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ABSTRACT 

A study of lamellar spiralling was car~ied out on 'the Sn-Cd, 

Sn-Zn, Pb-Sn, Cd-Zn apd Al-CuA12 eutectic ~y8tems. A technique was 

developed ta messure lamellar orientations from which the spiralling 
~ 

rate could be determlned. 

i 

Results indicated that the Sn-Cd syst'em whether in the faulted 

or fault-free etate doés not exhibit lamellar spiralling. Cd-Zn and 

'------- 0 Sn-Zn al~o were found ta not spiral. Pb-Sn spiralled at 160 Icm when 

frozen at a growth rate of 2.3 cm/hr. un~er a temperature gradient of 

(} 

7.1 C/cm while d~gen~rate Pb-Sn grains fa1led to exhibit lamcllar 

spiralling. AI-CuA12 lamellae were observed to twist during growth about 

the growth axts. Mold shape and temperature gradient were found to affect 

lamellar spiralling in the sense that an inerease in the imposed G enhaneed 

lamellar spiralling by inducing an increase in subgrain density and grain 
qj 

misorientation; while incTeasing the aspect ratio of the sample was,found 
l 

to reduce the spiralling rate. 'Metallographie stu~ies indic~ted that the 

lamellae of aIl systems inve9tigated (exeept Sn-Zn) were bent when observed 

a~r08s ~ections cut at right angles ta the growth axis. 

( , 

A spiral growth ana~si8~ 18 presented based on the anisotropie 

growth tendency of both eutectfe phaees cambined 'with ~CtiC eoupled 

growth. The analysts 18 appl1ed to the equlli~rium interface of al! the 

systems .tnveetigated a8 weIl as others which have been reported to exh~blt , . 
lamellar spiralling. The reeu1ts are in agreement with the experimental 

observations. 
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RESUME 

Une ~tude de la croissance en spirale des eutectiques lamellaires 

Sn-~n, Pb-Sn" Cd-.Zn et A1-CuAl2 a été réalisée., Une technique de mesure 

, des orientations de lamelles a été mise au point, permettant la détermina-

tion du taux de croissance en spirale. 

Les résultats montrent que les 1àmel1es des systèmes Sn-Cd, Cd-Zn 

et Sn-Zn ne croissent pas en spirale, que les lamelles présentent des fautes 

ou non. L'eutectique Pb-Sn, solidifié sous un gradient de température de 

o 7.1 C/cm et à une vitesse de 2.3 cm/hr croit en spirale à un taux de 

o 160 lem; alors que les grains Pb-Sn dégénérés ne le font pas. Les lamelles 
(;, 

de l'eutectique A1-CuA1
2

, comme celles de Pb-Sn, croissent selon une hélice 

dont l'axe est perpendiculaire à l'interface de solidification. Une , -
augmentation du gradient de température favorise la croissance en spirale 

~n élevant la densité de fautes et la désorientation des grains. La 

forme du m6ul~ affec te également la croiSsance en spirale. plus le rapport 

longueur sur largeur du moule est grand, moins les lamelles spiralent. 

Les observations métallographiques montrent que les lamelles 
• 1 

des syst~es étudiés (sauf Sn-Zn) apparaissent courbées lorsqu'on observe des , 

sections perpendiculaires l la direction de solidification. 

l'Une analyse de la croi,sance en s,pirale est présent~e, basb Bur 

la croiséance anisotrope mais couplée des deux phases 4e l'eutectique. 

L'analyse est appliquée aux ~nterf.ce8 lamellaires de tous les syst~e9 . 
'tudiés. ainsi qu~l d'autres pour'lesquels la cr-oissance en spirale a déjà 

éU observée. Les d.tat·s sont en accord avec les 'Observations expéri-

mentales. \... 

.> 

i , 



• • 

. ~ 

-

ACKNOWLEDGEMENTS 

The 8uthor would like to express her deepest gratitude"and 

appreelation ta her Researeh Director, Dr. J.E. Gruz\eski, for his 

Iii 

guidance and encouragement 'which have made this work both fruitful and 

enj oyab'le. • 
Thanks are due to Dr. W.M. Williams, Çhairman of the Department 

of Miping and Metallurgieal Engineering for providing the laboratory 

facilities required for the investigation. 

Partieular gratitude is also expressed to'Or. W.A. Miller iôr 
IJ 

his st imulat ing discussions and suggest ions. 
,/ 

The assistance of Mr. KnoePfel in the, laboratory work and 

samp le preparat ion is also gratefully acknowledged. 

The author' extends her thanks to Mr. A. Rizkalla for the he Ip 

promptly provided during the experimental work. 

A final tribute iS due to the National Research Council of Canada 

and Quebee Iron and Titanium Corporation who provided financial assistance. 
: 



Q 

• 

lV 

TARLl: OF CONTENTS 

• 

ABSffiACT ••.•..• ~ .••.......••.•....••••••••••..•....•..•.•.•... ~ ..••• f •• i 

RES~E •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• i .. i 

ACKNOWLEOOEMENTS .................. J •••••• \.' •••••••••••••••••••••••••••• i i i 

TAB LE OF CONTENTS •••••..•.••..•••.•..•..••....•••••.••• ' ................ 1 V-

LIST OF FIGURES ..•••••.•.••••••••.•••.••••••••• J'. .......•.•.•...••... vii 
r , 

LIST OF TABLES •.••••••••••••••••••••••••••••••••••••••••••••••••••••• xii 

HAPTER I. 

CH~PTER II. 

• 

l N1'R.ODUCT ION •••••••••••••••••••••••••••••••••••••••••••• 1 

1.1 LITERATURE REYIEW ••••••••••••••••••••••••••• _ ••••••• 4 

1.1.1 
LI. 2 
1.1.3 

1.1.4 

Classification of Euteetics •••••• J •••••••••• 4 
Nue leat ion of Eutect ics •••••.•••••. '~ ••••••• 8 
Growth and Crystallography of ""'-
Lame 11ar Eutect i cs ••••••••••••••••••••••••• 10 
Spiralling in Lamellar Eutectics •.••••••.•• -14 

1.2 AIMS OF 'IliE PRESENT WORK •••••••••••••••••••• ~ ••••• 21 

EXPERIMENTAL PROCEDURE ••••••••••••••••••••••••••••••••• 24 

2.1 ALLOY PREPARATION •••••••••••••••••• : ••••• ' ••••••••• ?4 
1 _,.". 

2. Z SPEqMEN PREPARATION •••••••••••••••••••••••••••••• 25 

2.3 GROwn., PROCEDURE.- ••.••••••••.• • ~ ..•••••••. tI •••••••• 2 R 

2.3.1 Growth Rate Measurement •••••••••••••••••••• 30 

2.4 METALLOGRAPHY AND SPIRALLING RATE MEASUREMENTS .... 31 

2.5 MOIRE PATTERNS AND ~LLAR BENDING ••••••••••••••• 38 

2.'5.1 Grids and Pattern Production ............... 39 
2.5.2 Quantitative Determination of Grid 

Spacing ••............••...•.•••••....••.•.. 39 

2.5.2(a) Superposition of Two 
. Identical Gratings ............... 39 

2.S.2(b) ~uperposition of TWo 
Dissimilar Gratings •••••••••••••• 43 

----

Li < 

. , 
1 

, 



~ 
'" CHAPTER III. 

1 

\ 

\ 

\ 
\ 

\ 

CHAPTER IV. 

. .. 
l 

-

v 

RESULTS ................................................. 49 

3.1 SOLIDIFICATION AND METALLOGRAPHY (LAMELLAR 
BEND ING) ................. , .......••...•......••... 49 

3.1.1 Tin-Cadmium ......•.•.............••••.•••..• 49 
3.1.2 Lead-Tin .............•....•.••...••....•.••. 54 
3.1.3 Cadmium-Zinc ........••.....••.........•..••• 58 
3.1.4 Tin-Zinc ••....••...••••...••...........•.••• 60 

3.2 LAMELLAR SPlRALLING ....•.....................•.•... 62 

tf 3.2.1 Tin-Cadmium •...•...•..............••.......• 62 
3.2.2 Lead..:Tin ...........•........................ 66 
3.2.3 Cadmium-Zinc .•.•.•.••....................... 12 
3.2.4 Tin-Zinc .• · .........•••••..•.••.........•.... 74 
3.2.5 A1uminum-Copper and Lead-Cadmium .....•...... 77 

3.3 EFFECT OF GROWTH CONDITIONS ON SPIRALLING .......... 83 

3.3.1 Temperature Gradient ...•.................... 83 
3.3.2 Mo1d Shape.,/I ..•.•.•••.......•.•...•......... 87 

DISCUSSION ...............•••..........•............ ~ .... 90 

4.1 SPIRAL GROWfH ..•...•...•.•........••.........••.•.. 90 

4.1.1 ~rysta11ographic Re1ationships in 
Eutectic Systems •••••••.•.•••.•..••.•....... 90 

4.-1.1.1 Lead-Tin ••••••••.••••..•••....•••.. 90 
4.1.1. 2 Aluminum-Copper •.•••••••••••.•.•••. 94 
4.1.1.3 Tin-Cadmium ~nd Cadmium-Zinc .•••••. 94 
4.1.1.4 Tin7Zinc ••••••..••.•••.•••...•..... 95 

4.1.2 Growth Directions of Single Phases ••..•••••. 95 

4.2 ANALYSIS OF SPIRAL GROWTH •••.•...•••••..•••...•••.. 97 

4.2.1 Introduction ••••••..••.••••••••..••...••.. '.97 
4.2.2 Lead-Tin ......... ~ ....................... .. 100 
4.2.3 A1uminum-Copper •••.••••••••••••• _ •••••••••• 108 
4.2.4 Cad:m.ium-Zlnc ........•.......•.......... ,. ... 11j 
4.2.5 Tin-Cadllium. ~ •••• '.' ••••••.•••••.••••..•••.• 113 
4.2.6 Tin-Zinc ......•.. ft •••• ; •••••••••••••••••••• 114 
4.2.7 Aluminum-Sil ver ............................. 116 
"2.8 A1uminr-Z1nc ••••••••••••••••••.••••...••.. 116 

\. 

• 

1 



• , 
'" 

• 

• 

vi 

4.3 EFFECT OF GROWTH CONDITIONS ON SPIRALLING ..•..•.. 119' 

4.3.1 
4.3.2 

Temperature Gradient •••••.•.••••••.••••••• 119 
Mold Shape ...•...•.•.......•....••........ 120 

4.4 LAMELLAR BENDING EFFECT .......................... 121 

4.5 DEGENERACY IN LEAD-TIN ••••••••••••••••••••••••••• 123 

4.6 SUGGESTIONS FOR FURTHER WORK •••••••••.••••••••••• 132 

CONCLUSIONS •••••••••••••••.••••••••••••••••••••••••••••••••••••••••• 134 

REFERENCES ••••••••••••••••••••••••••••••••••••••• l1li ••••••••••• ' •••••• • 137 

APPENDIX 

• l' 

'. 
, 

• 

• 

'.' 

, 

• 



.: 

FtGURE 1. 1 

FIGURE 1. 2 

FIGURE 1.:5 • 
roi 

• 

FIGURE 1.4 

, 
FtGURE 1.5 

FIGURE 1.6 

FIGURE 1.7 

• 

• 
vii 

• 

LIST OF FIGURES 

Page 

Typ ica 1 b inary eutec#t ie phase d iagram. ••••••••••••••••• 2 , 
Regular eutectic structures: {a) ,lamellar, 
Al-CuAl~ transverse section; (b) rod-like, 
AI-AI3N1 (i) transverse section and (ii) 
longitudinal section (Hertzberg et al. 1965) •••••••.••• 3 

Irregular eutectic structures: (a) abnormal 
(anomalous), Al-Si ~ngitudinal section (Day 
and Hellaw~ll 1968); (b) degenerate, AI-CuAI2 
t ran sverse sect ion ..................................... 6 , 

Types of solid/liquid interfaces: (a) non
faceted, carbon tetrabromide-hexachloroethane 
eutectic (Hunt and Jackson 1966); (b) faceted, 
salol (a ~ 7) (Jackson 1967) .. ,.", .... , ..... , ••• , ..... 7 

Schematic.representation of the steady-state 
growth of a lamellar eutectic (Tiller 1958) .•• ,., ...•. 12 

Heavily etched specimen of directionally frozen 
Al-Zn alloy in which the orientation has changed 
progressively, Thé diagralDlllatic sections show 
the relative positions, 1-6, of mean 'lamellar 
traces (Double 1971), ••••••• , •••••• "., ••• ,., •• " ••••• 18 

Al-CuA12 lamellar rotàtions: (a) a near longi
tudinal «SOj taper s~ction through a eutectic 
speeimen showing lamellar rotations vith in sub
grains and across sub-botmdaries. The observed 
general rotation of 300 corresponds to a true 
rotation of less than 2°; (b) the orientation of 
the lamellar traces within inrlividual subgrains 

~. 

in the above tape1/section is plotted as a func
tion of distance Along the speciÎllen. The angles v" 

measured on the taper section are converted to 
tTUe values. The straight line represents the 
observed average_ rate of rotation of soma 6o/cm. 

\ , 
'-1 '~ 

. The graph shows that the angular rotations of the 

FIGURE 1.8 

<, lamellar traces are irregular but with an overall 
téndencj in one sense (Double 1971,1973) •••••••••••••. 19 

Super-imposition of a perfect grid of parallel 
lines upon a typical micrograph of the lamellar 
euteetie, AI-CuAl , producing divergent interference 
fringes (Double ~d Hellawell 1969a~ ••••••••••••••••• 22 

.. 

.. 

~ 

" ~ 
j 
'" 

f. 
':\ 
~ 

<.. , 
11 



FIGURE 1. 9 
• 

FIGURE 2.1 

FIGURE 2.2 

FI(~URE 2.3 

FIGURE 2.4 

FI~URE 2.5 

FIGURE 2.6 

FIGURE 2.7 

FIGURE 2.8 

PIGURE 2.9 

, 

;. . 

4 
Schematic representation of how successive sections 
th~ough a farl-like lamellar arrengement inc1ude 
different lamellae and therefore give an impression 
of helicai growth if the sections are not normal to 
the rotat ionai axis. Thus sect ion a ine ludes 
l~me lIae Nos. l and 2, sect ion b - Nos. 2 and 3, 
section c - Nos. 4, 5 and 6, etc. (Double and 
He llawe Il 1969a) •. " •••.•.••••.•.••••• '.' •••..••••••••••• 23 

." 
Phase diagrams for the studied systems: (a) Sn-Cd; 
(b) Cd-Zn; Cc) Pb-Sn; (d) Sn-Zn (A.SM Metais Hand-
book 1973) ..••..••...••...•...••.••••..•••.•.•••.•.••.. 26 

Casting techniques: 
rectangular graphite 

(a) circular gl~ss mold; (b) 
mold ...........................•.. 27 

Schemat1c diagrarn of the unidirectional solidifica-
tion apparatus ..•••..••••.•••...••••••••••.••••..•..... 29 

Technique used for rneasuring lamellar orientations: 
(a) directionally solidified sample (cylindrica1); 
Ch) reference mark (v-notch) carved along the sample 
on a flat surface; Cc) section alignment; (d) 
lamellar orientation measurement (~i ................... 33 

Grain identification and average grain orientation 
determination from lamellar orientation measurements 
taken across section along the reference 1ine •••.•• : •.. 36 

Superposition of grids of parallel equispaeed lines: 
(a) coarse gratings at 45 0 ; (h) coarse gratings at 
a su11 angle Cpster 1969) •••••••••••••••••••••••.••••• 40 

Elements of fields produced by the overlaying of: 
• (a) two identical gratings; (b) two dissimilar size , 

gratings (Oster 1969) :" ••••••••••••••••••••••••••••••••• 42 

Illustràtion o~ how the superposition of two non
identical gratin!s lead to a beat pattern which is 
a aagnificatiou of the original grating •••••••••••••••• 44 

Optical analo~e showinll that: (a) if the dislo
cation is in the grating of larger spacing# a 
dislocation of opposite sign will result, (b) if 
the dislocation is in the grating of smaller spacing. 
a dislOCtftial of the ,ame sign will be produced. 
(Hirsch et al. 1965) ........................... .. 1 •• ' ••••• • 48 

.~ 

l 
1 
, 1 

.' 



a es 

J 
. " i· " . FIGURE 3.1 

FIGURE 3.2 

FIGURE 3.3 

FIGURE 3.4 

FIGURE 3.5 

3.6 

( 

FIGURE 3.7 

FIGURE 3.8 

FlGUU 3.9 

• 
'. J 

1 

) 

; 
1 

Fau1ted Sn-Cd 1amellar structure: (a) transverse 
8e~tion (x400). The" tendency of the lamellae to 
bend is emphasized by the drawn lines. th~ dotted 
line represents the actual position of the lamellae 
while the full line stands for the position the 
lamellae would have had if straight; (b) Moir~ pat
tern showing lamellar bending; (c) transverse sec
tion of anQther faulted grain also sho~ng curvature 

ix 

of the lameUae (x300) ....................•............ 50 

Perfect Sn-Cd lamellar structure: (a) transverse 
section (x400); (b) perfect grid of appropriate 
spacing; (c) Moire pattern sho~ng lamellar bending. 
Fringes are smoothly curved because of the absence 
of faults ...• 

I 

•••••••• , ••••••••••••••••••••••••••••••••• 52 

Stable Pb-Sn lamellar structure: (a) transverse 
section (x300); (b) Moire pattern showing lamellar 
bending .......•..........................•............. 56 

Degenerate Pb-Sn structure: (a) transverse section 
(x300); (b) stable lamellar grain growing adjacent 
to degenerate grains (300}' ........••..•..•......•••.... 5 7 

Cd-Zn lamellar st~ucture: (a) tpansverse section 
(x300); Cg) Moire pattern showing lamellar bending; 
(c) beginning of structural breakdown along grain 
boundaries (x250) ....••..•••... .,. ...•••.....•......•.... 59 

Sn-Zn lamellar structure: (a) transverse section 
(x400); (b) Moire pattern showing the straishtnêsS 
of the lame1lae •..••.......••.....•••.•..•.•........... 61 

Plot of l .. el18r orientations from the beginning (S) 
to the end (E) of a directiona11y frozen Sn-Cd 
sample co~tainin6 perfect grains CR - 15.0· - 3.1 
cath'!"., G - 12. SC/CID) •••••••.•.•.••••..•••••.........• 64 

Plot of 1 ... l1ar orientations as a function of 
801idifi~tion di.tance for a directionally frozen r 
Sn-Cd ~le coAntainink faulted grains (R - 2.7 ) 
ca/br. f G • 7.4 C/cm) •••••••••••••••••••.•••••••••••••• 65 r 

Plot of laaellar" orientations as 8 function Qf sali- \ 
~ dification distance for a directionally frozen Sn-Cd 

aample. (~3"C1a. long) eont8iniDS faulted graius' 
(R • lS. 0 ca/br., G - 3.7 CI ca) •••••••••••••••••••••••• 67 

! ' 

) , 

, 

• 



p 
, Ir •• ~ ~ \ 

FIGURE 3. 10 

FIGURE 3. Il 

FIGURE 3.12 

FIGURE 3.13 

FIGURE 3.14 

FIGURE 3.15 

FIGURE 3.16 

-
FIGURE 3.17 

FIGURE 3.18 • 
FIGURE 3.19 

FIGURE 3.20 

FIGUlE 3.21 

, 
f 

x 

P lot of lame Unr oticntat ions as a funct ion of soli
dification distance for a directionally frozen Sn-Cd 
sample (23vem. long) containing faulted grains (R ... 
1.3 clII:/hr., G- 8.0o C/cm) •••••••.•••••• • ••••••••• • ••• .68 

Variation of lame ll~r orientat ions with solidification 
distance for a directionaUr frozen Pb-Sn sample (R -
2.3 cm/hr., G - 7. 1°C/cm): (a) grain (1); (b) grain 
(2) •.•.•••••••••••••••••••••••••••••••••••••••••••••••• 70 

Cumulative variat ion of lamellar orientations 
with solidificat ion distance for a directionally 
frozen Pb-Sn samp le CR - 2.3 ca/hr., G - 7.1° C/ cm) .... 71 

Plot, of degenerate îàmellar orientations as a func-
t ion of solidification distance for a directionally 
f.,zen Pb-Sn sample CR - 11.0 cm/hr., G - S.SoC/cm). •. .73 

~ 

Plot of 1amellar orientations as a function of 
50 lidification distance for a directionaHy frozen ' 
Cd-Zn sample CR - 2.5 cm/hr., G - 8.0oC/cm). ........... 15 

, 

Plot of lamellar orientations as a function of 
solidification distance for a directionaHy frozen 
Sn-Zn s~le (R .... 3.0 cm/hr •• G - 6.6oC/cm). ••••••.•••• 76 

Variation of lamellar orientations with solidifica
tion distance in a direct ionally frozen AI~CuA12 
saIIII'le. t •••••••••••••• ~ •••• lit •••••••••••••••••••••••••• 79 

Cumulative variat ion ,of lamellar orientations with 
solidification distance in a directionaUy frozen 
AI-CllA12 salll()le ••••••••••••••••••••• , .............. , •••• 80 

AI-CuAl2 1aM"llar stru~ture: (a) transverse section 
Cx350) i (b) Moir6 pattern showing luellar bending ..... 81' 

Pb-Cd la_IIar structure: (a) transverse section 
(x300); '(b) Moir6 pattern showing lamellar bending ..... 82 

Variation of spiraUin, rate with solidification 
distance for a Pb-Sn sap le directionally solidified _ 
under varying G and Il ••••••••••••• o. ~ •••• o •••••••••••• 8S 

Variation of spiratUng rate with tnperature ' 
aractient for a Pb--Sn sup le direct ionally frozen 
uncler v.~ing R ••••••••••• ',' ••••••••••••••••••.•••••••• 86 

, ' 
< 



1 

r 
" ~ 
.' 

• 

1 
FIGURE,3.22 

FIGURE 3.23 

FIGURE 4.1 

FIGURE 4.2 

FIG~ 4.3 

FIGURE 4.4 

FIGURE' 4.5 

"_ ..... ". """",~',"'f)!MN ... " ... _"~,.,f.""'''l\ ... ~'IIl!\tf~ 
F 

xi 

Rectangular-shaped sample: (a) as directionally 
frozen; (b) roference marks (v-notches) made on both 
edgesj (c) schematic transverse section showing ~hape 
of grains and .directions along which lamellar orlen
tation ineasurements were taken in grain CA) •••••••••••• 88 

Variation of lamellar orientat ions with solidifica-
t ion distance for a direct iona IIy fT[)zen Pb-Sn 
ftJctangular sample (R - 1.7 cmfhr. t G - 4.00C/cm): 
(a) measured in a direction paraUel to the grain 
fiber axis' (h) measured in a -direction 'perpendicular 

, 89 to the grain flber axis •••••••••••.••••••.••••••..•.•• . 

Schematic representation of a lamellar interface. 
The. preferred growth directions of the otwo pha~s 
are represented by vectors A. and 8, wlule the 
~oupled growth resultant is represented by vector 
R. Each vector forms angles a, a and y with the x, 
y and z axes, ~espectively; both J. an<i y axes lying 
on the so~id/liquid interface plane the former 
being at right angles and the latter paraUel to 
the soUd/solid interface boundary. The z-axV 
representing the growth direction of the syst4 
specified in 5tatement B i5 drawn parallel tp the 
1all811ar interface and hence perpendiculal' to the 
solid/liquid interface ................................. JJ9 

Sche_tic plot of l8.lllellar spacing, À, against AT 
and ATD, where ATC i5 the Rver""" undercooling dui 
to interfacial CUTVature and AT D is the average 
undercooling due to solute building in the liquid 
ahttad of· the lue 1 i.e (Hunt 1963) ••••••••••••••••••••• 105 

Di.gr .. showin, thai grains tend to grow out at a 
convex interface whereas new grains tend to he 
nueleated at concave interfaces (Hunt 1963) ••••••••••• 126 

Plot of G vs. R for zone reflned Pb-Sn alloys •••••. ~ •• 130 

Bfféct of G and R on the Pb-Sn worphological 
_.bility ............................................ t ••• 131 



$ • 

1 

TABLE 2.1 

TABLE 3.1 

TABLE 3.2 

TABLE 3.3 

TABLE 3.4 

TABLE 4.1 

TABLE 4.2 

TABLE 4.3 

TABLE 4.4 

TABLE 4.5 

TABLE 4.6 

TABLE 4.7 

TABLE 4.9 
ri 

TABLS 4.10 

WLE 4.11 

-

LIST OF TABLES 
<l ' 

;l 

Polishing ... terials and etching solutions used 

xii .. 

for the systems investigated in this work •••••••••••••• 34 

Growth conditions used for Sn-Cd specimens ••••••••••••• 62 

Growth conditions used for Pb-Sn specimens ••• -••••..•••• 69 

Gr.ewth conditions used for Cd-Zn specimens .•••••.....•. 72 

Pb-Sn spiralling measurements for varying Gand R ...... 84 

Interface crysta110graphic re1at ionships of systems 
observed and nported to spiral ••••• r •••••••••••••••••• 91 

Preferred orientations in castings (ASM Metals 
Handbook 1973, p.232) •.•••••••••••••.•••••.•••••••••••• 96 

Couple.d growth of phases at the Pb-Sn eutectic 
interfs,ce (Hopkins and Kraft 1968; Hopkins 1967) ... ; .. 102 

Coupled groWth of phases at the Pb-Sn eutectic 
interface (Takahashi and Ashinuma 1958-59) •..•••••.••• 107 

Coupled growth of p1!ases at the Al-CuA12 eutectic 
interface (JCraft 1961,1962; Kraft and Albright 
1962) •.... ,. .............................................. 110 

, 

Coupled growth pt.pbases at the Al-CuA1
2 

eutectic 
interface (E l1~bod and Bag ley 1950) ................... 111 

Coupled gr~h of phases at the Al-CuA12 eutectic 
interface (Takahashi 1960) •••••••••••••••••••••••••••• 112 . , 

Coupled growth of phases at the Sn-Cd and S'n-Zn 
. eut&ctic interfaces (StraUll8Jlis,and Braltss 1937) •••••• 115 

... 
Coupled srowth of phases at the AI-Ag

2
Al eutectic 

interface (Cantor 1971) ••••••••••••••••••••••••••••••• 117 

List of IlUsured and predicted spiraUing rates •••••• H8 

GrOW'th, conditions for Pb-Sn suples. •••••••••••••••••• 128 

• 
; 
l 
" 



-

( 

CHAPTER 1 

• 
, 
.~ 

--
" ~ , 

• 

ri 



1 
"'1'" ... 

/, 

1 

, 

• 

INTRODUCTION 

In a binary eutectic phase diagram (Figure 1.1) the liquidus 

lines of each eutectic pqase slope downward as the solute content 

" increases until they meet at the eutectic equilibrium temperature below 

which the eutectic reaction takes place by the simultaneous crystal-

lization of two phases. Many different types of eutectic microstructure 

have been reported, these being strongly dependent on the nature of the 

nucleation process (Mondolfo 1965) and the growth characteristics of 

each of the solid phases (Hunt and Jackson 1966; Davies 1964). 

Eutectics were known as early as Roman times when Pb-Sn alloys 

were used for joining lead pipes and plating drinking vessels. More 

recently eutectic or near-eutectic cast irons ~e been used extensively 
,1 

~:; variety of purposes, and Al-Si eutectic .11ays have becOlDe iq>or-

tant because of their high strength-to-weight ratio. Many eutectics· 

fora lamellar or rod-like (fibrous) structures (Pigures 1.2(a) and 1.2(b». 

Recent1r, by using a controlled directional solidificat ion ,technique , 

. extré_ir high strengths have been obtained in cOllposite _tel:ials which 

consist of strong fibres or lamellae e~dded in a ductile .strix 

(Bibring 1973). Butect1cs are also useful as superconduct ing' I118terials 

where fibre textures play an i~ortant role (Yue et al. 1972; Hurles 

and Hunt 1967). 

Sven th~gh euteetics have been used for a long t.l.) it iS 

only within the pa.st thirty years that the .chanis. of euteetic soUdi-

• 
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FIGURE 1.1 Typical binary eutectic phase diagram : 
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FIGURE 1.2 
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Regular eutectic structures: 
(al la.ellar, Al-CuA12 transverse section; 
(b) rod-like, AI-AI3Ni 

·3 • ., 

.. (1) transverse section, ." 
(li) longitudinal 'section (Hertzberg et al. i96S) 
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fication has been given much attention. Many attempts have been made 

(Hunt and Jackson 1966; Scheil ~46, 1959; Hogan 1961; Jackson 

1958a, 1958b) to classify the various types of observ~ eutect~c 

morphologies, but a comple1!\y satisfactory classification covering 

the Whole range of structures has never been put forward. A great 

deal of effort has also heen devoted to explaining how eutectic nue le-

ation ta"s place, and although theories have been postulated, no firm 

conclusions have yet been reached and the problem still remains open. . 
• • • j 

• The work to he described in this thesis will be concerned 

• with lamellaiJeutectics, concentrating on a particular aspect of 

lamellar growth known as spiralling • 

.. 
1. 1 LlTERATURE REVIEW 

1.1.1 Classificat'ion of Eutec~s 

• . One of the .ost widely accepted classifications of eutectics 

is that by Scheil (1946,1959) bas. on the mode of crystallization ,of 
/ 

4 • 

the two eutect ic phas'es individually rather than' on the morphological # 

characteristics of the ca.posite on which previous investigators had 

relied. AlI binary eutectic microstructures were divided intp two 

classes, viz. ''nor_l'' and "abnoral". ~ Scheil placed the l8llellar and 

rod-like s~ctures (Figures 1.2(a) and 1.2(b» in the first category, 

vherein the two phases were asstaed to grow at equal velocities with 

a fixed orientation relationship hetween the.selves, the growth dlrec-

tion heinl at ript anlle to a locaUy planar solid/liquid interface. 
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Abnorma1 eutectics (Figure 1.3(a» were said to fOTm when one of the 

phases tends to grow ahead of the other, producing no fixed crystal-

lographic orientation rèlationship at the solid/so~id interface. 

Sche il' s conc lus ions were recons idered by Hogan (1961) who 

suggested that "normal" structures (rod-like and lamellar) result from 
• 

the epitaxial nucleation of one phase on the other, while "anoma10us" 

morphologies (Figure 1.3(a» are obtained when the growth is coup1ed 

without a fixed orientation relation between the two eutectic phases. 

"Degenerate" microstructures (Figure 1. 3 (b» were thought to occur when 

the two phases tend to grow independently. 

Based on a study of transparent organic eutectics which freeze 

like .etaIs, Hunt and Jackson (1966) proposed a new classification of 

eutectics invol~ing the entropies of melting of the individual eutectic , 

phases. Single phase .àterials were found to grow with faceted or non-
i 

faceted.solid/liquid interfaces (Figures 1.4(a) and 1.4(b» depending . 
upon the magnitude of a ca.puted parameter,CI. Jackson (195S.,1958b) 
~ 65 
e;howed that CI ~t RF , where A5

F 
1s th~, entropy of fusion, R.\, the uni-

... 
versa~ gàs constant and t, a crystallographic factor Which is 1ess than, 

but all105t, unit y • He s)1cceeded in shm,ing' from a thermodynamic argu

.ent that the growth .orphology is largely'dependent on t~e CI factor. . .,.. . 

In general for non _ta 15 , CI exceeds two owing to a high entropy of 

fusim~ and as a consequence these crystals grow with faceted soUd! 

liquid interfaces. ,On the other hand, .eta1s have low entropies of 

.elting (CI ,< 2) and hen~e tney grow with nop-faceted interfaces. On 

J 
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• 
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FIGURE 1.3 
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Irregu1ar eutectic structures: 
(a) abnormal (anomalous), Al-Si longitudinal 

sect ion (Day and He llawe Il 1968); 
(b) .degenerate; ~1-CuA12 transverse section 
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FIGUR~ 1.4 
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Types of solid/liquid interface: 
(a) non-faceted. carbon tetrabrœide

hexach loroethane eutectic (Hunt 
and Jackson 1966); 

(b) faceted, salol (~) (Jackson 1967) 
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the same basis Hunt and Jackson (1966) divided eutectics into three 

groups, viz. those in which both phases have low entropies of melting, 

those in which only one phase has a low entropy of melting, and those 

in ~ich bath phases have high entropies of melting (this case never 

occurs in strict ly metallic systems but may occur wen two intermetal~ 

8. 

lic cOlllpoWlds or lletalloids such as Si, Ge or Bi are involved). Lamellar 

and rod-like structures belong to the first group, while irregular 

morphologies were said to belong to the second and third groups. 

1.1.2 Nucleation of Eutectics 

The nucleation stage is definitely of significance during 

controÎled eutectic solidification since it is the stage at 'fbich 

coupled growth is established. Certain authors (Cooksey et ~ al. 1964; 

Kraft 1962) have proposed that the preferred eutectic orientation 

relatiOl1ship develops through repeated nucleation events until ener

aetically stable grains suitably oriented for growth ~re produced. 

After intensive studies on the nucleation of eutectié ~11o.YS; 
, , 'l, 

Mondolfo(196S) c .. ta the conclusion that aIl, the various structure. 

Can })e eçlained in teras of the nùcleation process. In, fact, noral 

eutecUes (rad-lib and laMllar) were said to be exp.cted when one of 

the phases acts as nucleatin, aIent for the other. witb a ~efinite 

crystaUoaraphic relatianship being established at the SaUd/saUd 

interface. Ano_tous eutectics &ré observad' when both pha~es are 

'n~l .. ted by forei ... illpuritie. w.ith the réu.alt that no IIltuat p~eferred 
., 

\. 
----------------..... -----------------------~,~ 
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orientation relat ïonship is obtained. Degenerate (divorced) structures 

were said to be obtained when the second phase nucleates 'only after the 

first has completely solidified. Thése are generally formed in alloys 

far from the eutectic composition in which it i5 impossible for the 

primary.phase to aet as a nucleating agent for the second eutectie phase. 

Sund~st and Mondolfo (1961a,I96lb) showed that: (1) nucleation is non-

l'eciprocal, (2) epitaxy does in general exist between nueleant and 

nucleus although there exists a variety Of e~tallographic orientations 

leading to good matching between the two planes in contact at ~he solid/ 

solid interface, (3) lattice disregistry betw~en the phases seems not 

to be i~ortant, and (4) good nucleating agents tend to have high 

entropies of fusion and are thet.selves hard to nuelelte. 

Hogan (1965) carried out some experiments on quenched samples 

of Al-CuA12 e~ctie in ordet to study eutect ic nueleation. He observed 

very sa11 eutectic nodules (previously deteeted'by Chadwick (1965) in 
\ 

• 
the Pb-Sn syst~m) surrounding ainute CuAl2 nuclei. FrOll a study of 

sections of quenehed ing'Ots he vas able to show that the nodules did 

indeed nucleate t~. eutectic. In agree.ettt vith Mondolfo's concept of 

one-w.y nueleatien. he found that Al prillary dendrites had no effect 

on eutectic 'n~leatiQll, while the CUA12 prwries were .. lways Issociated 
-

vith lt. 'lbe -reaulta of lIOn recent studies on the nuel.stion of eutectic 

,.Uays (Davie. 1964; Cooué'y et al. 1964i HOlan 196.41965) have generally 
\ 

bem found to alrHle with the conclusions of Mondolfo and his co-vorkers • •• - - 1 

_. ~ 
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1.1.3 Growth and Crystallography of Lamellar Eutecties 

8ecau5e the major concern of thi, work is with laaellar euteeties, 

it i5 appropriate to concentrate the remainder of this chapter on nuele8-

tion and growth of lamellar euteeties. 

LaJleHar eutectie gr~h is a diffusion-controlled process whieh 

can oecur only if an undercooling below the equilibrium eutectie tempera-

ture is attained. Following Zener' 5 work (1946) on the ~tectoid austenite-

• 
~o-pearlite transformation. Tiller (1958) determined the minÎDllm undercooling, 

AT, required for lamellar growth, expressing it in the following form: 

where A1'C and ATD refer t.~ the undercooUngs due to interfac.ial eurvature 

and diffusion controlled solute rejeëti;'" re~ectivelYt tUld AT, i5 8 

kinetic undercooling tera which 15 usually neglected for ~on-faceted

non-faceted ~h. su.ina the ATC.and ATD undercoolings, Tiller was 

able to correlate the JnterlaM~lar spacing with growth rate and total 

un4ercooling. In orcier to specify. a tmique ~lationship between .any 

two of the variables, an optiaizina conditiO\ bad to he specified. While 

Ze~.r in his treat_nt axillized t'JIe growth rat., Tiller obtained the 

sa. "result by ainiaizing the total undercooling. The l&ll8Uar 5pa-cing, 

~, as prediçted to he related to the (l'OIfth ratf!. R, by an equation of 

. the font A - A(R} .. 1I2• ""ere A is a con~tant, and the total tmdercooling 

l, 

" 

<II 



-. 

11. 

was found to be related to the growth rate by the relationship L'lT _ BR 1/2 

where B is another constant. This analysis proved to be extremely- $UC-

cessful in prediçt ing the nature of the experimental relat ionship between 

the three variables, À. Rand L'lT (Cooksey et al. 1964; Moore and Elliot 
\ 

1968; Hunt and ChUton 1962). 

" In the period 1952-1962, ElbaUm and Chalmers (1955) developed 

a model for the growth of crystals fl'om the melt in which growth was 

assumed to take place by the side-propagation of law-index steps across 
o 

the solid/liquid interface. This model was based on the results of 

decant mg experiments which revealed crystallographic facets on the 

exposed solid surfaces, the decanted surface structure being assumed to 

be identical to the actual interface structure during growth. ~is 

platelet theory was discredited by Chadwick (1962) who showed that 

• surface tension causes a thin layer of liquid to remain on any decanted 

surface and tbat solidification of this layer obscures the nature of 
'. 

the real $olid/liquid interface. 

\ The growth of a lallBllar 8utectic fro. its llelt is thought 

to ~ake place according to the ''n01'll&I growth" _chanis. depicted in 

Piaure 1.S. Regardless of its erystallographic o~ientat~on. the 501i41 

" liquid interfac_e aoves parallel to itself and perpendicular to the 

u.ellar interphase bounda-ry without need for linear &rowth steps aerou 
- 1 

the interface. As a 1 .. 11a of the a phase solidifie$, it rejects atoal 

of cOIIpéln'" B and eorrespondingly the S phase ;ejects atOllS of cOllpOllent 

A, with· the result tha1; the liquid ahead of the' B 1 ... 11a is depleted . 

• , . 
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Scheaatic representation of the steady-state 
growth of a laaellar eutectic (Tiller 1958) 
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, 
in the B component and that ahead of the a l~ella is depleted in A 

component. Thus, lateral diffusion ahead of the interface is an 

important step in the gr~h of lamellar eutectics. The large area 

of tbe lamellar interface maJces this morphology energetically unfavour-

able" but the occurence of a cons istent orientation relat ionship hetween 

the phases leads to the conclusion that the growth can he stabilized 

by selection of a low-energy interface. The preferred crysta110graphic 

orientat ion re lat ionsh ip established at the lame llar interface may he a 

function of the freezing conditions. In fact, TaJcahashi and Ashinuma 

(1958-1959) and TaJcakashi (1960) examined thin films of Al-CuA12 by 

selected-area electron diffraction analysis and observed orientation 

relationships which were different from those previously reported 

~Kraft and Albright 1961; Kraft 1961). Kraft (1962) later invest igated 

the same eutectic alloy and found a third set of orientat ion re lation-

• 

ships, while other workers (Oavies and Hellawell 1970; Cantor and Chadwick' 

1974) showed that different relationshiP~ l?e obtained even ~hen two 

identical speci.ens aré frozen in an identica1 aanner. Changes in 

~owth kinetics with orientation, anisotropy of solid/Hquid interfacia1 

energy as weIl as anisotropy of heat f10w are thought to he responsible 
1 • 

for the varlous crystal~ographic relationships observed Wlder various 

freozing conditions (Kraft 1961; Chadwick 19(7). 

A convenient way of ,describing l~llar growtb is ,-to specify 

the planes in contact at the sOlicl/solid interface, as weU as th. 

direction in each which is paraUel to the irowtb axis o.f the syst ••• 

Tvo nate.nts are therefore used to' describe the five degrees of freedOli 

of the eutect ie interface: 

, 
} 

; 

; ~ 
Il 
'i 
: 

~ 
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LAMELLAR INTERFACE 1/ (hkl)a /f (hkl)~ 

GROW'rn DIRECTION 1/ [uvw]-a Il (uvw]~ 

14. 

STATEMENT A 

STATEMENT B 

1 \ From studies on the AI-CuAI 2 and Mg-Mg
2

Sn eutectics,' Kraft 

(I96F.l~63) came to the conclusion that a law-energy interface is 

usuaUy parallel to crystallographic planes of wide spacing and nearly 

equal atomic densities in each of the two phases. A comprehensive li5t 

definling the crystallography of Wlidirect ionally solidified eutect ies 

is given in a review article by Hogan et al. (1970). 

4 

With one exception (Gruzleski and Winegard 1968; Berthou and 

Gruzleski 1971), lnellar structures in bulk specimens have been found 

to contain structural imperfections (named faults) such as those shown in 

Figure 1.2(a). The reason for the occurence of such imperfections i5 , 
" not ret very weil understood. although -they are believed to play a role 

during growtl:t in c$using changes of orientat ion related to the develop

.nt of prefe~ed or;l.entation and the spiral growth 'phenoMnon (Double 

1973). \ , 

1.1.4 in ~11ar Butecticlt 

Many grains· re usually nucleated during directi1'l'lal eutectic 

solidlfïc:ation, SOM be g aore sultably oriented for growth than others.' 

The enerptically stable ains will grow at the expense of less stable 

lna the IWIIber of persisting grains. 

\ 
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While studying the cTystallographic relationships in those 

gra ins wh ich SUry i ved some severa 1 cent imeters of growth. Kraft and 

Albright (1962) found that the preferred lamellar orientation in the 

AI-C~12 eutectic i5 subject to microscopic deviations of a few degrees. , 
More recently, progressive changes of the lamel1ar orientation within 

single eutectic grains have been observed (Double et al. 1968; Hopkins 

and ,Kraft 1968). Most crysta110graphic studies have becn made near the 

end of directionally solidified ingots where lamellar growth was almost 
\ 

a steady state process. Very littl~'is known about crystallographic 
J 

orientations in a given ~ain st the moment of nucleation. It is pos-
, 

sible that the preferred crystallographic orientation relationship 

between the lamellar phases does not exist at the pOint of nuc1eation, 

but develops gradually during growth, probably requiring relative 

rotation of the two lattices until a ~ow energy interface containing 

the growth direct ion is attained. 

Hogan et al. (1970) have s~r}zed the reported observations 
\ 

on orientation chances during eutectic grain growth as follows: 

(1) Rotation of la.ellar normals about the.i,rowth axis, 

probably necessitating ~anges in the crystallographic 

planes in contact at the solid/solid interface. 

(2) Alter a 'lov energy interface has been se lected, the two 

. phases _y rotate dorinl ,rowth about an axis norul t 0 

the arowth directiœ of the 5yste. until a praferred 

l' / 
"' . 
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(3) La~ellae can spiral progressively about an axis paraI lei 

to the growth direction with both phases maintaining a 

fixed orientation relationship. 

(4) Small changes in crystallographic orientation can occur 

across mismatch surfaces. 

Rotations of type 2 vere observed br Hopkins and Kraft (1968) in 1amellar 

grains of Pb-Sn seeded by Sn crystals of known orientation.' After a 

few centimeters of directional growth the orientation of bath seeded and 

~nseeded grains could be described as: 

LAMELLAR INTERFACE Il (011) Sn Il (lr~) Pb 

GROWTH DIRECTION Il [211] Sn Il [211] Pb 

STATEMENT A 

STATEMENT B 

When the [211t in the Sn seed was parallel te the .overall growth direction, 
\ 

statements A and B wera observed after 3 mm. of dirèctional growth, but 
, , 

when the [100] was coincident with the growth direction, the crystals 

totated al"-t 300 about an axis pèrpendicular to the growth direction 

during the first 4.5 CIl. of growth 1 unti,l the directions descdbed in 

state.ent B vere observed. In this case, the preferred interfacial 
~ 

'abit plane see.s to have becn esta~lishéd i.-ediately upon nuc1eation. 

Rotations of type 3, being of _j or interest in the present 

WC)l'k, w11l he treated in IlOTe detaU: They have becn ~bserved in Pb-Sn 

(Hopkins and Stewart 1970) and in Al-CuA12 , Al-Zn and AI-AI2Al direc-, 

. tionally solUilled euteeUes (Double et al. 1968). lbe spiral growth 

of the l.Uellae of an Al-Zn arsin is representee! in a .che_tic vay in 

" 

r , 

:r 

,1 
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Figure 1. 6 , the spiralUng rate calculated from the experime~tal data 

o 0 • being 11 linch or 4.3 lem., Double and c~-workers (1968) found that 

the spiralling rate, regardless of growth rate, was const~nt for aIl 

grains and directly related to the subgratn density which in turn 
:. 

decreases by increasing the imposed temperature gradient. Clockwise 

and counterclockwise rotations were observed in the same 'sample (Al-Zn), 

the sense of rotation being çonstant for a given grain. Spiralling in 

lamellar eutectics was linked to the subgrain densit: for a given 

temperature gradient, the AI-CuAI
2 

system was found to spiral less 

rapidly than the AI-Ag2Al which contained a wider r nge of misorienta

tions between subgrains. X-ray studies on the Zn-ri phase of the 
: 

Al-Zn system (Double et al. 1968) showed that the la llar planes instead 

of coinciding with the growth axis were often incli ed br up to 25°. 

From the examination of a tapered longitudinal 5 ion of a directionally 

solidified AI-CuA1 2 eutectic specimen (Figure 1.7) (Double 1973; Double 

et al. 1968) # lamellar orient'ation chan&.es could be followed and the 

" average rate of rotation was found ta be about 6?/cm. It is evident 

from the micrograph that the mean lamellar trace is rotating. but more-

over it may he seen that rotations can he follawed within a given sub-

grain as weIl as discontmuotlsly across the sub-boundaries. 

/ 
Hopkins and Stewart (1970) aeasured lamellar rotation~in 

Pb-Sn eutectic samples grown both fro. [100] 

technique and by unseeded Bridgean growth. 

Sn seeds by the Czochralski 
. d, 

The sp ir.a Il ing rate ,- (li' 

wu fOWld to he constant for any grain during growth and dependent upon 

the poowth ~hocl. In fact, * WB5. neat1y twice as large in Bri~geaan-_ 

- 1 . , 



.. - • 11 
" , 

r~'~~'l_""~J4~"'."'P"~'!)!."_.J'IIt4., .... gn.(I.'If!t,_" .• ~i".' •• 

. ' 
'\ 

FIGURE 1.6 

" 

o 

18 • 

Heayily etched specimen of directionally 
f1'ozen Al-Zn aUoy in which the orientation 
has changed progressively. The diagrammatic 
sect;,ioris show the relative positions, 1-6, of 

·"mean lamellar traces (Double,,197l) 
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FIGURE 1.7 . 

o 

• 

A1-CuA1 lamellar rotations: 
(a) a fiear loogitudinal «5°) taper section 

through a eutect lc specimen showing 
laaellar rotations withln subgrains and 
aerou sub-boundaries. 'lbe observed 
general rotation of 300 corrè~onds to 
a true rotat ion of less t~an 2 ; 

19. 

(b) the orientation of the lamellar traces 
within individual subgrabis in the above 
taper section i5 plotted as a' function 
of distance along the speciaen. The 
angles Masured on the taper section are 
converted to true values. The straight 
lino represents the observed average rate 
of rotation of SO. 60 /c.. The graph 

, shows that thë' angular rotat ions of the 
luellar traces are irregular but with an 
ovorall tend~cy in one sense. (Double 
1911,1973) 
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grown ingots as.in the Czochralski samples even though the gr~h rates 

were almost the same in each case and the fault densit ies were compar-

able. indicat ing that the spiralling rate is probably not determined 

only by substructural perfection. 
~ 

Hogan and co-workers (1970) suggested that the effect of 

stee-p temperature gradients would be to make the 50lid/liquid interface 

flatter, thus decreasing the variations in local growth direction along 

'J 
the interface and therefore decreasing the spiralling rate. Such a 

5uggest ion was discredited by Hopkins' and Stewart' s results (1970) 

si'nce interfacial curvature i5 more convex during Czochralski growth 

than during Bridgeman growth. 

No cOilplete explanation of spiral growth in lamellar eutectics 

• has been given to date, arthough it i5 beU.ved by certain authors 

, (dOuble et al. 1968; Hopkins and Steltfart 1970; Double and Hellawell 1969a) 

that the eutectic substruct"ure might be related in SOlDe way to this 

~ "phenoJlenon. Double (1973) stated that "the IIechanisli by which the rota-

don effect operates is that it involves soae aS)'IUIletric bias either- in 

the soUd/soUd 1nterfac'ial energy aS50ciated with thé' epitaxial 

arrangeMnt of the phases and/or in the mechanisli which the subgrain 

boundaries thellSelveS' are foned (and thus ultbaately on the evolutionary 

process), or in the coabination of a preferred habit plane with a tende-ncy 

to anisotropie 19rowth of one or both phases." -DouQle and Hellawell (1969a) 

usina •. sillp1e interference technique sh~ed that in Al-CuA12 sub-grains, 

the 1 .. 11ae Ilave a tenclency ta fora à fan- H'ke pattern _ The. effect 
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is obtain,ed by superimposing upon a micrograph running transverse to 
" 

/ the growth direction a grid of pa~allel lines as shown in Figure 1. 8. 

If 'a micrographie section makes an angle with the 1amellar plarie, suc-

cessive sections through the fan-like arrangement will simulate a 

progressive twisting of the grain as shown in Figure 1.9. 

1.2. AIMS OF me PRESENT WORK 

The present investigation was undertaken with the following 

obj ect ives: 

" 

(1) To study the effect of microstructural perfection on 

the spiralling rate by comp~ing the lamellar rotation 

of Sn-Cd fault-free grains with the spira11ing of faulted 

grains. The Sn-Cd system was chosen. because it is the 

only known' system in which perfect eutectic grains may 

he obtained in bulk speci~ns. 

(2) To dcfteraiAe wJ:lether eutectiCs fOrMd fra. phases having 

the salle crystal structure will exhibit the 'spiralling 

effect pl"eviously observed ooly in systems in ,mich the 

unit celis of the two phases were of different types. 

(3) To investieate the effect of, growth rate. te.rature 

aradient and asr-trical heat flow on the spira11ine 

phenc.anon. 

(4) Ta _ttMipt to find an explanation for the oriein and 
, , 

_dwlis~ of ~ .. l1ar ~pirall.inl. 
, L 

t 

( 

.' 
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FIGURE 1.8 

,r 

" 

Super-imposition of a perfect grid of 
parallel lines upon a typical micrograph 
of the laaellar eutectic, Al-CuA12, 
producing divergent interference fringes 
(Double and Hellawell 1969a) 
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FIGURE 1.9 

-

23. 

Schematic representation of how successive 
sections through a fan-like lamellar arrange
ment include different lamellae and therefore 
give an iapressioo of helical Il:owth i.f the 
sections are not nor_l to the rotational axis. 
1bus, Sect ion a includes lue 11ae Nos. 1 and 2, ' 
Section b - Nos_. 2 and 3, Section c - Nos. 4, 

, 5 and 6, etc. (Double ,and HeUavell 1969a) 
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EXPERIMENTAL PROCEDURE 

When directiorlally solidified, certain lamellar eutectics 

have been found to grow by spiralling about an axis paralIel t/o the 

overall growth direction of the system. Such behaviour was previously 

thought to be common to aIl lamellar systems. The spiralling of lamellae 

is undesirable because of the serious effects it may have on the aniso-

tropic properties of directionally solidified coaposites. The following 

experimental procedure was undertaken in orde~ to prepare directionally 

solidified alloys of eutéctic composition for the purpose of studying 

lamellar spiralling. -
2.1 ALLOY PREPARATION 

The eutectic systeas selected for th!s study were Sn-Cd, ~~ 
Cd-Zn, Pb-Sn, Sn-Zn and Pb-Cd becauso their low eutectic teJPeratures \ 

! 

_ke the. favourable for experi.mtal work. In,addition; these systeas 
\ 

show SOIe variations in their la.ellar aicrostructure: e.g., Sn-Cd has 

been shawn to exist in the fault-free condition (Gruzleski and Winegard , 

1968t Berth~ and Gruzleaki 1971). Gd-Zn, Pb-Sn and Pb-Cd are normal 

la.ellar eutectics, Mhile Sn-Zn for.s a brok~n la .. llar strUcture 

(Jaffrey and ~aclwict 1969) ~ , \ 

;' 
1 

111e .taIs used were of 99.999\ purity supplied in tbe/form 

of shot br Cœinco Ltd •• Master heats of eutectic cOlipositlon )fere 

prepared ~ wei,hill, the ApFopriate UOUIlts of the constitûents according 

/ 

/ 

1 
/ 

1 

\ 

\ 

/ 
f" 
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to the phase diagrams shown in Figure 2.1. The metallic shot was mi~ed 

and then placed in a pyrex tube lIeasuring lZ DIDI. in di8llleter and about 

60 cm. in length. In order to p~event oxidation, the .etaIs were melted 

1 by means of an oxygen-butane torch under a vacuum of lO-2~ or better. 

After the entire charge of about 125 gm. was melted, the tube was sealed 

at a position approximately 10 cm. above the liquid metal surface, tilted 

• 
a few times to insure proper mixing and finally'allowed to cool slowly 

under a glass wool bed. Since it is difficult to obtain the exact eutectic 

composition by simply weighing the components, the alloys were zone 

ref~ed in sealed pyrex tubes for about 20 passes (Chalmers 1964). 

Samples measuring abo~t one centimeter in length were then cut from 

each end of the zone refined ingots for metallographic analysis. 

2.~ SP.ECIMEN PREPARATION 

Suple,s of each zone refined eutectic- master alloy (weighing 
, . 

JI, 

. about 50 p.) were cast under vacUUll in a 6)111. I.D. by 30 Cil. long 

pyre~tube inside a three zone<vert,ical f~tnace as shawn in Figure 2.2(a). 

The cast eutectic suple WBS placed in Ihigh purfty graphite crucible 
/ 

1 

.,asuring 10 m. O.D .. 6 _. 1.0. and/30 ca. in length. Three SIIIlll holes 
/ 

vere drilled to a depth of 1.S _.r the enerna.l surface of the 1lO1d, 

one at the top, one at the cent~ and the third at the botto.. A 
; 

- chr~l ... alUMl the1'llOcouple ~ vas inserted in~O each, hole J fixed with 

refractory ceaen~ and j conn/ted' to a tellperature recorder. '11le central 

the1'llOcoupIe 05 u~ed the. calculation of the average tellperatur~ 

gradient duriJ)., sc:-lid ication whi1~ the top and bottOil theraocwples 

• incUcated 'when to op or start the run. respective1y. 
/ 

1 

/ 
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FIGURE 2.1 

• 

Phase diagram~ f9P'the studied systems: 
(a) Sn-Cd; V 
(b) Cd-Zn; 
(c) Pb-Sn; 
(d) Sn-Zn. (ASM Metals Handbook 1973) 
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1 

FIGURE 2.2 Casting techniques: 
(a) circular glass moldj 
(b) rectangular graphite mold 
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Experiments on asymmetrical heat flow were carried out using 

rectangular high purity mblds measuring 2 x 0.5 x 20 cm. with a 3 mm. 

wall;, thickness. The molds were machined in two parts and were held 

together with refractory cement. A graphite funnel containing the 

eutectic alloy to he cast wa5 plaeed in the upper part of the mold and 

the unit p laced in a vycor tube as shown in Figure 2.2 Cb) • Me lt ing was 

carried out u~de'l" vacuum with the samples (in. either round or reetangular 

molds) plaeed between two steel dises bolted together as shown in 

Figure 2.3. The dises were used to hold the specimen in the vertical 

position. 

2.3 GROW1lf PROCEDUR~ 

AIl specimens were directionally gl'own by the Bridgeman tech-,. 
,nique emp loying a constant vert: ical movement of the furnace. A schemat ie 

diagram of the directional solidificat ion apparatus used i5 shown in 

Figure 2.3. The furnace. powered by a controlled variable drive motor 

attached to a gear reducer by a chain linkage, was connected to a counter

weight by a braided steel wire. As the motdr started, the wire moved 

around the pulley of the gear reducer and the furnace was sllOothly lifted 

at a speed ranging from between 1 and 30 cm./hr., constant to within 

±O.5\.' The whole set up was designed to be a1most vibration free in 

arder to prevent erratic growth fluctuations. ~ 

High telaperature gradients were established in some l"UnS by 

using a cooli,ng system consisting of a .water .. cooled copper dise in

contact with the bottOli of the graphite 'crucible. Br varying the wa~&t: 
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FIGURE 2.3 
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Schemat ic db1gram of the unidirectional 
solidification.apparatus 
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pressure recorded by a ,manometer gauge, a range of temperature gradients 

could be obtained. 

Prior to the directional solidification of a specimen, the 
, . 

furnace elements were turned on for one ~y to allow the temperature 

to stabilize. Once the "furnace was at its lowest position, the sample 

could be inserted, fixed in the quartz tube, and allowed to heat up for 

about one hour while argon was allowed to flow through the tube. The 

motor was then set for the desired furnace speed and the temperature at 

the lover, central and uppermost parts ~f the sample recorded by means 

of a Leeds and Northrup temperature recorder. 

A special growth technique (Berthou and Gruzleski 1971) was 

used in order to produce perfect Sn-Cd eutectic grains. This technique 

consisted of using a very high g:rowth rate for the first centimeter in 

order to promote the nucleation of lllâny grains, followed by a slower 

gro~h rate to favour the growth of the mast stable. grains. 

2.3. 1 Growth Rate Measurement 

The rate of freezing of a directiqpally solidified'~utectic 

alloy can be .easured·by one of three methods as follows: 

(1) . Frai the ~at~ of cooling, (dT/dt), and the temperature 

,1 
gradient, G, in the liquid ahead of the solid/liquid 

1 interface, using the relationship 

.,' 

" 
, . 
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(2) From the,equation relating the interlamellar spacing to 

the growth rate, vi~. 

À 2R - constant 

(3) From the expression R ,,- xlt, where x is the distance 

t rave lied by the furnace in t ime t. 

The first method is the most accurate'~ut is al 50 the most difficult 
.~ , 

experimentally because it requires accurate thermocouple measurements 

in the~~elt. The second method requires knowledge of the precise value 

of a constant which was often unavailable for the systems investigated 

during the present work. The third method was generally used for measuring 

the growth rate in this work, although method (2) was used where variable 

freezing ~onditions were employed during a single experiment. 

2.4 METALLOGRAPHY AND SPIRALLING RATE ME'ASUREMENTS 

When removed froll the graphite molds, the directionally 

solidified samples measured about 23 cm. in length. It is important 

~o' have long specimens in controlled directional solidification since 
• 

gtowth conditions are steady only in the central region which consti-

tutes about ,80\ of the specimen length. At the beginning of freezing 

the Metal at the bottom of the .cId undercools, nucleates and grows 

.rapi41y,'while towards the end of solidification there is little sensible 

heat left. 50 that the growth rate inereases. 
1 

A fIat surl.ce wa~ ucbined a~ong the length of ea~ saDrple, 

and fO,r reasons t-o he exp lained "latt'!'. a V-notch vas made a long the sa.mp le 
" , 

", 

" 
> 
.' 

" 
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length as shown in Figure 2.4(a). 'Sections ,transverse to the gTowth 

• direction were cut with a hack saw at various interva1s along the 

specimen axis and these were then Cdld mounted. The number of sections 

prepared per specimen ranged up ro a maximum of 26. Lubricated surfaces 

were ground through 600 grit paper on a Buehler Handimet grinder and were 

po1ished and etched as indicated in Table 2.1. Smoother and cleaner 

surfaces were obtained by dipping the sections in alcohol after each 

polishing step and c1eaning in an ultrasonic c1eaner for about 10-15 
"ot 

minutes. This procedure was found to be necessary to remove aIl particles 

which had become attached to the soft alloy surface~. 

From examination of seriaI sections aiong the length of e~ch 

eutectic ingot, three reg~ons were found to exit. At the initial region 

of the crucible where solidification began, there was a zone between 
. , 

0.5-1 cm. long containing randomly nuèleated fine eutectic grains" 

From this region several grains, ev~dently of preferred orientation. 

grew in a columnar fashion and as growth proceeded certain grains grew 

at the expense of their neighbours thus reducing to a few the number 

of persisting grains. A colony structure was sometimes observed in the 
1 

last centimeter of growth. AlI spiralling measurements were made on 

iniot ,zones in which steady state heat flow prevailed and an aligned 

~logy was obtained. In some cases it was not possible to take 

measureMnts froa the initial regian of the ingot because the large 

nUllber of nucleated grains presented' difficultiés in atte~ting to 

dist ingui$h between grains frœ one sect ion to the next. 

\ 



FIGURE 2.4 
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Techniqué.'~used for Jleasuring lamellar orientat ions: 
(a) directionally solidified sample, (cylindrical); 
(b) referenc& .rk (v-notch) carved along the 

5atple on a fIat surface; 
(c) section alignaent; 
(d) lamellar orientàtion .. asure.ent (,) 
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TABLE 2.1 Polisbina Haterials and Etching Solutions Used 
for the Systems Invwatigated in thls Work. 

---.-- .-....-- . ----,---------------------------------~--------------I 1 i l 1 1 1 

1 1 1 1 1 .,.- 1 ~e Poli.MDII ! In.e_ate PoU.Mag ! Hne Pollslrlng 1 Et~hiag Solution r 

r.--- J ----------~ ________ __._--L----------L_-----------_---I 
1 1 . ~ l : 

1 ' 1 1 r Su-Cd 1 14)1 d1_ond pa!J:e 1 6lJ disond paste r~llJ diam.and paste 1 Aqueous FeCl3 1 
1 1 1 1 ~. 1 solution 1 
i f ---~ 1 1 ~! ! 

1 1 r'~ 1 1 
1 t-_ Braa80 : 6 ~ diemond paste: ~ 1 5% ni tal ,1 
1 1 ~, Il l, 1 

1 1 -,~ 1 1 

t l " 1 1 1 Pb-Sn ",s,o 1 6J.1 di.am.ond pastel 1 IlJ diam.ond paste ~I aN03 1 psrt l 
1 • "1 1 cetic ac1d 1 part 1 
t Il 1 G erol 8 parts ! 
t 1 at 40 1 

1 1 
1 . 1 1 1 

i "-~. 1 Su-~ 14\1 d1amond paste 1 6\1 d1amond ,paste f III d181DOIld pas te 1% Hel in alco~ i 
l " '~ 
1 1 1 1 
1 Pb-Cd Brasso \ ,1 6ll diam.ond paste 1 HN0

1
4 parts 1 

1 . rit , Acetic acid 4 p'arts 1 
1 . 1 l , 1 lLO 16 parts J' 
t 1 • 1 1 ~z 
l,·: l' 1 1 fresh1y prepared ~ 

l ' 1 1 1 ____________ 1--_____ ~~ _______ ~ ________________ --______ ~ ____________________ JL-__________________ J 

" 
',-.1 en, lU rlllll1U7IZ '1IIr.I.Ult_ t_~ ... H~ ...... e:M.' ..... "'" ""~-"'-,":t.!>. '.,\ 7 
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The spiralling rate was determined by following the average 

lamellar orientation of the grains from section to section along the 

directionally solidified sample. The technique used (588 Figure 2.4 
Il 

(a-d» consisted of measuring the angle between lamellar traces and a 

35. 

reference line within each eutectic grain. AlI measurements were made 

on the screen of a Quantimet television microscope. At first the fIat 

portion of the section cont.ining the ref~rence mark (V-no~ch) was 

aligned parallel to a horizontal line made on the screen at a magnifi-

cation of SOX (Figure 2.4(c)). This was done through a rotational move-

ment of the sample stage. At a higher magnification, usually 400X, the 

center of the groove was then translated vertically and horizontally 

by means of a mechanical stage unt!l it coineided with the intersection 

made ,'by the ttfO Unes on the screen. In th is way the sect ions were .a 11 

identically aligned when measurements were taken at the sue reference 

point. 

~llar orientations, defined as the angle between the 

laaellae and the horizontal line (Figure 2.4(d)), were measured,~very 
\ 

1/10 of a ~illimeter runn~g from the center of the notch to the opposite 
': 

side of:the section as shawn, in Figure 2.4(c), this path being referred 
. 

ta as~ the reference line. Angtil.ar lleasureaents were pl6tted versus • 
distance across the sect.ion and depending on the position of experillental 

. 
points, grains could he identified and the ave~ge la-ellar orientations 

esti .. ted as represented in Figure 2.5. 

- . 

\ 

1 



FIGURE 2.5 
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Grain identification and average grain 
orientation determinat ion from lamellar 
orientation measurements taken across 
section along the reference line 

36. 



30 

• 
20 

o 

{ 

·10 

o 

1 

• At the Center of Groove 

.0.1 mm. to the Right 

r-, 
• 1 1 

1 

! 
• 1 

• ~ 

1 • 
1 • 

------- .... ,. 1 •• 

1 • • ~- ------------; -!-:- __ 1':. -~.- - r..:.~- 14° ...... . .. 

\ 
\ 

• ......... - 1 •• • 

• 
• 

.. 
• 

• 
e 

, 3 
DlSTANCI ACROSS SlêTlOM 

4 
(nwn.) 

.. 

• 
.. 

1 



1 

.. 

8, 

37. 

eare had ta be taken at this stage to make a' net dist inct ion 

between different grains. Sometimes owing to the irregular shape of 

the grain boundaries (see drawing on the left-hand side of Figure 2.5) 

one could identify the same grain twice as lIldicated in Figure 2.5. 
~) 

This occurred because a very small portion of a grain might Intersect 
t 

the reference I1ne for a short distance only. In the successive sec-

t ions, because of grain boundary migration, this small portion might 

no longer intersect the reference line or might even become larger in 

size. Another difficulty encountered in grain identification was in 

attempting to distinguish betwen gralns and subgrains because of the 

difficulty of distinguishing grain boundaries from subgrain boundaries 

in eutectic' structures. The presence of faults results in the produc

tion of many sUbgrlins within each grain, and the subgrain misorienta-

tion can vary from a few degrees to several degrees. During the present 

work the allowable misorientations within a eutectic grain was chosen 

to be between 100 and 200 for relatively low temperature- gradients, and 

between 300 and 400 for. considerably higher temperature gradients. As 

will be,shown Iater, the degree of misorierttation increases with the 
-' 

imposed G. Very often, grains existing at the beginning of the sa~le-

disappeared after a certain growth distance probably because of grain 

bounda~ migration allowing for the expansion of more suitably oriented 

grains at th~ expense of less stable ones. 
" 

To show ~hat the technique was reliable even if measurements 

were taken at an offset of 0.1 na. from the center of the groov~, lamel

lar orientations were measured under such conditions, and led te compar-
e 

able values of the average grain orientation (Figure 2.5). Once the 
'/ 

• 
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grains were Identified, their meàn lamellar orientation could be e5ti

mated and followed from sect ion to sect ion thus permitting the deter-

minatlOn of the spiralling rate and sense of rotation in each grain. 

The results were presen~ed on circular graphs by plotting the angular 

values of lame llar o,rientat ions around the circumference, and the 

distance in the growth direction along the diameter, as shawn in 

Figure 3.7. 

2.5 f.DIRE PAITERNS AND LAMELLAR BENDING 

, 
Moiré patterns have been widely used for many years in various 

applications such as electron microscopy for the detection of lattice 

strains introduced by dislocations and local lattice misorientations. 

They are also employed for detecting machining defects in very accurately 

prepared work-p ieces as well as in fingerprin1i eharacterizat ion and 

classifieat ion. In this worle Moiré patterns have been used to accentuate 

structural features such as lamellar bending observed across t'rllnsverse 

sections of most of the investigated systems. Such patterns were 
, 

obtained by superimposing eithtir a perfect grid on' the micrograph of 

a transverse section or vice versa, resulting in the production of .Moid 

fringes which showed the magnified curvature of the lameUae. More 

details about 'the patterns ~hemselves will he given later in the Results 

sectïon, while the technique used for the production of gTids and patterns 

is.discussed below. ( 

.1 

1 
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2.5.1 Grids and Pattern Production 

Perfect grids were obtained br photographing at different 

magnifieations sets of parfllel lines of equal or differe~t spacings. 

Lettraset sheets of eontinuous straight lines were used for this purpose 

and when the spacings did not c?rrespOTld ta the required ones, sets of 

parallel lines were obtained by means of a hatehing rule and rapido-

pens of appropriate sizes. 

, 
Onee the perfeet grid with the appropriate spaeing (see below) 

was produced either, as il negative or as a positive, superposition of 

the perfeet' gr id and transverse section transparency was done on top 

of the Photogr~lhiC paper followed br nOI'JllaI light exposure using the' 

enlarger. The Ipicrograph ellployed was always a 4 le 5 in; plate Ilnd the' 

perfeet grid was aIso a negaÜve if the lettraset sheets were used. 

When the set of parallel baTS was obtained by drawing lines with rapido-

pens, the micrograph had to be placed on the top to make the pattern 

visible since the lines were drawn on a thin opaque paper. In both 

cases a print of the Moir~ pattern eould be obtained with no difficulty, 

the two superimposed arids heing thin enough for light to pasS through. 

2.5,,2 ~antitative Determination of Grid Spacing (Oster 1969) 

al Superposition of Identical Gratings 

, Figul'es 2.6(a) and 2.6(b} show the superposition of two 

,identical grids"of parallel equispaced lines. This very fImple case, 
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J 

Superposition of grids of para Ile 1 equispaced 
Unes: 
(a) coarse gratings at 45 0 ; 

(b) coarse gratings at a small angle 
(Oster 1969) \ .. 

{ 
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although not directly related to the observations made during the course 

of this work, hel~'s in understanding the more complex case of mismatched 

pairs with which the investigation was concerned. When the lines of 

the two grids shown in Figures 2.6(a) and 2.6(b) coincide. two patterns 

result depending upon the way the bars overlap: 

(1) If the white bars coincide with the white and hence the 

black with the black, the pattèrn will remain unchanged. 

(2) If the black bars overlap on the white, a complete dark 

field will be obtained. 

If the top transparency is rotated by a certain angle, a field of white 

diamonds surrounded by a black background is prc;>duced as shawn in 

Figures 2.6(a) and 2.6(b) and the net' result is a new set of lines, 

the Moir~ fringes, which become more prominent as the angle of inter-

section is decreased. The distance between the fringes increàses as the 

angle of inter$ection decreases, approaching infinity as this tends to 

zero. A quantitative relationship between the angle of intersection 8, 

fringe spacing d, and grating repeat unit (the width of a ~lack bar 
. / 

1 

or ofa white bar) a, can he determined from Figure ~.7(a) which shows 

an enlarged portion of the ne1iwoil (a rhombus ASCD): . 

~ - Aft'2 + ~ - 2At A15' a>(180-8), (1) " 

or 

1!!2 - AfZ + 7JfI. - 2Ai AD cos 9 (l') 

Sine' IAB 1 - lAD 1 and 1-- cos e - 2 sin2e/2, th~n 

, 
,! .. , 
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Elements 
of: 

\ 

" of fields produced by the overlaying 

(a) two identical gratings; 
(b) two dissimi1ar size gratings COster 1969) 
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_ • El 
2AB Sl~ . (2) 

From the area of a rhombus 

(.3 ) 

From Equations (3) and (2), the Moir~ fringe spacing d is given by 

d _ a 
25in9/2 : . 

For small values of 9/2, Equation (4) becomes 

d QI a 
e 

(4) 

(5) 

'Iberefore. br Sillp'~Y measuring the fdnge spacing, one cao determine 

,very 5 .. 11 angle. ~ int.rsec~ion fra. Eq~tion (5), 

1 

b) 1 Superposition of TWo Dissimil.r Gratings 

1 

When th~ two gratings do not have the same spacing, a mis-
, 
1 

llatch 1s sa'id ta ;8xist. As in the preyious case the fringe distance 

. increases as the angle of 'intersection ls decreased, but It a~sumes i 

a finite value at 9 - 00 • Beats are observed when the lines of both 
, . 

grlds overlap and the resulting beat pattern becOileS a _gnificatlon 

of the original grating (Fi~e 2.8),. If a and b are the spaeings O-f 
./ 

the two entings respectivelY; then the difference ln frequency of the .. 
two grat iJigs is iiven by 

'f 

'. 
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Illustration of how the superposition of two 
non-identieal gratings lead to a beat pattern 
whieh is a magnifieatian of the original 
grating 
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(6) 

or 

d _ . ~b 

l8-bT 
(7) 

From Equat ion (7) the fringe spacing d is the.' spacing a or b magnified 

by the factor a -1 b -1 '. (1) - 1) or (1 - a) re~pect1vely. The magnificat ion 

increases as a becomes closer to b unt il it becomes infinity when a - b 

which is the case of superimposing two identical gratings. Having 

defined the fringe distance d and w~ wish to have a pattern consisting 

of 10 fringes -in the 5 by 4 in. area of the plate, then know'ing the 

spacing on the transverse micrograph transparency, one can determine the 

spacing of the perfect grid required to obtain the desired value of d. 

If a grating of spacing b with its lines i~ the vertical posi-

tion is supez:.imposed on a trid of spacing a at an intersection angle 0, 

the field will consist of parallelograms as shown in Figure 2.7(b), 

• 
the fringe distance heing given br (Oster 1969) 

(8) 

When e ... 0, Equation (8) ~comes Equation (7) and when a - 'b, Equation 

(8) beca.es Equatio~ (4). 

- In the present study we were concerned with the superposition 
~ \ 

of two non-identical gratings which further differed in that the white 
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and black bars were of different widths 90 that the white and black 

fringes were also different Iy spaced. Because mismatch exists between 

even the components of one gnd, the best way to estimate roughly the 

spacing of the wh.ite and black bars, aw and ab' respectively, is ta 

consider each case separately. The beat equation for this case includes 

the,' larger and sma 11er fringe distances: 

1 1 1 ~ 1 1 
~ ab+8.w bb+ 0w 

(9) 

pr 
, , 

1 Il 11 1) A - ! (9' ) 

where D - db+d' • A - ab+aw and B - bb+bw t w 

a1so 0 
AB - IA-"BI (10) 

from which the total fdnge distanee. D, is the spacing A or B magnified 
A -1 B -1 

by the factor (8 -.I) or (l - A) ,respective1y. 

\ , 
POl' the present study a diffe/ence of lO~30\ betw~n grid 

i , spacings (either for white or black bars) was found to be adequate. 

It is to be noted that it did not really matter whether the spacings 

of the superillposèd grid were both larger or if one was 1arger and the 

other suller than those of the bottom grid provided that the difference 

was within the established range. An example of structural defeet 

detection is presented, in Pigure .3.2 where the case of lameUar bending 

is displayed in a Sn-Cd transverse section. It is ta be noted that if 
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the structural defect is ID .~he grating of larger spacing, the defect 

will appear reversed in the Moiré pattern (Hirsch et al. 1965) (see 

FIgure Z.9). This can also be noticed from ~comparison of Figure 3.Zec) 
, .. 

which lS exactly Figure 3.2(a) but magnif,J.ed, with Figures 3.3(b), 3.5(h), 
1 • 

3.18(b) and 3.19(b) in which the sens~ of 

,the grating of larger spaci1lg was thaJ of 
~ 

graphs while in the case of Figure 3.~(b) 
~ 

.. 

bending appears reversed since 

the transverse sect Ion mic ro-

it was that of' the perfect grid. 

'H 
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Optica1 analogue showing that: 
Ca) if the dislocatlqn is in the grating -of 

larger spacing. a dislocation of opposite 
sign will result; , 

'Cb) if the disloGation is in the 'grat Inp, of 
smaller spacing, 'a dislocation of the same 
sign will be produced. (Hirsch et aL 1965) 
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RESULTS 

General data on the five systems investigated during the 

present work are first given in this chapter with special emphasis on 

the crystal structure of the eutectic phases which is thought to play 

an impo~tant role in l!-mellar spiral growth. Moiré patterns showing 

lamellar bending across transverse sections will be shown followed by 

presentation of the results on spiralling. 

3~I~IDIPICATIO~ AND METALLOGRAPHY (LAMELLAR BENDING) 

3.1.1 Tin-Cadmiua 

• 

The Sn-Cd eutectic solidifies with a typical lamellar mor

phology c08posed of alternating plates of the Cd-rièh phase eontaining 

O~24 wt.\ Sn on solidification and a Sn-rich or e phase containing 5.6 

wt.' Cd (see figure 2.1(a)). The ~aulted la_Uar Sn-Cd structure is 

shown in Figures 3.1(a) and 3.1(c) representing the microstructure of 

sections taken at right angles to the growth axis of a directionally 
" 

solidified sUlplp. According to Hunt and Chilton -(1962) the c'd"ricll 

phase constitutes 25% of thé eutectic by volume and appears dark after 

et ching ,with the e . phase appearing light. The -two eutectic phases 

are both close paekee! he~gonal (ASM Meta1s Handboôk 1973), the lattice 

par8.lleters of the 8 phase being unknown ,wHe those of pure Cd at 20°C 

are: \: - 2.9787 AO and e- - 5.617 AO (Barrétt 1952). At 133QC ~ soUd '-' 

state transformation t.Jces place during which 3.5 to .. vol.' of Cd 

(Racet et al. 1974) either precipitates within the ,Sn la.ellae or diffuses 
, 

J 
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FIGURE 3.1 
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, Faulted Sn-Cd luaellar structure: 
(a) transverse section (x400). The 

tendency of the lamellae to bend 
is ,mphasized by the drawn 1ines: 
the dotted line represents,the 
actu~1 position of the lame'Uae 
while the full line stands for the 
position the la.ellae would have had 
if straight; • 

(b) Moir~ patt'ern showing lamellar bendins.; 
(c) transverse section of another faulted 

grain also showing curvature of the 
lame l1ae (xl 00) 
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towards the adjacent Cd lamellae depending upon the freezing rate. As 

a consequence of this eutectoid reaction, the two eutectic phases assume \ 

• different crystal structures, the Cd-rich phas~ remaining close packed 

hexagona1 while the a phase becomes body centered tetragona1. 1 

During the present work containing essentially no faults 

were found to grow adjacent to faulte grains as has been previously 

reported (Gruz leski and Winegard 1968). .Specimens free of faults or 

witH very low fault densities were pr~uced by adopting the technique 
" "-\, 

devised by 8erthou ~ »ruzleski (1971). The methoo consisted of 

growing'the first centimeter of the ~n~bt- very rapidly ta induce the .. 
• t ' nueleation of as many grains as possible, thus inereasing the probabilit~ "': 

.. \ 
of obtaining solid-solid int~rfaces of low energy. The remain<ler of the ' 

sample was th en directiona,Uy frozen at a much lower rate ta favour pre-. , , 

ferential growth of the most stable grains. Figure 3.2(a) shows ;~ 

aierostructure of a perfect grain as it appears on a section cut trans- 1 

\ 

, ~~rse ta the growth directipn. \\ 

\\ 
\ { , o 'I1le laaellae of perfeet as ~\l as fault.ed grai~s have been 

found to have a tendeney to curve acro.;ss \ransverse sect ions of any 
\ 

di~iOl'lal1y solidified specimen. F~OIl th~ obs1ërvation it ~ight be 

d.duced that the la.ell~~~interphase bQUndary~S furved rather than 

straipt. Departures frOll paralle lism in çains ànd subgrains can he 

cletected on optieal aierographs at relatively high', Egnifieations (about 

300x) by fo11ow1ng Any l ... 11a for SOlle distane!' as shown in Pigures 

3.1(a), 3.l(e) and"l.2(a). Here a 18.11eUa· 15 seleeted and a eontiUtrous 

., 
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FIGURE 3.2 
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Perfect Sn-Gd la_l1ar structure:' 
Ca) transverse section (x400); 
(b) pèrfect grid of appropriate spacing; 
Cc) Moiré pattern showing.lamellar bending. 

Fring,s are sllooth1y curvéd because of 
the absence' of faults 
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straight line is drawn coinciding with this lamella, and extending 

to the opposite side of the micrograph. It is seen that after some 
\ 

distance the lamella has bent away from the line. The deviation 

and new position of the lamella is indicated by the dotted line. 

It may be seen that the lamellae in Figures 3.l(a), 3.l(c) and 3.'(a) 

have rotated in a ClocKwise direction with respect to the lines drawn. 

, 

j The bending effect can be directIy detected without 

foilowing the path of the lamellae by means of an interference 

technique described in the previous chapter. ~erfeçt grid of 

spacing B(bw + bb) 'is superimposed on the trafsverse micrograph 

whose spacing is A(aw'+ ab) and a new grating is obtained of 

spacing D(dw + ~), equal either to that of the micrograph, A, 

magnified by the facto~ (A/B_l)-l or to that of the perfect grating
J 

B, magnified by th~ fact'or (I_B/A)-l. , 

This effect is~shown in Figure 3.2(c) which was obtained from 

the superposition of Fi~~e 3.2(b) on Figure 3.2(a). The results are 

wide bundles called Mofr6 fringes and the bending of the 

made very clear, the !ringes being straight near the top 
1 

and tending to curv, as one moves to "the b~tom region. 

1 3• I (b) ...,rd 3.2ec) dte sen~è of the deviation i.!l exactly 

lamellae is 

of the.f igure 

In Figures 

the sue as 

that shawn in Figures 3.1(~ and 3.2(a), respectively, the bars of thè 

perfect rrid ~ing averlapped on the botto. l~mellae of Pilure 3.1(a) 

an~ on the top right èorner luellae of Pigure 3.2(a) _, In the case of 

, thr faulted laaellar Sn-Cd st,-ucture t~e bending eff,.ct in the Moir6 

'furns 15 less evident than in the case of the perfect IIOrpho1ogy 

1 

1 

< 

, ' .. 
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because of the di5conti~uity of the lamellae. The perfect grid super-

imposed on Figure 3. 1 (~) was not large enough t 0 cover the ent ire fie Id 

50 that one can see the real structure at the corners of Figure 3.l(b) • 

• i Regions containing subgrains -and grains are .wn in Figure 3.1 (a) and .. , 
becaus~ of the differènt orie~ation of the IamelIae, the angle of tnter-

(see Section ~.5.2) increases and hence the Moir~ fringes appear section 

different (left side of Figure 3.1(b)). 

3.1.2 Lead-Tin 

From the phase, diagram shown in Figure 2.1(c) it maY," ~ seen 

that the phases coexist~g at the eutect le temperatrlre (l83 0C) are soUd 

solutions of Pb (19 wt.\ Sn) and Sn (2.5 wt.\ Pb). The eutectic point 

is at 61.90 wt.\ Sn, the volume fractions of tire two eutectic phases 

formed -being approximately 63\ Sn and 3.7' Pb (Hunt and ChiIton 1962). 

The cr~stal structure of the Pp-rich phase is faèe-centred cubic a1though 
\ 
its lattice parameter is not accurate1y known. The lattice parameter 

J 

~ ~e, Pb is 4.9143 AO at 183°C according to Tyzaek and Raynar (1954). 

J They c0'41d not obtain data conceming the variation in the 1attice 
-"-,iF 

para.eter of Pb with Sn content above about 5\ Sn due to the spontaneaus 
1 

deco..,osition of the hi,gh temperature solution at room teillperature; how

ever. they did observe a remarkable contraction of the Pb lattice with . ' 
"1 

~.creasinl Sn e.oncentration. The crystal structure of the Sn-rich phase" 

il bocly-centrecf'tet'ragonal with lattiœ constants for 'the 2.5 wt.\ Pb 

aU01I at l~oC heing a - 5".8534 AO and c - 3.2029 AO (Lee and ~ynor 

, 
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The stable lamellar structuJre is shown on a transverse section 

in Figure 3.3(a), the Pb-rich phase appearing dar~ and the Sn-rich phase . 
light. Under certain conditions the Pb-Sn lamellae tend to break clown 

into wavy or degenerate lamellae instead of undergoing the lamellar-to-

rod transition as observed in most lamellar structures (Hunt and Chilton 

1962; Hunt 1963). During the present work this degenerate structure 
. \ 

(Figure 3.4(a) was observed at the beginning of the directionally 1 
ï , 

solidified ingots, usually dUTlng the first two centimeters of growth, 
, 

although stable lamellar grains were often found to have grown adjacent 

to degenerate ones as shown in Figure 3.4(b). Generally, the wavy 

lamellar grains tended to disappear after a few centimeter of growth 

ev en if a few persisted for longer distances. Only degenerate grains 

we;e prbduced in a sample gro~ at Il cm/hr. under a température gradient 

of S.SoC/cm.) these grains persisting throughout the ingot. The reason 

for this behaviour is thought tb be related t,b the fact that the volume 

fractions of the two phases are nearly equal. 

Moir~ fringes obtained for a stable Pb-Sn lameLlar structure 

are ~hown in Figure 3.3(b) indicating that the lamellae were beht across 

. the transverse section. The continuous and dbtted lines indicate the 

~gnitude and sense of the lamellar deviation (Figure 3.3(a»), the sense not 

being the same as that abtained by the interference technique (Figure 
\ 

3.3(b». 
0[ 

lt snauld be noted that the bending effect is best detécted 
~ 

when a .oderate magnification i5 used; in the present work a ~gnifica-
~ . 
tian,a! x30Q was adequate. N~ Moir~ patterns could be obtained f04 the 

, 
wavy ...1~llae (Fil";'re 3.4(b)) because af the st;ructural degeneracy. 
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FIGURE 3.3 st;ble Pb-Sn lamellar structure: 
(a) transverse section (x300); 
(b) Moir~ pattern showing lamellar bending 

56. 

'. 

" 



-

, \ 

• 

- \ 

. . 



'" 

/ 

FIGURE 3 ~ 4 
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.' , 
.Degenerate Pb-Sn structure: 
(a~ansverse section (x300); 
(b) s-table lamellar grain growing adjacent 

to degenerate grains (x300) 
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3 • 1.3 Cadmium- Zinc 

.- 'The euteet ie react ion occurs at 266 Oc yie lding a Cd-rich 

phase containing 2.58 wt.\ Zn and a Zn-rich phase consisting of 1.93 

wt.\ Cd. The eutectic 'composition is 82.6 wt.\ Cd (Figure 2.l(b)), 

the Zn-rich phase having a volume fraction of 17\ (Hunt and Chilton 

1962). The microstructure on a transverse section of a directionally 

. " 

58. 

frozen sample is shown in Figure 3.5(~), the Cd lamellae appearing dark 
, 

and the Zn lamellae light. The crystal structure of bQth the Cd-rich 

and Zn-rich phases is close packed hexagonal (aZn - 2~664 AO, cZn -

o 0 0 h 4.945 A and aCd - 2.9787 A • cCd - 5.617 A for t e pure metalSt at 

20°C) (Barrett 1952). 

, ' 

Instability 1Ji the, Cd-Zn system during g,owth leaàs te; a break-

down of the 'Zn-rich laaellae ioto rods (Hunt and ChUton 1962; Hunt 1963). 

This is evident at subgrain bO\Dldaries in Figure 3.5(c).' Despitè the .. 
fact that the, two soUd phases are crystallographically similar as was 

the case for the Sn-Cd eutectic, fault-free grains could not be obtained ,..., ' 

!'en ~ith the technique devised by Berthou and Gru~ leski (1971). 

Lame llar "t)endin, was allo observee! in th is syste. and 15 

aagnified br the Moir' frin,es of Figure 3.S(b). 
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FIGURE 3~5 
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Cd-Zn lamel~ar structure: 
(a) transVerse sect ion' (x300); 
(b) Moir~ pattern showing lameUar bendingj 
(c) beginning of structural breakdown along 

grain boundaries', (x2S0) 
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3.1.4 Tin-Zinc 

The Sn-Zn eutectic reaction occurs at a templTature.af 19SoC 

and a composition of S.9 wt.\ Zn yielding salid solutions of Zn (.n'Sn) 

and of Sn (1.1 wt.\ Zn) (see Figure 2.I(d)). The volume fraction of 

the Zn-rieh phase is very low and amounts to ~nly 9\ (Hunt and .Chilton 

1962) • For th 1s reason the Zn-rich lame I1se (dark-etching) have a 

tendency to be discontinuous or broken as shawn in Figure 3.6(a). The 
, 

two solid phases are cryst~llographically dissimilar, Sn being body-

centred tetragonal and Zn close packed hexagonal. It is believed by 

certain authors (Taylor et al. ,1964) that the Zn-rich phase assumes the 
. 

fon of sheets containing regularly spaced holes althaugh more recently 

it has been reported to be ribbon-like (Southin and Jones reported by , • 
Jaffrey and Chadwièk 1969, p.IIS). When the system is rapidly solidified 

the Zn-rieh phase grows with a fibrous IIOrp"ology (Taylor et al. 1964; 

Moore 1967) .king the Sn-Zn one of the few systems that ,exhibit a ' 

natural luellar-to-fibrous transition. 

Faults were fotmd to he present in aIl grains froll the be!nning 
/ 

to the-' end of each sBq)le but unlike the otber systems studled, tbe 
./ • A 
./' l 

/lalle llae were ob~ërved to he straight across transverse sections as 

/ ~~ Figures 3.6(a) and 3.6(b).' . ' , 

----

• 

• 
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FIGURE 3.6 
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Sn-Zn lamellar structure: 
(a) transverse section (x400); 
(b) Moirl5 pattern showing the straightness 

of the lame 118e 
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3.2 LAMELLAR SPIRALLING 

3.2.1 Tin-Cadmium , 
, 

Lamellar spiralling in the Sn-Cd system was investigated in 

four- specimens grown under different freezing conditions as shown in 

Table 3.1. 

• 1 

TABLE 3.1 Growth Conditions used for Sn-Cd Specimens 

-------------------------r--------------------------------------------1 
, : Sample' : R(cm/hr) 1 G(°C/cm) : Remarks ; 

, l , • , 1 

• 

, . 

~------------.-----------.----------~---------------------------------, , 
Al '15.0 - 3.1 12.5 'varying" R - perfeet structure 

1 1 , 
1 

A2 , 2.7 7.4 constant R - faulted structure 
1 

~, 

AJ : 15.0 3.7 constant R - faulted structure 
1 
1 
1 • 

A4 '1.3 8.0 constant R - faulted structure 
1 ----------------_._._--------------- ---------------------------------

o 
rI 

The technique devised for meafuring lamellar spiralling ha~ been exp1ained 

previo~sly. Briefly the m6thod consisted of a comparison of the mean 
.1 

orientation of each graiA from section to section along the length of-
/ 

the 5ample. Circu1ar graphs were constructed by plotting the average 

la.el1ar orientation of ~ach grain along the circumference of the circle 

versus distance a10ng the growth direction plotted on the diameter of the 
, . \ 

. cir'èe • 

j' 

.' 
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The first cpntimeter of sample Al was gr~ at 15.0 cm/hr., .. 
the furnace speed then being lowered to 3.1 cm/hr. for the remainder 

of the ingot. With, this lIIethod essentially fault-free grains were 

obtainéd (Figure 3.2(a)). Two grooves instead of Qne were then carved 

along the length of the samp le as ~own on the right hand side of 

Figure 3.7 and lamellar orientation measurements were taken twice on 

each section foUowing paths at right angles to one another, one starting 

from groove A and the other from groove B. This was done only on one 

sample to ensure that the lamellar behaviour was the samé thro~ghout 

the specimen. 

Figur.e 3.7 is a plot of average grain Orientation versus 

growth distance. In the upper and lower semicircles are p 10tted the 

lameUar ori8l1tation of grains detected during motion along the refer-

ence line extending .froID the apex of each groove to the opposite side 

of the sectioo. At the beginning of the sample the total number of 

grlins encountered was eight and after about 4 cm. of growth this was 

f 
reduced ,to ttve'. It is evident from Figure 3.7 that the mean lame Uar 

orientation.f.~ etch gra~ :loog the sample wu reasonably constant 

t-plying that the lamellae did not spiral. 

- .. ..; . 
"1 ~ 

Siailar aeasure_nts were carried out on sample A2
e
,containing 

faulted grains (Figure 3 •. l(a)). The average luel1ar orientation$. 
'-. t, ~~,#"I," . ... 

versus sol1dified distance are plotted in Figure 3. ~ t:or thr!e eutect ie 
, 

ftains wh.Jch iDtersocted the reterence line. 'Ibo _an orientation of 

the three faulted grainJ re_ined rouply constant frOll one end of"the 

• 1 

" " 

" 

J 
1 

.. 
# • . ' 

rt 
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FIGURE 3.7 
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Plot of lamellar orientations fro'f./ 
beginning (S) to the end (E) of a directionally 
frozen Sn-Cd sample containing perfect gràins 
(R _ 15.0 - 3.1 cm/hr, G - IZ.SOC/cm) , 
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o 

Plot of lamellar orierrtations as a f4ct ion 
of solidification distance for a directionally 
frozen Sn-Cd 5ample containing faulted grains 
CR - 2.7 cm/hr, G -7.4OC/clD) 
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directionally solidified sample to the other. Two additional samples 

were dirèttionally solidified under different freezing conditions 

(samples A3 and A4 in Table 3.1) and again no twisting was detected 

as may be seen from the results plotted i~ Figures 3.9 and 3.10. 

To conclude this section on the Sn-Cd eutectic, no spiralling 

was observed in either perfect or faulted grains. To the author's 

knowiedge this is the first system in which spiralling has been searched 
1 

for and not found (Section 3.2.4 reports on a second system, Sn-Zn, 

which al50 failed to exhibit lamellar spira1ling). 

3.2.2 Lead-Tin ~ 

Spiralling in thtph-Sn eutectic was ,studied previously by 
.... 

Hopkins and Stewart (1970);Who mea5ured the rate of Ia.ellar rotatIon 
, 

in spect.ens grown both by the Czochralski and Bridgeaan techniqu~~ 
1-, 

During the present inve$tigation the spiralling rate was deteradned 

in slUIple BI (Table 3~2) grown \Dlder condit>ions siaUar to tbose used 
( 

by Hopkins and Stewart. 111i5 was done for the purpose of eo.paring 

the reluIts ot thi! w~rk with published reluIts as a check on the experi

.ntal technique. LUellar spiralling .asure.nts in Pb-Sn were ude 

on two suples frozen \Dlder the conditions shawn in Table 3.2. The 
1 

regular 1aaellar structure was obtained in suple BI (Figure 3.3(a» 

wUe supl .. 82 cOI'ltained ooly delen~rate grains (Figure 3.4(a» which 

peHi-sted throuahout the directïonally 10UdUied inj'ot. It should he 

noted that Pb-Sn Allples tend to.soiidUy vith lar.- pin siles, 50 

" 
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Plot of lamellar orientations as a function 
of solidification distance for a directionally 
frozen Sn-Cd sa.ple (23 cm. long) containing 
faulted grains CR - 15.0 ca/hr., G - 3. 7°C/cm) 
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Plot of la.e11ar)Orientations as a function 
of solid~ficat1cm distance for a directionaUy 
frozen Sn-Cd s'-Plè (23 ca. long) containing 
faulted gr(lins (R - 1.3 c./hr. J G - 8.0oC/CII) 
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TABLE 3.2 Growth Conditions used for Pb-Sn Specimens 

T---------------T-----------T-------------,----------------------.---
: Samplé' : R(cm/hr) : G(oC/cm): Remarks : 
~---------------f-----------t-------------J----·--------------------! • ,1 1 

: 81 : 2.3 l 7.1 : 1amellar structuré 1 
1 1 1 1 : 
1 / 1 1 1 • '1 

:' 82 : Il. 0 : 5.5 : degenerate structure 1 1 _______________ 1 ___________ 1 _____________ 1 _________________________ : 

that in comparison to the other systems studied, the number of grains 

• 1 1 • 
In faet, in ,ample BI only two grains were nucleated 

, 
oth persisted during growth indicating that both were quite stable • 

.. 
The spiralling of grain (1) is shown in ~igure 3.l1(a) and that 

(2) in Figure 3.11(b). ~though the rate of 1amellar rotation 

und to he constant for both gràins, tHe sense of rotation was not: 

e lamellae of the first grain rotated in a clockwise sense, while 
~ 

those of grain (2) rotated ~n a counterclockwise sense. The progressive 
.,. , 

variation of the la.ellar tra.ces in both grains is shown "ln Figure 3.12. 

The rate of spiralling was ,obt.iqed from tNi slope of the straight lines 

and ns fOURd to .. about l600 /clR, the negative slope of' the line cor- rI 

responding to grain (2) t.plying a counteTclockwi~e rotation in that 

aine The results obtained br Hopkins and Stewart. (191~) for a Pb-Sn 

s-.ple directionatly frozen br the Bridgeman technique at ~.6 ca/hr. are 

a1so included in FiJUre 3.12. The previously ~eported resu1\s were found 

to he roulhly ca.parable with thë pres~t.resu1t~ with the exception 

that the t"o pains present in the suple of Hopkins and ·co-worker . (1910) 

both rotatH in the .... sense. It has previously been shawn for the 
~ . 

'~ 
1 



.. .. 

.1 

. ~ 

"-

r 

" 

• 

... 

• 
• 

.... 
li .. 

\ 

l~ 

.. 

" 

• 

FIGURE 3.11 
.' 

" 

" 

0 

'-

" \ 

... ' 

.t 1 • 

.. 

• 

• ; 
li> 

, 

~ 

/ 

vari~~ion ~)~~ll.r oriontations vith 
solfdifi at,:!çaistance fOr a ~irectionally 
frozen P -r s le CR - 2.3 ca/hr, G -
1.J:OcI ): 
CIl gr,~ (1); c .. 

(h) Il'i; (2) 

·~Y· /' , • . / 
1 

l' 

1# 

70 • . 

J 



• 

.-

.... 

o 

--_--:_----~~- -



/ -

o • 

• 

o 

" A 
r-" 

~ 
" '::i 



," 

" 1. 

-r-

FIGURE 3.12 

Q 

•• o 

. . 

-

71. 

" 

Cumulative variation of lame1lar orientations 
with solidification distance for a directionally 
frozen Pb-Sn sample (R - 2.3 cm/hr, G _ 7. 1°C/cm) 
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Al-Zn eutcctic (Double et al. 1968) that grains have the freedom to 

rotate during growth in either clockwise or counterclockwise senses as 

long as their rates of rotation are the same. Hopkins and Stewart 

(1970) found that in ~nother' specimen grown using the Czockralski tech

nique two grains spiralled in opposite directions. 

A degenerate structure was produced in Pb-SIt by giowth at 

11 cm/hr. under a temperature gradient of S.SoC/cm. Lamellar orienta-

tion measurements showed that the degenerate structure did not exhibit 

the spiralling efféct. The results are shown in Figure 3.13. A1though 

there is a relatively high degree of scatter in the average orientation 

of the two grains, it is evident that the mean orientation of the' grains 

did not vary with distançe in the growth direction. 

3. 2.3 Cadlliu.- Zinc 

l'Wo Cd-Zn sallPles were directionally solidified under th'! 

different growth conditions giv,en in Table 3.3. 

TABLE 3.3 Gro~h Conditions used for Cd-Z!1 Specimens 

:--"~;;i;-;--:--;ë~ih;)--T~ëo~i;)--:-7:'''---------i;;;k;------------:v 
1 1 1 1 1 

r-----------1--------·-~-1----------~---------~--------~--------~--~ 
: Cl : 2.5 : ,8.0 : faulted structure -' constant R ~ 
1 1 1 1 1 
1 1 1 1 1 
1 1 1 1 d 'R 1 
1 C2 1 30.0 - 6.0 1 13.0 1 faulte structure": varying" 1 
1 1 l , 1 1 1 

---~----------------------.-~---------------------------------~------
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FIGURE 3.13 

• 

Plot of degenerate lamellar orientations as 
a fWlction of solidificat ion distance for a 
directionally frozen Pb-Sn sample (R - 11.0 
ca/hr, G - S.SoC/cm) 
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Lamellar spiralling was measured in sample Cl; whHe sample C2 was grown 

by Berthou t S method in an attempt to produce a perfect structure similar. 

to t~,at of Sn-Cd. Fault s could not be eliminated in this system (Figure 

3.5(a)) although. froll a crystallographic point of view this eutectic is 

very si.ilar to the Sn-Cd. Results on lamellar spiralling are shawn in 

Figure 3.14 in which the JDéan orientation of five grains àre shawn. 

Although the lamellae definitely did not rotate. a relatively hiJher 

sC8tter W8S observed in the mean grain orientations as c0lllp8red to the 

Sn-Cd system. Lamellar spiralling measurements were also undertaken 
fi 

on 8 few sections of sall!ple C2 and indicated that no spiralling occurred 

~ing growth. 

3.2.4 Tin-Zinc 

It was decided to seareftor spiralling in the Sn-Zn eutectic 

because it exhibits a typical broken laMUar' sttucture tnd furtherllore, 

both phases have dlfferènt crystal structures. Me&Sure_nts were _de 
, . .) 

on a s,..,18 directionally frozen at 3.0 ca/hr. under a tnperature 

gradient of 6.6oC/ca. Variation of th~ average grain orientation with 

distance in 'tbe arowth direction is shawn in Figure 3. IS. 'lbe results 
• • 

indicated that the Sn and Zn l .. lla~. although crystallograpbically 

clissiailar. clid not spiral during growth. ,Faults were found' to be a 

characteristic of tbe structure Just as 

structures ~e Fieure 3.6(a». 

le tbe' case for .ost ~l1ar 
. , '\ 

/' \ 
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• 

Plot of l_llar orientations as a function 
of solidification distance ~~r a directionally 
froten Cd-Zn suple (R - 2.5 ca/hr, G _ B.OoC/ca) 
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• 
Plot of. 1 .. 11ar or.ientationa as a function ' 
of solidificatiœ distance for a directionallr 
frozen Sn.-Zn suple (R - 3.0 a/hr. G - 6.6oC/Cll) 
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The Sn-Zn eutectic was observed to grow re1ative1y 1a-rge 

graiy. The results shown in Figure 3.15 indictte that three grains 

were encountered during lamellar orientation measurellents. No grain 

boundaries were lIicroscopically visible 50 that probably two of the 

grains shown in Figure 3.15 are subgrains since the difference between 

their ~verage la.el1ar orientations is sma11. The subgrain represented 

by the open circles in Figure 3.15 had an average orientation of 3120 

(::: 1320
) which is very close to the 1400 mean orientation of the sub-... 

grain represented by the q,en squares. 

t4 

3.2.5 A1uainUil-Copper anel Lead-CadaiUll 

The Al.CuAi
2 

systea was a1so investigated in this work, but 

in a lesS dotailed way than the other eutectics. This system has been 

)previous1y rePorted (Double' è; al. 1968;" He1lawell 1967; Double 1973; 

Dean 1973) to exhibit, 1.~11ar spiral1ing. Undér certain ~onditions 

the A1-CUA12 eutectic is siaUar to th.,Pb-Sn in that it foras a degenerate 

structure. The ujor difference 9tween the two systeas .is that the 

deaenerate structure fons on1y at low growth rates in AI-CuA1
2 

(Chadwick 
, 

1972) whUe in P~Sn it has been otllerved at both high and lOlt growth 

rates (Hunt 1963). Purthemore, A1-CuA1
2 

Wldergoes the luaellar-to

fibrous structural transition in the presence of illpurities, and although 

both qate .. have alaost equa1 vol~ fnct i095 of the discontinuous 

ph.té (46' CuA12 versus 31\ Pb), this transition doe, not Decur in Pb-Sn 

(Hunt ad Olilton 1962). 

" , 



• 

-
78. 

Lamel1ar orientation measurements were undertaken in AI-CuAI
2 

on five consecutive sections each about 2 cm. apart. The results are 

; 

given in Figure 3.16 and the cumulative variation of lamellar orientations is 

shown in Figure 3.17 from which the "te of spiralling has been deter-. 
ained to be about 20 /cm. Bending of the l~llae ~n transverse sections 

has been previously reported for this eutectic (Deap 1973) and was also 
~ 

observed during this worK (see Figure 3.18). As was the case for the 

Pb-Sn and Sn-Zn eutectics, large grains of.AI-CuAI2 were obtained. fDd 

in faet, the sa~le'on which measutements were taken cqnsisted of a "". 

single grain. \. 

A Pb-Cd sample was .lso directionally solidified for l-.el", 

spirallinl studies, ~; ~lo~tunatelY this syste~ wa~ found to nucl.~e 
very SMU grains which d!d not easily grow out 50 that it was not 

possible to trace individual .. grains fra. one secti~ to the" next. Plots 

of lueUar orientations versus distance across the transverse sect ion

lave 'an(Ular values ranging at randoa frOil 00 to '1-so.~ due to ~he large 

naber of sa11 grains encountered: Laaellar grains could thtrefore 

not be ~01l0wed fra. one section to the next~ hence a spiralling rate

c5eteraination vas not possible. La.,llar bending vas also obseryed' in 

this syst •• as shown in Figures 3.19(a) and 3.1~(b) ud the structure 
< 

was always fOlllld to be faulted., 

" 

l, 
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FIGURE 3.16 
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Variation of. la.e 1 lar orientations with 
solidificatian dis~8nce in a directionally 
frozen Al-tuA12 s.-ple 
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Cumulative variation of lamellar orientations 
with solidification distance in a dinctionally 
frozen.Al-CuA12 samp~e 
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FIGURE 3.18 Al-CuAI lamellar structure: 
(a) trlnsverse sect ion (x3S0); 
(h) Moir~ pattern showing la_Har bending 

l ' 



(. /,,'r,- l 
'J 

, 
, ,. 

la! 

.b) 



82. 

FIGURE 3.19 Pb-Cd laaellar structure: 
(.a) transverse sect ion (x300); 

'(h) Moid pattern showing lamellar bending 
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3.3 EFFECT OF GROWTH CONDITIONS ON SPIRALLING 

3.3.1 Telllperaturè Gradien~ 

Of aIl the systéms investigated during the present work Pb-Sn 

~xhibited the highest spiralling rate. For this reason it was chosen 

for further study because any affect of growth conditions should he' 

more easily detectable. The spirall~g rate was prev{ously reported 

'ta he fairly constant for' a given set of freezing conditions and was 

directly related to the substructural perfection. to the sub-graih density 

and range of misorientations, the rate deereasing with an increase in 

the imposed te~erature gradient (Double et al. 1968). During the 

present investigation' a single sample was grown under varying conditions: 

the growth rate increased and the temperature gradient deereased from 

the bottOli to the top of the specimén. Table 3-.4 su.arizes the growth 

~itions and the spiralling measure.entS. The gr~h rate values were 

deterained by _asuring À and using the plot of R against À obtained 

~t'(1963). Proa Figures 3.20 and 3.21 representing the variation , 

of spiralling rate with solidified distance and temperature~dient, 

respectively. ft i5 evident that the rate of spiralling is ~~tly 
, 

relate8 ta the tellperature gradient, R being assUlled to have no effeet 

on l~llar spiralling as previously reported by Double et al. (1968). 

~ a consequence of the !nerease in growt:h rate from the ~ttoll ta the 

- top of the sSllple, the inte.Jl8llellar spaclng ). was observed to decrease 

along the length of the specl.en (Tabl.e 3.4). Measure_nts on subgrain 

density and grain .iaorientation showed no appreciable change 50 that 

.little can he saici aboUt the efféct of structural illperfection on 1.-l1ar 
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, TABLE 3.4 Pb-Sn ~pirallin. MeasureMents for Varying G and R 

.------------------------------------------------------:--~-------------------------------------------------------------------._._-----------------

SecUon , 
Sect ion Len~h 

<M> 
~ 

(IJ) 
R • 

(ca/ain) 
dT/dt 

(oC/ain) 
.G 

(oC/ca) 
Average Grain 
Orientat ion 

CCW Rotation 
(o/ca) 

Grain Misor1entat1on 
~.(del1'ees) 

SublTain Density 
13-. length 

-------------------------------------------------------------.------------.-----------------------------------------------.----.------.-------.---. 
1 9.80 2.311 ·0.04 2.0· 50 100 MANY GRAINS 
2 9.75 2.38. 0.04 2.2 55 
3 9.90 1.85 0.06 2.4 40 FOR 
4 4.80 1.67 0.07 2.5 36 
5 9.95 1.52 0.09 2.7 30 MEASUREMENT PUtPOSES 
6 4.80 1.39 0.10 -. 2.8 28 -------------------------------------------------------._---~------------
7 9.75 1.28 0.12 r 25 22° 40 9 
8 4.70 1.28 o.li l.l 26 112° 20 .. 30/35 8 
9 9.80 1.19 0.14 .3 24 114° 180 40 9/10 

10 S.OS 1, 19 0"14 . 4 24 1~90 109 25 11/12 
11 9.80 l.U o 16 3.6 23 152° 166 45 12/13 
12 4.80 1'.08 0.17 3.7 22 38Q 138 40 11/12 
1.3 9.65 1.04 0.18 3.9 22 16110 135 30/3$ 8/9 
14 4.80 1.01 0.19 :~. 21 44° 117 40 11 
15 10.10 .,1.04 . 0.18 23 1700 125 30 10 
15 -4.10 0.98 0.21 3.9 19 '60° 146 40 11 
17 9.70 0.93 0.23 3.3 16 1720 11.5 2S 9 
18 l.70 0.90 q.24 3.0 13 58° 136 3S 11 
19 9.80 0.93 0.23 2.4 10 160° 104 35 10 
20 4.80 0.90 0.24 2.1 9 300 104 25/30 12 
21 9.75 0.88 0.26 1.7 7 1280 101 30 12 
22 4.75 0.90 0.24 1.4 ' 6 1700 88 25. 8. 
23 9.80 0.88 0.26 0.8 3 920 104 30 .. 8 
24 .... 80 0.83 0.29 0.5 2 ISao 121 40 ID 
25- 1.85 0.76 0.34 0.2· 1 110° 178 40 11/12 

----~--------------.-----~-----_._-----------------_.-----------------------------------------'---:-------~----------------------------------------• Values ... sured experi.entally, the others are estiaated, 
~ ... 
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Variat ion of spiraUing rat.e with solidification 
distance for a Pb-Sn supte di-rectiorlally 
lolidified under varyinJ G and R 
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Variation of spiral1ing rate with &e~erat~re 
gradient for ~ Pb-Sn sa.ple directionallr 
frozen under varying R 
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spiralling from these ~esults. It is to be nated tbat in order to decide 
.... ~ 

whether the rotat ion of the grain was clockwise OT cOWlterclockwise, 

bath being possible, extra laq,llar orientation measurements were taken 

in a few 2 mm. thick sections. 

3.3.2 Mold Shape 

The effect of IIOld shape on luellar spiralling was investi

gated in a 2 x 0.5 x 20 ca. Pb-Sn eutectic sallple directionally solidi

fied under steady growth conditions CR _ 1.7 c'II/m, G _ 40C/CII. measured 
, 

on the wide side). Two V-notches veTe carYed along the length of the 
• 

sBllp~e, one on the wide edge and the other on the thin 6dge (PiguTe 3.22 (h)). 

Rectangu~ar sections l CD. and 0.5 ClI. apart vere eut by means of a 

spark' cutter and then IlOUJlted and polished for laMllar orientation 

aeasure.ents. Alter etching, the grains vere observed macro~copieal1y 
\ . 

ta he aligned p~rpendicular ta the vide side as shown in Figure 3.22 (c), 

this probably being the sho_rtest distance the grain bOWldaries could 

grow a10ng. Spirall,ing Masurements vere cal'!J.ed out on bath sides of 

the suple, tbe resu1ts heing shawn in Piguyes 3.23(a) and 3.23(b). 
, 

The observed spiralling rate was about SOO Ica. and vas the sue in 

directions bath paraUel and perpendicular to the fibre axis. In bath 

cases •• sure_nts were taun on a single grain, grain A, shawn in 

PlIUre 3.22. 

., 
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FIGURE 3.22 

\. 

! 

Reet angu lar- shaped samp le: 
(a) as dirsct ionally frozen; 
(h) reference urks (v-notches) made on 

both edgés; 
(c) schematic transverse section showing 

shape of gr.ins and directions a10ng 
wt1ich lqellar orientation measure-, 
ments were taken in grain (A) 
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FIGURE 3.23 Variation of lamellar orientations with 
solidification distance for a directionally 
frozen Pb-Sn rectangular samp le (R - 1. 7 cm/hr, 
G - 4.0oC/cm): 
(a) measured in a direction parallel to the 

grain fiber axis; " 
(b) measured in a direction perpendicular to 

the grain fiber axis 
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DISCUSSION 

/ 

4.1 SPIRAL GROwrn 

Since lamellar spiralling was first observed, no consistent 

approach to the problem has ever been given in the literature. In this 

section an a~alYSiS of spiralling is presented bas~on the fact that 

the preferred growth direction of each phase as imp~d by its crystal 

structure may be different from the overall growth direction of the 

" system. The eutectic is under severe restraints to grow in the normal 

direction due to the coupled growth tendency and to heat flow consider-

ations. The crystallographic orientation relationships of the systems 

studied are therefore important parameters in this analysis. 

4.1.1 Crystallographic Relationships in Eptectic Systems 

A brief discussion of the interface cry~tallography of the 

systems investigated during the present work is presented be10w and a . 
list of the 'crystallographic orientation relationshi,ps of the studied 

,J systeas (as weIl as Al-Zn and Al-Ag2Al, both reparted ta exhibit 

1uellar spiralling (Double et al. 1968)) is given in Table 4.1. 

4. -1.1.1 !-!!~:!P.! 

According-to Kraft (1962,1963), the free energy of eutectic 

~terfaces attains a a'iniaum when "puckered planes", i.e. planes of 
• .f .. 

high atomie dellsity and wide spâcing are brought JJltc? contact at the 

, 4 
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TABLE 4.1 Interface Crystallographic Re1ationships of 
Systems Reported and Obsetved to Spiral 

r-------,-------------------------------------------,-------------------
: System : Interface Crystallographic Relationships: References 
1 1 1 r-------,-------------------------------------------,-------------------
1 
1 

: Sn-Cd (100)Sn Il (OOQl)Cd 
: [001]Sn Il [OllO]Cd 
1 
1 
1 Interfaces Il (0001)Cd 

Growth Direction Il [lOÏO]Cd 

Cd-Zn Interface Il '(OOOI)Cd Il (OOOI)Zn 
Growth Direction Il [lOÏO]Cd 11[10ÏO}Zn , 

Pb-S-:t Interface Il (lïï)Pb Il (011)5n .' 

Growth Direction' Il [2.11]Pb./f. [211]Sn 
:,.' . 

Interface Il (111)Pb Il (101)Sn 
Growth Direction Il [112]Pb Il [OlO]Sn 

Interface 1/ (OlnPb Il (ÏlO)Sn 
Growth Direction Il [100]Pb Il [ll0]Sn 

1 

: Sn-Zn Interface Il (100)Sn Il (OOOl)Zn' 
: Growth Direction 1/ [OOlrSn 1/ [OlÏO]Zn 
1 ~ 
1 

: Al-êuA~ Interface 1/ {lllJAI Il {2U}CuAl2 
: ,1 Growth Direction 1/ <lOl>AI 1/ <120>CuA12 1 1 
1 l ' 
l , 1 
1 1 
1 1 
1 

,Intèrface il {OOl}Al 1/ ~OOllCuAl 
Growth Direction Il <100>Al Il <lOO>CuA12 

1 

Interface Il (OOl)AI /1 (OOl)CuA12 
G~owth Direction Il [ll0IAI Il [IOO]CuAI2 

Straumanis and 
Brakss 1937 

Gruzleski and 
,Kraft) reported 
by Hogan et al. 
1970, p.I26 

Straurnanis and 
Brakss 1935; 
Double' al1d 
He llawe 11 1969b 

1 Hopkins 1967; 
Hopkins and 
Kraft 1968 

Takahasni and 
Ashinuma i958-
59 

Labul1e and 
Petipas 1975 

Straumanis and 
Brakss 1937 

Kraft 1961,1962; 
Kraft and 
Albright 1962; 
Cantor and 
Chadwick 1974 

El1wood and 
Bag1ey (1950) 

Takahashi 1960 

Interface Il (OOl)A1 Il (OOI)CuA12 Meh1 et al. 1932 
Growth Direction [310]Al Il [IOO]CuA12 " 
Equivalent to [l1rO]Al 1/ [1!O]Cu~12 

l' , 

-------~-----------------------------------------------------------------

..... 

" 
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1 TABLE 4.1 (elont Id) 

I---------,---------------------------~---------------,-"---------------- 1 
: System : Interface Crystallographic Relatiollships : References : , ' , " ,.~ " 
.---------,-------------------------------------------,-----------~------ , 
t , , , 
IAI-CuAI, : ~lllJA1. Il {211JCuA12 Davies and 
: ------~<Ill>Al Il <Ol2>CuA12 Hellawell 1969a ' 
: : Interface 13 0 away frQM 
: : lUlfAI Il {2UfCuA12 . , 
1 t • 

: :'~1l1JAl Il {2lrJCuAlz Davies and 
: :<UO>Al Il <I2O>CuA1

2 
He llawell '1969a, . 

: : Interface 120 away from 1970 
: : llll~Al Il t211 fCuAl 2 , , , , 
'AI-Ag2Al :Interface Il (lll)Al Il (OOOl)Ag2A.!. Cantor 1971 

. !Growth Direction 1/' [iioJAl Il [1120]Ag2AI • 
, 

Al-Zn :Int~rface 1/ (1018)2n . Double 'et al. 
:Growth Direction /1 [112Û]Zn 1968 
lLamel"lar Interface 1-1- Growth Direction Doublè and 
: Hellawell 1969b 

______ • __ ..1 _____________ .. ___ :- __ .. __________ ~-------- _ _ ~ ___ ..... _____ • _______ ._ J 
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" lamellar interface. This hypothesis implies that the atomic spacings 

and densities of the .mating planes_are similar in order to lower the 

interfacial s~fain ene~. 
, 1 
1 

r' 

FrQin X-ray diffraction results on Pb-Sn one finds the habit 

93. 

planes to be'{lll} and {Oll} for the Pb-and Sn-rich phases respectively. 

Using lattice parameters corrected for temperature and composition, 

Hopkins (l967) has worked- out a detailed analysis of the interfacial 

planes of the Pb-Sn eutectic. The presence of the Pb {Ill} planes at 

the lamellar interface is justified by the fact that they are the most-

widely separated and densely populated planes. On the other hand, the 

most den~e.lY pa~k~Pbnes for body c~ntred ~etragonal Sn are the {IOO} 

which are not those~tabli~hed &t the interface under equilibrium 

conditions. Hopkins attributed this selection to the fact that. the 

difference in atomic density and spacing between {IOO} Sn and the Pb 

mating plane is larger than thAlt of the {IlO} Sn with {Ill} Pb. 

Although the mold shape and mode of growth seem to affect 

the CommQn growth direction of each eutectic phase in the habit plane, 

the ,lamellar interface itself is unaffected by these variables, Qut 

prefers to he para Ile 1 to the most densely packed ,nd wide,ly spaced 

, "planes of each phase. 

"'.,/ 
ln fact, Takahashi and Ashin~ (1958-59) grew 

Pb-Sn eutectic fUms by withdrawing a loop from the melt. From the 
-

crystallographic orientation relationships 'given in Table 4.1 one can 

, sèe that the interfacial planes were not changed by this essentially 

two-d,imènsional growth mode. Little is known ab~t the crystallography 
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of the degenerat.e lamellar interface al.though an unsuccessful attempt 

at its det;ermination was made by Jlunt (1963) using the back":reflection 

Laue technl.que. 

Different sets of crystallographic re1ationships have been 

reported for this syst~m although in most cases a single growth tech-

nique was used. Edmund's analysis (1941) on the development of pre-

ferred or ientat ions in cast ings ba5ed on Brava i5' law of crysta l- growth. 

was extended by Kraft (1962) to explain preferred growth in the Al-CuAI
2 

eutectic. It should be noted that although the habit planes forming 

the equilibrium interface are supposed to be unaffected by the shape . 
of t.he $ample and growth technique, more than one set of interfacial 

planes have been observed ~or the. AI-CuAI2 syste~{5"eê Table 4.1). 

4.).1.3 Tin-Cadmium and Cadmiu~Zinc 

Beca1,Jse of the soUd state transformation during which the . , ' 
S phase (Sn + Cd) changes its crystal structure from close packed 

- , 
hexagon, 1 t 0 body centred tetragonal, very litt le is known about the 

, Sn-Cd lallellar interface 'CrystaUography during solidification. How-

èver, there seeas to be some similarity between the Sn-Cd and Cd-Zn 

eutectics at their equilibrium temperatures, both being composed of 

two close packed hexagonal phases. As is usually the case, hexagonal 

phases tend to have the basal plane in contact at the solid/solid inter-
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face boundary, so that it is very like ly that the e phase in the Sn-Cd 

eutectJc would also be oriented in this way. This point will be con-

sidered later in the analysis of spiral growth. 

4 1 1 4 T , Z' r • •• _1-!l=_1-!lf 

\ 

• The most densely packed and widely spaced {lOO} Sn planes 

are those. establ~hed under equilibrium conditions at the interface in 

contact with the densely populated {DOOl} Zn planes. The interface 
1 

crystallography of this system is sfmilar to the room temperature 

crystallography of the ~n-Cd eutect ic (see Table 4.1) in which case 

the {lOO} Sn p18lles are those restricting growth, resulting in a {IOO} 

growth direction. This point will be reconsidered later in the~t analysis 

of spiral g'rowth. 

4.1.2 Growth Directions of Single Phases 

AlI of the B-type statellents (Table 4.1) have been postulated , 

on t~~ assUllption that the lamellae grow perpendicular to the soUd/ 

liquid interface,~implying that the specified directions lie within 

the hab~Planes described in statement AA It is unclear as ·to why the 

syste. ~~~d prefe~ any particu1ar direction in a.habit plane. Theories t

have' .been:'proposed t<:» a,Fcount for th-e development of preferred orienta

tions· in coh.nar grains of cOllllllercial purity castings (Edmunds 1941). 

A list of the preferred orientations in çastings is given in Table 4.2. 

Barrett (1952) collected data from different sOurces showing that face 
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TAB ~ 4.2 ,Prefctred Orientations in ~8stinRs 
. (ASM/M<-tnls nandbook 1973 .. p.232) 

i------------------~----------ï-----~:----------------~---~ 
1 1 • 1 
1 1 1 
1 C stal Structure 1 Te;ltture 1 
1 1 1 1-------- ___ -__ + ____ ~ ________ ~ ___________________________ ~ 
1 / 1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 

F.C.C. 

B.C.C. 

a-Sn B.C.T. 

Cd } C.P.H. 
Zn 

<100> 

<100> 

<110> 1 

<loTo>//, (0001) l, 

<10To>//, (0001) 1 
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centered cubic metals grow preferentially int~~ '[1001 direction, 

was found'to haV~~~l direction parallel although zone refined lead 

to the heat flow in the columnar zone (Bolling 1963). A small additioq 

of Ag (0.0005 wt.\) changed this [111) texture 'to [100] (Rosenberg 19,$7). 

" 
The preferred growth direct ion of Cd and Zn has been found 

-
ta be <loiLo> (Edmunds 1941,1945) and from studies on the binary eutectic 

it was observed that eath phase tends ta have the .,..me texture that it 
, , 

would have had in uncoupled growth (Edmunds 19~1j Nix and Schmid '1929). 

Body centred eubi~ metals always grow in the <100> direction 

whereas body centred tetragonal B7Sn has been found to adopt the <110> 

direction as the fiber axis of co1U1nar arains (ASM Metals Handbook 1973. 

p .. 232J. 

Ed.unds (1941) postuiated a theory to explain the 'selection 
Q 

of preferred Br~wth direction$ by metals of different c~stal structure. 
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His theory was based on Bravais' law stating that 'the higher the atomic 

density of a plane, the greater is the growth velocity perpendicular 

to this plane and less is its chance of survival during continued 
Il 

growth. Furthermore, Edmunds proposed that the growth direction 

observed in a casting will be the maximum dimension of a solid boundeq 

by these dense planes. This rule was found to apply readily to cubic 

metals. In F.C.C. structures, the octahedral {Ill} planes are the most 

c~osely packed. The longest distance through an octahedron is betwe~~ 

opposite vertices along the axes of the cube and from Bravais' rule 

the maximum growth rate should be along the [100] direction in agree-

ment with the experimental results. 

4.2 ANALYStS OF SPIRAL GROWTH 

4.2.1 Introduction 

Since upon solidification metals tend to develop 'specifie 

preferred growth directions depending on their crystal structure 

(Edaunds 1941),·~hen if this phenomenon is combined with coupled 

lamellar growth, thereris no evidence to suggest that the euteetie 

phases do not continue to grow in the direction imposed by thelr own 
. li 

crystal structure. Indeed the experimental results on Cd-Zn (Edmunds . 
1941; Nix an<f Schmid 1929) support this hypothesis. This combined 

growth. effect is thought to promote lamellar spiralling in certain 

eutectic $ysteas. 

.,. 

. ~\ 
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, 
An ~ttempt is made here to illustrate qualitatively the 

develop~nt of lamellar spiralling. The analysis is based on the anis,. 
otropic growth tenaenèy of both phases although this might not be the 

only factor cau~ing the complex spiralling phenomenon (another factor 

could be anisotropy of either solid/solid or solid/liquid or both 

interfacial energies). 0 ~ 

Three assumpt ions are made for the purpose of handling the 

problem numerically: 

(1) The anisotropie growth tendency of each phase is assumed 

to aet as a force so that the two forces can be added 

vectorially to obtain a result~t "force of coupled 

growth Il at the s 0 lid/ lj.quid int erface • The rea 1 force 

causing the growth directions of the individusl phases 

to deviate from the overall growth direction of the 

system is of course quite complex, involving growth 

kinetics. surface tensions and free energy changes due 

to diffusion. No attemp~ has been made here to evaluate 

this force. 
-+ -+ 

(2) The 'magnitudes of both vectors A and B (Figure 4.1) 

representing the anisotropie growth of both phases are 
) 

-re lsted to their volume fract ions, the most abundant 
--_.' . 

phase being the one exerting the strongest effect during 

coup~ed growth. 

(~) The behaviour of the eutectie phase's (solid solut,ions) i5 

considered to be the S8me as that of the pure metals. 

1 
i 
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FIGURE 4.1 
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• 

Schematic representation of a lamellar inter
face. The preferred growth directions of the 
two phases are represented by vectors A and B. 
while the coupled growth resultant i5 repre
sented by vector R. Each vettor forms angies 
~a. a and y with the x, y and z; ·ax~s. respec
tively; both x and y axe lying on the solid/ 
liquid interface plane th former being at 
right angles~ the latt parallel to the 
solid/solid inter ce 1;>0 The z-axis 
representing the gr ion of the system 
speCified in state t is drawn parallel to 
the lamellar interface an~ ence perpendicular 
to the solid/liqui~~ace. 

, > 
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This has been shown to be valid for the Cd-Zn eutectic 

(Edmunds 1941; Nix and Schmid 1929). 

, Figure 4.1 depicts in a general way the crystallography of the equili-

'. brium interface of a lamellar eutectic formed when the directions 

specified in the B statement are brought into coincidence by overlapping 

the two habit planes given in statement A. The preferred growth direc-
-l- ~ 

t ions of the two phases are represented by vectors A and B, while the 

coupled growth resultant is represented by vector R. Each vector forms 

angles Cl, 8 and y with the x, y and z axes respectively; both x and y 

axes lying on the solid/liquid interface plane, the "former being at 

right angles and the latter parallel to the solid/solid interface 

boundary. The z-axis representing the growth direction of the system 

is drawn paraI leI ta the solid/solid interface boundary and hence per

pendicular to the solid/liquid interface plane. 'Vectors ft. and B are 

chosen to be the close st directions within the appropriate crystal

lographic family fo the z-growth axis of the system which is made to 

coincide with the directions described in statemenl; B. 

" . , 

Lamellar spiralling in the five systems investigated during the 

.present work along with the others listed in Table 4.1 will be treated 
, 

below in the light of these assumptions. 

4.2.2 ~ad-Tin 

) 

, The _eutect ie orientat ion re lat ionships have been stated to he 

(Hopkins and !Craft 1968; Hopkin~ 1967) 
• 

1 
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LAMELLAR INTERFACE Il (011) 
Sn 

STATEMENT A 

GROWTH DIRECTION STATEMENT B 

-+ -t-

The magnitudes and orientations of vectors A, B and the coupled growth 
-+ 

vector, R, are given in Table 4.3 wherein two possible ways in which 

the two phases can be brought into contact at the interface are con-

sidered. A samp1e ca1culation is gïven in the Appendix. 

From Table 4.3 and 'Figure 4.1 it 1S evident that if the two . , 

phases'),have the same texture that they wou1d have in indopendent growth, 
• t 

then the, interface will try to tilt by 26.67° to the z-axis and twist 

e ither to the right or to the left (Case 1 and Case 2 in Table 4.3, 

respectively) depending on the direction (positive or negative) in which 

the two eutect~c constituents choose to appro/lch .one another. The solid/ 

solid interface on the other hand will change its spatial position only 

if it has the degree of freedom to do so. The solid/liquid interface 

is isot~ermal~ and in normal unidir,ectional growth the isotherms are 

fIat and the interface is unab~e to tilt away from the ~-axis. To 
, 

expla\n the spiralling phenomenon we consider the three components of 
..... 

" 
R and attempt to understand the relationship of each to unidirectional 

cQupled growth of the eutectic. 

(1) The vector R should be parallel to the z-axis, -in other 

, 

. 
wards tJl~ ~r~erred growth direct ions imposed by the 

systell should coincide with th'ose whicl! are operat ive 

in the absence 9~ the coupled ~r9W1:h con~traint. In 

this case the system should not exhibit lame llar 

spiralling as indeed will be s. later to he true for 
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TABLE 4.3 Coupled Growth of Phases at the Pb-Sn Eutectic Interface _________________________________________ ~~~~~_!~!i_~~~~~_~~~~E~!~_!~~~ ______________________________ , 
l , 
l , 
1 1 

: Growth Direction Il z-axis Il [211]Pb Il [21l]Sn : 
: La-tllar Interface' 1/ x-z plane Il (111)Pb Il (Oll)Sn : 
l" 1 
• ~ 1 

. ' 1 j-----------------------.------------------~-----------r---------------------------------------------------- 1 
: y-axis.l. lamellar interface /1: y-axis J. lamellar interface Il 
: Case 1 : Case 2 _ 
: _ / / [Tll]Pb JI ~oTI1sn l Il [llïJpb / / rOll ]sn 
~--------ï-------------ï---------------ï------,----------T------~-------~----------ï~------~----------------
, , Phase Volume' Magnitude' l , , ' , 'Preferred 
1 1 1 1 l , 1 ~ 1 ~ 1 ~ 1 
: : Fract ion :{Units of Force ~ a: a : y 1 X : y 1 Z : Growth Direct ion 

1 l ' 1 
~-------~-------------~-~-------------t------~----------+------~------~T---------~~------~T----------------
:ACet-Sn*) : 63\ : - 1.7+ :79.0.8°:1) 109.800 :22.830 :+0.322i:l) -O.576i.:+1.569k: [110] 
, , , l '2) 70 20°1 l '2) +0 576)' 1 1 , , 1 • 1 ., 1 1 • 1 l , 
~--------~-~ _________ ~_j _______________ L ______ ,I------____ + ______ ~ _______ {----------~-------~----------------
'*' '+ 1 ° 0' _, • -J : !SCPb) : 37\ : 1.0 : 90.00°:1) 125.26 :35.26 1 0 : l} -o. 578i.I+O. 816 kl· [lOOJ' 
1 1 1 - 1 12) S4 74°1 l '2) 0 578' 1 1 1; 1 l ,- 1 • 1 l ,+. JI , 

1 1 l , 

I-~-------J-------------j---------------t------~----------+------~-------T----------~-------T----------------
: R(Pb-+5n) l . l 2.7 , : 83.060:I) '1l5.610: 26.67° :+O.322i: 1) -1.154Ir+-2 • 385k: t 

: : : (calculated): :2) 64.39°: : : 2) +1.154j 1 • l _ : 1---------J.----___ ~----J.--------------t------J-------- __ l ______ ~ _______ l __________ ~ _______ ! ________________ 1 

* ~-Sn is body centred tetràgonal: a - 5.8311 AO; c - 3.1817 AO at 20°C (Barrett 1952). 
No correction pas been made for either temperature or composition. 

.t Values estimated from the respective phase volume fractions. 
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-+ 
Cd-Zn. However, when R is not parallel to the z-axis, 

-+ 
the system will try to keep the z-component of R as 

large as possible in order to minimize the interfacial 

boundary area. In extreme cases when the z-component 

becomes reiatively small, the departure from equilibrium , 
conditions increases, the lamellar structure would no 

longer be stable and as a result a degenerate structure 

may be produced. 

(2) The x-component represents the coupled growth force 

resolved Along the lamellae in the direction in which 

they elongate ~nd would seem to be the least important 

of the three, although it contributes to the reduction 

of the z-c,omponent. 

(3) The y-component would seem to be the key to the spiralling 

p~obiem. If this component is large, the lamellae will 

tend to grow sideways and t~us toupled growth becomes 

difficult. I~ the ideal case this component is zero 50 
i 

that the- system will grow in a direction pe~~ndicular 
o 

to the solid/liquid interface. However, cases in which 

the lamellar interface was not paraUel to the growth ' 

axis and yet lamellar couple'd growth ,was retained have 

been reported: Al-Zn (Double et al. 1968) ~ AI-Ag2Al 

(Ellwood and Ba~ey 1950) and AI-CuAIZ (Davies and 

Hellawell 1969,1970). 

.' 

, . 
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Hunt (1963) suggested that when the eutectic phases are 

growing. in a direct ion which is s lightly off the preferred 

orientation imposed by the system (the deviation in our 

case is large), the eutectic should grow with the minimum 

energy interface for a short distance, then form a small 

step of atomic dimensions. The presence of these steps 

along the boundary·will produce an increase in·the aver-

age interphase interfacial energy so that the lamellar 

spacing will become wider (see Figure 4.2). Lamellae 

at this stage should still be stable. However, if the 

size of the step increases, in other words, the deviation 
-1 

from the preferred growth directjon increases, the steps 

become more frequent and the average interfacial energy 

becomes so high that the lamellae will no longer be 

stable and a degenerate structure may be produced. Hunt 

suggested that the .lamel~ae shoUld break down when the 

rate of prod~tion of steps is greater than the rate at 

which they grow out. 

Thore does not seem to be any doubt about the fact trrat 

lamellar breakdown will occui when the eoupled eutectic 

growth direction deviates substantially from the heat 

- flow dÏTection. ':this is supported by the ·results of 
l 

exper~nts carried o~t by Hunt and Chilton (1962-63). 

'lbe systell will therefore try ta eliminate or at least 
.. -
to reduce the y-component which disturbs interfacial 

'. 



FIGURE 4.2 

• 
) 

J 

- \ 

105~ 

Schematic plot of lamellar spacing, ).., again'st 
AT

C 
and AT01 where ATC is the average under

cooling dl4e to interfacial curvature and 6TO 
is the average undercooling due to solute 
building in the liquid ahead of the lamellae 
(Hunt 1963) 
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stability • .and it is suggeste~ that to do 50 the inter-
1 

face will utili~e its rotational degree of fTeed~~out 

the z-axis. However, as the interface rotates in an 
... ... .... tI', 

attempt to minimize y, the'resultant growth force, R, /' 

also changes pos~tion since the crystallographic o~ienta

tians are fixed. Thus the system never achieves a small~r 
-+ • 

value of y although it keeps on trying to do 50, resulting 

in the spiralling phenomenon. 

When the Pb-Sn eutectic interface in the thin films produced 

by the loop method (Takahashi and Ashinuma 1958-59) i5 analysed in the 

preceding manner. the system is again predicted to spiral (Table 4.4) • 

• The y-component in this case is larger than' it is in the case of bulk 

specimens probably" indicat ing that the spiralling rate should be higher. 

However, since the growth conditiQns are sa much different from those 

'of unidirectional. freezing, it may he unwise to apply this analysis to 

the thin film' work. 

Very recently perfect grains of Pb-Sn eutectic were produced 

in lU ta 20 ~m thick eutectic samp1es grown by unidirectiana1 solidifi-

e cation, and the'crysta11ographic re1ationship vas faund ta be (Labulle 
u 

and Petip~s 1975): 

GROIf'm DIRBCTION Il [110] sn Il [ 100] Pb 

STAT&ŒNT A 

STATBMENT B 

.. 

... 

1 

/ 



" . " 
• 

,/ 

') 
TABLE 4.4 Coupied Growth of Phases at the Pb-Sn Eutettic Interface '. 

. (Takakashi and A~hinuma 1958-59) 

• 

i------------------------~--,.-----------j-----------------------------------------------------------------------------------, 
1 1 1 __ 1 

- : Growth Dire~t ion /1 z-axis Il [112] Pb Il [OW] Sn : 
: Lamellar Interface Il x-z plane Il Cl1 l)Pb 1/ (lOl)Sn l 
: . ' , ,1 
L~ _____________________________________________________ ~ ____________________________________________________ _________________ , 

1 -' 1 

;l
I • • 1 1.. 1 

) ." y-axis l lamellar interface /1' y-axIs 1. lamellar interface / / . ~ 

: Case l ' Case 2 
: Il [l111 pb Il {IOl/(c/a)2Jsn _: . Il [iïïJ pb Il [ioï/(c/a)2~n 
: ~,~~ : 
~-~--------i------~--------ï-----------------ï--------ï--~~----~---ï---------r--------r-----------,---------T----------------

". 1 Phase Volume' Magnitude 1 1 l , l , • Preferred 1 1 ., 1 1 1 1 -+ 1 .... 1 -+ . , 
~ : Fraction . ~ (Units of Force): CL : 6 : y : x : y : z : Growth' Direction, 

L----------~---------------L-----------------i--------~--------~---r---------~--------~-----------~---------~----------------: ! ACS-Sn)! 63\ : 1.7 t : 76.74° : 1) 65.140
: 28.62° :+0.3911: 1)-10.7161 : +1.495k : [011] : 

: : _ : _: 2.) 1l1.86o : : : 2)-0.716j :: : 

--+-~-----~---------------~-----------------~--------1---~--------~---------~--------t-----~-----,---------~---------~-~----: 
B(Pb): ,37\ : 1.0+ : 90.00° : 1) 54.740

: 35.26° :. 0 1 1)+0.5771 : +0.816k : [001] : 
: : ':: 2) 125.26°: : : 2}-0.S77j : : ': 

---------j---------------~-----------------1--------1------------r---------~--------t-----------i---------~-~--------------: 
(Pb + Sn)! : 2.7 ~ 81.610 : 1) 61.110

: 30.31° :+0.391T: 1}+1.293I ~ +2.311k : : 
:' ': (calC1flated): : 2) 118.99° : : : 2)-1.293j ::~ : ________ j _______________ L ______ ~ __ ~------j--------J--- ______ ~--t~--------L----~---L-----------J---------!----------------, 

t alues calculated from the respective phase volume frac~ions 
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Analyzing the interface of these Pb-Sn fault-free grains, the system 
-

i5 predicted not to spiral since the directions described in statement 

B for both the Pb- and Sn-rich phases coincide with those operative in 

the absence ~f coupled growth constraint (see Table 4.2). It should \ 

he noted that for the Pb-and Sn-rich phase~ the growth directions of 

the lamellae of the fault free grains, of precipit,s (Tu and" Turnbull 

19691, of impure crystals (Hellawell and Herbert 1962) and of dendrites , 

(Weinberg and Chalmers 1952; Walton and Chalmers 1959; Barrett 1~52) 

are the saDIe. 

4.2.3 Aluminum-C2Pper 

The Al-CuA1
2 

eutectic has also been found. to exhibit lamellar

j
/ 

spiralling in a large nuaber of .i.nvestigat ions (Dean 1913; Hellawell . 

1967; Double et al. 1968) including the present one. Many sets of 
. 

crystallographic relationsbips (statements A and B) have been reported 

for this system and theyare aIl listed in Table 4.1. It should be 

noted that two relatlonships were obtaine~using two different techniques 

on specimens grown in "different ways (Elwood and Bagley 1950; Takahashi 

1960). The .ost cOIIIDon AI-CuA1 2 interface w~ld seem to he (Kraft 1961, 

1962; Kraft and Albright 1962) 

LAMBLLAR INTERFACE 

GROWTH DIRECTION 

Il {lll~Al 

Il <lOl>Ai 

/1 t21l~ CuA1
2 

Il <120>CuAl 
2 

STATEMENT A 

STATEMENT B 
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The analysis described above for Pb-Sn was repeated for this interface 

with the result, listed in Jable 4.5, that spiralling should occur. 

The present analysis does not provide a means of evaluating 

the spiralling rate, and aven if it did. the results would not be very 

reliable due ta ~he nature of the a9sumpt~ons made. However, from a 

comparisOn of the y component~ in both the Pb-Sn and AI-CuA1
2 

systems 

it should be possible to estimate the relative magnitudes of the two 

spiralling rates. The ratio of the y-component in the Pb-Sn to that 

in Al-èuAl2 (from Tables 4.3 and 4.5) is ..... 3. Since Pb-Sn spirals at 

a rate of 160
o/cm. , then the spiralling rate of the AI-CuA12 system 

should be lower than that of Pb-Sn, and considering the rates to be in 

the ratio 3:1, AI-CuA12 is pr~dicted to spiral at SOo/cm. for similar 

growth conditions. The observed rates for the AI-CuAI2 system have been 

previously repo~ted ta range between 3 and 30o/cm. (Hellawell 1967). 

In the present investigation the spiral1ing rate was observed to he as 

10w as 2o/cm., the differences probably being ~e to differing growth 

conditions, mainly temperature gradient. 

It is interesting to note that the present analysis predicts 

that the interfaces described by Elwood and'Bagley (1950) and Takahashi 

(1960) should not'" twist about the z-axis. These results are 'presented 
" 

in Tables.4.6 and 4.7. It is surprising that not only does the relative 

qrientation of the two phases in the heat flow direction change with 

growth teçhnique (as was observed for the Pb-Sn system}, but the habit 

planes also change. 
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T~LE 4.5 Coupled Growth of Phases at the Al-CuA12 Eutectic Interface 
(Kraft 1961.1962; Kraf~ and Albright 1962) 

-----------------------------~----------------------------------------------------------------------------------------------: ~ : 
~ 

l , 

: Growth Direction Il z-a.xis 1/ [noJAI Il (2.!.OJCuAI 2 : 
: _ Lamellar interface Il x-z plane Il (TIl) Al Il (21l)Cu~\l2 1 

1 
l , 
1 • 
,-----------------------------------------------------------------.------~---------------------------------- ----------.-_.-----
1 1 
1 1 

: y-axis .1 lame llar i~terface Il : y-axIs i lamellar Inte~face Il 
, ~~1 1 

: [111 JAl Il [21] 1 (c/a) 2 lCuA1
2 

: 
1 1 

Case 2 
IIÏilAl Il ITl1/(c/a)2]CuA1 2 

1 1 

:------------r--------------~-------~---------,---------~--------J--r---------r---------r-----------T------- -,----------------
: : Phase Volume: MagJl,itude: : : :....:....: : Preferred 
1. , Fract ion 1 (Units ot Force) 1 a 1 B 1 v 1 X 1 yI; j'Growth Duect ion 
1 1 l '1 1 1 1 1 1 
I~-----------~--------------L-----------------~-----~- __ ~ _______ ~ ___ L _________ L _________ L ___________ +-------_~----------------

.:A(An l 55\ : l.I t : 65.91° ! 1)125.260 
: 45.000 :+0.454T : 1)-0.6421 :+O.786k: [100] 

: : : : _ : 2) 54. 74
0 

. L·: : 2)+ 0 . 642 j: : 
:-...... -----t--------------~-----------------.;---------:-- --- -------}----------:-------:.- -1- --------:.- -+ --------~ -- -- -- --- -- -----
:ïl(CuA12Y~ ~ 45\ : l.ot : 81.14° : 1) 73.870 

: 18.43° :+0.154i :,1)+0.2761. :+O.949k: [110) 
~ : ,: : :2)106.03°: : :2)-0.276): : 
~-----------t----------~---~-----------------1---------~-----------~---------~------:.--~--------~--+------~-,----------------
:R(Al+CuA12) : - : 1.3 : 71.0So : 1)101.24° : 22.23 0 :+O.60Si : 1)-O.36Si :+1.745k: -
: : : (ca1culated): : 2) 78.76

0 
: : : 2)+0.36Sj: : 

I ____________ ~ ______________ L _________________ J _________ ' ______ ------~---------L-------.-L-----------l------ __ J _______________ _ 

. f 

t Values calculated from the respective phase volume fractions 
* CuA12 is body c~nt!ed tetragona1: a = 6.07 AO c = 4.87 AO cla - 0.80 (ASM Metals Handbook 1973) 
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TABLE 4.6 Coupled Growth of Phases at the Al-CuA12 Eutectic Interface 
(Ellwood and Bagley 1950) 

.. 

" .. 

I--------------------------------------------~----------------------------;----------------------------------------------------, 
1 

,j ~ ~ Growth Direction Il z-axis Il [100 lAI Il [100lCuA1 2 
1 Lamellar Interfàce Il x-z plane Il (OOI)AI Il (OOl)CuAI 

, , , 

y-axis! Lamellar Interface Il [00 Il AI Il [OOÙ CuAl2 2 
x-axis Il Lamellar Inter~ace Il [OlO]Al Il [OlO]CuA12 

~-----------------------------------------~-----------------------·---------~----------,----------T---------~-----------------1 l , 1 l , l , , 

>: : rhase VolllJDe: Magnitude' J' 1 1 1 1 : Preferr!'d 
• • .1" 1 1 -+ 1 -+ 1 -+ 1 ., 

: : . Fraction : (Unlts of Force) 'Cl , B , y , X , Y , Z 1 Growth Duect Ion 
1 1 1 1 1 1 1 

I-----------~---------------t-----------------~---------L---------~---------~----------~----------r---------T----------~------
: A(Al) : 55\ : l.I t : 90.00° : 90° : 0

0
: 0 : 0 "'"-';+1. rrtii : [100 J 

1 1 1 1 1 1 1 

'-----------t---------------~-----------------~--------~---------~---------~----~-----~----------r---------.-----------------l B(CuAlz}: 45\ : l.ot : 45.000 
: 90° : 45° : +0.707T: 0 : +0.707k : '-1' [110] : 

1 1 1 1 ~ 1 • 1 1 1 1 1 

-----------r---------------r-------------~---~-------~~---------~---------~----------1----------~---------T- -.--------------. 
','R(A1+CuA12)~ - : 2.0 ,,' 68.75° : 0° : 21.25°: +0.7071: 0 : +1.8I8k: "'.~- : 

1 1 1 1 1 1 ~ 

: : : (calculated)' 1 1 1 l , 1 - : I _____ • _____ L _______________ L _________________ J _________ ~ _________ ~ _________ ~ __________ ~ __________ ~---------~ _________________ ' 
t Values calculated from the respective phase volume fractIons 
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T~LE \! COUpIed Growth of Phases at the Al-CuA1

2 
Eutectic 

(Takahashi 1960) 

• • 

,--------~---------------------------------------------------------~---------------------------------------------------------. 
'. ...... ~ ,.' 1 

~ 1 

Grc:nh D~ction Il, z-axis 1 1/ IOU]Al 1/ [lOO]CuA1
2 

: 
Lamellar Interface /1 x-z plane Il (OOl)Al Il (OOl)CuA1 2 : 

y-axis Il -[OQ.l]Al Il ,[0011 (c/a)2]CuA1
2 

:' 
z-axis Il [llO]Al Il [OlO}CuAIZ : 

1 
- , 

:-----=---------------------------------------~------------~----------------------------------------------------------------, , ,1 , 1 t 1 • 1 1 , 1 
, Phase VolUlle 1 Magnitude 1 - 1 1 1 l ,1 1 Preferred 1 
1 1 • ' l , 1 • 1 -.. 1 -... 1 -+ 1 1 
J Fraction 1 (Uhits of Force) , a 1 B ' y , X "Y , z' Growth Direct ion ' 1 • 1 1 1 1 1 ~ '.. 1 1 1 

.~-~-------·---------------t-----------------ii-------~------o----~---------~-------~---r---------~-------~-~----------------: 
:A(Al)' ~ 55' 1 1.1: 1 45.00

0 
1 90.00 1 45.000

, +0.7861. " 0 '+O. 786k l' [100] " 
1 •• 1 1 1 1 1 1 I-----------.---------------.-------------____ ~ __ ~. ___ ,~~ _________ L _________ L ___________ L _________ L _________ L ________________ I 

,-:t lIt , 0 1 0 1 0 1 - 1 1 - l , 
,6, (CuAI2) , 45' 1 1.0 145.00 1 90.00 1 45.00 " +O.707i " 0 1 +O.707k " [110] , 
• ' 1 l ' l , 1 1 
~-__ -_--.-.------------~--~-_---------------~-------~-~ _________ ~ _________ ~ ___________ L _________ L _________ L ________________ • 
':t-, 1 0' 0 fOl 0 1 - 1 1 - 1 1 
:K(Al~12)1.... 1 2.1 145.00 , 90.00 ~, 45.00 '+1.493i " 0 " +l.493k " " 
, , 1 1 1· l , 
, ' <'--o.. 1 (ca1culated) 1 1 l , 1 1 l , 
1 1 ~ 1 1 l , 1 1 1 1 1 ___________ • _______________ • _________ ~-------~-------~ ___________ L _________ L ___________ L _________ L __ ~---- __ L ________________ 1 

~ Values calcuÏated fra. the respective phase volume fractions 
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'. 4. 2 . 4 CadmlUm- Zinc 

The equiUbrium inter,face in Cd-Zn has be~n described as 

(Double and Hellawell 1969b; Straumanis and Brakss 1935): \ 

LAMELLAR INTERFACE Il 

Il 

(OOOl)Cd 

[l0101Cd 

Il (OOOl)Zn 

Il {loTo lZn 

STATEMENT A. 

GROWTH DIRECTION STATEMENT B 

. 
Since the preferred growth direction of Cd and Zn individually has been 

found to be <loïo> whieh coincides with the coupled growth direction, 

then the faet that this eutectic doe'l not exhibit lamellar spira.l1ing 

requires litt le further rat ionalizat ion or exp lanat ion. . 

4.2.5 Tin-Cadmium 

It i5 rather unfortunate that the Sn ... Cd eutee,tic undergo~s 

a soUd state transformati01l at 133°C during which the hexagonal Sn-rich 

phase bacollles body-centred tetragonal. Since only the crystallographic 

relat iOMhip pertaining to the equi librium interface at room temperatu'l'e 

has been reported for Sn-Cd (Straumanis. and Brakss 1937), it is difficult 

to ascertain whether the system should spiral or note However, two . . . 
• 

assumptions have been made in order to 'consider this problem further: 

(1) The Sn~Cd system farmed by -the two close packed hexagonal 

. . 
- . 

constituents is treated as if it was similar to Cd-Zn • 

In other words the a-phase is assUlled to have siliUar 

l1'owth characteristics to ,either pure Zn or pure Cd • 

1 

If 
IJ 

li 
1 

1 
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(2) The room temperature interface as described by Straumanis 
• 

'and Brakss (1937) is considered as a eutectic growth 

interface: 

LAMELLAR INTçRFACE Il (lOO)sn Il 

GROW1li DIRECTION Il [00 Il Sn 1/ 

(0001) Cd 

[OITO lCd 

STATEMENT A 

STATEMENT B 

With the first assumpt ion no lamellar spiralling should be exhibited 

for the same reasons as given for Cd-Zn. No spiralling- should again 

result from the se<;ond assumpt ion s ince no y component exist 5 because the 

[011.1 preferred growth direction in Sn lies within the lamellar inter-

face plane (the X-Z plane) and hence only x and z components exist 

(see Table 4.8). These predictions agree with the experimental observa-

tions. ,. 

4.2.6 Tin-Zinc r 
, ~''-) 

1 

1'his eutectic was found Ilot to exhibit spiralling even though 
• 

it is formed from two crystallographical1y different phases. The equi-

" 

librium· eutectic interface has been described as (Straumanis and Brakss 1937): 

LAMELLAR INTERFACE Il 

GROwnr OÎRECTION Il 

(OOI)Sn Il (OITO) Zn 

[OO1]5n /1 . [OITO ]Zn 

STATEMENT ·A 

STATEMENT B 

For the reasons given in the section 'on Sn-€d, e.. __ lys" agaiD pre

dicts that n~ spiralling should occur (see T(lble 4.8) • 

,1 

• 

, . 
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TABLE 4.8 Coupled Growth of Phases in the Sn-Cd ând Sn-Zn Eutectics 

, (Strauaanis and Brakss,1937) 
,--------------~~-~~--------------~---------------------------.----------------._._--------------------------._---------_.-._-

Growth Direction Il z-axis JI [OOIJSn Il [OI10)Zn.Cd 
~.ellar Interface Il x-z plane Il (lOO)Sn Il (OOOl)Zn,Cd 

y-axis l Lame11ar Interface Il rïoolsn Il [OOOl}Zn,Cd 

1 
1 
1 
1 , 
1 
1 
1 
1 

1 1 

1 : 
I-----------r---------------~----------~------~--------Î----------ï-----------ï---------~---------ï----------ï---------------- 1 
: 1 Phase Volume 1 Magnitude l , 1 1 1 1 1 Preferred 1 
1 1 • 1. 1 1 1 1 -+ 1 -+ 1 -+ l ' 1 
, 1 Fraction 1 (Unlts of force) 1 aiS 1 y 1 X 1 Y 1 z 'Growth Dl.rection 1 
• 1 l, 1 1 1 1 1 1 1 1 

I-----------~--------~------~-----------------~--------~----------~-----------~---------~---------~----------~----------------+ ... 0 0 ~I _. _1 

A(Sn) 91\ 10. l' 28.62 90.00 61.38 :+8.87Si. -: 0 +4.843k: [0111 
1 • 75\ • 3.0 t • 1 • !+2.633i Il 0 1 +1.436k Il 
, 1 1 1 1 • , ,-----------P---------------~ _________________ ~ ________ ~ __________ ~ ___________ L _________ ~ _________ J _______ ~ __ J ______________ ~_ 

,+ 1 • t • o' 0 1 1 1 1 r'--
• n,Zn,Cd) 1 9\ 1 1.0.,. : 90.00 :. 90.'00 ~: 0 : 0 : 0 : +1.0001l: [0110J 
: : 2S \ : 1.0 • 1 1 1 0 1 0 1 + 1. oool( • 
• 1 .. l ". 1 1 1 1 1 I ___________ ~-------____ ~ ___ ~ _________________ ~ _______ _ ~~ _________ ~ _________ ~_~ _________ J _________ ~ _________ .J ____________ - __ _ 

%' 1 . ' 0 1 0' - 1 1 1 : t,(Sn+Zn, 1 - : 10.6 : 33.360 : 90.00 : _ 56.64 :+i3.87Si: 0 : +5.843k : -
: Sn+Cd) 1 { 1 3.6 : 42.78° : 90.09° : 47.22° :+2.633T: 0 : +2.436k : 
• " .' 1 III ~----------~----- __ -------~-5~~:~~~~:~~~----j--------l---~------1---~-- _____ l _________ J _________ J_: ________ l _____ ~ _________ _ 

t Values 
1 

fro~ the respective phase volume ~actions 

• 
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4.2.7 A.luminum-Silver 

This syste~ was not investigated in the present study. but 

it has previously been found to exhibit lamellar spiralling (Double 

116. 

et al. 1968). The equilibrium interface was described as (Cantor 1971): 

LAMELLAR INTERFACE Il' (111)Al Il STATEMENT A 

GROWTH DIRECTION Il [lÏO]Al Il STATEMENT B 

The analysis has been applied to ~his system and it predicts that 

Iamellar spiralling should occur (see Table 4.9). The close-packed 
~, 

hexagonal AgzAI phase was assumed to grow'prefere'htially in the [lOï~] 
-

direction as has,been reported for Cd and Zn. It was reported (Double 

et al. 1968)' that this system spirals more rapidly than Al-CuA12 but 

no f~res were given. Comparing the y-components determined for both 

systems (Table 4.10). the analysis predicts that AI-Agll should spiral 

more rapid ly' than Al-CuAl2" the spiralling rate amounting to -IWo/cm. 

4.2.8 Aluminua-Zinc 

This is the only remaining 5ystell which is known to exhibit 

l&llellar spiralling. The ,equilibrium interface was ~died ~Y bath 

X-rayanalysis (Double et'a1. 1968) and'transmission electr?n microscopy 

~Double and Hellawell
o 

1969b). Both ~echniques showed that in the Zn-
, ~ t' ~ 

rich phase the lameUar interface wal. incliQec;l by about ISo to the (0001) 

basal p !ene but conta~ns the [ llIo ] growth direct ion blposed by the" 
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~ TABLE 4.9 Coupled Growth of Phases at the AI-Ag
2

Al Eutectic Interface 
(Cantor 1971) 

• 
... 

I------~------------------------------·--------------------------------------------------------------------- ---------~--------I 
1 \ ' _ • 

: Growth Direction Il . z-axis Il 11ïÔ)Al Il [1l20]Ag2Al : 
: Lamellar Interface Il x-z plane Il (lll)AI /1 (000 1) Ag z,..A 1 1 : 
1 • 
1 - • 

:------------------------------------.------------~-------------r-------------------------------------------------------------: 
~ . f~: : 
: y.. • J y-axis 1 lame llar interface il: y-axis l lame lla1" mterface 1/ : 
1 \. ! càse 1 : Case 2 1 

~ / / {lll}AI Il [OOOIIAg2Al: Il [In lAI Il [000ïJAg2Al : 
1 • • 
1 1 1 

:------------ï--------------.------ -- ---,-::-- -- --T---- ----.,- ---- -- -'- --- -,- ------- -r - - -- -- ---r - - --- --- - - -r- - - - - -- -.- -- - - ---- -- ------: 
: : Phase Volume: Magnitude 1 :.. : :....:....:....: Preferred : 
~ : Fract ion : (Units of Force): a : B : y : X : . y : z : Growth Direction: 
I~------~----~--------------~-----------------~--------~------------~---------~---------~L----------t-------_~ ________________ . 
lA(Al) : 60% : 1.5 t : 65.91° : 1) 54.74° : 45.00° :+O:56~T : 1)+0.8661 :+1.061k: [100) l 
1 l ' 1 " 2) 125 "6°' • . 1 2)-0 866J' 1 l , 1 l , 1 1 .F. 1 1 1· 1 1 • 

'~-----------~-------------~------------------~--------~------------i--------~~-------.-~------~----t-------_L ________________ . 
:'B(AgïA1)' 40\ : l.ot : 60.00°: 1) 90.00° :30.00° :+0.5001: 0 :+0.866k: [1010] l 

.: 1 : :: 2) 90.00Q 
: : _ :, :: : 

.------------~-------------~------------------~--------~------------~---------~---------~----~------~--~-----r----------------· 
:RCAl+Ag:zA ll : : 2.4 : 62.23° : 1) 6&.73° : 36.19° :+1.1121 : 1)+0.8661 :+1.9271<: ! 
: : .: (calculated): : 2) 111.27°: : ; 2)-O.866j :: : 
1 ____________ L ______________ , __________________ !. ________ ...! __ _____ _____ 1 _________ ' __________ ' ____________ , _________ 1 _________________ 1 

t Values 'calculated fram the respective phase volume fractions 
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TABLE 4.10 

, 
List·of Measured and Predicted Spira11ing Rates 

·----------~---------I--J-------j------:------------ï----------------------~-------~-------------------------------------
, 1 Y 1 Predlcted Rate 1 Observed Rate 
: System : (Units of Force): of Spiralling: of SpiTalling 
1 1 1 1 1 1 __________ ~----______________ ~ ___________________ ~ ______________________ ~ ___________________________________ _________ _ 

1 1 1 
1 1 1 
1 1 0 1. 

: Pb-Sn 1.154: 160 Icm. : Hophns and, Stewart 1970; Present Work 
1 1 1 
lIt 0 1 

1 AI-Ag2AI 0 .. 866 1 110 lem 1 Double et al. 1968_ 1 1 J 
~ 1 1 ~ 1 

lIt 0 0 0 1 
: Al-CUAI2 0.~65: c- 50 Icm 211cm* - 3 to 30 Icm :. *Pres~nt-1fork; Hellawell 1%7; Qouble et al. 
1 1 / • 1 1968' 

• 1 1 1'. 
1 f r l-
l '1 
: Cd- Zn 0 ~ 0 _ ! 0 
1 1 

: Sn-Cd 0 t· 
1 .. , 
1 1 
: Sn-Zn., 0 0 / 
: ' -: 1 / ' 

1 Al-Zn 1 _'.' ' _ / 
1 l '1 • 

R~ference.' 

o 
Present Work 

o Present Work 
.... 

o Present Work 

4.3 0 /cm Double et al, 1968 

, 
1 
1 , 
1 , , , , 
1 
1 
1 , 
1 
1 

L-----~----~ _______ ~ _________ ~L __________________ _ 

/ ----------------______ L _________________________ ------ ______________ : 

t Rougbly estimated values basedcj;/the fa ct that the Pb-Sn rate of spira11ing in round o . 0 sa.ples is 160 lem at R = 2.3 lhr. and G = 7.1 C/cm 
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system, so that the habit planes correspond approximately to (lOTS). 

o The reported rates of spiralling were -4.3 lem. (Double et al. 1965). 

No orientation relationship for the A1-rich phase could be obtalned 

because of the euteètoid reaètion which takes place at 265°C. For this 

reason the equi1ibrium interface cou1d not be treated by the present 

method. A list of aIl the y-components evaluated by the above analysis 

is given in Table 4.10. 

-"0 
4.3 EPFECT OF GROWTH CONDITIONS ON SPIRALLING 

4.3 .. 1 Temperature Gradient 

During this study the spiralling rate in Pb.Sn specimens - " 

gr.own by the Bridgeman technique was f~und to be directly related to 

the temperature gradient. 
J-'1# 

These results do not agree either with the 
1 

observations of Vouble et al. (196S) on specimens of Bridgeman-grown 

Al-Zn eutectic, or with those of Hop~ins and Stewart (1970). Although 

no appreciable vwtiations in subgrain density and grain misorientat}or 

were found to result from varying temperature gradients in a single Pb-

Sn specimen, a marked increase in subgrain density and grain m~sorienta-

tion was noticed in going front a Pb-SIl saq>le grown under a constant 

relatively làW temperature gradient (7.1 oC/cm.) to another grown under 
-

varyirtg G, th~ temperature gradient decreasing fram the beginning of 

the samp1e where it was _(SOoe/cm.). The grain misorientations varied . ' 
froll '10- 200 in the first case to 30-400 in the second' case, wh ile the 

subgrain density increased from an average of 5 to an average of Il • 
.rh- ~ h ; 

Thesé results a1so do not confirm the observations of Double et li'!. 

(1968) and Hopkins~d Stewart (1970). The reason for which no appreci-

\' 
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; 
able changes in grain misorientation and subgrain density could be 

detected as G varied is probably due ta the fact that the system, 

in arder ta spiral at a higher rate, nucleated quite a large number . 
of faults which could not be eliminated as fast as G was decreased. 

In longer samples gr,own under a temperature gradient decreasing at a 

slower rate, the va.riation in subgrain density and grain misorientat ion 

may be noticeable. 

The mechanisnr of lamellar spiralling ,seems to be related to 

eutectic structural defeçts. In 1ac~ an increase in spiralling rate 

was observed to be accompanied by an increase in grain mi~orientation 

and, subgrain density. From Pigure 1.7 'showing a near longitudinal 

«50) taper section through an Al-CuAl
Z 

eutectic specimeh, it is evident 

that lame llar twist ing takes place through the nueleat ion and el imina-
Il 

tion of faults. However, the presence of faults in a lamellar structure 

does· not necessarily imply the existence of lamellar spiralling. This 

poi~t is supported by the fact that both faulted and fault-free Sn-Cd 

grains as well as faulted Cd-Zn and Sn-Zn grains' did not spiral. 

. 
4,3.2 ,Mold ShaRe /' 

'l l' 

It is not yet ûnderstood why tempe!,ature gradient and mold 
~.,".' 

sl1ape should affect lamellar spiralling. It s.eems, however, that this 
~ 

growth phenomenan is highly sUrface tension dependent and that the shape 

of the solid/liquid interface may controf'the spira1ling rate. This 

mightrlexplain why Hopkins and Stewart (1970) obser~ed a higher spiralltRg 
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rate for Bridgeman-grown ~amples than for Czochralski-grown samples 

since interfacial curvature is more convex during the second growth 

toehn i'lll8, As suggest..,ed by HU,nt (1963) surface energy anisotropy might 
\ 

he the reason for wh ich the eutect lC phases prefer to grow in certaln 

'direct fons, growth bemg facl htated hy lower undercoolings. If these 

preferred direct ions do not lie on the lame llar interface plane, the 

system will spiral trying to hring them onto the interfaée boundary 

but this condition will never he acn.ieved beca,use the habit planes have 

been presumably selected to fOrll an' interface,~-of .ini .... energy and -

cannot for this re-.,son be changed. 50 the system will spiral 1nslef1nitely. 

If the pref.erred growth directions lie on the interface plane. the 

lamel1ae will tend to grow in the heat flow direction as observed for 

the Cd-Zn, Sn-Cd and Sn-Zn systems. 

1be shape of the ~olid/liquid interface (concavity or con

vexity) aiJht incre .. e or deerease the deviation of the resultant coupled 
1 

growth direet iOll troll- the %- gTowth axis and a higher or Iower spi~alling .. " . 
rate ~ight reftit. 'Jh~ the deviation increases to the point that 

coupled growth il ,de.troyed. there is 11.0 longer any need for the system 

to spiral as was ob.erved for the case of the deaenerate Pb-Sn 8.tructure. 

4.4 .THE ~LLAR BEHDING EPPBCT 

f Double ~d Hellawell (l96ga) usin, an'" intetl .. ée technique .-..... 
observed that ~11ae have a tendency to fan out at subpoain boundaries 

(Piaure 1.8). As a result of these stuclies they .~tributed the spiral 

• 
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growth phenomenon~to the fact that lame11ae cou1d be ti1ted and at the 

same time grow in a fan-~ike arrangement as shawn in Figure 1.9. 
1 

Thus, when viewed on consecutive transverse sections the 1ame11ae will 
~ 

seem to change their position from section to section, in other words 

they will give the impress~on ûf moving in a spir.a1 fashion due to the 

combinatiop of fanning and ti1t~ng effects. ,Afthough this e,q,lanation 

'\ of spirà1ling is quite plausible, it is not substantiàted by observation 

on 1amellar systems which spiral. ~ fanning proposed by Double and 

Hellawell (1969a) will occur only in the\preSence of high angle"subgrain 

boundaries which are relatively uncommon and moreover do not appear to 

occur with a variable frequency in systems which spira1?on the one hand 

and do not on the other. Thus, although the explanation is plausible .... 
in pri~ciple, Metallographie observations would seem ta indicate that 

1 1 

situations such as those described by Double and Hel1awell (1969a) occur 

infrequently. 

Using the same interference technique, the lamellae in aIl 

systems investigated in this work (except Sn-Zn) were observed to curve 

across transverse sections whether the eutectic exhibited ~piralling 

or not (see Figures 3.1(b), 3.2(c), 3.3(b), 3.5(b), 3.l9(b) and 3.20(b». 

The bending effect would therefore seem to be a featur~ assoèiated with 

lueUar euteetic growth in general and ls probably not related to 

spiralling. It should he noticed in the transverse microsections of 

the systems investigated, that bending takes place through faults' and 

ether structural ï.perfections t such as lamellar distortions. The only' 

case in which f~e lamellae were observed to bé slIOOthly curved was in 
(t-- ,. 
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the perfect Sn-Cd grains within which struçtural imperfections were 

completelyabsent (Figure 3:2(c)). 

The bending effect i5 belleved to be caused by a stress which 

is generated'either at the solid/liquid interface or at th~ solid/solid ._ 

interface during growth. At this stage, ït is not possible to state 

the nature of this stress, but it may be due to thermal effects or to 
, " 

a consequence of atomic mismatch across the solid/solid boundary: For 

example, it is known that partial complete coherency of even two similar 

crystals having different lattice parameters results, in a state of 
1 

stress at the interface. This concept is substantiated by the observa-

,tion~at Sn-Zn lamellae do not bend. They have been shown to be of 
~ 

a broken ~r tlsw~ss-cheesetl nature and it would be expected that a large 

measure of stress relief would occur in such a structure. 

4.5 DEGENERACY IN LEAD-TIN 

Lamellar stru~tures generally result from unidirectionaf 

solid~ficâtion when the alloys are prepared from high purity materials. 
\ -

In the presence of impurities lamellar eut~ctics ,general,ly\unliergo the 

lamellar-to-rod transition. This was first thought to be dUe sole1y 

to impurities until Hunt and Chilton (1962-63) proved ~hat i~urities 

are only indire~$ly respon5ible for this morpholpgical transit on as 

their function i5 to stabilize a c~rved cellulal solid/liquid in erface. 

They reached· this conclusion as a resu1t of growing very pure eut ctic 

a110ys in a graphite boat containing a graphite inset around which the 

1 
l, 
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solid/liquid interface was forced to curve. The lamellae broke down 

into rods neaT the inset, indicat ing that the direct ion of growth, 

being subject to changes due to interfacial curvature, is the main 

determining factor ln causing the la .. llar-to-rod trans~tion, and 

that neither the growth rate (Tiller 1958) nor the presence of impurit ies 

(Chilton and Winegard 1960-61) have a direct effect on structural $tability. 

Systems showing this type of morphological transition are Sn-Cd, Cd-Zn, 

Pb-Cd, Al-Zn and Sn-Zn. On the other hand, the Pb-Sn structure was 

observed to become degenerate under conditions for which the other systems 

-
formed rads (Hunt and Chilton 1962-63; Hunt, 1963). According to Hunt 1 s 

. 
and Chilton '5 analysis such a behaviour is to be expected 'since the • 

volume fract ion of the minor Pb-rich phase exceeds their 32% limIt, 

actually approaching 50\. It should be noted, however, that the AI-CuAl
Z 

, 
eutect ie with about 4st by volume of CuAl

2 
has been found to solidif>,: 

in lamellar (Kraft and Albright 1962; Takahashi 1960; Chadwick 1962-6~a; 

) 

Cooksey-et al. 1~64; Dean and Gruzleski 1913), degenerate (Oavies and 

Hellawell 1970; Dean and Gruz1eski 1973) and r'od-like morphologies 

(Hogan 1965j Cha~ick 1962-63b). 

The Pb-Sn degeneracy has been invest igated by Hunt (1963) 

who concluded that the stable lame1lar structure tends to break down , 

'at çowth rates lower than 3 cm/hr. and greater than 36 cm/hr. The 

breakdown wa~ at first attTibuted to the repeated nueleation of Pb 

on the t ~ps of the Sn lame ~lae. However. Hunt pbserved a small degree 

of undereoo1ing associated with the solid/liquid interface at the 10w 

growth rates at which degenerate grains are produced and-he consequent Iy 
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felt that degeneracy results when the two eutect ic phases grow under 

condi t ions of unfavourable relat ive orrentat IOn. High growth-rate 

degeneracy was attributed to the concave shape of the solid/liqiJid 

interface WhlCh prevents the unsuitably oriented grains from growmg 

out (Figure 4.3). This was substantiated by growing a Pb-Sn sample 

with a concave solid/liquid interface at a growth rate (12 cm/hr.) at 

which lamellar grains had normally been pr-oduced. As a result, 
! 

degenerate grains were obtained which were absent when the sl$e sample 

was regrown with a p lanar solid/ liquid interface. The concept that 
....... 

degeneracy i~ orientation dependent is also s~pportéd by the fa ct that 

de~~erate eutectic grains have been found to'grow adjacent to stable 

lamellar grains (Figure 3.4(b)), relative orientation presumably 

being the on1y para~eter that differs between adjacent grains within 

the same sa.ple • . ' 

Degenerate structures similar to those found in the Pb-Sn 

sy:stem ha~e a1so been observed in the Al-CuA12 eutectic (Davies and 

Hellawell 1970; Çhadwick 1972; Dean and Gruzleski 1973); however, the 

de,generate structure is observed only at very low groyth rates (Chadwick 

1972). For this rea~on. Hunt (1963) suggested th'at degeneracy in ' 

genera1 tends to be a low growth rate erfect, and that higher rate 

degeneracy is particu1ar to the P,b-Sn eutect ie and other eutect ies in 
' ... 

which one phase readily ~ucleates on the other. Even if grain selection 

1s muCh faster at high growth rates because of the larger differenee 

in'undercooling between grains of different interpha~e boundary enetgy , \ 
G -

(Figure 4.2), degenerate grains will always be present if they are 
", 

, , 
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Dia~m showing that P'ains, tend to grow 
out, at a convex interface whereas new grains 
tend j 0 be nucleated at concave interfaces 
(Hun 963) " , 
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nucleated faster than they grow out. AS sund9.ui~i'and Mondol(o (1961b) 

and Hunt (1963) have shown, the Pb-rich phase nuc1eates ..very easily on 1 

the Sn-rich' phase with a supercooling a(!maU as 1.250 C. Undercoolings 

of this size may exist at the solid/liquid interface when the eutectic . ' 

is grown rapidly théreby leading to the nucleation of new eutecti,c 
" , 

grains or irregu1arities in the structure (Hunt 1963). Hunt",observed 
" 

that the grain size tended to be very sma 11 at h 19h growth rates and , , ' 

that new grains which were continually nficleated '!I.t the èdge ol' the 

~' boat did not grow out easily due to the con.cave shape of the solidl 

liquid ·interface. ~-

Hogan et al. {1910), suggested t"hat steep temper"ture gra<.tients 

wou1d he expected to flatten the solid/liquid int~rface. thereby ., 

diminishing the variation in local grOw~ d~Wton a'lOng' the' interfaèe 

itself. The high-growth':rate degeneracy can therefore be delayed untU 

much higher' growth rates .are attained if 
. 

e imposed tempe rature grad:i.ent 

is high enou.sh to su(ficientJy flat'ten 
. , 

~ Jntêrfac'z.. thus increas in~ .. 
, ' 

. t,he rate at which unfavourab1Y, oriente graïl;ls grow out. On 'the ,other 
~,' , ,~ 

hand, degenerate structu:te.s can be' obtaiJiéd at intermediate' growtll râtes 
. '''' .. " 

if ~he i~osed te~erâture gradient is sa low tliat,: ~h~' sO,1id/Liquici 

interface éannôt J)e p.revent-e~ from ~_eCO~ing .. c~cav~,)~),~ \" ' 

~ ~~,. 

During the P1'~sent invyst igaUon Pb-Sn sop les ' were own at 
.... .J" • 

,. ·"~rat-es- 'VaJ'Ying frCll ..... 3 to· 1S .'(bcm/br: under 1:e~.rak gratt~nts' ranging 

between S.S and 28. 6°C/cI. 

in TablJ 4,11. 

The various growth conditions are li~ted 

/ ., 

, , 

" 

• 

1 
1 
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,TABLE 4.11 Growth COilditions for Pb-Sn Salllples 
~ 

,-- - - -- ... ---- --- --- - ---."""--- ---- -- -- -", .. -- ._-_.----------. ""---",,-- --., 

i -~~~~~- ~ -L-- ~ ~ ~~~:~ --L t- -~ ~:~: ~~~ - ~ L----~:~ ~ ----~~~~ ~!:J 
l' 1 1 l' 1 1 
f , 1 1 15.0 - 4.0 , 7.0 - 12.0 1 0.5 - 3.0 1 degenerate 1 

l , , 1 1 
~ , 1 1 • 1 

1 2.3. : 7.1 : 3.4 : laméllar : 
: ~ ~ : \ : 

1 0 J S 5 l' 0'.5 1" d 1 1 • 1 ., 1 1 eg~merate 1 
'" , 1 1 1 

, 1 , 1 
., l , 1 
1 8.5 1 0.8 1 lamellar 1 

~ 
1 

4 
, 1 1 1 

i • 1 1 1 1 
l " 1 1 , 1 

• 1. 5. 12.0, 28;6 , 2.4 1. lamellar 1 
1 1 1 1 1 
1 1. 1 1 1 
1 1 • l , 1 
1 • 6 1 10.2" 1. 22.0 1 2.2., lamellar 1 1 ., l ,. 1 . 1 

t--~---·r~---~--7-----------------------_·_--~------------~-------~ 
• 1 • ~ 

/ 
/ , 

.. 

/ . 

" .. 
. . . ,. 

• 

, 

." 

/ 
o 



U $ 

e . 

-
l29. 

/ Samples containin~ only degenerate R~Rins were obtained under 

two èonditions: 

(1) wh,n the G/R ratio,was less th an O.8oC hr/om
2 

(2) when the eutectic specimen was grown rapidly for the 

first centimeter and then the growth rate was lowered 

in an attempt to produce fault-free grains. 

A plot of G' vs. R (Figure 4.4) yields a·Qli~e passing through the origin 
\ ' 

. and separating the graph into two regions, one in which on1y lamellar 

morphologies are p~uced and the other in which degenerate lamellae 

are stable. Due to the lack of experimental points it, is nat possible 

to determMe exactly the slope of the Une which defines the limiting 
, . 

value of ~G/R. At this stage it is possible to state only that the G/R 

liait lies somewllere between 0.5 and O.8oC hr/cm2 • Of course this, 

limit can yary with i~urity content with which it would be expeetaed 

to increasè. 

/ 

, .Jn order t~vestigate the affect of growth rate and tempera- '..-, 

ture'gradient individually on the morphologieal stability, Gand llR 
, t 

were plot'ted vs. G/k 'CFiJure 4.5)., From a t;omparison of the slapes, 

of 'the two straight 11nes it .. y he coneluded that the stabi1ity of 
, • 0 .~. '. • 

the 1a_llae is .oit strongly affected by temperature gradient, the 

giOfth rate having a less marked effect. 'Ibis observation parÙY s~p-'. 
q 

ports Hunt' $ and Ch ilt on 's experi_ntal results (1962-63) which indi-

cated that the direction of growth. being subject ta locàlized variations 
• • 
.t a curved so1id/liquid interface, is the .. jor factor in dete~minin~ 

structural stability. It should he noted. that in samp1e 1 (Table 4.11) 

( 
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grown first rapidly with a low G/R ratio and then slowly with aGIR 

ratio higher than the ~imit value. only degenerate grains were obtained. 

This might be due to the fact that whèn the gr~ rate is high (low 

G/R), the elimination of unfavourably oriented grains i5 slow due to 

the concave shape of th~ interface. However, even when the growth , 

conditions were changed to favour stabJe grains on a fIat interface 

(high G/R), the less stable grains did not grow out easily within the . 
soliJrfication distance used. This eXplains the presence of point ~ 

representing degenerate structure in the stable lamellar region in 

Figures ~.4 and 4.5. 

4.6 SUGGESTIONS FOR FUR1lIER WORK 

On the basis of the above discussion it is thought that the 
1 

following expert.ents are necessary to eluciditate further certain aspects 

of laaellar spiralling and to test the validity of the spiral growth 

analysis: 

! 
,1' fi 

,-

(1) Investigation of the effeet of growth , rate on lamellar 

spiralling. 

. (2) Deterll~tion of the Pb-Cd intèrfac~ 
i 

crystallography ~o 

predict through the spiral growth analysis lf the system ' 

should spiral or note 

(3) Production of Pb-Cd'grains of sizes sùitable for grain 

detection frOID section to section through lamellar orienta

tion aea~ellents inAcating if the syst~. does or does not-
.~ .. 

spiral during growth. 

\ 

"' 
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(4) Other systems whieh can possibly ~, inv~stigated for 
. 

laiDellar spira 1 ling ,and whos~ interface crystallographies 

have been determined -(Hogan et al. 1~73. p.120) are: :1. 

Ag-Cu, -Bi-Cd, Co-CoAl, Ni-NiBe, Ni-Ni
3

Cb, Ni-Cr, Ni-NiMo 

and Ni-Nil Ti, 
, Q 

'CS) Investigation of the effect of structural u.perfection on 

'. ' 

,qaaellar spiràUing. This i5 suggested to be done on a 
. . 

sUlplo grown at constant ,growth rate Wlder varying 

te~erature gradient which should increase fre. the .. ' . . 
boit", to the top of the -speciJllen to see if the fault 

'" ~ . 
dènsity increases with solidification distance. 

" ; ,JI 

• 

• 
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CONCLUSIONS 

The présent thesis invDi\red an investigation of the spiralling 

""behaviour.observed in certa. lameUar euteetics. 'nie systems studîed 

'" , 

0 

were systeas of low eutect ie me It ing point whose interface erysta llograph ie 

orientation relationships were previously determined. 

As a resvlt of the study, the following general conclusions 

bé made: 

(1) The Sn-Cd s)"stem does not exhibit lameUar spiralUng 
t 

• \ whether in the faulted or fault-free state. 

• 

" 

(2) Spiralling is a feature of Pb-Sn stable lamellae. The 

(3) 

(4) 

spiralling rate was observed to be 1600 /em in cylindrical 
, 

ingots (6 _. ~in diameter) directionaUy solidified at a 

growth rate of 2.3 cla/hr. tmder a temperature gradient of 

7. lOCI ca; however. when the. struct ure broke down -int 0 

1 • 

o < 

degenerate lamella~. the sY'te. failed to exhibit lamellar 

. -
spiraUing. 

Cd-Zn and Sn-zn eutectics io not spiral. ~ 
• 1. . 

11re Al-CuA12 syste. spjJ{'ts dur'ing growth although the 

rate of spiralling is lower than that observed in Pb-Sn , 

for! s!aUar gTowth condit ions. 
, .. 

(5) 'I1le spiral growth analysis leads to the following conclu-
.. 

sions whkh are in agree_nt with the experi.ntal results 

obtabed: 
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, 

(i) The Sn-Cd, Cd-Zn and Sn-Zn systems shou1dJlot. . 
exhibit lame Uar spiral.ling since the preferred 

growth direction of the individual phases lies 

,within the habit plane forming the' soUd/solid 
L 

interface boundary. 
~ 

(H) The Pb-Sn systems. should exhibit lamellar spiralling 
.# 

"-
(Hi) 

when forming stable lamellae. The crystallographic 

orientation relationships for the degenerate struc

ture have not yet been investigated so>th:sno pre-

dic~ions can he made .in this case. ' 

The AI-CuA12 eutect ic i5 expected to 5pir e to 

the exi5ting y-component of growth the magnitude 

of which, being smaller than that' predicted' for 

Pb-Sn, probably indicat~s a lower spiralling rate. 

Uv) The A1-Ag2Al system is also predicted to spiral àt 
II( 
a faster rafe than Al-CuA1 2 " 

• 

(6) Growth conditions ,affect lamellar. spiralling in the following -
w8.Js: 

t 
(i) An increase in te.perature gradient leads to an 

,incrèase in,spiralling rate ~ccompanied by an increase 

in grain lIlisorientation and subgNin density. This 
" . , 

indicates that spiralling takes place through faults " 

without i.plying that the presence of faults neces': 

... S'tt-.nNa,mel1ar sptralling since Sn-'Cd, Cd-Zn and 
< ') , 

Sn. Zn faulted grains failed ·,io exhibit 
'" , 

lall&Uar 
, 

spira 11 ing" 

1 

a 
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• 

• (H) YaryinR the mold shape chanRe5 the spirallinR rato. 
" '-.. . . 

In rectangular Ph-Sn ingots (2 cm x O.S'cm x'20 cm) 

directionally solidified at a growth rate of 1. 7 cm/hr. 

° under a temperature gradient of 4.0 C/cm, the 

spiralling rate was observed to be lower than in 

the case of cylindrical ingots (SOo/cm vs. 160o/cm). 

It seems, that by making the samples flatter, the 

crystallographic orientation relationships are 

varied due to the different heat flow condit ions 

result ing in a small~r y-component wh ich leads to 

a lower spiralling rate. In fact, perfect grains 

were ohtained in very thin Pb-Sn films in which 

the interfa~e crystallography indicated that hoth 
J 

the Ph- and Sn-rich phases grow in the directions 

aperative under un~oupled growth,conditions. 

(Labulle and Pet ipas 1975) 

Lamellar bending across transverse sections was ohserved 
~ 

in aIl the systems investigated (except Sn-Zn) whether 

they spiralled 01':' not. 'Ibis seems to he' associated with 

eutectic growth and Is prbhably not related-"to spiraHing. 
\ 

111e bending effect 1s believed to he caused by a stress , 
• 

gener,ated either at the.solid/liquld or solid/so11d inter-

face by therul effect$ or as a consequepce of atomic mis

_tcb across the lUellar interface. 
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SAMPLE CALCVLÀTION OF SPlRAL GROWTH ANALYSIS 
FOR 

THE Pb-Sn INTERFACE 
(HqPKINS AND KRAFT 1968; HOPKINS 1967) 

LAMELLAR INTERFACE '-II (111)Pb Il (011)sn STATEMENT A 
'. 

GROWTH DIRECTION Il [ 2111 Po Il [ 2111 Sn S rATEMENT B 

,. 
" ~ __________________ -J 

(a) (b' 

Figuré showing planes,and directions in contact at ,the solid/so1id 
interface boundary: (a) Pb; (b) Sn • 

• 
According~o Figure 4.1 and the above figure, the nominal 

) 

growth directions [211}Pb and [211)Sn described in the B Statement 

coincide vith the z-axis; While the lamellar~ interface (x-z. plane) i5 . , 
parallel to the (ïll)Pb and (Oïl)sn planes. Knowing that under uncoupled 

, 
growth conditions face centered cubic (Pb)' and body-centred-tetragona1. 



-

(Sn) ~etals tend to grow in' the <100> and <110> directions respectively" , \... . 
then the angles a, B and y formed by vectors A and B representing each 

phase preferred grow~h direction and by vector R, ~hè ~ultant çoupled 

growth driving force can be determiMd. 

Let's consider each phase separately: 

(a) Pb - within the <100> preferred crystallographic family, t!e- [100] 

direct,ion is the closest to the [211] nominal growt,h direction 

coinciding with the z-axis. 

y - angle between [10<11 and [211] (z-axis) 

.B ~ angle between C 1001 and lT11 1 (y-axis) case -(1) 

angle bf!tween [1001 and [ln 1 (y-axis) case (2) 

a = angle between [tool and x-axis •. Can be determined knowing 

y and a. 

ln geneTal the angle between two directions ts giyen by: 

COS 9 -

For cubic structures where a - b - c, Equati6n (1) becomes: 

• 

(1) 

(3) 

1 • 

• 



" 

, ~ -----

.-

(b) 

• , 

, 
50: 

cos y 
• 

+ 2/16 and, y ""'-' 
. 

cos 8 - + 1/13 and 8 - 125.26° .. .--eaSe (1) 

- 1/13 and a ~ case (2) cos 8 

From th~ direction cosines relation: 

.-Cos 2
a + cos 2e + COS

2
y - 1 

2 . 2 2 
cos a - 1 - cos y - cos B 

. o~ 

.' .COS
2

(l, -'. 1 - t - 1. - 0 and _~------ 90 

•• 

(3) 

" 

Sn -

. --------~---~-----~ 
within th~:l~~ preferred crystallographic family, the .r 110] 

direction is the closèst to the [211] nominal growth direction 

coinciding with the z-axis. 

a - 5.8311 AO c - 3.1817 A
O Cc/a)2 - 0.298 

(no correction made fo~ither temperature or composition) 

~ 

For ~etr;gon~l stTUctures where a - b ~ c, direètfons are 
"" 

perpendicular ~o ~nes having the seme ~i11er' indices onl~ 

'when the c i~is zero. When inde~ c.j. 0, the direction 

normal to (hkl) 
. , 1 

plane will have Miller indices [ hk 2 ] 
1 (cial 

(100) but '·[21 ~2] is' (i.e. [100] is perpendicu1ar to 
, (c/a) 

perpendicu~r to (211» & , 

Y s ang}e between [110] and [211] (z-a~is) ~ 
, .' 

,6 = angle be.tween IIIO] and [oÏ 1 ] (y-axis) case (1) 
(c/a)2 

, angle between ~ 110] and fOl I) (y-axis) case (2) ; 
, (c/a)2 

CI :: angle between hlO] and x-axis.· Can be dotemined knowing 

y and B • 

. . 

~ 
'--- -



" , 
Î,j 

) 
1 

'j 

i 
1 

, 

1 

• 

, , 

-

ln the case of tctragonal structures, Equation (1) b~comcs 

.L 2 2 2 2 2 .l 2 2 2 2 2 2 
ru 1 a + u2 a + u3 c r v 1 a + v 2 a +. v 3 c 

50: 

èOS y - + 0.9216 and y - 22.83 

cos a - 0.3387 and" B - 109.80 case fl) 

~ cos a -, + 0.3387 and $ - 70.20 case (2) 

cos Cl - .+ 0.1194 and Cl 

l 

the rcsu1tant r,rowth force, IRI. is determined oy .,ding vectorially 

-+ • -+ 
vectors A and B taking into account 

(Pb - 37\, Sn - 73\): ,,.., 

the phase~ volume fractions 

(4) 

• 

(Sn) t" - Ali + A2 j + A3 k 1.7 units of ~èf (5) • 
..... . 

"(Pb) B - B1i + B2j.+ B3k 18~ -. 1.0 units " force- (6) 
0\1 • 

B. 

• A~ 

IRI 

The ~gles 0, 

• - IBI cos (l B
2 - IBI cos B B3 - 18 1 cos y 

- lAI cos (l A2 - lAI cos ~ A3 - lAI cos y 

,.. 
~A1; + 8

1
)2 + 2 • - (A2 + 82) + (~ + 83)2 

i and y that R foras with the x, y and z axes"are given 

1 
_.' 

(7) 

by: • 

_.--~ 

.. 

~\ 1 

'. ~; ~ 

~~~~ ____________________ ~I.· t. 
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• 
1 

~ 

COS a cos a' cos y -
(Al + B3 ) 

IRI (8), 

1 A~+ BI' bei the x-component o~ 
'. 1t-2 + 8

2
1 "being he y-component of R 

\ 
IA3 + 83 1 being the z-component of R 

-
Subs~i~utin'g the _lues of a, a and' y determined ,for ~~~s A and0B 

" 

in Equations (7) and (8), w.obtain: 

• • • ~!~~_1n 
"- IRI 2.67 'units -,. 

0 ,... a 83.06. 

Il a - l1S.61~ .. - 26.670 ,'1( .. 
+0~322I x .. 

y -1.lS4j .. 
+2.385k z, -

\ 

of 

W' 

" 

force 

fi 

17 

,. , 
~!~~Lal -

~ IRI 2.67 units of force 

a 83.060 

B 64.390 

~- 26.67
0 

.. 
+0.322I x -.. 
+1. iS4j y • 1: .. 
+2.385'[ z - \ 

, ·fI ,,' .. 


