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How do you calculate liquidus temperatures for a large number of different steels? Why
should you choose the formula for calculating liquidus temperatures carefully?

We checked the results of 32 empirical equations for calculating the liquidus temperature
on typical low alloyed and stainless steels. In addition, the voestalpine slide rule was used
to determine the liquidus temperature and compared with the results of the formulas from

the relevant literature.
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1 INTRODUCTION

In a survey here on LinkedIn we ask the following question in context of the picture illus-
trated on top of this article:

Does anyone have any idea what to do with this thing in the picture?

For all those who do not know what it is, it is a slide rule to determine the liquidus tempera-
tures of steel. Precise knowledge of the liquidus temperatures (sometimes referred to as
melting temperature) is necessary to determine the optimal casting temperatures in various
casting processes. The idea of such a slide rule follows the approach to reduce the melting
point of pure iron by the element concentrations times a factor. This should make it possible
for the operators in the steel mill to quickly and easily calculate the liquidus temperature.
Curious as we are, we wanted to verify the results of this slide rule and compare them with
the many empirical formulas available in the relevant literature. For this we have selected
typical steels (A to G) and stainless steels (H to L), which are summarized in Table 1.
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Table 1: The (low) alloyed and stainless steels used for the calculation of the liquidus and solidus
temperatures based on empirical equations from literature.
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The sources (references) of the empirical equations used are listed in Chapter 6, whereby
the determination of such empirical equations is mainly based on regression analysis. Based
on these empirical equations and the above illustrated (low) alloyed and stainless steel we
calculated the liquidus temperature.

Before discussing the results, the following must be pointed out according to J. Miettinen
and A. A. Howe (J. Miettinen and A. A. Howe: Estimation of liquidus temperatures for steels
using thermodynamic approach, Ironmaking and Steelmaking, (2000), Vol. 27, No. 3, pp. 212-
227):

+ The various equations can only be compared to a limited extent, as they are closely
related to the alloys examined.
The compositions of the alloys under consideration are often not shown in detail

+ A specific equation usually only provides good results for the alloys examined. The
calculation results are insufficient for other alloys that are not included in the anal-
ysis.

The main weakness of these empirical equations is that linear equations cannot describe
the numerous chemical interactions between different solutes. In order to eliminate these
weaknesses, J. Miettinen and A. A. Howe take into account thermodynamic equations for the
calculation of the liquidus temperatures. The main advantage of such equations is that the
primary solid phase is also determined. Consequently, different liquidus surfaces can be
treated, taking into account the change in surface area resulting from the change in compo-
sition.

Due to all above mentioned reasons and the fact that the determined equations from J. Miet-
tinen and A. A. Howe were tested against a great number of experimental data, the present
article strongly recommends to calculate the liquidus temperature based on the equations
of these authors. Figure 1 shows the results of the work of Miettinen and A. A. Howe, which
is supplemented by the range of +/- 5 °C (light blue area in the diagrams). In addition, we
tried to determine the share (number) of the calculations that show a deviation of less than
+/- 5 ° C. These values (denoted by R) are also indicated in the figures and is in all cases
greater than 80 %.
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Figure 1: Difference between calculated and measured liquidus temperatures for low alloyed and
stainless steels according to the equations determined J. Miettinen and A. A. Howe



In the following two chapters, 32 empirical equations to calculate the liquidus temperature
of steels are considered and compared with the well validated equations determined by
Miettinen and A. A. Howe based on a thermodynamic approach.

2 LOWALLOYED STEELS

The chemical composition of the considered (low) alloyed steel grades are summarized in
Table 2. The carbon content of the (low) alloyed steels ranges from 0.07 - 1.05 wt.-%, the Si
contentisin all cases < 0.4 wt.-%, Mn ranges from 0.25 - 1.00 wt-% and the P and S content
is between 0.05 and 0.045 wt.-%. In addition, the steels are alloyed with Cr, Ni and Mo as in-
dicated in detail in the table.

Mn / % /Y% Cu /% AL/ %

A 017-024 s0.40 0.40-0.70 <0.045 <0.045 <0.40 <010 =040 (Cr+ Mo + Ni) £ 0.63

B 007-013 <0.40 0.30-0.60 <0.035 <0.035 (s 0.40)

c 022-029 <040 0.60 - 0.90 <0035 <0035 0.90-1.20 0.15-0.30

D 038-044 £030 0.60-0.90 <0025 £0.025 0.70-0.90 0.15-0.30 165-2.00 =025

E 017-023 <040 0.65-0.95 <0035 <0.035 0.35-070 015-0.25 0.40-0.70

F 052-059 2040 0.70-1.00 <0025 20025 0.70-1.00

G 093-105 015-0.35 0.25-0.45 <0025 <001 135-1.60 <010 <030 <0.05 <0.0015

Table 2: Chemical composition of the steel grades considered in the present article

For the calculation of the liquidus temperature, all elements were taken into account by with
(Min + Max) / 2. All equations were integrated into a Python code to make the calculations
easy and quick. Figure 2 shows the results of our calculations. The dark bar represents the
smallest, the lighter bar the highest calculated liquidus temperature. The white line indi-
cates the values calculated with the equations of J. Miettinen and A. A. Howe, whereas the
green area marks the above mentioned +/- 5 °C range. The numbers within the green area
indicates how many equations out of 32 are within the +/- 5 °C range. As can be seen, many
equations for steel grades A, B, C and E are in the range of +/- 5 ° C. Steel grades D and F
already show less agreement and steel grades G show the worst results.
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Figure 2: The results of the 32 used equations to calculate the liquidus temperatures of the steel
gradesAto G



3  STAINLESS STEEL

The chemical composition of the stainless steels considered in the present article are sum-
marized in Table 3. Grade H and | represent typical austenitic stainless steels, grade J and K
are ferritic stainless steels and grade L represents a martensitic stainless steel.

Si/ % Mn / % Cr/% Mo / % Ni / % Cu/% Al/ %
H <0.07 <100 <200 <0.045 <0.015 17.00 -19.50 8.00-1050 <0
] £0.07 <100 <200 <0.045 <0.015 16.50 -18.50 2.00-250 10.00 -13.00 <0Mm
] <0.08 =100 =1.00 <0.040 =0.015 16.00-18.00
K <0.08 <100 <100 <0.040 <0015 16.00-18.00 0.90-140

L 036-042 <1.00 <100 <0.030 <0.030 12.50-14.50

Table 3: Chemical composition of the stainless steel grades considered in the present article

Figure 3 shows the comparison of the liquidus temperatures for the stainless steels and can
be summarized as follows: In the case of stainless steel grades, the number of equations
that calculate the liquidus temperature in the range of +/- 5 ° C is significantly lower than in
the case of (low) alloyed steel grades. The best results were found with the ferritic stainless
steel without Mo (Grade J — 17 equations). However, the Mo-alloyed ferritic stainless steel
showed the fewest equations (Grade K — 5 equations) which determine the liquidus tem-
perature within the +/- 5 ° C range. The Cr, Ni, and Mo alloyed austenitic stainless steel
showed the greatest range of results (1388 to 1525 °C).
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Figure 3: The results of the 32 used equations to calculate the liquidus temperatures of the stain-
less steel grades Hto L

4  THE RESULTS OF THE SLIDE RULE

How good are the results now determined using the slide rule mentioned at the beginning of
this article? These results areillustrated in Figure 4. Surprisingly (or perhaps not surprisingly)
the determined liquidus temperatures are very close to the results of the equations by J.
Miettinen and A. A. Howe. In all cases (both low-alloy and stainless steels) the temperatures
determined are in the range of +/- 5 ° C. No other equation could calculate the liquidus tem-
peratures in such a way that they are in the range of +/- 5 ° C for all the qualities considered.



In the case of the low-alloy steels, a total of 5 equations calculated all 7 steels with sufficient
accuracy (values within the +/- 5 ° C range). With three equations, the mean error was less
than +/-1°C, i.e. better than the slide rule. In the case of stainless steels, only one equation
was able to determine the liquidus temperature of all 5 steels within the +/- 5 ° C deviation,
with an average error of +/- 2.84 °C.

1540

1530 B (Low) Alloyed Steels: Mean Error: +/-1.27 °C

Bw

1520 Stainless Steels: Mean Error: +/- 3.08 °C
1510

Ho
Bm
>

1500

1490

[ B
| [=]

1480

Slide Rule, °C

1470

1460

1450

- (=)

1440 Mean Error for all Grades: +/- 2.02 °C

1430
1430 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530 1540

Equations by J. Miettinen and A. A. Howe, °C

Figure 4: The results determined by the slide rule in comparison to the results using the equations
according to J. Miettinen and A. A. Howe for all low alloyed and stainless steels.

If the mean error for all 12 steels is considered, one equation is better than the slide rule. This
one equation only has a deviation of -7.4 ° C for Grade | (compared to the slide rule: 5.6 °C),
but overall a mean error of 1.96 °C (compared to the slide rule: 5.6 °C).

5 SUMMARY

Although precise knowledge of the liquidus temperatures is required to determine the opti-
mal casting temperatures in various casting processes, empirical equations are very often
used to estimate the liquidus temperature. With this in mind, it is always important to check
the area of validity of the formula. The present article tested 32 equations from the relevant
literature and compared the results with the well validated equations determined by J. Miet-
tinen and A. A. Howe (J. Miettinen and A. A. Howe: Estimation of liquidus temperatures for
steels using thermodynamic approach, Ironmaking and Steelmaking, (2000), Vol. 27, No. 3, pp.
212-227). Seven typical low alloyed and five typical stainless steels were used for this com-
parison. The voestalpine slide rule was also used to calculate the liguidus temperature and
the results were illustrated. For the types of steel considered, the choice of slide rule is, very
surprisingly, a very good one. For all types of steel, the temperatures determined agree very
well with the liguidus temperatures that were calculated using the equations by J. Miettinen
and A. A. Howe. Only one equation had a smaller mean error than the slide rule but showed a
deviation greater than +/- 5 ° C for one type of steel.



6 REFERENCES

References of Empirical Equations

U] J.M. Cabrera-Marrero, ¥, Carreno-Galindo, R.0. Morales, and F. Chavez-Alcala, Macro-Micro Medeling of the Dentritic Microstructure of Steel Billets Processes by continuous Casting, IS1) Int, 1998, 38(8), pp, B12-821
2] Z.Han, K. Cai, and B. Liv, Prediction and Analysis on Formation of Internal Cracks, ISI) Int, 2001, 41012}, pp. 1473-1480

13l 0. Kalisz and S. Rzadkosz, Modeling of the Formation of AIN Precipitates During Solidification of Steel, Archives Foundry Eng, 2013, 13(1), pp. 63-68

[4] J. Bazan, 0. Salve, Z. Michalik, and J. Milatova, Calculation of the Melting and Solidification Temperatures of Steels, Sbornikvedeckych praci Vysoke skoly banske v Ostrave, 1993, 39(1), p 19-26

15] R. Diederichs and W. Black, Modelling of Manganese Sulphide Formation During Solidification, Part |: Description of MnS Formation Parameters, Steel Res. Int., 2006, 77(3), pp. 202-209

[4] R.J. Fruehan, The Making, shaping, and Treating of Steel, AISE Steel Foundation, 1998

7 Q. Liu, X. Zhang, B. Wang, and B. Wang, Control Technology of Solidification and Cooling in the Process of Continuous Casting of Steel, in Science and Technology of Casting Processes, 2012, pp. 169-204.

(8l M. Wolf, Proceedings of Concast Metallurgical Seminar, 1982, 1

(9} E. Kivinewa, and N. Suutuala, Ruostumattomien terasten likvidusl&mpatilojen riippuviiiis koostumuksesta, 1987, 87, p 5397-109

o] E. Kivineva, and N, Suutuale, R attomien terésten Btilojen riippuviis koostumukseste, 1987, 87, p 5397-109

m J.P. Aymard and P. Détrez, Fonderie, 1974, 330, p 11-24

2] T. Elbel, ¥ypocet intervalu teplot tuhnut u uhlikavych & nizkolegavanych ocell, Slevarenstv, 1980, 28, p 318

[13] W. Dubowick, Thermal Arrest Measurements and their application in the investment casting, Proc. of the 2nd Foundry Congress, Dusseldorf, 1960

4] Stating, . Dynamicky model teplotniho pole plynule odlévang bramy, Dissertation thesis, Faculty of Metallurgy and Materials Engineering, VSB-Technical University of Ostrava.Ostravs, 2007
[15] Z.Liu, Y. Kobayashi, and K. Nagai, Effect of Phosphorus on Sulfide Precipitation in Strip Casting Low Carbon Steel, Mater Trans., 2005, 46(1), p 26-33

18] Kenneth C. Mills et al: Calculation of Physical Properties for Use in Models of Continous Casting Process,, ISI International, Yol.36, (2016), No.2, pp. 274-281

n7 Spur, G.und T. Stoferle, Handbuch der Fertigungstechnik, Band 4/2, Carl Hanser Verlag, MOnchen-Wien, 1987,

(18] A A Howe: Estimation of liquidus temperatures for steels, Ironmaking Steelmaking, 1988, 15, 134,

g1 K. Gryc, B. Smetana, M. Zeludova et al, Proc. of the 21st Int. Conf. on Met. and Mat., Metal 2012, Brna, 2012, &

[201 L. Smrha, Thunuti a krystalizace ocleovych ingotd [Solidification and crystallization of steel ingots), SNTL, Prague, 1983, 305

21 Unpublished information (see References in [26])

[221 W. Dubowick, Thermal Arrest Measurements and their application in the investment casting, Proc. of the 2nd Foundry Congress, Dusseldorf, 1960

231 1. P. Aymard, P. Detrey, Industrial method for determining liquidus temperatures of steels - evaluation of solidification intervals, Fonderig, 29 (1974) 330, 14

[24] 1 Steting, Dynamicky model teplotniho pole plynule odlévané bramy [Dynamic model of temperature field of continuously cast slabs], Ph.D. thesis, V[B-TU Ostrava, 2007

[25] Kawulicova J. et al. (2006): Calculation of liguid steel temperature dor steel by Le Chatelier-Shreder and van Laar-Bowen equations

261 K. Gryc et al. Materiali in Tehnolagije / Materials and Technology 47 (2013} 5, 549-575

271 2. Liu, Y. Kobayashi, K. Nagai, Materials Transactions, 46 (1) (2005) 26-33

[28] D. Kalisz, S. Rzadkosz, Archives of Foundry Engineering, 13 (1), (2012) 63-68.

1291 T. Kawawa, Report of 6th Meeting on Solidification of Stesl, 6-11-9, Japan, 1973

[301 K. Guthmann, Stahl und Eisen, 71 (8} (1951) 399-402

[31 A. Kagaws and T. Okemoto:Mater. Sci. T echnol,, 1986, 2, 997

321 E. Kivines and N, Suutala: "Rupstumattomien teréste likviduslampotilojen riippuvuus koostumuksesta', Report 5397-109/87, Qutokumpu Qy, Tornio, Finland, 1987
[33] E. Schiirmann and T. Stisavic: Stahl Eisen, 1998, 18, (11), 97

[34] J, Miettinen and A. A. Howe: Estimation of liquidus temperatures for steels using thermodynamic approach (2000)

[35] Takeuchi, E; Brimacombe, LK. Effect of Oscillation-Mark Formation on the Surface Quality of Continuously Cast Steel Slabs. Metall. Trans. B 1985, 16, 605-625
[361 Thomas, B.G.; Samarasekerg, |V.; Brimacombe, LK. Mathematical Model of the Thermal Processing of Steel Ingots 1. Heat Flow Madel. Metall. Trans, B 1987, 18, 119-130



