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ABSTRACT

A ‘hot’ apparatus was designed and exploited to simulate the solidification
mechanisms of horizontal continuous casting or other similar processes
without meniscus. Some of the tubes obtained presented particular
longitudinal prominenceson external surface. The understanding of their
appearance led toimagineaparticular mould with aseriesof moreor less
longlinear cavities, for specifying the devel opment kinetic of the dynamic
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skin. Solidifying tubesin such experimental mould allowed deducing the
growth speed of the dynamic skin downwardly alongthe mouldwall. Some
datawereal so obtained for theinwardly transversal thickening of thetubes,
by exploiting the microstructural size of ledeburite, in the case of the
onesfabricatedinwhitecastiron. © 2015 Trade Science Inc. - INDIA

INTRODUCTION

In horizontal continuous casting and for other
similar processes of casting without free menis-
cus, theformation of the circumferential marks can-
not be explained as in vertical continuous casting
for which, effectively, the solidification of a me-
niscus’® and its periodic deformation are at the
origin of the marks*®. Among the two simulation
apparatus which were especially designed to be
exploited for completing the first mechanisms de-
scriptiong®?3, the first one*® allowed observing
the phenomena and their kinetic while the ‘hot’
one appeared in afirst timemore devoted to post-

mortem characterization of metallic products much
closer to the real processes. In fact, thanks to the
interpretation of some new particularities observed
on the external surface of some tubes, a craftiness
was discovered to access to the kinetic of the ki-
netic of development of the first skin, notably its
dynamic part. Inthisfourth part, the external longi-
tudinal prominences which appeared on these par-
ticular tubes will be first described, and their po-
tential use for valuing the kinetic of dynamic skin
devel opment. In asecond time, the experiences car-
ried out with the ‘hot” apparatus using a special
mould designed to reproduce the prominences in
conditionsto bemore suitable for such kinetic study,
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will be described and their results exploited to
bring kinetic data about the dynamic skin solidifi-
cation.

EXPERIMENTAL

Sincetheuseof the ‘cold’ transparent apparatus
allowed directly observing the development of the
first skinin to partsit was possible to take succes-
sive photographs at selected instants during awhole
extraction cycle. On each of these photographs the
lengths of the dynamic skin h(t) and of the static skin
b(t) were measured (examplein Figure 1, | eft).

Thiswas of course not possiblefor the ‘hot” ap-
paratus and, initially, it appeared not possible to
accessto thereal-timekinetic of devel opment of the
two parts of the skin, notably of the dynamic one
whichisthe most interesting. First resultswerethen

static skin |
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obtained in terms of average speed, by measuring
the average distance between the upper joint’s mark
and thejunction’s mark, h, and the one between this
samejunction’s mark, b, and the bottom joint’s mark
(Figure 1, right). By dividing them by the extraction
duration average speeds can be thus obtained.
However, concerning the ‘hot’ apparatus, it ap-
peared possible to exploit kinetically the additional
particul arities which were sometimes observed on
the external surface of sometubes. When agraphite
mould was used instead a flake graphite cast iron
one, the tubes fabricated after several extraction
cyclesbegan presenting longitudinal prominences of
different types (Figure 2). These oneswere of three
possible categories, as schematized in Figure 3:
e continuous prominences
e discontinuous prominences starting above a
joint’s mark in the static skin, crossing the upper

joint mark ———>

junction mark

joint mark

junction mark

Figure 1 : Real-time measurement of the skins’ developments in the ‘cold’ apparatus (left) and post-experience
determination of the only final development of the skins on tubes obtained with the ‘hot’ one
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Figure 2 : Real-time measurement of the skins’ developments in the ‘cold’ apparatus (left) and post-experience
determination of the only final development of the skins on tubes obtained with the ‘hot’ one
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junction’s mark and going up to the upper joint’s
mark (1)

e discontinuous prominences starting higher inthe
static skin, crossing the upper junction’s mark
and finishing before the upper joint’s mark (2).
By knowing now the double mode of develop-

ment of thefirst solidified skin, static and dynamic,

the gppearance of these prominences was explained.

Indeed, the solidification of the bottom part of the

static skin may lead here and there to peaks solidi-

fied in somejoint-mould interstices. During thefol-
lowing extraction cyclethese peaks grooved the soft

graphite mould (less hard than the metallic mould)
either from thejoint itself or from ahigher location.
Thereafter, during thefollowing cycles, thetwo parts
of the skin cast iron locally solidified in theseloca-
tion grooves, leading to the observed prominences,
as described in Figure 4.

These prominences were of a good help to get
information about the kinetic of longitudinal devel-
opment of the dynamic skin. Indeed, thelength of the
dynamic skin had the value h(t) when the tube ex-
traction distance was z = b + h(t,) along the mould.
This, by knowing the moving law z versustime, b +
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Figure 3 : The three types of prominences visible on tubes fabricated by using a graphite mould
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Figure 4 : How a prominence of the (2) type was obtained
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artificial grooves

Figure 5 : Scheme (partial view) of the especially
grooved mould machined for kinetic study of the dy-
namic skin development

h(t,) = z(t,) alowed determining the value of the
instant t0. Finally, associating h to the value of t,
led to apoint of the kinetic law of longitudinal de-
velopment of the dynamic skin. Thus, exploiting all
the discontinuous prominences allowed obtaining
aseries of h(t) values.

For a given tube the “natural” discontinuous
prominenceswere both generally numerous enough
and regularly scattered in term of lengthto allow a
good reconstruction of the kinetic of development
of the dynamic skin. Thisisthe reason why a spe-
cial mould was machined, with pre-existing grooves
the lengths of which were regularly distributed
(schemein Figure5). Thismould was used in sev-
eral sets of conditions.
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RESULTSAND DISCUSSION

Aver agekinetics of development of the dynamic
Kin

The successi ve photographs taken during the ex-
periences carried out with the ‘cold’ apparatus did
not lead to successive lengths of dynamic skin in
number high enough to alow real-time reconstruc-
tion of the development of the dynamic skin made of
solidified organic compounds. In addition thelength
was not accurate enough (very irregular extremity
of thedynamic skin). The obtained valueswerethere-
fore considered only for average kinetic measure-
ment. Theresultsthat they allowed led to thekinetic
results illustrated by the examples given in Figure
6. In this graph one can see the different average
speeds of downwardly longitudina devel opment of
the dynamic skin aong the cooled metallic wall,
measured for different speed of vertical upwardly
movements of the steel skate covered by theorganic
compound previously solidified on it. This clearly
showsthat the faster the skate movement, the faster
the devel opment of the dynamic skin. Furthermoreit
seems that the average development speed of the
dynamic skin equal to half the skate speed, that isto
say the dynamic skin and the static one develops
with the same speed. However, this seems becom-
ing not so true when the skate speed becomesfaster:
the development rate of the dynamic skin isthen a
little lower than half the skate speed.

The sametype of determination wasrealized for
thetubesfabricated with the ‘hot’ apparatus, by mea-
suring the average distances separating thejunction’s

skate speed /2

skate movement speed (mm/s)
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Figure 6 : Kinetic of development of the dynamic skin of transparent organic compound as visually followed in the

‘cold’ apparatus
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marks and thejoint’s marks. Figure 7 presents some
of the obtained average speeds of development of
the dynamic skin for several extraction ratesand for
two typesof mould. In all casesthese average speeds
of dynamic skin development aresignificantly lower
than half the average extraction speed. However it
isinteresting to notefirst that it increases when the
extraction speed increases, and second that the av-
erage speed of development of the dynamic skinis
always higher when a graphite mould is used than
when it isaflake graphite cast iron one.

Real-timekinetic of development of thedynamic
Kin

In contrast with the ‘cold’ transparent appara-
tus, it was possibleto kinetically specify the progress
of the dynamic solidification a ong the mould by ex-
ploiting the obtained di scontinuous prominences (ex-
ample of obtained tube photographed in Figure 7).
With the good distribution of groove lengthsit was
in all cases possible to know the instantaneous de-
velopment speed of the dynamic speed all along the
whole extraction cycle, with a part in the accelera-
tion part, apart in the constant extraction speed part
and a part in the deceleration part An example of
kinetic reconstructed from the results issued from
the exploitation of the obtained prominencesisgiven
in Figure 8. One can notably see that the develop-
ment speed of the dynamic skinismaximal whenthe
extraction speedisat itshighest constant value: about:
25mm/swhen thetubeisextracted at 57 mm/s(asis
to say almost thehaf). Thereafter it decelerateswhen
the tube decelerates itself.

Post-fir st skin solidification tubethickening

After thetube stopped for agiven immobilisation
time, solidification becomestransversa and thefront
progresses inwardly. This went on during the fol-
lowing successive extraction cycles, until the con-
sidered tube part emerged out of themolten cast iron
bath (Figure 9). The successive layers of cast iron
successively solidified cycle per cycle are visible
with a naked eye on cross-section preliminarily
etched with Nital, as schematized in Figure 10.

The average thickening is easy to value, by di-
viding the successive thicknesses by the cycletime.
But, asfor the devel opment of the dynamic skinitis

Wterioly Seience  mm—

possible to get more detailed kinetic for the tube
solidified without inoculation (thus solidified in
white cast iron), by exploiting the metallographic
results measured in the third part of thiswork®: the
interlamellar spacing distribution measured in
ledeburite from the external sidetotheinternal side.
Indeed this microstructural size is function of the
local growth rate according to alaw of the A=k.V™"
type (A = interlamellar spacing, V = solidification
rate, k and n constants). Depending on the authors'®
2l and on the exact type of white cast iron, the k
constant varies between 0.71 to 1.65, and n between
0.25 and 0.42. The exploitation showed that solidi-
fication was initially extremely fast, but thereafter
decelerated to about 1mm/s.

General commentaries

Thus, if it was possible to specify the average
solidification kinetic of thetubes, longitudinally for
thedynamic skinaswell astransversally for thefol-
lowing thickening, some macroscopic particulari-
ties (natural or provoked) and microscopic ones al-

[

Figure 7 : Photograph of one of the tubes obtained with
the special artificially grooved mould (diameter of the
tube: about 15 cm)
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Figure 8 : Law of the longitudinal development of the dynamic skin
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Figure 9 : Scheme describing the thickening of the tube
cycle per cycle

lowed here to get much more detailed data in both
fields. These obtained results will be of high im-
portance for the complete description of what oc-
cursin such solidification context.

CONCLUSIONS

The use of the ‘cold’ and ‘hot’ apparatus, the
observations which were directly possible as well
as the descriptions of many of the numerous data
collected on the organic compound or cast iron prod-
ucts obtained will be valorized together in the final
part of thiswork??, by the macroscopic and micro-
scopi ¢ descriptions of the mechani smsthrough which
the organic or metallic samples solidified in these
two simulation apparatus. The knowledge obtained
will be directly transposable to the different con-

4

C successive
solidified layers

Smm

Figure 10 : The layers successively solidified cycle per
cycle, as visible after Nital etching

tinuous castings processes for which no free menis-
cus is present, in first position horizontal continu-
ouscasting.
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