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ABSTRACT

Providing benchmark data of the thermal and metallographic parameters during the columnar-to-
equiaxed transition (CET) in a wide range of alloy concentrations is of fundamental importance for
understanding this phenomenon as well as for metallurgical and modeling purposes. The aim of this
study was to investigate the columnar-to-equiaxed transition (CET) in aluminum-copper alloys of
different compositions covering a wide range from 2 to 33.2 wt%Cu (eutectic composition), which were
directionally solidified from a chill face. The thermal parameters studied included recalescence, cooling
rates, temperature gradients and interphase velocities. We found that the temperature gradient and
velocity of the liquidus interphase reached critical values at the CET; these critical values were between
—0.44 and 0.09 K/mm and between 0.67 and 2.16 mm/s, respectively. The metallographic parameters
analyzed were grain size, primary and secondary dendritic arm spacing and also eutectic spacing. The
results obtained were compared with previous experimental studies, published predictions and models
of the CET for similar alloys.

B1. Alloys

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In general, as-cast alloys exhibit columnar grain structures that
often end with an equiaxed zone, where the phenomenon of the
columnar-to-equiaxed grain transition (CET) has taken place [1,2].
Since the grain structure influences the properties of a casting, a
great deal of effort has been devoted in the last decades to
understanding the mechanism behind the development of the
macrostructure during solidification [3].

In particular in aluminum-copper alloys, Southin [4] reported
that in diluted alloys (Al-0.1 and Al-2 wt%Cu) coarse dendrites
that formed at the top of the ingot sinking into the melt play an
important role in the formation of the alloy macrostructure.
Morando et al. [5] examined the solidification of Al-2 wt%Cu
cylindrical ingots by varying the volume from 5 x10* to
5x 10° mm?> poured into graphite molds with a fixed ratio of
internal diameter to internal height of 0.7. They obtained
evidence that, with an increase in size, Southin’s mechanism of
equiaxed grain formation comes into play and that as solidifica-
tion time increases crystal settling becomes more important [3].
Suri et al. [6] observed the CET in Al-4.5 wt%Cu alloys and
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reported that the CET occurred if G < 0.74v°%%, where G is the
temperature gradient in the melt and v the tip growth rate.

Siqueira et al. [7] studied the CET in Al-2, Al-5, Al-8 and
Al-10 wt%Cu alloys and found that the CET occurs on a nearly
horizontal plane, at tip growth rates ranging from 0.28 to
0.88 mm s~ !, temperature gradients in the liquid ranging from
0.28 to 0.75 Kmm'! and critical cooling rate of 0.2 Ks~! [3]. Also,
experiments conducted in Sn-Pb alloys have shown that a
criterion should be based on a critical cooling rate of about
0.014 K/s, which depends only on the alloy system [8].

Gandin has published significant papers on CET and in his
studies in Al-Si alloys, he determined negative gradients at the
CET [9,10]; Browne [11], taking Al-Cu alloys as a case study,
developed an equiaxed index for relative likelihood of CET, based
on a front tracking model. His results were in agreement with the
experimental findings of Siqueira et al. [7].

Hunt [12] developed a steady state directional solidification
model for columnar and equiaxed growth of dendrites and
eutectic alloys. The model was applied to Al-3 wt%Cu. The model
predicts that at low growth velocities, equiaxed growth depends
on the efficiency of the nucleating substrates for the equiaxed
grains whereas at high gradients the number of nucleation sites is
more important [3].

Ziv and Weinberg [13] using an unidirectional heat transfer model
for the Al-3 wt%Cu alloy, determined that the CET occurred when the
gradient fell to 0.06 K mm~™, a result which is in agreement with a
gradient prediction from Hunt solidification model [12].
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Nomenclature

G temperature gradient

v tip growth rate

N the equiaxed grain density per unit volume [22,23]

ATy undercooling at the heterogeneous nucleating tem-
perature [12,22,23]

g grain size

A1 primary dendritic arm spacing

A2 secondary dendritic arm spacing

A eutectic spacing

Tm melting temperature

T. liquidus temperature

Ts solidus temperature

k partition coefficient

my liquidus slope

oL density of the liquid phase

Os density of the solid phase

G specific heat of the liquid phase

Cs specific heat of the solid phase

ke thermal conductivity of the liquid phase

ks thermal conductivity of the solid phase

oL thermal diffusivity of the liquid phase

s thermal diffusivity of the solid phase

A latent heat of fusion

OsL liquid/solid surface energy

Dy solute diffusivity

r Gibbs-Thomson coefficient

CETmin minimum position of the CET

CETpmax maximum position of the CET

CETave average position of the CET

z columnar zone

CETZ  CET zone

EZ equiaxed zone

T; temperature of thermocouple i

Ti_1 temperature of thermocouple i—1

Tiiquidus liquidus temperature

Tsoliaus ~ solidus temperature

ts local solidification time

ATy undercooling

ATs superheating

ATy recalescence

Aty nucleation (undercooling) time

Ats superheating time

Atg recalescence time

T cooling rate in K/s

G; temperature gradients calculated from the readings of
thermocouple i
GL temperature gradient in the liquid

Gy(critican) Value of the gradient at the moment of the CET

[liquid/(solid+liquid)] liquid interphase

[(solid+liquid)/solid] solid interphase

[solid+liquid] mushy zone

VL liquidus interphase velocity

Vi(criticany Value of the liquidus interphase velocity at the
moment of the CET

AT is the error in temperature readings

Ax is the error of appreciation in distance

AG is the relative error in the measurement of the
gradients

No total number of heterogeneous substrate particles

originally available per unit volume [12]

-\ 1/2
ATc = (V)

growth front temperature [12]
174 is the real interface velocity [12]

undercooling equal to that of the columnar

A is a constant given by A= 4(,2ml1;17,<,r) =300 ”'"n/;"l’gfight

3 for Al-Cu alloys

A is the spacing of the lamellar structure [12]

Ae is the average spacing of the lamellar structure [12]

dc~ 4N s the equiaxed volume fraction

Tc is the maximum size of the equiaxed grains

ATc = (%)1/2 is the fraction that is liquid behind the front

A is a constant equal to 27 5%

B is a constant equal to 21.6 K um

w is the width of the columnar grains

a is a fitting parameter which indicates the standard or
absolute reference size for each concentration

b is a fitting parameter which indicates the degree of
dependence of width with T

Co alloy concentration

€ is a constant less than one. From experiences with
different aluminum alloys, the value of ¢=0.5 was
adopted [36]

Vir is the velocity of the cellular dendritic transition and
is calculated as Vg = %, where ATy = —mco% [35]

AT is the range of solidification in nonequilibrium
conditions= (1 - VgDTU) a5 [35]

L is a constant [32-34]

Gdumann et al. [14] developed a numerical model as a
modification of Hunt's solidification model [11] and argued that
the model is more appropriate for predicting the CET in a range of
processes, including the high cooling rates experienced in welding
and rapid solidification processes.

Zhu and Smith [15] developed an improved Monte Carlo model,
by removing some of the limitations of the model reported by
Brown and Spittle [16]. The model was applied to the prediction of
the multidirectional freezing of a 2D ingot of Al-4.5 wt%Cu.

Dong and Lee [17] utilized a CA-FD model to simulate the CET
by modeling the solidification of an AI-3 wt%Cu alloy with
G=3Kmm~™! and V varying as a function of the solidification
time to give values similar to those in the non-steady studies of
Ares and Schvezov [18,19] and Siqueira et al. [7].

McFadden et al. [20] compared four models developed to
predict the CET. They calculated that three of the indirect methods

based on the following criteria; constrained-to-unconstrained
transition [10], the critical cooling rate [7,8] and the peak
equiaxed index [11] may be used in conjunction with the
columnar-front-tracking model to predict the CET position in
noninoculated directional castings.

Mathiesen et al. [21] analyzed by synchrotron X-ray video
microscopy the crystal fragmentation and columnar-to-equiaxed
transition in Al-20 and Al-30 wt%Cu alloys. They concluded that
buoyant forces are responsible for the transport of fragments out
of the mush in a manner that would cause macro and mesoscale
segregation rather than CET in a nonconfided 3D mold.

Also, Nguyen-Thi et al. [22] and Reinhart et al. [23] realized
in situ and real-time investigation of columnar-to-equiaxed
transition in Al-3.5 wt%Ni alloy at the European Synchrotron
Radiation Facility (ESRF). They analyzed the dendritic morphol-
ogies as a function of the solidification parameters during
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columnar growth (low pulling rates) and equiaxed growth (high
pulling rates) and concluded that the solutal undercooling ahead
of the columnar front increases when increasing the pulling rates,
consequently, a broader range of particles become active. Also,
that the equiaxed grain density per unit volume, N, is one of the
key parameters for CET and equiaxed growth. They obtained N
directly by measuring the size of the equiaxed grains soon after
their capture by the eutectic front. They estimated an experi-
mental value of Npax=1.25 x 10° cm~2 and used this value to
obtain a Hunt’s CET diagram, with ATy=0.1 K. The experimental
points of fully equiaxed growth and elongated grains fall in the
mixed columnar-equiaxed region, as defined by Hunt [12].

While all these works have significantly contributed from
different aspects to understanding the phenomenon of the CET,
there are no sufficient data in the literature about detailed
measurements of thermal and metallographic parameters in a
wide range of concentrations of different specific alloy systems,
including eutectic composition.

The objective of the present work was to generate detailed
experimental data of thermal (cooling rate, temperature gradient,
recalescence, solidification velocity) and metallographic (grain
size, primary and secondary dendritic spacings and eutectic
spacing) parameters during directional solidification of alumi-
num-copper hypoeutectic (Al-2, Al-4, Al-10, Al-20 wt%Cu) and
also eutectic (Al-33.2 wt%Cu) alloys with the CET and finally
correlate metallographic with thermal parameters in each zone of
the samples (columnar, CET and equiaxed).

2. Experimental procedure

The alloy samples were melted and solidified directionally
upwards in an experimental setup detailed in previous articles
[18,19]. The temperature measurements were performed using
K-type thermocouples protected with ceramic shields and con-
nected to a data acquisition system controlled by a computer.

The thermocouples were previously calibrated using four
temperature points: the freezing and boiling points (corrected
by atmospheric pressure) of demineralized water and the melting
points of aluminum (99.999 wt%) and copper (99.9999 wt%). The
accuracy of the thermocouples was determined to be between
+0.25 K. The samples were melted in alumina molds of 23 mm
i.d. and 25 mm e.d., with a flat bottom and a 200-mm-high
cylindrical uniform section.

Five thermocouples were positioned at 20-mm intervals on the
centerline of the cylinder mold from the bottom surface of the
mold. During a solidification experiment, the temperature
measured by each thermocouple was recorded at regular intervals
of time. Different intervals were previously tested, and as a result
of this exercise, an interval of 1s was selected. For the data
processing, the readings made every 0.10 s for 1 s were averaged,
and this value was associated with the middle of the averaged
interval. This procedure was chosen as a result of a compromise
between the memory available in the data logger, the time taken
for an entire solidification experiment, and the degree of precision
to capture the main phenomena occurring during the CET.

The experimental procedure was as follows. At first, the liquid
metal inside the mold in the furnace was allowed to reach the
selected temperature: once a uniform temperature was reached,
less than 1K of difference recorded between the five thermo-
couples located at different positions in the melt, the furnace
power was turned off and the melt was allowed to solidify from
the bottom.

Heat was extracted through a cooling system, which consisted
of a copper disk attached to a copper coil, both cooled by running
water. The solidification velocity was adjusted by changing the

temperature and water flow and by adding plates of materials
between the copper plate and the crucible, which changed the
effective value of the thermal conductivity.

The crucible was also isolated on the top to reduce heat losses
from the top of the furnace to a minimum. Temperature data
acquisition was started approximately at the same time at which
the furnace power was turned off in order to record the entire
unidirectional solidification process. The measurements showed
that the initial temperature (superheat) ranged from 1353.2 to
933.6K in all the experiments. With this experimental setup,
unidirectional heat flow was achieved and the convection
associated with the pouring of the liquid into the mold was
eliminated.

After directional solidification, the cylindrical ingots were cut
on a mid longitudinal plane. Then, the samples were polished
with sand paper and the samples with less than 10 wt%Cu were
etched with a solution containing 15 ml HF, 4.5 ml HNOs, 9.0 ml
HCl and 271.5ml H,O. The samples with 20 wt%Cu and
33.2 wt%Cu were etched with a solution containing 320 ml HCI,
160 ml HNO3 and 20 ml HF. Etching was performed at room
temperature [24]. The position of the transition was located by
visual observation and optical microscopy, and the distance from
the bottom of the sample was measured with a ruler, see Fig. 1(a)
and (e).

The microstructure was analyzed using Scanning Electron
Microscopy (SEM) and an inverted metallographic microscope
(Arcano XTL 3400). The equiaxed grain size (gs) was measured, at
equally spaced intervals, starting at the position where the
transition began, utilizing the ASTM E112 standard norm [25]
and a typical histogram showing the frequency of the size of the
equiaxed grains for each sample. The columnar region was
divided in a similar way and the width and length of the grains
measured directly.

In each zone of the directional solidified samples (columnar,
equiaxed and CET), the primary (/) and secondary (4;) dendritic
arm spacing and the eutectic (1) spacing were measured in cross
sections of one half of each sample (Fig. 1(b-d) and (f-h)). Each
section was mounted, polished and etched with 1 g NaOH and
100 ml H,0 for 5-15s at room temperature and the spacings
were determined in columnar, CET and equiaxed zones by the
number of interception in a straight line. Twenty values of
spacings were measured for each position. As an example, in
Fig. 1(b) and (c), no. (1) is indicating the position of the primary
arm spacing and no. (2) the position of secondary dendritic arm
spacing. In equiaxed growth, primary spacing was defined and
measured as the distance between the centers of the equiaxed
dendrites; see Fig. 1(d). The center of the equiaxed dendrite is
indicated by no. (1). Also, the secondary arm spacing is
represented by no. (2).

3. Results and discussion

The results presented and discussed here are related to the
characterization of: (1) the columnar-to-equiaxed transition
(CET); (2) the thermal parameters involved (recalescence, cooling
rate, temperature gradient and solidification velocity); (3) the
metallographic parameters measurements (grain size, primary
and secondary dendritic and eutectic spacings) and (4) relation of
the size of metallographic parameters with the calculated thermal
parameters in each zone of the samples (columnar, CET and
equiaxed).

Twenty-five experiments in a range of alloy composition
and cooling rate were performed. The alloys prepared were
Al-2, Al-4, Al-10, Al-20 and Al-33.2 wt%Cu (eutectic composition).
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Fig. 1. (a) Macrostructure of the Al-20 wt%Cu alloy. (b-d) Microstructures of the columnar, CET and equiaxed zones of the same sample (As an example, in the three
microstructures no. (1) is indicating the position of the primary spacing and no. (2) the position of secondary dendritic spacing). The primary spacing in the equiaxed zones
of the samples is measured as the distance between centers of the dendrites (no. (1) in Fig. (d)). (e) Macrostructure of the Al-33.2 wt%Cu alloy. (f-h) Representative
microstructures of each zone of the eutectic sample showing the lamellar and rod-like shapes.

Table 1

Thermophysical properties of aluminum-copper alloys [25,47-49].
Property data Al Cu Al-2 wt%Cu®  Al-4 wt%Cu®  Al-10 wt%Cu®  Al-20 wt%Cu®  Al-33.2 wt%Cu®
Melting temperature, Ty (K) 933 1356 - - - - -
Liquidus temperature, T;(K) - - 928 923 906 873 821
Solidus temperature, Ts (K) - - 894 851 821 821 821
Partition coefficient, k - - 0.17 0.17 0.17 0.17 0.17
Liquidus slope, m; (K wt%) - - —-2.6 —-2.6 —-2.6 —-2.6 -
Density of the liquid phase, p; (kg/m> 2380 8447.0 2501.3 2622.6 2986.7 35934 4394.2
Density of the solid phase, ps (kg/m* 2550 8956.2 2678.1 2806.2 3190.6 3831.2 4507.8
Specific heat of the liquid phase, G (J/kg K) 1086 505.9 1074.4 1062.8 1027.9 969.9 893.4
Specific heat of the solid phase, Cs (J/kg K) 1123 384.2 1108.2 1093.4 1049.1 975.2 872.1
Thermal conductivity of the liquid phase, k. (W/mK) 92 3343 96.8 101.7 116.2 140.5 172.4
Thermal conductivity of the solid phase, ks (W/mK) 222 398.9 2255 229.1 239.7 257.4 280.7
Thermal diffusivity of the liquid phase, o; (m?/s) 336x107° 344x107° 4.18x107> 416x107° 4.12x10~° 4.05x10~° 395x10°°
Thermal diffusivity of the solid phase, g (m?/s) 7.75x107° 1.11x10"% 943x10~° 947x10"°> 957x10"> 9.74 x10~> 9.96 x 10~>
Latent heat of fusion, 4 (kJ/kg) 396 205 392.2 3884 376.9 357.8 332.6
Liquid/solid surface energy, os. (J/m?) = = 169x107> 169x10~3  169x10~3 169 x 103 169 x 10—
Solute diffusivity, D, (m?/s) = = 35%x10°° 35x10~° 35%x10~° 35x10°° 35%x10°°
Gibbs—Thomson coefficient, I (mK) = = 241x10°7 241x10°7 241x10°7 241x1077 241x1077

2 Calculated.
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The thermophysical properties of these alloys are presented in
Table 1.

3.1. Columnar-to-equiaxed transition (CET) in dendritic and eutectic
alloys

The CET can be observed in Fig. 1(a) for Al-20 wt%Cu and (e) for
Al-33.2 wt%Cu. First of all, no effect of the set of thermocouples in
the transition was observed; either acting as nucleating sites or
changing the solidification structure. From the macrographs
in Fig. 1(a) and (e), it is possible to appreciate that the transition
in grain size is not sharp. The distances of initiation (CETyy,) and
ending (CETpax) of the transition and the average position of the
CET (CETaverage). are shown for each alloy in Table 2. Similarly,
Vandyoussefi and Greer obtained that the CET is gradual in
Al-4.15 wtsMg alloys [26]. Ares and Schvezov reported
observations of CET in Pb-Sn [18] and Zn-Al [19] alloys
indicating that the transition occurs in a region where both
kinds columnar and equiaxed grains co-exist and that in no case
the columnar growth is restored. On the other hand, Ziv and
Weinberg observed that the CET in Al-3 wt%Cu occurred relatively
abruptly, on a near horizontal plane [13], whereas Gandin found
that the CET is sharp [9,10], and Siqueira et al. [7,8] obtained
results similar to those of Ziv and Weinberg in Al-2, Al-5, Al-8 and
Al-10 wt%Cu. The results obtained by Martorano et al. [27] were
in complete agreement with the experimental macrographs of
Gandin [9].

The typical microstructures of solidification in the three
regions, columnar, transition and equiaxed, for two compositions,
Al-20 and Al-33.2, are shown in Fig. 1(b-d) and (f-h), respectively.
In Fig. 1(b-d), the microstructure is dendritic, and in (f-h), the
microstructure is lamellar and rod-like.

Table 2

The results of the present investigation show that there is also
a transition from the columnar to the equiaxed type of solidifica-
tion at the eutectic concentration, 33.2 wt%Al (Fig. 1(e)); the
columnar type of growth is characterized by different grains along
the direction of heat extraction, each presenting a mixed structure
of lamellar and rod-like shapes, and both the grains and the
lamellae are oriented in the direction of heat extraction (Fig. 1(f)).
The transition region presents characteristics similar to those of
the lower concentrated alloys, with grains with no preferred
equiaxed orientation and with lamellar rod-like eutectic struc-
tures coexisting with columnar grains (Fig. 1(g)). The equiaxed
region presents smaller equiaxed grains with a finer lamellar
structure at the center of the grains and a coarser rod-like
structure at the grain periphery. This could be indicating a
different thermal behavior at the periphery of the sample with
respect to the center, which is significant enough to produce a
different eutectic structure in each region.

3.2. Characterization of the thermal parameters

3.2.1. Temperature versus time curves

A typical set of cooling curves is shown in Fig. 2(a) and (c)
utilizing four thermocouples. The thermocouple T; is at the
lowest position and is the first to reach the solidification front,
whereas T is at the highest position. In all the curves it is possible
to identify a period corresponding to the cooling of the melt, a
second period of solidification and a final period of cooling of the
solid to ambient temperature.

3.2.2. Recalescence

In the experiments where the transition occurs, an effect of
recalescence is normally observed [2,18,28]. The characteristics of
this observation can be described using the insets of Fig. 2.

Alloy composition used in the experiments and observations: average cooling rate, T, minimum CET position, CETy;;,, maximum CET position, CETp.x, average CET position,
CETaverage, liquidus interphase velocity at the CET instant, Vi (critical, temperature gradient at the CET instant, Gy(critical, and average values of these parameters for each

alloy concentration.

# Alloy wt%Cu T (K/s) CETwmin CETyax CETave Vi(critical) Gy(critical) Averages values of
(mm) (mm) (mm) (mm/s) (K/mm) parameters for each composition

1 Al-2 wt%Cu 2.1 435 66.9 55.2 1.45 -0.38 Tave =1.6 K/s

2 1.8 38.1 50.8 435 1.82 -0.16 CETave=39.2 mm

3 1.1 18.0 38.8 284 0.83 —0.06 Vi(criticany= 1.16 mm/s

4 1.4 21.0 33.6 273 0.67 0.09 Gi(criticaly= — 0.134 K/mm

5 1.6 34.0 49.0 41.5 1.04 -0.15

6 Al-4 wt%Cu 1.7 37.0 48.5 433 1.28 —0.05 Tave=1.7K/s

7 1.6 32.0 46.6 393 0.95 0.01 CETaye=40.0 mm

8 2.2 40.5 77.9 56.7 1.43 -0.19 Vi(criticany=1.25 mm/s

9 1.3 20.9 343 27.6 1.11 0.08 Gi(criticay= — 0.018 K/mm

10 1.5 22.7 435 33.1 151 0.06

11 Al-10 wt%Cu 24 55.0 744 64.7 1.64 -0.16 Tave =2.0K/s

12 23 50.0 73.8 62.9 1.59 -0.13 CETpye=54.4 mm

13 1.6 30.5 429 36.7 1.16 0.05 Vi(critican=1.46 mm/s

14 1.8 39.0 54.0 46.5 1.33 0.04 Gy(criticay= — 0.06 K/mm

15 2.1 38.3 719 61.1 1.61 -0.10

16 Al-20 wt%Cu 24 56.9 75.1 66 1.79 -0.14 Tave=2.1K/s

17 1.9 39.6 62.4 52 1.49 0.01 CETpye=58.6 mm

18 2.0 36.4 76.8 55.6 1.72 -0.12 Vicriticany=1.68 mm/s

19 1.7 31.5 52.5 44 134 0.07 Gy(criticany= —0.106 K/mm

20 2.7 66.8 84.4 75.6 2.08 -0.35

21 Al-33.2 wt%Cu 2.6 53.7 74.9 64.3 2.16 —0.44 Tave=22K/s

22 2.9 54.0 75.2 64.6 1.97 -0.17 CETave=49.1 mm

23 2.2 34.0 74.6 54.3 1.87 -0.12 Vi(criticany=1.86 mm/s

24 1.7 28.0 40.0 34 1.62 0.00 Gi(criticaly= —0.156 K/mm

25 1.5 16.0 41.0 28.5 1.71 —0.05
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Fig. 2. Cooling curves for two different experiences. (a) and (b) Al-20 wt%Cu, (c) and (d) Al-33.2 wt%Cu. Figs. (b) and (d) represent an enlargement of a short period of time

of a region of Figs. (a) and (c), respectively.

Fig. 2(b) and (d) represents an enlargement of a short period of
time of a region in Fig. 2(a) and (c), respectively, which
corresponds to the CET zone, for thermocouple T3 measured
during both experiments with Al-20 and Al-33.2 wt%Cu.

It is noteworthy to point out that after the start of the
transition, there is a slight increase in the temperature above the
plateau (superheating, ATs), after reaching a minimum value
below the liquidus temperature, Tiiquiaus (Undercooling, ATy). This
recalescence, ATy, (ATR=ATy+ATs) lasts for only a few seconds
(between 7 and 26 s, depending on the composition of the alloy);
however, the region affected could be longer than the separation
between thermocouples (20 mm).

The nucleation time (or undercooling time), Aty, is defined as
the time when the nucleus of solid appears in the melt, between

Tiiquidus and the minimum value of temperature below the liquidus
temperature. Comparing the behavior in relation to the alloy
concentration, it is observed that for the Al-20 wt%Cu alloy, the
nucleation time is about 4 s, much shorter than for the eutectic
alloy, which is around 15 s. The superheating time, Ats, is defined
as the time when there is a diffusion of the latent heat above the
Tiiquiduss When the nucleus started to grow. The superheating time
is about 3 s for Al-20 wt%Cu alloy and 11 s for Al-33.2 wt%Cu alloy.

The average values of undercooling, ATy, and superheating,
ATs, show that both increase with alloy concentration; in the first
case, it increases from 0.33 to 0.64 K, whereas in the second, it
increases from 0.37 to 1.06 K. The added value of recalescence
ATr=ATy+ATs also increases from 0.79 to 1.65 K. Also, the time
involved in each step, that is, Aty, Ats and Atg, is shown in Table 3.
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Table 3
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Measured values of undercooling, ATy, superheating, ATs, and recalescence, ATg, in the position of the CET thermocouple for each experiment, the corresponding interval of

time involved (Aty, Ats and Atgr) and average values of each.

# Alloy wt%Cu ATy (K) Aty (S) Average values of ATs (K) Ats (S) Average values of ATg (K) Atg (S) Average values of
ATy and Aty ATs and Ats ATg and Atg

1 Al-2 wt%Cu 0.37 2.36 0.55 3.79 0.92 6.15

2 0.33 1.84 ATy=0.33K 0.47 3.61 ATs=0.37 K 0.80 5.45 ATr=0.79 K

3 0.31 4.46 Aty=3.06 s 0.42 4.62 Ats=4.71s 0.73 9.08 Atr=7.77 s

4 0.29 1.57 0.38 2.25 0.67 3.82

5 0.34 5.09 0.53 9.27 0.87 14.36

6 Al-4 wt%Cu 0.35 1.61 0.53 6.42 0.88 8.03

7 0.33 3.44 ATy=0.34K 0.57 10.46 ATs=0.54 K 0.90 13.9 ATr=0.87 K

8 0.37 2.13 Aty=2.802 s 0.65 11.93 Ats=7.93s 1.02 14.06 Atg=10.73 s

9 0.30 1.55 0.44 4.37 0.74 5.92

10 0.34 5.28 0.48 6.44 0.82 11.72

11 Al-10 wt%Cu 0.49 8.12 0.87 13.24 1.36 21.36

12 0.44 4.96 ATy=0.45 K 0.88 11.09 ATs=0.84 K 1.32 16.05 ATr=1.29 K

13 0.41 5.14 Aty=5.73 s 0.75 14.37 Ats=14.01s 1.16 19.51 Atg=19.75 s

14 0.43 6.97 0.82 17.46 1.25 24.43

15 0.46 3.48 0.89 13.92 1.35 17.40

16 Al-20 wt%Cu 0.34 1.59 0.98 7.8 1.32 9.39

17 0.55 7.08 ATy=0.52 K 0.83 5.6 ATs=0.90 K 1.38 12.68 ATg=139 K

18 0.67 4.25 Aty=5.38s 0.92 10.13 Ats=11.06 s 1.46 14.38 Atg=19.75 s

19 0.37 6.42 0.80 14.70 117 21.12

20 0.69 7.56 0.98 17.08 1.61 24.64

21 Al-33.2 wt%Cu 0.77 6.04 0.93 18.18 1.70 2422

22 0.69 2.21 ATy=0.64 K 1.04 21.81 ATs=1.06 K 1.73 24.02 ATr=1.65K

23 0.61 8.73 Aty=6.55s 1.01 20.54 Ats=20.79 s 1.62 29.27 Atr=26.54's

24 0.57 5.46 1.09 23.14 1.66 28.60

25 0.57 10.31 0.96 20.28 1.53 30.59

In all the cases, the time implicated increases with the increase in
alloy concentration.

3.2.3. Cooling rates

The cooling rate, T, was determined from the temperature
versus the time curves at each thermocouple position and taking
the average slope during the cooling of the melt, before a period of
solidification. The temperature interval utilized to calculate the
slope was between the liquidus temperature and the highest
temperature above the liquidus reached by the melt before the
furnace was turned off.

Comparing the cooling rates with the distances, which
correspond to the length of the columnar zone, for all alloys, it
is observed that as the cooling rate increases the length of the
columnar grains increases as well. This is possible by comparing
the results of experiments 1-5 for Al-2 wt%Cu, with values of
cooling rates of 1.1, 1.4, 1.6, 1.8 and 2.1 K/s, which result in
minimum columnar zones of 18, 21, 34, 38.1 and 43.5 mm,
respectively (see Table 2).

In order to determine the effect of alloy composition on the
length of the columnar zone, it is necessary to consider the results
obtained with the same cooling rates in Table 2. If we compare
the results of experiment # 5 for Al-2 wt%Cu, experiment # 7 for
Al-4 wt%Cu and experiment # 13 for Al-10 wt%Cu, with approxi-
mately similar cooling rates (1.6 K/s), which result in minimum
columnar zones of 34.0, 32.0 and 30.5 mm, respectively, increas-
ing the aluminum content produces smaller columnar zones at a
given cooling rate. This result agrees with other previously
reported experimental results [9-10,13,29-31].

3.2.4. Temperature gradients

The temperature gradients at all times were calculated
straightforward, dividing the temperature difference between
the two thermocouples by the separation distance between them.

The error in the temperature readings, considering the average
procedure and the sensitivity of the data logger in the digital
process, is AT=0.25K. In the case of the distance between
thermocouples, the error of appreciation is Ax=1mm, from
which the relative error in the measurement of the gradients
results to be AG= —“+ +0.05G, where a separation between
thermocouples of 20 mm was used.

The temperature gradients calculated from the readings of five
thermocouples for Al-2 wt%Cu are presented in Fig. 3. They are
referred as Gy, G,, Gz and Gy4. The period of time is 300 s (5 min),
which comprises the whole solidification process including the
transition. The vertical lines in Fig. 3 show the time at which the
liquidus front reaches each thermocouple position; line T,
coincides with the vertical axis and corresponds to the origin of
the time axis.

In 59.25s the liquidus front reaches the T, thermocouple
position. In 90.64 s the liquidus front reaches the T3 thermocouple
position, which is the time when the transition at T3 occurs. At the
beginning the gradients in the liquid measured from thermo-
couples T3 and T4 where the alloy is liquid are larger, with values
around 6 °C/cm at the bottom of the sample, and 23 °C/cm at the
top. When the transition occurs, these values gradually decrease,
and the temperature gradient in the liquid becomes small and
slightly negative, about —0.162 K/mm in this case; this is the
value of the critical temperature gradient in the liquid, Gy(criticar)
for this experiment. After this, the gradients increase during the
final cool down of the solid. A similar behavior can be observed in
all the samples. The critical temperature gradients in the liquid for
all the experiments are listed in Table 2. The scatter in the values
of the gradient is associated with the fact that the transition
usually occurs between two thermocouples and therefore, the
calculated value is an average over a region which includes the
mushy zone and the melt. In addition, according to the relative
error presented above, at these low values of temperature
differences, the error in the calculated gradients could be as large
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Fig. 3. (a) Scheme of the position of the thermocouples inside the samples during
the experiment and positions of the temperature gradients between the
thermocouples. (b) Temperature gradient curves versus time. Dashed vertical
lines indicate the time at which the liquidus front reaches each thermocouple
positions; the line T; coincides with the vertical axis and corresponds to the origin
of the time axis.

as 45%. Thereby, taking into account these considerations, it can
be concluded that within the error, the alloy composition does not
have an effect on the temperature gradient during the transition.

Comparing in Fig. 3(b) the separation in time (x axis) between the
dashed vertical lines, which determines the time when the liquidus
isotherm (front) reaches the position of the corresponding thermo-
couple, it is observed that between T, and T, there are 59.25s;
between T, and T3, 31.39 s; between Ts and T4 12.69 s and between
T4 and Ts only 5.63 s. This shows that first, there is an acceleration of
the liquidus interphase and, that the transition occurs not only at a
low gradient but also with large interphase velocities.

The variation of undercooling, ATy, and supercooling, ATs, with
the critical temperature gradient, Gi(critica)y iS Ppresented in
Fig. 4(a) and (b). It is important to note that both ATy and ATs
decrease as Gy(criticay increases. Also, the values of undercooling
and superheating are higher when Gi(criticay becomes more
negative, especially for Al-20 and Al-33.2 wt%Cu.

3.2.5. Solidification velocities

In the present investigation rather than the velocity of the
dendrite tips or other interfaces between solid and melt [3] as
shown in Fig. 5(a), it is tracked the solid +liquid interphase defined
by the liquidus temperature using temperature measurements
[28]. It is assumed here that the solid cannot exist beyond the
[liquid/(solid+liquid)] interphase and that the liquid cannot exist
beyond the [(solid +liquid)/solid] interphase. It is only in the mushy
[solid+liquid] zone where all the “interfaces” do exist, and the
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Fig. 4. (a) Undercooling and (b) superheating versus critical temperature gradient.

mushy zone is at temperatures between the local liquidus
temperature and the local solid (or eutectic) temperature.

A schematic representation of the position of the liquidus and
solidus interphases in an Al-Cu sample during vertical directional
solidification with two interphases is presented in Fig. 5(b). A
typical result of the position using experimental data of one alloy
vertically solidified is showed in Fig. 5(c). These figures show the
liquidus interphase and the solidus interphase, which move from
the bottom to the top. The solidus interphase departs after the
liquidus interphase and usually before this interphase reaches the
top of the sample.

The experimental interphase average velocities as a function of
distance are shown in Fig. 5(d). It can be noted that after 20 mm
the position of the liquidus interphase advances very fast. The
solidus front moves well behind the liquidus front at a certain
speed and accelerates much less than the liquid after the
transition. On the other hand, the velocity of the solidus front
remains low. Both velocities are represented in Fig. 5(d). It is
observed that, as a result of this, the size of the mushy zone
increases very fast. Moreover, there is a specific direction of
motion of the interphase which is in the upward direction, thus
indicating that heat extraction is from the bottom and that
nucleation of new grains after the transition is in a cascade mode
rather than in a fully homogeneous nucleation mode.

This pattern was observed in all experiments in which the
transition leaves enough equiaxed regions to acquire data for this
kind of analysis. The velocity at the instant of the CET, which is
equal to 1.8 mmy/s, is pointed out in the same figure and is called
critical liquidus interphase velocity. The critical values for all the
experiments are indicated in Table 2.
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Fig. 6. Schematic showing the type of dendrites formed during the movement of the liquidus interphase from the bottom to the top of the sample. Dendrites type A are
present when the growth is columnar, dendrites type A, B or C are present in the CET region and in the fully equiaxed zone only type B and C dendrites coexists.

The values of temperature gradient and liquidus interphase
velocity at the instant of the CET were determined and called
critical values, Vi(criticaly and Gi(criticar) T€spectively (Table 2). These
critical values are between 0.67 and 2.16 mm/s for the liquidus
interphase velocity and between —0.44 and 0.09 K/mm for the
temperature gradient. Other previously reported results about
liquidus velocity and temperature gradient at the instant of the CET

are between 0.28 and 0.88 mm/s and between 0.28 and 0.75 K/mm,
respectively, which are in the order of values reported here
[5,25-27]; however, Ziv and Weinberg [13] and Siqueira et al. [7]
did not include negative values for the temperature gradient at the
CET. The significance of the negative temperature gradient reported
here was clearly recognized by Gandin [9,10] in Al-Si alloys and by
Ares and Schvezov [18,19] in Pb-Sn and Zn-Al alloys.
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The results presented in this report indicate that both the
interphase velocity and the temperature gradient are critical
parameters associated with the CET. Moreover, in the case of the
liquidus interphase velocity, we found that it is possible to establish
an average critical value of about 1.48 + 0.5 mm/s, which is
independent of the position of the CET, distance from the chill and
alloy composition. It is important to note that the velocity
considered here is the velocity of the liquidus isotherm (interphase),
which could be different from the tip growth rate (see Fig. 5(a)).

In order to estimate the difference in velocities between the
liquidus interphase velocity and the tip growth rate, image
sequences taken by Synchrotron X-ray radiographies by
Nguyen-Thi et al. [22] and Reinhart et al. [23] were employed.
The liquidus interphase velocity is taken as the rate at which the
fastest dendrite tip of columnar or equiaxed move. This front of
advancing columnar or equiaxed dendrites is nearly flat and it is
assumed to have a temperature Ty it is shown in Fig. 6.

During columnar growth where only type A dendrites are
present the calculated dendrite tip velocity is 9 x 10~3 mm/s
which is very similar to the interphase velocity of 1 x 1072 mm/s.
In such case the columnar dendrites move at a velocity which is
about 10% slower than the liquidus interphase velocity.

In the CET region where dendrites type A, B and C coexist the
liquidus interphase velocity is 1.6 x 1072 mm/s and the velocity
of the mostly equiaxed dendrite tips is 1.4 x 1072 mm/s indicat-
ing that they are about 14% slower.

Moreover, in the fully equiaxed zone where only type B and C
dendrites coexist the calculated liquidus interphase velocity is
much faster moving at a speed of 2.2 x 10~2 mm/s. However, the
velocity of the tip of the equiaxed dendrites is only 1.4 x 102
mmy/s or 57% slower than the liquidus interphase velocity.

Fig. 7(a) shows the correlation between the average CET
position for each experiment and the values of critical liquidus
interphase velocity, and it can be appreciated that the position of
the CET increases as the velocity of the critical liquidus interphase
increases. Fig. 7(b) shows that the values of the critical
temperature gradient become more negative as the critical
velocity of the liquidus interphase increases.

3.2.6. Temperature gradient versus liquidus interphase velocity

The temperature gradients and the liquidus interphase
velocity are calculated and correlated with the type of structure,
columnar, CET and equiaxed, present for each pair of values and
represented in a standard G versus V| graph.

The result is shown in Fig. 8 where three regions can be
defined; a fully equiaxed region for high interphase velocities
(2.4 <V, <6.4 mm/s) and low gradients (0.2 < G <2.4 K/mm), a
fully columnar region for large gradients (1.5 < Gy <9.7 K/mm)
and small velocities (0.01 < V| < 1.5 mm/s) and a mixed equiaxed
and columnar region separating the other two regions with
velocities (0.67 <V; <2.16 mm/s) and gradients (—0.44 <G| <
0.09 K/mm).

The Hunt's [12] theory predicts that for temperature gradient
in the melt larger than the value given below columnar growth
will occur, i.e.

G 1/3[ (ATN>3:|
$0.617(10Ng) /3 | 1— (22N | AT, 1)
ATc

On the other hand if the gradient is lower than the value given
below, equiaxed growth will occur, i.e.

3
G<0.617N} 1—<ﬂ) }ATC )

AT¢

In order to compare the prediction from this theory with the
experimental results obtained in this investigation the following
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approach was followed. The value of AT, was taken as

1N 1/2
ate=(V3?) 3)
where A is a constant given by the following equation;

_ 1 B um%weight
A= 4(72%34{”) =300 for Al—Cu alloys 4)



2164

Substituting AT, from Eq. (3) into Egs. (1) and (2) it is possible to
obtain two relations between G and V for columnar and equiaxed
growth, respectively. Such substitutions leave two parameters ATy
and Ny, which are adjusted in such a way as to fit the experimental
results. This is done in a graph similar to that of Fig. 8 with the
difference that now it is log V versus log G graph constructed for
each alloy concentration. In this graph the regions of columnar and
equiaxed growths obtained experimentally are identified and
Egs. (1) and (2) are plotted in the same graph, whose position is
made to fit the experiments adjusting the values of ATy and Ny. The
result for Al-2 wt%Cu is shown in Fig. 9(a) where the two regions
are clearly defined (equiaxed and columnar) and the limiting lines
given by Eqgs. (1) and (2) also clearly separates those fields.

A.E. Ares et al. / Journal of Crystal Growth 312 (2010) 2154-2170

In this case ATy=0.58K and 1cm~>> Np> 100000 cm~>.
First, it is noted that independent of the value of Ny all the curves
converge to a same line for two values of gradient. In addition, it is
possible to observe that in the case of Al-2 wt%Cu, the experi-
mental points fit in the correct region; equiaxed or columnar,
however, it is not possible to establish which value of Ny gives the
best fit since there are no experimental points near this separation
lines. This region corresponds to larger temperature gradients
which is not normally present during the experiments.

However, for the alloys with higher copper concentrations the
comparison shown in Fig. 9(b-d) shows that the best fit
correspond to a value of Ng=100 cm~3. This value of Ny=1000
cm 3 is also the density of grains at the end of solidification and it
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Table 4

Alloy compositions, average grain sizes, gs, primary, 4, secondary, A,, dendritic spacings and eutectic spacings, Z, in each zone of the samples, i.e., columnar zone (CZ), CET zone (CET Z) and equiaxed zone (EZ).

# Alloy wt%Cu Average grain size, g; (mm) Average primary dendritic spacing, 4, (Lm) Average secondary dendritic spacing, 2, (um)
Columnar CET Equiaxed Average values Columnar CET Equiaxed Average values Columnar CET zone Equiaxed Average values
zone zone zone in each zone zone zone zone in each zone zone zone in each zone
1 Al-2wt%Cu 4.05+0.5 148+03 321405 CZ=3.00+0.5 27022 +25 24521+25 251.23+25 (CZ=334.61+36 58.82+50 6412+50 7420+50 CZ=66.50+5.0
2 3.14+05 1.72+03 246+03 CETZ=1.55+03 389.46+36 387.53+36 356.53+36 CETZ=335.77+36 6096+50 6946+50 71.07+50 CETZ=72.41+5.0
3 3.04+0.5 1.23+03 274+04 EZ=275+05 360.22+36 375.69+36 282.80+35 EZ=301.27+36 67.47+5.0 72.08+50 68.87+50 EZ=68.47+5.0
4 255404 1.98+04 214+04 392.53+42 405.13+42 370.11+36 71.68+50 7623+50 66.11+5.0
5 225404 135403 3.19+05 260.61 +£25 265.28 +25  245.68 + 30 73.56+50 80.14+50 62.10+5.0
6 Al-4wt%Cu 329405 126 +03 337+05 (CZ=3.78+05 347.80+36 284.85+30 257.92+30 (CZ=361.67 +36 4211+ 50 6291+20 61.42+40 C(CZ=54.92+5.0
7 3.46 +£0.5 1.04+03 247405 CETZ=132+03 317.26+36 391.50+42 249.27+25 CETZ=353.90+36 4847+50 6838+4.0 6520+30 CETZ=72.07+5.0
8 3.78+0.5 1.66+03 3.15+05 EZ=297+0.5 35894+36 330.63+36 287.28+30 EZ=303.94+36 57.58+5.0 72.05+50 63.48+50 EZ=69.88+5.0
9 4.05+0.5 1.12+03 283405 373.76 £36  317.14+36  305.62 +36 58.99+50 75.09+50 79.17+5.0
10 4.32+0.5 1.52+03 3.03+0.5 410.61+42 44539+42 419.61+42 6743+45 7892+50 80.12+5.0
11 Al-10wt%Cu 2.06+04 135403 217+0.3 (CZ=237+0.5 257.2+25 29891 +30 221.86+25 (CZ=419.14+42 20.72+3.0 41.02+4.5 4594+50 C(CZ=35.14+45
12 211+04 124+03 1.72+0.3 CETZ=1.14+03 337.78+36 381.19+35 361.52+36 CET Z=445.77+42 3632+45 46.86+50 50.26+5.0 CET Z=48.82+5.0
13 238+04 1.10+03 228+0.3 EZ=1.80+0.5 440.72 +42  475.54+42 377.30+36 EZ=337.73+36 36.88+4.5 4744+50 5250+50 EZ=52.26+6.0
14 2.52+03 1.06+03 1.61+0.3 520.8 +50 523.11 £50  415.56 +42 38.03+45 5332+50 55.11+5.0
15 2.79+03 097+03 1.25+0.3 539.2 +50 550.12+50 312.41+36 4376 +4.5 5549+5.0 57.26+5.0
16 Al-20wt%Cu 1.50 + 0.4 1.51+03 155+0.3 C(CZ=1.77+0.5 - - - CZ=430.64 + 42 18.84+3.0 34.12+5.0 2596+3.0 (Z=29.73+4.0
17 1.62+04 135403 1.79+0.3 CETZ=129+03 42523+42 4432+42 226 +£20 CET Z=429.63+42 2592+3.0 3946+50 4250445 CETZ=37.40+45
18 1.75+04 121+03 125+0.3 EZ=1.64+05 - - - EZ=223.51+20 3261+4.0 37.08+50 5240+5.0 EZ=42.53+05
19 1.96 + 0.4 1.13+03 196+0.3 397.46+42 3989+ 36 191.7 £ 20 3528 +45 3623450 46.71+5.0
20 2.05+04 1.29+03 1.64+0.3 469.23 +50 446.78 +42  252.82 +20 36.01+4.5 40.14+5.0 45.09+4.5
# Alloy wt%Cu Average grain size, g; (mm) Average eutectic spacing, 4 (Lm)
21 Al-332wt%Cu  1.25+0.2 1.23+03 392405 (CZ=159+03 0.05+0.005 0.06 +0.005 0.06+0.005 CZ=0.07+ 0.005
22 1.12+£0.2 1.24+03 3.26+03 CETZ=143+0.3 0.04+0.005 0.03+0.005 0.04+0.005 CETZ=0.10+ 0.005
23 1.52+0.2 153+03 3.03+04 EZ=3.24+0.5 0.08 +0.005 0.12+0.005 0.17+0.005 EZ=0.14+0.05
24 1.96 +£0.3 138+04 274+04 0.1 +0.05 0.15+0.05 0.25+0.05
25 2.13+03 1.76 £+ 03 3.27+0.5 0.09 +0.05 0.17 £0.05 0.19+£0.05
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is indicating that during the transition and equiaxed solidification
there is no significant melting of grains.

This is supported by the observations due to Nguyen-Thi et al.
[22], who sequentially took pictures at different times in
Al-3.5%Ni by X-ray radiography in samples 200 pm thick, 40 mm
in length and 6 mm in width. The estimated density of grains in
this case is in the order of 2000 cm > and Npax= 12,500 cm 3.

In the special case of the eutectic alloy, the measured spacing
of the lamellar structure for equiaxed growth is compared to the
prediction given by the Hunt model [12] by means of the
following equation:

7= (1=¢c)BAT) ™" + ¢ 7 (5)

where

b~ @ = equiaxed volume fraction, where rc is the
maximum size of the equiaxed grains.

ATc = (%)1/ % — the fraction that is liquid behind the front;

bcie= [Jc2dp=B'¢c [, R+A")*R2dR
3B Pc {5(A”+1)8/3716(A”+1)5/3A”+20AH2(A”+])2/3*9A//8/3}

40
~ 9B (3rcVG\ T3
R R

" ¢cB
If A >>1:>ATN

An average of both is given by Eq. (5), where B=21.6 K um
[12].

The results are shown in Fig. 9(e) where it is possible to
observe that the experimental points and despite the scattering,
are well above the solid line corresponding to the predictions
from Eq. (5). The large difference of one order of magnitude
could be attributed to the assumptions of steady growth made in
the model which is not the case for the present experiments
where it has shown a large difference in spacing between
the center and the periphery of the grains. The spacing shown
in the figure is the average measured spacing in the columnar and
equiaxed zones.

3.3. Characterization of the metallographic parameters

3.3.1. Grain size

The results of grain size measurements show that in the
transition region the equiaxed grains are small and that after the
transition in the equiaxed zone ahead the grain size may have any
behavior, that is, increase, decrease or remain constant (see
Table 4).

For example, for Al-2wt%Cu, the average grain size in the CET
zone is 1.55 mm and in the equiaxed zone 2.75 mm; for Al-4%Cu
1.32 mm in the CET zone and 2.97 mm in the equiaxed zone; for
Al-10wt%Cu 1.14 mm in the CET zone and 1.80 mm in the
equiaxed zone; for Al-20wt%Cu 1.29 mm in the CET zone and
1.64 mm in the equiaxed zone; and for Al-33.2wt%Cu 1.43 mm in
the CET zone and 3.24 mm in the equiaxed zone.

Comparing these results with published results for similar
experiments, it is observed that for the same Al-2 wt%Cu alloys, in
experiments evolving the transition, similar equiaxed grain sizes
have been obtained [7]. However the columnar width reported is
about 50% wider. This could be attributed to the larger cooling
velocity used in the present investigation, which may affect
columnar growth, and, to a larger extent, to the smaller sample
size, which reduces convection and as a result produces larger
temperature gradients.

3.3.2. Primary dendritic spacing

The average primary and secondary dendritic spacing for each
alloy and composition is listed in Table 4 in the columnar,
transition and equiaxed regions. The primary spacing is observed
to be larger in the columnar and transition regions, where
columnar grains co-exist with equiaxed grains, than in the fully
equiaxed zone. For instance, for the Al-2 wt%Cu alloy, 4; drops
from 334 and 335 pum in the columnar and transition regions,
respectively, to 301 pum in the equiaxed zone.

Similarly, for the Al-20 wt%Cu alloy, the spacing drops from
430 and 429 pm for the first two zones to 223 pum in the equiaxed
zone. In general, the primary spacing reaches a peak value for the
columnar grains in the transition zone and then decreases around
30% in the equiaxed region. However, the abrupt change in
solidification made from the columnar to the equiaxed zone does
not significantly affect the primary spacing. The change from
columnar to equiaxed is not only in the solidification mode but
also in the solidification time, which increases substantially from
the columnar to the equiaxed region.

3.3.3. Secondary dendritic arm spacing

The secondary spacing, /A,, is larger for the transition and
equiaxed zone than for the columnar zone. For the Al-2 wt%Cu
alloy, for instance, the spacing is 72 and 68 pum for the transition
and equiaxed zones, respectively, and 66 pm for the columnar
zone. Similarly, for the Al-20 wt%Cu alloys, the respective values
are 37 and 42 um for the transition and equiaxed zones and
29 um for the columnar zone. This pattern is repeated for all the
concentrations below the eutectic composition (see Table 4).

3.3.4. Eutectic spacing

In the case of the eutectic alloys we showed that the transition
from the columnar to the equiaxed zone occurs with character-
istics similar to those observed for the other concentrations. The
resultant lamellar, rod-like or mixed solidification microstruc-
tures have parameters which also depend on solidification
conditions, mainly velocity. The measurements show that the
average spacings increase from 0.07 pm in the columnar zone to
0.10 um in the transition region and to 0.14 pum in the equiaxed
region, indicating an important reduction in the solidification
velocity in this region of the sample (see Table 4).

3.4. Relationship between thermal and structural parameters and it
relevance to the CET

3.4.1. Width of columnar grain versus cooling rate

The correlation between the width of the colu‘mpar grains and
the cooling rate is presented in Table 5 as W =aT ~, where a and
b are fitting parameters; a indicates the standard or absolute
reference size for each concentration and b the degree of
dependence of width with T. It is observed that this correlation
is larger for lower copper concentrations and decreases as the
concentration increases from 4.47 for Al-2 wt%Cu to 2.41 for Al-
33 wt%Cu, showing that in general the width decreases as the
concentration increases, thus resulting in a structure finer than
normally observed. On the other hand, the value of b indicates the
sensitivity of width with cooling rate. In all cases the value is less
than one with the highest sensitivity at 2 wt%Cu, the lowest
sensitivity at 10 wt%Cu, and an increasing sensitivity at 20 wt%Cu.

3.4.2. Primary dendritic spacing versus liquidus interphase velocity
and versus cooling rate

The primary spacing as a function of the liquidus interphase
velocity for the columnar region where the dendrites grow at a
similar rate is shown in Fig. 10 for Al-2 wt%Cu. It is observed that
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the spacing decreases with the interphase velocity, following a
behavior similar to the predictions of the different theories
proposed in the literature by Trivedi [32-34], Kurz and Fisher
[35], Hunt [36] and Okamoto and Kishitake [37], However, the
predictions differ from the experimental measurements in as
much as 50%, being the predictions by Trivedi the closest to the
measurements.

The equations proposed by the above-mentioned authors are
as follows:

Trivedi [32-34]

21 =2+/2G2VA[LkATorD]V* (6)

Table 5

2167
Kurz and Fisher [35]
1/2
P 6AT (D  ATok o
G(],k) Vir G
Hunt [36]
21 =232{DI [m(k—1)]Co}/*G-12y-1/4 8)
Okamoto and Kishitake [37]
21 = 2¢[-DCom(1—k)]/*(VG)~1/2 )

The thermophysical data used in the calculation are shown in
Table 1 and the meaning of each symbol is indicated at the end of

Alloy compositions and expressions for the estimation of width of columnar grains (W), primary (4;), secondary () dendritic arm spacings and eutectic (1) spacings
in each zone of the samples (columnar, CET and equiaxed) correlating with thermal parameters: cooling rate, T, liquidus interphase velocity, V;, and local solidification

time, tg;.

Alloy wt%Cu W versus T (mm) /4 versus Vi (pm)

J versus ts [38] (um)

2 versus ts [39] (um) Jo versus T[40, 41] (um)

Al-2wt%Cu Wcony=4.47 T~°88 J1 = 156 V-00%

L(Col)
J1 =332V, 0588

Al-4wt%Cu Wcony=4.44 T-°72 Jq =167 V-0.182

L(Col)
I =346 V91

Al-10wWt%Cu Wcony=2.84 T7%37 21 =174V-0205

L(Col)

I =462V, 220

Al-20wt%Cu Wicop=2.52 7988 7 _05y-0426

L(Col)

Jq =381V Q&6

Jacoly = 11.9#[tsycon]'/> = 65.9
o = 11.9x[tsycen]'* =71.8
h AaEqui) = ]]Ag*[tSL(Equi]]IB —68.4

Jacoly = 11.1#[tsycon]'/? = 53.1
Jocery = 11 1#[tsycen)]'/3 = 71.7
= Joequiy = 11.1{tspgqu]'/> = 69.83

Jacoly = 9-8+ltsicon]'? =351
o) = 9.8#tsycem)]'/? =48.8
B akquiy = 9-8+[tsyqup]/? = 52.4

Za(coly = 8.84[tsicon]'® =29.6
Jocemy = 8.8tsycen]'? =35.5
= Ao Equiy = 8-8*[ts gquiy]'/® = 42.4

Ja(con=83.6+T047=67
Jacery=89.7+T%41=74
Ja(Equiy=91.9+T°38=70

Ja(coly = 10[tst cop]"/? = 130.4
Jocery = 10#{tsycen]'/? = 148.3
Aokquiy = 10%[tsyqui]/? = 137.9
Ja(coy=88.8+T 07460
Jacen=94.5+T%41=76
Jo(Equiy=99.2+T %63 =71

Ja(coly = 10[tsycop]"/? = 105.2
Jocery = 104{tsycen]'/? = 164.6
Ao = 10%[tsi gquiy]/? = 157.8
Jaco=46.2+T 03237
Ja(ceny=77.9+T~%64=50
Ja(Equiy=88.5+T 074 =53

Zacoty = 10#ts1(con]'/? = 68.2
Jocery = 10#{tsycen]/ = 111.3
A2 = 104[ts; gqui]'/? = 123.6
Ja(coly=49.4+ T—0.63=31
Jocery="54.4x T~052=37
)~2(Equi):54.5*T’0‘32:43

Jacony = 10[tsyco]'/> =61.6
Jacemy = 10#[tscen]'/? =81.2
)y = 104[tsygqui] /% = 105.9

Alloy wt%Cu W versus T(mm) A versus Vi (um) A versus tg (Um)

A versus ts; (pm) J versus T (um)

Al-33.2wt%Cu Wicoly=2.41T-088 7. —0.06 V-0510

L(Col)
Ne 0437
4=0.10 Vi g

1= 0487
4=0.23 Vi

Jcoly = 0.01224[t5co]'/* = 0.06
Jcery = 0.0122+[tsiceny]'/? = 0.11
Jgaqui) = 0.0122[tsy gqui] /> = 0.17

Jcony=0.121x T-98°-0,06
Jcen=0.158x T-046-0,11
MEquiy=0.288+T~267=0.17

Jicon = 0.010x{tsy con]/% = 0.12
cery = 0.010x[tsice)] /2 = 0.18
A= 0.010%[tsy gquiy]/? = 0.25
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Fig. 10. 2, versus liquidus interphase velocity in columnar zone, Al-2 wt%Cu.
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the paper (list of symbols). The primary spacing is inversely related
to the liquidus interphase velocity in the columnar and the CET
zones as )qza(VL(cOl))*b; such correlation is also calculated and
presented in Fig. 10 for Al-2 wt%Cu and in Table 5 for the other
three alloys. However, it is observed that the value of a in the
columnar zone increases from 156 for Al-2 wt%Cu to 205 for
Al-20 wt%Cu, as well as the value of b, changes from 0.096 to 0.42.
In the CET zone the value of a increases from 332 for Al-2 wt%Cu to
381 for Al-20 wt%Cu and the values of b changes almost in similar
way to the values in the columnar zone.

3.4.3. Secondary dendritic arm spacing and eutectic spacing versus
local solidification time

The local solidification time, ts;, at each thermocouple position
is determined by the period of time taken by the temperature to
go from the liquidus to the solidus temperature.

A.E. Ares et al. / Journal of Crystal Growth 312 (2010) 2154-2170

As it is well established, the secondary spacing, 1, is
associated with the local solidification time, ts;, quantitatively
related to A, oc /£ [38], as a good approximation, or to t;soc /3. In
Table 5 the secondary spacing in equiaxed zone is a function of
18, which is presented with a coefficient adjusted for each alloy
within 5% of scatter. It is observed that the coefficient decreases
monotonically as the alloy concentration increases from 11.9 for
Al-2 wt%Cu to 8.8 for Al-20 wt%Cu, indicating a slightly lower
effect of local solidification time with spacing.

It is, therefore, important to point out that there is a very good
correlation between A, and t/£. However, the correlation
proposed by Grugel [39] as A,oc10t/£ is consequently not as
good and the error is around 21%.

Also, Table 5 shows the correlation with the eutectic spacing
versus the local solidification time. In this case, there is a better
correlation between / and t}£ than between 1 and t/&.

90
T ¢T=1.0K/mm
80 H
oT =2.0K/mm
70 T AT =2.9K/mmH
60 T .T_ . +
E 50 4 S N
S i -
240 L T~
-~ . i
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A
10
0 + + : +
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Fig. 11. /, versus weight percent of copper.
100 g
A Moore and Elliott
@ Cooksey et al
10 - A Chadwick | |
] o Livingston et al
@ Present Research
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<
Aother Authors = 0,351 6.v-0:438
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Fig. 12. / versus growth rate.
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As a conclusion, the correlations that best fit the values of 2,
and A with t;s are A, oct}8 and Aoct}£, respectively, which can be
used to establish the solidification conditions in each region using
these relations. An increase of 40% in secondary spacing for the Al-
2 wt%Cu alloy from the columnar to the equiaxed transition is the
result of an increase of approximately three times in solidification
time, or in the case of the Al-20 wt%Cu alloy a 32% increase in A,
resulting an increase of 2.3 times in tis.

3.4.4. Secondary dendritic arm spacing and eutectic spacing versus
cooling rate

In addition to the above correlations, it has been proposed [40]
that the secondary spacing is inversely related to the cooling rate.
Such correlation is also calculated and presented in Table 5 as
Ja=a(T)?. A value of a=50 has been proposed by Jones [41].
However, it is observed that the value of a as well as that of b
change from alloy to alloy and with the zone where it is
determined, i.e. columnar, CET and equiaxed, showing the
limitation to interpret and use this correlation.

Furthermore, the correlation between eutectic spacing, A and
T, obtaining different expressions and values of constants a and b
for each zone of the sample, is presented in the same table.

Fig. 11 shows the effect of the solute content in the secondary
dendritic spacing for four Al-Cu alloys solidified with three
different cooling rates. It is possible to see that as the Copper
content increases, the secondary dendritic spacing decreases for
the same cooling rate, T. In addition, for the same alloy content, as
the cooling rate increases the secondary dendritic spacing
decreases. These data are consistent with those obtained by
Horwarth and Mondolfo [42] in the same alloy system.

3.4.5. Eutectic spacing versus growth rate

The correlation between eutectic spacing and growth rate is
presented in Fig. 12 for different experiments extracted from the
literature [43-46]. In this figure, the gray and white points
correspond to the results obtained by other authors in Al-Cu
alloys and the red points correspond to the results obtained in the
present research.

The values of A versus the growth rate obtained by other
authors fit the Eq. 1=0.3516V, %48, As mentioned above, it
should be noted here that in the present study the critical liquidus
interphase velocity, Vi(criticaly Was correlated with the eutectic
spacing, A; the error in considering the liquidus interphase
velocity as a measure of the tip growth rate is less than 15% and
it is manifested by the dispersion in the behavior of the red points
with respect to the fitting line in Fig. 12. Moreover, expressions
corresponding to a correlation of / versus V; at the columnar, CET
and equiaxed zones are presented in Table 5.

4. Conclusions

The main conclusions of this investigation on the CET in Al-Cu
hypoeutectic and eutectic alloys are as follows:

1) The transition in a wide range of Cu concentration between 2
and 33 wt% occurs in a zone rather than in a sharp plane,
where both columnar and equiaxed grains in the melt coexist,
as previously reported for Pb-Sn and Zn-Al alloys.

2) The transition at the eutectic concentration presents char-
acteristics similar to those for hypoeutectic alloys. The
resultant lamellar, rod-like or mixed solidification microstruc-
tures have parameters that also depend on the solidification
conditions, mainly velocity.

3) From the calculation of thermal parameters, we found that the
temperature gradient and the velocity of the liquidus inter-

phase reach critical values at the CET. These critical values are
between 0.67 and 2.16 mm/s for the interphase velocity and
between —0.44 and 0.09 K/mm for the temperature gradient.
Also, the average CET position increases as the liquidus
interphase velocity increases. Undercooling and superheating
decrease as the temperature gradient at the CET increases. The
critical temperature gradient becomes more negative as the
critical velocity of the liquidus interphase increases.
4) The measurements of the metallographic parameters show
that: (a) in the transition region the equiaxed grains are small
and after the transition the grain size may increase, decrease or
remain constant. (b) The primary spacing for all Cu concentra-
tions is larger in the columnar and transition zones where
columnar grains co-exist with equiaxed grains than in the fully
equiaxed zone. The primary spacing reaches a peak value for
the columnar grains in the transition zone and then decreases
around 30% in the equiaxed region. (c) The secondary spacing
is larger for the transition and equiaxed zone than for the
columnar zone.
Different expressions and values of constants correlating
metallographic and thermal parameters were obtained; it is
important to note that expressions and constants change from
alloy to alloy as well as with the zone where they are
determined, i.e., columnar, CET or equiaxed zones.
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