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ABSTRACT

The effect of adding different Mg contents to an Al-12wt.%Zn master alloy was experimentally investigated. The Al-Zn-Mg alloys
were unidirectionally solidified as a function of solidification parameters, temperature gradient G, solidification front velocity V,
and composition Cy. The alloys were solidified with a constant temperature gradient (G,=2500K/m) in the solidification front
velocity range from 4X10°m/s to 1.7X10*m/s. The resulting microstructure was characterized to investigate the effect of
solidification front velocities and composition on primary dendrite arm spacing, volume percentage of eutectic in interdendritic
regions and t intermetallic phase in a-Al matrix. Theoretical models for the dendrite arm spacing and dendrite tip radius have
been compared with the experimental observations.

Keywords: aluminum alloys, dendrite arm spacing, solidification, predictions, microstructure.

RESUMEN

El efecto de la adicidn de diferentes contenidos de Mg a una aleacidon maestra Al-Zn-Mg fue investigado experimentalmente.
Las aleaciones Al-Zn-Mg fueron solidificadas unidireccionalmente como una funcion de los pardmetros de solidificacién;
gradiente de temperatura G, velocidad del frente de solidificacién V, y la composicion quimica Cy. La aleacidn fue solidificada
con un gradiente de temperatura constante (G,=2500K/m) en el rango de velocidades del frente de solidificacion desde 4X10°
®m/s hasta 1.7X10™m/s.

La microestructura resultante fue caracterizada para investigar el efecto de la velocidad del frente de solidificacion y la
composicion quimica sobre el espaciamiento dendritico primario, el porcentaje del volumen de eutéctico en las regiones
interdendriticas y la fase intermetalica T, en la matriz a-Al. Los modelos tedricos para el espaciamiento dendritico primario y el
radio de la punta de la dendrita han sido comparados con las observaciones experimentales.

Palabras clave: aleaciones de aluminio, espaciamiento dendritico, solidificacion, predicciones, microestructura.

1. Introduction during solidification, it is necessary not only to

have a hydrodynamic density gradient, but also a

Dendritic structures are frequently observed
during the solidification of alloys in which several
unidirectional studies have been carried out to
predict the growth conditions for development of
the instability at the solid-liquid interface and
characterize the microstructural features [1-3]. It
has been documented [4] that convection during
solidification has a significant effect on the
microstructural parameters, such as the dimension
of A4. To minimize the convection in the alloys

horizontal density gradient close to zero in the
Bridgman method. One way to maintain this
condition is having a solid-liquid interface
macroscopically planar at all times. A Macroscopic
planar interface can be obtained using specimens
with diameters less than or equal to 4mm as has
been reported by H. Jones [5]. In addition, during
the solidification of a thin sample (i.e. <4mm in
diameter) through a large temperature gradient,
heat flow occurs radially, this may allow the
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velocity of the solid-liquid interface to be equal to
the withdrawal of the crucible [5].

In unidirectional solidification experiments,
solidification variables such as the
solidification front velocity, V, and the
temperature gradient, G, can be
independently controlled in order to study
the dependence of the microstructural
parameters (dendrite tip radius, R, primary
spacing, A;, secondary spacing, A;) [6].

One of the most important quantities used

to describe the solidified dendritic
microstructure in unidirectional
solidification is the primary dendrite arm
spacing [7]. Theoretical models to

characterize the cell-primary dendrite arm
spacing A; as a function of V, G and the
composition Cy, have been proposed by
Hunt [8], Kurz-Fisher [9], Trivedi [10] and
Hunt-Lu [11].

Hunt [8] and Kurz-Fisher [9] have proposed
theoretical models to characterize A; during
steady-state growth conditions. The
representative equations of these two
models are given respectively as

Hunt model

}\1 - 283[m(k _1)DLr]0.25 COO.ZS V-O.ZS G-O.S (1)

Where m, is the liquidus slope, k is the
partition coefficient, D, is the diffusion

coefficient in liquid and I is the Gibbs-
Thomson coefficient.

Kurz-Fisher model

A=4.3[m(k -1) D,F/k3°% C LBy 0BG08 2)

The other model to predict A; as a function of G, V
and Cy was proposed by Trivedi [10] as a
modification of the Hunt model, given by

A= 2.83[m(k -1) DML G VO 6% (3)

Where L is a constant that depends on the
harmonic perturbations [12].

The purpose of the present work is to
experimentally study the effect of the solidification
front velocity, V, and the Mg content on
microstructural parameters, mainly on primary
dendrite arm spacing, A;, in unidirectionally
solidified Al-5.3at.%-xMg alloy and to compare the
results with the theoretical models.

2. Experimental procedure

Alloys of Al-12% Zn-4.5% Mg, Al-12% Zn- 6% Mg
and Al-12% Zn-7.6% Mg (in wt.%), are identified in
the phase diagram of Figure 1[13], as A, B and C,
respectively. The alloys were prepared from high
purity (99.99%) aluminum, zinc (99.9%) and
magnesium (99.9%) by melting them into a
vacuum induction furnace under a constant flux of
argon and casting them into a copper mould of
cavity dimension of 2.5X10m thick, 5X10°m wide
and 0.12m high. In order to produce material
suitable for the unidirectional solidification
experiments, rods of 3X10°m in diameter and 0.12
m of length were fabricated directly from the
ingots, which were poured into cylindrical graphite
crucibles. The samples were unidirectionally
solidified by using a modification of the Bridgman
technique for crystal growth.

During the unidirectional solidification
experiments, a period of 25 minutes at 373 K
above the liquidus temperature of the alloy was
allowed for the apparatus to reach thermal
equilibrium; the liquid alloy was unidirectionally
solidified at a selected withdrawal velocity in the
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Figure 1. Vertical section of ternary Al-Zn-Mg phase diagram [13]. The vertical
lines show the magnesium content added to the Al-12wt.% Zn master alloy.

range of 4X10°® to 1.7X10*m/s with a temperature
gradient of 2500 K/m, which was measured
experimentally using two thermocouples type K
inserted directly into the sample separated by a
distance of 1cm from tip to tip. The longitudinal
and the traverse sections of the specimens were
grounded from 600 to 1200 mesh grit, polished
with alumina 1 pm and etched in Keller’s reagent
(2ml HF, 1.5ml HCI, 2.5ml HNO3z and 95ml H,0) for
0.5 minutes and examined in optical microscope
(OM), scanning electron microscope (SEM) and
transmission electron microscope (TEM).

The primary dendrite arm spacing, A;, in solidified
microstructures were measured by averaging the

distances between the nearest two dendrite tips.
In this method at least 50-200 A; values were
measured in both sections for each specimen.

3 Results and discussion

Figure 1 shows the vertical section at constant
12wt.% (5.3at.%) Zn of the Al-Zn-Mg phase
diagram [13], where the vertical lines indicate the
Mg content added to the Al-12wt. %Zn master
alloy. The microstructures are constituted mainly
by columnar dendrites of a-Al with small t
(Al;MgsZns) precipitates and eutectic (o+t) in
interdendritic regions, as is shown in Figure 2 and
in agreement with the work of Alvarez et al. [14].
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Figure 2. A representative microstructure observed in Al-Zn-Mg alloys.
Bottom right hand side shows t precipitating in o- Al matrix and left hand
side shows the eutectic observed in interdendritic regions.

Figure 3 shows a series of representative
micrographs of alloy A unidirectionally solidified in
the solidification front velocity range of 4X10° to
1.7X10"m/s, where a refinement on the
microstructure as the front velocity increases is
observed. Regarding primary dendrite arm spacing,
it is observed that it decreases from 2.5X10™m to
1.23X10™m, as the solidification front velocity is
increased.

The effect of Mg content produced a decrease of
A1 obtaining values of 2.05X10* to 1.05X10™ m
and of 1.95X10™ to 9.3X10®° m for the alloys with
contents of 6 and 7.6wt.%Mg, respectively, in the
solidification front velocity range under study.

On the other hand, the individual effect of V and V
plus Mg content produced an increase in the
amount of eutectic in interdendritic regions
obtaining a minimum value of 8.4 Vol% in alloy A
at V=4X10"° m/s, and a maximum value of 25 Vol%
in alloy C at V= 1.7X10™* m/s. In the same way, an

increment was obtained regarding the amount of
Tintermetallic phase in a-Al, presenting a value of
0.25Vol% in alloy A at V=4X10°m/s and a
maximum value of 1.95Vol% in alloy C at V=1.7X10"
*m/s.

In order to compare the experimental results of A,
with the prediction of theoretical model, the Kurz-
Fisher model for dendrite tip radius [9] was applied
to evaluate the primary dendrite arm spacing as a
function of V and C,.

To predict A4, the liquidus slope (m,= -1.45K/at.%)
and the partition coefficient (k=0.687) were
obtained from the equilibrium phase diagram in
the L+a+t region, that is the last region to solidify.
Values for D, 7,=8.8x10°m?/s and D, ;=9.45x10"
°m?/s were taken from references [16, 17],
[,=1.52x10"Km and Ty,= 9.87x10'Km were
derived from the thermodynamic data for the Al-
Zn-Mg system reported in reference [18].
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Figure 3. Dendritic structures of unidirectionally solidified Al-12wt.%

constant G,
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These data, together with an experimental value of
G,= 2500K/m, were fed into equations 1 to 4. Fig.
4a to 4c show, for the three different Mg contents
in Al-12wt.%Zn master alloy, measurements of A;
as a function of V and are compared with
predictions of R (see Equation 4), 2R and 4R as a
function of V according to Eq.(4).

Measurements of the primary dendrite arm
spacing fall within the range R<A;<4R and show the
same dependences on Mg content and V as are
predicted for R. The experimental results for A,

show good agreement with the dependence on V
and C, predicted by Equation (4), whereas
Equations 1-3 predict an increase in A; with an
increase in Cy.

R = 2r [Dy[/m(k -1)]°°Co*° v (4)
Equation for tip radius predicts that it will decrease
parabolically with an increase in both V and Cq
[15], in contrast, with the models previously
mentioned (Equations 1-3), it predicts a decrease
in A; as V increases, and it predicts an increase of
A1 as content Mg increases.

1 Experimental values
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Figure 4. Experimental primary dendrite arm spacing A; as a function of solidification front
velocity V for (@)A (Al-12wt.%Zn-4.5wt.%Mg), (m)B (Al-12wt.%Zn-6wt.%Mg) and ( A )C (Al-
12wt. %Zn-7.6wt.%Mg) alloys and comparison with theoretical models. The dotted lines show the
predictions based on the following models: a) Hunt; b) Kurz-Fisher and c) Trivedi, while the full
lines indicate the predicted dendrite tip radius R, with 2R, 4R according to Eq. (4).

4, Conclusion

The primary dendrite spacing of Al-12wt.%-xMg
alloys decreases gradually as the solidification
front velocity, V, and the Mg content increasing.
Increasing the amount of magnesium in the alloy
causes an increase in both eutectics (a+t) in
interdendritic regions and t intermetallic phase on
a-Al matrix. The experimental results of A; were in
good agreement with the theoretical values
predicted by the dendrite tip radius model of Kurz-
Fisher as a function of solidification front velocity
V; however, it did not predict a decrease A; as a
function of alloy composition. In addition, equation
for tip radius predicts that A; will decrease
parabolically with increasing both V and Cy [14], in
agreement with our experimental results.
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