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Abstract

The characteristics of the initial solidification in continuous casting, especially the peritectic phase transition, have a considerable effect on the surface quality, casting productivity and operational safety. To supervise the thermal behaviour in the continuous casting mould an online thermal monitoring system has been installed by voestalpine Stahl GmbH. The higher the temperature fluctuation in the mould is, the more less uniform the strand surface. This significant operational behaviour corresponds with the chemical composition, especially for steel grades in the peritectic region. As commercial steels are always multi-component alloys, also the influence of alloying elements besides carbon on the peritectic phase transition need to be taken into account. Since mathematical methods (Cp-Formulas) and ΔG-Minimizers (e.g. ThermoCalc or FactSage) are sometimes insufficient to safely describe the peritectic range in new alloys, reliable experimental methods are necessary. Differential Scanning Calorimeter (DSC) is a proved method which allows a clear prediction of whether an alloy is peritectic (i.e. critical to cast) or not. In the following study a combined investigation of selected steel grades by mould thermal monitoring (= casting behaviour) and DSC experiments (= phase transformations) will be carried out and discussed.  
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1. Introduction

The characteristics of the initial solidification in continuous casting (CC), especially the peritectic phase transition, have a considerable effect on the surface quality, casting productivity and operational safety. Four different transformation sequences can be distinguished in steels, visualized in the equilibrium Fe-C diagram in Figure 1a and summarized in Table 1. The points CA, CB and CC characterise the different ranges in the phase diagram. 
Special features are the two different high-temperature phases: δ- and γ-iron, showing significant differences in their density due to the diverse crystal structure (δ = face centred cubic / γ = body centred cubic) [
]. Steels which solidify according to the transformation sequence of range II are of special interest, because in this case the transformation of δ-Fe to γ-Fe (i.e. the peritectic phase transition L+δ → δ+γ → γ) starts in the solid-liquid two phase region and ends in the solid. Particularly, this specific peritectic transformation range II is responsible for an increased appearance of defects (such as hot tears, surface defects, depression formation and, in the worst case, breakouts) in the continuous casting process [
,
,
,
]. 
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Fig. 1 a) Fe-C equilibrium diagram with the critical peritectic range and

b) influence of alloying elements on the Fe-C system.

Table 1. Different transformation sequences in the Fe-C system.

	Range
	Position
	Phase sequence
	Characteristics

	I
	left of CA
	L → L+δ → δ → δ+γ → γ
	primary δ-Fe solidification

	II
	between CA and CB

= hypo-peritectic
	L → L+δ → δ+γ → γ
	peritectic transformation coincides 

with the final solidification 

	III
	between CB and CC

= hyper-peritectic
	L → L+δ → L+γ → γ
	peritectic transformation occurs in the

solid/liquid two phase region

	IV
	right of CC
	L → L+γ → γ
	primary γ-Fe solidification


As commercial steels are always multi-component alloys, the influence of alloying elements besides carbon on the peritectic range (CA*, CB* and CC*) also needs to be taken into account, as visualized in the pseudo binary phase diagram in Figure 1b. The effect of the alloying elements can be distinguished between austenite formers (like Mn, Ni, Co, Cu, N…) and ferrite formers (like Cr, Mo, W, Al, Si, Ti, V, B, S, P…). Furthermore, the presence of higher concentrations of alloying elements will tend to form a peritectic ternary region (L+δ+γ). 
For process operators of continuous casting machines it is essential to know, whether a specific steel grade is within the critical range II or not. If the sequence of phase transformations and the characteristic points CA* and CB* are well known, critical steel grades can be produced safely by target selection of special casting powders, cooling programs and casting speed [
,
].
Great efforts were made to describe the influence of alloying elements on the transformation sequence with calculation methods, such as Cp-formulas [
,
,
,
,
], the Kagawa, A. and T. Okamoto model [
], special formulas for CA* and CB* from Blazek et al. [
] and Shepherd et al. [
] and thermodynamic databases and programs (ThermoCalc, FactSage, MT-Data…). However, all these models are only as good as their data base and cannot render secured results for new, unknown alloys. Therefore, reliable experimental investigations are essential to find out whether a new steel grade is within the critical range II. Previous investigations of Presoly et al. [
,
,
] showed, that Differential Scanning Calorimetry (DSC) is a perfect method to determine the transformation sequences, especially of range II, of all unknown steel grades. 

In the following study, 22 selected steel grades from voestalpine Stahl GmbH were investigated by DSC measurements. Furthermore, the operating data of the continuous casting process from the online thermal monitoring system were evaluated from these steel grades. Then the results of the transformation characteristics from the laboratory were compared with the process data in order to identify and better understand the behaviour of peritectic steels. Finally, these findings were compared with different calculation methods and Xia’s Cp-Formula [8] was optimized.

2. DSC measurements in the lab
DSC measurements are an excellent method to record all transitions associated with an exo- or endothermic effect (= enthalpy change). Detailed descriptions of the DSC technique can be found for example in [
,
]. The equipment used in the study was a NETZSCH DSC 404F1 Pegasus with a Rhodium-furnace and a platinum DSC sensor with type-S thermocouples as shown in Figure 2. 
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Fig. 2 Layout of a high temperature DSC with a platinum DSC sensor.

The experimental set-up was calibrated by measuring the well-known melting points of high purity In, Bi, Al, Ag, Au, Ni and Co. The standard deviation of the temperature measurements was determined for solid-solid transitions (i. g. the γ→δ transformation with a very low enthalpy change) with +/-5 °C and for solid-liquid transitions (high enthalpy change) with               +/-2 °C. All measurements were carried out under the same conditions in alumina crucibles with lids under protective gas atmosphere (argon, quality 6.0) with a flow of 70 cm³/min during controlled heating up to 1550 °C.  

The lowest possible residual oxygen contents are necessary to ensure consistent measurement of alloyed steels, especially steels with elements like Al, Si, Ti and C, which have a high affinity for oxygen. For this purpose, a special zirconium getter is placed directly under the platinum DSC sensor. In addition, before each measurement the full system was evacuated and purged with argon three times, and flushed for half an hour with 150 cm³/min argon.
Figure 3 shows the time-temperature-program of the DSC measurement, whereas the proper measurement is only the heating segment from 450 °C to 1550 °C. Since strong nucleation inhibition and supercooling occur whilst the small laboratory samples cool, only the measurement of the first heating is valid. In order to achieve optimum equilibrium conditions, small ground 50 mg samples at a heating rate of 10 K/min were used. This practice conforms to the technical standards DIN 51007 [
]. In addition, thermal resistance (R) and the time constants (Tau) of the DSC measurement system were corrected by an extra Tau-R-calculation [
]. This method makes it possible, to determine the equilibrium transformation temperatures directly from one DSC measurement. In this work all DSC measurements were carried out according to this method and all the alloys were measured at least twice.
[image: image3.png]DSC, mW/mg

\L exo

proper measurement

T>335°C

Action of Zr getter begins

€ strong nucleation
inhibition and

invalid

50

100

Time, Min.

150

200

1600

1400

1200

1000

800

400

200

Temperature, °C

Time duration of the measurement 4h

incl. evacuate, purging and residual cooling

5:15h





Fig. 3 Time-Temperature-Program of the DSC measurement.

The potential of DSC-measurements to identify all transformation sequences is demonstrated in Figure 4. Three different DSC measurements with different carbon contents from the well-known Fe-C-Si system are compiled in the data. All the process-relevant transformation sequences from Table 1 show a unique DSC signal during melting. 
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Fig. 4  Characteristic DSC-signals of the three different ranges [17]. 
The DSC signal from alloys left of the point CA (range I = primary δ-Fe solidification) show a clear solidus and liquidus temperature. In addition, alloys of region I show a complete γ(δ transformation in the solid before melting.
Alloys between CA and CB (range II = hypo-peritectic) exhibit - due to the peritectic phase transformation - a separate characteristic sharp peak, which coincides with the solidus temperature. As the peritectic phase transition is a thermodynamic first-order transition, which is accompanied by a significant enthalpy step at a constant temperature, this transformation is particularly easy to measure with the DSC. The height of the sharp peritectic peak correlates with the position of the alloy between CA and CB. Before the peritectic peak a partial γ(δ transformation in the solid takes place.
Alloys between CB and CC (range III = hyper-peritectic) exhibit no γ(δ transformation in the solid and start to melt in the pure γ region. The DSC measurement clearly shows in the two-phase solid/liquid-region, between TSolid and TLiquid, a separate, sharp peritectic peak. A typical feature of alloys between CB and CC is the fact that the peritectic peak is higher than the following final liquidus peak.

Alloys right of the point CC (range IV = primary γ-Fe solidification) show similar characteristics to alloys left of CA; except for the width of the two-phase solid/liquid-region, which is much wider at higher carbon contents and with no γ(δ transformation occurring in the solid.
Beside these clear criteria for all transformation sequences, all further relevant transition temperatures (Tγ→δ, TSolid, TPerit, TLiquid) can also be measured. The Fe-C-Si system was a conscious choice, because it is well described in literature [
,
]. The quality of the ThermoCalc [
] calculation of the pseudo binary phase Fe – C – 1wt.-%Si diagram can be confirmed by the DSC measurements. All these findings are results of previous investigations by Presoly et al. [16,17,18], which showed that Differential Scanning Calorimetry is an ideal method to determine the transformation sequences (range I, II, III or IV), and to validate or asses full phase diagrams.
3.  Mould monitoring (TVC) at voestalpine
The monitoring of the thermal behaviour in the continuous casting mould gives important feedback about the phenomena during the initial solidification. The main parameters of mould thermal monitoring systems are heat flux density, thermal variability and friction. Figure 5 shows the instrumentation of the mould with thermocouples, which are placed in the copper plates. During casting this system is used as an on-line break-out detection system and to investigate thermal variability. A very common parameter to describe the thermal variability is the temperature variation coefficient (TVC) which is defined in Formula 1.
The TVC reflects the percentage of the temperature fluctuations (TStdev) relative to the mean value of the temperature (TM) in a time interval of 120 seconds. Monitoring the TVC is a very helpful method to investigate the influence of casting parameters, steel analysis and casting powders on the heat flux, the thermal variability and the cracking index. In order to compare different steel analyses together, the carbon equivalent Cp from Formula 2 is used. This formula, specific to voestalpine Stahl GmbH, calculates the influence of alloying elements on the carbon content. Steel grades with a Cp content between 0,1 and 0,16% are considered peritectic according this method. Since this Cp-formula is already 10 years old, it is also to be evaluated and optimized in this work. However, such a simple approach as Cp-formulas does not consider the interaction between the different elements, which is relevant for complex and higher-alloyed steel grades [5,6,8].
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	(1)

	Cp(Xia2004) = C + 0,02*Mn – 0,037*Si – 0,023*Ni – 0,0189*Mo – 0,7*S + 0,0414*P

+ 0,003*Cu - 0,0254*Cr – 0,0276*Ti + 0,7*N
	(2)


Xia, G. showed that there is a strong correlation between the steel analysis (Cp-value) and the thermal behaviour in the mould, visualised in Figure 6. Steel grades in the peritectic range II show due an uneven shell growth and a non-uniform shrinkage a significant lower integral heat flux and a higher TVC. The maximum of these negative events is between CA and CB at ~0,12-0,13%C. This means that peritectic steels exhibit a characteristic casting behavior in the form of a higher TVC (>> 1%), which is clearly recorded on the mold monitor. Furthermore, there is a strong correlation between the TVC and the product’s quality. As visualised in Figure 7, the crack index rises significantly from a TVC value of 1,4% which may lead to a poorer quality product [6]. Therefore, it is very important to detect all peritectic steel grades in production planning, in order to adapt the casting program.
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Fig. 5 left - Instrumentation of the mould with thermocouples.
Fig. 6 right - Variations of the thermal behaviour in the mould over the Cp [8].
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Fig. 7 – Correlation between surface cracks (edge ​​and longitudinal) and the TVC [6].

4.  Investigation of selected steel grades on the basis of the TCV and DSC measurements
In the following study a combined investigation of selected steel grades by mould thermal monitoring (= casting behaviour) and DSC experiments (= phase transformations) is performed. All steel grades were chosen from the production program of voestalpine Stahl GmbH. For the DSC measurements lollipop samples were taken from the tundish directly during casting. More than 20 charges each were evaluated on average from each steel grade to form a mean value for the TVC. The process data originated from the continuous casting machines CC3 to CC7, typical casting speeds were between 1-1,3 m/min and the formats were from 1100 to 1620 mm with a casting thickness of 225 mm. The test program consists of 22 different steel grades, mainly alloys which are poorly described by the carbon equivalent in Figure 2. There are also some exotic alloys with higher Cr, Ni and Al concentrations. Of the 22 alloys, 8 alloys were "normal" low alloyed Fe-C-Si-Mn steel grades, 10 alloys had an increased Cr content from 0,2 to 2,5%, 2 alloys a higher Ni content up to 4,8% and 2 alloys a higher Al content higher than 0,7%. Even if the investigated steel grades are very different, so is just the behavior and understanding of these specific alloys of particular interest. The systematics of the examination are summarized in Table 2 as follows:

a) DSC measurement to classify the different ranges from I to IV = real behavior.


2 alloys are in range I, 13 in range II, 5 in range III and 2 in range IV

b) Evaluation of the TVC process data, all values over 1,4% are range II, 



and all alloys with a value below are range I, III ore IV.

c) Calculation of the Cp-Value with Formula 2,



all alloys with a Cp between 0,1 and 0,16% are range II, 

d) Thermodynamic calculations of the pseudo-binary phase diagrams and direct 


determination of the points CA* and CB* with FactSage 6.4 (FS database: SGTE2011) 


and ThermoCalc Windows 5.0 (TC database: TCFE6)

Table 2. Classification for the evaluation.
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In the following, three selected steel grades are presented as examples to explain the examination in detail. Figure 8 shows the results of a steel grade, which is in accordance with the DSC measurement in range II. The plant behaviour indicates a high TVC of 2,35%, which is typical for peritectic steel grades in range II. All calculations (Cp, TC, FS) show the same behavior, in range II. This steel grade shows the expected behavior and is also well described.
A totally different situation illustrates the results in Figure 9, where the DSC measurements show a steel grade in range II, with a small peritectic peak, which is typical for alloys next to the point CA*. All mathematical methods (Cp, TC, FS) calculate the wrong range I. But the plant behaviour indicates clearly a peritectic steel grade in range II due to the high TVC of 2,13%. This example is indicative of the perfect correlation between the DSC and the TVC evaluation and the deficiencies of the selected calculation methods. 

Finally, the results of a steel grade in range I are represented in Figure 9. The alloy composition is similar to the alloy shown in Figure 8, simply with a lower concentration. As the measurement shows, the alloy is clearly left of CA* with a complete γ(δ transformation in the solid before melting. This transformation behavior is also reflected in the casting characteristics with a low TVC value of 1,17% which is typical for non-peritectic alloys.
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Fig. 8 – Steel grade with Fe – 0,083%C – 0,22%Si – 1,81%Mn – 0,011%P – 0,37%C.
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Fig. 9 – Steel grade with Fe – 0,086%C – 0,07%Si – 0,37%Mn.
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Fig. 10 – Steel grade with Fe – 0,069%C – 0,12%Si – 1,56%Mn – 0,27%Cr.

Figure 11 provides an overview of the whole examination of all steel grades. At first the matching rate between the DSC measurements and the TVC evaluation is visualised on the left side. The analysis of the 22 alloys show, that there is a match of 86% between the classification of all alloys by DSC measurements and the plant behavior. Among the three incorrectly recognized alloys, both high-Al alloyed steels are found. These alloys show a very high TVC during casting, but the mechanism is not the peritectic phase transformation. It seems that negative reactions of the mold powder with the aluminum from the steel are responsible for the thermal variability. Therefore, the same test was performed again, but without the high-Al alloy steels (n=20). In this case, a matching rate of 95% was reached, i.e. only one alloy has been detected "falsely positive".
In this single case, the measurement clearly showed range II, but the TVC was only 1,26% (= range I), very close to the border between range I and II. As the diagrams in Figure 5 and 6 show, the change between critical (range II) to non-critical (I or III) is a smooth, not sharp change. It may also happen that an alloy is indeed in range II, but during a well-controlled casting process no higher TVC is indicated, such as that shown in Figure 5 b, for an alloy with ~0,105% C and also a low TVC.
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Fig. 11 - Compilation of all results.
The detection rate of different mathematical methods is compiled on the right side of Figure 11. The CpXia2004-formula has deficiencies with the selected alloys and recognizes only 55% correct of the DSC classified alloys. The thermodynamic programs FactSage and ThermoCalc have a significantly better detection rate of 68% and 77%. Nevertheless, some alloys are incorrectly identified with these methods and this can be critical. Therefore, a continuous development of thermodynamic databases for new steels grades is absolutely necessary.

In order to utilize the information obtained on this study, the existing CpXia2004-formula was improved based on the new DSC and TVC results. Formula 3 shows the new equation, whose main optimisations are a 7,4x lower coefficient for Si, a 3,6x lower coefficient for Cr and a new coefficient for Al. A further improvement can be achieved with the new Cp2014-formula, if the peritectic region II ranges from 0,09 to 0,16%; the same as in the pure Fe-C system in Figure 1. However, the new formula is not universally valid. It is only adjusted for the investigated steels, and for this one, the formula achieved a recognition rate of 91%. This new formula represents a significant and experimentally secure improvement especially for Cr alloyed steels (10 alloys are used).
	Cp(2014) = C + 0,019*Mn – 0,005*Si + 0,025*Ni – 0,03*Mo – 0,01*S + 0,04*P

+ 0,1*Cu – 0,007*Cr – 0,02*Ti + 0,4*N – 0,07*Al
range I < 0,09   |   range II = 0,09 to 0,16   |   range III & IV > 0,16
	(3)


5.  Summary and Conclusions

Differential Scanning Calorimetry is an ideal method to determine the transformation sequences (range I, II, III or IV) and to identify peritectic steel grades. Peritectic steel grades show a significant increase in thermal variability in the mould; which can be clearly recorded by the mould monitor during continuous casting. A temperature variation coefficient higher than 1,4% is typical for steel grades with a peritectic phase transformation, which coincides  with the final solidification.

This first shared analysis demonstrates that there is very high correlation between the measured phase transformations in the lab with the DSC and the real casting behaviour in industry. For non-high-Al alloyed steel grades the matching is about 95%. Mathematical methods (Cp-formulas, ThermoCalc, FactSage), have a typical detection rate of about two thirds. For the safe production of new steel grades these common prediction models are at present insufficient and need to be further improved. Finally, the new results of this study have been used to optimise the CpXia2004-formula. This new formula represents a significant and absolute improvement, especially for Cr alloyed steels.
However, only DSC measurements allow for a certain prediction of whether an unknown steel grade is in the peritectic range II or not. This essential information (YES/NO) helps in improving process management of CC and in ensuring high product quality.

Acknowledgements
Financial support by the Austrian Federal Government (in particular from Bundesministerium für Verkehr, Innovation und Technologie and Bundesministerium für Wirtschaft, Familie und Jugend) represented by Österreichische Forschungsförderungsgesellschaft mbH and the Styrian and the Tyrolean Provincial Government, represented by Steirische Wirtschaftsförderungsgesellschaft mbH and Standortagentur Tirol, within the framework of the COMET Funding Programme; and the industry partners Siemens VAI Metals Technologies GmbH and voestalpine Stahl GmbH. We gratefully acknowledge the support from all partners.
References  
� 	Chair of Ferrous Metallurgy, Montanuniversität Leoben, Austria


� 	voestalpine Stahl GmbH, Linz, Austria





[�] 	Jablonka, A., K. Harste and K. Schwerdtfeger, Thermomechanical properties of iron and iron-carbon alloys: density and thermal contraction, Steel Research 62 (1991), 1, 24-33.


[�] 	Grill, A. and J. K. Brimacombe, Influence of carbon content on rate of heat extraction in the mould of a continuous-casting machine, Ironmaking and Steelmaking 3 (1976), 2, 76-79.


[�] 	Maehara, Y., K. Yasumoto, H. Tomono, T. Nagamichi and Y. Ohmori, Surface cracking mechanism of continuously cast low carbon low alloy steel slabs, Materials Science and Technology 6 (1990), 9, 793-806.


[�] 	Murakami, H., M. Suzuki, T. Kitagawa and S. Miyahara, Control of Uneven Solidified Shell Formation of Hypo-Peritectic Carbon Steels in Continuous Casting Mold, Tetsu-to-Hagane, 78 (1992) 105-11.


[�]	Xia G., C. Bernhard, S. Ilie and C. Fürst, Why are some peritectic steels susceptible to   surface cracking formation for the continuously cast slab, 6th European Conference on Continuous Casting 2008, Riccione, Italy 3-6.06.2008 (2008).


[�]	Xia, G., Habilitation teasis, Chair of Metallurgy, University of Leoben, 2011.


[�]	Emi, T. and H. Fredriksson, High-speed continuous casting of peritectic carbon steels, Materials Science and Engineering, A 413-414 (2005), 2-9.


[�]	Xia, G., H. P. Narzt, C. Fürst, K. Morwald, J. Moertl, P. Reisinger and L. Lindenberger, Investigation of mould thermal behaviour by means of mould instrumentation, Ironmaking and Steelmaking 31 (2004), 5, 364-370.


[�]	Wolf, M, Estimation method of crack susceptibility for new steel grades, 1st European Conference on Continuous Casting, Florence, Italy, September 23-25, 1991.


[�]	Wolf, M, Strand surface quality and the peritectic reaction - a look into the basics, ISS-AIME, Steelmaking Conference Proceedings, 1998, 53.


[�]	Yamada, H., T. Sakurai und T. Takenouchi, Effect of Alloying Elements on the Peritectic Temperature in Low-Alloy Steels, Tetsu-to-Hagane 76 (1990), 3, 438-445.


[�]	Howe, A. A., Development of a Computer Model of Dendritic Microsegregation for Use With Multicomponent Steels, Applied Scientific Research 44 (1987), 1-2, 51-59.


[�]	Kagawa, A. und T. Okamoto: Influence of alloying elements on temperature and composition for peritectic reaction in plain carbon steels. Materials Science and Technology 2 (1986), 10, 997-1008.


[�]	Blazek, K. E., O. Lanzi III, P. L. Gano and D. L. Kellogg, Calculation of the Peritectic Range for Steel Alloys, AISTech 2007, Indianapolis, USA 7-10 May 2007.


[�]	Shepherd, R. E., I. Knopp und H.-G. Brass, The Effect of Alloying Elements on the Peritectic Range in Low Alloyed Cast Steel, 5th International Congress on the Science and Technology of Steelmaking 2012, Dresden 1-3, October 2012.


[�]	Presoly, P., R. Pierer and C. Bernhard, Identification of Defect Prone Peritectic Steel Grades by Analyzing High-Temperature Phase Transformations, Metallurgical and Materials Transactions A 44A (2013), 12, 5377-5388.


[�] 	Presoly, P., R. Pierer and C. Bernhard, Identification of defect prone peritectic steel grades by analyzing the high temperature phase transformations, TMS 2012, Orlando, FL, USA Marc 12-16, 2012 (2012), 299-306.


[�] 	Presoly, P., R. Pierer and C. Bernhar,: Linking up of HT-LSCM and DSC measurements to characterize phase diagrams of steels, IOP Confernece Series (MCWASP XIII) - Materials Science and Engineering 33 (2012), 012064.


[�]	Höhne, G.W., H.W. Hemminger and H.J. Flammersheim, Differential scanning calorimetry: an introduction for practitioners, Springer, Berlin, (1996).


[�]	Boettinger, W. J., U. R. Kattner, K.-W. Moon and J. H. Perepezko, DTA and Heat-flux DSC Measurements of Alloy Melting and Freezing, NIST Recommended Practice Guide, Special Publication 960-15, (2006).


[�]	DIN51007: Differenzthermoanalyse (DTA), DIN Deutsches Institut für Normungen e.V., Beuth Verlag GmbH, Berlin, 1994.


[�]	Software – NETZSCH Proteus Thermal Analysis and NETZSCH TRKalib, V.6.0, 2012.


[�]	Lacaze, J. and B. Sundman, An Assessment of the Fe-C-Si System, Metallurgical Transactions A, 22A (1991), 2211-2223.


[�]	Miettinen, J., Reassessed thermodynamic solution phase data for ternary Fe-Si-C system, Calphad, 22 (1998), 231-256.


[�]	ThermoCalc, version 5 (2010), Database TCFE 6.






_1457701198.unknown

