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Abstract 

Solidification during continuous casting of X70 microalloyed steel results in two types of 

elemental segregation; microsegregation (interdendritic) and macrosegregation (at the centerline). 

Both micro and macrosegregation lead to deterioration of steel properties and, hence, a lower 

degree of segregation is highly sought after. The extent of segregation that occurs is dependent 

upon the continuous casting parameters and the composition of the steel. To reduce 

microsegregation, and to a lesser extent macrosegregation, homogenization of the cast material is 

undertaken. Homogenization is the process by which the cast steel is heated to a specific 

temperature and held for a period of time. During homogenization, diffusion of elements from 

regions of high concentration to low concentration occur. The ability to reduce segregation 

depends on the extent of segregation that occurs during solidification and on the homogenizing 

conditions.  

A quantitative study of element segregation was undertaken in order to understand the 

solidification behavior of alloying elements during continuous casting of microalloyed steels. Two 

X70 steels, S1 and S2, were studied to quantify the as-cast segregation and the effect of 

homogenization on segregation. The steels were chosen based on their different nominal 

compositions of Mn, Cr and Nb. A third steel, S3, was used to study the unidirectional 

solidification of microalloyed steel at two different cooling rates. The study presented in this work 

is comprised of two components; measurement and prediction of segregation during solidification, 

followed by the modeling and laboratory testing of the homogenization process. 

Electron microprobe analysis (EMPA) was used to map the concentration distribution of 

Mn, Cr, Nb and P, and to quantify their extent of segregation in industrial as-cast slabs. Segregation 

ratio (S.R.), defined as the ratio of measured concentration to the nominal composition, was used 
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as a measure to quantify the extent of segregation. Bridgman directional solidification was used to 

study the effects of cooling rate on the partition coefficients for Mn, Cr, Nb and P. Two samples 

were solidified at a cooling rate of 0.4oC/s and 0.2oC/s. Laboratory homogenization heat treatments 

were performed at 1000, 1100 and 1200oC for 3, 6 and 12 h to study the effects of homogenization 

on segregation. ThermoCalc software was used to simulate solidification and diffusion of alloying 

elements. The Scheil module was used to model segregation during solidification and the DICTRA 

(Diffusion Controlled Transformation) module was used to model the diffusion of alloying 

elements during homogenization.  

Among the studied elements, Mn displayed the highest degree of microsegregation ratio 

(1.09-1.10), followed by Cr (1.04-1.08) and P (<1.00). The degree of macrosegregation ratio was 

highest for P (>3.00) followed by Mn (1.20-1.50) and Cr (1.10-1.13). The precipitation of Nb in 

the form of carbonitrides during casting complicated the EMPA segregation measurements for Nb.  

The measured microsegregation concentration profiles of Mn, Cr and Nb in as-cast slabs 

compared equally well with both Gulliver-Scheil (GS) and modified GS calculations, while 

microsegregation profiles for P were better predicted using the modified GS calculations. The 

inclusion of back diffusion for P during modified GS calculations resulted in a closer match with 

the experimentally obtained values.  

A decrease in partition coefficient was observed for Mn, Cr and P with a decrease in 

cooling rate from 0.4oC/s to 0.2oC/s. The magnitude of the decrease in the partition coefficients 

was low for Mn and Cr (<0.05), as compared with P (>0.05). Formation of precipitates of Nb again 

inhibited the partition coefficient calculation for Nb. Being a more robust method as compared to 

S.R., the partition coefficient calculation method was also applied to as-cast and homogenized 

samples data for Mn to further explore its usage.  
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The decrease in S.R. after homogenization was negligible for Mn and Cr  

in the interdendritic samples. The P microsegregation ratio decreased from 0.66 to 0.48 after 6 h 

at 1200oC. In centerline samples, the macrosegregation ratios for Mn and P decreased to 1.21  

from 1.45 and 2.06 from 3.90, respectively. The change in macrosegregation ratio for Cr was 

relatively low (<0.10). The extent of diffusion for P was considerably higher as compared with 

Mn, Cr and Nb in both EMPA and ThermoCalc results. The degree of diffusion of elements was 

lower in the DICTRA predictions as compared with the EMPA results from the homogenized 

samples. 
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1. Introduction 

Microalloyed steel is one of the most widely used structural materials in the construction, 

transportation, automobile and pipeline industries. The addition of small amounts of alloying 

elements like Mn, Nb, Ti, etc. to conventional low C steel results in microalloyed steels [1-4], which 

exhibit enhanced mechanical properties at a lower cost [5-7]. The production of microalloyed steel 

begins with continuous casting, followed by thermomechanical controlled processing (TMCP) 

which can include homogenization heat treatment, rough rolling, final rolling and lamellar cooling 

depending on the final product. 

During continuous casting (a solidification process), enrichment of solutes (alloying 

elements) in liquid steel occurs as the steel solidifies because of the lower solubility of alloying 

elements in solid iron. The enrichment of solutes leads to an inhomogeneous spatial distribution 

of alloying elements in the solidified steel, also known as segregation. Segregation is broadly 

divided into two types, microsegregation (interdendritic segregation) and macrosegregation 

(centerline segregation). 

Segregation can negatively affect the properties of steel [8-11] and cannot be avoided; hence, 

the solidified steel slabs go through a homogenization (heat treatment) process [12] in order to 

reduce the severity of segregation. During homogenization, solute redistribution (diffusion from 

regions of high concentration to low concentration) takes place as the steel slabs are reheated and 

held at higher temperatures. The homogenization heat treatment is an energy intensive process; 

therefore, its understanding is essential. The research aims of this work are: 

1. Quantify the magnitude of micro and macrosegregation of Mn, Cr, Nb and P in 

continuously cast microalloyed steel slabs using EMPA. 

2. Study the effect of cooling rate on partition coefficients of Mn, Cr, Nb and P using 

Bridgman unidirectional solidification. 

3. Study the effect of homogenization time and temperature on segregation. 

4. Predict the amount of segregation during solidification and the extent of diffusion during 

homogenization using the Scheil and DICTRA modules of ThermoCalc. 

5. Compare ThermoCalc segregation predictions with measured as-cast data. 

6. Compare the reduction in segregation of laboratory homogenized samples with the 

reduction predicted by DICTRA. 
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A literature review of segregation during continuous casting of microalloyed steels and the 

use of Bridgman solidification to study the solidification structure of alloys is presented in Chapter 

2. The segregation and directional solidification parts are followed by a background study of steel 

homogenization and the application of EMPA to quantify element concentration. Following 

EMPA, a description of ThermoCalc based theoretical models and previous work in the field of 

modeling segregation and diffusion of alloying elements in microalloyed steels are reviewed.  

Following the literature review is the materials and experimental methods chapter (Chapter 

3). This includes a description of the steels studied, their composition and origin. Experimental 

techniques used for composition analysis, directional solidification and homogenization heat 

treatment are also described in this chapter. Finally, the theoretical models for predicting the 

amount of segregation during solidification and the magnitude of diffusion during homogenization 

are presented.  

The segregation measurement and calculation results are shown and discussed in Chapter 

4 of this thesis. The chapter starts with the Mn EMPA results for as-cast samples. The trends and 

values observed in the Mn EMPA maps are compared with previous Mn segregation measurement 

studies. Following the Mn EMPA results, Cr, Nb and P segregation results are presented and 

discussed. The predictions of segregation through the simple GS and modified GS calculations are 

also presented and compared with the EMPA segregation measurements. 

Chapter 5 contains the EMPA results from directionally solidified Bridgman samples. The 

effect of changing cooling rate on segregation trend of Mn, Cr, Nb and P is evaluated in terms of 

partition coefficient (k) of the elements. The measured k values are compared with the predicted k 

values from GS calculations and with the available literature. 

The homogenization heat treatment results are presented in Chapter 6 of this thesis. The 

measured changes in segregation ratio values for Mn, Cr, Nb and P are also compared with 

DICTRA based homogenization simulations and with previous work on steel homogenization. 

Finally, the findings are summarised and conclusions are drawn based on these findings in 

Chapter 7. The areas that need more work both experimentally and theoretically are identified. In 

the end, possible future work to build up-on the work done in the thesis and to further enhance the 

models is outlined. 
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2. Literature review 

This chapter contains a review of microalloyed steels and the effects of the addition of 

alloying elements on the properties of the steels. Furthermore, an overview of the continuous 

casting process and how it results in micro and macrosegregation in cast slabs along with the 

consequences of segregation is discussed. Additionally, the chapter includes a description of 

directional solidification using a Bridgman furnace and previous studies on the effects of soft 

reduction and homogenization heat treatment on segregation. The use of the electron microprobe 

for composition analysis and the application of ThermoCalc to predict segregation and diffusion 

trends of alloying elements in microalloyed steels are also reviewed in this chapter.  

2.1 Microalloyed steel and the role of alloying elements 

Microalloyed steels are formed by the addition of small amounts of alloying elements to 

conventional low C steels [1-4]. They are known for their low cost and superior mechanical 

properties like yield strength and toughness [13-16]. They possess yield strengths in the range of 500-

700 MPa and some research also suggests that the yield strength for microalloyed steels could 

reach up to 1000 MPa [17]. The typical composition for microalloyed steels comprises 0.04 to 0.12 

wt% C, as high as 2 wt% Mn and Cr, and less than 0.5 wt% Nb [18-20]. The alloying elements assist 

in grain refinement, solute strengthening and precipitate strengthening.  

The most commonly added alloying element in steel is Mn. The addition of Mn delays 

austenite decomposition and promotes an acicular microstructure which results in better strength 

and toughness for the steel [21-24]. It also increases the strength of alloyed steel by solid solution 

strengthening because of its interaction with the iron matrix and increases ferrite microhardness 

[25-27]. Another important alloying addition in microalloyed steels is Nb. It helps in retarding 

austenite recrystallization through solute drag and strain induced precipitation [28-35], which 

eventually lead to better toughness. Chromium in steel facilitates bainite transformation [36-38] and 

assists in increasing the solubility of Nb [39-42], however, it is not as effective in retarding 

recrystallization [43-44]. Segregation of elements occur during solidification of steels and has been 

extensively studied because of its impact on strength, toughness and corrosion resistance of the 

steel [45-58]. Another important element from a segregation point of view is P, which is an interstitial 

solute in steel, and is present in steel as an impurity in small amounts [58-60]. It assists in solid 

solution strengthening but has a negative impact on mechanical properties due to its segregation 
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[61-63]. Segregation cannot be eliminated and results in performance degradation of the steel. 

Segregation during continuous casting of microalloyed steels is reviewed in the following section. 

 2.2 Segregation during continuous casting of microalloyed steel  

This section contains a review of the continuous casting process, followed by the types of 

segregation observed during continuous casting of steels. Subsequent sub-sections also present 

information on the ways to study and quantify segregation. 

2.2.1 Continuous casting 

Continuous casting is the most widely used solidification process in steel production. 

During continuous casting, liquid metal is poured from a ladle into a tundish before being poured 

into molds. The tundish allows a continuous flow rate of liquid metal into the molds while the 

ladles refill. When the liquid metal enters the mold it starts to solidify. Once a shell of solid is 

formed, the steel is transferred on to support rolls where it is further cooled with the help of water 

sprays. The mold walls are cooled using flowing water to ensure heat extraction throughout the 

length of the mold. After solidification is complete, also called the metallurgical length for casting, 

a torch is used to cut the solidified slabs to the desired length. Figure 2.1 shows a schematic of 

continuous casting of steel slabs. 

 

Fig. 2.1: Schematic representation of continuous casting of slab. 
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The evolution of microalloyed steels in the past few decades has greatly influenced the 

pipeline and transportation industries. Many interrelated phenomena like segregation, fluid flow, 

heat transfer, mass transfer, phase transformations and shrinkage take place during the continuous 

casting of microalloyed steels. Continuous casting has a direct influence on the quality of the final 

product and, hence, a comprehensive understanding of the overall process is essential.  

When liquid steel comes in contact with the mold walls it experiences undercooling. 

Solidification begins from the mold walls when the driving force from undercooling exceeds the 

required amount of energy for transformation. Microalloyed steels, as with many other alloys are 

anisotropic materials and favor growth of the solid in some directions as compared to others 

because of the difference in surface energies of different growing planar fronts. Anisotropy 

combined with constitutional supercooling during solidification leads to dendritic growth, which 

is the most typically observed solidification morphology in as-cast structures. Figure 2.2-a shows 

dendritic growth in an as-cast steel billet. Dendrites are tree-like structures with a primary arm 

growing opposite to the direction of heat extraction. As primary dendrites grow larger, several 

secondary and tertiary arms start to grow in directions perpendicular to the primary dendrite arms. 

The dendrite arm spacing is a common solidification parameter which is related to cooling rate, 

microstructure and also segregation. Figure 2.2-b shows a schematic of dendrites and illustrates 

the measurement of dendrite arm spacing. λ1 and λ2 are primary and secondary dendrite spacings, 

respectively.  

a)  b)    

Fig. 2.2: a) Dendritic growth in as-cast steel billet [65] and b) representation of dendrites. 
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Interdendritic regions are richer in solute elements as compared to dendritic centers. The 

segregation of solutes in these interdendritic regions is known as microsegregation. As 

solidification proceeds, the temperature gradient decreases and an equiaxed grain structure is 

observed near the center of continuously cast slabs as shown in Figure 2.3. This region contains 

the metallurgical centerline (the last liquid to solidify) and is enriched with alloying elements over 

a larger scale (few centimeters).  

 

Fig. 2.3: Schematic representation of solidification structure in continuous cast steel slab [67]. 

2.2.2 Microsegregation 

Microsegregation, also referred to as interdendritic segregation, occurs due to entrapment 

of solute rich liquid in interdendritic regions during solidification of alloys [68]. At the initial stage 

of solidification, liquid transforms into solid and the remaining liquid gets enriched in solute 

elements because of the lower solubility of solutes in the forming solid. Therefore, the next solid 

that forms has a higher solute content. This leads to a concentration gradient within the formed 

solid and is known as microsegregation. The extent of microsegregation for an element depends 

on its partition coefficient in the alloy [69]. The partition coefficient (k) at a particular temperature 

is defined as the ratio of solute concentration in the forming solid to that in the remaining liquid.  

𝑃𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑓𝑜𝑟 𝑥 (𝑘𝑥) =
 𝐶𝑠

𝐶𝐿
 

where Cs and CL are the concentration of solute in the solid and liquid phases, respectively. 

During solidification, the extent of partitioning of solute elements between the solid and 

liquid phases depends on their partition coefficient. Partition coefficients for solute elements are 

calculated based on binary phase diagrams and are assumed to be independent of temperature for 

Dendritic 

Equiaxed 

2.1 
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most cases [70-72]. If the partition coefficient for an element is less than 1, which is commonly the 

case for solutes in microalloyed steels [73-74], the liquid becomes enriched in solutes as solidification 

proceeds. A value of partition coefficient close to 1 results in a smaller degree of segregation [75]. 

A list of partition coefficients obtained for different elements in steel is given in Table 2.1. Among 

substitutional solutes, Mn and Cr have a relatively high partition coefficient and are less likely to 

segregate, whereas, Nb and interstitial elements like C, P and S have relatively low partition 

coefficients and are likely to segregate more. As Nb is also a ferrite stabiliser, hence, has a lower 

k value in austenite than in ferrite. This means that the interdendritic segregation of Nb would be 

greater at the austenite/liquid interface than at the δ-ferrite/liquid interface. However, this is not 

typically applicable to low C microalloyed steels because of the lower likelihood of austenite 

formation. 

Table 2.1: Equilibrium partition coefficients between liquid/δ-ferrite and liquid/austenite [76, 77]. 

 

Element k (δ/L) k (γ/L) 

C 0.19 0.34 

P 0.23 0.13 

S 0.05 0.04 

Mn 0.76 0.78 

Nb 0.40 0.22 

Cr 0.95 0.86 

 

Figure 2.4 shows a comparison of the variation in segregation ratios for Mn and P, with 

Mno and Po being the nominal content of Mn and P in the respective steels. Segregation ratio is 

defined as the ratio of measured and nominal concentration for individual elements. The theoretical 

line in the figure is calculated based on GS calculations with CL and Co as the predicted and 

nominal concentration of the respective elements. Since the partition coefficient of P is lower, P 

segregates considerably more than Mn. The individual data points in the figure were obtained 

through experiments. The black circles and diamonds correspond to the measured 

microsegregation ratios and the white circles and diamonds correspond to the measured semi-

macro/centerline segregation ratio. Good agreement was observed between the measured data 
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points and the theoretical line. This supports the use of partition coefficients of solutes as a 

fundamental property to quantify segregation. It also confirms the hypothesis that a higher 

expected segregation ratio corresponds to a lower value of partition coefficient and vice-versa. 

 

Fig. 2.4: Segregation ratio of Mn versus segregation ratio of P [78]. 

2.2.3 Macro/Centerline segregation 

Another form of segregation that occurs during continuous casting of steels is centerline 

segregation or macrosegregation. Macrosegregation occurs due to the flow of solute rich liquid 

towards the center of as-cast slabs and encompasses a larger scale, ranging from hundreds of 

microns to even a few centimeters along the thickness of a slab [79-85]. An example of centerline 

segregation is shown in Figure 2.5. The severity of centerline segregation is an important factor in 

the resulting mechanical and corrosion properties [87-96], and, hence, a number of studies have 

focused on the quantification and modeling of centerline segregation in steels and the ways to 

reduce it [97-101]. It has been shown that severe macrosegregation leads to an increased susceptibility 

to sulfide stress and hydrogen induced cracking [102, 103]. A higher centerline concentration of Mn 

during casting also leads to more MnS formation, which results in a decreased corrosion resistance 
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and decreased low temperature toughness of pipes formed using these cast slabs [95, 96, 107]. The 

next section describes the method used to quantify segregation. 

 

Fig. 2.5: Segregation variation across the thickness of a steel slab [105]. 

2.2.4 Quantification of segregation 

Segregation of elements is quantified using the segregation ratio or segregation coefficient. 

The segregation ratio (S.R.) is defined as the ratio of measured concentration to the nominal 

composition for individual elements in the alloy.  

𝑆. 𝑅. 𝑓𝑜𝑟 𝑀𝑛 =
Measured [Mn]

Nominal [Mn]
 

Two of the most commonly used experimental techniques for segregation measurements 

are electron microprobe analysis (EMPA) and scanning electron microscopy (SEM).  

An EMPA map and line scan from a previous study on segregation in continuous cast steel  

with 0.26 wt% C is shown in Figure 2.6. The brighter regions of the map contain a higher 

concentration of Mn, Cr, Mo and Si. This is also evident from the measured element content where 

there is an increased concentration in the brighter segregation spot region. The maximum measured 

segregation ratios for Mn and Cr in the studied steel were 1.50 and 1.51 respectively.  

Centerline 

segregation 

2.2 
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Fig. 2.6: Segregation and variation of Si, Mn, Mo and Cr across the thickness of a steel slab [106]. 

Figure 2.7 shows an SEM image along with the Mn concentration distribution from the 

interdendritic region for a different steel [107] with a nominal composition of 13.00 wt% Mn. 

     

Fig. 2.7: SEM image from dendritic segregation and the variation of Mn across the red line scan 

[107]. 
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Interstitial elements like C, S and P are known to segregate more at the centerline of slabs. 

Figure 2.8 and 2.9 show the segregation profiles across the centerline of two different continuous 

cast steel slabs. The degree of segregation for C, P and S is above 1.5, whereas for Mn the degree 

of macrosegregation is below 1.5, in both cases. 

 

Fig. 2.8: Variation in the degree of segregation for C, Mn and P across the centerline region of a 

steel slab [80]. 

 

Fig. 2.9: Variation in C, S, P and Mn across the centerline region of a steel slab [108]. 
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Both micro and macrosegregation of common alloying elements like Mn, Cr, Nb and P 

result in a negative impact on steel properties. Segregation of Mn leads to decrease in toughness 

and strength of the steel [96, 109]. It also increases crack susceptibility in steels by assisting hydrogen 

induced cracking [110]. Segregation of Nb leads to unwanted precipitate formation and bimodal 

grain distribution resulting in reduced toughness [111, 112]. Segregation of P results in decreased 

strength and steel embrittlement [113]. Therefore, a better understanding of segregation and the ways 

to reduce it is important. In the following sections, the use of directional solidification study using 

Bridgman solidification and the application of soft reduction and homogenization heat treatment 

to reduce segregation are reviewed. 

2.3 Bridgman Directional Solidification 

Bridgman directional solidification is a well established technique to study the effect of 

cooling rate on solidification structure of alloys [114-120]. A Bridgman furnace is a vertical 

cylindrical furnace which usually consists of 2 to 3 different zones. A cylindrical sample is lowered 

into the furnace with the help of a cord. The top part of the furnace, called the hot zone, contains 

heating coils which melt the sample. The bottom part of the sample, which is in the cold zone stays 

solid and acts as a nucleation point. Dendrites start to grow as the sample is further lowered. Once 

a steady state is reached, the cord is cut and the sample is dropped in a water bath. A schematic of 

a Bridgman furnace is shown in Figure 2.10. 

 

Fig. 2.10: Schematic of a Bridgman furnace [121]. 
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The cooling rate for the samples is varied by changing the temperature gradient and pull 

velocity, which can be controlled independently. The resulting cooling rate is simply the product 

of the temperature gradient and pull velocity. A faster cooling rate and a larger dendrite arm 

spacing lead to increased microsegregation; however, cooling rate and dendrite arm spacing are 

inversely related [122-125]. Faster cooling does not allow enough diffusion time, which increases 

segregation; faster cooling also results in smaller dendrite arm spacing, which reduces segregation. 

As such it is difficult to correlate microsegregation and cooling rate. 

There has been limited work in the field of directional solidification of steels [126-134]. Figure 

2.11 shows the morphology of dendrites in directionally solidified Fe-C-Mn-Al alloys with varying 

C content at constant growth velocity and temperature gradient. It was found that the C content 

affects the dendritic morphology. The primary dendrite arm spacing decreased with increasing 

growth velocity. The primary dendrite arm spacing also decreased with increasing C content.  

    

Fig. 2.11: Directionally solidified Fe-C-Mn-Al alloys with a) 0.06 C wt%; b) 0.24 C wt% and c) 

0.68 C wt% [135]. 
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2.3.1 Partition coefficient determination 

The effect of cooling rate on microsegregation is also quantified through partition 

coefficient calculations [136-141]. The random sampling approach by Flemings et al. [142] is the most 

widely used method of available techniques [143] for quantifying partition coefficient calculation. 

It is also known as the area scan approach or point matrix method [144, 145]. In this method, the mass 

percentage of certain element is measured at several data points (>100) using either EMPA or 

SEM. These points are either part of several line scans or a grid encompassing the dendrites near 

the solid-liquid interface [146-150]. This method is also employed in casting [151] and is preferred 

since it is not just based on few points [152, 153]. The method avoids selecting only the minimum and 

maximum solute concentrations. A negative aspect of the method is the inclusion of random errors 

and that the beam size should be large enough to cover multiphase regions in the case of a 

multiphase system [153]. 

Figure 2.12-a depicts the random sampling approach using a measurement grid. Once the 

composition data is obtained, the data is sorted in ascending order. After sorting, integers starting 

from 0 to N-1 are allotted to the sorted data, with N being the total number of data points. After 

ranking, the ranks are converted to fraction solid by dividing the ranks by N. This ensures that 

fraction solid always lies between 0 and 1. The resulting distribution is plotted as shown in Figure 

2.12-b, and is then used to back calculate partition coefficient using curve fitting. 

a)  

Fig. 2.12: a) Example of point measurements using the grid method [154]. 
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b)    

Fig. 2.12: b) Example of sorted point measurements as a function of the fraction solid along with 

the representative GS curve [155]. 

2.4 Soft reduction 

As discussed in Section 2.2.3, centerline segregation significantly influences the properties 

of the final cast product and a lower degree of macrosegregation is preferred. There are many 

available techniques to minimise centerline segregation, such as mechanical soft reduction [156-163], 

thermal soft reduction [164-167] and electromagnetic stirring, [166-169], with mechanical soft reduction 

being the most flexible and frequently employed during continuous casting of steels. Mechanical 

soft reduction results in a reduction of centerline segregation due to the redistribution of the 

remaining liquid during the last stage of solidification. Redistribution of liquid occurs due to the 

applied mechanical force with the help of rolls, as shown in Figure 2.13.  

Best fit GS equation curve 
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Fig. 2.13: Schematic of mechanical soft reduction during continuous casting [159]. 

Better understanding of segregation behavior of alloying elements during continuous 

casting could help increase the efficiency of the soft reduction process. Numerous efforts have 

been put towards modeling soft reduction [170-174]; however, theoretical modeling of soft reduction 

is extremely complex because of concurrent phenomena such as fluid flow, solute redistribution 

and shrinkage [175-179]. Soft reduction parameters are generally based on industrial trials and 

experience [170, 174]. Figure 2.14-a is taken from a study which compares the effect of soft reduction 

on C segregation, where soft reduction resulted in a decrease in C segregation ratio from 1.39 to 

1.09. Figure 2.14-b is from another study that shows a comparison of a high C steel billet cast with 

and without the implementation of mechanical soft reduction. It is clear from the macrographs that 

soft reduction results in a decrease in macrosegregation.  

Casting 

direction 
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a)  

b) c)  

Fig. 2.14: a) C segregation ratio comparison with and without soft reduction; longitudinal 

macrostructure comparison [174] b) with soft reduction [157] and c) without soft reduction [157]. 

2.5 Homogenization  

Homogenization is a heat treatment process which is employed to as-cast microalloyed 

steel slabs for various reasons including but not limited to: 

i. Homogenization of local composition at the micron scale because of diffusion of 

elements [180-186]. This leads to a decrease in the severity of segregation. 

ii. Grain refinement due to recrystallization [187, 188]. 

iii. Softening of as-cast slabs for subsequent rolling processes [189]. 

iv. Dissolution of precipitates and unwanted second phase particles that are formed during 

solidification [190-196]. 
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The objective of homogenization is to achieve a homogeneous distribution of elements/ 

phases throughout the slabs. The heating rate and the soak temperature are key factors in 

determining the effectiveness of the overall process. Rapid heating may lead to thermal distortion 

or warpage, whereas slower heating could result in thermal shock and undesirable results [197-203]. 

The soak temperature is decided based on a number of competing factors including grain growth, 

precipitate dissolution and segregation reduction. Microalloyed steel slabs are typically soaked at 

around 1200oC [205, 206]. A higher soak temperature leads to a reduction in the time needed to 

achieve the required degree of homogenization. As a consequence of heating, grain growth takes 

place [207-211] which negatively affects the final mechanical properties [212-218] and, hence, it is 

essential to optimize the homogenization process.  

Redistribution of alloying elements during homogenization occurs by a diffusion process. 

The diffusion of different elements during homogenization depends on their respective diffusion 

coefficients in steel. Table 2.2 contains the calculated diffusion coefficients of common alloying 

elements in austenite based on experimental investigations. Interstitial elements in steel, like C, S 

and P, have a higher diffusivity as compared to substitutional elements like Mn and Cr. As such, 

the magnitude of reduction in segregation is likely to be more for interstitial elements like P, C 

and S as compared to substitutional elements like Mn and Cr. Since it is difficult to reduce Mn 

segregation, the change in Mn segregation ratio is often considered to be the measure to evaluate 

the effectiveness of the homogenization process.  

Table 2.2: Diffusion coefficients of elements in austenite at 1200oC [76]. 

Element D (γ) (m2/s) 

Mn 7.89 x 10-15 

Cr 2.06 x 10-15 

Nb 2.94 x 10-14 

P 3.28 x 10-13 

C  1.30 x 10-10 
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Figure 2.15 shows the degree of homogenization (defined by Equation 2.3) for Mn, Nb, P 

and S at 1250oC taken from a previous study on a low C (0.066 wt%) steel containing 1.26 wt% 

Mn, 0.028 wt% Nb and 0.011 wt% P. The S.R. was 1.23 for Mn and as high as 3 for Nb and P in 

the as-cast slab. Homogenization was carried out at 1250oC for up to 30 h. It is evident from the 

curve that S and P have a higher degree of homogenization as compared with Mn and Nb. 

 

Fig. 2.15: Homogenization by diffusion annealing at 1250oC [219]. 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =

𝐶
𝐶𝑜

(3h) −  
𝐶
𝐶𝑜

(30h)

𝐶
𝐶𝑜

(3h) − 1
 

where C and Co are the measured and nominal concentrations of the elements. 

Figure 2.16 shows the variation in S.R. of Cr for a high C (0.42 wt%), high Cr (5.32 wt%) 

steel homogenized at 1200°C. The S.R. for Cr decreased from 2.07 to 1.09 in 30 h. The amount of 

decrease in S.R. for Cr became lower and insignificant after a homogenization time of 15 h. In 

another homogenization study [220] of a higher C (1.07 wt%), higher Cr (8.06 wt%) steel, the S.R. 

of Cr decreased from 4.59 to 1.35 after 5 h at 1180°C. 

2.3 
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Fig. 2.16: S.R. of Cr versus soaking time at 1200oC [230]. 

 

2.6 Electron Microprobe Analysis  

Elemental concentration can be quantified using electron microprobe analysis (EMPA). 

EMPA provides both qualitative and quantitative measure using wavelength dispersive 

spectroscopy (WDS) and energy dispersive spectroscopy (EDS). WDS has a better detection 

ability compared with EDS. EMPA is a commonly used technique for segregation measurements 

[222-232] since it provides superior control over beam parameters and covers a larger area in a shorter 

time compared to SEM [233-239]. EMPA can be used for a wide range of elements [239] and for a 

variety of alloys including microalloyed steels [240-249]. The setup details and previous research on 

the use of EMPA are reviewed in the following sub sections. 

2.6.1 EMPA working 

An electron beam is generated using an electron source as shown in Figure 2.17. X-rays of 

characteristic wavelengths are emitted when the beam interacts with the atoms on sample surface. 

The emitted X-rays are detected using EDS or WDS. WDS has a lower detection limit compared 
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with EDS because of peak overlap and poor peak energy resolution for EDS. The concentration of 

a given element is determined based on the ratio of counts of characteristics X-rays emitted from 

the sample to those from known standards.  

 

Fig. 2.17: Schematic of an EMPA system [250]. 

The major control parameters for EMPA are current, voltage and dwell time. The voltage 

is the most important factor that determines the interaction volume from which X-rays are 

produced. The interaction volume can be estimated in terms of the “X-ray range (R)” according to 

Equation 2.4 [326]. Further details of interaction volume are included in Appendix A-1.  

R(nm) =  
27.6 𝐴 𝐸𝑜

1.67

𝑍0.89𝜌
 

where Eo is the acceleration voltage in keV, A is the atomic weight, Z is the atomic number and 

ρ is the density of the sample in g/cm3. 

2.6.2 Concentration mapping and detection limits 

For most cases, elemental mapping using EMPA is done at smaller dwell times (< 1 s) as 

the results are qualitative and do not require better detection limit. For quantitative analysis, 

however, the dwell time is high (up to 120 s) with the detection limits being 10 times better than 

for qualitative maps. The detection limit determines the accuracy of EMPA quantification and 

2.4 
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depends on beam current as well as the dwell time. The detection limit for individual elements are 

calculated using Equation 2.5:  

Detection limit = √2 ∗
3 ∗ √𝑁𝑏 ∗ 𝐶𝑠𝑡𝑑

𝑁𝑛𝑝
 

where 𝑁𝑏 and 𝑁𝑛𝑝 are the net background counts and net peak counts, and 𝐶𝑠𝑡𝑑 is standard 

concentration in wt%. Increased current and longer peak count times lead to an improvement in 

detection limit.  

Figure 2.18 shows EMPA maps for Mn at varying dwell times and a constant pixel size of 

6 μm x 6 μm. The maps were obtained at dwell times of 30 ms/point, 50 ms/point, 100 ms/point 

and 500 ms/point for a binary Fe-0.85 wt% Mn alloy. Each map has a size of 2.4 mm x 1.8 mm 

with 400 pixels in ‘x’ direction and 300 pixels in ‘y’ direction. Manganese distribution shows a 

dendritic segregation pattern. The segregation becomes sharper as the dwell time increases. The 

average counts per pixel increased from 138 to 2344 as the dwell time was increased from 30 

ms/point to 500 ms/point. Table 2.3 contains the numerical comparison of dwell time, x-ray counts, 

measured Mn concentration, relative standard deviation and relative error for the respective maps. 

As dwell time was increased from 30 ms to 500 ms, the relative error (RE) as well as the relative 

standard deviation (RSD) for measured mass percent Mn also decreased.  

 

Fig. 2.18: EMPA Mn maps at dwell times of a) 30ms and b) 50ms [246].  

2.5 
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Fig. 2.18: EMPA Mn maps at dwell times of c) 100ms and d) 500ms [246].  

Table 2.3: Dwell time versus counts, RE and RSD for Mn EMPA maps [246]. 

Dwell time 

(ms) 
Counts 

Mn 

(mass %) 

RSD 

(%) 

RE 

(%) 

30 120 0.80 9.13 -5.9 

50 200 0.80 7.07 -5.9 

100 410 0.81 4.94 -4.7 

500 2078 0.83 2.19 -2.4 

 

EMPA has been shown to be very useful in mapping and quantifying heavier elements in 

steels. For example, the detection limit for Mn in microalloyed steel with a beam current of 200 

nA and count time of 80 s was calculated as 0.005 wt % [247].  However, EMPA has limitations 

when quantifying lighter elements like C, which is present in low amounts in steel. The applied C 

coating on samples before EMPA analysis is another important factor that restricts C mapping and 

quantification. Because of these reasons this thesis work will not focus on C segregation 

measurements. Figure 2.19 shows microprobe maps for Mn, P, Cr and Ti at the centreline 

segregation region obtained from a study [248] for a steel slab with 1.50 wt% Mn (nominal) and 

approximately 0.10 wt% C. The maximum reported segregation ratio for Mn at the centerline was 

2.43 and the maximum measured concentration for P at the centerline was 0.25 wt% for a nominal 

amount of P less than 0.025 wt%.  
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Fig. 2.19: Distribution for Mn, P, Cr and Ti from the centerline region of a steel slab [248]. 

2.7 Segregation and diffusion modeling 

A number of approaches have been applied for solute redistribution and diffusion 

simulation in steels. This section focuses on the background of ThermoCalc software [251] based 

simulations. The ThermoCalc software package provides modules for equilibrium computational 

thermodynamics for multicomponent systems along with the option of including diffusion based 

kinetics. This section reviews the available options and previous attempts at modeling segregation 

and diffusion of solute elements in steels using ThermoCalc.  
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2.7.1 Segregation modeling  

The basic idea behind segregation modeling is to obtain the concentration profile of solutes 

in the solid phase during solidification. Over the years, many segregation models have been 

proposed based on various assumptions. The equilibrium solidification model [70] and the GS 

solidification model [252] are two of the simplest and most widely used segregation models. These 

two models are also considered to be the two extreme cases of solidification [253-255] as the lever 

rule considers infinite diffusion of solute elements in the solid phase and the classical GS model 

considers no diffusion of solute elements in solid phase. The diffusion of solute elements in liquid 

phase is considered to be infinite in both lever rule and GS calculations, which is reasonable since 

there is convection of liquid and mobility of atoms is high in the liquid phase. For equilibrium 

solidification, as the temperature decreases, the phase fraction and composition is calculated using 

the lever rule, as shown with the help of schematic phase diagrams in Figure 2.20. At temperature 

T1, the first solid forms with the solute concentration kCo. As the temperature decreases, the 

concentration of solute in the solid and liquid phases follows the solidus and liquidus curves, 

respectively. At T2, solidification completes with solute composition Co in solid.  

  

Fig. 2.20: Schematic of phase diagram illustrating partition of solute. 

The application of the lever rule is limited [257-259] as practical solidification processes are 

fast and the diffusion of elements in the solid phase is slow. The opposite extreme of the lever rule 

is the classical GS solidification model, which considers no diffusion of elements in the solid 

phase. In this case, the first solid forms with the solute concentration of kCo and remains at this 

concentration. As a result, the liquid becomes enriched in solute content so that the next solid that 

forms has a higher solute concentration. Figure 2.21 represents solute distribution following GS 
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solidification. The shaded region in the figure (dfs) represents a small amount of solid being formed 

leading to a small increase in solute concentration in the remaining liquid.  

 

Fig. 2.21: Schematic of partition of solute during GS solidification. 

Using conservation of mass for solute partitioned between the solid and liquid at the 

instance shown in Figure 2.21, the following equality is obtained:  

(𝐶𝐿 − 𝐶𝑠
∗)𝑑𝑓𝑠 =  (1 − 𝑓𝑠)𝑑𝐶𝐿 

After substituting partition coefficient as Cs/CL, using the boundary condition of Cs* = kCo 

at fs = 0, and performing integration on the differential Equation 2.6, one ends up with Equation 

2.7, which is also commonly known as GS or Scheil’s equation. 

𝐶𝑠 =  𝑘𝐶𝑜(1 − 𝑓𝑠)(𝑘−1) 

where Cs is the solute concentration in the solid phase, k is the partition coefficient of the solute in 

the alloy, Co is the nominal solute composition and fs and fL are the fraction solid and fraction 

liquid, respectively. 

Simple GS predictions are limited to rapid solidification processes and tend to differ 

considerably for slower cooling processes [150, 261-263]. In order to account for diffusion of elements 

and increase the accuracy of predictions, finite diffusion of solute in the solid phase is considered, 

which also forms the basis for modified GS calculations [264-270]. Partition coefficient is a 

significant factor in these modified models and the accuracy of k is a key factor in determining the 

accuracy of these models [69, 271]. For many cases, the partition coefficients of solutes are 

2.6 

2.7 
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considered to be constant [70, 286-287] to reduce computational complexity; however, partition 

coefficients for solutes are a function of temperature and phase composition [274-277]. Therefore, it 

is necessary to account for changing k during solidification particularly for microalloyed steels 

with multiple elements and phases. Recent studies on solidification prediction take varying k and 

diffusion of solutes [146, 278-285] into account with help of softwares like ThermoCalc [286] and 

MatCalc [287].  

ThermoCalc software is a favoured option in recent studies on theoretical predictions for 

steel solidification [288-291]. ThermoCalc provides the option of performing modified GS 

calculations and to account for varying partition coefficients of alloying elements by incorporating 

thermodynamic and kinetic databases. Figure 2.22 shows the solidification prediction using the 

Scheil module of ThermoCalc. The figure presents a comparison of predicted solidification paths 

for a steel with 1 wt% C predicted using equilibrium, simple GS and modified GS calculations.  

 

Fig. 2.22: Solidification paths for 1% C steel predicted using equilibrium, simple GS and 

modified GS calculations [293].  

Figure 2.23-a and b show the predicted concentration profiles for Cr and Mn in the 1 wt% C steel. 

A difference was observed for concentration profiles between GS and modified GS predictions. The 
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difference was more pronounced in case of Cr with modified GS values closer to the measurements. A 

significant decrease in Cr was observed at 0.9 mole fraction of solid in the simple GS simulation due to 

the formation of chromium carbide. 

         a)  

b)  

Fig. 2.23: Concentration profiles for a) Mn and b) Cr for 1% C steel predicted using equilibrium, 

simple GS and modified GS calculations [293]. 

Figure 2.24 shows a comparison between the measured and predicted concentration 

profiles of Mn in a low C (0.20 wt%) steel with 1.47 wt% Mn. A better agreement was obtained 
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between the measurement and the modified GS prediction as compared with the simple GS 

prediction.  

 

Fig. 2.24: Average Mn composition as a function of fraction solidified with FG sorting method 

and lever rule (LR), GS, partial equilibrium (PE) and para equilibrium (PA) microsegregation 

models [282]. 

In this thesis work, the results of ThermoCalc software based GS calculations for two 

different microalloyed steels are presented. Furthermore, the predicted concentration profiles for 

Mn, Cr, Nb and P are compared with EMPA measurements. 

2.7.2 Diffusion modeling  

The DICTRA (Diffusion Controlled Transformation) module of ThermoCalc is a modeling 

tool often used for diffusion simulations in multicomponent systems [294-297]. It can be used to 

simulate various time dependent physical processes including isothermal homogenization of alloys 

[298-301]. As discussed in Section 2.5, diffusion of elements occurs from regions of high 

concentration to regions of low concentration at high temperatures. The diffusion of elements is 

calculated based on Fick’s 2nd law given by Equation 2.8:  

𝜕∁𝑘

𝜕𝑡
=  

𝜕

𝜕𝑧
(𝐷𝑘

𝜕∁𝑘

𝜕𝑧
) 

where Ck is the concentration of species k, t is time, z is the diffusion direction and Dk is the 

diffusivity of k. In reality, the diffusivity of an element depends on its local concentration and 

2.8 
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temperature [302-304]. For multicomponent systems, the diffusivity of an element is affected by the 

concentration gradient of other elements [305]. In such cases, Equation 2.8 is modified to include 

the effects of other alloying elements through the introduction of a chemical potential term first 

proposed by Onsager [306]. The modified flux equation is given by Equation 2.9, which has been 

explained earlier in detail by Annika Borgenstam [307]. 

𝐽𝑘 = − ∑ 𝐷𝑘𝑗
𝑛

𝑛−1

𝑗=1

𝜕∁𝑗

𝜕𝑧
 

where Jk is the mass flux of species k in an n component system and Dk is the interdiffusion 

coefficient of k. The systems of partial differential equations (Equation 2.8 and 2.9) are solved in 

DICTRA using numerical methods with given appropriate boundary conditions and initial 

conditions defined by the user. Figure 2.25 shows the variation of diffusivity of Al at different 

temperatures across a varying concentration gradient of Al in binary Ni-Al system. The solid line 

in Figure 2.25 shows the predictions obtained through DICTRA simulations. Close agreement with 

the experimental measurements (symbols) was observed. 

 

Fig. 2.25: Variation of diffusivity versus concentration of Al in the FCC phase of a binary Ni-Al 

system at different temperatures (K) [304]. 

Figure 2.26 shows the variation in C across the interface of two Fe-C-Si steels. Both steels 

had similar C content but different Si content. Uphill diffusion of C was observed. In this case, the 

2.9 
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concentration gradient of Si resulted in movement of C. Good agreement was again observed 

between the measurements (symbols) and prediction (solid line) made using DICTRA.  

 

Fig. 2.26: Concentration variation of C across two joined Fe-Si-C steels with similar C contents 

and different Si contents [305]. 

DICTRA is fast and accurate; however, it is limited by simple system geometry and the 

accuracy of the kinetics database [286, 300, 308]. DICTRA is widely used for diffusion based 

simulations in steels [294-297]. In this work, the results of DICTRA based homogenization 

simulations with varying degrees of initial segregation for Mn, Cr, Nb and P are presented. The 

predictions are then compared with EMPA measurements of homogenized samples at 1000, 1100 

and 1200oC for 3, 6 and 12 h.   

2.8 Summary 

This section has summarized the findings of this literature review. The first sub-section 

contains a summary of segregation trends of alloying elements in continuous cast steel slabs. It has 

been followed by the use of directional solidification to study the effect of cooling rate on 

segregation and the ways to reduce segregation. Finally, the applicability of EMPA to quantify 

segregation and the use of ThermoCalc to model segregation and diffusion in microalloyed steels 

have been summarised.  
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2.8.1 Segregation during continuous casting of microalloyed steel  

Segregation of alloying elements occur due to enrichment of solutes during solidification 

of steels. It is categorised as two types; microsegregation and macrosegregation. Microsegregation 

occurs in the interdendritic regions (~ 100μm) while macrosegregation occurs near the geometric 

center of cast slabs (~ 10 mm). The degree of segregation of a particular element is dependent on 

its k value in steel. Elements like Mn and Cr have a higher k and, hence, they have a lower degree 

of segregation. Elements like Nb, P and C have a lower k and, hence, they have a higher degree of 

segregation. Elements with lower k are also likely to have a significantly higher degree of 

macrosegregation. S.R. is the most widely used measure to quantify segregation and is also used 

for reporting the extent of segregation in this thesis work. Both micro and macrosegregation can-

not be avoided and are known to negatively affect the properties of steels; as such, considerable 

effort have been put into studying the segregation trends during microalloyed steel solidification. 

2.8.2 Bridgman solidification  

Bridgman directional solidification is a well established technique to study the 

solidification structure of alloys. The Bridgman furnace setup can be used to perform controlled 

solidification experiments. It is widely used to study solidification of alloys at varying cooling 

rates; however, limited work has been undertaken for directional solidification of microalloyed 

steels. Directional solidification studies often use the random sampling method to calculate k 

values for different solutes. To the knowledge of the author, little or no comprehensive work is 

available for segregation during directional solidification of microalloyed steel. 

2.8.3 Segregation reduction  

Measures such as soft reduction and homogenization are undertaken in order to reduce the 

extent of segregation. Soft reduction is the application of an external mechanical force during 

intermediate stage of casting. It results in redistribution of solute rich liquid and reduced centerline 

segregation. Soft reduction is a complex process and numerous efforts have been made to 

understand and model its effects. A reduction in C segregation ratio of up to 20% has been achieved 

in the past just by implementing soft reduction during casting.  

Homogenization heat treatment is a post casting step employed by steel manufacturers to 

convert cast slabs into the final product. A major aim during homogenization is to reduce 

microsegregation. Diffusion of elements occurs from regions of high concentration (interdendritic) 
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to regions of low concentration (dendritic center) when the cast slabs are held at high temperatures 

(~1200oC). The diffusion of different elements occur at varying rates depending on their 

diffusivities. Substitutional elements like Mn, Cr and Nb have a lower diffusivity in steel as 

compared to interstitial elements like C and P. The extent of reduction in microsegregation is 

dependent on both diffusivity as well as the initial concentration gradient of elements. 

2.8.4 Segregation measurement  

EMPA is a commonly used technique for quantification of the concentration of elements 

with a spatial resolution of a few microns. The electron microprobe is favored over SEM as it 

allows superior control over beam parameters and covers a larger area in a shorter time. EMPA is 

a well established technique for mapping and quantifying heavier elements in steels. However, it 

has certain limitations when quantifying lighter elements like C. EMPA is well suited for this 

thesis work, which is to study the concentration distribution of Mn, Cr, Nb and P in microalloyed 

steels. 

2.8.5 Modeling using ThermoCalc  

The ThermoCalc software package is a widely used tool to simulate thermophysical 

processes for multicomponent systems. It contains separate modules, like the Scheil solidification 

module, which can be used to model segregation of alloying elements in steel and the DICTRA 

module, which can be used to model diffusion of alloying elements in steel.  

The Scheil solidification module further provides the option of performing modified GS 

calculations. Modified GS calculations allow some elements to be defined as fast diffusers. This 

is particularly important for steels as the diffusivity of C is significantly higher than other elements 

like Mn or Cr. It has been shown in previous studies that the modified GS calculations provide 

better predictions as compared to simple GS calculations.  

The DICTRA module in ThermoCalc is used to model diffusion controlled processes in 

multicomponent systems. It is based on the numerical solution of diffusion equations using 

thermodynamic data from the thermodynamic database and mobility data from the kinetic 

database. It also takes into account the variation in diffusivity of an element with varying 

concentration gradient, which is important for homogenization simulations. 
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2.8.6 Research contribution  

In this work, a thorough analysis for segregation of Mn, Cr, Nb and P in as-cast 

microalloyed steel slabs is presented. The effect of cooling rate on Mn, Cr, Nb and P segregation 

is then studied using directional solidification and is quantified through partition coefficient 

calculations. The effects of isothermal heating on Mn, Cr, Nb and P segregation are evaluated. 

Furthermore, the results are analyzed using ThermoCalc based segregation and diffusion 

simulations. 

In the next chapter, details related to materials, experimental methods and modeling 

methods used in this thesis work are presented.  
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3. Materials and Experimental Methodology  

This chapter contains a description of the microalloyed steels analyzed and the 

experimental procedures applied for electron microprobe analysis (EMPA). The first section 

presents the steels studied, sample locations and sectioning of the samples followed by a 

description of Bridgman directional solidification and homogenization experiments. The EMPA 

data acquisition and analysis are explained in the Section 3.4. Finally, the details of the theoretical 

models for predicting segregation and the effects of homogenization using ThermoCalc are 

presented. 

3.1 Studied steels and sample location 

Microalloyed steel samples from 3 different industrial heats were studied for this work. 

The compositions for all steels are shown in Table 3.1. Steel slab 2 (S2) had a lower Mn and a 

slightly higher Nb content as compared to steel 1 (S1) and steel 3 (S3). The C and P amounts were 

similar for S1 and S2. The individual compositions of Cr, Mo, Si, Cu and Ni have not been 

disclosed for proprietary reasons. For the Bridgman directional solidification study, two cylindrical 

rod samples were machined from the quarter thickness location of slab S3. 

Table 3.1: Compositions of steels studied. 

Steel 
C 

(wt%) 

Mn 

(wt%) 

P 

(wt%) 

Nb 

(wt%) 

Cr+Mo+Ni+Si+Cu 

(wt%) 

S1 0.039 1.59 0.01 0.075 1.08 

S2 0.039 1.29 0.01 0.089 1.11 

S3 0.048 1.57 0.01 0.074 1.13 

 

Steels S1 and S2 were analysed to quantify the as-cast segregation behavior of alloying 

elements. Isothermal heat treatment was carried out on samples only from slab S1 to study the 

effects of homogenization on segregation of the alloying elements. The two cylindrical rods from 

S3 were resolidified at varying cooling rates using a Bridgman furnace to quantify the effects of 

cooling rate on partition coefficients of the alloying elements. The concentration distribution of 

elements was studied using EMPA. 
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Figure 3.1-a shows a schematic of as-cast microalloyed steel slab S1. The shaded region in 

Figure 3.1-a depicts the location in the ingot used to machine slab S1. Slab S2 also came from a 

similar relative location as S1 but from a different ingot. Both slabs were further machined into 

smaller blocks of 12 mm x 12 mm as shown in Figure 3.1-b. These smaller laboratory scale 

samples were numbered from 1-16 (top to bottom) and then used for subsequent homogenization 

experiments and EMPA analyses.  

  a)      

b)                    

Fig. 3.1: a) Schematic representation of location within an ingot cross section used to machine 

S1 and b) image of cut sections of slab S1 along with enlarged view of section 4.  

4-1 

4-16 

4-7 

4-12 
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3.2 Bridgman solidification 

Two cylindrical rods were machined from the quarter thickness location of as-cast slab S3, 

as shown in Figure 3.2. The dimensions of the rods were chosen based on the Bridgman furnace 

requirement.  

 

Fig. 3.2: Schematic of Bridgman rod samples obtained from quarter thickness location of slab 

S3. 

The machined rods were then melted and partially solidified at two different cooling rates. 

Once an equilibrium was reached at the solid-liquid interface, the rods were quenched in a water 

bath. Rod 1 was solidified at a cooling rate of 0.4oC/s and rod 2 was solidified at 0.2oC/s. The 

cooling rate was changed through a change in pull velocity while a constant temperature gradient 

of 4000oC/m was maintained for both cases. The Bridgman test conditions are given in Table 3.2. 

Table 3.2: Bridgman test conditions 

Sample # 
Temperature gradient 

(oC/m) 

Pull velocity 

(mm/s) 

Cooling rate 

(oC/s) 

1 4000 0.1 0.4 

2 4000 0.05 0.2 
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After solidification, the Bridgman samples were machined into semi-cylindrical halves and 

were further divided into 8 sections, as shown in Figure 3.3. These sections were then mounted 

and polished for EMPA analyses.    

 

Fig. 3.3: Bridgman sample sectioning.  

3.3 Homogenization 

A homogenization heat treatment was performed using a Thermo Scientific Thermolyne 

bench top muffle furnace on the following two sets of samples taken only from slab S1: 

a) Centerline (CL) samples: 90 mm from top (4-7, contains the metallurgical centerline) 

b) Quarter thickness (QT) samples: 62 mm from bottom surface of slab (4-12) 

The sample location and the homogenization time and temperature for each sample are 

listed in Table 3.3. For example, S1-7-1000-3 corresponds to a centerline sample from slab S1 

homogenized at 1000oC for 3 h.  Once homogenized for required time, the samples were air cooled. 

After cooling, the samples were mounted, polished and analyzed using EMPA. 
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Table 3.3: Homogenization schedule for S1 slab samples. 

Sample name Sample location 
Temperature 

(oC) 

Hold time 

(h) 

S1 – 7 – 1000 – 3 CL 1000 3 

S1 – 7 – 1100 – 3 CL 1100 3 

S1 – 7 – 1200 – 3 CL 1200 3 

S1 – 7 – 1000 – 6 CL 1000 6 

S1 – 7 – 1100 – 6 CL 1100 6 

S1 – 7 – 1200 – 6 CL 1200 6 

S1 – 12 – 1000 – 3 QT 1000 3 

S1 – 12 – 1100 – 3 QT 1100 3 

S1 – 12 – 1200 – 3 QT 1200 3 

S1 – 12 – 1000 – 6 QT 1000 6 

S1 – 12 – 1100 – 6 QT 1100 6 

S1 – 12 – 1200 – 6 QT 1200 6 

S1 – 12 – 1000 – 12 QT 1000 12 

S1 – 12 – 1100 – 12 QT 1100 12 

S1 – 12 – 1200 – 12 QT 1200 12 

 

3.4 Electron microprobe analysis 

Electron microprobe analysis (EMPA) was used to map and quantify the concentration 

distribution of elements using a CAMECA SX100 setup. In the following sub-sections, sample 

preparation and EMPA operating parameters for mapping and point scans are described.  

3.4.1 Sample preparation 

The initially divided block samples were mounted in epoxy using 2.5 mm diameter molds. 

The orientation and the location of all the samples were tracked during all steps. The samples were 
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then polished up to a 1 μm surface finish using a Buehler Ecomet and Automet 250 autopolisher. 

A carbon coating was then applied to the samples before examination in the EMPA.  

3.4.2 Mapping parameters and detection limit 

A fully focused beam with a current of 200 nA generated from a 20 kV source was used 

for qualitative concentration mapping. A suitable map size was selected for different samples 

depending on the individual sample area. For most samples, a 10 mm x 10 mm area was mapped. 

All maps had a pixel size of 10 μm x 10 μm which translates to a 1000 x 1000 pixel grid for a 10 

mm x 10 mm map. After mapping, point scans were performed in regions of interest on these maps 

to quantify the concentration of individual elements. 

A peaking procedure was performed to calibrate the electron microprobe using standard 

element blocks before running point scans on unknown samples. A 5 μm diameter beam at 200 nA 

was used for the quantitative point scans. The X-ray range was calculated to be 1.57 μm, which 

resulted in an effective beam diameter of 8.14 μm, which falls within the map pixel size of 10 μm 

x 10 μm. The interaction volume was calculated as 144.35 μm3. The dwell time for mapping was 

10 ms while for point scans it was 30 s. Further details of quantitative point scans, the standards 

used and an example interaction volume calculation are given in Appendix A. 

3.4.3 EMPA maps and point scans  

The following 4 types of qualitative maps were obtained for each element in each sample: 

i) Original grayscale map  

ii) Enhanced grayscale map 

iii) Color map 

iv) Enhanced color map 

It should be noted that only the original grayscale map is the true representation of the 

concentration distribution for an element. The grayscale values of the resulting image directly 

correspond to the intensity of the characteristic wavelength for a particular element. In other words, 

a higher grayscale value or a brighter spot on the map corresponds to a higher concentration of the 

element being mapped and vice versa. The enhanced grayscale, color and color enhanced maps, 

were obtained after processing the original grayscale map to improve the readability of the original 

grayscale map. Another attempt was made at enhancing the visibility of the maps by altering the 

pixel intensities of the original grayscale map. The original grayscale map was inverted (i.e., high 
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Mn concentrations become dark pixels and vice versa). In addition, a pixel threshold was defined 

based on grayscale distribution for the inverted image. The pixels were redefined as all black on 

one side of the threshold and as all white on the other side of the threshold. The resulting enhanced 

inverted map is shown in Figure 3.4-c.   

a)  b)  

c)  

Fig. 3.4: Example EMPA maps for Mn: a) Original grayscale; b) enhanced color and c) enhanced 

inverted image from the centerline location. 

12.7 mm 
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Following mapping, point scans were performed at regular intervals within regions of 

interest on the qualitative EMPA maps to quantify the local concentration of elements within each 

sample. Each point scan location provided the composition of 5 different elements in the 

corresponding interaction volume. Figure 3.5 shows an example of an EMPA grayscale Mn map, 

point scan locations and variation of Mn for a centerline sample. Samples from centerline locations 

were used to quantify macrosegregation of elements.  

a)  

b)  

Fig. 3.5: a) Mn EMPA enhanced inverted map and b) wt% distribution across line AB. 
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After data acquisition, concentration as a function of position was plotted for each element. 

For each line scan, the maximum and minimum measured wt% values for elements were noted. 

The segregation ratios for each element were then calculated using Equation 2.2:  

𝑆. 𝑅. 𝑓𝑜𝑟 𝑀𝑛 =
Measured Maximum [Mn]

Nominal [Mn]
=  

2.30

1.59
= 1.45 

where [Mn] is the concentration of Mn.  

3.4.4 EMPA data analysis of directionally solidified samples 

Similar to slab samples, the Bridgman directionally solidified samples were mapped using 

EMPA. An example of Bridgman EMPA Mn map along with the wt% Mn vs distance line scan 

plot corresponding to line AB is shown in Figure 3.6.  

a)  

b)  

Fig. 3.6: a) EMPA Mn map for a section from Bridgman sample 1; b) Mn line scan plot 

corresponding to the line scan AB. 
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The point scan spacing for the Bridgman samples was kept smaller than that for the slab 

samples because of finer features for the Bridgman samples. For the example shown in Figure 3.6, 

the scan spacing between two points was 15 μm and the total number of scanned points was 26, 

thus covering a distance of approximately 400 μm. Once the EMPA data was obtained, the 

partition coefficient was calculated using the random sampling approach by Flemings et al. [142]. 

Partition coefficient determination in directionally solidified samples requires a large number 

(~500) of quantitative data points. However, the number of quantitative points analyzed using 

EMPA in the studied samples was statistically small (<50) because of time constraint and did not 

ensure the coverage of a large area. Hence, a method to convert the grayscale EMPA maps to 

concentration distribution was developed.  

3.4.5 Conversion of grayscale EMPA map to concentration distribution 

Each Bridgman EMPA original grayscale map had about 2000 x 500 pixels. Each pixel 

had a fixed location. Of the 2000 x 500 pixels, several pixels (26 for the example shown in  

Figure 3.7) were analyzed to find out the wt% Mn corresponding to those point scan locations.  

As mentioned in Section 3.4.3, grayscale value of each pixel on the original grayscale maps 

correspond to the concentration of that element in that location, therefore, the original grayscale 

EMPA maps were first converted into grayscale values (0-256) and the grayscale values 

corresponding to the point scan locations were noted. A relation between grayscale value and  

wt% Mn was established using the known measured wt% Mn at those point scan locations.  

Once the relationship between grayscale value and wt% Mn was established, the whole map was 

converted into a wt% Mn map using linear regression. This method is essentially based on curve 

fitting and uses a more advanced linear regression. An example conversion is shown in Appendix 

B. An example of the original grayscale map and the corresponding converted contour is shown 

in Figure 3.7 and 3.8, respectively.  

  

Fig. 3.7: EMPA Mn original grayscale map for section 4 from Bridgman sample 1. 

20 mm 

5 mm 
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Fig. 3.8: EMPA Mn predicted concentration contour for section 4 from Bridgman sample 1. 

As a result of conversion of the qualitative map into a quantitative contour, wt% Mn for 

2000 x 500 points was known. After conversion, the wt% Mn from the area covering the solid-

liquid interface (1000 μm x 500 μm) was used as the input for partition coefficient calculations. 

The input data was first sorted into ascending order and ordered integers were assigned to the 

sorted data points. The assigned ordered integers were then converted into fractions by dividing 

each of the integers by total number of data points. The normalized values were taken as the 

fraction solid and a composition versus fraction solid plot was obtained. A curve of the form of 

the GS equation (Equation 2.7) was then fitted to the obtained plot. The best fit curve was then 

used to back calculate the value of partition coefficient. An example for partition coefficient 

determination is shown below. The red dotted rectangle in Figure 3.9 illustrates the location used 

to select the input data for Bridgman sample 1. 

 

Fig. 3.9: Schematic illustrating input data from EMPA Mn predicted concentration contour for 

Bridgman sample 1 for partition coefficient calculations. 
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All the required data processing, such as sorting, counting and normalizing for the 

calculation of partition coefficients of the elements, was done using standard Python script 

functions. A detailed example is shown in Appendix C. The final composition versus fraction solid 

plot for the input data from Figure 3.8 and the corresponding best fit GS equation are shown in 

Figure 3.10.  

 

Fig. 3.10: Composition versus fraction solid for Mn in Bridgman sample 1 and the corresponding 

best fit GS equation. 

The same method was applied for Cr, Nb and P for all Bridgman samples. The obtained 

partition coefficient values are discussed in Chapter 5.  

3.5 Theoretical modeling of segregation and diffusion of alloying elements 

ThermoCalc® 2020-a software package was used to model segregation and diffusion of 

alloying elements using the GS solidification and DICTRA modules respectively. TCFE8 and 

MOBFE3 databases were used for all calculations. The methods followed to obtain the predictions 

are explained in the following sections.   

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

0 0.2 0.4 0.6 0.8 1

w
t%

 M
n

fraction solid

Composition vs fraction solid for Mn

Best fit GS equation curve 



47 

 

3.5.1 Segregation during solidification  

The Scheil solidification simulation module of the ThermoCalc® software package was 

used for segregation modeling of steels S1 and S2. The Scheil solidification module in ThermoCalc 

was used to obtain the following results: 

i) Fraction solid vs temperature with phase transformation 

ii) The segregation profile of solutes in solid and liquid phases 

The following 2 different approaches were used:  

a) Simple GS  

b) Modified GS  

a) Simple GS solidification 

For a simple GS calculation, the liquidus temperature of the alloy is calculated based on 

the Gibbs free energy of solid and liquid phases as a function of temperature. Starting at  

the melting point, the system temperature is decreased in steps. For each step, the composition  

and phase fraction of solid is calculated using the lever rule. Simple GS calculations consider no 

diffusion of solutes in the forming solid phase and, hence, the solid formed is stored and the  

next equilibrium is calculated based on the increased liquid concentration and so on.  

A reduced chemistry was used for the simple GS calculations in order to avoid other phase  

formation during the end stages of the solidification simulation. All elements with nominal 

composition less than 0.02wt% were not included in the simulations. The exceptions to this  

were P and S, which were included even though their nominal compositions were less than 0.02 

wt%. Test calculations were performed with the inclusion of all elements to ensure that the  

removal of low wt% elements did not significantly alter the peritectic transformation temperature 

or concentration distribution of the solutes of interest (Mn, Cr, Nb and P). An Excel  

sheet containing the fraction solid (fs) formed and the composition of each phase as a function of 

temperature was obtained for each run. Once the values from GS calculations were  

obtained, the microsegregation ratios for different elements were calculated using Equation 3.2 at 

fraction solid = 0.85 as suggested by a previous study [69] of microsegregation in Fe based 

multinary alloys:  

𝑀𝑖𝑐𝑟𝑜𝑠𝑒𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 𝑓𝑜𝑟 𝑀𝑛 =
Concentration of Mn in solid phase at 85% 𝑓𝑠

Nominal [Mn]
 

 

3.2 
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b) Modified GS solidification 

In modified GS models, the diffusivity of selected solute(s) in solid phase is considered to 

be non zero. ThermoCalc steps through the same way for modified GS calculations as for simple 

GS calculations. The only exception is the addition of an extra step for equalizing the chemical 

potential of fast diffusers throughout the system before stepping to the next temperature. The 

Scheil module in ThermoCalc provides a direct option of considering some elements to be fast 

diffusers. This is particularly useful for interstitial solutes like C, P and S, which have considerably 

higher diffusivity in steels as compared to substitutional solutes like Mn and Cr. For modified GS 

calculations in this work, C, P and S were considered as fast diffusers. Similar to simple GS 

calculations, a reduced chemistry was used for modified GS calculations. Equation 3.2 was again 

used for microsegregation ratio calculation for the elements of interest. 

3.5.2 Diffusion during homogenization  

The effect of the homogenization heat treatment on segregation was simulated using the 

DICTRA module of ThermoCalc. The following two sets of diffusion simulations were performed: 

a) Binary Fe-X models 

b) Steel S1 with reduced chemistry 

a) Binary Fe-X models 

Simple binary Fe-X models were used to better understand the individual nature of 

diffusion of various alloying elements in steel with reduced computational complexity. A step 

profile for the alloying element was defined at t = 0 in a 300 μm wide 1-D austenite domain.  

Figure 3.11 shows an example of DICTRA based diffusion simulation for a binary Fe-Mn system.  

The initial profile of Mn in a 300 μm wide austenite phase is defined as a step function that  

goes from 1.60 wt% Mn to 2.32 wt% Mn at 250 μm. The initial profile is denoted by the blue line  

in Figure 3.10. The simulation time and temperature were set and the simulation was run.  

After simulation was complete, the decrease in peak segregation was noted at different times.  

The final concentration profile of Mn after 12 h (43,200 s) is denoted by the red line in Figure 

3.11. The initial peak segregation values were based on the as-cast profiles for individual elements. 

The diffusion model used in this work is similar to that of a surface layer diffusion model. A 

detailed solution for the surface layer diffusion model is shown in Appendix D. The chemical 

diffusion coefficients as a function of temperature were also obtained for Mn, Cr, Nb and P directly 



49 

 

through the equilibrium calculator module of ThermoCalc using the TCFE8 and MOBFE3 

databases.   

 

Fig. 3.11: Fe-Mn DICTRA diffusion simulation at 1200oC for 12 h. 

b) Steel S1 with reduced chemistry 

Simulations with reduced chemistry (the same as defined during GS calculations) were also 

performed to confirm whether or not the binary models were sufficient to provide reasonable 

predictions. In this case, the initial profiles for all the elements were simultaneously defined at t = 

0. The subsequent steps for simulations with reduced chemistry were the same as that in the case 

of the binary simulations. The obtained predictions from DICTRA simulations are discussed and 

compared with the EMPA results of homogenized samples in Chapter 6 of this thesis.   

3.6 Summary 

The experimental techniques used for machining, processing and analysis of microalloyed 

steel samples were described in this chapter. The models used for theoretical simulations were also 

presented. The results obtained using the discussed techniques for the studied steels are presented 

in the next chapter. 
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4. Segregation during continuous casting of microalloyed steels  

The EMPA results of segregation from as-cast slabs S1 and S2 are presented and discussed 

in this chapter. The measured values are compared with the segregation calculation results from 

GS simulations. Trends and values observed in the EMPA data are also compared with the 

information available in the literature for continuous cast steel slabs. 

4.1 Distribution of Mn in as-cast microalloyed steel slabs 

This section presents the as-cast Mn EMPA maps and point scans data obtained from 

different locations throughout the thickness of as-cast microalloyed steel slabs. 

4.1.1 As-cast EMPA data for Mn from slab S1 

The as-cast Mn EMPA maps and point scans were obtained from different locations 

throughout the thickness of slab S1. Based on the initial through thickness mapping of S1 (included 

in Appendix E), four locations were chosen. The four chosen locations are schematically shown 

in Figure 4.1, and were the top (6 mm below the top surface), metallurgical centerline (90 mm 

below the top surface), quarter thickness (62 mm above the bottom surface) and bottom (6 mm 

above the bottom surface) of the slab.  

 

Fig. 4.1: Schematic showing EMPA sample locations for slab S1. 

The Mn EMPA grayscale, enhanced grayscale and enhanced inverted maps from the top 

sample of S1 are shown in Figure 4.2. The enhanced grayscale EMPA map is a slightly modified 
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version (both brightness and contrast of the original grayscale map pixels were altered) of the 

original grayscale map. To further enhance the difference (visually) between regions of high and 

low Mn concentration, the original grayscale map was inverted (i.e., high Mn concentrations 

become dark pixels and vice versa). In addition, a pixel threshold was defined based on grayscale 

distribution for the inverted image - the pixels were redefined as all black on one side of the 

threshold, and as all white on the other side of the threshold. The resulting enhanced inverted map 

from the top sample is shown in Figure 4.2-c. 

a)  b)  

c)  

Fig. 4.2: As-cast a) grayscale, b) enhanced grayscale and c) enhanced inverted Mn map and line 

scan location (corresponding to dashed line AB) from the top sample of S1. 

A B 

12 mm 
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Primary solidification dendrites (darker areas indicating a high wt% Mn) separated by 

interdendritic regions of lower Mn content (lighter regions) are visible in Figure 4.2-c. The dotted 

line (i.e., AB in Figure 4.2-c) on the inverted map represents the selected location for the 

quantitative point scans. The entire wt% Mn vs. distance values obtained from the line scan AB 

are shown in Figure 4.3. The maximum and minimum measured wt% Mn for this line scan are 

1.74 and 1.53, respectively. Note that these values do not necessarily represent the maximum and 

minimum wt% Mn values on the map. The wt% Mn values shown in Figure 4.3 exhibit an 

oscillatory behaviour of Mn concentration with scan distance. These oscillations represent the 

changing local composition of Mn in and between the primary dendrites.  

 

Fig. 4.3: Mn line scan corresponding to dashed line AB in Figure 4.2-c. 

Figure 4.4 shows a magnified view of the line scan AB (in the range 3000-6000 μm). The 

peaks and troughs associated with either a higher wt% Mn in the interdendritic regions or a lower 

wt% Mn value at the centre of the primary dendrite are readily observed. Vertical dotted lines at 

each peak are added and the distance between the peak locations are labeled. For the top sample, 

values of primary dendrite arm spacing (PDAS) of 600, 800, 400 and 500 μm are observed as 

1.4

1.5

1.6

1.7

1.8

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

w
t%

  
M

n

Distance (µm)

1.53 

B A 

1.74 

Nominal [Mn] = 1.59 wt% 



53 

 

shown in Figure 4.4. The average primary dendrite arm spacing value is calculated to be 567 μm 

with a standard deviation (SD) of 137 μm.  

 

Fig. 4.4: Mn line scan corresponding to dashed line AB in Figure 4.2-c magnified in the 3000-

6000 μm range. 

The enhanced inverted map from the CL location of S1 is shown in Figure 4.5. Unlike 

Figure 4.2, well defined primary dendrites are not observed. The solidification structures (as 

defined by regions of high and low Mn content) are randomly oriented and discontinuous. This 

equiaxed type of structure corresponds to typical solidification structure near metallurgical 

centerline of continuously cast steel slabs.  

Figure 4.5-b shows the wt% Mn values taken along line scan AB shown in Figure 4.5-a. 

The line scan passes through a dark region near the top of Figure 4.5-a. The dark region represents 

the large wt% Mn peak values observed between 800 and 2000 μm on the line scan. The maximum 

measured value of 2.30 wt% Mn is significantly higher than the maximum measured segregation 

value for the top sample in Figure 4.3. A minimum wt% Mn value of 1.41 is observed in the white 

region (corresponding to low Mn content in the inverted map).  
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a)  

b)  

Fig. 4.5: a) As-cast EMPA enhanced inverted map and b) line scan plot for Mn from CL of S1. 

The Mn map from QT sample of S1 is shown in Figure 4.6-a. A dendritic distribution of 

Mn similar to that of top sample is observed. The wt% Mn vs distance plot along the dotted line 
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AB is shown in Figure 4.6-b. The maximum and minimum measured wt% Mn are 1.75 and 1.59, 

respectively. All the measured wt% Mn values from point scans for the QT sample are above the 

nominal Mn content.  

a)  

b)  

Fig. 4.6: a) As-cast EMPA enhanced inverted map and b) line scan plot for Mn from QT of S1. 
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Figure 4.7 shows a magnified view of the line scan AB (in the range 0-3000 μm) for the 

QT sample. Vertical dotted lines at each peak are again added and the distance between the peak 

locations are labeled. The interpeak distance varies depending on the local variation in the wt% 

Mn. For the QT sample, the average PDAS value is 633 μm with a SD of 225 μm.  

 

Fig. 4.7: Mn line scan corresponding to dashed line AB in Figure 4.6-a, magnified in the 0-3000 

μm range. 

The concentration distribution of Mn in the bottom sample is shown in Figure 4.8-a. A fine 

dendritic distribution is observed, although the dendrites are difficult to resolve as compared with 

the top and QT samples of S1. The close proximity of peaks and troughs in the corresponding wt% 

Mn vs distance plot (Figure 4.8-b) further illustrates the fineness in Mn distribution. The maximum 

and minimum measured wt% Mn in this sample are 1.74 and 1.48, respectively (Figure 4.8-b). 

Figure 4.8-c shows the same line scan plot shown in Figure 4.8-b, magnified in the 2000-5000 μm 

range. Local peaks corresponding to high wt% Mn are again illustrated by dotted lines. Ten peaks 

were identified within a distance of 2700 μm and the average PDAS was estimated as 305 μm with 

a SD of 64 μm for the bottom sample of S1. 
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a)  
 

b)  

Fig. 4.8: a) As-cast EMPA enhanced inverted Mn map and b) line scan plot from bottom sample 

of slab S1.  
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Fig. 4.8: c) Mn line scan corresponding to line AB in Figure 4.8-a, magnified in the 2000-5000 

μm range. 

Summary for 4.1.1: 

 A visual difference in Mn distribution is observed between the top and bottom samples of S1, 

with the bottom sample having a finer distribution. 

 The PDAS in the bottom sample (300 μm) is finest, followed by the top sample (575 μm) and 

the QT sample (625 μm). 

 Centerline segregation is not present at the geometric center of the slab, but is shifted 30 mm 

towards the top surface of the slab. 

4.1.2 As cast EMPA data for Mn from CL and QT samples of slab S2 

Figure 4.9-a shows the Mn EMPA enhanced inverted map from the CL sample of S2. The 

CL sample has an equiaxed distribution of Mn similar to the CL sample of S1. The wt% Mn vs 

distance distribution corresponding to line scan AB is shown in Figure 4.9-b. The maximum and 

minimum measured wt% Mn for CL sample are 1.59 (from another line scan) and 1.18.  
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a)  

 b)  

Fig. 4.9: a) As-cast EMPA enhanced inverted Mn map and b) line scan plot from CL sample of 

S2. 

The Mn EMPA enhanced inverted map from the QT sample of S2 is shown in Figure 4.10-

a. The QT sample has a dendritic distribution of Mn similar to the QT sample of S1. The PDAS 

calculation is again illustrated with the help of vertical dotted lines in the wt% Mn vs distance plot 

shown in Figure 4.10-b. The average PDAS for the QT sample is 600 μm with a SD of 71 μm. The 

maximum and minimum measured wt% Mn for QT sample are 1.41 and 1.26.  
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a)   

 

b)  

Fig. 4.10: a) As-cast EMPA enhanced inverted Mn map and b) line scan plot from QT sample of 

S2. 

Summary for 4.1.2:  

 The spatial concentration distribution of Mn in the CL and QT samples of S2 is the same as 

that for S1. 

 Similar to S1, the location of centerline is shifted towards the top surface in S2. 
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4.1.3 Distribution of Mn through the thickness of as-cast microalloyed steel slabs 

Figure 4.11-a shows the distribution of Mn in the sample taken near the top surface of slab 

S1. The scale bar included in the figure indicates the spatial extent of the segregation. This will 

have implications in terms of the time and temperature of homogenization required to reduce the 

segregation. Primary dendrite arm spacing was used as a measure of spatial distribution, since 

secondary dendrites are not as apparent as the primary dendrites. Figure 4.11-b shows the enhanced 

inverted map for Mn in the sample taken near the bottom surface of slab S1. A finer distribution 

of Mn was observed in the bottom surface sample as compared to the top surface sample. This 

implies that the bottom surface of slab S1 cooled faster than the top surface of the slab; a faster 

cooling rate produces in a finer distribution [310, 311]. The distribution in bottom surface is also 

similar to that in the chilled zone of castings. The faster cooling of bottom surface of slabs can 

occur due to a larger surface contact area and unequal water spray cooling efficiency in the mold. 

This difference in cooling also resulted in a shift of the centerline region towards the top half of 

the slab for both S1 and S2. 

 

Fig. 4.11: As-cast EMPA enhanced inverted Mn map for sample taken a) near the top surface b) 

near the bottom surface of slab S1. 
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Figure 4.12-a and b show the Mn distribution in the centerline (CL) and quarter thickness 

(QT) locations of the slab S1, respectively. The CL sample has a patch like distribution of Mn, 

where high concentrations of Mn appear as clumps. There are randomly oriented discontinuous 

regions with a coarse dendritic distribution. This is due to the implementation of soft reduction 

during casting of the slab. Mechanical forces during the application of soft reduction result in 

redistribution of the last solidifying solute rich liquid. Samples from the CL locations were used 

to quantify macrosegregation and the effects of homogenization on macrosegregation. For the QT 

sample, the distribution of Mn is similar to that in the sample taken from near the top surface of 

the slab (Figure 4.11-a), however, the primary dendrite arm spacing is relatively larger for the QT 

sample. This is due to slower cooling experienced by the interior of the slab as compared to the 

slab surfaces. Samples from the QT locations were used to quantify microsegregation and the 

effects of homogenization on microsegregation. 

 

Fig. 4.12: As-cast EMPA enhanced inverted Mn maps at a) CL and b) QT location of slab S1. 

The centerline segregation regions in both studied slabs are different than those observed 

in conventional as-cast steel slabs. This is another consequence of implementation of soft reduction 

during continuous casting. Centerline segregation for different as-cast microalloyed steel slabs is 

shown in Figure 4.13. The first 2 images (Figure 4.13-a and b) are from S1 and S2, with the 

application of soft reduction during casting, and the third image (Figure 4.13-c) is from a previous 
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study [312], where the slab was cast without the application of soft reduction. A continuous 

centerline segregation band is visible in Figure 4.13-c, whereas no continuous centerline is present 

in slabs S1 and S2, which is favourable in terms of the final quality of the cast slabs [312- 314].  

a)   b)   

c)  

Fig. 4.13: As-cast EMPA inverted maps showing centerline distribution for a) S1 b) S2 and c) a 

conventional cast slab from a previous study [312]. 

4.2 Distribution of Cr in as-cast microalloyed steel slabs 

This section presents the as-cast Cr EMPA maps and point scans obtained from different 

locations across the thickness of as-cast slabs. As mentioned in Section 3.4.3, since each point scan 

provides with the wt% value of 5 different elements, the locations of the line scans on the Cr maps 

were the same for the Mn maps for a particular sample. 
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4.2.1 As-cast EMPA data for Cr from CL and QT samples of slab S1 

The enhanced inverted Cr map from the CL sample of S1 is shown in Figure 4.14-a. The 

Cr map does not reveal any defined segregation pattern due to a lack of concentration gradient for 

Cr. This is further confirmed by the point scan measurements. The maximum and minimum 

measured wt % Cr in the CL sample of S1 are 0.068 wt% and 0.050 wt%, respectively. The 

variation in measured wt% Cr within the CL sample is only 0.018 wt%, which corresponds well 

with the contrast of the map. 

a)  

b)  

Fig. 4.14: a) As-cast EMPA enhanced inverted map and b) line scan plot for Cr from CL of S1. 
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The EMPA map for Cr in the QT sample of S1 has a similar distribution as that for the CL 

sample of S1. The enhanced inverted map for Cr from QT sample along with the line scan plot are 

shown in Figure 4.15. The maximum and minimum measured wt % Cr are 0.067 wt% and 0.053 

wt%, with the same variation in measured wt% Cr of 0.014 wt% as that in the CL sample. 

a)   

b)  

Fig. 4.15: a) As-cast EMPA enhanced inverted map and b) line scan plot for Cr from QT of S1. 
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4.2.2 As-cast EMPA data for Cr from CL and QT samples of slab S2 

The enhanced inverted Cr map from the CL sample of slab S2 is shown in Figure 4.16-a. 

The maximum and minimum measured wt % Cr in the CL sample of S2 are 0.243 wt% (from 

another line scan) and 0.207 wt%, respectively. The variation in measured wt% Cr within the CL 

sample is only 0.036 wt%. 

a)  

b)   

Fig. 4.16: a) As-cast EMPA enhanced inverted map and b) line scan plot for Cr from CL of S2. 
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The EMPA map for Cr in the QT sample of S2 has a similar distribution as that for the CL 

sample of S2. The enhanced inverted map for Cr from the QT sample along with the line scan plot 

are shown in Figure 4.17. The maximum and minimum measured wt% Cr are 0.226 wt% and 0.213 

wt%, with a variation in measured wt% Cr of 0.013 wt%. The variation in measured wt% Cr in 

the QT sample of S2 is lower than that in the CL sample of S2. 

a)  

b)  

Fig. 4.17: a) As-cast EMPA enhanced inverted map and b) line scan plot for Cr from QT of S2.  
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4.2.3 Distribution of Cr in as-cast microalloyed steel slabs 

The lack of concentration gradient in the Cr maps is due to a higher partition coefficient of 

Cr. It has the highest partition coefficient (0.93) among Mn, Cr, Nb and P. A higher k results in a 

larger wt% of the element in the first solid that forms and leads to a lower degree of segregation. 

Figure 4.18 shows the concentration profiles for Mn and Cr versus fraction solid in S1 predicted 

through the modified GS model. The concentration gradient for Cr as solidification proceeds is 

low; therefore, the Cr maps look homogenous and lack any features.  

 

Fig. 4.18: Concentration profile of Mn and Cr for S1 calculated using the modified GS model. 
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segregation pattern of Nb becomes apparent in the enhanced grayscale and enhanced inverted Nb 

maps (Figure 4.11-a and 4.11-b).  

a)  b)  

Fig. 4.19: As-cast a) enhanced grayscale and b) enhanced inverted Nb map from CL of S1. 

The type of contrast in the Nb EMPA map suggests that some pixels (10 µm x 10 µm area) 

on the map (10000 µm x 10000 µm area) correspond to a very high concentration of Nb, which 

results in a large spatial concentration gradient and hence the observed contrast of the maps. This 

is further supported by the point scan measurements, shown in Figure 4.20-b, where some points 

have a high Nb concentration (1.06, 0.68 and, 0.32 wt%) while the majority of points have a low 

Nb concentration (less than 0.05 wt%). It is postulated that the high wt% Nb values are associated 

with NbC precipitates. As the interaction volume of EMPA point scans are larger than possible 

NbC precipitate volume; therefore, the high measured wt% Nb (1.06, 0.68 and, 0.32 wt%) in the 

EMPA point scans are not as high as the wt% Nb (88.57 wt%) in NbC precipitates. The low wt% 

Nb values (less than 0.05 wt%) are well below the nominal composition of Nb (0.075 wt%), 

suggesting that the solubility or partition coefficient of Nb in microalloyed steel is quite low. The 

variation in measured wt% Nb within the CL sample is 1.03 wt% (1.06 wt% - 0.03 wt%), which 

is the highest among Mn, Cr, Nb and P.  
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a)  

b)  

Fig. 4.20: a) As-cast EMPA enhanced grayscale map and b) line scan plot for Nb from CL of S1. 

The enhanced inverted Nb distribution map from the QT sample of S1 is shown in Figure 

4.21-a. Similar to the CL Nb map, the grayscale Nb map in QT sample was completely dark in 

appearance. The enhanced inverted Nb map revealed a dendritic distribution; however, the contrast 

is not as apparent as the enhanced maps in CL sample. Most of the measured point scan wt% Nb 

values are below the nominal concentration of Nb (0.075 wt%), with a few points showing higher 
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Nb concentration (0.19 and 0.18 wt%). The maximum and minimum measured wt % Nb values 

are 0.19 and 0.04, respectively, for the QT sample. The variation in measured wt% Nb is 0.15 

within dendrites in the QT sample, which is considerably lower than the variation in the CL sample. 

This reconfirms the lower interdendritic contrast of the enhanced Nb map. The distributions of Nb 

in the CL and QT samples of S2 are similar to those in S1. 

a)  

b)  

Fig. 4.21: a) As-cast EMPA enhanced inverted map and b) line scan plot for Nb from QT of S1. 
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4.3.2 Distribution of Nb in as-cast microalloyed steel slabs 

The segregation pattern for Nb directly followed that of Mn. Figure 4.22 shows a 

comparison of as-cast enhanced inverted Mn and Nb EMPA maps from CL sample of slab S1. The 

location of segregated regions for both Mn and Nb are the same. However, a greater fraction of 

white space appears in the Nb inverted maps. 

a)   b)  

Fig. 4.22: As-cast EMPA enhanced inverted map for a) Mn and b) Nb from CL sample of slab 

S1. 

The greater fraction of white space is due to a lower partition coefficient for Nb (0.21) than 

that for Mn (0.71). A lower k results in a smaller wt% of the element in the first solid that forms 

and so it takes longer for its segregation build up. Figure 4.23 shows the concentration of Mn and 

Nb versus fraction solid in S1 predicted through the modified GS model. The concentration of Mn 

reaches its nominal composition (1.59) at an earlier stage of solidification (fs = 0.71), while Nb 

reaches its nominal composition (0.075) at a much later stage of solidification (fs = 0.87). This 

implies that a larger area fraction of the Nb map will have a lower Nb content than the nominal 

composition of Nb. The precipitate forming nature of Nb can also be explained to some extent 

through the concentration profile of Nb. Since the majority of Nb is being rejected to the liquid, 

the Nb concentration in the liquid at the later stages (fs > 0.70) of solidification becomes large 

enough to exceed the solubility limit and eventually result in precipitation. 

12.7 mm 
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Fig. 4.23: Concentration profile of Mn and Nb for S1 calculated using the modified GS model. 

4.4 Distribution of P in as-cast microalloyed steel slabs 

This section presents the as-cast P EMPA maps and point scans obtained from the CL and 

QT locations of as-cast slab S2. Due to limited equipment time, P was not mapped for the as cast 

samples of S1; however, point scans were performed on both CL and QT samples of S1 to quantify 

the micro and macro S.R. values for P. The measured S.R. values for P are included in Section 4.5. 

The observed P distributions are discussed in terms of the relative partition coefficients of Mn, Cr, 

Nb and P in the steels. Figure 4.24-a shows the P EMPA enhanced inverted map from the CL 

sample of S2. For P, similar to Cr, there is no apparent segregation pattern visible in the map. The 

maximum and minimum measured wt% P for the CL sample are 0.033 and 0.000, respectively, as 

shown in Figure 4.24-b. The variation in measured wt% P for the CL sample is 0.033 wt%.  
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a)        

b)  

Fig. 4.24: a) As-cast EMPA enhanced inverted map and b) line scan plot for P from CL sample 

of S2.  

The P EMPA enhanced inverted map from the QT sample of S2 is shown in Figure 4.25-

a. No apparent segregation pattern is visible for P in the QT sample. The measured P in the 

interdendritic regions is below the nominal composition of P (0.01 wt%). The maximum and 
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minimum measured wt% P for QT sample are 0.009 (from another line scan) and 0.000, 

respectively. The variation in the measured value within QT sample is 0.009 wt% in the QT 

sample, which is considerably lower than that in the CL sample.  

a)  

b)  

Fig. 4.25: a) As-cast EMPA enhanced inverted map and b) line scan plot for P from QT sample 

of S2. 
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Nb, the concentration gradient of P is much lower than that for Nb because of P diffusion within 

the forming solid. The higher diffusivity of P is accounted for in the modified GS calculations by 

selecting P to be a fast diffuser. Another factor behind the low concentration gradient for P is its 

extremely low nominal concentration (0.01 wt%). A combination of high diffusivity and a low 

nominal content results in a small concentration gradient for P. Figure 4.26 shows the 

concentration of Mn and P versus fraction solid in S1 predicted through the modified GS model. 

 

Fig. 4.26: Concentration profile of Mn and P for S1 calculated using the modified GS model. 

4.5 Micro and macrosegregation ratios for Mn, Cr, Nb and P from S1 and S2 

The degree of segregation for Mn, Cr, Nb and P is quantified in the regions of interest using 

point scans during EMPA. The measured wt% values are converted into segregation ratio for 

comparison of the elements and with steels of different composition. The microsegregation ratio 

is calculated as the ratio of maximum measured wt% value to the nominal composition in the QT 

sample and the macrosegregation ratio is calculated as the ratio of maximum measured wt% value 

to nominal composition in the CL sample for each alloying element. The calculated micro and 

macrosegregation ratios from both slabs are shown in Table 4.1 and 4.2, respectively.  
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Table 4.1: As-cast microsegregation (interdendritic) ratios for Mn, Cr, Nb and P in as-cast slabs 

S1 and S2. 

Slab Mn Nb P Cr 

S1 1.10 2.57 0.66 1.08 

S2 1.09 1.69 0.90 1.04 

 

Table 4.2: As-cast macrosegregation (centerline) ratios for Mn, Cr, Nb and P in as-cast slabs S1 

and S2. 

Slab Mn Nb P Cr 

S1 1.45 14.13 3.90 1.13 

S2 1.23 3.26 3.71 1.10 

 

The results for as-cast micro and macrosegregation ratio measurements in slab S1 and S2 

can be summarized as follows: 

 The measured micro S.R. values for Mn (1.09) are the same for both the slabs.  

 The measured micro and macro S.R. values for Cr are slightly higher in S1 compared with S2.  

 The S.R. values for Mn are consistently higher than those for Cr in all samples.  

 The micro S.R. for P is less than 1 in both slabs. Nb has the highest and P has the lowest measured 

S.R. values, except for the CL sample in S2, where P has a higher S.R. value than that for Nb.  

 The macro S.R. values for Nb and P (>3) are significantly higher than those for Mn and Cr 

(<1.5).  

 The measured macro S.R. values for Mn and Nb in S1 (1.45 and 14.13, respectively) are 

significantly higher than those in S2 (1.23 and 3.26, respectively).  

The following sub sections discuss the measured individual Mn, Cr, Nb and P 

concentration for both as-cast slabs S1 and S2. 

4.5.1 Mn segregation 

Mn has an intermediate value for equilibrium partition coefficient (0.71) between BCC 

ferrite and liquid iron. Consequently, the extent of microsegregation ratio for Mn (1.10) is higher 

than that for Cr (1.03), but lower than that for Nb (1.69). Composition values as low as 1.41 wt% 

Mn in S1 and 1.18 wt% Mn in S2 were measured, which are below the nominal compositions of 
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Mn (1.59 wt% in S1 and 1.29 wt% in S2) in the respective slabs. The low measured values can be 

explained using the predicted concentration profile of Mn in the solid using the modified GS 

calculation. Figure 4.27 shows the evolution of Mn in both S1 and S2.  

 

Fig. 4.27: Concentration profiles of Mn for S1 and S2 calculated using the modified GS model. 

The predicted concentration profile for Mn in the solid using the modified GS calculation 

starts at 1.14 wt% Mn for S1 and 0.92 wt% Mn for S2. As such, the low measured wt% Mn values 

are justified. The measured values are not as low as the predicted Mn concentration due to diffusion 

of Mn that takes place within solid phase during casting; however, the predictions do not consider 

any diffusion in the solid phase once it forms. Therefore, the lowest measured values of Mn are 

higher than the predicted concentration of Mn in the first solid that forms. Figure 4.28 illustrates 

diffusion of Mn calculated for a binary Fe-Mn system. A step profile of Mn with initial 

concentration of 1.14 wt% and a final concentration of 2.30 wt% was defined in a 200 μm wide 

BCC region. The temperature was set to 1500oC and the simulation was run. It is evident from the 

simulation that wt% Mn increases from 1.14 to 1.4 in just 180 s at 1500oC. The predicted micro 

S.R. values for Mn (1.19 for both S1 and S2) are higher than the EMPA measurements (1.10 for 

S1 and 1.09 for S2), again due to the underlying assumption of no diffusion in the solid phase 

during GS calculations.  
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Fig. 4.28: Diffusion of Mn in BCC Fe phase at 1500oC. 

Table 4.3 shows a comparison of micro and macro S.R. values for Mn with a previous 

study [243] of segregation in a continuous cast steel.  

Table 4.3: As-cast micro and macrosegregation ratios for 3 different as-cast slabs. 

Slab 
Nominal Mn 

(wt%) 

Microsegregation 

ratio for Mn 

Macrosegregation 

ratio for Mn 

S1 1.59 1.10 1.45 

S2 1.29 1.10 1.23 

Slab X[243] 1.50 1.37 1.87 

 

The measured micro S.R. values for Mn are lower for S1 and S2 compared with the steel 

in the previous study. This is likely due to the lower C content for S1 and S2 (0.04 wt%) compared 

with slab X (0.17 wt%). It has been shown previously that an increase in the nominal C 
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concentration in a steel results in an increased degree of segregation for Mn [243, 317]. The measured 

macro S.R. is lowest for S2, which also has the lowest nominal Mn content. The macro S.R. values 

in S1 and S2 are considerably lower than for slab X due to the application of soft reduction. 

4.5.2 Cr segregation 

Cr has a high value of equilibrium partition coefficient (0.93) between BCC ferrite and 

liquid iron, which is the highest value among Mn, Cr, Nb and P. This suggests that the extent of 

segregation for Cr should be low and that the S.R. of Cr should be close to 1. The measured micro 

S.R. values for Cr for S1 (1.08) and S2 (1.04) correspond well with the postulation. ThermoCalc 

predicts a micro S.R. of 1.06 for both S1 and S2, which is close (within 5%) to the measured 

values. The measured macro S.R. values for Cr are 1.13 for S1 and 1.10 for S2. Similar values 

have been observed in previous chromium segregation studies [243, 248] as well. 

4.5.3 Nb segregation 

Nb has a low value of equilibrium partition coefficient (0.21) between BCC ferrite and 

liquid iron. Consequently, the predicted concentration profile of Nb (Figure 5.6) suggests that the 

amount of Nb in the solid stays below the nominal composition of Nb up to fs = 0.87. Therefore, 

the predicted micro S.R. values for Nb at 0.85 fs are below 1. The predicted micro S.R. values for 

Nb are 0.91 and 0.89 for S1 and S2, respectively, while the measured maximum micro S.R. values 

for Nb are 2.57 and 1.69 in S1 and S2, respectively. The measured values are considerably higher 

than the predicted values as Nb tends to form precipitates during solidification of the steel. The 

quantitative point scans do not ensure the measurement of Nb in solution in ferrite. Therefore, the 

measured segregation ratios using one maximum point for Nb does not necessarily lead to an 

understanding of the segregation behavior of Nb. The predicted concentration profile of Nb also 

suggests that the expected degree of segregation in the CL samples should be high, which 

corresponds well with the measured macro S.R. values (14.13 for S1 and 3.26 for S2) of Nb. 

Previous studies [318-320] on Nb segregation have also reported exceedingly high values of S.R. for 

Nb (3.71, 10.95 and 271.76) in steel compared to elements like Mn and Cr.  

4.5.4 P segregation 

Similar to Nb, the equilibrium partition coefficient of P (0.29) between BCC ferrite and 

liquid iron is low, which means that the solubility of P in delta iron is quite low and that majority 

of P will segregate at the centerline. However, the diffusivity of P is significantly higher than Nb, 
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which results in a low interdendritic concentration of P (<0.01 wt%) for most of the area fraction 

of the P EMPA maps. Since the diffusivity of P is accounted for in the modified GS model, the 

predicted micro S.R. values for P in S1 (0.72) and S2 (0.70) are close to the measured micro S.R. 

values (0.66 in S1 and 0.90 in S2) for P. The predicted micro S.R. values for P are below 1 for the 

same reason as for Nb. A few points with relatively high measured concentrations of P (> 0.03 

wt%) in the CL samples also fit well with the presumption. A similar trend regarding the variation 

in segregation of P has been observed in previous studies [80, 108], where the degree of 

macrosegregation (CL region) of P was significantly higher than the degree of microsegregation 

(interdendritic region) of P. 

4.6 Effects of soft reduction on segregation 

Mechanical soft reduction was implemented during continuous casting of the steel slabs 

S1 and S2. The severity of macrosegregation is reduced as the mechanical forces from soft 

reduction causes redistribution of the remaining solute enriched liquid at the centerline. Table 4.4 

shows a comparison of S.R. values of 3 slabs. The first 2 values are from S1 and S2, with the 

application of soft reduction during casting, and the third measurement (slab Y) is from a previous 

study [247], where the slab was cast without the application of soft reduction. The measured micro 

S.R. values for all 3 slabs are close (within 5%). The measured macro S.R. for slab Y (1.68) is 

higher than the values in slabs S1 (1.45) and S2 (1.23). The measurements suggest that soft 

reduction has a significant influence on the metallurgical center or the solidification structure near 

the centerline of continuous cast microalloyed steel slabs; however, soft reduction does not 

significantly influence microsegregation.  

Table 4.4: As-cast micro and macrosegregation ratios for 3 different as-cast slabs. 

Slab 
Soft 

reduction? 

Nominal C 

(wt%) 

Nominal Mn 

(wt%) 

Microsegregation 

ratio (QT 

location) for Mn 

Macrosegregation 

ratio (CL location) 

for Mn 

S1 Yes 0.04 1.59 1.10 1.45 

S2 Yes 0.04 1.29 1.10 1.23 

Slab Y[247] No 0.05 1.58 1.14 1.68 
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4.7 ThermoCalc based segregation simulation results 

This section presents the segregation calculation results from GS simulations for both S1 

and S2. Two different approaches were used for the predictions; simple GS and modified GS. In 

the modified GS model, C, P and S were considered as fast diffusers, i.e., infinite diffusivity of C, 

P and S in the solid phase(s). 

4.7.1 GS solidification of microalloyed steels 

As mentioned in Section 2.7.1, temperature versus solid fraction plots were obtained using 

the simple GS and modified GS models for both steel S1 and S2. Figure 4.29 shows the 

temperature versus fraction solid plot for S1.  

  

Fig. 4.29: Equilibrium and GS calculation plots for slab S1. 

The black dotted line in the figure denotes equilibrium solidification, while the colored 

dotted lines denote the phase formation as per GS calculations. Different phases are represented 
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by different colors as per the legend inside the plot. The melting point and peritectic temperature 

for S1 calculated using the simple GS model are 1520oC and 1484oC, respectively, and the 

formation of MnS is predicted at 1376oC (98.5% solidification). The melting point and peritectic 

temperature calculated using the modified GS model are 1520oC and 1483oC, respectively, and 

unlike the simple GS model, the modified GS model does not predict the formation of any other 

phase such as MnS even at the end of solidification. 

The melting point and peritectic temperature for S2 using the simple GS model are 1522oC 

and 1476oC, respectively, as shown in Figure 4.30. Similar to the simple GS calculation for S1, 

the formation of MnS is predicted for S2, but at 1397oC (98.0% solidification). The melting point 

and peritectic temperature calculated using the modified GS model are 1522oC and 1470oC, 

respectively. Similar to the modified GS calculation for S1, the modified GS calculations for S2 

do not show the formation of any other phase such as MnS even at end of solidification.  

  

Fig. 4.30: Equilibrium and GS calculation plots for slab S2. 
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The difference in the predicted melting temperatures for S1 and S2 is negligible (2oC). The 

predicted peritectic temperature is slightly higher for S1. The difference in the predicted peritectic 

temperatures through both models is negligible for S1; however, a small difference (6oC) in the 

predicted peritectic temperature through both models is observed for S2. Since the phase 

transformation temperatures of steels are highly dependent on the C content, which is the same for 

both S1 and S2, the predicted temperatures being similar is justified. The predicted peritectic 

temperature is lower from the modified GS model for both steels. The solidification temperature 

range (Tmelting – T99.9% solidification) is also smaller for the modified GS calculations for both steels. 

This is because of consideration of C as a fast diffuser for the modified GS calculations. In the 

modified GS calculations, S was also considered to be a fast diffuser. Consequently, the amount 

of S rejected in the remaining liquid as solidification proceeded was less compared with the simple 

GS calculations. Since the amount of S in the remaining liquid was lower for the modified GS 

calculations, MnS formation was not predicted.  

4.7.2 Solute concentration evolution during solidification of microalloyed steels 

As mentioned in Section 2.7.1, the composition profiles of solutes in all phases as a 

function of fraction solid were also obtained using the simple and modified GS solidification 

models. The profiles for Mn predicted through both the models for S1 are shown in Figure 4.31.  

 

Fig. 4.31: Concentration profiles for Mn in solid phases of S1. 
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According to the predicted Mn profile, the first solid formed contains 1.14 wt% Mn and 

the concentration of Mn in the solid increases with increasing solid fraction. There is no visible 

difference in the predicted concentration profiles of Mn in the bcc phase up to 90% solidification 

through both the simple and modified GS models. For this work, the focus is only on the solute 

profiles in solids predicted through the GS models up to 85% solidification, i.e., fraction solid (fs) 

= 0.85, as GS calculations are known to deviate at higher solid fraction [309]. The predicted 

concentration profiles for Mn are also similar using both models for S2. Like Mn, the predicted 

concentration profiles for Cr and Nb are similar using both models as well. 

Figure 4.32 shows the concentration profile for P for S1 predicted using both simple and 

modified GS models. The predicted profiles start to deviate after fs = 0.6, with a lower predicted 

concentration for the modified GS calculation. This is due to the consideration of P as a fast 

diffuser, since P diffuses considerably faster in steel as compared to Mn, Cr and Nb.  

 

Fig. 4.32: Concentration profiles for P in solid phases of S1. 

Since there is no considerable difference between the simple and modified GS calculation 
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Figure 4.33 shows the equilibrium partition coefficient (k) variation for Mn in both S1 and 

S2 calculated through the modified GS model. The equilibrium k values were calculated as the 

ratio of concentration of Mn in BCC solid to that in liquid. The equilibrium partition coefficient 

for Mn (kMn) decreases for both S1 and S2 as solidification proceeds, with kMn being slightly 

smaller for S2. Since k is not constant, the k value at fraction solid of 0.5 is used for comparison 

purposes.  

 

Fig. 4.33: Variation of equilibrium partition coefficient of Mn for S1 and S2 calculated using the 

modified GS model. 

Similar to Mn, the equilibrium partition coefficients were calculated for Cr, Nb and P. 

The calculated values are listed in Table 4.5. 

Table 4.5: Equilibrium partition coefficient for Mn, Cr, Nb and P for S1 and S2 calculated using 

the modified GS model. 

 Mn Cr Nb P 

S1 0.71 0.93 0.21 0.29 

S2 0.70 0.93 0.21 0.28 
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4.7.3 Comparison of as-cast EMPA measurements with GS calculations 

This section contains the comparison of predicted microsegregation ratio values for Mn, 

Cr, Nb and P using the modified GS calculations with the EMPA segregation measurements. 

Tables 4.6 contains the predicted microsegregation ratio values for Mn, Cr, Nb and P using the 

modified GS model for both slab S1 and S2.  

Table 4.6: Predicted microsegregation ratios for Mn, Cr, Nb and P in S1 and S2 using the 

modified GS model. 

 Mn Cr Nb P 

S1 1.19 1.06 0.91 0.72 

S2 1.19 1.06 0.89 0.70 

 

The predicted micro S.R. values are lowest for P followed by Nb, Cr and Mn. The predicted 

microsegregation ratios for Mn (1.19) and Cr (1.06) are the same for both the simple and modified 

GS calculations for both S1 and S2. The predicted micro S.R. for Nb in S1 (0.91) is slightly higher 

than that in S2 (0.89). For P, similar to Nb, the micro S.R. in S1 (0.72) is slightly higher than that 

in S2 (0.70). Since the C content of both S1 and S2 are the same, and the segregation ratio is 

calculated relative to the composition of individual elements in the alloy, both S1 and S2 have 

similar predicted microsegregation ratio values.  

The measured and predicted micro S.R. values for Mn, Cr, Nb and P using the modified 

GS approach for both S1 and S2 are shown in Table 4.7. The predicted micro S.R. values for Mn 

and Cr differ by less than 10% from the measurements, with the predicted values being higher than 

the measurements. This suggests that finite diffusion of Mn and Cr should be taken into account. 

The measured microsegregation ratio of P in S1 (0.66) is significantly lower than in S2 (0.90) and 

in the sample homogenized for 3 h at 1000oC (1.10). This suggests that the highest P concentration 

point in the as-cast sample of S1 was missed during point scan measurement, which is another 

limitation of using a single point quantitative measure. Considering a similar extent of micro S.R. 

of P in S1 as in S2, it can be said that the modified GS model predicts a lower S.R. for P than the 

measurements. This indicates that finite diffusion of P should also be considered instead of infinite 

diffusion of P. The measured values of Nb are significantly higher than the predicted values 

because of Nb precipitates encountered during point scan measurements. Since the point scan 
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measurements do not correlate with the solid solution content of Nb, a direct comparison between 

the segregation models and Nb measurements can not be made.  

Table 4.7: Measured and predicted micro S.R. values for Mn, Cr, Nb and P in steels S1 and S2. 

 Mn Cr Nb P 

S1 

(measured) 
1.10 1.08 2.57 0.66 

S1 

(predicted) 
1.19 1.06 0.91 0.72 

S2 

(measured) 
1.09 1.04 1.69 0.90 

S2 

(predicted) 
1.19 1.06 0.89 0.70 
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5. Unidirectional solidification of microalloyed steel 

The EMPA results from directionally solidified Bridgman samples are presented and 

discussed in this chapter. Segregation evaluation has been done using the partition coefficient 

calculations. The effect of change in cooling rate on the partition coefficient (k) and, hence, the 

segregation of Mn, Cr, Nb and P in microalloyed steel is evaluated. The measured k values are 

compared with the segregation calculation results from GS simulations. Trends and values 

observed in the EMPA results are also compared with the available literature in the field of 

directional solidification of steels. 

5.1 Distribution of Mn in directionally solidified microalloyed steel 

The Mn EMPA maps from different sections of Bridgman sample 1 are shown in Figure 

5.1.  

a) b)          

Fig. 5.1: a) Bridgman sample sectioning and b) EMPA Mn maps for samples 1-2, 1-4 and 1-6. 

20 mm 

5 mm 
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Figure 5.1-a illustrates sample sectioning and nomenclature used for the Bridgman 

samples. There are some solidification defects, such as cracks (shown in Figure 5.1 by red dotted 

rectangles) and porosities (shown in Figure 5.1 by blue dotted rectangles) in the samples. The solid 

liquid interface is visible in sample 1-4 (shown in Figure 5.1 by black dotted rectangle). The Mn 

distribution above the interface is dendritic, while the distribution below the interface does not 

represent any well defined solidification structure. A significant amount of dendritic growth is also 

observed from side wall of the samples as shown in Figure 5.1 by the green dotted rectangles. The 

black rectangular region at the top of the EMPA maps in samples 1-4 is from the copper tape 

applied to ensure electronic conductivity and avoid any charging of samples during EMPA. 

Figure 5.2 shows a comparison of the Mn distribution in Bridgman samples 1-4 and 2-4 

solidified at cooling rates of 0.4oC/s and 0.2oC/s, respectively. Samples 1-4 and 2-4 have a similar 

distribution of Mn which suggests that the qualitative distribution of Mn does not change during 

directional solidification in the 0.2-0.4oC/s cooling rate range. A similar trend was also observed 

for Cr, Nb and P EMPA maps. 

a)  

b)   

Fig. 5.2: Enhanced inverted Mn map for Bridgman samples a) 1-4 and b) 2-4. 

 

 

 20 mm 

 Top Bottom 
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5.2 Distribution of Cr, Nb and P in directionally solidified microalloyed steel 

Figure 5.3 shows a comparison of the Mn, Cr, Nb and P distributions in Bridgman sample 

2-4. Similar to the as-cast samples, the solidification structure is most apparent for the Mn map. 

The Cr map shows the lowest concentration gradient because of the relatively high partition 

coefficient for Cr. The Nb and P maps have similar distributions as Mn; however, the distributions 

are not as apparent as Mn because of the lower partition coefficients and lower nominal 

compositions for Nb and P compared with Mn in the studied steel. Similar to the as-cast samples, 

the observed distributions of Mn, Cr, Nb and P in the Bridgman samples correlate well in terms of 

their relative k values (Table 4.5).  

a) b) c) d)   

Fig. 5.3: Enhanced inverted EMPA maps for a) Mn, b) Cr, c) Nb and d) P for Bridgman sample 

2-4. 

 20 mm 
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5.3 Effect of cooling rate on partition coefficient in microalloyed steel 

The composition values from area enclosing the solid-liquid interface was used to obtain 

the required data for partition coefficient calculations after these maps were converted into 

concentration maps using the method explained in Section 3.4.5. Table 5.1 shows the calculated k 

values for Mn, Cr and P distributions in Bridgman samples. 

Table 5.1: Calculated partition coefficients for Mn, Cr and P.  

Sample 
Cooling rate 

(oC/s) 
kMn kCr kP 

1 0.4 0.913 0.927 0.249 

2 0.2 0.910 0.886 0.169 

 

The calculated k is highest for Cr followed by Mn and P. The partition coefficient for all 

elements is lowest for sample 3. For Mn and Cr, the values are slightly lower in sample 2. The 

difference in k between sample 1 and 2 is largest for P (0.249-0.169 = 0.080). For each element, 

the partition coefficients decreases with a decrease in cooling rate from 0.4oC/s to 0.2oC/s. The 

partition coefficients for Mn (0.913 and 0.910) and Cr (0.927 and 0.886) were significantly higher 

than the values for P (0.169 and 0.249), which matches well with the previously reported [73, 309, 

320, 323] values of experimentally obtained partition coefficients in Fe-based alloys. As mentioned 

in Section 2.3, slower cooling results in a larger dendrite arm spacing and, hence, a higher degree 

of microsegregation. This correlates well with the decrease in the observed k values. The partition 

coefficient of Nb could not be calculated because of the nature of Nb distribution in the obtained 

EMPA maps. The following explains the limitation of k calculation for Nb.  

Figure 5.4 shows the EMPA Nb map and a magnified version of a part of it. It is visible 

from the map of Nb, that a few pixels are significantly brighter than the rest of the pixels on the 

Nb map. The few pixels/locations (10 μm x 10 μm) which have a significantly higher concentration 

of Nb are likely precipitates of Nb. Consequently, the relative X-ray counts corresponding to the 

low wt% Nb regions are extremely low. Since the grayscale values corresponding to the EMPA 

maps vary between 0-255, the X-ray counts are scaled accordingly. This leads to a loss of the 

actual variation of composition of Nb and results in a false k value for Nb.  
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Fig. 5.4: EMPA original grayscale Nb map for Bridgman sample 1-4 and a magnified view of the 

region enclosed by the red dotted rectangle. 

Table 5.2 shows a hypothetical example to illustrate the aforementioned. When the Nb 

maps are converted into concentration contours using the image conversion method mentioned in 

Section 3.4.5, the resulting wt% distribution is also as per the scaled grayscale values and not the 

original X-ray count. Therefore, the resulting k for Nb is for the scaled data (0, 0, 0, 255, 1, 1, 1) 

and not for the original relative distribution data (0.1, 0.2, 0.3, 255, 0.8, 0.9, 1.0), which eventually 

results in a false k for Nb. Therefore, the k values for Nb are not reported. 

Table 5.2: Illustration of EMPA mapping process for Nb. 

Location X-ray counts Relative X-ray counts Scaled grayscale values 

1 10 0.1 0 

2 20 0.2 0 

3 30 0.3 0 

4 25500 255 255 

5 80 0.8 1 

6 90 0.9 1 

7 100 1.0 1 
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6. Homogenization of microalloyed steel 

This chapter presents the results from homogenization of CL and QT samples of S1 at 

1000oC, 1100oC and 1200oC for 3, 6 and 12 h. The measured changes in segregation ratio values 

for Mn, Cr, Nb and P are also compared with DICTRA based homogenization simulations and 

with previous work on steel homogenization. 

6.1 Qualitative assessment of homogenized samples 

Figure 6.1 and 6.2 show a comparison between Mn EMPA maps of as-cast and 

homogenized samples from the CL and QT locations of S1. The only visible difference between 

the EMPA maps is the oxidation ring along the boundary of the EMPA maps of the homogenized 

samples. Oxidation of steel occurs during heating to elevated temperatures (>700oC). The relative 

amount of oxidation in samples homogenized for 12 h is more than that in samples homogenized 

for 6 h, as evident from Figure 6.1-b and Figure 6.2-b. A similar oxidation trend has been observed 

in previous oxidation studies [315, 316] of steel. The distribution of Cr, Nb and P also showed similar 

trends to Mn for as-cast and homogenized samples. 

a)    b)  

Fig. 6.1: Enhanced inverted Mn map from CL location of S1 a) as-cast; b) homogenized at 

1200oC for 6 h. 
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a)    b)  

Fig. 6.2: Enhanced inverted Mn map from QT location of S1 a) as-cast and b) homogenized at 

1200oC for 12 h. 

6.2 Quantitative assessment of homogenized samples 

The distribution of Mn in CL samples of S1 homogenized under two extreme cases 

(1000oC for 3 h and 1200oC for 6 h) is shown in Figure 6.3. The maximum measured wt% value 

of Mn after homogenization at 1000oC for 3 h and 1200oC for 6 h are 2.32 and 1.94, respectively. 

The increased number of data points in Figure 6.3-b is because of a closer point scan spacing used 

during this measurement. Similar to Mn, the maximum measured wt% values for each element 

were noted and converted into segregation ratios using Equation 2.2. 

a)      

Fig. 6.3: a) Enhanced inverted Mn map and wt% distribution from CL location of S1 

homogenized at 1000oC for 3 h. 
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b)  

Fig. 6.3: b) Enhanced inverted Mn map and wt% distribution from CL location of S1 

homogenized at 1200oC for 6 h. 

6.2.1 Homogenization results from QT samples of S1 

The variation of microsegregation ratio as function of homogenization time at 1000oC, 

1100oC and 1200oC for Mn, Cr, Nb and P is shown in Figure 6.4. The decrease in micro S.R. for 

Mn and Cr, even after homogenization for 12 h, is not significant (< 0.05) because of their low 

diffusivities and their low initial as-cast segregation ratio (< 1.10). Previous studies on 

homogenization of Mn and Cr [189, 321, 322] with similar initial segregation ratios and large dendrite 

arm spacing (> 200 μm) have also reported insignificant (< 5%) decreases in segregation of Mn 

and Cr at 1200oC. The S.R. for Nb in homogenized QT samples does not follow any particular 

trend, due to competing dissolution and coarsening of Nb precipitates taking place in the 

temperature range of 1000-1200oC. The decrease in micro S.R. for P is also less than 0.02, except 

for a point with a higher measured micro S.R. (1.08) in the sample homogenized at 1100oC for 3 

h. The high diffusivity of P combined with the low P content within the dendrites are considered 

to be the reasons behind the low measured microsegregation ratio values of P. 
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a)  b)  

c)  d)  

Fig. 6.4: Microsegregation ratios for a) Mn, b) Cr, c) Nb and d) P in homogenized samples. 

6.2.2 Homogenization results from CL samples of S1 

Figure 6.5 shows the variation of macrosegregation ratio as a function of homogenization 

time at 1000oC, 1100oC and 1200oC for Mn, Cr, Nb and P. The macro S.R. for Mn decreases from 

1.45 to 1.21 after 6 h at 1200oC. A point with a S.R. higher than the as-cast measurement is 

observed in the sample homogenized at 1000oC for 6 h. Cr and Nb macro S.R. values generally 

decrease with increasing time. The Cr macro S.R. decreases from 1.12 to 1.03 and the Nb macro 

S.R. decreases from 14.13 to 2.47 after 6 h at 1200oC. Similar to Mn, points with S.R. higher than 

the as-cast measurement in the sample homogenized at 1100oC were observed for P. The minimum 

macro S.R. for P (2.06) is also observed for the sample homogenized at 1200oC for 6 h.  
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a)   b)  

c)   d)  

Fig. 6.5: Macrosegregation ratios for a) Mn, b) Cr, c) Nb and d) P in homogenized samples. 

A large decrease in the macrosegregation ratio (>0.10) with increasing time and 

temperature is observed for Mn, Cr, Nb and P. The degree of decrease in macrosegregation ratio 

(>0.10) is greater because of the larger initial concentration gradient in the as-cast centerline 

samples compared with the quarter thickness samples. The macrosegregation ratio of Mn decreases 

by 20%, which is considerably higher than the decrease in microsegregation ratio of Mn (< 5%) 

for a hold time of 6 h at 1200oC. The macrosegregation ratio for Cr decreases from 1.12 to 1.03 

after homogenization at 1200oC for 6 h, which is similar to a previous work [230], where the S.R. 

for Cr decreased from 1.16 to 1.09 after homogenization at 1200oC for 10 h. All elements except 

Nb follow the same trend, with the lowest macrosegregation ratio in the sample homogenized at 

1200oC for 6 h. Macrosegregation ratio values for Nb again do not show any particular trend. The 

extent of decrease in macro S.R. is highest for P (~50%), because of the high diffusivity of P. 
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6.3 DICTRA based homogenization calculation results 

The results from DICTRA based diffusion simulations are presented in this section. The 

diffusion behavior for both micro and macrosegregation of Mn, Cr, Nb and P at 1000oC, 1100oC 

and 1200oC were simulated. The diffusivities of Mn, Cr, Nb and P were also obtained directly, as 

a function of temperature, using the equilibrium calculator and MOBFE3 database of ThermoCalc. 

Figure 6.6 shows the macrosegregation diffusion of Mn at 1200oC for up to 12h. The calculated 

diffusion coefficient (D) for Mn in austenite (FCC) at 1200oC is 8.00x10-15 m2/s. The peak S.R. of 

Mn decreases from 1.45 to 1.41 after 12 h.  

 

Fig. 6.6: Macrosegregation diffusion simulation plot for the binary Fe-Mn system at 1200oC. 

Similar to the macrosegregation diffusion of Mn at 1200oC, micro and macrosegregation 

diffusion were simulated for Cr, Nb and P. The obtained diffusion coefficients and the change in 

peak segregation ratios at two extreme cases (1000oC for 3 h and 1200oC for 12 h) are listed in 

Table 6.1. P has the highest diffusion coefficient value followed by Nb, Cr and Mn. Accordingly, 

the decrease in peak S.R. is largest for P and lowest for Mn. As expected, the diffusion coefficients 

are lower at 1000oC than at 1200oC for all elements. Simulations with reduced chemistry (Section 

3.5-b) produced similar values as the binary Fe-X simulations. 
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Table 6.1: Diffusion coefficients and S.R. values of elements predicted through DICTRA. 

 S.R. at t = 0 
S.R. after 3 h at 

1000oC 

S.R. after 12 h 

at 1200oC 
D1000 (m

2/s) D1200 (m
2/s) 

Mn 
1.10 1.10 1.09 

3.01x10-16 8.00x10-15 
1.45 1.45 1.41 

Cr 
1.10 1.10 1.08 

3.24x10-16 1.27x10-14 
1.20 1.20 1.17 

Nb 
2.00 2.00 1.69 

9.67x10-16 2.95x10-14 
5.00 5.00 3.80 

P 
2.00 1.80 1.17 

7.36x10-14 8.78 x10-13 
5.00 4.22 1.73 

 

 Table 6.2 shows a comparison between ThermoCalc and experimentally obtained 

diffusivities [76] of Mn, Cr, Nb and P in austenite at 1000oC and 1200oC. The diffusivities for Mn 

and Nb are quite close to experimentally obtained diffusivities. However, the diffusivities for Cr 

at 1200oC and for P at 1000oC are higher in the ThermoCalc calculation. Both ThermoCalc and 

experimentally obtained diffusivities are highest for P, as it is an interstitial solute in iron, followed 

by Nb, Mn and Cr, which are substitutional solutes in iron.  

Table 6.2: Diffusivity of elements in austenite at 1000oC and 1200oC. 

Element D1000 (m
2/s) D1200 (m

2/s) 

 ThermoCalc Experiment [76] ThermoCalc Experiment [76] 

Mn 3.01x10-16 3.22x10-16 8.00x10-15 7.89x10-15 

Cr 3.24x10-16 1.24x10-16 1.27x10-14 2.06x10-15 

Nb 9.67x10-16 9.65x10-16 2.95x10-14 2.94x10-14 

P 7.36x10-14 3.14x10-14 8.78x10-13 3.28x10-13 
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For Mn at 1200oC, DICTRA predicted an insignificant (~1%) decrease in peak segregation 

for microsegregation diffusion and a 3% decrease in peak segregation for macrosegregation 

diffusion. The predictions are considerably less than the changes for the EMPA measurements (3% 

decrease in QT sample and 20% decrease in CL sample) in the homogenized samples. The 

predicted and measured decreases in microsegregation for Cr are low (< 2%). The decreases in 

peak macro S.R. values for Cr are higher for the EMPA measurements (~8%) than those for 

DICTRA predictions. A similar trend has been observed in previous studies [186] for Cr segregation 

reduction. For P, both the measured and predicted decrease in peak S.R. are significantly higher 

than the corresponding changes in Mn, Cr and Nb, because of the higher diffusivity of P. Since the 

starting S.R. for Nb and P were assumed based on their low partition coefficient, a direct 

comparison between measurements and simulations of segregation homogenization for Nb and P 

is not presented. The observed differences in the predicted and measured decrease in degree of 

segregation is due to the variable local concentration gradient within each sample. The variation 

in local concentration gradient arises due to random (variable dendrite arm spacing (DAS)) 

dendritic growth during solidification and the degree of homogenization is higher for smaller DAS 

compared with larger DAS [221, 322]. Since the DICTRA based diffusion model used in this work is 

for a constant DAS, it is not an absolute spatial representation of the homogenized samples. The 

higher degree of decrease in macrosegregation for both experiment and simulations is due to a 

greater initial concentration gradient of individual elements in the CL samples compared with the 

QT samples. A closer approximation of decrease in degree of segregation can be obtained by 

including multiple peak profiles as the initial state of segregation. 
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7. Conclusions and future work  

In this study, the micro and macrosegregation behavior of Mn, Cr, Nb and P in 

microalloyed steels was investigated. Two industrial grade as-cast slabs with different nominal 

composition were characterized using EMPA. Another set of microalloyed steel samples was 

directionally solidified using a Bridgman furnace to study the effects of cooling rate on the 

partition coefficients of Mn, Cr, Nb and P. Furthermore, isothermal heat treatments were carried 

out at 1000oC, 1100oC and 1200oC for hold times of up to 12 h to study the diffusion behaviour of 

Mn, Cr, Nb and P in microalloyed steel. Finally, ThermoCalc based segregation and diffusion 

calculations were performed to formulate methods that can be used to predict the segregation and 

diffusion of alloying elements in microalloyed steels.  

7.1 Segregation during continuous casting of microalloyed steels 

 EMPA proved to be a particularly useful method to map and to quantify the concentration 

distribution of various elements in relatively large areas (⁓100 mm2). The solute content of 

Mn was highest for all samples and, hence, the Mn EMPA maps provided the best contrast 

to study the segregation pattern. 

 Both as-cast slabs S1 and S2 exhibited unequal amount of cooling from top and bottom 

surfaces. The segregation pattern suggested that the bottom of the slabs cooled faster as 

compared to the top part. For the investigated compositions, among Mn, Cr and P, Mn 

displayed the highest magnitude of microsegregation followed by Cr and P. However, for 

macrosegregation, P had the highest degree followed by Mn and Cr. The measured macro 

segregation ratio for Mn was higher for S1, which had a higher nominal Mn content. 

 Nb segregation was difficult to study because of the presence of Nb precipitates which 

form during continuous casting of microalloyed steels. High measured Nb concentrations 

at a few locations on the EMPA maps and the contrast in EMPA grayscale Nb maps 

conformed well to the low partition coefficient of Nb in microalloyed steels.  

 The measured interdendritic concentration of P was relatively low, but macrosegregation 

ratios for P were higher, which also agreed well with the low partition coefficient value of 

P in microalloyed steels.  

 Mn EMPA maps illustrating centerline segregation of 3 different as-cast microalloyed steel 

slabs were also compared. Soft reduction leads to a decrease in the severity of centerline 
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segregation. Soft reduction also results in a discontinuous centerline segregation band. Soft 

reduction had insignificant effect on microsegregation.  

 The “Scheil Solidification Simulation” module of ThermoCalc software was used for 

segregation ratio predictions for Mn, Cr, Nb and P. Two models were considered, the 

simple GS model and a modified GS model where the back diffusion of interstitial elements 

like C, P and S was considered. The concentrations of the elements in the solid phase at 

0.85 fraction solid were chosen for comparison with the measured microsegregation values. 

The predicted microsegregation ratio values for Mn and Cr were higher as compared to the 

measurements. However, for P, the measured values were considerably higher than the 

predictions. This suggested that finite diffusion of Mn, Cr and P needs to be taken into 

account in the solidification simulations.  

 The quantification of segregation using segregation ratio, i.e., based on just one point is 

not suitable, particularly for elements like Nb and P, which have a low partition coefficient 

value.  

7.2 Effect of cooling rate on partition coefficient 

 Unidirectional solidification at cooling rates of 0.4oC/s and 0.2oC/s were used to study the 

variation of partition coefficients for Mn, Cr, Nb and P. The qualitative distribution of 

individual elements was same in both samples. The composition of elements from the area 

covering the solid-liquid interface was used to calculate partition coefficients. A decrease 

in partition coefficient with a decrease in cooling rate from 0.4oC/s to 0.2oC/s was observed 

for Mn, Cr and P. Nb precipitates limited the k calculation for Nb.  

7.3 Diffusion during homogenization of microalloyed steels 

 The decrease in microsegregation ratio for Mn and Cr were small (< 5%). The 

microsegregation ratio for Nb showed an increase after homogenizing at 1200oC, likely 

due to Nb precipitate coarsening. Microsegregation ratio values for P were quite low 

(<1.00) for all quarter thickness samples. Both Nb and P microsegregation did not show a 

definite trend with respect to increasing homogenization time or temperature.  
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 For centerline samples, the decrease in macrosegregation was relatively high for all the 

elements of interest. A decrease of 20% in peak measured macrosegregation value for Mn 

was observed. The P peak value decreased from 3.9 to 2.1 at 1200oC in 6 h.  

 From DICTRA simulations, the microsegregation diffusion plots for Mn, Cr and Nb 

showed small changes (< 5%) in peak segregation as the diffusivities of substitutional 

solutes in austenite are quite low even at 1200oC. P had the highest calculated diffusivity 

followed by Nb, Cr and Mn. Macrosegregation diffusion simulations displayed the same 

trend as microsegregation diffusion simulations. 

 A significant decrease in measured macrosegregation for all elements was observed, which 

was not the case for macrosegregation diffusion simulation. The predicted decrease in peak 

macrosegregation value for Mn was small (~3%), but a greater decrease in Mn 

macrosegregation (~20%) was observed experimentally. P diffusion simulations 

corresponded well with the measured values. The decrease in Nb macrosegregation 

simulations were also lower than measurements. The measured values of Nb segregation 

in homogenized CL samples were quite high again due to Nb precipitates.  

7.4 Proposed future work 

This section outlines further scope of this research and identifies the areas that can be 

improved upon.  

 Another as-cast slab with a higher nominal Mn content should be analysed to further 

support the assertion of increased segregation ratio with increasing weight percent of Mn. 

This will also help further support the observed trends for Cr, Nb and P. To study Nb 

segregation, a threshold value differentiating Nb segregation and Nb precipitates should be 

set. An average of a few higher measured wt% points could also be used instead of using 

just one maximum measured wt% value for segregation ratio determination. 

 In this work, other possible factors which could affect segregation behavior of elements 

like changing grain size and changing dendrite arm spacing were not considered in detail. 

The effects of changing grain structure and dendrite arm spacing on segregation can be 

further explored.  
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 Another set of unidirectional solidification trials at increased cooling rates should be 

performed and analyzed to establish the relation between partition coefficient and cooling 

rate during solidification over a wider range.  

 Quantification of segregation based on segregation ratio is limited as it is based on one data 

point. Quantification of segregation in cast slabs should also be done based on the partition 

coefficient calculations.  

 The above mentioned calculation was performed for Mn in 2 samples, as-cast and 

homogenized QT sample. The partition coefficient, k, for Mn increased from 0.932 in as-

cast condition to 0.968 in the sample homogenized at 1200oC for 12 h, which follows well 

in terms of segregation reduction after homogenization. This further supports the use of k 

instead of an one point segregation ratio as a measure to quantify segregation. 

 GS calculations with modified k values, as suggested in some previous works [278-285], 

should be conducted for the studied low C steels. This would identify the further 

possibilities of improvement in the GS model implemented in this work.  

 A DICTRA model with multi-peak initial segregation profiles and non isothermal heat 

treatment should be defined to better replicate the homogenization experiments.  

 DICTRA based solidification modeling with varying cooling rates should also be 

undertaken to model the effects of varying cooling rate on partition coefficients of solutes 

in microalloyed steels. 
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Appendix A 

A-1 Interaction volume 

Figure A.1 illustrates the interaction of a high energy electron beam with a sample. The 

size of interaction volume directly affects the EMPA setup. According to Goldstein [326], the 

interaction volume can be calculated using the X-ray range. For a 5 μm beam generated from a 20 

kV source, the interaction volume can be calculated as shown below. 

R(nm) =  
27.6 𝐴 𝐸𝑜

1.67

𝑍0.89𝜌
 = 1578.47 nm = 1.6 μm. 

Therefore, the effective beam diameter (deff) = Beam diameter + 2 x R = 5 + 2 x 1.6 = 8.2 μm 

The interaction volume (assuming a hemispherical shape) = 
 π 𝑑𝑒𝑓𝑓

3  

12
 = 144.35 μm3  

 

Fig. A.1: Schematic of electron beam interaction with sample [325]. 
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A-2 Quantitative point scanning 

Table A.1 contains the details of quantitative point scans performed in this work. The 

crystals and standards used are also included in the table. 

Table A.1: EMPA equipment parameters used for point scanning. 

Element/Line Crystal 
OnPeak 

Time 

OffPeak 

Time 
Standard 

Analytical 

Error (rel%) 

Detection 

Limit (99%) 

Nb La LPET 30 30 
Niobium, Nb 

- ESPI 
4.49871 0.00893 

Mn Ka LPET 30 30 
Alabandite 

MnS 
0.222523 0.00414 

Cr Ka PET 30 30 

Cr2O3 

chromium 

oxide Alfa 

1.08032 0.004231 

P Ka LTAP 30 30 
Apatite, 

Durango 
55.8539 0.004159 
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Appendix B 

B-1 EMPA grayscale map to concentration contour 

An example of the conversion of a grayscale EMPA map to a concentration contour is 

shown in this section. Figure B.1-a and b shows the obtained grayscale map and point scan data 

corresponding to the line scan location shown in Figure B.1-a. 

a)   

b)  

Fig. B.1: a) EMPA Mn map for a section from Bridgman sample 1 and b) Mn line scan plot 

corresponding to the line scan AB. 

Table B.1: EMPA quantitative data for Mn corresponding to line AB. 

Distance from A (µm) wt% Mn 

0 1.92 

15 1.92 

…… …… 

195 1.89 

……. …… 

405 1.79 
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The EMPA Mn map was first converted into a grayscale value (0-255) map. A screenshot 

of the converted map with grayscale values is shown in Figure B.2. A higher grayscale value 

corresponds to a brighter spot on the map and vice-versa. The value in cell A1 in the screenshot is 

the grayscale value of the top left corner pixel of the original grayscale Mn map. 

 

Fig. B.2: Mn map pixels converted into grayscale values. 

The grayscale value of the pixels corresponding to the measured point scan locations were 

noted. The relation between grayscale value of pixels and wt% Mn using point scan locations was 

established. The whole grayscale map was then converted into concentration value points using 

the established relation between grayscale value of the pixels and wt% Mn. The concentration 

points were then converted into a concentration contour, as shown in Figure B.3.  

 

Fig. B.3: Predicted Mn concentration contour of Bridgman sample 1. 
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Appendix C 

C-1 Partition coefficient calculation 

An example of partition coefficient calculation process for Mn in Bridgman sample 1 is 

shown in this section. After the conversion of grayscale map into concentration contour. The points 

in the region covering the solid-liquid interface as shown in Figure C.1, were used as an input for 

partition coefficient calculation. 

 

Fig. C.1: Region for input data for partition coefficient calculation for Mn in Bridgman sample 1. 

The steps for calculation of partition coefficient for Mn using the data obtained from Figure C.1 

are as follows. 

Step 1:     The obtained composition data for the element was sorted in ascending order. 

Step 2:     Ordered integer values were assigned to each data point and the total number of data 

points was noted. The modified data after these two steps is shown in Figure C.2. At this point, 

the data values are of the form shown in Table C.1.  
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Fig. C.2: Ordered Mn data for Bridgman sample 1. 

Table C.1: Ordered data with assigned integer numbers. 

Data point X Y 

1 0 0.95 

2 1 1.16 

…… …… …… 

24001 24000 1.63 

……. …… …… 

48001 48000 2.61 

 

Step 3:     The assigned ordered integers, i.e., the X axis values, were then converted into 

normalized fraction values by dividing them by the total number of data points (48000). The 

resulting data values are shown in Table C.2. The normalized fraction values were considered as 

fraction solid (fs) values for the corresponding composition. 
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 Table C.2: Ordered data with assigned integer numbers converted into fraction solid. 

 Normalized X Fraction solid Y 

1 0/48000 0 0.95 

2 1/48000 0.00005 1.16 

……  …… …… 

24001 24000/48000 0.5 1.63 

…….  …… …… 

48001 48000/48000 1 2.61 

 

Step 4:     Composition versus fraction solid was plotted using the processed data. The plot 

obtained is shown in Figure C.3. 

 

Fig. C.3: Ordered Mn data versus fraction solid. 

Step 5:     The best fit function of the type Co (1-fs)
(k-1) (commonly known as the GS equation) was 

determined by varying the values of Co and k. The k value from the best fit plot was the required 

partition coefficient. An illustration is shown in Figure C.4. 
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Fig. C.4: Ordered Mn data and GS equation plots with varying Co and k. 
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Appendix D 

D-1 Surface layer diffusion model 

This section shows a detailed solution for a surface layer diffusion model. Figure D.1 

shows a schematic of diffusion in a fixed volume domain. The initial and final solute profile at t = 

0 and t = t are given by the dotted and solid lines, respectively. The overall solute content of the 

domain is fixed. 

 

Fig. D.1: Schematic of a surface layer diffusion model. 

As the total amount of solute is fixed, 

 

The change in concentration as function of time and distance is given by the Fick’s Second Law 

(Equation 2.9) as explained in Section 2.7. A general solution of the Fick’s Second Law is of the 

form: 

𝐶 (𝑥, 𝑡) =   
𝛼

√𝑡
exp(

−𝑥2

4𝐷𝑡
) 

where D is the diffusion coefficient of the solute, x is distance and t is time. 

Substituting Equation D.2 in D.1: 

 

∫ 𝐶(𝑥)𝑑𝑥
∞

0
= 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = N 

∫
𝛼

√𝑡
exp(

−𝑥2

4𝐷𝑡
) 𝑑𝑥

∞

0

= N 

D.1 

D.2 
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Defining  

 

 

From the definition of error function: 

 

 

 

 

Therefore, for the surface layer diffusion model: 

𝐶 (𝑥, 𝑡) =   
𝑁

√𝜋𝐷𝑡
exp(

−𝑥2

4𝐷𝑡
) 

A different case with an initial condition as shown in Figure D.2 can also be reduced to 

example D.1 simply by considering N to be the solute content within the dotted rectangular region 

(N’).   

=> ∫ 2𝛼 √𝐷 exp(
−𝑥2

4𝐷𝑡
) 𝑑

𝑥

2√𝐷𝑡

∞

0

= N 

𝜂 =
𝑥

2√𝐷𝑡
 

=> 2𝛼 √𝐷 ∫ exp(−𝜂2) 𝑑𝜂

∞

0

= N 

erf(𝑥) =
2

√𝜋
∫ exp(−𝜂2) 𝑑𝜂

𝑥

0

 

erf(∞) = 1 

=> ∫ exp(−𝜂2) 𝑑𝜂 =  
√𝜋

2
 

∞

0

 

=> 𝛼 =  
𝑁

√𝜋𝐷
  

D.3 
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Fig. D.2: Schematic of a modified surface layer diffusion model. 

For this case, the solution becomes of the form:  

𝐶 (𝑥, 𝑡) =   𝐶𝑜 +
𝑁′

√𝜋𝐷𝑡
exp(

−𝑥2

4𝐷𝑡
) 

 

 

 

 

 

 

 

 

 

 

 

D.4 
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Appendix E 

E-1 Through thickness EMPA Mn maps for S1 

The as-cast Mn EMPA enhanced inverted maps from samples across the thickness of S1 

are shown in Figure E.1. 

 

Fig. E.1: As-cast EMPA enhanced inverted Mn maps from S1. 
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