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ABSTRACT

The metallic products obtained by continuous casting with meniscus-free
first skin solidification, notably in horizontal continuous casting, are usu-
ally covered by periodicaly linear defects. To study and explain their for-
mation a‘“hot” apparatus simulating such process was realized and exploited
for the solidification of cast iron, a {low melting point}-iron alloy allow-
ing solidification at temperatures much lower than with steels. The ob-
tained cast iron products, empty tubes and not full ingots as in steel con-
tinuous casting, present many types of linear defects: joint marks, junc-
tion marks, and for low extraction speeds: wrinckles and vortex. In case of
lack of liquid metal feeding, the tube may be emerging with the dynamic
skin and the static skin not joined to one another all around the circumfer-
ence. Furthermore, when the mould was made of graphite, another type of
surface defects has appeared on the external tube surface: a couple of two
longitudinal linear protuberances present in some case on the same gen-
erating line, starting and stopping in both the dynamic skin and on the static
skin. These two new observations demonstrated a second time, after the
visualization allowed by the ‘transparent’ apparatus in the first part of this
work, the twin growth of the first skin.
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INTRODUCTION

In some cases continuous casting of metallic al-
loys, for obtaining half-products of steel for example,
may be processed without free meniscus. The ob-
tained ingots generally present external defects pe-
riodically present all along the pieces, and theselin-
ear defect surrounding the pieces must be removed

by surface treatmentsto do not induce problemsfor
the following operations. Contrarily to the “natural
marks” and “oscillation marks” appearing on the
external surface of the half-products issued from
vertical continuous casting™?, theformation of which
was explained since several decades*®, the forma
tion of the periodic linear marks obtained even with-
out meniscusisnot totally explained®2. To progress
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in the understanding of the origin of these surface
defects, anew study was undertaken, involving the
fabrication and the expl oitation, one the one hand of
afirst experimental apparatus working with trans-
parent organic compounds solidifying at low tem-
perature, and on the other hand of a second experi-
mental apparatus working at high temperature with
metallic liquids. In the first part of, this work the
‘cold’ apparatus allowed observing directly the
macroscopic phenomenat® while, inthis second part,
the ‘hot’ apparatus will permit to be much closer to
the real metallurgical mechanisms. Here there are
the macroscopic characteristics of the intact half-
products which will be presented while, in a next
article, the microscopic observations in cross-sec-
tions will be detailed.

EXPERIMENTAL

The material simulating steel with a better phe-
nomenarreproducibility than organic compounds at
the microstructural scale was chosen asacast iron.
This choice was governed by the wish to remain
close to the steel material (iron-based) and by the
necessity to work at anot too high temperature. With
amelting temperature range both not too large and
centred on about 1200°C, the eutectic Fe(bal.)-4C-
1.8S (weight percent) cast iron was adequate for
that. Furthermore it was wished to solidify in the
stable austenite-graphite diagramto avoid any brittle-
ness dueto possi ble high fractions of ledeburite (ce-
mentite-austenite eutectic compound). For similar
purpose of sufficient mechanical properties it was
wished to obtain spheroidal graphite instead lamel-
lar graphite. Thus, with solidified pieces composed
of sufficiently ductileand tensileresistant cast iron,
it was possible to mechanical stresses high enough
for extracting step-by-step the piece after its solidi-
fication.

The apparatus which was built and used for this
study is schematized in Figure 1. Pig iron directly
coming from a blast furnace, with consequently a
chemical composition exclusively made of essen-
tialy iron, carbon and silicon (with extremely low
contentsin sulphur and other elements poisoning for
the spheroidal growth of graphite), was melted in a
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500kg induction furnace. The liquid cast iron was
then treated by immersion of ferro-silico-magnesium
powder (spheroidisation treatment or magnesium
treatment) to lower theresidual sulphur and oxygen
contents down to extremely low values compatible
with the future crystallization of graphite as sphe-
roids. Thetreated liquid cast iron was conveyed to
arotating furnace in which it was poured. Thereaf-
ter, the liquid cast iron was continuously poured in
the entry of a siphon, being simultaneously treated.
Indeed, an inoculant, also based oniron, siliconand
magnesium mixed powders and containing micro-
scopic nuclei efficient to help graphite to nucleate,
was injected continuously in the cast iron flow. At
the other side of the siphon the cast-iron solidified
as a tube part on the internal wall of a graphite or
metallic mould cooled on its external side by water
circulation.

Every about one second an extracting device pull
the solidified over adistance, preliminarily chosen
between 25mm and 45mm, before stopping alittle
moment before pulling again. The average{ pulling,
stop} cycle varies between 1 and 2 seconds, this
depending on the step distance. The average pro-
duction rateisabout 1.5 meter per minute. Farer, the
step-by-step continuously formed tube is periodi-
cally cut.

The obtained parts of tube were, in afirst time,
simply observed. Their surface states are going to
be described and their possible variation commented
by regards with different process parameters.

RESULTSAND DISCUSSION

Profile of the obtained tubes; circumferential
marks

Several tubes were elaborated, with two types
of mould (flake graphite cast iron covered by athin
layer of chromium, or graphite), different values of
the step distance and various extraction speeds.
Tubes cast using aFG cast iron mould present peri-
odical diameter variations Figure 2, left. Such di-
ameter variation along the tubes seem being absent
in the case of the tubes cast using a graphite mould.
For the two types of mould and for medium extrac-
tion speeds, there are al so linear marks surrounding
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Figure 1 : Scheme of the ‘hot’ apparatus and running from the melting of the cast iron to its cutting as solidified
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Figure 2 : Diameter evolution along a tube cast using a FG cast iron mould; correspondence with the joint and

junction marks

thetube. Theseonesare obvioudly of two typesFig-
ure 3, afirst one particularly deep and irregular, but
globally circular, and a second one finer but much
moreirregular. Thetwo marks are reproduced along
theexterna surface of the tubeswith the same spac-
ing. Inthe case of aFG cast iron mould, this period-
icity isthesameasfor thediameter variations. More
precisely there is a correspondence between the di-
ameter profile and the periodical marks Figure 2,
middle and right side): from the bottom joint mark
up to the following junction mark the tube’s diam-

eter continuously increases. Thereafter, from the
junction mark to the upper joint mark, it decreases
progressively.

Circumferential marks; wrincklesat low extrac-
tion speed

The circular periodic marks and the irregular
ones look like, respectively, the joint mark and the
junction mark seen at the external side of the
succinonitrile or stearic acid solidified in the ‘trans-
parent” apparatus!*¥, the formation of which were
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Figure 3 : External surface of an obtained tube, on which two {joint; junction}-couples of marks are visible
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Figure 4 : Photograph of a end of tube extracted out of the molten cast iron bath not longer supplied in liquid metal
at the other side of the siphon; semi-circular elongated void evidencing the on-going growth of a static skin and a

dynamic skin

clearly visualized™. Furthermore, in some cases,
the extraction of thetubes out of the ‘hot’ apparatus
when the feeding was stopped, led to tubes’ ends
clearly showing the same double-growth of thefirst
skin Figure 4 as for the ‘cold” apparatus!™, with a
first skin developing in two parts: a“dynamic skin”
and a“‘static skin”.

For the experiments driven by applying much
lower extraction speeds, new circumferential appear
Figure 5. These ones are on both sides of the junc-
tion mark and are finer than the later one. At the
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sametime, in somelocations around these tubes (but
without systematic reproducibility step after step)
and either in a single part superposed on the junc-
tion mark, or in two parts (onein the dynamic skin
and onein the static skin), there are special features
that one can call “vortex”, the geometry of which
evocates arotating deformation Figure 6.

General commentaries

Thus, the ‘hot” apparatus realized for this study
was successfully used for reproducing the periodic
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Figure 5 : Tubes cast with low extraction speeds: ap-
pearance of new networks of circumferential marks
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Figure 7 : Amplitude of the diameter variations along
the external surface of a tube cast using a FG cast iron
mould

marks on the surface of haf-products issued from
continuous casting without free meniscus, horizon-
tal continuous casting for example despite the dif-
ference of casting and extraction direction. Thanks
to the use of eutectic spheroidal graphite cast iron,
first the operating temperature were not as high as
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Figure 6 : Tubes cast with low extraction speeds:
wrinckles and local rotating figures (called “vortex™)
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Figure 8 : Residual defor mation of a FG cast iron mould
after long use life (bottom part)

for steel casting, and second the mechanical
behaviour of the solidified tubes allowed conduct-
ing the experiments without problems. Thefact that
this was not blocky half-product but tubes which
were solidified was not a problem for the study of
the solidification of thefirst skin only.

Thefirgt particularity noted upper concerning the
tubes obtained with the ‘hot’ apparatus was the pe-
riodic variation in diameter when this was amould
made of aflake graphite cast iron which was used.
The amplitudes of these diameter variations, which
are only of severa tenths of millimetres Figure 7,
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Figure 9 : Microstructural evolution of the bottom part of a FG cast iron mould after long life at high temperature
in thermal cyling
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Figure 11 : How the diameter periodical variations appeared along the tubes cast using a FG cast iron mould
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did not affect the representativeness of the appara-
tus concerning the studied phenomena. But it isin-
teresting to explain what occurred. After disassem-
bly of themould it appeared that the bottom parts of
the FG cast iron moulds were geometrically de-
formed Figure 8. FG cast iron, which was used for
some of the moulds because its high thermal
diffusivity due to the high thermal conductivity of
graphite which is enhanced when it has this flake
morphol ogy, underwent metallurgical evolution dur-
ing its local exposure to cyclic high temperatures
(Figure 9). The initial microstructure, which was
composed of a ferrite-pearlite matrix mixed with
flake graphite. During the cycling at high tempera-
turethisstructurelocally transformed into apartially
guenched/aged structure contai ning bainite and mar-
tensite. Thisinduced a contraction of the bottom of
the mould Figure 10, which influences the solidifi-
cation of the dynamic skin and of the static skin and
was responsible of this final periodically diameter
heterogeneity for thefinal tubes.

Second, the obtained marks were identified ei-
ther as being joint marks or junction marks, thanks
to their geometry (circular or moreirregular, respec-
tively). The feeding stops allowed post-mortem vi-
sudizing theinterrupted development of thefirst skin
intwo distinct parts, adynamic oneand astatic one,
confirming the previously done direct observations
alowed by the ‘transparent cold’ apparatus®. The
experiments driven with low extraction speeds al-
lowed the formation of wrinckles, reminding the
natural wrincklesappearing in steel continuous cast-
ing, and which will be later of great importance of
the understanding of the fine microscopic mecha-
nisms which will be exposed in a nextpart of this
work. The vortex, which were also seen on the ex-
ternal side of the organic pieces solidified in the
‘cold’ apparatus, are obviously due to local con-
tacts and mechanical interactions between the ex-
tremitiesof the growing dynamic skinand static skin.

CONCLUSIONS

After the use of a ‘transparent cold’ apparatus
thiswas herethe use of a‘hot’ one which completed
the ssmulation of the solidification mechanismsgov-
erning the development of thefirst skin. Confirma-
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tions of themain preliminary observations obtained
with low fusion temperature organic compounds
were found here in the case of metallic ssmulating
alloyscloser to thereal aloys (steels). Next work
will deal with cross-sectiona characterization of
the obtained SG cast iron tubes in order to enrich
the experimenta databefore exposing the understand
mechanisms.
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