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ABSTRACT®

' The preferredvgrowth of the lead-tin eutectic alloy has
been studied by use of electron channeling techniques in a
scanning electron'mi;roscope. Four distinct crystallographic
modes have been foﬁhd‘to_exist depending on the imposed growth
veiocity. The extent of the range of the stability of each
mode was experimentally determined in a directional solidifi-
cation apparatus and ratibnalized in terms of simple physical
reasdning. Microstrucfurai observations are discussed in
terms of the ﬁature of the extent of the étability'of‘the
various crystallographic relationships. . |

| Lameliar spiraling about the grdwth direction was found
to occur in one crystallographic mode and the pafameters con-
trolling it, growth velocity and temperature gradient, have
been in&ésfigated.T The rate of lamellar spiraling was found
to increése by increasing solidification rate or temperature
grédienf.'

Considering the data as a whole, the study suggests that
considerably more control over the microstructural and crystal-
lographic characteristics of a eutectic structureﬁis possible

than was previously believed.

*USERDA Report IS-T-718. This work was performed under Con-
tract W-7405-eng-82 with the Energy Research ‘and Development
Administration.



INTRODUCTION

In recent yéars a considerable number of investigations
have dealt with the development of preferred crystallographic
relationships in directionally solidified alloys particularly
two phase lamellar.eutectics. Since 1935 due to the work of
Straumans and Brakss (28) it has been known that 1amé11ar
eutectics solidify with a preferred crystallography but it is
only in the past ten years that significant advances in exper-
imental techniques have permitted detailed studies of the
origin and development of a preferred eutectic crystallogra-
phy. (Since it is beyond the scope of this paper to present
a detailed summary of the histofy\of investigationé on eutec-
tic alloys the reéder is rgferred fo an excellent review
article by Hogan et al. (16)).__

At this point let us digresé a little‘to familiarize the
reader with some of the topological parameters of a eutectic
microstructure. A typical microstructure is pictured in
Figure 1. The growth direction is normal to the micrograph
and one can éasily,discern the alternating lamellae or
"plates'" of each phase. It,is also clearly evident that the
lamellae are not continuous. The terminatioh‘of a lamellae is
termed a lamellar fault. When a number of adjacent lamellae
terminate all along a line this trace is evideﬂce of a mis-
match surface. A hismatch surface generally lies normal to

the lamellae and parallel to the growth direction. The edge



Fig. 1. A typical faulted Pb-Cd eutectic microstructure.
Growth normal to the micrograph. 1000X



of a mismatch surface is not wcll,defined; they simply fade
out. If a misﬁatch surface 1is mereiy a displacement of the
lamellae, that is if there are equal numbers of lamellae on
both sides,it is termed a no-net fault. If, however, the num-
ber on one side differs from that on the other it is termed a
net fault. Movement of net faults has been proposed to
~account for the ability of the microstructure to change the
lamellar spacing in response to'changes in growth rate.

Now let us move on to consider some general concepts of
eutectic growth and the development of a preferred crystal-
1ography. Lamellar growth is favored by short diffusion dis-
tances at the advancing solid-iiquid interface but the plate
like structure is characterized by a 1érge area of interface.
per unit volume of material. Thus stabilization of the lamel-
lar structure would occur if growth conditions permitted the
selection of é low energy interface. The findings of con-
sistent orientation relationships in many eutectic systems
(3,4,5,15,17,18,22) would lead to the conclusion that this
does occur and many mechanisms for orientation changes have
been proposed to play a role in the selection process (16)5
In addition to the orientation changes for the selection of a
low energy intérface each phase will be striving to grow in a
favored crystallographic direction. Thus the final preferred
crystallographic relationship should be a compromise between
maintaining a low energy interface-énd'grOWth'in preferred

crystallographic directions.



A complex anélysis by.FletCher and Adamson (13) predicts
that interfacial eﬂergy will vary periodically when the rela-
tiohship between the interfacial and crystal orientations is
varied systematically. infuitively one realizes that the
interfacial energy‘is a complex function of the five degrees
of'crystallogréphic fféédom‘of the interfacial planes. When-
ever the lattice pérameters, symmetry and orientation of the
two crystals give a high percehtage.of_atomic céincidences
across the interfacé a minimum energy configuration will
.,occur. 'Such a circumstance woﬁld produce a minima or perhaps
a cusp in an energy versus orientation plot. Physically then,

any graih~whose érystallographic orientation fell within the
width of the minima would ekperience a driving force towards
the minimum energy tonfiguration; Any movément of 1ameliar
faults or‘;ryétallographic‘orientgtion changes which tended
towafds this cohfiguration would be stabilized allowing pro-
gressive changes to occur slowly as growth proceeded. Let us
now_considef the actual shape of the energy versus orientation
curve. If the minima in the energy versus orientation curve
were a sharp cusp one would expect the lamellae to be rigidly
paréllel and fixed crystallographically since any deviation
fromithe preferred orientation would experience a rapid in-
-crease in energy. If the orientation corfeSponds to a gentle
minimum in the curve thé driving force maiﬂtaining the precise
details of the orientation relationship would not be as great

and one would expect to find greater variation in the crystal-
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habitiplane. If the habit piane was (1018) Zn the grain was
dextro-rotary but if it was (1018) the grain would be laevo-
rotary. Their worK'also indicated that fault density and the
'rangé of misoriéntations decreased with increasing temperature
~ gradient, and that the rate of the 1ame11af spiraling also
decreased with‘the decrease in fault density and range of mis-
orientations. The applicability_of these findings to the
lead-tin system may‘be somewhat in quéstion for twolreasons.
VUnforfunately Hopkins and.Steﬁard did nof confirm that the
lamellar 5pira1ing they studied involved no orientation
changeé as was the case with the‘Al;Zn eutectic (nor did they
show that it was the saﬁe cfystallography previousiy found by
‘Hopkins and Kraft (18)). Secondly, Double typically found

the lamellae inclinéd.at.up to 25° to the growth direction,

a complication not mentioned in previous lead-tin cfystallo-
graphic studies. In ahy event it is clear from these studies
that the laﬁeiiar spiraling phenomena was inherent in the |
growth process and not a transient phenbmena.

. In spife of the‘advancesiin experimental fechniques

theré is considerable diségreement in the literature over

the details of the preferred eutectic crystallography in

a given system. A prime example of this is the leéd-fin
eutectic where depending on the solidification conditions
various crystallographic relationships have been repofted
(17,25,29). In light of the apparént cbntradittions'in the

. : f
literature over eutectic crystallographic relationships it
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~might prove beneficial to summarize bfiefly the assumptioﬁs
most previous investigators have made as a basis to their

work and also anyllimitations imposed on their experiments due
to the nature of the techniques'employed. The major experi-
mental limitation was inherent 'in the X—réy analysis most
aufhors have relied upon (24). Teitﬁre X-ray analysis when
applied to the determination éan ohly be an averaging tech-
nique and unless great care is exercised the analysis will
tend to obscure. true variations in eutectic crystallography.

A second drawback to X-ray analysis is that the relative
crystallography found by the X—fay analysis must be correlated
to gfowth directions and interfacial habit plane measurements
determined independently by optical microscopy. This pro-
cedure introduces additional experimental error into the find-
ings of the study. Also the assumptions made by previoué‘
investigators have played a role in the manner of experimenta-
tion and possibly the interpretation of the resulfs. As
pointed out by Canfor and Chadwick (5) most investigators have
assumed a priori a unique invariant eutectic crystallography
and have sef out to find it. This may have a tendency to bias
results if in fact it turnslout fhat tﬁere is no preferféd
crystallography between~th¢ phases. This point is‘iilustrated
quite nicely by-the work of Cantor and Chadwick (3,5) on the
Al-Al;Ni eutectic along with ‘the pﬁblished comments on the
work by themselves (2) and Gafmong and Rthes (14). 1In the

original paper (3) Cantor and Chadwick claimed that their

S



data showed no crystallqgraphic felationship between the two
phases. Garmong and Rhgdes '(14) .argued that within the range
of eXperimental error the data could be interpreted to show
that there was a preferred crystallography. Cantor.and Chad-
wick (5) replied by showing that the relationship proposed by
Garmong and Rhodes was not satisfied by the majbrity of the
specimens studied by them and in a further study (3) presented
a rather strong. case indicating that the orientation of thé |
aluminum rich phase was controlled by nucleation events and
subsequent growth anisotropies and not by a mutual crystallo-
graphic compatibility with the A13Ni phase. The series of |
papers cited abové show how the actual reportgd results of a
crystallographic study may be biased by the invéstigator's
presumptions. Iﬁ addition, thé presumptidn of a unique invar-
iant crystallogréphy gave no moti&ationAfor investigators to
vary the solidification conditions in their work to any great
- extent even though it had been concluded in the literature by
at least one author, Kraft (23), that different crystallo-
graphic relationships were evidently.possible under varying
solidification conditions. |

Upon considering how the ébove mentionea_factors limited
the results of most prefious inVestigations it was decided to
study the solidificafioh of a euféctic alloy while varying one
of the solidificafion variables over a wide‘range of values.

The possible solidification conditions which could be varied

are composition, convection, temperature gradient, solidifica-
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tion rate, and capillarity effects. It would aid in interpre-
tation of results if the variation of the parameter could be
easily correlated and related to any variations encountered in
the eutectic.crystaliography. This restriotion points to two
4variables;-sblidification rate ano témperature gradieot, both
of whioh are easily measurable and which oonceivably might
have an effect on the eutectic crystallographic relationship.
With this background in mind the present study was conceived
and conducted. _
Thislstudy'of the crystallography of the lead-tin euteo-
‘tic is characterized by a number of factors which differenti-
ate it from previous work in the area; First of all the
experimental solidification apparatus used, fixed the condi-
tions of solidification to a greater extent than was possible
in many previous investigations. The rate of solidification
and temperature gradient in the liquid could both be measored
accurately.and varied independently. Also the careful align-
ment of the samples in the scanning electron microscope (SEM)
rela#ive to tﬁe_electron beam allowed the growfh directions
to be measured more preoisely than in the past. Finally since
the orientation relationships were determined by channeling
techniques in the SEM tho microstructure and crystallography
could be correlated directly without the addition of error s
was the case previously in'correlatiogix-ray data to inde-

pendent optical measurements.
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EXPERIMENTAL APPARATUS AND PROCEDURES

All experiments were carried out in the verticaliéolidi-
fication apparatus pictured in Figures 2 and 3. The alloys
were solidified:in 5mm I.C./7 mm 0.D. Vycor or quartz tubing
52 cm long. A hollow brass insert was fitted abouf 4.5 cm up
into the bottom of the tubing. This fested on the lower cop-
per support rod and an Q-riﬁg and'clamping plate were used to
make a vacuum seal at the bottom junction. At the top the
upper support for the tubing wés connected to the vacuum sys-
tem and clamped to .the tubing with another O-ring seal. A
nylon plug with a hole through the center was threaded into
the upper support and was tightened down to the tubing to
prevent any vertiéal motion during a run. At the bottom a
water tight seal was formed between the tubing and the éooling
cylinder as pictured schematically in Figure 3. This seal '
must be well lubricated since it is movable .and any sticking
would cause variations in the rate of movement of the solid-

liquid interface. Resting on the clamping plate of this seal

were a hollow lava spacer and a stainless steel jacket which
contained the thermocouple that regulated the furnace tempera-

ture.

The furnace was 20 cm in height and contained non-induc-
. tively wound nichromc wirc hcating clements. The furnace
rested on a transit spacer on the top plate of the water

chamber. By varying the thickness of this transit spacer and
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thé lava sﬁacer surrounding the tubing, the solidjliquid inter-
face could be adjusted to be planar or convex at any given
temperature gradient. The temperature gradient was measured
by é tﬂermocouple which extended ub into the melt through the-
bottom coppér support rod. The therm¢cdup1es were made from
2 mil chfomel and alumel wireé'inéulated from a 10 mil 0.D.
by 8ﬂﬁl'i.D-stainless steel sheath with powdered magnesia.
" The bead was fofméd byAwelding the end of the sheath to the
chromel aﬁd alumel wires. Reaction with the leéd-tin alloy
during_the'experimehts was prevented by coating the shéath
~with a thin layer of graphite. | |

The experiments were all carried out at the eutectic com-
bosition of 61.9 w/o tin. Initially a master alloyAwas cast
~starting from high purity materials: Vulcan Materials'Corpor-
ation‘tin 99.999% pure and lead from Cbminco American; also
99.999% pure. A total of about 400 g of the starting materi- .
als were weighed to within 0.01% of the desired composition.
After placing the charge in a clean Pyrex crucible the cruci-
ble was transferred to a vacuum chamber. The chamber was then
évacugted and backfiiled'with helium before final evacuation
of the chamber. Dﬁring the melting of thé‘charge fhe pressure‘
in the chambér'was approximatelf $x10-3‘toff and remained con-
staﬁt. .TheAcharge was melfed by a resistance furnace. at abpﬁt
425°C and when the melting was complete a tantalum étirring

-rod with a paddle attached was lowered into the melt and
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oscillated to'insure complete mixing. The melt was then léft
idle for approximately oné half hour and then restirred imme-
diately before casting. In the castiﬁg operation a bundle of
4 mm I.D./6 mm O.D. Pyréx tuBes 60 mm lbng with one énd.sealed
were loﬁeréd to the bottom of the melt and the system was
qhickly backfilled with helium thus forcing the molten alioy
up into the tubes. The alloy rapidly solidified in the Pyrex
tubes and the furnace was then removed allowing the system to
cool. The master élloy cast in the 4 mm I.D. Pyrex tubes

was then used as the starting point for all subsequent work.

. After breaking the alloy out of fhé tubes and cleaning in
‘acetone and methyl alcohol 40-45 g of the alloy was.cut from
fhe 6Q‘mm long rods‘and'placed in the apparatus described pre-
viously. 'The‘system;was fhen twicé'evacuated to 25x10'3 torr
and backfilled with helium. When refilled with helium for

the final time the cooling water was allowed to fldw and the
furnace turned on to‘400°C in preparation for the run. The
first Step consisted of melting down to about 1-2Z cm abové

the boftém plug. During melting the movement of the solid-
liquidAinterface-was followed by the use of a tantalum probe
and a'traveling'micrometef whichﬂréad tb 0.001". When.the
desired starting point had'been reached fhe §plit nut waS
locked and the furnace and cooling jacket were allowed to
travel at the predetermined rate. After about 10-15 cm of

travel the run was terminated by quickly raiéing fhe cooiing
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jacket-furnace combination manually thué "Quenching" the re-
maining liquid. This created an interface which was clearly
evideﬂt upon macroetching and which proved useful in correlat¥
- ing the solidification rate data with the solidified specimen.

' 'The température gradienf measurements were quite simple
to make. The output of thé thermoéopple was recorded on a
strip chart as a function of time. The output recorded in
this manner was essentially a straight line. Using a straight
edge fhe slope of the line in millivolts per segbnd could be
‘determinéd. 4Wheh'correlated with the known témpefature de-
pendence of EMF for chromel-alumel thermocouples and thé
Aéolidification'rate'data the thermal gradient in degrees centi-
grade per centimeter could be calculated. By lowering the
furnaée and cooling‘chamber manually such that the thermo-
"couple tip was again in the molten alioy,sevéral measurements
could be maaé on a given experimental run. A sharp break in
the thermocouple oﬁtput was evident as the tip passed through
the solid-liquid intérface. After the desired number of meas-
urements had been made, the run was allowed to continue and
terminqted as described above. |

Preparation of thé samples for examination began by care-

fully breaking the glass from the solidified specimen and
macroétching the entire specimen in a room temperature etch
consisting of 67 v/o giycerol, 16 v/o glaéial acetic acid and
17 v/o nitric acid for approximately five minutes.‘ This re-

veales the start and quench interfaces and the grain structure
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of the specimen.. Samplés for examination in the SEM were
obtéined by sectioning the specimeﬁ with a jewelers Saw. In
all éases a surface 2 mm below the quench interface was exam-
ined. 1In addition two or three other surfaces nearer the'
start interface were examined.and the microstructural features
and crystallographic relétionships found were recorded. After
the samples were polished on a 600 grit silicon carbide wheel
tovobtain a sméoth.surface normal to the growth direction they
were cleaned iﬂ acetone in an ultrasonic cleaning machine.
Next fhey were electropolished for 1-1.5 min at 30 volts-in a
6 v/o perchioric acid-methanol bath maintained at -55°C by a
flow of liduid nitrogen controlled by a thermoéoUple iﬁ the
poliéhing bath itself. Immediately after etching,the samples
were swabbed with EDTA (a solution of ethylenediamine tetfa{
acetic acid disodium salt) to remove any oxidatioh from the
leéd (10) since it was found thét this oxidation had an ad-
verse effect on the quality of the channeling patterns that
could be obtained from the lead lamellae. Because of the
presence of a tin precipitate in thé lead lamellae the‘electro-‘
polishing was quite critical in that if the precipitate was
not removed éhanneling patterns from the lead were eXtremely
difficult if not impossible fo obtain. After careful align-
ment of the stage. in the SEM such that thé electron beamAand

the growth direction were parallel, the surface of a given

sample was examined by making two orthogonal traces of the

surface carefully noting the orientations across the sample.
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The crystallographic information from the selected area chan-
neling patterns (SACPs) and fhe position of the lamellar
interface were correlated directly by first obtaining the
SACP and then lowering the épécimen by controlling the height
of the stage to observe the microstructure and note the posi-
tidnvof the 1ameliar interface. This procedure has been
shown by_van Essen and Verhoeven (30) to result in an error
freé correlation. The orientation of the SACPs was found by
comparison with an experimentally generated channeling pat-
tern for the material in question. Upon completion of the
two orthogonal traces the surface was examined at about 300X
in the scan normal mbde and any areas that appeared to warrant
further study were also examined in the channeling mode. If
only(a single orientation relationship waS found it was
assumed to be the preferféd one for the particular set of
experimental conditions.

The availability of samples of Pb-Sn eutectic which were
diréctionally'solidified by previous investigators in an
apparatus similar to that described above; led fo a series of
examinations in which the nature of their prefefred crystal;
lography was investigated. The procedure employed in solidi-
fying these specimens differed from that described'above and
therefore will be summarized here. First high purity lead
and tin weighed out to eutectic composition were placed in the

system. Then the system was evacuated and heated to 400°C.

A tantalum stirrer was then introaduced into the melt and the
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molten alloy was stirred vigorously to insure homogeneity.
Upon cdmpletibn of the stirring operation the cooling jacket
was quickly raised, quenching 5 cm of the molten alloy. Then
the temperature of the melt was raised to 750°C and the system
backfilled with one atmosphere of high purity helium. The
actual solidification of the alloy then proceeded by solidify-
ing about 3 mm at ~5 ﬁm/s and then abruptly changing  the
solidification réte to the desired value which then was held
constant fof the remainder of the run. Electropolishing and
SEM examination of the specimens followed the-procedure out-

lined in the previous section.

In the second series of experiments the eutectic was
seeded using specimens 20 mm long taken from runs grown in
the first manner described above. To seed the eutectic with
only the desired orientation and avoid any spurious nucleation,
the samples to be used as seeds were electropoiished in the
samé manner as before until their diameter was reduced just
enough to fit into the 5 mm I.D. tubing. Using a hollow bot-
tom plug as pictured in Figure 4 the seed was first;glued to
the top surface of the plug and then the assembly inserted in
the tubing. Silicone rubber was introduced into the bottom of
the plug and forced to flow up through the plug and around the
seed and allowed to solidify. By using the tantalum probe |
during the melting procedure one'couid follow the interface
movemenf and melt down to a point within the confines of the

'silicone rubber and force the eutectic to nucleate only on
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the seed as desired. Onee the seed orientation was estab-
lished by solidifying for about 5 cm under the same conditions
that accompanied its original development,either the tempera-
ture gradient or the solidification rate was changed, and by
reeotding the readings on the'traveling micrometer the point
at which the change was made could be accurately pinpointed.
The primary emphasis of this‘phase of the experimentation was
to ascertain the effect of the two variables on the lamellar
spiraling found to occur in the one crystallographic mode.
Most of the runs foilowed afsimple'format. After the desired
cr&stallOgraphy was established at a solidification rate of
about 20 or 40.nm/s the solidification rate was increased in
jumps of 20 um/s at 2.5 cm intervals until rates of 120 to 140
nm/s were attained. At this point the remaining 1iquid was
quenched.- Tne runs in which the effect of thermal gradient

. was to be established were very similar. After 2.5 cm of
alloy were solidified at 20 or 40 nm/s and a gradient of 128
°C/cm, the temperature gradient was increased by raising the
furnace temperature to 750°C where previous investigations
(31) had established the-gradient to be 360 + 18 °C/cm. This
took approximately one hour after which the furnace was low-
ered slightly to melt back any of the eutectic that might have
solidified during temperature fluctuations in reaching.the
higher gradient. Then the alloy was solidified for another
2.5 cm at the same soiidification rate as.before the tenpera-

ture gradient change, after which the solidification rate was
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incfeased as described above.

Measurement of the 1éme11ar spiraling rate was done by
two methods and they were cross cheéked on each other to in-
-sure uniformity of results. The first method was as follows:
The specimen was placed on a lathe and a series of discs 1 mm
thick were obtained by machining with a 0.5 mm tool bit. The
specimens obtained in this manner were mounted in Quick
Mount and fhe surfaceé prepared for examination as described
_earlier. The 1émeilar spiraling rate was found by measuring
the angle formed by the lamellae and a fiducial mark scribed
‘on the specimen before machining. The second method involved
an external macroetch which revealed the contrast bands noted
before in. the work of Hopkins and Stewart (19). The direct
measurement of the spiraling rate confirmed their observatioﬂ
that the contrast band spacing corresponded to a lamellar
rotation of 180°. As evidenced by Figure 5 the contrast bands
-were well defined and quite distinct particularly those at the
higher solidification rates. Thus the spiraling rate could be
measured by merely counting the number of bands for a given
length of growth. In every case where the two methods were
cross checked they agreed to within + 10%. Also the specimens
were examined to inéure that the seeded orientation was |
indeed the one exhibitihg the lamellar spiraling effect. A
series of two surface(analyées were performed on‘the specimens

exhibiting the spiraling phenomena to ascertain whether or not
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the lamellae were inclined with respect to the growth direc-
tion by polishing a specimen cut from a run longitudinally
and examining it in the SEM. The polishing and etching were

performed in the manner described above.
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RESULTS AND DISCUSSION

In the measurement of the temperature gradient, G, as
described earlier the lower value was found to be 128+3°C/cm.
The upper gradient of 360+18°C/cm was well established by
Verhoeven and Gibson (31) in previous work and was assumed to
be the same in these experiments. A comparison of the
quenched solid-liquid interfaces (see Figure 6) reveals the
lower gradient gave an interface that was concave with respect
to the solid whereas the interface at the higher gradient is
essentially planar. Thus a comparison of the results between
runs with the higher gradient versus the lower one should re-
veal the role played by the shape of the interface, a vari-
able which has been theorized to play a significant role in
the development of preferred orientations and also subsequent
steady-state lamellar rotations.

The results of the random nucleation experiments showed
that the crystallography and morphology of the eutectic were
highly dependent on solidification rate whereas changing the
temperature gradient appeared to have little or no effect on
the structure that evolved from a given set of experimental
conditions. The idealized orientation relationships and exper-
imental conditions under which they developed are summarized
in Tables 1 and 2. Briefly the results showed four distinct
crystallographic modes which were found to be stable at dif-

ferent solidification rates. As can be seen the ranges of



Fig,

6.

Typical quench interfaces showing profile of solid-liquid interface
(a) gradient of 128°C/cm; (b) gradient of 360°C/cm. 29.1X
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Table 1. Idealized eutectic crystallographic relationships
found in lead-tin system’

Relationship I: |
Growth direction ||[1301Sn ||[114]Pb
Interface | 1¢310)sn || (532)Pb

‘Relationship II:
Growth direction ||[243]Sn ||[113]Pb
Interface - |1(512)sn || tIziipb

Relationship III:2
' Growth direction {|[§71]Sﬁ'y
Relationship Iv:2

Growth directiop |f[001]Sn

Interface II(iOO)Sn

aExperimental limitations precluded the determination of
the full details of these crystallographic relationships.
See text for details. ‘ :
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The effect of solidification rate on the crystal-

Table 2.
.lography.of.the.Pb.Sn.eutectlc
Run - | Crystal- Length No. of grains
No. (um/s) '(°C/cm) lography solidi- present
: ' present fied
(mm)

34 100 128 III 155. 7-10
2184 100 120 I11,1V 17 coarsened
2132 100 120 I11,IV 10 "
2124 100 120 II1,1V '17. "

30 ‘98 128 I1I 156 ---
1828 51.8 260 II1,II 25 ---

22 51 360 I1I,IV 112 ---

21 51 120 ITI,IV 106 10-15
1794 46.1 360 ITI,II 23 ---
2044 44.7 120 IT1I,IV 25 ---

27 41 128 III,IV 142 2

33 41 128 IT. . 151 10-20

20 31 360 I,IT 144 ---

28 21.4 128 II, 155 5-10

32 21.4 128 I 170 1

354 19.1 ? II 10 Lom--

31 10 128 I " 162 20-40
1632 8.5 265 I,II 75 ---

55 5.7 128 I 100 2

29 5.1 128 _ I 153 1
1434 5 ? v,1 . .97 - 4
1324 5 360 I. 75 ---
1314 5 360 I 75 5
1308 5 360 . I 72 5

35 . 2 128 T 159 1

25 2 360 I 93 30-40

20 1.3 360 I 144 -2

60 0.8 360 I 104 3

N i

4The author examined the results of these
were conducted by previous investigators.

runs but they
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stabilit& overlap to a certain extent and a definite transi-
tion rate cannot be detefmined. Since the precise details

| of'hucleation and early stéged of growth will vary widely

from one run to another considerable variation in the transi-
tion frdm,one'crystallégraphic mode to another i§ expected
and indeed found in»this work. This discussion on the re-
sults'éhould be prevaced by noting that the gfeat majofity

of ﬁhe data:concerns the crystallography of the tin-rich |
phase. Tﬁe reason for this . is due to experiméntal-limitations
imposéd by the physical nature of the eutectic. The lead-rich
phaée occupies only about 37 v/o at the éutectic point. Also
upon cooling the lead becomes supersatufated with tin at room
tempefature»and the lead lamellae contain a tin precipitate.
These- two factors limited thé resolution of the electron
channéling patterns.(ECP) and at high growth rates (>40 um/s)
with the concomitant decrease in lamellar spacing selected
area channeling patterns (SACP) from the lead phase could not
 be resolved under any circumstances. However relative changes
in Lhe lead phase orientation should tollow those of the tin
phase which is generally considered to be the cbntrolling
phase since it occupies about 63 v/o. In addition the work
of Sundquist and Mohdolfo (27) indicates fhat to homogeneously
nucleate eutectic on primary lead requiréd about 40°C of
undercooling whereas nucleating eutectic on primary tin re-
quires less than 1°C of undercooling. Studies by,DaVies (7)

showed that the eutectic which is forced to nucleate on the
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lead nucleates randomly whereas eutectic forced to nuéléate

on pure tin immediately forms an epitaxy with the tin sub-
strate. Thus one would ekpect the tin to contrql the epitaxyA
‘of the eutectic. o | |

Before plunging into the details of the findings of this
stﬁdy a discussion of the errors in measurement 6f.the CYYyS-
'tallographic parameters is in order. The measurement‘proce—
dure'cbnsiSted of first aligning the specimen parallel to the
electron beam. Then the surface was examined in the channel-
ing mode and in the normal mode by merely adjusting the speci-
' men height by lowering or raising the stage of the SEM. One
would exﬁect the error in this part to be less than 1°. Thus
the major source of error was in the interpretation of the
spread of the data from all runs exhibiting a pérticplar
. crystallographic mode. Admittedly this is somewhat sgbjec-
tive, however,fortuitously the data were very consistent and
allowed for little error in interpretation. In any event the
actual spread of the data is given when appropriate and thus
fhe author's interpretatidn may be judged directly.

At growth rates less than 8 um/s the eutectic microstruc-
ture ‘appeared very irregulér as evidenced by the SEM micro-
graph, Figuré 7. The plates exhibited very few mishatch sur-
faces orilamellar terminations. Instead the lamellae branched,
jbined‘and'curléd in an irregular fashion. The 1éme11ar
interfacial habit plane had a mean direction that was easily

determined but on a finer scale the interface had a.wavy



Fig.

7%

ol

Typical Pb-Sn eutectic microstructure exhibiting
crystallographic Relationship I. Lead lamellae

show removal of tin precipitate during etching.
2040X SEM micrograph
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nature. Past investigators have termed similar sturctures as
degenerate and have generally only considered them as transi-
tory to the development of a low energy interface. The
results of this work indicate that this is not the case here.
With a convex solid-liquid interface to promote the develop-
ment of the preferred orientations this structure and its
accompanying crystallographic relationship which is listed in
idealized form as Relationship I in Table 1 were consistently
found at the indicated growth rates. Indeed this is in agree-
ment with the results of Hunt (20) in his studies of the Pb-
Sn eutectic. He found at rates of 1.3 um/s that degener-

ate grains were present even after 7.0 cm of growth. It is
likely the structure he observed is the one defined by Rela-
tionship I. As stated SACPs of samples grown at these rates
showed a consistent crystallography but the structure was
found to have regions misaligned up to 7° from the ideal [130]
tin growth direction. Figure 8 shows the range of orienta-
tions found in a typical run. A unique situation occurred

in the determination of the crystallography. When attempting
to index a tin SACP such as that pictured in Figure 9 an
extra band was found that did not correspond to any found on
the experimentally produced tin channeling maps. Subsequent
work established that this was a band from a lead lamellae,
thus a single SACP fixed the orientation of both phases. Fig-
ure 10, a plot of all runs exhibiting Relationship I, shows

the variation in growth direction to be within 9° for all
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34

Channeling pattern from a tin lamellae near the [130]
pole showing a (110) band from the adjacent lead
lamellae. (a) actual SEM pattern, (b) schematic
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samples examined. Examination of runs with solidification
rates of 5 um/s and greater indicated that the structure
became more regular. The lamellae did not branch and curl
wildly, instead they exhibited well defined mismatch surfaces
although the lamellar interface retained its wavy nature. In
spite of this increase in regularity, the crystallographic
nature of the eutectic remained the same, in fact the range of
misorientations for a given run became smaller when compared
to that of lower rates. The morphological and crystallo-
graphic characteristics of this microstructure may be account-
ed for by an argument similar to that presented by Cooksey et
al.(6) for. the Al-AlZCu eutectic. It is probable at these
low solidification rates the structure is controlled by the
anisotropy of the growth kinetics of the tin phase. The tend-
ency of the tin to grow in favored crystallographic direction
forces the eutectic to grow with a relatively high energy
interfacial habit plane. At low growth rates with attendant
increase in lamellar spacing (A) and decrease in surface area
of contact between the phases,one would expect the solid-solid
interfacial energies to play a lesser role in determining the
eutectic crystallography. If the lamellae are growing with a
relatively high energy interface the tendency to form parallel
plates would be reduced and they could be expected to respond
to perturbations in the solid liquid interface by branching or
curling quite easily. This is eXactly what was observed

metallographically. The increase in regularity with increas-
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ing growth rate is another manifestation of the high energy
interface. As the magnitude of the perturbations inherent

in the solidification apparatus becomes less and less as com-
pared to the growth rate, the degenerate nature of the micro-
structure should decrease.

Increasing the solidification rate to about 8 um/s was
found to produce a different mode of eutectic crystallography
which is summarized in Table 1 as Relationship II. The mor-
phology of this mode is what has been defined as a regular
eutectic microstructure. Under all the solidification condi-
tions that coincided with the appearance of Relationship II it
maintained its regularity having well defined mismatch surfaces
and lamellar faults. An examination of the SEM micrograph in
Figure 11 shows that the lamellar interface is well defined
and does not appear to be wavy as was found in Relationship I.
For a given run this structure had less variation in the crys-
tallography than Relationship I as can be seen by comparing
Figures 12 and 8. Figure 13 summarizes the data from all
runs exhibiting Relationship II. In spite of having less
variation in misorientations for a given run,the range of
misorientations for all runs is about 11° which is greater
than was found for Relationship I. The transition to this
crystallographic mode from Relationship I may be attributed
to the increasing importance of the surface energy term with
decrease in A due to the increase in the solidification rate.

The fact that the lamellae are more nearly parallel in
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Fig. 11. Typical Pb-Sn eutectic microstructure exhibiting
crystallographic Relationship II. 396X SEM
micrograph
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all caSee and that the lamellar interface appeafs to be
straight and does not have a wavy nature as in Relationship
I,attest to the fact that a low energy interface is control-
ing the morphology. In addltlon by looklng at Figure 13 it
can be seen that the range of misorientations are such that
the (§l§) Sn plane is maintained as the average plane of con-
tact. Thus even though the growth direction is subject to

" considerable variation, the low energy of the interfacial habit
plane restricts misorientations that would cause a deviation
from the preferred habit plane and an attendant increase in
the energy of the-system. .Thus it appears that-the experi-
mental evidence would strongly indicate that this $truoture

- is stabilized by a low energy interface. Previous work by'
Hopkine and Kraft (18)'iﬁ which they 501idified Pb-Sn eutectic
5pecimens in'elhorizontal graphite boat at solidifioation
rates from 5.5 to 11 um/s under thermal gradients of 8 to 15
°C/cm indiceted a slightly different eutectic crystallography
than that found in the present'study; Since fhis is one of
the most cited references in the study of eutectic crystalf
lography one is compelled to compare the two epitaxial rela-
tionships to see if the discrepancies might be resolved. To
bring their proposed epitaxial relationship into equivalence
with.Relationship IT a rotation of about 8° will bring both
growth directions into coincidence and then a rotation of the
lamellar interface trace of approximately 20° will field the

same habit plane as -determined in this study. Within the
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range of their experimentél error, this shows thét both studies
probablf found the same relative orientation of the two phases.
The primary disagreement then is in the metallographic work,
the growth difectiqn and lamellar habit plane, and is not of
a crystallographic néture. Hopkins and Kraft employed an
X-ray technique (18) in which they correlated the crystallo?
graphic data from the X-ray work with independent ob-
servations of the growth direction and lamellar interface.
The correlation of the metallographically determined growth
direction and lamellar interface was done directly in the
channeling work used hére to determine thé crystallography.
By changing the height of the specimen, one could observe
first the SACP and its.crYStallbgraphic information and then
the orientation of the lamellae in a matter of seconds. -This
procedure eliminated a pofential source of error and provided
an accurate rapid method for the correlation of the metallo-
graphic and crystallographic data (30). On the strength of
this direct correlation of the data one would assume the
pfesent study to provide a more accﬁrate statement of the
relation of the crystallography to the morphology of the
eutectic microstructure.

At solidification rates gxceeding 40 ﬂm/s two quite dis-
tinct crystallographic relationships developed, not found at"

the lower rates. It is unfortunate that the smaller lamellar

spacing occurring at these rates precluded a complete deter-

mination of the relationship since SACPs from the lead phase
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could(nét be obtained. The first crystallographic mode, Rela-
tionship III, was a highly irregular structure similar in
appearance in many respects to the morphology of Relationship
I described in detail earlier. The 1ameliae curled and

| brahched fairly extensively and with an irregular lamellar
interface. Adjacent lamellaé appeared to vary up to 3-4° in
growth direction which is a much more abrupt change in orien-
tation than found in any other crystallographic relationship.
Oddly.énough_the interface did not appear to correspond to any
.ldw”index plane of fhe tin phase. The range of misorienta-
tions for‘all runs examined is shown in Figure 14. The second
.crysfallogfaphic relationship, Relationéhip IV, found at these
gfowth rates generally comﬁrised about 10-20% of the mi;ro-
structure,of'a‘given cross éection transverse to the growth
directiona' Oné did not need to use channeiing techﬁiques to
distinguish between Relationships III and IV because 6f the
great contrast in the morphology between the two. AMicrostfuc-
tures exhibiting Relationship iV were generally found at grain
boundaries and were extremely regular in appearance. A micro-
graph showing the contrast between the two structures is shown
in Figure 15. Eutectic regions as described by Relationship
IV occurred predominately in long ‘thin sections with the lamel-
lae having a sharp straight lamellar interface. The lamellae
exhibited few faults but when faulted the mismatch surfaces
were distinct;‘ The growth direction and lamellar habit

plane were well defined. Twenty regions examinéd averaged
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Fig. 15. SEM micrograph showing Pb-Sn eutectic exhibiting
Relationship III and Relationship IV. 1000X

Fig. 16. Polarized light micrograph showing contrast between
eutectic exhibiting Relationship III (darker areas)
and that exhibiting Relationship IV (light regions).
29.1X
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only about 1.8° off fhe [001] Sntgrowth direction. Since tin
héving a body.éentefed tetragonal structure is optically
active,polarized light micrdscopy was another technique which
could easily be used to distinguish the two crystallographic
~relationships. The simplicity of this method is illustrated
by the micrograph in Figufe 16. Polarized‘light studies indi-
~cated that after the initial stages of growth the volume per-
ceﬁtage of the microstructure characterized by Relationship
IV remained nearly constant with respect to that characterized
by Relationship III. The existence of a degenerate lamellar
structure in the 1ead-tih eutectic has been observed by Hunt
(20) at growth rates above 83 ﬁm/s which is in good agreement
with the findings of this study. According to Cooksey et al.
(6) high growth rates favor a transition to fibrous eutectic
dﬁe to the increasing importance of relative heat flow between
the phases and solute redistribution. Both factors favor the
radial distribution of rods versus the lamellar structure
which can involve only two dimensional diffusion. Indeed this
transition has been observed in many systems (6,34). Six
eutectic systems were studied‘by Hunt aﬁd Chilton (21) in
which they‘attempted to induce the lamellar to fibrous transi-
tion by forcing the lamellar eutéctics tb grow.afound ah in-
sert. Since the lamellae woul&’need to bend sharply to reméin
normal to the interface they reasoned that the lamellae would
lose their low energy advantage and that the system would

break down to a rod or fibrous structure. In all systems
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éxcept Pb-Sn this is exactly what occurred. What they ob-
served in the Pb-Sn system was a degenerate type lamellar
structure which maintained an average lamellar spacing. Taken
collectively these studies imply that although a transition to
a fibrous morphology would not be expected one might expect
some sort of modification of the lameliar structufe at the
higher rates as solute and heat flow become more dominant fac-
tors. With this in mind the transition of the growth direction
of the tin to the [S571] Sn pole is not as surprisiﬁg as first
thought. It may be thought of as a rotation of the tin to;
wards the dendrite axis which is generally considered to be
the [110] Sn (32) or 12° from the [110] Sn towards the [001]
Sn (26) in order to accommodate the increasing heat flux. 1In
the eutectic the tin is constrained by the maintenance of an
epitaxy. with the lead phasé and must seek a comproﬁise between
maintaining a relatively low eneérgy interface and the‘aﬁiso-
tropic growth of tini 'The appearance of the [571] structure
implies that the interface in question has a relatively high
energy. The microstructure characterized by Relationship IV
indicates that the lamellar interface is a very low energy
interface. As stated earlier higher growth rateé and the
atfendant decrease in A tend to increase the importance of a
‘low energy interface and one ﬁduld expect a structure with a
low energy interface to be stabilized by increasing growth
rates. In light of this one might ask why Relationship IV

does not predominate at high growth rates. The answer to this
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is probably heat flow.cqnside%atiqns. Since the ratios of
thermal conductivities (k). for tin is k[001]/k[110] = 0.75 a
eutectic microstructure chafacterized by Relationship IV would
be unable to conduct'the latent heat of solidification away
from the advancing solid liquid interface as rapidly as‘one-
characterized by Relationship III. Thus we have two stable
crystallographic relatiohships.each a compromise of sorts
under the imposéd growth conditions. Relationship III is
favored by heat flow considerationé but has a higher energy
interface. Relationship IV hdas a low energy interface but the
importance of heat flow does not let it predominate in the
microstructure. - Additional evidence for the preceding expla-
nation of the results was found in the samples from previous
investigators which were examined. The specimens were an-
nealed at room temperaturé for two years or more before their
examination. Studies of the microstructure revealed that the
eutectic exhibiting Relationship III had coarsened, that is
that diffusion had occurred such that the microstructure was
no longer lamellar but appeared to have coalesced into irregu-
larly shaped patches. Eutectic chafacterized by Relationship
IV retained its lamellar structure indicating that it had a
low energy intefface with little'driving force to pfoduce a

coarsened structure.

Upon macroetching samples which developed Relationship II
the appearance of contrast bands was immediately evident and

serial sectionihg of these runs confirmed that the bands were
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due to lamellar spiraling about the'grthh direction._ From

the results of the microstructural and crystallographic meas-
‘urements a fairly detailed picture of the phenomena was ob-
tained. The two surface analyses performed in this study indi-
cate that the lamellar interfaces are parallel to the growth
direction and not inclined as was found in the case of lamellar
spiraling in the Al-Zn eutectic by Double’gﬁ al. (12). Also

it appears unlikely that the lamellae are inclined in the fan
like arrangeﬁent which was proposed by Double and Hellawell |
v(ll) which could give rise to the appearance of lamellar
growth. What.was observed'was that the plates actually rotate
about én axis paréllel to the growth direction while the crys-
tallography of the structure remains fixed. The most probable
mechanism for this phenomena is fault movement. This idea will
be discussed in depth below but for now let us review all the
experimental findings before delving into possible explana-
tions 6f the results. Several runs had grains‘ﬁhich rotated

~ in opposite directions. SACPs indicated that the sensé of
rotation for a giﬁen grain remqined constant during gfowth and
that it was related to the crystalloéraphy. If the growth
direction of tﬁé tin was [243] the lamellae rotated clockwise
as they grew but if the growth direction was [243]'the lamellae
rotated counterclockwise as they grew. -Thesé findings parallel
the work done by Déuble‘ggiil. (12) on the Al-ZIn éutectic in ‘
which they correlated the sense of rotation with the nature of

the lamellar habit plane. The experiments in which the growth
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rate was varied clearly showed that the rate of 1amellér.spi-
raling was a function of solidification rate, see Table 3.
‘Increasing the solidification rate (R) caused an attendant
increaseAin the lamellar spiraling rate (@) and a least
squares plot of all the low gradient data up to a solidificar
‘tion rate of 100 Hm/s yielded‘fhe function § = 5.26R + 45.05
(see Figure 17). Aﬁ solidification rates greater than 100
um/s the lamellar spiraling rate appeared to have reached a
maximum value ahd showed a very slow ihcrease'beyond this
point. | |

It should be pbinfed out that it proved extremely diffi-
cult to obtain spiraling rate measurements at solidification
rates greater than 120 um/s. This Qas due to the fact that_
the eutectic wés see&ed with Relationshiﬁ II which Qas un-
stable at these rates and at growth rates greater than 120
um/s nucleation of new grains occurred which rapidly crowded
out the seeded orientations. In every case eXamined these
unseeded grains exhibited a crystallography corresponding to
Relationship III which is additional evidence for the stabil-
ity of Relationship III versus Relationship II at growth rates
greater thén 40 um/s. |

Using the function from above to calculate the expected
sbiraling rate for Hopkins and Stewart's Czochralski grown
Pb-Sn eutectic samples one obtains a value of 86°/cm. This is
in surprisingly good agreement with their measured value§ of

88 and 92°/cm considering the differences in solidification
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Table 3. Summary of the data on the‘ effect of solidification
rate (R) and thermal gradlent (G) on the lamellar
spiraling rate (f)

Run # R (um/s) G (°C/cm) g (° /Cm)
28 21.4 128 151
33 41.0 128 259
36 1.0 128 37.5

- 21.3 128 144
37 21.3 360 124
21.3 128 135
38 - 10.4 128 84.3
41 20.3 128 140
- 59.3 128 379
79.0 128 462
98.0 128 543
117 128 566
42 40.8 128 268
| 60.3 128 360
80 128 443
100 128 571
119 128 584
43 41.0 128 277
45 41.3 128 313
46 41.5 128 290
20.6 128 140
48 16.7 128 137
81 128 459
121 128 584
162 128 600
50 20.4 128 167
79 360 643
54 . 20.6 360 156
41.3 360 | 375
80.8 360 663
101 360 825
120 - 360 1029
55 41.3 360 257
60.8 360 365
80.5 360 450
100.4 360 517
57 41.0 360 360
60.9 360 491
80.5 360 627
101 360 900
59 41.3 360 263
60.9 360 360
80.5 360 436
101 360 514
120 360 568
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conditions. The data obtained from the higher gradient exper-
iments was somewhat confusing. Three of the experiments per-
formed under the gradient of 360°C/cm showed a higher rate of
lamellar spiraling for a given growth rate. The data yielded
a linear relationship of the form § = 8.54R - 9.46 which was
found by a least squares analysis. This finding is consistent
with the work of Hopkins and Stewart in that they found that
Bridgéman grown sampies exhibited a higher rate of lamellar
spiraiing for a given growth rate than their Czochralski grown
samples,which is equivalent to saying the.higher gradient gave
an increased rate dependence since one would expect the ther-
mal gradients in Bridgeman technique to exceed those in the
Czochralski method. However,the data from two of the high
gradient runs followed the lower gradient relationship. The
reason for this disparity'in results was not discovered during
the course of the experimentation. Since a specimen from one
of the runs showing the increased dependence on solidification
rates was used to seed the next one which exhibited the lesser
dependence the contlict in results is puzzling. In view of
the work of HOpkins‘and Steward one would be tempted to disre-

gard'the data showing a decreased dependence on growth rate.

In any case it is clear that at least in this system the as-
sumptions of Double et al. (12) that increasing the tempera-
ture gradient would caﬁse a subsequent decrease in lamellar
spiraling rate are in direct conflict with the experimental

evidence.



55

A rather simple ekplanation of the growth rate dependence
is possible. Assuming that the phenomena of lamellar spiral-
ing is caused by fault movement biased in one direction leads
' natﬁrally to two fundamental questions. First since the
motion of faults biased in one direction would inevitably lead

to a faﬁlt.free structure, héw and why are the faults régeﬁer-
ated? Secondly how‘doés one explain the increased dependence
on solidification rate with increasing temperature gradient?
It is reasonable to.éssume a steady state equilibrium value of
fault density for a given set of growth condifions. As the
-growth rate increased and the lamellar spacing became smaller
the increased mobility of the faults would permit a higher
.rate of'lamellar spiraling. At some pointvhowéver the ability

of the faults to move would be expected to reach a maximum

value and this is éxactly what was found to occur somewhere in
the vicinity of 100 um/s. It seems'probable then that the
rate of lamellar épiraling is dependent on the density of
.faﬁlts and their mobility. Previous investigations indicate
that fault density is growth rate dependent. Yue (33) in his

studies on the Al-Mg eutectic found fault density to be a lin-

ear function of the growth rate over a wide range of values.
In agreement with this assertion is the work of Dean and
Gruzleski (8,9) on the Al—AlZCu eutectic and that of Berthou
and Gruzleski (1) on the Sn-Cd eutectic. 1In both cases they
found a linear growth rate dependence of fault density. In

addition both groups found that fault density was not a func-
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tion of temperature gradient. To date no oﬁe-has attempted to
determine if fault density is dependent on growth rate in the
Pb-Sn s}stem. However in light.of these three studies one
would presume thét it is. Hopkins énd Stewart (19) found that
Bridgéman and Czochralski samples which were grown at similar
rates had nearif the same fault densities, but that the lamel-
lar rotation rate differed by a factor of two. This indicates
that the fault density in the Pb-Sn eutectic is probably'not
,deﬁendent on temperature gradient, which éonfirms the findings
of the above mentioned authors (8,9) who worked in other alloy
systems and that fault density alone does not govern the rate
of 1ame11ar spiraling. Taken in conjunction with the data
from this study it indicates that the higher temperature grad-
ient somehow increases the mobility of the faults and allows
the lamellar spiraling to occur at a higher rate at a:given
growth rate. As can be seen the lamellar spiraling rate
(fault movement rate) continues to increase beyond growth rates
greater than 100.um/s for the high gradient runs, which is the
rate the lower gradienf data were found to have reached a
critical point. This is additional evidence that the higher
gradient permits a higher fault mobility. The apparent dis-
parity in the data for the higher temperature gradient must be

assumed to be due to other unknown factors affecting fault
density or mobility which were not held constant between ex-

periments. This work indicates a need for detailed work on
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fault density and mobility in iamellar eutectics in order to
fully understand the nature of the lamellar spiraiihg phe-

nomena.
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SUMMARY

'The crystallographic nature of.the.Pb-Sn eutectic which
had been prévioﬁély thought to be ﬁnique and invariant has
been shown to be highly dependent on growth rate. Four dis-
tinct crystallographic modes have been shown to occur and the
microstructures which are characteristic of each have been
identified. Cooksey et al. (6) performed a similar study of
“the Al-Al,Cu eutectic. They showed a wide range of struc-
tures to be attainable in that system but failed to do a de-
tailed crystallographic study as was pérformed here. Since
these have been the only two successful attempts to control
the microstructural and crystallographic characteristics of
a eutectic microstructure one would hope that similar studies
would be performed én a great number of alloy systems to
ascertain the extent. that crystallography of:the microstruc-
ture can be controlled.

The second phase of this work was the study of the
lamellar spiraling phenomena which was first discovered to
occur in the Pb-Sn eutectic by.Hopkins and Stewart (19). As
might be expected this phenomena.was characteristic of only
one crystallqgréphic mode. Some significant conclusions can
be drawn from this work in‘regards to the nature of the phe-
nomena. First of.all,the crystallography of the eutcctic
remains invariant during the lamellar spiraling and the lamel-

lae are not inclined with respect to the advancing growth
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~front. In addition, the rate of lamellar spiraling appears to
increase with intreasing growth rate or temperature gradient.
This dependenceAis rationalized with a model that character-
izes the[snifaling in terms of fault movement and mobility.

An in depth understanding of the phenomena is'prévented by a
lack of detailed studies on the variables affecting fault
dénsity,and.mobiiity. ‘At present the Wprk in this area is
sket;ny, and a clear underétanding will ‘not be anhieyed until
: additional comprehensive studies on lamellar faultS‘becone

available.
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