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Abstract

A space shuttle experiment employing the General Purpose Furnace (GPF)
in its isothermal mode of operation is currently manifested for flight circa
1989. The central aim of this experiment is to investigate the role of

^j gravity in a slowly, and isothermally, cooled sample (cooling rates about
jc 0.003 K/sec, thermal gradients <0.05 K/mm, the top slightly hotter than the
ro bottom) of a binary Pb - 15 wt % Sn alloy. .Ground-based work in support of
uj the microgravity experiment will be discussed. In particular, it will be

shown that fraction eutectic measurements using an image analyzer, can be
used to satisfactorily describe macrosegregation occurring in these slowly
cooled ingots.

Introduction

In most solidification processes, there is usually insufficient time
for complete diffusional equilibrium to be established within both the solid
and liquid phases. This leads to concentration gradients within the liquid
and the solid, and a solute buildup ahead of the solid-liquid interface.
Hence, even in a nominally single phase alloy (.1,2), such as lead - 15 wt %
tin alloy, a two phase eutectic solid is formed when the liquid composition
reaches the eutectic composition. The amount of eutectic formed is also
affected by fluid flow during solidification. In this investigation, which
was aimed at understanding the segregation occurring in slowly cooled lead -
tin alloys, the spatial variation of fraction eutectic in the sample was pro-
posed as a suitable means for determining the extent of macrosegregation.

The compositional variation within the solidifying dendrite may be
described by the "local" solute redistribution equation derived by Bower,
Brody and Flemings (3), assuming unidirectional growth, no fluid flow
effects and negligible diffusion in the solid during freezing:

Cs* = C0[s + k(l - s)fL
k-!] (1)

where
s = ak/(k - 1) = DLGL/R ATO (2)

Thus, in the ideal case of unidirectional, (essentially) isothermal,
dendritic, solidification (that is when GL/R is very small) the Chalmers
number, s, defined by Equation (2) (4) is very nearly zero and Equation (1)
reduces to the classical nonequilibrium solidification equation (5-7):

Cs* = kC0(l - fs)
k-L (3)



It is important to note that in deriving Equation (1) the differential vol-
ume element considered is of the scale of the dendrite arm spacing, but in
deriving Equation (3) the volume element is usually taken to be the entire
ingot. Thus, Equation (3) describes "local" compositional variations (micro
segregation) within a dendritically grown ingot, as well as the macroscale
variation of composition (macrosegregation) across an entire ingot solidi-
fied with a planar interface (8). Solids grown with a planar interface,
such as doped silicon ingots for semiconductor applications, are usually
grown with a positive temperature gradient (s > 1).

Let Cs denote the average composition of the dendrite and the two-
phase solid formed within a small volume element and fap the amount of
two-phase, "eutectic-like," solid formed during two-phase ("eutectic")
solidification.

Cs = Cafa + Capfap (A)

= ffaC* df / [f a df (5)
s s / s

Jo / Jo
where

f = [(kCE - sC0)/kC0(l - s ) ] - (6)

and Ca$ = CE - s ACO (7)

Equation (6) is obtained from Equation (1) by setting Cs* = kCg corre-
sponding to fL = f<x|3- Equation (7) follows from a solute balance at the
eutectic front (i,.2). Assumptions used to derive Equations (1) to (7), in
addition to the two already mentioned, are: (1) the partition ratio, k, is
a constant; (2) the solid-liquid interface is at "local" thermodynamic equi-
librium; (3) surface tension effects are negligibly small; and (4) no under-
cooling prior to eutectic or two-phase solidification.

Note that the composition of the two-phase solid forming within the
interdendritic regions is less than the eutectic composition if solidifica-
tion occurs in a positive temperature gradient (£). The two-phase solid,
however, still looks like a eutectic. The amount of two-phase solid formed,
as given by Equation (6), is also less than the amount that would be
obtained from the Scheil equation (Equation (3) above) when s is positive.
For s = 0, equation (6) gives the Scheil eutectic value.

Although the term "eutectic" will be used here, we are referring in
general to a two-phase solid whose composition may or may not be equal to
eutectic composition.

Also, it may be readily shown that the average composition of a com-
pletely solidified element obtained by using Equations (1) and (5) to (7) in
Equation (4), or using Equations (3) and (5) in Equation (4), is exactly
equal to Co. This means that if solute redistribution is described by
either Equations (1) or (3), there will be no macroscale segregation in the
solidified ingot. Compositional variations observed will be strictly on the
microscopic scale of the dendrite arm spacing (10). This also means that
there is no single unique value of fraction eutectic (or fraction two-phase
solid), fg (or fajj) that may be associated with lack of macrosegregation.
The value of fg or fap corresponding to no macrosegregation depends on
the growth conditions and also on the detailed assumptions used in the model
for solute redistribution, Figure 1.



In general if there is macrosegregation in the ingot, Cs will be
greater than, less than, or equal to the initial alloy composition, Co at
various locations in the sample. This is usually explained by assuming that
solute flow must have occurred between volume elements (11-14). If there is
a net flow of solute out of an element, that element would have a lower
fraction of eutectic. And for the opposite situation, where the net flow of
solute is into the element, the amount of eutectic present would increase.
Hence, by measuring the variation in the amount of eutectic phase one can
describe the macrosegregation within an ingot.

The assumption of no diffusion in the solid is also not always valid,
as will be shown here for the Pb-Sn system. In these cases several investi-
gators have proposed modifications to the nonequilibrium solidification
equation (15,16). The amount of eutectic formed would be lowered by diffu-
sion in the solid during freezing.

The objective of this investigation is to study macrosegregation by
precise analytical determination of fraction eutectic and to compare the
results with theoretical models previously presented (5_-7, 15,1̂ ).

Nomenclature

Ca average composition of dendrite

Caft average composition of two phase

Cg eutectic composition

Co initial alloy composition

Cs average compositon of solid when fs = 1

Cs interface composition

AC0 soLute buildup for plane front, steady state: Co(l - k)/k

AT0 undercooling at planar interface, steady state: (TL - Tg)

DL diffusion coefficient in liquid

fa fraction dendrite

fa|} fraction two phase

fg fraction eutectic

fL fraction liquid

fs fraction solid

GL thermal gradient in liquid, at tip

k partition ratio, assumed constant

R dendrite tip growth rate

s Chalmers number,



Experimental Procedures

Solidification Conditions

The General Purpose (Rocket) Furnace (GPF) located at the Marshall
Space Flight Center (MSFC) was employed in these experiments. Several
cylindrical ingots of Pb - 15 wt % Sn alloy, 1.6 cm in diameter and 6.3 cm
high, were solidified in a nearly isothermal mode. The axial temperature
gradient was maintained at less than 1.0 °C/cm. In addition, the samples
were also slowly cooled in a controlled manner. Cooling rates typically
were about 0.003 °C/sec. The cooling rate and temperature gradient were
both nearly identical along the entire ingot throughout solidification, as
shown in figure 2. In this figure curve number 1 gives the thermal profile
for the top of the sample and curve number 6 gives the thermal profile for
the bottom. Since the solidification rates and the temperature gradients
are almost identical for the top and bottom of the sample, one would expect
similar microstructures. As discussed later the dendrite arm spacings are
very similar over the entire ingot. The cooling curve shown in Figure 2

reveals these solidification characteristics. The total solidification time
is about 600 min. During solidification the mushy zone extense throughout
the entire sample as indicated in figure 3. It is clear from this figure
that final solidification occurs almost simultaneously throughout the sample
and not in a fashion typical of directional solidification. The solidifica-
tion behavior of our rather small samples is similar to that of large indus-
trial ingots.

An automatic image analyzer was utilized in an attempt to obtain a fast
and accurate technique for determining segregation. In using an image ana-
lyzer there are several variables which must be set to appropriate values.
In the following section we will discuss these factors in some detail.

Analytical Measurements

A typical microstructure from a well polished and etched sample of our
slow cooled Pb-15 wt % Sn alloy is illustrated in Figure 4. The dark phase
is the lead-rich dendrite phase. The large patches of lighter areas, with
a dark region within them, represent the two-phase tin-rich eutectic.
Within the lead-rich dendrite we also see a finely distributed light etching
phase. There are the tin-rich precipitates which formed when the alloy was
cooled very slowly below the eutectic temperature. It is obvious that in
order to obtain an accurate measure of the amount of eutectic in the sample,
the contrast between the eutectic phase and the dendrite phase must be as
high as possible.

The optical microstructure of the eteched sample with the optical image
after the sample was allowed to tarnish is also shown in Figure 4. Tarnish-
ing was accomplished by rinsing the polished, but unetched, sample with warm
water. The Pb-rich phase is now darker, thus enhancing the contrast between
the Pb-rich dendrite and the Sn-rich eutectic phase (17). Figure 4 also
includes the "electronic" image of the tarnished sample as seen in the Quan-
timet. The "electronic" image may be seen to faithfully reproduce the opti-
cal image. The "electronic" image is obtained as follows.

The Quantimet converts the grey level at each picture point (pixel) in
the image field into an electrical voltage. A pixel is the smallest resolv-
able area into which the image is divided for analysis. Each phase in the
microstructure has its own characteristic grey level. If the grey levels
for the various phases produce large enough differences in voltage-, the dif-
fering signal from each pixel could be used for phase detection. The advan-
tages of tarnishing the sample, or some other means of enhancing the phase
contrast, should thus be obvious.



In addition to the sample preparation procedure described here, at
least three other factors must be considered to determine the amount of
eutectic accurately. These are the magnification of the image, the detect
level, and amendments to the image (binary image), as discussed below.

(1) Magnification: The electronic image generated by the Quantimet at
various magnifications is shown in Figure 5. The magnification must,
clearly, be high enough to distinguish between the dendrite and eutectic
phases but low enough to permit rapid analysis of the sample. Two large a
magnification is undesirable because of the presence of tin-rich precipi-
tates. At large magnifications the Quantimet would be unable to distinguish
between the lighter tin-rich precipitates and the eutectic regions since
both appear very light. At very low magnifications the Quantimet would view
the Lighter tin-rich precipitates as part of the (lighter) tin-rich eutec-
tic. However, amend statements, described below, may be used to correct for
the presence of tin-rich precipitates in the low-mag-electronic image. A
magnification slightly less than 200x was used in our measurements. Several
hundred measurements of eutectic fraction were thus obtained for each sam-
ple; the image field in the Quantimet corresponds to a sample area of ~450
by 600 urn.

(2) Detect Level (PL): The Quantimet 900 may be thought of as an elec-
tronic eye which is capable of detecting 64 shades of grey. An ideally
black image is assigned a "detect level" of 1 and an ideal white image cor-
responds to a detect level of 64, with numbers between 1 and 64 indicating
different levels of grey. The grey shading becomes lighter as the "detect
level" increases. Note that the human eye can only detect 24 shades of grey
(1).

The electronic images of the microstructure as depicted by the Quanti-
met in some of is different detection modes are shown in Figure 6. The
electronic image of the Quantimet with all 64 detect levels turned on is
illustrated in Figure 6. This is referred to as the "original" grey
image. Also shown here are "binary" images used to quantify the fraction
eutectic in the image field. The binary images are obtained as follows.
The image seen at detect level 46 is the image obtained when all pixels
which register a detect level >46 are assigned the ideal white level of 64,
and those picels registering a detect level 46 and below are assigned the
ideal black level of 1.

Note that the binary image at detect levels 40 and 44 still show some
tin-rich precipitates whereas at detect levels greater than 46 some edges
of the eutectic are beginning to appear dark and so will be left out of the
measurement. A detect level of 46 was therefore used. We will discuss this
point in more detail later.

(3) Amendment of the binary image: The measured eutectic fraction
would be greater than the correct value if tin-rich precipitates, which
appear lighter, are considered part of the eutectic. We must therefore
amend the binary image, electronically. Amendment is a systematic two-step
operation performed on the binary image, at a predetermined detect level, to
produce a new binary image where in some features of the original image are
first eroded and then subsequently dilated. During the erosion operation
the Quantimet sweeps the edges of all detected features and removes one
pixel at points every 45° apart. To complete the amendment cycle, the same
number of pixels are added back to all surviving surfaces. If a particle
disappears during any one cycle there will not be any corresponding adding
of pixels. The erosion-dilation amend cycles can thus completely eliminate
the tin-rich precipitate from the image, depending of course on the magnifi-
cation and detect level.



In Figure 7 we illustrate how the binary image changes during.the amend
sequence. The bindary images in Figure 6 were obtained after performing
appropriate amendments.

Finally, we discuss briefly a common source of error known as the off-
set error in image analysis of the kind used here. This error results from
the fact that the video signal does not change sharply, Figure 8(a~), but
rather increases or decreases gradually as we cross the interphase boundary,
Figure 8(b). The position of the feature boundary is usually taken to be
the midpoint of the video signal ramp. This is the case in Figure 8(b),
where the objective is to detect phase B but miss phase A. A detect level
slightly below the midpoint of the video signal ramp, Figure 8(c), results
in "shrinking" of phase B and an underestimate of the area fraction of phase
B. However, the grey shading for the primary lead dendrites and the eutec-
tic phase, in our case, are spaced far enough apart to allow the detect
level to be set at the point where the eutectic edges corresponds to the
midpoint of the signal. Error resulting from offsetting are thus expected
to be quite small in our measurements.

Experimental Results

Figure 9 illustrates how the measured fraction eutectic at a given
location in the sample varies with the detect level. At low detect levels,
the measured fraction eutectic is quite large because the lighter Sn-rich
precipitates are considered to be part of the eutectic. At high detect lev-
els, the measured fraction eutectic begins to decrease because of filling
in of portions of the eutectic particularly close to the boundary between
Sn- and Pb-rich areas. In Figure 9 we indicate the Quantimet measurements
for four adjacent image fields. In each case we find a plateau centered at
about a detect level of 46. This detect level was used in most of our meas-
urements. The plateau detect level was found to vary only slightly between
various samples.

The error in our fraction eutectic measurements is thus closely related
to how flat the percent eutectic versus detect level curve is, at the cho-
sen DL, and is less than 0.2 percent of our quoted values.

The fraction eutectic versus distance from the bottom of the ingot are
plotted in Figure 10. The large open circles are an average of some 400
measurements made in a transverse semicircular cross section. The solid
dots are the average values from about 60 measurements at various radial
locations (at a fixed height from the ingot bottom). It is interesting to
note that both sets of measurements indicate the same trend: the fraction
eutectic gradually increases from the bottom to the top of the ingot. This
suggests an enrichment of the remaining liquid with tin and a gradual float-
ing of the lighter tin-rich liquid to the top of the ingot.

This is confirmed by independent measurements of the variation of Sn
content, Figure 11. Tin content was determined by conventional wet chemis-
try (Atomic Adsorption) and also from area rasters in an electron micro-
probe. This trend of increasing Sn from bottom to top compares quite well
with the "averaged" longitudinal fraction eutectic profile obtained from
the detailed variation shown in Figure 10. In order to make the comparison
more clear between increasing tin content and increasing eutectic the
detailed fraction eutectic profile is replotted in figure 11 as a more
general average fraction eutectic .curve.



DISCUSSION

Comparison of Fraction Eutectic Measurements with Theoretical Predictions

Since solidification was nearly isothermal, Equation (3), rather than
Equation (1), may be used as a good starting point to estimate the amount of
eutectic formed at the end of freezing. Both Equations (1) and (3), how-
ever, assume the partition ratio to be a constant throughout solidification,
no diffusion in the solid and no undercooling prior to nucleation of the
eutectic.

For the Pb - 15 wt % Sn alloy, k varies from about 0.5 close to the
liquidus to 0.31 at the eutectic temperature. This means that in the early
stages of solidification, relatively more tin will be incorporated into the
dendrite than at the later stages. If we take k to be a constant, and
equal to the lower value of 0.31 (commonly assumed for Pb-rich alloys), we
would expect the amount of eutectic predicted to be higher than if we
assumed k = 0.5. Values of fg obtained in-this manner for Equation (3):

with k = 0.31 and 0.5 are 12.8 and 5.9 percent respectively. These values
are represented by two of the four horizontal lines in Figure 12. Percent
eutectic here is indicated by horizontal lines because Equation (3) or (1)
do not predict any spatial variation. The average percent eutectic values
reported in Figure 9 are replotted and are quite close to the estimated
value taking k = 0.5. Inspite of this remarkable agreement, this is admit-
tedly an oversimplified explanation for the experimentally observed behav-
ior depicted in Figure 10.

We can allow k to vary as a function of C but now we must use the
differential form of Equation (3),

dfL/fL = dCL/(k - 1)CL (8)

Integrating numerically yields a value of fg = 0.088. This is also indi-
cated by a horizontal line in Figure 11. A total of 107 temperature inter-
vals were considered, with k and CL being obtained from the phase
•diagram for each interval. Equal temperature intervals of 1 °C were used.

Back-diffusion of the rejected solute into the solid during freezing
will also result in a reduction of the amount of eutectic. The value of the
dimensionless parameter a (=DstfAs

2), defined by Brody and Flemings (15),
or a1 (=cc(l-exp(-l/a))-0.5exp(-0.5a)) defined by Clyne and Kurz (16), is an
indication of the importance of back-diffusion. We also performed a numeri-
cal integration where we simultaneously .allowed for; (1) varying k with
temperatureT~ahd composition, (2) varying diffusion coefficient with tempera-
ture, and (3) varying dendrite arm spacing. The variation of secondary den-
drite arm spacing, Xs, as a function of temperature was obtained from a
series of quench tests Figure 13. From the various samples the difference
between the dendrite arm spacing at the bottom and the top was found to be
statistically the same. Approximately a hundred dendrite arm spacings were
measured for each sample. The diffusivity of Sn for the 15 wt % alloy:was
taken to be given by the Arrhenius equation, (Ds = Doexp(-Q/RT)), with Do
= 0.16 cm2/sec and Q = 21.3 kcal/mole K. These values were estimated from
values reported in the literature for dilute alloys (20). The local
solidification time was extracted from the cooling curve shown in Figure 2.
Thus, the three variables required to calculate the a parameter were all
described as a function of temperature. A short computer program was write
to allow for the continuous variation of these three terms. In this calcu-
lation we used the differential form of the parabolic model proposed by Bro-
dy and Flemings (B-F model), instead of Equation (8) a (or a') were thus
allowed to change throughout solidification. In the early stages of
solidification the diffusion coefficient is at a maximum and the secondary



arm spacing is at a minimum thus yielding a maximum in the a parameter.
In other words back diffusion is largest at the beginning of
solidification. In this study a was found to vary from 0.30 at the onset
of solidification to 0.003 at the completion. (The differential form of
the B-F model as well as other models proposed for solute redistribution
have been summarized in ref. 19;)

Undercooling of the residual interdendritic liquid prior to eutectic
solidification will also reduce the amount of eutectic (21). The calcula-
tions described above do not allow for this effect. In this study, the ob-
served undercooling prior to eutectic solidification was found to be
~3.5 °C. With such a small eutectic undercooling one would expect negligi-
bly small contributions to the reduction of eutectic.

Possible Sources of Error in Fraction Eutectic Measurements

When the interdendritic liquid is enriched to the eutectic composition,
the only barrier to eutectic growth, in the Pb - 15 wt % Sn alloy, is the
nucleation of the Sn-rich phase. Several investigators have suggested that
Pb nucleates Sn (22-24). In a Pb - 30 wt % Sn alloy, the Sn-rich (|3) phase
nucleated at an undercooling of about 34 °C below the equilibrium R-liquidus,
that is about 26 "C below the eutectic temperature, whereas in a Pb -
12.5 wt % Sn alloy, the (interdendritic) undercooling required for |B nuclea-
tion is about 20 °C below the eutectic (25). Hence, we would expect inter-
dendritic-eutectic solidification to begin by growth of the Sn-rich phase on
the surface of the Pb-rich dendrites. The Sn-rich layer (Sn "halo") would
then clearly mark the boundary between the dendrite and the eutectic phases
(26). Other possible scenarios for nucleation and growth of the Pb - Sn eu-
tectic are illustrated in Figure 14. A Pb-rich eutectic layer (Pb "halo")
on the surface of the Pb dendrite can be imagined if the Sn-rich phase
nucleates in the (undercooled) interdendritic liquid. It is difficult to
imagime a Pb "halo" resulting from initiation of eutectic solidification by
formation of a Pb-rich layer on the dendrite surface. The Pb "halos," if
any, would be difficult to distinguish from the Pb dendrite and would intro-
duce some error of unknown magnitude. (An estimate of the thickness of the
first, or last, Pb-rich eutectic layer may perhaps be obtained by measuring
the volume fraction of the two phases within the eutectic. We have attempted
such corrections and these do not appear to be important. There is also
the uncertainty concerning the extent of eutectic undercooling in our
experiment.)

Other scenarios suggested in Figure 14 would permit a fairly accurate
determination of the eutectic/dendrite boundary because of the partial
coverage of the Pb dendrite surface with Sn. The accuracy of the Quantimet
measurements therefore depend on the mechanism of eutectic nucleation and
growth, however, calculations have shown that the error resulting from the
Pb "halo" would be small for our samples.

Comparison of Quantimet Measurements with those Obtained from Other Tech-
niques

Finally, Table I compares the Quantimet measurement for a randomly cho-
sen image field, with values obtained from other well established quantita-
tive metallographic techniques. Similar results were found for many other
image fields. There is relatively good agreement between the different
methods. Mo'reover, the error involved in point counting and lineal frac-
tion techniques are larger. These manual measurements are more operator
subjective and the time required to obtain a good statistical average for
the sample is obviously much greater.



Concluding Remarks

Area fraction eutectic as determined with the Quantimet 900 is shown
to be a suitable means for measuring macrosegregation in slowly cooled
Pb - 15 wt % Sn alloys. The eutectic profile shows the same trend-as the
composition profiles determined by chemical and microprobe analysis. Quan-
timet measurements have several advantages over both chemical and microprobe
methods. The advantages of automatic image analysis are: (1) the analysis
is nondestructive, (2) the measurements are less sensitive to sample relief
effects, (3) the analysis is quick (-1/2 min/measurement).

The models presently available yield predictions which are in fair
agreement with the experimental results obtained in this investigation. The
major source of error appears to be the .selection of the diffusion parame-
ters for Pb - 15 wt % Sn. This problem arises from the extrapolation
length required to obtain the diffusion parameters from the data available
in the literature. To eliminate any question about this error, diffusion
experiments on Pb - 15 wt % Sn alloy are being planned.
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TABLE I. - COMPARISON OF QUANTITATIVE METALLOGRAPHY
METHODS

Methods

Quantimet
Lineal fraction
Point count
Point count

Fraction eutectic

0.0867
.0916
.0846
.0872

Comments

Detect level = 46
1/4" line spacing
1/4x1/4" grid
1/20x1/20" grid

10
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FIGURE 3. - COMPARISON OF EVOLUTION OF MUSHY ZONE (TWO-PHASE,
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FIGURE 4. - TYPICAL MICROSTRUCTURE VIEWED UNDER VARIOUS CONDITIONS: (A) POLISHED AND ETCHED, (B) TARNISHED, AND
(C) QUANTIMET'S ELECTRONIC IMAGE.
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FIGURE 5. - ELECTRONIC IMAGE SHOWING THE RANGE OF MAGNIFICATION AVAILABLE ON THE QUANTIMET, 200x WAS SELECTED.
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FIGURE 7. - PICTORIAL SEQUENCE OF THE AMEND OPERATION.
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FIGURE 8. - POSSIBLE ERROR RESULTING FROM THE VIDEO SIGNAL. (A) IDEAL
VIDEO SIGNAL. (B) PRACTICAL VIDEO SIGNAL WITH THE THRESHOLD SET TO
DETECT B BUT AVOID A. (C) DETECTED OUTPUT SHRUNK ALL AROUND THE PERI-
METER.
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FIGURE 9. - AREA FRACTION EUTECTIC VERSUS DETECT LEVEL MEASURED ON A CAM-
BRIDGE QUANTIMET 900.
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