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Eutectic solidification characteristics of Bridgman
grown Al-3Fe-0.1V alloy
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Eutectic solidification characteristics of Al-2.85wt %Fe-0.12wt %V alloy have been
investigated by steady-state growth over the range of solidification front velocity from

51 to 1030 um/s and temperature gradient 8 to 15 K/mm. Increasing growth velocity
displaced the aAl-AlsFe eutectic by aAl-AlFe eutectic rather than by the ¢ Al-AlgFe eutectic
obtained for the binary Al-3wt %Fe alloy. A fully «Al-AlFe eutectic structure has been
obtained for the first time in the vanadium-containing alloy over the growth velocity range
from 71 to 1030 um/s except at 100 and 510 um/s where some «Al dendrites were present
in the eutectic matrix. The «Al-AlFe eutectic was observed to undergo a morphological
transition from lamellar to rod-like with increasing growth velocity concurrently with
formation of a cellular eutectic structure. It was found that the relationship 1 = Av—"/2,
between eutectic spacing A and growth velocity v, was applicable with A=22.44+ 1.8 and
13.8+ 2.1 um32s~1/2 for lamellar and rod-like aAl-Al,Fe eutectics, respectively. © 1998
Kluwer Academic Publishers

1. Introduction 2. Experimental
Pioneering work [1-3] on steady state Bridgman growthAl-3 wt %Fe base alloys were provided by Alcan Inter-
of Al-rich Al-Fe alloys established the solidification national Ltd, Banbury Laboratory based on high purity
characteristics of two competing eutectics, stalé 99.99% aluminium and an Al-5.2wt%Fe master al-
AlzFe and metastableAl-Al gFe. It was shown that loy and supplied as 10 mm diameter rods. The actual
aAl-Al 3Fe eutectic is replaced hyAl-Al gFe eutectic  compositions of the alloys are given in Table I. Re-
at sufficiently high growth velocity. FullgAl-Al gFe  ceived alloy rods were subsequently swaged and drawn
eutectic structure was obtained in hypereutectic binaryo 2.8 mm in diameter. Samples 110 mm long were uni-
Al-Fe alloys over a limited range of iron concentration directionally solidified using 3 mm bore and 4 mm out-
by controlling solidification conditions during steady- side diameter alumina tube as a crucible in a vertical
state growth [1, 3]. Some other metastable binary interBridgman apparatus at growth velocities between 51
metallic phases, MFe (n=4-4.4) [4], AkFe k=5—  and 1030um/s with an imposed temperature gradient
5.8) [5-7], Al,Fe (p=4) [8] and AbFe, [9], have also  of 8 to 15 K/mm.
been observed in the alloy system. The alloy samples which had been unidirectionally
Several authors have studied the influences of furthesolidified were examined by optical and electron mi-
additions, including Cu, Mg, Mn, Zn, Si, Ti, Co and Ni, croscopy as well as by X-ray diffractometry (XRD).
on solidification microstructures and eutectic characterBoth transverse and longitudinal sections of the sam-
istics of Al-Fe alloys [10-13]. It has been shown thatples were polished followed by etching in Keller's
suchfurther additions, evenin smallamounts, can resulieagent and then examined by standard optical metal-
in significant changes in the relative stability of these in-lography. To reveal the solidified eutectic morphology
termetallic phases so that the solidification microstrucin three dimensions, some of the samples were further
tures formed as a result of competition between thesdeeply etched in 10 vol % hydrochloric acid aqueous
phases were considerably affected. Different structurgolution at room temperature to remove &#fd matrix.
for the eutectics also resulted from the presence of th&canning electron microscopy (SEM) observations on
additions. The present study was to examine the influthe deep etched surfaces of the samples were performed
ence of 0.1 wt % vanadium on the eutectic solidificationby using a JEOL6400 scanning electron microscope.
characteristics of Al-3wt %Fe alloy. 3 mm diameter discs were made by slicing the samples
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TABLE | Alloy compositions for Bridgman growth (wt %) 0.12wt% vanadium to the binary alloy significantly
promoted the formation afAl-Al \Fe eutectic in the

Nominal iti F Y% C M si Al i o
ominal composition ¢ ! 9 ' growth velocity range of the present study. With in-

Al-3.0Fe 300 ¢ * * * Bal. creasing growth velocityyAl-Al 3Fe (Eul) was dis-

Al-3.0Fe-0.1V 285 012 ¢ * *  Bal placed by metastableAl-Al \Fe (Eu3) rather than by

theaAl-Al gFe eutectic (Eu2) found in the binary alloy.
The eutectic transition was, in both cases, accompanied
by an elimination of primary AlFe intermetallic phase.
transversely followed by hand grinding to a thickness ofin the present study, a fullyAl-Al xFe eutectic struc-
about 100 microns. Thin foils for transmission electronture was obtained in the vanadium-containing alloy
microscopy (TEM) observations were produced fromover the growth velocity range from 71 to 103fn/s
these by standard electropolishing in a methanol soexcept at 100 and 5%0m/s where a low volume frac-
lution containing 25 vol % nitric acid at about25°C.  tion of primary«Al dendrites was present in the Eu3
TEM was carried out in a Philips EM400T microscope. eutectic matrix.
XRD was performed using a Philips 1700 X-ray diffrac-
tometer with Cok radiation. Samples for XRD were
in the form of powder which was obtained by filing 3.2. Eutectic morphology
the samples. The phases were identified by combinin@able Il gives a brief description of the morphology
TEM selected area electron diffraction and XRD with of eutecticsaAl-Al sFe (Eul),xAl-Al ¢Fe (Eu2) and
reference to XRD patterns given in the JCPDS files ineAl-Al «Fe (Eu3) formed at different velocities in the
the case of well verified equilibrium phases, and tothosewo alloys. Eul present in both alloys was plate-like
foundinthe literature in the case of non-equilibrium andwith no obvious difference in morphology attributable
less well defined structures. to added vanadium. Fig. 1 shows Eul with some pri-
mary AlzFe in the Al-2.85Fe-0.12V alloy grown at
51um/s. Eu2 formed in the binary alloy from 91 to
3. Results 1030m/s was rod-like. A cellular Eu2 eutectic struc-
3.1. Solidification microstructure ture, as reported by Hughes and Jones [3], was observed
Table Il presents the solidification microstructure andto have developed for the binary alloy at 20@/s and
eutectic morphology as function of solidification front higher velocities.
velocity for the Al-2.85Fe-0.12V alloys, compared to  Fig. 2a to d show the typical morphology of Eu3
the binary Al-3Fe alloy. It is seen that addition of present in the vanadium-containing alloy Bridgman

*indicates< 0.01 wt %

L% ' Y \'-\\ J TN T '(’v/‘) : Ta e -ty
\A l\\ \.‘ . \, « S\ ' A’ . / a - \L. N S

/ -
i o, -5 r/ N hf\‘.\‘. .Y 5 \) »~
.\‘\ IIII ' ‘.I :"7\\ :\‘oz\\ o .\‘ = \‘ ‘\‘ 2 < ”_(\\
NS e #» . /‘ ’ 3o " Z :
r/ - \‘\
/ ’*\ \—l‘..-s:\ \.‘_\//\_ -
- ‘ -
~\./- e .0 s
I'/" :/\\ e \ st A" \.‘.?l (
. 'V N v VAR
AR\ =4 "\';“ (!
\'\./.’/‘\/'\‘\ n“\ ! '
4 ‘\\'\- o~ 2 B .\l,
% - g\ - e >
y’ L- \(\'\l"‘ \"‘y“'. /
A ‘N i g AN //{.‘\’
S \\ v..\i \‘~\/‘.\' ‘-
TN L
R ey

Figure 1 Optical micrograph showing plate-likeAl-Al sFe eutectic plus primary AFe intermetallic crystals in Al-2.85Fe-0.12V alloy grown at
51 um/s.
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TABLE Il Solidification microstructure and eutectic morphology for Al-3Fe and Al-2.85Fe-0.12V alloys as a function of growth velocity

Solidification microstructure Morphology of eutectic
Growth
velocity (um/s) Al-3.0Fe Al-2.85Fe-0.12V Al-3.0Fe Al-2.85Fe-0.12V
1030 Eu2 Eu3 R,C R,C
810 Eu2 Eu3 R,C R,C
510 Eu2 &)+ Eu3 R,C R+BL+L
340 Eu2 Eu3 R,C H-BL+R
200 Eu2 Eu3 R,C HBL+R
100 @) +Eu3 L+BL
91 Eu2 Eu3 R I+ BL
81 Eu3 L+BL
71 B+a+Eul Eu3 P L+ BL
60 B+a+Eul P
51 B+a+Eul B+a+Eul P P

« = dendriticeAl solid solution,8 = primary AlsFe, Eul= aAl-Al 3Fe eutectic, EuZ o Al-Al gFe eutectic, Eu3- ¢Al-Al xFe eutectic, P plate-like,
L =lamellar, BL= broken lamellar, R=rod-like, C= cellular.
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Figure 2 Typical lamellarxAl-Al x Fe eutectic in Al-2.85Fe-0.12V grown at (a) 91, (b) 200, (c) 200 (longitudinal), (d)34/8 and (e) [100] selected
area electron diffraction pattern of Afe. Continued.

grown at91, 200 and 340m/s and Fig. 2e isa[100] se- small aspect ratio remain. The ,/Me eutectic lamel-
lected electron diffraction pattern of the eutectic, whichlae were aligned only locally and not always perfectly
indicates that its second phase is metastablE&in-  parallel to each other. Zigzagged and curved lamel-
termetallic with the monoclinic crystal structure sug- lae were occasionally observed, as shown in Figs 2a
gested by Young and Cline [5]. Fig. 2a to d show thatto d and Fig. 4. PrimargwAl dendrites present in the
Eu3 formed at these growth velocities is essentiallyEu3 matrix of Al-2.85Fe-0.12V grown at 1Qam/s
lamellar even though limited rod-like morphology is were suppressed at higher velocities but re-appeared
displayed in a few localised regions. Some of the lamelat 510um/s, as shown in Fig. 3a. These prima##l

lae were found to be segmented even at velocity as lowlendrites were found to be surrounded byd lamel-

as 71um/s and the tendency to segment increased witltae which tended to exhibit a dog-bone morphology in
increasing growth velocity so that the rod-like morphol- section (Figs 3b, 4 and 5). There was no pronounced
ogy was dominant in the sample grown at 2df/s, as  difference in Eu3 morphology because of the presence
shown in Figs 3a, b, in which only a few lamellae with of this primaryaAl phase.
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Figure 2 (Continued.
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Figure 2 (Continuedl.

SEM observations on deeply etched samples whicln Fig. 2c. As shown in Figs 6¢ and d, both lamellae
showed a coexistence of lamellar and rod-like mor-and rods appeared in a single eutectic grain and the seg-
phologies of Eu3 revealed the evidence of breakingmentation of lamellae is evident. Branching of rods and
up of the lamellae with linking of the rods. Figs 6a lamellae was seen, as shown in Figs 7a and b, in local
to d show the typical 3-dimensional growth morpholo- areas of the sample grown at 51@/s. Those lamellae
gies of AkFe in Eu3 observed along both transversewith small aspectratio seenin Figs 3a, b and 5 were con-
and longitudinal directions in the samples grown at 200sidered to have resulted from sectioning through rods
and 34Qum/s. A lateral branching of AFe lamellae, near to their point of branching and through lamellae
shown in Fig. 6b, is particularly notable. This was ob-which were close to being segmented.
served also in a dilute Al-Fe-Si alloy by Todd and Jones The eutectic AlFe lamellae formed at low growth
[11] who found that the skeletal gFe crystal showed velocities usually displayed a zigzagged and curved
no difference in orientation between the main body andnorphology in transverse section. Those with small
the protrusions except for a small deviation which wasaspect ratio showed a dog-bone section morphology
attributed to crystal curvature. This lateral branchingwhich was similar to the findings of Young and Clyne
of the lamellae explains why apparently rod-likg A& [5] and Todd [15]. The lamellar eutectic structure be-
was evident in polished longitudinal surfaces, as showrtame less stable with increasing growth velocity and
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xFe eutectic in Al-2.85Fe-0.12V alloy grown at

Figure 3 Optical and TEM micrographs showing coexistence of lamellar and rodeikieAl

510um/s.
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Figure 4 TEM micrograph showing curved Qe eutectic lamellae in Al-2.85Fe-0.12V alloy grown at 20@/s.
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Figure 5 TEM micrograph showing dog-bone sectioned morphology g@f&leutectic lamellae surrounding primarpl dendrites in Al-2.85Fe-
0.12V alloy grown at 51Qu:m/s.
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Figure 6 SEM micrographs showing the morphology @Al-Al xFe eutectic in Al-2.85Fe-0.12V alloy grown at (a), (b) 2@n/s, (c) and (d)
340um/s. Continued.

became fibrous at high growth velocities. As shown510um/s and was complete at 8L®n/s. Compared
in Figs 8a and b, the AFe rods in Eu3 were embed- with the cellular Eu2 structure observed in the binary
ded in a continuous-Al eutectic matrix at 810 and Al-3Fe alloy from 200 to 103@m/s, cellular Eu3 struc-
1030um/s. The morphological transition from lamel- ture was evident in the vanadium-containing alloy only
lar to rod-like with increasing growth velocity was ob- at 810 and 103@2m/s at which the morphological tran-
served to take place over the velocity range 200 tcsition of Eu3 from lamellar to rod-like was complete.
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Figure 6 (Continued.

Figs 9a and b show the typical rod-like growth of Eu3 3.3. Solidification front configuration

and a cell boundary where the,/&e rods tended toin- Figs 10a and b are longitudinal section micrographs
crease their diameter slightly. The rods were basicallyshowing advancing solidification fronts quenched dur-
circular in cross-section with only small differences in ing steady state growth at a velocity of 10h/s for
diameter. There was no obvious evidence of crystallothe two alloys. The solid/liquid (S/L) interface position
graphic facetting of the AFe eutectic intermetallic. ~ prior to quenching was easily detected from the sudden
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Figure 7 SEM micrographs showing the morphology @Al-Al «Fe eutectic in Al-2.85Fe-0.12V alloy grown at 510n/s (a) transverse and (b)
longitudinal.

change in eutectic spacing in liquid solidified during theslightly from the overall growth direction. No evidence
quench. The interface was essentially flat except for @f significant protrusion from the interface of either
few primary «Al dendrites protruding into the liquid eutectic AkFe rods in Al-3Fe or AlFe lamellae in
ahead of the interface in the vanadium-containing alAl-2.85Fe.0.12V was observed. A layer about 120 to
loy. The eutectic AlFe lamellae were curved to deviate 150um thick with fine eutectic structure was formed at
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Figure 8 TEM micrographs showing rod-likeAl-Al x Fe eutectic in Al-2.85Fe-0.12V alloy grown at (a) 810 and (b) 1080s.
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Figure 9 Optical and TEM micrographs showing (a) typical cellular growtle8f-Al x Fe eutectic and (b) a Eu3 cell boundary in Al-2.85Fe-0.12V
alloy grown at 81Qum/s.
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Figure 10 Optical micrographs showing the advancing solidification fronts quenched during steady state growth:ai/4@d (a) Al-3Fe and
(b) Al-2.85Fe-0.12V alloys.
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the interface for both alloys andAl dendrites plus in-  0.12 wt % vanadium was added. FuthAl-Al \Fe eu-
terdendritic eutectic structure was present beyond thigectic was obtained in the Al-2.85Fe-0.12V alloy over
layer. This layer exhibited a cellular structure similar to a wide range of growth velocity under the steady state
those obtained in high velocity steady state growth. Atgrowth conditions of the present study.
high growth velocity, a cellular eutectic structure was Asametastable intermetallic phase,Pé was firstly
developed, as shown in Figs 9a and ./2d rods within ~ reported as an interdendritic constituent in a hypoeu-
the cells were parallel to each other but curved slightiytectic Al-Fe alloy by Young and Clyne [5] and then
towards the cell boundaries. From this observation ameported also by Westengen [6] and by Skjerpe [7].
essentially flat S/L interface was indicated with smallYoung and Clyne [5] suggested thaty/&k could be
depressions only in the regions of the cell boundariesan intermediate product in the eutectic transition be-
tweenaAl-Al 3Fe andxAl-Al gFe. This is supported by
the observation by Todd and Jones [11] of a transition
3.4. xAl-AlFe eutectic spacing from Al4Fe to AkFe with increasing growth velocity
Direct measurement of mean eutectic Spacing was pef’Of intercellular eutectic in Al-0.5wt%Fe. However,
formed onaAl-Al ,Fe eutectic in the Al-2.85Fe-0.12v When 0.1 wt %Si was added to the Al-0.5wt %Fe alloy,
alloy by means of optical microscopy and TEM. For AlxFe formed via AdFe instead of via AJFe with in-
the samples in which lamellae and rods coexisted, sucfreéasing growth velocity and even became dominant
as those grown at 340 and 51fn/s, the spacing mea- (some AgFe was also present) at high velocities, such
surement was carried out on both morphologies exas 1000 and 2000m/s [11]. They suggested that the
cluding the broken lamellae. It was noted that inter-transition in dominant intermetallic phase to Ak via
lamellar spacing was larger than interrod spacing irf\leF€e might be because of the reportedly low solid sol-
the same samples with the two eutectic morphologiesibility of silicon in AlgFe, while AkFe could accom-
Also, the regions adjacent to cell boundaries in the sammodate more silicon than gfe [14]. In our Al-2.85Fe-
ples grown at 810 and 1030n/s were excluded from 0.12V alloy, AkFe was replaced by AFe at 7lum/s
measurement. On plotting the mean inter-lamellar o@nd higher velocities, but AFe was not detected even
inter-rod spacing., as a function of growth velocity,  at the highest velocity, 1030m/s, in the present study.

as shown in Fig. 11, the relationship The mechanism by which vanadium promotes the for-
mation of AkFe phase is not yet clear. The addition
A= Ap~1/2 (1) of vanadium, however, evidently favours formation of

aAl-Al yFe overaAl-Al gFe eutectic and extends to a
was found to apply withA=224+1.8 and 138+ lower growth velocity range the displacement of stable

3/2 —1/2 i . _ aAl-Al 3Fe by metastableAl-Al xFe.
shlolfon;iessresgggtlﬁglsuarand rod-like eutectic mor Maggs [16] reported the effect of titanium

(0.04wt%) on the solidification microstructure of
Bridgman grown Al-1.8 wt%Fe alloy. He found that
titanium addition decreased the critical growth veloc-
. L . ity for the transition from Eul to Eu3 and extended
4.1. Effect of vanadium in displacing the growth velocity range over which #fe can form,

aAl-Al;Fe by «Al-AlFe eutectic ~compared with the base binary Al-1.8 wt%Fe. The ef-
For the binary Al-3Fe alloy the present study confirmedtg . of titanium in stabilising AlFe was similar to that

previously published results [1-3]. However, the solid-ot yanadium found in the present study even though

ification microstructure was significantly changed and,,, alloy, Al-2.85Fe-0.12V, had a higher iron content.

AlFe intermetallic phase was stabilised as a euteCrhjg gimilar effect of titanium and vanadium reflects the

tic constituent at growth velocity > 71um/s when  gimijar physical and chemical characteristics of these
two alloying elements.

4. Discussion

— A Rod-like
£ a5y Clor3® 4.2. Morphological transition of «Al-Al,Fe
- ) O(Ls?g;eelfzru) eutectic from lamellar to rod-like
£ Although morphological transition between lamellar
2 Ls ] (plate- or ribbon-like) and rod-like (fibrous) morphol-
g ogy has been reported previously for other eutectic
8 . systems e.g. [17-31], the change toAl-Al \Fe eu-
§ S tectic from lamellar to rod-like with increasing growth
g o5l / velocity is reported here for the first time. The pre-
=" vailing morphology of a unidirectionally solidified eu-
0 ; ; : ; tectic alloy is known to be generally dependent upon
0 0.03 0.06 0.09 012 015  Pparameters such as temperature gradseand growth
p 2 (2 1) velocity v, alloy composition and purity, and volume

fraction ratio of the two eutectic components. The pre-
Figure 11 Dependence of meaml-Al xFe eutectic spacingon growth d|Ct|(_3n base_d on minimum total interfacial fre(_':' energy
velocity v. (for isotropic interfacial energy) [32] and minimum
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growth undercooling [33] of preference for a fibrous 5. Conclusions

over lamellar morphology for volume fractions of mi- 1. FullyaAl-Al xFe eutectic structure has been obtained
nor phase less than 0.28 [32] or 0.32 [33] is generallyin Al-2.85wt %Fe-0.12V alloy by steady state growth
in accord with observations [34], with only a 25 per- over a velocity range from 71 to 1030n/s except
cent anisotropic reduction in interfacial energy beingat 100 and 51@m/s where a few primargAl den-
required for the lamellar interface orientation to sta-drites were present in the eutectic matrix. Thial-
bilise a lamellar structure down to volume fraction asAl,Fe eutectic forms rather than thél-Al gFe eutec-
low as 0.05[33]. The observation of alamellar morphol-tic observed in the binary Al-3wt %Fe alloy for 91 to

ogy for the low volume fraction of AlFe in thexAl-

1030um/s.

AlxFe eutectic is thus compatible with theory as wellas 2. Thea Al-Al Fe eutectic underwent a morphologi-

with earlier observations for Al-AAu [35], Al-Al Co,
[36], Al-Al 4Ce [37], Al-AlgY [37] and Al-Al4La [38].

cal transition from lamellar to rod-like with increasing
growth velocity and a cellular eutectic structure was

Transition between lamellar and fibrous morphologiesdeveloped when the eutectic was all rod-like.

as a result of changes in composition [29], addition of 3. The predicted relationship= Av~/? between
impurities [18, 20, 22] or changes in growth velocity eutectic spacing and growth velocity, was applica-
[24, 25, 30, 31] has been observed repeatedly. Thusle with A=224+1.8and 138+ 2.1 um¥*2s /2 for
lamellar morphology can be replaced by fibrous struciamellar and rod-likerAl-Al Fe eutectic, respectively.
tures both at low [31, 32, 37, 39] and at high [20, 21, The observed rati®am/Arog = 1.6 for fixed growth ve-
25, 36, 37, 40-42] velocities. The high velocity tran- locity v is close to the applicable value 1.5 predicted by
sition from lamellae to fibres is explicable in terms of the Magnin and Trivedi modification of the Jackson-
increased incidence of faulting in the lamellar structure Hunt model of eutectic growth.

In the present system this is manifest, initially, as side

branching of lamellae as shown in Fig. 6b, resulting in

fibres linked by residual webs eventually being replacedAcknowledgements

by an array of frequently branched fibres. The tendenC)bne ofthe authors, Y. W., is grateful to the CVCP (ORS

for lamellae to deviate increasingly from the grow_th awards) and to Alcan International Ltd. for financial

gsupport for this work which formed part of a PhD pro-

from impurities serves to enhance this destabilisatiorbram for him at Sheffield

of lamellae at high growth velocity.

References
1. C. McL. ADAM andL. M. HOGAN, J. Austral. Inst. Metl7
(1972) 81.

4.3. Dependence of eutectic spacing on
growth velocity for the two
morpholo_gles ) ) 2. C. McL. ADAM, idem Acta Metall.23 (1975) 345.

Both morphologies of theAl-Al \Fe eutectic exhib- 3 |. r. HUGHESandH. JONES J. Mater. Sci11(1976) 1781.

ited the predicted relationship [33}/v = constantA 4.H. KOSUGE andl. MIZUKAMI , J. Jpn. Inst. Light Met22

(Equation 1) but withA =22+ 2 um¥2s1/2 for the (1972) 437. _

lamellar morphology andA= 14+ 2,U«m3/2 s 12 for 5.R. M. K. YOUNG andT. W. CLYNE, Scripta Metall 15
. oo (1981) 1211.

the fibrous morpholgozgy. l'I'Zhese values Aflie within 6. H. WESTENGEN Z. Metallkde73 (1982) 360.

the range 7 to 5am3*2s7%/2 found foraAl based €u- 7. p. sSKIERPE Metall. Trans. AL8A (1987) 189.

tectics [43]. For avolume fractioh of the minor phase, 8. pP. LIU, T. THORVALDSON andG. L. DUNLOP, Mater.

the Jackson-Hunt model predicts the ratioQfv for Sci. Technol2 (1986) 1009.

a |ame”ar to afibrous morphology as: 9. C. J. SIMENSEN andR. VELLASAMY , Z.Metallkde68

(1977) 428.
1/2
2<M) f1/4 (2)

w

(}\\/alam Aam R. M. SHARP, in “Solidification and Casting of Metals” (The
= = Metals Society, London, 1979) p. 110.
()‘ﬁ)md Avrod 11.1. TODD andH. JONES Mater. Sci. Forun217-2221996) 201.
12. L. BACKERUD, Jernkont. Ann152(1968) 109.
where M and P are tabulated functions of. For  13.L. R. MORRIS, in “Solidification and Casting of Metals” (The
f~0.1, characteristic otxAl-Al \Fe eutectic, Equa- Metals Society, London, 1979) p. 218.
tion 2 predictSA|am/Arod —28 Compared to our ex- 14.Y. LANGSRUD, KeyEng. Mater44/45(1990) 95.

. e . 15. 1. TODD, Ph.D. thesis, Sheffield, 1996.
perimental value of 1.6. A more recent modification of }o" . MAGGS, Ph.D. thesis, Leeds, 1996.

the Jackson-Hunt model by Magnin and Trivedi [44] 17 ;. 5. HUNT andJ. P. CHILTON, J. Inst. Metals91 (1962/
takes into account the effect on the diffusion field of  1963) 33s.
density difference between the eutectic phase and rg8. M. G. DAY andA. HELLAWELL, J. Austral. Inst. Met9
places the isothermal interface coupling condition by  (1964) 213.

o o Y193, D. HUNT, J. Inst. Metals94 (1966) 125.
an equilibrium condition for the three phase junction. nst. Metals4 (1966)

10.P. G. KEONG, J. A. SAMES, C. McL. ADAM and
[5)

. . . D. JAFFREYandG. A. CHADWlCK,ibid.97(1969) 118.
This modified model predicts 21. D. JAFFREYidem Trans. Met. Soc. AIMBA45(1969) 2435.
22.H. E. CLINE andJ. L. WALTER, Met. Trans1 (1971) 2907.
0.415
)\Iam/)\rod=0-574/f (3) 23.H. E. CLINE,J. L. WALTER, E. LIFSHIN andR. R.

RUSSELL, ibid. 2 (1971) 189.
. 24.W. KURZ andB. LUX, ibid. 2 (1971) 329.
which giveshjam/Arod = 1.49 much closer to our eXper- 25 . g. SMARTT andT. H. COURTNEY, ibid. 3 (1972) 2000.

imental value of 1.6. 26.J. A. SPITTLE, Metallography6 (1973) 115.

5219



27

28.
29.

30.

31.

32.

33.

34.

35
36

.S. A. DAVID,A. T. SANTHANAM andH. D. BRODY,
Met. Trans. A7A (1976) 1051.

S. A. SAVAS andrR. W. SMITH, J. Mater. Sci20(1985) 881.
N. B. SINGH,Z. KUN andT. HENNINGSEN, in “Solidifi-
cation Processing 1987” (The Inst. of Metals, 1988) pp. 129-132.
M. A. ALAM NAJAFABADI,S. KHAN, A. OURDJINI
andR. ELLIOTT, Cast Metals8 (1995) 35.

M. YOSHIDA, T. TSUJIMURA, M. KAMATA andH.
NAKAE, J. Jpn. Inst. Metal$9 (1995) 653.

D. J. S. COOKSEY,D. MUNSON, M. P. WILKINSON
andA. HELLAWELL, Phil. Mag.10(1964) 745.

K. A. JACKSONandJ. D. HUNT, Trans. Met. Soc. AIME36
(1966) 1129.

L. M. HOGAN, R. W. KRAFT andF. D. LEMKEY, in
“Advances in Materials Research,” edited by H. Herman, Vol. 5
(New York 1971) pp. 83-125.

. G. PIATTI andG. PELLEGRINI,J. Mater. Scil1(1976) 913.
.C. McL. ADAM andS. MARICH, J. Austral. Inst. Metl17
(1972) 142.

5220

37.K. N. STREET,C. F. ST. JOHNandG. PIATTI, J. Inst.
Metals95 (1967) 326.

38. H. DONG, Y. JI,J. ZHU,S. LU andX. ZHANG, Acta Met.
Sinica29(1993), A102.

39.J. D. LIVINGSTON, JAppl. Phys41(1970) 197.

40. R. RACEK,G. LESOULTandM. TURPIN, J. Crystal Growth
22(1974) 210.

41. M. A. SAVAS,L. CLAPHAM andR. W. SMITH, J. Mater.
Sci.25(1990) 909.

42. A. MOORE andr. ELLIOTT, J. Inst. Metal$96 (1968) 62.

43.3. A. JUAREZ-ISLAS andH. JONES Acta Met.35 (1987)
499.

44. P. MAGNIN andR. TRIVEDI, Acta Met. Mater39(1991) 453.

Received 17 August
and accepted 18 September 1998



