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Abstract
The level of segregation in steel plates used to manufacture large diameter high strength pipe is important to pipe manufacture and performance. In this work, as part of the alloy design process, the level of segregation of different HSLA steel compositions was evaluated using computational 
thermodynamics. Equilibrium and Scheil-Gulliver model calculations were used to identify the most promising compositions. Equilibrium phase diagrams and mass fraction of solid phase diagrams were used to quantify the segregation towards the end of solidification.  Results indicated that S is the stronger 
segregating element, as expected, but also that Nb, C and P segregate considerably. P and Mn segregation are well known to be associated with banding in these products and the present results confirmed this.  The enrichment of the liquid phase in S, P and Nb is related not only to the content of these 
elements but also to the steel C content. Even using only these two extreme models - equilibrium and Scheil - the results are useful to support the alloy design, in special concerning the evaluation of segregation of C, Mn, S, P, Nb e Ti, elements that have a significant influence both on mechanical properties 
and on the resistance to hydrogen embrittlement of the steels used for large diameter piping. In the next step, these results will be compared with the results of the continuous cast and controlled rolled plates.
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1  INTRODUCTION          
        
        Solidification produces partitioning or segregation of chemical elements between liquid phase and growing solid crystals, producing 
nonuniformity in the distribution of chemical elements in as cast products. The segregation inherited of solidification process may exert a deleterious 
influence on the mechanical properties of the material.
        The effects of segregation can be seen, for example, during the formation of eutectic carbides that can interfere in the amount of microalloying 
elements that should be available to promote microstructural refinement and precipitation hardening. This fact can be related to development of 
bimodal grain structure, which is characterized by bands of coarse grains separated by bands of fine grains and it has been found to be the 
consequence of microsegregation of Nb during continuous casting. Segregation may manifest itself as banding in the microstructure of finished 
steel products. Banded arrangements of low-temperature transformation microstructure, such as bainite or martensite at the center segregation 
zones, have a negative influence on hydrogen induced cracking (HIC), which is one of the most important requirements for microalloyed steels for 
sour service line pipes. The HIC crack can initiate at the interface between elongated MnS inclusions and the matrix or coarse (Ti,Nb)(C,N) 
precipitates and the matrix. These two compounds are formed during solidification by segregation of Mn, S, Ti, Nb, N and C and it is know that TiN 
particles, which have a low solubility in steel, act as nucleation sites for MnS or NbC formation, and these combined inclusions can cooperate to 
result HIC.
        Segregation during solidification process can be predicted using computational thermodynamics, which is a useful tool to study complex 
phenomena. Thermo-Calc software, for example, can be used for simulate segregation of any high-order multicomponent system by using 
Equilibrium and Scheil-Gulliver model.The purpose of this article is to present a qualitative assessing of chemical elements segregation in HSLA 
steels for sour service line pipes by using Thermo-Calc. Equilibrium and Scheil-Gulliver model were applied to study the liquid phase enrichment by 
C, Mn, P, S, Nb and Ti.

2 THERMODYNAMIC CALCULATIONS METHODOLOGY
        
        In this work, Equilibrium and Scheil-Gulliver model were applied to predict the segregation of C, Mn, P, S, Nb and Ti of HSLA steels for pipeline 
production with requirements of HIC resistance. The Thermo-Calc software, version 5 and TCFE6 database, was used to make Equilibrium and 
Scheil-Gulliver calculations. The chemical composition of alloys studied is shown in Table 1.

Table 1. Chemical composition of investigated alloys.

        The concentration of C, Mn, P, S, Nb and Ti was obtained from equilibrium diagrams of solute mass fraction in liquid versus temperature, 
regarding the last liquid to solidify (Figure 1a) and composition of the liquid corresponding to 95% of solid fraction in diagrams of solute mass 
fraction in liquid versus solid fraction (Figure 1b) calculated by Scheil-Gulliver model.

Figure 1 - Diagram of the mass fraction of solute in the liquid in the final stages of the solidification process, calculated by (a) Equilibrium and
                 (b) Scheil-Gulliver model.

(a) Equilibrium (b) Scheil-Gulliver model

3  RESULTS AND DISCUSSION
 
        Equilibrium and Scheil-Gulliver calculations were perfomed for alloys specified in Table 1 and the concentration of the elements C, Mn, S, P, 
Nb and Ti obtained from these calculations are shown in Figure 2.

Figure 2 - Mass fraction of solute in last liquid calculated on Equilibrium and Scheil-Gulliver model.

(a) Mass fraction of C in liquid (b) Mass fraction of Mn in liquid

(c) Mass fraction of P in liquid (d) Mass fraction of S in liquid

(e) Mass fraction of Nb in liquid (f) Mass fraction of Ti in liquid

Figure 2 - Mass fraction of solute in last liquid calculated on Equilibrium and Scheil-Gulliver model.

        From the results of Figure 2, the enrichment of the liquid phase with the solute C, Mn, P, Nb and Ti was higher according to the Scheil-Gulliver 
model calculations. The same is not true when analyzing datas related to S, which values were higher for the calculations made in equilibrium. The 
results of equilibrium calculations as well as Scheil-Gulliver model calculations showed that the segregation of C and Mn was promoted only by 
increasing the concentration of these elements. This was also verified for the elements P, S, Nb and Ti, but the enrichment of liquid with these 
elements was also influenced by other, as explained below:
• segregation of P: for the calculations performed with the Scheil-Gulliver model, the enrichment of liquid with P was also influenced by the Nb 
content (alloys 2 and 10) and C content (alloys 3 and 9). In the case of calculations performed at equilibrium, only the C influenced the segregation of 
P (alloys 2 and 10; alloys 3, 5 and 9);

• segregation of S: according to equilibrium calculations, only C influenced the segregation of S (alloys 5 and 10);

• segregation of Nb: both equilibrium calculations and Scheil-Gulliver model calculations, the increase of C content increased the segregation of Nb 
(alloys 1, 3, 4, 5, 9 and 10);

• segregation of Ti: according to Scheil-Gulliver model calculations, the decrease of N content influenced the segregation of Ti (alloys 4, 5, 6 and 7).

        From the results of Figure 2, the distinction between elements that have higher segregation in each alloy is not possible due to differences 
between the concentrations of these elements. For example, the concentration of S content is much lower than the concentration of other chemical 
elements. This distinction was made for the elements C, Mn, P, S, Nb and Ti, by calculating the ratio of the liquid composition in the final stage of 
solidification and the nominal composition of the alloy. The results of this calculation are given in Table 2.

Table 2. Enrichment of liquid by C, M, P, S, Nb and Ti according to calculations equilibrium and Scheil-Gulliver model calculations.

        According to results shown in Table 2, S was the element which segregation was higher, both for calculations on equilibrium and Scheil-Gulliver 
model. In addition to S, in a general analysis, the enrichment of the liquid with the elements C, Nb and P were also considerable. The segregation of 
the latter three elements was higher in Scheil-Gulliver calculations than equilibrium calculations, unlike what happened to the element S. The 
increase of C content increased the segregation of S and Nb, as was observed in alloy A10.
        From the equilibrium calculations, the enrichment of liquid by Ti and P was similar, however, according to Scheil-Gulliver calculations, the 
segregation of P was more evident. In general, Mn and Ti were the elements which had the lowest segregation. However, it should be noted that this 
fact does not prevent the formation of compounds such as TiN and MnS during solidification of steel. Titanium nitride particles precipitated in the 
liquid or at high temperature in the austenite and have been observed to act as heterogeneous nucleation sites for niobium carbonitrides and 
manganese sulfide. The high sulfur segregation also promotes the formation of MnS because of the chemical affinity between S and Mn.
        To complement the analysis of alloys studied, in figure 3 is shown the evolution of solid fraction obtained by applying Scheil-Gulliver model. The 
compound FCC_A1 # 2 corresponds to the precipitate (Ti, Nb),(C, N) that can be rich in Ti or Nb, depending on the chemical composition of alloy and 
the temperature at which it forms. From figure 3, it was observed that there was the formation of L + γ field in alloys 1, 2, 8, 9 and 10, indicating an 
enrichment of the liquid with solutes, especially C. From the results of Figures 2 and 3 and considering the deleterious effects of segregation on HIC 
resistance, the alloys 3, 4, 5, 6 and 7 was selected for the next stages of product development in laboratory scale. As the element S has a high 
tendency to segregate, the decrease in content of this element in alloys 4 and 6 will be required.

Figure 3 - Mass fraction of all solid phase in each alloy, calculated on Scheil-Gulliver model.

4  CONCLUSIONS
 
•   The enrichment of the liquid with C, Mn, P, Nb and Ti was higher when using Scheil-Gulliver model, but the enrichment of the liquid with S was    
     higher when using equilibrium;

•   In general, the segregation of C, Mn, P, S, Nb and Ti was promoted by increasing the concentrations of these elements. In some cases, elements 
    such as C, Nb and N, also exerted an influence on the segregation of P, S, Nb and Ti;

•   S was the element that most segregated, followed by C, Nb and P;

•   By using Thermo-Calc was possible to develop a methodology of study to assess the segregation of the elements C, Mn, P, S, Nb and Ti. It is 
    known that the actual conditions of solidification do not occur in equilibrium, so the application of Scheil-Gulliver model, compared to equilibrium,  
    can provide a better approximation of the partition behavior of these chemical elements during solidification.


