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Abstract

The shell thickness is an important variable to achieve process control in continuous
casting. The thinner solidified shell thickness at mold exit might induce a breakouts
events or bulging. The knowledge of the solidification final point position allows to
adjust cooling conditions intending less central segregation. In this paper, a
methodology was developed and applied to evaluate solidified shell thickness by the
wedge method. Cracks induced by the wedge, which are not visible to the naked eye,
were revealed by immersion in a 13% ammonium persulfate reagent. The etch by
immersion was preceded by milling and sanding procedures aiming to obtain a more
homogeneous etched surface. The wedge technique allowed the measurement shell
thickness up to 122 mm out of a total of 126 mm, which corresponds to 97% of the
solidification process, showing robustness to evaluate the process in situ. It was
noticed the precipitation of manganese sulfide aligned with the cracks and the
formation of phases richer in carbon around of them. The correlation analysis of the
main process parameters allowed to identify the effect of casting speed on the
solidified shell thickness. A satisfactory coefficient of determination (R?) equal to 0.71
was obtained for the industrial experiments carried out with different steel grades.
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1 INTRODUCTION

The continuous casting process is known for productivity and excellent cast products
quality. These characteristics are associated with the high ability of controlled heat-
removal process. In general terms, thermal homogeneity is sought along the casting
strand and final point of solidification constancy position, to avoid the occurrence of
internal and superficial defects and segregation. Furthermore, loss of heat removal
might generate a thin shell thickness, unable to withstand ferrostatic pressure,
leading to events that can cause breakout.

There are several techniques for measuring solidified shell thickness directly, such
as: nail shooting, tracer dispersion, breakout event and wedge test. Nail shooting
technique consists of the insertion by pressurized air of a nail in the strand in
solidification, in the remaining liquid steel, a FeS2 tracer is added to facilitate
visualization after preparation [1-6]. Nail shooting has high acceptance due to the
high frequency of successful tests, however it requires a considerable infrastructure
to be assembled. An advantage of nail shooting is the possibility of measuring in
more than one location along the width [7]. Li et al. [8] added FeS2 to the mold
surface and evaluated the dispersion to determine the solidified thickness. Thus, it
can be validated from meniscus of the mold output vicinity, depending on the tracer
added amount. Wang et al. [1] validated a numerical model by thickness measuring
using the nail shooting technique and proposed a cooling plan with corner
temperatures in the bending and unbending region outside the critical temperatures
for cracking. Electromagnetic stirrer (F-EMS) employed in a certain position of the CC
strand modifies the microstructure formed, being used as an indirect technique for
solidified thickness measurements [9,10]. Petrus et al. [11] developed an indirect
technique for solidified thickness determination by means of casting speed control
rollers. The technique consists of moving outer rollers from the strand, monitoring the
rotation when they approach the rollers again, then casting speed varied intending
the shell approaching and withdrawing from the roller, then knowing the solid end
point. One of the first techniques to be applied were those obtained under breakout
conditions, where solidified thickness remaining is used after liquid steel leakage [12-
16].

The thickness measurement can also be performed using the wedge technique,
where a wedge is inserted between the strand and the roll, inducing cracks in the
solidification front [17-19]. After cutting, sanding and etching by immersion in
ammonium persulfate solution, cracks are revealed and the depth is considered as
the thickness at the meniscus distance of wedge insertion.

Sengupta et al. [17] applied wedge test evaluating casting speed by shell thickness
measurements. Wedge dimensions were: 25 mm for width and 6 mm for thickness.
The wedges were inserted at straightening end. The authors assumed for the
calculations that shell thickness represents 0.7 of solid fraction at the mushy zone.
Samples were machined, sanded and cracks revealed by an immersion sequence in
ammonium cupric chloride solution. It has concluded that shell thickness decreases
with casting speed increase for modeling and experimental results. In addition, the
results compared individually at the same casting speed indicate that the model used
to calculate the solidified thickness is close to the measured one, with a divergence
of around 7%.

Michelic et al. [18] developed, implemented and validated a transient solidification
and cooling model for blooms at Donawitz, in Austria. The solidified shell thickness
validation part was evaluated by the wedge method. The authors do not inform the
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distance from the meniscus where the measurements were taken, they only mention
that it was treated by secondary cooling. They also conclude that shell thickness
decreases with casting speed increase and almost linear profile. Shell thicknesses
between 42 mm and 48 mm were measured at casting speeds ranging from 0.5
m/min to 0.65 m/min.

Louhenkilpi, Miettinen and Holappa [19] used the wedge technique to validate the
TEMPSIMU® model in a slab casting machine. The researchers inserted 4 wedges in
the same heat along the strand, at distances between 13 m and 20 m from the
meniscus, at a speed of 1.30 m/min to determine the solidified thickness.

Therefore, in this article, we aimed to determine shell thickness by the wedge method
in Usiminas machines. Furthermore, to evaluate the effect of casting speed and the
main variables on the solidified shell thickness.

2 DEVELOPMENT
2.1 Materials and Methods

In the Figure 1 the wedge used with its main dimensions is shown in an isometric
view.
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Figure 1. Three-dimensional wedge view.
The steel chemical composition selected to make the wedges is shown in the table 1.
The wedges were heated until 900°C for 1 hour and cooled in water to obtain greater
hardness.

Table 1. Wedge steel chemical composition (%)

Element C Mn Si Ni Ti Cr Mo Al B Nb

(%) 03 15 02 0.02 002 05 0.04 0.03 0.003 0.04

The distance from the meniscus for wedges insertion was 17 m, at the straightening
end between segments 6 and 7 as showed in Figure 2. The best positioning on the
slab surface is obtained with the use of a string water moistened. Reaching strand
surface, the longitudinal wedge alignment to the casting direction is obtained by
finally releasing the pair of strings closest to the mold, this detail favors the increase
of the area penetrated by the wedge, avoiding side adhesion. The tests were done
aiming less steel loss, so by phone contact, the cut operator indicated the moment to
release de wedge and get the border slabs.
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Figure 2. Photograph and details of the wedge insertion at th continuous casting machine.

Figure 3 shows a schematic drawing of wedge method between the first roll pair in
two moments. Figure 3 a) shows the wedge being positioned over strand, showing
the liquid and solid portions. After wedge release, in Figure 3 b), the roll presses the
wedge on the strand, causing internal cracks at the solidification front. The distance
from the slab surface until revealed crack tip is interpreted as shell thickness (s).

a) Wedge b)

Roll l Roll Roll Wedge Roll

Solidified portion Cracks at solidified front

Castin§ direction > ! Castin§ direction >

Figure 3. Schematic design of the wedge test: a) before adhesion and b) after adhesion.

Wedge adhered to the end of continuous casting machine is showed at Figure 4 a).
And-after slab cut, in Figure 4 b), it is showed near the border sample position.
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Figure 4. Wedge view at a) end of casting machine and b) after slab cutting.

The Figure 5 a) shows an example of the block sampled on the slab, after wedge
inserted, highlighting the cut dotted lines in red. At this stage, it is important to
remove the wedge from the sample due to the high hardness of the piece, which
could damage the saw teeth and, in addition, allow the wedge to be reused for other
tests. Figure 5b) shows next cutting sequence, three parts were removed as
evidenced by dotted red lines, decreasing machining area.

Wedge position

Figure 5. Wedge photograph of the region after sampling (a) in the slab and (b) of the section after

cutting.

After cutting process samples were subject to milling cutters methods aiming a better
finishing surface. And then, samples were immersed in a solution of oil remove. The
macro etchings were done by immersion in until cracks revelations.

2.2 Results and Discussion

Figure 6 shows experimental results obtained by macro etching for heat number
538926. Each side of wedge adhesion were evaluated and receiving letter A and B.
The distance between cracks and surface were treated as shell thickness (S). The
mean and standard deviation for the sample 538926 was 114 mm = 7 mm. Heat
538926 was the first of the eight and slab 241 with the wedge test is the 4th plate on
the strand, so it could not represent steady state. The mushy zone was measure by
the distance between red and green horizontal lines, obtaining 6.8 mm and 7.1 mm
for A and B, respectively.
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Figure 6. Macro etching results obtained for medium carbon steel deoxidized to aluminum and silicon
— heat Ne 538926.

Cracks region on number 538926-B were analyzed by optical microscopy to measure
and confirm positions. Figure 7 a) shows regions as polished and 7 b) etched by nital
4%. The polished results confirmed the cracks presence that were not visible without
exposure via macro etching. The crack length is showed equals to 5.98 mm in
Figure 7 b). The cracks extensions compared by macro etching and optical
microscopy demonstrates good approximations, considering errors between these
techniques. Ferrite and perlite were identified by nital and in the vicinity of cracks
higher fraction of carbon-rich constituents once darker coloration is observed.
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Figure 8 presents cracks for heat Ne 436777. The mean and standard deviation
obtained were 122 mm £ 1 mm, respectively.
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Figure 8. Macro etching results obtained for medium carbon steel deoxidized to aluminum — heat Ne
436777.

Figure 9 shows the results for heat Ne 442629, average thickness found, and the
standard deviation were 113 mm £ 1mm for the sample that corresponds to a low
carbon steel.

Figure 9. Macro etching results obtained for low carbon steel deoxidized to aluminum — heat Ne
442629.

The cracks on sample of face b and heat Ne 442629 were investigated using a
scanning electron microscope. An energy dispersive spectroscopy (EDS) map was
done, and results are show at Figure 10. It was identified substantial concentration of
elements Mn and S in the crack, suggesting MnS formation.
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Figure 10. Microscopy electrical results obtained for cracks regions.

Figure 11 shows shell thickness results in a low carbon steel at heat Ne 546325. The
average and standard deviation is 121 mm = 1 mm.

Figure 11. Macro etching results obtained for low carbon steel deoxidized to aluminum — heat Ne
546325

Figure 12 shows shell thickness results in a high carbon steel at heat Ne 551052. The
average and standard deviation is 109 mm = 1 mm.
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Figure 12. Macro etching results obtained for high carbon steel deoxidized to silicon and aluminum —
heat Ne 551052

Figure 13 shows macro etching results for heat Ne 257607. It was not evidenced
cracks, meaning that it was completely solidified at 17 m from meniscus.

* Figure 13. Macro etching results obtained for low carbon steel deoxidized to aluminum — heat Ne
257607

It is known that under normal cooling conditions between the wide faces, the final
point of solidification occurs at half slab thickness, so for Usiminas, currently with 252
mm slabs, there is 126 mm. This study has shown cracks of up to 121 and 122 mm in
depth, proving the robustness of wedge method for evaluating solidified shell
thickness.

The table 2 was constructed intending to evaluate process parameters influencing on
shell thickness and s is shell thickness, cs is casting speed, W is slab width, CE is
carbon equivalent, SH is super heat (degrees above liquidus temperature) and WF is
water flow.

Table 2. Average shell thickness and process parameters analyzed

Variables
Heat number s [mm] c¢s[m/min] W[mm] CE SH[°C] WEF [I/min]
538926 114 0.78 905 38 19 1253
436777 122 0.70 1223 41 33 1308
442629 113 0.90 1445 10 30 1682
546325 121 0.80 1325 8 32 3263
551052 109 0.89 1325 58 5 2020
257607 126 0.72 1565 9 27 2974
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Carbon equivalent was calculated using Equation 1.

CE=C+Mn/6+Si/24+(Cr+Mo+V+Nb+Ti)/5+(Ni+Cu)/15+5B (1)
A correlation analysis was conducted in commercial Minitab® statistics software
between solidified shell thickness and process variables, with the results shown in
Figure 14. Each graph has two parameters, p-value (p) that means hypothesis test
result and r that represent strong linear correlation’s Pearson. When p is less than
0.05 is statistically possible to affirm the linear correlation. It is noticed that was
achieved only for casting speed a p less than 0.05, and the highest modulus
correlation equals to -0.0842.
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Figure 14. Correlation analysis results of shell thickness and process parameters.

The Figure 15 shows a graph comparing measured data and literature results of shell
thickness as function of casting speed. Sengupta et al. [17] evaluated slabs in high
casting speed conditions and, in another way, Michelic et al. [18] studied blooms in
low speed. Although there are differences, especially for Sengupta et al. [17], the
linear correlation and inverse effect is very close. Since the number of experiments
was reduced, it may be that the influence of the other parameters would require a
larger sample, in order to seek a good correlation between the data.
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Figure 15. Shell thickness comparison between measured data and literature as function of casting
speed.

3 CONCLUSION

A methodology was developed and applied to measure solidified shell thickness by
the wedge method.
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The wedge method allowed measurement of the shell thickness up to 122 mm for a
total of 126 mm, that is, 97% of the solidification process, showing the robustness of
the method.

Cracks not visible to the naked eye were revealed by immersion in 13% ammonium
persulfate reagent. It was noticed the precipitation of manganese sulfide aligned with
the cracks and formation of phases richer in carbon near cracks.

The correlation analysis of the main process parameters allowed identifying the effect
of the casting speed on the solidified shell thickness. A satisfactory coefficient of
determination (R? equal to 0.71) was obtained for the 6 industrial experiments, for the
different steel grades.
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