J Therm Anal Calorim
DOl 10.1007/s10973-015-5232-6

=

@ CrossMark

Effect of cooling rate on the solidification characteristics
and dendrite coherency point of ADC12 aluminum die

casting alloy using thermal analysis

M. Malekan® - S. Naghdali? - S. Abrishami® - S. H. Mirghaderi’

Received: 9 August 2015/ Accepted: 28 December 2015
© Akadémiai Kiado, Budapest, Hungary 2016

Abstract In the metal casting industry, an improvement of
component quality depends mainly on better control over the
production parameters. Thus, computer-aided cooling curve
thermal analysis is a very useful method for easy and fast
evaluation of a variety of properties. In thiswork, the effect
of different cooling rates (1.2—7.2 °C s™) on solidification
parameters and dendrite coherency point (DCP) of ADC12
aluminum alloy was investigated by thermal analysis. The
results revealed that solidification parameters and dendrite
coherency pointare influenced by variation of cooling rate.
Increasing the cooling rate can increase the temperature
interval of coherency (Tn—Tobcp) and coherency fraction
solid (fP°P) about 31 °C and 11 %, respectively, but the
coherency time (tocp) decreases from 130 to 33 s. There-
fore, increasing the cooling rate postpones the dendrite
coherency, and the dendrites become coherent later.

Keywords ADC12 aluminum alloy - Thermal analysis -
Cooling rate - Dendrite coherency point (DCP) -
Solidification

Introduction

The ADC12-type alloy is one of the most widely used
aluminum die casting alloys and is used for many com-
ponents in automotive industry [1]. In designing cast
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components, it is necessary to monitor the solidification of
alloys in the different cooling conditions that correspond to
various cross sections of the casting as cooling rate influ-
enced the thermo-physical properties and consequently the
microstructure and mechanical properties [2]. A deeper
understanding of the effect of the cooling rate on the
solidification process has come to light in recent years. The
effect of the cooling rate on the structural features of alu-
minum die casting alloys has been investigated by many
authors [3-9]. According to their works, 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.
Variety in the cooling rate also affected many solidification
characteristics such as nucleation temperature (Tna),
nucleation undercooling (DTn.a), growth temperature
(Te.a), solidification range (DTs), total solidification time
(t) and DCP [3-9].

During equiaxed dendritic solidification, the dendritic
crystals are separated and can move freely in the early
stage of the solidification process. With the growth of the
dendrite, the dendrite tips begin to impinge upon their
neighbors, such that a dendritic network is established
throughout the solidifying volume. The term dendrite
coherency point refers to this point or stage [10-12]. For
some time, the DCP has been recognized as an important
characteristic in cast aluminum alloys. It marks the tran-
sition from mass feeding to interdendritic feeding in
solidification process [13]. Casting defects, such as
macrosegregation, shrinkage porosity and hot tearing
formed during equiaxed dendritic growth start to develop
after DCP [14]. Thus, several authors have suggested that
the coherency point may be an important indicator for alloy
cast ability [10, 15, 16]. Therefore, a good understanding of
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solidification behavior at the DCP and factors that affect
the DCP is important.

The thermal analysis method uses the two-thermocouple
technique developed by Béckerud et al. [1, 17] for deter-
mining the DCP. One thermocouple is located at the center
of a crucible, and the other one at the inner wall. This
technique is based on the assumption that the established
dendritic network at the DCP will result in a rapid decrease
in the temperature difference between the wall and the
central regions, due to the higher thermal conductivity of
the solid material compared with the liquid. The DCP is

then determined by measuring the maximum point of the
temperature difference.
Much research has been focused on the effect of cooling

rate on microstructural features and mechanical properties.
However, change in phase nucleation temperatures,

nucleation and recalescence undercooling, solidification
ranges and DCP with increasing cooling rate has not been
extensively investigated in the literature. In the current
work, the effect of different cooling rates on the solidifi-
cation parameters and dendrite coherency point of ADC12
aluminum alloy was investigated. Solidification character-
istics including range and time of solidification, nucleation
and recalescence undercooling, temperature and time
related to the start and end of phase transformation, den-
drite coherency point and fraction of solid were analyzed.

Experimental

Commercial ADC12 aluminum alloy ingots were used in
this study. The chemical composition was measured by
optical emission spectrometry (OES) and given in Table 1.
Five hundred grams of the alloy was melted in an electrical
resistant furnace in each experiment, and the melt was
maintained at a temperature of 750 = 5 °C.

After melting, the oxide layer on the surface was
skimmed and the molten metal poured into the mold. Five
different molds were used to obtain different cooling rates
(1.2-7.2 °C s including three types of CO, sand molds
with different wall thicknesses (10, 20 and 40 mm), one
stainless steel mold with a thickness of 1 mm and one

graphitic mold with a thickness of 8 mm. Dimensions of

the mold with a thickness of 1 mm are schematically Fig.

Table 1 Chemical composition of ADC12 aluminum die casting alloy

Alloy Element

shown in Fig. 1. All molds were preheated at 200 °C
before pouring.

Cooling curve thermal analysis (CCTA) was performed
on all samples using high sensitivity thermocouples of K
type, and data were acquired by a high-speed data acqui-
sition system (A/D converter) linked to a computer.

To record the time-temperature data, ADAM-4000

Utility software was installed on the computer. The test was
conducted by embedding two thermocouples located in the
middle and the wall of each mold at a position of 30 mm
from the bottom of the mold (Fig. 1). In each test, data were
recorded with the frequency of 20 readings per second and
then transferred to origin pro9.0 software and processed. The
processed included smoothing, curve fitting, plotting the first
derivatives, identifying the onset and end of solidification,
determining solidification parameters such as cooling rate,
nucleation temperature, nucleation and recalescence under-
cooling, solidification range and total solidification time.

The temperature difference between the wall and the
central regions (DT = Tw — T¢) during solidification was
determined, and the DT curve was plotted in each try. The
first minimum point of the DT curve (or the first maximum
in temperature difference) after nucleation has been used to
determine the DCP. The fraction of solid and the related
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1 Thermocouple setting in thin-wall steel mold

composition/mass%
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temperature point, f°°° and Toce, were also calculated. In
this article, the thermal analysis technique has been used to
quantify the fraction of solid during the solidification
process of the test sample. The amount of heat evolved
from a solidifying test sample can be calculated as the
integrated area between the first derivative curve and the
zero curve (base line). This amount of heat is proportional
to the fraction of solid. Calculation accuracy depends
heavily on the evaluation of the zero curve. The analysis
presented in this article for zero curve calculation is based
on the Newtonian model adopted by Stefanescu et al.
[18, 19]. Therefore, in order to determine the fraction of
solid, the cooling curve (CC), first derivative curve and
zero curve (ZC) were plotted. Finally, the fraction of solid
was numerically calculated from Eq. (1):

I
Cp dr dT
T‘ [ (?) cc — (E) zc] dr
0

= Cp/L(area between the derived cooling curve and

Fi=

the zero curve at timet)

) (1)
Results and discussion

Cooling curves

Figure 2a shows the cooling curve and its first derivative of
ADCI12 alloy. The liquidus, Al ? Si eutectic and copper
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Fig. 3 Cooling curves of ADC12 alloy at various solidification
conditions
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Fig. 4 Effect of the cooling rate on the nucleation temperature

posteutectic are three important regions shown on this dia-
gram. A magnified liquidus region of the cooling curve and its
first derivative curve for ADC12 alloy are shown in Fig. 2b.
The most important cooling parameters are located on each
region of the cooling curves. The various parameters measured
from cooling and derivative curves are the liquidus parame-
ters, solidification range, total solidification time and dendrite
coherency point. To calculate the cooling rate (CR), slope of
the curve at the temperature range of 590-650 °C is measured.

The cooling curves recorded for ADC12 alloy at various
cooling rates are shown in Fig. 3. It is seen that the various
phase regions are relocated when the cooling rate is
increased. This relocation changes the characteristic
parameters of thermal analysis particularly in the liquidus
region. As the cooling rate is increased, the cooling curves
become less sharp.
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Fig. 5 Effect of the cooling rate on the nucleation undercooling
temperature
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Fig. 6 Effect of the cooling rate on the recalescence undercooling
temperature

The cooling rate is proportional to the heat extraction
from the sample during solidification. Therefore, at a low
cooling rate (1.2 °C s™), the rate of heat extraction from
the sample is slow and the slope of the cooling curve is
small. Therefore, it creates a wide cooling curve. But, ata
high cooling rate (7.2 °C s™) the rate of heat extraction
from the sample is fast, the slope of the cooling curve is
steep, and it makes a narrow cooling curve.

Liquidus parameters
Figure 4 shows the effect of the cooling rate on the

nucleation temperature (liquidus temperature) of ADC12
alloy. As the cooling rate increases from 1.2t0 7.2 °C s,
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Fig. 8 Effect of the cooling rate on total solidification time

the liquidus temperature increases from 621 to 642 °C.
Increasing the cooling rate increases the heat extraction.
Therefore, the melt is cooled to a lower temperature than
the equilibrium melting point. This situation provides more
nuclei to be nucleated because of the existing appropriate
undercooling. Therefore, nucleation is continued easily and
quickly.

In other words, with decrease in melt temperature from
equilibrium melting point, the solid phase becomes
stable in terms of thermodynamics and a liquid-to-solid
transition starts. The speed of this transition depends
mainly on heat extraction speed. The higher cooling rate
would give a faster heat extraction speed and more
undercooling. It results an easier and faster nucleation
which increases nucleation temperature or melting tem-
perature. On the other hand, nucleation temperature has an
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Fig. 9 Effect of the cooling rate on solidification range of various
phases
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Fig. 10 Effect of the cooling rate on solidification time of various
phases

opposite relation with the energy barrier for nucleation.
Thus, the increase in cooling rate decreases the energy
barrier and results in the higher nucleation temperature.
Shabestari and Malekan [3] have also mentioned same
trend for 319 aluminum alloy.

The nucleation and recalescence undercooling temper-
atures, DTna and DTgra, measured for ADC12 alloy at
various cooling rates are shown in Figs. 5 and 6. The
increasing cooling rate from 1.2 to 7.2 °C s™* increases the
nucleation undercooling increases about 19.4 °C and the
recalescence undercooling decreases from 3.41 to 0.5 °C.
A fast cooling rate causes the increase in heat extraction
rate from the melt, and more existing nuclei in the melt
become active. The growth condition is facilitated. On the
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Fig. 11 aPlot of temperature (a)
difference betweenwall and
center of the mold for ADC12
alloy (7.2 °C s™), b the method
for calculating the fraction of
solid at DCP (2 °C s%)
9
)
}—
|
s
}—
-10 |-
~12 . 1 1 A
DCP 100 200 300
Time/s
(b)
1.0 = 700 0
»
08 |- 3y /AN -
o I
ol I .
- ) \ _2
,’ : I / - - - - Cooling curve
0.6 [~ 600 [~ | / e eTy-Te ~ Q
X $) -4 / =
= s N,
0 k) NTTr - Fs 13
5 N el =
04 S : -
<4 -
Q.
£ -4
@ .
02 | 500 =
-5
ool " 1 . 1 a5
0 100 200 300 400 500
Time/s

other word, with increase in cooling rate, the melt is cooled
to a temperature lower than temperature of melting curve,
and as a result, the undercooling of nucleation increases
and this makes nucleation easier. Similar to crystalline
growth, the driving force of nucleation is a function of
undercooling produced during solidification process. In the
event that there are enough heterogeneous nuclei, the
observed undercooling hardly exceeds a few degrees but
when the liquid is purified, without contacting these nuclei,
undercooling plays a more important role in nucleation.
This amount of undercooling can be provided by a higher
cooling rate. The relation between cooling rate and the
amount of undercooling can be very practical as it shows

1=

the relation between growth condition (cooling rate) and
nucleation potential (nucleation undercooling). Emadi and
Whiting [20] and Backerud et al. [1] reported similar
results.

Some researchers [1, 3, 8] declared that heat exchange
decreases with finer structure, as in proper nucleation the
need of heating eliminates. Since fast cooling results in
relative nucleation, therefore decrease in recalescence
undercooling is expected. Since determining of DTgra 0N
the cooling curve is easy, the relation of cooling rate and
recalescence undercooling can be used to determine the
ability of nucleation. These results are in approval with
results reported by Anantha Narayanan et al. [21].
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Fig. 13 Effect of cooling rate on the dendrite coherency time for
ADC12 alloy

Solidification range and total solidification time

The solidification range is defined as the difference in
temperatures between the first and the last liquid to solid-
ify. Total solidification time is also the time interval
between the start and the end of solidification. Figures 7
and 8 show the effect of the cooling rate on the solidifi-
cation range (DTs) and solidification time (tf), respectively.
As the cooling rate increases from 1.2 to 7.2 °C s, the
solidification range increases about 25 °C, but the total
solidification time decreases about 452 s (about 7.5 min). It
can also be seen in Fig. 3; with increasing the cooling rate,
the cooling curve is dragged vertically and compressed
horizontally. This occurrence is the result of fast
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Fig. 14 Effect of cooling rate on the difference between the liquidus
and coherency temperatures (Tn — Tpcp)

development of the solidification front and its direct rela-
tion with cooling time and wider solidification range.
Solidification time is related to the cooling rate according
to Eg. (2) [22]:

t; Ya ASC:Rp™ 82b

where A and n are constants of the equation.

The solidification ranges for the formation and growth
of the a-Al dendrites (DTa=Tna — Tn,si), Al-Si eutec-
tic(DTsi = Tnsi — Tn,cu) and Cu-rich phase (DTcy =
Tn,cu — Ts) have been plotted versus the cooling rate in
Fig. 9. Itisseenthatincreasingthe cooling rate increases
the solidification range of a-Al dendrites and Al-Si
eutectic formation, but decreases DTcy. Therefore, at high
cooling rates, a greater volume of a-Al dendrites and Al-Si
eutectic forms. The effect of the cooling rate on the
solidification time of a-Al dendrites (t.), Al-Si eutectic
(tsi) and Cu-rich phase (tcy) is shown in Fig. 10. As seen, a
decrease in total solidification time has occurred in the
dendrite network growth, the AI-Si eutectic and Cu-rich
phase formation and this decrease is more significant in ta.
Gowri [23] has also reported the decrease in total solidi-
fication time as a function of the cooling rate for 356 and
359 alloys. Solidification range and total solidification time
are important input parameters for any solidification
modeling.

Dendrite coherency point

A typical temperature difference curve between the wall
and center of the mold against solidification time
(DT curve) for ADC12 alloy is shown in Fig. 11. The
minimum of the curve is DCP, because the progressive
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Fig. 15 Microstructure of ADC12 alloy solidified at the cooling rate of: a, b 1.2 °C s, ¢, d 7.2 °C s!

growth of the dendrites stops in the center, and then, the
DT curve begins to return to the steady-state value of
approximately 0 °C as the dendrites thicken throughout the
casting.

One of the most important applications of DCP in casting
is improving risering ability and decreasing porosity by
increasing the fraction of solid in the coherency point. After
DCP, the liquid must pass through dendritic solid frame and
spacing areas. Thus, efforts to postpone DCP and increasing
fraction of solid before the formation of dendritic skeleton
help to prevent the formation of castings defects. Fraction of
solid at DCP is so important that Campbell [24] mentioned it
as risering ability and porosity formability.

Figure 12 shows the effect of cooling rate on fraction of
solid at DCP for ADC12 alloy. Itis seen that when cooling
rate increases from 1.2 to 7.2 °C s™, fraction of solid at
coherency point increases to about 11 %. Increasing the
growth rate of dendrites and finer grain size at higher
cooling rates may be the reason, so dendrite arm impact
occurs in finer structures and more fraction of solid.

The effect of cooling rate on the dendrite coherency
time is shown in Fig. 13. As the cooling rate increases from
1.2t0 7.2 °Cs™, the dendrite coherency time decreases

1=

from 130 to 33 s. This is due to intensifying the nucleation
rate. On the other hand, as the cooling rate is increased, all
of reactions during the solidification occur in a shorter time
intervals. These results are also in approval with those
reported by Farahany et al. [2], Gowri and Samuel [4] and
Ghoncheh and Shabestari [9]. To study the DCP, the
temperature range of Tn—Tpcp is more important than the
individual temperatures of Tn or Tocp. Figure 14 shows the
effect of cooling rate on the temperature difference
between the liquidus and coherency temperatures (Tn —
Tocp) for ADC12 alloy. When the cooling rate is increased
from 1.2t0 7.2 °C s™, Tn — Toce increases from 33.9 to
64.9 °C.

Microstructure

Microstructure of ADC12 alloy at two cooling rates of 1.2
and 7.2 °C s' is demonstrated in Fig. 15. The
microstructures of the alloy include a-Al dendrites, eutectic
silicon and intermetallic phases such as AlsFeSi (b-phase)
with needle-like morphology, Alis(Fe,Mn)sSi; (a-phase)
with Chinese script morphology and Al>Cu (Cu-rich phase)
particles. Increasing the cooling rate refines all
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microstructural features including dendrite cells, DAS,
eutectic silicon and intermetallic compounds.

Conclusions

The effect of the cooling rate on solidification parameters and
dendrite coherency point of ADC12 aluminum die casting
alloy was studied. The results are summarized as follows:

1.

Solidification parameters are affected by the cooling
rate. The formation temperature of various phase are
displaced with an increasing cooling rate.

Increasing the cooling rate significantly increases the
liquidus temperature, nucleation undercooling tempera-
ture, solidification range and decreases the recalescence
undercooling temperature and total solidification time.
Augmentation in cooling rate can increase the temper-
ature interval of dendrite coherency (Tn—Tpce) and
coherency fraction solid (f°°7) about 31 °C and 11 %,
respectively, but the coherency time (toce) decreases
from 130 to 33 s. Therefore, increasing the cooling rate
postpones the dendrite coherency, and the dendrites
become coherent later.

Determination of DCP has many applications in
casting, feeding processes and semisolid metal casting.
Increasing the cooling rate refines all microstructural
features including dendrite cells, DAS, eutectic silicon
and intermetallic compounds.
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