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ABSTRACT

A smrvoy of tho current literature on binary <*ut@ctio 

shows that, although the simpler cutectlc isorpho lor 

produced between phases of low entropy of fusion are now fnirly 

well documented an<i understood, the earae ia not true when one 

of the phases has a high entropy of fusion. Thi» thesis is an 

attest to mrtially rectify this dearth of fundamental infonsation 

on metal/non-ffiPtal euteotic Bystcnis*

TJjo syateu aluwiniuis /silicon was r?hosen as being one 

typical of this class of fi^teotlc alloys, Mgh purity Bpeciraens 

were \Tn 1^ irrationally 6nli<1ified under onre fully oontrolled and 

treasured grcwth conditions. Th^ resultant raicrostruoturee were 

then clafleifie^ in torais of the growth variables of

R - the growth rate

G - the temreratur© gradient in the 
ahead of the growing interface

C - the alloy composition
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The growth variables were found to j-reatly affect 

the mode of the «*ut«ctio reaction and to cause not only 

changes ir the seal® of the <»ut«5ctic micros tructurc but 

to alter the form of the micros true ture as well*

The uaidireotionally grcmn 8*x»<*im«mB wcr-2 subjected 

to detailed morphological &n<* cryBtallogr^^hlo analyses and 

in this way information was obtained about the possible growth 

mechanisms of these various forms of the mit*»ctic raicrostmcture. 

The vario ;o ^u tec tic forms w$r« a« follows a

a) LonK Han^re Di.ffi38i.on

the Al/Bi ppecimpne w@r© t;nir!irectionally solid ift ad
7 rt o

above e certain critical G/R v&lue (G/M » 10 sec. C.CB""")» the 

two Auteetle chases grew by aseans of a relatively long ran^e 

t'iffysion process. Th*? almeinium phase? gr«?w with an isothermal 

interface and the silicon grew with a non- isothermal interface, 

to produce a raae&ive form of tAie eutoctic. Tho interconnected 

silicon phas© grew by a twin plane reentrant edge growth iseohanism.

b) Bhort nange Mf fusion

Below this critical r/R valn« 9 th<> -bro ©ti tactic phases 

grow by a short range diffusion process, which could be either 

steady or non-steady state r'aTwn'Uiifr on the growth conditions.
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The form of these short range diffusion tynee depended upon 

the growth fcinetics of the silicon phase and the ease of 

aluminium overgrowth.

i) <100> ^i growth textured fora

At low growth rates (B ^ lO^-Wi/sec, ) the silicon nhase 

grew by oeano of a screw dislocation kinetic mechanism and this 

produced interconnected oilicon crystals elongated in the ^p 

direction which had a <K»> Si growth texture? the width of 

th«*$e p^rticl^m bein*T affected by both growth rate and 

gradient. This forro of the eutectic silicon normally grew by a 

steady state and short ran/-© Diffusion process. CorruCTte^ silicon 

particleB were observf?H t ho^ev?r, inf?icatin^ that a non-steady 

etate .rrowth mcichaniom could aloo

ii) (lll^ Spinel twin related for®

?n the pure miteotic alloy w«a unidirectionally grown 

at higher growth rates (P ^ 3 x 10** CE/sec.) tho eutectic silicon 

phase ^rcw by a different kinetic mechanism which involved the 

use of (lll^ spinel twins. Growth was normally by a non-steedy 

state process and this produced an irregular microstrueture. 

The eutectic silicon in this form of th«» alloy was always found 

to be interconnected, even at the highest attainable frrowth rates, 

(i.e, rapid quenches) and it was shown that isany of the irregular
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silicon par tic lea £r€«w by mean** of a twin plane re-entrant edge 

roachianisra and that the vario\# particles wera related to each 

otVer via multiple {ill; spinr) twins.

In hyper eutec tic alloys this? "nr-p T.P.K.E. growth 

for tbfc silicon phase produced a steady state 

ular « true t-ure with a <!llO^> ^i growth texture 

in arHition to the Irregular form already mentioned above.

c) Ro peat ted ffuc lent ion an^ Crowth

!?o ©xp^riirsental evidence wae obtained to show tliat A I/Si 

eutectic nlloya p-v^r IT*^ "by s rjrocess of r^T>*»ated nncleation 

BTV* growth. The eut^otic silicor: phn.ee was always found to be 

interconnected •

Unidirectional solidification cxperiicGnte with the other 

F.C.C, ruGtsl/eilicon outectic ayntems (A^/iii and Au/3i) T>ro^nc<' 

niicrt>atructiir£ '8 which showed thf sarap silicon morphology and

as the? A1/!H



Fimlly, in the light of the work on the p-.,re Al/Si 

eutectic 8y8t«t& 9 «i series of controlled experiments «rer« 

o«jt cm the rac^i float ion of the elloy by itietsllic

8egi\3ltB showed thfct the rso^ifierf eut«?ot.ic silicon 

was fibrous sn 1̂ intercorjr>cctod an<^ very similar to tho 

rapidly qucnche'1 pur<? «^utectlc. It was COTJCI ud«<! that the 

addition of sodium to A I/Si alloy must produce the chan^ 

in micros true turn by affecting th«? growth and not the 

nuelection of the e«tactic silicon. Frora the experimental 

results it appeared that the eo-Uuffi was affecting th* 

growth of the «mtf>ct1c silicon by T*reierenti&l poisonirw,' of 

twir i ?ine reentrant growth eit«?e«
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This thesis describes the informntion obtained from the

investigation of ft series of controlled solidification 

experiments. The unidirectional Rolidifieation experiments *md 

the subsequent investigations w«*re designed to <Uscover wore 

about the mode of the etateetic reaction that takes place 

between isetals and non-metals. The miteotic alloy A I/Si was 

the specific system choeen to find out whether a relationship 

exists between the no^e of the eutectic reaction and the 

impose^ growth variables. Otfcer F.C.C. Bmtal/eilicon e«tectic 

systems were investigated to discover whether any similarities 

axist between these systems and the Al/fi BUtectic alloy* It 

was hoped that the results of this research would have a 

bearing on metal/non-metal miteetlo ey®t*&s in general.



(i) rm girprcfic HHACTIOW

Gibbs Phase Bule indicates that the coexistence of three 

phases in a binary ays tea at constant pressure involves an 

invariant equilibrium. Th« thr«?e phases can exist at only one 

and their oowpoaitions are fixed, Therefore, aa

invariant equilibrium in a binary systim is rejaresented by a 

horizontal tie-line; the compositions of two piiaeeB coincide 

with the extrmadties of the tie- line am! the third phase ha» 

an intermediate ooHmoeition.

The eutectio reaction results from nuch an invariant 

eq«ilibritaat the three phaens involved being two solids c* 

an<? a liquid phase L. The horisontal tie- line

the invariant equilibr^tM is called the euteotio 

iaothenn. On cooling a liquid I. through the eu tec tic isothem 

a reaction of the following type occurs.

L — * <* + p
Since the reverse reaction would take place on heating 

through the eutectic isotherm, the reaction can be written as 

a revere ib le one .

cooling
L. x o< -t Q 

heating

This reaction is the eu tec tic reaction,



Fig. 1 ahows how cooling a liquid alloy of conposition E 

through the eutectic isotherm ©inultaneoufily deposits solid c< 

of composition a and solid P> of composition b until all the 

liquid has be«^n consumed. As the «owp sition of the liquid 

and the temperature at which the reaction occurs are invariant, 

the solidification reaction has to &o to completion before the 

tewrraratwre of th« 8y«te» can be further <S«erea»eTl. The reaction 

occurs iBotheraally a» with a tnir® stetal but with a difference that 

the process ia incongruent, i.e* there is a difference in 

coiroositi">n betwoen the liquid an?! the in^ivi4ml solid phases*

The eutectio reaction proceeds by a normal process 

involving ni^sleation and growth, Biailar to a pure metal, i.e, 

it requires a certain undercooling M" before the reaction takes 

place, but with added coaplexlty owtn# to the inoongruent 

nature of the reaction. Wneleatlon is nonsmlly assumed to occur 

on a heterogeneous nucleation site in the undereooled liquid 

phase* For eu tec tic growth to occur nuclei of both phtiaea tsust 

be formed* One expects one phase to nucleate first, the second 

phase nucleating on or near the first because of the eolute 

build-up due to the growth of the initial nucleus. Once the 

duplex, or two separate, nuclei hare been formed, the eutectic 

solidification can proceed* The rate of growth of the two eutectio 

phases is controlled by the extraction of heat fro» the system. If 

the rate of extraction of heat is controlled externally, then the 

rate of growth of the outectic alloy can be raade constant*



(2) AK HISTORICAL FliT

») Early Work or the Ifeture of Futeotic Alloys

The fact that with many pairs of metals it is possible to

one alloy which has a nsinimum freezing point has been 

knoiwn since Roman ti0se»f these were the so-called 'fusible 

metals** The production of a liquid by laixinr a solid salt 

with solid ice in freezing mixtures w»s also well known and 

the analogy of freezing nixtures ind fimibl* s«?tals had been 

observed by Dobere>in«r in 18?4. In 1864 Rwdorff gave the 

explamition of th« ^"^''uotioTi of free'/.in/r faixtures 

that the point of minimira tesaperature thua obtained 

was the intersection of the curre of separation of ice fro* 

salt solutions with that of the solubility of salt in water. 

However, in spite of the work of Rudorff , the constancy of 

comtKJsition and freezing ^oint, *nd the characteristic 

appearance of the aixture of minimua freezing uoint led 

Cuthrie (1875) to regard it as a stoiciometric combination of 

the salt with water stable only below 0°C, to which he f-av* 

the name cryohydrate. In his lat^r investigations the complete 

resemblance between the behaviour of cooled salt solutions, 

alloys and Mixtures of fused salts lead Guthrie to introduce



the word eutectic (1884). Once It was Rhnwn that eutectio 

sydtttB* wer* widely observed and that the deviation from 

simple molecular ratios was often very narked 9 the composite 

nature of euteotie Materials wan readily admitted. The 

incongraent natiire of the ©uteetie reaction was not proved 

until 1895 when Ponsot showed by microscopic examination 

that freezing nixturea consisted of distinct crystals of 

ioe and salt* However* the idea of atoiciometry for eutectio 

alloys has continued on (Gtockdale 1935» Kuae Rothery and 

Andereon I960) and as recently as 19&5 a review aentioned the 

possibility of stoiciocifltric eutectio alloys.(Chadwiok 1965)

b) ?«arly Clasajficationa

Once the incongruent imture of the cutactic reaction 

was proved v class! float ion of the ^ide ran*-e of observed 

Bierostmctur^s wae be^tan* ?h*»se early olassifieations were 

frow «tjteotio alloy eastings and depended very «ich on the 

author^ persoiml preferenoes on the observed ralcroatruoture. 

(Desch 1910, Vogel 1912f Lft«plo«gh and Scott 1914) This fact 

was noticed as early as 1922 by Bratly who remarked that "such 

classifications all have the aerious ^i«advantage that they 

fail to acoount for the structures by a consideration of any 

physical property of either of the constituent phases,
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«*r*ly divide thon according to superficial appearance", Brady 

attempted a class! float ion based on the surface teneion of ths 

pure components of the eutectie. This was not successful as 

the parameter affecting ahaps would be the surface tension 

of the phases rather than the ptir*? components. Ironically 

the 'superficial* classification that thia paper produced was 

adopted, i.e. globular, lamellar, angular and crystalline. 

Subsequent early classifications still kept to the superficial 

appearance approach.(Portevin 19^3» Green 1925)

o) later Classifications

In these later classifications further attempts were 

made to explain the observed mlerostmetur© in tense of oosw 

physical property. In a series of papers by Scheil (1946, 

1949t 1954) and the Koflsrs (1950, 1954) a new classification 

WAS presented based on the form of the phase diagram. The 

vclu»e fraction was thought to be an iBir?rtant variable as well 

as the undercooling at which the eutectic alloy soli^ifie^. Th« 

theory «ugg«st8 that when the liquidus lines are as^yBKsetrical 

with respect to the eutectic alloy, the two phases cannot grow 

simultaneously in a 'coupled 1 form at lar^e undercoolings in th« 

eutectic ratio. The phases might grow in the coupled form at



large undercoolings, if the composition were not the equilibriun 

eutectic composition. This work led to the classification of 

em tectic systems as nortaal and anomalous* Korwal eutectice 

solidified Biault&neouf)l.y with a common growth front, while 

anonalous eutectics solidified with l^ss coupling of the phases 

and did not have a eosnaon growth front.

A great improvement in the understanding of the eutectic 

reaction «n<1 the variois microstrnctiires fonaed, o&me when the 

effect of impurity on ©uteotio growth WAS realised* In 19^ 

f«art and ^ack showed that «ut®otio colonies were tiae result of 

the cellular interface produced by thfc constitutional supercooling 

introduced by iapurities.

Another tsajor advance was in the unidirectional 

solidification of euteotic alloys* In this way it was possible 

to separate the nucleation event of the mat«?otic reaction from 

the sybeeqxient growth event and to observe how th® structure was 

orientated to the growth 'direction.

these major advances led to & new series of classifications* 

The first was by Tiller (1957b) who used concepts eaployed in the 

theory of constitutional 9UT*»rc©ollng as developed by Hotter and 

Chaliners (1953) a*w* Tiller et al. (1955) as well as the analysis 

of eutectoid growth by Ken«*r«(l948) Tiller divided eutectie 

alloys into two simple classes; the lamellar structure which he 

predicted could become rodlike and then globular with increasing
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growth rates, and the anonaloua structure in which the second 

phase would nucleate in the liquid to &ive r^n-lowly orientated 

non-interconnectad t»rticles of this phase*

Chadwick (1963) classified euteotio alloys as continuous, 

dieconttnuoua and spiral* Lajaellwr and rodlike eutectics are 

clanr-ed as continuous; discontinuous eutectice are those in 

which one phase is thought to «*xist as discrete random ^articles 

in a matrix of the other phase} and spiral eutectlos are those 

in which the plmnes spiral round each otiisr* This classification 

is again based only on superficial appearance of the entectic 

structure an<3 as such Barks a retrograde step* A classification 

gyst«m i« required that will enable structures to be predicted.

Oundq^iatf Bruscato and Mongolfo (196?) classify eutectics 

accord lr\f to the nuoleation behaviour of the two phases* Boraal 

eutec tics occur when one pha**s nucleates the other and both grow 

sifiultaneouelyi anomalous cnatectica occur when both phases 

nucleate Indeir^ndcntly eo that there is no definite orientation 

r^lntionship between the two phases. The third classification 

is the divorced outectic in which the second phase only 

mteleates "hen tho first phase has completely froxefu

^avios (19&4) used the classification of normal and 

anomalous but said that the utruetur depended on the ratio 

of a lag/lead distance between phases (d) to th© interparticle 

spacing ( X ). ^hen d/X is less than 1*5, the eutectic
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ia norml and when greater ther» l.S th* rutentio IB anomalous. 

d/X was written in t0r»a of tha 8har»<» of th® phase diagraau 

Ttie abov<» approach of T>avi«« ia very siisilar to one of 

Btfll and Win«gar<! (l965c) who have recently Billeted that the 

•oot iiop^rtant factor in eutectio growth is th« distribution 

coefficient, nine® th# distribution coef r ici«nt» crontrol th« 

ahea^ of each ph&se. Th« un^orcoolin^ in tn^n 

th« growth of each r^haee awoh am it would ^o ir> the 

alloy system. These authors draw STI arwlo/^y between 

plan« intrr.far* t o«»llvlaf f dnn^ritic an^ c^qtaiaxed stmoturet? in

solution alloys an* tii*? lemollar, ro«111ke t cryetallo^raphiq

st^jjoturea in <mt«ctlc py8te«».

All th« above systems of classification should hay© etowi 

that could b® us«M for nr^di'tion but in fact th^y only 

r«pr«(»ent part of the variables controlling euteotic growth 

raoT^holofy an^ a» nw h ar« unr«ltable. Thar© is at present 

only one cla«3ification system that ia powerful enough to allow 

prediction and that is th* on* 'hie to Hunt and Jackson (1966). 

It ia this classification syatojri that has bee?n adopted in thin 

thealf?. 7h^ wcakt^asea in the oth«r ayeteuii' will be mentioned 

at at>T)roT>riftte r>lac«B in the thesio.
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(3) THK ABOPTTD WTSTIC r^SSlK

Jackson, (1957) following Burton, Cabrera tind i-rank (1951 )» 

#Towin# »ingl«* phase materials into two claseoa

on a factor c< whirh waa almost th« entropy of f union.

R
is thf» ontropy

of fuoion in ^iraeneionlaaK \inits and ie a crystallographic 

factor ^hioh ia less than and alo^st one, I'oat non-m^talB have 

hi*rh entropiea of fusion ( oC. greater than 2) and grow with 

cryatallino facets. ¥oet rentals hav« low ' ntropies of fusion 

( oC lece than 2) and grow reasonably isotropically with no 

facets*

Hunt and Jaokson (1966) proposed that matectics *aay be 

classified in a similar nam^r. Th«|«ar« therefore, three 

groups of eutecticj those in which both phases hare low 

entropiea of fusion, those in vhich both phases have hifh 

entropies of fusion an^ tho*« in which one phaee has a high 

and th« oth^r ->haa* has a low entropy of fusion.

Th0«o thre® /^roup* of eut^ctica will now be 

in turn anr' a review given of the general state of 

in each of these
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For aach of these groups the outeetic re^cti m can be

«nvica,»;ei! to occur by any of three ba«ic growth iseo

e ar«*t

i) IiKtependimt, or separata growth of th« 

two phases*

ii) C$-op€rativ» or coupled grow th f 

steady or non- steady

iii) H«?peated nucleation and growth.

The growth mecharia® that i» observed in & mrticular

alloy systeas will depon^ on th© «*ntropy of ftision 

of the two oha»e& fencl po«»ibly the variables of grt^wth rate, 

t««p«ratur« gradient in th« liquid ahear* of the growing 

Rolid/liQwi^ interface ant? the alloy coaposition of the 

eu tec tic et*ei**ii*
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a) Roth faceted/non-faceted Kutectio Growth

As mentioned above, this group of eutectic is foroed 

between phases of low entropy of fusion. Petals fall into 

this class and by far the greatest amount of recent laboratory 
work has be*n carried ont on these metal/ &etal cu tec tics. (ee« 
Chadwick 1965 for r«Tiew) However, e>ut«etic systems between 

other aateriala of low entropy of fusion have been found to 

exhibit identical euteotic morphologies, e.g. alkali h&llde 

©w tectice (Cooksey et al. 1964, Pinfold and liellawell 19b^) and 
organic outwctice in which the constituent phases are spherical 
mo]o-'u SB with rotational degrees of freedom*(Hunt an«l Jackson 1966) 
fhis i^roup of 0u toot ice appeara to ^row by only one of the above 
growth reechanifiOia, that of steady state co-operative growth. 

This Man a that the triple Junctions at the growing eutectic 

alloy interface ar<» stable and that the short range diffusion 

distance ie constant with tirae and a regular BiiCrosti-uctiire is 

produced. The prireo r*»quir««ent in this ^errowth raecha^isB is 

•olute distribution and the growth of th© eutectic alloy is thus 
diffusion controlled, but a balance is reached between a ninimum 

diffusion distance and a Minimnn interfacial area, such that 

growth occurs with a minima undercooling. This undercooling is 

am Her than either of the euteetis phases would have if they 

w«r« to grow independently. The theories developed to explain



this form of mitectie growth contain certain assumptions. Those 

»r« that both phases grow isotropically with negligible kinetic 

undercooling1' and that thf» eutectic Bolit/liqvifl interface is 

isothermal. To maintain the isotherm! interface across each 

phase it has be**n propoa<*rt that cownosltioniil variations in 

frepfcinjr teurperatur** ar^1 balanced by curvature vacations*

The regular eutectic raor'nhologies that are nro^medl are 

of two typwn, ®ith«r lansellar or rotfllke, depend ins on the 

volume fraction of the mjteetic phases.

Frttnk and Puttick (1956) showed fro» a co^siaeration of 

eurfaoa area (aw«! heno^ surface energy if the isaterial is 

assuaed i»ofcropio) that bflow a volumn fraction of 0.?8 t 

woul^ ho the Bore stable forw for R ^iven interpartiole 

In practice, laro^lltsr ^xitecticp arc fouiv! at low«r volume 

fractions than 0.28. This is because the energy of the interface 

between th© eutectic phases r!©p<?nds on its orientation rrlative 

to the crystal lattice of th<* two phases* In tfoe lamellar 

etitectie, a low energy plane can e«*rve as an interface and thus 

acts as a stabilising infliwmce»(CookB«»y et al, 1964) It hs» 

been sbrwn that the phsme 't>haB<> interface in these eutectics 

consists of low energy planes or puck«r®<3 1«* ^ner^ planes 

that ar orientation relaticn^hip exists between the! two
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phases. (Strauraanie an^ Brakes 1937$ Ellwood and Bagel*/ 1949? 

Xraft 1961, 1962t Lewkey, H0rt«berg and Ford 19&5) ^«cb an 

orientation relationship moat probably indicates nu^leatioyi of 

the second phas*® on thfc first* the subsequent growth saaintaining 

the orientation relationship of the two phases.

Various theories have been put forward to ^aqplain tl$e 

Icjsellar —* rod transition sometimes observed in this group of 

«ut»ctiea. tiller (I957»)f Chalis0rs (1959) and chatteick (19o3) 

p\it forward the theory that it wms Differential short ran*j:e 

constitutionBl nupercoolin^ that causod th« minor euteotio

to £TOW nhead of th® other and aaauise a radial diffusion 

and thus a rodlik« Korpholof*y. Th« theory was not 

backed with reliable ©3tp«ri»«ntal evidence however t and Runt 

and Chilton (l%5), r*y and Hsllawell (1964) and Hunt (1966) 

have «hown that the breakdown from la&ellae to rode is caused 

by the production of a curved solid/liquid interface, either by 

means of a constriction or by production of a cellular interface* 

The curved solid/liquid interface causes a loss in ^referred 

orientation between the pha»e» that r**ulta in th«* rodlik© 

«ut^ctic beiiy the aorr stable for®. The observed breakdown 

upon cell formation of @ut<*etiee with voluiae fractions greater 

than 0.28 is oauaed by an incr«a»e in interlamellar spacing at 

c«ll «dge» that doe* not coincide with the increase of solid/liquid
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interface of the coll. Thua, the ability of an impurity to 

ffio<Hfy a laaellar out« tic is determine only by its ability 

to fora impurity cells.

Is) Faceted/face te/1 F» tec tip Growth

This group of matectins in fourth with non metallic* eysterns, 

since thime material**, usually have hip;h *mtro;oie» of fbcion* 

systems that have been imr*»»tinted have Hfiinly been 

or^nic Emteriale (Booch»ar 1^54* Pftnfoltf 1 Q64 er^ Hunt 

arwl Jackson 1966) but Bra<1y f oven a* early as 1322, noted the 

€xist«mc<? of this class of oiateotic and nontinned that imny 

ign«o^« rock eutoctics belonged to th« class*

In th»s© «?utoctic alloys both r»l-nEi*»0 (rrcm 1ti a faceted 

uanm?r and the growth aechanisra of the @uteotic reaction can 

b« either independent growth of the two phasos or repeated 

nuoleation an<1 ^owth.

Tyi v e independent fTowth rc«Bohani8K the two phases grow 

fairly near to each othor, although thciy are not necessarily 

in contact| neither ia the solid/liquid interface ieothcrraal. 

The Diffusion ^iBtanoes nr« lar*:* coapar^d with th»? r^gvlar 

structure** above and th* micros true tures often apr>ear aa ln
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of both phases. If these sy» terns arc subjected to high 

growth rates, nwleation can o^our »hea^ of the growing 

interface and aphcrnlitie growth in ohactxwU (Jackson 1966) 

Growth is th«n by a repeat*** nucl^ation and growth une

c) *Toc-**see ted/faceted £.rtectic Cre»tb

This thir<! group of «»ut«otic alloys ie found between 

anrf lo« isntroTiy of fusion isaterlals. th« ««Jority of the 

previous work ha» been on ffi^tel/non-m^tal »yst»aei c

and l!^llawi»ll 1963, l%5l lakeland 

Brighaic, f^^^y an<? Kirkaldy 1966) 

an<3 Al/-ĉ  («M5^ section 1.5) wtt «?orir has also been carried out 

on thn offmnic &9mlogu@B. (Hunt Rnrt Jnokson 1966) Th« 

wioroiitrtiottjroB of the»«» alloya, ^hich are notoriounly 

to t-rorath oon^itione, indicate that <Hffer«*nt fpwfti 

b<? oT*<*rativQ in thiB irrmip. The thr«N> b? sic growth

po«tulttte4 above will now be 3i»cu»Be^ in turn*

i) Independent or *5©narato Growth af th« two phase®

This Tiechani?n wo'jl^ bfi very similar to th^ faceted/ 

eutectic growth describ«^ above with each of the
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•utectic phases jTowing inrfeD^n^ntly su* if const;; tutionally 

tmdercooled by the other. ffho ^.rcwrth process would be non 

co-opemtive and diffusion dlstnnooo would be large. '"bore 

arc no reports, ae y*t, of non- face te<c!/ faceted auteetic

by this raechaniaw. 

ii) Co-operative Crowth of the two j'hases

l*M<s "M»<-h»niew io very sirailwr to the lamellar

growth die cussed above. Growth ia by a short range 

<Uffu»ion r>roe«88 f but the fTovth intorface neer not be 

iaotheraial. Growth is dominate^ by the cryatallographic 

limitations of tht? hi^rh entropy phase and can be of two 

ty^es. Either there ia a non-steaoy state diffusion process, 

in which oaso an irregular intercorvneetGrf fftcete?? stiructixre 

i» T*ro^uced, or th^re is « st«a^y state diffusion process*, in 

which caee a complex regular faceted structure io forsied,

The irregular interconnected «ut«ctie has been a 

matter of much controversy. ^e/C mitctotic is now believed 

to form thi» etr«ott«re (Bunin et al. 19551 Oldfield 1960| 

L»kela»d 1965 i Bri^iaa, Purdy and Kirkaldy 1966), but th«

still exists with other metal/ non- ruotal «*uteotic 

t eapeoially Al/S>i, »nd Bocie of these sy®t«wi Bay well 

grow by oechaniem iii mentioned b«low.
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Complex regular structures are sometimes produced in 

these eutectic systems, particularly when the alloys are 

slightly rich in the faceted component. These structures 

with a steady state diffusion field usually comprise small 

groups of parallel faceted elates which are attached to central 

spine plates to produce feather and web-shaped particles.

iii) Repeated Nucleation and Growth

This growth mechanism has been the frequently accepted 

one for metal/non metal eutectics, with nucleation of the 

non-metallic phase occuring continuously ahead of the growing 

interface.(Hardy 1951, Tiller 1957^ and Chadwick 1963, 1965) 

This mechanism has been put forward because there appears to 

be no orientation relationship between the two eutectic phases 

in metal/non-metal systems* (Straumanis and Brakes, 1937* 

M«ussner 1959b) The fact that no orientation relationship 

exists is taken as indication that the two phases nucleate 

independently. However, this separate nucleation does not 

mean that repeated nucleation is required for a growth 

mechanism to operate. Both mechanisms i and ii discussed 

above are possible with a separate nucleation event for each 

of the phases followed by subsequent growth of the two phases.
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A repeated nucleatlon and growth naochanifim would 

a randomly orientated and non- interconnected faceted phase but, 

except where careful studies are carried out, it is not 

to tell fro* a polished surface whether this, or the similar 

irregular but interconnected faceted phase, has b««m formed. 

Spheroidal growth is the only obvious exaaple of this growth

The eu tec tic classification given above is shown in

form in fig. 2. The relationship of this 

classification to other current forms is also shown in the 

diagram and it can be seen that classification^ prior to Hunt 

and Jaukson (1966) were usually based on factors that depended 

indirectly on the entropy of fusion of the constituent phases*



(4)

It baa become increasingly ap mrent that while the 

non- face tcd/non- face ted *m tee tic aysteas are now quite 

urderwtood and <3octtaente<! f the saae is not true for the wore 

cosrplox non-facet®''/*'*0**^ autectics. Although a very lar#e 

aaonnt of literature has b««?n published OR sone r^etal/non-oetal 

systems, e.g. Fe/C and Al/Si, th« vast a»jority of this work has 

been carried otit on laptops castings and eo has contributed little 

to the understanding of the growth raechanisiai! of non- face ted/ 

faeeted euteetics. It was therefore, decided to carry out a 

series of controlled solidification experiaents on such a 

metal/non-metal eu toe tic system in an attempt to r!incov«r what 

the frrowth fssechanisa of the mitectle reaction was arse11 whether 

charges in th« variables of growth rate, specimen temperature 

gradient and alloy cosTKJaition could change th« gr<?wth ra^chftnlsm 

of the system.

The ^titeotic system al'miniun/silicon was choson for thia 

investigation as it is the one usually cited as a typical 

exaapla of a w«*tal/non-E0tal euteotic alloy.

Ftirther invests ;.mti»n8 were carried out on «>th*r sirailar 

eutectic systens ©uch as A^/Si, At/Si etc. with the object of 

producing a better understanding of non- faceted/face ted eutectlo 

growth.



(5) mFvrnis WORK ?m THE .*aw;£TTr srryy. AI/SJ

a) The Phase Diagram ...(.fig. 1?)

T?«rly work on the mit»ctie a/attn gav« widely varying 

eompoaitiona for the cutiwstie point. Prior to 1950 the *a»t 

eoiMivtent value quoted in the literature waa 11.7 *t«^ Si. 

(Hansom 1956) However, MeuMiiftr (I959a) r^deterained the 

autectic point in thia phase f'iagxaia. He four»<! Uiat the 

difficulty in detraining th* eufceotic "owpoaition is du« 

priaaarily to the at«i@p silicon liquidua ctxrv© and tti« 

of nuolaation of priaarj silicon Curing eooling. Thia 

thermal analysla of hytMjreutectic alloya wory unreliable. 

quo tea a eutectio reaction at 12.7 wt.^ Si and at

577 C. These valuca w*re obtained froa thermal data on 

hyjx>*utectic allo/e and equilibration stu^iea over a wide 

rang« of compositions. 7on« levelling ex^erimetita by K©rr f 

Bnll an«! Winagari! (19^5) confirm the eutectic eompoeition at 

12.7 wt.$ ailioon. The range of solid solubility at the 

etit»ctic iaothers ia very earnl! for both th» «utectlc phaaes. 

Tn« solubility of silicon in alxminium being 1.65 wt«^ silicon, 

aiv! th« solubility of aluminium in silicon being quot«<i at 

around a 001 wt.# al\a8iniu». (Klliot



b) Solidification of Al/Gi Butectio Alloys

Very little eaity work was carried out on aluoiniua/silloon 

eutectio. In 1891 £lnet recognised that an abnormal mode of 

cryetalliaation could occur in the alloys of aluminium and 

aiHeon. Interest in the s. stea wa» revived in 192 - when the 

commercial t>otentiality of this alloy was realised. In that 

yomr Faca discovered that the raeohanical properties of the 

aluwinium/silicon «lloy could be ?q?catly improved by th© 

addition of a small quantity of alkaline fiuorid«. This proce»t 

Bubrs<>qr,ontly becasw known as "asodification". B»cai^e of the 

complications and the great amount of confusion that has arisen 

out of th* rr«*vio?i8 work on codification, this literature will 

be reviewed in a later chapter reserved *mtiraly for these 

•odifioatlon proble»0. It waa felt that Modification could 

only fc* understood properly if the growth of the pure euteotic 

was understood. This present literature review will concern 

itself only with the pure sntectic.

*!?b* »ajority of these early papers are concerned with 

the modification of the alloy an^ very little work appears to 

have been carried out on the pure euteotic.
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In 1937 Strauaanis and Braiaa unidirectionally solidified 

the eutectic and show** that the micro*truetur* was still 

irregular and that the silicon phase appeared to hare no 

preferred orientation. They found a OO)> Al preferred 

erientatigrrnit this is now accepted as bein^ due to o< - Al 

dendrite formation* (see section IV. 2.) It appears that t 

unlike lamellar ©uteetics, no orientation relationship exists 

between the two eutcctic phases.

Thall and Chalwers (195'")) said that the solidification 

of the eutec tic could be represented as in fig 3a» The rate 

of advance of the interface dependiiv: on the balance between 

the rate of heat flow frow the liquid to the solid throutjh 

the interface, and the magnitude of the latent heat evolved 

^urirv; solidification* Under otherwise similar conditions the 

interface should advance more rapidly the higher the thermal 

conductivity and th« lower th« latent heat of fusion. As 

the thermal conductivity of aluminium is greater than silicon 

and the latent heat of fusion less, Thall and halaers say 

that the <*• aluainiuVli^11^ interface should advance aore 

rapidly than the silicon/liquid Interface.
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Thus, during solidification the solid/liquid interface 

would not b© flat and th<* lead of the aluminium would increase 

with higher rates of cooling. From this model it is obvious 

that Thall and Chalmers thought of the «u tec tic as interconnected 

at th<*se low growth rates and even refer to the eutectic alloy 

as lamellar. At high rates of growth the aluminium lead should 

be such that the aluminium overgrows the silicon and further 

growth requires repeated nucleation, hence a very fine struct-ire 

is produced. (This theory was adapted for sodium modification • 

see section VII 2.b.)

Hardy (1951) com «nted that as there was no easy Hatching 

plane of go *d atomic fit in the aluminium and silicon lattices, 

a •schanlam by which one eutectic phase nucleated on the other 

was not to be expected. Solidification would, therefore, take 

place by the independent formation of nuclei of aluminiua and 

silicon and should le»rt t therefore, to an irregular strrsctursu 

This does not follow as we have already pointed out in section 

l.J.c.iii

Khines and Timpe (1957) studied the form of the evtactic 

silicon by dissolving away the aluminium isatrix in HC1, anr? th#y 

noted the faceted nature of the extracted



Oblnata and Xoaat&u (1957) carried out similar work to 

Rhines and Tirape but aloo subjected the extracted particles 

to X-ray and goniomotry studies* The eutectlc silicon was 

from a variety of furnace-copied and sand cast 

with various iatmrritias adde'. A wide range of 

sutectic silicon morphology was observe?^ the crystals being 

ither prismatic with $111^ growing in a ^110)> direction, or 

granular with ^llll and (lOO] faces, or a plate-like form with 

{ill} face* in which one pair of faces, which were parallel to 

•ach other, were developed*

Tiller (I957b) also took the view that the eutectic 

reaction in th« Al/Bi system was bec»i«9© the primary phase 

was unable to serve as the nucleating agent for the second 

phase, and that the rscond phase nucleates h«tero&en©oii8ly 

in the liquid. The nuclei wonld of course be randomly 

orientated and would #row rapidly to reduce the undercooling. 

Because of the anis^tropic growth characteristics of silicon 

this woul-1 lead to needl«-like, plate-like or angular r«rtiolesf 

but would result in a random orientatior of non-interconnected 

mrtioles* Tiller also added that this loechanisia was only 

inferred from the gaomfctrioal shame of the particles as revealed 

on a polished section and from the fact that no preferred



orientation was obtained from the X-ray work. As aentioned in 

section 1.3«c.iii» this evidence ia not enough to determine 

whether the silicon in interconnected or not.

Flush and Lewis (195^) s.l«o favoured a repeated 

nu cleat ion and frrowth process for the euteotic alloy but 

said that growth was securing by a cyclic freezing pattern 

in which the two phases nucleate alternately.

Mw-ttsaner (1959 *> and c), following Rhines and Timpe and 

Obinata and Konntsu, also conducted some silicon extraction 

experiments but confined himself aainly to priraary silicon, 

which be noted was heavily twinned, Fron the similarity between 

primary and eutectic silicon Meussmer inferred ttmt the euteotic 

silioon was most probably twinned a® well. i>roa his extensive 

research project on tlie cast eutectic, Mewssner stated that the 

formation of the irregular eutectic structure is the result of 

the disparity in the nucleation and growth characteristics of 

the constituent phases. The tuteotic silicon phase not only 

nucleates readily but grows rapidly into a branched plate 

structure which projects ahead of the eutectic solid into 

the liquid and the eutectic Al-phass is relegated to the role 

of forming the Matrix around the existing silicon plates. The 

eutectic Al*£rains are, according to Meuesner, nucleated on 

the 8'xrfaoes of the silicon plates and ^row alon^ then. The 

branching of the mitectio silicon phase effectively restricting
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the growth of the eutectic A1-phase. Since the continued 

growth of the eutoetic alloy is said to require renuclcation 

of the Al-phaue beyond the obstructing silicon plate and since 

no preferred orientation relationship ap; ears to exist between 

the aluminium and the silicon, the eutectic Al-grains of the 

matrix are email and randomly orientate- . Metxssner also 

observed that eutectie silicon grow* out from primary silicon. 

Thia is an important paper einoe it states the controlling 

influence the eutfcctie silicon haa on the eutectic morphology 

and restates that the euteetic silicon phase ia moat probably 

intcrcoorected. !fh© evidence for interconnection is a 

photograph of the top surface of a solidified ingot which 

purports to aha* continuity of th» eutectie silicon. The 

®vi£«snee ie by no mean® conclusive. Qhosh, Wilcock and Kondic 

(i960) aleo state that the silicon partiolea jppoar to be 

int^rconnected.but the evidence (silicon particles of similar 

orientation each sid& of an o(-Al perticle) i« a^ain not 

conclusive. (sr?e section III.I.)

Cbadwlck (19^3) in **is review, hewevor, reverte to the 

repented nucleation modi?l and says that Al/Si eutectie growth 

is by a non steady state co-operative process, sinc«fc the 

eutectie silicon does not grow normal to th© solid/liquid 

interface, ;*hen thf separation of silicon particles becomes 

greater than the characteristic of the particles imposed



growti. rate, r\ew silicon particles nucleate in the region in 

betwetm. The growth process is thus a constantly repeating 

cyele of renucleation of Si particles whenever it is necessary 

to keep the interparticle gracing at the required value, 

(see fig. }b.)

In a later review paper Chadwick (1965) rop^rts soae 

personal experimental work an^ states that extraction has sho*m 

that the eutectie silicon ^articles are not interconnected and 

that the individual articles either nucleate separately or 

originate from the fracture and subsequent iqrawth of a parent 

jwrticle. This work was on a hifrh purity \midirectionally 

solidified alloy and r*:5 presents cnt of the few papers published 

that does not bane its conclusions on A I/Si growth upon the 

results of iffpurr sand castings. In these alloys the eut«ctio 

silicon particles were found fco roughly align themselves with 

the nacroscopio growth direction. Otherwise the eutectic 

micro structures were the sa&e as iapure sand castings. An 

increase in growth rate was found to l«ad to a refinement in 

the eutectic »icrostructure.

Bell and Winagard (19651) in their unidirectional solidification 

work on aluainius/ailicon eutectic alloys state that the silicon 

phase of the eutectic alloy ie intercoursetad and that there is no 

repeated nucitation to giv« the observed microstrueturr. The



interconnection was »hown by careful extraction of the silicon 

fron the aluainius matrix. The silicon was ©von interconnected 

in the rapidly quenched condition. These authors (1965») also 

•ention a low growth rate form of eutectic silicon which has a 

rodlike structure with a <(100^> Si preferred orientation which 

is alif3i«H with the ipro^th Direction. This structure was 

reported independently flurin^ the course of th© work for this 

thesis.

As previously B«ntiQn*»d f hyr>*reut«ctic alloys of this 

group soaetimas produce cospl^x regular struct>jr«*s, Al/Si 

produces & complex r«ipilar atructwre comBonly called th* 

sspi«?«r8 wsb structure. This has b«en called a form of primary 

silicon by Bsanv workers* (Spengler 1953t Ourtler 1953» 3ch<iil 

an^ ?.imni«rnann 1957t liftussner 1959^) since its volume fraction 

is great« T than that of the normally observed eutectio* Hunt 

and Jackson (1966) however, tr«»at it as a special casn of 

fmceted/non-^aceted «u tec tic growth, the shape of th<» structure

determined by th© faceted material.



30

(6) QPJFCTS OF HRSEAI&H

work on this thoeis was initiated, a revif?w of 

current and previous literature showed that a gr^at deal of 

confusion and contradiction existed concerning almninlun/silieon 

eutectic. It was therefore felt that the beat way to produce a 

fUsinterested research project on this complex system was to 

assume nothing, and to carry out unidirectional solidification 

experiments with hi$i p-jrity eutectio alloy over a wido ran^e 

of carefully controlled and measured conditions of growth. It 

wae th*?n planned to oxanine the resulting eu tec tic apeciraena 

by variations on the standard techniques of microooopy, extraction, 

gonioF;€?try and X-ray diffraction to discover how the growth 

conditions affected the Btnictixr*?, and, V inference, the growth 

•echaniss of the ^utectio*

Pilot em* ̂  inentn wpre carried out with the eutectic 

cyst em Ag/Si and Au/'.'i to determine whether an^ similar it i<"B 

existed between them an* Al/! ; i euteotic alloy* In this way it 

was hoped that ann»ers would be found to the questions provoked 

by the Hi n-atnre survey, and that a coherent t>ictor» would be 

obtained of metal/non-wetal euteotic grots th in general*
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Finally, controlled edification experiments w«r© carried 

out in an attempt to explain tfa® reason for the affact of sodium 

on th* atrvioturi* of aluBiniuav/ailltion «utectio.



II TECHWIQUKS

The experimental techniques described la this section 

ccrr«r the aajority of those rased* However , where slight 

variations were used to produce specific results, the

techniques ar« described un^er the appro?5rtat© heading in the 

sections on results, (sections III, IV and V)
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(1) PRODOCY TW ..OF T-.PTSCTIC r'P^C

7h® alloys us«d in th« work w»re prepared from

purity elements. The amlyses supplied with the elements were

as

A.I.A.G. Buper Haffinal Al>;miniura 1 ppsi, F« 2.2 p|»i$ Cti

J.SS. Clochralskl Silicon Al < 1 < 1 ppn

Silv*r grain Fe 5 ptsaj Cu 3 PT>»I Bi 
Cd < 1 fp«| % < 1

J«H« Gold grain No analysis smpplied hut
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The alloys prepared were usually of euteotic composition 

but In the course of the work it was found necessary to 

produce hypo and hyper©utectio alloys as well. Work was 

confine*) to the three euteetic systeas A I/Si, Ag/Si and Au/Si.

liartio fr^qu^noy induction hc»ting was e«ploy©<5 to 

ppMwee the alloy sTtftoinema. Belting up was carried out in a 

•bell jar furnace'. (fi&. 4) Tbie consisted of a Pyrex 

cylinder which was olosed at both ends by means of large 

brass plnteo. The bottom plate contained an exit port for the 

pumping fyetern which consist©* of a 2W oil <Hffusion powp 

biujfee^ by « large rotary purap. The leads for the induction 

heating ooil entered through 0-ring seals in a fufnol panel 

which was attached to the hot too plate. The top plate, which 

was water-cooled, contained a maovable portion for specimen 

access. This removable portion contained a Pyrex glass viewing 

port and an 0~rin# seal to allow a thermocouple sheath to be 

suspended in the melt. The eutectic alloys were prepared in 

r-> 100 gsa. lots in recryotallized alumina crucibles. Tn order 

to obtain good coupling with the Sadyne 3^ R»?« generator the 

alumina crucibles were contained in previously degased 

fiusoeptors.
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The Al/Si alloys were welted up under vacuuo* ( <. ICf torr) 

*5/Si and Au/Si alloys were welted up under argon (30 cra.Fg. ) 

in order to suppress volatilization. The aolts were hoao^enined 

for one hour at several hundred degree* centigrade above their 

euteotic isotherras before vacuum casting or furnace cooling*

For vacuum casting, the alumina crucible and the graphite 

susceptor Imd a hole bored through them* (fig. 4) This hole 

was plugged with an alumina sheath which paeaef* through the Oring 

seal in the top plate assembly. Casting was achieved by raising 

the aluzsif* sheath. This caused the melt to run into copper moulds 

situated beneath the crucible. It was found that vacuum casting 

was not essential and that remelting and casting in air produced 

no variation in the properties of the chill cast rods or their 

subsequent unidirectional growth and so this was sometimes done. 

The resulting cylindrical chill oast speci&ens were oome 6 on. long 

and 0.8 cm. in diaraeter. The ends of these rods were reachined 

flat so that two could fit neatly together when they were placed 

into the r^crystalliKed aluaina sheath, in which the unidirectional 

freezing experiffients were carried out. The rods were pickled in 

an appropriate acid to remove any surface iapurities introduced 

by the machining operation.
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(2)

These were of a very simple nature, and were carried out 

to compare tho various eutectic micros tinctures in the furnace- 

cooled condition. 1*he euteotic alloys A I/Si, Ag/Si and Au/f>i 

were oel tad up in BOB 11 1" <*i&»et«r tapered graphite oryciblfa 

«hi«lded with alumina. The b«ll jar furnace wae again used. 

They were homogenised eeveral hundred degree* above their 

euteoti Isoti^nea for <~ 1 hr. and then allowed to furnace 

cool in situ. The cooling rate was alow as the primary heat 

losses by radiation were substantially reduced by the alumina 

shielding. The resulting small ingots were sectioned vertically 

and th© surfaces prepared for «icroscopical eiraisination as 

under section II. 4-
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(3) imiPIRMCTIOHAL yigEPlir. EXPSBIK>.W3

It waa noted in the section on Previo^a Work that very 

little controlled eolidifioation 3f these eu tec tic alloys had 

be«n carried out* Th4 majority of thia work was on snail 

castings. in which the growth direction* the growth rate and 

the imposed liquid temperature gradient ahead of the interface 

were not known or con trolled.

The experinenta described below «ere carried out with 

hi^rh purity ohillo-ciaat eu tec tic alloys under carefully 

controlled and measured growth conditiona. Th<% chill oaat 

epecin^ne were contained in recryatallized al iwina tuhea 1^ ca. 

long with an internal diameter of 0*6 OB. The alumina tube wa« 

supported on a silica rod and placed in a eilioa tube which waa 

evacuated through « braets end cap using a 1" oil diffusion pump 

to produce a vaoutm of ^ 10" torr. i?or the A^Si and

3i eu teotic, argon (30 cn*Hg» ) waa again uaed to aup.reaa 

volatilisation.
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«) Growth Hat* Control

The eutQCtic alloys were unidirectl onally grown by 

pulling the specimeno vertically dcmn from a f- mace. The 

wore pulled vertically aa thie tends to minimise 

t? '!u«» to th<*nwil convection curront . (Chandrasekhar 

Col* an<" Vinegar'1 1964, I1 tech and Flemings1966, Hurle 19&0

The pulling ^evire consisted of a 1?5'-' r. p. ra. electric 

eotor which 'Vrovf i*. threa^ft^ crossh^a^ via a set of reduction 

gear boxes, (fig. 5) ^e first *jw*r boy aftr-r tL« motor was 

m twftll Kopp V&riator. This r^^T box, with a 1350 r.p.m. input

an infinitely variable output stseed fron <v 500 to 

r«p«m» ThiP device enabled the croeeh^a^ 8pe";d to b« 

without BtOT»pin^ it« motion. By changing th« 

gear boxes of the reduction train, a wide ranf« of 

spmids conld be obtain^ and a ran{j« of 2«5 x 10** - 1.5 x 1)" 

cra./eec. was used, 7h« silica tubo containing tha srectmen was 

clasped to the oroaahftnd. TVie croashoa^ w ithdrawn 1 rat« was 

assumed to equal the growth rate of the «utoctic alloy at th«* 

middle portion of th« sijecirawn*

At tha r^ginnin#{ of a pull the growth rate is lower than 

th« withdrawal rate ana at the an^ of the pull the growth rate ie 

greater than the withdrawal rate* This io bmjauso the noecimen 

acts as a heat sink and the rate of heat extraction ie thus 

dependent on the amount of specimen in the cold zone of the fwrnacw.
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b) ?qBperature. Gradient Control

Control and neasir *»ro«nt of the temperature gradient in 

the liquid ahead of a growing eutectic interface ia a variable 

that )r as not received tho attention that it shoul' • ?or a great 

deal of unidirectional solidification experiments, the tem*>ern.ture 

gradient has teen t- k n an the furnace tncr^raturo gradient- 

Thin is far from hoing the cane, '^he actual temperature gradient 

in the specimen depends on such factors ae the toisperaturo 

gradient an^ gcoiaetry of tho furnace, th«? crosH-scctional ar«o f 

the length and the conductivity of the specimen and tiie shape 

an^ thermal conductivity of the meritBen n^ntniner, Hefralts 

in^icnt^d ttiat tho apecitaen and furnfice temperature gradient 

could differ by over an ord<*r of na^cniturle* PrBvioua work 

(W ilk inn on 1965) hud Dhown that tceinerature (pL'a^ients above 

50 C/cw. were almost impossible to achieve us ing graphite aa a 

container EJ&terial. This w^s one of the reasons for choosing 

alumina tubes. The other reason was that there had been 

indications thnt at hi??h tempera turcs alii&iniuc;

iaotherraally with t; e graphite t'i forts the Tjethanide kl C_.
4 *

Tho first furnace used WHS lal oratory- built and had 

Nichroir.p windings on a 2" i.'% aluaina tube !';£" lon^. 'fhe 

furnace was well insulated with ttsbectoa wool and acbentolito
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The top end was sealed with an asbestos wool plug to prevent 

convection cooling. It was found that #reat Qg^ h&6 to be 

taken to ©nsure effective sealing as otherwise the incoming 

cool air would upset the control thenBocoupl©. The bottom end 

of the furnace tube was fitted with a graphite plw which had 

a hole bor^d through it to allow the insertion of the silica 

sheath containing the specimen. Furnace temperature control 

waa by aeana of an Kther-Tranaitrol (Sodel 991) and 

associated circuitry. The indicated Ether temperature was 

calibrated against another Ft/13/^ Pt.Rh thermocouple usin# a 

Cambridge pn»t©nti0saster. This calibration was checked at 

regular intervals and althou^ the Kther would control the 

furnace to -&°C for aany dayu, it di^ tend to drift slightly 

after long periods.

The ^peciaKm tomt>@rature gradient was a^aeured by an 

apparatus ill? strated in fig. 6. *?hi8 is developed fVcas a 

technique nsed by Wilkinaon.(l%5) ^he apparatus consisted 

of a sp^-ciffifln and container identical to that used for the 

ynifHrectlonal fy««»2in^ «xperisi^nts f ©*cept that the specimen 

had a fine (1.2 ram o.d.) thermocouple sheath running up through 

its centra, A 1$0 ^ chrot 1̂ aluKel thermocouple was free to 

move up and down this sheath. The theraocouple itself wns fused 

to a glass rod which 10ft the silica vacuum chamber via an
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O-rin# seal in the bra3a end can f and so the position of the 

thermocouple tip relative to the specimen could be altered by 

moving: the external tflase rod* The silica outer sheath was 

evacuated through ft <*ide arm In the brass end cap. By agitable 

placing of thla Hprmratns in the furnace, it was possible to 

arrange that the ©utectic isotherm w«e fddwuy alon& tbe euteotio 

speciRon* The withdrawfi.1 rate equals the growth rate at the 

midway point alonjr the st>eciiw?n anH so this w^» the region in 

which temperature gradient ifteaouremente were recmired.

In both these teaperatijcpe gradl<mt measurement and 

unidirectional solidification experiwents one hour was allowed 

for therwal equilibrium to be attained* The gradients were 

eeABured at the eutectic isothera simply b> moving the 

thermocouple relative to the soeoiaen and plottinir t««perature 

against ^isVince along the ^^eciaen* The tangent to the 

resultant curve was then drawn at the eutectic temperature, 

(see flf, 7 for specimen result)

The temperature gra'H^nt» were ehown to vary with the 

position of solid/liquid interface relative to the »t»eci»en 

itself* ?h«y were higher towards the bottom and lower towards 

the upper end of the specimen. This variation was Kli^ht and 

only became of importance at the very hi^i temperature 

gradients* The reason for this variation was again the 

ffink properties of the epeciraen and container.
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By r^'oeatin^ the? above experimental procedure for a 

wide range of furnace temperatures, oalibration curves were 

produced of specimen tofrw*ratur6 gradient against furnace 

temperatuxes.(fig. 8a) This meant that unidirectional freezing 

experiments could now be car^i^d out under known conditions of 

growth rate R and specimen temperature gradient G. The raayintuni 

value of G that was attainable U8in*r the above set-up was limited 

by the furnace majismm t<*arrj@rature. Another factor was that the 

colid/liquid interface position begar^ to approach the bottom end 

of the furnace and waa, therefore, eore affected by chan^ea in 

room t*iiar>eratur*? t draughts etc*
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o) Production of High Temperature Gradients

The first attewpt to produce higher te»p<*rature 

was to place a water-cooled copper lining into the bottom half 

of the f^rrnace. (fig 9*0 This <Hd orodnca hi#h«?r tewperature 

gradients but tlie increase was not an gr -it ae required. This 

was due primarily to th« wres«mce of the eilica vacua® Jacket 

which did not allow £oa<? contact between the apecisen and the 

oopper lining* However, calibration readings were taken*

ifurther attempts at pro^ucifif: high G were the replacement 

of the Nichrotso wound frjrnac** vjth a Johneton ^'atthey Platinu« 

Furnace (Model K?5B)* Tliiss ,rav« a tmyiimnn tesaTiorature of

1500 C, A water-cooled co??^er insert was built to fit 

this furnace and the inner boro reduced so that the vacuum 

Jacket oould be discarded. I'Viis further increases the ran^e 

of 0 vali;*s. (fig. 8b)

The hif^iest valnca of the eneoinen temperature gradient 

wer*> obtained by reducing the heat flow down the arjoclmen. 

This was done by deoreaeing the npeciiaen diaoeter from 6 nan. 

to 2 mm, Qood contact with tJso copper insert was assured ty 

means of a copper cylinder that fitted into the top of the
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insert to change the entrance hole so that the smaller sised 

aluadna tubes fitted, (fig. 9b) Again, no vacntaa Jackst was 

used. Calibration was carried out by replacing the 2 ran, 

sp<*3ira«m with a thick thensocrmnle, fct the lower C-values 

these results could be checked by using the observed 

aiorostrvicturd. It was ncm tjossiblw to carry out unidirectional 

solidification experiments with known t«BT>erat«re gradients over 

the ran^e %5Oc - 6.xi°C/on. (s^e fig 8a and b)

<f ) Quenched

'these were obtained by rapidly removing the specimen from 

the furnace. Por the relevant oxp^riments the watsr- cooled 

coprer insert wa« ti9«tf as a quenching t»ot. The growth rates 

for which quenched interfaces were produced were very slow 

and this rather crude quenchinfl- foethod was found to be quite 

adequate, esr«ecially for the silicon phase which was not 

c«tmble of a ranid kinetic respons* (A. Hellawoll 196 7a)
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(4) rHSCBCT I

When the eutectie specimens h^d been unidirectionally 

solidified under variotts controlled conditions they were 

carefully removed from the aluraina tube containers and samples 

were cut froa the w'jtectic rods*

a) Sections

Section* w^re out tvoth longitudinal and tranaverne to 

the growth direction. These sections were reaioved frosa the 

centre section of the ©utactic alloy, ^lats were ground 

with 3i C. papers.

It waa found that to obtain « reasonable starface worn 

papers were best. Fresh papers tended to <;ive a 

deeply scratched surface with fif* particles embedded in 

the soft Toatrix. After grinding on the finest f iC. paper 

(600 grade), tho speciraene were polished with dimaond mate 

on a selvyt covered lapt>in^ wheel. A ^rood stirface finish 

wms obtained with five minutes t>oliehin^ usin^

with 6 - 3 K Rn^ thefc 1 - Jiu diamond tmste on well used 

wheels sligfetly lubricated with paraffin, final removal of

^ coapounds from round the elif^htly proud Si particles
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was don* with ethanol cm a napless cloth, T^ryin^ marks were 

prevented by rapidly evaporating the othanol with compressed 

air*

Specimens ware viewed under the rale rose ope in the 

'as polished 1 condition. There was no need for etching to 

show up the two eutectic phases,

K tenants were used however, to show up structures in 

the eutectic phaaes thesaelves. The first waa an f»leotralytic 

etch developed by Hone and Pearson (1949) for efaowing up the 

grain structure in aluniniuB alloys. This etchant waa applied 

to A I/Si eutectic alloys by Keusaner (1959^) to ahow up the 

grain structure*

The etchant wast

350 cc». B5!?fc orthophosphoric acid

152,5 ccs. diothylen© ^lycolmonoethyl ether

5 ecu. 4$i HF

12.5 CCB. distilled water

fbs specifier was gaa<*e the Rno<!e. Stainless steel was 

used for the cathode. The solution was stirred rsa^netically 

durltt£ «tchini> Five minutes with a potential of ?0 V across 

the cell gave a good anodised film on the aluminium leaving 

the -i sliphtly proud of the surface. When viewed under 

polarized light, the alurainiua grain etructure was clearly



46

Other aluminium &rain ©tenants were tried but severe 

pitting always occurert at the alumini ma/silicon boundaries,

The second « tenant u^od waa a modified CP4 etch 

(Meus sner 1959b) to reveal the internal structure of the 

silicon particles in the eutustio alloy.

The otchant vaet

HF 

2 parts ooacftntratf^d T???0

15 part* «lacial acetic acid

Etohing timee of r* 6 ' ^econdts w«?re frtRT»loye4. 'There was 

no visible attack on either the alurainina or the alrirainiura/ 

silicon boundaries*
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b) My tract ions.

Further infonsetion on the silicon phase of the mi tins tic 

alloys was obtained by chemically extracting it from the rtatrix, 

Th« process was first used by Ehines and Tirape (1957) hut has 

been used by other workers in the fielc. (Kaussner 1959N

Snail sections of the alloys were tecaerssd in suitable 

chamical aerUuss. These werei

conc«ntnvt®d HC1 and concentrated 'iCl/wat'jr alxtmres 

coTWjantrated HNo_/water mixtures

Hydrogen evolution did tend to break up the delicate 

particles, out this effect could be reduced by 'titrating' the 

acid against the sample so that the reaction proceeded at a 

leisurely pace. Extraction was <^ee»ed ooaplete when gas 

evolution had ceased*

It was shown in two ways that the acid had no signifioa&t 

effect on the shape of silicon particles. The first was by 

leaving the silicon particles in the acids for varying lengths 

of tie* and coaparing the particles under the laicroscope. The 

second was by oovparin^ the extracted rarticles and the models 

built up by surface analysis* There appeared to be itjerfect



correlation, but it is not known if fine surface detail was an 

etching artefact or not.

When extraction was complete the ^articles were washed 

in Distilled water and then ethanol. ^irally, they were 

dried by #«mtly warming to evaporate the ethanol.



49

(5) # •WW- -I/'^Y r -r-7T: -TV TTIATIOI?

This waa carried out almost exclusively on the silicon 

>hase of the eutectic alloys. The techniques uoad can be 

divined into two wain groups. The first is section surface 

analysis of the miteetic alloys and the second is extracted 

particle analysis.

*) kectirm. j^urface Analy»iB

From the transvarae and longit«dinal sections of the 

alloys it was T>cspibl« to build up models of the various 

silicon imrticle shapes* V here angles had to be raea cured, it 

was neoessary to plot hiPtograaa or to oany out three surface 

analyses. TMH w&« »i8ufllly ^lone under the microscope with a 

calibrated rotating eyenifto«. Distano« ««e,Bur«went« wer« 

normally carried out or) photographs taken of the specimen as 

the irregular structural made siraple micrometer cyeioiece 

laeaaurements very tedious. Hegular structure distances could 

be easily measured directly under the microscope using a micrometer 

eyepiece. These results were compared with those from the 

particles.
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to) ~xtrftcto(3 ri) rt jcleg » ^vtioal r

The per tic las were studied by breaking the agijregate , 

nececaary, and scattering them over a glass slide and observing 

the» uad«r the optical microscope. The imjority of the work 

was with reflected aercury illumination. Under low jeagnif lent ion 

(X50) it was possible to fflicroi^nipulate these snail narticlea 

using a hair noun ted on a ffiatchstick* This was an invariable 

tool as it wac sufiiciontly greasy to allow the particles to be 

pieked up or ieov*d. It was therefore p>j»sible to sort out 

particles of interest by removing thorn fro» entanglements with 

other ^articles. It was also possible to orientate them so 

that plane faces were nornal to the incident lif,ht beam and true 

angular neaaureatmts could be taken of aurfaoe features. The

•ajority of the particles were thin enough to transmit li^ht 

and informtion was also obtained by transmission rsicroacopy. 

iiartioles were also syhjtsot^d to goniomotry by pickint: 

thea up with a 10'!)^ glas^ fibre | the end of which had been

•arfe tacky with a solution of Canada Balsam in xylene* The 

othor ond of the glass fibre was cen^ntad onto & nickel pip 

with Euxofi*.(fig. ICte) The nickel pip fitted onto the top 

arc of the three circle goniometer of a urucata Single Crystal 

Gonioiseter. (Model S25) fh« Unioan was modified by removing
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the objective lens of the supplied tele-aticro0cope atuichcant 

and replacing it with a Beck half »lip illumination train and 

objective. fortunately all fitter* had the standard fi.M.8. 

threads. By changing the objectives, a ran^e of ramification 

of yXL to 2? OX could he used. &hen a particle olane was norml 

to the incident light beam, b&ck r»f lection wae observed. ?his 

back reflection was fairly sensitive anrt the angles between th© 

faces of the particles could b@ raeasured using the ^ 

circles to an accuracy of about • 3^ ttina* of arc*

c) Extracted particles ~ boanriinj? electron ralcroacpipy

Conventional optical microscopy on extracted particles, 

which hae been described above f has two a«riotm limitations. 

The first ic that if the particles are not planar, then the 

depth of focus of the optical py^tea is often not sufficient 

to cop« with th*? variation in objective distance. The second 

limitation in that the reeolvin^ Bower of the optical Kioroseope 

is not sufficient for the observation of very fine particles. 

Many of the extracted particles were found to b© both noivnlanar 

and very fine, anc «o optical Elcroacopy was not a success. 

This problem was QV«sroowe by the uee of scanning electron 

microscopy.
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In the ao&nnin^ electron microscopy an extremely fine 

electron probe ( ^ ICjQA ) is. scanned across the surface of 

the «T>eciB»en in a minute television typ€ raster using a scanning 

generator for the lin«* an<i frtame frequencies «(rig* 11 ) The 

waveform are aippliert to the r»cmnnin^ r coils of a c&thc<;e ray 

oscilloscope which is then scanned iv aynchroniBB; witli the 

«lootron beam* The magnification control attenuates the 

current in the main scanning -'oile while the cathode ray tube 

scan is not afveoted. 'Die faegniflcation i» glvon by the ratio 

of the t^o scanned areas. (e.g. a 10 »q. am. cathode ray tube 

screen area RI?<^ a nsiniwms scarrtin^ ares on the ^pecinen of 

1 aq. LA gives a &aximu& wftfmificntion of x l rX) t tX)0)

The contrast in the recorded scanning electron mi 

ooses froa the variations in the number of collected electrons. 

Secondary elpctronu ar« produced vrhen the prlraary electron beam 

at 20 K.V. strikes the specimen. Th^se secondariea are 

attracted to a collector by a high positive volta£<?» The, 

output fro* the collector in convdrted into a varying voltage 

that i» u»*H to s»o<*wlat*> the bri^htnees of the cathode ray 

tube. These variations in brightness correBpond to variationa 

in the 9i t:nal fro« point to point on the specimen surface and 

are produced by changee in surface topography or cheinical 

conpoeition.
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silicon particles wore wonted on aluminium 

stubs with an electrically conductive adhesive (a mixture of 

T>urofix Mnd graphite) in order to prevent electric charge 

build-up due to the electron Tohe. 1*h** etub fixed onto a 

g&aioniet<?r sstago so that the orientation of th«* isarticleB 

relative to the* electron Tvrobe could be altered and th« 

fpeciiacn, therefor**-, observed froia different an^rloB. In this 

way it was feasible to obtain a very .-ood indication of th» 

ttur^e-dituerusional tiorpholo#?y of the extracted nartiole«» 

The "b^ot res f1 t.n were obtained from heavily etched 

surfaces of eu tec tic alloy sinew handling was avoi<?«d and the 

remaining weta.1 matrix tended to sm>T>ort the fine brittle 

non-metal particles and so the break-up of the exposed silicon 

particlee was Bini»ized. The morphological r«lationBhips of 

thece exposed silicon particlea were th" Jiame as when the 

particles w«r«? embedded in the c^etal laatrix, and no by ueinf; 

* voannin^ electron raicroscope it was ponnlble t becariae of 

the irstr^aiant'a large depth of focus »nd good reaolution, 

to obtain photographic evidence of these relationships oven 

when thtf particles were non-planar and v<5^y swall.
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(6) C

This work Involved the use of standard X-ray technique a 

c&odified slightly to deal with the type of specimens used. 

X-rays were produced on an old Metropolitan V takers Raya&x 

and a acre modern Wewton Viotar Raymx 60. Both generator* 

were of the continually pusped variety with exchangeable 

targets* Copper targets were used throughout this work*

The X-r y cameras uised were accessories for the Unlearn 

single cryvtal goniomotor. The back reflection Laue camera 

had a *|Hteiaen-to»filn distance of 3 ; > BBB* The rotation 

camera had an effective radius of 3(3 rau The Unicau also 

hat? eardioid caica which allowed oseillntion photogrR^ie to 

be taken. Expoeiare tin^s varied fro» rw 3 hnu for a laue 

photograph to rw 6 hr«« for a filtered rotation photograph 

cm II ford Industrial G film*

The experimental work can be divided under two headings | 

the cutectic alloys and extracted partioles.
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*) **** Kut4ctio Alloys

X-ray Laue photographs were taken noraal to transverse 

and longitudinal sections of the eutectic alloy using a 100 /^ 

cobalt glasH collimtor*

15 " back reflection oscillation X-ray photographs were 

found a useful technique when the preferred orientation of a 

certain feature of the eu tec tic alloy was required. The 

cylindrical cisera with a J?5Q K coll i mat or was used* The bulk 

ffpeoinen only gave high an&le reflections but these were 

sufficient to enable the identity distance for the two phases 

to be determined* The phase giving rise to a certain layer line 

could be found by aolving the two superimposed Debye line patterns 

and finning on which I* bye line the l^yer line fell*

X-ray rotation photographs of snail pillars of the 

eutpctic alloys were taken. The rotation axis was the growth 

direction of the alloy. The small pillars (4 sn* x £ asa. x £ on* ) 

were prepared by grinding and polishing a longitudinal flat and 

then r^movin^ a 1 OR. slice with a jewellers saw. This freshly 

out surface was ; »ound and polished to remove saw marks and 

daaage. Finally, the small pillars were cut froo this thin 

slice and were hcvrily etched to remove this further mechanical 

damage. ?he pillar major axis corresponded to the growth 

direction* The pillar* were Dtorofixed onto the nickel pips
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which then fitted onto the -&op goniometer circle, (fig. lOb) 

The layer line in the resulting photograph could be ascribed 

to the correct phase by solving for the two seta of Bebye 

lines as describe above*

b) Extracted particles

selection and mounting was as for the 

aorphological investigations. The reflected light microscope 

attachment was used to orientate the crystal. Laue photographs 

vere usually taken normal to a major face of the particle with 

a prominent surface feature vertical, rotation photographs 

were usually taken about a symmetry axis* Largo ooliimatora 

oould be used as the particles were B retailor than the X-ray 

bean and no the spot sisse was determined by Bpeciaen eiro. 

It also wide the lining up of specinens ouch sore easy.

the Unioaa was an ideal instrument to use, as gonio&etry, 

Lsue and rotation photographs could all be carried out on the 

saae ^poclaen without need for rcmo\jnting.
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III PILOT gXPEBDCTT

These experiments were primarily intended to discover 

what siailarities t if any f exist between the taicrostructwes 

of the euteotlc sy*t^na aluainiun/oilicon, silver/silicon 

and gold/silicon.

Each of these three syste&a has a simple eutectic 

phase diagram between a virtually pvore silicon phase and 

an o< -solid ©olution f.c.o. phaoe. (cee figs* 12 t 1% 

The expe*i»«ntal details of (specimen preparation are in 

section II.?.

(l) fI/Si ETI^CTIC ALLOIS

The aaall furnace-cooled ingota ( r^j 2 COB.) were 

sectioned vertically. The resulting a»croetriict«rea showed 

slight segregation of the prinaries* The micros true turea 

of these alloys were consistent with those reported by other 

workers, (e.g. %l«ussner 1959b and c)

The silicon phase appeared as an irregular dispersion 

of plates in an aluatinium Bsatrix. (Plate 15a) 1!^e»e plates 

often appeared in fan*shaped groups (or bursts) f which soaetimes 

originated from primary silicon crystals. It was not obvious
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from those random sections whether the euteetic silicon was 

interconnected or not. Evidence such as plate 15b has often 

b»en produced as proof of interconnection. (Chosh, Wilcock 

and Kondie I960) However, it is not obvious whether the 

continuation of euteotic silicon each side of a primary o< -Al 

particle prove* anything, other than that the individual 

silicon plates can be large.

When hyper eti tec tic alloys were furnace-cooled, » sore 

regular form of the euteotlc was observed. This complex 

regular eutectio form was only confined to email areas of 

the eutectic alloy. The majority of the alloy still displayed 

the irregular fora. The complex regular eutactio structure 

consisted of feather-shaped groupings of silicon plates. 

(Plate I6a) In fflany cases two of these f oat her-shaped units 

were observed joined together. (Plate 16b) The appearance of 

such double feathers gave rise to the name 'spiders web*. 

This **b structure was usually found attached to a primary 

silicon particle.
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(2) WSi IffTfeSCTIC AT.XOYB

fhia mjtectie systan showed great similarity to th« 

Al/3i alloy deacribed above. The eutectic structure again 

conflated of irregularly orientated plat*s of silicon, thia 

time embedded in a silver watrix. (Flat* !?») However, in 

addition, the «utectio ailiecm grew in a filigree*? fora of 

what appftfcrad to be twisted fibres. (Plat* l?b) Hyp«r©ut«otic 

alloys producad a complex regular atrtacture '.ipon furnaca 

ooolinc* Thi» *»» similar in general fora to the Al/Si 

»truetur«.(Platoe 18)

(3) Ai^Hj '•-•^f!TTC ALLOYS

alloys produced tuioroatructuros very similar to 

The irre^nlftr <?ut«ctic consisted laainly of a

network of nilinort. (Fl^t© lrM) Hyrvor^jtectio 

alloys am in wroducaid a complex r*^ilar structure with a

form. (Plato 19b)
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(4)

From the results of th*se simple experiments one nay 

conclude that many similarities exist between the three 

gystooB, anrt that controlled experiments cm one aystee nay 

w*?ll relate to »iBilar experiiacmts wi^i th* other two. 

Therefore, if the growth varl&fclee of growth rate, temperature 

gradient in the liquid ®h&&& of the growing interface, and 

the cwapoeition of the alloy are found to affect the 

raorphology and cryatallography of one of the euteetic alloys, 

then it wowld be hope?! that similar effect® would be produced 

in the other two ayetema*
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IV A I/Si

This section describee the results of unidirectional 

solidification experjbeaents carried out under various 

controlled and r<ea©ijRred conditions of growth with high 

purity Al/Bi eutectic alloy specimens* After controlled 

solidification, the resultant specissons were analysed by 

adaptations of standard technique of microscopy, goniometry 

and X-ray diffraction. The roe'tlting; microBtructurca were 

clas ified in terms of the v&rio?j« growth variables and 

from these it wan possible to infer what growth mechanisms 

night fc&ve been operating in the system.

(1) i.

In the introductory se tion of ^i« thesis it was 

stated that various growth iseohanisa® could be envisaged 

for a euteotio reaction* (sect ion 1.3) These ares

i) Separate growth of the two au tec tic phases 

ii) Co-operative growth f either steady or nou-st©a<?y state 

iii) Repeated mieleation and growth



Various kinetic raechanisws are possible linger each 

of the abor« headings. It was felt that the typ« of growth 

mechanism that operated would depend on the values of the 

growth variables, that la supposing that it altered at all.

There are three growth variables that could possibly 

affect the growth Rechanistis, and h*?nee the resulting 

microstructur* of the ewteetie alloy. These ar© *

H - the growth rate of the alloy specimen

C - the temperature gradient in the liquid ahead
of the specimen's growing solid/liquid interface

C - the composition of the alloy

The inf naation obtained froa the experimental work waa f 

therefore, classified in terms of these growth variables, and 

a relationship was soon discovered between these growth 

variables and the eizteotic Kicrostrnotiarr. (fables 20 and 21) 

This relationship was most easily ehowp by two graphs of 

specimen temperature gradient O t against growth rate K| one 

for matectio alloys, the other for hypere\jtectic alloys. 

(Fi^s. ?7) Hegione could them be identified on these graphs 

in terms of the observed oicroetmctur© of the exiteotic. 

Rases wer* ^iven to the various <mtectio foras from their 

appearance as observed in sections t^kon transverse to the
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growth direction* The vafcimm types much as isaseive, 

rod like, ittv^ular, irregular and complex regular are shown 

in plates 22 to 26 and the relationship between these 

structure* «nd the growth variables of G v R and C is shown 

in the 0/B plots of figure* 27a and 2?b.

Subsequent work on the eutoctie systera shoved that 

the G/R plots could be batter divided into only three regions 

depending on the mechanism of the eutectic growth, and that 

all the information could be placed onto one graph. (fig. 28) 

The three regions of this G/R plot were as followsi

Region A - separate growth of the aluainiusi and 

silicon eutectic phases by a long range diffusion process. 

This lead to th« foro^tion of the mae ivc >u tec tic alloy. 

(Plate ?2)

Region B - Co-operative growth of tt\o two eutectic 

. ?he silicon phase showing a <(lOO) Si preferred 

growth texture. Short ran&e diffusion was implied by 

the euteetic nior^strtifitur* which shownd a rodlike or 

angular form. (Plates ?3 and 24)

C - this was again co-operative growth of the

two euteetic phases, but in this region ths silicon particles 

were related to each other by (ill; spinel twins. The
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Micros true tor® lan?!!®*! a short ran#« Diffusion process* 

whleh IQ* to the formation of Irregular an^ complex 

r«£i»lfir forms of the euteotic alloy; (Plate* ?5 *n<S 26) 

the coBt>lex regular forw only b«lng fotind in hypereutoctie 

alloys. (B»© fi^s. 2?)
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(2; mS AU*j£I»IlJ_K j-ATh.IX Gh-.vrH TEXfllBK

In all the observed form® of this eutectic alloy, it 

was found that the aluminium phase nsver exhibited any 

growth texture. The au tec tic alloy microstruetore was very 

such dominated by the growth ts&ehaniasi of the eutectic 

silicon. (It will have been noted that the 0utectic form 

nsjBts are based on the form of the «tutectic silicon) This 

thesis is, therefore, primarily concerned with growth forswi 

of eutectic silic n. But the experimental results pertinent 

to the aluminium matrix will be given before dealing with 

the topic of these eutectio silicon growth fores.

The absence of a growth dir«otioo texture was shown 

by a series of rotation photographs taken of small pillars 

of eutectic alloyj the rotation axis being panstllel to the 

growth direction, (fig. 1Gb) The results for each form of 

the eutetftic micro structure gave the same indication of no 

preferred orientation for the aluainium phase, (see plate* 

29, 46 and 103) Th« £«bye lines were usually spotty and 

incoKptete but these irrogularitiee varied widely from one 

to anoth<*r. k large number of such rotation

taken of roarsy specimens, r«»oved from the same 

grown alloy, showed that the spots present
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on the Debye lines were always dye to th© existence of the 

relatively small nuiaber of aluainium grains in each pillar 

of eu tec tic alloy and not because there WHS any preferred 

orientation*

In hypoeutectic alloys grown at the higher growth 

ratee, c*-Al dendritea were present in the mior©structure. 

Rotation photographs were taken of agi&ll eutectic alloy 

pillare containing these c< -Al ^endrites and a alight

^lOU^ Al growth tfixturft was obtained. (Plat© 29) 

Au no growth textwro wi^s $shtnrr to exiat In th« t>«jre euteotic 

alloy, the c<-Al dendritea tsyat ha,ve the u0\«l <(l "V0> text«r 

Since the chemical extraction of silicon rmrtieles from the 

aliiminiim matrix proceeded nrninly by attack at the 

silicon phase boundaries* o< -Al dendrites could be 

extracted fron tlie etatectic simply by removing thJ 

fro» the acid at an appropriate fita^e. The extracted 

dendritea were of the usual orthogonal nature (Plate and 

Fig, 50) and Laue and notation X-ray photographe confirmed 

the usual < 100^> priaary, secondary and tertiary arms. 

This result agrees well with that of Meuesner (1959*>) *wd 

undoubtedly accounts for StraumaniP and Bvakss results of a

^100^ prefer ed growth texture for the alureinium pha»« 

in the irreg^ilar alurainiTj^n/silicon eutectic alloy.
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(5) Q/K FL1S - FKELBHKAHY QUIPS (FIG, 26)

The results on tho outectic system aluminiuE/siliaon 

were rather involved, and a preliminary guide to these 

results is, therefore, desirable. It Jme already been 

mentioned that it is the growth kinetics of the eutactic 

silicon phase that essentially determine the structure, 

and that the aluminium phase just fills up the interstices 

between the silicon jsartieles and does not appear to 

influence the eutectie miorestrueture very nnjch.

Region A

This region wa* delineatfif1 'by a parameter of high 

specimen temperature gradients and low growth rates, 

(i.e. G/R ^ 10^ eec.°C cm" ) The eutectie silicon 

consisted of large faceted cryetals roughly aliped with 

the growth direction and the RlusBinium phase grew with a 

planar interface. The dif ueion distanoee between the 

two eutectie phases were large and th^e ^owth mechanism 

was, therefor^, described aa separate or independent. 

(Plate ?2)
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Region B

«.)n decreasing the specimen temperature gradient 

(still keeping the growth rate low) the planar aluainiuBi 

phase interface because unstable and formed cells. The 

eutectic silicon soured as rods whi^h wero aligned in the 

growth direction and had a <l r> O Si growth texture. 

Diffusion distances were substantially reduced and growth 

was co-operative. These rode had a, hexagonal array aa if 

thsy grew at aluBiinium cell tripl© boundaries.(Plate 2j) 

As the gradient was further decreased f theae silicon rod* 

developed aid© plates, the size of which increase?! with 

deer«*asing t^aperatur* gradient. Th© aide plates lay in 

the growth direction and made regular angles *ith oach 

other. The eutectic then apr>e«red 'angular 1 o» a transverse 

section, (ilate 24)
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Begion C

An increase in the growth rat© l<*d to the second 

co-operative growth region. ?he growth kinetics of the 

PUtootic silicon wen? different to that of the rodlike 

and angular forme and so thw resultant microatmotiire 

wai» change^* This kinetic mechanism was associated with 

the {ill} spinel twins in the matectic silicon, and was 

either a non-steady state type, in which case the resulting 

tticroetrueture was described aa irregular, (plat« 25) or a 

steady stat« type in which cm«« the coapl«x regular growth 

for» was pror'ticad. (plate 26)

The growth conditions found in ca»tin$e fall in this 

region of the G/H plot and «o the irregular type of eutectic 

ic the onf normally observed* The complex regular form is 

only observed in hypereutecti^ alloys, (see section TII.l.)

Th« following sections deal with these three regions 

of the G/R pi -"'is in greater detail.
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(4) G/R Ft/>TS. - Rr-CI-^y A

Thi« laaseive fans of eutectic rilicon wa» restricted

G/R valuer* (see fig. 28) fund the necessary v«ry 

high t«BT>erature pnuHent* were produced by usin/r specimens 

only 2 BOB. in dianeter. (s«e section II.3.C. )

ft) Korpholof?y

Plates 51 show transverse and longitudinal sections of 

the alloy. The tilicon particles were lar^e «nd etching in 

modified C.P.4* solution (section TT.4«a.) showed that they 

contained i«aany twin boundaries and solute inh caao^enei ties* 

(plates 32) The fora of the eutactic silicon appeared to 

be )ar/^ crystals elongated in and roughly aligned with 

the growth direction. The distance between the silicon 

crystals in this eutectic for» apTM»ared very large by 

coopariaon with the other eutectio structures of this alloy 

and «?ith euteotic alloy disensions in general, and indicated 

that growth was by lonp ran^e dif i us ion*

Extraction of these silicon particler. confirmed the 

general shape of the eutectic phaot. The crystals were 

interconnected, elongated and roughly aligned with the growth 

direction. (plates 33 »nd 34) The silicon crystals were
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heavily faceted, the facet faces containing many peculiar

3o«* of the extracted crystals were observed 

to forra into two crystals, the axeo of which were 50 

and 60 apart. Oth«r silicon mr tides ctmtained 30 *m^ 

60 kinks. These angles were iceacure^ normal to a faceted

face. ?h« similarity of these crystals with "peeurto 

obtaincr* by ^growth froa silicon melts wag noted. (Albon and 

0»tm 1963) This i« <U3cu»s«»d later, (section VI. 1.)
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X-ray rotation photograph* were taken about the 

extracted crystals Eajor axis* Two preferred growth 

directions were observed, either \110) or \211/ . (see 

plat* 91 *nd plate 35) The observed armies between th« 

portions of bifurcated and kinked orystalc w<?r«? t therefor^ 

explainable. The facet faces w«nre shown by sonio^etry to 

be (lllj planes and to lie in the growth direction. Th« 

aeaaured angles between bifurcated and kinked cr^at&ls 

always taken norssal to a faceted face, and BO the 

ed ^rowth directions lie in a {ill} plane. Both 

and \11Q> djb-ectione lie in mich a plane and 

the observed angles between themselves (60' ) and each 

other (30°).

X-ray rotation photographs of small pillars of the 

eutectic alloy taken about the imposed growth direction 

showed th t the ailicon phase did not have an overall 

preferred orientation. *&ch silicon crystal r,r«w *ith 

a rreferred orientation b«t the local and the imposed 

growth directions were not comra m.
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interfaces

Tbe quenched solid/ liquid interfaces of the&e a Hoy a 

were aost success ful. ?his was primarily due to th« 

experimental set-up that was required to product the so 

very high gradients* (II. 3»c») Co*^ therml contact 

existed between the specimen «n^ the water-cooled copper 

ineert, t\n«! quenching, which involve* rapidly ptillini? the 

fine ereciEoc into th«? nol^ ar^a, waa therefore raost 

efficient. This can V F«en by the fineness of the resultant 

quenched ©wtectlc alloy and the clear delineation of the 

interface, (Plat« 5&a) Se«» eeotlon IV»6.e. for further 

detail® on the rapidly quen<*h€>d <mt«*ctic alloy*

The q uenched interfaces showed that th« cX -altjminiijffl 

eut©;tio phaso intarfac« wmc very flat» except for the 

occasional cusp th;At was presumably due to tl*e existence 

of grain boundaries in the soli^ aluminiuai. (The cu9r>» 

B»y hav* bf^n *!u0 to instabilities in the interface 

introduced flurin^ qti^n^hing) (Plate 36b) The silicon phaa« f 

however, r^reeente-5 a faceted growth front to tho quenched 

liquid t Wi* silicon crystftl profile position appeared to 

vary greatly relative to that of the alu»inium phase, (Plates 3?) 

7hii» fact further indicates the non c^^-operative nature of 

this fora of euteotic growth,
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(5) ('/K PL'TS- REGION B «100> Si G-WTH

a) Growth

The rodlike and angular types of @utectic silicon 

found to be the stable font when the eutectic alloy was grown 

under certain valuta of G, the gradient and R, the growth rate, 

(see fig. 28) Vi'hen th# temperature gradient was reduced below 

a certain critical value « 3QO°C/c». at R • 2.78 x id"' en/sec.) 

the silicon morphology chang:e^ fro» beinf a»8i'ive to being the 

<1Q)> Si ^rcwth t«xtur«~ form. Fir*t the rodlike type? was 

produced and on further reduction of teiaperature gradient the 

angular silicon forro was produced.

This oh%n/^p w^s actually observed along the length of 

so»e 9pecia«n«. It has be^n previously noted that the 

t^ttpsrature gradient varied alon^r a STx^^imentb^ing highest at 

that end ftrat to solidify, (see section 11.3-b. ) Thua, if 

the range of gradient valuee etrad'1 led the critical value, a 

growth os^char,isra chants woul^' be obeerve?*.

The rodlike eutecticr silicon was the basic form for the 

phase in thie region of the 0/R plot. However, the simple 

rodlike structure was only >beterved towards high CJ and low R 

in the region,(see fig» ?8) and the more common foris in thia
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region of the plot was the angular <*utactic silicon which 

was for&od whsn the rods became unstable and produced »ide 

plates. Th* variation of angular <?mt©etie silicon 

raorrhol^fry with G an3 R will b* ^isciisee^ later in section IV.5, 

In both these forms of the eut«ictic ^lloy, the diffusion 

distances were imich ehort^r than for the EB&ssive eiatectic 

(coaparo plates 22 and 23) »»* th<^ «v tec tic frrowth tn 

was assumed co-operative* Justification of this 

will be £iv*n in the following sections.
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b) Rodlika Tlyteotlo Silicon

Thie form of the eut*»et1c Bill con wa» the sinr-lest 

and as such renreennts th© baoic form for this region of 

the G/H pi >t f but as already mentioned it was only

towards hi£ 1"i <*- ^^ low ^.

Flatec 3P show a ro^li^© ^necim^n pro^uc^d by 

unidlr^ctionally growing th« cm tec tic allo,-- urder the 

following

R » 2.78 x 1 

C - 2^0

Other rodlifce soocimens wer-e produced (8*?e tables 2j 

and 21) but the raorr>holoric»l and crynt-Hllogranhic analyses 

re confined to this Rpeninon*

ro<1a of nil icon were of irregular crosa section 

some 10 u across, s md were arrnn ed on a hexaronol

network indicating an attoraT>t at Vlosse nuckin^ to

th<* 'if fur ion -Hr,tar».cf?, ?h^ rods fT«w ^-i rail el to and wer«

continuous 1n the growth direction. All this indicated that
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the fmtectic growth was by a co-operative steady state 

process, very similar to non facet^d/non faceted e-utactic 

rodlike growth.

At those vpry hi#h teaperatur© gradients, slight 

variation^ in tb<? growth rate corresponded to large 

change at the solid/1 iqui'* interface. These char;/.f>& tended to 

produce silicon bands across the interface and w©rc* caused by 

the hi#h ^i solute build-up ahoa^ of the alumlniui phase, 

(irlatm* 39)

Fx tract ion of tho silicon ro^s from the alumini\im matrix 

confirsiod ^i« gr?Roral shape of these particles and ahowed that 

the silicon WHS continuous in the irrrmth dirftction. (Plates 

Blfurcatod rode were observed in^lcatim? that th«» st 

b*d a branching mechanism* (Plate 4la) However f the 

corjditionn wr»r*5 cot perfectly stable and th« rods often 

dev-alooed njde plates. (B*>e plate 41b)

ii) Crystall graphy

X-ra, rotation j^ioto-rranhs were taken of extracted 

eutectic silicon rods, about tho particles ^rrowrth axis* ITae 

silicon fibres ahnwed a (l.).?^ ^1 preferred growth texturo. 

(Plate 42)
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o) Angular ••'uteotlc Silicon - fi«.n>ral Structure

Although the rcxllilc^ eutectic silicon wag the siaplast 

for® in ration A of the C/R plot, the ia» jority of the 

«njteotio silicon traduced In this re/rlon urns of the Angular 

variety.

This angular eutectic silicon, as already described, 

w«s essentially n fine silicon rod or Bpin« ali f?tw?d with 

the (rrowth Hir^ction onto which silioon plater? v*»re attarhed 

by an 0dge,(s«e fiff- 43) fransveree »©cti fin8 through this 

structure thus frave ria« to the cha^aoteriatic sn^wlar forra.

Longitudinal sections of this type of ewtectic alloy 

showed that it d©v<*lop©^ frow irregtalar ailiooti tmrticlee. 

Thre^ cer.tiraetroa <?rowth was required to form the preferred 

growth

e samples of wutectic alloy removed from 

the middle p*?rtion of uni^trcctionally gro^n sreciicorko showed 

microstrwctiirea aa in Plates 44» Fro® euch photc^;r«ptofi the 

simple »rd<*l of the angular cuteotic silicon shstoo was 

constructed, (fi^ 43) 7h« angular particles normally had
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three -r four side plates that appeared to wake regular 

anglas with each other, (see later section TV. 5.)

Longitudinal sections of the eutectic alloy showed 

that sections through some of th«s« silicon side plates gave 

rise to w«vy lin«s. (Plate 44b) *^avy lines were not 

observed in the transverse section of the alloy, and from 

Emlti-s^irfRoe analysis it was conclwlstf that the/ wf>re due 

to section? thro'jgh corrugated elates; the -orru^ation 

direction bein*c at ri^ht angles to the* growth direction. 

Side plates, therefore, appeared to b© of two basic typ«» - 

«ither saooth or corrugated.

Extraction of the silicon mrticl*»a from the aluniniun 

Matrix confinaod the general model of an^rular particles. 

After extraction the silicon phase of the eutectic alloy 

reaain^d ao e. cohoront swas, in^ioatiw intcrcorir\oction of 

the narti<:l«8. Individual particles were easily broken frcjm 

the wiss, ae thp ^^articles wer« eittrateelv brittle. The 

silicon mrticlea wor<? .fount* to }*•* continuous in the growth 

A traction an^ f unless brov^n, wrrn a«? Inn^r as the eut«*ctic 

npeciro^n. f?he mor^hol>gy of the extracted oRrticlea wns as 

expeot**! an f^ WAS ah own to consist of smooth and corrupted 

platev attached to, ethnr to , ivr> the character is tic 

•ectlon. (plater, 45)
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11) Crystallography

X-ray rotation photographs wars takan about the 

fprowth dirootion of aingls extracted arwrulnr mrticlea 

and also of softll pillars of the angular <nit«ctio alloy, 

Both sets of axperiiscmta showed that thn silicon 

had the 0a«a ^lOC^ si growth textvr-*^ w the rode* 

(plates 42 and 46)

ill) Growth >

the above £*nerftl ^pscription it can be 

that the growth r^chaniaEJ is essentially the sarae as that 

for th<» ro^likf form. Diffusion '^stances arc short anr? 

the silicon phaB« in cisntinirma In tti© jrrowth direction* 

Growth is therefore by a eo-^^er*tiv« process, an'^ with 

only BBooth aiHe plates pr«8«nt one can say ths.t growth 

of tho aii^al:-*r Rutr?ctic alloy ia a etea^y state r'-roo^es. 

However, the com^ate^ si^e plates mmt b© ^rowin^; by 

aoue oscillatory diffusion process, and H® such oust VP 

deacribed ae non^Btea^y utate growtJ"! - perhaps the phrase 

periodic growth would be the b«»t dO9Orlption. Thc?so two 

forffi» of Billoon el^e platce will now be dweoribed in wore detail.
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d) Angular ftuteetic Silicon - r«ooth aide Plates

Reflected light raicr'-'KCQrsy provided inform ti:m on 

th® detailed shape of the Individual side plates*. These 

platen could Ve remove^, with car®, from the ajftgul&r silicon 

particles and subjected to X-ray ^ if fraction analysis.

The majority of the silicon side plat<?e were of this 

first Marie type and were flat >»n$ usually smooth. The

r« either triangular or trape^iform (plate 47 and 

? were Joined to the central acin® of the angular 

particles by their longest ed^ji*. The angles thftt thP edges 

of the plate® md«' with each other , wbcp viewed nor»al to 

tho plate's aurface, ware

45° 90° and 153° (fif> 4?) 

JSot all the elates w^re cc<mp'let«ly srao:t>3 f and

of th«?m had alight surface imrkin^e at 45 to the growth

direction, (plate 48a) other^iRe they Rptjearp-* identical. 

The silicon platew were thir an^ with traneraitted tunftste 

illumination appeared yellow, red or brown no ording to 

thicknese. (plate A8h) fho edgt»s of th« plates often 

appeared to be surrounded with a 'beading that was thicker 

than the plat® itself, (platee 49)



11) Crystallography (see fi/r. 47)

X-ray Laue photographs taV:f>n normal to theee 

extracted smooth silicon si^e platen showed thee: to 

be single crystal (l nO^ plates, with the edg« r^rallel 

to the growth direction bein^r Oo0 ^ * fi»d th<* t«o edges 

at 45° to the #ro*th rtlr«»otlon b^in^ <110> . (Plate 5( > 

Stirfaca «n«irkin^« were alfto in \110> tyoe direction^. 

Thflse crystallogr«.rhic directions wer© checl.ed by taking 

rotation phot^Tapha about the particla edges.
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») Ar-flyl^r :utcctic tjjlicon - Corru.-ated Side PIateg

A* mentioned above in secti n IV.5»c.iii. it appears 

that corrugated ride platep are <3^rowinfT by a slightly different 

Eeehaniam to the 00*00 th plates anH that the local growth 

direction of the plates varies r><*rlogically with time.

i)

This form of Rllicon eid^ plat« wa» not so conaon as 

the smooth nlate. Fytract^d car^tj/rate^ rilat«8 attache?'? to 

angular pMrticlos showed that the cor~u^ntion Direction WHS 

at rlrht an- l«s to the #r;*eth ^ir«ction. (plate 4^) The 

cor^uf.ationB, unlike the slight surface mrkinga or, ttoroe of 

the smo^Jth platfis, wfrf; vp>ry marked an14 it was often not 

possible to focue on the whole extract*H plate at once, 

(plats 51) Goniom*»try on mich wxtracte^ plates showed 

ttiat th*» faces cone in ted of alternate at*90, the plants of 

which made an anrle of 109 to oarh other
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ii) Crystallography (»<*« fig* 51)

X-ray IJLU© photographs taker, normal to one of the 

of Blanes which comprise the corrupTat*<1 piste, aboard that 

thfi r^fitr vast tsedp im nf two sets of (ill \ plants inclined 

at 109". (plat© 52) The corrcgatod plato was a single cr/stal, 

the overall growth directior? was <(1 iO"> aa expected »nd the 

eorrugntion ^ir«?ction was <11Q>. Thos« lalter roaults ^«rp 

checked by rotation photO£nrmphn abo-ut th« grcwth and th« 

corrugation direction. ?h© plane of th* corrugated plots is,

, a (ll)l , (see plate 53) which is aetually composed

of two alternating ^111^ inn lined at 1C^9 to sach other.
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Angular, Kutectic Silicon - Bodal Angles and T

It has been mentioned above that on tran8v*»r»« sections 

through the angular cutectic alloy, the silicon old*? plates 

sp-pwr to make regular angles with each other. This section 

«ill ! oal with these so-called nodal anrl«s and will atterapt 

a cryetallographic explanation of th© observed results* The 

various noc'al tyr>es that can then b« fOTised will eleo b€ 

classified.

i) Morphology

fh« an,f?l«» b«t*ec?n the silicon ai^o plates as seen in 

transverse sections of the alloy were raearnzre*? ns*in& a 

calibTHt*?^ rotating eyepiece. Histograms were pi <tted for 

these nodal angles. Resulting histograiaB (f% ?4) 

ks at the following

53% fi2°, 90°, ice0 , 127°, 155°, i"?

>\irther information or #»ese? nodal angles iras 

by #onioir etry studies on a wide? ran^e of extracted angular 

silicon rnrticles. This work had the advnntafrc ovor the 

histogrtiB plots mentioned ahov«? t ir th«t it wac rjos^ible to 

ti»ll the nature of th«? side plates frivinr rls« to specific 

nodnl angles.
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Th® observed nodal an,-lea were the saae as those

by the histogram b\it it was now possible to 

divide th-10 up into ^roupa dependin£ on *h« nature of 

the silicon aid« plates givi?^ rise to the anrle, i.e,

Smooth/smooth 53°t 9<A 1^7°, 143° 

Corrugated/corm^ated 53° t 90°, 127°, 143°

Thee* variola nodal an.'l«» could /rivo rise to a v«ry 

larf;o mirf^er of different arv-tilar eutectio »ilioon 'tarticles, 

or more aiwply nodal types. So®e of tfee observed nodal types 

shown in fig. <?% However, angrilur rartiolea were not as 

as inflicateH in fif • *?*> as the particles often u»ed to 

be joined together and many of the aide plates appeared to 

have anchor endings* (sae plate 24) These anchor shaped 

endings w^r« again either snooth or corrus vnt^<1 plates when 

the eutectic was completely angular. However, in tho 

trarssitlon zone - region B -f C (fif?* 29) the anchor plates 

were often emotions thro'^rh inclined irregular plates 

attache'3 to the angular plates, (see fifr. 104 and plates 

106a to 107b)
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ii) Orystallo^rajhy

FPOBJ the orystall >#rarhic remits already ise»ntiono<! 

above, we know that sine* the silicon growth texture wns 

then a tranav©ra« section of the alloy can be

by a Btfindarri <[l / projection for t; « silicon 

ph**«. We also know that the side relate ^ir^ctiows can fc« 

mtf^ on this projection by <!lOO^ for th« smooth 

airi "CllJ^ for th« corrugated plat«a. (fi^* %) 

This vill eur>lain sor.ft of the observed rodal

Two smooth plates, or for that RiRtte" two c^rru^atert

woi^ld be joined tor^thrr at an an^rlc of 9*5 aji'l a corrugated

plate anri a Htsooth plate could m«k« an anrla of 1J5 t

alon^ this >; > growth direction* 

This doea still I"ave C(prt«in of the nodal *uv los 

/• closer look at th*58« 'jn«yplain«H nodal

«n/T lea s< OWE? that they all hav«? a certain an/vsr le in common, 

namely 53

thus 62° - 180n - (45° * 53°) 

98 C - 45" + 53°

n o fj145 - 90 * 53
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X-ray Laue photographs were taken of extracted 

angular «uteotic silicon particles containing smooth 

plates 53 apart. These X-ray nhotographs (plate *> >) 

showed that both plates were ^ !'>">$ planes and that th^ir 

cooaon growth direction wae still ^1 0") .

The Laue photographs efrmwrH that th« two nl^tee 

ha^ a oosKion (2105 • The an^le between (l OJ and \ 

• 26 54* • Tharefor*?, the anirl© b«twecm th« <1 K;") of

the Bi^e plates , when observed in tr m* verse section,

be 2 x 26 "54 f * 53 8'« ?h«* two nmooth rjlates can h« said

to be t»inrj«Hi with respect to mtch other by nseans of a (210) 

•pic*l twin* This R^irsel twin allows \\n to explain 

in^: nodal an

53 f 12? «-nd 143 ai"R ther^f^-***1 the an^rlea 

^ 100^ ji ir actions for twinnpd and non-twinrec* smooth plat«a 

of tho angular pitr tides, (or similarly they are the angles 

boti?«»€>n <110> direction for twinned and non- thinned 

corrugated plates - see plate 53)

82° and 98° are the angles between the ^lOO") 

direction of a smooth plete and the <11G) direction of a 

corrugated
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It was possible rising th* rn1cara single crystal 

goniometer to prove conclusively that the ab«v« 

cryatallographic interpretation was correct*

The orientation relationship between th« aide 

plates of argular cute-tic silicon is masnaarlBed by the

projection of fi^j,
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Airular r<»tectio Silicon - ^vienrred Growth fo*

interfaces of the angular en tec tic alloy 

that, although the interface wan microscopically 

fairly flat, the silicon rhf.u*e aprei&r^d to v o }<*trfinjz: the 

aluminium during trow th. (*!:•'.*« ')*">) The smooth {l-to} 

silicon ride plates wcr*? sccr, to be iprowlni on their Leading 

<1U>> ed^es. This fitted the ^imorsl picture" of the emooth 

plate, since they w©ro always ioun^ to be clofsed at the 

lee<Hnr o^#?e by a Ol'.'O ^ir«ctlr>n, anert this abap^ would be 

expected if growth on a ^1 -5^ plate was suddenly 

for any reason. *'or lateral growth of tho silicon

to oecTir, It rcvjat be ir contact w't . t,hp liquid r«haf?o, and 

as th« ^r^winjP! edge was at 4 1? to the growth direction, a

of this freo ed^e distance coulH be obtain^ from 

the averftr« l*»n#rth of the nide T)lat«» as obeerv^d in the 

transverse sectiona of the ontectic alloy. 'Thin length 

called the projected fr«sf; er?*TR distance, d (&ee fijp. Sfi)

btttinod fr'nr. rj^pnoh**^ interfaces were in very good 

with those obtained by the above method*
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h) Effect T TeTTTic-raturft Gradient, 0

The effect of specimen temreratur* gradient on the 

•lorootructu^ of the <(!*' ^ £>i growth texturcd ^*uteotic 

alloys ^&B fount1 to '»e considerable* mv Is effect has 

already b.-e^ b-^ IP fly wentin-n^d ( w^ctior IV."*.) Fl^tfts 

59a to 60b shrn. r. merles of transverse section mlcrographo, 

all taken at the ssaroe reunification, of nni^irfctional 

solidification exreriaenta carried out at a constant growth 

rate JR * 2.Jf- T 10*" cB^sec, P-T»^ ^ith a widely varied 

t^Eperaturc gradient G, (sec also fig 28) The rofllike 

p-utectic silicon wna formed et th^ very hi^rh temperature 

^ratH©nts t an^ a« the grafH<?nt WHS r^*^rico^ f this forn; 

b«caiE«* or stable and starte* to rro'-itoe i*\Af* r>Vitos» ^t 

first ft preat number of Bido platen wer*? produced f up to

per ro^, see plate 5%» T*he angles between the Bide 

in thene e-lfrht eide ana particlea were 53 an?' 55

and so they could be explained ir terms of the 

twin ao<!el, (ee*! section IV.S. f.ii.) As the gradient wae 

r^'diaced still further, ttio ^fnt-ral angular form with thr©£ 

or four gi^e platen t>er partible wae observed and the tslze 

of v oise side plates was ne^n to increawe with 

gradient, (plates V^b to bOb) >noe these four aide 

tsorticles were produced, corruptions wt»re ah



The incidence of the three plat* particles increased 

with decreasing gradient. As the oi»e of the side plates 

increased, the nature of tVe centr© of each ^article, as 

observed in a transverse section, varied. The centre of 

the particle changed from bein^r a fibre with aide plates on 

at high n to become jrist an intersection of side plates at 

low C values, (plates 59b and 60s)

i) Particle sisse

The projected fre-o edge -Hstance d (see section IV. 5. g. 

and fig. 58) was treasured for each of the separate experiments 

froffi the transverse section of the alloy. The following 

relationship between d an^ 0 was found.

d • AC" 1 (s««s table 61 and fig. 62)

il) Particle separation

A t the inter-particle srmcin^ was a difficult Distance 

to iseasuro, AS the particles tended to interweave at low G 

values. However, as the an^ilar silicon mrticle node 

appeared to be the growth centra of this silicon structure, 

the internodal distance was taken as a treasure of A .
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Internodal distance was taken as

A • -7=" wher« Nf\ » niaaber of nodes/unit

The above equation assumes that the nodes wor?* arranged 

on a square lattice* Sine© the angular mrticlea were derived 

from th« hexagonally arranged silicon rods, a hexa^nal lattice 

would appear mor* relevant. A hex. was calculated and shown 

to be i

/ \ 
A hex. • 1-=^* — -\ or A hex. » 1.074 A sq.

The Difference i» thw® small and was neglected. All 

values quoted for ^1(»^ growth texture silicon are in tenaa 

of A 8<l«

A » tn45 internodal eeparation increased leae rapidly 

with decrease of temperature gradient than did d, the 

projected free edge distance.

The relationship was found to b«i

X - AC* °* 6 (see table 6l and fig. 62)

The rf*8ulta b tainted ftoa the very low temnerature 

gradient experiments did not entirely agree with the rest 

of the rssults. This was because the silicon morphology

not completely angular* The regions between the angular
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particles oontain««3 furrier eut<@ctic nilicon particles 

of a different type and these tended to affect the 

relationships between d, A and G. d for irjatance was 

only proportional to G~ when the bulk of the eutectlo 

alloy grew in the an/gwlar fora. This ather type of silicon 

which wae shown to b« irrefwlar silicon is described in 

section IV.6 and 8«
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j) Effect of Growth Hate . R

The effect of growth rate on 10 ijrowth textur© 

eutectic silicon was for the most part Involved in the 

observed change-over frnn this ^l r<")^ Si growth texture 

form to the \lllj Si spinal twin forta. As w© have seen 

In the above section, the formation of irregular silicon 

upsets the growth of angular silicon.

However, th© chatty of rodlike — > angular eutectic 

could also be pro^uritd by an increase in growth rat©. 

(«*c fig. 2*) Ono» the t"®n®r**l angular silicon form with 

thre© or four girt© plat©» wa» produced f very Itttl© 

in nodal tyi5©s was ofeservod an<3 corrugations always 

to be present. With the onset of irregular silicon growth, 

the incidence of three plate nodal types increased. 

(plates 6^a to 64b)

s-h©n the growth rat© was slow and no irregular eutectic 

silicon was fortaed between the angular particles, both d and X 

decreased very sli f htly with increasing growth rate. At the 

onset of the irregular silicon form concomitant with the 

angular form, these two para»et«»rs ditoreasetf racrg rapidly 

with increasing growth rate, (see table 65 and fig. 66) The 

methods us«^ for obtaining these values for d and X were the 

same as for the cowpletely angular eutectic and the presence 

of irregular ©utectic silicon was not taken into consideration.
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(6) CR Pi;)? ft*frIO« C - TR.'ffGniAR SILICON EPTOT'IC

This form of the eutectic was produced over B wide ran^e 

of specimen taaperaturo gradients and when the #ro*th rate 

waa greater than th*t required for atvrul&r eutectic silicon* 

(aee fig. 28) The rs«Jority of the previous unidirectional 

solidification work on this mit&ctio alloy has been carried 

out undcnr growth conditions that fall in this region of the 

C/R plat. Normal casting methods also produce growth 

conditions in thia region of the G/H plot.

a) General Vioroetructur*

The Rlcroetructur© of the irregular ©utectic appeared 

to 'oneiet of discrete silicon particlen embedded randomly 

in an aliioiniura matrix, (plat© ?5) Closer investigation 

showed that the «ut©ctic silicon war, trying to align itself 

with the growth Direction. Bursts were observed fanning 

out ir? the growth direct ion between roughly aligned elongated 

spikes f silicon, (plat© 6?a)

Quenched interfaces of the growing; irregular eutectic 

hare shown (Chndwick 19^5) that these epikim tend to lead 

the vary irregular g owth front, with the silicon plate burBta 

filling in the arnce between an^ behind them, (plate 6?b)
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The work described below shows that the silicon 

particles were interconnected and continuous, ks the 

diffusion dietancea were si.mll, th** growth r?'echaniam 

was a short ran^e one, but because of the irregularity 

of the structure, gr wth must have b®im into a non-steady 

state diffusion field.
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b) Morphology

Because of the irregularity of the mitoctic, the 

majority of the information on the morphology of the 

ailicon particles was obtained from extracted particles. 

The extracted irregular aili :on wrtieles a-n^ared as a 

pilo of loooe plates aiv' particles. This did not mean 

that the silicon was not interconnected. The interconnections, 

if Tsresent, could have been very brittle and w**re thus easily 

broken by the evolution of hydrogen during extraction.

There were two types of extracted silicon ^articles; 

plates and a knotted fibroma forts. The knotted foris was 

oftsn attached to the plate silicon and several plateo 

could often be found attached together via thene Tsarticlee. 

Knitted particlea co^ld be taken as tti© raain interconnections 

between plates. As they w^re very fraril« f the extraction 

process tended to break the eutectic up» (plates 68 and 49a)

The plates were of two major sorts. The first was the 

idioBorphic plate. This, as the na»e suggtnrts, was of no 

definite «h«ne and a wonderful array of this type of particle 

was observed, (plates 69) The plates were founfl to be quite 

Hat and often contained holes. The surface irregularities 

were accentuated by the lighting train.
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The second typ** was more geometrical in outline. 

Th»ro were triangular pl&test th« edges of which were 60 

apart. These plates were either smooth or had surface 

parkings. {platee 7 J ) Other platea were lath shaped 

aw? were often very lcm#. (plate 71a) The lath plates 

eoa^tiisce hud equilateral triangular elates attacherl. 

(plate
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c) C ry s ta \ 1 c gra phy

X-ray IA»J® photographs w«?re taken norasal to the 

faces of extracted silicon plates and showed that th<*y 

were all \.111\ plates «hich were twinned "by a 

spinel twin | the twin plane lyin# in the plane of the 

plate, i.e. the laue phot >|praphs sh<-*»ed sixfold symmetry - 

plat* 12. In the case of the idlomortihtc plates the

directions in th** plane of the plate often coincided 

with a surface feature* The geometrically shaped plates had

©«5gr«a bount? by IIO and the trian^pilftr plates had three 

edges 60 apart. Tlie long o^g^B of the lath fona

were likewise lO an^1 thia was checked by taking rotation 

photographs about the particles major axra. A a the lath form 

plates were alon^ated in the Ol O direction, it appeared 

rea^onablu to acoept this af5 th<* local #?rowth direction of 

th<?se platen. It war? oonfinaod t?oit this elongation 

dirfsctlon was in the 1 real grfwtli direction and that lath 

and spike crystals were one and th<» same, by taking back 

reflection oscillation photograph* of those particles which 

appeared as spikes in loiyn tndina 1 sections of the eutectic. 

These rerticleK were cbeerved to lie approximately parallel 

to the rajor |?rowth ^ir*ction nn^ to show a (ll-.)^ growth 

direction, (plate 73)
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potation photographs taken of small pillars of the 

eutectic about th*5 e»jor growth Direction showed that 

the silicon phase? had no preferred orientation, (plate ?9) 

Although individual silicon spikes gr<?» in a ^110") 

dir^ctiont particles growing in this fashion had local 

growth Directions which 'Hd not lie parallel to either the 

imposed growth direction or <*ach other. There were also 

the inter ?*pike bwretf? to b© conBidered. Theae particles 

ftla^o ''id not lie in the macroscopic growth direction and 

it was not surprising to find that no n»cro©eopic preferred 

orientation existed in the aggregate*
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Laue photographs had shown that t'rese pla.tr.-like 

particles were twinned by a ^111 \ tiplnel twin but it was 

rot possible to tell from those photographs how many tiroes 

the particles were twinnod. Gonioiaetry carried out on the 

wd^fis of the geometrically ohane^ plates showed then* to 

conoist of Dlanos ^ 70 to the major planes of the plate, 

(figo. 74) As the plate*a najor plane was (llli th> se 

edge planes woulfl be likewise \111$ •

By observing the nuxsber of \111] planes pr^pent in 

the edge of th^ plato, it nhould be porjeible to obtain the 

number of lamellar twin boundaries preeent in «ach £?©om«trioal 

particle, (aee fige. 74) In tKe triaanalar plates, the <(110 > 

edges were found to consist of t*o ^lll} inclined mutually 

at 219° and oo these plates were only twinned once, (see fig,74a) 

The lath platee were found to contain raor© than one twin* 

(fl$. 74b)

Silicon cleaves alon^; ^lllj and so it, was possibles to 

show up the lacellar twins by fracturing the extracted crystal 

and plate 75b shows a resulting fract^raph. Thia was a 

better r«thod than observing edges by ^onionetry as «d^es 

wore often not clearly defined in the extracted narticles.
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A modified C.P.4. «ftchant was uaetf to ahow up the t*in 

boundaries in th«? silicon plates of the irregular eutectic 

alloy and in this way it was po»Rible to show that the 

aajority of th© irregular silicon plates possessed laiaollar 

twin "boun^ariee. In somo particles as aar.y as ten twin 

boundaries were ol served, (plates 76)

Th© twin boun«1eri«8 usually ran in the plane of the 

particle and w€»re parallel with each other* However, other 

twin bovmdari'-s which were not in the? pl/.ne of the particle 

wsrn also observed, (plates 77)
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e) Silicon Interconnection

•

Indirect proof of silicon particle interconnection has 

been jaentionod above. Direct proof was obtained in two ways.

The first way was utilising the twin boundary traces 

shown up by the modified C.P.4. etchant. By s^lectinfi a 

given set of parallel twin boundary traces as a reference, 

hisV>graaM wer« pl-tted of the angles that other twin traces 

in this and neighbouring particles raa<5« with theinference twin 

trace* Peaks were observed on the histogram. If the particles 

were discontinuous, the angles between twin traces would produce 

a random scatter of results. The fact that peaks were observed 

indicates that there was an angular relationship between 

particles and tJAt the particle® were, therefore, interconnected. 

Longltudi ml sections of the alloy were used for Uiosie ar.alyBes 

and the best histo^rsia peaka were obtained by moving away fro® 

the reference particle along the growth direction. This waa 

presumably because Use principle interconnections lay along 

the growth direction and as there was ia re tran one silicon 

grain, a trace alon^ the growth direction -ould ten>^ to stay 

in me
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Because of the relationship between twin traces in 

neighbouring particles, it follows that the particles are 

most probably related to each other via coroplt** multiple 

twinning. If one considers only up to third ^rder multiple 

twins, these would produce on any rand 00 cross section up 

to 16 ^ different twin boundary directions; m re than enough 

to explain the apparent ran^omnens of the irregular silicon

Tho second way of proving the interconnection of irregular 

silicon plateis was hy scanning electron microscopy. This was 

carried out on heavily etched surfaces of the eutectic. 7h$ 

scanning electron microscope proved a most useful tool, since 

its lar^e depth of focus r*nc? higher resolution allowed 

photographic evidence of interconnections to I <R cbtaine<*. 

(plates ?8a to 79b)

Heavy etching, as opposed to oomt>let^ extraction, was 

A «e>r« reliable technique for showing inter conn action. T>iifl 

was prefsuoably because thft evolved hydrogen was Born easily 

ro leased from near the surface an'i, ttiorcforw, r-articlns 

were leas likely to b* broken. Also aincc the silicon mrticles 

wer^ "^oll psupn^rted by the aluminium -Tatrix, dHma^e by handling 

was minimized.
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f) ^ffect of G an* H

difference in the microstruetore of the Irregular 

eutectic on ch^r^in^ the speoiinm temperature gradient G 

was very *n&all and only becarae ;*t all noticeable at very 

slow growth rates, (o.f. section TV.^.h.)

The1 effect, of ehftnfrin/r the growth rate R was more 

Barked and th^ alcrostruotura became finer as the growth 

rate was increased. Plates 80a to 81b show a series of 

section micrographs all taken at the sarae 

i, in which H wne varied and G waa kept constant*

Interparticle neasnr^K^nts were obtained for various 

growth rates, at constant C. »*icr<'W3ter eyewiftce reading 

wer? tak«n from the transverse section of the alloy in areas 

wh€r< the silicon plates were approximately parallel - i.e. 

in th* bvrsts* Tlie reeulta are set out in table 82 and 

represent averages obtained from a lanre number o r r.bservational 

readings* The dep«>nd«nce of A , the interparticle spacing, on 

growth rat® R wae found to be

fig.
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The Biorpholo#y of the en tec tic silicon change^ as the 

growth rate was Increase''. Arvart fma the irregular silicon 

plates becot-ing smaller, the l»m<*llar twin separation and th* 

proportion of fch«s« Irmrul^r r>l«At©K decreased as the growth 

rate was increased. It has been noted (section IV.6,b.) that 

the irregular silicon faorttholo^y IB of t^o basic types; plates

a knotted or twisted fibrous form, ^hen th© irregular 

tectic alloy wan grown at relatively slow /rrswth rates, the 

jortty ^f the eutectio silicon was in thf form of plates. 

) However, «B the growth rate was increased this 

prop rtion of silicon plates decrcasod until at very hi#h 

growth rates th& outectio silicon was entirely in the twisted 

fibrous form, "^ese very high growth ratt»s were produced by

q <?nehin£ of the eutectic alloy, (see section TV.4. ) The

g raicrostnict^rciis WPTP very fine ar^ re,nnofa section* 

showed t??nall rounded areas of silicon produced by sections 

through the fibres. (pl»te 84a) TV.is is the so-call«r! c.ucnch 

no^ifi^rl structure, (aep emotion VTI for further Retails an<? 

diecuceion) Sonnninr electron aioroncopy of heavily etched 

surfaces was used to prove th?*t this rapidly quenched eutectio 

alloy contained th^ Ml In or r?ha«e In the* forK of these tv?ia£6d 

and intorconrpcted fibres, (plates H4b to B5b) The large globular 

particles in these photographs ar^ o< -Al dendrites pro^uc«d by 

the rapid quench, which K->ve b«5€»n exposed during the heavy etching 

process.
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(7) C/R PLTS ».lttTtI'-7K.C.r....ajy.gLRX *< CT1.UH KUT?TCTIC SILICON

Complex regular mrtectic silicon (plate 26) *ras forme^ over 

a different rarjjtt of growth conditions to the irregular silicon 

pert idea described in the section above, (section IV.6.) The 

ran,--*? of the growth variables of (trowth rate and iraposed 

fMBTieratura gradient w&s the earn© as for the irregular eutectic, 

but the v; riablt* of the coopoeition of the alloy had to be 

changed in ord«r to prodwoe the eonrolax rp'^ilft" structure, (aoe 

fig. 2?b)

As mentioned in section III.l., th^ complex regular 

structure wa» only observed in hypf-reutectic elloy castinf^s 

and the same observation waa meHe with unidirrationally grown 

eutectic alloys. The r«fnilar silicon form only represented 

a portion of the total eutec tic silicon and in raost specimens 

the majority of the silicon was still irregular. The complex 

regula^ structure w«,3 onl..' ^-BPrvet1? concomitant with thff 

irregular eilioon form and it therefore aurieare that the 

kinetic npr.h-^iaw Ipa^in to this form caust be the same as, 

or very similar to f that of the -irregular eutectic silicon. 

The growth neohanisro of coRjrl*»y re^lar eutectic nil icon 

appearn to be ft steady stat<? torn of that which normally 

produces 1rr«£ulnr silicor ^^ rt»th.
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a) C en era 1 y orph o 1 ryry

It was from transverse sections of tills structure that 

it received its colloquial rome, The word ppldero vreb is 

rawiur misleading aa a completely v«?b-like structure cannot 

hf> obtained f and the observed raicr* -Structure i*» always a 

portion of a web. Ilowevor, tho term lias become generally

?nd no IB used in this thesis. A ran^e of transverse 

of web fores ar*» shown in platea 66a to B7^« Tho

an parallel piatolets of silicon attached to a 

central spine- plat« t^ givo a re^rulRr feather-. 'leaped oomplex 

particle upon transv^rso section. Two such feather- shaped 

units were often found joined tofrct: or forrain^ th« major 

portion of a web. The sill' -on webs were usually attached to 

primary eilicon or large utootic silicon particles. 

Histograms wnro plotted of the an^le between spine rmd platelets 

as observed in transv^fTBQ soctions (fig* &B) and neaks were
0 - O Oat ^ , 52.5 and 7^'. 

Ueasureaents of the volume fraction of silicon in the 

webs indicated that the silicon concentration in the webs was 

great rr than that of the eutectic nlloy and that the volurae 

fraction of the w**b*5 varied from tiie apine outwardo, 

highest near the spine. Valune of up to
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0.24 were observed at the spine wheroaa a valuo of 0.13 is 

expected from the r»hnp« diagram, (soe fi^r. 12) These high 

values >nve led to the view that the complex regular outectic 

foros are primary silicon dend 1 ites (sin.). Thin matter vYill 

be further diocusse-1 in section VI.%«•

Longitudinal sections (plates 89) showed that the webs 

were qr.ite w<?ll aligned to the growth di»cction and that soae 

of thorn wera of considerable length. These AGOtlone were 

»i»lfc&diru? ns to th« actunl ^orrholo^y of the w®bn as sorao of 

the -platelets did not appear to lie in the mn^rosoopio growth 

direction of th« wsb and BO the an^le between spino ant! platelet 

cotil^ vary froa 0 to %^ d«rending on the section. True angles 

could only be doterwined by three surface analyses or oxtraction*

Hx tract ion rrrovod rather ^if^icult. This was because the 

structure was so firs* tVunt th-> evolved hydrogen tended to fracture 

the platelets of th*? web, (plates 90) A very Blow extraction 

technique involving 'titratin,^ 1 the acid against the sr>eciiBcn was 

•ore successful (soa aoction 11.4*b.) and the extracted w«be were 

subjected to ^oniowetry and X-rny Mffraction analyuia in -he 

ustial «ay. (s ctions II. 5b and 6b)
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b) General C ry» tall

rotation photographs taVen about the /rrowth axis 

of extracted silicon w*?bs showed them all to have a 

preferred £To*th texture, (plate 91 ) T7ack reflection 

oscill tion photographs or? the en tec tic alloy weba 

the aame result for the ell icon tjhase. Lanes ohot^.rra-nhs of 

portions of attracted webs r?h:3*ed that they were heavily

ned, but thnt individual platelet* , altho^h 

^ n^t r-prsear to b^ twinned. Th® spines appeared to be 

The rrimary or lath-like silicon rmrticlee to which webs 

attached vere also heavily t^inrad and ehow«d the se.me 

prefer?©^ growth texture. The similarity between the irr*?gTj»lar 

and complex regular fonss of sutectic eilicon ia thus 

substantiated by this X-ray evidence* f^o ele of the various 

web forms observed were constructed usin^j tlie X-ray analysis 

together with goniojsetry and three surface analysis.

*-.-€fbs can bo arran^d into thret* groups, of increasing 

complexity, which depend on the or atHllof^ra^^c relationship 

between (lll^ platelets, a \1CX)5 t'; pine and a <(llO^ growth 

direction.
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) Sinrlc ^ryfftal ">'eb»

A standard l^ll] ntereo#raphic projection (fig* 92) 

shows that ^he simplest *eb structxir© tlu.t can he constructed 

oonuista of a (l">.^ spin*' which lies in the [oil] growth 

direction with (ill) platelets attached at 54° 44' to this 

srin<% The platelets also liw in th« gr -urth direction an<^, 

therefore, oake an anf'l*> of 54 4'1* with the npin^ ^hen the

web is vi6«?p<i in transvt?rao s«v t1rm. (n^c fif> 93») TV1 is 

orientation relationship bcfrv»»en th*» w«b srine ar^ th<* 

attac) ed platolots WRS observed ir< a number of oases* (ree fi{j.88) 

It <*,':-^ f Ivr^evr, m-sual to fin^ n ^ob with only this 

r"l«tionnhir prf^ert. A 8 has Mlr-a^y b«r»ri r^rt.i-^n^d, ^ebs 

vary similar to the irregular euteotic silicon an^ it 

ars that (lll^ spinel twin.1* are required In th« structure 

for the Vin«tio .tnrrmth tr.echaninn t,o operate.
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) First ->der {ill} spinel Twined Weba

X-ray photographs have shown that although the webs 

ap ( ear heavily twinned the web platelets thomselvea appear 

to be sin,"le crystals, TMts fact can be explained by 

MB'.imintr the twinnirv pv^nt takes place wh«?r*» the \1H$ 

platrlet joins the spine*

Frora th*» BtHnnarrt ^11 ] atereogrH^hic nrojcction 

(fig. 9?) it oan bo s»«en that of th(* four (lll^ nl 

two arc axial an<1 the other t^o nr'- non-a.xis.1 to the 

growth dir&ctioru The nr^inol twin can take place about any 

of thpee (H

Twinnirv? ab 5ut «n axial (ill) nr^uces n twinned 

crystal ^hic>, tstill retains the \_ llj ^r'.wth direction

like

the untwinned crystal. Tho twinnin/; ovent is gecswetrically 

•quivalent to a 70° 3? 1 rotation about the [oil] growth 

axis, (see ii^. 94)

Twinning about the non-axial (lll^ pro^TJce^ a 

crystal that does not retain tho original [oil] growth 

<Urf»ction anH has all ^f its fotir \lllf non-axial with 

thr» growth direction, (we fi^?. 95)
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Prom the above it can b* seen that there are various 

possible orientation relationships betvonn an axial 

and its attached platelets. However, of these various 

possibilities only '>n« is observed and this is n.>!®n th« 

platelet is a non-axial \111^ plate produced by 

O';t an axial (ill) twinning event on an originally non-axial 

(ill) plate, (ooe fig. 94) Such platelets sake an angle of 

70 32* with th« spin« *'hen the web is bs<5rv«d in

••otion and also our<ke an an^rle of* 54 44 f with thr {pllj 

growth direction, (see fi^:. 93^)

By consideration of th» tingle oryatal and this first 

order twir? orientation relationship, a #rcat variety of 

w«b-rihaT>ed particloF can b<» produced, «Bp©ciall;/ wh«n it is 

realised that w^bs can have th^ir t*o axial \1"'M seines 

related by an axial (lll^ spinel twin. (e*e fig, 94^

The an^jle between tv?o thinned oxial w Tines is 109 22 f and

this was confinee^ exreriifientally. Fig. 96 shows sorae of 

the web morphology possibilities, All thesft forme havf R 

simDle <(llO)> texture »-»v* HT-^ rnrip.t.mctf5 ^ fron \111^ faceted 

pin to lets,
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e) Complex ' ebg

"Data froi2 th*» histograms and froniowetry on the extracted 

particles ffh^wed th»t the above web types (fir. 96) were not

inclusive. fc>b« were o> eerve^ in which th« t»lat^l£ts taade 

an an^le of 62. *> with the Ri?ir,o when observed in transverse

p«ction. (&<*& hintofrrauj fig* Rft) Such ^eb plat^lote
o of ?2 with the fT'Wth direct i or if the sine waa

axial, or the spin« t?^ade an an^le of 1A with the iTT 

direction if th^ plate iets war« axial, (fif?. 97^)

^ J - which the platelets were inclined 14 

the rr^rwth direction; the r>T>1no bein, axial and the web
C\

TV; a transverse section platelet/eiMne angle of 7^ • 

. 97b) The fnrowth axes of all thns© webs were shown to 

[Oil] by means of X-ray rotation phot<v;r&Dhsu 

The explanation of th«*se? complex «?ebs is n f t cotarlete, 

but it aprcars that the i?nines and platelets are related to 

wwsh other via e -cond order twin relationships; one or both 

twinnir?r orteratione. involving & non-ayial \lllj .

The 62m 5 trrmaverse B*>ction platolot/apin^ an^rlc can be 

ex"TfHnn<* if the r^^latlonr.hip either involvon keeping the 

spine axial an^ twinning one of the original axial (ill) 

platelets using t^sro consecvtive non-axial twinning operations,
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. 95) fir keeping the platelets axial and carrying out 

an axial twinning eviration followed by a non-axial t^lnnin^ 

operation on an originally non-axial (l 01 plane, (s^e fi#.99)

The 70" i9latelet/spin« an#l* webs, with the platelets 14 

off the Dill growth direction, can b« explained if the «pine 

is k*?T»t axial and one of the originally aon-axial 111]) is 

first axial ly and then non-ax tally twinr.ari. (o«e fig. loO)

All the alov© complex webs involve non-axial twine and 

so a portion of the rasnltant crystal hae lost its [Oil] 

iprcvrth slir^otion anH one would, therefore, cxncKit all complex 

webs to show multiple t«xturea. Ilio growth textures, apart 

fron [ "111 , that one should observe are of low symrs^try, 

e.^. [411] for first orrler non-axial twins (eee fig. 95) 

and so lay^r lines aa such wonlr1 not v QX pec tod, but extra 

a-notfl F-houl^ np-pcar on all the rebyo linf»e and thcte ^o not 

aak@ thesjsclvos apparent in thfi X-ray rotation r^notographs. 

(ace plate 01) The rfiason for this is not at all obvious, 

unl©8^ thft outer l r;yer of heavily twinned l^th silicon, that 

is foun<1 around nil webs, is sufr iciont to raaak the inrf*r rowth 

of th« plp.telfits or spines.
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f) Kffect of ft and H

Tba intPr^latc-let distnnco A was measured on transverse 

ructions of tie alloys, usiri£ ft wicrornpter eyepiece and av*?ra/'es 

*<-••-- taken from a lar, <* number r readings. It wna foiv rl that 

the srfcircen t^rarwrptur' .irra^l«?nt G hjid no effect or tVe /\ - 

for the weho. The ei^c of tbf webs, h vrever, incr^asm^ 

decreasing gra^iPnt, that is prcept nt v«ry low G-values 

no webs were pr-^iu-ced at all, bi>t this was pr-'n 

tb^ Vyperf>ntactic silicon vsa$? rot taVo* ^r\ into 

growth was, therefor**, not fr.r?B hypereutactic liquid* The 

nimbpp of w^ba appeared to increaau with increasing ^ndiont 

and at hi^h C-values t^ e specir^r; r-^ntained a hi^h proportion 

of ^ob«. (pintea 1*>1)

The «fi>ct of (growth rats U upon ths interplatelet 

rliat^nee A »-?s f that as the growth rat« WAS increased 

so t' e val'.j* for A <1«crear,«d. (table B?) Ueaaur0»ent« 

from a scrips if midlr»?ctionally grown sp«ciia«n8 showed 

that thQ relatlonnhip between A and R was

UR

X
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It will be notert that the val?;e for A in the above 

equation is such lower than that for the irregular (lll^ 

Bfinel type entectic.

As th« growth rat^ wnw incr ascn, the si^e and number 

of webs decreanr j . (nr»e plates 80& to
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(8) G/R T'T/'TP; - H'OT.t'-y. B + C - T 7 -'. TRA^TTT-ff / W<".

As tho tit.l.r* o*" th<" 8**cti^i"» imr-liea, this

oocur^d between ro^ions B nnd C on the G/R plot and eutectic 

alloys fcrrwr. und^r thes^ conditions produced ralcr OR true t urea 

in which both <ln > Hi terturod ©ut^ctic and 

apinel f>miF? **r*» to v <" ^otin^. (se^ fi/=r

The low growth rate boundary of the 

at a constant C'/H valui» t I.e. th« beginning of the formation 

of ^llli ^r>in«l twinnrr? silicon crystals concomitant *ith 

the \T.m~^} *'*. **n-rtr orr'-i-p^d wt !<->rf-r iTo^th rtiteu wit)! lower 

t^mrorature ,:;radimts t or, in other v<ord8 f as the angular 

particles ircre&«*€ in Bive no the irregular eutectio silicon 

forra*??i unrff easily in th«* rer'i^Tis bet^e- n the angular tmrticles.

As the growth rat« WOB incr^arted, the proportion and size 

of the anrular particles decrc-aaed -mtil above a certain 

critical /nrowth rate (H % = 5 x 1^ un/aec»),
v*

?»1l1cor> wn» coisl^tRl of th«
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ft) General Forpholojgy and

ranrenm s ectione of apeciraena grown un^er these 

conditions ar«* j'bown in plates 63® to 64b and 102a. Th« 

angular silicon particles in the smtectic alloy were well 

aliened with the growth direction and nodal arrles were 

found to be the came as the ~<reviou»ly describee* angular 

silicon (section IV. 5. f. ) )j ar\d longitvdinal sections 

(plate 102b) and extracted oarticl©8 showed that corrugated 

fiid« plato^ wero present. Tlie aivrular eutcctic silicon 

apr oared to be? the first to frjrr?, the irregulnr silicon 

growing in the spaces in betwe» x r» the ngular plates.

The? irvftffulsr silicon «ai» ehown by extraction t •> be 

thf> sr'-'ne 4.8 the \rr*»^.:lar silicon already desc 

(a*cti^n IV. 6.) and to consist of ^111^ spinel 

plates '? t-*iSL ibr^s. V.^asiorally in hy^ereutectic 

alloys t'f c *?*?>- fnrn r>f \llli ririn^l twinred silicon was 

observed. X-ray evidence of th« for««tion of the two 

eutpctic silicon forms was obtained by taking a series of 

rotation phot i/rarhs of soall pillnrs of th*» o«t«»ctic alloy, 

(eee section 1 1.6. a. ) Th?8« exnoriia^"^." «v,/-wf»^ t> : nt as the 

proportion ')f ^11 1$ spinel t^in^nd nil icon was incroasnd, so 

the rotation photOjpraphs change^ from showing a <(l '^ Si 

texture to showing complete Debye lirmn -tnly. (compere plate 

103 witfc plates ?9 and 46)



b) S .11 i c • n T . n ter c onrseet i on

It was shown that th* two forms of en tec tic s 

present in this region of the C/fi plot were interconnected. 

Extracted silicon particles from this region showed irregular 

plate© attach©'! to the angular ailic »n »idc? plates. Soap of 

the (llli irregular plates were found by goniomatry to make 

an an^le of 55 with { I'^o] smooth si«fe plete^ both

having a eoasjon 110^ @dg«. (fig. 104) Optical 

evidence of the interconnection of Irregular and angular silicon 

particles was Difficult to «how because of th® p»^^r depth of 

focus available. Scanning electron microscopy on extracted 

silicon particle® showed the interconnection far aore 

conclusively, (see platea 1^5) further scanning electron

on heavily etched *ur faces of eutectic alloy aleo 

that the irregular silicon was connected to the angular 

par tides, but showed in addition that the irregular eutectic 

itself *?as interconnected as in the complete! y irregular 

eutectic alloy, (section lV.6.d.) (see platea I06a to in
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The modified O.P«4« etchant showed that the interargular 

silicon was twinned in the same Banner as the irregular 

silicon (plates 108) and that like irregular silicon, the 

particles were interconnected, since histograms plotted of 

the angles between twin traces were found to be non-random, 

(see section IV,6.e«)
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SjTect of G and R

Tho effect of both th*ae variables on the alcroatructuM 

of these eutectic alloys ^aa most noticeable in th<; chang« 

in the sis:e of the an^rvilar silicon particles, Thif» change 

in atijrulftr particl* aixi* was similar to that of th© 

completely an^^lar eut«otic silicon, except that the 

pre^^n'e of irr^g-'ilar silicon caused an increase In <% 

the proj^ote^ fre@ •<**;• distarwe (see section IV.5.h. )

with decrease of G that waa lean rapid tiian the d <>C G~

fotm<! for the angular eut^ctic silicon on its 

own, Similarly, aa the growth rat© was increased, the 

proportion of irre^rular eutflctic increased and this caused 

the angular r^articles to decr-mse aor« r?spi<ily in aixe than 

W&E ob8erv*»rf in the completely angular eutectic alloyo. 

(see section IV. 5. J mnd fig, 66)
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d) Morphological g tablli ty

Unidirectional solidification experiments were carried 

out in which the growth rate wae altered during growth. 

(section II.3«a«) The growth rate was increased so that a 

complete gradation of micros true ture fro» angular through to 

irregular was prortnoed in th* ow? »pf?ciBi®i5« G wan a80u»«<!

constant for th« «xp«riiaent* (G « ?9»5 "cin.) Th«

micros truotures that wer© produced at the various rates 

corresponded nxactly to thos@ from «t>«oiffi«ns grown only 

at this 9eum growth rat«. This experiaent showed that the 

observed alcroetructuree wer« staJble for a given set of 

growth conditions and that th»y were not dependent on 

growth history.
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(9) ALsyiHIW/PILICplf ' FT?A>:i/-.L ?r IATIORSHIP

It has be*»n m^ntion^d in section IV.2. that no ^ -Al 

preferred orientation was found in any of the euteotio forme 

describe*? above, 12ven in forms of the eutectic in which the 

silicon phase was well aligned with the growth direction, no

o< -Al growth texture wae observed. This was taken as an 

indication that no epitaxial relationship existed between the 

silicon and the aluminium phases, i.e. if the silicon phase 

had a /^owth t©xtur« and an epitaxial relationship existed 

between the aluminium and the silicon phase, then one would 

Qxp«ct the aluminium tr have a growth texture as w«»ll.

Purth«r «xpftrira®nt»l evidence substantiating this view 

of the absence of an epitaxial relationship between tho 

eut«ctic phases was provided by polarised light microscopy 

on eutflctic alloy specimens enodised to show \i*> the o<-Al 

grains, (see section II.4.a.) *?he results showed that th« 

eutectlc silicon grains were usually larger than the o< -Al 

grains and that autectic silicon particles crossed o< -Al 

grain boundaries.

Transverse sections of the angular eutectic alloy 

were anodised and attempts made to deteraine whether any 

orientation relationship existed between th© silicon particles 

and the c^ -Al matrix* Thin was one of the few forms of
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entectic on which this analysis oould be carried out, aince 

the silicon phase was aligned with the macroscopic growth 

direction. However, identically orientated angular silicon 

particles were found in adjacent c?c -Al grains (plates 109) 

and the angles between auoh o<-Al grains were shown to vary 

randomly, indicating that no epitaxial relationship existed 

even in this aaost ordered of the e« tec tic forms.

Another indication of the absence of any constant 

orientation relationship between silicon and its aluminium 

matrix was obtained by ^oniotsetry on iiwsompletely extracted 

eutectic silicon. It has been mentioned previously (section IV.2.) 

that extraction proceeds mainly by chemical attack at the 

aluminium/silicon boundaries} nevertheless silicon particles 

removed froo the acid before hydrogen evolution had finished 

often showed assail heavily etched aluminium particles attached 

to the silicon, (see plates 78 and 106) These aluminium 

particles had exposed cubic facets and previous work on o<-Al 

dendrites hsd ahown that these cube facet faces were 

(see section IV,2.) It was therefore possible, knowing the 

crystallography of both phases, to determine the orientation 

relationship between the two chases. This experimental 

procedure was carried out for bath the <^1 XJ^ growth texture 

and the (lll^ spinel twinned eutectic silicon foras, wnd in 

neither case was any recurring orientation relationship found.
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A&/3J AKP

It hae been shown (see section III) that similarities 

exist between the fflicroetruetures of furnace-cooled alloys 

of the eutectic ays terns Ag Si, ku/S± and Al/Si, In th« 

above section (section IV) it was shown that the nilcroRtrtieture 

of the etitectic s yet em alwainiuH/ silicon dopenAed prtiwirily 

up^n the growth of the «ilicon phaae, anr? that the form of the 

e«t«w3tlc silicon coul'l be altered by changing thff ^owth variables 

This beiiv: the caoe, one woul<^ expect further similarities to 

exist betwecm these three eyteotic systesMi?* This section deals 

with the results obtainw^ frow ijnif'.ii^ctlonelly gr<5v»ing the 

two eutectic alloys silver/silicon and gol^/ailicon.

(1)

A specisa^n of the eu tactic alloy w&a unid irrationally 

grown urK?er tho following conditions!

R * 2.78 x 10"^ ci^/sec. 

G - 50°C/co.
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a) Sections

The sections cut transverse and longitudinal to the 

growth direction are shown in plates 110. Th« similarity 

fcetw^n the A<g/8i alloy an<i an M/Si alloy grown imrter 

similar controlled conditions is strlkinf% (see plate? 6}a)

Th« Rajority of ths «nitectic silicon in this A&^i 

alloy is in the angular fon», but th® spaces between the 

angular particles - pt>ear to contain w^re irregular eutoctic 

silicon than A I/Si «?ut«?ctic growr. ur>Sev sirailftr cor.^itions. 

A hictogram pi tte<? of th© variola inter-an^ul^r eii!« plate

ears*? result PS that for th* nluminimn/

eili^on angular ftut^ctln, rusmely *)3° , P2° f 90°, 98°, 127°,
A A

135 an<! 143 • The longitudinal 8«^ction( plate 11 Ob' shows 

that both omooth nn«' cornigatef? silicon aid© platos exist. 

O»e isay therefore asRUK*s that the angular Pili^ on 

in the two syeterm aro the earn**.
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b) Kytracti^n

Father confirmation of th* similarity in silicon 

morphology wee shown by extracting the cmtectic silicon 

from its silver nAtrix. In the oaae of th« angular silicon 

pistes, all the foras were observed, (aee plates Ilia to 

H2b and coopare with plates 45a, 't? »^d 51) i» e « smooth, 

conu^ated and g\JorfacR-Taark»d,

Extraction also proved thnt th« int«?r-an^"ular eut@ctic 

silicon pnrticl«B ^ere ir^e^i>lar silicon iMitrticlea, 

(plate 112b) There w«re fmer irregular silicon plates 

than in th« Al/f-i «?u tec tic alloy and a far greater TH>TC entire 

of this irregular eut©otic pha.^e was in the tvisted fibroua 

ford, (c, f» similar form r>rorluce<1 in Al/?i 8yat< 4n - platwi 66)
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A.g/31 CVYf.

a) The Silver ?%trjy

X-ray rotation photographs taken about the growth axes 

of serf! pillars of the eu tec tic alloy showed th«t the silver 

matrix had no preferred orientation, (plate 115) Tliie was 

to bn emected considering the gr^at similarities between 

the pyf»tans A 1/31

b) Ivuteotio Silicon

The ffaroe rotation phdbo^raph of a small en tec tic « 

pillar also ahow«»^ that the »ili r ,on phase of the «u tec tic 

ha^ the exreoted ^lOO^ Bi pref«r.rerf orientation.

notation an«1 Laue X-ray photo^iraphs of extracted l>i- 

parti<'lea confirmed the crystallngrai^y of this an,*ulnr 

fora to be the aaa« &B the angular eut«?ctic oilicon in *^ 

Bi sy8te». That is, the angular particles side relates

made up of {lOO^ smo th silicon platee or corrugated 

plates composed of (lll^ planes. These silicon ni<»e 

platen were often related by means of a \210^ p-pln«l twin. 

(sea section F/.5 for more complete details)
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7h« irregular silicon mrticlec were shown to be

spinel twinrerf, IB*! SOB® of tfco few 

platoliko irr«g';lar T»rticlo« shewed 

growth «^irectiong. (c.f. section TV.6)
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(3) -.F-'C?;^ n .'W2 p. Off A a/Si "UTI^CTIC A/.LOY

©ft>cts of the imposed growth rate R and the 

specimen t«aporatur$ ,»frafH0nt G upon the angular Rut 

silicon morphology vor# exactly th<* same as in the A I/Si 

©ut^ctie system. ft,n increase in temperature gradient G 

led to a 3«cr«ase in angular pMrtiole sisse an^ an incr »iH 

in growth rato H rlso l«d to a ^©crease in ^article ei'/.o 

(e«^ pl«t«fc 114)

Howf»vc-r f in this eut«otic synt^ro the irregular *r 

silicon appears to be st&blfi to IO^CT growth rates and the 

angular silicon stable to hlgh^r growth rates than in the

ill con alloy. The development of large 

plates *1id not tak*9 place and the majority of the 

irregular #utect1c silicon *ao in the f<3rm of the 

twist'--7 fibrous type*

P»irth«r n«ntion of thia observation will be m^de in 

tho diHCiissionP on both pv?re ^>itootic an^ as difi©^ alloys, 

Th«*r« was vf?rv littlf* fjvidfncc* of silicon web fornsation.



133

(4) •* VSi.. ^TapTTC A T.LDY

A apscifiwn of this euteotic alloy WM vmidirectionally 

grown under the following conditional

R » 2.76 * icf cn/sec. 

G ** 3o°c/c«.

Sections transverse and longitudinal to th« growth 

direction tiro nhoitTi in plates 115* Vestiges of the amntlar 

Bilicon form still remain and tbeew were again found to 

confoms with the an^r«lar e 11 loon particles found in the 

A. I/Si mitectic «yst©m. Longitudinal sections indicated th t 

both smooth an^ corrugate'! sir!© platen exiat*

The majority of the mit«< tic silicon exists «E the 

irrr^jlar forra, hnw»v«?r f and as in the caee of tbe Ag/Si 

euteotic dfiaorlbefl above, the greater pro pTption of these 

irregular r-articlps Rppear as twisted fibres of eut^otlc silicon.
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In the introduction (section !•$•) three 'msio growth

are postulated fo^ the mit^otlc reaction and 

those aroi

i) In^p^rv'eat, or separate growth of the two

phase* v,y relatively 

^ if fusion.

11 ) Co-operative j.3pow^ of the two ettteetie

by Bh -rt r-an^e diffusion.

Ill) Sepf>at<?d mi

experlm ntal results (sections Ill f IV and V) 

enow that th« euteotlo @yBt«@a between F»C»C. ratals and 

is 11 Icon can ^row by th® first two of thew© three basic 

growth :echani»n». Th® growth mo< h&nisis, fin^ hence the 

resulting morphology ?m<f crystallo.TraTshy of tli€ eutectic 

alloy y depends on th© i»p aed variables of growth rate (&)» 

epeeiwrn t^qMmtiir« gradient (f>) an<^ alloy cooposition (c),
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In sections VI. 1 to VI.4 tbe effect of growth rat© and 

temperature gradient on the two observed growth 

will be discussed* Section VI.5. will deal with the 

effect of alloy composition on the eutectic taicroetructure 

produced at the various 0 and H-values investigate^ and 

section VI.6. twill discuss the possible mechanism of 

repeated nucl**tirm and growth.

It has already beon mentioned (section I«3«) that 

the two phases in ssetal/non-metal ©utectic alloys grow 

in a different njanrser. The ^.C.C. metal phase has a low 

isntropy of fusion and grows essentially isotropioally with 

an tttomioally rou^i interface. The silicon t*ase f however, 

has a ht^s entropy of fusion and usually grows with a smooth 

faceted solid/liquid interface; growth oocurin^ by the 

successive paosmge of layers of atoas across the sa 

interface* The growth of silicon requires a fairly 

undercooling to drive this process of initiating growth 

layers, whereas the alijminiua with its rou^h interface 

requires a negligibly uDull kinetic uMercooling. One 

might have expected that the ?astal would load the silicon 

<*wring growth sinc«? it needs a smaller und^rcoolingt but 

in this ev^nt tbe isotropic growth of the metal would cause 

it to envelop th« silicon, resulting in ronucleation and the
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of ^ -in continuous tjarticlea but the experimental 

have shown this not to b© the eats®, (section IV.6*d» ) 

Growth can proceed at a lower total undercooling if the 

silicon grow* ahead of the • etal phase; rince the large 

kinetic undercooling of tha silicon can be balanced by the 

large solute undercooling of the raetal matrix. (Tfellaw©!! 

and Tiller 196?)

In thi© way overgrowth of the nil icon by the raetal i» 

reduoe<! and in oooe cases almost ooapletelj provented* 

later sections in tliis di@cus«lc>n will show bow the three 

growth variables oan affect the ease of retal overgrowth 

an<? thua alt«r the ©u tec tic morphology.

The eu tec tic alloy attempts to grow by a abort range

diffusion proceee but la prevented from <1oinr »o at G/R
7 ,•> «»2 values above 10 sec. C ca ty ta«stal ovflrrgrowth of the

silicon. (e«*i si^ction VI* 1. a. ) Below thi» val^e of 0/R t 

growth la by a abort range diffusion prcxieas and the fora 

of the oateetic alloy dcipfmds on the (mount of urJercooliJig 

at the growing aolid/liquid interface. There are two kinetic 

growth oechaniaa^ for the euteotio silicon and at low 

undercoolings the kino tic growth fBeohanisa of the silicon 

phase produces a <100> Si preferred growth texture whilst 

at higher ^ndercoolin*^ a r!ifferont mechanise produces silicon 

particles related by {lll^ spinal twins. Ae the silicon tends 

to lead during growth* the form of the «mteetic depends very much
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on th« kinetic growth c«ohaniera of t&o faceted phase.

Model* »re propose*, for the various growth mechanism* 

«fKJo«ntercK! in preparing th« G/R plot and an attempt is 

made to explain the observed Gh*ng*»cnr*r froa >ne mechanism 

to another. fli& discussion will centre around the A I/Si

alloy but, ©xco|>t wh<*re wsr^ially mention®^» tli« 

an«l a^del« adopted ar@ applioable to th« oth«r 

two P»C.C. r^tal/siliooa eutectics ae well.
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(l) WEPA7S G&*;?n OF THB TVQ. JOTEETIC H

Thla was postulate^ as one of the possible growth 

B*ehani8ttf) for a eu tactic reaction (section 1*3*) but baa 

so far only b«©n observed in faceted/faceted etitectie systems 

in which the two phae^s scsse times te»S to grow indep^rj^ently 

with l»rg« diffusion clistanMs at the growing interface*

The production of » separate growth for» of the cutectic 

Alloy »lu«i«iiaq/eilicoR is the first tiiaa any mention has been 

mwJ* of a noiv-facetQ'1/ facate^ etitectic systeK growing by this 

machaniaau (s^' section IT* 4*)

E06@at experiwonts on A3/C« t another no»- face ted/ £ace^<* 

eu tactic alloy, have shown that separate growth of the t-o 

pha*«8 oocure in this system as well, if eufficiontly high 

C/R vmlu»e are

a) Consti t-u tl onal Undgrcoolirys:

*Phe proposed ©xplfi nation of this growth form of the 

alloy is that <!mriog growth the almainituc ptisse 

a planar solid/liquid interface becaiase of the 

very hi^h 0/R Yaln«» that are iBpo*ed upon it» l?«cle»tion 

cf silicon on the altJ»iaiiai phaso has to occta? at a greater
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undercooling as tho easy zmclaation sites f which am usually 

present on a non-ieothenaul growth front, have be^r; remove*? • 

One© forced« these silicon particles are easily overgrown by 

the aluainiua phase, since any lead the silicon my have is 

drastically reduced by the high temperature gradient. Because 

of these two factors, the nuisber of silicon particles is snail 

and growth occurs by long range diffusion between the planar 

aluminium and this small number of large silicon particles.

A few niraple calculations can be carried out to test 

whether the above hypothesis is reasonable, i«e» whether the 

constitutional undercooling produced by a 13 wt«$ concentration 

of silicon can be suppressed by the observed values of 0 and fl,

The simplest calculation is to assuoe that tlie en tec tie 

alloy grows oat of eateotic liquid as two single phase materials 

and that there is no lateral ^lffu«ion at the interface*

If we aa time that there is no solid state diffusion and 

tbat thare is no tl.enaal convection in the liquid pha&e 9 we 

u»e the fallowing woll known fonaulai
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(1 - ko) (Tiller «t ftl. 1963)

temperature gr»<H«mt in liquid at th® interface

H * growth rate

as * slope of th© liquidus 

Co • solute concentration

B » diffusion coefficient of solut® in the 

ko « equilibria distribution oo

If w« consider the aluminium f*ioee f then all the above parameters 

are accurately knotty except I) th« diffusion ooeffici«nt which is 

only known very roughly f and so the above equation could be used 

to ealciilat* a value for D.

1h* br«?ak«?own of th« planar aluminium interface was found 

to ocmar at G » 5OO°C/oin* an<! R «• £«?8 x 10*^ cn/»«o« and as 

auCo » 83 and ko «* 0.125
C p

D • 5,4 x 10" 7 cm /sec.

gives a reasonable value for Bf althot^gh indications 

are that it say b« rather high* (Loaaell an<3 Chalraera 1959) 

th* modol is f however, unreasonable in that the coalition 

that builds up at th*» interface, in order that solid of th* saa« 

composition a0 the liquid can be put 3 own, has an equilibrium 

liquidus t««p«rat\jr«^ sows 600°C bo low the on tec tic isotherm! 

(fig.
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It appears that a correction miet be ad<<ed to the above 

eqtiation because of lateral diffusion of aoluto across the 

interface. If we aesurae that thie effect is similar to that 

of thermal convection In a single ^has© imterial, we can ^»e 

the Burton Primm and Sliehter equation (1953) for the observed 

distribution coefficient ke. ke ie defined ae the ratio of 

the n^lute concentration in the solid fteas© to that of the 

average solute concent-ration in the liquid phase. In the 

abov^ cam where we as&us&c no mixing in the liquid phase 

ke « 1 ainoe the composition of th& solid bein^ deposited 

ie the same an that in th© bulk of the liquid but with perfect 

mixing in the liquid phase ke will equal ko.

If the concept of ke is applied to the derivation of the 

above C>/H formula, the following formula is obtained:

ko

In this formula we can mjbstitut® the Burton» Priam and 

Slichter (1953) equation for k© in terms of ko.

fct « —— (i . vco) eirp. (- Rx)
D
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where X is the thickness of the ^iffti^ion lay^r built up 

ahead of the growing interface. ^hen X « CD then V» • l t 

»hen X <• 0 then ko - ko. We thus obtain the formula i

C/l - ko * (1 - koj exp. («

the value of X to bo the eaa* ord^r as the 

observed separation of the silicon particles^ i.e, 0*1 

we find that the obeerved 0/R breakdown gives a value off ^i?

B «• 5 x 10** cm /sec. which appear© »or«* reasonable. (see 

Loamell and Chalsier@ 1939) Vhis then gives a value of 

ke •» 0*2 and so the silicon concentration Ci in the built up 

layer at the growing interface « "TT" * 20 wt.^ Si (fig. Il6b)

has »n equilibrium liquidus tenperaturi? of 4? below ihe

eutcctio iso^ej'flu This »o«!el of separate j?rowth appeara to 

give a far *or«* reasonable result in that th* /VT at toe 

interface, althoi^rh very large t is not ridiculous** The model 

will now be elaborated upon.

At the beginning of a 0|>eci]sim unidireetionally solidified
T f\ O

at ttiie hi^i 0/R value (i.e. G/H > 10' sec. C cm" ) f eltiRiniuB 

is aost probably the first phase to nucloate. (Sundquist and 

Mon^olfo 19^1) Subsequent growth of the aluainium phase occurs
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with a planar interface »*»! nil ion builds up at the 

interface 'intil the equilibria liquidu« t««p*?rfttur« is 

sufficiently bnlow the silicon liquids* for nuoleation 

of silicon to occur ont or n«ar, to the aluminiua nolid/ 

liquid interface. Alternatively, silicon may build up 

until the aluniniuB interface begins to form cells 

allowing nucloation of th« silicon to occur at smaller 

undercoolings in the cell triple Junctions* Once the 

silicon haa nucleated, lAt^ral diffusion of silicon occurs 

acroos the interface docroasing the silicon build-up ahead 

of the alutnininra and thereby stabilising tho aluniniins front*

The aluminium, beotiuse of its non-faceted growth, has 

a oechani^m by which it can overgrow th® silicon* In order 

to support a steady short range diffusion prooese, the 

faceted roaterial must tir^^ect sufficiently for Uiene facet 

ffeees to b«? stable to ov«*r#rowth» Iff hcw©v«»r f the gradient 

is very high then this projection of the faceted phase can 

be reduced to j?uch a aaall valu<? that the isotropic rratrix 

phase can overgrow the silicon and either torminat* its 

growth, or cause th« silicon to constantly have to change 

its growth direction* This overgrowth is also assisted by 

growth perturbations since the metallic phase is kinetically 

ar«re capable of a rapid response to changes in growth rate.
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A balance is reached between the ailio^n particle 

termination procoas and the nucleation of new particles 

dim to solute build-up. Once th<i structure has been 

formed, the silicon, although not a stable growth form,

not aprear to have to r^nucleat* ofton fcr growth

silicon particles are interooi«ioct<?(! and capable 

of branching by twinning and GO when one particle is

by th«* alueinitWt tVio incn^asoe! silicon build*«p

by <W °^ the rMaaiaing eilieon par titles 

locally in els© or branching If ti ifc cannot 

tof» rna^ily, th«n the build-up of silicon ?*ill 

1-^oal 1^88 of th« planar eliasiniuB growth front ami

r*nuclefttlon raill oootar. 

Although the aluminium interface is planar, th©

grarlient is not sufficient to overcome 

effact of constitutional \aadercooling of the silicon 

and eo the B 11 icon ^rows uc if into an uudercoolcd 

The form of theae silicon partiolea, as we havo so«n in 

section IV* 4*, ie that of elongated faceted cryetal&When 

in longitudinal section (plate 31b) these crystals 

the unstable natur^ of the aluniaiutt (S) / silicon (S) 

interface which in brought about by overcrowth of silicon by
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*P*in Planf Reentrant Ed^e Growth

The growth of silicon nn* gerBRni^m oryatala frow

iceltB i« ?>ow «r»ll ^rtd*rst€xx! and w© shall show 

1*ew this work lo relevant to mitectie silicon in soa« of 

fcr®a«

rowth t!«»ohaiii^|n j s baft«<* utv?n ^111^ sr»ljv»l 

that ar^ obsorvn*! In Giotto silicon nnd 

crystals. Fllia and ^pentia^r (

(1954) hav« shown that in genaanliiBi ingots ^i« grains 

rslate<! via nndtiple (lll\ spinel twins, Billigr 

found a <211> TMrwftrr^ grnwth ^traction if» 

grc^n elllonn crystal?»• 8ub««q)i«nt work (B«nr>ett and 

19594 V^Ber 1960| Panllton and Soi^«n«ticker I960, 196? af 

b a»<? c? a«d Alb<m a»£ 0»on 19^3) Bhowod ttwat both <?11> 

and <110> prr>f*?rra< growth <*ir£otinn0 cmil«* be observed 

la Cnocbralski ^o^n f'isirinrt cubic malarial* so lon^ as at 

laast two parallel ^111^ cplnel twine were present* Prom 

tfcese results a twin plane? reentrant edge grovth mechanism 

was posttslatftd and convincingly
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fhn twin plane reentrant «d&e (T.P.&,?. ) growth 

•eehanims i» most readily uwtersto^d by (vwiiriering a 

silicon plate which is ocfc**h"^ral in shane. Th« plt'te 

contains a »1n$rla ^111^ twin pl,:ne lying in the plant* 

of the plate and the o^d* of tho particle ar* a^ain built 

up fton ^lll^s t !•«• the oryst&'i contains only {ill} facets. 

(se* fig. 117») The «4ge« of the octahedral particle consist

of pair« of (lll^ inclined nt oitbop 141° Of S>19° to each 

othf*r t i.e. there are thru© rear treat grooves and three 

ridges on the six edges of the nil Icon article. Jf the 

cjvatal is plac€-d in a soperooolcd aiclt, grovfh will occur 

•oat readily using the twin plane re«ntr*nt edge sites and 

the crystal will grow rapidly into a triangular shape, when 

growth will essentially atop* This effect has been observed 

(Wagner I960) and will bo usefl later in this ^laouoaion to 

explain the trian^tilftr fern of r.oste of th« irre/rular 

silicon plates, (sectiea VT.4.a. )



148

If the silicon particle contains nore than one 

plane lying in the plane of tho plat®, (see fig. 117t>) 

t&ta the reentrant e%ee cannot grow theaeelves o t f since 

growth in a 141 twin plane reentrant groove produces 

another 109 groove with th* othor twia of the crystal.

er growth can thua ooour on this new groove (see

preventing the growing o»t of the 141° groove, fhe growth

direction must ii« i» th« { 111^ twin plane and 

growth oocxors when silio:m ato« addition IB profereatially 

onto r»n« «©t of twin plane reentrant e%0» an^ a <110 S> 

growth taxtur® is produced when growth is on two sets of 

twin plan^ r-^ntrant e^gea sitmiltawFKwsly* (fifi*. ll?h)

Fro« th© 93q?ei imental restjlta on these mitoctic silicon 

perticloe, twin traces w^r© observed parallel with the 

Direction and this § together with the observation of <110> 

< 211> growth t^Tturea, must indicate that a f.P.R.S. 

ic operative. The mjority of the crystals had 

<110> growth textures and this may be because r»v@rgrowth 

on th© two inclinn^ growth faces occurs leap easily than 

with a flat <211> growth front, (see fig.
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(2) ccyomiftTrra gfinrm - <IQO> si

) Cell Formation

When the G/fi values for a uni<Hrecti«rally grown Al/5i
7 rt 5*euteetic alloy fall below 10 ( sec. 'C c» th© solid/liquid 

interface of the aluminium phase becomes unstable and 

a cellular for-®. The silicon phase can nucleate eaeily in 

the cell triple boundaries aa<? producee a h^ata^jonal array of 

fibrous particles Hisporse^ in an Al rsatrix. The gradients 

are now ouffi iontly low so that the oil icon leads the 

aluminium by an amount large enough to prevent the poaeibility 

of aliaainitia overgrowth* At thoao higher gradients, however, 

the lea'' ia still sssall eno\ifjh to prevent the silicon fibres 

from producing sl<Se facota. (plate 23) The silicon in this 

fibrous form of the eutectic is growing in a co-operativs 

isanner and the diffusion distances across tho growing interface 

have been drastically reduced by comparison with the nasftiY* 

fonk of the ftutfctic. (see plates 22 an<! 2J) However, growth 

fluctuations prod^o silicon growth bands indicating feat 

there is utill a ^sat deal of silicon bu5ld-up at the growing 

interface. Growth of the cmtectic silicon now takes place at
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* ftafrlle* undorcoolin ana as this undercooling is not 

sufficient to produce {111^ spinel growth twins (Boiling, 

Tiller and Rutter 1956) a different aeehanism is operative, 

which produce* a <100/ Si growth texture* The reason 

that this 8?eehanism of nutectic silicon growth IB not famn^ 

at vary high G/R values is probably because the silicon does 

not poaches twins so that it cmn change its growth direction. 

Thus, *hen aluminiua overgrowth oc wra f the silicon growth 

ia tenainatod anH eubaequant @« tec tic growth hae to proceed 

br »«anB of a <Uffer<mt @»ohani@m* (see sectionVI.l.h.above)

When cells are produced in impure siaglo phfis* aaterial« v 

the cell 9iss® at constant f^rowth 3?at@ i!©pa?jci8 inver0el|r on 

the temptii'aturo gradient in tho liquid at the interface. 

(Coultard and Elliot 1%7) Therefore, as the sswciiaen 

tratperature gradient is decreased, in these ma toe tic alloys, 

one would expect t&v apacin, of the cell triple boundarl@» f 

anr? hr?aoe Uiat of the OQ°> Si fibreo, to inor^as®. This 

is observed, tm& tha relationship bat»^«n the int©rnodal 

distance A and th« tmaperature gradient was foun^ to b«

X *AC*'* . Th® diftcrepancy between th« inverse 

relationship and that observed was probably oaused by a 

change in tlie mode of solidification of the eutectio 

silicon, i««« the fact that towards lew (I values it ii$ a
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co-operative eutectio reaction that is bein*: dealt with 

rather than an impure single phase aat^rial with 

precipitation at cell triple Junctions, It is very 

<?if icult, howevert to state where on® aodel finishes 

and the otfeor begins. If one considers Just the cell 

formation aode} then one would have expected that the 

aluniniua lead wo ,ld have increased with ^^creasing gradient 

but in foot the opposite vae observed and tii© silicon load 

increased.

As the tea^rature gradient is reduced, tiie silicon 

grows further ahead into the liquid and ie able to produce 

aide facets that give rise to th« angular silicon particles, 

(plates 59a to 60b)

A growth tsechardsa has to be postulated to explain 

thw observed morphology and crystallography of these 

Si growth textured particles*
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S.O.TPW TUsl cation Growth

cubic material* have a shortest lattice vector 

of 4 a <110> »nd so a pur# screw <Hsl cation in such a 

raatfrial will have a Burgers vector a J a <(llO) . (Korastra 1958) 

Thi* screw dislocation is of low energy and can be produced 

in a diamond cubic mterial without the oocto»gnce of broken 

bonds at th© dislocation core, (see fig. HBa) If the line 

of sueh a screw dislocation extends to the crystal surface, 

the face on which it ends will now contain n stop which runs 

from the point where the ^ielooation emerge to the ed^e of 

the face* Growth of the face can occur by continual 

deposition of isaterial onto this ««lf perpetuatizv, step* 

(Frank 1949)

The experimental work on the <1OO Si growth texture 

form of the cnitectic silicon showed that no { 111] spinel 

twine existed in the structure; the imtforcoolin^ at the 

interface wns not apparently large enough to provide the 

ener/jy necessary to produce th« gr»>wth twins. Screw 

dislocation growth has been obeorved to ^srur at very low 

undercoolings In ^any systmae and so it was felt that this 

was a v«*ry likely alternative kinetic mochaniom.
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o) Steady State <gqO> Si Growth

the simplest nodal type for this <loc'> Si fora IB 

shown in fig. 118bf and c m iets of four { 1 •#)} Joined 

together at right angles alon# a coaraon <100> direction. 

In this case a < 100 > Si growth texture could occur by 

•iking use of four § a <110> screw rfisl cation sources which

are isutually inclined at 45 to the growth 3 i ruction* each 

side plate producing one operative screw source* The growth 

layers froo each of the £• a < 110 > screw dislocations spill 

tfowii the leading { 111^ facet faces of the { 100 ̂  side 

plates and s<5 gr-^wtli is rather similar to that of non-faceted 

den^rite growtii, i.e. growth is aiJ3snltan<touely on four (lll^ 

close pftokei? planes to ; ;iv« a ^ 100 > growth texture. (Tiller 

nellmwell and Herbert 1962) Th* romplication of smooth 

plates r*?lat^d to each other via \^0^ spinel twins 

does »ot appear to affect the growth mechanlsia of the silicon 

crystals and it is not believed that these twins ar« the causa 

of the growth kinetics. The reason for their forsBtion roBmin 

obsoijro but they nay well be an att<?ispt by tb« growing crystal 

to obtain »>rft effective r*4iBovfil of solute during ^growth. 

spinel twins do n^t lie in the growth rUr- ction and would, 

therefor^, ten^ to &?(m out antf so a f^^ra of twin is produced



which lies in the <100> growth direction. If their 

number was small* aa appears to b« the case, v*-y little 

extra undercooling would b*» required for their f^naation.

154
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d) Boa-Steady State <100> Si Growth

The mechanism inscribed above gives rise to a steady 

state co-operative gr<jwth process, since all triple junctions 

at the growing interface ar«* stable. The experimental results 

showed that there was also a corrugated side plate which must 

have grown by a non-stoady etate co-operative growth process.

Coyrtt&ated side plate fr<*rth is not so much non-steady 

state as a periodic growth echanisio. The experimental
•>

results showed that the side plates were single crystals and—' 

that they were "owsd whenever angular particlef? with three or 

four aide plates wer^ observed, (section IV.5*e») l^om fig.51 

it can be seen that the form of the corrugated plate is such 

that it cannot grow by itself using a screw disl cation source 

(* - ^ a <110^> ). Ho*ftverf this type of angular particle 

side plate was found un«!er the same growth conditions as the 

•aooth plate, and so one must infer that the same kinetic 

mechanism is operative*

Corrugated plates are found attached to smooth plates 

and the r<>lationahip is such that the corrugated plates can 

be supplied with growth layers from the screw dislocation 

sources on the s«o^th plates, (se* fig. 119) Two sources 

take it in turns to supply the corrugated plate» the 

periodicity of the structure is produced because the
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corrugated platan local gvsvth direction is not <10C> 

but <211> (see fig. 51) and 00 the groviag plate is 

soon affected by the diffusion field of a neighbouring 

angular particle and alt*»r» itf? growth direction by 

utilising another screw aotirce until the sa»e effect 

happens again* (see fig* 119) Calculations show that 

for a diamon'^ cubic imt^rial (as with !iJ«C.C. mterials) 

th« { llli is the plane with the lowest surface energy,

the (lio'? and (lOO^ planee iiavin^ s-uccosaively

energies. 7herpfov% the r«a@on for corrugated 

plate forwation is presussably biMtauae of tiie lower ftntfgjr 

of (ill? planes ooBpnr«^ with & {110} plate which could 

form by viMiltaiuKHHi growth utilifting two scrow source a 

from »<!joining \1^^ 9»o th plates*

Hot all platee are oorrug^twd since SKOoth (lOO^ 

^ype ei<!e plates ara required to supply the f?rowth layers 

for these corrugated plates* The formation of the 

relatively hi^i energy ^100? plates it? thus a direct 

result of the sor w dial >cetion growth meohaclsuu When the 

sj^ulrar particles can produce the low energy ^lli\ they 

do eo by alternate growth using the acr^w dislocation 

sources from adjoining saooth particles*
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The pcnriodic surfaca irjarkings at 45° to th* growth 

<Ur«*otion on some (l'>0^ plates am presumably du« to 

etlc flIKSti»tions of growth when a OlO> scr^w 

in th# {lO.^ plat« Is acting *» on« of the 

source* f >r corrugated pi a to growtli. fhie can b0 seen by 

at the m del in flg» 11 %
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Effect ofG

It appears that the <100> growth texturod eutectic 

eilicon &row» by a sor » dislocation raochanisn antf it is 

now possible to produce a model to explain the change in

•iftv of the angular particles with tmnpernture gradient. 

It was found experistentally that the projected free edge 

^istance varied inversely with the tcwp*?rature gra<H«mt G» 

(a«o section IV.5.h.)

d - AG" 1 (table 61 and fig. 62)

If one aasvtiaes that for a given rate of growth a 

certain «*tra underooolingk~fi<. is required to operate the

•crsw "lieloesatioB source, then 0*1 would expoct this souroa 

to b« at the base of th® ailicon particle? fr®« edge, i*o« 

the relevant sorww dislocations ^ould be those with the 

greatest undercoolings. If (\Ti< la indepsr^ent of the 

temperature gradient at the interface, th*m the Distance 

ooireepon^iJUf to &TK increa«e)« ao the t^aperature gradient 

is reduced. If f\Tk is aosuaed zero at the apex of the 

growing Mlgalar particle then since the growing edge is at 

45° to th© growth direction^ the projected free edge distance
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will be equivalent to a temperature difference of/^\K

<u -
Thin Is the «?*&<* relationship t&at was found 

©xperiaemtally and at t » 2.78 x 10** cn/seo. ^TK, * 0«24°C 

I\TK would appear to fee w^de up dbtoat fliitiroly from a 

kin«tio un<?oroool4«ig term. (Cooksey, Day «.n« H«»llawoll 1966)
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(3)
<100> Si->(lll\ *f IN^ED Sj

It ap;x*ars that a certain critical undercooling has to 

be exceeded before allicon can form (lll^ spinel twins. 

(Boiling, filler and Rutter 1956) This fact can be ras^d to 

explain the experimentally observed change-over from the

<XOO> growth texturod silicon to the ^111^ spinel type 

in the C/R plot. (fig. 38) It m« observed that above a 

certain critical growth rate Re, all the o«t<»ctie silicon 

occurs in the {111 f spinel form. In this case the 

undercooling at &11 ports of the interface is sufficiwnt to 

produce the n«*09SsiiTy twins. At growth rates bo low Ro f 

irregular silicon is still fona«d together witli the angular 

variety! the irregular for« beinf - stable to 1 wer 1-values, 

th* l--5iw*r the specimen tevparat'irrj ^radisnt* (se^ fi ;m. ?7a 

and 28) This transition region is produced because, at any 

constant H-val»e f the angular pnrticle si?e and separation 

incraases ??lth d(§creasin^ toaRerat^jro gradient. When the 

angular particles arc very largo, a salute probl m exists 

for the Btttrix in the aroas between the an&ulor particles 

and thora is a looal hi^ti solute underoo<->lin^ ^hich can be 

reduced if the {ill} spine| silicon form is produced.
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At higher temperature gradients the inter angular 

partiel® distance is amller and the extra solutt 

ttndereooling in the epucee in between is far lews and 

not sufficient to pareluoe. irregular particles, Hovever, 

as the growth rate is increased, the extra solute 

undercooling require*! to produce {111 } npinel twins is

»o irrftgular particles can fans in euttotios with 

ntoiTiodnl sep(%r&tiona« This in ite«lf would ieed 

to a triangular transition r«}^ion ^n ti»« Q/R pi >ts but thera 

is alno th« efff<st that growth rate has on the intern dal 

»«parati«»!i 80^ a© th« growth rate is inaroaaed f the diffusion 

pRth V t)t becomes shorter and the sep&ration of the angular 

psrtiol^s is t therefore 0 lass t ar»-J so the ran*'* of H valw^e

which tfat* transition etruot^ire i» fcmnd decreaaes

with. in^rea»e of temperature gradient C. (0e f; figs. 

2?a an^ 28)

In the »*titactic flyatens Ag/Bi anrt Au/Bi the eiaount of 

»ali<! aolvbili^.y «f silicon in tit® metal rsatrlx is less e^l 

th« voliaa© fraction is not significantly greater than A I/Si 

eo that the local pockets of high solute 'ir^erc<nling xjcur 

«or« r««i!?ily in iiat<>r angular r*rtlel« r^ioas an^ irregular 

silicon is th-.« fomifl nt lo^er growth rates* (see results 

section V.3«)
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The undercooling needed to drive a sere* dislocation

on B accortfin^ to the following relationship* 

(Burton, Cabrars and Shrank 1951)

required to of*nt« tfc* twin based 

growth i^ehaaism Is mont prolm^ly k*oed «p th«* energy 

require^ to forw the twin boiirjfories «t the i*®ee«s«ry 

rate, eince the coatintml overgrawth of th^ silicon by 

th* a»tallio aatrix n^cesaitatws tfeo ro|srodiiction of 

f.P.R.E, oit^s. If rapro^wJtlou of T.P.R*F* sites 

not occur* as in the oasft of growth froii a silicon

n*c«ssary undercooling bTT ie proportioml to the 

growth ret«. (K«iiailton and 5

A» it i» R » nucl0»tion rate x ssutmiiKii^mt £pr<ftb. rate 

nr» so R - const. ^T

is th* eotlw.tion <*n«?rt!T for twin fonaatlo» whieh 

lndlep«m^er'.t of
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1"be two oarvas for th*> ^Gpenrano* of ? upos 

ernap »t a critical vain*? Ho* (see

At grorth rates lee* thart Re, th« ©crew

Eechanism can operate at a If.wcr l!\T t whereas aboire Be,

the twin b^eed a«chanisas oay? operate at the lower

Th« above axgui^at assismcs that C^T is ccnstent

an intrtiiac« but it h«s bean observed that the twin based

Ertchanlsra o»n operate at grcrti. rsto» lorer than Bo t when

thera ai-e local inoreasea in eolut®
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(4) co-oppgATiypop•YfTH - {iii^ f; pim TOE
HOB-fiTKA^y ' TATT GKWT'H

aluvlniun/ftlHcon eutfctic alloy
-4 al:r»vf» a corteiit critical fourth rat®, (He * 3 * 10

) th*? mitectio ejH^con .^11 ^rew by a Tseoh^nisrB that 

to entail the une of ^111^ apinel tw\ns» 

ex|?«Flmf?rttal r«8t>lt» (fictions TV.6 an^ ?) showed 

that eut'dic silicon g^rowth was etill tho controlling 

infl'/ence upon the eu tec tic morphology, a.jr^ that she eilicon 

could ^^row by eitlier a non-eteady stftte or a steady etate 

co-or5er8tive growth procesB. Bi^th procesece pro^vced faceted 

crystals but in tfc@ non-8t«a^y state growth process th« 

faceted silicon crystals <?id not have a common growtii direction. 

The st<mdy state form had faceted silicon platelets wrich wer® 

piirallel to er.eh other an^ the 1 >cal {growth ^ir^ction. Thia 

fora of th<? eutect'c all<*]r was only ^ro^ncc?d In hyr^reutectic 

alloys antf 00 *ill ^ '•Mr«cusroff wv^er section VI,5 on thw 

alloy roaposi tiori growth variable.
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The nott-oteady state growth of these alloys produces 

an irregular micros true ture. (plate 25) Sections through 

this form of eutectic alloy show the silicon plates to be 

apparently randomly distributed in the fsetal natrix. The 

results showed that these silicon plates were

interconnected an<* relate to each other via multiple 

twinning operation*, (section W.6«e») The (lll^ spinel 

twine also appear^ to be relevant to the kinetic growth 

proeesa.
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PAH.HV Growth

fhe eu tec tic silicon consisted of two basic types; 

the irregular fibre and the so-called irregular plates. 

Irregular platee ware shown to be {111} plates 

containing (lilt spinel twins; the twin boundary 

lyin*: in the plane of th<* plate. These irregular 

silicon pi tes grew *y the f.P.B.K. growth mechanism 

ae described above, (section Vl»l.b.) The triangular 

platoe (plates 70) contained only one twin plane and

*o this trian«.-.ulAr 8har>0 was T>rod«c©d by t*:e T.P.H.E. 

sites growing th^taselves out* (»e« fi^« 117a) The lath 

fona (plates 71 and 73) *>n the other hand was shown to 

always contain more than one twin plane and we saw above 

(section Vl.l.b.) that in such a crystal the ?. P.H.E. 

sites do not fprtm thorasQlves out. T.P.B.K, growth can 

occur in any direction lying in the {lll'i and ao the 

observed <110 > ia fully explained. T.P.R.K. growth 

takea place nimultaneouoly on two sets of T.P.R.S. sites 

to ^iv« a <110> growth direction and this luechanifni 

appears to have been favoured over a single T.P.P.fi.

•jechaniea on one set of reentrant edges because of the 

greater *if^iculty of al uainim overgrrowth at the solid/ 

liquid in tor face, (see fi#, 117b) i.e. the <110> form was 

stable.
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Although the silicon phas© tends to leatf the a3 

at th* growth interface, overgrowth of the silicon by the 

aluminium occur* fairly easily at these higher growth rates, 

•specially as the silicon particles do not have a common 

growth direction and this lf*ads to local no lute build-up and 

depletion at the growing non-isothermal interface* Complete 

overgrowth at the interface is unlikely, however, since the 

aluminium pha»f? grows by rejection of silicon solute. The 

growing irregular plates can change their growth direction 

when partial overgrowth o octirs, because of a local increase 

in solute undercooling which is sufficient to increase the 

number of twin boundaries and leads to the formation of 

heavily twinned irregular silicon fibres. Subsequent 

irregular pi t$let growth pr>c*ed* fr<m the twins contain®** 

in this irregular fibrous silicon. Irregular euteatic 

silicon Is, therefore, of a frondose nature and consists 

of irregular branched fibres with plates attached, dispersed 

in a seetal matrix.

Sotse of the irregular silicon plates find theraselvea 

fairly well aligned with the growth direction and if they 

contain af>r« than one twin plane they are capable of 

continued growth in a <110> direction for quit© some 

distance before overgrowth occurs, (plate 6?a) Th«se silicon 

spikes nre also stabilised b^cnuse they often grow well ahead
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of the rest of the non-isothermal interface, (plate 6?b) 

This ie hecaus© T.P.B.F. growth oocuro at a fairly lew 

undercooling but is 'jsxmlly heltf back by Eetal nhaae 

overgrowth in these eutc?etic system***

Altho'3&h the kinetic growth Rechamsa of the irregular 

silicon platen is well substantiate^ , that of the Irregular 

fibrous silicon that connects such plates is less well 

understood, but it aeevs very reasonable to assume that it 

involves the fansatioa of growth twins*

At #rovth rates ^ust above the critical growth rate Rc t 

the trajority of the eutectic silicon i@ in the fora of 

irregular plates growing by the T.P,&»K» mechanism. As the 

growth rate is increased, the diffusion distance (-v/W )

and so the inturparticle a me in/ decreases 

ely, ( X « AH*0' 46, *e*» fl«j. 83) AluniniUB 

overgrowth of the silicon occurs » re readily as th« growth 

IS to increase* ; -nd thie omise* m decreatse in the proportion 

of irregular plates producer? during growth so that at very 

hijgh growth rates, (due. rapid quenches) the eutectio silicon 

aspeare entir«ly in the fiVrous for*, (see plates 84 and 85)
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b) Other ^etal/Kon-Metal Systems

The irregular fn«a of P.C.C. metal/silicon eutectic 

alloys ie very similar to that produced by s»ny other 

metal/non-metal systems* It has been shown in only a 

few cases 9 however, that the non-metal phase is inter- 

rtonT}*»et«?rf aw* «o tf>«see observed mlcrostructurea couli* have 

rer» lte<? from a r«?peat0<1 nucleation antf ^Towth raechttniaia.

One group of saetal/non-aetftl etiteetio systems in which 

the interconnection of the non-iaetal baa been proven i» 

that of the KjetAl/graipliite uteotic alloys. (Bunin et al* 

1953* Oldfield 196vJ) Growth of graphite flakes would 

appear to be very similar to that of the silicon in the 

Al/Lii allo. a described above, except that the graphite can 

change ita growth direction very easily by sub-boundary 

faults as well as by twins (Oron and $inkoff 1964a and b) 

and so the graphite flakes are of a wavy nature. Another 

difference between F.C.C. metal/»ilioon ind laetal/graphite 

systems is, that at high growth rates nucleation of the 

grat*iite occurs a^oad of the grcwlnsa: interface, ; ivin^: rise 

to the formation of non-w*tal ^rfetfrulites. (iSoyrogh and 

Williaje 1949)
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The eu tec tic system Al/Ge has been investigated 

recently (Hellawell l%7a) and it was shown that in this 

system too, the non-metal was interconnected. The twin 

boundary energy is lower for geraanlui than for silicon 

and so twin formtion can occur at isuch lower .Towth rates 

than In the F.C.C. metal/811 *60*1 systetaa. (i.e. no <1QQ>

8* growth textur* wa» observed evon at growth rates as low 

as !?*5 3t 10 ca/seo«) At these very low growth rates the 

bulk of the g«rmnii«a was not being overgrown and a T«P«R«P»

oo«ld operate in «Mch all ^ie twin planes wore 

*! ».n«? lying in t&e growth «1ireetion (plate 121a) 

irregular plates do not alwnys lie in the growth direction 

and ar? increase in the iratjosed gr^w^i rate produces an 

m|»myently random structure v«»ry similar to Al/Si alloys* 

Extraction of the g«?raanii^i fr<m the

indicated that the gerwaniua was interconnected and that 

ite growth mechanism was very similar to that of tha 

irregular &l/$i alloys.
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(5) ^EC? OF C/y: -I-'TJOH PR F«C,.C, KETAT/Si SH'^CTTCS

•) Cftgrote* Hollar Bu.twtiq Alloy F

The taajor effect of ecvnovition changes in these ma tactic 

system* was that when the silicon rich hyp©rantectic alloys 

ware unidir^ctionally solidified under the saae conditions 

of growth rate and imposed temperature gradient aa ttie 

irra^ulAr eutootic alloy described in the section above, they 

produced, in addition to the irragul«r struettsre, portions of 

the Biort>«truotur« in which the mitecti® eilicon grew by & 

steady etate co-operative process* These complex regular 

structures have been observed before in Al/^i eutectic alloys, 

1955f Cwrtler 19531 Schsil and ?imnTmrm 1957; 

1959b f and Hunt and Jackson 1966) hut no experimentally 

hacked explanation has be«*n attempted as to their reason for 

formation* An attempt will now fcr> made to explain the formation 

of the »o«pl«*T regular stmsctwr® usin^ ttie results obtained in 

this jresont work, (see section TV.?-)

The experimental results on A I/Si alloys show that in 

theee regular structures it is again the faceted phase that 

dominates the growth process and determines the fora of the 

structure. The faceted material leads the rantal phase during
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growth sufficiently fuar a faceted silicon solid/liquid 

interface to develop! the rnetal isatrix growing slightly 

behind the silicon an* filline up the interstices between 

the faceted plataa so ae to naeintain a short range diffusion 

growth front. The growth sseehanisis differ» froa the 

irregular euteotie describe* above (section 71.4*) in that 

the faceted platen comprising the regular stricture are 

parallel to each other and lie In the local growth direction, 

sad that all the faceted plate* are joined to a coercion spine. 

(see plate ?6)

For this complex re^^lar structure to be stable th© 

following contfitionr must be mtt

i) A single ea**y ^Towth eite muet operate for «ach 

regular portion of the structure, sines v;tl;erwiao th@ growth 

of each facet by means of ite own easy growth ait« vould 

lead to th« plates growing at different rates and this would 

Oicos* the regular structure to break otomn*

ii) The regular structure isuat be stable to growth 

fluct^tiono. Various reasons cajn be put forward for the 

stability of the web structure.
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Firstly, evtectio growth into a hypereutectic liquid 

will cause a greater salute undercooling ahead of the 

sjetallic phase and this increase undercooling will further 

retard th* position of the s:*tallic phase interface thus 

aafciBf overgrowth of the silicon phasa more difficult.

Secondly, Al/Si eutectic has a very low volume fraction 

(0.13) and so if it is to form a laiaellar structure that i» 

stable it will have to increase its voluafc fraction by further 

incorporation f>f silicon, *Phis is observed and Si weba have 

a volusK? fraction of abo^t 0.23-

Usirdly, the ease of metallic phase overgrowth could 

^<»wmd on the webs volume fraction*(i.e. the thickness of 

the silicon platelets)

The volume fraction was observed to decrease towards the 

outside edges of webs and this was proa^iaably because the 

aluainiiw»rejected from the growing web ti^ ca\tsed ft decrease 

in local silicon concentration. At a certain web voluiae 

fraction, the alujainiiaa overgrows the B 11 icon and further web 

developcaent is pr-<ventei5.

Therefore, for web growth to occur, solidification niust 

take place from a hypereuteotio Eaelt and so an indication of 

ease of web formation could be tbe ease of suppression 9? 

primary silicon growth by the icro^sed growth conditions.
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Bollard and n*»wiv^» (l%o) grow $W?b entectic alloys over 

a range of high G/R values and observed primary incorporation 

into the matrix when

0 ^ a(Ce - Co) 
R ' D

where \\\ » liquidus a lope

Cc « eutectic coffins it ion 

Co «* alloy c'imposition 

I) » liquid diffusion coefricient

If ttxis factor is relevant, than primary silicon growth 

will be further auppressed as G/H is increased and so th« 

RBiornt of regular eutsotic should increase with 0/R. This 

was eTtperiiaontally oVsorvod (s©^ section IV.7«f») bwt 

tttiMrical calc ; latior? indicates that tho mount of extra 

aolute inoorporation (Co - Co) into the cm tactic by primary 

sup;r«»£iO!t is not aufiicient to prodtioe the observed 

e»ount of coiapl©* regular enteetic* The quantitative 

failure of the above equation roay be because the complex 

regular structure represents » hoppered crystal form 

intenaediate between a eu tec tic and a primax-y particle and, 

theref ore t does not require such hi$i C/H values aa the 

equation would indicate. ?h«* observations aade during tlie 

work on Al/Si webs, T hat prinary Si crystals act as
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centres for these complex regular structures and that primary 

Si particles were extracted ^hich showed rudimentary webe 

attached, h«lp to substantiate this view.

fhe B/D value for a given cratectie system fives an 

indication of the e&ae of suppression of primary growth and 

hence in a Eset&l/non»uM»tal ©utectic system should £tive «OB» 

indication of sase of web fortaation in hyp©*«mt*»otic alloys, 

i«e. ft systftn with a hi^fe V^3 ^*ly*^ "ill »«!/ be able to

isriraary fofriaation over a sisal 1 raage of oonpositioii 

a ays tens with a low a/D val?.ie will be able to suppress

eriasry forn&tion over a wider coHrooaition r»nge and f therefor©, 

produce a large nnnber of webs. In as far as values can be 

aseribed to ^B for diffsrent systems, th& above hypothesis 

appears reasonable and system euoh as A I/Go and A^/Oe with 

low c/i1 values produce large mimbors of webs and ayst^sse

as Ai^Si *»<5 Au/G© witli high V^ values produce few or 

wt&e*

In tlie cu toe tic system Al/Ce, ©ba were far mor* nuiasrous 

and wer« even found in hyr>oeut0etlc alloys. (H©llaw©ll 1967) 

The reasons for the increased number of webs, (see plate 121b) 

apart fro® the supposedly easier incorporation of faceted 

component, (see a^ove) ie probably *ue to the hl^s volume 

fraction (0*36) which would optimise the lacftll*v form and 

also prwr^mt s»oh easy overgrowth by the aluainiuau
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Or*e0 complex regular structures arp produced they 

h*tve diffusion diotancoe at the graving interface ttwt are 

sauoh Bhorter than in the irregular atmetur^ fona«d under 

the WMM grcwtti conditions, (eee fi^. 83) The w^b structure 

&wv® with a smaller UR^rcooling and will grow in 

to the irregiilsr fora if the growth conditions art
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b) M0chanioiB of Cpjipleie Renul&r Euieotio Growth

indication from the e^pe iiaental results arc that 

there are T.P.R,^. sites TSF««*Bt in the webs which act as 

emiroee for the SMCcessivt? st«T>» that pass over the low 

energy crystal facets during growth. Thaso T* P.R.I, sites 

are available rhere the parallel platolota join the spine, 

(fiection TV.7.f1») an* fro® th« lath shaped eillcon 

part icier to "V ich the web? are usually attached? the lath 

font ^r ^rr^pular silicon having been shown to ^row by & 

T.P.E.E* wechaniaiB* (section VI. 4*a.) Such soiacees c»tn 

•fttpply all the ^rowth faoeta of the |mrall<»l platolata on 

one eide of spine* tti>i« ^naurin^ that thciy all grow at tho 

eaise rate. The rtlatoletfl an^ apin©?i of the Si wsbs ar® 

usually related via {ill} spinel twins and thio raeano that 

eany of th^ fill] platlcta are not lyli%- in this ^110> 

growth direction. (ee«? figs* 95^ an^ 97) looal growth io on 

the (lll^ faftcrofacet face cf thfi platelets that cttn minimize 

the Diffusion Distance at the growinjfr interface, jrn so as 

wa«y of the platelets facet faces are incline*! to th© raajor 

<110> growth direction, the interface Is >b&erw* to be

and waorofncetR-'. (aft*'* fig. 1??)

growth of the«e eilio»Tn wicrof«cetB takes piacs fro» 

T.P.R.E. si toe ^hich hawe the greatest undercoolin . 

Aluminium ov»rgroe/th limits the «i«e of the aacrofacets and
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o) Othor..

Wsfclike cowpl*?* regular structures mr® oluMwsd In 

other systtsjt besides ?•€»(?, metal/nilicon ©utectie alloys, 

and so It would af>r«ar that rainy of th* observations nade 

on Al/Si eutectie alloy should be applicable to metal/now-nsetal 

systems in ^m«»ral«

Mention has alr«ady be«n nndii to tho foxmtion of a 

fona in the systtti Al/G« (emstlon Vl.^.a. ) and 

results have shwm that th^ BOTTDholo^f nud 

of theae 6e webs ie essontip.lly the earn© as the silicon webe 

in Jkl/Sl alloy. (H«lUwell 1961fe)

It would a#rf*ar f th«T«*for-, that all the complex regular 

•truotar** of dlaaond cubic/F»C»C. metal miteotio aystcns« are 

v«ry siailar s^id depend on tha ability of tha f!iamon'1 cubic 

aaterial to for® stable saaerofacets whilst still retaining a 

dtea^y ntate short rai^fe •* if fusion front. The ^owth layers 

n«n@gs»ry to cAUfl* growth of the mcrofacfct are supplied 

elthmr from f.P*K»K. sites in the web structure itself or 

from f.P»R,S» Bit^e in an attaclied priiaary particle. 

Hyp«rputoctic alloys always? tentf to favour the foruation of 

this structure*
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A»vth«r /TOUT* of t3eta]/non~!8etal eutect lew that poroduces

Btructvjroe in that of tho hisnuth alloys. Bi/S»» 

Bl/Fb nrA B1/T1 nil produce a weblikct re^lar growth fort* 

apart fron MI irregular on*. (Kerr an'! Win«gtvrd 1966) The 

form'ion of th»»« w^bc if? favor<r©d IB hypoi-outectic alloys 

(Hiint 1%3) en^ arain the form of the structure 

to b*» do«dtt&t^r! by the forsiatian of bismuth growth facets. 

At rar«»sf>nt «o cry stall eg rnp|iie tiiforsation on th© f-ona of 

tho b1.0nu.th web is available ant' »o th«=* meehAnlsm of g 

is not known, but it w^l*? ai>p®ar that the r*af»onn for 

r«*^ular fonaation are very similar to thone ap?liceblr to 

F»C.C. raetal/rtlamon<3 ubic ^ut^ctic alloya» (Whelaa and 

Haworth
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<100> SlEujeetlo Alloys

In section YI«5**» aftntion was made of Hollar*! and 

Fleming B' work on Sn/Pb eu tec tic alloys (19&?). This

that suppression of lariiaary growth could occur in a

R / D

Wh«m this oowdition is fulfilled th@ <i«te<itic 

changes ita volume fraction to incom rate the increased 

of one of thts ^utectic vha^«e« This effect was

in the pp^seut work on F.C.C. K0tal/s i eutectic 

alloys, an?! angvlnr outectio speciunmi of A.l/,':i alloys 

grown fro® hypocuteetic alloyn at high C/H valis«» wer« 

found to have *eut«ctio f couaposi lions of about 11. j wt«>* Si 

(S - 2.78 x 10~^ ca/e<*c. C « 30°C/c». ) If this 

assumed to te the moaciiBua value of Go capable of

incorporated under those conditions an^ Co is taken BS
-S 2 / 12.7 wt* *i ^»i* we obtain a value for 13 » 7.9 x 10 ' en /sec.

which is in very good a^roeraent with that obtained in 

section VI«l*fu Asouiaingr a r«t»on»'ble valy« of 1> of
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Ci «J

aluminium in th? on too tic liquid uf nay D » 10~'J cci /srrc«, 

find that these growth conditions can supprtftft pariBiary 

gronrtb in an Alloy of 13.8 wt. e>t ?i. Therefore, 

of silicon concentration frcm 11* r? to 13*8 wt. y: Si 

all pro4»x^« anipilar «ut«ctio r-lthout the pree^nce of 

''ifforanoe >eiu; ih^ volroae fraction if the a

ITK«Q pen^ nt l':u tisc tic j ̂ row th

Sollard a.3»d Flcaiiies' (1966) aquation ia not 

U cable to this form of th# euteotic alloy sinc<? the 

ijst«rp«.rticl€J rllatanca Is large. HOW«V«*T ( because of 

the wry M#h C/R valnea nc^ad to produce tbis form on« 

0xp<9ct a ssimllar stnxotur^ to be produced over a

« of alloy oompoaition ^it tbi» WMI not 

BI Potentiated
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(6) BjJOTATBP. BJRIRATOTI ft NT* G

This baa to growth ^echaniew for tuteotlo growth *&s

those postulated i» tb« introduction. (section !•!•} 

In this type of eu tec tic reaction, growth proceeds by 

repeated nucl^atioja of one of the phases ahead of the 

growing interface*

Because of the ap?ar*?istl;.* rsn^cv oriente^ticm of the 

silicon elates JH an alwininiais mtrix^ irregtslar ^l/s i 

eutectic alloy ba& been aiytaktmly asauuocl to gjrow by thia 

•eehanism. (Hart!y 1951, Tiller 195?b f Fixasb awl I^^is 1958 f 

Chad^ick 1%3 *m<3 1965) The arguR<mta for this mechanists are 

tes»d mainly upon tlie eymriB^ntal evidenc© that thore is no 

epitaxial r^ilatioiwhip b«t«e<m the silicon an'5 the 

h it lm<? be®a proved only that the etjteoti?

not ningl© ctryatalSt s**^- that they *id not have a

d ga^3*th t«xtar@) th« T9"^©«»nt wca?^ oonfSrofi^ this 

observation* (se*> section 1¥»9«) ^b^ silicon could 

Jiav® nuclimtad hsterogeneously in the liquid but not spitaxially 

cm tJ^e fi.luniniuiu it itas ba^n j»putiof«Ki rrr^vio^iBly (section I»3.c.) 

that Just Woauae thor« is sepnrste nucleatlan of the two pha&«8 9 

it does not follow iiiat eutectic j^owth has to TTroceed b a 

parocess of related nucleation and growth. Further 

resulta are required befor^ one can atate that this is 

definitely the growth mechanism.
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work for thia thfcaia has shown that the eutectic silicon 

is always interconnects? an** tb»t growth doea not occur by 

thin. iMofctanieB °*" **«P®At«d nucleation and growth, even under 

extroiae conditions of frr^wth rate and temperature gradient. 

(it »s sbo^n Inter that sodiura does not cause the euteotic 

to l^row by thic wtchanistt either - Fiee section VII)

evi^nci? shuwe t>mt th« eu tec tic eye terns 

am F.C.C. -.stal and silicon do not evar *;.row by this 

but this does not invalidate ttu? possibility of 

cl/fsorted <ratootie csateriala growing in tbis way* 

the fact tbjit the group of etut«ctica F©/C 0 Hl/C f Co/C anti Aia/G 

ftll prnd«BDc graphit© fspteerulit«» rroves Hi© nxiatance of a 

growth j««c>yaniaia involving repeated nucleation. (KOTTQ&I. and 

Williams 1949)

B#p©fttf>d BvolMttlOD and i?rcmtb occurs because the metal

at & ncn-sstftPf'y rtate growth front laay completely ovwrgrow 

nrm-uetal phase un«lGr certain growth conditions. Once this

»ub»«<juent growth dust 1>e papeceerfed by 

of th*1 iKm-tnetal ahead of the growin^r interface* 

This chaa^e-^ver in ^-rcwrth Rechanisra froa a co-operative 

pi?o0«»Ba to a r tieated nuoleaiirvn type is observed in th« 

«etal/grar»hito systoms with inornase in growth an«/or decreaw*

. (^ilkinson and Hell swell 1963 9
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Lakeland 1965; Britain, Pur<Sy an<1 Kirkaldy 1966) Spherulitic 

growth is at precewt th» only type of eutectic growth where 

the i^rortt mechanism can b«» ass\«»od to be that of repeated 

nucl<mtlon aa£ grn«rth» However, thf»re Is no r<msoc to suppose 

that other <retal/no»-n;©tal systems tfo not grow by this Becbanitt 

ffae /rrowth anisotropy of those faeatctr! iprtcrlalc could produce 

flatelike, need lei ike or arigulnr particles. Such par tic lee 

would aj»r«?ar very similar to the irregular Si sextioles wheu 

observed on random Bectior.s an<1 very careful ®tperitsGntal work 

b<? required to show that these wer- Indeed fona&A "by a 

f? of rtspeat^d nucleatian anr! itrowth, and not by non-steady 

state .-rry)r*.h« The ia^ioatiims are tliat a good mny, perhaps the 

•ajority, of jaetal/noariaetiil eutectica, when observed in SR 

irregular formt have grown by a non-8t«mdy state grovth process* 

Certainly the proof that alumi»i>^i/oilicon euteotio does not 

gr<w by a repeater? aucltation antf growth mocliaiiioia rseanfi that 

wuch of the previous work on this* fproup of outectics must be

It y^maino to hs shown that thr- mchanlQu of repeated 

nucloation <*.n<5 growth would be vary unlikaly to produce the 

observo<! IrrwgulBr ent^ctic Ejlcrostruoturep* For the growth 

•echanisin to be fftaaiblo it tauat havf^ a intoleation frequency 

of silicon pirticles which Is eovtneirable with that needed to
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produce tho observed maaber of silicon mrticleo. 

and Tiller 196?) ket v*« consider the sierostruGture of an 

altnsinira/siliocm euteotic alloy ?mif!lreotionftlly grown urider 

the following' conditions!

1? * 1.57 x 1C

C * ?9«5° C/CBU (ate plato filb)

In this ©wtectic alloy the interparticle distance 

found to ke 5»S/-\# If e&ch of the sectioned particles is

assuiaei, to "b© the? result of a separate nueleation ewnt,
3 \ -3 the puieb^r of nuclcsation events per cm ®*n approach A

and I f the number ^f silicon nuelei/cis^/sec. will n
10'

the or j of absolute react is-n rates and tlie 

of nucteatiORt ^rooe^.r'D» laid Aonrn by Volaer 

(1925) and Bockar and T?oring (1935) we may

' f\ 
"^R, i«e. 7*5

T - n^ -txp *- i \k ' V kT
3where n » nunil^r of atons r«r cm in the liquid i

aurt
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where ^ • soli^/liquid interfacial energy

v - bulk free

latent heat 

(XT » undercooling

teatjeratura

Assuming ^ •> 250 erga./ca and that Af v for nucleation

£ro« an alloy taelt io th«? eaaft as from pure liquid .-silicon for 

tfe« MUM undercooling below the naoltin^ point, we obtain a value 

for &T * 170°C. This is obviously too large. 

If w© consider h€»t*rogen€»ou3 micleation

T - r1 ' ,
where ^5 » number of atoa» of liquid absorbed on 1 cm" of 

solid m.cleatin^ surface (a mono -layer ia asnuaed) and

1+
and Q «• tb<t wnttinr" an^l« between silicon and tfrt nucleating

If w« a^etnRO a xwKBonable undercooling at th«

interface of ̂  2°r we obtain a value for^V 8 JL 

This corrQsponde to almost perfect wetting and aerns that at 

these r^sonable uji^ercoolings there are present in the liquid 

an almost unlimited nuiaber of heterogeneous nuclei of ideal 

character, which i* aliaoat a» doubtful a« the cxistonc* of the
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hl<afc »j»ferooolingB at the growth front* We 

that i» practice pure alloy liquids cannot be greatly 

uriercool®4,aiid so this rax3*»l of repsatad aucleatlOB and 

growth noes nst r\p-ear to b® able to explain the observed 

imgular aluiaiiaivi^'silicon ^uteotic micros true turs, and must 

b* con?-i<Iar<id as fu»tfe«r proof that Irregular »uteotio siliccwa

by & n0n~gt««.tfy stat« eo-omr&tive growth process that 

not rwqnire renxisleatlon. llaat is, if any furtli»r proof 

w«re R»0de<3 after the mici-ographs of plates JBt 79* B4t 

and
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(7)

fhe aajor experimental conclusions on F.C.C* metal/silicon 

eutectic alloys nay be eunEaariaed as follows i

i) The growth variables of the growth rat® H, the 

temperature exaAlent In the liquid ahead of the growing 

interface G f and the alloy coaposition can alter the growth 

•eohaniara of the eutactic alloy.

li) Above certain 0/F valueo, the two «utectic phases 

grow by a lon^r xm&?* ^ if fun ion croc ess.

iii) Bo low this certain ' /K value 9 out«K3tie growth is 

by a sh>rt range diffusion process.

iv) This short rang® diffusion process (co-operative 

growth) can be either stimdy or non-steady state leading to 

either a regular or an irregular auteotio ralcrostri«stiiro» 

v) The form of the eutectic alloy microstruoture 

hir^ros upon th«» kinetic growth m^chaniBta of the facet faces 

of the silicon t&ase*

vi) ?h@ euteotic silicon can grow by two -iistinot 

kinetic meohanisos depending on th© undercooling at the 

growing interface* At low underooolin&o, growth is by 

utilising a screw dislocation source} above a critical 

«nd«rcoolin&, growth «ntails the \me of (ill; spinel 

twins*
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vii) Th«* *tallic phase fills up the interstices 

between the silicon particles and, when 0/1 is low, helps 

to e»intain a short range diffusion growth front* It does 

not effect the shape of the miteetic silicon very much except 

at very hi^b 0/B values when th© metallic interface beco&es 

planar awd leads to the foraation ofalos^ rang© diffusion 

process*

iriii) The repeated nucleation and growth mechanism for 

a eu tec tic reaction is not found in this group of eutectica,

the object of this research programs® was primarily to 

obtain a WOT** coherent picture of the aorfe of solidification 

of metal/non-metal entectic alloys in general, and aluminium/ 

silicon euteetio alloy in ^articular, (section 1*6.)

The policy of unidireotlonally solidifying eutectic 

alloys under carefully Cfintrolled and ««as«r0d growth variables 

has enabled this prime object of th<» research pro^atmre to be 

partially fulfilled.

It has becoae increasingly obvious that to fully understand 

such isetal/BOt*" 1^^^ eutectle syst^f^, ^iis 8yst<ns*tic approach 

aust b© applied to other grouts of 0ut©ctics. One such group 

is that of sjetal/grapbite ©utectics. Basio research on this 

system i« req-iirsd especially if the cow^rcial pcrocess of 

Bodification and spheroidal growth i® ever to be fully understood, 

Another group i» that of the bismuth baRSd alloys.
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The next chapter ©hows how insight into p«r© F«C«C» 

aetal/tnlicon alloys can greatly assist in the understanding 

of the modification effect of sodiim. This research was only 

of a pilot nature but it does show very clearly h w f when one 

is dealing with a complex phenomenon it pays to reduce the 

nuttber of variables,

Ons of the conclusions of this thesis is, that in order 

to understand the more complex etitactio reactions of metal/ 

non-toetal systems, it is necessary to carry out a series of 

carefully controlled unidirectional solidification experiments. 

The resulting Bder ©structures must then be analysed by as many 

techniques as possible and the information thus obtained 

clas if icd in t«ras of the various controlled variables. 

Oaly in this way will it be possible to understand fully the 

coapl ications of z»*Ml/noOf*m*t&l euteetie growth.
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VII

(l)

The experimental work carried out on the modification 

of ftlutsiniuV silicon «n*t*>ctic alloys ^ith icetallic sodium 

haa been separated from the reet of the theaia f'>r two 

reason?, yiretly, the experiments ware essentially of R 

pilot nature an'* did not repr^sfnt a thorough research 

pr'^n-aa^ie an^ secondly, the interpretation of the results 

depends very muoh on th^ mc-chanlnra of pure sluiBiniuffl/oilico 

ri'toctic growth 'loscribr.r? nrjf? n.;V«*Artlatod in th^ r-reviovig

scotions.

As already B«ntionft<5 in th<* review of the literature 

on pure A I/Si outectic growth, H high percenter© of th« 

papers prhlished on this ^uteotic fl-rntom hna >-oi»n rrlmftrily 

on Uie cjo^ificstion process. Pacz (1920) founr! that the 

•icroetructure of the euteotio alloy could b« Drastically 

elter^d by the addition of a snail qvarttity of an nlkaline 

fluorine. The nicrostruct^re changed from an irregular to 

a very finely dior^rscd eutectic silicon fortr., not unlike
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that in the* -rapidly q««r»che* evitectlc alloy, (see section IV. 6. f.) 

This form of the cutset ic ie of com ercial interest -ecause of 

its ,: ;o<j«i mechanical pro"erti*»B. It was? noon i>mn<1 that alkali 

ratals anrf alkalino »&rth metals and their oxides also 

produced modification. Sodium rsetal modification is, 

the Eietho^ currently employed.

The literatir*-* ^ *he subject of al?Ainiun/3ilicon 

BivHfi cation if very confuBln^ an*3 pora« of the papers are almoet 

lncoBn3r«hf»n8ibl«*. A isftjarreason for this confusion la the lack 

of oontrollrr? OTpf»riisentB. Thf rsajority of the work baa heon 

with lo^ p -,rity San'' caet alloys ar"4 witi this la^V nf control 

it is not surnrininf to find R-emy contradictions and rale interpreted

, fron this liternture e^yrvey certain facts on the 

modification process car be Btato^ with reneonable certainty. 

These are, that on modification

i) T>i«re is a raarv^'' yo^-.irttion ^n tho sise o^ the 

silicon crystals ant! th<?y appear m>r(? ronn^e^*

ii) sflhc froe^in^" ooint of the eu tactic is 

whilst the isoltirv point in nnchan.-e*.

iii) The mj tec tic corarosition changes with the 

of Tao.-'ifioatioTj an^ movea t^war T a high silicon concentration 

with increasing modification.
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iv) Both primary silicon and <x -aluminium can 

appear in hyper mi tec tic alloys,

v) The alloy can be overraorMf ie* t when bands of 

larger c ystals appear in the modifier3, utructuro.

vi) iAodification increases the viscosity substantially 

and lowers the <* if fusion rate.

vii) Hapid chilling ^* sodima free Kelts also l«»ar*s to 

* general rffineawmt of the eutectic structure,

As we have n«@n from the rr«vious sections, the

ilicon ei^tcctic alloy is a complicat^r! system 

and required controlled unidirectional uolidifioation 

experiments on high purity materials to enable a reasonable 

picture of the growth mecharisTne to be obtained. The 

modified eu tec tie is, likewiec, a coiarlicater' system and 

if the taechaniBB of this procesa is to be understo ;d it 

appears that 3irail?;r controlled exrujriRients will have to 

be carried out. The work described below was rricarily to 

•how ^long- what lines a tn^rc rigorous research project could 

proceed. Because of the nromiftin.^ natur" of the rna\ilts 

obtained it was felt that thece ehould be inoluded in the 

thesis.
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(2) PRiVinps #Q

From the accepted facts or modification, threo of 

the earliest theories on the of feet of & odium can be 

readily dismissed*

Cuillct (.1922) propoeed that the rsofUfyins amenta 

r^act, chemical ly in s*;^h a *?ay as to rewove the impurities 

alumina and si lies by reaction, ^« increased purity 

was believed to account for the? i&provpir&nt in mechanicpl

"yr^rirre^tB with hi#?h rarity alloys §oon 

this ^o-callRrt 'tru« flux 1 theory.

Jf»ffri^a (l'^??) rvt r -»rwnrf1 *hfi S'>t--e«tiop that two

hi/- i alloy* exist, one of which its Ket'iPtahlo. 

X-ray »1 if fraction showed tliat thi* t>ieo.ry wa« imtenatle 

also,

TJ-O third theory (hanaloy vnA Seufeld, 1953 ^ondolfo 

Wiig onft baaod qnthe aseuiaption Uiat tiie modifier! eutwcti ' was 

a ternary Al/oi/Alhu;H4 euteotic. This was discounted b« 

it did not oxrilain why th© lEoltin, tCKp«ratiire was the e&ae 

ae that of the binary eytectic. ^or^m'er SchPil (1949)

that thi» obgerved deprwssion in freo^in^ point, nor.e 15

was too lfcr*re to h«? ^Tc^laln^d by the nimpl*9 fid^ition of
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The romftini"'-- Tu?bli«hfcd wor-v on 

*y tec tic mo??! fleet ion can b© s^lit up into two groups. 

Tht first group say that BO^IURJ addition affects the 

n^.cleatlon of the ; illcor norticlee anr< the second group 

that it Is the rnwth that 1e? at
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a)

This frour of theories if base^ on the corwonly 

hel'* view that the norraal Al/Bi euteotic grows by a 

orocoss of repoate* mxcleation and /growth, (oew section l.?.c.iii.) 

Tf this view is accepted, it is obvious tSv*t the nucleation 

centre oan have a r'eterminin^ influence on the resultant 

Kicrostructun*. Therefor^, if the m^leatlon characteristic 

of the nucleation centre can be Altered in any way it ie to 

be expected thnt the microstri;ctur« of th« alloys will r -han^e. 

This -onc«pt is central t'^ all theori«fi of modification based 

upon tJ>e r^otricte^ nuclei*tion of the silicon article, (tiller 

1957b, Plunb and Ijewig 1956, *iardy 19511 ^urtler 1953) It ia 

T»o8t\Jl»tet! th^t the no^itnB b^coises a^sor^**** onto the h^tc 

n«clf»atior o«»ntr^« t^«t wtist in the liquid, F-n^ that thp

Y- rwtalvtin action ir nuclnatinr pilic'>n crj-Bt&ls is

It if rr^sumo^ that th^y suTiin becoiso effective 

m-»cl**tttin/r a^fcntn when th«> w*>lt is farther supeixooler. In all 

th^^o thAori^tt of r*»Btrict«r! mjnleation, the -)bsfiTved 

undercooling IP directly rT^.onalblF? frrr th*» nrw^ij ioation effect. 

btoBt thoories iraply that silicon growth ia oomplcted before they 

#et taken in to the <=< -AT faatriy and that no co-or-errtive 

growth takes placf? at nil.
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Diverse reasons are put forward to f*X!>lain ths refinement 

of the structur •«? that accomr* nies the lowering of the eutectic 

arrufit tom^raturc. These are an incr^" ^ ^ r n'?cleation 

frenuoncy ?>1th Vwr-^ratnrf? (f'w?n#lor 1955) or a /'©create In 

''if Vision ret* with t^rar^ratur^. (Plumb an*' I/win IQ^fl) 

Til~*r (I957b) says that tho r«fin«B«-*nt in thn stnsoture is

rilicon particles. VThen the ^ut^^tic i« eoll^lfiod! at a 

certain -:oolin^ rate, the sjociua causes the Rilicoi"! to 

nucleate at a lower ''nderooolinfr. Once nucl€?ation h*i«

growth i« rapid anrt ti -.r^^'-'-.ne tenpcrature rapidly

towards that of the liquid when growth etope. This 

is because the silicon &TOWS in th« liquid until its 

undercooling d\je to solute build-tjp equals the imposed &7 

when growth stops. As th" -~r "- *: u r.^t^ is incr^nfod, t}ie 

imr'prroolin^ ^np to solute huil^-ur^ incr«*asf?a wore rapidly 

than the iffit>osr^ &T. nnd the r^rtinl<^ sise J*e<:r«mses.

/.rrowth is hy weens of nrnny n^oh niv^lratlon an<? growth 

sBes. Tn tx rif» way prrowth cccure at a , r eater * ndercooling 

thar1 for trse ^v-p** rsntfiotic, m«^ Tf*»r>o t>o rllicor r.haro 

T5artinl0s aro growing «t a <.*r^at«r ratff, the particle 9i?,e will 

be sasller tlian ror a pure eutectic growln,-T at th© same overall 

rate of cooling''*
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There ie, however, no evidence that growth of the silicon 

is complete before incorporation into the o< -Al matrix and 

Chadwick (1963) postulates that his repeated nncleation and 

growth oechanistB ie still operative, (see section I.5.b.) 

If the sodium adsorbs onto all the nuclei responsible for 

nucleating the silicon particles that continue the growth 

process, than the eutectic reaction can only occur at a lower 

undercooling than normal. At this lower temperature the rate 

of £rr*th of the alloy ie increased and the time allowed for 

diffusion of aluminium and silicon atoms across the interface 

is decreased. The int^rparti Ie smcing is, therefore, 

decreased durinr the spasmodic growth following each nucleation 

evont.

In a later review Chadwick (1965) reports the result of an 

exTXirimont in which sodium-dope^ aluminium/silicon eutectic 

alloy was imidirecttonally solidified in a graphite container. 

The result showed that the microstrueture did not differ from 

that of the p'.iro eutectic alloy grown under identical conditions. 

This result wae explained by suggesting that tho sodium only 

affects the initial nucleation ©vent and that onc» the silicon 

growth is controlled by the motion of a temperature gradient 

through the liquid, there is no further nucleation problem for 

the silicon. Growth takes place from sraall particles produced 

by fragipentation of the larger lea^inf; silicon crystals.
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b) Regt r-jc t ed Grow*h

In t*»is alternate group of theories the sieohaniBB of 

alttadniuVsilicon growth has still been taken to be that 

of repeated nucleation and growth. In this case, however, 

it ia the growth l»rt of the sequence that is affected by 

the presence of scxUiaa. Although these theories will be 

reviewed as originally written, it is inp »rtant to note 

that all the restricted growth theories ^an be discussed 

in terms of a Huctuatingshort rang*? process at a duplex 

solid-liquid front.

Edward and Archer (1924) aofnaaed that the aodium formed 

a "colloidal mist" in the alloy just prior to solidification 

and that this miBpenaion inhibits tlrr> growth of silicon 

crystals by E«:*hanical abstraction. The alloy smet then 

eirercool to nucleate »or® of the silicon phase.

archer *md K^Kpf (1926) modified the above theory and 

said that the sodiias could be adsorbed directly onto the 

ailicon crystals, thus prwentin^ further ^owth. Thie theory 

has been elaborated upon by Bavies and W««t (1963) who say 

that the sodiua is surface active and cheair.orbs to the 

interface between the solid silicon and the eutectic liquid.
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The «odium deposits on the beet growth sites for the 

silicon and the depositing silicon lias to seek less 

favourable sites, *o maintain growth the drivinr force 

must be increased «nd growth OOCIITB at a greater undercooling, 

The growth of the fast growing faces is slower1 < ? own to 

approach that of the slowest and this results in » considerable 

change in the eise and fhape of the chitectic silicon crystals.

Boots (I9<3ft) published tho experimental observation that 

in unmodified alloys the leading phase at the reaction 

interface is the silicon which grows unrestrieted into the 

tfi^lt, whereas in nodiura aodified alloys the lea-Hn/; phase 

is aluminium which forces tho silicon to be restricted into 

interdendritic regions. Thall and Chalmers (195^) elaborated 

on this observation and proposed that the sodium in the n*»lt 

reduces the surface energy of the a1 training/silicon solid boundary 

such that the aliitniniiia overro»es the silicon particles more 

easily. Without seed crystals or, which gro«?th can continue, 

the melt lias to undercool in order to t?rovide fresh nucleation 

sites for subsequent growth. The structure is, according to 

the authors, notified f^nce th* growth r^eobanisw has changed 

frota a non-ston^y stake diffusion n^chanisa to one involving 

repeated nuolaation
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Tsufflura (1957) explains tie modification effect simply 

in terras of the retardation of the silicon diffusion in the 

melt ahead of the growing interface. Thin means that at a 

j.iren growth rate the system hae to decrease its intcr- 

particle spacing an<! increase ite undercooling.

In these theories of restricted growth, the observed 

undercooling i» not the direct cause of the rr?fincident of 

the? structure. On the contrary, the undercooling is a

cona«qu&nce of the primary mo^'ification effect.
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(3) SMALT, ::ODM T?'WJ) IHCOT3

•>) Exneriaental Techniques

Small anoints of metallic sndiun were added to r&elts 

of the following eutectie »y»terns» Al/?i f A^/Si and lu/Si. 

The elloya w«*re prepared in the bell jar furnace in an 

identical manr^r to that already described f ;r th© pilot 

exT>erira«nts. (section II.?.) The only diff«»r«>nc« be in;-; 

thdt an atmo»nh«re nf ar(ror was ?j;?<*rt ir all oaaee t (>> su 

the volatilization of the ao4iuBu rarly dopivv? attempts by 

Eeltin^ U P th^ rsetallio solirm with the -jonBtl t^ent elements 

proved t be abortive. Hie sodi\m wan obvio ely being lost 

either through volatilisation or by absorption into the 

graphite crucible. : uceoasful retention a oodium in the 

alloys wae achieved by carrying: out a laboratory equivalent 

of tiie industrial codification process. r?he rcquioite amount 

of rr,«tallic so^iuK was wrapped in a suitable metal foil (i.e. 

Al f Ag or Au) which was wedged into the bottom of a silica 

tub<» fre^ to m«wf» through the f"5-ri^ s@al in the removable

of the top plate of the bell j«r furnace, (see fig. 4)
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The two nonstittiflnt olora**nt8 o** the *ut«ctic wor*? iselted ut> 

in ea&all tRT*»rpd lw diamoter graphite mouldsf the 

wrapped in it® foil boincv k^pt well above the melt. 

the m«lt bad homogenised t BOfMuni innoculatior. was achieved 

by turning "ff the H.F. power and rapidly pushing the silica 

tube with its charge? into the alloy utelt. It wae found that 

a constriction in the silica tuoe just abov« the foil-wrapped 

sodiina w^a necessary to aake etsre tiiat all the sodium went 

into the ®elt. ?> ithoyt the constriction, the high vapour 

presmire of the sodiusi propelled the foil &nt contents up 

the silioa tub«. The resulting furnace-cooled alloy 

epecinens were sectioned vertically and prepared for 

microacopicn.1 exaainfttion in the usual w»y, (se<? section 

II.4.a. for details)
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b) Heaults

Sodiun retention in the alloy was checked by two methods* 

Qualitatively in the laboratory by mentis of a Ml^er r/atts 

B.C. arc spectrometer and quantitatively by having the alloys 

analysed by *ton>ic absorption s^ectophotoisetry at T«!*»I. 

(Kynoch). (T^se analyses ar*> shown in tabl* 123)

The Hrero structure of an aluBsiniui^/silicon euteci.i<£ alloy 

with 0*011 »t. fo sodium present is shown in plate 124a. It 

can fce se^n that the aleroetructtjre hae been considerably 

ffiodifi«rt. (c.f. plate I24b in whioh a pure Al/ui alloy has 

been furnace-cooled) The eutectic silicon structure i« very 

fine, and on th« polished section appears as Sfemrate short 

rounded areas. From these section© it was not possible to 

elucidate whether the silicon wae securing as discrete c lobular 

particles, or whether the wlon^ted silicon ar«*as represented 

sections through a more rodliV© structure.

By cowmrinff the no^iuis modified alloy with the rapidly 

qu*mch**d autectic alloy structures, (plate 121a with 64a) 

it would ap ear that silicon worr»holQtfifc8 could be very

ntailar. Scanning electron microgoopy on heavily etched
S 

surfaces nf raM^ly quenched alloys had shown that the
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eutectic silicon was interconnected and eahibited a frondose 

morphology, (section IV.6.f.) Similar experiments were 

car led out on etched surfaces of the sodium modified alloy 

and these showed that it had a outectic silicon morphology 

vary similar to the rapidly qnnnr.hftd alloy. (plates 125, 

c.f. plates 84>" to 85b)

The auteotlc silicon eonsist*»d of loivr interconnected 

fi"br«*s which branched <*>ften and were inter twined. Sections 

through such a structure wotil^ obviously ^ive the impression 

of discrete* particles, ospeoially in the case of caetings 

whore the r^owth waa not ujaiDirectional. r/h«n eroeller amounts 

of 9O<H"ra were added, the sale restructure was not BO nrjdified 

«n^ appeared to Ve just a finer form of the irregular eutectic, 

i.e. as the amount of sodium ad 4 ed was decr«aeen f t>i« eutectic 

be/|Qn to increase its platclike nature. It would thus appear 

that the? change of ai_crostructt;r© upon successive addition of 

socfiuB is the sarac aa that of increasing c,rowth rate on the 

pure eutectic. (see section IV.t.f.) Bell an^i *«inegard (I965b) 

oaae to the earae conclusion as this by conducting a series of 

extractions on quenched an^ modified eutectics. ?h«8e results 

wer*» not conclusive owin# to the nroblesis af cTtrsction. 

(seo section TT.4»b.)
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i bad only a very slight modification «ffeot or 

tb»* eutectic »yat*ifi8 Afn/Si an^ A«/f>i, evcm -'hen ad^cd in 

q»;it« lar/re apio>mt». Tho ohanjrrP in microstruoturf was 

similar to that of a very snail amount of sodiuta upon the 

structure of the A I/Si euteetle alloy. 7h« ocale of the 

particles juat decreased, (see plates 126 an<? 1^7) ;ihen 

larg« ajbOMits of s<v!iiiR w«r« ad'-'od to Au/Ci eutectic all 

that happened was that a tiiird phase appeared, (see plate
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(4)

%xtx»rifftental

Those «xperiraent» w<»re carried out us in*; the 

apparatus as already describe*? under section II.}• High 

purity chill-cast cylindrical specimens identical to those 

used in the noroal unidirectional solidirication ex]>eriEi«nt8 

wer« rtop«?d with retail''" nodiura. The speciifienK were doped 

by drilling a smll hole in on« of the alloy rods and placing 

the requisite amount of do^iuis wrapr^ed in aluminiura foil into 

this hol«. The eutectic alloy wan then placed in a 

r^cryst«lli««^ alumin/* tub# a» for tho norraal method. Argon 

w«s let into the outer silica sheath in order to suppress 

volatilization. The specimen *ae placed in th» furaact?, 

hooio^Tiise'* and tb«r» uni<1ir*?Gtionfiilly f^rcmn in the 

as the m;r«? e^t«»ot1c. The resultant alloys wero s«ction«^ and 

pr*»rar<?d for micros^ooical ftrawination in the usual way. 

(section I1.4.a. for details)
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b) Resulta

Further analysis both in the laboratory and at I.I.I. 

(Xynoch) ah ••">*«* that the <* odium retention in these 

experiments was fjoo<! and that the specimen*? contained 

sodium in sufficient concentration to pronuc* modification 

in a fvraace-cooled ingot, (see table 123 for analysis)

"Doped cm tectic alloy &T'**>r. n+ vary slow growth rates
c

(H - 2.76 y 10~ ~ en/sjec. G • 29.5 ('/era.) showed no change 

in Its ar»fu1«:r TB or -Bt^jctisr?' from that of pure «ut«otic 

alloy ^njirn ij»-; <!er identical con^itionn. (3^ plate b^a) 

One pi;ll was rei»v)ved from t <?* furnace before '^HfU'v icatio 

had finished and the m-^re rapidly grown ©T^toctic was found 

to be completely modified.

A doped eutectic alloy ^r^wn »t a higt er growth rate 

(h - 1.37 x 10"' cV»^c« ^ * 29. k;°G/CBi.) did sho1 - n 

<?,ifferont micr structure to th« p;jr«s ©uteotic thrown under 

ident cal conditions and the alloy was raolified. (Optical 

Microscopy on C.P.4. etcbed STx»cifncn8 showed that the 

evtoctic silicon was very siiailar *" that in th® furnace- 

coolod alloys and it ap^«rnd that th«fl^ fill-Icon -narticlee 

still containad Inaellar twins. The scalo of the outectlc
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wae very rauch iiner. (see pletea 128) Analysis had shown 

that the »odi<an content ->f this alloy (1.0)9 wt. >^ l«a) was 

such that complete modification was not to be expected. 

All the indications were that the mitectic silicon was 

intfrconn«ctcd. As in the cas* of the «%all ingots 

Ecmtioned in the above eection, tho ixff^itiim of sodiiaa to 

the unidirectionally gro*>ri specimen produced a micros true ture 

tVe carac as if just the growth rat<* had been inereauetf.
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(5) DTSCT1SSTOW

Peanite the fact that only a *>w experiments w*? 

carried o-;t,it is nosnt^ln in tbe ll^ht of the above results 

to dismiss a #r#«t d«»al of the rrevicvs work and theories on 

the Tnodification of aluralnluja/eilicon euteetic alloys.

a) Restricted Nuclftation

It is n NT posnible to state that the addition of sodium 

affects the growth of the *?utectie alloy, and that it is this 

effect that alters the p»icroffitructur?> of the allo^. In the 

work on the pure irregular mitectic alloys, (section IV. 6. f.) 

it wr»3 proved that this form of the etitectic grows by a 

non-8tea*y state and short ran/ns diffusion »<rowtti rarocesn and 

that the etj*<»ctic silicon pftrtiolos ar© always interconnected. 

It follows that sin !<? the (rrowth process in the p<,T« outectic 

alloy is never OTM? of ror^ated nuc'leation and growth, then the 

addition of sodiun must affect the growth of the Giitectic in 

order to modify t>>e «tr?'Ctur-- ( » The aodlun rmy well restrict 

the nucleation of the euteotic silicon but OTJC« the initial 

nuclei £ave been formed tt-.ere is no need for repeated nucleation.
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If the Rodivua only affeetod the rairleation of euteotio 

silicon, no chaser© in the < utectic micros true tiir* would 

be observed in ft de-ned unidireetionally solidified alloy. 

The above experiment, in which a don«d alloy was grown at 

such a rate BO as to produce the irr«*fular outecti-- 9 p«ve 

a aodiflcf! structure* One ^iiiat, therefore, state that the 

addition of nodliia restricts the growth of the euteotlo 

alloy in or«l^r to produce modification.

The result of Chadwick*s experiment (1965), which IB 

baeically the Baine a® that dosnrl'h^d above, contradicts the 

atatenient, Chadwick found that no modification of

occurcd upon unidirectional solidification. The 

answer to this apparent contradiction can b© found by an 

examination of th«? container mteriala used* Chadwick gr®« 

hie doped eutectic alloy in a graphite container. Crnrhite 

hae been shown to ahssorb sodium (Bell ^nd r inegard 1966^ 

and so it aupenrs probable that this unidirrationally 

solidified eutectic alloy soon contained no so-^ivwt! nt all. 

The r^Bultant alloyB do not apr^r to have be«n analysed* 

'Phis would then wrplain why the t>«r« and the doped wlloy 

8-occ1jp«*ns ^»v© Identical micros true tnr«8. ^ne would,

, say that Chadwick's a >del of aluminiui/eilicon
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alloy modification is unlikely since it ia based upon the 

results of this experiment. Two other reasons can also be 

suggested, firstly, the fragmentation of the large leading 

eutectic silicon particles to provide fresh growth sites 

seems very unlikely, especially in vertically grown epecinens 

*fcere the turbulence due to convection currents ia v«ry snail* 

Secondly, although a unidirectional solidification experiment 

d^f r«rs froBi a caetin*? ir that th*» nuoleation and growth events 

«r* spparat^rarfial growth in a casting is sufficiently similar 

to unidirectional <»T r J*th for >no to expect th^c aam© tyne of 

fflicr^atruetu^**. Metall^^raphif examination of modified eastings 

baa not shown tV«© existence of any soarse eutectic Btructure 

except in overmodification bands*

'Hie other r>lece of evidence fro® the prcaent work that 

is of great importance is that the modified structure itself 

is interconnected and is apparently identical to that produced 

by rapif4 growth of the pure alloy. Tho modified evtoctic 

structure, therefore, also grows by a non-steady state short 

ran^a diffusion process and not by one of repeated nucleation 

arl growth.

WQ are therefor© left with the restricted growth theories 

to <sjtplain the effect of sodium on ali;»imuisv/^Rilicort eutectic 

alloys* These? theories fall into thr^e categories, which are 

v"1th in the next, ^ree sections? (b, c and d)
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b) Restricted Growth by Diffusion Control

This theory is baaed on the report«d fact that the 

diffusion coefficient of silicon in the eutoctic liquid 

is reduced by the addition of sodium. !'iffusion coefficients 

have b<^en pleasured by Tsumura (195?) and by D&vies and 

West (196})» Th^af results wer« out by at least two orders 

of ffi^gnitude caring to thermal convection currents in th« 

eutectic liquid. ^^ ^-suits* ho**ev*r, purport to ohow a 

reduction, altho>!£:h the amount must be a iwttor for conjecture.

Sodi-jis is not v«ry soluble in either the •=< -al^jRinitM 

or the silicon phase, fin^ 00 at ilm growing interface one 

woiil^ *»7ciH0Gt qrit© a hi|^ a-^^m o^cantratiin to Ve n..ilt ur>* 

Hence the transport of oil icon alon^ the interface froci th« 

o< -phase to the silicon T>haj?e WOTJI^ be ea^e more difficult 

an<? the aystom wotjld tend to /?row with a trailer int^rpnrticle 

ep&cin^. ThriB finer spaoinf w^ Id require an increased 

undercooling to provide for the increased atso^nt of intcrphase 

boundary. However, with this model one would expect a 

refinement in structure to occur whatever thf? ,grrarth itechaniem 

of the f?ute®tic alloy. The fact that no rao'Hficntion 

observed in the case of the an,~ular »»ntectic form must 

taken ae evidence against this nodal*



c) Restricted Crowth^ due to pechanical ->bgtruetion 
by r>; tec tic

Thia model first put forward by BOOK (194?) and 

elaborated upon by Thall und Chslsjers (1 ^0) says that 

the addition of sociiua reduces the alurainiura (solid)/ 

silicon (solid) int«rfacial ener^. Tliia would aliow the 

aluminium to grow over the silicon more eanily. Thall and 

Chalmers suppose ttiat overgrowth would be complete, tseanlng 

that for the ^utrctic growth reaction to proceed fxarther 

nucleation will have to take place ah^r.d of the frrowin^ 

interface. Tho growth racchanisffl wo;!^, th^refo^^, change 

from a co-of>or»t1ve onf> to one involving r®T>eato^ nwcleation 

and frosrth. The experiirerrtal evi^once ''oee rot Rn>'Rtnntiate 

this view. 'Airther, it so'ma iror>r^b»ble that complete 

overf-rowth ly the al ^mini*m can "ccur einc^ the growth of 

the aluminium prococ-4 s by rilicon rejection and thus the 

likeliho ' ^ sealing of* all the eutectic silicon rartides 

is rather remote. The structure would, therefore, refine 

but *ould regain interconnected. A^-ain an irscraaes in

is nocessary to provide for the extra solid/solid 

interface that would be f xrtoed.
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Reasons for not preferring this model ar<* firstly that 

one ^ould expect a change in interfacial energy to affect 

the ammlar rnrticles as wnll as th© irre^rular, and secondly 
if this rechanisra were operative, one would err*»ct 

wodificatlon to b«? obaervert in non faceted/nor faceted 

eutf»ctic syateaM ao w*'ll as non face tod/faceted ones. Ko 
such effwnt h«R ever ^pen observed.
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d) Restricted Growth of r.utectic Silicon by 
Interfacial Poisoning

This model of the ratification effect of sodirra on Al/Si 

eutectic alloys does appear to be the most Broroieiiv. T t is 

possible to exnlain the majority of the observed e^r^ri rental 

reunite*

First put rorword by Archer an* Konmf (1926), the theory 

has recently received support i'r'w; *.»;.*> published work of l>avio» 

and est (19^3 )• no^ivw Is •nrpsnrriod to adsorb nrf>forf»nt-i«illy 

onto certain outectic silicon growth Rites. Since silicon has 

a hi.rh entropy of fusion, it will fjrew in an essentially 

fecoted fashion ar>d ita growth v»ill t therefore, stem frotn 

spcrcific growth sites. ?hoe»f5 ;-rnwth sit*>a oo-jld be steps farmed 

by emar^ent screw dislocations or "by twin plane reentrant e^ges»

Modification was only obfserve^ when the pniltirjle {ills 

epinoi twin kinetic n>echa.niara was orRrativc, i.e. the initial 

eutectic ntructor« had fco b© irrej^ular. From this one infers 

that the Bo^iina only af ecta specific growth sites. Examination 

of eutectic silicon morr-halogy ahowed that the r-orHwm 

the formation of the Dlatelike silicon particles in the

an"* so it aproars probable t'-.ett the eoliiffl adsorbs
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preferentially onto f.P.R.^* growth »itee» The ^uteotio 

silicon, therefore, baa to grow in the gnr<? fihrnus form 

which normally coexists «ith the platelike irregular eutectio 

silicon. This Irregular fibraua form ^rsra at a greater 

undercooling than the irregular plat®® sinc« extra aivar 

is required for the iiacroas«<§ number of twin® and 

eiliocm wurfaceB. As Daviea and West propoe© in their 

psper (19^3) the oaay growth sit«e for the silicon ar® 

zvttovod by the sodium aw! an increase in unttereoolin# i* 

required to aakc oth«r growth sites otx?rative. l!o»vev«".rf 

this #xt:m undercooling netded to produce the irregular 

fibrous silicon can bo produced in two *aysi either by 

s^ eaey T*?**^*"'. growth nit^s that !«e<? to 

silicon platft growth t*v the ndrfition of sodium, 

:P "hy inoro^sirier the grcsrth rate. Reawltin^T mlcrof!t* <uetiircB 

so similar (plates fj4b tc 65b aw? 1?5) that it would

that an increase in growth rate has a aitsilar effect 

on the growth of silicon to that of sodius* poieoning by 

•ftkin^ inoperative the T.F.R.E, grtmtfe sit^s that pr<xlix3e 

irregular plates* (see discussion section
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The affect o<" sodium w tv e 

wet&l ©utectics investigated oan likewise be 

using a poisoned growth ra^el. In both Ag/8i and 

eutecticB the incidence of platelike irregular on tec tic 

silicon is not nearly so high as in the Al/t>i eutectic. 

The snajority of the euteotic silicon is already in the 

fibrous form. It follows, therefore, that if the sodium 

produces the same effect on the eiitectic oilicon in these 

syetewc, tiien the prevention of irre^iilar plato growth v<ill 

only have & alight effect on the resultant microstrueture.

Obviously further unidirectional tprowtji exp^riniRntB 

•with varying axe cunt a of sodium present, and a very ir.tenoive 

pro^rajwEe of scanning electron microscopy on the reaulting 

nicrostruetnree are requirer* before a rigorous proof of the 

mode of Fio«!ificntion can be put forward. But on the work so 

far c&r-ierf o:'t, it appears t>at this roisonine" theory of 

modification is the woBt promising. Work by / inkoff and 

Rixon (I9tj6),usinf; a scanning electron mi or score, has shown 

that th® afioct of lanthanum on Ki/C eutectio alloys is very 

similar to that of sodium on Al/3i eutectic alloya in that 

the larthanum afreets the development of graphite plates

that in modified allo, c thf? graphite ia in a iitrouB form.
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e) Concomitant Changes upon Modification

There ar<* still certain of th© facts enumerated at 

the beginning of this section of th« thesis t^at htr/e not 

been explained. The first of these is the presence of 

prlraa-y c*. -aluminiuBi in modified casting ftnd the a 

shut of outectic composition" to higher silicon concentrations* 

The saajor problem here is that it is not obviona whether this 

is due to a nucleatlon or a growth itfienora^non, aincc no 

unidirectional growth experiments have been usad to study th© 

effect.

Froni nu^loation work of Sundquist and ! on^olfo (1^61) one 

expects the aluminium phase to nucleate first on cooling through 

th<> eutectio isotherm sincp it has the lower entropy of fusion* 

However, the <>c -alwminiura once nucleated appears to ce a t>oor 

nucleating a^^nt for the silicon phase and so o< -Al dpndrites 

can thus fnrtr, bpforc» ciatectic nrowth starts. This coul'l 

hapren in castings but the ^ffoet woulf^ only occur at the 

bagi^ning of unidirectional pr^n specimens*

If on© conui^ere j-ust the growth cf the euteotic alloy, 

then one eight expect that. 01nc« the mitectic alloy VIMS a 

hi^h voluiee fraction of aluminium, that #Towth oan occur at 

a lower total undercooling by some of the aluminium phase
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aa primary dendrites an ••* t>:« remaining alloy 

ne & euteotic with a shorter diffusion Hstance.

Both these models o n explain the f oration of both 

primaries in hypermrtectic alloys. On cooling, prl.-»ry Si 

i» nucleated because of the st^er» silicon liquidua ylo 

and whf-n the eiitectic coEipoetiti'm i«j reac.'-*?^ primary Al 

will fora for the reasons TEentioned above.

Further work is again required on '/nidirectlonnlly 

ir: order '.o establieh which, if ftny, of

The second fact or modification that requires explanation 

is the formation of overrso^ification bnrsda of larger eutectio 

silicon particles. Schell and inr orc«;rn (1957) »nd Davies 

anil «st (l%3) explanation of thin -h^norilna appears 

reasonable. It ie» that as the and i UK concentration is increased, 

KftAlT'i ever.tiuilly forus in toe built-up layer of high ao^lun 

concentration at the growing interlace. It is the formation of 

this compound that pcro*?BO«© overmodification band 8 p 

hy depleting th» purrounrtiw area of sodium.
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0 Conclusions

evidence has be«?n produced to show that 

it i® th© effect of sodiusi on the growth mechanism of 

aluminiuB/silicon mitectic alloys that produces the 

modified atmcturfi. Th« effect of sodium ad-'ition appears 

to b* poisoning of the sne-^ifio growth Bites on tha outcotic 

oilicon that normally rrrrj^uco thi» irr^^lnr R ill cor -olates, 

i.<>, T, F.R.T'I. growth sites ard this loa^s to a roirfi fibrous 

fnrm of th*» r»wt**ctic Bill con ?»Meh is still internonrccted 

liVe the pure q^erche?1 iTT^fular ftutactic alloy. The wffpct 

A f s^i'T. flVM1ti"»r or f. P.P.^. «»1t0B a-D'^are ide?>tical to 

that of increaetiv.; the growth rate of the pure eutectlc alloy, 

an«! ao the eutsctlc silicon morpholo^r produced by modification 

is identical t; that produced b^ rapid growth. The good 

Mchanioal ^o-crties o*" tn^^lfied Al/Ji eutectic alloys is, 

therefore, due to silicon fibre reinforcement. (Day and 

Hellawcll 196?)
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The modification effect of sodiura on other oilicon/£»c,c. 

metal ©utectic system* is not so ts&rked. Th« reaeon for this 

observation aprears to te that tbe UR^OP*<^ irr®^al«r eutectio 

alloys alroafly contain less irregiilar plates tVar alumini^un/ 

silicon eutectic ?inr! ar^ riainly in U,e fona of twiated and 

branched fibres. Todiura, ^hich affects irregular plat« 

formation tlierefore, doe© not alt*.?r these eutectlc taorphologies 

to the same extent.
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