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Abstract The aim of this work was to investigate the effect
of different cooling rates on the microstructure and solidifi-
cation parameters of 2024 aluminum alloy. Solidification
characteristics are recognized from the cooling curve and its
first and second derivative curves which have been plotted
using thermal analysis technique. In this study, a mold
having high cooling rate was designed and used to simulate
the direct-chill casting process. The results of thermal ana-
lysis show that the characteristic parameters of A12024 alloy
are influenced by cooling rate. The cooling rates used in the
present study range from 0.4 to 17.5 °C s '. Increasing the
cooling rate affects the undercooling parameters both in
liquidus and eutectic solidification regions. Investigations
showed that solidification parameters such as nucleation
temperature, recalescence undercooling temperature, and
range of solidification temperature are influenced by varia-
tion of cooling rates. Microstructural evaluation was carried
out to present the correlation between the cooling rate and
dendrite arm spacing.
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Introduction

Al2024 alloy in Al-Cu-Mg alloys system developed to use
in aerospace applications due to its low density and good
damage tolerance. The high strength in this alloy is pri-
marily derived from the precipitation and redistribution of
fine Al,CuMg particles. Typical applications of this alloy
include aircrafts structures, rivets, and truck wheels [1, 2].

The casting of extrusion billets and rolling ingots of
aluminum alloys such as Al2024 billets has principally
been carried out by the direct-chill (DC) casting process.
The DC process has been classified into vertical direct-chill
(VDC) casting and horizontal direct-chill (HDC) casting
process. The cooling rate used in these methods is high,
and its range is between 10 and 18 °C s™'. During DC
casting, alloy composition and casting parameters are
critical for the formation of solidification defects. The main
process parameters that can be controlled and affect to a
great extent the quality of the billet and its structures are as
follows: the casting speed, water flow rate, and melt tem-
perature [3, 4]. To control these parameters, computer-
aided cooling curve thermal analysis (CA-CCTA) is a good
technique that can be used [5-7].

Thermal analysis is used extensively in casting process to
control the quality of the metals. The cooling curve method is
useful for commercial applications for a number of reasons: it
is simple, inexpensive, and provides consistent results. This
technique is a good choice for obtaining fundamental rela-
tionship between cooling curve characteristics and melts
[6, 7]. An accurate thermal analysis system should be able to
quantify parameters such as grain size, dendrite coherency
point, level of modification, temperature of intermetallics
formation during solidification, solid fraction, and latent heat
[8-10]. In most researches, thermal analysis method is used to
determine the solidification characteristics of aluminum
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casting alloys, but a few researches have been done on
wrought aluminum alloys [11]. Assessment of solidification
parameters in high cooling rate condition is difficult. The
reason is, when a molten metal is solidified by high cooling
rate, the latent heat of any reaction in solidification process is
released quickly, and reactions peaks in cooling curve and
first derivative curve are too hard to be detected. In addition,
most of intermetallics in wrought aluminum alloys have a low
amount of latent heat in comparison with some compounds
such as silicon-rich intermetallics in cast aluminum alloys.

Effect of cooling rate on the structural features of 2000
series alloys has been investigated by some authors [11].
According to their work, increasing the cooling rate refines
all microstructural features including grain size, dendrite
arm spacing (DAS), and intermetallic phases. Dendrite arm
spacing is affected by increasing the cooling rate much
more than other microstructural features [12].

Flemings had concluded that increasing the cooling rate
improved not only the soundness, but also more signifi-
cantly affected the refinement in dendritic structure [12].
He presented a correlation for secondary dendrite arm
spacing for a wide variety of alloys. These equations were
“DAS = A(#y)" and DAS = B(C.R)""”. In these equations,
t¢ is the time interval between liquidus and solidus, C.R is
cooling rate, A and B are constant, and n is in the range
from 0.33 to 0.5 [13-17]. Effect of two cooling rates on
2024 aluminum alloy was studied by Backerud et al. [11]
They presented an equation “DAS = 102.33(C.R)"***”
for this alloy. Also Flemings et al. [16] reported
“DAS = 45(C.R)"**° and DAS = 7.5(1)"*” equations
for Al-4.5 mass% Cu alloy. The main aim of this research
was to study the microstructure and solidification param-
eters of 2024 wrought aluminum alloy. To achieve this
purpose, computer-aided cooling curve thermal analysis
was used. Microstructure of the alloy was studied at dif-
ferent cooling rates. Also, a numerical equation was pro-
posed to predict cooling rate by measuring DAS in this
alloy.

Experimental
Material and melting

Commercial 2024 aluminum alloy was used in this research.
Its chemical composition is given in Table 1. Seven types of
molds having different cooling rates were used to investigate
the influence of cooling rate on the solidification character-
istics. To simulate the direct-chill casting process which has
high cooling rate condition, water circulated steel mold was
designed. The dimensions of the mold are shown in Fig. 1.
500 g of Al2024 alloy was melted in an electric resistance
furnace in each experiment, and the melt was maintained at a
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Table 1 Chemical composition of 2024 aluminum alloy

Alloy composition  Elements/mass%

Cu Mg Mn Fe Si Al

Al2024 alloy 4.33 145 063 023 016 Bal

temperature of 750 & 10 °C. The melt was degassed with
nitrogen-base degasser capsule for 5 min and was regularly
stirred to achieve a homogenized melt. After melting, the
oxide layer was skimmed from the surface and the molten
metal poured into the mold. Samples were solidified in wide
range of cooling rates from 0.4 to 17.5 °C s~". In each cooling
rate, three samples were cast, in order to check the repro-
ducibility and the accuracy.

Thermal analysis

Cooling curve thermal analysis was performed on all samples
using K-type thermocouples (chromel-alumel) manufactured
by OMEGA engineering company (OMEGA Engineering Inc,
Stanford, Connecticut, USA). It was inserted into a stainless
steel sheath and connected to a high-speed data acquisition
system. The signal was recorded each 0.1 s for all experiments.
The thermocouples were located at exactly the same depth in
the melt (at a location of 20 mm from the bottom of the mold).
Analog to digital (A/D) convertor used in this work has a
sensitive 16-bit convertor (resolution of 1/2'° or 0.0015 %),
response time of 0.02 s, and high accuracy detection. Thermal
analysis program can simultaneously display the cooling
curves, temperature, and time on the monitor of the computer
for an instant observation. Each test was repeated at least three
times. Time—temperature data (the variation of temperature
with time) were recorded with the frequency of 10 readings per
second and plotted using Origin pro.8.6 software (Origin Lab
Corporation, Northampton, MA). The adjacent averaging
method over 20 points was applied to each data to smooth the
thermal analysis curves. Before each series of tests, the ther-
mocouples were calibrated with melting and solidification of
high purity aluminum (99.99 mass% Al). The processing
included smoothing, curve fitting, plotting the first derivatives,
identifying the onset and end of solidification, determining
solidification parameters such as cooling rate, nucleation
temperatures, recalescence undercooling, solidification range,
and total solidification time. There are some differences in
defining the thermal analysis parameters in the literature. To
avoid this, solidification parameters used in the present work
are given in Table 2.

Microstructural evaluations

All samples were sectioned horizontally through the place
that the tip of the thermocouples was located and prepared
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Fig. 1 Dimensions of
circulated water mold (units in
mm)

Table 2 Solidification characteristic parameters are shown in Fig. 2

Characteristic Characteristic description

symbols

TN a-Al dendrite nucleation temperature

AT, Liquidus undercooling temperature (=7 ares; —
Tntin,o)

AT, Range of solidification (=Tny — T)

CR Cooling rate in mushy zone

ATgr Recalescence undercooling temperature
(=T — Tmino)

Tmin.o a-Al dendrite minimum temperature

T arrest Turning point of cooling curve d*Tdr 2 =0

T6.u a-Al dendrite growth temperature

T, Solidus temperature (end of solidification)

te Total solidification time

for metallographic study. They were mechanically polished
and then etched for metallographic observations. Keller’s
reagent (5 mL hydrofluoric acid, 10 mL hydrochloric acid,
20 mL nitric acid, and 65 mL water) was used for micro-
structural study. The prepared surfaces were studied using a
Unimet optical microscope. Furthermore, to measure den-
drite arm spacing, Clemex vision PE 3.5 software (Clemex
Technologies Inc., Longueil, Quebec, Canada) was used.

Results and discussion
Thermal analysis parameters

Thermal analysis parameters which were analyzed in the
present study are illustrated in Fig. 2. As seen, the liquidus
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region is magnified to indicate clearly the various param-
eters analyzed, and how they are measured from the ther-
mal analysis curve. In this research, cooling rate is
calculated from the slope of the line portion between the
liquidus and eutectic regions. According to Gruzleski and
coworkers [18] investigation, nucleation temperature is
obtained from the second derivative curve. When solidifi-
cation process starts by nucleation of primary o-Al den-
drites, a quantity of second derivative ascends quickly, and
detectable peak related to start of solidification appears in
the second derivative curve. Nucleation temperature of
primary o-Al dendrites is coincidence on minimum point
of the valley just before the perceptible peak which is
related to the starting point of solidification in the second
derivative curve. This point is demonstrated in Fig. 2.
Increasing the amount of second derivative at start point of
solidification is in accordance with variation of slope of the
line at first derivative curve. At first derivative curve, by
starting the solidification process, the slope of the line is
changed, and the first derivative quantity gets more positive
value. Increasing in both second and first derivative curves
is related to the amount of latent heat which is released
during formation of first solid phase nuclei in molten metal.
Therefore, some researchers used the first derivative curve
to detect the nucleation temperature instead of the second
derivative curve [5, 8]. Although detecting of nucleation
temperature using the second derivative curve has a neg-
ligible error, detecting of the variation of slope at the first
derivative curve is more difficult and needs high accuracy
equipment. Since by smoothing operation, changing in
slope of the line can be fade, this operation can have some
effects on detecting the nucleation temperature via the first
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Fig. 2 Solidification
parameters in cooling curve and
first derivative curve
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solidification is achieved from the first derivative curve
[18-22]. This parameter is obtained from the first minimum
point of this curve after the last sensible peak related to end
of solidification in the first derivative curve. These 53\
parameters are shown in Fig. 2. The cooling rates obtained '%
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formation. As seen in this Figure, formation temperatures
of the various phases are changed when the cooling rate is
changed. The cooling rate is related to the heat extraction
from the sample during solidification [23]. At low cooling
rate, the rate of heat extraction from the sample is slow,
and the slope of the cooling curve is small. But at high
cooling rate condition, the rate of heat extraction is fast,
and the slope of the cooling curve is steep. By increasing
the cooling rate, the cooling curve is shifted to narrow time
intervals. Also, observation of peaks in the cooling curve
becomes more difficult, at high cooling rates. The cause of
this event is, where the cooling rate is increased, released
latent heat of the phase reaction is extracted from the
system quickly. So, the reaction peak is occurred in smaller
time interval.

The effect of cooling rate on the nucleation temperature
(liquidus temperature) and solidus temperature of Al2024
alloy is illustrated in Figs. 4 and 5. As the cooling rate
increases from 0.4 to 17.5°C sfl, the nucleation
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Fig. 3 Effect of different cooling rates on cooling curve of A12024: /
15.41, 2 2.46, 3 1.14, 4 0.74, 5 0.65, 6 0.42 (units in °C s~ ")

temperature decreases from 643.1 to 635.7 °C, and solidus
temperature reduces from 489.0 to 457.9 °C. This is in
accordance with Backerud et al. and Samuel et al. [11, 24]
investigations. The main reason for this event is probably
related to the kinetics of diffusion in both liquid and solid
states. According to Porter and Shewmon researches, when
molten metal is cooled from above the liquidus tempera-
ture, increasing the cooling rate causes deviation of liqui-
dus and solidus lines from their equilibrium lines [25, 26].
Since the rate of diffusion in liquid state is intrinsically
high, this deviation in liquidus line is approximately neg-
ligible. As a result, by increasing the cooling rate, both
liquidus and solidus temperature are decreased, and this
reduction is higher in solidus line.
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Fig. 4 Nucleation temperature versus cooling rate in A12024
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Fig. 5 Solidification temperature versus cooling rate in Al12024

But some researchers have observed the enhancement of
nucleation temperature by increasing the cooling rate
[21-23, 27, 28]. They present that the solidification rate
depends on the mobility of clusters of atoms in the melt. In
this point of view, increasing the cooling rate increases the
heat extraction, and the melt is cooled to a lower temper-
ature than the equilibrium melting point. This condition
causes the increasing of potential substrates to nucleate.

Liquidus undercooling temperature of Al2024 alloy,
ATy, is the difference between the turning point of cooling
curve, Tapes, and minimum temperature, Ty, and rec-
alescence undercooling temperature, ATy, is the differ-
ence between growth temperature, TG, and Ty, These

Table 3 The effect of cooling rate on the liquidus and recalescence
undercooling temperature

Cooling rate/°C s~ 0.418 0.648 0.744 1.14
ATy/°C 0.067 0.153 0.414 0
ATg ,/°C 0.143 0.320 0.912 0

temperatures are clearly shown in Fig. 2. Undercooling
parameters are only observed in low cooling rates. In
medium and high cooling rates (higher than 2 °C s™"), the
latent heat of primary o-Al formation is released and
extracted from the system very fast. In these conditions, the
first derivative curve does not intersect the d7/dt = O line.
Therefore, Twvin, Tarmests and Tg could not be calculated.

The effect of cooling rate on the liquidus and recales-
cence undercooling temperature of Al2024 alloy, ATy, and
ATr, is given in Table 3. As seen in this Table, by
increasing the cooling rate, these parameters increase ini-
tially and then decrease at higher cooling rates. This
behavior shows a very resemblance to the Charbonnier
investigation, where the ATy, is correlated with the grain
size of the casting [29]. Also, similar behavior of ATy
parameter is represented by Gowri et al. [30] in other
experiments.

According to some literature, there is a critical amount
of cooling rate, in which, ascendant behavior of ATy and
ATg , characteristic is changed to decrease [24, 29, 30].
The main reason for undercooling enhancement in the first
stage is not clearly presented to now. But it can be related
to thermal saturating of the molten metal. In low cooling
rates, the rate of latent heat releasing is higher than the
heat extraction rate from the system. This event causes
thermal saturating of the melt. After the critical cooling
rate, the reason of decreasing ATy and ATy, is related to
the heat extraction rate from the melt. By increasing the
cooling rate, the influence of extraction heat rate becomes
dominant. In this condition, existing nuclei in the melt
become more activated, and the growth condition is
facilitated.

The influence of cooling rate on total solidification time,
t;, and the range of solidification temperature, AT, are
illustrated in Figs. 6 and 7, respectively. Most investiga-
tions were focused on these parameters. By increasing the
cooling rates, the slope of cooling curve becomes steeper.
All of the reactions occur in a shorter time intervals, and
total solidification time is decreased. This variation is
shown in Fig. 3, too. As presented in this paper, both
nucleation temperature and finish point of solidification are
decreased by cooling rate enhancement. But, this decrease
is more intensive in solidus line. Therefore, the resultant
which is the range of solidification temperature becomes
more extensive.
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Fig. 6 Effect of cooling rate on solidification time in A12024
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Effect of cooling rate on dendrite arm spacing

Figure 8 indicates the effect of the cooling rate on dendrite
arm spacing of Al2024 alloy. As seen, increasing the
cooling rate from 0.4 to 17.5 °C s~' decreases the DAS
about 89 per cent. In the highest cooling rate, the DAS is
fine (&~8.75 um). For the sample cooled with lowest
cooling rate, the DAS is large (&80.73 pm). The
mechanical properties of the aluminum alloys are strongly
dependent on DAS. Changing in DAS as a function of
cooling rate may arise from two reasons [21, 31-33]:

1. By increasing the cooling rate, atoms mobility in
solid-liquid interface increases and causes the increase
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Fig. 8 Dendrite arm spacing versus cooling rate in Al12024

in surface to volume ratio of dendrites. Therefore, it
causes dendrite arm spacing to be reduced. On the
other hand, since the cooling rate is high, time range in
diffusion process is narrow, and the response of the
system to this situation is to reduce diffusion path
(dendrite arm spacing) and to enhance the surface of
dendrites.

2. Because of the short solidification time and low
velocity of diffusion at high cooling rates, growth
velocity of dendrite is low. In this solidification
condition, fine dendritic structure is the resultant.

As seen in Fig. 8, the correlation between DAS and
cooling rate is in an exponential mode. The relation
between DAS and cooling rate was represented for many
alloys by Backerud, Flemings, Gruzleski, Shabestari, and
other researchers [11, 13, 16, 21, 23]. But most of these
investigations have been done on cast aluminum alloys.
The following relation between DAS and the cooling rate
for Al2024 can be presented as

DAS = 46.51(C.R) > (1)

where DAS is the dendrite arm spacing in micrometers, and
C.R is the cooling rate in °C s~'. By measuring DAS using
a typical metallography and applying Eq. (1), the cooling
rate can be calculated in each section of 2024 aluminum
alloy in the intricate shapes.

Microstructural evaluations
Microstructure of Al2024 alloy in some cooling rates is

demonstrated in Fig. 9. The microstructure of this alloy
contains o-Al dendrites, Al,Cu, Mg,Si, Al,CuMg, and
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Fig. 9 Microstructure of
Al2024 in different cooling n
rates: a 0.42, b 0.65, ¢ 0.74,

d 1.14, e 2.46, f 15.41, g 17.45
(units in °C s~ 1)

some complicated intermetallics. Dendrite arm spacing has
been decreased, and intermetallics compounds have been
refined in Al2024 alloy by increasing the cooling rate.
Refining of dendrite arms is caused by

1. When the cooling rate increases, the amount of
potential substrates for nucleation of primary o-Al
phase is increased. Therefore, the fraction of nucleated

200 um 200 pm

200 pm

200 pm ¢ : P - YA | 200 pm

200 pm

primary dendrites enhances in constant volume of the
molten metal. This event causes refining of dendrites
structure and decreasing the dendrite arm spacing.

Effect of cooling rate on dendrite arm spacing is
controlled by kinetics of diffusion and solidification time.
Therefore, at higher cooling rates, the growth of dendrite
arms stars quickly, and dendrite arm spacing is decreased.
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Table 4 Correlation between solidification parameters in aluminum
2024 alloy (temperature/°C, cooling rate/°C s~', DAS/um)

Solidification parameters Equation

Ty = —1.59In(C.R-
0.29) + 640.16

Ts = —6.31In(C.R-
0.29) + 476.52

Ty = 270.60(C.R) %
AT, = 160.98(C.R)*%?

Nucleation temperature vs. cooling rate
Solidus temperature vs. cooling rate

Solidification time vs. cooling rate
Range of solidification temperature vs.
cooling rate

Dendrite arm spacing vs. cooling rate ~ DAS = 46.51(CR)"**

Increasing the cooling rate refines all intermetallic
compounds and creates a uniform distribution of them in
the microstructure.

The correlation between different solidification charac-
teristics of 2024 aluminum alloy is given in Table 4. These
equations may be used to study the solidification behavior
of molten Al2024 alloy. It can also be used in physical
simulation of Al2024 solidification at different cooling
rates such as direct-chill casting process.

Conclusions

The effect of cooling rate on microstructure and solidifi-
cation characteristics of 2024 aluminum alloy such as
undercooling temperature, nucleation and solidification
temperatures, and DAS were studied. The results are
summarized as follows:

1. Solidification characteristics are influenced by the
cooling rate. The temperature of various phases
reactions is shifted to shorter time intervals with an
increasing the cooling rate.

2. Increasing the cooling rate decreases significantly both
nucleation temperature and finish point of solidifica-
tion. Also, solidification time is decreased, and the
range of solidification temperature is increased by
cooling rate enhancement.

3. By increasing the cooling rate, both liquidus underco-
oling temperature and recalescence undercooling tem-
perature initially increase and after reaching the
summit, go downward.

4. The plot of DAS as a function of the cooling rate
shows an exponential relationship. Increasing the
cooling rate from 0.4 to 17.5 °C s~' decreases DAS
about 89 %. A numerical correlation between the
cooling rate and DAS is calculated for A12024 alloy.

5. Increasing the cooling rate refines all microstructural
features including dendrite cells, DAS, and interme-
tallic compounds.
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