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Macrosegregation During Dendritic Arrayed Growth 
of Hypoeutectic Pb-Sn Alloys: Influence of Primary 
Arm Spacing and Mushy Zone Length 

S.N. TEWARI and R. SHAH 

Thermosolutal convection in the dendritic mushy zone occurs during directional solidification of 
hypoeutectic lead tin alloys in a positive thermal gradient, with the melt on the top and the solid 
below. This results in macrosegregation along the length of the solidified samples. The extent of 
macrosegregation increases with increasing primary dendrite spacings for constant mushy zone 
length. For constant primary spacings, the macrosegregation increases with decreasing mushy zone 
length. Presence of convection reduces the primary dendrite spacings. However, convection in the 
interdendritic melt has significantly more influence on the spacings as compared with that in the 
overlying melt, which is caused by the solutal buildup at the dendrite tips. 

I. INTRODUCTION 

MACROSEGREGATION during dendritic growth of 
alloys is a serious concern for all the casting processes. It 
is caused by the combined effects of sedimentation or float- 
ing of equiaxed grains or dendrite fragments and convec- 
tion in the interdendritic melt. Convection is caused by 
thermal and solutal instabilities and also by the solidifica- 
tion shrinkage (advection). Sedimentation and thermal con- 
vection effects can be eliminated by a suitable selection of 
the alloy composition and growth conditions during direc- 
tional solidification. However, terrestrial experiments do 
not allow us to isolate the advection from the thermosolutal 
convection effects for a systematic study of their influence 
on the macrosegregation. Low gravity experiments would 
be required for this purpose. In order to identify the opti- 
mum growth conditions for such a potential study, we have 
been examining macrosegregation in hypoeutectic Pb-Sn 
alloys, directionally solidified in a positive thermal gradi- 
ent, the melt on the top and the solid below. Under such 
growth conditions, the temperature profile alone is expected 
to be stabilizing against natural convection. However, the 
interdendritic solutal profile is destabilizing because the tin 
content of the mushy zone melt decreases from C e (eutectic 
composition) at the base of the array to Ct at the dendrite 
tip. For the dendritic morphology, C, is only slightly more 
than the solute content of the bulk alloy, Co. Thus, the tin 
poor higher density melt is on top and the tin rich low 
density melt is at the bottom of the mushy zone. The in- 
tensity of the resulting interdendritic convection, and hence 
the extent of the macrosegregation along the length of the 
directionally solidified specimens, is expected to depend on 
Co and the mushy zone morphology (the primary dendrite 
spacings (h~) and the length of the mushy zone (H)). It has 
been observed that the macrosegregation shows a maximum 
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with Co; zero macrosegregation for 10 and 58 wt pct Sn 
and maximum for 33 wt pct Sn.[l] The solutal buildup at 
the tips of the dendrite array (C, - Co) which increases 
with increasing G/R (where G~ is the thermal gradient in 
the liquid at the array tips and R is the growth speed) pro- 
duces an unstable density profile in the overlying melt, im- 
mediately ahead of the array. The resulting convection 
produces extensive longitudinal macrosegregation, espe- 
cially for the samples grown with a cellular morphology.tn 
It has been observed that the application of transverse mag- 
netic field, up to about 0.45 T, during directional solidifi- 
cation has no influence on the macrosegregation, whether 
the convection was due to the density inversion in the in- 
terdendritic melt or in the overlying melt, immediately 
ahead of the mushy zone. t31 

In this article, we will examine the influence of primary 
dendrite spacings and the mushy zone length on the lon- 
gitudinal macrosegregation due to the interdendritic con- 
vection during directional solidification of hypoeutectic 
Pb-Sn alloys. We will also compare the experimentally ob- 
served primary dendrite spacings with those expected from 
the theoretical models, which assume diffusive thermal and 
solutal transports, in order to understand the effect of nat- 
ural convection on the primary dendrite spacings. 

II. EXPERIMENTAL PROCEDURE 

About 24- to 30-cm-long Pb-Sn feedstock samples were 
obtained by induction melting a charge (lead and tin, 99.99 
pct purity) under an argon atmosphere in a quartz crucible 
and pushing the melt into evacuated quartz tubes (0.7-cm 
i.d.) with the help of argon pressure. The quartz tubes con- 
tained either one or two Chromel-Alumel thermocouples 
(0.01-cm diameter wires kept within closed end quartz 
capillaries, 0.06-cm o.d.) which were located along the 
sample length with a longitudinal separation of about 2 cm. 
After sealing one end, the quartz tubes containing these 
samples were evacuated and the top 15- to 20-cm length 
of the cast specimen was remelted. Directional solidifica- 
tion was carried out by raising the furnace assembly at var- 
ious growth speeds with respect to the stationary sample. 
The furnace and experimental details were presented ear- 
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Table I. Experimental and Morphological Details of Directionally Solidified Pb-Sn Alloys 

C O R G A, RH HF Freckles (CFs=o.6 - -  CF$=0.2 ) 
Specimen (Wt Pct Sn) (~m s-') (K cm -~) (/~m) (/zm) (cm) f~ (Number, Location) (Wt Pet Sn) 

4a 33.4 8 75 166 9.2 0.77 0.40 2 (out) 4.33 
4c 34.0 30 17 172 8.4 2.80 0.34 1 (out) 2.31 
3b 23.7 24 81 164 6.0 1.45 0.19 0 3.61 
3c 23.4 6 77 185 6.3 1.28 0.16 2 to 3 (out) 3.21 
3d 27.0 64 59 155 7.2 1.51 0.33 0 2.26 
3f 30.3 6 20 208 10.0 1.90 0.36 1 (in) 6.45 
3g 27.1 1 17 240 - -  1.89 - -  1 (in) 18.6 
SN001 10.0 10 110 115 - -  - -  0.01 0 0.07 
la 16.5 4 101 172 5.9 1.66 0.09 1 (out) 1.1 
5a 57.9 10 105 234 249.3 0.051 0.93 0 0 
5b 54.7 40 67 177 21.3 0.106 0.84 0 0.2 
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Fig. 1--Typical macrosegregation along the length of  the directionally 
solidified and quenched specimen. The open symbols represent the 
directionally solidified portion. The closed symbols represent the 
quenched liquid portion. (C O = 30.3 pet Sn, R = 6 p.m s ~, G~ = 20 K 
cm -~, specimen 3f). The schematic drawing shows the initial and final 
locations and lengths of  the mushy zone. 

lier. till The growth was vertically upward, and a steady- 
state thermal profile was maintained as indicated by 
identical thermal profiles obtained from the two thermo- 
couples541 After 10 to 14 cm of directional growth, the 
specimens were quenched by directing a jet of helium gas, 
cooled by liquid nitrogen, to the surface of the quartz cru- 
cibles. The furnace translation rate was equal to the direc- 
tional solidification speed; this was verified by correlating 
the longitudinal (parallel to the growth direction) micros- 
tructure of the directionally solidified specimen with the 
furnace translation distance. 

Longitudinal and transverse microstructures were exam- 
ined in the unetched condition by standard optical metal- 
lography techniques. Transverse microstructures were also 
quantitatively analyzed to obtain the average primary den- 
drite spacing (A,), dendrite perimeter, and area fraction of 
the interdendritic eutectic (fe) at the base of the mushy zone, 
with the help of image analysis software, tSl Hydraulic radius 
(RH), defined as the ratio of  the dendrite perimeter and the 
cross-sectional area occupied by the interdendritic eutectic, 
was also measured. Atomic absorption spectrometry was 
used to determine the tin contents of thin slices (~0.3-cm 

thick), cut along the length of  the directionally solidified 
and quenched portion of the specimen. The ratio of the 
distance solidified, as measured from the tip of the mushy 
zone at the onset of directional solidification, to the total 
length of the initial melt column was taken as the fraction 
solidified ~).  Table I lists the growth parameters for all the 
specimens examined in this study. 

III. RESULTS 

Figure 1 shows a typical specimen configuration during 
directional solidification and quenching process and the re- 
sulting longitudinal macrosegregation. The initial length of 
the precast specimen is Lo. The length of the liquid column, 
ahead of the dendrite array tips, at the time of quench is 
Lq. It is assumed that at the onset of directional solidifica- 
tion, the dendrite tips are located at a distance equal to the 
total furnace translation distance (L) away from their lo- 
cation at the time of quench. As mentioned earlier, the frac- 
tion solidified ~ )  is defined as the ratio of the solidification 
distance to the length of the initial melt column, both meas- 
ured from the location of the array tips at the onset of  
directional solidification. The symbol, C~, denotes the tin 
content of the 0.3-cm-thick slice at anyf .  The composition 
of the quenched liquid portion of the specimen is denoted 
by CL. The length of the mushy zone at the time of  quench 
(HF), assumed to be equal to the distance between the li- 
quidus temperature corresponding to C L and the eutectic 
temperature, is also indicated in this figure. 

The typical macrosegregation along the length of a di- 
rectionally solidified specimen is also shown in Figure I. 
Here, the open symbols denote the tin content in the direc- 
tionally solidified portion, and the filled symbols denote the 
tin content in the quenched melt portion. The initial de- 
crease in the tin content in the directionally solidified spec- 
imen corresponds to the region where the two phases, liquid 
+ solid, existed during the remelting of  the precast feed- 
stock prior to the onset of directional solidification. Mi- 
crostructural examination showed that the aligned dendrite 
arrays developed only after the growth had occurred for a 
distance approximately equal to one mushy zone length. 
When the directional solidification begins, the shrinkage 
driven flow brings in the solute poor melt from near the 
top of the solid plus liquid region toward its bottom. This 
flow must be responsible for the observed initial decrease 
in the tin content shown in Figure 1. However, it should 

1354~VOLUME 27A, MAY 1996 METALLURGICAL AND MATERIALS TRANSACTIONS A 



(a) (b) 

(c) (a) 
Fig. 2--Transverse microstructures of  the directionally solidified Pb ~-33 wt pet Sn alloys. (a) Low and high magnification views; G~ = 75 K cm -~, R = 
8 /xm s ~ (specimen 4a). (b) Low and high magnification views; G~ = 17 K cm -~, R = 30 /xm s -~ (specimen 4c). 

be noted that such decrease could only be observed for 
specimens with the mushy zone significantly longer than 
0.3 cm. (The thickness of the disks used for the atomic 
absorption spectrometry is about 0.3 cm.) 

Subsequent growth of  the mushy zone causes thermo- 
solutal convection which is responsible m for the positive 
segregation of  tin, indicated in Figure 1. Initial solute con- 
tents (Co) obtained by measuring the areas under the Cs vs 
f curves were within _+ 5 pct of the analyses of  the precast 
feedstock alloy. It has been previously observedt4I that 
steady-state thermal profiles are maintained during growth 
of  these specimens. The increasing tin content of the melt 
is expected to reduce the mushy zone length and increase 
the primary dendrite spacings along the specimen length. 
It would have been ideal to vary only one parameter, e.g., 
mushy zone length, and measure the longitudinal macro- 
segregation, while keeping constant all the other parame- 
ters, such as primary dendrite spacings, thermal and 
composition gradients, volume fraction eutectic, etc. How- 
ever, such experiments are not possible. Therefore, in the 
following sections, we will assume that the mushy zone 
morphologies at the time of  quench ()h and [IF) represent 

the overall growth conditions in order to obtain a quali- 
tative understanding of  their relationship with natural con- 
vection. 

A. Influence of Mushy Zone Length 

Let us examine two specimens, 4a and 4c (Table I), 
which were grown with nearly identical compositions (33.4 
and 34.0 wt pct Sn), primary dendrite spacings (166 and 
172 /xm), volume fraction of eutectics at the base of den- 
drites 0re) (0.40 and 0.34), and hydraulic radii at the base 
of dendrites (9.2 and 8.4 /xm), but with significantly dif- 
ferent mushy zone lengths (HF = 0.77 and 2.80 cm). Spec- 
imens 4a and 4c were, respectively, grown at 8 /.tin s -j 
with Gt = 75 K cm -1 and at 30/xm s -~ with Gt = 17 K 
cm -~. Figure 2 shows transverse microstructures from these 
specimens. The lower magnification views are of the entire 
cross sections, and the higher magnification views show the 
primary dendrites. Their microstructures are similar. The 
primary dendrites are uniformly distributed across the entire 
specimen cross section, except for the small tin-rich freck- 
les indicated by the arrows. There are two freckles in Figure 
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Fig. 3--Infiuence of  the mushy zone length on the longitudinal 
macrosegregation for constant primary dendrite spacings (specimen 4a: C o 
= 33.4 at. pet Sn, ,~ = 166/~m, H F = 0.77 cm; and specimen 4c: C o = 
34.0 at. pct Sn, A~ = 172 p, rn, H F = 2.80 cm). (a) Macrosegregation along 
the length of  the directionally solidified specimens. (b) Macrosegregation 
profiles within the quenched mushy zone: (i) specimen 4a and (ii) 
specimen 4c. 

2(a) and one in Figure 2(b); all are located at the crucible 
wall. 

Figure 3(a) is a plot of (C~ - Co) vs fraction solidified 
for specimens 4a and 4c. For an improved clarity of pres- 
entation, the data from the quenched liquid portions of the 
specimen are not included in Figure 3(a); only the data from 
the directionally solidified portions are included. Specimen 
4c, grown with the larger mushy zone length (HF = 2.8 
cm), has less longitudinal macrosegregation than specimen 
4a ( / - / g  = 0.77 cm). This observation suggests that a longer 
mushy zone would reduce the extent of thermosolutal con- 
vection. 

The preceding observation is further confirmed by ex- 
amining the solute content in the quenched mushy region 
of the two specimens, shown in Figures 3b(i) and b(ii). 
Locations of the mushy zone at the time of quench are also 
indicated in these figures. The filled symbols represent the 
quenched melt portion ahead of the array tips. The open 
symbols represent the tin content in the directionatly solid- 
ified portion and also the average tin content of the solid 
plus interdendritic liquid in the mushy region. The com- 
position in the directionally solidified portion, the average 
solid plus liquid composition in the quenched mushy zone, 
and the composition in the quenched melt would be ex- 
pected to be identical for a diffusive solutal transport. In 
addition, one would expect the variation of tin content in 
both specimens to be identical in the absence of convection. 
Thermosolutal convection, however, has caused the average 
solute content of the mushy region to rise from the base of 
the dendrites toward their tips, with most of the buildup 
confined to the top 30 pct of the mushy zone. This solutal 
buildup is greater for the specimen with the smaller mushy 
zone length, 4a (from 34.8 to 40.2 wt pct Sn) compared to 
specimen 4c (from 33.8 to 36.8 wt pct Sn). 

B. Influence of Primary Dendrite Spacing 

1. Freckles 
Figures 4(a) through (d) show low magnification, trans- 

verse views of the specimens studied for examining the 
influence of primary dendrite spacings on the longitudinal 
macrosegregation. These sections are from the directionally 
solidified portions, in the immediate vicinity of the 
quenched mushy zone. These alloys were of similar com- 
position, Co = 26.9 _+ 3.4 wt pct tin. Their mushy zone 
lengths at the time of quench (HF) w e r e  also approximately 
similar, varying from 1.28 to 1.90 cm. Other details of the 
growth conditions and microstructures are presented in Ta- 
ble I. There was a systematic variation in their primary 
dendrite spacings, with 3d (155/~m), 3b (164/~m), 3c (185 
/zm) 3f (208 ~m), and 3g (240 /~m). Distributions of pri- 
mary dendrites were uniform across the specimens, except 
for the tin-rich freckles, which are marked by arrows in 
Figure 4. The specimens with the smallest primary dendrite 
spacings (3d and 3b) did not contain freckles (Figures 4(a) 
and (b)). Specimen 3c contained two freckles, which were 
located at the crucible wall (Figure 4(c)). The specimens 3f 
with larger primary dendrite spacings showed freckles in 
the interior of the specimen (Figure 4(d)). The specimen 3g 
(figure not shown here) also showed one freckle which was 
located in the interior of the specimen. It was observed that 
the number of surface freckles remained constant, and their 
relative position did not change much during directional 
solidification. In contrast, two internal freckles formed in 
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(a) (b) 

(c) (a) 

Fig. 4--Transverse microstructures of  the Pb-26.9 _+ 3.4 wt pct Sn alloy, direetionally solidified to yield increasing primary dendrite spacings. Growth 
conditions are given in Table I (a) Specimen 3d: A t = 155 /zm; (b) specimen 3b: A~ = 164 /xm; (c) specimen 3c: A~ = 185 ~m; and (d) specimen 3f: 
A~ = 208 ~m. 

specimens 3f and 3g in the beginning, and they merged to 
one freckle for the remainder of the directionally solidified 
length. 

It has been suggested that the location of the channel 
segregates depends on the macroscopic shape of the liquid- 
solid interface near the tips of the dendrite array. The chan- 
nels form in the interior of the specimen for the interfaces 
which are concave toward the melt. They form on the ex- 
terior surface for the convex interfaces. Examination of the 
longitudinal microstructures at the quenched liquid-solid in- 
terfaces did not reveal any such curvature in these speci- 
mens. In a previous study on Pb-Sn alloys with larger 
diameters [61 (3.8 vs 0.7 cm in this study) and larger primary 
arm spacings (280 to 380 vs 150 to 240 p~m in this study), 
the freckles were located in the interiors. It appears from 
this study that the location of the freckles, whether in the 

interior or on the outer periphery, is determined by the pri- 
mary dendrite spacings. Larger primary dendrite spacings 
favor freckles in the interior, but a more systematic study 
with various mold diameters and primary arm spacings 
would be required to confirm this observation. 

2. Macrosegregation 
Figure 5(a) shows the influence of primary dendrite spac- 

ings on the extent of longitudinal macrosegregation for al- 
loys with approximately similar compositions (Co = 26.9 
___ 3.4 wt pct tin). Data from the initial transient portion 
(fraction solid < 0.2) and quenched liquid portion have not 
been included in this figure for the sake of clarity of pres- 
entation. Multiple data at a given f represent the variation 
in the tin content in the radial direction. Chips obtained by 
machining the specimen in a lathe were used to obtain these 
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Fig. 5--Effect  of  primary dendrite spacings on the longitudinal macrosegregation for nearly constant mushy zone lengths (specimen 3d: Co = 27.0 at. pct 
Sn, HF = 1.51 cm; specimen 3b: Co = 23.7 at, pct Sn, HF = 1.45 cm; specimen 3c: C o = 23.4 at. pct Sn, HF = 1.28 cm; specimen 3f: C. = 30.3 at. 
pct Sn, Ha = 1.90 cm; and specimen 3g: Co = 27.1 at. pct Sn, H F = 1.89 cm), The primary dendrite spacings are indicated in the figures, (a) 
Macrosegregation along the length of the directionally solidified specimens. (b) Macrosegregation profiles within the quenched mushy zone (open symbols). 
Filled symbols indicate the composition o f  the melt at the time of quench. The mushy zones at the time of  quench are indicated schematically. (i) specimen 
3d (A~ = 155 /xm) and (ii) specimen 3f (A~ = 208 /~m). 

data. Specimens 3d (A1 = 155/zm) and 3b (At = 164/zm), 
with nearly identical macrosegregation profiles, show the 
least amount of longitudinal macrosegregation. Macrose- 
gregation increases as the primary arm spacings increase 
from 164 to 240 /zm. The extent of macrosegregation is 
also associated with the presence of freckles and their sizes. 
Specimens 3d and 3b, with no freckles (Figures 4(a) and 
(b)), showed little longitudinal macrosegregation. Specimen 
3c, with two small surface freckles (Figure 4(c)), showed 
more macrosegregation. Specimens 3f and 3g, with one rel- 
atively large internal freckle (Figure 4(d)), showed the max- 
imum macrosegregation. 

Figures 5b(i) and b(ii) show the influence of increasing 
primary arm spacings on the solutal profiles in the 

quenched mushy zone. The filled symbols represent the 
quenched melt portion ahead of the array tips. The open 
symbols represent the tin content in the directionally so- 
lidified portion and also the average tin content of  the 
solid plus interdendritic liquid in the mushy region. Sim- 
ilar to the behavior described earlier (Figures 4b(i) and 
b(ii)), the compositions of  the directionally solidified por- 
tion, of the mushy region, and of  the quenched melt por- 
tion are nearly identical for specimen 3d, in which very 
little longitudinal macrosegregation was observed (Figure 
5(a)). On the other hand, there is a large solute buildup in 
the mushy region of  specimen 3f, which showed extensive 
longitudinal macrosegregation (Figure 5(a)). As shown in 
Figure 5b(ii), the tin content for this specimen increased 
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from 28.4 wt pct at the base of the dendrites to 40.4 wt 
pct near the array tips. 

IV. DISCUSSION 

A. Solutal Rayleigh Number and Characteristic Length 
Scale 

Onset of thermosolutal convection and its influence on 
solutal redistribution has been extensively investigated for 
directional solidification of binary alloys with a planar liq- 
uid-solid interface.t7.81 However, these phenomena for den- 
dritic microstructures are not as well understood. Since the 
morphology of the mushy zone (interdendritic volume frac- 
tion liquid and permeability) and the interdendritic convec- 
tion are coupled with each other (each affects the other), 
an accurate numerical analysis of the phenomena has not 
been possible. Poirier and co-workers t91 have recently at- 
tempted to analyze this process by using the well-known 
nondimensional fluid mechanics parameters. Some of these 
parameters, such as the Prandtl and Schmidt numbers, are 
determined solely by the alloy physical properties. Whereas 
others, such as thermal and solutal Rayleigh and Darcy 
numbers, are dependent upon the growth conditions and the 
mushy zone morphology. The thermal and solutal Rayleigh 
numbers, defined as Rat = got ATI-P/K~u and Ras = 
g/3ACtP/Dtv, are generally used to describe the onset of 
convection in the melt.tr.8,gl Here, a and/3 are the thermal 
and solutal coefficients of volumetric expansion, K t and D~ 
are the thermal and solutal diffusivities, and v is the kine- 
matic viscosity of the melt. The temperature and compo- 
sition differences which drive the convection are AT and 
AC. The other parameters are g, the acceleration due to 
gravity, and H, the characteristic length scale. For a planar 
liquid-solid interface, D/R has been assumed to represent 
the characteristic length,V01 where R is the growth speed. 
However, for the dendritic arrays, there are three length 
scales which may be used as the characteristic length, the 
ampoule diameter (d), the mushy zone length, as used in 
Reference 9, and the primary dendrite spacing (A0, as used 
in Reference 6. Which one is the most appropriate to de- 
scribe the interdendritic thermosolutal convection? As 
shown by Duval,tm identification of the proper length scale 
in the Rayleigh number is very important in order to ac- 
curately predict the onset of the natural convection in a 
contained fluid column. In case the characteristic length is 
not properly selected, contrary to the usual expectation, the 
increasing Rayleigh number may not yield more instability, 
i.e., more intensive convection. 

For our experiments, we can use AT and AC to he, re- 
spectively, the temperature and composition differences be- 
tween the tip and the base of the mushy zone. Use of the 
physical properties for the Pb-Sn alloys, a = 1.15 • 10 -4 
K -1, K = 1.08 • 10 -5 m 2 S - 1 ,  /.' = 2.47 X 10 -7 m 2 s -1,/3 
= 5.2 • 10 -3 wt pct -~,/)1 = 3 X 10 -9 m 2 s -~, yields the 
thermal and solutal Rayleigh numbers to be 4 • 108 (AT)H 3 
and 7 • 1013 (AC)/-P (the Pb-Sn properties have been taken 
from Reference 6). Since Ras is several orders of magnitude 
larger than Rar~ we will examine our macrosegregation data 
with respect to Ra,. Figure 6 plots the extent of longitudinal 
macrosegregation vs Ra, in order to identify the most ap- 
propriate length scale, H. Data from Table I and from Ref- 

erence 1 (specimens SN001, la, 5a, and 5b) have been used 
in Figure 6. Here, the extent of the macrosegregation has 
been defined as the difference between the compositions at 
fraction solid ~ )  equal to 0.60 and 0.20. The crucible di- 
ameter (d), the mushy zone length (HF) , and the primary 
dendrite spacings (A1) have been used as H to obtain the 
corresponding solutal Rayleigh numbers, Rsd (Figure 6(a)), 
Rsn (Figure 6(b)), and Rs~ (Figure 6(c)). Use of crucible 
diameter (Figure 6(a)) and mushy zone length (Figure 6(b)) 
does not yield any correlation between the extent of the 
longitudinal macrosegregation and solutal Rayleigh num- 
ber. Only the use of the primary dendrite spacing as the 
characteristic length (Figure 6(c)) yields the expected be- 
havior, i.e., increasing solutal Rayleigh number resulting in 
an increased longitudinal macrosegregation due to more in- 
tense interdendritic convection. This suggests that the ap- 
propriate length scale to describe convection in the mushy 
zone is the primary dendrite spacings. 

B. Influence of Convection on Primary Dendrite Spacings 

Analyticalt12-151 and numerical v61 models have been pro- 
posed in the literature to predict the dependence of primary 
dendrite spacings on growth speed, thermal gradient, and 
alloy composition. Hunt vn proposed the following analyt- 
ical relationship to predict the primary dendrite spacings, 
AI: 

(A~) 2 = 4V~ [(~/Gc)-1] (DJR) r, [1] 

where G'c is the solutal gradient in the melt at the dendrite 
tips, Gc is the solutal gradient in the interdendritic melt, and 
r, is the dendrite tip radius. Several approaches have been 
taken to obtain the tip radius value required in relationship, 
[1] e.g., assumption of minimum undercooled dendrite 
tip,t~2.131 assumption of parabolloidal dendrite tip shape cou- 
pled with the tip stability criterion,t~"l and assumption of 
ellipsoidal dendrite tip shape coupled with the marginal sta- 
bility criterion.USJ All these models assume diffusive ther- 
mal and solutal transport and do not take convection into 
account. Since convection is expected to influence the so- 
lutal profiles at the tip and also the composition gradient in 
the interdendritic melt, the primary dendrite spacings are 
expected to be influenced by convection. The convection 
would also influence the tip radius and, hence, the primary 
dendrite spacings. However, it is not apparent as to which 
one of these two convective flows, the one in the interden- 
dritic mushy region or that in the melt immediately ahead 
of the dendrite tips, has a more dominant influence on the 
primary dendrite spacings. Even though the two fluid flows 
are coupled, it is possible to examine their effects separately 
by comparing the experimentally observed primary dendrite 
spacings with those predicted from the theoretical models. 
In the following, we will use the model due to Hunt.t121 
(We will use the effective thermal gradient, G,Vn instead 
of G~ to account for the different solid and liquid thermal 
conductivities and the heat of fusion.) This model assumes 
minimum undercooling at the dendrite tips to obtain the 
dendrite tip radius and includes the interaction between the 
neighboring dendrites in its analysis. However, the purpose 
here is not to examine the validity of the various theoretical 
models, but to compare the primary dendrite spacings ob- 
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Fig. 6~-Dependence of  the longitudinal macrosegregation on the solutal Rayleigh numbers, based on the characteristic length (H) being equal to (a) 
crucible diameter, (b) mushy zone length, and (c) primary dendrite spacings. 

served under increasingly convective growth conditions 
with those expected in the absence of convection. 

1. Convection due to solutal buildup at the dendrite tips 
It has been shown earlier ~l that directionally solidified 

Pb-10 wt pet Sn specimens grown at 1 10 K cm -~ and 10 
/zm s -1 do not show any longitudinal macrosegregation, 
suggesting minimal interdendritic convection. However, as 
the growth speed was decreased, the extent of longitudinal 
macrosegregation increased due to the convection caused 
by the solutal buildup in the melt ahead of the dendrite 
tips.t2I Since increased tin content results in reduced melt 
density, the solutal buildup causes convection in the melt 
ahead of the dendrite tips, which results in an increased 
longitudinal macrosegregation. For a diffusive solutal trans- 
port, the solutal buildup (C 1 - Co) increases with the in- 
creasing value of DIG/RATo,tI~ ~61 where AT o is the alloy 

freezing range. The parameter D~ G/RATo, therefore, can be 
used to represent the extent of convection caused by the 
solutal buildup at the tips. Figure 7(a) plots the ratio of the 
experimentally observed and the theoretically predicted pri- 
mary dendrite spacings as a function of D I G/RAT o. These 
data have been taken from Reference 4. (Only the dendritic 
morphology specimens from Reference 4 are included; the 
cellular morphology specimens are not included.) Figure 
7(a) shows that at large growth speeds, low DIG~RAT o 
value, there is an excellent agreement with the analytical 
model. However, there is a systematic decrease in the pri- 
mary dendrite spacing ratio with the increasing DIG~RAT o. 
Increased convection ahead of the dendritic tips results in 
reduced primary dendrite spacings. Growth under the max- 
imum solutal buildup (the morphology became cellular for 
D~ G/RAT o > 0.34141) condition results in about 16 pct de- 
crease in the arm spacings due to convection. 
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2. Convection due to the interdendritic solutal profile 
The specimens 3d, 3b, 3c, 3t, and 3g (Table I) were 

directionally solidified with DIG~RAT o values which are 
much less than 0.04, i.e., insignificant solutal buildup at the 
dendrite tips. The longitudinal macrosegregation is there- 
fore caused mainly by the interdendritic convection. Figure 
7(b) plots the ratio of the experimentally observed and the 
theoretically predicted primary spacings as a function of 
(CFs=o6 -- CFS=O2), the extent of longitudinal macrosegre- 
gation. As mentioned earlier, the increasing (CFs=o6 -- 

CFS 02) indicates larger intensity of the interdendritic con- 
vection. The primary dendrite spacings for small convection 
(small macrosegregation values) are about 95 pct of those 
predicted theoretically. However, there is a systematic de- 
crease in the arm spacing ratio with increasing convection, 
represented by the larger values of (CFs=O.6 -- CFS=O2). The 
growth condition with the highest (CFs-06 -- CFS o2) value, 
i.e., the maximum convection, yields arm spacing which is 
only 30 pct of the theoretical predictions. For specimen 3g, 
the experimentally observed primary dendrite spacing is 
only 240 pm, as compared with the theoretically predicted 
value of 869/zm. The 869-pm value is based on Co = 27.1 
wt pct tin, the overall solute content of the specimen. If we 
use the tin content of the quenched melt, 40.3 wt pct Sn, 
as the alloy composition, the predicted arm spacing would 
be even larger, about 962 ~m. 

A comparison between Figures 7(a) and (b) suggests that 
for the dendritic morphologies, the interdendritic convec- 
tion has significantly larger impact on the primary ann 
spacings as compared with that caused by the solutal 
buildup. This observation is in agreement with a recent low 
gravity experiment, I~81 where primary arm spacings were 
observed to be about 4 times larger in the low gravity spec- 
imens as compared with those grown terrestrially. How- 
ever, the role of convection in determining the dendrite tip 
radius still remains unanswered. The relationship due to 
Hunt E~21 would indicate that at least for a diffusive transport, 
decrease in the primary arm spacings would be accompa- 
nied by a reduction in the tip radii. Since convection de- 
creases the primary arm spacings, one would expect a 
corresponding decrease in the tip radius. During free 
growth of dendrites, it is well established that convection 
does reduce the dendrite tip radius.t~91 However, during con- 
strained growth, the influence of convection on the tip ra- 
dius has not been studied. Experiments are currently in 
progress to determine this. 

V. CONCLUSIONS 

In this study, we have examined the macrosegregation 
resulting from the thermosolutal convection in the inter- 
dendritic melt during steady-state columnar growth of lead 
dendrites in hypoeutectic Pb-Sn alloys, in a positive thermal 
gradient. The following conclusions can be drawn. 

1. Directional solidification of hypoeutectic Pb-Sn alloys, 
with the melt on top and the solid below, results in gravity 
induced thermosolutal convection in the mushy zone. This 
produces macrosegregation along the length of the direc- 
tionally solidified specimen. The extent of macrosegrega- 
tion increases with increasing primary dendrite spacings for 
a constant mushy zone length. For constant primary den- 
drite spacings, the macrosegregation decreases with increas- 
ing mushy zone length. 
2. The interdendritic thermosolutal convection is signifi- 
cant only within about 30 pct of the mushy zone length, 
near the dendrite tips. 
3. The primary dendrite spacings should be used as the 
characteristic length scale in defining the solutal Rayleigh 
number during columner dendritic growth. This yields the 
expected behavior, i.e., increasing Rayleigh number result- 
ing in more intense convection and causing more macro- 
segregation. 
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4. Primary dendrite spacings show a systematic decrease 
with increasing convection. However, the convection in the 
interdendritic mushy zone has significantly more influence 
on the spacings as compared to that in the overlying melt, 
immediately ahead of the dendrite tips. 
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