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MACROSEGREGATION AND NUCLEATION IN UNDERCOOLED Pb-Sn ALLOYS

Henry C. de Groh III

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio. 44135

SUMMARY

A novel technique resulting in large undercoolings in bulk samples (23 g)
of lead-tin alloys was developed. Samples of Pb-12.5 wt % Sn, Pb-61.9 wt % Sn,
and Pb-77 wt % Sn were processed with undercoolings ranging from 4 to 34 K and
with cooling rates varying between 0.04 and 4 K/sec. The nucleation behavior
of the Pb-Sn system was found to be nonreciprocal. The solid Sn phase effec-
tively nucleated the Pp phase of the eutectic; however, large undercoolings
developed in Sn-rich eutectic liquid in the presence of the solid Pb phase.
This phenomenon is believed to be mainly the result of differences in interfa-
cial energies between solid Sn-eutectic liquid and solid Pb-eutectic liquid
rather than lattice misfit between Pb and Sn. Large amounts of segregation
developed in the highly undercooled eutectic ingots. This macrosegregation was
found to increase as undercooling increases. Macrosegregation in these under-
cooled eutectic alloys was found to be primarily due to a sink/float mechanism
and the nucleation behavior of the alloy. Lead-rich dendrites are the primary
phase in the undercooled eutectic system. These dendrites grow rapidly into
the undercooled bath and soon break apart due to recalescence and Sn enrich-
ment of the liquid. These fragmented Pb dendrites are then free to settle to
the bottom portion of the ingot causing the Macrosegregation observed in this
study. A eutectic Pb-Sn alloy undercooled 20 K and cooled at 4 K/sec had a
composition of about Pb-72 wt % Sn at the top and 55% Sn at the bottom.

INTRODUCTION

The macro and microstructures of metals and alloys are strongly influenced
by the undercooling achieved prior to solidification, the nuclieation character-
istics of the alloy, and the cooling rate imposed during solidification (refs.
1 and 2). 1In general, the amounts of Macro and microsegregation in meta] cast-
Ings decrease with increases in undercooling, nucleation, and cocling rate. At
higher undercoolings and faster cooling rates, local solidification times are
decreased, thus a more homogeneous product s expected. Macro and microsegre-
gation are generally detrimental to the engineering properties of the allouy,
therefore increases in undercooling ang cooling rate are usually desired.

Under some circumstances, however, increases in undercooling and cooling rate
can increase macrc and microsegregation. Microsegregation in an undercooled
alloy may be augmented by the preferential nucleation of a particular phase and
the growth of this phase driven by undercooling, Macrosegregation requires
significant movement of solute rich or solute poor solid or Tiquid within the
ingot. This movement is usually driven by a sink/float mechanism. The density
differences which cause gravity driven macrosegregation are typically caused by
differences in liquid and solid compcsitions, Gravity driven macroseqgregation
5 common in the casting of cast irons and in other eutectic systems and may be
compounded by thermal cycling near the eutectic temperature (ref. 3). The den-
sty difference between the liquid and solid phases and the abtlity of the
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Pb-Sn eutectic to be undercooled are favorable for the study of macrosegrega-
tion and the influence of undercooling on segregation behavior. The objectives
of this work were (1) to study how macrosegregation is affected by the initial
undercooling of the melt and (2) to devise means to control macrosegregation.

In order to undercool liquid metal, heterogeneous nucleation must be lim-
ited. To decrease heterogeneous nucleation, potentially active sites must be
either removed from the liquid or deactivated. A potentially active site must
be both a solid and in contact with the 1iquid. Undercooling may be achieved
by dispersion of a liquid sample into a very large number of fine, independent
droplets. In this case, if the number of droplets is much greater than the
number of active nucleation sites, a large fraction of the droplets will have
“no" nucleation sites and thus will undercool. Larger samples are usually
covered on all sides with a glassy (noncrystalline) slag or flux which in
effect removes the liquid alloy from the solid crucible. The sltag also dis-
solves and collects impurities from the bath, cleaning it and helping it to
undercool.

The nucleation behavior of Pb-Sn, and many other alloys, has been studied
using fire droplets (=20 um in diameter weighing =4x10-8 g) (refs. 4 to 7). In
these studies the nucleation behavior of Pb-Sn was shown to be nonreciprocal;
i.e., the Pb-rich phase is a poor nucleant for the Sn-rich phase, while the
Sn-rich phase appears to be an effective nucleant for the Pb-rich phase. Many
other alloys such as Pb-Au, Bi-Au, Bi-Ag, and T!1-Sn have been shown to have
nonreciprocal nucleation behavior. This nucleation behavior is explained- by
solid-liquid interfacial energy barriers to nucleation, rather than by lattice
misfit between the nucleating catalyst and potential solid (refs. 5 and 8).
The interfacial energy balance of Pb and Sn heterogeneously nucleating on an
essentially flat surface of Sn and Pb respectively is shown in figure 1. As
in figure 1, when Pb is nucleating on Sn the balance of interfacial energies
is given by,

Ysn = Yppsn * Ypp €O ¢

and when Sn is nucleating on Pb,
Ypb = Ypbsn * Ysn €05 €

where the interfacial energy of Pb in contact with eutectic liquid is Ypp,
Sn-eutectic liquid is Ygn, and the energy associated with the solid Pb-Sn
interface is Yppsn. The relative wetting angles of the nucleating spherical
caps are determined by the solid-liquid surface energies such that,

Ypb (1 + cos @)
Ysn T (1 + cos ¢)

Gunduz and Hunt experimentally determined solid-liquid surface energies for the
Pb-5n eutectic alloy (ref. 9). They found the solid-liquid interfacial free
energies of sagurated solid Pb and Sn in contact with eutectic liquid to be 56
and 132 erg/cm« respectively. Assuming a vatue of 10° for the wetting angle of
Pb on Sn, ¢, the angle for the Sn cap, ©, is 100°.
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In order to form a stable, heterogeneously nucleated cap of solid, the
nucleation barrier AGh must be surpassed. The probability of achieving this
energy is proportional to exp(-4Gn/kT) (ref. 10): thus, the probability of
nucleating Pb on Sn relative to nucleating Sn on Pb in the Pb-Sn eutectic
alloy is given by

exp(-AGPb/kT)
P = eXpUaGs /KTY

where AGpy 1is the nucleation energy barrier to Pb nucleating on Sn, and

AGgp s that of Sn nucleating on Pb. Following classical nucleation theory it
can be shown that for a spherical cap of effective radius equal to the critical
radius required for stability, the nucleation activation energy is (ref. 10)

s o —16mf

" 3as, am?
where:
y = interfacial energy between the nucleating cap and the liquid
f=(2+ cos 6)(1 - cos 8)2/4, where 8§ is the contact angle of the cap

ASf = AHy/Tp, the entropy of fusion, assumed constant ror Pb and Sn

AT = undercooling, Tm =T

As shown in appendix A the probability ratio, P, of nucleating Pb on Sn rather
than Sn on Pb in the eutectic is nearly infinite (>10300) | indicating that Pb
should nucleate on Sn at a negligible undercooling compared to the undercool-
ing required for nucleation of Sn on Pb. Thus, in the absence of other hetero-
geneous substrates, theory predicts that in a hypoeutectic Pb-rich allcy, the
enriched liquid remaining after growth of Pb dendrites will undercool below the
equilibrium eutectic temperature to a greater extent than the enriched eutec-
tic Tiquid of a hypereutectic alloy. This phenomena has been shown to occur

in experiments, showing good agreement with theory (refs. 4, 5, 7, 13, and 14).

A1so shown in appendix A is the probability ratio of homogeneously nucle-
ating Pb relative to Sn in the undercooled Pb-Sn eutectic. As is found in
experiments, Pb is predicted to be the primary phase in the eutectic alloy
(ref. 7). In the eutectic alloy, the heavier Pb-rich dend)ites which grow
first may settle to the ingot bottom (ref. 14): however, such sedimentation
processes, and other macrosegregation phenomena, cannot be studied using fine
droplets. Undercooled, larger sized samples are needed to study these effects.

Most of the bulk undercooling literature has centered around studies of
¢ilute alloys ‘ref. 15), dendrite velocity measurements (ref. 16), and alloys
with small differences in density between components (refs. 17 and 18). Davis
et al. studied grain structure and solute distribution in undercooled pure Bi
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and Bi-100 ppm Ag alloys (ref. 15). They reported no significant macrosegre-
gation; and none should have been expected due to the smali difference in com-
position between the solid and liquid phases. The structure and mechanical
properties of undercooled N1-30% Cu, Ni-20% Cr, and Fe-25% Ni alloys were ana-
lyzed in a study by Kattamis and Mehrabian; these authors found the structure
and composition of the undercooled alloys to be highly uniform and homogeneous
(ref. 17). Macrosegregation is again not expected due to the small variations
In densities between phases. Tewari has studied the undercooling behavior

and structures of Mo-Ni eutectic and hypoeutectic alloys (ref. 19). Tewari
observed large amounts of microsegragation: however, since his samples were
only about 3 mm diameter with no definite orientation relative to gravity, no
macrosegregation was observed.

The lead-tin system has much larger density differences between phases
than the alloys mentioned above. Assuming ideal solutions and 3 vol % shrink-
age during solidification, the density ratio of the solid Pb-rich phase of the
eutectic (Pb-19.2% Sn) and the eutectic liquid (Pb-61.9% Sn) is about 1.2
(appendix B). Johnson and Griner observed macrosegregation in a study of
Pb-Sn eutectic alloys in which the gravitation field was varied through use of
a centrifuge (ref. 20).

The objective of this research was to determine how macrosegregation is
affected by initial undercooling and cooling rate prior to nucleation. Bulk
sized samples (=23 g) of Pb-Sn were solidified with initial undercoolings of
between 4 and 34 K and cooling rates ranging from 0.04 to 4 K/sec. The compo-
sitions studied were Pb-12.5 wt % Sn, Pb-61.9 wt % Sn, and Pb-77 wt % Sn.

These compositions were used because they: (1) enabled the study of primary
phase undercooling as well as secondary phase undercooling in the presence of
the primary phase, and (2) had been previously studied by others using drop-
lets, thus enabling the comparison of the two processes and the possinle exten-
sion of the previous work to large ingots and the observation of the impact of
undercooling on bulk samples. Post-solidification metallography of the overall
structures was used to help determine whether gravity driven convection in the
liquid state or gravitational settling of dendrite fragments was the primary
mechanism leading to macrosegregation. Microprobe analyses of composition
variations was conducted to quantitatively determine varying macrosegregation
levels among undercooled ingots.

EXPERIMENTAL PROCEDURE

Ingots of Pb-12.5 wt % Sn, Pb-61.9 wt % Sn, and Pb~77 wt % Sn were pre-
pared from 99.999 percent pure Pb and Sn shot. The volume and geometry of all
the ingots were 2.7 c¢m3, contained vertically in glass tubes with an inside
diameter measuring 0.5 in. Figures 2 and 3 show the phase diagram with the
compositions studied and a schematic of the ingot, crucible, and thermocouple
locations. All ingots were about 1 in. tall and solidified with two thermo-
couples immersed in the bath. The thermocouples were either Pyrex or fused
silica sleeved, Type K, and located about 5 mm down from the top and 5 mm up
from the bottom. The accuracy of the thermocouples was periodically checked
4sing pure Sn and found to be within 0.5 K at 231.9 °C. Ingots were covered
with Dow Corning 704 diffusion pump oil to prevent wetting of the glass cruci-
ble and promote easy removal of the solidified sample.

. ‘.'.-.

RIS Y PO W SISty T VSR T S




Apparatus

Two different apparatus were used to process the ingots: the bulk under-
cooling furnace (BUF hereafter) (fig. 4), and a vertical tube furnace con-
tained inside a glove box. Both furnaces had certain desired advantages. The
BUF is a three-zone resistance heated stainless steel tube furnace. The sam-
ple heating and cooling rates, soak time, and thermal gradient can be more
closely controlled in the BUF than in the glove box. The heater bands of the
BUF are 1 in. in length, thus only the bottom two were needed to produce the
desired hea*’ng profile. A Hewlett Packard computer (HP-858) is used to con-
trol the power supplies and cooling fluid of the BUF and facilitate the meas-
urement and recording of the thermal history of experiments. Experiments are

setup and programmed into the computer so that they may be run by the computer.

Temperatures recorded by various thermocouples (a maximum of six) are moni-
tored through a HP 3497 Data Logger interface. The software incorporated in
the HP-85B implements a proportional-integral-differential control algorithm
for the power supplies and also samples the thermocouple outputs at data scan
rates up to 1 Hz. Ingots are cealed in the BUF and an argon purge maintained
during the experiments. Thermocouples are inserted through tight fitting
holes in a Teflor insert at the top of the furnace.

Samples processed in the BUF were put through the controlled heating,

soak, and cooling procedure shown in figure 5. The soak temperature was 350 °C
for the Pb-12.5 wt % Sn alloy because of its higher liquidus. The power to the

heater bands was turned off at the end of the soak and the bottom of the fur-
nace quenched with water during the cooling and solidification cycle of each
experiment. The cooling rates were approximately 0.7 °C/sec and the thermal
gradients were about 6 °C/cm, as shown in table I. The output from each ther-
mocouple was recorded once every 5 sec during the initial cooling and once per
second during cooling and solidification near the eutectic temperature. Thus,
data points in figures 5(b) and (d) are 1 sec apart. Repeated cycling in the
BUF did not increase the underccoling.

A larger variety of cooling rates and thermal gradients could be obtained
in the glove box furnace. Ingots could be positioned at different locations
in the furnace to obtain different thermal gradients. They could be easily
removed and cooled in different ways, giving a variety of different cooling

rates and thermal gradients if desired. In this way, cooling rates were varied

between 0.04 and 4.1 K/sec. An effort was made to keep the thermal gradient
constant at about 3.5 K/cm; however, at the higher cooling rate the gradient
was as high as 6.9 K/cm, table I. Figure 6 shows a typical temperature time
profile of a slowly cooied undercooling experiment in the glove box. The
glove box was continuously kept at a positive pressure of argon. Thermocouple
leads were fec through a sealed fitting to a Traveling Data Loger which used
the same computer hardware and similar software as that used with the BUF:

Undercooling and Solidification Procedure

The cleaning and conditioning procedures used for the different ingots
varied depending on the undercooled desired. Samples in which high underccol -
ings were desired were thermally cycled in the glove box. During the soak of
each cycle, ingots were thoroughly mixed with oil (Dow Corning 704). A glass
sleeved thermocouple was used to stir the molten bath. The used oil was
decanted after each solidification cycle. The undercooling achieved increased
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with each cycle until it reached its maximum value in the third or fourth
cycle. The undercooling was defined as the difference between the liquidus,
obtained from the phase diagram at the composition prepared (fig. 2), and the
lowest temperature attained before the heat of recalescence began to increase
the temperature of the sample. Solid impurities present in the oath are
believed to serve as heterogeneous nucieation sites and iimit undercooling.
Evidence of impurities being removed from the bath during the above process

are twofcld. First, the silicone oil used to cover the melt is very pure,
clear, and stable at the temperatures used. This oil becomes black and cloudy
during the first cycle and less dirty after subsequent cycles. The second evi-
dence of impurity removal is the increase in undercooling with each melt/mix/
solidify cycle. A series of chemical analyses of the dirty oil revealed only
trace amounts of Pb and Sn and no trace of the following elements to the limits
of detection: A1, Ca, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Mo, Na, Ni, Si, Ti, W,
Zn, and Zr. Residual lead and tin oxides on the surface of the shot material
are believed to be the source of the trace Pb and Sn found in oil. Oxides on
the surface of the shot break up after melting and float to the melt-oil inter-
face where they are coated by the oil and then decanted when the oil is changed
after the solidification cycle. After the second cycle the oil again appears
dirty but not as dirty as after the preceding cycle. The oil is clean and
clear after completion of the fourth cycle indicating that most of the impuri-
ties removable by this method have been extracted. Chemical analysis of ingots
after cycling has shown that their composition is not affected by the process.

Samples in which small undercoolings were desired were not cycled and were
solidified with the original oil in which they were stirred. When still less
undercooling was desired, Cu powder €(0.06 mm diam) was used to nucleate the
alloy. The Cu powder was added to the bath during cooling, at a temperature of
220 °C. The powder sat on the surface, coating the outside of the ingot; no Cu
particies were found in the bulk of the solidified sample after sectioning. In
one sampl2, 2 stainless steel screen (50 mesh) was held at the approximate cen-
ter of the bath, the plane of the screen perpendicular to gravity. This screen
experiment helped to clarify certain aspects of the proposed sedimentation
process. The procedure used for each experiment is briefly summarized in
tabte I.

The undercooled and solidified samples were cut longitudinally down the
center, mounted in metallographic epoxy and polished for metallographic and
microprobe analyses. Compositions cf the different phases were measured using
microprobe wave length dispersive analysis. The electron beam of the micro-
probe was either swept across the sample obtaining an area raster or focused
to a diameter =0.5 pm and scanned normal to a set of dendrites to yield a point
of line probe analysis. The microprobe was calibrated using pure Pb and Sn
stancards.

RESULTS

'n table 1, the undercooling, cooling rate, thermal gradient just prior to
nucleation, and a brief summary of the experimental procedure are presented.
A small positive thermal gradient is present from bottom to top, with the top
heing hotter than the bottom prior to nucleation. Undercooling at the bottom
is thus somewhat larger than at the top. The undercoolings listed are those
recorded by the bottom thermocouple. The minimum and maximum undercoolings at
the ec<treme top and bottom of the ingot can be estimated by assuming a linear
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thermal gradient. For example, the ingot with a thermal gradient of 6.9 K/cm
(number 4) had ar estimated- undercooling of about 6 K at the very top and 24 K
at the very bottom. Only one thermorouple was used in ingot number 5; the
therma! gradient was estimated to be that of the average of the other slow
cooled samples. Since the thermocouple which measured the undercooling

(18.5 K) was 1.5 cm above the bottom, the maximum undercooling_in this sample
is probably closer to 23 K.

In table II, three of the ingots of this study (numbers 6 to 8) are com-
pared to the results obtained by Hollomon and Turnbull (ref. 4), Sundquist and
Mondolfo (ref. 5), and Chu et al. (ref. 7) for the same compositions. AIll of
the referenced undercoolings were obtained in small, droplet sized samples,
either through use of an emulsification technique (ref. 7), or a hot stage
microsccpe (refs. 4 and 5). The thermal and microstructural data of this study
imply that the primary phase in the undercooled eutectic ingots is the lead-
rich phase. This is supported by the observations of Chu et al. and others
(refs. 4, 5, and 7) who noted twec distinctly separate nucleation events in the
eutectic alloy. In the study by Chu et al., the lead-rich phase nucleated
first with a small undercooling (21 °C below the eutectic) and was then fol-
lowed by nucleation of the tin-rich phase at a much lower temperature. In tine
eutectic ingot number 6 it is believed the secondary phase nucleated after the
recalescence caused by primary phase solidification, at a temperature close to
182 °C. Due to the effects of variations in composition, which develop rapidly
during solidification, the actual undercooling of the secondary phase in the
eutectic ingot number 6 may be closer to =10 °C. During solidification the
composition near the top of the eutectic ingot became close to 70 wt % Sn with
a liquidus of about 193 °C.

After nucleation of the primary phase, with some undercooling, the remain-
ing liquid may also undercool below the eutectic temperature (183 °C) if the
primary phase does not nucleate the secondary phase very well. This {s the
situation in the Pb-12.5 wt % Sn samples of both Hollomon and Turnbull, and
this study. Others, such as Sundquist (ref. 5), define this undercooling as
the difference between the nucleation temperature and the secondary phase
liquidus at the enriched composition given by the extended primary phase ligqui-
dus, rathar than the difference between T and the eutectic temperature, as
in this study. On the other hand, when the primary phase is tin-rich, the
remaining 1iquid does not undercool, as shown by the data for the hypereutec-
tic, tin rich samples (Pb-77 wt % Sn). This suggests that the tin-rich phase
nucleates the lead-rich phase effectively.

In figures 7 to 14, photomicrographs of the longitudinal cross sections

and composition measurements of the samples listed in table I are shown. The
compositions shown were obtained using microprobe area rasters of approximately
0.1 by 0.1 mm. The microprobe measurements were normalized so that the average
composition after normalization was equal to the initial alloy composition.
The data were normalized by multiplying each value by the ratio of the actual,
as weighed composition of the alloy to the average of the measured data. that
is: normalized datum = measured datum x (actual average composition/measured
average composition). The average of the raw, not normalized, microprobe com-
position measurements are included in table III.

The composition variations in the top and bottom half regions of ingots
numbers 6 to 8 measured using the microprobe were checked for accuracy using
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the wet chemical analysis technique Atomic Absorption Spectrophotometry

(tahle IV). The ingots were sectioned such that the filings from the top half
of the ingots were saved and labeled and then the bottom half of tie ingots
were cut and the filings saved. The average compositions of the iop and bottom
halves of the ingots determined by the microprobe are in agreement with the
results of the chemical analysis. Relative accuracies of the cherical analyses
are =5 percent for ingots numbers 6 and 8, and =10 percent for tngot number 7.

Figure 7 shows the longitudinal cross section of the slow cooled sample
(number 1) in which Cu powder was used to nucleate the bath and minimize under-
cooling. A few Pb-rich dendrites are seen at the very bottom of this sample.
The rest of the sample is void of dendrites. The microstructure indicates pre-
dominately lame!lar eutectic and, in some areas, nonlamellar eutectic. Grains
of eutectic can be seen growing vertically up, directionally, in the top two-
thirds of the sample. The segregation in this sample, undercooled 4.2 K, is
limited to local vartations, as shown by the composition measurement in fig-
ure 7. The average value is very nearly “he starting composition, indicating
no significant macrosegregation. The Pb-rich dendrites at the sample bottom
do not significantly affect the average composition.

The structural and compositional variations of ingot number 2 are shown
in figure 8. Spherical, cylindrical, and cross (+) shaped Pb-rich dendritic
particles, surrounded by eutectic, are randomly arranged in the bottom of the
ingot. No Pb-rich dendrites are present in the top half of the sample. The
eutectic grains above the Pb-rich dendrites are believed to have grown upwards
(after nucleation and growth of the Pb-rich dendrites), in the direction of
the thermal gradient which remained after recalescence. No clear indication
exists of macrosegregation from the composition measurements skown in figure 8.
However, the six measurements taken in the bottom region, which contained the
Pb-rich dendrites, indicated an average composition of Pb-58 wt % Sn. The
lower portion of the ingot is thus slightly richer in Pb than the equilibrium
eutectic.

Figure 9 shows the structure and composition measurements of ingot num-
ber 3, the slow cooled ingot which was thermally cycled and undercooled 20.6 K
prior to nucleation. The top one-third of this ingot consists of grains of
primarily ordered groups of Sn-rich dendrites and interdendritic eutectic. In
the approximate center of the ingot are columnar grains of eutectic free of Pb
and Sn-rich dendrites. On the right-hand side of the ingot a eutectic solidi-
fication front can be seen which grew up from the bottom region. Eutectic
grains also grew down from the grains of Sn-rich dendrites above, to form a
eutectic grain boundary at which the two fronts met. It is also apparent that
the right-hand side of the ingot, near this eutectic region, was pulled away
from the tube wall due to shrinkage. This shows that the dendrite free eutec-
tic areas in the approximate center of the ingot were last to solidify. In
the bottom one-half of the sample, Pb-rich dendrites are located with a consid-
erable amount of eutectic. The composition measurements of figure 9 clearly
show the macrosegregation. The average composition at the top is about Pb-687%
5n while the composition at the bottom is approximately Pb-58% Sn.

"he oil quenched and thermally cycled sample, ingot number 4, is shown in
figure 10. This sample was undercooled about the same amount as ingot num-
ber 3. However, the cooling rate just prior to nucleation was about 100 times
fFaster. The bottom one-third of the ingot contains the round, rod, and Cross
shaped Pb-rich dendrite fragments characteristics of the other samples. The
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volume fraction of Ph-rich cendrites to eutectic is greatest at the very bot-
tom and decreases toward the center. The top one-third of the ingot consists
of grains of Sn-rich dendrites and eutectic. 1In the center of the fngot are
blossoming grains of eutectic which resemble those of an equiaxed 2one. The
composition measurements shown in figure 10 indicate this sample to be the most
severely segregated. The average compositions at the top and bottom are about
Pb-72% Sn and Pb 55% Sn respectively.

Figure 11 shows the structure of ingot number 5, the Pb-Sn eutectic tngot,
unde:rcooled 20 K and solidified with a stainless steel screen held near the
center. The macrosegregation process in this sample is very similar to that
proposed for the two previously discussed ingots, but the screen has not per-
mitted the Pb-rich dendrites which formed near the top of the sample to settle
to the bottom.

In figure 12 the macrostructures of ingot number 6 is shown. This ingot
is similar to the other highly undercooled ingots, lead-rich dendrites at the
bottom of the ingot, a primarily lamellar eutectic structure in the middle, and
tin-rich dendrites and eutectic at the top. The higher amount of undercooling
and intermediate cooling rate have not significantly affected the segregation
found in this ingot. The Pb-12.5 wt % Sn alloy (ingot number 7) has a uniform
distribution of lead-rich dendrites and a small amount of interdendritic eutec-
tic throughout the sample. The Pb-77 wt % Sn ingot (number 8) consists of tin-
rich dendrites and eutectic; only relatively smail amounts of macrosegregation
are observed in these ingots. Figures 13 and 14 show the macrostructure and
variation of composition along the length of these ingots.

The average dendrite and eutectic compositions of fngots numbers 6 to 8
are shown in table V. Figure 15 is a SEM back scattering photomicrograph of
an interdendritic eutectic area in the Pb-12.5 wt % Sn sample. As shown in
table V, micropiobe analysis of this eutectic area indicates an average compo-
sition of Pb-89 wt % Sn. The area analyzed to obtain this result was within
the Sn-rich phase of the eutectic, thus did not include the eutectic, rich in
Pb, in contact with the dendrites. For this reason, the actual composition of
the remaining liquid of the Pb-12.5 wt % Sn alloy is believed to be slightly
less rich in tin than what wes measured. The lead-rich dendrites in this sam-
ple were found to have an average composition of about 10 wt % Sn.

Since the composition varies widely over the length of the undercooled
eutectic ingots, dendrite and eutectic composition measurements were made at
the top, middle, and bottom regions of ingot number 6 as reported in table V.
Chu et al. (ref. 7) reported energy dispersive x-ray analysis on their eutec-
tic sample listed in table II. It was determined that the tin-rich phase was
approximately 80 wt % Sn and the lead-rich phase about I0 to 20 wt % Sn.

Microsegregation in the Pb-77 wt % Sn alloy (ingot number 8) was analyzed
using microprobe beam scans perpendicular to the dendrites and area rasters of
the interdendritic regions (fig. 16). The average of both the area rasters
and point analyses in the interdendritic regions is about Pb-62 wt % Sn. The
dverage ot the point analyses within the tin-rich dendrites is 99 wt % Sn.
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DISCUSSION
Nucleation

The thermal measurements indicate that in the Pb-12.5 wt % Sn ingot
(number 7) primary nucleation of the Pb-rich phase occurs at an undercooling
of 12 K below the 1iquidus. Nucleation of the Sn-rich phase (when the inter-
dendritic 11quid was enriched to the normal and hyper-eutectic compositions),
on the other hand, occurred with an undercooling of 20 °C below the eutectic
temperature. Since the cooling rate is fairly slow (=1 K/sec), local equilib-
rium is assumed. Thus, during cooling, solid phases will have a liquid inter-
face temperature and composition given.by the phase diagram and undercooled
phases by metastable extensions of liquidus and solidus. The composition of
the interdendritic liquid thus follows the a-liquidus line of the phase dia-
gram. The composition of the undercooled 1iquid in contact with the dendrites
is expected to be indicated by the extended a-liguidus. Solidification of
this undercooled interdendritic liquid produced the eutectic structure, super-
saturated with Sn with respect to the equilibrium eutectic, shown in figure 15
and table V.

The development of the morphology of the Pb-12.5 wt % Sn ingot (number 7),
as confirmed by the thermal measurements, &ppears to be similar to that pro-
posed by Chu et al. for emulsified droplets containing less than 80 wt % Sn.
The lead-rich dendrites nucleate first at some temperature below the a-liquidus
and grow. Growth of the «-phase occurs during recalescence and subsequently
as the alloy cools to some temperature below the eutectic temperature. The
tin-rich eutectic phase then nucleates and grows. The measurements in this
study indicate the peak recalescence temperature of the a-phase was signifi-
cantly below the equilibrium 1iquidus temperature, as shown in table II. Simi-
larly, after the second nucleation event, the recalescence temperature is less
than the equilibrium eutectic temperature. The macrosegregation observed in
the eutectic alloy of this study was not apparent in the work by Chu et al.
because of the small size of the emulsified droplets.

The effect of undercooling on the composition and structure of the eutec-
t . ‘s emphasized by comparing the undercooled Pb-12.5 wt % Sn and not under-
cented Pb-77 wt % Sn interdendritic regions of ingots (numbers 7 and 8). The
eute-tic in the lead-rich sample was not lamellar but consisted of nearly pure
tin (¢+ B-phase) with irregular particles of lead-rich, a-phase. This mixture
had a measured composition of Pb-89 wt % Sn. The structure of the eutectic in
the Pb-77 wt % Sn ingot was primarily lamellar, with a measured composition of
Pb-62 wt % Sn. Similar eutectic structures, supersaturated with tin, were
obtained by Chu et al. in lead-rich and near-eutectic alloys (ref. 7).

In the Pb-77 wt % Sn ingot (number 8), the solidification of the primary
phase again occurred with a peak recalescence temperature well below the liqui-
dus for the initial composition. The data in figure 5 show this; the liquidus
of the alloy is 202 °C and the peak recalescence temperature is only about
190 °C. The nucleation temperature of the Sn-rich phase was 12 °C below the
eutectic temperature. Thus, the first solid to form should have a composition
given by the metastable extension of the pR-liquidus. One might then expect
the center of the Sn-rich dendrites to be supersaturated with lead. However,
a simple energy balance indicates that less than 10 wt % of the liquid will
solidify during recalescence. The areas which are initially supersaturated
with lead become obscured as a result of solid state diffusion processes.
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The enriched interdendritic 1'quid of the Fu-77 wt % Sn ingot did not ‘
undercool; however, there was a large amount of undercooling before secondary {
phase nucleation in the Pb~12.5 wt % Sn ingot (tables I and II). Eutectic 11g- .
utd undercooled when in contact with Pb-rich dendrites, but did not in the !
presence of Sn-rich dendrites, indicating that Pb is a poor nucleant for Sn ‘
but that Sn is an effective nucleant for Pb. This type of nucleation behavior 4
s termed nonreciprocal. As discussed earlier (see pp. 3-6, fig. 1 and appen- ‘
dix A), theory predicts this for the Pb-Sn system. Because the solid-liquid ;
Interfacial energy of Sn fs more than two times that of Pb, the nucleation bar- J
riers associated with the nucleation of Pb are hundreds of orders of magnitude g
less than.those for the nucleation of Sn. !

In agreement with the above mentioned theory, the thermal data and micro-
structures of this study indicate that in the undercooled eutectic alloys,
lead-rich dendrites nucleate and grow first, as shown in table II. Conse-
quently the remaining liquid becomes richer in tin and thus promotes subsequent
growth of a tin-rich, off eutectic, lamellar structure, and the growth of tin-
rich dendrites. Figures 17(a) and (b) show the microstructures from two dif-
ferent areas of the undercooled eutectic ingot number 6. No indication of
lead-rich dendrites nucleating the eutectic was evident in the microstructure;
conversely, the eutectic is often observed radiating from tin-rich dendrites. |
This gives additional experimental evidence of nonreciprocal nucleation behav-
for. The results thus confirm the findings of Sundquist and Mondolfo (ref. 5)
concerning nonreciprocal nucleation and extend them to bulk sized samples.

Macrosegregation

Given sufficient undercooling, the Pb-rich dendritic phase is the primary 1
phase in the Pb-Sn eutectic ingots. The extent of (Pb-rich) dendrite solidifi-
cation depends on the amount of undercooling prior to the first nucleation
event; the fraction of Pb-rich dendrites formed is higher at higher undercool-
ings. With higher undercoolings and more Pb-rich dendrites, the liquid becomes
more rich in Sn. With 1iquid compositions more rich in Sn at higher undercool-
ings, extensive remelting of the Pb-rich dendrites appears to take place.

Ca AT

The experimental observations may be exptained on the basis of the above
hypothesis. Thus, in ingot number 1, which has a small undercooling, only a
small amount of Pb-rich dendritic solidification took place and.-no significant
macrosegregation. The composition of the solidifying two phase solid is nearly
the same as the liquid. The maximum undercooling in ingot number 1, about 6 K,

was just enough to drive the small amount of metastable Pb-rich dendritic
solidification observed.

T W Py s s AR D

A greater fraction of Pb-rich dendrites occurs with undercoolings of 8 K
or more, as in ingots numbers 2 to 5. At these undercoolings, dendrite tip
velocities, estimated from earlier measurements by others, are of the order of
at Teast a few centimeters per second (refs. 16, 21, and 22). This would allow 1
the rapid growth of a dendritic skeleton across the highly undercooled portion
of the ingot. However, dendritic remelting, occurring du, ing and immediately 1
following recalescence, fragments this skeleton which breaks into spherical,
cylindrical, and cross (+) shaped dendritic particles (refs. 18 and 23). These o
fragments then settle to the bottom causing macrosegregation. 4
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No indication of buoyancy driven convection in the ltquid state was
observed in this study. It is likely in ingot number 2 that the Pb-rich den-
drites grew only in the bottom half of the ingot, the portion of the ingot
undercooled at least 5 K. This alone would not result in any macrosegregation.
For macrosegregation to develop, movement of the now Sn-rich liquid up, and/or
the Pb-rich dendrites down, is required. Since the density difference between
the solid and 1iquid phase is much greater than those in the 1iquid because of
composition and temperature gradients in the liquid, the settling of the solid
dominates. This is shown in the composition variation of ingot number 2,
fig. 8. The Pb-rich dendrites which grew in the bottom half of the ingot sank
to the bottom fifth, leaving the 1iquid above richer in Sn as shown.

A number of experiments examined the convection and segregation in the
liquid. The mid-ingot screen of number 5 was designed to stop solid sedimenta-
tion and not significantly impede segregation in the liquid. During the time
the bath is undercooled (about 3 min in the slowly cooled ingots) it is poOsSi-
ble that clusters of Pb and/or Sn atoms form and sink and float respectively.
If this were to occur to a significant extent, a channel of Pb-rich and/or
Sn-rich material would be seen at the edges of the screen: this is not the
case as seen in figure 11. Ingot number 5 also shows that Pb-rich dendrites
can grow throughout the bath and thai the segregation is rather incensitive to
the small gradients of these experiments. To prevent any segregation in the
liquid, the liquid was vigorously stirred prior to cooling. In another experi-
ment, during the final stages of cooling below the eutectic temperature, a
small amount of 1iquid was removed from the top using a small ladle. This lig-
uid was chemically analyzed and found to be of eutectic composition, thus indi-
cating no segregation in the liquid prior to nucleation.

With initial undercoolinrgs of about 20 K the volume fraction of Pb-rich
dendrites is greater (as compared to ingots solidified with less initial under-
cooling), thus the composition of the liquid they leave behind after settling
is richer in Sn. In the top region of the ingot, the liquid is rich enough in
Sn to grow Sn-rich dendrites (see fig. 9). The increase in undercooling from
8 to 20 K increased the amount of macrosegregation.

At faster cooling rates, such as that used to solidify ingot number 4, it
is believed that a larger amount of Pb-rich dendrites form during recalescence.
The remelt and breakup of the Pb-rich dendrites is thus more extensive because
local Sn concentratiors are higher. This results in finer Pb-rich dendrite
fragments, a greater packing density at the ingot bottom, and an increase in
macrosegregation compared to ingot number 3 (figs. 9 and 10).

CONCLUDING SUMMARY

I. Given a sufficient amount of undercooling (=5 K or more), the dendritic
Pb-rich phase is the primary phase in the Pb-Sn eutectic alloy. Because of Sn
enrichment of the liquid and thermal recalescence, the Pb-rich dendrites which
form in the undercooled eutectic ingot remelt and fragment. These fragmented
dendrites are then free to sink to the bottom causing segregation.

2. The extent of (Pb-rich) dendritic solidification increases as under-
conling increases. As Pb-rich dendrites grow, breakup, and settle to the bot-
tom, the remaining liquid in the upper region of the ingot becomes more rich in
Sn. With an undercooling of 20 K, the Ttquid at the top region of the ingot
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Is rich enough to grow Sn~rich dendrites. These effects cause greater amounts
of macrosegregation as compared to ingots solidified with less undercooling at
the same cooling rate. A Pb-Sn eutectic ingot undercooled 20 K with a cooling

rate of 4 K/sec just prior to nucleation had a composition of about Pb-72 wt %
Sn at the top and 55% Sn at the bottom.

3. The nucleation behavior of the Pb-Sn system s nonreciprocal such that
the solid Pb-rich phase does not nucleate the Sn phase well, however, the
solid Sn-rich phase does nucleate the Pb phase effectively. This phenomenon
is believed to be mainly the result of differences in solid-liquid interfacial
energies between the catalyst, new solid, and undercooled.-liquid rather than
lattice misfit between the catalyst and new solid.

4. No channeling or other indications of segregation in the liquid state,
because of density gradients in the liquid or clustering of Pb and/or Sn-rich
atoms during undercooling, was observed in this study.
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APPENDIX. A

Calculation of P: the relative probability of nucleating Pb on Sn rather
than nucleating Sn on Pb in the undercooled Pb-Sn eutectic alloy.

exp(-le(be)3be/3(ASPb AT)sz>
exp<-16w(y5n)3fsn(ASSn AT)ZKT)

Ypp = 56 erg/cm? = 56x10-7 J/cm?
Ygn = 132x10°7 J/cm2 (ref. 9)

Assuming a contact wetting angle for the nucleating Pb cap of 10°, and a
resultant angle of 100° calcuiated for the Sn cap, the values for the factor,
f, decreasing the nucleation barrier due to heterogeneous nucleation, are
FPp = (2 + €os10°)(1 - c0s10°)2/4 = 1.72x10-4,
fon = 0.616.

Assuming the entropy of fusion of the solid alloys to be constant and equal to
that ¢f the pure components the values of ASf  are (ref. 12),

ASpp = AHpy /Ty = (6.26 cal/g)11.34 g/cm3/600 K = 0.118 cal/cm3 K
ASpp = 0.495 J/cm3 K

ASsp = 0.877 J/cm3 K

k =

pu—y

.38x10-23 J/K

Now calculating P, the probability ratio, at an undercooling of 20 K (aT
20 K, T = 436 K),

P = exp(-0.858)/exp(-1.4x10%) = 0.424/¢10-500

Thus theory predicts that the Pb phase of the Pb-Sn eutectic is extremely more

likely to nucleate on Sn than the Sn phase of the eutectic heterogeneously
nucleating on Pb, at 20 K undercooling.

To determine the relative likelihood of homogeneous nucleation of Pb eutectic
solid or Sn eutectic solid we may simply remove the factor, f, from the AGp
equation. This probability ratio, Phom, at an undercooling of 0.3Th = 137 K is

Phom = exp(~145)/exp(-663) = 9x10224
This indicates there is an extremely greater probability of Pb nucleating

rather than Sn. Again theory is in agreement with experimental observations
nredicting Pb to be the primary phase of the eutectic (refs., 7, 13, and 14,

14
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APPENDIX B

Notes concerning calculation of the density difference between Pb-rich
dendrites and eutectic liquid.

Pb dendrites are 19.2 wt % Sn, or 27 vol % Sn
Liquid eutectic is 61.9 wt % Sn, or 71.6 vol % Sn
Density of Pb dendrite = 11.34{1 - 0.27) + 7.3(0.27) = 10.2 g/cc

Density of the liquid eutectic = (11.34(1 - 0.716) + 7.3(0.716))0.97 =
8.2 g/cc

15
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TABLE I. - THERMAL DATA OF UNDERCOOLED Pb-Sn INGOTS

Ingot Description Ingot Undercooling, | Cooling Therma)
number composition K rate, gradient,
wt % Sn K/sec K/cm
1 Slow cool, 61.9 4,2 0.066 4.4
nucleated with il
Cu powder
2 Slow cooled 8.0 0.040 3.2
3 Slow cooled, 20.6 0.042 2.6 i
thermally cycled
4 0i1 quenched, 20.8 4.1 6.9
thermally cycled
5 Slow cooled, 18.5 0.1 3.4
thermally cycled, est
solidified with
s.s. screen
6 BUF, furnace | 34 0.5 7.6 z
quenched :
7 BUF, furnace 12.5 12 1.1 0.45
quenched, primary
phase Pb
7 Secondary phase 12.5 20 0.74 3.6
8 BUF, furnace 77 31 0.79 7.5 '
quenched, primary !
phase Sn |
8 Secondary phase 77 None 0.28 5.1 ‘
!
{

TABLE II. - COMPARISON OF UNDERCOOLING MEASUREMENTS OF THOSE FOUND IN THE LITERATURE

AND IN INGOTS NUMBERS 6 TO 8
[A11 temperatures are given in degrees Celsius.]

Authors Primary | Composition Undercooling, Undercooling, H
phase wt % Sn nucleation and nucleation and N
peak recalescence peak recalescence .
temperature of temperature of
primary phase secondary phdse 2
uc Tn Te uc Th T, i
This study Pb 12.5 12 | 285.7 | 288.8 20 163.3 | 1od.b . ]
Hollomon and Pb 12.5 40 {1 256 | =~==- 13 170 | ===~- ;
Turnbull (ref. 4) !
This study Pb 61.9 34 148.7 181.7 1 182 183%,)
Hollomon and Pb 451.9 43 | 140 | ~mmmm | mmem | s e ;
Turnbull (ref. 4)
Chu, Shiohara, and Pb 61.9 21 | 162 | —mmem | 162 | —=-m- !
Flemings (ref. 7)
This study Sn 77 31 170.9 | 189.1 None | mmmmm | ==-=e '
Sundquist’ and Sn 77 56 | 144 | amm-- None | ==-e= | ==m-- 1
Mondolfo (ref. 5)

3yndercooling extrapolated from data near eutectic composition.
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TABLE ITI. - AVERAGES OF THE RAW, NOT NORMALIZED MICROPROBE COMPOSITION

MEASUREMENTS IN wt % Sn

Ingot number

i 2 3 4 5 6 7

Raw average | 63.4 | 64.0 | 68.0 | 63.4 69.1 | 68.6 | 15.0
composition

80.1

TABLE IV. - CHEMICAL ANALYSIS OF THE TOP
AND BOTTOM REGIONS OF INGOTS
NUMBERS 6 to 8 IN wt % Sn

Ingot number

6 7 8

Composition in | 69.2 | 12.4 79.8

top half
Composition in | 58.4 | 12.6 | 75.6
bottom half

TABLE V. - DENDRITE AND REMAINING LIQUID MICROPROBE
MEASUREMENTS OF COMPOSITION, INGOTS NUMBERS 6 TO 8

Alloy Lead-rich | Tin-rich Last liquid
dendrites | dendrites | to solidity
wt % Sn wt % Sn wt % Sn
Pb 12.5% Sn 10 -— 89
Pb 61.9% Sn (top) | ==——=~-- 97 66
Pb 61.9% Sn (mid) | ====-==- - 65
Pb 61.9% Sn (bot) 23 - 74
Pb 61.9% Sn 10 to 20 - 80
(Chu, ref. 7)
Pb 77% Sn | =mem———- 99 62
19
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EVERY 10 sec, THEN INCREASED TO ONCE EVERY 5 sec DURING
THE FINAL STAGE OF COOLING. THE TEMPERATURE OF THE PLA-
TEAU DURING MELTING WAS 182.6 OC. THE THERMAL GRADIENT
AND COOLING RATES WERE MEASURED JUST BEFORE RECALESCENCE,
ABOUT 50 MIN INTO THE EXPERIMENT,
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MICROGRAPHS OF LONGITUDINAL CROSS SECTION

FIGURE 9. - INGOT NUMBER 3. Pb-Sn EUTECTIC INGOT SLOW COOLED AND THERMALLY CYCLED, T, = 20K
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MICROGRAPHS OF LONGITUDINAL CROSS SECTION.

FIGURE 11. - INGOT NUMBER 5. PD-Sn EUTECTIC INGOT. SLOMW COOLED, THERMALLY CYCLED. AND SOLIDIFIED WITH A STAINLESS STEEL SCREEN MEAR THE CENTER, Tyc = 20K,
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MICROGRAPHS OF LONGITUDINAL CROSS SECTION.

FIGURE 12. - INGOT NUMBER 6. Pb-Sn EUTECTIC INGOT FURNACE QUENCHED IN THE BUF, Tye = 34 K.
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MICROPROBE COMPOSITION MEASUREMENTS.

100 pm

MICROGRAPHS OF LONGITUDINAL CROSS SECTION

FIGURE 13. - INGOT NUMBER. Pb-12.5 wr X Sn INGOT FURNACE QUENCHED IN THE BUF. Tye = 12K.
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MICROGRAPHS OF LONGITUDINAL CROSS SECTION.

FIGURE 14. - INGOT NUMBER 8. Pb-77 wr % SN INGOT FURNACE QUENCHED ON THE BUF, Tye = 31K,
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FIGURE 15. - SCANNING ELECTRON MICROSCOPE. BACK SCATTERING MiCROGRAPH, DARK LONG AREA
IN THE CENTER IS INTERDENDRITIC, EUTECTIC, MICROPROBE COMPOSITIONAL ANALYSIS WAS 89
PERCENT Sn.
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FIGURE 16. - BACK SCATIER SFM MICROGRAPIL OF Pb-7/ PERCENT Sn INGOT SHOWING SCANS
ACROSS THE DENIRLIES (AA AND BB) AND FUTECTIC AREAS ANALYZED.
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FIGURE 17. - OPTICAL PHOTOMICROGRAPHS OF Pb-61.9 PERCENT Sn INGOT UNDERCOOLED 34 K.
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