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Coupled eutectic growth in AI-Fe alloys 
Part 1 Effects of highgrowth ve/ocity 

I. R. HUGHES*, H. JONES 
Department of Metallurgy, University of Sheffield, St. George's Square, Sheffield, UK 

The conditions for fully eutectic growth in AI-Fe alloys at a temperature gradient of 
20 K mm -x are reported for ranges of composition from 2.2 to 6.1 wt % Fe and of growth 
velocity from 0.03 to 10 mm sec -1. All six main classes of growth structure (i.e. AI-AI3Fe 
or AI-AI6Fe eutectics either alone or together with primary ~AI or AI3Fe) were obtained, 
some of them reported for the first time for steady-state conditions. Observed concen- 
tration-dependences both of the limiting growth velocity for primary AI3Fe and of the 
interphase spacing for the fully eutectic AI-AI6Fe displacing it are in good agreement 
with theory. Hardness levels for the AI-AI6Fe eutectic as a function of concentration are 
similar to those for ~AI dendritic structures grown in much thinner sections under splat- 
cooling conditions. The significance of some observed transitions in growth morphology 
for eutectic cells, AI6Fe eutectic rods and aAI dendrites is discussed. 

1. Introduction 
Dix [1] reported as long ago as 1925 that chill 
casting could result in fully eutectic growth in 
A1-Fe alloys at iron concentrations well in excess 
of the eutectic composition of 1.7 wt % Fe. More 
systematic studies of the effect for the range 1 to 
7 wt % Fe by quenching 20 mg alloy droplets into 
molten sodium at two difference temperatures 
were reported in 1955 by Scheil and Masuda [2], 
and in 1958, Towner [3] showed that atomization 
suppressed hypereutectic growth of A13Fe at con- 
centrations as high as 7.6 wt % Fe. Hollingsworth 
e t  al. [4] in 1962 discovered the formation of 
metastable Al6Fe partially displacing equilibrium 
Al3Fe in continuously cast A1-2 wt %Fe, and in 
1968 Backerud [5] reported controlled cooling 
studies for the range 0.5 to 4wt  %Fe indicating 
that a cooling rate threshold of 3 Ksec -1 had to 
be exceeded to displace the equilibrium AI-A13Fe 
eutectic by that of metastable A1-AI6Fe. Tonejc 
and BonefaNd [6] and Jones [7] in 1969 reported 
the formation of A16Fe by splat-cooling (~  106 
sec -1) at concentrations as high as 20wt%Fe,  
and Burden and Jones [8] in 1970 showed the 
range of possible growth structures in wedge- 
section chill castings for concentrations between 
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1.3 and 11 wt % Fe. Subsequent work by Adam 
e t  al. [9-12] extended the controlled cooling 
studies of B~ckerud and additionally employed 
steady-state solidification at growth velocities up 
to 2mmsec  -1 to define the growth conditions 
and morphology of the two eutectics for 2 to 
4 wt % Fe. The present work extends these studies 
to higher concentrations and growth velocities 
and reports on the effect of growth conditions 
on hardness. A further paper [13] will report on 
the thermal stability of the A1-A16Fe eutectic 
grown under these conditions. 

2. Experimental 
Alloys containing 2.2 to 6.1 wt% iron were pre- 
pared from super-purity aluminium (~ 99.99%) 
and a master alloy containing 40 wt % iron made 
from the same aluminium and Japanese electro- 
lytic iron (~  99.9% pure). Melting was carried out 
in alumina crucibles in 2 kg capacity vacuum melt- 
ing equipment, casting under argon into steel 
chill moulds to produce ingots 25 mm diameter 
by 150ram long. These were hot-rolled at 720 to 
870K to 10ram diameter to allow swaging to 
6.5mm and final drawing to 3.2 or 1.6ram 
diameter with intermediate anneals at 870 K. 
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Lengths of alloy rod were induction-melted 
and longitudinally solidified in graphite crucibles 
in apparatus similar to that described by Cline 
and Livingston [14]. Steady solidification at 
speeds selected from 70 in the range 5.1 x 10 -s 
to 41 mm sec -1 was achieved by employing a ten- 
speed synchronous motor with a stepped drive 
shaft serving as a winch. Alloys were r.f.-melted 
in a graphite crucible screwed to the top of 
vertical brass withdrawal rod attached to the 
winch by a length of steel cord. A bath of circu- 
lating water immediately below the r.f. melting 
coil and graphite susceptor ensured a temperature 
gradient of 2 0 K m m  -~ during withdrawal of the 
brass rod and crucible through it. As found pre- 
viously [14], solidification became radial at high 
withdrawal speeds, occurring for our conditions 
above 4 mm sec -1 for crucibles of 6 mm external 
diameter. Hence crucibles of 3mm external 
diameter were used for the range 4 to 12mm 
sec -1. Specimens were 90mm long by 3.2ram 
diameter in the larger crucible and 50 mm long by 
1.6mm diameter in the smaller one. Transient 
effects were completed within the initial 10 mm of 
solidification. 

Longitudinal and transverse sections of solidified 
rods were prepared for optical microscopy by 
polishing to 1 gm diamond finish followed by elec- 
trolytic polishing at 0 ~ C in a solution of perchloric 
acid and ethylene glycol monobutyl ether in 
methanol in the proportions 6:35:59 by volume 
[15]. For scanning electron microscopy, this was 
followed by deep etching in 5%NaOH solution. 
Discs 3 mm diameter and 0.25 mm thick cut from 
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specimen rods were prepared for transmission 
electron microscopy by electrolytic dishing from 
both sides in 20%perchloric acid/methanol solu- 
tion followed by electrolytic perforation at 
- - 7 0 ~  in 10% perchloric acid/methanol. X-ray 
diffractometry with CoKa radiation was carried 
out on filings. Vickers hardness measurements 
were the average of ten indents on longitudinal 
sections. Microhardness measurements were the 
average of fifteen indents on transverse sections. 

3. Results 
3.1. Regimes of growth 
Dominant growth structures as a function of growth 
velocity V and alloy concentration are indicated 
in Fig. 1. All six main classes of expected growth 
constitution, namely eutectics A1-AIaFe (EU1) 
and Al-Al6Fe (EU2) either alone or together 
with primary aAl or A13Fe, were observed within 
the range of conditions studies. Figs. 2 to 4 con- 
trast the structures of the two eutectics occurring 
alone (Fig. 2a and b), with aAl (Fig. 3a and b), 
and with AlaFe (Fig. 4a and b). 

The eutectics were readily distinguished by the 
regular rod morphology of EU2 (Fig. 2a) com- 
pared with the irregular plate form of EU1 (Fig. 
2b) and by the lower and higher proportion, 
respectively, of EU2 compared with EU1 for 
hypoeutectic (Fig. 3a and b) and hypereutectic 
(Fig. 4a and b) structures. Structures involving 
EU1 were displaced by those containing EU2 at 
velocities exceeding ~0 .1  mmsec -~ practically 
independent of alloy concentration. EU1 with or 
without ~A1 was observed only at iron contents 
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Figure 1 Dominant growth morpho- 
logies as a function of growth 
velocity V and alloy concentration 
in A1-Fe alloys solidified with a 
temperature gradient of 20 K mm-l. 
EU1 = A1-A13Fe eutectic, EU2 = 
A1-A16Fe eutectic, a = dendritic 
aA1 solid solution. Inverted open 
triangles indicated presence of inci- 
pient aAI dendrites shown in Fig. 
6a. Square with side tag indicate 
pronounced ~AI halo-formation 
around primary AlsFe dendrites. 
Half-f'filed squares indicate mixed 
EU1/EU2 matrix surrounding 
primary A13Fe dendrites. Double 
headed arrows indicate results of 
Adam and Hogan [9] for the upper 
limiting velocity for primary A13Fe 
growth in competition with fully 
eutectic EU2. 



Figure 2 Comparison of morphologies of A1-A13Fe and A1-A16Fe eutectic growth. (a) AI A13Fe , 2.2 wt %t.e, 9.1 X 
10-3mmsec -~. Optical micrograph X 100. (b)A1-A16Fe , 2.4 wt%Fe, 8.1 • 10-tmmsec -1. Scanning electron micro- 
graph X 1800. Both etched transverse to growth direction. 

Figure3 Primary czA1 dendritic growth in AI-2.2 wt%Fe with eutectics of (a) A1-AI~Fe at 7.1 X 10 2mmsec-~, 
• 130;and (b) A1-A16Fe at 2.7 X 10-~mm sec-~, X 290. Both optical micrographs of etched transverse sections. 
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Figure 4 Primary A13Fe growth in A1-3.7 wt% Fe with eutectics of (a) A1-A13Fe at 9.1 • 10-2mm sec-', • 50; (b) 
A1-A16Fe at 1.9 • 10 -~ mm sec -~, • 130. Both optical micrographs of etched transverse sections. 

Figure 5(a) Incipient c~A1 primary growth in A1-A16Fe eutectic. 2.6 wt %Fe, 3.4 X 10 -1 mm sec-t, X 110. (b) Haloes of 
c~A1 primary growth around A13Fe dendrites. 4 .7wt%Fe,  1.05 X 10-1mmsec -1, X40. Both optical micrographs of 
transverse sections. 
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Figure 6 Effect of alloy concentration on morphology of c~Al dendritic growth at high V, (a) rodqike growth for 
2.6 wt % Fe, X 700; (b) plate-like celiular-dendritic growth for 6.1 wt % Fe, X 1200. Both optical micrographs of trans- 
verse sections for V of 10.5 mm sec -1. 

less than 2.7 wt % while EU2 with or without c~AI 
occurred over the entire composition range studied 
(2.2 to 5.3 wt % Fe). FU2 grown at 2.4 and 2.7 wt 
% Fe contained what appeared to be incipient aA1 
dendrites (Fig. 5a) except at the highest and lowest 
velocities in the phase field, while A13Fe dendrites 
were subject to pronounced c~A1 halo formation at 
the higher growth velocities employed for 3.2 and 
3 .4wt%Fe and at lower growth velocities for 
4 .7wt%Fe (Fig. 5b). Fig. 6a and b show the 
tendency for the rod-like aA1 dendritic growth 
form preferred at high V to become more branched 
and plate-like at higher concentration. 

Fig. 7 illustrates the sensitivity of hardness 
(Hv) measurements to changes in growth regime 
with increasing growth rate. The steeper increase 
in Hv when A13Fe growth is fully displaced by 
EU2 and the sharp decrease in H v at high V when 
c~A1 growth displaces EU2 are both very evident. 

3.2. Microstructural features and hardness 
of EU2 

The A1-AI6Fe eutectic grew as arrays of plate- 
like cells (Fig. 8a) becoming less regular with 

decreasing growth rate. Transverse bands reflect- 
ing longitudinal fluctuations in A16Fe rod density 
and morphology [15] were also observed within 
cells particularly at lower growth rates (Fig. 8b). 
An increased tendency towards linking of rods was 
evident at lower growth rates (Fig. 9a) and higher 
concentrations (Fig. 9b). Repeated branching of 
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Figure 7 Vickers hardness H v (2~-kg load) as a function 
of growth velocity V for 3.6 wt % Fe showing effects of 
regime of growth operative. 
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Figure 8(a) A1-A16Fe eutectic plate-like cell morphology formed at high V (1.9 mm sec -1, • 26. (b) Transverse banding 
of A16Fe rods within A1-A16Fe eutectic cells 1.9 • 10 - J mm sec-l, X 380. Both optical micrographs of transverse sections 
for 2.6 wt % Fe. 

Figure 9 Increased linking of AI~Fe eutectic rods at high V. (a) Optical micrograph for 2.6 wt%Fe,  0.105 mm sec -~, 
• 570. (b) Scanning electron micrographs for 3.7 wt%Fe,  4.1 mm see -~, • 9500. Both etched transverse sections. 
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growth structures produced in these alloys by splat- 
cooling and chill casting [7]. EU2 containing 
3.6 wt % Fe grown at 2.4 mm sec -1 with a Vickers 
hardness (1 kg load) of 56kgmm -2 was readily 
worked by wire-drawing or swaging at room tem- 
perature to true strains et of at least 2.4, producing 
increases of hardness up to a level of 90 kg mm -2 
at et > 1.5. Continuing hardening up to strains as 
high as 4.5 found for eutectoid Fe-FeaC (e.g. 
[16]) thus did not occur for eutectic A1-A16Fe 
presumably reflecting the increased recovery 
possible at TM/3 for aluminium compared with 
TM/6 for iron. 

Figure 10 Branching of  A16Fe rods in A1-A16Fe eutectic, 
3.0 wt % Fe, 1.2 mm sec i. Scanning electron micrograph 
of  etched section parallel to growth direction, • 7100. 

A16Fe rods was evident in scanning electron micro- 
graphs of deeply etched longitudinal sections (Fig. 
10). Cell thickness and eutectic inter-rod spacing 
decreased by 50% and 30%, respectively, with 
increased concentration from 2.6 to 5.3 wt%Fe 
(Fig. 11). Cell thicknesses were typically 100 times 
the A16Fe rod spacing. The increases in hardness 
with growth rate and with concentration are shown 
in Fig. 12a and b for 3 .7wt%Fe and for 1.9 mm 
sec -1 respectively. Fig. 12b also includes, for com- 
parison, results for non-steady-state non-eutectic 
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Figure l l  AI-AI6Fe eutectic cell thickness and interphase 
spacing as a function of  alloy concentration for 1.9 mm 
se c - t. 

4. Discussion 
4.1. Boundaries of growth regimes 
The results in Fig. 1 can be compared with those 
of controlled cooling experiments on A1-Fe alloys 
[5, 9] and of similar high velocity steady state 
growth studies in A1-Fe [9] and other aluminium 
alloy systems [17-19] .  Backerud [5] determined 
a threshold cooling rate of 3 K sec -1 to be exceeded 
to form interdendritic EU2 instead of EU1 in 
AI-1 wt%Fe and Adam and Hogan [9] obtained 
the same value for A1-2 wt % Fe. The threshold 
growth velocity of ~ 0.1 mmsec -1 required to 
displace EU1 by EU2 at a temperature gradient 
of 20 K mm -1 corresponds to a threshold cooling 
rate of 2 K sec -1 for the range 2.2 to 4.7 wt % Fe, 
in reasonable agreement with the earlier estimates 
for lower concentrations. 

The upper limit of growth velocity for primary 
A13Fe as a function of concentration is also in 
good agreement with the results of Adam and 
Hogan; their limits are a factor of 1 to 2 higher 
than ours for the more limited range 2.5 to 4 wt % 
Fe they covered. Adam and Hogan did not report 
observation of c~A1 growth and the lower limit of 
growth velocity for c~A1 formation is thus reported 
here for the first time. These limits are also com- 
parable with corresponding results for the iso- 
morphous A1-A16Mn eutectic [19]. A graph of 
growth velocity against wt%Mn or Fe or vol% 
A161Vln or AI6Fe (Fig. 13) shows close agreement 
except for a considerably extended range of A1- 
A16Fe eutectic growth at high velocities and alloy 
concentrations. 

The systematic trend from a range of coupled 
eutectic growth asymmetrically displaced to higher 
concentrations only for A1-Fe (Fig. 12) and A1-Co 
[17] to a range more symmetrically disposed on 
both sides of the eutectic composition for A1-Ni 
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Figure 12 Hardness H V of A1-A16Fe eutectic (a) Vickers hardness (5 kg load) as a function of growth velocity V for 
3.6 wt % Fe, and (b) microhardness (100 g load) as a function of alloy concentration in wt% Fe at 1.9 mm sec -1 com- 
pared with reported data [7] for c~Al dendritic growth structures formed by splat cooling (curves A and B) and a range 
of structures formed by chill casting (curve C). 

[17] and A1-Cu [ 2 0 - 2 3 ] ,  is in keeping with the 
following established trends with advancing posi- 
tion of  the alloying addition along each transition 
series: 

(i) peritectic to eutectic equilibrium [24];  
(ii) decreasing peritectic/eutectic temperature 

and associated increasing volume function of  
intermetallic at the eutectic composition [24];  

(iii) increasing melting point, density, heat of  
f o rma t ion  and hardness of  the intermetallic 
phase [25].  

Theoretical predictions of  the conditions for 
coupled eutectic growth have been compared with 
experimental results only for displacement of  a - S n  
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Figure 13 Comparison between limiting conditions for 
fully eutectic grQwth of A1-A16Fe and At-ALMn. Full 
lines indicate the boundaries for A1-AI6Fe growth from 
Fig. 1. The dashed line indicates the upper limit of growth 
velocity for A1-A16Mn growth from [19]. The lower 
limit is indistinguishable from that for A1-A16Fe. Experi- 
mental points are:for AI=A16Mn from [ 19 ]. 
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dendrites by coupled eutectic growth at hypo- 
eutectic compositions close to the Sn-Pb eutectic 
composition [ 2 6 - 3 1 ] .  The best agreement with 
experiment was obtained by a competitive growth 
approach [31] yielding: 

C = C~u + (l/m3) [GD/V 

+ (B' --A') CU2Vl/2/D1/Z] (1) 

where C defines the limiting composition for 
coupled eutectic growth at velocity V, CEU is 
the eutectic composition, G is the temperature 
gradient, D is solute diffusion coefficient in the 
liquid, m 3 is the liquidus slope for the dendritic 
phase and B' and A '  are defined in Appendix 1. 
Although direct data for Cmj, B' and A' ,  known 
for Sn-Pb ,  are not available for Al AleFe, the 
results of  Figs. 1 and 13 can be employed together 
with theoretical estimates of  A '  and B' to estimate 
CEu and m3 (see Appendix 1). For the more 
reliable limit of competition between EU2 and 
dendritic A13Fe growth, a graph of  C against 
[GD/V + (B' --A') C1/2V1/2/D 1/2] (Fig. 14)yields, 
from the slope, an m3 of  12 K/at. % compared with 
50K/at .% from AlaFe liquidus determinations 
[32] and, from the C-intercept, a eutectic com- 
position for At-Ai6Fe of  1.1at .%Fe.  This is 
consistent with 0 .95at .%Mn for the Ai-AlejVln 
eutectic [5, 19] and identical with the lowest 
level of  1.1 at .%Fe at which fully eutectic A i -  
A16Fe was grown in the present experiments. The 
major velocity-dependent term in Equation 1 turns 
out to be B' CI/2v1/2/D 1/2 in this case. Neither A'  
or GD/V amount to more than 10% of B' or of 
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Figure 14 Graph of alloy composition C (at. %Fe) against 
[GD/V+ (B'--A')C~/2VI/2/DU=] in K for the lower 
velocity limit of fully eutectic growth of A1-A16Fe. 
Each pair of experimental points in~licate the lowest V 
at which growth was fully eutectic and the highest V at 
which primary A13Fe was evident. 

(B'--A') C1/2V1/2/D 1/2 respectively over the com- 
position range covered. Burden and Hunt [31] 
found that better agreement with results for 
Sn-Pb was obtained when the numerical factor 
of 2x/2 in B' (see Appendix 1) was increased to 
4.5. This would reduce the discrepancy between 
experimental and predicted slopes for Fig. 14 to 
a factor of three. This value and the predicted 
linearitY of Fig. 14 within experimental error, 
indicates reasonable agreement with the theory 
considering that most of the materials parameters 
involved in calculating B' are necessarily only 
estimates. No experimental data corresponding to 
that for aSn dendrites in Sn-Pb alloys are available 
for the dependence on growth velocity of growth 
temperature for an intermetallic such as Al3Fe. It 
is also notable that both phases in the eutectic 
differ from the competing dendritic phase in the 
present case unlike the situation for Sn-Pb where 
the dendritic phase is also one component of the 
eutectic. 

4.2. Morphology within growth regimes 
4.2. 1. Effect of  V on eutectic cell 

morphology 
Longitudinal eutectic cells in directionally frozen 
lamellar eatectic such as A1 A12Cfl tend to be 
plate-like at low V with the wider of the transverse 
faces of the plate nearly normal to the eutectic 
lamellae persisting even with the increasing 
tendency to form a more equi-axed celt cross- 
section at increased growth rates [33]. A similar 
tendency was reported for fibrous AI-A13Ni in the 
same study but more variations in cell shape were 

apparent between different grains. Nothing corres- 
ponding to the very plate-like eutectic cells 
observed in Fig. 8a for fibrous A1-A16Fe at high 
V seems to have been reported for Al-AlcNi, but 
the decreased regularity of the cell structure at 
decreased V could correspond to the increased 
degeneracy of eutectic colonies reported for 
increased V/G at low V [34]. Such a range of 
instability at intermediate values of V is an estab- 
lished prediction of interface instability theory 
[35] used, for example, as an alternative to com- 
petitive growth to explain coupled eutectic growth 
and high and low V [30], and equally applicable 
in principle to degeneration of cellular growth. 
This expectation of a more regular cellular mor- 
phology at high V is, of course, quite independent 
of crystallographic considerations governing the 
tendency for wide faces of plate-like cells in 
lamellar eutectics to orient preferentially with 
respect to the interface orientation of lamellae. 
The elongated cells of Fig. 8a are a well-known 
stage of interface breakdown in dilute binary 
alloys (e.g. [36] ) for which the wide faces have 
no crystallographic significance. 

4.2.2. Effect of  alloy concentration on 
eutectic cell thickness and inter- 
phase spacing 

Although the effect of ternary additions on 
binary eutectic cell size has been reported, (e.g. 
[37]), no measurements appear to be available 
for the effect of binary concentration. The 50% 
decrease in cell thickness with increase in con- 
centration from 2.6 to 5.3 wt %Fe corresponds 
to the decrease of 30% in interphase spacing X 
over the same range. This effect on X has been 
studied by Jordan and Hunt [23] for Sn-Pb and 
Al-Al2Cu coupled growth at low V. They found 
that X2V decreased by 5% with increased concen- 
tration from 32 to 38wt%Pb in Sn-Pb while 
exhibiting a maximum at 32 wt % Cu for AI-AI2Cu 
(eutectic compositions 37wt%Cu). The results 
for Sn-Pb were consistent with theory [38] 
fitted to the result for 38wtNPb (the eutectic 
composition). Theory [38] predicts 

XZV = B"D/C (2) 

where B" is defined in Appendix 2. Employing 
the same values for parameters given in Appendix 
1 for calculating the effect of alloy concentration 
on the limiting condition for primary AlaFe 
growth, gives values of 3, typically 10 to 18% 
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lower than the experimental values plotted in Fig. 
11. Thus a fit to within -+ 4% of the measured X 
is obtained, except for the low experimental X 
for 2.6 wt % Fe, by increasing B" or D in Equation 
2 by a factor of 1.3, well within the accuracy with 
which B" can be calculated or to which D has been 
measured in this case. 

of local diffusion fields in surrounding liquid 
denuded of iron. Increased initial growth of a 
sheath of a A1 is then necessary until this,.reacb.e.s 
liquid of high enough iron content to be within 
the regime of coupled eutectic growth for the 
longitudinal growth velocity applied [45]. 

4.2.3. Morphologies of the AI-AI6Fe 
eutectic 

Little information is available about the fault 
structure of fibrous eutectics. Smartt and Courtney 
[39], however, observed branching and linking 
of A13Ni rods in the A1-AlcNi eutectic, similar to 
our observations for A1-AI6Fe in Figs. 9 and I0 
even at their relatively low growth rates (8 x 10 -3 
to 3 x  10-2mmsec-1). They suggest that this 
linking of rods is a precursor to the development 
of a plate-like morphology at decreasing growth 
rates. Our observations confirm that linking is 
increased at low V and also at high iron contents. 
The transition from rod-like to lamellar growth 
with decreasing V is well-documented (e,g. see 
[40] for references) and stabilization of lamellar 
growth with increasing volume ratio of the minor 
to the major phase is as expected, for example, on 
grounds of decreased total interfacial energy [41] .  
On the assumption that the stable morphology is 
the one that will grow at a smaller undercooling, 
rods are predicted [38] to be stable when f2 < 1/rr 
= 0.32 for isotropic interfacial energy. A transition 
within the range of 0.16 > f 2 >  0.08 would require 
minimum anisotropies in A1/A16Fe interfacial 
energy e12 of 9 to 18% according to this approach 
(see Appendix 3), well within the range of possible 
anisotropies of solid-solid and solid-liquid inter- 
facial energies [42]. 

4.2.4. Morphologies o f  primary aAI and 
AI3F e 

The observation (Fig. 6a) of rod-like o~Al dendritic 
growth at the high velocities employed to suppress 
wholly eutectic or primary AI3Fe growth, is in 
agreement with observations for solidification at 
high cooling rates (e.g. [43, 44] ). The stabilization 
of a more cellular-dendritic form at higher iron 
contents is attributable to the expected effect of 
increased constitutional supercooling in promoting 
more branching during growth. Increased aA1 halo 
formation at lower growth velocities (Fig. 5b) 
could be a result of increased primary spacing 
of A13Fe dendrites leading to increased isolation 
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4.3. The  hardness of  AI -AI6Fe  eu tec t ic  
The increased hardness with increasing concen- 
tration shown in Fig. 12b for coupled A1-A16Fe 
eutectic has also been obtained for A1-A13Ni 
[17, 46]. In the present case, there is an evident 
correspondence (Fig. 12b) between the level and 
concentration dependence of hardness of A1-A16Fe 
eutectic grown at 1.9mmsec -1 and those of 
"zone B", an aN-dendritic microstructure grown 
by splat-cooling [7]. It is notable that a cooling 
rate during solidification of ~ l0 s to 106Ksec -1 
was necessary to produce the dendrite cell size 
~0.3 grn typical of zone B, limiting it to thin sec- 
tions (~ 0.1 mm thick). EU2, of similar hardness, 
however, can be directionally grown or chill-cast 
at cooling rates of 10 to 100Ksec -1 in sections a 
few mm thick, with a eutectic interphase spacing 
X ~ 0.2/~m, similar to the dendrite cell size in zone 
B. The expectation of an increased hardness in 
EU2 compared with dendritic aA1 grown under 
the same conditions is substantiated in Fig. 7 by 
the sharp drop in H v when growth of EU2 is dis- 
placed by aA1 dendritic growth at V >  5 m m  s e c  -1  

for A1-3.6 wt % Fe. The increased hardness with 
increasing V at fixed composition (Figs. 7 and 
12a) accords with results of Barclay et al. [17] 
and Kurilo et al. [47] for the A1-A13Ni eutectic. 
There was no indication of a maximum followed 
by an eventual decrease in H v  with increasing V 
attributed [48, 49] :to the appearance of eutectic 
cells. Chadwick [50] has warned against attributing 
particular significance for eutectics to parametric 
relationships of H v  with X, as, for example, given 
by a Hall-Petch type of relation. Davies and 
Hellawell [51] showed that a substantial part of 
hardening in A1-A12Cu lamellar eutectic at high V 
resulted from associated higher cooling rates 
through the solid state following solidification. 
These higher cooling rates would be expected to 
generate thermal stresses [50] and solute super- 
saturation [51] in suitable systems. Such effects 
may, in principle, be removed by subsequent heat 
treatment, the results of which are reported in 
the companion paper [13]. 



5. Conclusions 
(1) Fully eutectic A1-AI6Fe growth over the com- 
position range 2.6 to 5.3wt%Fe, is stable in 
competition with aA1 dendritic growth to higher 
growth velocities than for the isomorphous A1- 
A16Mn eutectic [19]. 

(2) The dependence on alloy concentration of 
limiting growth velocity for primary A13Fe in com- 
petition with fully eutectic A1-A16Fe , agrees to 
within a factor of three with predictions based on 
competitive growth and is consistent with a 
eutectic composition of 1.1 at. % (2.2 wt %) Fe for 
A1-A16Fe. 

(3) The stabilization of regular plate-like eutectic 
cellular growth for A1-A16Fe at high V accords 
with the expectation of a range of interface 
instability (degeneracy) at intermediate V. 

(4) Measurements of A1-A16Fe eutectic inter- 
phase spacing X decreasing with increasing alloy 
concentration, parallel to its effect on eutectic 
cell size, are within 20% of those predicted by 
theory [38]. Indications of a transition from rod- 
like to plate-like "growth in the eutectic with in- 
creasing alloy concentration from 2.4 to 4.7 wt % Fe 
are consistent with an effective anisotropy of A1/ 
A16Fe interfacial energy of 9 to 18%. 

(5) The attainment of hardness levels in A1- 
A16Fe rod eutectic, equal to those of aA1 den- 
dritic structures grown in much thinner sections 
and at higher cooling rates, reflects the smaller 
interphase spacing attainable under the same 
solidification conditions for fully eutectic com- 
pared with aA1 dendritic growth. 

Appendix 1. Parameters governing com- 
petitive growth between AI-AI6Fe eutectic 
and primary AI3Fe 
The parameters A' for the eutectic phases I and 
2 and B' for the dendritic phase 3 for the critical 
condition governing coupled eutectic growth given 
by Equation 1 are defined as: 

A, 

a2 m, ~-" m-122J (A1) 

and B' = 2X/2{oa(Ta/L3)(1--ka)m3} a/2 (A2) 

and Ti, L i and m i are liquidus temperature, latent 
heat and liquidus slope of phases 1, 2 and 3; o i 
and 0 i are interracial energy and inclination to the 
plane of the growth front of the interface between 
phase 1 or 2 and the melt; ka is the partition 
coefficient of phase 3 with respect to the liquid 
phase; ~" is the volume ratio of the major phase 1 
to the minor phase 2 in the eutectic, and M is a 
function of ~" [39, 52]. In the present case, phases 
1, 2 and 3 are identified with c~A1, A16Fe and 
AlaFe respectively. The following data were 
employed to evaluate A' and B': m 1 as 6 K/at. % Fe 
[53]; m2 as 50K/at .%Fe from AI6Mn liquidus 
in A1-Mn [54]; 02 of 0.093Jm-2 [55]; o2 as 
0 .160Jm -= (estimated on basis that molar inter- 
facial energy is 0.5 of the molar heat of fusion 
[55] : heat of fusion estimated from data for A1 
and Fe and composition of A16Fe [4] and molar 
volume from density reported by Walford [56]); 
sin 01 and sin 02 from ol, a2 and A1-A16Fe 
eutectic interphase boundary energy o12 assuming 
equilibrium prevails at the interfacial junction 
with the melt (oa2 taken as 0.225Jm-2157] 
from application of theory [38] to measurements 
of interphase spacing as a function of growth rate 
for A1-A16Fe eutectic). (T f fL1)as  8.8 x 10-TK 
maJ -1 for pure A1 from handbook data (e.g. [58]): 
(T2/L2) as 6.3 x 10-TKmaJ -1 from entropy data 
for A1 and Fe [58] and composition of AleFe [4] 
including a contribution from ordering: (TJLa)  
as 5.85 x 10-7Kmaj -a estimated as for (TJL2)  
with composition of AlaFe from Black [59]: oa 
as 0.300 Jm -2 (estimated as for o2 from heat of 
fusion evaluated from (Ta/La) and Ta of 1421 K 
[60]: oa as 80K/at .%Fe [32] and ka assumed 

1 [30, 53, 60]: D as 1.5 x 10-gin=see -a [61, 
62]. 

Appendix 2. Parameters governing 
AI-AI6Fe eutectic interphase spacing 
The parameter B" in Equation 2 for the eutectic 
phases 1 and 2 is defined [38] by: 

B" = c)'a~ /m2 

and 

O' = (l  q a f  m2 ~) f / [2Mx/ ( l  + ml 

where 1f1 
a i = (Ti/Li) o i sin Oi, m = - -  + 

tTI 1 1Tl 2 ] 

where a~, m i, ~" and M have the same meanings 
and values for the A1-A16Fe eutectic as are given 
in Appendix 1. 
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Appendix 3. Condition for transition from 
rod-like to lamellar eutectic growth with 
increased alloy concentration 
The  c o n d i t i o n  for  s tab i l i ty  o f  rod-l ike r a the r  t h a n  

lamel la r  eu tec t i c  g r ow t h ,  accord ing  to  J acks on  

and  H u n t  [ 3 8 ] ,  is 

m2 m l /  4M 1 

( a 2  + a 2  " I > P (1 +~-)3/2 

\ms m,} 
where superscripts L and R refer to terms for 
lameUae and  rods  respect ive ly ,  P is a f u n c t i o n  o f  

~" [38,  5 2 ] ,  ai, mi, ~ and  M again have the  same 

signif icance as in A p p e n d i x  1. The  a n i s o t r o p y  o f  

o12 requ i red  to  sat isfy th is  c o n d i t i o n  for  the  

c o m p o s i t i o n  range 2.4 to  4 .7  wt  % Fe was eva lua ted  

in t e rms  o f  the  ra t io  n equal  to  o~z/o~2.* E m p l o y -  

ing the  da ta  for  A p p e n d i x  1 for  A1-A16Fe 

( inc lud ing  o~2 as 0 .225  J m-S),  t h e n  yields n values 

o f  0 .82  and  0.91 for  2 .4  and  4 .7  wt  % Fe respect -  

ively. 
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