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ABSTRACT 

An analysis is given to determine those parameters that affect the 

ease of modification of anomalous eutectic systems. Combining trvL"i. 

analysis with mechanical considerations, the aluminum silicon eutectic 

is shown to be an excellent system in which to attempt to produce 

modification by a nucleation mechanism. 

Based.on the results of investigations designed to refine primary 

silicon in hypereutectic alloys, the prediction is made that phosphorus 

should intensively refine the eutectic if added to the liquid at snffi-

ciently high temperatures. 

Intense refinement of eutectic silicon is observed in alloys to 

which phosphorus is added at sufficiently high temperatures and attributed 

to the presence of small finely dispersed aluminum phosphide particles 

which serve as nucleating agents for eutectic silicon. 

Using an electron microprobe to analyze for aluminum and phosphorus, 

aluminum phosphide is directly identified as a nucleating agent for the 

large primary silicon particles, where the concentration of phosphorus 

is sufficiently high to allow an unambiguous interpretation of the 

results. 
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I. TN'l'RODUCTION 

The object of this work was to convert the normal needle-like mor-

phology of the aluminum silicon eutectic into a dispersion of' small 

silicon particles in an aluminum matrix. 

Reasons for choosing the aluminum silicon eutectic are developed in 

the theory section of' this thesis in terms of the expected improvement in 

mechanical properties and a model for ultimate refinement attainable in 

a liquid:solid transfprrnation baned on a nucleation mechanism. 

The per~~nent results of other investigators are discussed and pre~ 

dictions based on their work are made for a nucleating agent, aluminum 

phosphide, that should, if' properly introduced into the melt, give rise 

to a highly refined structure. 

The dispersed particle mo:rphology.is achieved and the microstructures 

of various alloys are analyzed in terms of the phosphorus additions and 

the thermal history of the melt. 

The liquid·~solid transformation has the a~vantage of requirine much 

less costly handling and heat treating than do the more common methods of 

improving mechanical properties such as quenching and temperine steels or 

heating, quenching, and ageing aluminum alloys. One very successful ex-· 

ample of' improved mechanical properties resulting from controlline the 

liquid solid transformation is found in malleable cast iron where the 

addition of cerium or magnesium produces graphite spheroids instead of 

flakes and shapes of· good strength and ductility can be cast directly 

w'ithout any subsequent hent treatment.. 
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II. THEORETICAL CONSIDERATIONS 

A. Mechanical Properties 

Although the purpose of the present work is to produce the dispersed 

particle morphology by a liquid solid transformation, not to analyze in 

detail the mechanisms involved in increasing the elastic limit, worl\ 

hardening and fracture, these phonomena must be considered when deciding 

which is the most judicious system to study, because the long range goal 

of controlling microstructm·e is to improve mechanical properties. 

If the dispersed phase has a crystal structure very much different 

than that of the matrix, dislocations will not be able to pass through 

these particles during the course of plastic flow and they will be effec-

tive barriers to the motion of dislocations. The stress required to 

drive the dislocations past these barriers is shown in elementary dislo-

cation theory to be 

(J' 
c 

2Gb 
-y-- ( l) 

where G is the shear modulus of the matrix, b is the Burgers vector of 

the dislocation and Lis the mean spacing of the dispersed particles. 

Thus, for a given volume fraction of dispersed particles, increasing the 

refinement decreases the mean spacing and correspondingly increases the 

elastic limit. 

Small particles of different crystal structure are also advantageous 

as far as fracture is concerned. 

The smaller the particle the larger the stress required to caur:e 

growth of a crack in the particle out into the matrix where it can initi-

ate a fracture mechanism. Increasing the fracture stress results in 

attaining some ductility even though the matrix of a dispersed particle 

I 1/ 
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morphology would be expected to show a rather high work hardening rate. 

The shape of the particle must also be considered. A particle containing 
l 
~. 

many sharp re-entrant angles will give rise to zones of high internal 

stress that can nucleate dislocations and give rise to a very high 

hardening rate causing a. drop in ductility. It is thus preferable to 

have the particles a-s nearly spherical as possible to eliminate this 

effect. 

B. Chemical Considerations-Type of Liquid -) Solid Transformati.on 

Keeping in mind the .restrictions placed on the system due to mechani-

cal considerations there are two rather common transformations that can 

be used to produce a dispersed particle morphology. 

l. Peritectic transformations 

2. Eutectic transformations 

l. Peritectic Transformations 

In the peritectic transformation (Fig. l) we have the reaction 
+A 

Lia ~ (3. Use of the peritectic reaction to produce a dispersion 
-~ 

rests on the fact that the reaction is easily rest-rained from going to 

completion. The first (3 to form does so at the expense of the a and 

liquid in the immediate vicinity of the a interface and presents a barrier 

through which both A and B components must diffuse in order that the re-

action proceed. Consequently the three phase equilibrium is rather 

·~-
easily destroyed since only two of the three phases are in mutual contact. 

The liquid can then solidify along the L -) (3 equilibrium line. When all 

of the liquid is consumed we are left with a polycrystalline aggregate ?f 

(3, the center of each (3 grain containing an a particle. 
'J 

There ar€},however, some difficulties associated with this micro-

structure. Firstly, ·nucleation of (3 takes place around the a particles 
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Fig. 1 Binary Peritectic System. 
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and the disperf;ed phase l·.ou·t··l have the r.arr.e microstrllcture as the prim:1ry 

a. The problem then becomes one c,:r controlling the morpholor,y of the Ct 

as it nucleates and gro'Ws throur.;h the Irla range. The resultinr: micro-

structure v.•ould be thermally metastable since t.he equi1 ibrium r.t:1.te of 

the system is the f) phase. Applic<t1;:iom: of such on alloy \~oulcl. be limited 

to temperatures below which the renction lti.net.'ics are sufficiently low 

so that the a ~·(1 transfnrrnat:i1.m rate i.e: est:.>cntially zero. 

2. Eutectic 'rransformation 
+A 

'l'he eutectic t:ransf'ormaU.on i :_; repre1:ented by· L .,_ a + f~ nnd 
--::;;' 

the aluminum Silicon system is shown in Fig • . 2, a.s a particular oxa.mple 

of this reaction. We do not have the problem of thermal instability o.a 

-
discussed above if the solid solubilities of B in et and A in t3 are small: . 

the morphology produced is stable up to the transformation temperatm·e. 

There are, howev-er, distinctions based on morphology w'ithin the 

general class of eutectics that ma.ke certain types more desirable than 

others for producing a dispersed partie] e microstructure •. Those sy::;tcms 

in which there is e. very strong orientation relation between the pnrtici-

pating phases have a lamellar microstructu.re and are·usually cla::;sif:i.cd 

as normal. An example of such a system is cadmium-zinc 'Where the relation-

ships (OOOl)Cd ·11 (OOOl)Zn and [OllO)Cd II [OllO)Zn are obeyed. Lnrnellar 

alloys 'are not usually suited for applications where high strencth and 

ductility is involved because lamellae of one type usually act as 

barriers to the motion of dislocations. Pileups of dislocationG result 

at the lamellar boundaries and c:ra.c1<s are ·nucleated. 

The lamellar form ma:v dep;enr~r8t.c i11to the rod-lil~e form when the 

rat:i.o of the volume f:rF.IcL)nn~; of r.hc plwr:es 
. . 6 
u; lnr,~e. This :i.e posGiblo 

because at large vohune fr:v:t.ion :f"::~.tios the total interphase boundary 
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Fig. 2 Al-Si Eutectic System. 
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area, and consequently the surface energy rray be reduced. Chadwick 7 has 

suggested a mechanism based on impurity additions to account for the 

lamellae~rods transition, however his theory is apparently not borne 

out in practise. There has been rather widespread interest in these 

eutectics because of the possibility of fibre strengthening. 

A second class of eutectics is the so-called anom3.lour-; group in which 

there is no distinguishable orient:1tion relation between the phases. 

(F..xamples of the anomalous eutectic are found in the Al-Al
3

Fe a·nd Al-Si 

systems.) In this group one phase is unable to serve as a nucleating 

agent for the Gther, 4' 5 and :it should be possible to produce a non-

equilibrium situation in ,.,hich a coherent ptnse is advancins in a plane 

solidification front whilr~ the second or incoherent phase is nucleating 

and growing in the liquid ahead of the advancing interface. 

Not onzy is it neces[;ary to have an anomalous eutectic system tha.t 

conforms to the constraints introduced by mechanical considerations 

' 
discussed above but it must also be possible to produce the dispersed 

particle morphology fairly easily so that maximum modification can be 

realized. 

C. Factors Affecting Modification of Anomalous 

Eutectic Sys terns 

Let us now investigate the parameters that affect the ultimate 

modification that can be produced. The ultimate modification results 

when nuclei of the incoherent phase do not have a sufficiently long 

incubation period for~ groWth to occur. In order to calculate how fast 

the coherent interface must move in order that none of the nucleated 

particles are able to grow, let us make -the follawing assumptions: 
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(a) The coherent interface advances sufficiently ra.pid so that the 

(b) 

(c) 

(d) 

solute build up is confined within a small region ax1 of the 

interface. 

Let X be the distance from the interface at which the temperac 

ture of the liquid is equal to the nucleation temperature of 

the B particles from the melt. The physical situation is 

shown in Fig. 3. 

Assume 5X. < < X . 
~ c 

This implies that nuclei forming at X 
c 

nucleate from ~ liquid of the eutectic composition CE. This 

assumption is realized for high solidification rates R,. since 

the zone in which there is a significant deviation from C 
E 

is a function of e-R/D where D is the diffusion coefficient 

of B atoms in the liquid. 

The partition coefficients ka(B) = c~(B) and k~(A) = c~(A)/ci(A) 

are both much less than unity. This implies that the q and ~ 

phases are practically pure A and pure B respectively. 

The composition and temperature ahead of the advancing interface are 

shown in Fig. 4. Figure 5 shows a solid B nucleus and the eutectic shell 
I 

from which it formed as well as the concentration profile of B in the 

liqud.d. 

The largest particles in the two phase solid are those that arc 

nucleated at X ahead of the interface. They will have the most time for 
c 

growth conditions to set in before they are sealed off by the advancing 

interface. If the interface moves very rapidly, the pure A iiquid 8hell 

will nucleate on the interface and inhibit growth of B particles in the 

liquid. Further growth can only take place by diffusion from the solute 

right region X. in the liquid through the solid. 
~ 

·.ri 
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D. Calculation of Critical Rate for Maximum Modification 

Let RB be the radius of the B nucleus and WB be the weight of the 

nucleus. Then 

(2) 

where pB is the density of the solid B phase. 

The particle originated from a shell of eutectic liquid with radius 

RE and weight WE. Consequently 

Recalling that critical particles nucleate at X from a liquid whose 
c 

composition is CE' we have 

By substitution of Eqs. (2) and (3) we have 

(3) 

( 4) 

( 5) 

Growth of the B particle will begin when the pure A shell has had time 

for a significant amount of B to diffuse a distance RE-RB. The time 

for this diffusion is given by the usual formula 

R -R =a JDt 
'E B c 

(6) 

where a is a shape factor introduced to take account of the spherical 

symmetry of the nucleus and t is the time required for the concentration c 
l of B in the liquid just ahead of the solid B particle to reach e· CE. 

Substituting for RE' the critical diffusion time is 

•,;' 

, 
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( 7) 

In order that no significant growth occur in t seconds, the inter
c 

face must move to X -RE in t seconds. The condition for no 8rowth then 
c c 

becomes 

R > 
c 

X -R c E 
t 

c 
(8) 

where R is the critical rate of advance of the interface that will seal 
c 

off growth. Subtituting Eqs. (5) and (7) into Eq. (8) gives 

R > 
c 

2 
a D 
R 2 

B 

For purposes of simplification we make the following assumptions; 

'(a) PE = pB. In many systems this is approximately true. 

(b) Xc>> RB The undercooled zone is assumed to be large >vith 

respect to the nucleus. This is almost always true. 

Introducing the above assumptions into the expression for R gives a 
c 

function of the form 

where 

R > 
c R 2 

B 

(9) 

(10) 

( 11) 

Tho'se systems for which the right hand side of Eq. (10) is small, 

are most easily converted to the dispersed particle microstructure. 

In considering systems for purposes of modification one can get a 

rath~r clear indication of those that show the most promise by consider-
''-< 
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ing only the composition function [G( CE) ]
2

, since Xc depends on trw heat 

transfer conditions under which solidification takes place and can be 

ad,justed to a constant value for all systems whil1~ a 2 depend::: on tll1~ 

geometry of the nucleating particle (assumed to b<~ spherical). 1'he 

values of D and RB do not change drastically from system to system. A 

plot of [G( CE) ]
2 

is shown in Fig. 6 from which it is evident that [ G( CE) ]
2 

is small when CE is smll. Thus, in order that a system be easily modi

fied it should have a low value of CE' the composition of the anomalous 

element in the eutectic: 

'· 
There is one more factor that must be taken into account and that is 

the volume fraction of the dispersed phase appearing in the aggregate. 

It must be sufficiently high so that the particles are effective in raising 

the yield. If a cubic array of small cubes is the. assumed morphology vJe 

have the following condition. 

·c 
E 

( 12) 

where L is the size of the cubes in the dispersed phase and S is the dis-

tance between the cubes. pB and pM are the densities of the dispersed phase 

and matrix respectively and CE is the eutectic composition. If PM ~ PB 

we have 

( 13) 

If the size and spacing are the same we require a eutectic with a 1:om-

position of 12.5%. 

The aluminum silicon system, shown in Fig. 2, is ideal for pr< >ducing 

a dispersed particle morphology directly from the liquid solid transfor- ._-

ma tion. It is known to solidify anomalously, the usual microstructure 
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being a dispersion of needle-like silicon particles in an aluminum matrix 

(see Figs. 10-14 for the unmodified micro structure at various magnifica

tions) with no particular orientation relation between the two pha:>'s. 

Furthermore the silicon has a diamond cubic crystal structure whereas 

the aluminum is face-centered-cubic. A fine dispersion of s ilj.con par-

·ticles should consequently act as a barrier to the motion of dislocations 

through the aluminum. Also, the eutectic occurs at 12.7 weight percent 

silicon and the particulate structure should be relatively easy t:J pro

duce since [G( CE) ]
2 

is small, yet there is sufficient silicon to obtain 

a S/L ratio of las outlined above. The solid solubility of silicon in 

aluminum is small and the microstructure produced should be stable up to 

the transformation point. 

"'! 
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III. LITERATURE SURVEY 

A. Aluminum Silicon System 

l IJund. studied the aluminum silicon system in an effort i.o reJ'~inc the 

primary or proeutectic silicon in a hypereutectic alloy contit.ining 19.01fo 

silicon. He was able to tentatively identify aluminum phosphide a:~ u. 

nucleating agent for primary silicon by a combination of metallograpbic 

and x-ray analysis.' During norrral metallographic preparation of bis 

centrifuged samples he noticed pits which may bave been the remnants of 

a third phase that was attacked by the water used as a lubricant during 

final polishingo · After re-polishing using methyl alcohol tbere were no 

pits, however a third phase with a gray-brown color appeared instead. 

X-ray analysis of a powder prepared from this phase and of an aluminum 

sample heavily fluxed with phosphorus showed the same lines which Lund. 

concluded were due to aluminum phosphide. 

Most of his experiments were carried out by fluxing with phosphorus 

pentachloride at 750° C to introduce phosphorus. Casting times range 

from 3 to 13 minutes. Some alloys were superheated to 970° C after fluxing 

and held for l hour and 5 minutes. In all cases the eutectic was reported 

to be either unaffected or coarsened whereas the primary was generally 

refined. 

The stability of aluminum phosphide in the liquid aluminum silicon 

alloys was estimated using the results of his own investigations and 

the fact that aluminum phosphide melts above 2000° C. The results · Jf his 

analysis are indicated in Fig. 7. 
2 

Telang also studied the effect of various catalysts on the solidi-

fication mode of primary silicon in hypereutectic alloys. He included 
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Fig. 7 Limit of AlP Stability in 20 wt .fo Si Alloys. 
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.. 
a series of phosphorus bearing compounds as well as red phosphorus in 

his experimental investigation. The alloys to which lc{o red phosphorus 

8 0 0 
was added were held at 15 C, 920 C and a marked reduction in 

the size of the primary silicon was noted in going from 815"c to SJ:.:'O()C 

although no further reduction ·was apparent in going to 975° C. The time 

at a .given temperature was not found to influence the rc·finement of 

primary silicon nearly as much as the holding temperature. The ob:erva-

tion was made that an addition of red phosphorus causes a marked change 

in the size and shape of the primary silicon while leaving the eutectic 

unaffected. 

Kim and Heine3 made a study of eutectic modification in the a.lumi-

num silicon system. They cDncluded that the morphology of the eutectic 

silicon depends on the temperature at which the silicon formed.. For 

example, polyhedral silicon was nucleated and grown at temperature:: down 

to 583°C, coarse and fine silicon plates nucleated and grew below 583°C 

and silicon spheres nucleated and grew at temperatures below 580°C. It 

was then stated that the effect of any element capable of producing modi-

fication was to suppress nucleation at temperatures where polyhedral 

silicon and silicon plates would result and allow nucleation on in the 

range where the characteristic morphology is silicon spheres. 0.73% 

phosphorus was added at temperatures ranging from 600°C to 995°C with 

no apparent effect on the morphology of the eutectic. 

While a degeneration of the three phase equilibr:ium is certailtly 

possible in anomalous eutecties and leads to freezing over a tempe t·ature 

.... 
range, the highest temperature of eutectic solidification should bl' the. 

eutectic temperature, which for aluminum silicon is 577°C. It is some-

what difficult to accept the temperature ranges given for formation of 
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quantitative 
the various morphologies in view of this fact and any /interpretation 

of the results is doubtful because of probable impurities that caused 

such a significant deviation fr::Jm the eutectic temperature. 

B. other Eutectic Systems 

;I:n addition to the above papers, dealing solely with the aluminum 

silicon system, there are several pDpers basic to eny study·of eutectic 

·.olidification that are more general in nature. 
4 ' 

E. Scheil ' 5 wrote two articles primarily concerned with categori-

zing eutectic systems a:od deriving some general conditions for the 

appearance of the normal eutectic structure as well as anomalous and 

degenerate eutectics. His work serves as an excellent basis on which 

to begin a study of eutectic solidification. 

W. A. Tiiler
6 

dealt with eutectics in a somewhat more quantitative 

manner. He treated microscopic heat flow, the shape of the interface 

of a lamellar etuectic, the leading phase, and nucleation of a eutectic 

c;ryst-al. In addition he was able to demonstrate that the freezing rate 

versus lamellar thickness for normal eutectics should be of the form 
~ 

A.
2

R = constant (14) 

,where J .. is the wavelength of the structure, defined as the sum of the 

widths of the two lamellar types in the eutectic and R is the linear 

freezing rate. He also demonstrated that the rod-like morphology is 

stabi1:i.zed at high volume fraction ratios of the two phases and that 

the dfspersed particle ,morphology is favored whenever 

( 15) 

where the a's represent the usual interphase surface tensions and 6S ex 

.t. 
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and 68(3 are the entropies of fusion of the ex and (3 phases respectively 

while (68) is the mean entropy of fusion for the alloy. 

Anomalous eutectics, in v.hich one phase is unable to serve as a 

nucleating agent for the other, were briefly studies and the maximum 

length of a rod growing ahead of an advancing interface was found to be 

2 = max 
-Dt:.T ( 16) 

where D is the diffusion coefficient, t:.T the average undercooling, R the 

linear solidification rate, m(3 the slope of the j3 liquidus and CE the 

composition of the A component in the eutectic (compare to Eq. ( 10) where 

composition was given in terms of the B component) kj3(A) the distribution 

coefficient of the A component. The above expression, giving the length 

of a rod assumed to grow in one dimension, \vas derived on the basis that 

2 be small. However it is precisely at small values of 2 that the assumed 

boundary conditions diverge most rapidly for a one dimension rod and a 

growing sphere. Hence Tiller states that the above expansion may contain 

a large error when applied to spheres. 

G. A. Chadwick 7 has reviewed the whole field of eutectic solidifi .. 

cation and in addition to presenting theoretical calculations, experi-

mental results are quoted that confirm many of Tiller's theoretical ideas. 
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IV.. PREDICT!ONS FOR MODIFYING THE ALUMINUM SILICON 
EUTECTIC BY PHOSPHORUS ADDITIONS 

A. Effect of Temperature of Addition on Morphology 

Several il:).vestigators have mentioned that the addition of pho.:phoru~; 

to an aluminum silicon alloy produces a marked refinement of the primary 

silicon while lc~aving the eutectic unaffected or coarsened. It i:: pos,;ibJ c;, 

.however, that they did not add the phosphorus to the melt in the bc'."it 1vay 

· tc.l induce a refinement of the cutectj_c silicon. 

If the phosphorus.is added to the melt at temperatures 1·1lwre Hluminnrn 

pho:Jphide is stable (see Fig. 7) one would expect nuclc::3t ion and t<;rowth 

of the phosphide particles until equilibrium has been reached. On c::tsting, 

the primary silicon ·would nucleate on the relatively J;uge aluminum phos-

phi lie particles in the melt and grow under the influence of di ssolveci 

phosph_orus. Even though the phosphicles are relatively large (about lOf.l 

from Lund's photomicr:)graphs) they are much smaller than the charncteristic 

size ·Of primary silicon (about 60..,200f.l) and, dispersed throughout the melt, 

they have the effect of increasing the number of primary silicon purticlcs 

in the melt and correspondingly decreasing the average size. 

The normal eutectic needles are about lf.l by lOf.J. and even if a large 

phosphide particle causes nucleation of a eutectic needle, the conditions 

under which the needle grows will not be significa.ntly altered since the 

average dtstanCCc; between the la.rge phosphide particles is very much larger 

th&.n characteristic silicon needle size when phosphorus is present in 

concentrations of about O.lr{o. Hence the r,~fined primary and unrefined 

eutectic. The same considerations apply to an alloy of hypoeutectic or 

eutei:)tic composition: the phosphides will be so large that refinement 

of eutectic silicon is impossible. 
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If, however, the phosphorus is added to the alloy at temperatures 

well above the limit o:t' stability of aluminum pho::;phidc, as j_ndic~lh~cJ in 

Fig. 7, and the melt is rapidly quenched to just above the eutectic tern-

perature and then cast, refinement of the eutectic should occur depending 

on the amount of phosphorus added. The reason for this is that the liquid 

>vill be thermally metastable 1vith respect to dissolved phosphorus by an 

amount indicated by the difference between the curve shmvn in Fig. 7 and 

577°C, the eutectic temperature. The phosphides should begin to nucleate, 

but the particles should be much finer and more closely spaced than the 

ones produced by Lund's method of addition, since the size of the critical 

aluminum phosphide nucleus (assumed to nucleate homogeneously) as a function 

of the under cooling is known t ::J have the form 

crit 
rAlP 

K 
6T 

( 17) 

where K is a constant depending on the shape and surface energy of the 

phosphide nucleus. After holding lc:mg enough for nucleation, the alloy 

is cast and we expect many heterogeneous nucleat~on sites sufficiently 

small and randomly distributed to cause modificati ::Jn. 

B. Amount of Phosphorus Necessary to Cause Refinement 

The actual amount of phosphorus required for modificati un of the 

normal eutectic ~~tructure into a dispersed particle morphology is e':l sily 

calculated for :.J. di.spcrsion of sil:Leon particles l[J. in :Jize. Assuming a 

phosphide cube vlith edge O.J-fJ. occupies the center of every silicon particle 

and noting that the densities of siHcon and aluminum phosphide are nearly 

equal, the amount of phosphide necessary for refinement of u eutectic 

alloy is 0. 013% and the phosphorus is 0. 007%. Pr10sphorus in c:xces:3 of 

this amount will lead to nn agglomeration of small pur-Liclt;:; v1hil(• pho:::-

phorus deficiencies will, of course, give only a partiul refinement. 



It is interesting to note that Lund
1 

:)bserved very little refinement 

5 minutes and ca:>ting: either the melt was hl'ld so long that :1ll :d' the 

I 
. I 

I 

of the primary silicon on superheating to 970°C, holdinc; for 1 hour c1.nd 

phosphorur; was volatalized fr•)rn thl: melt or the tC'mperaLure I·JarJ sut'l'icicnUy 
L I 

high that phosphorus was completely :;olublc and aluminum pho:;phidv ,J id nuL 
I 

1 

'huyc sufficient time to form utl cast i.ng and com,c;qucntly th<.~r·' wa~ no 

refinement. 

I 
1 

.. 
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V. EXPERIMENTAL PROCEDURE 

A. Master Alloy Preparation 

In order to verify the above theory on modification of the aluminum 
'-· 

silicon eutectic, several alloys were prepared using the apparatus shown 

in Fig. 8. A mold of either stabilized zirconia or high purity graphite, 

outgassed at l000°C in a vacuum of l0-5 mm of mercury and held f;)r five 

hours, was inserted in a graphite susceptor. The aluminum was added to 

the mold and induction melted under an inert atmosphere of argon gas 

that had been passed tht'ough a dessicant. This was done to avoid hydr:Jgen 

gas pickup in the molten aluminum. Silicon was then added and the alloy 

was held for two hours to allow for homogenization. Tne minutes before 

turning off the induction <..:Oils, phosphorus was added by placing a 

measured amount in the hollow end of a high purity graphite rod which has 

a plug in the bottom and holes in the side to provide for volatilization. 

The method of adding phosphorus is shown in Fig. 8. 

B. Ra\-r Materials Used 

The aluminum and phosphorus were 99-999+% pure while the silicon was 

99·999+% pure. Very 0igh purity was desirable so that the results of 

rather small phosphorus additions could be unambiguously interpreted. 

C. Thermal Cycling Experiment 

In order to carry out the cycling experiments discussed in the 

theory section, a two chamber melting device was C;)nstructed as shown 

in Fig. 9. After the alloy to be cycled had been prepared using the 

apparatus shown in Fig. 8, a small piece was chemically cleaned and 

placed in the upper chamber of the cycling device, which was then loaded 
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into the large quartz tube sho~<m in Fig. 8. The quartz stay rods and 

sleeves were used for support. The two chamber apparatus was then po-

sitioned relative to the induction coils in such a way that the temperature 

of the upper chamber was maintained above the limit of aluminum phosphide 

stability, while the lower chamber was maintained at a temperature .just 

above the eutectic. The temperature of the upper chamber was measured by 

a thermocouple imbedded nearby in the graphite (not shown in Fig. 9). The 

temperature in the lower chamber was measured by means of the thermocouple 

inserted in the lower q1.1artz stopper as shoi·m in Fig. 9. 

After melting ,and holding at the desired temperature for a given 

length of time, the hollow quartz stopper was lifted and the melt was 

gravity fed into the lower chamber. After holding there for the desired 

time the bottom stopper was lifted and the alloy was cast into a steel 

mold. 

D. Metallographic Preparation 

Alloys were prepared for metallographic observation by mechanically 

polishing since the recommended electropolish, which is a solution of 

70 ml. perchloric acid (specific gravity 1.61), 1680 ml. methyl alcohol 

and 250 ml. glycerine used at 110 volts with a current density of 50-150 

ampjdm
2 

for 10-20 seconds below 35°C, was most-unsatisfactory for work 

at high magnifications. After rough grinding, the alloy was placed on a 

polishing wheel c.~mtaining 0.251-l diamond particles. Directly after the 

diamond polish, a heavy slurry was prepared from 0 .051-l rragnesium oxide 

particles and used as a final polish. The polish was of a sufficiently 

high quality to allow satisfactory replicas for electron microscopy to 

be taken from the surface as can be seen from Figs. 32-35. 

'\ 
i 
! 

$,; 

f' 
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VI. EXPERTh!ENTAL RESULTS AND DISCUSSION 

A. Alloys Used 

A eutectic alloy was prepared using the method described above and 

indicated by Fig. 8 with the exception that no phosphorus was added. T'his 

alloy was used for purposes of comparison with alloys to v1hich phosphorus 

had been added. A hypereutectic alloy containing 18.13% silicon wa.s alsCJ 

prepared by melting at ll00°C, holding for two hours and adding 0.27% 

phosphorus. A chemical analysis showed that only 0 .lo% phosphorus was 

retained. A hypoei.l.tect~c alloy containing 10.0% silicon was prepared by 

melting at 900° C holding for one and one-half hours adding 0.015% phos

phorus and casting. On the basis of the phosphorus loss for the hyper

eutectic alloy it is expected that the actual amount of retained phos

phorus is 0.006%. The hypereutectic alloy was cycled using the apparatus 

shown in Fig. 9. The alloy was melted and held at 933°C for ten minutes, 

quenched to 612°C and held for three minutes and finally cast. 

'B. Microstructure of Hypereutectic Alloy-Observations 

The hypereutectic alloy is shown in Fig. l5.at 2500x. Comparing 

this to Fig. 14, the pure eutectic with no phosphorus added, shows that 

a marked change has been brought about in the microstructure. A signi

ficant portion of the eutectic silicon appears in the dispersed particle 

morphology with an average size of about 2~. Figure 16 shows the same 

alloy after cycling as indicated above. The silicon shows about a three

fold refinement over the uncycled alloy and a hundred-fold refinement 

over the unmodified alloy as well as a change in shape from needles to 

spheres. 
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C. Microstructure of Hypoeutectic Alloys Observations 

Various sections of the hypoeutectic alloy are shown in Figz. 17-35. 

Figures 17-23 show the modified eutectic colonies that appear in the 

interdendritic regions at high magnification and Figs. 32-35 show 

electron micrographs at somewhat higher magnifications. Again, a marked 

change in the characteristic morphology (Figs. 13 and 14) is observed. 

Although the refinement is intense, it does not show the drastic modifica-

tion of the cycled alloy shown in Fig. 16. Figures 24-28 show the pro-

portion of modified and. unmodified silicon appearing in the alloy at 

lower magnifications. 

Various regions, similar to Figs. 29-31, appear in both hypo- and 

hypereutectic alloys. Optically it appears as if there is a very fine 

dispersion of particles surrounded by plates or rods of silicon. Electron 

microscope replicas taken from similar areas are shown in Figs. 32 and 

33. It is apparent that there are two distinct morphologies in these 

areas: a center colony of particles surrounded by plates or rods. 

D. Microprobe Analysis 

In an attempt to positively verify that aluminum phosphide particles 

were responsible for eutectic refinement, experiments were performed using 

a microprobeo Sections of various samples were scanned using an electron 

beam to give an x-ray image or to stimulate x-ray emission from which 

counts were taken. 

The electron beam is capable of penetrating ~ 1~2 area for about 3~. 

This if the beam were on a particle 1~2 in cross sectional area by 3~ 

long containing a phosp\hide particle 0.001~3 at the center, the total 
. ... ~: ·, 

phosphorus in this ·.~ofiline wruld be 0.0166% and the probe would have to 

~ I 

• 
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have sufficient sensitivity to detect phosphorus in this concentration 

range. 

Attempts to use a display of phosphorus Ka x-rays to detect small 

phosphide particles proved unfeasible because of the background. Figure 

36 shows the phosphorus background obtained using an alloy to which no 

phosphorus had beem added and Fig. 37 shows the background obtained from 

a hypereutectic alloy containing O.lo% phosphorus. Except for the large 

white dots in Fig. 37, which will be discussed later, note the similarity 

between Figs. 36 and 37. 

It ~ras however possible to prove that aluminum phosphide does serve 

as a nucleating agent for primary silicon using the microprobe. Figure 

38 shows the x-ray pattern of aluminum obtained from an area containing 

four primary silicon particles. The aluminum shows up white while the 

silicon in this case shows up black. Note that aluminum appears in the 

center of two of the silicon particles. Another x-ray pattern was taken, 

this ~ime turning on phosphorus. This is shown in Fig. 37. The two 

largest dots in Fig. 37 coincide exactly with the. aluminum spots in the 

centers of the silicon particles in Fig. 36, indicating that aluminum 

phosphide is indeed a nucleating agent for silicon. An x-ray pattern of 

the silicon particles is shown in Fig. 39. There is no dark interior 

because the beam penetrated the AIP in the center of the particles. The 

area over which the x-ray patterns were taken is shown in Fj.g. 40. 

Counts for phosphorus were taken across the large primary silicon 

particle furthest to the left in Fig. 40. The data are shown in Table 

·I below. 
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Table I. Phosphorus Ka: Counts Across Primary Silicon 

Position in 51J. Counts/10 Sample Current Beam 
steps starting seconds 1J. amps F.:Xci tati on 
from edge of Potential 
particle (KV) 

l 91 0.02504 20 for all 
positions 

2 73 0.02503 

3 78 0.02503 

4 73 0.02513 

5 76 0.02513 

6 90 0.02513 

7 371 0.02553 

8 1608 0.02483 

9 1808 0.02493 

10 1537 0.02523 

ll 98 0.02503 

12 73 0.02503 

13 63 0.02503 

From the data presented in Table I we see that we get a maximum of 

about 1800 counts/10 sec for a 50% phosphorus sample (aluminum phosphide) 

of which 1700 are certainly significant. The number of counts per 10 

seconds above the background that are significant is calculated from 

the formula 

( 18) .. 

where NB.is the background and LJ:irs the minimum number of .counts, above 
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the background, that are significant. Taking the background to be 80 

counts/10 seconds we have 

6N := 16 
s (19) 

Consequently the minimum detectable phosphorus concentration is 0.50%. 

As indicated earlier the maximum concentration of phosphorus expected 

in the particle is 0.0166%: consequently it is not possible to localize 

phosphide particles in very small (1~3 ) silicon particles. 

E. Microstructure of Hypereutectic Alloys-Discussion 

The increased refinement of the silicon particles in Fig~ 16 over 

those of Fig. 15 may be attributed solely to the cycling treatment since 

both have exactly the same composition. Furthermore, the increased re-

finement is not attributable to any effects from surface active elements 

in solution, since the only possible effect that cycling has on the alloy 

is to decrease the size of the aluminum phosphide particles that come 

out of solution as has been previously indicated in the theory section. 

These particles are then sufficiently smaLl and closely spaced so that 

eutectic silicon nucleates on them but is not free to assume its normal 

mode of growth: growth can proceed a very small distance in a preferred 

direction before encountering a completely depleted zone around another 

particle. Subsequent growth is confined to directions other than the 

preferred direction which tends to cause a change from the needle-like 

to the dispersed particle morphology. This was previously discussed in 

the theory section. The refined eutectic is however, restricted to areas 

remote from primary silicon. Recalling that phosphorus has the two-fold 

effect of refining the primary and causing a marked change in the shape 

as well, this effect can be explained in the following way: silicon. 
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nucleates on an aluminum phosphide particle and starts to grow into the 

liquid which contains dissolved phosphorus according to the reaction: 

(20) 

The phosphorus which uses a covalent pd2 hybrid orbital can be ab

sorbed at preferred sites on the silicon, which uses sp3 bonding, to 

lower the energy of the system. Certain crystallographic planes which 

contain a high concentration of sites suitable for phosphorus absorbtion 

will be energetically preferable for bounding surfaces and the phosphorus 

absorbtion occurring on them will cause a reversal of the reaction in

dicated by Eq. (20). When the eutectic temperature is reached the con

centration of aluminum phosphide particles near the primaries is so low 

that they are no longer a potent force in refining the eutectic silicon. 

F. Microstructure of Hypoeutectic Alloys-Discussion 

The silicon in Figs. 17~28 appeared to be grouped in colonies of 

particles, each particle being about one micron in size. The colony 

structure is purely a mechanical effect. The composition was on the 

hypoeutectic side, and the eutectic liquid, which is last to solidify, 

solidifies in the interdendritic channels of the primary aluminum. 

Modification takes place but is confined to these channels, giving rise 

to the colony structure of the refined eutectic. The eutectic is only 

partially refined, as can be seen from Figs. 24-28. This can be ex

plained on the basis of the phosphorus content which was 0.006%. Con

verted to aluminum phosphide, the active nucleating agent, we have 

0 o0l2% aluminum phosphide. Assuming an average particle size of lf.l3 

for the refined silicon and 10-3f.l3 for the phosphide particles and 
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equivalent densities we can see that the ratio of silicon to phosphide 

is 1:1000. Thus the phosphide should be present at 0.011<) for optimum 

refinement. This calculation asswnes that all the phosphorus added is 

efficient. in refining the silicon. Of course about 2Cf/o of the phosphides 

will be trapped in the primary aluminum dendrites if we assume a random 

distribution of phosphides in the liquid. The partial refinement is 

then plausible on the basis of insufficient phosphorus. Another possi

bility is that since the alloy was furnace cooled, a significant portion 

of aluminwn phosphide p~rticles nucleated at high temperatures and had 

enough time to grow to a size where they were inefficient as refiners 

when the eutectic was reached. 

G. Two Modes of Nucleation and Growth of Eutectic Silicon 

Throughout both the hyper- and hypoeutectic alloys areas similar 

to those shown in Figs. 29-33 were observed. The possibility that they 

were composed of aluminum phosphide is ruled out because of the aqueous 

decomposition reaction when water is used as a lubricant during final 

polishing: 

(21) 

It is probable that these pictures' indicate two distinct nucleation and 

growth modes of eutectic silicon. This can be understood by recalling 

the way in which the phosphorus was added. Bubbles of P4 gas go through 

the liquid and eventually dissolve, giving rise to regions of high 

phosphorus content in the melt. There is, of course, an in~ubation 

period for the formation of alwninum phosphide during which phosphorus 

is constantly diffusing radially away from the high phosphorus concen

tration zone. Aluminum phosphide can then form up to a certain di;::;tance r 
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from the center, where the concentration of phosphorus becomes too low 

to form the phosphide. Silicon will nucleate and grow under the influence 

of the phosphides contained vrithin r resulting in a particulate mor-

phology. OUtside of r silicon will not be refined since there are no 

nucleators present and we expect a correspondingly coarse structure since 

gro~~h of a silicon plate or rod will be unaffected by the presence of 

depleted zones in its preferred growth direction. 

~ i 
! 



-37-

VII. CONCLUSIONS 

1. An analysis was given to determine those parameters that affect the 

ease of modification. Making some simplifying assumptions it was possible 

to show that anomalous eutectic systems should most easily be modified 

if the concentration of the anomalously crystallizing element in the 

eutectic is low. 

2. The aluminum silicon eutectic was shown to be an ideal system in 

which to attempt to produce the dispersed particle or modified morphology. 

The silicon in the eutectic is present at a low concentration, ( 17.7 wt .% 

silicon) and crystallizes anomalously. Furthermore there is an expected 

improvement in the mechanical properties of such a dispersion as compared 

to the normal needle-like morphology. 

3. As predicted, the addition of phosphorus to aluminum silicon alloys 

at sufficiently high temperatures has a profound effect on altering the 

size and shape of the eutectic silicon: a coarse needle-like morphology 

is converted into a fine dispersion of silicon particles that have an 

approximately spherical shape. Subsequent cycling of the alloy was shown 

to induce a further refinement in structure. 

4. Reasons for the changed morphology were given in terms bf the phos

phorus additions and thermal history of the melt, as discussed in the 

theory section. 

5. Using the microprobe it was possible to directly demonstrate that 

aluminum phosphide is a nucleating agent for silicon. 'rhis was done 

for primary silicon where the particles were sufficiently large to 

allow an unambiguous interpretation of the results. 
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APPENDIX 
I. 

The analysis developed for ease of modification can be used to 

predict which systems should be the most fruitful for producing a fine 

particulate structure. The following table lists those anomalous cutec-

tics for which the assumptions of the analysis are most nearly fully 

realized. 

Table II. Anomalous Eutectic Systems 

System 

Al-Al
3

Fe 

Zm-zm
3

sb2 

Pb-Sb 

Al-Si 

Anomalous 
Component 

Al
3
Fe 

zm
3

sb2 

Sb 

Si 

Concentration 
in Eutectic 
(Wt.%) 

5.02 

6.61 

10.74 

'It should be noted that the analysis also gives the relative ease 

of modification even if growth sets in. The tim~ for continued growth 

depends on how far the coherent interface is from the particle when 

growth sets in and the rate at which it is advancing. The longer the 

incubation time for growth the closer the interface will be and the 

less growth will take place. 

It is interesting to note that the analysis is not limited to eutec-

tics but may also be applied to eutectoids. In the case of eutectoids 

it is possible to measure RB and D to rather high accuracies and con

sequently the whole expression for the critical rate ( Eq. ( 10)) should 

be used when comparing systems instead of merely the composition dependent 

part. The composition function is, however, extremely sensitive to cbanges 



. ~ 

-39-

in composition, especially near the high composition end (see Fig. 6) 

and easily modifiable systems vrould again be expected to appear near 

the low concentration end of the function. 

In particuJJ:~.r, in the iron-iron carbide system there is a eutcetoid 

at 12.0 wt.% Fe
3
c. Furthermore, from work done on aluminum killed 

steels, there is some indication that the normal pearlite structure, 

which is a grouping of lamellar colonies, can be converted to a particu

late structure. Should a nucleating be identified for which the carbide 

has a greater affinity than for a iron, this system is in the right 

composition range to be intensely modified using an analysis similar to 

that developed for aluminum silicon. The system would be expected to 

have improved mechanical properties resulting from the dispersion. 
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ZN-5818 

t . alloy Wl Pure eutec lC added. "th no phosphorus xl60 
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ZN-5819 

Fig . 11 Pure eutect ic alloy with no phosphoru s added . X320 
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ZN-5820 

Fig. 12 Pure eutectic allo . t . Y Wl h no phosphorus added. x4oo 
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ZN-5821 

Fig. 13 Pure eutectic alloy with no phosphorus added: Xl OOO 
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ZN-5822 

Fig. 14 Pure eutectic alloy with no phosphorus added. X 2500 
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ZN-5823 

Fig. 15 Hypereutectic alloy containing 0.10% P. This photo is taken 
in an area remote from any primary s ilicon. X 2500 
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ZN-5824 

Fig. 16 Hypereutectic alloy containing 0 . 10% P. Melted and he ld at 
933°C for 10 minute s, quenched to 6l2°C while still in the liquid 
state, he ld for three minute s and cast . X 2500 
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ZN-5825 

Fig. 17 Hypoeutectic alloy containing 0 . 006% phosphorus. Melted 
and held at 900°C for one hour. X 2500 
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ZN-5826 

Fig. 18 Hypoeutectic alloy containing 0.006% phosphorus. Melted 
and held at 900°C f or one hour. X 2500 

... 
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ZN-5827· 

Fig. 19 Hypoeutectic alloy containing 0.06% phosphorus. Melted 
and held at 900°C for one hour. X2500 
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ZN-5828 

Fig. 20 Hypoeutectic alloy containing 0.006% phosphorus. Melted 
and held at 900°C for one hour. X 2500 
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ZN-5829 

Fig. 21 Hypoeutectic alloy containing o.oo6% phosphorus. Melted 
and held at 900°C .for one hour. X 2000 
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ZN-5830 

Fig. 22 Hypoeutectic alloy containing 0 . 006% phosphorus. Mel ted 
and held at 900°C for one hour. X 2000 
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ZN-5831 

Fig. 23 Hypoeutectic alloy containing 0.006% phosphorus. Melted 
and held at 900°C for one hour. X 2000 
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ZN-5832 

Fig. 24 Hypoeutectic alloy containing 0 . 006% phosphorus. Melted 
and held at 900°C for one hour. X 500 
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ZN-5833 

Fig. 25 Hypoeutectic alloy containing 0.006% phosphorus. Melted 
and held at 900°C for one hour. x 4oo 
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ZN-5834 

Fig. 26 Hypoeutectic alloy containing 0.006% phosphorus. Melted 
and held at 900°C for one hour. x4oo 
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ZN-5835 

Fig. 27 Hypoeutectic alloy containing 0.006% phosphorus. Melted and 
held at 900°C for one hour. X250 
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ZN-5836 

Fig. 28 Hypoeutectic alloy containing 0 . 006% phosphorus. Melted and 
and held at 900°C for one hour. X 250 
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ZN-5837 

Fi g. 29 Hypoeutectic alloy containing o. oo6% phosphorus. Melted and 
held at 900°C for one hour. X2500 
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ZN-5838 

Fig. 30 Hypoeutectic all oy containing 0 . 006% phosphorus. Melted and 
he ld at 900°C for one hour. Same sect ion as shown in Fig . 29 . xl OOO 
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ZN-5839 

Fig. 31 Hypoeutectic alloy containing 0 . 006% phosphorus. Melted at 
900 °C and held for one hour. X2500 
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ZN-5840 

Fig. 32 Hypoeutectic alloy containing 0 . 006% phosphorus. Melted at 
·900°C and held for one hour . Electron microscope replica. x4ooo 
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ZN-5841 

Fig . 33 Hypoeutect ic all oy containing 0 .006% phosphorus. Me lted at 
900 °C and held for one hour. Electron mic r oscope replica. X8500 
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ZN-5842 

Fig. 34 Hypoeutectic alloy containing 0.006% phosphorus. Melted at 
900°C and held for one hour. Electron microscope replica. X4000 
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ZN-5843 

Fig. 35 Hypoeutectic all oy containing 0 . 006% phosphorus . Melted at 
900 °C and held for one hour. Electron microscope replica. X 13400 
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ZN-5844 

Fig. 36 Display of phosphorus ~ x-ray background us i ng puls e mode of 
modulation. This alloy contains no phosphorus. X 590 
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ZN-5845 

Fig. 37 Display of phosphorus KCX x-rays using pulse mode of modulation . 
This all oy contains 0.10% phosphorus and the large white dots indicate 
the presence of phosphorus. Compare the background to Fig. 36. X590 
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ZN-5846 

Fig. 38 Display of aluminum Ka x-rays using pulse mode of modulation. 
This alloy contains 0.10% phosphorus and 18~13% silicon. Note the 
appearance of aluminum in the center of the primary silicon particles 
(black) and compare with Fig. 37 for coincidence of phosphorus. X590 
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ZN-5847 

Fig. 39 . Display of silicon ~ x-rays using pulse mode of modulation. 
Same area as shown in Fig. 38. X590 
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ZN -5 848 

Photomicrograph of area over which the x - ray i mage s of Figs. 
were taken. The sweep was started as indicated by the vertical 

and covered the primary particles to the immediate right. Counts 
taken across the large primary furthest to the l eft starting on 
indicated by the three co-linear dots . x2l0 p 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






