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Abstract

Directional growth of dilute Al-0.2wt.% Cu alloy was performed under conditions of controlled solidification. Proper metallographic analysis
of the segregation patterns behind the solid—liquid (S—L) interface gives information about the effect of the local solidification conditions that
determines the microsegregation. In order to explain the apparition of different solidification substructure as a function of the paravi€tgr (

(G, thermal gradient in the liquid in front of the S—L interfadé;solidification rate and’y, nominal composition of the alloy), as well as the
small segregated instabilities detected at the cellular walls, a mechanism based on the morphological stability theory is proposed.
© 2005 Elsevier B.V. All rights reserved.

PACS: 81.30.Fb; 45.70.Qj

Keywords: Directional solidification; Morphological stability; Cellular growth; Microsegregation

1. Introduction alloys, giving information in a 3D symmetry. In the last case,
the following stages may be definfg] (i) planar S—L interface;

In the directional solidification of dilute alloys, the morpho- (ii) nodes or depressions at the S—L interface; (iii) elongated
logical stability theoryj1—-3] defines the conditions under which or bi-dimensional cells; (iv) regular or hexagonal cells; (v) dis-
a planar solid—liquid (S-L) interface becames unstable. Accordtorted or branched cells; (vi) dendritic cells or arrayed dendrites.
ing to this theory, at low and moderate solidification rates, modConsidering the technological importance of f.c.c. alloys as well
ified constitutional supercooling (MCS) criteria can be appliedas our experimental experience, the present work is concerned
and the classical expression of Tiller et[d]. can be considered with Al-Cu dilute alloys. The current knowledge is unclear in
valid [5] when the thermal conductivities in the solid and theconnection with the mechanism involved in the evolution of the
liquid phasecr. andks are similar. As a result, from a qualitative different stages. In the literature only some concepts exist such
point of view, the decrease of the parameter as a node mechanisf#,6], different expressions for the tran-

G _ sition from the stage (v) to (vi}8—10] and theoretical works

L m (ko—1) . : . L
—_— = (1) concerned with the formation of the discrete stages (ii), (iii) and
V€ DL ko (iv) without discussion of the transition among thgh—13]
controls the evolution of the S—L interface from planarto arrayed Upon review, the segregation details of the intercellular so-
dendritic. In this equationy_ is the slope from the liquidus line |ute distribution were analyzed in some detail. A more careful
from the phase diagram of the all@y, is the liquid solute diffu-  metallographic analysis in dilute Al-Cu alloys that have been
sion constant ankh is the partition coefficient under equilibrium - directionally grown may contribute to two important areas of
conditions. understanding: (i) the segregation pattern of directional grown

Extensive research has been done on this subject both in asamples with different operational conditioid® (/ VCo), and (ii)
ganic transparent alloys, in 2D symmetry, as well as in dilutehe possible mechanisms associated with the transitions among

substructure stages above mentioned.
_— ) The fundamental aim of this work is to evaluate the details
’ go"e’.spond'”? author. . of the microsegregation substructure and to obtain a relation-
-mail address: ofornaro@exa.unicen.edu.ar (O. Fornaro). . ) .
1 Consejo Nacional de Investigaciones Cisicas y Tecnicas. ship between the pattern and the morphological evolution of the
2 Comisbn de Investigaciones Cidfitas de la Provincia de Buenos Aires.  Substructure during the directional solidification in dilute Al—
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Fig. 1. Lateral perturbations in cellular growth. Samples grow@at= 25 K/cm. (a)V = 12 wm/s; at 2.5 mm far from the interface quenched; b} 13 um/s;
sample without quench.

0.2wt.% Cu alloys, presenting substructures that correspond to In this work, the evolution of the segregation substructure
stages (ii) to (v), using proper metallographic techniques able terom stage (ii) (nodes) to stage (v) (irregular cells) was studied

detect the details of the segregation substructure. experimentally. We observed that in this broad range, the sub-
structure presents a common characteristic: eutectic nodes iso-
2. Experimental lated in stage (ii) joined by segregated undulated walls during

the subsequent stages under study. This characteristic has been
Directional solidification of Al-0.2 wt.% Cu was carried out. found in cross sections of the samples grown at low and mod-
The details of alloy preparation, growth of the samples, controkrate solidification rategig. 1a corresponds to the intercellular
of thermal and S-L interface velocity variable€$ (/VCp), and  microsegregation at near 2.5 mm down the quenched interface.
quenching of the S—L interface during the growth can be found’he micrograph corresponds to a transversal cut of a cellular
in the literature[14—-17] Usually, the samples were grown for growth, taken near the quenched interface. In order to disre-
several centimeters long and then, the interface was frozen witlpard the presumption that the metallographically observed seg-
an axial flux of water, but some samples were obtained withoutegation pattern could be promoted by rapid final solidification
the quenching process to compare the resulting structure.  of liquid during the S—L interface quenching, the microstruc-
The analysis of the microstructure requires great attentioture was observed at different distances from the quenched in-
on the preparation of the samples. The microstructure was olterface as well as in samples grown by several centimeters in
served both in longitudinal views (in direction of the growth)
and in cross sections. The surface was set up by mechanicTaIbI .
pOlIShlng. with up to 600 grit SIC at_)raswe_pa_per a_nd then WlthE?(p:rimental data obtained in our experiences for Al-0.2 wt.% CuGne:
6—1um diamond powder. Electrolytical polishing with 80 mL 2- 55/
butoxy-ethanol; 10 mL glycerine; 10 mL HCl&nd aluminum

cathode using a 33V tension source during 15-60s gives us Vipmis) A1 (wm) Amin (1)
an adequate surface in order to obtain a good contrast at higf9es 55§ ggg gg
magnification. To reveal and emphasize the microstructure, the 55 271 24
electropolished surfaces were etched using a solution of 20 mL 55 261 354
HCI, 5mL HNGz, 2mL HFI in 190 mL distilled water. This 55 280 27
solution affects selectively rich copper zones, such as Al-Cu 5.5 318 30
eutectics or solute rich zones with different relief. The etchanBands 10 241 16
was diluted at 33% to slow down the reaction in some cases. The 12 269 14
etching time was around 20s at room temperature. 15 252 164
Cells 12 259 1%
3. Results 13 193 126
14 235 1
It is well known that from a qualitative point of view, for a 13'5 gg E}l
given alloy composition witltg < 1, an unstable planar growth
. Irregular Cells 15 262 17
evolves to a substructure where solute rich zones (nodes) cor- 16 287 119
respond to depressions at the S—L interface as @h¢g {Co) 17 232 126
parameter decreases. Even for a very low nominal composition, 20 195 126
the concentration of the nodes can often grow up until it reaches 24 157 120

the eutectic compositiofi8,19] 27 160 103
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length, typically 10 cm, and obtained without the S—L interfaceof V. Fig. 2a shows eutectic nodes (stage (ii)), some of them
quenching processig. 1b shows a microsegregated pattern inconnected by microsegregated arddg. 2b shows a detailed
a sample without quenching, which is quite similaFig. 1a. It ~ zone between two adjacent nodes. These interconnections corre-
is clear that the lateral instabilities is a general phenomenospond to depressions of the S—L interface enriched in solute but
that may be interpreted as existent during the solidificatiorwithout reaching the eutectic compositidfig. 2c corresponds
process. to the formation of two dimensional cells (stage (iii)) where the
By increasing the growth velocity under the same thermal grawalls present different concentration areas, as well as lateral
dient and nominal composition, decreasing valuegf/(VCo)  instabilities in some regions. Depressed zones with a greater eu-
are obtainedFig. 2a—j shows a sequence of micrographs ob-tectic precipitation are more evident, asHig. 2d. Fig. 2e and
tained for a given value afi| (25 K/cm) and increasing values f show a banded structure close to achieving a regular cellular

Fig. 2. Transversal view of Al-0.2wt.% Cu fét. = 25 K/cm and increasing: (a) interconnected nodeg,= 5.2 um/s and (b) detailed view of interconnected
nodes; (c) bands at = 11 um/s and (d) detailed view of a wall where local perturbations exist; (e) bi-dimensional €e#s11 pm/s and (f) proto-cell,

V =12 pm/s. (g) hexagonal regular cell, = 13 um/s and (h) detail of a vertex node showing microsegregated pattern at cellular wall at high magnification; (i)
irregular cell, atV = 21 um/s cm/s and (j) amplified view of a cellular wall in an irregular cell stage. It is possible to observe undulations on both sides of the same
wall in (c), (d) and (j).
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Fig. 2. (Continued).

patternFig. 2e shows the transition between stages (iii) and (iv).spacingr1, corresponding to the distance among eutectic nodes
The corners of the hexagons show a second phase precipitatiarith a value between 150-3@0n and a dispersion af4%, and

that acts to pin future cell walls. This precipitation seems to bex smaller segregated perturbation of the structure at the walls,
the 6-phase, which forms the eutectic with the adjacentxAl  which we callimin, taken as the distance between successive
phaseFig. 2g shows a regular shaped cell. It can be seen thatelative maximums in the perturbed walls, with a range between
at cellular wall among nodes, the lateral growth presents laterdl5—25um and a typical dispersion éf8%. Bothi; andi iy de-
instabilities when the solute concentration is not enough to reactrease as growth velocity increases, with a similar dependence.
eutectic compositiorf-ig. 2h is a micrograph of a wall at high In Table 1 experimentaki andAmin values extracted from the
magnification, where a node at vertex and lateral instabilitiegxperiments are given. It was possible to define a constant rela-
can be shown. Notice, again, a similar variation of the compositionship between both perturbations\agimin ~ 12 for stages
tion, as observed before, in all the range analyzed. Firfailly, (i) to (v) studied in this work.

2i shows a typical irregular substructure (stage (v)), having the

same characteristic microstructure, dfid. 2 a detailed zone 4. Discussion

of the substructure during stage (v).

A similar situation can be seen in longitudinal views of the  From the results shown in the sequencéif. 2a—j, corre-
samples a¥'is increasedrig. 3a corresponds to cellular growth, sponding to the evolution from stages (i) to (v), a quite clear
stage (iv). Atthe segregated intercellular spacing arippled segreicture of the microsegregation features is obtained. This is an
gation appears regularly. Askig. 2, in many cases, the wallwas important fact from the technological point of view, due to the
smooth from one side and perturbed from anotherF$ge3.  influence that microsegregation substructures, even at very low
As Vis increased, this becomes more visible, asi@ 3. The  composition of solute, has on physical and chemical properties
same picture shows that the lateral growth promotes nodal ewf cast samplef20]. We consider worthwhile speculating on the
tectic precipitation with a well determined spacing. These nodegrigin of 11 andimin Using the current morphological theory.
correspond to the eutectic nodes revealed in cross se€lign ( During the directional solidification of dilute alloys, a planar
2). unstable front can evolve to a cellular front, trapping solute in the

The wavelengths of the observed perturbations were meantercellular space during the process. The mechanisms that de-
sured, revealing two kinds of characteristic spacing: a primaryine the spacing selection are under discussion. However, the fact
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Fig. 3. Longitudinal view of Al-0.2wt.% Cu fo6| = 25 K/cm, and increasiny. The growth is from right to left: (a) Lateral instabilities during cellular growth,
V = 12 nm/s; (b) detailed view showing typical lateral perturbations in both sides of the cellular giowtti2 nm/s; (c) lateral growth promotes nodal precipitation,
V =13 pm/s.

that the fundamental growth morphology can be derived frony" is the Gibbs-Thomson coefficient agglis a parameter given
the morphological stability theory is broadly accepf@@1,22] by
This theory assumes that an initially planar front growingdin
: : o : LI 2ko

rection advancing at velocity is perturbed with a spatial-time g- =1 + 5175 (4)
function z = § explor + i2(wx/A)) wheres is the perturbation 1—2ko — [1+ (4w Dy /v2)7TY
amplitude,. is the wavelength and the growth rate of the perturyich is close to unity, except at rapid solidification conditions.
bationo can be determined from linear theory for small values o 5 given growth velocity, betweer (Modified Consti-
of 5 [6]. The solution foro is a function which includes three ytional Supercooling) antians(Absolute stability criterion)s
terms: thermal, diffusive and capillary contributions: is positive for a range of wavelengths betwegnan A, de-

5 fined wheres = 0[22,6]. This zone has a value,,, where the
AnTmI” (2)  Planar growth will be unstable with a maximum perturbation

A2 rateoy. Fig. 4 shows this situation for a Al-0.2 wt.% Cu alloy

, , growing atV = 10-3cm/s, following the proposal of Coriell
Negative values of for all & determine a stable planar front, -4 Boettingef6].

positive values an unstable condition, and the particular case \jnder the view of this linear theory, unstable growth would
o =0 defines the marginal stability condition. In B®) G haye a primary spacing determined by the contribution of a set
is the conductivity weighted tenlperature gradl_ent defined bY)fwaveIengths, each characterized by a propagationrais-
G = [(ksGs + kL GL)/2c] wherex = (s + k)/2 is the aver- ¢ ssion is open about how these wavelengths could contribute
age of the solid and liquid conductivitieSc is the composition {5 the final spacing, but wavelengths close.lg have greater
gradient in the liquid, which for a planar interface at ConStamprobability to contribute to the primary spacifg].
velocity is given by This fact could be seen superimposing experimentally mea-
sured spacings obtained for nodes, bands, regular and irregular

Ge = [VCo(ko - 1)] 3)  cells on a stability map obtained f&f, = 25K/cm andCo=

koDL 0.2wt.% CU6]. Fig. 5shows that experimentally determined

oc=m_.Gcéc — G —
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Fig. 4. Review of results of morphological stability theory for dilute Al-Cu alloys, after Coriell and BoettjipeRemarked are the experimental conditions of
this work.Co = 0.2wt.% Cu;G =25 cm/s and an average velocitywf= 10 pm/s.

is found on the central part of unstable zone, close to wavelengttent cells could be differefi26,27] In samples with low compo-
for the maximum propagation rate. Similar results were obtainedition as our case, this differences in velocity could cause that the
by Cheveigne et a[23] in succinonitrile-acetone (transparent solute concentration of trapped intercellular liquid to be different
organic material). Also, Cheveigne et al. reviewed experimentato that some walls appear to contain eutectic 6 composition,
results from different authors in metallic alloys with a similar while others do not. Consequently, low compositions promote
tendency{24]. More recently, numerical predictions by Boet- irregular cellular structures. Under these conditions, it is neces-
tinger and Warrefi25] in a 2D symmetry for intermediate and sary to reinterpretate the structures, taking into account that the
rapid growth velocities give the same behavior. final, lateral growth could happen in two different ways: in the
For these stages of growth, it was proved experimentally angresence or absence of eutectic composition in the intercellular
numerically that the velocity of cells and dendritic tips of adja-space. In the former case, the cellular walls are simpler, with
eutecticx + 6 composition. The low solute content implies that
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Fig. 5. Stability map of Al0.2wt.%Cu, fo6| = 25 K/cm, superimposing1 ) )
(open) andumin (closed symbols) Fig. 6. 11 (open) and\min (closed symbols) vs. growth velocity.
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the fraction of9-phase would be low, but is enough to appear at  As it can be seen in the micrographs fréiig. 1 and 21it is

a known spacing of approximately fn, which is normal for usualamongnodes forasecondary level of segregation to appear,
Al-Cu eutectic directionally grow[28]. In the second case, we leaving in the sample a segregation pattern revealed by proper
can find an enriched but not eutectic composition. The growth imetallography. The pattern is characterized by a small perturba-
this condition could be locally stable or unstable and apparentlyion during the final growth of two adjacent cells, trapping the
begin with the minimum unstable wavelength available in thelast enriched liquid. Th&mnin, measured is significantly less than
system, close to the value af, although it may change with 1. In Fig. 6, A1 andimin as a function of the conditions in the
enough space andtime to evo[24]. Inthisway, itis possibleto  solidification front are graphically represented. Notice that the
understand the behavior of the microstructure through the sinslopes of botf.; andi iy are similar, and.yin is close numeri-
plest concept of Constitutional Supercooling, a particular caseally to the minimum wavelength that could be unstable, that is
of the stability theory at low values of (seeFig. 4). Ao - This fact suggests that the primary spacing is formed funda-

- la

Lia.

Lig.

Fig. 7. Different cellular wall morphologies and a schematic interpretation of the microstructure: (a) lateral growth of two adjacent cells; 4k Ettdral growth
is unstable in one cell; (c) lateral growth in both cells is unstable.
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mentally by wavelengths close 1g,,, but with eutectic nodal Particularly, during planar to bands transition, the nodes slow
precipitation, other wavelengths betwegh andi,,, can sur-  down the interface in certain critical points of it, and a spacing
vive. It then seems logical to assume that once a eutectic nodmn be defined. This phenomenon seems to be similar during
is formed, the lateral growth is driven by local solidification the transition of the all the substructure stages under study. This
conditions, and as a consequence, it may be stable or unstabfgimary spacingX) fits the order of maximum rate wavelength
depending on the local thermodynamical conditions affectingredicted by the Morphological Stability Theory.

the local parameteid_/V*C*), whereV* andC* are now the In several cases, a second order microsegregation pattern has
effective normal velocity and the effective concentration valuebeen observed at level of the cellular walls, which seems to
at the local S-L interface. These different situations are metbe due to a small variation in the microsegregation during the
allographically detected as a planar segregation wall (if stabldateral growth of the cells in an enriched intercellular liquid. The
or undulated segregation pattern (if unstable viighn ~ 14). microsegregation pattern detected has a wavelength that we call
Then different possibilities for the wall formation may be con- Anin, and which is close to the minimum unstable wavelength
sidered, as suggested fig. 7: (a) The lateral growth of two predicted by the Morphological Stability Theory.

adjacent cells is stable, with a planar S—L interface: this case

corresponds to a bidirectional growth where the interfaces Cong ckpowledgements

fine an enriched liquid, which reaches the eutectic composition

[9,6]. This situation concludes with a divorced continuous eu- e wish to thank Dr. William Boettinger for useful com-

tectic forming the wall, as can be seenfiy. 7a. (b) Lateral  ments. This work was performed at IFIMAT (Instituto disiea
growth is unstable in one cell: In th|s_case, a regular segrega?qﬂe Materiales Tandil) and was supported by CICPBA (Codnisi
pattern appears, showing a planar interface form on one sidgs |nvestigaciones Cieifitas de la Provincia de Buenos Aires),
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ble: given that small undulations of similar wavelengths appeargenos Aires) and ANPCyT (Agencia Nacional de Proranci
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eutectic precipitation in local depressions of the interface. The

origin may be a localized final solidification transient and or

solid precipitation during freezing of Cu enriched areas. ThiasReferences
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