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Growth temperatures of α-Al, intermetallic τ and eutectic α+τ phases in Al-12wt.% Zn 6wt.%
Mg alloy has been determined as a function of growth velocity in the range of 3×10−5 to
1×10−3 m/s at a temperature gradient of 2500 K/m, using a directional solidification
technique. The experimental results are found to be in good agreement with predictions of
growth temperatures of competing constituents for multicomponent systems.
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1. Introduction

The resulting microstructures in binary or multiphase alloys,
in the velocity range at the solid/liquid interface from the
critical growth velocity for constitutional supercooling (Vcs) to
absolute stability (Vab), consist mainly of a cellular or
dendritic structure with eutectic in the intercellular or
interdendritic spaces. Depending of element solute content
in the alloy and the limit conditions imposed on the system
during the solidification, other phases can be formed at the
moving solid/liquid interface. It is very important to model
the growth of primary phases, eutectic, or intermetallic
compounds, for the purpose of describing microstructural
evolution [1].

The growth temperature (TG), of competing constituents
such as primary phases and eutectics, plays a critical role in
determining the constitution and morphology of the resulting
microstructures of solidification under specific conditions;
few direct measurements have been made regarding the
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.A. Suarez).
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dependence of TG, on the solidification variables, (growth
velocity, V, and the composition of the alloy (C0)), particularly
for dendritic structures [2–7].

The purpose of the present work is to measure experimen-
tally the growth temperatures of α-Al, intermetallic τ and
eutectic α+τ phases as a function of growth velocity (V), in the
range of 3×10−5 to 1×10−3 m/s and to compare the results with
predictions of a multicomponent systemsmodel. An Al-12 wt.
% Zn-6 wt.% Mg alloy has been chosen for this study because
there are numerous experimental results in the literature and
well defined physical properties.
2. Dendritic Growth

In order to carry out the predictions of the resulting
solidification microstructures as a function of the solidifica-
tion front, it is considered that during dendritic growth the
dendrite tip undercooling ΔT (TL–TG), will depend on the
.
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Fig. 1 –Vertical section at constant 5.3 at.% (12 wt.%) Zn of the
ternaryAl–Zn–Mgphase diagram [11]. The vertical line shows
the master alloy composition designated as A.
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temperature gradient (GL), growth velocity, (V) and alloy
composition (C0) according with [8]:

ΔT =
GLDL

V
+ B1 Vð Þn ð1Þ

where DL is the liquidus solute diffusion coefficient, B1 is a
constant for dendrite growth, n is the velocity exponent that
depends of growth morphology and is typically close to 0.5. In
the case when DLGL/VbbB1(V)1/2, Eq. (1) becomes:

ΔT = B1V1=2 ð2Þ

It is also assumed that Eq. (2) can apply for both equiaxed
dendritic and columnar growth. In addition, it can be used to
determine the growth temperature of competing constitu-
ents under particular conditions [1]. Typically, the growth
Fig. 2 –Schematic diagram of the experimental
temperature, TGα for dendrites has been represented as
[8,9]:

TL � TG;a�Al = B1V1=2 ð3Þ
where
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DL
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and formulticomponentsystemstheconstantB1 it is expressedas:
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where TL and TG,α−Al, are the liquidus and growth temperatures
respectively, Γ is the Gibbs–Thompson parameter,mL the liquidus
slope, k the partition coefficient, ρ the density, DL is the liquidus
solute diffusion coefficient andCLj⁎ is the liquid composition at the
dendrite tip.

The growth temperature, TGτ., for the intermetallic growth
has been represented as [1,9]:

TL � TG;s = B2V1=3 ð4Þ
where

B2 = mL k� 1ð ÞC0½ �2=3 C
Dk

� �1=3
ð4aÞ

andformulticomponentsystems, theconstantB2, it isexpressedas:
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The growth temperature TGEu, for the eutectic growth is
predicted and found experimentally [9,10] to conform with:

TEu � TG;Eu =A1V1=2 ð5Þ
where A1 is a constant for eutectic growth.
apparatus for unidirectional solidification.



Fig. 3 –Microstructural morphology of Al-12wt.%Zn-6wt.%Mg alloy unidirectionally solidified at velocities of: a) 4×10−6 m/s;
b) 3×10−5 m/s; c) 7×10−5 m/s; d) 1.3×10−4 m/s; e) 1.7×10−4 m/s and f) 1×10−3 m/s.

Fig. 4 –SEM micrograph of Al- 12 wt.%Zn-6 wt.%Mg alloy indicated microstructure that consists mainly by α-Al phase with
(α+τ) eutectic in interdendritic regions. Precipitates inα-Al matrix were identified as the intermetallic τ (right hand side) using
electron diffraction pattern and X-ray diffractometry.
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Fig. 5 –Cooling curves of the Al-12 wt.%Zn-6 wt.%Mg alloy at
growth velocities of: a) 1×10−3 m/s; b) 3×10−5−1.7×10−4 m/s
solidified at a thermal gradient G=2500 °C/m.
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3. Experimental

Alloy of Al-12wt.%Zn-6wt.%Mgdesignated as A (see Fig. 1), was
prepared fromhigh purity (99.99%) aluminum, zinc (99.9%) and
magnesium (99.9%) elements by vacuum induction melting
under a constant flux of argon and cast into a copper mould of
cavity dimension 25mm thick, 50 mmwide and 120 mmhigh.
Thealloy composition is between themaximumconcentration
of solute at equilibrium Cmax

eq and the α+τ field, as indicated in
the phase diagram of Fig. 1 [11]. Rods of 3×10−3 m in diameter
and 0.12 m of length were fabricated directly from the ingots,
whichwere poured into prepared cylindrical graphite crucibles
(0.15 m in length, 3×10−3 m ID and 6.3×10−3 m OD) and
unidirectionally solidified using a Bridgman-modified equip-
ment shown in Fig. 2.

During the unidirectional solidification experiments, the
temperature of the alloy was kept 100 °C above the liquidus
temperatures for about 30 min and then, the alloy was
unidirectionally solidified at growth velocities in the range of
3×10−5 to 1×10−3 m/s with an imposed temperature gradient
of 2500 °C/m. In order to measure the growth temperature of
the solid/liquid interface throughout the solidification, two
cromel/alumel type K thermocouples (3×10−4 m in diameter)
were placed into holes drilled in the sample, separated
1×10−2 m from tip to tip. Thermocouple output was recorded
during the solidification and recorded as a plot of temperature
versus time using an acquisition system.

The unidirectionally solidified specimen was removed
from the graphite crucible, a longitudinal section was ground,
polished and etched with Kellers reagent and the microstruc-
ture and microanalyses were carried out with both light
optical and scanning electron microscopes (LOC and SEM).
4. Results and Discussion

4.1. Microstructural Characterization

As can be seen in Fig. 1, when cooling of liquid alloy A reached
the L+α region, the first phase to nucleate is the α-Al, and as
the temperature decreases until the L+α+τ region is reached,
phases such as the intermetallic τ and eutectic are formed.
The microstructures observed in the alloy under study
consisted mainly of columnar dendrites of α-Al, eutectic α+τ
(Al2Mg3Zn3) in interdendritic regions and τ (Al2Mg3Zn3) inter-
metallic in α-Al matrix as is shown in Fig. 3, where a set of
Table 1 – Input data for the model predictions

From the equilibrium
phase diagram

Physical properties of
Al–Zn–Mg system

Región L+α DL,Zn=8.8×10−8 m2/s [12]
mL=−3.93 K/wt.% DL,Mg=9.45×10−9 m2/s [12]
k=0.141 ΓZn=1.52×10−7 Km [13]
TL,A=893K
Región L+α+τ ΓMg=9.87×10−7Km [13]
mL=−1.45 K/wt.% GL=25–30 °C/cm present work
k=0.687 A1=51.2 Ks1/2/m1/2 [14]
TL,A=758K
TL,EU=715.6K
representative unidirectional solidified microstructures are
presented for the Al-12 wt.% Zn-6 wt.% Mg alloy solidified at
velocities from 3×10−5 to 1×10−3 m/s. Identification of τ
intermetallic was performed by X-ray diffractography and its
electron diffraction pattern is shown in Fig. 4.

4.2. Competitive Growth and Thermal Analysis

In order to predict the resulting microstructure during
solidification of Al–Zn–Mg alloys as a function of solidification
growth velocity, the growth temperature was first plotted for
α-Al from the L+α region, assuming that the only competing
constituents will be the α-Al and the α+τ-eutectic phases. For
this purpose Eqs. (3b) and (5) were employed. To predict the
eutectic growth, Eq. (5) was employed, feeding a value of
51.2 Ks1/2/m1/2 for the constant A, derived during the experi-
ments. To predict dendrite, intermetallic and eutectic growth
for the L+α+τ region, Eqs. (3b), (4b) and (5) were employed. To
solve the above equations, the equilibrium temperatures for α-
Al and eutectic were taken from the equilibrium phase
diagram as shown in Table 1. In the same table, the values
of k, mL, DL and Γ, for the L+α and L+α+τ regions are shown.

Fig. 5(a,b) show representative cooling curves obtained
during unidirectional solidification of Al-12wt.% Zn-6wt.%Mg
alloy in the growth velocities range from 3×10−5 to1×10−3 m/s.
The thermal arrest indicated in this figure results from the



Fig. 6 –Predictions of TG vs. V, for Al-12 wt.%Zn-6 wt.%Mg
alloy. The symbols □TG,α, ○TG,τ, and Δ TG,Eu, represent the
experimental growth temperatures of α-Al, τ intermetallic
and (α+τ) eutectic phases in the range velocity from 3×10−5

to 1×10−3 m/s.
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passage of the solidification front and thus indicates a growth
temperature. The temperature of initial departure was indi-
cative of α-Al tip temperature, followed by growth tempera-
tures of τ intermetallic and (α+τ) eutectic. Fig. 6 shows the
predicted microstructure during the solidification of Al-12wt.
%Zn-6wt.%Mg alloy as a plot of growth temperature versus
growth velocity and the growth temperatures of phases
obtained experimentally. As is observed, during solidification
of the alloy in the L+α region, the only phase that growth is the
α-Al, as the cooling proceed and the solidification path
reached the L+α+τ region, both the α-Al and the intermetallic
τ will grow simultaneously up to a growth velocity of
1×10−3 m/s. As the growth velocity increased, the interme-
tallic compound will be the only one to grow. Finally, the last
dotted curve shows the growth temperatures for eutectic α+τ,
in which it is predicted that this phase will be the dominant
phase at very high growth velocities.
5. Conclusions

Thermal analysis together with microstructural characteriza-
tion permits the derivation of growth temperatures for α-Al,
intermetallic τ (Al2Mg3Zn3) and eutectic α+τ in the ternary Al–
Zn–Mgsystemas a functionof composition andgrowthvelocity.
The experimental results are found to be in good agree-
ment with predictions of growth temperatures of competing
constituents for multicomponent systems at solidification
front velocities up to 1×10−3 m/s.

Results showed that TG,α, TG,τ, and TG, EU, decreases with
increase in growth velocity.
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