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In order to investigate the effect of natural convection in columnar to equiaxed transition (CET),
Al-3.0wt.%Cu and Al-3.0wt.%Cu-5.5wt.%Si alloys ingots were obtained during the transient horizontal
directional solidification (THDS). Aiming to analyze the effect of superheat in the formation of the
macrostructure in ternary Al-Cu-Si alloy, the experiments were conducted with three superheat
temperatures above the liquidus temperature of the ternary alloy. A water-cooled solidification
experimental device was used. Continuous temperature measurements were made during solidification
at different positions in the casting and the data were automatically acquired. Thermal analysis has
been applied to determine the thermal parameters such as growth rate (V,), cooling rate (T,) and
temperature gradient (G, ), whose values have been interrelated with the CET. The observation of the
macrostructures has indicated that the resulting thermosolutal convection combined with superheat
seem to favor the transition, which did not occur in a single plane, for all ingots obtained, i.e., it has
been seen in a range of positions in ingots. The addition of Si element in binary Al-Cu alloy anticipates
the CET. A comparison with experimental results for CET occurrence in different growth directions

has been carried out.

Keywords: columnar to equiaxed transition, horizontal directional solidification, thermal

parameters, transient conditions, Al-Cu-Si alloys

1. Introduction

Aluminum casting alloys have properties which are of
great industrial interest, such as low density, good corrosion
resistance, high thermal and electrical conductivities, good
combination of mechanical properties, good workability in
machining processes and mechanical forming. Currently,
these alloys are produced in various systems and solute
contents!. The literature presents a number of theoretical
and experimental, focusing on the macrostructural and
microstructural evolution of binary aluminum alloys, however,
there are few studies in the literature addressing important
families of multicomponent aluminum alloys. In this context,
the Al-Cu-Si ternary is a system of particular outstanding
properties such as high mechanical strength, low weight and
very good fluidity. These qualities make it a good choice
for applications in the automotive and aerospace industry.
The potential of such alloys has attracted the attention of
researchers with a view to investigating the microstructure
evolution, and the formation of both macrosegregation and
porosity during the solidification process.

Solidification studies can be grouped into two categories:
those involving solidification in steady-state heat flow and
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those in the unsteady-state regime'~. Investigations of the
unsteady-state regime are of prime importance since this
class of heat flows encompasses the majority of industrial
solidification processes. For the latter, theoretical models and
experimental results concerning structural parameters are
scarce in the literature. It is known that the vast majority of
the studies reported in the literature is intended to analyze
the upward solidification process which is completely
stable in view of the liquid movement, i.e., there are no
convective currents or neither by temperature differences
nor by density differences. This allows experimental analysis
and theoretical calculations exempt from this complication,
since the heat transfer into the ingot is performed essentially
one-dimensional heat conduction®®.

On the other hand, in the cases of downward and horizontal
directional solidification processes there is convection by
temperature differences in the liquid®”®. During the downward
solidification, if the solute rejected causes interdendritic
liquid density greater than the nominal liquid, convective
motion also occurs by density differences. Moreover, in the
horizontal directional solidification the convection in function
of the composition gradients in the liquid always occurs.
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Another phenomenon is the direction of the gravitational
force acting during these solidification processes. Concerning
the macrostructural and microstructural analysis, the effects
of the gravity direction have been studied with the chill
placed mainly on the bottom or top of the mold (upward and
downward solidification processes, respectively) 12, It is
know that there are few published studies on this phenomenon
in the case of horizontal direction”$. The three solid growth
directions can be seen schematically in Figure 1.
Establishing correlations between structure and the
resulting properties is a complex study that begins with
the analysis of different structural aspects. It is also known
that the mechanical characteristics of solidified products
strongly depend on the macrostructural and microstructural
arrangement. On the whole, the macrostructure of cast ingots
consists of three different zones: the chill, columnar, and
equiaxed zones. The origin of each one has been the subject
of intense experimental and theoretical investigation. A more
complex structural form is composed of two structural ones,
i.e., by columnar to equiaxed transition (CET). The prediction
of this transition is of great interest in the programming of
mechanical properties of cast products. Published studies
suggest that CET is influenced by the following factors:
system and composition of the alloy, mold’s material and
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temperature, superheats, interfacial heat transfer coefficient
and convective flow''° .

The change of columnar to equiaxed grain structure
is a very common occurrence in cast metal products, and
numerous mechanisms based on experimental evidence
have been proposed for this transition (CET), however,
mathematical models to predict this structural transition
have had limited success due to its complex solutions to the
problem in macro and microscopic levels (heat and mass
transfer, nucleation and dendritic growth, respectively)®!%-17.
These models excessively simplify the treatment of convection
in the liquid and the movement of equiaxed grains. These
models have been tested mostly for binary alloys.

A number of experimental investigations have been
reported in the literature which suggest that the CET occurs
when the solidification thermal parameters such as growth
rate (V,), temperature gradient (G, ) and cooling rate (T,)
reach critical values. The state of the scientific art on CET
has been commented in recent works”!”, whose results of
these investigations are summarized in Table 1.

2. Experimental Procedure

Experiments were performed with a aluminum-based
multicomponent alloy and a binary Al-Cu having as nominal
compositions Al-3.0wt%Cu-5.5wt.%Si and Al-3.0wt.%Cu,
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Figure 1. (a) Vertical upward solidification: stable interdendritic liquid (b) Vertical downward solidification: unstable interdendritic liquid
(c) Horizontal solidification: unstable interdendritic liquid caused by solutal convection.

Table 1. CET occurrence criteria proposed in the literature.

Alloy Solidification thermal parameter Directional Solidification Ref.
(CET occurrence values)
Sn-5wt.%Pb G,=0.10 °C/mm Upward Mabhapatra &
Sn-15wt.%Pb G,=0.13 °C/mm Weinberg'®
Al-3.0%Cu 0.06 °C/mm Upward Ziv & Weinberg'?
Al-4.5%Cu G, <V, 0% Upward Suri et al.?
Pb-Sn G, ranging from —0.8 to 1.0 °C/mm Upward Ares &
Schvezov?!
Al-Cu T,=0.2 K/s Upward Siqueira et al.?
Sn-Pb T,=0.014 K/s
Al-Si T,=0.14 K/s Upward Peres et al.!
Sn-Pb VL:0.189 mm/s, GLZO. 163 °C/mm and T, = 0.030 K/s Downward Spinelli et al.®
Sn-Pb V,=0.09 mm/s, G,=0.37 °C/mm and T, = 0.047 K/s Horizontal Silva et al.®
Al-Si V., G, and T ranging from: 0.19 to 0.26 mm/s, 0.35 to Horizontal Carvalho et al.”
0.64 K/s and 1.68 to 3.25 K/mm, respectively
Al-Si-Cu T,=1.17K/s Upward Rocha et al."”
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respectively. The chemical compositions of commercially
pure metals that were used to prepare alloy investigated are
presented in Table 2.

The horizontal directional solidification (HDS) device
used in this study is schematized in Figure 2. It consists of a
cooling system comprising of a water pump and flowmeter
which ensure water flow 30 LPM. This has allowed to impose
both transient growth rate (V| ) and cooling rate (T ) during
solidification. The apparatus also consists of a rectangular
mold with heat being extracted only by a water cooled side,
providing horizontal directional solidification. A stainless
steel mold was used which was 150 mm long, 60 mm wide,
60 mm high and 3 mm thick. The side, top and bottom surfaces
were insulated by refractory bricks and heated by electrical
heaters to avoid heat losses to the environment. One of the

(14)
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Figure 2. (a) Schematic representation of the horizontal experimental
solidification setup: (1) thermocouples, (2) fieldlogger,(3) computer
and data acquisition software, (4) feed water, (5) water container,
(6) water pump, (7) rotameter, (8) water inlet, (9) water outlet,
(10) directional solidification device and(11) temperature controller;
(b) view inside of the solidification device: (12) insulating ceramic
shielding, (13) electric heaters and (14) rectangular mold (stainless
steel mold - inner wall).
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side mold part was closed with a 4 mm thick stainless steel
mold sheet. Figure 3a shows a schematic drawing of the
assembly of the mold and the mold sheet. The alloys were
melted in situ, and the lateral electric heaters had their power
controlled in order to permit the desired superheat to be
achieved. It is noteworthy that the device is monitored by
a temperature controller. To start solidification, the electric
heaters were disconnected and at the same time the controlled
water flow was initiated. In order to analyze the influence
of superheat on the macrostructure of the Al-Cu-Si alloy,
the initial melt temperatures were standardised at 5%, 10%
€ 15% above the analyzed alloy liquidus temperature (T ).
The solidification of the alloy Al-3.0wt.% Cu occurred for
a superheat of 5%.

It can be seen in Figure 2 that a set of fine K-type
thermocouples, sheathed in 1.6 mm outside diameter stainless
steel tubes, were inserted in the geometrical centre of the
rectangular mould cavity along its length at different positions
from the heat-extracting (mould/mould sheet) surface at the
bottom of'the casting. All the thermocouples were connected
by coaxial cables to a data logger interfaced with a computer.

The rectangular ingots obtained for each superheat assumed
in this work were sectioned on a midlongitudinal plane,
mechanically polished using abrasive papers and etched with

Sealing gasket

Stainless steel mold sheet T

Sealing gasket .
[~

Water outlet pipe : \\ Stainless steel mold

(b)

Figure 3. Schematic representation of: (a) assembly of the stainless
steel mold and mold sheet set (AISI310); (b) cutting of the ingot
for macrostructural revelation.

Table 2. Chemical composition of metals used to prepare the examined alloys.

Chemical composition (wt.%)

Metal
Al Ca Cu Ni P S Si
Al balance 0.1033 - 0.1827 - - - 0.1180
Si 0.0835 - - 0.2058 0.0159 - 0.0067 balance
Cu 0.0951 - balance - 0.0450 - -
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an acid solution composed of 70 ml of H20, 10 ml of HCI,
15 ml of HNO3 and 5 ml of HF to reveal the macrostructures
as shown schematically in Figure 3b. The chemical attack
was conducted to confirm the directionality of solidification,
the structural morphology and especially the verification of
the columnar to equiaxed transition. The position of the CET
was clearly delineated and the distance from the cooled-mold
sheet of the casting was measured.

3. Results and Discussion

Experimental cooling curves for thermocouples placed
at specific positions into the castings were obtained for the
studied alloys in this work, which are shown in Figure 4.

It is known from the literature that the CET is dependent
of V|, G, and T, and that during transient solidification these
thermal parameters vary with time and position. In this
sense, in order to investigate the effect of these parameters
on the CET occurrence in analyzed alloys, cooling curves
from the Figure 4 were used to determine the displacement
of the liquidus isotherm as well as V|, T, and G, values.
A power equation of liquidus isotherm position (P) versus
time given by P = Constant (t)" (see Figure 5) was obtained
for both examined alloys. This has been experimentally
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determined from the intersection of corresponding lines to
the liquidus temperature (T, ) with the temperature variation
curves with time computed for each thermocouple (Figure 4).
The derivative of the power function P = f (t) allowed to
determine the growth rates. The cooling curves shown in
Figure 4 have also been used to determine cooling rates,
according to the methodology proposed by Rocha et al.?
and temperature gradients were obtained by the analytical
expression T, =V .G *. It can be seen in Figure 5 during
the THDS of Al-3.0wt.%Cu-5.5wt.%Si alloy that the same
experimental laws P=f(t), V, =f(P), G, =f(P),and T, =1 (P)
were obtained for pouring temperatures 10% and 15% above
liquidus temperature. It can be also observed higher values
of V| and T, for the superheat of 5%. It is noted in Figure 5
that, for the superheat of 5%, the addition of Si element in
the formation of Al-Cu-Si alloy has influenced for obtaining
higher values of V, T, and G, except in positions up to
25 mm, when it was observed higher values of V| for the
Al-3.0wt.%Cu alloy. It is known that when the Si solidify it
expands, allowing a better contact at the metal/mold interface,
favoring heat transfer coefficient and thus higher growth
rates and growth cooling are obtained. On the other hand,
thermal conductivity (K), 202.7 W/m.K and 90.7 W/m.K
for liquid and solid phases, respectively, and the fusion
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Figure 4. Cooling curves for: (a) Al-3wt.%Cu alloy; (b) Al-3wt.%Cu-5.5wt.%Si alloy with 5% of superheat; (c) Al-3wt.%Cu-5.5wt.%Si
alloy with 10% of superheat; (d) Al-3wt.%Cu-5.5wt.%Si alloy with 15% of superheat.
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latent heat of the Al-3.0wt.%Cu alloy (AH), 382849 J/kg,
are higher than the respective values of these properties of
the Al-3.0wt.%Cu-5.5wt.%Si alloy, 202.7 W/m.K and 90.7
W/m.K for liquid and solid phases, respectively, and 232100
J/kg, and with the progress of solidification it is possible
that the total heat extracted from the metal/mold system
is being influenced by these properties, favoring higher V.
values for Al-3.0wt.%Cu alloy from to position from 25
mm, as seen in Figure 5b. Table 3 shows the experimental
equations of the solidification thermal parameters obtained
during the horizontal directional solidification under the
assumed conditions in this work.

Figure 6 shows the macrographs of solidification
structures obtained in this study, for the Al-3.0wt.%Cu alloy,
solidified under superheat of 5% above liquidus temperature,
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and for the Al-3.0wt.%-5.5wt%Si alloy, solidified 5%, 10%
and 15% of superheat. It is observed in all the cases that
CET is not sharp. In the case of ternary alloy, it is observed
that the macrostructure transition is anticipated for higher
superheats. A recent work” has been conducted to analyze the
influence of thermal parameters on the CET during horizontal
directional solidification of Al-nSi alloys, with “n”equal to
3wt.%, 7wt.% and 9wt.%, and one single superheat of 10%
has been assumed for all compositions. As opposed to the
present study, the results have showed that the CET was
sharp and CET position has occurred for V|, T, and G, in
the range between 0.19 to 0.26 mm/s, 0.35 and 0.64 K/s
and 1.39 to 4.01 K/mm, howerver, for any of three alloy
compositions examined, the increasing of solute content
in Al-Si alloys was not found to affect significantly the
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Figure 5. (a) Experimental position of liquidus isotherm from the metal/mold interface as function of time; (b) growth rate as a
function of position; (c) cooling rate as a function of position; (d) temperature gradient as a function of position for Al-3wt%Cu and

Al-5.5wt%Si-3wt%Cu alloys.

Table 3. Experimental power laws obtained in the present study.

Alloys Superheat [%] Experimental power laws
5 P=1.9(t)** vV, =1.8(P)** T, =490(P) "1 G, =272(P) "
Al-3wt.%Cu-5.5wt.%Si 10 0 o . 7o
s P=1.1(t)" vV, =0.9(P)* T,=1639(P)* G =1821(P) ™"
Al-3wt.%Cu 6 P=4.5(t)"¢! V. =7.2(P) % T, =616(P) "> G,=85(P) %
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Vertical Upward
Al-3wt.%Cu-5.5wt.%Si
Rocha et al'’

Figure 6. Macrostructures of the Al-3wt.%Cu and Al-3wt.%Cu—5.5wt.%Si alloys.

experimental position of the CET. On the other hand, due
to the convective effects caused by horizontal directional
solidification, these results’ have also shown that the end
of the columnar zone was abbreviated as a result of about
six times higher thermal gradient than that verified during
upward unidirectional solidification of Al-Si alloys'. More
recently, in another investigation on CET occurrence in
Al-Cu-Si alloys'” it was shown that the end of the columnar
zone was abbreviated as a result of seven times higher
critical cooling rate than that verified for Al-Si alloys'.
It was verified (see Figure 6 for upward solidification) for
the Al-3.0wt.%Cu-5.5wt.%Si alloy upward directionally
solidified'” that the CET has occurred in a single plane.
Both works have been developed for upward directional
solidification (see Table 1).

Concerning the observed characteristics in the macrostructural
transition, i.e., sharp and not sharp, respectively, for Al-Si
alloys” and Al-3.0wt.%Cu-5.5wt.%Si alloy, the results can be
assigned to effect of higher density of Cu alloying element in
the composition of ternary alloy as well as due to the solute
segregation (Si and Cu) caused at the solidification front
which is denser than the liquid overall volume. Therefore,
it is possible that both the solute segregation and the effect
of gravity acting perpendicularly to solid growth direction
cause the decantation of a liquid richer in Cu favoring
anticipation of CET in this region.

Itis well known that melt convection favors the occurrence
of equiaxed grains and that during the transient horizontal
directional solidification the effect of thermosolutal convection,
when combined with the superheat, seems to prevail for

anticipating of CET. This can be explained by the combined
action of both thermal and mechanical convection caused
respectively, by superheat and movement of solute at the
solidification interface, contributing to the fragmentation of the
columnar dendritic branches and, at the same time, promoting
the dissipation of superheat increasing the survival of these
branches and decreasing the length of the columnar zone.
This allowed the CET occurrence for the alloys analyzed,
under the conditions assumed in this work in a region with
V., T, and G, varying in a range of values, as shown in the
Figures 7-9. The role of addition of Si alloying element
in Al-3.0wt.%Cu alloy was also analyzed as indicated in
Figure 6. It is noted that Si influences to anticipate the CET.
Table 4 shows the experimental thermal parameters associated
to the CET position for all alloys investigated in this work.
Spinelli et al.> have investigated the effect of melt convection
on the columnar to equiaxed transition and microstructure
of downward unsteady-state directionally solidified Sn—Pb
alloys. According to the authors, in downward solidification
conditions, melt convection seems to favor the structural
transition. These authors have caused that the melt convection
provoked by solute segregation may be promoting pile up
of equiaxed grains formed from fractioned dendritic arms,
which must stimulate and anticipate the CET occurrence.

The effect of both direction of gravity vector and
thermosolutal convection in the transition zone, in
microstructural scale, can be seen in macrostructure shown
in Figure 10. It is observed the existence of anisotropic and
isotropic dendritic morphology, i.e., where both columnar
and equiaxed dendrites coexist.
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Figure 7. Solidification thermal parameters for Al-3wt.%Cu-5.5wt.%Si alloy with 5% of superheat: (a) V, =f(P), (b) T, =f(P) and (c) G =f(P).
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Table 4. Experimental results for the solidification thermal parameters associated to the CET zone.

Properties Superheat CET zone Growth rate Cooling rate Te;g;g:;:re
Symbols / units AT, [%] [mm] V, [mm/s] T, [K/s] G, [K/mm]
5 55-95 0.8-0.72 5.08-2.73 6.29-3.76
Al-3wt.%Cu-5.5wt.%Si 10 35-70 0.29-0.23 0.9-0.2 3.14-0.91
15 25-35 0.32-0.29 1.84-0.9 5.73-3.14
Al-3wt.%Cu 6 90-125 0.40-0.33 0.72-0.44 1.77-1.34

4. Conclusions

In this study, the columnar to equiaxed transition was
investigated during the horizontal directional solidification
of Al-3.0wt.%Cu and Al-3.0wt.%Cu-5.5wt.%Si alloys and
the following conclusions can be drawn:

1. For both investigated alloys in this work the CET
occurs in a zone rather than in a plane parallel to the
chill wall, where both columnar and equiaxed grains
coexist. It has been observed that in the case of
Al-3.0wt.%Cu-5.5wt.%Si alloy the CET decreases
with increasing superheat.

2. For both analyzed alloys in this work the CET
position has occurred in a range of growth rates,
cooling rates and temperature gradients, according
to the values shown in Table 4. It can be verified that
during the transition higher values of V , T, and G,
were obtained for superheat equal to 5%.

3. The anticipation of CET observed in the Al-Cu-Si
alloy for higher superheats can be assumed by the
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