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Solidification  morphology  and  centreline  macrosegregation  in continuously  cast,  thick  steel  slab  samples
were  investigated  in  order  to evaluate  the  liquid  steel  solidification  characteristics  and  determine  the
severity  of  macrosegregation  in  cast  slabs.  Experimental  studies  were  undertaken  to establish  the  true
solidification  behaviour  of industrial  slab caster  without  electromagnetic  stirring.  Several  slab  samples
collected  from  the continuous  casting  shop  were  utilized  to characterize  the  solidification  macrostructure,
morphology  of  cast structure,  and  macrosegregation  patterns.  Macrostructural  examination  revealed
predominantly  coarse,  columnar  structure  associated  with  high  level  of  segregation  which  is detrimental
to internal  soundness  of  cast  slabs.  Liquid  steels  cast  at high  superheat  (≥32 ◦C)  were  generally  having  finer

◦

acrosegregation
orphology

cast structures  as  compared  to those  cast  at lower  superheats  (≤21 C).  Degree  of  centreline  segregation
of  Carbon  (C),  Phosphorus  (P) and  Manganese  (Mn)  were  significantly  high.  Several  unwanted  phases
(cementite,  sulphide  and  phosphide)  were  also  observed  in the central  segregated  region  of  slab  samples.
An  attempt  was  made  to correlate  the  experimental  observations  with  the  operating  parameters  of the
caster,  and  appropriate  measures  for improving  the  product  quality  were  suggested.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

During solidification of liquid metals and alloys, redistribu-
ion of solutes occurs between liquid and solid phases leading
o non-uniformity of composition. Segregation of solute elements
s an inherent characteristic of alloy solidification. The solubil-
ty of solutes in the solid phase is relatively small in comparison
o the liquid phase at a given temperature during solidification.
herefore, solidifying phase rejects excess solutes in the coexist-

ng liquid phase at the solid-liquid interface, leading to gradual
olute buildup/enrichment in the residual liquids with progress
f solidification. Consequently, the portion of liquid which solid-

fies in the final stage contains significantly higher solute contents
s compared to the nominal composition of alloy/steel. Segrega-
ion can be classified into microsegregation and macrosegregation.
lemings (1974) gives an insight into the details of different types
f segregation and the effect of heat transfer and fluid flow on solid-
fication characteristics. Ghosh (1990) describes microsegregation
s mostly confined to the microscopic area i.e. within the inter-
endritic spaces of the solidifying melt. Microsegregation have

∗ Corresponding author.
E-mail address: suva 112@yahoo.co.in (S. Ganguly).

ttp://dx.doi.org/10.1016/j.jmatprotec.2016.12.030
924-0136/© 2016 Elsevier B.V. All rights reserved.
much lower scale of segregation (few micron size), can be relatively
less harmful as some of the segregated elements (only small atoms)
get homogenized up to some extent during subsequent reheating
and thermo-mechanical working (i.e. hot rolling) of cast sections.
Réger et al. (2006) have indicated that macrosegregation in cast-
ings is non-uniformity of composition over macroscopic or large
areas, and their size can vary from few hundred to several thou-
sand microns. Such macrosegregation can be extended throughout
the length of castings i.e. they can be so large that their size can be
equal to the size of castings. Due to large sizes, macrosegregation
are considered more harmful to finished steel properties, as they
cannot be eliminated even with prolonged heat treatments.

In general, overall segregation in continuously cast (CC) sec-
tions is much smaller as compared to conventional ingots but
severe macrosegregation occurs around its centre. It essentially
originates from solute rejection at the solid-liquid interface (zone
refining action) coupled with movement of residual solute enriched
liquid and coexisting solid phases in the mushy zone during solid-
ification. Flow of residual solute enriched liquid in the mushy
zone is induced by suction created by the solidification shrinkage,
solutal convection, sedimentation of free crystallites (almost pure

and denser), bulging of solidifying strands between the support
rolls, deformation of dendrites, etc. Lesoult (2005) has reported
macrosegregation studies in steel strands and ingots. Kulkarni and

dx.doi.org/10.1016/j.jmatprotec.2016.12.030
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmatprotec.2016.12.030&domain=pdf
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Table  1
Specification of cast slab samples considered in the present work.

S. No. Grade of
steel

Heat No./
slab i.d

Casting speed,
m/min

Tundish
temp, ◦C

Liquid steel
super-heat in
tundish ◦C

Nominal Composition of liquid steel, mass%
(measured using liq. steel sample from
tundish)

C Mn S P Si Al N, ppm

1 high C A/1st slab of a heat 0.78 1500 28 0.78 0.64 0.007 0.017 0.231 0.04 66
2  A/7th slab of a heat 0.8 1491 19
3  B/2nd slab of a heat 0.7−1 1498 26 0.79 0.66 0.004 0.023 0.244 0.045 84
4  C/2nd slab of a heat 0.79 1502 32 0.81 0.66 0.002 0.019 0.26 0.05 70
5  C/7th slab of a heat 0.71 1491 21

6  low C D/4th slab of a heat 1.23 1549 24 0.08 1.07 0.005 0.017 0.044 0.037 25
24
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7  E/5th slab of a heat 1.2 1549 

lab central transverse section studied: portion of slab length = 0.25 m,  Width = 1.1 m

ubash Babu (2005) analysed the process parameters for produc-
ng quality products in a continuous casting system. Ganguly and
houdhary (2009) have correlated the solidification microstructure
ith quality of the cast product. Macrosegregation poses serious

uality problems in continuously cast products, which may  exhibit
igh degree of segregation in the central region of cast sections
centreline segregation), unless proper measures are adopted for
ts minimisation. Sang et al. (2010) have emphasized on methods of
ffectively reducing macrosegregation so as to meet future require-
ents for high quality product. Accordingly, Sang et al. (2010) have

emonstrated a novel technique of adding solid steel balls with
 specific composition to the ingot during pouring process. Com-
only, in continuously cast product, centerline segregation (CLS)

ecomes more pronounced in case of high carbon steels cast at
elatively higher superheats and at high casting speeds in narrow
ross-sections. Krauss (2003) studied the segregation and banding
henomenon in carbon steel. Mayer et al. (2010) have investigated
he formation of centerline segregation in continuously cast steel
roduct. In a recent study, Piccone et al. (2016) have described the
uantitative methods for evaluation of centerline segregation. High
enterline segregation gives rise to undue phase transformations
bainite or martensite etc.), which may  lead to cracks or failure
uring subsequent thermo-mechanical working of cast section or
remature failure of the finished steel products in service. They
re largely responsible for the anisotropic mechanical properties,
ydrogen induced cracking (corrosion resistance), cracking during
elding, etc. Choudhary and Ghosh (1994, 2009) found that pro-

ounced segregation leads to banding in the hot rolled sheets and
eavy plates, where cracks can run easily parallel to the banded
egion of cast section. According to Brimacombe (1999), problem
f macrosegregation becomes more acute in case of high carbon
teels, in high strength low alloy (HSLA) steels, as well as in high
lloy steel.

Morphology of the cast structure plays a very important role
n governing the severity of macrosegregation. Large columnar
tructure gives rise to higher degree of centerline segregation.
quiaxed crystals, unlike columnar dendrites, are unattached den-
rites with no specific growth direction. Such free dendrites tend
o redistribute the residual impure liquid rejected by the solidify-
ng dendrites uniformly throughout the mushy zone, and thereby

inimize the buildup of segregation. Therefore, an early columnar-
o-equiaxed transition (CET) i.e. a wider equiaxed zone at the core
f the cast section has been found to be beneficial for controlling
he centerline segregation in continuous casting of steel.

In the present work, solidification behaviour of continuously
ast steel slabs has been investigated in order to evaluate the liq-
id steel solidification characteristics and determine the severity

f macrosegregation in cast slabs. It may  be noted here that in
he past, studies carried out by the researchers were mostly cen-
ered on the fundamentals of alloy solidification and segregation
 0.08 1.05 0.007 0.02 0.036 0.037 24

 Thickness = 215 mm

phenomena. Studies concerning the quantification of macrosegre-
gation pattern and morphological characteristics in an industrial
scale, continuously cast steel products have largely been ignored.
In this regard, a systematic study addressing the pertinent issues
in continuously cast steel slabs is still very much limited. In view of
these, the present research has been undertaken with an objective
to establish the casting behaviour of slab caster for improving the
product quality through optimization of casting parameters.

2. Experiment

The present work involves the following activities:

• Collection of cast slab samples and relevant plant data
• Micro and macro-structural examination of samples
• Examination of morphological characteristic of cast structure
• Evaluation of central macrosegregation and identification of

phases originating from chemical reactions in the segregated
regions during casting

Slab samples were collected and examined for establishing the
characteristics of liquid steel solidification during continuous cast-
ing. The cast slabs considered in the present work were 11 m long,
1.1 m wide and 0.21 m thickness. The specification of all slab sam-
ples used in the present work is given in Table 1. The slab sections
are quite heavy and difficult to handle manually. Therefore for the
ease of handling, only half portion from the central region were cut
after sulphur printing and the remaining portions towards both
the edges were discarded. Sampling details for various examina-
tions are shown schematically in Fig. 1. The central large samples
(Fig. 1) were first subjected to ultrasonic examination for gross cast
characteristics, and secondary dendrite arm spacing (SDAS) were
measured using an optical stereo-microscope fitted with an image
analyser.

Subsequently, they were macroetched with 1:1 warm
hydrochloric acid-water solution for revealing the cast fea-
tures more clearly. After recording the various macrostructural
features, samples were again reground, fine polished and etched
with 5% nital solution for about 5 min  for revealing dendrite arm
spacing (DAS).

3. Results and discussion

3.1. Morphology of cast structure
In order to determine the macrostructural characteristics of
both high and low carbon steel slabs, sulphur prints (S-prints) of
polished slab samples were taken and analysed. Fig. 2 shows some
of the typical sulphur prints of slab samples.
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Fig. 1. Schematic of sampling 
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Fig. 2. Typical S-prints of high carbon steel slab samples.

It may  be noted here that S-prints commonly fail to clearly
eveal the actual morphology as well as segregation patterns at
ery low S-content (<0.01%) of steel. Even then, in the present
ase, presence of centreline segregation was observed in all slab
amples, and average width of segregation band was  found to be
pproximately 10–12 mm,  which is significant in nature. However,
t was difficult to assess the severity of segregation in slab sam-
les from the sulphur prints, due to the very low sulphur content

n the samples (Table 1). Subsequent to this, samples were sub-
ected to non-destructive ultrasonic testing (ultrasonic C-scanner)

or evaluation of their macrostructural characteristics. Finally, all
lab samples were subjected to warm acid macroetching for reveal-
ng the cast structure clearly on the polished surface around the slab
entre. Figs. 3 and 4 present macrostructure obtained by the meth-
details for various tests.

ods described above. Fig. 3 presents the cast characteristics of low
carbon slabs, and Fig. 4 presents the same for high carbon slabs. It
can be seen that cast structures revealed by both the techniques
were almost similar. While C-scanner revealed the gross cast char-
acteristics over about 10 mm thickness of samples, macroetching
revealed morphology of cast structure very clearly on the polished
surfaces. Both high and low carbon samples showed almost fully
columnar structures marked by severe centreline porosity, which
essentially arise from the solidification shrinkage during the final
stages of solidification in continuous casting.

It is well established that wider columnar zone gives rise to
severe centreline segregation in CC sections. In general, high liquid
steel superheat, high casting speed, narrow cast sections and steels
having richer chemistry favours wider columnar zones. It may  also
be noted here that of all casting parameters, liquid steel superheat
has the dominant effect on its solidification characteristics during
continuous casting. Commonly, wider equiaxed zone is obtained
by low superheat casting. For this, liquid steel superheat must
get dissipated as quickly as possible. Phenomena associated with
columnar-to-equiaxed transition (CET) has been explained by the
concept of seed crystals, originally demonstrated by Ohno (1987),
in his classic work on formation of equiaxed structure during solid-
ification of metals and alloys. Samarasekara et al. (1984) tried to
explain the CET during continuous casting of steel. According to
Ohno (1987), formation of equiaxed zone involves the following
two steps:

• generation and survival of seed crystals in superheated liquid
melt

• growth of seed crystals once superheat is almost dissipated.

When liquid steel is poured in the water cooled mould, a very
high degree of undercooling prevails around the mould wall, result-
ing in generation of large number of tiny seed crystals or embryo
at the mould surface. Some of those tiny crystallites immediately
get detached from the mould wall due to stress associated with
liquid-to-solid phase transformation. Since those tiny crystallites
are almost pure, their melting points are fairly high enough than
rest of the liquid pool. Therefore, the crystals tend to survive and
remain floating in the liquid steel till superheat is fully dissipated. If
the superheat is very high, most of the seed crystals melt back soon
and only a few of them survive which results in smaller equiaxed
zone and wider columnar zone in the solidified cast section. On
the other hand, chance of survival of large number of seed crystals
increases with decreasing liquid steel superheat or faster dissipa-

tion of superheat. Consequently, large or wider equiaxed zone is
obtained in the cast steel.

In spite of moderate liquid steel super heat (∼19–32 ◦C), and
casting speeds (∼0.7–1.23 m/min) in the present case, almost fully
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Fig. 3. Macrostructure of a low carbon steel slab determined using (a) ultrasonic scanner and (b) warm acid (1:1 HCl + water solution) macroetching techniques.
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Fig. 4. Macrostructure of a high carbon steel slab determined using (a) ultra

oarse columnar structures were observed in all slab samples. This
learly indicated the delayed superheat dissipation in the upper
iquid pool region of CC in the present case, which tend to increase
he depth of the liquidus profile of solidifying CC strands. Delayed
uperheat dissipation adversely impacted the survival of seed crys-

als required for arresting the growth of columnar dendrites and
ringing out columnar-to-equiaxed transition. In addition, this
lso gave rise to relatively higher temperature gradients at the
scanner and (b) warm acid (1:1 HCl + water soln) macroetching techniques.

solidification front owing to relatively longer liquid pool depth.
The situation gets further aggravated when casting with higher
downward submerged entry nozzle (SEN) port angles (e.g. using
15◦ or more downward port angle SEN) i.e. excessively down-
ward inclined SEN ports. Higher SEN port inclination forces more

superheated liquid towards the downward direction, increasing the
overall depth of the liquid steel pool (i.e. liquidus profile depth).
Also, inadequate heat extraction from the solidifying strand in the
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Fig. 5. (a) Schematic of primary (�1) and secondary dendrite spacing (�2) and (b) morphology of actual columnar dendrites observed in the central region of transverse
section  of slab samples.

F drite
s

m
s
d

ig. 6. Variation of (a) primary dendrite arm spacing (PDS, �1) and secondary den
ection  and (b) SDAS in high and low carbon steel slabs.
ould (primary cooling) as well as in the upper sub-mould (upper
econdary cooling) regions of the slab caster hinders the superheat
issipation leading towards columnar growth, thereby affecting the
 arm spacing (SDAS, �2) along the thickness direction around the centre of a slab
segregation. In previous work, Zhao et al. (2005), Thomas and Zhang
(2001), Xu and Zhu (2015) have discussed the related transport
behaviour and described the associated phenomena in detail.
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.2. Coarseness of cast structure

Coarseness of cast structure determines the individual size of
he segregation spots present in the central segregated zone. Sev-
ral research studies and reviews on the subject are available in
he literature which deals with the functional dependence of seg-
egation phenomena on the morphology and cast structure. Ghosh
2001), Lesoult (2005), Choudhary and Ganguly (2007) have dis-
ussed the effect of superheat and morphology of cast structure on
acrosegregation of cast products. It is well established that fine

endritic structure helps in minimising the severity of CLS. Not
nly the columnar dendrites aggravates macrosegregation, even
he coarse equiaxed dendrites tend to form solidification bridges
nd may  entrap highly segregated liquid inside. The entrapped
iquid pockets subsequnetly gets isolated from rest of the mushy
one, causing feeding problem during final stage of solidification.
onsequently, those isolated liquid pockets solidify as segregation
pots associated with solidification shrinkage cavities. Therefore,
ne dendritic structure are always preferred for the minimisation
f macrosegregation and isotropic mechanical properties of steel.

Coarseness of dendrites is determined by the dendrite arm spac-
ng (DAS). Schematic diagram of the primary dendrite arm spacing
PDS, �1) and secondary dendrite arm spacing (SDAS, �2) is shown
n Fig. 5(a). Dendritic structure of some of the slab samples observed
n the present work are shown in Fig. 5(b). Fig. 5(b) shows the
olumnar dendrites as observed in the central region of transverse
ection of slab samples. It may  be mentioned here that SDAS is a
trong function of rate of heat extraction (cooling rate) at a given
osition in the cast sections. Cicutti and Boeri (2001) estimated the
elationship between primary and secondary dendrite arm spac-
ng in cast products and compared the results with experimental
ata published in literature. Won  and Thomas (2001) presented
n analytical model to predict secondary dendrite arm spacing as a
unction of cooling rate and carbon content. Size of SDAS is inversely
roportional to the cooling rate and depends relatively weakly on
he steel composition. Faster cooling promotes finer dendrites to
row. Therefore, measurement of SDAS facilitated an indirect deter-
ination of cooling rate at any locations in the solidified castings.

In the present work, DAS was measured in all samples at mag-
ification 10X using a stereo microscope fitted with an image
nalyser software. All samples were repolished and etched with 5%
ital solution for revealing the cast structures. Measurements were
ade around the central region at various places along the slab

hickness direction. At each location, measurements were carried
ut at about 100 points and their average values were taken as the
endrite arm spacing at the given location. In general, the overall
ariation in the measured PDS and SDAS exhibited relatively wide
ange with standard deviation varying from 12 to 60 �m between
ll samples considered in the present case. Such deviations in mea-
urements are quite common in industrial samples and has also
een observed by Won  and Thomas (2001).

Fig. 6(a) shows the variation of densdrite arm spacings in high
arbon (0.78%C) steel. The nominal composition of the steel grade
sed for the measurements are given in Table 1. It can be seen that
AS gradually increases from surface to centre along the thickness
irection owing to gradual reduction in the cooling rate (i.e heat
xtraction) along the radial direction. In the present case SDAS was
ound to be quite large, indicating relatively slow radial heat trans-
er in the present slab casting operation. In addition, the overall
atio (�1/�2) varied from 2.3 to 3.5 in all the slabs considered in
resent case. This ratio was found to remain almost constant along
lab thickess direction, and was not affected much by changes in

he continuous casting parameters. Fig. 6(b) presents comparision
f SDAS in high carbon (0.79%C) and low carbon (0.08%C) steel slabs.
oth high as well as low carbon steel exhibited almost similar trend
cross the slab cross-section.
Fig. 7. Influence of superheat on dendrite coarsening as observed in the present
work.

It has also been found that for the same grade of steel, the heats
cast with higher liquid steel superheat (≥32 ◦C) showed relatively
finer dendritic structures as compared to those cast at relatively
lower superheats (≤21 ◦C), as illustrated in Fig. 7. Possible explan-
tion for this behaviour is that higher superheat provides relatively
large undercooling of the melt, facilitating more nuclei to form
due to higher free energy driving force of nucleation, and higher
rate of solidification, in addition to larger temperature gradients
in the melt. Faster solidification cause remelting of few dendrites,
which doesn’t get enough time for coarsening. On the other hand,
at lower superheat, rate of solidification is relatively slower and
temperature gradient within the melt is also low. Therefore, den-
drites forming at lower superheat get enough time for coarsening.
Consequently, relatively coarse dendritic structure is obtained in
those heats which were cast with relatively low superheats.

3.3. Centreline segregation in slab samples

Commonly, centreline segregation in slab constitutes an array
of isolated as well as interconnected closely spaced small clus-
ters of solute enriched regions/spots of varying sizes ranging from
few hundred microns to several millimetres. Therefore, for pre-
cise determination, the required size of the sample for segregation
measurement must correspond well to the size of those segrega-
tion spots; otherwise erroneous results would be obtained, which
may  not truly represent the actual level of segregation in the
sample due to the averaging effect caused by mixing with non-
segregated areas. It is practically impossible to collect samples
from those spots exactly by any mechanical means (e.g. drilling,
machining, etc.) for chemical analysis. In the past, researchers have
reported use of modern analytical tools for investigation of mor-
phology and segregation in CC sections. Yoshida et al. (2003) have
used optical microscopy and electron probe micro-analyzer (EPMA)
for evaluation of solidification structures. Preßlinger et al. (2006)
have adapted a spectroscopy PDA (pulse discrimination analy-
sis) technique for segregation assessment. Sengupta et al. (2006)
have demonstrated the use of electron backscattering diffraction,

X-ray spectroscopy, and electron probe microanalysis techniques
for examining the microstructure evolution and sub-surface fea-
tures in continuously cast steel product. In the present study, Glow
Discharge Optical Emission Spectroscopy (GDOES) has been used
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Fig. 8. A typical GDOES sample after composition measurements at various points.
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Fig. 9. (a) Variation of degree of segregation of C, Mn and P 

o determine the solute composition in the slab samples. GDOES
as the special advantage of being very useful for routine analy-
is in an industrial environment. Sample may  be directly analysed
ithout any stringent sample preparation. It has several advan-

ages of automated positioning of samples, automated cleaning
f electrodes (without any manual intervention) and efficient and
utomated water cooling for the cathode and the sample, permit-
ing an optimised analysis. The analytical precision achievable with
low discharges is excellent compared with other spectrochemical
ources. Moreover, the analysis by GDOES is fast, accurate and cost
ompetitive as compared to other related techniques. A Leco GDS-
50A glow discharge spectrometer was used in the present work for
nalysing the samples. A typical sample used in GDOES analysis is
hown in Fig. 8. Prior to actual experiments, trials were carried out
or selecting optimum settings of the equipment for improved reli-
bility of chemical analysis. Finally, measurements were taken at
everal points along the centreline of each sample over 1 mm square
probe size) area of each spot. This probe size (GDOES) was found

o match fairly well with the average sizes of segregation spots as
evealed in their corresponding sulphur prints and macrographs.
n addition, measurements were repeated 4–5 times in each case
 the (b) central segregated region of a low carbon steel slab.

for ensuring reproducibility of the measurements. On an average,
overall variation was  found to be ±5%.

The extent of segregation commonly known as degree of seg-
regation is given as the ratio of the concentration of solute at
the location under consideration to the nominal concentration of
solute. Variation of degree of segregation of various solute elements
(C, P & Mn)  in the central segregated region along the wide face
direction of one of the low carbon steel slabs is shown in Fig. 9.
Fig. 10 presents the same around the slab central region along the
thickness direction of the slab. It is evident that severe centreline
segregation is present in the steel slab. The degree of segregation of
C, P, and Mn  were found to be significantly higher than their nom-
inal composition, which was  well above the accepted prescribed
limits of various elements in this grade of steel. Such high level of
segregation in the present casting practice was  largely attributed
to almost 100% coarse columnar solidification of both low as well
as high carbon steel slab cast sections (Figs. 3 and 4). As already dis-
cussed in previous sections, in spite of moderate superheat (average

superheat ∼25 ◦C), almost complete columnar (almost nil equiaxed
structure) solidification were observed in all slab samples. It may
however be noted here that for the effective minimisation of cen-
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Fig. 10. Variation of degree of segregation of C, Mn  and P along the centreline
segregated region of a low carbon steel slab.

Table 2
SEM-EDS analysis (wt%) at various points of coarse carbide precipitate (Fig. 11).

Point C Si P Mn

1 7.63 0.13 0.11 0.70
2  7.53 0.30 0.00 0.67
3  10.09 0.43 0.01 0.45
4  10.42 0.33 0.03 0.71
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5  4.99 0.43 0.03 0.81
6  10.00 0.29 0.05 0.71

reline segregation, an early columnar-to-equiaxed transition (i.e.
 wider equiaxed zone) is required.

.4. Identification of phases precipitated in the centreline
egregated region

Segregation often gives rise to precipitation of various phases
r inclusions viz., oxide, sulphide, carbide, nitride, phosphide, etc.,
uring solidification of liquid steel. Some of these phases may
e detrimental to the various properties of steel. Therefore, it is

mportant to know the different types of phases formed during
olidification for the successful application of steel. Choudhary and
hosh (2009) developed a thermodynamic model for prediction of

ype and amount of various inclusions formed during solidification
f liquid Mn-Si killed low carbon steel. In the present work, various
hases/inclusions found in the segregated region of slab samples
ere examined using SEM-EDS and X-ray elemental maps of their

onstituent elements.
Fig. 11 shows typical coarse carbide (Fe3C) phases, which were

bserved systematically in all high carbon steel slabs and occasion-
lly in low carbon steel slabs. Table 2 presents the results of point

nalysis (in mass%) of coarse carbide precipitate shown in Fig. 11.
ure sulphide (MnS) and oxi-sulphide phases were also observed

n all steel slabs (Fig. 12). Some of these inclusions were observed
n both low and high carbon steels. However, due to low sulphur
Fig. 11. Patch of carbide precipitate in the pearlite matrix found in high carbon steel
slabs.

contents (<0.008%) in the slab samples (Table 1), sulphide inclu-
sions were fairly small as compared to others. In addition, several
phosphide (primarily Fe3P) inclusions were observed exclusively in
high carbon steel slabs. Fig. 13 presents an image and X-ray maps
of constituent elements in one such precipitate. It was  noticed that
almost all phosphides were precipitated over the pre-existing small
oxides and sulphide inclusions in the segregated regions during the
final stage of cast slabs. Kurosawa and Taguchi (1990) reported the
presence of eutectic iron phosphide inclusions in medium as well
as low carbon steel slabs.

Due to their very low melting points, iron phosphide eutec-
tic commonly appear at the grain boundary of austenite and may
impart hot shortness at high temperature and cold shortness at
low temperature in the finished steel. Phosphides generally play
an important role in deciding the high temperature ductility of
steel. Even if the steel shell is fully solidified, liquid phosphide films
may  be present in the columnar interdendritic spaces of the steel
shell in the mould, which may tear and cause initiation of cracks at
temperatures fairly well below the solidus temperature of steel.

4. Conclusions

Present study was  undertaken to investigate the solidification
characteristics of conventional continuously cast steels. Several
slab samples were collected from the beginning as well as towards
the end of the casting of a heat in order to determine the role of
superheat in the present situation. Slab samples were subjected to
sulphur printing, ultrasonic C-scanning, warm acid macroetching,
and finally concentration variations around the slab centre were
measured using glow discharge optical emission (GDOES) machine
in few cases. Some of the salient findings of the present study are
summarized below:

• Macrostructural examination revealed quite coarse columnar
structure in almost all slab samples and equiaxed zone was found
to be almost negligible. Such coarse columnar structures are
known to be associated with centreline porosity and macroseg-
regation.

• Steel cast with higher superheats (≥32 ◦C) were having generally

finer cast structures as compared to those cast at lower super-
heats (≤21 ◦C). Very high level of undercooling in the melt close
to the vicinity of mould wall coupled with high temperature gra-
dients within the liquid phase, and high rate of solidification
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Fig. 12. SEM image and X-ray elemental maps of oxi-sulphide (Al2O3 + MnS) and pure MnS  inclusions observed in steel slab samples.

Fig. 13. SEM image and EDS analysis of one of the globular phosphide phase observed in high carbon steel cast slabs.
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have been attributed to the reason behind the observed finer cast
structures of slab samples.
Degree of centerline segregation of C, P and Mn  were found to
be significantly higher (about 2–3.5 times) than their prescribed
limits in the specifications. The degree of centerline segregation
was so high that it gave rise to formation of several unwanted
phases like cementite, sulphides and phosphides in the cast slabs.
Delayed dissipation of liquid steel superheat in the mould as well
as inadequate heat extraction from the solidifying strand were
attributed to be the prime cause of above problems. In addition,
high SEN port angle inclination also seemed to play an impor-
tant role in delaying the superheat dissipation in the present slab
casting operation.
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