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ABSTRACT 

Accurate values for the permeabilities of 

dendritic structures are necessary for the accurate 

modeling of the interdendritic flow in solidifying 

alloys. Ingots of a Pb-15 wt. pet. Sn composition were 

grown utilizing directional solidification. Samples were 

taken from these ingots and heated to 186°C so that the 

liquid volume fraction was approximately 0.10. They were 

then subjected to flow in a falling head permeameter, 

using a liquid with a composition approximately equal to 

the interdendritic liquid. The primary dendrite arm 

spacing was varied from 120 to 225 microns, and the 

direction of flow was tested for both parallel and normal 

flow with respect to the primary dendrites. The results 

showed that permeability varies approximately with the 

fifth power of the primary dendrite arm spacing. The 

permeabilities for the flow normal to the primary 

dendrite arms were always less than that for parallel 

flow, showing that the permeability of the columnar 

dendritic structure is anisotropic. 

xi 



CHAPTER 1 

INTRODUCTION 

The study of macrosegregation has attracted a good 

deal of attention in metallurgy for many years. 1-13 in 

particular, emphasis has centered on the determination of 

the causes and the prediction of channel-segregation 

defects, such as V-segregates and A-segregates.1^-25,41-42 

V-segregates take the form of v-shaped bands of material 

found in some castings and ingots. A-segregates are 

solute-rich streaks found in more nearly vertical orienta

tions in the upper and outer portions of an ingot.26 They 

are usually pencil-like in shape and extend from the 

columnar into the equiaxed region in large ingots.^ 

The segregates are rich in alloying elements and 

impurities because they form from the last liquid to freeze 

during ingot solidification. Such localized segregates 

represent a formidable defect in the bulk material and 

may be the cause for the casting or ingot to be unsuitable 

for its intended purpose. For this and other reasons, the 

prediction and associated prevention of segregation is 

desirable. 

1 
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The most important phenomenon responsible for 

segregation is the flow of interdendritic liquid during 

solidification.1-3*6-9,14,16-22,24 This flow results from 

solidification shrinkage (or expansion) and natural 

convection, which is due to both compositional and thermal 

gradients in the interdendritic liquid within the solid-

liquid regions of a solidifying alloy. Although this flow 

is generally small in comparison to the convection in the 

bulk liquid regions, the long solidification times inherent 

in large ingots and castings can cause significant cumula

tive effects of the convection on macrosegregation.1^ 

However, the flow of the interdendritic liquid is, by its 

very nature, impeded by the dendrites. It is the permea

bility of this porous structure that determines the magni

tude of the flow of the interdendritic liquid. For this 

reason, the study of the permeability of the dendritic 

array is vital for the accurate modeling of the interden

dritic flow and macrosegregation in castings and ingots. 

Many studies of macrosegregation have been conduct

ed by assuming a permeability for the dendritic structure, 

modeling the flow, and comparing the calculated results 

with experimental observations. From such comparisons, 

the permeability was updated during repeated calculations 

in order to obtain good agreement between calculated and 
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experimental results.10~13 This was necessary due to 

the lack of data on permeability and its relationship to 

the morphology of the dendritic region. An appropriate 

summary was delivered at a recent conference by Mehrabian, 

who said: 

"Finally, the calculation of interdendritic fluid 
flow requires the selection of permeability values 
as a function of volume fraction solid and struc
ture in the mushy zone. Few permeability measure
ments have been made to date, and this area remains 
a major weak link between theory and experiment." 

The goals of this research were to extend the present data 

base for permeability of dendritic structures and to relate 

permeability to the morphology of the dendrites. 



CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

2.1 Permeability 

Almost all porous solids used in the various fields 

of engineering are characterized in one way or another by 

the ease or the difficulty with which a fluid can flow 

through the permeable solid. The selective permeability 

of the membranes in artificial kidneys to various sub

stances is crucial to its operation. The pressure drop 

across the sand-bed filter of ordinary swimming pools 

determines the size of pump needed to overcome the resis

tance of the filter. The nuclear industry is currently 

very interested in the permeability of various geological 

structures under consideration for the storage of long-

lived, high-level radioactive waste. While the above 

considerations have immediate and obvious practical 

consequences, the permeability of the dendritic structures 

in solidifying alloys is also significant, though perhaps 

not as immediately evident to anyone except metallurgists. 

The techniques used to determine the permeability 

of the dendritic structures are not unlike those used for 

4 
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rocks, membranes, or sand-bed filters. All the techniques 

require the monitoring of fluid flow through the porous 

media under the influence of a pressure gradient. The 

usual empirical relationship used to describe this flow 

is D'Arcy's Law, which relates the density and viscosity of 

the fluid and the applied pressure gradient to a so-called 

specific permeability. The permeability quantifies the 

conductance of flow which the porous media imposes upon the 

fluid and is the subject of this research project. 

2.2 Permeability Testing Methods 

Some of the techniques used to measure the permea

bility of the dendritic structures were borrowed from 

methods used in the study of soils. Takahashi used 

the technique of forming a hole in the solid-liquid 

region (at the test temperature) of an Al-2.4 wt. pet. Si 

alloy and monitored the rate at which the cavity filled up 

with liquid originating from the neighboring regions.2? 

This is the so-called "seepage" method. The apparatus used 

is shown in Figure 2.1. This technique requires no 

external pressure gradient, and its implementation is 

fairly simple. However, the analysis of the data is 

somewhat complex, and capillary forces must be negligible. 



Figure 2.1 

6 · 

8 

Diagram of experimental apparatus 
used by Takahashi27 to estimate t he 
fluidity of the liquid in the solid
liquid zone. 

1) Quartz tube, 2) Thermocouple, 
3) Graphite crucible, 4) Cylindrical 
hole, 5) Solid-liquid zone, 6) Probe, 
7) Electric Furnace, and 8) Indica
ting lamp. 
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The latter factor was not considered by Takahashi, and 

accordingly his results are suspect. 

Another technique involves forcing the fluid though 

the media under some external pressure. Apelian et al. 

removed the interdendrltic liquid from an Al-4 wt. pet. Si 

alloy and then tested the resultant porous mass with a 

permeameter using water as the test fluid (Figure 2.2).28 

Prior to Apelian et al., Piwonka and Flemings created a 

similar porous structure in an Al-4.5 wt. pet. Cu alloy, 

but for the test fluid they forced molten lead or nitrogen 

gas through the dendritic media using the setup shown in 

Figure 2.3.29 In these latter two works, the fluid 

composition did not match the composition of the original 

interdendritic liquid. It is also possible that in the 

process of displacing the interdendritic liquid from the 

partially solid alloys the dendritic structures could have 

been distorted. 

The third and commonly used method for measuring 

the permeability of porous structures utilizes the so-

called "falling head" permeameter. Murakami et al. used 

the set-up sketched in Figure 2.M to test borneal-paraffin 

organic "alloys."30-32 jhe fluid used for the test is in 

the chamber labeled "A." It flows through the sample, 

"B," and ends up at "C." The fluid used in the test was 



8 
10" BLIND SAFElY 

WATER 
FOR RF 

COILS 

10 VOLIME 
CHANGE DEVICE 
( FLUID OUTLET ) 

+ PRESSURE Hz 

Figure 2. 2 

FLANGE VALVE 

(a) 

PRESSURE OFFEAENTIAL 

• H1- Hz 

{b) 

TO VOLUME 
CHANGE DEVICE 
( FLUID INTAKE ) 
+ PRESSURE H 1 

Schematic diagrams of (a) the appara
tus to remove the interdendritic 
liquid from a test specimen and 
(b) the permeameter used by Apelian 
et a1.28 



9 

THERMOCOUPLE , 
---t,l•t---

PROBE·-... 

. : -; 

Figure 2.3 

4--+--- STEEL TUBE 
112"1. D. 

FURNACE 

MOLTEN 
LEAD 

SEAL 

AL-4.5°/o 
Cu ALLOY 

REDUCED 
SECTION 
31t6" I.D. 

Schematic diagram of apparatus 
employed by Piwonka and Flemings29 to 
measure the flow rate through 
semisolid alloys. 



Figure 2.4 

10 

Sc hematic d i agram of apparatus used 
by Murakami et al.30-32 for permea
bility measurements. 

A) Test fluid, B) Test sample, 
C) Final test fluid, and D) Original 
interdendritic fluid. 
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water with a wetting agent; again a fluid altogether 

different from the actual interdendritic liquid was 

employed. 

All of the major shortcomings of the previous 

experimental setups were avoided by Streat and Weinberg. 

They also used a falling head permeameter, as seen in 

Figure 2.5. In their experiments, liquid with a composi

tion similar to that of the interdendritic liquid flowed 

through a partly solid, Pb-20 wt. pet. Sn alloy. Since the 

composition of the test fluid and the interdendritic liquid 

matched, the flowing liquid exhibited minimal reactivity 

with the dendritic structure, and the flowing liquid was 

impeded by a representative dendritic structure. In the 

other studies, in which the test fluid did not match the 

original interdendritic fluid, the removal methods used to 

displace the original fluid were not 100 percent effective 

due to a certain amount of wetting of the dendrites. The 

liquid left behind was estimated to be as much as 90 

percent (by volume) of the total liquid.28 

2.3 Available Data to Date 

The data to date resulting from the previously 

mentioned papers is minimal and in some cases conflicting. 

Some of the researchers looked only at how permeability, K, 

was affected by volume fraction, gj_, or weight fraction 
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argon 

2.35 cm 

Figure 2.5 Schematic diagram of the permeameter 
used by, Streat and Weinberg.^0 

A) Test sample of Pb-20 wt. pet. Sn, 
B & C) Test fluid of Pb-55 wt. pet. 
Sn, and D) Open standpipe. 
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liquid, f*i, in the sample. Streat and Weinberg studied the 

variation of K with the primary dendrite arm spacing, 

d-i.^O With di in the range of 28 to 175 microns and with 

g1 constant at 0.19, they measured K for flow parallel to 

the primary dendrites in directionally solidified samples. 

They concluded that K varied with the square of di (Figure 

2 . 6 ) .  

Takahashi determined that K varied with f^ to the 

power of from 7 to 10.6, depending on the cooling rate used 

in the solidified ingot (Figure 2.7).^7 The structures 

tested were equiaxed, but no accounting was made of the 

dendrite arm spacings. Moreover, he proposed that a 

minimum f^ of 0.2 to 0.3 was required to permit interden-

dritic fluid flow. Other researchers, however, contradict 

these values.28,29 Presumably, this is an artifact of the 

testing method. In particular, as mentioned in the 

Section 2.2, capillary forces were probably important and 

not accounted for. 

Apelian et al. found that for flow through porous 

dendritic networks K varies with the square of g^ for g^ 

less than 0.35 (Figure 2.8).28 Their work was with 

equiaxed structures, and g^ was in the range 0.06 to 

0.372. No effort was made to quantify the dendrite arm 

spacings, except in one run where d-j was reported as 1000 
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AI-4% Si 

AI-4%Si-25%Ti 

M 
E 
° -» 

m 
3C 

AI-4.5% CU(PIWONKA) 

.06 .1 .2 .6 1.0 3 

Figure 2.8 Measured specific permeabilities versus 
"actual" volume liquid, gLA» for 

wt. pet. Si-0.25 wt. pet. Ti, as measured 
by Apelian et al.2° 

Also shown are the specific permeabilities 
of A1-H.5 wt. pet• Cu measured by Piwonka 
and Flemings.2' 
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microns, and the secondary dendrite arm spacing, 62, was 

reported to be 280 microns. 

Piwonka and Flemings studied permeability with f*i 

ranging from 0.1 to 0.95 in equiaxed structures.29 They 

found that K varied with the square of f^ for fi less than 

0.35. For greater values of f]_, the power changed to 8.6 

(Figure 2.9). This latter value agrees somewhat with 

Takahashi. Again, the dendrite arm spacings in the test 

specimens were not reported. 

Murakami et al. measured permeability in direction-

ally solidified samples of borneol-paraffin "alloys."31 

With flow parallel to the primary dendrites, gi varied from 

0.27 to 0.606, di was 320 and 420 microns, and d2 was 90 

and 115 microns. They concluded that K was proportional to 

d-|2.2^2-1.7g±3>2 (Figure 2.10). They also investigated 

flow normal to the primary dendrites for di = 420 microns 

and dg = 90 microns and varied gi from 0.258 to 0.658. In 

this case, they concluded that K was proportional to 

d-j 1 • 3d22* ̂gi3»2 (Figure 2.11). 

Somewhat earlier, Murakami et al. examined flow 

normal to primary dendrites for d-| values of 320 and 420 

microns, d£ values of 90 and 115 microns, and g]_ values 

ranging from 0.272 to 0.630.30 They concluded that 
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Figure 2.9 Permeability versus fraction liquid 
for tests on Al-4.5 wt. pet. Cu 
alloys, as measured by Piwonka and 
Flemings.29 

Circles represent data obtained using 
nitrogen gas; crosses represent data 
obtained using molten lead. 
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Dependence of permeability on 
fraction liquid and dendrite arm 
spacings in the case of flow parallel 
to columnar dendrites, as measured by 
Murakami et al.31 
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K was proportional to approximately gi3«3d-|2. (Figure 

2 . 1 2 ) .  

Murakami et al. also studied the variation of K 

with gi and grain diameter in a mushy zone composed of 

equiaxed grains.32 The mean grain diameter was 180 microns 

and gi ranged from 0.27 and 0.48. They concluded that K 

varied with gi3«3. (Figure 2.13)-

Nasser-Rafi studied the effect of d-j, d2, and gi on 

K as well as the effect of flow orientation with respect to 

the dendrites. ̂3 From his five experiments with a volume 

fraction of liquid, gi, approximately equal to 0.20 and for 

flow parallel to the primary dendrites, he was able to 

confirm Streat and Weinberg's results. From four experi

ments with gi approximately equal to 0.28, his results 

indicated that K was proportional to d-|2 and gi%. From 

another four experiments performed with flow normal to the 

primary dendrites and g^ approximately equal to 0.20, K was 

0.06 - 0.20 the values of K for flow parallel to the 

primary dendrite arms. 

It is evident that more data are needed to deter

mine how K relates to both d-j and 62, as well as to gi. 

This is especially true for low values of gi (around 

0.10). Figure 2.14 summarizes the scope of the dendritic 

parameters used in permeability testing of columnar 
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structures. Data are also lacking to quantify the aniso

tropic nature of K with respect to the direction of flow 

relative to the primary dendrite arms. 



CHAPTER 3 

THEORETICAL CONSIDERATIONS 

3.1 D'ARCY'S LAW 

As mentioned in Section 2.1, D'Arcy's law is used 

to predict the flow velocity through porous media provided 

that the fluid does not react with the solid, thereby 

causing preferential channels to form, and that the flow is 

"creeping." 

For flow in one direction, D'Arcy's law can be 

stated as: 

v = KAP/yL (3-1) 

where v = bulk velocity of fluid in the porous media, 

y = viscosity of the liquid, 

L = length of the porous media, 

A P  = pressure drop across the media, and 

K = permeability of the porous media. 

It can be seen that it is only necessary to measure v under 

a known value of AP to get K. Naturally, it is assumed 

that y and L are known. In a later chapter, D'Arcy's law 

will be related to the specific test apparatus used and 

26 
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will be manipulated to show how K results from the experi-

mental data. 

3.2 Alloy Selection 

3.2.1 Solidification with No Solid-State Diffusion 

Dendritic so l i dification generally results in 

microsegregation that is the same as predicted by the 

application of theories of crystal growth under the 

conditions of no diffusion in the solid and complete 

di ffusion in the liquid.26 This is illustrated with the 

help of Figure 3.1, which i s applicable to both the growing 

of a single crystal or a sin gl e dendrite. While the size 

sca l e may be very different, the results are similar. Note 

t h at as the alloy solidifies, the composition of the 

remaining liquid increases to CE so t hat there is always a 

finite amount of eu tect ic mix ture whi ch forms at the end of 

solidification. Because there is no diffusion of solute in 

the solid, the s olute rejected by the solid formed can be 

equated wi th the solu te in crease in the l i quid as follows: 

(3-2) 

wher e CL = composition of solute in the liquid, 
weight percent, 

Cs * composition of the solute at the inter-= 
face in the solid, weight percent, and 

fs = weight fraction solid. 
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This process occurs until the eutectic temperature is 

reached; the liquid is of eutectic composition at this 

temperature, and the remaining liquid solidifies con-

gruent ly. A major result of this analysis is that the 

solidified alloy comprises the primary solid and a eutectic 

constituent . even though the equilibrium phase diagram may 

predict no eu t ectic when alloy composition is less that 

the s o l id solubility limit. 

This analysis also allows for the prediction of the 

amount of liquid present in an alloy at a particular 

temperature . By subs t ituting the equilibrium partition 

r atio, k, define d as Cs/CL, into Equation (3-2) and 

integrating with Cs * = kC 0 at f s = 0, the composition of 

the solid at the solid-liquid interface, Cs*, is related to 

the we ight fraction of solid by 

Cs * = kC 0 (1-fs)(k-1). (3-3) 

This can easily be rewritten in terms of the liquid 

composition and wei gh t fraction l iquid , ·f1: 

CL = Cofl (k-1 ). (3-4) 

These equations are often referred to as either the Scheil 

equation33 or as the Pfann equation34 by various authors. 

C0 and CL can be related to the melting point of the pure 

solvent, TM, the liquidus temperature of the alloy, TL, and 



30 

to the test temperature, T*, when the liquidus line has a 

constant slope mL, by the relationships: 

Co = QL__::__IML (3-5) mL 

CL 
(T* - TM) (3-6) = mL 

Substitution into Equation (3-4) yields the relationship: 

fL = 0-1/1-k (3-7) 

where 0 = TM - T* /TM - TL. From this equation, it can be 

seen that the fraction of liquid can be calculated for a 

gi ven test temperature. 

3.2.2 Experimental Consequences 

From the above analysis, the amount of liquid in a 

cast alloy raised to a temperature above its eutectic 

temperature can be calculated. For an alloy with a 

composition of Pb-15 wt ·. pet. Sn a nd heated to 1840C, the 

weight fraction liquid according to Equation (3-7) is 

0.129. Because of the above considerations, an alloy of 

Pb-15 wt .. pet . Sn was s e l ected to al low for approximately 

0.1 0 volu me f raction of li quid in the test specimens at 

1860C. The lead-tin phase diagram is shown in Figure 3.2. 

This temperature was chosen so that the alloy placed above 

the specimen would be completely liquid at the test 

temperature and would not be plagued by gravity segregation 
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during the remelting process, e.g., as investigated by 

Strangman and Kattamis.35 This phenomenon is prevalent in 

the remelting of two-phase alloys in which the solid phase 

is much denser than the surrounding liquid alloy. As 

a result, the solid falls to the bottom of the melt and the 

solute redistribution necessary for complete melting at the 

liquidus temperature is limited to diffusion across the 

bulk liquid. Streat and Weinberg1^ and Nasser-Rafi^3 

reported difficulties due to this phenomenon. 
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CHAPTER 4 

ALLOY PREPARATION 

4.1 Ingot Preparation 

4.1.1 Apparatus 

Suitable directionally solidified (DS) ingots 

of Pb-15 wt. pet. Sn alloys were prepared in an inverted 

Czochralski crystal puller (Figure 4.1). The puller had 

been previously modified for this purpose. The modifica

tions included adding a second, higher speed motor and 

sealing the bearings to prevent lubricant losses. With 

the lower speed motor, pulling rates of 0.0642 to 0.401 

cm/minute were possible and with the higher speed motor the 

pulling rates were from 0.738 to 1.74 cm/minute. The 

latter motor was also capable of reverse operation, 

permitting the crystal puller to be quickly reset in a 

matter of a few minutes for a new run. 

The furnace was a multi-tapped, Nichrome-wound tube 

furnace. Its length was 0.406 meters with a bore diameter 

of 6.3 centimeters, thus allowing for an ingot of up to 

0.406 meters to be produced. It had a total of eleven 
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Schematic diagram of the withdraw~l 
furnace used for growing direction
ally solidified (DS) ingots. 
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evenly-spaced taps, with the lower four taps connected to a 

power source and the upper four taps connected to another 

power source. These taps on the furnace were chosen to 

create a lower zone and an upper zone, with no heating in 

the center one-third of its length. This created a long 

plateau where the temperature was relatively constant with 

respect to distance along the furnace. A typical tempera

ture profile is shown in Figure 4.2. 

The mold was a 57 mm O.D., standard wall, Pyrex 

brand glass tubing, cut to 43.2 cm in length and fire 

polished at both ends. The originally manufactured end was 

attached to a water-cooled aluminum chill using a silicone 

rubber adhesive. The adhesive was applied in several thin 

layers, allowing several hours between applications to 

allow for curing in the ambient environment. 

4.1.2 Procedure 

After the mold was attached to the chill, the 

assembly was raised until the chill closed off the entrance 

to the tube furnace. The furnace was then energized and 

the temperature adjusted by utilizing two variable trans

formers as power supplies. The tube furnace and mold were 

allowed to warm up and stabilize for at least eight hours. 

Steady state conditions were generally achieved within six 

hours. 
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ingot growing furnace. 
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The lead and tin used were commercially pure and 

had assayed purities of 99.9*1% and 99.8%, respectively. 

For each ingot, they were weighed to an accuracy of 0.1 

grams and had a combined mass of approximately 7 kilo

grams. They were then melted in a stainless steel beaker 

inside an electric muffle furnace and heated to 375°C. The 

melt was stirred, and the thin oxide scum was scraped off 

the liquid surface. The melt was allowed to cool to 

approximately 330°C before pouring into the mold. The 

pouring was not continuous; instead, only 7.5 cm of the 

bottom of the mold was filled. A few seconds were allowed 

to pass, and another equal amount was added. After another 

similar break in time, the remaining liquid was added to 

the mold. This technique was required to reduce the 

incidence of mold failure due to thermal shock. 

After all of the liquid was transferred to the 

mold, the lowering motor was activated, and the cooling 

water for the chill was turned-on. Pulling times ranged 

from twenty-five minutes to over ten hours, depending on 

the speed setting of the motor. For very slow pulling 

rates, the liquid in the mold solidified after about 

one-half of the mold was pulled out of the furnace. 

However, the now solid ingot was allowed to complete the 

full pulling cycle. 



4.1.3 Ingot Characterization 

After the pull was completed, the tube furnace was 

raised, and the ingot was allowed to cool. A visual 

examination of the outside surface of the ingot revealed 

either a fully columnar or a partially columnar/partially 

equiaxed structure. After cooling, the silicone rubber 

seal was removed with a knife, and the mold was removed by 

twisting and pulling the mold up and off of the ingot. 

Mold stripping was facilitated by the shrinkage of the 

alloy and the lack of wetting to the glass. In a few 

cases, the mold was simply broken, and the ingot was 

twisted off the chill. 

The ingot was sectioned in a fashion shown by 

Figure 4.3. Samples were mounted with a cold-mount epoxy 

and metallographic specimens were prepared using standard 

techniques. These included initial grinding on a water 

cooled belt sander (80 grit silicon carbide) and wet 

grinding with 240, 320, 400, and 600 grit silicon carbide 

embedded papers. The specimens were then polished using 

0.3 micron and 0.06 micron size alumina powder in water on 

a rotating polishing wheel. 
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Figure 4.3 Sectioning of the directionally 
solidified (DS) ingot. 



40 

The polished samples were observed directly without 

the use of an etchant. The eutectic constituent was 

visible due to its greater hardness than the lead-rich 

matrix as well as due to the natural tarnishing of the 

latter phase (Figure 4.4). From these photomicrographs, 

the volume fraction eutectic within each alloy was deter

mined. A transparent sheet of plastic with a grid composed 

of twenty evenly-spaced vertical lines and twenty evenly-

spaced horizontal lines (a total of 400 intersection 

points) was placed upon the photomicrograph. The number 

of intersecting points which overlaid the eutectic consti

tuent were counted. Intersections which appeared to be 

precisely on the edge of a eutectic location were treated 

as only one-half of a count. The total count divided by 

400 was taken to be the volume fraction eutectic in the 

sample. 36 This was repeated an additional four or five 

times for a total of 2000 or 2400 points per specimen. 

After determining the volume fraction of the 

eutectic constituent, the specimens were etched with a 

50:50 (by volume) mixture of concentrated acetic acid and 

concentrated nitric acid. This was applied with a cotton 

swab and allowed to etch for thirty seconds before a tap 

water rinse. After drying with a blast of compressed air, 



Figure 4.4 Photomi crograph of polished and 
unetch ed DS ingot sample used for 
volume fraction of eutectic deter
minations--transverse view. 

Magnification: 50X. 
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the etching process was usually repeated until the lead-

rich dendrites were delineated (Figure 4.5). 

From the photomicrographs of the etched samples, 

such as shown for the transverse section in Figure 4.5, the 

average primary dendrite arm spacings (d.a.s.), d-|, were 

determined. The number of primary dendrites per area 

(actual area) was counted and the reciprocal square root of 

this value was taken to be the average primary dendrite arm 

spacing. This method was discussed at length by Jacobi and 

Schwerdtfeger.37 These resultant values will differ from 

those cited by Streat and Weinberg^ for an identical 

specimen due to their use of a different measurement 

technique. Their measurements were made along straight 

lines containing large numbers of dendrites. While 

Murakami et al.31 suggest that Streat and Weinberg's values 

need to be multiplied by a factor of square-root two, data 

from Jacobi and Schwerdtfeger37 would suggest that Streat 

and Weinberg's values are 7 percent higher than actual. 

Secondary dendrite arm spacings, d2, were deter

mined from photomicrographs of longitudinal sections. The 

determination was based simply on the number of secondary 

arms per unit length (true length). Primary dendrite arms 

that appeared to have a length of evenly spaced secondary 

arms were used for this analysis (Figure 4.6). 



Figure 4.5 
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Photomicrograph of polished and 
etched DS ingot sample used for 
primary dendrite arm spacing -deter
minations--transverse view. 

Magnification: 50X. 



Figure 4 . 6 
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Photomicrograph of polished and 
etched DS ingot sample used for 
secondary dendrite arm spacing deter
minations--longitudinal view. 

Magnification: 50X 
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Using the above techniques, primary and secondary 

dendrite arm spacings (d.a.s.) and the volume of fraction 

eutectic were determined with respect to location in the 

ingot from the chill end (Figures 4.7-4.9). It was seen 

that, within the range of experimental error, d-j was 

constant over a rather large length of the ingot. It was 

from those locations with a relatively constant d.a.s. that 

the test samples were removed. 

After the length of a test specimen for the 

permeameter was determined, it was machined using ordinary 

milling techniques. The two ends corresponding to the 

entrance and exit regions of the test liquid were refin-

ished by wet grinding with 240 through 600 grit silicon 

carbide embedded papers. This was done to minimize the 

subsurface deformations resulting from the milling pro

cess. Transverse slices above and below these locations 

were examined by metallographic techniques to determine the 

presence of "freckles" (i.e., channel-segregates). If an 

ingot had freckles, the ingot was not to be used in 

subsequent tests; fortunately in this research, none were 

encountered. However, other researchers21,42 working 

with similar alloys did encounter freckles and hence this 

check was done routinely. 
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Figure 4.7 Primary dendrite arm spacing versus 
dista nce from chill in DS ingots for 
vari ous pulling rates. 
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Figure 4.8 
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Volume percent of eutectic constit
uent versus distance from the chill 
in DS ingots for various pulling 
rates. 
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Figure 4.9 Vol ume percent of eutectic constit
uent versus ingot pulling rate for 
various distances from the chill end. 
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4.2 Supplementary Casting 

The liquid which flowed through the samples was 

chosen to have a composition corresponding to that of the 

interdendritic liquid of the test specimens. This composi

tion was Pb-61 wt. pet. Sn, approximately eutectic composi

tion. This composition and resultant temperature were 

partially a consequence of the casting technique. Oxida

tion in the muffle furnace, though slight, reduced what was 

initially to be a eutectic mixture to this final value. 

This value was confirmed from an analysis of the dross 

removed from the molten alloy's surface prior to casting. 

The pieces that were intended to be liquid at the test 

temperature (i.e., the "liquid pieces") were formed into 

the required shape by casting the liquid into the graphite-

coated permeameter, the open, front face of the permeameter 

having been covered with a graphite-coated brass plate (see 

Figure 4.10). The assembly was sealed with a thin layer of 

silicone rubber and held together with clamps. It was not 

necessary for the rubber to cure, because in this instance 

it acted only as a temporary sealant. The mold was 

preheated to above the liquidus temperature (186°C) before 

casting. The alloy for the "liquid pieces" had been 

previously melted and superheated in an electric muffle 
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furnace. After pouring into the permeameter, the alloy was 

water quenched, and the casting was removed. It was then 

cut to fit the permeameter below as well as above the test 

specimen. 



Figure 4.10 
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Photograph of permeameter fitted with 
test spe ci men and the associated 
" liquid pieces" as it appears prior 
to the start of an experiment. 

The test specimen is 
identifying codes in 
photograph. 

marked with 
the above 



CHAPTER 5 

PERMEABILITY TESTING 

5.1 Testing Method Employed 

Two different testing methods were used in this 

project, which was dependent upon the flow-rate of the 

liquid through the test specimen. They are referred to as 

the "Regulated Start" method and the "Spontaneous Start" 

method. 

5.1.1 Regulated Start 

The design of the permeameter was similar to those 

used by Nasser-Rafi^3 and by Streat and Weinberg.110 A 

falling head permeameter was constructed out of a plate of 

19 mm thick brass and machined to a shape as illustrated 

in Figure 4.10. A sample from an ingot (the solid-liquid 

region) was machined to fit within 0.0254 mm the width of 

the central chamber. It had a thickness 0.254 mm greater 

than the depth of the chamber. This allowed for the 

application of a thin layer of silicone rubber to act as a 

seal, as explained later. Above and below the ingot sample 

was placed an alloy whose composition was chosen such that 
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its liquidus temperature matched the testing temperature. 

As mentioned in a previous chapter, the alloy selected was 

slightly hypo-eutectic, with a liquidus temperature of 

186°C. 

The interfaces between the test sample and the 

liquid pieces were coated with a thin layer of a nonacti-

vated, rosin-based flux and allowed to dry before assembl

ing. The permeameter itself was coated with a thin layer 

of colloidal graphite to prevent the molten lead-tin alloys 

from wetting and soldering to the brass. Prior to fitting 

it with the test specimen and the associated "liquid 

pieces", the permeameter was baked at 275°C for 15 minutes 

to evaporate the volatiles in the colloidal graphite 

suspension. After the various alloys were placed in the 

permeameter, the edges of the partitions dividing the 

chambers were coated with a very thin layer of silicone 

rubber. This was allowed to set for 25 minutes in air 

(still soft, but not tacky to the touch), and this open 

front face was then closed off with flat glass plate with a 

thickness of 9.5 mm. Glass was used to allow for a visual 

indication that the experiment was progressing as planned. 

The glass plate was, in turn, clamped and allowed to set 

for at least an additional hour (see Figure 4.10). Earlier 

experiences with the silicone rubber proved troublesome. 



If the sealant cured for more than 25 minutes before the 

glass plate was attached, the sealant was too hard and did 

not flow enough to allow for good contact between the 

solid-liquid sample and the glass cover. As a consequence, 

the molten alloy above this region flowed past rather than 

through the test specimen, and the test results had to be 

discarded. If the sealant had not cured enough, it 

appeared to have reacted with the brass, leaching out the 

zinc, and formed gases that created a back pressure 

that forced the liquid below the test sample up through the 

central chamber. In those tests in which a large metallo-

static head was employed, the backside of the test specimen 

was coated with a very thin layer of silicone rubber that 

was subsequently allowed to thoroughly cure. This proce

dure reduced the incidence of leakage of the top liquid 

melt around the test sample by providing a liquid-tight 

barrier. 

The permeameter was originally designed to allow 

for the observation of two-dimensional flow through a test 

specimen. But in this work, the side-flow standpipe was 

blocked off so that one-dimensional flow was effected. 

The experimental setup was as depicted in Figure 

5.1. The permeameter was fitted into a Blue M Oven, 

equipped with a temperature controller to maintain the 
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Figure 5.1 Schematic diagram of permeability 
testing apparatus used in this 
research. 
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set-point temperature to within ±1°C. It utilized forced 

convection and was programmed for no "overshoot" of 

temperature during heating. The time required to reach the 

test temperature from room temperature was about forty-five 

minutes. An additional fifteen minutes was allowed after 

the "liquid pieces" reached the test temperature, as 

measured with a chromel-alumel thermocouple inserted 

directly into that alloy. 

The pointed, threaded rods served a dual purpose. 

First, they acted as valves to prevent the premature flow 

of metal up the standpipe. Second, they were used as 

height sensors to determine the height of the liquid column 

up the standpipe with respect to time. This was accomp

lished by electrically insulating the rods from the furnace 

and checking for electrical continuity between the permea-

meter and the rod with a piezoelectric buzzer and a 

six-volt power source connected in series with them (see 

Figure 5.1). The electrical circuit closed when the liquid 

metal reached the level of the tip of the rod. This 

activated the buzzer, and signalled the operator, who noted 

the time on a stopwatch. 

In order to determine the actual height of the 

liquid, before the start of an experiment, the threaded rod 

was lowered until the tip corresponded to the bottom of the 



solid-liquid sample. An adjustable marker was set at the 

top end of the rod to correspond to this preset height. 

The rod was lowered farther to shut the valve at the 

bottom of the standpipe. At the start of the experiment, 

the threaded rod was quickly raised to the preset posi

tion. When the liquid metal reached this height, the timer 

was started, and the rod was raised a predetermined 

distance. These distance intervals were determined prior 

to the experiment and were based upon a computer predic

tion of the flow rate of the liquid. Because the threaded 

rod had twenty threads per inch, each full rotation 

corresponded to 1.27 mm. Consequently, turns or fractions 

of turns were counted to obtain the height of the liquid in 

the standpipe versus time. This method allowed for a 

usable resolution of 0.075 mm. An example showing typical 

data during an experiment can be seen in Figure 5.2. 

5.1.2 Spontaneous Start 

An alternative testing method was employed in those 

experiments in which the resultant flow rates up the 

standpipe were extremely low, on the order of 0.005 mm/s or 

less. Because of the restricted diameter of the valve 

seat, the leading surface of the first amount of liquid to 

pass through the valve had the shape of a hemisphere that 

grew to fill the total cross-section of the standpipe and 
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Experimental data from a test giving 
liquid height versus time. 



eventually flattened to form a negative meniscus. However, 

in these slow-flowing experiments, the height of metal in 

the standpipe never reached this latter stage. As a 

result, the measured liquid heights were not directly 

relatable to the amount of flow through the test specimen, 

because the volume of the first amount of metal which 

flowed through the value was not known. To overcome this 

problem, the standpipe was fitted with a "liquid piece" of 

approximately 0.5 cm in length. The exact length was 

measured and subtracted from the initial liquid head. The 

apparatus was assembled as described in Section 5.1.1. The 

experiment was performed in a similar fashion except that 

the tip of the threaded rod was placed at the top of this 

standpipe casting, and the experiment began spontaneously 

when the various "liquid pieces" were in fact liquid. 

5.2 Preliminary Permeability Testing 

During the early portions of this research, an 

attempt was made to perform permeability measurements on a 

Pb-10 wt. pet. Sn alloy by selecting a test temperature 

whereby the weight fraction of the interdendritic liquid 

was 0.10, as determined by the Scheil equation. The 

appropriate calculations showed that a test temperature of 

219°C was required, corresponding to an interdendritic 

liquid composition of Pb-49.3 wt. pet. Sn. A total of nine 



experiments were performed, and no liquid was found 

to pass through any of the test specimens, regardless of 

the initial amount of liquid head above the sample, which 

was varied from 2.54 cm to 7.62 cm. It was for this 

reason that the ingot composition was changed to Pb-15 

wt. pet. Sn, which showed continuous bodies of the eutectic 

constituent in the microstructures. The Pb-10 wt. pet. Sn 

alloy showed eutectic bodies that were much more isolated 

and less continuous (Figures 5.3-5.4). The poor continuity 

of the eutectic constituent was thought to be responsible 

for the lack of flow. 



Figure 5.3 
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a 

b 

Photomicrographs of Pb-10 wt. pet. Sn 
sample from a directionally solidi
fied ingot pulled at 1.9 x 1Q-5 m/s. 

Magnification: 50X. a) Longitudinal 
view. b) Transverse view. 



Figure 5.4 
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a 

b 

Photomicrographs of Pb-10 wt. pet. Sn 
sample from a directionally solidi
fied ingot pulled at 6.7 x 1o-5 m/s. 

Magnification: 50X. a) Longitudinal 
view. b) Transverse view. 



CHAPTER 6 

DATA ANALYSIS 

6.1 Permeability Calculation 

D' Arcy's law can be written as: 

£ -K(vP - pg) (6-1) 

v&i 

where v = velocity of the interdendritic liquid, 

VP = pressure gradient in the porous media, 

p = density of the interdendritic liquid, 

v = viscosity of the interdendritic liquid, 

g]_ = volume fraction of the interdendritic liquid 
(porosity), 

g = gravitational acceleration, and 

K = permeability of the media. 

For one-dimensional flow in the x-direction, 

vy = vz = 0, 

VP = dP/dx, 

gy = g2 = 0, and 

8x = "g-

With these simplifications, Equation (6-1) becomes: 

Vy = -K (dP/dx + pg) (6_2) 
* It O 
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From the diagram of the permeameter, Figure 6-1, the 

pressure gradient is simply defined: 

dP/dx = (PL - P0)/L (6-3) 

where P0 = pressure at x = 0, 

PL = pressure at x = L, and 

L = length of the solid-liquid region. 

PL is a function of hi, which itself is a function of time: 

PL = Pa + Pghi 

where Pa = ambient pressure. 

Similarly, 

P0 = Pa + PS1 (6-5) 

where 1 is a function of time. Substituting Equation (6-4) 

and Equation (6-5) into Equation (6-3) gives: 

{6 .6)  

By combining Equation (6-6) with (6-2), an alternative 

relationship for fluid velocity is obtained: 

v* = IT -  ( 6 - 7 )  

The volume flow rate of metal which flows up the standpipe 

with an area a is equal to the volume flow rate through the 

porous media, with an area A. Therefore: 

a"ft = »-5ES'(ho " I' <6-8) 

The total liquid head, h0, can be restated as a function of 

1 by a suitable volume balance: 
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S/L ZONE 

Figure 6.1 Schematic diagram of permeameter that 
defines the variables of Chapter 6. 
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ho = ,i - (a/A)l 

where h0ji = initial value of h0. 

Substituting Equation (6-9) into (6-8) results in: 

(6-9) 

re = ^ ( 6 - 1 0 )  

This expression can be simplified by grouping and redefin

ing variables: 

B = (A/a) hQ ̂^ 

C = 1 + (A/a) 

E = K pg/y L 

Also let D = CE/K. 

Then 

By plotting ln[B/(B-Cl)] versus time, t, a line with slope 

DK results from which K is finally obtained. 

In this work the liquid viscosity, v, was 0.0312 

poise,38 and the liquid density, P, was 8.972 gm/cm3.39 

These transport properties are the appropriate values 

corresponding to the temperature and composition of the 

interdendritic liquid. For the particular permeameter 

employed, the A/a ratio was 4.257. 

1 t 

f §-hn- =E fdt 

0y o' 

and after integration and rearrangement: 

ln(rHr> • l-DK ( 6 - 1 1 )  
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6.2 Statistical Analysis 

6.2.1 Permeability 

Figure 6-2 shows the data of Figure 5-3 that were 

reduced to the form given by Equation (6-11). Figure 6-3 

is a similar graph from a "Spontaneous Start" experiment. 

Note that the curve is not the predicted straight line for 

a constant permeability. The permeability is derived, 

then, from those data immediately after the initial change 

in slope in the curve, as will be explained in more detail 

in the next chapter. The slope of this region is obtained 

utilizing the technique of a least squares linear regres

sion analysis. The number of points entered into this 

regression was dependent upon what effect the addition of 

new points would have on the correlation coefficient. A 

value of 1.0 for the correlation coefficient indicates a 

perfect fit; i.e., the dependent variable is directly 

proportional to the independent variable. On the other 

hand, a value of 0.0 indicates that no linear relationship 

exists between the two variables. Whenever possible (that 

is, in experiments with enough data), enough points were 

selected until the coefficient was less than 0.98. 
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Region III 

Region II 

Region I 

1000 1500 2000 2500 3000 3500 4000 4500 5000 
·rime. seconds 

Graph of experimental data from a 
"Regulated Start" experiment as 
transformed by Equation (6-11). 
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BOO 1 00 1600 
Time. seconds 

Graph of experimental data from a 
"Spontaneous Start" experiment as 
transformed by Equation (6-11). 
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6.2.2 Volume Fraction Eutectic 

The accuracy of the determination of the volume 

fraction eutectic, as obtained from a point count method, 

was calculated with the use of binomial statistics. For a 

two-constituent microstructure where the fraction of the 

minority constituent is 0, the probability that a certain 

point on the grid will overlay the constituent is also £. 

The probability of that grid point corresponding to the 

dominant constituent is (1-£). Thus the estimate of the 

volume fraction for the randomly distributed minority 

constituent (in this case, the eutectic constituent) is a 

random variable whose distribution has the mathematical 

form known as the binomial distribution and will conform to 

the applicable statistics.36 

The accuracy of the measured value of the volume 

fraction of eutectic was calculated with the following 

equation: 

100 Sd njM 1 - £) 

* - »~5r~ .» 1 (6-i2) 

where A = accuracy of measured volume fraction of second 
phase (percent), 

Sd = the standard deviations from the mean 
corresponding to the desired confidence level, 

n = number of points or intersections in the grid 
used, 

{5 = measured volume fraction of the minority 
constituent, and 
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N = number of applications of the grid to the 
photomicrograph. 

For a 95% confidence level, = 1.96, and for the grid 

employed, n = 400. N was either four or five. Equation 

(6-12) was derived from one presented by Abrams.36 From 

this equation, the relative error of the measurements of 

the volume fraction of eutectic was calculated to be 

between 13.5 and 14.5 percent. 

6.2.3 Dendrite Arm Spacing 

Since the primary dendrite arm spacing was deter

mined from the total number of dendrites counted in a 

photomicrograph, no statistical analysis per se could be 

carried out for each value obtained. However, the micro-

structure of one sample was photographed six times at 

several locations within the same sample, and the resultant 

dendrite arm spacings were compared. The results showed a 

dendrite count ranging from 185 to 206 at a magnification 

of 50X on a 3.5 by 4.5 inch photomicrograph, which trans

lates into a dendrite arm spacing of 144.3 ± 3.9 microns, 

giving a repeatable accuracy of within 2.7 percent. 



CHAPTER 7 

RESULTS AND DISCUSSION 

7.1 Parallel Flow 

As discussed in Section 6.1, the permeabilities 

were obtained from the slope of a line on a semi-log 

reduction of the experimental data showing liquid height 

versus time data. Examination of the curves from experi

ments using the "Regulated Start" technique showed three 

distinct regions (see Figure 6.2). 

Region I resulted from the liquid passing through 

the valve in the bottom of the standpipe, but it did not 

fill the total cross-sectional area. At first the liquid 

rose with a hemispherical meniscus which then flattened 

somewhat; finally the liquid filled the total cross-

section with a negative meniscus. Since the total cross-

section did not fill initially, the initial velocity up the 

standpipe appeared to be high, but was in reality due to 

the geometry of the meniscus of the first liquid that 

flowed through the valve. These observations could be made 

because the front plate on the permeameter was transparent 

glass. 
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Region II was the linear region of the test. The 

shape of the meniscus of the rising liquid in the stand-

pipe was unchanging, so that each additional increment of 

liquid filled the whole cross-section. It was from this 

region that the slope, which was used to calculate the 

permeability, was obtained. 

Region III exhibited a gradual reduction in the 

slope and, hence, permeability. The reduced permeability 

was probably due to a closing up of some of the flow 

channels due to the ripening of the dendritic structure. 

Because the amount of eutectic constituent in the ingots 

was more than the equilibrium amount, the solute diffused 

from the eutectic liquid into the lead-rich matrix with a 

corresponding decrease in the eutectic volume. Hence there 

was a reduction in the net width of the flow channels, or 

even the elimination of some. A process even more respon

sible for the change in the structure of the liquid 

channels is the tendency for the eutectic bodies to reduce 

their surface-to-volume ratio by becoming more globular and 

hence less continuous in shape. A study of the micro-

structure of post-experimental samples showed a decrease in 

the amount of eutectic as compared to their 

pre-experimental state (Figure 7.1). This helps to confirm 

the former hypothesis. A similar study of the longitudinal 
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view (parallel to the primary dendrites) shows that the 

eutectic constituent in the post-experimental samples does 

not exist as continuous constituent as it does in the pre-

experimental state (see Figure 7.2). This aids the 

confirmation of the latter hypothesis. 

Table 7.1 lists all of the experimental values of 

permeability for flow parallel to the primary dendrite 

arms. A few of the data listed were derived from experi

mental data that were not exactly similar to those depicted 

in Figure 6.2. The transition to Region II appeared to 

have occurred at a liquid height lower than the nominal 

height of the other experiments. These points were all 

from tests using the "Regulated Start" technique and were 

for samples with primary dendrite arms spacings of approxi

mately 120 microns. As a result, the flowrate of liquid up 

the standpipe was extremely low. The slopes used for the 

permeability determinations were obtained from data 

located in what appeared to be Region II (i.e., after the 

"break" in the curve) of the data. However, because the 

lower transition height from Region I to II was 

unexplainable, the resultant permeabilities were considered 

to be less certain. These tests were repeated using the 

"Spontaneous Start" method, and comparable permeabilities 



Figure 7.1 

a 

b 

Photomicrographs of transverse view 
of directionally solidified ingot 
samples: a) before experiment and 
b) after experiment. 

Magnification: 50X. 



Figure 7.2 
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a 

b 

Photomicrographs of longitudinal view 
of directionally solidified ingot 
samples. a) Before experiment and 
b)after experiment. 

Magnification: 50X. 
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Table 7.1 Experimentally determined permeability values 
for flow parallel to the primary dendrite arms. 

di,ym d2,ym g£fi gE>f K, m2 

164 83 0.12 0.093 2.8x10- 4 

161 83 0.12 0.083 3.5x10- 4 

168 80 0.12 0.078 4.3x10- 5 

168 80 0.12 0.083 2.8x10- 4 

197 89 0.077 0.076 6.6x10- 5 

197 89 0.077 0.077 4.4x10- 4 

225 146 0.084 0.082 2.3x10- 4 

225 146 0.084 0.083 2.5x10- 4 

# 120 59 0.12 0.076 5.4x10" 6 

# 118 57 0.12 0.11 1.0x10- 5 

# 118 57 0.12 0.091 1.3x10" 5 

225 120 0.093 0.093 6.4x10" 5 

225 120 0.093 0.098 9.3x10- 5 

« 115 62 0.12 0.098 9.7x10- 6 

* 115 62 0.12 0.099 6.2x10- 6 

d-| = primary d.a.s. 

d2 = secondary d.a.s. 

8E,i = initial volume fraction eutectic 

g£,f = final volume fraction eutectic 

* denotes "Spontaneous Start" experimental result 

$ denotes result with low confidence (see text) 



were measured (see Figure 7.3); therefore, the results are 

considered valid. 

Permeabilities are plotted in Figure 7.3 on a 

logarithmic plot. When fitted to a straight line with the 

aid of a linear regression analysis, the fitted line 

exhibits a slope of 5.0. Hence, 

K = a* d-| 5.0 (7-1) 

where 3 has a value of 5.82 x 10~26 f0r K in m^ and d-| in 

microns. The experimental data were fitted to the line 

with a correlation coefficient of 0.79. A similar curve 

can be derived for K versus d2, the secondary d.a.s. It 

also exhibits linearity on a logarithmic plot. However, 

this is not surprising, for d^ and d2 are generally 

proportional (see Table 7*1), so such a relationship 

between K and d2 is probably just coincidental. 

That the exponent on d-| is 5.0 is rather surpris

ing. Based upon a physical model and their data, Streat 

and Weinberg1*0 determined that the exponent was 2.0, 

whereas Murakami et al.30,31 determined that the exponent 

was 2.2 based only on a regression analysis of their 

data. However, the flow in samples with such a low volume 

fraction of liquid may not follow the hypothesis set forth 

by these other researchers who studied flow in samples with 

substantially more liquid. They assumed that the number of 
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Priaary Dendrite Arl ~acing. aicrons 

Figur e 1.3 Permeability versus primary dendrite 
a rm spacing as derived from experi
ments f or flow parallel to the 
primary dendrites. 

Closed circles indicate "Spontaneous 
Start" experimental result. Solid 
line was generated from a linear 
regression analysis of the data. 



flow channels was equal to the number of primary dendrites 

arms for flow parallel to the primary dendrite arms.110 

However, for very low values of g^, the eutectic consti

tuent is not as continuous throughout the whole sample as 

in the case of 0.19 volume fraction liquid samples and 

greater. As a result, the flow path of the interdendritic 

liquid was probably more tortuous in the samples studied 

herein. Whether or not flow occurs along a particular 

length of eutectic liquid is dependent on the locations of 

cross-flow that would connect one short eutectic "strand" 

with another one. For greater values of dendrite arm 

spacings (d.a.s.), the eutectic-liquid channels have a much 

larger cross-section and channel-flow effects may be more 

prominent than in samples with smaller d.a.s., as can be 

seen in Figure 7.4. This is not to suggest that preferen

tial flow occurred on a macroscopic scale, for examinations 

of the test specimens after the experiments did not show 

any significant deviations from the median size of the 

eutectic channels. It is expected that preferential flow 

would lead to a widening of some liquid channels with 

respect to the others. This was not found to occur. 



Figure 7.4 
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a 

b 

Photomicrographs for the comparison 
of the eutectic morphologies in 
samples of different primary dendrite 
arm spacings--longitudinal views. 

Magnification: 50X. a) Primary 
d.a.s. = 118 microns, and b) primary 
d.a.s. = 225 microns. 
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7.2 Normal Flow 

Permeabilities were also measured for flow normal 

to the primary dendrite arms in columnar samples. The 

samples were obtained from the same ingots used in the 

parallel flow cases. Fewer experiments were performed due 

to the difficulty in obtaining usable data due to the 

extremely low flow-rates encountered. In fact, data from 

many initial experiments were discarded because of the 

difficulty in interpreting the results when the "Regulated 

Start*' technique was used. It was for this reason that the 

"Spontaneous Start" technique was developed and used for 

most of the normal flow experiments. A listing of the 

results is found in Table 7.2. These values were also 

plotted with logarithmic coordinates and exhibited a slope 

of 4.5 when fitted to a straight line utilizing a linear 

regression analysis (Figure 7.5). Hence, 

K = B'd^'6 

where B has a value of 2.00 x 10~21 for K in m2 and di in 

microns. The experimental data were fitted to the line 

with a correlation coefficient of 0.95. As mentioned in 

Chapter 2, very little data exists for flow normal to the 

primary dendrite arms. That the permeabilities found for 

the perpendicular flow case are lower than for the parallel 

flow case is verified by other researchers for higher 
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Table  7 .2  Exper imental ly  determined permeabi l i ty  values 
for  f low normal  to  the pr imary dendr i te  arms.  

d  i ,  t i  m d2,ym g£ f i  g£ f f  K,  m 2  

155 81 0.12 0.088 2.3x10-15 

155 81 0.12 0.076 1.3x10-^5 

215 139 0.084 0.073 6.7x10-15 

215 139 0.084 0.077 

i
 

o
 

X
 

o
 • 

155 81 0.12 0.065 2.0x10-15 

185 93 0.077 0.065 3.7x10-15 

185 93 0.077 0.068 4.9x10-15 

211 134 0.085 0.074 7.3x10-15 

di  = pr imary d * 3 • S • 

d 2  = secondary d .  a .  s .  

SE, i  =  in i t ia l  volume f ract ion eutect ic  

8E, f  -  f inal  volume f ract ion eutect ic  

/ /  denotes "Regulated Star t"  resul t .  
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U2 2 2 
Priaary Dendrite Arl Spacing, 1icrons 

Figure 7.5 Permeability versus primary dendrite 
arm spacing as derived from experi
ments for flow normal to the primary 
dendrites. 

Closed circle indicates "Regulated 
Start" experimental result. Solid 
line was generated from a linear 
regression of the data. 



volume fractions of liquid. As mentioned in Section 7.1, 

it is apparent that parallel eutectic "strands" that make 

up the liquid channels during the flow experiments are not 

as readily cross-linked to each other, making the inter-

dendritic fluid flow for these experiments take place along 

a much more tortuous path, leading to this decrease in 

permeability. 

Permeability values for structures with low volume 

fraction liquid are probably very sensitive to the true 

volume fraction (as opposed to that measured). The 

difficulties in making this measurement accurately were 

already outlined in Chapter 6. As summarized in Chapter 2, 

most of the researchers in this field of study agree that 

the permeability varies with fraction liquid to the second 

or third power. The permeability values reported herein 

are associated with liquid volumes ranging from 7.5 to 12.5 

percent. Coupling these values with their associated 

uncertainties, it is not unreasonable to suggest, in this 

range of volume fraction of liquid, particularly when gL is 

raised to the reported second or third power, that the 

variation of permeability with primary dendrite arm spacing 

could show an exponent less that 5. Unfortunately, the 

unavailability of high-speed digital image analysis 

instruments for this project precluded a more thorough 
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examination of this second variable. To carry out the 

necessary number of measurements for higher accuracy 

manually would have been prohibitively time consuming. 



CHAPTER 8 

CONCLUSIONS 

The emphasis of this project was to measure the 

permeabilities of columnar-dendritic structures at low 

liquid volume fractions and to relate those values to 

dendrite morphology, dendrite orientation, and liquid 

volume fraction. The results are summarized below: 

1. Directionally solidified ingots of Pb-15 wt. pet. Sn 

were produced in a mold withdrawn at a constant 

speed from a vertical furnace. The ingots were 

found to exhibit a constant dendritic morphology 

over 1/3 to 1/2 of the length of the ingot. 

2. Directionally solidified specimens were subjected to 

flow at a temperature at which approximately 0.1 

volume fraction was liquid. The liquid flowing 

through these samples had approximately the same 

composition as the eutectic. It was found that, for 

flow parallel to the primary dendrites, the permea

bility was proportional to the fifth power of the 

primary dendrite arm spacing for samples with a 

volume fraction of about 0.10. This exponent 

was much higher than those previously reported by 



other researchers. However, they looked only at 

specimens with a much higher liquid volume frac

tions. 

Similar samples were subjected to flow normal to the 

primary dendrite arms. The resultant permeabilities 

varied with the primary dendrite arm spacing to the 

power of 4.5. While the exponent agrees with that 

from the parallel flow case, these permeability 

values were lower than similar samples subjected to 

parallel flow, by as much as a factor of 1/4, based 

on the regression analysis of the data. This was 

not unreasonable for it can be envisioned that the 

flow path would be more tortuous in the normal flow 

case. This proves, then, that columnar dendritic 

structures exhibit anisotropic permeabilities at low 

volume fraction liquid. 
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