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SOME ' CURRENT RESEARCHES INTO FUNDAMENTAL ASPECTS OF INGOT STRUCTURE

J.Beech and G.J.Davies
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Although the development of surface and
internal structures in solidifying ingots
has been the subject of study for many
years, there are still a number of un-
resolved problems., In recent years as
the demand for high quality ingots has
increased there has been increased
emphasis on fundamental studies. In

many .instances existing information has
formed a basis for the subsequent eluci-
. dation of a problem, This paper describ-
es results from three related studies in
which structure development has been
investigated with a view to improving
product quality,

"Introduction

The studies deal with (a) the
practical aspects of ingot skin forma-
tion and a theoretical analysis and
appreciation of the problems involved,
(b) a consideration of blow-hole struc-
tures and the development of a new
‘technique for assessing the Ygas poten-
tial" of a steel melt and (c)_ the direct
observation of the first stages of
channel formation using a specially
constructed cell to simulate ingot
behaviour,

2. The Development of Surface Struc-
tures

Irregularities such as ripples and laps
on the surface of as-cast products have
long been recognised and a comprehensive
study by Watersl was the beginning of
efforts to define the nature of metallic
surfaces under various conditions of
gsolidification.

Waters and Thornton?2 proposed a
model for ripple and lap formation based
on solidification over the meniscus as
the metal rose in the mould (fig.l). In
figure 1(a) the solid extends to the
peint 'a' and does not grow over the
méniscus, Later, the solid has:grown
over tHe meniscus (rigure L(b)) and this
situation prevents the liquid metal from
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Fig.1 Ripple formation mechanism in ingots
as proposed by Thornton.

contacting the mould. Eventually the
ferrostatic pressure causes the solid
meniscus to deform and then the metal
recontacts the mould wall, It has also
been proposed in similar circumstances
that shrinkage effects3 are responsible

-for the inward movement of the shell

rather than the shell being associated
with the shape of the meniscus.

The objeci of the present work was,
therefore, to establish unambiguously the
effect of experimental variables on
ripple formation, to carry out critical
experiments to elucidate the mechanism
and to develop heat flow model for the
initial stage of solidification.

2.1 Experimental Procedure  —

Experimental ingots were produced using
an uphill teeming technique, The design
used (fig.2) a CO2-sand running ¢
system dimensioned to minimise turbulence.
Different sizes of choke, located at the
bottom of the sprue, were used to vary

the rate of:entry of metal into the

mould and hence the rate of rise. 'The
mould consisted of four plates, 75mm wide,
25mm’ thick and 300mm high made from -
either mild steel or water-cooled coppér
which were either assembled inside tge
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Fig.2 C0,-sodium silicated system used in the
Zagaratory scala ingot casting eaperiments,

(d)

Pig.4 Surfaces of a 0.2%C steel ingot showing
' the effect of mould roughness on the
degree of rippling. Roughness decreases.
(a)-(d). Pencil rubbing.

were prepared with horizontal and verti--
cal lines respectively, and in each case:-
the lines were 0,6mm apart and O,lmm =~ ™7
deep. Face (d) had a ground finish,

The melt in contact with face (a) i
reproduces the lines scribed on the
mould with peak to valley depths 0.2mm
less than those of the mould., No ripples
were produced on this surface.

Fig.3 The mould assembly

The lines on faceé-(b) and (c)were

sand mould or just clamped together. The not reproduced and ripples were formed,

faces of the plates in contact with the which were more severe in the corners.
melt were machined to the different The most severe rippling was found on
roughness levels and as appropriate face (d) and this was found to besimilar
coated with carbon black. A water- cooled even with finer surface finishes in other
copper mould assembly is shown in experiments, The increased heat flux
figure 3. associated with a water cooled copper

mould is evidenced by the greater width

Steels with carbon contents in the and depth of ripples in the latter case
range 0,003 to 1.63wt,% were induction compared with a mild steel mould having
melted, the superheat adjusted and the the same surface finish. When carbon
ingots teemed. black was used on a plate surface the

degree of rippling was reduced.

2,2 Results
(b) Chemical composition

(a) Surface finish of the mould

- For the same casting conditions the ;
Figure 4 shows the faces of a 0.2wt.% severity of surface rippling decreased
steel ingot cast using mild steel plates as the carbon content increased. For
as mould walls, Each of the four plates carbon contents up to about 0.2wt.% the
has - a different surface condition. Face most severe rippling was observed with a
"(a) was grooved vertically at a pitch of noticeable decrease.as the carbon content
lmm and depth of 0.4mm, Faces (bg and (c) increased above this value.
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At 1.5wt.%C surface rippling was
only produced with superheats of less
than 15°C, casting speeds below 3mm
min-1, a strong chill and a smooth mould,
For example, with mild steel plates a
ground surface finish was necessary. In
0.2wt.%C alloys a high superheat of about
100°C and a rough surface finish were
required to eliminate ripples.

(c)

As the melt rose in the ingot both speed
and metal temperature were reduced and
the severity of rippling, as measured by
the number of ripples in a given ingot
length, increased.

Superheat and casting speed

». As the melt superheat was increased,
the rippling was eliminated and about
O.Swttgc a value of about 60°C was '
adequate for this purpose.

than 2mm min-1
occur,

- At rates of rise less
rippling is most. likely to

2.3 Microstructure in the Vicinity of

Ripple/Lap

The dendritic growth is strongly oriented
in the region that is flat and has
obviously solidified in contact with the
mould wall., In figure 5, the lap, which
has a curvature similar to the meniscus,
has various oriented dendrites associat-
ed with it. Above.the lap when the metal
has resumed contact with the mould the
strongly oriented dendrites return. The
fan-shaped dendrites in figure 6(a) show

Structﬁfe in the ripple region of a
0.1%C steel.

Fig.6

(a) Bending of an originally lapped
interface,

(b) Values of dendritg, arm spacinge and
cooling rates in ‘the vieinity of a
surface ripple.

that the solid formed can be subsequent-
ly bent back towards the mould. In
addition an indication of the rates of
solidification can be obtained from
measurements of the dendrite arm spacings
figure 6(b). . Those parts solidified
in contact with the mould are seen to
have cooling rates about twice those
associated with the lapped region.

2,4 A Bismuth Ingot

Since it has been suggested that
shrinkage plays an:important role in
ripple formation, an ingot of bismuth

‘was cast since it expands on freezing.

The same features were .observed as those
found in steels, showing that the ,

presence of a shrinkage force is not an

essential prerequisite for ripple

.formation.

A Theoretical Model of Skin Forma-
tion

3.

The observations are consistent with a
mechanism that requires that, during
periods of time when there is goo
thermal contact at or near the meniscus,
the solid shell grows partially over the
meniscus. It should, therefore, .be 2
possible to characterise and determine-
the severity of surface features such:as
ripples from the first principle of heat’
transfer and solidification. ’

3.1  The Basic Model

A plane is considered which is transverse
to and incorporates the meniscus and is
located at the midface of the ingot
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Fig.? The physical system used as a basis for
heat transfer analysis at the meniscus.
= radiant heat fluz, q = conduction

heat flux.
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(figure 7) at the moment when contact
with the mould occurs, It is envisaged
that the meniscus formed against the
mould wall be maintained static, or
nearly so, for a short time. The aim is
tc investigate whether in this time
solid can be formed over the meniscus,
The model does not consider either the
effects of turbulence, remelting or
deformation of the solidifying shell.

3.2 Meniscus Shape

The shape of the meniscus was obtained
from the as-cast shape of laps which
agreed closely with that obtained from
direct observations made using a mould
with quartz window. A&n empirical equa-
tion was fitted to the curve:-

Y =U (1 + exp(-BX))Z

U relates to the meniscus height whilst
B and z are constants which determine
the shape of the curve.

Using equation (1) and superimpos-
ing a square grid on the physical model
in figure 7 the nearest intersection
-points in the vertical direction were
calculated. These points were then used
to calculate the stair-like geometry
M(i) as shown in figure 8. This new
geometry contains nodes with associated
volume elements of different size and
subjected to different boundary condi-
tions, The table summarises these volume
elements and the characteristics used
for the calculations.

(€9)
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Fig.8 Idealisation of the physical system of
fig.7? showing the geometry of the volums
elements.

3.3 The Governing Equation

For the case of a two dimensional analy-
sis the equation that describes heat
transfer under transient flow conditions*
is: - .

k T
- A (Fas
ay Iy ,33'( 3Y)]

ol
—
le

= aﬂ '.....’..-.'nnltutt(z)

This equation was solved for the volume
elements given in thz table using a
numerical procedure, Explicit expres-
sions for enthalpy were derived using a
finite difference method. This method
was chosen because it makes the handling
of the latent heat of solidification
easier,

3.4 Boundary Conditions

The starting conditions for the system
in figure are:-
t?O

(1) TyX=0yp20.
x>o y>M(i) t?0
X 0y t=0

T(i.j)=
(34) T(i )

(353 T(;.j)' T

where TM' T and T “p are. the mould, air/
slag cover ahd pouring temperatures,
respectively. ;-

Heat transfer at the interface is
defined by -

|
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maxy}O t>0

x»0 y= 0 t>0

= k T
| o 5.~ hCON{ } o
y = H(i)t?’O
i) -k @t GE[T‘* T]x>o ;-
T 3 H(i) t>0

(viil) - k T 2 _

(viii) (g§)_= h {%ij'TQ} X = o0

y = M{E)E>O0
Substitut 16n of these conditions

inéo equation (2) enable the thermal
state of the system to be calculated at

any time.

(iv) r‘ik (g;%) =0 X =

R CORE

Having calculated the enthalpy
content. at any stage the physical state,
liquid, solid 6r 1liquid- plus -solid, of
the element is identified. This enables
the fraction solid and temperature to
be determined and new properties can
then be assigned for the next step of
the calculation.

The fraction solid at any time can
be calculated from
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Fig.10 The effect of the interface heat transfer
coefficient on skin formation.

3.5 Results

Influence of superheat

‘Using a metal-mould_ transfer coefficient

(h) of 1.85 KWm-2K-1 and considering the
thickness of the solid skin at 0.3 and!
0.9s the influence of superheat for a
0.1wt.%C steel is seen in figure 9.

The skin thickness decreases as the
superheat is increased assuming
negligible proportions at the higher
values.

‘Mould-metal heat transfer coeffi-

c1entgh2

Figure 10 shows the decrease in skin
thickness, predicted by the model, as
the values of h decrease., With very
rough surfaces the values of h may be
less than those used in the calculationm,
Agreement with experiment is good,with
the rough surfaces producing less freez-
ing over the meniscus and consequently
fewer and shallower ripples, '

Chemical composition

The model predicts that freezing over
the meniscus will be a maximum at about
0.2wt,7% carbon (figure 11l) an is .
relates directly to the difficulties
reported earlier in the experimental
results in producing a ripple free :
surface at this carbon level, :

3.6 Conclusions

The experimental results are consistent
with a meniscus freezing mechanism for
the productlon of surface ripples and

The curvature of the latter always

ates to the meniscus outline and the
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influence of experimental variables is
readily explicable on the basis of
Teniscus freezing. The experiment using
bismuth showed clearly that shrinkage
was not necessary for ripple formation
and so lent further support to the
proposed mechanism.

The theoretical model, reported
only briefly, has predicted the influence
of superheat and mould condition but
also explained the influence of carbon,
showing maximum rippling at about 0.2wt.%
carbon. - The latter effect had previous-
ly been explained on a shrinkage-based
model,

4, The Blow-hole Strucrture of Ingots .

An example is shown in figure 12 of how
the surface condition can “influence the
Eresence of blow-holes in its proxlmity.
n this case gas evolution was vigorous
but blow-holes were seen only in the
regions where the liquid had contacted
the mould surface. The work reported in
the previous section showed that the
surface layer of an ingot forms very
quickly and that this rate is decreased
somewhat in regions which solidify away
from the mould-walls such as, for
example, the miscus region. This decrease
in the rate may be sufficient to ‘allow
“blow-hole "nuclei" to escape or the (un-
8pecified) nuclei may be unable to form
without mould/metal contact. .

. . Whatever the source of blow-holes,
g = 1s necessary in most Qﬂxs'qf steels to
control the gas ‘content of the'melt '
since this providee the driving force For
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Fig.12 The influence of surface condition on
the occurrence of sub-surface blowholes.

the growth of the nuclei to blow-holes.
Either it is required to remove all blow-
holes or, as in balanced and . rimming
steel, to control them. There are a
number of models to predict blow-hole
growth and again these rely on a know-
ledge of 1n1t1al gas. contents

Oxygen probcv have been used to good
effect and it has proved possible to base
production methods for balanced steels
on the results obtained from them.,
However, this is never done with complete
certainty and some of the difficulties
are usually associated with the uncertain-
ty of the hydrogen and nitrogen contents
present. It was envisaged that a'total
gas content" may be measured prior to.
teeming if a first bubble technique such
as that used in aleinium could be.
developed, The aim of the work was,
therefore, to assess the validity of
such an approach,

4,1 A Justification of the Flrst Bubble
echnique

The technique used for many years.in the
aluminium industry werely consists“of
pouring a sample into-a crucible which
is held at constant temperature and then.
evacuating the chamber that holds the
crucible. When the first ‘bubble appears
on the surface the pressure is-observed.
The elemental gas content ist then deter-
mined either directly .from Sievert's

Law or from a suitable calibration. The
technique at first sight is a -crude one
but some theoretlcal Justification has
been . offered for its success ?

It has been ectablished that'
liquids can trap zir in cavities in the
walls of containers Figure 13._shows
one possible dltuatiOﬂ and it can be
seen that the. air pocket (or embryo’
bubble) can increase in volume initially
as the radius of curvaturc r increases
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(b) The pressure required for bubble
growth versus radius of the cavity.

up to abour ri. As shown rl is negative
but the.sign depends on. the contact
angle « .p7and r1 could be positive in
the case where9<90°, The volume of
-the embryo bubble may increase due to

a reduction in external pressure, an
ingress of gas or a rise in temperature.
However, at the mouth of the cavity rj
has decreased and is now equal to r*,

For the ‘embryoc to mature into a
bubble which will be released spontan-
eously and eventually be of radius r2,
for example, r must first decrease from
t1 to r* and the radius of curvature of
the gas-liquid interface should not
become less than the critical r* as the
bubble grows, i.e. r > r* and the volume
of the embryo V must be greater than V¥,
the critical volume.

If we now assume that the cavity
which is to provide the nucleation site
is at a depth h below the surface of the
metal, the pressure above the melt is Pgay
the radius of curvature of the embryo r,
the gas/liquid surface energyy, and the-
pressure inside the bubble Py then:

B fPp s Bp)t = o . LLAB
S r ‘ ;

A reduction in pressure above the
melt Py in the absence of gas will not
allow.r to decrease since Pp will also
decrease as the volume of the embryo
bubble increases., Similarly an increase

kx =

in temperature of the gas inside the
embryo will alsoc increase the volume of
the embryo but will not in itself provide
the driving force of a reduction in r.

However, when gas is present Pp will
be in equilibrium with the gas concentra-
tion in the metal and accerding to
Sievert's Law:

As the volume of the embryo increas-
es more gas will diffuse into it and Py
will be maintained. Hence when Pat has
been reduced sufficiently to satisfy
equation (3) with r = r¥%, the embryo
bubble ‘can mature and a‘bubble will be
released. f

Putting r = r* and rearranging

equation (1) gives,
: 2 :

Pb-Pat=F¥. + Py (5)
The differénce between Py and Pu, AP,
depends critically on r¥*, - Assuming
h = 50mm and y = 10-5g mm-2 a- curve of "
P versus r was drawn fig.l3(b).:. In
view of the uncertainty of the .y value
the exact position of the curve is not
known but it is sufficiently accurate
for soéme general conclusions to be drawnm.

The AP value is small (<100 mmHg) down
to r~~100um but with an r value of 10um

the nucleation site would not be

effective,

The observations recorded here show
gas bubbles can be released at various
pressures depending upon.the gas content
of the melt. There ‘is. no'difficulty in
nucleation and therefore AP cannot be
large. Pores in.the crucible of radius
about 404 m could act as nucleation.
sites at low AP values, ;

Substituting equation (5) into
equation (4) and rearranging yields,
7o P
)

7 P
= a

=C+p (6)

T
if r and h -are constant Xg is élearly
related to Pﬁt' . ,

: Obviously if r changes drasticall
from melt to melt C.will change and the
technique will become .unreliable. * The::
presence of suitable nucleation' sites is
therefore essential if reproducible
results are to be obtained. Theoreti-
cally,: therefore, a combination of: gases
can produce the same effect with. each
one contributing t6 the value of Pg
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5. The first Bubble Technique in Steel

In the case of steel the practical
problems in using such a technique and
the theoretical analysis is obviously
more complex,

5.1 Experimental Arrangement

Figure 14 shows the alumina crucible,
which is to receive the steel, surrounded
by a graphite susceptor placed inside a
larger alumina crucible, The whole
assembly-is situated in an induction coil
operating at a frequency of 3kHz. The
coil is placed inside a vacuum chamber
(fig.14),

Fig.14 The experimental arrangement for the
first bubble technique for steels.

Steel is transferred from a melting.
furnace and poured into the inner alumina
crucible which is held at 1600°C. The
1lid is placed on the vacuum chamber and
the latter is evacuated as the melt
surface is observed. The pressure is
noted as the first bubble appears. .

In some cases an ingot was cast from
the same-melt as that from which the
sample was taken and the ingot was
sectioned to reveal the blow-hole
structure.

The nitrogen, hydrogen and oxygen
contents of samples taken from the
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Fig.15 Eaperimental points obtained using the
firet bubble technique superimposed on
a theoretical pressure versus nitrogen
curve. :

melts were analysed using conventional
methods at some time after the ingots
were cast, v

5.2 Results and Technique Assessment

Since the melts used had high nitrogen
contents, this elemznt was used as a
base for an assessment of the technique.
For nitrogen contents determined sub-
sequent to ingot casting the equivalent
nitrogen gas pressurcs were calculated
using Sievert's Law and the necessary
parameters for the steel considered.
Figure 15 shows the theoretical curves
so derived for two different carbon
contents, The pressures measured by the
first bubble technique are shown as
numbered circles and are some way .above
the curve in each case, Although carbon
and silicon ccntents change the position
of the curve, as shown, this does-not
account for the discrepancy. The hydrogen
content of the melt was known to be ‘on
average 5 ppm, hence the coatribution: of
hydrogen was determined using the method
as in. the one used-for nitrogen. This
gave a value of Py, 0f~0,045 atm.

Assuming that the Py, value for a

given nitrogen content and for a given
alloy can be read from fig.1l5 and PHz

can be added to this then the total
pressure P as given by the first
bubble technique, (Py,+ PHZ) is equal

to Pgg. For a gtven alloy composition
the equivalent oxygen content can be
calculated from,

h

Keg = Peo/bee g

R e
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' whe:e\hc and h, are the Henrian activi-
ties of, carbon and oxygen and Kgg is the
equilibrium constant,

L} 20

_The theoretical oxygen content was
calculated from relevant thermodynamic
data assuming deoxidation by silicon,
silicon-manganese or silicon-manganese-
aluminium was controlling the oxygen
content. Figure 16 shows that the
"measured'' oxygen content by the first
bubble technique agrees well with the
theoretically determined values,

5.3 Assessment of Blow-hole Behaviour
Using the Technique

"In a case where a large amount of
aluminium was added and therefore the
Pco was very low, it was assumed that
only nitrogen and hydrogen were contri-
buting to Pr in the first bubble techni-
que, In experiments where blow-holes
were produced by increasing the nitrogen
content a direct correlation was found
between the onset of blow-hole formation
and the value of Pp. That is, it was
possible to predict whether or not the
ingot was sound from the PT value.

So far experiments have been
carried out at only two carbon levels
but in each case a critical PT was
found which when converted to a nitrogen
content showed excellent agreement with
the previous results,

5.4 Overall Assessment

The first bubble technique has been
satisfactorily developed experimentally
and it shows that the pressure measured
ralates to blow-hole formation in small
ingots. In conjunction with an oxygen
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Fig.17 'Chanmels' revealed when an ingot was

aceidentally drained,

probe, not used here, to measure the
active oxygen content, and therefore,
Pco, the contributions of nitrogen and
hydrogen can be assessed as revealed by
the calculations. It is intended to
carry out further experiments along
these lines to more fully evaluate the
technique and its potential use as a
tool in controlling ingot structure.

6.

The origin and formation of crystal
structure in ingots have been studied
extensively and the parameters that
influence such phenomenon as the extent
of columnar growth are well-known., Pro-
bably of greater importance, however,
are the factors that lead to the forma-
tion of macrosegregates, the typical A
and V segregates in particular in in-
gots and to the non-uniform distpibution
of inclusions. Figure 17 shows inter-
dendritic channels revealed by acciden-
tal liquid drainage from a large casting,

The formation of Macrosegregates

It is now widely accepted that
macrosegregates generally, and channel
segregates in particular, are primarily
the result of interdendritic fluid flow
during solidifijcation. Increasing
evidence has been produced over the last
twelve years that the principle driving
force for such fluid flow is gravity
acting on thermosolutal density gra-
dients in the mushy zone. &



The importance of fluid flow in
macrosegregation was demonstrated by
Flemings and co-workers in a series of
papers®-9 aimed initially at a complete
description of inverse segregation. A
set of equations were derived which not
only allowed the calculation of the
final average composition of a small
volume element (and hence the macro-
segregation) but also gave the inter-
dependence of fluid velocity,pressure,
fraction liquid and liquid composition
at any point in the mushy zone®. They
also /described how, when the effects
of gravity were included in the equa-
tions”?, it would be poussible for an
unstable situation to occur when inter-
dendritic liquid moved faster than and
in the same direction as the isotherms.
A similar treatment by Japanese

_workerslV extended the work to consider
the effects of small perturbations and
came to the same conclusions: that
under the influence of gravicy the
fluid flow pattern could be such that
cold solute rich liquid flowed into
hotter regions relatively depleted in
solute. In an attempt to attain solutail
equilibrium this liquid would.melt the
surrounding (solute depleted) dendrite
arms, thus decreasing the resistance to
further flow and ultimately produce a
channel,

It is this mechanism which has, at
various times, been proposed as the
cause of the channel type segregates
found in a wide variety of situations,
e.g. freckles in ESR and VAR and in non-
ferrous ingots, A-segregates in steels,
streaks in cast rolls, etc. McDonald
and Hunt,ll,12 for instance, conducted
experiments which demonstrated that,
in the NH4C1/H20 analogue system at
least, A-segregates were the result of
convection in the mushy zone due to
liquid density differences. The same
analogue was used later by Asai and
Muchi to test their perturbation
calculations.

Copley et alld also used the NE,CL/HoO
system, this time to investigate
. freckle formation in VAR and ESR, They
found that freckles were controlled not
only by gravity, but also aligned with .
the heat flux. This thermal dependence
was further demonstrated by the obser-
vation that when the growth rate and-
temperature gradient were increased the
number of active channels decreased,
They claimed that the situvation was
analogous 'to the oceanographic pheno-
menon termed the ''perpetual salt foun-
tain" important as a means of stirring
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the oceans,l4 Study and analysisl5,18
of the salt fountain have shown that the
convective channels or filaments depend
on a thermohaline Rayleigh number, and
that as this number increases the
channel size decrcages and the fluid
velocity increases. The analysis
also makes the points that a simple
density inversion is neither required
nor sufficient for motion and that the
effects of both the thermal and the
solutal contributions to the density
gradient must be considered,

The similarity between channel type
flow and the oceanographic case was also
noted recently by Szekely and Jassall7
in their theoretical analysis of the
convective fluid velocities to be ex-
pected with both the bulk liquid and the
musy zone of an NH4Cl/H20 casting. They
were able to check their results using
Schlieren photography and found quite
good agreement between observation and
prediction, with convection in the mushy
zone occurring in the opposite direction
to and at a velocity approximately
1/10th that of the bulk liquid convec-.
tion. ; .

More recently workers- have tended :
to move away from the use of non-metal-
lic-analogues and many have preferred
to use low melting point alloys such
as tin-lead and aluminium-copper
systemsl8-21, While some experiments
on such systems have indicated that the
bulk liquid has little influence on
the mushy zone22, it is clear that the
opposite is not the case., Fredriksson
and Nilsson's recent experiments23 on
tin-lead alloys appear to have confirm-
ed earlier observations in the NH4C1l/H20
systemll /that the region of positive
segregation in the top half of ingots
is the result of'rejected solute.being

‘carried from the mushy zone .to the bulk

liquid through A-segregates. i)
Possibly a more important-aspect
of the work done on metal systems is
that of producing channel gype-segre-
ates under controlled condi&.
%ions.lg,§1,22.23 Streat: and Weinberg's
work with lead-tin alloysZ%4 has shown
that freckle-type channel segregates
appear to originate from widening
interdendritic channels in the interior
of the ingot. Suzuki and Miyameto26
have developed a furnace capable of
solidifying approximately lékg of steel
under controlled conditions. This was
used to simulate the thermal character-
istics of a much larger solidifying body
in a conveniently sized sample. They
too produced channel segregates and-




were able to draw a relationship between
the alignment of channels and the soli-
dification rate., Lately they have begun
to look at some of the factors control-
1ling A-segregate formation and appear to
have highlighteg an important link with
gilicon COntggt 7 an idea supported by
Fujii et al. :

The most serious drawback to work-
ing solely with metal systems as above
is that the process of solidification
cannot be followed from start to finish.
At best that process is interrupted
part’ way through and a subsequent post-
mortem igvgstiEaticn carried out. Some
workers2Z,29-31 have attempted to sur-
mount the problem by the addition of
radioactive isotopes, but with only
limited duccess. ¢

Thus a reasonably complete picture
exists of how channel type segregates
develop once fluid convection has start-
ed. . Channels have'been formed under
controlled conditions in.a variety of
systems and some ways to eliminate them
have been suggested,32 In addition
investigations have been made into the
factors controlling both the fluid flow
and the thermosolutal density gra-
dients28 in the .mushy zone. Despite
this we are still unable to explain the
observation that sometimes in two
nominally identical castings channel
segregates occur in one but not in -the
other,33 : :

The work presented here forms part
of a larger programme of research aimed
at explaining the above observation by
looking more closely at some of the
factors affecting both the initial
formation of a channel and the thermo-
solutal density gradient which drives

it. In this part of the work this is

#qu T.V. Camera j

Furnace
;_Control

Motor
Driven Ramp
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being attempted through continuous

observation of solidification using an

in-situ radiographic observation
technique, 3

6.1 Experimental Method

Eguigment

- The equipment was essentially that

developed by Miller, Beech and Stephen-
son to allow direct observations to be
made of the solidification of a small
sample of metal, Fig.18 shows the
arrangement of apparatus, a complete
description of which is already avail-
able. The x-ray vidicon was connected
to a video-tape recorder to allow real
time recordings of the experiments.
These were then repIlayed through an
ordinary television monitor and still
photographs taken every one or two
minutes for subsequent analysis and
study.

Alloy

The alloy chosen for study was A1-22,7
Cu. This had already been shown to
meet the restraints of the melting unit
and to provide adequate contrast
through the vidicon system. The alloy
has a liquidus of approximately 5900°C,
a partition coefficient k2= 0.17 and
solidifies to a eutectic at 5480C and
at 33.2wt.%Cu.

Sample preparation

The samples were sliced from & bar

19 mm x 11 mm cross section and polished in a
jig down to == 300ym thick. Immediately
before insertion into the apparatus

the faces of the sample were lightly
polished with fine grinding paper to
minimise any effects of surface oxides,

Heater
Element

Transformer
260=4 ¥

Fﬁg,la Schematic view of the apparatus.
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Growth rate and temperature
gradient measurement

In each sample the cooling rate (T) was
measured by a thermocouple on the
graphite sample holder adjacent to the
heater, The accuracy of the couple was
checked by comparing the reading as the
liquidus passed it with the known
liquidds value of 590°0C. The growth
rate (R) was measured at mid screen
height from a growth distance against
time curve drawn from the' series of
still—photographs. The temperature
gradient (G) was measured in early
experiments using thermocouples placed
at intervals on the graphite sandwich.
Subsequent values of G were estimated
using the relationship:

RG =T (7>

This was also used to check the
self consistency of the results of the
early experiments.

6.2 Results and Discussion

The table lists the cooling and growth
rate data for the experiment reported

here. The values of G vary from 2 to Fig.19 Sequence of phatograpks- .sming "
59C mm-1 which is a measure of the copper standards and the liquid and
reproducibility of the temperature liquid + solid regions

gradient in this experiment.

(a) 2 mins after growth staited,
(b) 15 mins, (c) 31 mina.

&

exp T oc RMm S-1 ¢ 0% 4] Tan @
— | mm= _ The growth rate is 10 ms'land the
‘ temperature gradient about 10°Cmm *.

1 - 3.8 v 185 0.27 "
channel type segrcgates as they appear
2 0.047 12.0 4.0 25 0.47 in ingots. Accordingly all the samples
were solidified sideways, as seen -in
3 0.083 18.3 4.6 35 0,70 figs.19-21., These photographs were
selected to highlight features common
4 0,117 28.3 &5 40 0.84 to the whole series of experiments,most
notably the curvature of the liquid-
5 0.031 13.8 2.2 25 0,47 mushy zone interface and the existence
of reasonably well developed channels,
6 0.088 43.3 200 50 1L1.19 which were also apparent in the sub-
sequent microstructures (fig.22),
- - 40 0.84
1s 430 Channel formation
7b 0.013 4.2 3.2 19 0.29 :
L Comparison of figs.20 and 23 demonstrat- o
8a 0.118 33.0 3.6 45 1.00. es that channels can be. identified
through the vidicon as a darkening of
8b 0,038 12.0 3,2 25 0,47 the structure within the mushy zone,
: especially where the channels. cross
9 0.017 3.3 5,0 10 0,18 well defined dendrite primary arms,
The development of the two major
e ) ¢ . i channel segregates in fig.20 azpear to
In this feﬁlea Of expeilmengs the support Streat and Weinberg's24 sugges-
concern was with the fermation o tion that channel segregates develop -
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Fig.20 Sequence of photographs showing the
development of two major channel
segregates (A & B). The box in (c)
i8 the area shown in Fig.22. The darker
region on the left of the photographs
wag dwe to the extra thickness at the
heater. (a) 4 mins, (b) 10 mins, (c)

19 ming after growtﬁlstarted. The
-growth rate is § ms " _gnd the temperature
gradient about 10°Cmm " .

from existing finer channels in the
mushy zone, Unfortunately, since the
edge of the sample was out of view, it
was .not possible to trace those channels
back to their origin. In fig.21 however,
&nd in other cases where the edge of
the sample has been studied, it can
clearly be seen that the major channel
segregates originate at irregularities
on the growth front resulting in the
entrapment of a significant pocket of
liquid by the advancing front. That
-such a situation could produce fluid |
flow is to.be expected since the large
driving force for fluid flow in this
system would accentuate any
instabilities caused-by the irregular 8
interface. It has already been showns'
that macrosegregation can be significantly
affected by relatively small changes

in solidification conditions.

Fig.21 Sequence of photographs of chamel
deve lopment .
(a) 4 mins, (b) 15 mins, (c) 26 mins,
after growth started. -1
The growth rate ie about 10 mm and the
temperature gradient 10°Cmm ~.

A large number of such irregulari-
ties would be expected during dendritic
growth and the present observations
have borne this out. That not all
irregularities produce well developed
channel segregates can be explained, in
part at least, by two further observa-
tions, It will be noted in Fig.20(c)
and 21(c) that the spacing between the
channels is smaller closer to the liqui-
dus. In addition some fine channels
which were present early in solidifica-
tion have effectively disappeared
(figs.20(a)-(ec)). These imply some
mechanism for the 'annealing out’o
channels or for the rewelding of the
dendrite mesh during solidification., A
possible mechanism for such a process is
suggested by the second observation,that
the major channel segregates in fig.20
migrate towards the liquid-mushy zone
interface during solidification,

the

It has long been recognised that
one surface of an A-type segregate is
normally sharp and well defined while
the other is more diffuse and dendritic
(fig.22). Although not very apparent



Fig.28 Micrograph of area marked in fig.20(c).
Note the sharp boundary of the channels
18 on the side neavest the liquidus
(the left).

at the small magnifications needed for
reproduction here, the major channel (A)
in fig.20 was observed to move up to
about ¥mm (i.e. approx. its own width)
towards the liquidus during solidifica-
tion. This:observation is in agreement-
with the feeling of Fredriksson and
Nilsson23 that the smooth surface of a
channel,ii'the result of its melting
action? " and that the 'dendritic’

front is exactly that; dendrites growing:
into a.body (inythis case a strea§f>of &

liquid. Thus, it can be envisaged that
as a large channel develops it will
draw liquid away from the surrounding
regions. - Any finer chaunels in these
regions will suffer a consequent reduc-
tion in their remelting action along the
sharp boundary, but will still continue
to feed the dendrites -along the other,
Eventually they could heal up ¢omplete-
ly and be indistinguishable from the
remainder of the dendrite mesh,

‘ In considering the mechanism it
“‘should be remembered that the liquid in
the channels will be of the eutectic
composition only when it originates
from and is till quite close to the
eutecElc interface, Away from that
interface the liquid will either have
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Tan &

=2l
40

| ) 1 i
. R g;ﬁlscc) 30

Fig.23 Plot of Tan 0 versus growth rate (R)
for the esperiments in the table.

changed compositicn by remelting den-
drite arms or have originated away from
the interface and therefore be of a-
different composition anyway. = The
exception to this occurs during the
final stages of ingot solidification
when, as will be seen, even the bulk
liquid can reach the eutectic composi-
tion,

The idea that only a few channels
should grow and remain, moving about
and adjusting shape during so%idif;pa-'
tion, is a concept which is supported
by the observations of Copley et all3 on
the disruption and subsequent.re-forma-
tion of channels in the .NHC1/H20 system,
and the work of Sternl5 in relating
channel size and nuwmbers to the. growth
conditions, e

Effect of growth rate on channel .
ormation : :

The observations so far have been
restricted to the formation and develop-
ment .of channels generally, as seen in
the in-situ appearatus. The series-of
experiments was also concerned with the
effects of horizontal growth rate., It
was found that there was..a clear varia-
tion in the alignment of the:channels
with growth rate, For each sample the
angle @, between the underside of ‘the" -
channel and the vertical, was measured
and plotted against the measured growth =
rate R“(fig,23). Where. the growth rate
changed during solidification the ‘angle
of the ‘channel was plotted against ‘the-

L
i

. -growth rate.during the period in which

the channel formed.
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It was considered that, to a first
- approximation and ignoring other effects
such as shrinkage, the velocity-of the
fluid in the channel would be the vector
addition of a horizontal velocity (Vx)
due to the growth rate (R) and a vertical
component (Vy) due to gravity. Assuming
that Vx = R,  then (from vector addition)

Ir:an.é'v-wR/V’y ; (8)

The points in fig.23 should then
form a straight line and it may be seen
that they do.-

‘Solute redistribution during
solidification

The observation made using the in-situ
technique are remarkdbly similar to
observations made on large masses of
steel and this is also true when solute
redistribution is considered. The
curvature of the liquid/solid interface
is identical to that observed in earlier
work. Solute-rich liquid has flowed to
the bottom of the sample and so lowered
the melting point and retarded growth at
that point, This is analogous to the
way in which solute concentrates in the
central region of ingots.

Control of channel formation

The foregoing implies various solutions
to the problem of channel formation,.
Some of these, such as increasing the
freezing rate have some application in
castings but are not so attractive in
.ingot prpduction. Recent work has shown
that one solution lies in the control of
the chemical composition which, if accep-
table for other reasons, alters the
composition of the interdendritic liquid
in such a way that the decrease in
density that occurs during freezing is
.minimised. However, the lack of data
for distribution coefficients and the
densities of dilute iron alloys prevents
a detailed theoretical analysis. Work
is at present in hand to obtain such
data and hence approach more closely an
“analytical solution to the problem.
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