
Prediction and control of subsurface hooks in
continuous cast ultra-low-carbon steel slabs
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Subsurface hook formation during initial solidification in the continuous casting mould degrades

the quality of steel slabs owing to the associated entrapment of argon bubbles and non-metallic

inclusions. To minimise hook depth and to improve slab quality, extensive plant experiments were

performed and analysed to quantify the effect of casting parameters on hook characteristics

using the no. 2-1 caster at POSCO Gwangyang Works, Korea. The results reveal that meniscus

heat flux plays an important role in controlling hook characteristics. Hook depth correlates with

oscillation mark depth, hook shell thickness, and hook length. Based on regression analysis, this

paper proposes an equation to predict hook depth in ultra-low-carbon steels as a function of

casting speed, superheat, oscillation frequency, surface level fluctuations, and mould flux

properties. Use of this quantitative equation enables improved control of subsurface quality in the

continuous casting of steel slabs.

Keywords: Continuous casting, Subsurface quality, Hook, Solidification microstructure, Oscillation marks, Ultra low carbon steel

Introduction
Periodic transverse depressions called ‘oscillation marks’
(OMs) are observed on the surface of steel slabs
manufactured by continuous casting processes.1–3

Hooks are another distinctive subsurface microstruc-
tural feature, and form at the meniscus during oscilla-
tion. They lead to surface defects such as slivers and
blisters in the final rolled sheet product.4,5 In extreme
cases, the entire slab surface must be ground or ‘scarfed’
to remove all traces of the hook microstructure,
resulting in higher cost and productivity loss.6

Many previous studies of slab quality have focused
on the influences of operating parameters on OMs4,5,7–11

and subsurface hooks.12–16 Ultra-low-carbon (ULC)
steel grades (C(0?01 wt%) are particularly prone to
hook formation as shown in Fig. 1,17,18 perhaps owing
to higher liquidus temperature and thinner mushy
zone13 compared to other steel grades. These steels are
designed for high ductility applications such as auto-
mobile exterior panels. Therefore, high surface slab
quality is important in ULC steels. To minimise the
depth of OMs and hooks and to increase slab quality,
several different practices have been proposed and
implemented in the industry. These include the use of
mould powder with higher surface tension, higher

viscosity and lower solidification temperature,19 trian-
gular mould oscillation,20 changing the mould material
for low thermal conductivity,12 and applying electro-
magnetic fields for initial solidification control.21,22

Hooks and OMs form due to many interdependent,
transient phenomena that occur simultaneously during
initial solidification near the meniscus. Several differ-
ent mechanisms have been proposed in previous
literature. Sengupta et al.23,24 have recently suggested
a new mechanism for hook and OM formation, which
is illustrated in Fig. 2. Hooks form in ULC steel by
periodic meniscus solidification and subsequent liquid
steel overflow and OMs form by normal steel shell
growth before and after the overflow. This mechanism
was based on a careful analysis of numerous specially
etched samples from ULC steel slabs in controlled
plant trials6,25 at POSCO Gwangyang Works.
Furthermore, this analysis explains observations in
previous literature, theoretical modelling results,23 and
is supported by microstructural evidence obtained
using24 both optical microscopy and microanalysis
techniques.

The present study was conducted to quantify the
effect of casting conditions on OM and hook
characteristics in ULC steels. Slab samples were
collected during plant experiments at POSCO
Gwangyang Works while controlling and measuring
several operating parameters. Oscillation mark and
hook characteristics were measured from sections of
the slab samples and correlated with operating
conditions. The results obtained from these different
experiments suggest practical insights to decrease
hooks and their associated surface defects by control-
ling the phenomena that cause them in the meniscus
region for ULC steels.
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Experimental
Four separate campaigns of plant experiments and
laboratory analyses were performed from 2002 to
2005. Samples of ULC steel slabs were obtained from
plant experiments performed on the no. 2-1 conven-
tional vertical bending slab caster at POSCO
Gwangyang Works, Korea, which features a conven-
tional parallel mould with 230 mm thickness, standard
two ports submerged entry nozzle (SEN), slide gate
flow control with argon gas, non-sinusoidal hydraulic
mould oscillator and electromagnetic brake ruler
system. The composition of the ULC steel grade is
given in Table 1.

During the 2002 tests, two plant trial sets were
performed to investigate the effect of operating para-
meters on OM depth and hook characteristics. Test 1
was conducted at two different casting speeds with
different slab width and electromagnetic current. Test 2
was conducted by changing mould oscillation conditions

such as stroke, frequency, and modification ratio under
the same casting speed, slab width and electromagnetic
current.

From 2003 to 2005, plant experiments (Tests 3 and 4)
were conducted with various casting speeds, slab widths,
and electromagnetic currents using a different mould
powder (Powder B) after performing Tests 1 and 2
(Powder A). In particular, Test 4 was performed to
investigate the effect of casting speed on OM and hook
formation. Details of the test conditions are given in
Table 2 and the powder characteristics and properties
are listed in Tables 3 and 4.

Samples (2306206100 mm (width6depth6length)
and encompassing y10–12 OMs) were obtained near
the surface of both narrow faces (NFs) of slabs for each
test, as shown in Fig. 3. The left NF was analysed
ultrasonically for entrapped particles (bubbles or/and
inclusions) beneath the slab surface. The right NF
was analysed metallographically to measure the OM
and hook characteristics. Specifically, OM depth was

2 Schematic illustrating formation of curved hooks in ULC steel slabs by meniscus solidification and subsequent liquid

steel overflow23,24

a 0?002%C; b 0?033%C; c 0?100%C
1 Effect of steel carbon content on hook depth

Table 1 Composition of ULC steel tested, wt-% (Fe bal.)

C Mn Si P S Cu Ti Al

0.002–0.005 0.05–0.15 (0.005 (0.015 (0.010 y0.01 y0.050 y0.05
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measured along an 80 mm length of right NF using a
laser based profilometer along 21 different lines down
the NF surface. Hook characteristics were measured at
five different distances between the wide faces (WFs).
Further WF slab samples were taken from Test 4
conditions, and hook depths were measured from 1/4
position from the corner. Sections through each sample
were cut, ground, polished to y0?25 mm and then
etched by a special etching method24 for ULC steel to
reveal the microstructure and hook shapes.

Results and discussion

Hook characteristics definitions
Hook characteristics include depth, length, angle, and
shell thickness as illustrated in Fig. 4. The hook depth is
defined for this study as the perpendicular distance from
the slab surface to furthest inner extent of the hook,
because this indicates the thickness of surface layer that
should be removed during scarfing process to completely
eliminate hooks and their associated surface defects.
Hook length is defined as the linear distance from the
starting point of the line of hook origin near the OM to
its end point. Hook angle is derived from the depth and
length and indicates how much the hook bends away
from the slab surface. Hook shell thickness is usually
measured at the upper end of the OM where the hook
starts, which generally represents the thicker part of the
hook. The OM depth is the perpendicular distance from
the deepest point of the OM valley to the reasonably flat
slab surface. The average OM and hook characteristics
obtained from slab samples of the right NF are given in
Table 5.

In addition, the compositions of subsurface defects
observed in optical micrographs near the hook region
were analysed by energy dispersive X-ray spectroscopy,
as shown in Fig. 5. The complex oxides suggest mould
flux and the round bubble shows evidence of non-
metallic inclusions attached to it. These results show that
both non-metallic inclusions and bubbles can be
entrapped on the front of the solidifying shell, or hook
during initial solidification at the meniscus. This agrees
with previous findings.4,18

Oscillation marks depth correlation with hook
shape
Results in Fig. 6 show that deeper hooks are accom-
panied by deeper OMs. Thus, OM depth can be used as
an approximate indicator of hook depth and slab
surface quality without metallographic analysis of the
slabs. Many casting conditions were varied during the
plant experiments, such as casting speed, slab width,
mould powder, superheat, fluid flow conditions, and
oscillating practice, etc. The effects of these important
casting variables will be discussed in the following
sections.

Hook shell thickness correlation with hook
depth
Figure 7 shows that hook depth is linearly proportional
to hook shell thickness. This trend holds strongly even if
conditions such as mould oscillation practice have been
severely changed (Test 2). This finding is consistent with
the hook formation mechanism in Fig. 2, which involves
meniscus freezing and subsequent liquid steel overflow
suggested by Sengupta et al.23 Based on this mechanism,
increasing the hook shell thickness indicates that either

Table 3 Mould powder compositions, wt-%

Basicity SiO2 CaO MgO Al2O3 TiO2 Fe2O3 MnO2 P2O5 Na2O K2O F B2O3 Li2O

Powder A (Tests 1 and 2) 1.1 36.33 39.80 0.84 5.97 0.18 0.34 0.03 0.03 3.43 0.11 6.72 0.0 0.35
Powder B (Tests 3 and 4) 1.0 37.77 37.88 1.98 4.99 0.03 0.31 0.04 0.01 3.75 0.11 7.22 1.20 0.90

Table 4 Mould powder properties

Bulk density,
g mL21

Solidification
temperature, uC

Softening
temperature, uC

Melting
temperature, uC

Viscosity
(poise) at
1300uC

Powder A (Tests 1 and 2) 0.82 1150 1170 1180 3.21
Powder B (Tests 3 and 4) 0.85 1100 1150 1150 2.62

(a) (b)

3 Schematic showing sample locations for a both NFs and b measurements of OMs and hooks on right NF
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the time for the hook growth was longer or the extent of
undercooling during liquid steel overflow was more
pronounced. In either case, meniscus freezing is pro-
moted so the hook becomes both thicker and longer.

Superheat effects
The effect of superheat temperature difference on hook
characteristics was evaluated as part of Test 2. The

superheat in this study is based on tundish temperature,
which should correlate with superheat at the meniscus, if
the mould flow pattern stays constant. The hook length
decreases dramatically for superheats above 30uC, as
shown in Fig. 8. A thinner hook shell can be expected if
the solidification time at the meniscus is shorter (see
previous section), or if the superheat delivery is higher.
Although the study in Fig. 9 was conducted to

(b)a

4 a typical shape of curved hook with entrapped bubble and b definitions of hook characteristics

Table 5 Mean value of hook characteristics and OM depth

Test no.

Measured
hook
depth, mm

Measured
hook l
ength, mm

Measured
hook angle, u

Measured
hook shell
thickness, mm

Measured
OM depth,
mm

Test 1-1 1.87 6.37 18.5 – 0.440
Test 1-2 1.2 2.81 30.0 – 0.286
Test 2-1 1.68 2.16 34.3 0.71 0.246
Test 2-2 2.16 4.72 19.8 0.86 0.393
Test 2-3 1.39 2.16 27.6 0.66 0.309
Test 2-4 1.54 2.41 29.7 0.65 0.292
Test 2-5 1.72 3.34 23.1 0.76 0.353
Test 2-6 1.69 2.75 28.7 0.7 0.343
Test 2-7 1.59 2.77 27.5 0.62 0.258
Test 2-8 1.89 3.08 29.7 0.78 0.308
Test 2-9 2.32 4.87 21.6 0.92 0.338
Test 2-10 1.94 4.58 20.2 0.78 0.331
Test 3-1 1.1 2.0 27.0 0.46 0.251
Test 3-2 1.22 1.77 30.9 0.52 0.328
Test 3-3 1.3 1.63 34.6 0.60 0.280
Test 3-4 1.18 1.83 26.1 0.56 0.313
Test 3-5 1.06 1.65 28.0 0.46 0.272
Test 4-1 0.83 – – 0.45 0.225
Test 4-2 0.83 – – 0.41 0.214
Test 4-3 0.73 – – 0.38 0.199
Test 4-4 0.77 – – 0.47 0.192
Test 4-5 1.11 – – 0.51 0.302
Test 4-6 1.06 – – 0.53 0.236
Test 4-7 0.96 – – 0.47 0.277
Test 4-8 1.09 – – 0.49 –
Test 4-9 1.03 – – 0.46 –
Test 4-10 1.12 – – 0.57 0.310
Test 4-11 1.05 – – 0.53 0.304
Test 4-12 1.79 – – 0.73 0.495
Test 4-13 1.62 – – 0.71 0.566
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investigate frequency, the effect of superheat was so
important that the results were divided up accordingly.
Figure 9a shows that the higher superheats produce
thinner hooks. Figure 9b shows that higher superheat
produces both shorter hooks and thinner hooks. Higher
superheat delivery tends to make thinner and shallower

hooks. Moreover, previous works have shown that
hooks near the slab corners are deeper than other
regions along the mould perimeter, owing to the lower
superheat, and ease of meniscus overflow there.26 These

ba

5 Optical micrographs showing entrapment of inclusions attached to round bubble beneath slab surface

6 Relation between OM depth and hook shape: a depth and b length

7 Relation between hook shell thickness and depth

8 Effect of superheat in tundish on hook length

Lee et al. Subsurface hooks in continuous cast ultra-low-carbon steel slabs
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results show that raising superheat is one of the most
important methods to minimise hook formation during
initial solidification.

Casting speed effects
To investigate the effect of casting speed on both OM
and hook depths, two different sets of plant experiments
were performed between 2002 and 2005. First, three
casting speeds (1?40, 1?45 and 1?70 m min21) are
considered with different slab width in Tests 1 and 2-1.
Figure 10 shows optical micrographs of subsurface
hooks obtained from specially etched samples at
different casting speeds. Figure 11 shows the number
of entrapped particles (bubbles and/or inclusions) per
unit area in samples from the left NF slab, as shown in
Fig. 3a. Increasing casting speed shows a marked
decrease in surface defects, contrary to expectations
related to surface level fluctuation effects. These results
suggest that the higher superheat found at higher casting
speed is responsible for lowering hook depth and their
associated surface defects.

Another set of plant experiments (Tests 3 and 4)
involved more systematic measurements to quantify the
effect of various casting speeds and slab widths on both
OM and hook depths. First, increasing casting speed is
known to cause a significant increase in heat extraction
at the meniscus region,27 resulting in higher heat flux, as
shown in Fig. 12. Mean heat flux is defined as the total
heat removed by the cooling water per unit area of
strand surface, which is based on the measured

temperature difference of the cooling water between
inlet and outlet. Increasing meniscus heat flux would be
expected to make hooks more severe. However, Huang
and Thomas28 noted the opposing effect that increasing
the casting speed increases the local superheat delivered
at the solidification front, so discourages meniscus
freezing. This latter effect seems to be more important,
according to the results in Figs. 13 and 14 of the current
work.

Figure 13 shows that both OM and hook depths are
clearly decreased with increasing casting speed, as a
function of oscillation conditions such as stroke and
frequency. For this analysis, nine oscillation tests (Tests
2-2 to 2-10) were excluded from these results because
casting speed was not dependent on oscillation condi-
tions. In addition, hook depth on the WF at 1/4 position
from the corner was examined with different casting
speed, as shown in Fig. 14. These results again confirm
that OM and hook depths decrease with increasing
casting speed and the trend of decreasing hook depth
with casting speed agrees with the results measured by
Awajiya et al.29 Hence, increasing casting speed, which
increases flowrate of molten steel from the SEN, is
expected to carry more heat to retard the initial
solidification at the meniscus.

In summary, the results from several sets of tests
conducted over several years show that increasing
casting speed helps to increase heat delivery to the
meniscus and to minimise hook and OM depths and
their accompanying surface defects.

9 Relation between superheat and hook shape

ba

a 1?40 m min21; b 1?70 m min21

10 Optical micrographs of subsurface hook at different casting speeds
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Mould powder effects
Figures 6 and 13 also show that powder properties
greatly affect OM and hook depths. In this case, Powder
B with a lower solidification temperature and viscosity
produces significantly less OM and hook depths. This
effect agrees with Bommaraju et al.19 who have reported
that mould powder with a lower solidification tempera-
ture, has shallower OM depth. This might be due to
smaller slag rim solidified on the mould wall. The lower
viscosity of the mould powder allows easier steel
overflow at the meniscus after it freezes during hook
formation. This agrees with the mechanism which was
proposed by Hill et al.30 but not with that of Kobayashi
and Maruhashi.31 Thus optimising mould powder
properties is one of the most important parameters for
controlling hook depth.

Level fluctuation effects
It is well known from previous work that level
fluctuations are detrimental to surface quality.32,33 In
the current work, OM and hook depths roughly appear
to decrease with decreasing level fluctuation during
sampling, as shown in Fig. 15. The weakness of this
trend may be due to the difference of position between
meniscus region and level sensor, and level fluctuations
were recorded once per second using the continuous
caster monitoring system, relative to about four mould
oscillations per second. Sengupta et al. and Zhu34,35

have suggested that the thermal distortion due to a
sudden level fluctuation event can cause:

(i) the shell tip to bend away from the mould due to
sudden level drop

(ii) the shell tip to further bend during the subse-
quent rise in liquid level.

This is especially important for the shallower straight
hooks. Larger level fluctuations generate deeper OMs
and hooks, and also exacerbate the capture of mould
slag at the solidification front. Larger level fluctuations
also accompany faster, hotter steel flow to the meniscus,
which is beneficial, and may explain the scatter in the
trend. These results confirm the importance of control-
ling other casting conditions such as fluid flow in the
mould, to control hook formation.

Mould oscillation condition effects
To investigate the effect of oscillation conditions on
both OMs and hooks characteristics, Test 2 plant
experiments were performed holding other conditions
constant, including the casting speed, slab width, mould
powder (Powder A), and electromagnetic current.
Figure 16 shows the effect of oscillation conditions on
OM and hook depths from Test 2. Hook depth appears

11 Relation between casting speed and surface defects

12 Relation between casting speed and heat flux at NF

13 Effect of casting speed on a OM and b hook depths on NF
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to decrease with increasing oscillation frequency, but the
trend with OM depth is very rough. It is difficult,
however, to find a trend with stroke. Positive strip time
decreases with increasing oscillation frequency, so
increasing frequency shortens the solidification time.
This effect helps to explain how higher frequency can
produce shallower OM and hook depths with better slab
surface quality. The roughness of these trends suggests
that oscillation parameters are less important than the
other casting conditions discussed in the previous
sections.

The effects of negative and positive strip time are
shown in Fig. 17, divided into two groups of higher and
lower superheat in Test 2 plant experiments. The hook
depth roughly decreases with decreasing negative strip
time or decreasing positive strip time, at least for higher
superheats. The importance of the superheat effect helps
to explain the roughness in the trends.14 Effect of casting speed on hook depth of WF

15 Effect of level fluctuation during sampling on a OM and b hook depths

16 Effect of oscillation frequency on a OM and b hook depths
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Empirical equation for hook depth
From regression of the results, the following empirical
equation was derived to predict the average hook depth
in ULC steel slabs from the casting conditions

Predicted hook depth~10{31:0874|V{0:61416
c |F{0:46481

|T{0:18782
S |L0:041863

F |T10:692
sol

where Vc is the casting speed (m min21), F is the
oscillation frequency (cycle min21), TS is the superheat
temperature difference (uC) defined as (Ttundish2

Tliquidus), LF is the mean level fluctuation during
sampling (mm) and Tsol is the solidification temperature
of mould powder. Figure 18 compares measured hook
depths with predictions using this equation.

Conclusion
This study presents the results of extensive parametric
plant measurements of continuous cast steel slabs to
quantify the effect of process conditions on OM depth
and hook characteristics. Shallower hooks correlate with
shorter hooks, thinner hooks, and shallower OM depth.
Hooks and their associated surface defects can be

decreased by controlling the phenomena that cause
them. Increasing superheat delivery to the meniscus
region with increasing casting speed has a strong effect
on decreasing OM and hook depths. Optimising of
mould powder properties can greatly affect hook
characteristics. Level fluctuations affect hook depth.
Control of casting conditions related to heat flux near
the meniscus region is the key to decreasing hook depth
and increasing slab quality by optimising process
conditions.
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