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ABSTRACT 

 

Microstructural banding is observed as alternating microstructures in cast steel products, parallel to 

cast/rolling direction. Banding, causing hardenability issues and anisotropy of mechanical properties, is 

considered to originate from the interdenritic segregation during the solidification of steel. In this study, a 

three-dimensional heat transfer model (3DHTM) was used to simulate the steady-state local temperatures 

in a casting strand of 0.34C low alloy carbon steel, taking into account both primary and secondary cooling 

as well as other casting parameters. The calculated temperature profiles for a set of selected locations along 

the strand were used as input data for a solidification and microstructure model (SMM) for the continuous 

casting of steel. To assess the microstructure of the cast bloom, the prior austenite grain size, dendrite arm 

spacing, and the magnitude of elemental microsegregation between the dendrites were calculated with the 

selected temperature profiles for the steel grade. For validation purposes, bloom and bar samples were 

prepared from industrial trials. The calculated results are compared to the microstructural characterization 

of austenite grain size, and local elemental concentrations obtained with electron probe microanalyzer 

(EPMA). Based on the results, elemental microsegregation and microstructural banding is assessed, 

affected by casting parameters and the total composition of steel. Additionally, a brief discussion of the 

segregation between the bloom and bar samples is presented. 
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1. INTRODUCTION 

 

Microstructural banding is observed as alternating microstructures in steel products, originating from the 

microsegregation between dendrites during solidification [1]. Typical banded structures include ferrite–

pearlite and martensite–bainite, among others. The type of the forming banded structure is linked to the 

chemical composition of the steel, for instance different structures have been reported for hypoeutectoid 

and hypereutectoid steels [2] – it is well known that the carbon content affects the solidification path. 

However, carbon as interstitial element is not prone to segregate during solidification. Instead, most of the 

microstructural banding is attributed to manganese, which is an austenite stabilizing element. On the other 

hand, manganese is reported to lower the activity of carbon, and therefore Mn-rich areas would attract 

carbon [1]. 

 

The negative effects caused by banding include hardenability issues [3] and anisotropy of mechanical 

properties [4]. As pointed out by Krauss [1], microsegregation occurs practically always, however banding 

might not be visible, depending on the austenite grain size and cooling conditions during the austenite 

decomposition. The ways and means to reduce microstructural banding include increasing austenite grain 

size, decreasing superheat and cast section size. In addition, the effect of banding could be mitigated through 

reheating and hot rolling procedures [1].  

 



Likewise, the cast structure and prior austenite grain size, many defects originate from the continuous 

casting process. Therefore, a considerable amount of attention has been paid to the phenomena occurring 

during solidification of the steel. During the last decades, a three-dimensional heat transfer model (3DHTM) 

and a solidification and microstructure model (SMM) have been constantly developed [5, 6]. The 3DHTM 

and SMM has been previously utilised in estimating the dendrite arm spacing and grain size in continuous 

casting [7]. The most recent advances of the SMM include the further development of quality indices related 

to continuous casting [8]. 

 

The main objective of this study is to simulate the continuous casting process using the above-mentioned 

models and to estimate the microstructural banding based on the simulation results. The simulation results 

are compared with experimental data, consisting of cast structure, microstructure, grain size, and elemental 

microsegregation. In this study, the applicability of heat transfer and solidification simulations in 

investigating microstructural banding is considered. 

 

 

2. METHODS AND MATERIALS 

 

2.1 Investigated material 

 

The studied steel was commercial 0.34%C medium carbon steel with a final bar diameter of 110 mm. The 

chemical composition of the steel material is given in Table 1. The studied material was cross sections from 

continuously cast bloom and normalization annealed bar.  

 

Table 1. Chemical composition of the investigated steel (in wt.%). 

C Mn Cr  Ni  Mo  Si  Ni  Al  Cu  

0.34 0.6  1.55  1.53  0.21  0.27  1.53  0.026  0.20  
   
2.2 Heat transfer & Solidification and microstructure models 

 

The steady-state temperature profiles for the continuously cast strand were calculated with a three-

dimensional heat transfer model (3DHTM) presented in detail in Ref. [6]. The main inputs for the simulation 

software include 1) material properties related to the chemical composition of the steel, 2) primary cooling 

parameters, including mould geometry, 3) secondary cooling parameters with nozzle and roll locations and 

water flow rates, and 4) process parameters such as casting speed and superheat. 

 

For the investigated heat, steady-state local temperatures in the strand were simulated with the reported 

superheat (50 °C) and casting speed (0.55 m/min), along with the corresponding secondary cooling practice. 

The selected points in the cross section of the bloom for further investigations are presented in Fig. 1, 

highlighted in red colour. In this case, only upper half of the cast strand is considered. The simulations were 

carried out until the beginning of austenite decomposition at approximately 900 °C to assess the cast 

structure before heat treatments or hot rolling. 

 

 



 
 

Figure 1. Calculation points marked on the cross section of the bloom. 

 

The solidification and microstructure model (SMM), also presented in Ref. [6], was used to simulate the 

solidification of the steel along the casting strand. The time–temperature curves obtained with the 3DHTM 

software were used as inputs in the simulations, along with the total composition of the steel. From the 

results, the prior austenite grain size, dendrite arm spacing, and the magnitude of microsegregation of Mn, 

Cr and Ni were selected for further investigation in this study. 

 

2.3 Material characterization 

 

Microstructure of materials were characterised using laser scanning confocal microscope (LSCM) and 

scanning electron microscope (SEM) after Nital etching. The LSCM and SEM images were taken at the 

12.5 mm depth and at the centre of bar samples. Prior austenite grain sizes were measured from both the 

bloom and bar samples etched with picric acid, using LSCM. 

 

Micro- and macro-segregation were evaluated for both bloom and bar with JEOL JXA-8530FPlus Electron 

Probe Microanalyzer (EPMA) for the elements presented earlier. The accelerating voltage was set to 20 kV, 

and analyses were conducted as continuous line scans. 

 

Microhardness was measured using CSM MHT-AE microhardness equipment, and Vicker’s indenter with 

1 N load was applied. Measurement was done over the presumed segregation bands over 3 mm distance, 

and at least three consecutive rows were measured for statistics. 

 

 

3. RESULTS 

 

3.1 Cooling rates 

 

Cooling rates simulated with 3DHTM for points A, B, C, E, F, and I are presented in Fig. 2. It can be seen 

that the cooling rate is clearly the highest at the A point, which is located near the corner of the bloom. All 

the selected points show distinctive cooling paths, concerning both the initial cooling below the mould and 

the average cooling rate to 900 °C. 

 



 
Figure 2. Cooling curves for the selected locations in the bloom. 

 

3.2 Solidification structure and prior austenite grain size 

 

Solidification structure and prior austenite grain morphology in the selected points in the cast bloom are 

shown in Fig. 3, where the grain shape changes from the columnar structures of surface sections (sections 

A–C) towards a more uniaxial grain structure in the inner parts of the bloom (sections E–I).  

 

 
Figure 3. Bloom solidification and highlighted prior austenite grain structure of selected points. 

 

Table 2 presents the measured and simulated grain sizes in the selected locations. In the surface sections of 

the bloom (A–C), grains are elongated in the columnar structure, and the measured grain sizes are notably 

larger than the simulated ones. Approximately 70 mm below the surface (E & F), the solidification structure 

is more equiaxed, with markedly large prior austenite grain sizes. However, finer structure is observed at 

location I, approximately 100 mm below the centreline of the wide face. Throughout the investigated 

sections, the simulated grain sizes are clearly smaller than the observed values. 

 

Table 2. Approximate prior austenite grain sizes in selected parts of the bloom. 

  Sampling location A B C E  F  I 

Measured [m] 7630 6260 5650 12860 14800 6870 

Simulated [m] 534 1019 1043 1419 1686 1663 

 

3.3 Dendrite arm spacing and elemental microsegregation in the bloom 

 

In Table 3, both primary and secondary dendrite arm spacing (PDAS and SDAS, respectively) simulation 

results are presented as well as the measured values in the bloom. It is clearly seen that with increasing 

cooling rates, the dendrite arm spacing values decrease. The lowest simulated PDAS and SDAS values, 64 

and 134 µm, were observed near the corner, in point A. Accordingly, the calculated values increase towards 

the centreline and with increasing distance from the bloom surfaces. 

 



Table 3. Primary (PDAS) and secondary dendrite arm spacings (SDAS) according to the simulations. 

Likewise the measured dendrite arm spacing (DAS) of the bloom samples.  

Dendrite arm spacing (µm) A B C E  F  I 

PDAS 134 192 193 299 342 386 

SDAS 64 87 87 127 143 159 

DAS 105 182 – 222 – – 

 

Based on the dendrite arm spacing results, three calculation points A, B, and E were selected for further 

analysis, with SDAS values of 64, 87, and 127 µm, respectively. The simulation results of the 

microsegregation of Mn, Cr, and Ni are presented in Fig. 4. It is well observed the higher variation in the 

concentrations in the A point, which is located near the corner and characterised with higher cooling rate 

than the B and E points. Chromium and nickel, both nominally in the range of 1.5 wt.%, have a tendency 

to segregate towards the interdendritic regions. Manganese ranged approximately from 0.5 to 0.7 wt.%, 

when the nominal composition was 0.6 wt.%. 

 
Figure 4. Simulated microsegregation of Mn, Cr, and Ni along the SDAS (DA: Dendrite axis, ID: 

Interdendritic region). 

 

The EPMA line analyses for the A, B, and E points in the bloom sample are presented in Fig. 5. The analyses 

are presented for a 2000 µm distance in the normal direction. The number of peaks within the used interval 

in each graph were used to estimate the dendrite arm spacing in the denoted locations. According to the 

graphs presented, the estimated DAS values for the A, B and E locations were 105, 182 and 222 µm, 

respectively.  

 

 



 
Figure 5. EPMA line analyses for Cr, Ni, and Mn for sampling locations A, B, and E in the bloom.  

 

3.4 Elemental macrosegregation and banding in the bar 

 

As can be seen in the Fig. 6, segregation of the bar is exceptionally visible even after hot rolling and 

annealing treatments. Likewise, the manganese sulphides (MnS) are concentrated in the bands. The distance 

between the segregated bands (from centre to centre) were measured to be approximately 110 µm. As shown 

in the EPMA analyses in Fig. 7, the composition of the selected elements varies with almost the same 

average distance of 127 and 97 µm for measurements taken from 12.5 and 35 mm distance from surface, 

respectively. Most pronounced variation is seen on the Cr composition, and some very high Mn intensities 

are present, most likely from MnS inclusions. Measured microhardness along the same distance of 3000 µm 

support the EPMA measurements, as the hardness values decreased or increased along with the 

compositional variance.  

 

 
Figure 6. a, b) Macrosegregation of bar sample at the 12.5 mm depth from the surface. MnS inclusions are 

presented with yellow arrows. 

 



 
Figure 7. EPMA line analyses and microhardness results from the bar, measured from a) 12.5 and b) 35 mm 

from the surface. 

 

 

4. DISCUSSIONS 

 

The effect of cooling rate to solidification structure is clearly observed when various cooling paths within 

the cast bloom were considered. The prior austenite grain structure was observed as columnar in the surface 

parts of the continuously cast bloom. The prior austenite grain sizes were at the maximum level at around 

quarter depth from the bloom surface, whereas the grains were finer in the inner parts of the bloom. The 

measured austenite grain sizes were markedly higher than the simulated values obtained with a 

solidification and microstructure model (SMM). The likely reason for the variation is that SMM used here 

includes the assumption of equiaxed solidification and does not consider columnar and equiaxed 

solidification structures. As macrosegregation was outside of the scope of the study, bloom centreline was 

not investigated here. It is evident that the cast structure also determines the austenite grain size and shape 

to a high extent, which was not considered in the interdendritic simulations. Despite the differences in the 

measured and simulated values, the SMM predicted that there is a maximum grain size at around quarter 

depth of the bloom and again, a finer structure near the centreline. 

 

The EPMA analyses reveal the dendrite arm spacing increases from the surface of the bloom towards the 

inner parts, which was in line with the simulation results. For the selected points, simulated PDAS varied 

from 134 to 299, simulated SDAS was in the range of 64–127, whereas according to the EPMA analyses 

from the bloom, dendrite arm spacing was between 105 and 222 µm. Thus, the measured dendrite arm 

spacing values were closer to primary than secondary dendrite arm spacing in the simulations. The 

simulated/measured DAS values of points A, B, E were 134/105 µm, 192/182 µm, and 299/222 µm, which 

can be considered satisfactory. The EPMA line analyses were found to differ from the nominal composition 

of steel and the current results were considered suitable for investigating the variance in composition, rather 

than obtaining exact values.  

 

The EPMA analyses also revealed the chemical banding in the bar, and the microhardness varied 

accordingly, even after hot rolling, quenching and normalization treatment. Banding was observed in the 

Nital etched bar samples with microscopy. Spacing between the bands in the hot rolled bar samples was 

found to be approximately 110 µm, i.e. a slight decrease from the bloom DAS values. Manganese sulphides 

were observed within the darker bands, which denote the interdendritic space during solidification. 

 

According to the present study, the 3DHTM and SMM can be applied to simulate the compositional 

variance between dendrites. Reasonable agreement was found with the simulated dendrite arm spacings 

and measurements based on EPMA analyses. However, the SMM could not reliably predict the prior 

austenite grain sizes in the investigated case. Therefore, it is recommended to consider also cast structure 

and macrosegregation when investigating microstructural banding in continuously cast products. 

  



5. CONCLUSIONS 

 

In this study, the applicability of heat transfer and solidification simulations in investigating microstructural 

banding was considered. A three-dimensional heat transfer model (3DHTM) was used to simulate the 

steady-state local temperatures in a casting strand of 0.3C low alloy carbon steel. Further, a solidification 

and microstructure model (SMM) was used to simulate the solidification of the steel, using the temperatures 

from 3DHTM as input values. The simulation results were compared to imaging, EPMA analyses and 

hardness measurements conducted on bloom and bar samples. The following were identified as the main 

findings of this work. 

 

1) The measured prior austenite grain sizes were at the maximum at around quarter depth of the bloom, 

which was in accordance with the simulated results. However, there was a significant difference in 

their magnitudes. 

2) The EPMA analyses revealed the dendrite arm spacing increase from the surface of the bloom 

towards the inner parts, which was in line with the simulation results. 

3) The EPMA analyses also confirmed the chemical banding in the bar, and the microhardness varied 

accordingly. Banding in the rolled bar was confirmed with microscopy. 

4) The heat transfer and solidification models (3DHTM and SMM) used here only consider equiaxed 

cast structure and interdendritic solidification, which sets some limitations to the applicability of 

them to assess microstructural banding.  
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