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Abstract

Subsurface hook formation at the meniscus during the continuous casting of steel slabs is an important cause of surface
defects, owing to their easy entrapment of mold flux and inclusion-laden gas bubbles. This work investigates the
fundamentals of meniscus solidification and how hooks form by a combination of advanced computational models and plant
measurements. From experimental results, the pitch deviation of oscillation mark depends on mold level fluctuation so the
pitch deviation shows the stability of production conditions. The predicted shell thickness at upper end of the oscillation mark
is related to the measured thickness of hook. During hook formation, the initial solidifying shell is partly melted by the
molten steel. The extent of melting correlates with the location of the liquidus line near the meniscus for a given set of
casting conditions. Thus, shallower hooks also correlate with a thinner initial solidifying shell. Deviations between these
predicted hook characteristics and measurements correlate with level fluctuations, as indicated by variations in oscillation
mark pitch. This work shows that hook shape is greatly affected by heat flux at the meniscus region.

Introduction

Initial solidification at the meniscus occupies a very short region of the mold but greatly affects the quality of the final steel
product. Most slab surface defects, including cracks ! and slivers [, originate at the meniscus. Many previous studies have
aimed to optimize the many inter-related operation parameters °"! which affect surface quality. One of these is heat flux to
the mold, particularly at the meniscus ). Understanding of the underlying fundamentals is incomplete, however. Many
conflicting mechanisms have been proposed to explain the formation of oscillation marks, subsurface hooks, and their related
surface quality problems which have not been tested with plant measurements.

Subsurface hooks form at the meniscus during the continuous casting of steel slabs and often lead to surface defects such as

slivers and pencil-pipe blisters in the final rolled sheet product ™. This is because they tend to entrap inclusions and bubbles.

Many previous studies of surface quality have focused on hook formation mechanism !'*'®! and the effect of operation

parameters on hooks % '""%), Ultra-low carbon steels are particularly prone to hook formation **2'"! perhaps owing to their
thin mushy zone ['”". These steels, which are designed for high ductility applications such as automobile exterior panels, also
require very high surface slab quality. Therefore it is important to correlate subsurface hooks in ultra-low carbon steels with
operation parameters, to improve their surface quality. This work focuses on the effects of meniscus heat flux and level
fluctuations on hook formation.

To investigate mold heat flux and initial solidification phenomena, this work combines plant experiments, metallurgical
analysis, and computational models. Mold temperature was monitored during the continuous casting of ultra-low carbon
steels by embedding thermocouples in the copper mold walls. Meniscus level, casting speed, electromagnetic breaking
current, and other conditions were also monitored. Slag layer thickness and surface profiles were measured with nail boards.
Oscillation mark and hook characteristics were measured on steel samples collected during each test. The model was
calibrated to match the measurements of the total heat removed by the cooling water and the measured thermocouple
temperatures. The model and metallurgical results were evaluated together to gain new insights into hook formation.
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Experiments

Plant experiments were performed using the conventional parallel-mold continuous slab caster at POSCO Gwangyang Works
#2-1 caster during August 2003. To help quantify heat flux profiles in the mold, 32 copper/constantan thermocouples were
embedded in the wide face of the copper mold walls to monitor mold temperature. The thermocouples were embedded 22mm
beneath the hot face in three different rows located 175 mm, 300 mm and 430 mm below the top of mold. The test heats were
all cast close together on the same mold, using the ultra-low carbon steel composition given in Table I, and the mold powder
composition and properties given in Table II.

Table I Steel composition of ultra-low carbon steel (wt. %)

C Mn Si P S Cr Ni Cu Ti Al
0.003 0.08 <0.005 ~0.015 ~0.01 0.01 0.01 0.01~0.02 0.05 ~0.04

Table II Mold powder composition and properties

Chemical 8102 CaO MgO A]203 T102 FezO3 MI’IOQ P205 NaZO Kzo F B203 L120
composttion |55 | 368 | 192 | 485 | 003 | 03 | 004 | 001 | 364 | 001 | 70| 117 | 087
(Wt. %) |
Solidif. Temperature | Softening Temperature Viscosity (Poise)
Properties (°C) (°C) 1200 °C 1300 °C 1400 °C
1101 1145 5.85 2.62 1.28

Five tests were conducted under the conditions given in Table III and each test lasted for most of one heat. These conditions
include variations in casting speed (V¢) and electro-magnetic current. Variations in these two operation conditions were
studied because increasing casting speed is known to cause a significant increase in heat extraction at the meniscus region !
and increasing electro-magnetic current is reported to induce high meniscus temperature *2. Other parameters affecting heat
flux in the mold, such as steel grade ™ %24, mold powder ™ %), and mold plate thickness ™ *!, were kept constant. During
casting under stable conditions, a nail board test was conducted for each heat. In these tests, boards with 14-20 pairs of
stainless steel and aluminum (Al) wires, were dipped into the top of the mold for 3~4 seconds to measure the steel surface
and slag pool depth .

Many operation parameters were recorded once per second, including metal level, mold thermocouple temperatures, cooling
temperature at inlet and outlet, and flow rate of the cooling water which were used to quantify heat flux. Once during each
heat, a 100-mm long portion of the slab length was collected when conditions were stable. Hook and oscillation mark
characteristics were measured on the narrow face of each slab sample to analyze slab surface quality. Oscillation mark pitch,
width and depth were measured for ~ 200 oscillation mark profiles using a laser-based surface profilometer along 21 different
lines down the narrow face. The narrow-face samples were then sectioned at 5 different distances between the wide faces
and etched for metallographic analysis. Hook characteristics were measured for 22 ~ 47 hooks for each test condition.

Table III Test casting conditions

Casting Electrq— Tundish Slab Oscillation | Oscillation Mean ley cl Mean ley cl

magnetic . fluctuation fluctuation

speed Temperature | width stroke frequency . . .

. Current o (entire heat) | (during sampling)

(m/min) | =3 O | (mm) | (mm) (cpm) () o)
Heat 1 1.75 313 1560 1300 7.5 187 0.72 0.66
Heat 2 1.42 234 1564 1300 6.8 155 0.71 0.47
Heat 3 1.22 0 1564 1300 6.4 135 0.82 0.46
Heat 4 1.47 277 1571 1570 6.9 159 0.85 0.71
Heat 5 1.47 0 1567 1570 6.9 160 0.77 0.62

Level fluctuations

Mean level fluctuations were computed by taking the standard deviation of the raw Eddy-current level sensor signal. Table
IIT shows two different values for each test heat, based on averaging over 1) the entire heat, and 2) just the 45-second time
interval near when the slab samples were cast. The signals for the latter measurements are shown in Figure 1.

No particular trend can be seen for the effect of operating conditions on level fluctuations. However, random events appear
to have caused significant differences between the level fluctuations occurring during the short time of sample production,
which has important consequences on oscillation mark pitch and surface quality discussed later.
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Figure 1 Measured level fluctuation during obtaining slab samples

Nail board tests

For each heat in the plant trials, a nail board test was conducted to determine the mold slag depth, steel surface profile, flow
direction and flow velocity. Each nail board had 14-20 pairs of stainless steel and aluminum wires and was held beneath the
top surface of the mold for 3-4s. From the difference between the lengths of each pair wires after the test, the slag pool
thickness can be estimated given in Table IV, Values for each quarter of the mold surface were obtained by averaging the
measurements of 6 ~10 wires. An example is given in Fig. 2 a), which also shows the flow direction and surface velocities
estimated from the slope of the steel lump that solidifies onto the bottom of each steel wire. The steel surface profile and the
average distance from the top of the mold are also estimated from this test. The metal level decreases with higher casting
speed, which agrees with previous work 1.

The results in Fig. 2 b) and Table IV show that the steel level in the mold is lifted higher at the narrow face, owing to the
classic double-roll flow pattern in the mold. This flow pattern is confirmed by the surface velocities in Fig. 2 a), which are
generally directed from the narrow face toward the SEN. The surface level naturally slopes downward from the narrow face
towards the SEN (Fig. 2 b)). This slope generally becomes steeper with increasing casting speed, or without electromagnetic
braking. These expected results show the power of the nail-board experiments in monitoring the slag layer, steel surface

shape and flow conditions, as proposed by Thomas ).

Table IV Mean values of nail board tests

Slag layer thickness (mm) Steel surface location from top of the mold (mm)
Near narrow face Near SEN Near narrow face Near SEN
Heat 1 15.5 13.4 124.0 126.3
Heat 2 9.9 9.2 103.9 104.0
Heat 3 14.2 233 98.8 118.4
Heat 4 12.7 10.8 113.8 122.2
Heat 5 10.8 11.8 113.4 138.5
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Figure 2 Measured mold slag layer depth, steel surface profile, flow direction and flow velocity

Oscillation mark measurements

Before measurement of the oscillation mark profile, each of the five test samples was sand-blasted to remove any scale from
the surface. Oscillation mark pitch, width, upper width, and depth were measured along an 80-mm length of the narrow face
(8~9 oscillation marks) using a profilometer. Mean results (Table V) were obtained by averaging across the slab thickness
(230 mm) at 21 places (10 mm increments). Figure 3 shows an example oscillation mark and its measured profile. The
theoretical oscillation mark pitch is found from the casting speed divided by the oscillation frequency.

—Y=0mm, - Y =10 mm, Y =20 mm,

***** Y =30 mm, Y =40 mm, - Y =50 mm
B
E
= OM pitch - ~OM width
© ST e e PN Ferem T e T
S I
k] e, T
3 OM depthf
et
o
Q
s h e ~
9 s
o

T N‘\‘ Y - - o~ e
1 1 1
0 20 40 60 80
X Axis (mm)

Figure 3 Example of oscillation mark and profile measurement

Hook characteristic measurements

After measuring the oscillation marks, five sections along the narrow face of each of the 5 test samples were cut for hook
analysis. After polishing to 0.25 um, the sections were etched for ~45 minutes with a special picric acid solution. Hook
characteristics were then measured near each of the 43~49 oscillation marks observed. Statistics tabulated in Table V were
compiled by averaging the measurements obtained for the 22 ~47 hooks that were found in each test sample.

The hook characteristics defined for this study were hook depth, hook length, hook angle and hook shell thickness, as
illustrated in Figure 4. The hook definitions here are based on the hook starting as an initial solidifying shell at the meniscus
region, which later curves away from the mold wall. As pictured in Fig. 4, each hook has an internal line, assumed to be the
original surface. Dendrites often grow in both directions from this line. Those growing toward the molten steel indicate the

MS&T 2004 Conference Proceedings, (New Orleans, LA), AIST, Warrendale, PA



hook shell thickness while it was solidifying. Those growing towards the upper left likely occurred after the hook was
overflowed with new liquid metal. Traces of entrapped mold powder are often observed on the lower right side of the hook.

Hook Depth
—>,

Hook Length

Upper
oscillation
mark width

ook Shell thickness

3 _

Oscillation mark depth

Figure 4 Example of hook and definition of its characteristics

The hook depth is defined in this work as distance from the slab surface up to furthest inner extent of the hook, as pictured in
Fig. 4. This parameter is of practical importance, and has been measured by many others 2" %], because it indicates the
thickness of surface layer that should be removed during grinding to completely eliminate the hook and its associated
inclusions. This definition differs from that of Kitano et al. *°!, which considered only the perpendicular distance from the
oscillation mark root to the end of the hook internal line.

The hook length is defined as the linear distance from the starting point of the hook internal line on the shell surface near the
upper end of the oscillation mark to its end point. This concept is similar to measurements by Piitz et al. ). The hook angle
is derived from the depth and length and indicates how much the hook bends away from the mold. Finally, hook shell
thickness is measured at the starting point of the hook near the upper end of the oscillation mark, which generally represents
the thickest part of the hook. The “upper-width” of the oscillation mark is the distance measured from the deepest part of the

oscillation mark to its upper end point, where the surface becomes reasonably flat and the hook thickness is usually measured.

Hook shell thickness is a new concept not measured in previous work. It is believed to indicate the heat flux conditions
present at the meniscus during formation of the hook. The measurement location at the upper end of the oscillation mark is
carefully chosen to allow comparison with model predictions of hook shell thickness.

Table V Mean value of oscillation mark and hook characteristics

Theoretical Measured Measured | Measured | Measured Measured Measured }I:g eoiS;l}rlZﬁ
pitchof OM | OM pitch | OM width | OM depth | hook depth | hook length | hook angle .

thickness
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Heat 1 9.35 9.44 6.12 0.251 1.11 1.92 27.0 0.462
Heat 2 9.16 9.10 6.76 0.328 1.22 1.76 30.9 0.520
Heat 3 9.00 8.91 6.66 0.280 1.29 1.60 34.6 0.268
Heat 4 9.20 9.36 6.29 0.314 1.21 1.83 26.1 0.347
Heat 5 9.19 9.09 6.57 0.272 1.06 1.65 28.0 0.236

Computational Model: CON1D

A computational model, CON1D, was applied to study initial solidification, heat transfer and hook formation at the meniscus.
The model features a 1-D transient finite-difference calculation of heat conduction within the solidifying shell coupled with
2-D steady state heat conduction . It includes a simple analytical model of microsegregation for the solidification of multi-
component steel alloys from Won et al *”). Based on previous validation work ! the model is shown to reproduce
temperatures, shell thickness, and interface parameters in the mold region. The application in this work to the meniscus
region is only a crude preliminary study because axial heat conduction and undercooling effects are ignored.
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The model input conditions were chosen to match the 5 sets of plant operating conditions given in Table III, and also include
the steel composition in Table I, mold powder composition in Table II, meniscus location and slag pool thickness from Table
IV, and measured oscillation mark shape in Table V. The viscosity of the molten slag, 4 (7) is assumed to vary exponentially
with temperature:

To - Tfsol [1]
;u - lLl() T _ T/ml

where T, is the solidification temperature and g, is the viscosity at 7, (1300 °C) taken from Table II and the viscosity
exponent # is chosen as 1.15 to best fit the viscosity data in Table II *”). Figure 5 compares Eq. [1] with the measured
viscosity data. Viscosity increases many orders of magnitude with decreasing temperature towards the solidification
temperature 1301,

40 ! T T T T T T T
. Mold flux
n:1.15 A

Viscosity (Poise)

i
i
Solid Tﬁemperalljtre = 11(I)1 (°c) ) | - -

0
1050 1100 1150 1200 1250 1300 1350 1400 1450 1500

Temperature (°C)

Figure 5 Exponent for temperature dependency of viscosity

The CON1D model imposes a mass balance to express the fact that the input powder consumption must equal the total
powder flow rate past every location down the interfacial gap, as shown Figure 6. The following equation expresses the
balance of the total consumption, O (kg/m?) as the density was assumed constant density (2.7 g/ml):

Ve
P Slux

where the average depth of the oscillation marks (relative to their volume to carry flux), dopsc, is calculated from the volume
of the oscillation mark (width x depth)/2 divided by the theoretical oscillation mark pitch.

=Vid, +V,d, +V.dys [2]

In general, the mold powder consumption rate should be calculated from the weight of the bags consumed during an entire
sequence. Lacking this information, the local mold powder consumption rates were estimated for the conditions of each test
sample and are given in Table VI. The flux carried in the oscillation marks, which is the last term in Eq. 2, was calculated
from the measured depth, width and pitch of the oscillation marks in Table V. The total local consumption rate input to
CONI1D must be larger than the consumption rate carried in the oscillation marks. Minor changes to the total consumption
rate were made during model calibration in order to match the mean heat flux and measured thermocouple temperatures, as
discussed in the next section. The graph of Figure 6 compares the powder consumption rates carried in the oscillation marks
with the consumption rate after calibration. The trend clearly shows that the oscillation marks are responsible for most of the
flux consumption !,
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Table VI Powder consumption rate carried with OM and inputted to CON1D

Flux consumption carried Powder consumption rate . . .
in measured OM volume input to CON1D Constagt ratio of S.Ohd flux velocity to
(ke/m?) (ke/m?) casting speed input to CON1D
Heat 1 0.213 0.318 0.03
Heat 2 0.338 0.385 0.0001
Heat 3 0.288 0.341 0.01
Heat 4 0.283 0.347 0.0001
Heat 5 0.253 0.334 0.021
I Steel N’\g 0.40 T T T T T T T
FluX ! g 0.39 B
I\ a .
| Z 0.38 4
defi— Il 9 osTp i
I £ o3l b
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(a) (b)
Figure 6 a) Model treatment of oscillation marks (OM) in CON1D and b) flux consumption input data

Model Calibration

The solidification model, CON1D, was calibrated by matching it simultaneously with measurements of total heat extraction
from the mold, based on the cooling water temperature difference, and with the thermocouple measurements.

Calibration with Cooling-Water Temperature Rise

The first step of model calibration was to match with the mean heat flux measured in the mold. The mean heat flux in the
mold was determined from the temperature difference between the inlet and outlet cooling water and the cooling water flow
rate. This was accomplished by varying model parameters such as the mold powder consumption rate and solid flux velocity
until the predicted cooling water temperature difference matched the measured value, given in Table VII. Table VII also
shows the measured mean heat flux and the value calculated by CON1D. Although both were obtained with same equation,
the deviations are caused by differences in the working mold length. The measured mean heat flux recorded at the plant was
based on a fixed value (800mm), but the calculated value from CON1D was found by deducting the meniscus level measured
from the steel wire length in the nail board test (Table IV) from the total mold length (900mm). This produces minor
variations for some tests. The CON1D values should be more accurate.

Table VII Differences of cooling water temperature and mean heat flux

Working mold Measured AT Calculated AT Measured Calculated

length °C) °C) mean heatzﬂux mean heatzﬂux

(mm) (kW/m") (kW/m")
Heat 1 775 6.75 6.75 1666 1709
Heat 2 796 5.78 5.79 1429 1426
Heat 3 790 5.72 5.71 1413 1417
Heat 4 782 7.08 7.08 1430 1449
Heat 5 774 7.49 7.49 1516 1551
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Calibration with Mold Temperature

The first step of calibration with the single value of cooling water temperature rise over the entire mold is not sufficient to
determine an accurate heat flux profile down the mold, that is needed for the study of initial solidification. To further
calibrate the model, its parameters were further adjusted to match the average temperatures measured by the three rows of
thermocouples in the wide face for each test heat. The thermocouple locations below meniscus are given in Table VIII, which
takes into account the measured variation in meniscus level in the mold for each heat. Thermocouple temperatures were
measured every second like other operation parameters and were averaged over a long time of stable casting for each test heat
132 Computed thermocouple temperatures were based on an offset of 7 mm, to account for the difference between the true
three-dimensional temperature profile in the mold wall and the simplified mold temperature equations in CON1D P!,

Table VIII Distance of thermocouple location below meniscus

1** thermocouple location 2" thermocouple location 3 thermocouple location
(mm) (mm) (mm)
Heat 1 49.9 174.9 304.9
Heat 2 71.0 196.0 326.0
Heat 3 65.0 190.0 320.0
Heat 4 57.0 182.0 312.0
Heat 5 49.1 174.1 304.1

Table IX Mean temperature from mold thermocouples

1** thermocouple temperature (°C) ond thermocouple temperature (°C) 31 thermocouple temperature (°C)
Measured Calculated Measured Calculated Measured Calculated
Heat 1 173.8 185.2 126.2 140.3 115.7 121.0
Heat 2 160.1 159.3 128.9 118.7 109.7 102.9
Heat 3 149.3 158.4 113.8 116.1 102.6 100.1
Heat 4 162.6 169.5 133.2 123.3 113.3 105.8
Heat 5 159.7 173.3 129.0 127.0 112.0 108.6

In order to calibrate the model to match both the total heat flux and the thermocouple temperatures in Table IX, total
consumption rate of mold flux and the ratio of solid flux velocity to casting speed were both adjusted for each test heat.
Although the consumption rate could be measured on average, local variations are expected due to local changes in the
oscillation marks. Thus, this parameter was selected as a calibration parameter. Solid flux velocity ratio is another parameter
that is difficult to measure, but greatly affects mold heat transfer **!. Increasing consumption rate lowers heat flux, especially
in the meniscus region. Increasing solid flux velocity increases heat flux, especially lower in the mold. By changing both
together, the shape of the heat flux curve was altered to match the thermocouple measurements for each of the 5 tests, while
maintaining the total heat flux values given in Table VII. Figure 7 shows the predicted mold temperatures at the depth of the
thermocouples near the cold face, compared with the measurements, for a typical test.

T T
Consumption rate of mold flux: 0.304 kg/mz,
Ratio of solid flux velocity: 0.01 T
—— Consumption rate of mold flux: 0.334 kg/mz,
Ratio of solid flux velocity: 0.021
& Measured thermocouple temperature

180 -

Temperature (°C)

1 1 1
0 100 200 300 400

Distance below meniscus (mm)

Figure 7 Example of measured and predicted mold temperature profiles (Heat 5)
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Model Predictions
Heat flux

Heat flux profiles down the mold were obtained from the calibrated CON1D simulations for each test heat, as shown in
Figure 8. Heat flux generally increases with increasing casting speed *, which corresponds to the trend of the measured mean
heat flux. The initial heat flux profile near the meniscus, of most concern in this work, reaches very high values.
Thermocouples are unable to capture these peaks.

T Heat 1 (Ve 2 1.75 mimin, Hf = 1.71 M\IN/mz)
- -~ Heat2 (Vc=1.42 m/min, Hf = 1.43 MW/m’)
~~~~~ Heat 3 (Vc = 1.22 m/min, Hf = 1.42 MW/m®)
—-=--Heat4 (Vc = 1.47 m/min, Hf = 1.45 MW/m?)
--—-Heat5 (Vc=1.47 m/min, Hf = 1.55 MW/m?)

Heat Flux (W/m?)

0 100 200 300 400 500 600 700 800
Distance below meniscus (mm)

Figure 8 Heat flux profiles predicted by CON1D model

Shell thickness

Shell thickness profiles down the mold are compared for each test in Figure 9. The shell thickness at mold exit is observed to
decrease with increasing casting speed, as expected . A close-up at the meniscus region is shown in Figure 9 b). The
profiles of the first oscillation mark below the meniscus are also shown for each test. Although the effect of oscillation marks
is included in the model, the effect of individual marks on localized shell thinning is not. This effect can be important in the
meniscus region of interest in this study. Thus, only the shell thickness predictions between the meniscus and the top of the
oscillation mark (~6.5mm below the meniscus) will be compared later with hook shell thickness measurements.

T T T
—=—Heat 1 (Vc=1.75m/min)

1.8 E---e--Heat 2 (Vc = 1.42 m/min )
4 - Heat 3 (Vc=1.22m/min)
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Figure 9 Shell thickness predictions (0.8 solid fraction)
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Shell temperature

Shell surface temperature predictions, shown in Figure 10, are complicated to explain. Shell temperature depends on both
casting speed and heat flux, which varies down the mold with many parameters including oscillation mark shape, flux
consumption rate, solid-flux velocity ratio. Thus no trend shows with casting speed or mean heat flux. For the same casting
speed (Heat 4 and 5), higher heat flux has higher shell temperature.

1550 T T T T T T —7 1550 T T 3
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Figure 10 Shell surface temperature predictions

Results Analysis

Effect of level fluctuations on oscillation mark pitch

Figure 11 a) shows the deviation of mean oscillation mark pitch around the strand perimeter for two extreme cases (Heat 3
and 4). Increasing pitch deviations indicates casting during more severe level fluctuations %, Even in static-cast ingots
which have no oscillation, surface waves on the liquid metal during mold filling cause surface marks 7. The effect of the
measured level fluctuations on the local oscillation mark pitch is shown in Figure 11 b). The standard deviation of oscillation
mark pitch was obtained from the difference between each measured oscillation mark pitch and the theoretical oscillation
mark pitch, considering ~ 200 oscillation marks per test. This figure shows a clear trend, in spite of a lack of relationship
between level fluctuations and operation parameters (see Table III). Greater level fluctuations cause larger standard deviation
of oscillation mark pitch. This finding shows that the operating stability and level fluctuations can be predicted from the
distribution of oscillation mark pitch.
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Figure 11 Oscillation mark pitch a) distribution around strand perimeter and b) effect of level fluctuation
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Hook shell thickness prediction

To interpret and understand initial solidification behavior, model analysis and experimental hook results were linked. As
previously discussed, the thickness profile of the hook is suspected to contain information regarding heat flux at the meniscus
when it formed. The measured hook shell thickness and other characteristics were compared with CON1D shell thickness
predictions in the meniscus region.

Figure 12 shows a typical hook and a graph of hook shell thickness profile, compared with the CON1D prediction of the shell
thickness profile near the meniscus. For the calculation, the meniscus location where the hook shell starts is taken at one
theoretical oscillation mark pitch above the measured deepest part of the oscillation mark at the hook. This suggests that the
etched hook shape was created by a change in heat flow conditions that occurred due to metal overflow of the initial shell at
the meniscus at the instant that the oscillation mark formed. The predicted shell profile roughly matches the measured profile,
assuming that the top of the actual hook shell was truncated, likely due to melting during the liquid overflow event.

T T T T
CON1D prediction
®  Measured data

Theoretical OM pitch 44

o o
o o
°
°
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Hook thickness (mm)
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Distance below meniscus (mm)

Figure 12 Typical hook shape matching to shell thickness prediction from CON1D (Heat 2)

To further investigate this mechanism, the CON1D model results for the 5 test heats were compared with the measured hook
shell thicknesses. The hook shell thickness was measured at the upper end of the oscillation mark where the hook starts
(Figure 4). To orient this position relative to the meniscus in the CON1D prediction, the measured upper width of the
oscillation mark was subtracted from the pitch. Thus, the measured hook shell thickness typically corresponds with the
predicted shell thickness around 7 mm below the meniscus. Table X shows the measured upper width of the oscillation marks
for each test. Figure 13 a) compares the measured hook shell thickness with predicted shell thickness based on the mean
width of the upper oscillation mark. The mean of the measured hook shell thicknesses for each test matches the prediction
remarkably well. The large deviations indicate the variation in hook shells, caused in part by variations in the oscillation
mark width.

To further investigate the accuracy of the prediction, maximum and minimum hook shell thicknesses were predicted, based
on assuming that the maximum hook-shell thickness occurs on the hook with the minimum upper-width. The shell
thicknesses from CON1D for these corresponding new positions are compared with the measurements in Figure 13 b). The
agreement is much stronger. The relationship is very strong, considering the many approximations. This tends to confirm
the proposed mechanism regarding hook formation.

Table X Measured upper oscillation mark width from the results with profilometer

Measured oscillation mark upper width (mm) Shell thickness from CON1D
Mean Maximum Minimum Mean Maximum Minimum
Heat | 2.08 7.40 0.40 0.49 0.6 0.12
Heat 2 2.28 7.80 0.40 0.6 0.7 0.10
Heat 3 2.65 7.80 0.80 0.66 0.84 0.10
Heat 4 2.59 8.60 0.40 0.57 0.74 0.04
Heat 5 2.27 6.20 0.60 0.53 0.67 0.22
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Figure 13 Comparison between measured and predicted shell thickness at upper end of oscillation mark

Effect of hook shell thickness on hook depth

Hook shell thickness and hook length were related to solidus and liquidus line at the meniscus region affected by heat transfer
in the mold. Figure 14 shows the relation between measured hook shell thickness and depth, including the results of other
related work P®. Thinner hook shell thickness leads to shallower hooks. The minor deviations may be caused by other
phenomena such as oscillation conditions, superheat and level fluctuations.
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Figure 14 Influence of hook shell thickness on hook depth

Effect of superheat on hook characteristics

Based on the mechanism of hook formation discussed previously, it is expected that superheat should affect the size and
extent of hook formation. In contrast with the typical hook structure shown in Figure 12, some oscillation marks show no
evidence of a subsurface hook, especially those with high superheat. Figure 15 shows an intermediate case of a “surface
hook”, consisting of a thin layer running along the surface near the oscillation mark, that is sometimes called a “bent hook”
or “bent type with segregation” *3*. Like typical subsurface hooks, the surface hook is often distinguished by thin dark or
light bands, due to local segregation. Figure 15 b) shows the effect of superheat on the occurrence rate of hooks and surface-
type hooks. The hook occurrence rate was calculated from the total number of hooks (both subsurface and surface) divided
by the number of oscillation marks observed (43~49 per data point). Surface hook fraction is the number of surface hooks
like those in Fig. 15 a) relative to the total number of hooks observed. Superheat is the temperature difference between the
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tundish temperature and the liquidus temperature of the steel composition in Table I, predicted by CONI1D. Increasing
superheat lowers the hook occurrence rate and increases the fraction of surface hooks. As both effects decrease hook
problems, higher superheat is beneficial for surface quality.
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Figure 15 Influence of superheat on hook occurrence rate and hook type

Effect of liquidus line on melting of solidifying shell

Having shown the importance of superheat, further investigations were performed to predict the shortening of hook depth due
to melting. Hook shape is usually curved P 2" %> 31 Many previous works have tried to explain hook curvature due to
bending "% '"4% 41 sub-meniscus '), solidification "' and /or thermal distortion ¥ of the initial solidifying shell. It was
assumed here that the initial solidification shell in Figure 9 b) bends to the measured hook angle in Table V. The extended
shell is then assumed to melt off where it crosses with the corresponding liquidus line predicted by CON1D in Figure 16 a).
Figure 16 b) illustrates an example bent shell and its truncated length.
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Figure 16 a) Liquidus line predicted by CON1D and b) influence on liquidus line on hook shape (Heat 1)

Figure 17 a) compares the hook lengths predicted by this method with the average measured hook length for each heat. The
two values are of the same magnitude and trend, the scatter indicates that other important effects are neglected in this simple
model. Therefore the difference of predicted and measured hook length was compared with superheat, classified by
oscillation pitch deviation as shown in Figure 17 b). Increasing superheat and decreasing oscillation mark pitch deviation
causes better agreement between the model and measurement. Worse deviation at low superheat is observed, perhaps
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because hooks can survive more easily beyond the liquidus. Worse error is also observed with high pitch deviations. As
earlier explained, the deviation of oscillation mark pitch is related to the liquid level stability. Larger level fluctuations
generate longer, deeper hooks that require more advanced models to predict .
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Figure 17 a) Comparison of predicted and measured hooks length and b) influence of superheat and pitch deviation on the
prediction error

Summary

This study of hook characteristics focuses on the effect of heat flux at meniscus region. Plant trials conducted for five
different sets of operation conditions are combined with metallographic analysis of slab samples and a computational
solidification heat-flow model (CON1D). Nail board tests confirm the double roll flow pattern, shape of the steel top surface
and slag layer thickness. The standard deviation of oscillation mark pitch depends on mold level fluctuations, so pitch
deviations can be used to monitor meniscus stability. Thermocouple measurements and cooling water heat-up are used to
calibrate the CON1D model. The predicted shell thickness at the upper oscillation mark correlates with the measured
thickness of over 200 hooks. Shallower hooks correlate with a thinner initial solidifying shell. During hook formation, the
initial solidifying shell is melted back by the molten steel by an amount related to the local liquidus line. Hooks are smaller
and easier to predict with higher superheat and smaller level fluctuations. This work confirms the importance of heat flux in
the meniscus region on hook structure, shape, and depth. This study is the first step in the development of a comprehensive
model to predict hook and oscillation mark formation, in order to find ways to improve surface quality.
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