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In the absence of grain-refining additions 
to a melt or of any significant heterogeneous 
nuclei, equiaxed grains can only originate in 
a casting from primary dendrite fragments. 
Thus, it is pertinent to understand how 
dendrites become fragmented and to explain 
why liquid stirring should appear to "break 
up" and refine the grain structure. Dendrite 
fragmentation occurs by local remeltin g, and 
fluid flozo is important as a dispersal mecha- 
nism. 

I N T R O D U C T I O N  

Equiaxed grains in castings can origi- 
nate from either heterogeneous nucle- 
ation (external source) or dendrite frag- 
ments (intrinsic source). In the absence 
of effective nucleation substrates, den- 
drite fragments are the only source of 
the equiaxed grain formation. 

Five time- and temperature-depen- 
dent steps may be identified in a partly 
solidified casting, starting with the sepa- 
ration of dendritic side arms in the mushy 
columnar region and ending with the 
blocking of the columnar front by a net- 
work of equiaxed grains (Figure 1).~ The 
five steps in the cycle are Step I: colum- 
nar g rowth /dend r i t e  fragmentation; 
Step II: fragment transport from mushy 
region; Step III: melting vs. survival; Step 
IV: growth and sedimentation; and Step 
V: columnar/equiaxed transition. 

An understanding of the physics in- 
volved in each of these steps could pro- 
vide the basis for a modeling sequence to 
describe the evolution of the grain struc- 
ture of a casting. Such a program could 
be written for a time- and temperature- 
dependent sequence by a series of si- 
multaneous equations, but it is impor- 
tant to get the physics correct and,  
thereby, make the program predictive. 
Current  model ing  procedures  (e.g., 
Dantzig 2 or Rappaz 3) do not attempt to 
physically identify the sources of nuclei 
for equiaxed grains, whether intrinsic 
or extrinsic. 

A C Y C L E  FOR G R A I N  
E V O L U T I O N  

Step I 
The situation depicted in Figure I is a 

breakdown of the original suggestion 
made by Rosenhain some 70 years ago? 
namely, that given some source(s) of 
p r imary  f ragments  and a t ranspor t  
mechanism, equiaxed grains can origi- 
nate without heterogeneous nucleation 

on accidental or deliberately added sub- 
strates. The initial dendritic mushy re- 
gion is assumed to be the most potent 
source of such fragments. After the den- 
drite side arms separate (Step I), the 
subsequent steps follow. 

Step II 

Fragment transport to the open liquid 
region requires fluid flow by natural 
convection and /o r  induced stirring. The 
fluid flow may or may not play some 
part in the fragmentation process. 

Natural convection within and with- 
out the mushy region occurs because 
there are density variations caused by 
temperature and composition gradients. 
Such convection is termed thermosolutal. 
In most alloy castings, the composition- 
density dependence exceeds that of tem- 
perature, so that the solute-enriched, 
interdendritic liquid becomes more or 
less dense than the open liquid, there- 
fore, tending to sink or rise within the 
mushy region. Thus, the presence of car- 
bon, silicon, sulfur, or phosphorus in 
steels causes an upward  flow (despite 
the fact that the interdendritic liquid is 
cooler), while in al loys such as A1- 
Cu(Fe,Mn) the reverse occurs, and the 
more dense, solute-rich liquid tends to 
collect at the base of a casting or in the 
sump of a continuous casting. 
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Figure 1. The grain-evolutionary cycle and 
transition in castings from intrinsic source. 

In the first instance, the upward  fluid 
flow erupts into the open liquid as chan- 
nel plumes ("A" segregation in billets or 
freckles in directionally solidified [D.S.] 
ingots), and these spew many dendrite 
fragments into the open melt. s-7 In the 
second instance, the same broadcast  
transport of fragments is lacking, and 
this is why it is then necessary to resort to 
the use of grain refiners to promote the 
nucleation of equiaxed grains. With liq- 
uid stirring induced electromagnetically, 
the effect may not significantly penetrate 
into the dendritic array of the mushy 
zone, but  fragments  that escape by 
thermosolutal convection are rapidly 
swept away into the open liquid. Also, in 
the mushy region there are millions of 
potential side-arm fragments, and only 
a fraction of these need to escape to be 
effective. In addition, channel plumes 
may have velocities of up to 0.1 ms -1 in 
metals, 7 so the transport out of the mushy 
region can be very rapid, even without 
imposed stirring. 

Step Ill 

Fragment melting versus survival de- 
pends on the ambient liquid tempera- 
ture that falls continuously ahead of the 
columnar front. Since there is a small 
solute accumulation at the dendrit ic 
front, the freezing point is depressed by 
a few degrees (e.g., <5 K). Therefore, it is 
possible for the entire open liquid to 
become slightly supercooled. Dendritic 
fragments typically have sizes around 
10-50 ~m and are moving with respect 
to the liquid. At temperatures above the 
liquidus, these particles dissolve increas- 
ingly rapidly by liquid-solute diffusion 
up to a temperature where they melt 
without composition change. 8 

Estimates of probable lifetimes for the 
dissolution of such particles are less than 
10 s and when they reach their melting 
temperatures, lifetimes cannot be ex- 
pected to exceed --1 s. Therefore, such 
particles are unlikely to survive long 
enough to become sources of equiaxed 
grains until the liquid becomes super- 
cooled, or unless they are swept into 
cooler regions as by imposed stirring. 
Thus, in a rapidly stirred rheocastinff 
with fluid-flow rates as high as I ms -1, a 
particle could be circulated around the 
liquid pool in less than 0.1 s and have a 
much higher chance of survival than it 
would in a quiescent liquid. This may be 
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Figure 2. An illustration of the assumption that 
a free dendrite during growth/sedimentation 
is surrounded by a quiescent liquid envelope 
with a little higher concentration than the bulk. 

one reason why liquid stirring favors a 
refined equiaxed structureJ ~ 

Of the five identified steps in the cycle, 
this question of particle survival is the 
most difficult to quantify. One possible 
approach to the problem is in terms of 
particle population density based upon 
a "birth rate" (particle supply from the 
mushy region) versus a temperature- 
dependent "death rate" (from dissolu- 
tion and melting) expressed rather like a 
demographic problem? But this is an 
arbitrary formality and presently lacks a 
satisfactory physical analysis. 

S t e p  IV 

If and/or  when a surviving particle 
reaches liquid at a temperature below 
the liquidus, it begins to grow dendrit- 
ically and (with solid density exceeding 
that of the liquid by a few percent) it 
tends to sink, subject to convection cur- 
rents or induced stirring. For a quiescent 
liquid, this is a situation that can be 
analyzed with some confidence u by com- 
bining the temperature- and concentra- 
tion-dependent dendritic growth rate 
with a sedimentation rate based on a 
modified version of Stokes' equation. 
Such crystals grow as they fall and, in 
principle, should accelerate. But, al- 
though the solid volume is increasing, 
the actual solid fraction within the enve- 
lope or outline of the crystal is small 
(e.g., <5 percent), and it is not known 
how liquid flows through or around such 
a filamentary crystal (Figure 2). 

One approach used by Jang and 
Hellawell u assumes that the interden- 
dritic liquid atmosphere is essentially 
quiescent; it also has a slightly different 
density than that of the bulk, because it 
is slightly enriched in solute. The shape 
is not quite spherical because of the or- 
thogonal dendritic outline, but this is a 
minor factor in Stokes' equation, and, in 
any case, such crystals often rotate as 
they move through the surrounding area. 
An analysis of this form has achieved 
acceptable agreement with laboratory 
experiments using the ammonium-chlo- 
ride water analog for metals and can, by 
extension, yield grain sizes for continu- 
ously cast steel billets that are of the 
correct, observed order of size. Beck- 
ermann ~2 has adopted a similar model 

and combined this with movement in, 
and with respect to, convection currents. 

There is an extra quirk to this problem 
in that such dendritic crystals might re- 
produce themselves by producing fur- 
ther side-arm fragments. This is an extra 
complication and a moot point. It could 
be that with very small superheats yield- 
ing almost entirely fine, equiaxed crys- 
tals (a result that Chalmers called big 
bang nucleation13), a process of multiple 
fragmentation occurs, rather like a ro- 
man-candle firework. It is also possible, 
however, that the necessary fragments 
are swept off the fine dendritic chilled 
crystals that nucleate on the mold walls. 
The answer to this question is not known 
as it all happens within a few seconds. 

S t e p  V 

In the end, there is a cloud of growing, 
sinking, dendritic crystals, and when 
the number and size of these exceed a 
certain level, continued growth of the 
initial front is blocked. This is the colum- 
nar-to-equiaxed transition. Of course, 
there is a geometrical problem to be ad- 
dressed, according to the growth direc- 
tion of the columnar front, whether hori- 
zontal or vertically upwards. Either way, 
the basic analysis concerns how many 
falling grains of what size must reach the 
front in order to prevent continued 
growth around and between the arriv- 
ing obstacles. This can be addressed with 
varying degrees of sophistication, but to 
a first approximation, the necessary cri- 
terion is that the arrival of obstacles be 
sufficient to half cover the front in less 
time than that front can grow around 
and/or  between them. Analysis, there- 
fore, includes the number of crystals of 
given size arriving per unit area of front 
in a given time at a given angle versus 
the original rate of advance of the co- 
lumnar front; it is a soluble problem. ~4 

D E N D R I T E  F R A G M E N T A T I O N  

Everything in the grain evolution cycle 
was predicated on the existence of den- 
drite fragments being available within 
the initial columnar (or chilled) zone--- 
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Figure 3. A schematic of important param- 
eters in dendritic array growth. 
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Figure 4. The organic analog of SCN-5.5H20 
(wt.%) system showing that under steady- 
state conditions (V and G are constant), den- 
drites ripen and side arms become necked at 
the junctions with primary stalks, but they do 
not detach and fragment unless the growth 
undergoes a deceleration or temperature rises. 

Step I. It must be stated that metallic 
dendrites do not break mechanically in 
the course of a casting operation. They 
may be plastically bent, but some simple 
estimates is based on bending moments 
and fluid-flow calculations indicate that 
this will be a rare event. 

There are two situations to consider. 
Either the dendritic crystals are attached 
to the mold walls as a permeable array or 
relatively isolated dendritic crystals are 
floating about in open liquid or being 
swept along with the liquid in natural or 
induced flow patterns. In the first in- 
stance, the liquid can only move through 
the array; in the second, most of the 
liquid probably flows around the enve- 
lope of the crystal. These isolated fila- 
mentary crystals with liquid atmo- 
spheres have densities very similar to 
the bulk liquid and easily move with any 
currents, like feathers in air. They may 
occasionally jostle each other as they 
move along, but the chances of a suffi- 
cient impact to plastically deform them 
is remote. There is more concern with 
interdendritic flow within the columnar 
array, and if the estimates are correct, 
this is also rarely sufficient to cause more 
than elastic flexing of side arms. Other 
mechanism(s) must operate, and it is 
relevant to consider dendritic array/ 
growth and ripening behind the growth 
front. 

In Figure 3, three dimensions are im- 
portant: the primary dendrite spacing, 
X1; the radius of curvature of the den- 
drite tips, r; and the initial secondary 
arm spacing, X~ . The last of these is 
generally a multiple of the oscillating tip 
radius, which is only marginally stable2 6 
As the front advances, secondary arms 
coalesce and shrink or grow, so that with 
ripening, secondary arm spacing in- 
creases continuously as ~. Under steady- 
state conditions of growth rate (V) and 
temperature gradient (G), the product 
rW is approximately a constant, and a 
small range of stable primary X~ is also 
preferredJ 7-2~ Side arms do not detach 
from the primaries under these condi- 
tions, but the roots or nodes become 
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necked (Figure 4) because of excess sol- 
ute rejection from both primary and sec- ~ 8o 
ondary arms. These necks do not sepa- 
rate unless the growth conditions (V and ~ s0 
G) change, which they do. To cause de- ~_ 
tachment, either the local temperature ~ 40 
and /or  the local solute concentration 
must rise so that the arms melt off at the ~ 20 
necked roots. Whether convective flow 
within the array contributes to the melt- 0~ J ~  
ing process is another arguable point, 
but it seems more probable that such 
flow is primarily important as a trans- 
port mechanism for particles that detach 
for other reasons. 

In a casting, the growth rate of a co- 
lumnar front decreases continuously; if 
the mold metal interface temperature 
were constant, it would do so paraboli- 
cally as the temperature gradient de- 
creased. Taken separately, a decrease in 
the growth rate causes the radius of cur- 
vature of dendrite tips to rise (a rapid 
response) and the preferred primary 
spacing k~ to increase. But the latter ad- 
justment is slow and requires that den- 
drites periodically fall back and stop 
growing (Figure 5) so that at any instant 
the primary spacing is always smaller 
than it would be under steady-state con- 
ditions at any given velocity. 2~-2: 

There is a similar reverse hysteresis in 
the primary spacing adjustment with 
acceleration. 23-24 For this reason, the liq- 
uid solute concentration within the ar- 
ray is continuously rising above what 
would have applied at an earlier instant. 
Here is a first contribution to accelerated 
local melting. Second, still supposing 
that the mold interface temperature re- 
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Figure 5. The organic analog of dendritic growth with decelera- 
tion (from 30 p_ms -~ to 3.3 p.ms -~) in the SCN-5.5HsO (wt.%) 
system showing that the primary spacing adjustment exhibits a 
hysteresis in response to the velocity decrease. Note that in this 
picture, the growth velocity is already approaching the lower 
end (V = 3.3 t~ms-~). 
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Figure 6. The percentage of secondary arm 
detachment versus time with various decel- 
eration (a) in the analog casting of SCN- 
5.5H20 (wt.%) system. 

mains constant, a falling temperature 
gradient at the growth front also favors 
an increase in primary spacing and tip 
curvature. This combination of transient 
conditions acts to promote local melting 
at the secondary-arm roots. Experiments 
with transparent analogs (SCN-H,O) 
show that the fraction of side arms that 
become detached is proportional to the 
deceleration rate and can be as high as 80 
percent (Figure 6), which means that the 
number of potentially available side-arm 
fragments is enormous. (e.g., consider 1 
mm 3 of mushy array, where k~ = 50 ~tm 
and ~'2 -- 10 p.m; the number of side arms 
in this volume is then 400 x 202 = 1.6 x 
105 mm-3). 

In a real casting, the metal/mold in- 
terface temperature is not constant. In 
most individual castings (e.g., billets), 
the mold temperature rises, especially in 
a sand casting, so that the temperature 
within the mushy region close to the 
mold behind the columnar growth front 

will actually be rising, 
and some side-arm melt- 
ing/detachment is inevi- 
table, even without the 
previously identified sol- 
ute enrichment. 

In a continuous cast- 
ing, the situation is the 
reverse because the in- 
got surface temperature 
falls as the metal moves 
through the mold and 
briefly rises as the strand 
enters the water-spray 
region before fal l ing 
again. In such cases, the 
fraction of detached side 
arms will be smaller and 
depend more critically 
upon the rate of decel- 
eration of the columnar 
growth front. There will 
be a trade-off here be- 
tween the falling tem- 
perature at any position 
in the mushy region and 
the solute enrichment 
associated with deceler- 
ating growth. 

The essential point is 
that fragmentat ion or 

crystal multiplication 2s takes place by 
local remelting, and fluid flow does not 
break-up the structure in a mechanical 
sense; perhaps "disperse" would be a 
more accurate description of stirring ac- 
tion. 
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