregation severity is aggravated as the casting speed increases. With the increment of casting speed, the width and length of the liquid core (mushy zone) is increased, and the solidification interval enlarges the more developed the dendrites are, showing a larger value of secondary dendrite arm spacing, as shown in Figure 4(c-1),(c-2), leading to a higher permeability for enriched interdendrite melt. More important is that the relative flow velocity of liquid increases with the casting speed, as indicated by Equation (31).



On the other hand, the rising intensity of secondary cooling seems to be beneficial for the alleviating of macrosegregation in billets as indicated with the test results of trial 2 and 3. A higher secondary cooling intensity leads to a higher cooling rate, and the solidification duration is shortened. Meanwhile, SDAS reduces as cooling rate increases, as we can learn from Figure 4(c-2),(c-3), and as the permeability of the mushy zone should be reduced as indicated by Darcy’s Law [29] and the Carman–Kozeny Equation [30], this may further decrease the relative velocity of the liquid phase. Thus, the value of the term      v  l , r e l    u    in Equation (21) decreases when the secondary cooling intensity increases, and the severity of macrosegregation lessens.



The effect of the reduction process on the average relative flow velocity of fluid is shown in Figure 6 as a function of the cast length.



For these trials mechanical reduction was applied. Trial 4 and 5 are conducted with different reduction zones through the variation of casting speed while keeping the same reduction amount and distribution. The test results both in macrostructure and macrosegregation show that trial 5 is preferable to trial 4, which is reduced at a central solid fraction range of 0.52–1.0. When reduction was applied at a relative late stage, the segregation continuously builds up as the solidification proceeds, and the closer to the crater end it is, the more likely the enriched interdendrite melt is to be blocked and isolated by the coherent dendrites network, and is less likely to produce push-back flow or exchange and dilute with the bulk liquid thereof in virtue the of reduction process. In addition, the effective squeeze penetrating to the center part of the billet was found to decrease with the increment of solidified thickness. Thus, the inhibition effect on the relative flow of enriched liquid is considerably reduced, which is also clearly indicated by Figure 6. Consequently, a reduction that is too late leads to a very limited improvement of macrosegregation.



When the casting velocity increases to 2.3 m/min as in trial 5, while keeping an identical secondary cooling intensity as trial 5, the reduction zone shifts to 0.26–0.78, and the effectiveness of reduction on macrosegregation alleviation is much higher, as illustrated in Figure 4d. This can mainly be attributed to a higher reduction efficiency for inhibiting the relative flow of liquid, as shown in Figure 6 and an open access of the dendrite framework as well.



As the total reduction amount reduces to 12 mm, and a 1 mm decrease for each reduction roll as in trial 6, the compensation effect on solidification shrinkage is reduced, and distinct porosity and shrinkage cavity appear in the core part of the corresponding billet. The decrease in compensation also results in a weaker effect on fluid flow retardation, as indicated by Figure 6, and the macrosegration of the billet core is deteriorated deservedly.



As long as the distribution of reduction or reduction gradient are concerned, obvious differences both in macrostructure and macrosegregation of billet are generated.



In trial 7, when the reduction is mainly applied in the lower central solid fraction zones, mid-cracks occur with a big fluctuation of macrosegregation both negatively and positively. The test result of trial 7 agrees well with the research work from other researchers [27,31], that is the crack sensitivity increases with the decrease of solidified shell thickness. In this case, excessive backward flow of the central liquid core is caused by the reduction as shown in Figure 6, resulting in obvious inverse segregation. In the reduction zone with higher fs values of trial 7, the decrease both in reduction amount and reduction efficiency leads to a very weak effect on the inhibition of relative flow of the liquid phase, which is distinctly indicated by Figure 6. As a result, serious positive segregation also existed in this case. In the case of trial 8, the reduction amount is the same as trial 4 and trial 7, however, the distribution is further optimized. With the optimized reduction distribution as stated in trial 8, it is not difficult to find from Figure 6 that the flow velocity of liquid is maintained stably at a relative low value, indicating a steady retard of liquid flow, and can effectively improve the macrosegregation of billet without causing other inner defects, which has been evidently shown as in Figure 5 and Table 4.



Therefore, according to the comparison and discussion of test results of plant trails and predictions from numerical analyses, a reasonable agreement was obtained. This agreement could be taken as an additional confirmation of the numerical analysis model we developed in this study.




5. Conclusions


In the present work, as revealed by the numerical analysis and test results of plant trials, the following main conclusions can be obtained:



(1) The mathematical model for analysis of macrosegregation for continuous cast high carbon steel billet was established based on the conservation of mass and solute within a representative volume element. The qualitative analysis model for relative flow velocity of liquid is further developed as a function of casting velocity, cross section areas of billet and different phases, as well as densities of liquid and solid.



(2) The analysis model shows that the macrosegregation of billet is closely related to the relative flow velocity of liquid and the solidification rate. It is found that lower casting velocity, higher cooling intensity, and shorter solidification interval render the alleviation of macrosegregation in continuously cast billet without the application of a mechanical reduction process.



(3) The effect of the mechanical reduction process on the improvement of macrosegregation takes effect through the inhibiting of the relative flow of liquid. The theoretical analysis based on the numerical model shows that the significance of reduction on the macrosegregation of billet relies not only on the reduction amount but also on the reduction zone to be imposed, and the distribution of reduction amount for each pinch roll also plays a considerable role on the overall effect of the reduction process.



(4) The plant trials were conducted and the corresponding test results show that the deductions obtained from the proposed model are in reasonable accordance with practical experimental results. The numerical analysis model developed in this study is proven to be valid for the optimization of the continuous casting parameters and the reduction process as well.
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Nomenclature




	  t  
	time



	    ρ ¯    
	average density



	    ρ l    
	density of liquid



	    ρ s    
	density of solid



	    g l    
	volume fraction of liquid



	    g s    
	volume fraction of solid



	  β  
	shrinkage factor,   β =    ρ s  −  ρ l     ρ l     



	    C l    
	the concentration of liquid



	    C s    
	the concentration of solid



	      C s   ¯    
	the average concentration of solid



	    C ¯    
	the initial average concentration of solute in the RVE



	  K  
	distribution factor of solute,   K =      C s   ¯     C l     



	  T  
	temperature



	  u  
	solidification rate,   u = −   d  i →    d t    



	  q  
	   q = ( 1 − β ) ( 1 +  ν u  )   



	   d  A →    
	shifting direction and distance of isotherm line



	   i →   
	vector component shifting in x direction



	   j →   
	vector component shifting in y direction



	   k →   
	vector component shifting in z direction



	    A x    
	cross section of billet at a distance of x from meniscus



	    A l    
	cross section area of liquid



	    A s    
	cross section area of solid



	    v l    
	flow velocity of liquid along the strand



	    v s    
	flow velocity of solid along the strand



	    v  l , r e l     
	the relative flow velocity of liquid



	    v  c a s t     
	casting velocity



	  x  
	the distance from meniscus



	    x 0    
	the distance from meniscus where the cross section is just completely solidified



	    C  a v g     
	average carbon content for billet samples



	    C  min     
	minimum carbon content for billet samples



	    C  max     
	maximum carbon content for billet samples



	    C i    
	carbon content at the specific sampling location, Co



	    C 0    
	the bulk carbon content of billet sample



	RVE
	representative volume element



	SDAS
	secondary dendrite arm spacing
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Figure 1. Schematic diagram of representative volume element. 






Figure 1. Schematic diagram of representative volume element.



[image: Metals 14 00157 g001]







[image: Metals 14 00157 g002] 





Figure 2. Cuboid domain of billet involved in numerical model of relative flow velocity of liquid. 
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Figure 3. (a) Schematic diagram of 3D thermal–mechanical coupled simulation by MSC Marc; (b,c) morphology and temperature distribution contour maps of transverse cross sections obtained from thermal–mechanical coupling simulation (b) before; and (c) after reduction in a specific casting condition. 
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Figure 4. Schematic diagram of sampling and test: (a) billet sampling position in longitudinal section; (b) sampling positions for carbon segregation test and dendrite investigation; (c) dendrite morphology for the core part of billets obtained from (c-1) trial 1; (c-2) trial 2; and (c-3) trial 3; (d) carbon segregation indexes for different trials. 
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Figure 5. Longitudinal section macrostructure of billets obtained from (a) trial 1; (b) trial 2; (c) trial 3; (d) trial 4; (e) trial5; (f) trial 6; (g) trial 7; and (h) trial 8. 
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Figure 6. Relative flow velocities of liquid for different trials with mechanical reduction processes. 
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Table 1. Basic parameters of caster.
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Section of Billet (mm × mm)

	
Radius of

Caster

(m)

	
Effective Mold Length (mm)

	
Length of Secondary Cooling Zones (m)

	
Location of Reduction Pinch Rollers (m)




	
Z1

	
Z2

	
Z3

	
Z4

	
R1

	
R2

	
R3

	
R4






	
160 × 160

	
10

	
800

	
0.5

	
2.1

	
2.4

	
2.7

	
14.2

	
14.9

	
15.6

	
16.3











 





Table 2. Chemical composition of steel grade studied in weight%.
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	Composition
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Cu





	mass fraction (wt%)
	0.86
	0.26
	0.58
	0.009
	0.006
	0.01
	0.02
	0.001










 





Table 3. Trial design for casting variables and mechanical reduction parameters (superheat 20–30 °C).






Table 3. Trial design for casting variables and mechanical reduction parameters (superheat 20–30 °C).





	
Trial

	
Casting Speed (m/min)

	
Secondary Cooling Intensity (L/kg)

	
Reduction Zone

(Central fs)

	
Reduction Amount (mm)

	
Reduction Distribution (mm)




	
R1

	
R2

	
R3

	
R4






	
1

	
2.0

	
0.35

	
-

	
-

	
-

	
-

	
-

	
-




	
2

	
2.3

	
0.35

	
-

	
-

	
-

	
-

	
-

	
-




	
3

	
2.3

	
0.62

	
-

	
-

	
-

	
-

	
-

	
-




	
4

	
2.0

	
0.62

	
0.52–1.00

	
16

	
4

	
4

	
4

	
4




	
5

	
2.3

	
0.62

	
0.26–0.78

	
16

	
4

	
4

	
4

	
4




	
6

	
2.3

	
0.62

	
0.26–0.78

	
12

	
3

	
3

	
3

	
3




	
7

	
2.3

	
0.62

	
0.26–0.78

	
16

	
6

	
5

	
3

	
2




	
8

	
2.3

	
0.62

	
0.26–0.78

	
16

	
2

	
3

	
5

	
6











 





Table 4. Carbon segregation index and distribution for different trials.
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	Trial
	Cavg/Co
	Cmax/Co
	Cmin/Co
	Proportion of

Ci/Co ≥ 1.15
	Proportion of

Ci/Co ≥ 1.20
	Proportion of

Ci/Co ≤ 0.96





	1
	1.15
	1.25
	1.07
	0.47
	0.20
	0.00



	2
	1.18
	1.30
	1.08
	0.73
	0.47
	0.00



	3
	1.16
	1.27
	1.06
	0.57
	0.23
	0.00



	4
	1.13
	1.25
	0.99
	0.43
	0.17
	0.00



	5
	1.10
	1.21
	0.95
	0.37
	0.03
	0.10



	6
	1.13
	1.26
	0.99
	0.23
	0.13
	0.00



	7
	1.09
	1.28
	0.93
	0.33
	0.07
	0.17



	8
	1.06
	1.15
	0.98
	0.03
	0.00
	0.00
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